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Abstract 

Understanding the genetic response of plants to nickel and copper stress is a necessary step to 

improving the utility of plants for environmental remediation and restoration. The objectives of 

this study were to:  1) Characterize the transcriptome of Jack Pine (Pinus banksiana) and 2) 

Analyze the gene expression profiles of genotypes exposed to nickel and copper ion toxicity.  Pinus 

banksiana seedlings were treated with 1,600 mg/kg of nickel sulfate or 1,300 mg of copper sulfate 

and screened in a growth chamber. Overall, 25,552 transcripts were assigned gene ontology. 

Nickel resistant and water control genotypes were compared based on the gene expression  of 

various gene ontology categories. The response to stress and to chemical terms comprised the 

highest proportion of upregulated gene expression whereas the biosynthetic process and 

carbohydrate metabolic process terms had the highest proportion of downregulated gene 

expression.  The majority of upregulated genes were expressed in the extracellular region and the 

nucleus whereas most downregulated genes were expressed in the plasma membrane and 

extracellular region.  For copper, there were 6,213 upregulated genes and 29038 downregulated 

genes expressed in the copper resistant genotype compared to the susceptible genotype at a high 

stringency.  Among the top upregulated genes, the response to stress, the biosynthetic process and 

the response to chemical stimuli terms represented the highest proportion of gene expression for 

the biological processes. For the molecular function category, the majority of expressed genes 

were associated with nucleotide binding followed by transporter activity and kinase activity. For 

the cellular component category, the majority of upregulated genes were located in the plasma 

membrane.  Half of the total downregulated genes were associated with the extracellular region. 

Two candidate genes associated with copper resistance were identified including genes encoding 

for heavy metal-associated isoprenylated plant proteins (AtHIP20 and AtHIP26) and a gene 
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encoding the pleiotropic drug resistance protein 1 (NtPDR1).  This study represents the first report 

of transcriptomic response of a conifer species to nickel and copper ions. 

 

Key Words:  Jack Pine (Pinus banksiana); Nickel; Copper; Transcriptome analysis; Differential 

gene expression; Illumina sequencing; Gene ontologies; Biological process, Molecular function; 

cellular compartment. 
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Chapter 1: Literature Review 

1.1 Anthropological sources of heavy metals and its current impact on the local 

environment 

Heavy metals come from a variety of sources which include mining facilities, metal processing 

facilities, agricultural areas, wood processing plants, technology plants, energy plants and fossil 

fuel related institutions (DeVolder et al., 2003; Gimeno-García et al., 1996; Atafar et al., 2008; 

Pazalja et al., 2021; Muniz et al., 2004).  In its elemental form, heavy metals cannot be broken 

down by naturally occurring biological agents and therefore reside in the environment for an 

indefinite amount of time (Tchounwou et al., 2012; DeForest et al., 2007; Jara-Marini et al., 2009).  

Its presence leads to soil leaching into the environment, significant plant damage and 

bioaccumulation into various animal communities, inevitably causing disease in humans.  Today, 

anthropological output of heavy metals continues to contribute to a considerable proportion of 

heavy metal accumulation in the environment and in plant biota (S. Chen et al., 2021).  In Sudbury, 

wildlife and vegetation continue to be severely affected by heavy metals several decades after the 

decommissioning of open roast yards and smelters.  Soils around decommissioned roast beds still 

have a very low pH, leading to deleterious effects to local biota (K. K. Nkongolo et al., 2013).  

Microbial decomposition is severely inhibited in the soil and for a long period of time, areas near 

smelters were only able to grow lichens (Hutchinson & Symington, 1997).  Plant diversity, plant 

abundance, insect diversity and insect abundance decrease toward contaminated areas over a large 

area (Hutchinson & Symington, 1997; Babin-Fenske & Anand, 2011).  Heavy metal contamination 

acidifies lakes and causes leaching, creating an environment inhospitable to fish and zooplankton 

(Hutchinson & Gunderman, 1998; Rutherford & Mellow, 1994).  In some cases, a divide in niche 

habitation occurs with only acid tolerant species being able to survive downstream of contaminated 



15 

 

sites whereas other species are isolated to upstream areas (Rutherford & Mellow, 1994).  Elevated 

levels of cadmium and nickel were also found in the liver and kidney tissue of Ondatra zibethicus 

near closed smelters, demonstrating significant bioaccumulation (Parker, 2004).   

1.2 History of heavy metal pollution in Sudbury 

Sudbury and the Greater Sudbury Area is a region in Ontario, Canada that is economically 

dependent on the mining industry and possesses a considerable amount of mining, ore smelting 

and metal processing facilities (Kramer et al., 2017).  The city and surrounding area are situated 

within a crater formed by a meteorite impact 1.849 billion years ago, providing access to large 

quantities of mineral deposits and other rock formations (Rousell et al., 2003).  Forestry, logging, 

and clear cutting were primary industries prevalent in the area (Davidson & Gunn, 2012). In the 

1880s, large scale industrial mining operations began with the establishment of open bed roast 

yards and smelters (Schindler, 2014).  From 1888 to 1923, thirteen open air roast yards processing 

sulfide ores were used and from 1928 to 1972, three smelters were used (Schindler, 2014; McCall 

et al., 1995).  As nickel and copper became predominant exports, large amounts of sulfur dioxide 

and heavy metals were released into the atmosphere and soil (Jewiss, 2013; Hutchinson & 

Gunderman, 1998).  Eventually, an area of 1000 km2 became barren or semi-barren with 7000 

acidified lakes, little vegetation, and eroded soil (Keller et al., 2007).   

1.3 Attempted environmental restoration in Sudbury 

Considerable efforts were made by the community, local governments, environmental institutions, 

mining institutions and Laurentian University to reduce the environmental impact caused by 

historical heavy metal pollution.  The construction of a smokestack and other pollutant capture 

technology reduced the sulfur dioxide pollution by 90% over a period of several decades (Beckett 
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& Spiers, n.d.).  Since 1978, regreening programs planted 10 million trees, mostly consisting of 

Pinus banksia, Pinus resinosa, Picea glauca and Pinus strobus. Additionally, large amounts of 

soil were limed, fertilized, and sowed with legumes to improve regreening efforts (Pabian et al., 

2012; Schreffler & Sharpe, 2003; Rumney et al., 2021).  Despite these efforts, copper and nickel 

exports remained the same or increased, leading to copper and nickel remaining as the highest 

pollutants of top soil in the area (Narendrula et al., 2011).  Pre-deforestation old growth combined 

with recent reforestation efforts lead to a mixed forest biome ecosystem classification; a transition 

zone between deciduous forests and coniferous boreal forests (Hart & Chen, 2008).   The 

vegetation in the area is currently dominated by trees used in the regreening program: Pinus 

banksiana, Picea glauca, Picea rubens, Betula papyrifera and Populus tremuloides  (Lu et al., 

2014; K. K. Nkongolo et al., 2013).   

1.4 Genetic responses of plants to heavy metal toxicity 

The various physiological responses that a plant may employ in response to excess heavy metals 

are driven by transcript expression at the genetic level (Shukla et al., 2018; Kintlová et al., 2017; 

Y. Wang et al., 2013; X.-Z. Yu et al., 2018).  The genetic response of plants prioritizes the 

detoxification of heavy metals, the mitigation of metal induced tissue damage and the enhancement 

of growth and repair mechanisms (Yao et al., 2018; Shukla et al., 2018; Y.-F. Lin et al., 2014).  

Protein expression specific to heavy metal toxicity therefore represents and embodies these facets.  

A large portion of the genetic response that can be regulated are associated with the production of 

chelators and transporters.  

Chelator proteins are ligands that bind to heavy metals, forming inert complexes that effectively 

reduce the viability of heavy metals (W. Zhang et al., 2010).  Chelators bind to heavy metals by 

forming rings via a sulfur, oxygen, or nitrogen binding motif (Nag & Joardar, 1976; Fackler et al., 
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1972).  The binding and complexing of heavy metals reduces the number of reactions that would 

have otherwise occurred with free ions (Viarengo et al., 1997).  Once the inactive complex is 

formed, mechanisms of detoxification can occur (Hall, 2002).  The complex may be transported 

to different areas of the plant or to different organelles using transporters, which can transport the 

inactive complex with ease compared to the more reactive free ions (Irtelli et al., 2008).  Chelated 

heavy metals may be delivered to or acted upon by enzymes, further complexing the heavy metal 

or altering the compound for a variety of other functions (Zaharieva & Abadía, 2003).  Chelators 

may also bind to and inactivate reactive oxygen species (ROS) that form as a result of abundant 

redox reactions caused by excess heavy metals (G. Kumar et al., 2012; Z. Yang et al., 2009).  

Coordination with transporters, other enzymes and detoxification mechanisms therefore contribute 

immensely to heavy metal resistance.  Chelators may be organic, inorganic and vary in molecular 

size (Rastogi et al., 2009; Irtelli et al., 2008).  Common chelators include nicotianamine, amino 

acids such as histidine, arginine, glutamate, cysteine and organic acids such as malate, citrate and 

oxalate (Irtelli et al., 2008; Y. Zhang et al., 2017; D. Chen et al., 2020; Harada et al., 2002; Delhaize 

et al., 1993; Wasay et al., 1998).  Two classifications of chelators have been demonstrated as being 

instrumental in heavy metal resistance in plants:  Metallothionein (MT) and phytochelatin (PT).   

Metallothionein (MT) are cystine rich polypeptides that are directly transcribed by genes (Zhou & 

Goldsbrough, 1995).  MTs have beta and alpha domains containing thiol groups that coordinate 

binding with heavy metals via a sulfur binding motif (Ngu et al., 2010).  In Arabidopsis thaliana, 

MT1 is highly expressed in roots and expressed in shoots (Zhou & Goldsbrough, 1995).  MT2a 

and MT2b genes are highly expressed in the phloem of leaves, flowers, and roots whereas MT3 is 

highly expressed in seeds only (W.-J. Guo et al., 2003).  Chelation and expression of MTs are 

involved in the maintenance of homeostasis for zinc, copper, lead, cadmium, and nickel (W.-J. 



18 

 

Guo et al., 2003; Kohler et al., 2004; R. Benatti et al., 2014; J. Guo et al., 2013; Auguy et al., 2013; 

Adhikari & Kumar, 2012).  However, its role is species specific and requires further research to 

characterize function (Kohler et al., 2004).   

Phytochelatin (PC) or Class III MTs are cystine rich polypeptides that require enzyme synthesis 

governed by Phytochelatin synthase (X. Zhang et al., 2012).  PCs generally have a larger molecular 

weight and use glutathione as the base substrate, with every additional unit classifying a different 

phytochelatin.  Increased phytochelatin accumulation is associated with excess copper, cadmium, 

lead, chromium, and nickel in multiple different species (Bačkor et al., 2007; Ramos et al., 2008; 

Mukta et al., 2019; Helaoui et al., 2022).  However, transgenic expression of phytochelatin 

synthase conferred metal tolerance in some plants but not others, indicating that the efficacy had 

a strong dependency on other factors such as avoidance/tolerance strategy and transporter 

interaction (Bhuiyan et al., 2011; S. Lee & Kang, 2005; Pawlik-Skowronska et al., 2002; Picault 

et al., 2006). 

Transporter proteins facilitate the mobilization of heavy metals between organs, subcellular 

compartments, receptors, enzymes, chaperones, and other transporters (Morel et al., 2008; Q. Yang 

et al., 2018; Hoppen et al., 2019; Shikanai et al., 2003; Jung et al., 2012).  In regard to heavy 

metals, transporters function in moving free ions or chelated complexes through each step of 

transport. This includes initial uptake, intracellular root transport, xylem loading, root to shoot 

translocation, intracellular shoot transport, phloem loading, phloem translocation, and 

redistribution of metals into reproductive organs (Sancenón et al., 2004; Hoppen et al., 2019; F. 

Deng et al., 2013; Sautron et al., 2015; L. Zheng et al., 2012; S. Lee et al., 2007).  Transporters 

belonging to the same family have similar or conserved protein regions, protein content and 

functional motifs (VATANSEVER et al., 2016).  The metal specificity, tissue preference, function 



19 

 

and organelle specificity of transporters may differ between different species (Jogawat et al., 

2021).  In most cases, the types of transporters and genes that are expressed are a result of the 

classification strategy the plant species employs (Corso et al., 2018).  Common transporter families 

include P1b ATPase transporters (HMA), copper transporters (COPT), Zinc regulated transporters 

and Iron regulated transporters (ZIP/IRT), ATP-binding cassette (ABC) transporters, Yellow stripe 

like (YSL) transporters, Natural resistance associated macrophage protein (NRAMP), Iron 

regulated (IREG) transporters and Cation diffusion facilitator (CDF) transporters (Jain et al., 

2018).  Many of these transporters were found to be highly expressed in hyperaccumulators in 

conditions of heavy metal excess, demonstrating a coordinated response to heavy metal stress 

(Becher et al., 2004; P. Tan et al., 2021; Gendre et al., 2006; Fasani et al., 2021; Merlot et al., 

2014; Chiang et al., 2006).   

1.5 Classification of plant strategies used to counteract heavy metal toxicity 

The response of plants to heavy metal stress varies greatly between different species and cultivated 

variants (Seregin et al., 2015; FAN & ZHOU, 2009).  The responses and mechanisms of the plant 

species to toxicity can be collected and classified as a singular defense strategy toward a specific 

metal.  Plants can be classified as using tolerance or avoidance strategies in response to heavy 

metal toxicity (Baker, 1981).   

1.5.1 Heavy metal tolerance strategies 

Plants that use the tolerance strategy in response to heavy metals can be subdivided into 3 classes:  

excluders, accumulators and bioindicators (Baker, 1981).  This classification denotes plants based 

on the quantifiable distribution of metals throughout the plant and based on the organs in which it 

gathers.  Tolerance strategies may target crucial points of vascular transportation as a means to 
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regulate storage.  Crucial points of regulation include root tip cells, xylem loading, root to shoot 

translocation, phloem loading, phloem redistribution, intracellular transport in root cells, and 

intracellular transport in the cells of aerial organs (PAGE & FELLER, 2005; Yan et al., 2020; 

Ueno et al., 2011).  The expression of different transporters or chelators can be used to modulate 

these points of regulation in vascular transport and heavy metal storage.  This classification is also 

not relegated to a single metal, as a plant may be an excluder for one metal and an accumulator for 

another (Khawla et al., 2019).   

Excluders 

The majority of metal resistant plants are excluders.  Excluders externally block the uptake of 

metals through the root system and actively inhibit xylem translocation (Baker, 1981).  

Sequestration to the root is necessary because in most cases, distribution to the aerial parts of the 

plant induces toxicity and tissue damage (Cox et al., 2018; Zemiani et al., 2021; Q. Yang et al., 

2018).  Storing and isolating metals to the roots and preventing root to shoot translocation are 

common methods of metal exclusion (Rosatto et al., 2021; J. Yoon et al., 2006).  Other common 

means of regulation include intracellular sequestration, inhibition of xylem loading, inhibition of 

phloem loading and inhibition of phloem redistribution (Delhaize et al., 1993; Nguyen et al., 2016, 

p. 20; Kozhevnikova et al., 2020; Nishida et al., 2020; Herren & Feller, 1997; Ducic et al., 2006; 

W.-Y. Song et al., 2014).  Aluminum resistant Triticum aestivum encourages the production of 

malate chelators in root cells, temporarily binding the metals to the root area until further action 

(Delhaize et al., 1993).  The mobilization and increase of malate in the root tip cells is likely a 

factor that is associated with a higher level of metal tolerance in Triticum aestivum compared to 

individuals that lack chelator production.  Oryza sativa highly expresses the transporter HMA3, 

sequestering cadmium to the vacuoles of root cells and inhibiting root to shoot translocation 
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(Wiggenhauser et al., 2021).  The sequestration of nickel to the vacuoles of root cells is likely a 

factor that gives it higher nickel tolerance compared to other excluder individuals demonstrating a 

higher root to shoot translocation (H.-Q. Wang et al., 2020).  Other physiological means of 

blocking metals include closing of the stomata, increasing the size of guard cells and increasing 

the wax content on the epicuticle (Zarinkamar et al., 2013).  Stomata have also been observed to 

increase in size and reduce in number or decrease in size and increase in number to enhance the 

exclusion of heavy metals (Stolarska et al., 2007; Weryszko-Chmielewska & Chwil, 2005).   

Hyperaccumulators 

Hyperaccumulators distribute a larger proportion of metals to aerial organs and accumulate metals 

in plant tissue above a soil to plant ratio of 1 (Baker, 1981).  The accumulation of large 

concentrations of metals allows hyperaccumulators to occupy metal contaminated soil with 

minimal side effects and to a greater extent than excluders and indicators (S. L. Brown et al., 1995; 

Seregin et al., 2014).  Oftentimes the accumulation of metals to the shoots are not due to the risk 

of toxicity to the roots but because the aerial organs are better adapted to sequestering and dealing 

with heavy metals, garnering a pivotal advantage (Krämer et al., 2000).  Hyperaccumulators can 

be further classified based on the proportion of the population that are hyperaccumulators (Pollard 

et al., 2014).  Obligate hyperaccumulators consistently demonstrate a high rate of heavy metal 

uptake regardless of the heavy metal content in a given area (Kozhevnikova et al., 2021).  

Facultative hyperaccumulators do not demonstrate a consistently high rate of heavy metal uptake 

in areas without metals (Teptina & Paukov, 2015).  Populations of facultative hyperaccumulators 

may also contain individuals that do not accumulate heavy metals.  Transporter behaviour and 

crucial points of vascular transportation may be regulated to increase intracellular sequestration, 

encourage xylem loading, increase root to shoot xylem translocation, increase phloem loading and 
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increase phloem redistribution (S. Huang et al., 2022; Yamaji et al., 2008; van de Mortel et al., 

2006; Uraguchi et al., 2011; T.-H.-B. Deng et al., 2021).  For example, high expression of the 

HMA3 transporter in the hyperaccumulator Thlaspi caerulescens conferred cadmium resistance 

by increasing the sequestration of cadmium into the vacuoles of leaves (Ueno et al., 2011).  

Ecotype plants that under expressed HMA3 were unable to accumulate cadmium in the vacuole of 

the leaves and were therefore susceptible to cadmium toxicity.  The hyperaccumulator Arabidopsis 

helleri overexpresses HMA4- a transporter involved in the root to shoot translocation of zinc.  

Plants with a lower expression of HMA4 demonstrated lower zinc accumulation in the shoots and 

lower tolerance (Nouet et al., 2015).   

Bioindicators  

Bioindicators accumulate heavy metals in the biomass of aerial organs such that it is responsive or 

representative of the metal content of the surrounding area (Baker, 1981).  An indicator can be 

identified on the basis of whether the metal content in tissues represents or is proportional to the 

metal content of the soil in the surrounding environment (Salinitro et al., 2022).  Bioindicator 

plants are able to transport and store heavy metals in the aerial organs to a higher extent than 

excluders but less than hyperaccumulators (El-Khatib et al., 2020).  For example, the needles of 

Pinus eldarica and Pinus mariana are bioindicators for aluminum near an urban area and a 

refinery, respectively (Miri et al., 2016; Dion et al., 1993). 

1.5.2 Heavy metal avoidance strategy 

Plants that use an avoidance strategy will actively exclude or prevent the transportation of metals 

into the root area of the plant.   The mechanisms used by the plant may also diminish the presence 

of heavy metals in the surrounding environment (Khare et al., 2016; Jutsz & Gnida, 2015).  One 
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mechanism involves the alteration of the morphological structure and growth patterns to avoid 

heavy metal accumulation (Khare et al., 2016). In response to excess cadmium, Arabidopsis 

thaliana restructures the root network such that the growth of the roots with higher exposure are 

suppressed and the roots with less exposure are increased.  In response to cadmium, Triticum 

turgidum increases the length of roots and number of root tips to decrease the ease at which 

cadmium translocation occurs through the root to xylem vasculature (Sabella et al., 2022).  Another 

mechanism involves the formation of a mycorrhizal sheath complex with Ectomycorrhiza or 

Arbuscular fungi (Jourand et al., 2010; Hashem et al., 2016).  The mycorrhizal sheath complex 

acts as a protective extension of the roots and an extra barrier the metals must cross before entering 

the roots (Jourand et al., 2010; T. Guo et al., 2006).  For example, in response to excess nickel, 

Ecualyptus globulus formed an Ectomycorrhizal sheath complex with Pisolithus albus, reducing 

the effects of toxicity and growing at least 20 fold higher than plants without the sheath complex 

(Jourand et al., 2010).  The mycorrhizal sheath also reduced heavy metal uptake for the plant, 

implying a symbiotic relationship that involves heavy metal distribution through the mycorrhizal 

sheath complex itself.  Another defense mechanism that avoiders may employ is the release of root 

exudates into the surrounding external environment of the cells (Marastoni et al., 2020).  Root 

exudates primarily function to bind and chelate heavy metals, detoxifying heavy metals and 

preventing its mobilization into the plant.  Root exudates consist of chelators, proteins, organic 

acids, amino acids, carbohydrates, enzymes, and secondary metabolites (X. Zhang et al., 2019; 

Montiel-Rozas et al., 2016).  Once metals enter the root tip, chelators and other organic acids are 

immediately mobilized to the root area to chelate and bind to the metals, forming inactive 

compounds (Morita et al., 2008).  Chelators and other ligands may also bind foreign metals to the 

cell wall or transferred to vesicles for export out of the root cell (J. Song et al., 2013; Sabella et 
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al., 2022).  At each stage of protection, whether it is the mycorrhizal sheath, the root exudate, the 

cell wall interior or the cytosol of the root cells, chelators, ligands and organic acids are actively 

mobilized to bind and inactivate heavy metals (Jourand et al., 2010).   

1.6 Physiological and genetic response to copper 

1.6.1 Properties of copper in the soil 

Global samples of mean background copper content have been measured in the range of 15-50 

mg/kg, whereas in industrial areas related to copper, the range increases significantly (Ballabio et 

al., 2018; Oorts, 2013).  In Sudbury, the concentrations of copper near smelters ranged from 52.3 

to 1330.3 mg/kg, with the majority of samples exceeding provincial guidelines (Narendrula et al., 

2011).  In comparison to other heavy metals, copper is among the lesser bioavailable ions due to 

its adsorption and complexing with organic matter, substrates, and inorganic compounds 

(Intawongse & Dean, 2006; Dudal et al., 2005; Di Palma et al., 2007).  Commonly formed 

complexes involve copper binding to clays, acetate, silicates, sulphates, manganese, and 

phosphates (Siriwong et al., 2020; M. A. R. Khan et al., 2005; Tiberg et al., 2013).  The 

bioavailability of copper ions in the soil increases with lower pH due to weaker adsorption to 

entities (K. Yang et al., 2015).  From the bioavailable pool of copper, the ions may be found in the 

Cu2+ or divalent or monovalent form, with the divalent form being more prevalent (Sauvé et al., 

1997).   

1.6.2 Copper uptake and transportation 

Using a variety of genomic studies and functional protein studies, the cumulative work of 

researchers is able to partially elucidate the uptake and transportation of copper through the plant 

vasculature and organs.  Before the initial uptake of ions into the root cells, reductase enzymes 
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such as FRO4 and FRO5 in the plasma membrane may reduce Cu2+ to Cu+ in Arabidopsis thaliana 

(Jouvin et al., 2012; Bernal et al., 2012).  Copper is transported into the cytosol of the root cells 

via COPT family transporter proteins that are strongly specific to copper (Sancenón et al., 2004; 

Romero et al., 2021); Romero et al., 2021).  In several plants, COPT1 and COPT2 are localized to 

the plasma membrane or endoplasmic reticulum at the root tip, although COPT1 is predominantly 

responsible for initial uptake.  ZIP family proteins have also been found to transport copper into 

the root cells of Arabidopsis thaliana, albeit in a nonspecific fashion (Antala & Dempski, 2012; 

Milner et al., 2012).  Once inside the root cells, transporters may store copper into intracellular 

organelles, transport copper to the xylem or continually chelate copper in the cytosol.  Some 

transporters responsible for intracellular transport in root cells have been identified.  In Oryza 

sativa, HMA4 is located on the vacuole membrane of root cells and is involved in the sequestration 

of copper into the vacuole (Huang et al., 2016).  This function is supported by a loss of function 

HMA4 gene causing increased root to shoot translocation and accumulation in the shoots.  

HMA7/Ran1 in Silene vulgaris and Arabidopsis thaliana transport copper from the ATX1 

chaperone to the Golgi apparatus and endoplasmic reticulum, where it may interact with ethylene 

receptors to modulate growth signalling (Baloun et al., 2014; Hoppen et al., 2019).  COPT5 is 

located on the tonoplast membrane of root cells and is involved in exporting copper from the 

vacuole to the cytosol (Klaumann et al., 2011).  HMA5 is expressed in the plasma membrane of 

root cells and receives copper from ATX1 and CCH (Andrés-Colás et al., 2006).  Knockout 

mutants expressing increased root growth and decreased tolerance suggest that HMA5 functions 

in exporting copper out of the root cells and may therefore be responsible for the mobilization of 

copper and preparation for xylem loading.  In Oryza sativa, xylem loading is mediated by HMA5 

located on the plasma membrane of various organs, especially the roots and xylem (F. Deng et al., 
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2013).  HMA5 also confers increased root to shoot translocation of copper, further supporting the 

xylem loading function.  In the xylem sap of the Hyperaccumulator Brassica carinata, 

Nicotianamine, histidine and proline were found to be the most abundant chelators, with 

expression increasing in response to higher levels of copper (Irtelli et al., 2008).  Once in the 

leaves, transporters may facilitate the storage of copper into the subcellular compartments of leaf 

cells or mediate phloem loading.  In Arabidopsis thaliana, HMA1 and HMA6/PAA1 are both 

located on the chloroplast membrane and transport copper from the cytosol to the stroma of the 

chloroplast (Seigneurin-Berny et al., 2006; Boutigny et al., 2014; Sautron et al., 2015; Shikanai et 

al., 2003).  HMA8 is located in the inner membrane of the thylakoid and is involved in transporting 

copper from the stroma of the chloroplast to the thylakoid lumen (Mayerhofer et al., 2016; Tapken 

et al., 2014).  Some transporters are involved in phloem loading and phloem redistribution.  

Expression of COPT6 in Arabidopsis Thaliana in leaves, seeds, xylem and phloem suggest that it 

is involved in copper redistribution from the leaves to reproductive organs (Jung et al., 2012; 

Garcia-Molina et al., 2013).  In addition to root expression, HMA7/Ran1 is also expressed in leaves 

and seeds, transporting copper to the Golgi apparatus and endoplasmic reticulum for ethylene 

signalling and growth (Baloun et al., 2014).  In Oryza sativa, YSL16 is highly expressed in the 

vascular bundles of phloem compared to the roots and shoots (L. Zheng et al., 2012).  YSL16 has 

been found to transport copper complexed to nicotinamide to seeds, newer leaves, flowers and 

other reproductive organs, implying a role in phloem redistribution (L. Zheng et al., 2012; C. 

Zhang et al., 2018).  This is especially the case for flowers, which are provided with prioritized 

copper transport in comparison to the shoots and roots (C. Zhang et al., 2018).  HMA9 is highly 

expressed on the plasma membrane of xylem, phloem, and anthers (S. Lee et al., 2007).  The 
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strong, specific expression in the xylem and phloem indicates considerable involvement in phloem 

distribution, xylem unloading, and phloem unloading.   

1.6.3 Utilization of copper in plants  

Copper is an essential micronutrient and like other metals, it can become toxic at high 

concentrations (Dey et al., 2015; Demirevska-Kepova et al., 2004).  The redox ability of copper 

makes it an important cofactor in enzymes involved in oxidation reduction reactions.  The role of 

copper in plants are very broad and include structural fortification, photosynthesis, cellular 

respiration and antioxidative functions (Ghuge et al., 2015; Shahbaz et al., 2015; Garcia-Molina 

et al., 2011; Chamseddine et al., 2008).  Additionally, copper is involved in many proteins involved 

in electron transfer reactions (Höhner et al., 2020; Mansilla et al., 2019).  For many oxidases, 

copper is able to easily bind and reduce O2 (Bhagi-Damodaran et al., 2016).  The following table 

summarizes examples of crucial enzymes involved in normal plant function requiring copper. 

Table 1. Summary of copper utilizing enzymes involved in crucial plant processes  

Enzyme name Location Function Citation 

Plastocyanin Thylakoid Lumen Photosynthesis:  

Electron carrier from 

cytochrome B6F 

complex of Photosystem 

II to P700 complex of 

photosystem I 

(Höhner et al., 2020) 

Cytochrome oxidase Electron transport chain 

in the Mitochondria 

Cellular respiration:  

Reduces O2 to H2O  

(Mansilla et al., 2019) 

Superoxide Dismutase Multiple organelles Antioxidative function:  

Metabolize radical 

oxygen species 

(Chamseddine et al., 

2008) 

Ethylene receptors Endoplasmic reticulum Modulation and 

signalling of ethylene 

for plant growth and 

development 

(Hoppen et al., 2019; F. 

Zheng et al., 2017; 

Binder et al., 2004) 
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Phytocyanin Chloroplast Electron transport:  

Overall function 

unknown 

(J. Cao et al., 2015) 

Laccases Apoplast  Lignification, immune 

response,  seed growth 

(Zhu et al., 2021; H.-Q. 

Wang et al., 2020) 

Amine oxidase Cell wall Lignification leading to 

cell wall fortification, 

programmed cell death: 

Oxidizes putrescine to 

H2O2 

(Ghuge et al., 2015; 

Tavladoraki et al., 2016)  

Ascorbate oxidase  Apoplast space Growth and 

development:  Oxidizes 

ascorbic acid to 

dehydroascorbic acid  

(Chatzopoulou et al., 

2020) 

Polyphenol oxidase Thylakoid Lignification, defense 

function:  Hydroxylates 

monophenols to o-

diphenols.  Oxidizes 

aromatic compounds. 

(Constabel et al., 1995; 

D. Chen et al., 2019) 

 

1.6.4 Copper deficiency in plants 

Copper deficiencies severely impair the ability of plants to grow properly.  Malformation, curling 

of the leaves, chlorosis and necrosis are common symptoms of copper deficiency (Alloway & 

Tills, 1984). Copper deficiency negatively impacts enzymes involved in lignification, resulting in 

weaker cell walls and lower wood tissue production (Robson et al., 1981).  Decreased lignin and 

downregulation of the floral activator FT results in diminished anthers, stigmas, and a decrease in 

overall reproductive organ development, which may subsequently decrease seed yield (Rahmati 

Ishka & Vatamaniuk, 2020).  Copper deficiency may cause a decrease in plastocyanin and 

cytochrome c oxidase activity, although cytochrome c oxidase function may be prioritized over 

plastocyanin under more manageable conditions (Rahmati Ishka & Vatamaniuk, 2020; Scheiber 

et al., 2019).  Nevertheless, inhibition of plastocyanin and cytochrome C oxidase diminishes 

photosynthesis and cellular respiration respectively, leading to chlorosis and necrosis on the outer 

edges of the leaves (Kaur & Manchanda, 2019; Tewari et al., 2006).  Copper deficiency may also 
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result in the accumulation of ROS in the pollen, which have negative downstream effects on plant 

tissue and organelles (Rahmati Ishka & Vatamaniuk, 2020).  The immune system of the plant may 

also be compromised under copper deficiency, hindering the ability of the plant to defend itself 

against pathogens and other foreign entities.  Decreased expression of Cu/Zn superoxide dismutase 

occurs in plants with a copper deficiency, although restoration of function may be attempted by 

upregulating Fe SOD in chloroplasts (Yamasaki et al., 2007). An absence or decrease in 

polyphenol oxidase activity may also occur, which may cause the reduction of phenolic compound 

oxidation or cell wall lignification (Marziah & Lam, 1987; Seliga, 1999).   

1.6.5 Copper toxicity in plants 

Excess copper causes a disturbance in the homeostasis of metal ions to the point of deficiency.  At 

high levels, copper can bind to the surface of roots and become readily absorbed, resulting in a 

lack of absorption of other essential ions such as iron, manganese, and zinc (S.-L. Lin & Wu, 1994; 

Ivanov et al., 2016; Martins & Mourato, 2006).  Increased nitric oxide production was observed in 

plants, leading to a decrease in auxin production, cytokinin and mitotic activity in the root tips 

(Pető et al., 2011).  The diminishment of these growth-related parameters may manifest as 

symptoms of decreased root meristem growth and overall decreased root growth (Yuan & Huang, 

2016; Lequeux et al., 2010).  Excess copper can outcompete other ions for enzyme binding sites 

leading to dysregulated enzyme activity (Pätsikkä et al., 2002; Letelier et al., 2005; Van Assche & 

Clijsters, 1990).  In excess conditions, copper outcompetes iron for a binding site on plastoquinone 

QA of Photosystem II, resulting in reduced electron transfer and photosynthesis (Jegerschoeld et 

al., 1995).  Copper causes a decrease in chlorophyl concentration and thylakoid membranes which 

may also lead to decreased photosynthesis and chlorosis (Pätsikkä et al., 2002).  The addition of 

iron and excess copper recovers the function of photosystem II, suggesting that photosystem II 
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inhibition is caused by an iron deficiency induced by copper.  Excess copper may also dysregulate 

stomata morphology, stomata number and gas exchange of CO2 and O2 (Panou-Filotheou, 2001; 

Możdżeń et al., 2017; Ouzounidou et al., 2008).  The stomata misfunction may or may not 

contribute to photosynthesis inhibition, which likely depends on other variables (X. Li et al., 2021).  

Decreased photosynthesis, cellular respiration and altered stomata conductance may be implicated 

in decreased root length, shoot length and lower biomass overall (Kulikova et al., 2011). Despite 

other heavy metals such as cadmium and lead being more toxic to plants overall, copper has been 

found to reduce the root length and primary needle length the most (Ćurguz et al., 2012).   

A common symptom of excess copper is the increased production of ROS (Thounaojam et al., 

2012).  Copper is directly involved in a large amount of redox reactions as it can exist as two 

oxidation states (Andreazza et al., 2013).  Though the Haber-Weiss reaction, superoxide radicals, 

hydroxyl radicals and hydrogen peroxide are generated in excess (Opdenakker et al., 2012; L. 

Wang et al., 2010).  In response to the copper induced ROS generation, the activity of SOD, 

catalase, guaiacol peroxidase, ascorbate peroxidase, glutathione reductase also increases 

(Thounaojam et al., 2012; Martins & Mourato, 2006).  An overabundance of ROS and its 

generation outpaces the counteractive measures and controls imposed by antioxidation 

mechanisms, resulting in oxidative stress, lipid peroxidation, breakdown of plant tissue and the 

destruction of organelles (X. Wang et al., 2018; R. Sharma et al., 2019; Nair et al., 2014).     

1.6.6 Genetic response of plants to excess copper 

Plants regulate the expression of many transporters and chelators in response to excess copper.  In 

Arabidopsis thaliana, genes encoding COPT1, COPT2, ZIP2 and ZIP4 were downregulated, 

indicating a decrease in initial copper uptake into the root cells (Sancenón et al., 2004; del Pozo et 
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al., 2010; Wintz et al., 2003).  COPT4 is downregulated, although its function remains elusive (del 

Pozo et al., 2010).  Differential transcription of COPT genes in Solanum lycopersicum 

demonstrates that in response to copper stress, COPT transporters coordinate to decrease initial 

uptake in the roots while increasing translocation to shoots (Romero et al., 2021).  In Arabidopsis 

Thalianais, the upregulation of HMA5 occurs in the roots and leaves but more in the former 

(Andrés-Colás et al., 2006, p. 5; del Pozo et al., 2010).  The upregulation of HMA5 may suggest 

mobilization from the roots and increased root to shoot translocation.  OsHMA5 encoding HMA5 

is also upregulated in the leaves of Oryza sativa, promoting xylem translocation (F. Deng et al., 

2013).  Genes encoding CCH is downregulated in the vascular bundles of older leaves and petioles 

in Arabidopsis thaliana, resulting in decreased copper transportation to the secretory pathway and 

decreased delivery of copper to HMA5 (del Pozo et al., 2010; Mira et al., 2001; Andrés-Colás et 

al., 2006).  The downregulation of CCH genes suggests decreased mobilization and decreased 

transportation from older leaves to younger leaves (Mira et al., 2001).  MT2a and MT2b encoding 

MT was found to be upregulated in root tips and shoots, implying an increase in MT production 

and chelation in those respective areas (Zhou & Goldsbrough, 1995; W.-J. Guo et al., 2003).  Genes 

encoding HMA1 and HMA6/PAA1 were upregulated, increasing root to shoot translocation and 

increased copper transportation to the chloroplasts of leaves (del Pozo et al., 2010; Boutigny et al., 

2014; S. Lee et al., 2007).  HMA8 encoding HMA8/PAA2 is upregulated, demonstrating increased 

copper transport from the cytosol to the thylakoid lumen and to plastocyanin (del Pozo et al., 2010; 

Mayerhofer et al., 2016; Tapken et al., 2012).  An increase in copper delivery to the chloroplast 

stroma, thylakoid lumen and to plastocyanin suggests increased photosynthesis in response to 

excess copper (Tapken et al., 2012, 2015).  COPT6 is upregulated, demonstrating copper 

redistribution and transport between leaves and reproductive organs (Garcia-Molina et al., 2013).  
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The gene encoding ATX1 in Arabidopsis Thaliana and Oryza sativa is upregulated, increasing the 

delivery of copper to HMA5 and HMA7/Ran1 (Andrés-Colás et al., 2006; W. Li et al., 2017).  

ATX1 thus contributes to root to shoot translocation and the transport of copper to the ER Golgi 

complex for growth modulation (Y. Zhang et al., 2018; Shin et al., 2012).  Coordinating with the 

upregulation of ATX1 is the increased expression of AtHMA7 encoding for HMA7/Ran1 (del 

Pozo et al., 2010; W. Li et al., 2017).  The upregulation of AtHMA7 encourages increased copper 

transport from ATX1 to the Golgi apparatus, endoplasmic reticulum, and ethylene receptors 

located in the endoplasmic reticulum.  Increased ethylene signalling in roots, leaves and 

reproductive organs induces growth and development, which is a strategy the plant may implement 

to counteract copper toxicity (B. Zhang et al., 2014).  OsHMA9 encoding HMA9 is upregulated 

in Oryza sativa in the xylem and phloem, suggesting an increase in xylem and phloem loading (S. 

Lee et al., 2007).  OsHMA9 may also be upregulated in roots, especially at earlier stages of growth.  

Genes encoding MT1a and MT2b were found to be upregulated in the phloem, indicating an 

increase of MT production and chelation in the phloem area (W.-J. Guo et al., 2003).  Upregulation 

of MT4 genes in the seeds indicates increased metallothionein production and chelation in the seed 

area. Genes encoding CCS are upregulated, demonstrating increased copper delivery to 

Superoxide Dismutase (SODs), which subsequently drives the breakdown of superoxide radicals 

to oxygen and hydrogen peroxide (del Pozo et al., 2010; Cohu et al., 2009; Chu et al., 2005; 

McCord & Fridovich, 1969).  COX17 is upregulated in roots and shoots, increasing Cytochrome 

C Oxidase activity which increases cellular respiration (del Pozo et al., 2010; Garcia et al., 2015).  

COX17 is located in the intermembrane space of the mitochondria and delivers copper to enzymes 

responsible for Cytochrome C Oxidase synthesis (Garcia et al., 2015, p. 201).   
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1.7 Physiological and genetic response to nickel 

1.7.1 Properties of nickel in the soil 

Nickel concentration in the soil is usually at low levels but can drastically increase near areas with 

high industrial output.  Some studies found low nickel content samples to be in the range of 20-50 

mg/kg, whereas samples in areas with heavy anthropological contamination or ultramafic rocks 

may approximate 10000 mg/kg (Echevarria et al., 2006).  In Sudbury, nickel content near smelter 

sites ranges from 30.9 to 1600 mg/kg (Narendrula et al., 2011).  Nickel is commonly available in 

its divalent cationic form or complexed with 6 hydrated ions, with the latter form being more 

prevalent in more acidic soils (Dunemann et al., 1991; Soares et al., 2011).  Nickel can also be 

adsorbed to cation surfaces or chelated to other metal complexes in soil (Ashworth & Alloway, 

2008; Sastre et al., 2001).  At lower pH, nickel solubility increases leading to higher mobility 

within the soil and uptake within plants.  pH seems to be the main factor that affects the amount 

of exchangeable nickel in the soil (Echevarria et al., 2006).  The presence of non crystalline organic 

matter or silicates may also increase the bioavailability of nickel.    

1.7.2 Nickel uptake and transportation 

Nickel uptake and transportation is understudied, with large gaps of knowledge at multiple control 

points within the vascular system. The majority of initial nickel uptake occurs through the roots 

likely by nonspecific active diffusion (Cataldo et al., 1978).  Unlike other heavy metals, there are 

few identified transporters or chelators in the root area that are specific or catered to the initial 

uptake of nickel.  Transporters with broad metal specificity have been found to uptake nickel 

(Nishida et al., 2015, 2011).  IRT1 in Arabidopsis thaliana is an iron transporter located in the 

roots that uptakes nickel under conditions of excess nickel (Nishida et al., 2011).  Other divalent 
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metals can easily alter and interfere with initial uptake (Ghasemi et al., 2009).  Iron deficiency 

increases nickel uptake whereas copper outcompetes and diminishes nickel uptake in Alyssum 

inflatum.  In Arabidopsis thaliana, zinc deficiency induces the increased uptake of nickel (Nishida 

et al., 2015).  IREG2 was found to induce the sequestration of nickel to the vacuole of root cells 

while diminishing root to shoot translocation in Noccaea japonica but not in other species such as 

Noccaea caerulescens  (Nishida et al., 2020; Schaaf et al., 2006).  Some nickel accumulators have 

increased transporter and chelator expression not found in other species that are instrumental in 

accumulation (Mari et al., 2006a).  Chelators thus contribute more to xylem transportation and the 

relocation of nickel throughout the vasculature in comparison to other metals (Mnasri et al., 2015).  

Nicotianamine, histidine, and citric acid are highly expressed in the roots of hyperaccumulators 

and have been implicated in vacuole sequestration (Pianelli et al., 2005; Krämer et al., 1996; Amari 

et al., 2016).  To date, there has yet to be an identified transporter responsible for the xylem loading 

of nickel.  In the xylem sap, nickel is translocated as free ions or within a nicotianamine based 

complex, with the latter having been only identified in hyperaccumulator species (Mari et al., 

2006a).  Once in the xylem, nickel is transported and distributed through the shoots (da Silva et 

al., 2016).  YSL3 in Arabidopsis thaliana transports nickel complexed with nicotianamine (Gendre 

et al., 2006).  The high expression of YSL3 in the central cylinder of young root, phloem of old 

roots and xylem suggests that it is involved in root to shoot translocation and xylem unloading.  

Transporters responsible for shoot distribution requires further characterization, although multiple 

candidate genes including ZIP genes such as ZNT1 and ZNT2 have been identified (Visioli et al., 

2014).  Many hyperaccumulators store excess nickel in the vacuoles of the leaf epidermis, possibly 

to prevent damage to the photosynthetic machinery in the mesophyll cells (Sánchez-Mata et al., 

2013; Küpper et al., 2001; Baklanov, 2011).  Phloem loading and redistribution also require further 
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characterization, although it has been observed that nickel distributes to newer, growing shoots 

and reproductive organs at a much faster rate than zinc, manganese, cobalt, and cadmium (PAGE 

& FELLER, 2005; Riesen & Feller, 2005).  The fast transportation of nickel to these areas and the 

large proportion of nickel mobilized implies highly efficient phloem loading and redistribution.   

1.7.3 Utilization of nickel in plants 

Nickel is an essential micronutrient that is involved in many aspects of plant health.  Nickel can 

readily bind to the S-ligands and cysteine residues of enzymes and functional groups (Szunyog et 

al., 2019; Wuerges et al., 2004).  Nickel is a cofactor for urease, an enzyme integral to nitrogen 

recycling and the ornithine-urea cycle (Barcelos et al., 2018; Urra et al., 2022).  Urease hydrolyzes 

urea to usable ammonia and carbon dioxide, which are subsequently converted to nitrogen-based 

intermediates such as ornithine, citrulline, glutamine, aspartate, arginine, etc.  Nitrogen wastes and 

by-products are thus repurposed into polyamines and amino acids required for other functions such 

as cellular respiration or cell wall restoration (Urra et al., 2022).  Nickel is a cofactor for 

hydrogenase which is an enzyme required for nitrogen fixation in legumes and symbiotic bacteria 

(Baginsky et al., 2005).  In the root nodules of the symbiotic complex, hydrogenase catalyzes the 

oxidation of H2 and the reduction of acetylene, increasing the efficiency of nitrogenase.  Nickel is 

also involved in a lesser extent in other plant functions associated with immune and defense 

mechanisms.  Nickel superoxide dismutase operates in some plant species, metabolizing ROS and 

in some cases protecting other enzymes that are susceptible to ROS damage (C. Chen et al., 2022).   

In dealing with external stresses, nickel is a cofactor for glyoxalase I, an enzyme that converts 

methylglyoxal and other aldehydes to d-lactate (Turra et al., 2015).  Methylglyoxal is a toxic by-

product of glycolysis produced by the degradation of dihydroxyacetone phosphate and 

glyceraldehyde-3-phosphate (Yadav et al., 2005).   
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1.7.4 Nickel deficiency in plants 

In comparison to other metals and essential micronutrients, nickel is not required in large 

concentrations (P. H. Brown et al., 1987).  However, nickel deficiencies in plants often go 

undetected as many plants are unable to attain its highest growth potential (Siqueira Freitas et al., 

2018).  Due to its integral role in nitrogen recycling and urea detoxification, an absence of nickel 

may considerably hinder the cycling of nitrogen (C. Bai et al., 2006).  Decreased urease activity 

causes the buildup of urea in above ground tissues, leading to phytotoxic effects which include 

browning of the leaf edges and decreased growth (X. W. Tan et al., 2000).  Deregulation of the 

ornithine-urea cycle may also cause a buildup of ammonium, causing the necrosis of leaf tips, 

chlorosis of leaf edges, and hindered overall leaf growth.  Nickel deficiency may cause the 

disruption of the TCA cycle leading to an increase in lactic acid, an increase in oxalic acid and a 

decrease of citric acid (C. Bai et al., 2006).  The dysregulation of the TCA cycle indirectly causes 

lower cellular respiration, lower ATP production and the accumulation of intermediates such has 

oxalic acid and lactic acid.  The toxic accumulation of these intermediates contributes to the 

appearance of “mouse ear”, which is characterized by smaller leaves with necrosis on the rounded 

edges (C. Bai et al., 2006).    

1.7.5 Nickel toxicity in plants 

Nickel has a low requirement threshold, a large prevalence in soils and less identified functions 

compared to other micronutrients, thus nickel toxicity is more common than nickel deficiency 

(Yusuf et al., 2011).  Excess nickel causes a severe dysfunction in the homeostasis of many metals 

including copper, iron, manganese, and zinc resulting in a variety of physiological problems 

corresponding to those metals (Ghasemi et al., 2009; Rubio et al., 1994; X. Yang et al., 1996).  

Nickel competitively binds to the binding sites of enzymes that would be otherwise functional with 
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its constituent ion (Wildner & Henkel, 1979).  For example, nickel outcompetes iron for enzymes 

involved in photosystem II and diminishes chlorophyll production, resulting in decreased 

photosynthesis and chlorosis (El-Sheekh, 1993; Mohanty et al., 1989; Ghasemi et al., 2009).  

Excess nickel competitively replaces calcium in the oxygen evolving complex and causes 

conformational changes within the structure, rendering the structure and electron transport chain 

diminished in photosystem II (Boisvert et al., 2007).  Excess nickel also competitively replaces 

magnesium in chlorophyll, decreasing chlorophyll content and function by inhibiting the transfer 

of energy to the reaction center (Küpper et al., 1996; Batool, 2018; Baran & Ekmekçi, 2021).  The 

decreased chlorophyll function and concentration leads to diminished photosynthesis, which may 

physically manifest itself as leaf necrosis and chlorosis.  Excess nickel may interfere with the 

transportation of other metals (Ghasemi et al., 2009; Rahman et al., 2005).  Nickel blocks the root 

to shoot translocation of iron, diminishing its availability to enzymes located in the shoots and 

causing hindered shoot growth.  Depending on the plant species, excess nickel may also affect the 

initial uptake and root to shoot translocation of zinc, copper, calcium, manganese, and magnesium 

(X. Yang et al., 1996).  The faster delivery of nickels to newer, growing organs compared to other 

metals may severely impact early development sooner as demonstrated by decreased seed 

germination, meristem growth and seedling growth (PAGE & FELLER, 2005; Yadav et al., 2005; 

Pavlova, 2017).  Decreased growth and development is further inhibited by the decreased 

distribution of auxin through the shoots as demonstrated by gravitropic defects (Lešková et al., 

2020).   

Nickel is a transition metal that can exist in two oxidation states and can indirectly cause the 

overproduction of ROS when in excess, causing tissue and organ damage (Schützendübel & Polle, 

2002).  Excess nickel may cause a decrease or increase of antioxidative enzyme activity which 
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include SOD, CAT, APX, POD and GSH-Px (Gajewska & Skłodowska, 2006; Baccouch et al., 

2001).  Some antioxidative enzymes may also increase at lower concentrations of nickel and 

decrease at higher concentrations (Gajewska & Skłodowska, 2006; Natasha et al., 2020; 

Demirezen Yilmaz & Uruç Parlak, 2011; Rizwan et al., 2017; Thakur & Sharma, 2015).    

1.7.6 Genetic responses of plants to excess nickel 

The regulation of some transporters and chelator genes have been observed in response to excess 

nickel.  In comparison to other metals, excess nickel tends to elicit fewer genetic responses and 

genetic regulation.  Genes encoding IREG2 in hyperaccumulators Psychotria gabriellae and 

Noccaea japonica were upregulated with some genes being solely expressed in root cells (Merlot 

et al., 2014; Nishida et al., 2020).  The upregulation of IREG2 implies increased nickel 

sequestration into the vacuoles of root cells, decreasing root to shoot translocation (Nishida et al., 

2020).  NRAMP was found to be upregulated in Picea glauca in response to nickel stress, 

indicating a possible increase in nickel chelation and transport (Boyd & Nkongolo, 2020; Milner 

et al., 2014).  Genes encoding chelators in multiple areas of the plant have been found to be highly 

expressed (S. Kim et al., 2005; Persans et al., 2001).  TcNAS encoding nicotianamine was found 

to be upregulated in the shoots of the hyperaccumulator Thlaspi caeulescens, leading to increased 

nickel chelation in the shoots (Mari et al., 2006a).  The function of shoot chelation in this context 

requires characterization, despite upregulation of TcNAS being associated with conferred nickel 

tolerance.  Furthermore, transgenic plants overexpressing NAS genes were able to 

hyperaccumulate nickel with considerable tolerance to toxicity (S. Kim et al., 2005; Pianelli et al., 

2005).  Genes involved with the synthesis of histidine, ie. ATP-phosphoribosyltransferase (ATP-

PRT), were highly expressed in the hyperaccumulator Alyssum lesbiacum compared to non 

hyperaccumulators (Ingle et al., 2005).  The larger amount of free histidine in the xylem sap is 
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associated with a more efficient root to shoot translocation in addition to increase chelation of 

nickel (Ingle et al., 2005).  Other candidate genes involved with nickel resistance include genes 

encoding glutathione-S-transferase, NRAMP transporters and thioredoxin family protein in Betula 

papyrifa (Theriault et al., 2016).   

1.7.7 Transcriptome analysis of other plants in response to excess nickel 

Transcriptome analysis of plants responding to excess nickel characterizes various attributes of 

gene expression and reveal mechanisms associated with nickel resistance.  Populus tremuloides 

and Betula papyrifera are nickel accumulators that express differential gene expression between 

resistant and susceptible genotypes (Czajka & Nkongolo, 2022; Theriault et al., 2016).  In contrast, 

Acer rubrum is a nickel avoider that does not exhibit differential gene expression between resistant 

and susceptible genotypes (K. Nkongolo et al., 2018).  Resistant genotypes compared to water had 

more upregulated than downregulated genes in Betula papyrifera, Acer rubrum and Populus 

tremuloides (Czajka & Nkongolo, 2022; Theriault et al., 2016; K. Nkongolo et al., 2018).  

Susceptible gentoypes compared to water had more upregulated than downregulated genes in only 

Betula papyrifera and Acer rubrum.  However, the number of differentially expressed genes in the 

susceptible genotype of both species was considerably lower than the resistant genotype, indicating 

lower gene expression associated with the susceptibility.  In Populus tremuloides, Betula 

papyrifera and Acer rubrum, the largest proportion of genes in the biological processes functional 

category was associated with transport, cellular component organization and carbohydrate 

metabolic process (Czajka & Nkongolo, 2022; Theriault et al., 2016; K. Nkongolo et al., 2018).  

For metabolic processes, the largest percentage of expressed genes were associated with nucleotide 

binding, kinase activity and DNA binding.  In regard to cellular compartment, the majority of 

expressed genes were localized to the ribosome, chloroplast and plasma membrane for Populus 
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tremuloides.  In Betula papyrifera, the largest proportion of genes for cellular compartment was 

associated with the ribosome, cytosol and plasma membrane (Theriault et al., 2016).  In Acer 

rubrum, the categories with the most expressed genes were the cytosol, ribosome and 

mitochondrion (K. Nkongolo et al., 2018).  Identified candidate genes for Betula papyrifera 

include genes encoding Glutathione S-transferase, NRAMP transporters and thioredoxin family 

proteins (Theriault et al., 2016).  ATOX1-related copper transport protein was the only candidate 

gene identified for Populus tremuloides (Czajka & Nkongolo, 2022).   

1.8 Description and physical appearance of the subject: Pinus banksiana 

Pinus Banksiana is a species of pine native to North America, ranging from the Northwest 

Territories in Canada to Minnesota, Michigan and smaller regions in Northeastern United states 

(McLeod & MacDonald, 1997; Rudolph & Laidly, 1990; Kashian et al., 2003; Tweiten, 2016).  It 

is part of the Pinus genus comprised of 110 pine species and its closest relative is Pinus contorta. 

It is the most widely distributed pine in Canada, being able to grow on rocks, sands, frost, areas 

with poor soil quality and areas with a cold climate (Rudolph & Laidly, 1990; Pisaric et al., 2009; 

Greenwood et al., 2002; M. Huang et al., 2013; Coursolle et al., 2002).  Pinus banksiana can grow 

around 150 years with a height range of 15-25 m and a diameter of 20-30 cm (Barton & Grenier, 

2008; Kenkel et al., 1997).  The taproot root system distributes widely and has an intermediate 

depth (Plourde et al., 2009).  Each fascicle consists of 2 stiff, short needles that are yellow to green, 

pointy and spaced far enough from each other, forming a distinctive V shape (Barton & Grenier, 

2008).  Each needle ranges from 2-4 cm in length and can be slightly curved or relatively straight.  

The twigs are thin and dark brown or grey.  The cones are tightly closed, consist of approximately 

80 scales and are attached to the branch by a very short stem, giving the appearance of growing 

from the branch (Rudolph & Laidly, 1990).  The cones are also yellow to brown, conical, 
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asymmetrical and are in 2-3 clusters at the nodes of each branch.  Hot temperatures or the presence 

of a fire will open the cones, releasing seeds to allow for fast seeding reproduction (Alexander & 

Cruz, 2012; Sharpe et al., 2017).  Open cones have a flared, curved appearance.  The bark is dark 

brown or grey, fragile, and susceptible to damage in seedlings and may grow into randomly layered 

plates with maturity (Zakrzewski & Duchesne, 2012).  Jack pine is a softwood pine with 

intermediate hardness and intermediate mass compared to other pine trees (C. Huang et al., 2020).       

Being widely distributed in Canada, Pinus banksiana is a very hardy, resilient tree.  A pH range 

of 5-9 did not significantly affect photosynthesis or transpiration in Pinus banksiana (F. Xu et al., 

2020).  However, chlorophyl content decreased in seedlings and dry weight decreased at higher 

pH.  Furthermore, high pH decreased phosphorous, calcium, manganese, magnesium, zinc, and 

iron content.  In comparison to other pine species, Pinus banksiana is least affected by excess 

salinity and its physiology may be stimulated at lower concentrations (Croser et al., 2001; Franklin 

et al., 2002).  Like other evergreen boreal pines, needle longevity and low nitrogen concentration 

is correlated with lower temperatures, likely as an adaptive trait to colder climates (Reich et al., 

2014).   

In Sudbury, a moderate genetic diversity for Pinus banksiana with low gene flow was observed in 

metal contaminated sites (Vandeligt et al., 2011).  This is in contrast to other pine species such as 

Pinus Resinosa which demonstrated significantly lower genetic diversity and higher rates of 

inbreeding (Vandeligt et al., 2011; Ranger et al., 2008).  Pinus banksiana populations were found 

to have no correlation between genetic diversity and metal accumulation.  Populations in 

contaminated and uncontaminated areas were also found to be genetically close to each other, 

although newer trees involved in the regreening program had a significantly higher genetic 

diversity. 
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1.9 Thesis rationale and objectives 

Policy makers and institutions are increasingly focusing on environmental restoration, 

encouraging the production and use of “eco friendly” or “environmentally sustainable” 

technology.  However, technologies such as electric vehicles and smartphones require a large 

amount of nickel and copper alloys which involves a large amount of heavy metal processing and 

mining.  As demand for these products and applications soar, demand for heavy metals such as 

copper and nickel also increase.  At high levels, copper and nickel contamination cause 

considerable damage to plant biota, animal communities and ecosystems (J. Xu et al., 2006; 

Baccouch et al., 2001).  It is therefore imperative to confront heavy metal toxicity and its impact 

on the environment, especially in areas with a high industrial output such as Sudbury.  Current 

approaches to environmental remediation are unable to cater to northern environments due to its 

colder, subarctic climates.  Currently, the majority of biomolecular and phytoextraction research 

has been focused to angiosperms and smaller plants, which can only operate optimally in warmer, 

moist climates (Pollard et al., 2014).  Currently used hyperaccumulators have a small biomass, are 

difficult to grow in colder environments, and may pose a threat to the biodiversity and stability of 

the ecosystem.  In contrast, conifers such as Pinus banksiana already grow in the general area and 

have been used extensively in successful regreening programs (Beckett & Spiers, n.d.).  Conifers 

are better acclimated to colder climates, grow year-round, and are robust and hardy.  Working with 

previously adapted and integrated conifers is ideal, less time consuming, and cost effective 

compared to other hyperaccumulators which require cautious attention to various different 

parameters.   

Currently, there are large gaps of knowledge in regard to the genetic structure of conifer species.  

To improve the utility of Pinus banksiana as a remediation tool, the protein coding genes and 
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genetic response to copper and nickel must be further researched.  A transcriptome profile of Pinus 

banksiana and other Pinus species has yet to be done.  Additionally, genetic studies of conifer 

species in response to heavy metals are needed for a subject that has been overwhelmingly focused 

on angiosperms and other smaller plants.  Transcriptional analysis is valuable in this regard as it 

will show similarities and differences between the genetic responses from both classifications of 

plants.  Pinus banksiana is therefore a potential candidate for transcriptome analysis.   

Objectives 

Performing a transcriptome analysis on Pinus banksiana will provide an essential resource for 

understanding the genetic response of Pinus banksiana to heavy metals.  For any given pine 

seedling treatment, the entire transcriptome will be revealed for that given state at the time of 

harvest.  A transcriptional analysis of copper and nickel treated seedlings will fulfill the following 

objectives: 1) Comprehensively map and characterize the transcriptome of Jack Pine (Pinus 

banksiana), 2) Assess the gene expression of distinct genotypes exposed to nickel ion toxicity, 3) 

Assess the gene expression of distinct genotype exposed to copper ion toxicity, 4) Evaluate 

variations in gene expression between genotypes responding to nickel toxicity or copper toxicity.  
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Chapter 2: Transcriptome Analysis of Nickel Resistant and Susceptible Jack Pine (Pinus 

banksiana) 

2.1 Introduction 

Sudbury, Ontario is a region that has been afflicted by over 130 years of Nickel mining and 

processing (Schindler, 2014; Jewiss, 2013; Keller et al., 2007).  Despite the large environmental 

risks, the region is poised to increase nickel production to keep up with rising global demand.  

Nickel contamination causes considerable damage to plant biota, animal communities and 

ecosystems (J. Xu et al., 2006; Baccouch et al., 2001).  In plants, nickel is an essential 

micronutrient at low levels (Yusuf et al., 2011).  At higher levels, nickel has been found to diminish 

photosynthesis by decreasing the functionality of photosystem II and inhibiting chlorophyl 

function and production (Boisvert et al., 2007; Küpper et al., 1996; Batool, 2018; Baran & 

Ekmekçi, 2021).  Excess nickel causes a severe dysfunction of homeostasis for many metals 

including copper, iron, manganese, and zinc resulting in a variety of physiological problems 

corresponding to those metals (Ghasemi et al., 2009; Rubio et al., 1994; X. Yang et al., 1996).  

Unlike other heavy metals, nickel indirectly causes the overproduction of Reactive Oxygen 

Species (ROS) by increasing or decreasing the activity of antioxidative enzymes such as 

superoxide dismutase (SOD) and catalase (CAT) (Gajewska & Skłodowska, 2006; Baccouch et 

al., 2001).  The inhibition of these physiological functions and mechanisms hinders the overall 

growth and development of the plant (Baran & Ekmekçi, 2021; Pavlova, 2017; Yadav, 2022).  Jack 

Pine (Pinus banksiana) has been proposed as a potential candidate for genetic research to improve 

regreening and remediation efforts due to its acclimation to the cold, challenging climate.  

Additionally, Jack Pine has been successfully used in a regreening project in the Sudbury region 

(Beckett & Spiers, n.d.).   
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Mechanisms involved in nickel resistance and detoxification remain poorly elucidated in 

comparison to other heavy metals such as copper.  In response to excess heavy metals, plants may 

modulate the production of chelators, metallothionein and transporter proteins in different areas of 

the plant.  Plants may also regulate antioxidative enzyme activity in response to ROS produced as 

a by-product of heavy metal toxicity.  In response to excess nickel, genes encoding the chelators 

nicotianamine and histidine were found to be upregulated in the hyperaccumulators Thlaspi 

caeulescens and Alyssum lesbiacum, respectively (Mari et al., 2006b; Ingle et al., 2005).  The 

IREG2 transporter gene has been found to be upregulated in the hyperaccumulators Psychotria 

gabriellae and Noccaea japonica, suggesting nickel sequestration into the vacuoles of root cells 

during the initial uptake of nickel into the roots (Merlot et al., 2014; Nishida et al., 2020).  In Pinus 

banksiana and Pinus strobus, excess nickel prompted a downregulation of the gene encoding the 

natural resistance associated macrophage protein (NRAMP3) (Moarefi & Nkongolo, 2022).  In 

contrast, this gene was upregulated in Picea glauca under conditions of excess nickel (Boyd & 

Nkongolo, 2020).  In some species, NRAMP3 is localized to the vacuole membrane, implying a 

possible role in nickel sequestration into the vacuole (Wei et al., 2009; Bastow et al., 2018).  

Although the expression of particular genes such as NRAMP3 have been studied in conifers, the 

extent to which the genes are expressed or regulated relative to other genes remain elusive.  This 

study will be the first to map and describe the transcriptome in a nickel treated coniferous tree, 

providing an indispensable asset to other researchers for understanding conifer genetics and 

responses to nickel stress.   

The objectives of this study were to:  1) Characterize the transcriptome of Jack Pine (Pinus 

banksiana).  2) Use transcriptome analysis and gene ontology to characterize the genes in response 
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to Nickel stress.  3) Evaluate differences in gene expression between different groups of nickel 

treated plants.   

2.2 Materials and methods 

2.2.1 Plant treatment 

Pinus banksiana seedings were provided by College Boreal Plant Center located in Sudbury 

Ontario.  The continued growth of the 6 month old seedlings at Laurentian University was 

conducted according to the methodology outlined in Moarefi and Nkongolo (2022) (Moarefi & 

Nkongolo, 2022).  Pinus Banksiana was transplanted into planter pots containing a 1:1 mixture 

of sand and soil.  The seedlings were incubated in a growth chamber for one month.  The 

seedlings were also fertilized with a 1:1:1 mixture of nitrogen, phosphorous and potassium 

fertilizer when required.  After one month, the seedlings were given treatments in a completely 

randomized block design.  Fifteen seedlings were treated with 1600 mg of nickel sulphate per 1 

kg of soil. This treatment represented the in field concentration of Ni from a survey on metal 

contaminated sites in the Greater Sudbury Region (Nkongolo et al., 2013). Fifteen seedlings 

were treated with 3200 mg of nickel sulphate per 1 kg of soil representing double concentration.  

Ten seedlings were given deionized water which represented the negative control.  Selected 

plants were treated with potassium sulphate as a salt control to account for the effect of sulphate 

ions on the treatment regimen.  5 seedlings were treated with 1600 mg/kg of potassium sulphate 

corresponding to the 1600 mg/kg concentration of nickel sulphate.  An additional 5 seedlings 

were treated with 3200 mg/kg of potassium sulphate corresponding to the 3200 mg/kg 

concentration of nickel sulphate.  The seedlings underwent a 2 week incubation period.  After the 

incubation period, a damage rating system was used to identify resistant and susceptible plants in 
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the nickel treatment group 1 day prior to harvest.  Plants were rated based on overall changes in 

appearance between pre treatment and post treatment images.  Needles from the selected 

seedlings were harvested and wrapped in individual aluminum foils.  For longer term storage, the 

needles were flash frozen using liquid nitrogen and stored in a freezer at -4 OC.   

Table 2. Damage ratings based on the comparison of pre treatment and post treatment 

appearance 

Damage Rating Evaluation Description 

1-3 Not affected by treatment Underwent little to no change.  

Growth and appearance were 

similar to controls.       

4-6 Some damage Intermediate level of damage.  

Some green needles and 

growth but with variable 

discoloration, browning or 

weaker needles present.   

7-10 Severe damage Little to no growth.  Brown or 

weakened needles with 

considerable amounts of 

discoloration.   
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Figure 1. Damage rating of Pinus banksiana seedlings after treatment with 1600 mg/kg of nickel.  

Selected seedlings underwent treatment and were assigned damage ratings based on various 

attributes. The top image depicts seedlings from the resistant group and the lower image 

represents seedlings from the susceptible group.     

2.2.2 RNA Extraction  

RNA extraction was performed on the needles of the seedlings following the protocol from the 

NORGEN BIOTEK Plant/fungi total RNA purification Kit which can be found here: 

https://norgenbiotek.com/product/plantfungi-total-rna-purification-kit.  Agarose gel 

electrophoresis was performed on the extracted RNA to assess RNA quality.  The quantity of RNA 

for each sample was determined using the Qubit™ RNA BR assay kit.  The extracted RNA samples 

were stored in a freezer at -80 OC.   

https://norgenbiotek.com/product/plantfungi-total-rna-purification-kit
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2.2.3 RNA sequencing and De Novo Transcriptome Assembly  

Messenger RNA (mRNA) was isolated from total RNA.  Chemical RNA fragmentation was done 

to account for the size limitation of the sequencing platform.  mRNA was reverse transcribed to 

cDNA using reverse transcriptase and RNAse was added to prevent unnecessary ligation between 

different nucleotide strands.  Second strand synthesis was performed followed by 3’ end ligation 

with adaptors and adenosine caps.  The cDNA was amplified to generate cDNA libraries.  Illumina 

sequencing (performed at Seqmatic in San Francisco, California, USA) was used to sequence the 

cDNA libraries.  FASTQC files for each sample were generated corresponding to each cDNA 

library.  The FASTQC program verified the quality of raw data from the files and provided 

attributes for each sequence which included average sequence length, %GC content, total 

deduplicated percentage and sequences flagged as poor quality.  The Cutadapt program was used 

to remove adaptor sequences and low-quality bases from the raw read data. The Bowtie2 algorithm 

in Trinity was used to map RNA sequence raw reads to the trinity transcript assembly, generating 

sequence alignment map (SAM) files which were then converted to BAM (binary form of SAM) 

files.  Transcript assembly was performed by inputting RNA sequence data from all samples into 

the TRINITY program, which quantified the number of genes based on the number of detected 

isoforms.   

2.2.4 BLAT matching and annotation of Pinus banksiana genes 

Transcripts were characterized by performing a 2 way BLAST-like alignment tool (BLAT) 

matching with the Pinus taeda genome as a reference.  Attributes such as Transcript ID, Gene ID, 

and corresponding log (E-value) for sequence similarity with the reference genome was 

characterized. Other identified characteristics identified by BLAT matching include query 

sequence size, transcript sequence size, and the percentage of net match for each characteristic.  
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Every transcript was mapped to protein sequences in the UniProt database, generating 

corresponding UniProt IDs.  Protein matches with the highest degree of similarity were used to 

annotate genes and assign gene ontology information such as gene description.   

2.2.5 Quantification of gene expression and quality control (QC) analysis 

The RNA-Seq by Expectation-Maximization (RSEM) abundance estimation method was used to 

quantify the expression level of each gene/transcript and related isoforms.   Quality control for 

read count was performed to critically assess the number of counts from each gene.  Raw reads 

were filtered and selected for counts of at least 1,2, 10, 50 or 100.  Genes with 1 read were 

considered noise.  Genes with 2 or more counts were used as an estimate for the number of genes 

expressed.  Genes with 10 or more counts were considered an adequate indication of the number 

of genes that had enough reads for downstream statistical analysis.  For each treatment group, 

genes with a counts per million (CPM) value of 1 or higher in at least 2 samples were included in 

downstream analysis.  Genes with a CPM value of less than 1 in at least 2 samples were 

unexpressed and removed.  Normalization factors for raw counts were generated using a trimmed 

mean of M-values (TMM) from edge R to remove variations from samples and normalize the 

samples.   

The normalized read counts were log-scale transformed using the voom method (log2 scale) from 

the R limma package.  Boxplots of the transformed expression values were generated to show the 

mean distribution of every sample. Deviation from the mean distribution in a particular sample 

may indicate variations among experimental conditions, sample contamination or batch effect.  

Samples that deviated significantly from the mean distribution within the same objective group 

were excluded.   
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Multidimensional scaling plots were generated to display the clustering of sample groups based 

on the leading logFC of normalized data.  Groups of samples that deviated significantly from other 

groups of samples were considered differentially regulated.  Samples that deviated significantly 

from the other samples within the same group were considered outliers and not included in 

downstream analysis.   

A heatmap was generated from the logFC of 5000 genes to show the visual relationship of gene 

expression between the samples.  Samples that did not have a similar logFC pattern of gene 

expression from other samples within the same group were considered outliers and were not 

included in downstream analysis.  The proportion of raw reads expressed by the top 100 

upregulated and downregulated genes were also assessed in every sample to identify potential 

bottlenecking issues.   

2.2.6 Differential gene expression (DGE) analysis of pairwise comparisons 

The cutoff for pairwise comparisons was calculated to  be equivalent to 10 raw counts.  From the 

average of total counts in all samples, a CPM of 0.361 was calculated as the minimum threshold 

required to be included in pairwise comparisons.  Genes that had a CPM higher than the cutoff in 

at least 2 samples were included in downstream analysis whereas genes that did not fulfill these 

parameters were excluded.  The pairwise comparisons of transcripts were performed between RG 

and the control, SG and the control, and RG and SG.  Differential gene expression expressed as 

logFC values were evaluated using the R limma package.  To assess the interference of sulphate 

ions on the treatment regimen, pairwise comparisons of expressed genes were also conducted 

between RG and the potassium control, SG and the potassium control, and water and the potassium 

control.  The entire set of genes for each pairwise comparison was annotated using Trinotate and 



52 

 

Trinity.  Gene ontology was performed by assigning GO terms and gene IDs from available 

databases to the set of genes for a particular pairwise comparison.  Genes that could not be 

annotated were filtered out of the set of annotated genes.  Each gene set was run through a plant 

slim function using the Omicsbox program.  Gene ontology charts functionally categorizing 

biological process, metabolic function and cellular component were generated.  For each 

functional category, sequences were distributed using the NodeScore of each assigned GO term.    

2.2.7 Analysis of top differentially regulated genes 

The top 100 upregulated genes and downregulated genes were ranked for the following pairwise 

comparisons:  RG and the control, and SG and the control.   Genes were ranked based on LogFC 

and fulfillment of high stringency parameters.  UniProt annotation and review of the current 

literature was done to characterize genes associated with copper detoxification or tolerance 

mechanisms.  Genes associated with nickel resistance were considered candidate genes.  Gene 

ontology charts functionally categorizing biological process, metabolic function and cellular 

component were generated for the top 100 regulated genes using the aforementioned process in 

DGE analysis.  Charts comprised of the top 25 genes were provided for each pairwise 

comparison.   
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2.3 Results 

2.3.1 Transcript assembly and sequence data QC 

The FastQC program characterizes the raw reads from Illumina sequencing and verifies the quality 

of the data.  None of the sequences were flagged as poor quality.  Nickel resistant plants had 35-

51 million total sequences whereas nickel susceptible plants had 24-28 million total sequences.  

Both treatment groups had an average sequence length of 51 bases.  Nickel resistance samples had 

a total deduplicated percentage of 24-41%, indicating that a significant portion of gene expression 

was from duplicated gene expression.  Nickel susceptible samples had a total deduplicated 

percentage of 38-52%, indicating that a slightly smaller portion of gene expression was from 

duplicated gene expression.  Transcript assembly using the Trinity program produced a total of 

581037 transcripts with 435293 genes.  Out of 435293 genes, 261199 genes fulfilled the CPM 

parameters and were thus used for differential gene expression analysis.   

2.3.2 Differential gene expression (DGE) analysis 

This transcriptome shotgun assembly project has been deposited in the DDBJ/EMBL/GenBank 

under the BioProject accession number PRJNA962116.  A multidimensional scale plot and 

hierarchical cluster map assessed the clustering between samples.  The water and potassium 

controls clustered close to each other, indicating that gene expression was similar between the 

treatment groups and sulphate had a negligible effect on the treatment regimen.  The clustering of 

the resistant genotype (RG) and the susceptible genotype (SG) demonstrated that treated samples 

were similar in regard to gene expression, albeit to a lesser extant compared to the controls.  

Clustering between individuals did not indicate the presence of potential outliers.  Expression of 

treated samples were significantly different from the water and potassium controls.  There were 
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no DEGs between RG and SG.  DEGs only from the high stringency cut off (two fold and FDR 

0.05) were considered due to strict confidence levels associated with the false discovery rate 

(FDR).  Although the low stringency is held to a high scrutiny with a p value of 0.01, the higher 

false discovery rate indicates that the expression of any particular gene may be a false positive and 

will therefore have a lower statistical confidence.  Hierarchical clustering in all samples indicated 

that the samples within each treatment group were more similar to each other than to samples in 

other treatment groups.  The high stringency cutoff was used for all heatmaps depicting pairwise 

comparisons excluding RG vs SG, which used the low stringency cutoff.  

Table 3. Differentially expressed genes from the nickel resistant genotype compared to the 

nickel susceptible genotype in Pinus banksiana 

Cutoff Standard (two fold and FDR 
0.05) 

Low Stringency (two fold 
and pvalue 0.01) 

Up-regulated genes 0 4812 

Down-regulated genes 0 2956 

Total genes 0 7768 
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Figure 2a. Heatmap of differentially expressed genes from the nickel resistant genotype 

compared to the nickel susceptible genotype in Pinus banksiana.  Nickel resistant genotypes are 

labelled as Nir57, Nir30 and Nir5.  Nickel susceptible genotypes are indicated as Nis15, Nis31 

and Nis58.  Red cells represent upregulation whereas blue cells represent downregulation based 

on Log2 normalized fold change.     

 

Figure 2b. Volcano plot of differentially expressed genes from the nickel resistant genotype 

compared to the nickel susceptible genotype in Pinus banksiana.  Brown points represents 

upregulated gene expression whereas blue points represent downregulated gene expression using 

the susceptible genotype as a reference.  Grey points represent genes with no significantly 

different expression from the susceptible genotype.  Log10(FDR) is the log10 of the false 

discovery rate.  The border between the nonsignificant points and the differentially regulated 

genes represents a false discovery rate of 0.05 (two fold).   

 

Table 4. Differentially Expressed Genes from the nickel resistant genotype compared to the 

control in Pinus banksiana  

Cutoff  Standard (two fold and FDR 
0.05)  

Low Stringency (two fold 
and pvalue 0.01)  

Up-regulated genes  4128  11903  

Down-regulated genes  3754  6332  

Total genes  7882  18235  
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Figure 3a. Heatmap of differentially expressed genes from the nickel resistant genotype 

compared to the controls in Pinus banksiana.  Differentially expressed gene values are based on 

the Log2 normalized FC, with red cells representing upregulation and blue cells representing 

downregulation.  Nickel resistant genotypes are labelled Nir57, Nir30 and Nir5.  Water controls 

are labelled Cuw37, Cuw14 and Niw73.   
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Figure 3b. Volcano plot of differentially expressed genes from the nickel resistant genotype 

compared to the controls in Pinus banksiana.  Brown points represent upregulated gene 

expression whereas blue points represent downregulated gene expression when compared to the 

susceptible genotype.  Grey points represent genes with no significantly different expression 

from the water control.  Log10(FDR) is the log10 of the false discovery rate.  The border 

between the nonsignificant points and the differentially regulated genes represents a false 

discovery rate of 0.05 (two fold).       

Table 5. Differentially Expressed Genes from the nickel susceptible genotype compared to the 

water control in Pinus banksiana  

Cutoff  Standard (two fold and FDR 
0.05)  

Low Stringency (two fold 
and pvalue 0.01)  

Up-regulated genes  37116  35167  

Down-regulated genes  12053  11224  

Total genes  49169  46391  
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Figure 4. Volcano plot of differentially expressed genes from the nickel susceptible genotype 

compared to the control in Pinus banksiana.  Brown points represent upregulated gene expression 

whereas blue points represent downregulated gene expression when compared to the water 

control.  Grey points represent genes with no significant difference in expression.  The border 

between the nonsignificant points and the differentially regulated genes represents the false 

discovery rate of 0.05 (two fold).       

2.3.3 Gene ontology classification of differentially expressed genes in Pinus banksiana  

Gene ontology graphs show the distribution of annotated genes to different terms within the 

categories biological processes, metabolic function, and cellular compartment (fig 5a-5c).  The 

proportion of genes allocated to each term was similar among the water control, the resistant 

genotype, and the susceptible genotype.   
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Figure 5a. Percentage of annotated transcripts in Pinus banksiana control samples categorized 

by Biological Processes.  A total of 5112 transcripts from the water controls were grouped by 

Gene Ontology terms within the Biological Processes category using Omicsbox (BLAST2GO).  

Terms with lower than 2% of total gene expression were combined and assigned the label 

“other”.   

Overall, 5112 transcripts were annotated and categorized in biological processes. Detailled 

transcriptome analysis showed that 54.91% of transcripts were categorized under the following 

terms:  DNA metabolic process (19.31%), response to stress (13.25%), response to chemical 

(8.68%), signal transduction (7.66%) and response to biotic stimulus (6.01).  Response to stress, 

response to chemicals, and response to biotic stimulus were among the top 5 terms with the most 

expression that fell under the parent category of response to stimulus.  Eighteen (18) terms had 

less than 2% of the distribution of genes collectively assigned in the category “other”.     

 

DNA metabolic process (19.31%)

Response to stress (13.25%)

Other (12.92%)
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Signal transduction (7.66%)
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Response to endogenous stimulus (4.85%)

Carbohydrate metabolic process (3.29%)

Lipid metabolic process (2.87%)

Cell death (2.48%)
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Figure 5b. Percentage of annotated transcripts in Pinus banksiana control samples categorized 

by Molecular Function.  A total of 3755 transcripts from the water controls grouped by Gene 

Ontology terms within the molecular function category using Omicsbox (BLAST2GO).  Terms 

with lower than 2% of total gene expression were combined and assigned the label “other”.   

Overall, 3755 transcripts were annotated and categorized by molecular function. Out of these 

transcripts,  65.24% of were allocated to the following terms: Nucleotide binding (27.63%), 

nuclease activity (27.30%) and kinase activity (10.31).  Five (5) out of eight categories were related 

to nucleotide function and genetic regulation.  Nucleotide binding, nuclease activity, RNA binding 

and DNA binding represented four of the top five categories, indicating the prominence of 

nucleotide function and genetic regulation in top regulated genes.  Additionally, Nucleotide 

binding, RNA binding and DNA binding fell under the parent category nucleic acid binding.  Nine 

terms had less than 2% of total gene expression and collectively assigned to the category “other”.     

 

Nucleotide binding (27.63%)
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Figure 5c. Percentage of annotated transcripts in Pinus banksiana control samples categorized 

by Cellular Component.  A total of 3385 transcripts from the water controls grouped by Gene 

Ontology terms within the cellular component using Omicsbox (BLAST2GO).  Terms with 

lower than 2% of total gene expression were combined and assigned the label “other”.   

Over all, 3385 transcripts were annotated and categorized based on cellular compartment location.  

Of these transcripts, 62.03% of genes were categorized under the following terms: plasma 

membrane (21.65%), cytosol (16.10%), chloroplast (12.41%), extracellular region (11.87%).  

Plasma membrane, cytosol and the extracellular region represented three of the top five categories, 

which were relegated to compartments encompassing or adjacent to the plasma membrane.  7 

categories had less than 2% of the distribution of genes collectively assigned to the category 

“other”.     
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2.3.4 Gene ontology of the top 100 differentially expressed genes in Pinus banksiana 

Gene ontology graphs show the distribution of the top 100 genes allocated to different terms within 

the categories biological processes, metabolic function, and cellular compartment (fig 6a-9c).  The 

top 100 genes for each pairwise comparison was obtained from the set of differentially expressed 

genes and categorized into upregulated and downregulated values.   

Figure 6a. Percentage of the top 100 upregulated transcripts in Pinus banksiana resistant 

samples compared to the controls categorized by Biological Processes.  A total of 100 transcripts 

from the resistant samples compared to water controls were grouped by Gene Ontology terms 

within the Biological Processes category using Omicsbox (BLAST2GO).  Terms with lower than 

2% of total gene expression were combined and assigned the label “other”.   

The 100 most upregulated genes in RG compared to water were annotated and categorized based 

on biological processes.  Overall, 70.38% of genes were distributed under the following processes:  

Response to stress (14.81%), response to chemical (11.11%), carbohydrate metabolic process 

(7.41%), catabolic process (7.41%), signal transduction (7.41%), response to abiotic stimulus 

(7.41%), embryo development (7.41%), lipid metabolic process (7.41%).  Response to stress, 

response to chemicals and response to abiotic stimulus fell under the same parent category 

response to stimulus.  Compared to the entire transcriptome, DNA metabolic process had a smaller 

response to stress (14.81%)

response to chemical (11.11%)

carbohydrate metabolic process (7.41%)

catabolic process (7.41%)

signal transduction (7.41%)

response to abiotic stimulus (7.41%)

embryo development  (7.41%)

lipid metabolic process (7.41%)

DNA metabolic process (3.70%)

protein modification process (3.70%)

regulation of molecular function (3.70%)

cellular component organization (3.70%)

transport (3.70%)

post embronic development (3.70%)

response to endogenous stimulus (3.70%)

reproduction (3.70%)
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percentage of expressed genes.  In contrast, carbohydrate metabolic process and lipid metabolic 

process had a high proportion of expressed genes but were underrepresented in the entire 

transcriptome.  Embryo development, post embryonic development and reproduction were also 

represented in this instance but had less than 2% of expressed genes in the entire transcriptome 

(Fig 6a, fig 5a).   

 

 

Figure 6b. Percentage of the top 100 upregulated transcripts in Pinus banksiana resistant 

samples compared to the controls categorized by Molecular Function.  A total of 100 transcripts 

from the resistant samples compared to the water controls were grouped by Gene Ontology terms 

within the  Molecular Function category using Omicsbox (BLAST2GO).  Terms with lower than 

2% of total gene expression were combined and assigned the label “other”.   

The 100 most upregulated genes in RG compared to water were categorized based on molecular 

function.  Overall, 61.54% of genes were categorized under the following molecular functions:  

Enzyme regulator activity (30.77%) and hydrolase activity (30.77%).  Enzyme regulatory activity 

and hydrolase activity comprised the majority of top upregulated genes despite having less than 

2% of genes in the entire transcriptome.  Protein binding and transferase activity were also 

enzyme regulator activity (30.77%)

hydrolase activity (30.77%)

DNA binding (7.69%)

transferase activity (7.69%)

protein binding (7.69%)

DNA binding transcription factor
activity (7.69%)

nucleotide binding (7.69%)
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represented among the top upregulated genes despite comprising less than 2% of the whole 

transcriptome.   

 

 

Figure 6c. Percentage of the top 100 upregulated transcripts in Pinus banksiana resistant 

samples compared to the controls categorized by Cellular Component.  A total of 100 transcripts 

from the resistant samples compared to water controls were grouped by Gene Ontology terms 

within the cellular component category using Omicsbox (BLAST2GO).  Terms with lower than 

2% of total gene expression were combined and assigned the label “other”.   

The 100 most upregulated genes in RG compared to water were annotated and categorized based 

on cellular compartment.  Overall, 58.33% of genes were categorized under the following cell 

compartments:  Extracellular region (33.33%) and nucleus (25%).  Other organelles had an equal 

distribution of expressed genes.  In contrast to the whole transcriptome, the nucleus comprised a 

very large portion of expressed genes.   

extracellular region (33.33%)

nucleus (25%)

endosome (8.33%)

cytosol (8.33%)

plasma membrane (8.33%)

endoplasmic reticulum (8.33%)

golgi apparatus (8.33%)
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Figure 7a. Percentage of the top 100 downregulated transcripts in Pinus banksiana resistant 

samples compared to water controls categorized by Biological Processes.  A total of 100 

transcripts from the resistant samples compared to the water controls were grouped by Gene 

Ontology terms within the biological processes category using Omicsbox (BLAST2GO).  Terms 

with lower than 2% of total gene expression were combined and assigned the label “other”.   

The 100 most downregulated genes in RG compared to water were annotated and categorized 

based on biological process.  They were categorized under the following categories:  Biosynthetic 

process (21.43%), carbohydrate metabolic process (14.28%), response to biotic stimulus (10.71%), 

and response to stress (10.71%).  Biosynthetic process had the largest proportion of expressed 

genes despite having less than 2% of expressed genes in the whole transcriptome analysis.  In 

contrast to the whole transcriptome analysis, carbohydrate metabolic process and cell cycle had a 

larger proportion of expressed genes whereas response to abiotic stimulus and response to 

chemical had a lower proportion of expressed genes.  3 of the top 5 categories are classified under 

the response to stimulus category.   
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Figure 7b. Percentage of the top 100 downregulated transcripts in Pinus banksiana resistant 

samples compared to water controls categorized by Molecular Function.  A total of 100 

transcripts from the resistant samples compared to the water controls were grouped by Gene 

Ontology within the Molecular function category using Omicsbox (BLAST2GO).  Terms with 

lower than 2% of total gene expression were combined and assigned the label “other”.   

The 100 most downregulated genes in RG were annotated and categorized based on metabolic 

process.  They were categorized under the following terms:  Hydrolase activity (36.36%) and 

transporter activity (27.27%).  These categories had a lower proportion of expressed genes in the 

whole transcriptome analysis and Hydrolase activity represented less than 2% of expressed genes.  

The other categories had an equal distribution of genes.   

 

hydrolase activity (36.36%)
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Figure 7c. Percentage of the top 100 downregulated transcripts in Pinus banksiana resistant 

samples compared to water controls categorized by Cellular Component.  A total of 100 

transcripts from the resistant genotype compared to the water controls were grouped by Gene 

Ontology terms in the Cellular Component category using Omicsbox (BLAST2GO).  Terms with 

lower than 2% of total gene expression were combined and assigned the label “other”.   

The 100 most downregulated genes in RG were annotated and categorized based on Cellular 

Compartment.  They were categorized under the following categories:  plasma membrane 

(41.67%) and extracellular region (33.33%).  There were five categories represented which is 

lower than the whole transcriptome analysis which had 10 or more categories.   
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Figure 8a. Percentage of the top 100 upregulated transcripts in Pinus banksiana susceptible 

samples compared to the controls categorized by Biological Processes.  A total of 100 transcripts 

from the susceptible samples compared to water controls were grouped by Gene Ontology terms 

within the biological processes category using Omicsbox (BLAST2GO).  Terms with lower than 

2% of total gene expression were combined and assigned the label “other”.   

The 100 most upregulated genes in SG compared to water were annotated and categorized based 

on biological processes.  Overall, 57.71% of genes were categorized under the following biological 

processes:  Response to stress (21.05%), signal transduction (10.53%), response to chemicals 

(10.35%), response to abiotic stimulus (7.89%) and response to endogenous stimulus (7.89%).  

Response to chemical, response to abiotic stimulus, response to endogenous stimulus and response 

to biotic stimulus are classified under the parent category response to stimulus.  DNA metabolic 

process had a low percentage of genes despite having the highest proportion of genes in the whole 

transcriptome.  In contrast, embryo development and post embryonic development were 

represented despite having less than 2% of expressed genes in the entire transcriptome.   
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Figure 8b: Percentage of the top 100 upregulated transcripts in Pinus banksiana susceptible 

samples compared to the controls categorized by Molecular Function.  A total of 100 transcripts 

from the susceptible samples compared to the water controls were grouped by Gene Ontology 

terms within the molecular function category using Omicsbox (BLAST2GO).  Terms with lower 

than 2% of total gene expression were combined and assigned the label “other”.   

The 100 most upregulated genes in SG compared to water were annotated and categorized based 

on molecular function.  In general, 56.25% of genes fell under the following categories:  Hydrolase 

activity (31.25%) and nucleotide binding (25%).  These categories comprised the majority of 

expressed genes despite having less than 2% of expressed genes in the entire transcriptome.  

Enzyme regulatory activity was also represented despite having less than 2% of expressed genes.     
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Figure 8c. Percentage of the top 100 upregulated transcripts in Pinus banksiana susceptible 

samples compared to the controls categorized by Cellular Component.  A total of 100 transcripts 

from the susceptible samples compared to the water controls were grouped by gene Ontology 

terms within the Cellular Component category using Omicsbox (BLAST2GO).  Terms with 

lower than 2% of total gene expression were combined and assigned the label “other”.   

For cellular compartment, the 100 most upregulated genes in SG were annotated and categorized.  

The majority of expressed genes were categorized under the following categories:  Extracellular 

region (40%), nucleus (30%).  All of the genes expressed were distributed among 4 categories 

which was lower than the whole transcriptome analysis which had at least 11 categories.   
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Figure 9a. Percentage of the top 100 downregulated transcripts in Pinus banksiana susceptible 

samples compared to water controls categorized by Biological Processes.  A total of 100 

transcripts from the susceptible genotype compared to the water controls were grouped by gene 

Ontology terms within the Biological Processes category using Omicsbox (BLAST2GO).  Terms 

with lower than 2% of total gene expression were combined and assigned the label “other”.   

The 100 most downregulated genes in SG were annotated and categorized based on metabolic 

process.  They were categorized under the following categories:  biosynthetic process (15%), 

response to stress (15%), response to external stimulus (10%) and response to biotic stimulus 

(7.5%).  In contrast to the whole transcriptome analysis, biosynthetic process has the largest 

proportion of gene expression.  Response to stress, response to external stimulus and response to 

biotic stimulus fall under the parent category response to stimulus.  10 categories had 2.5% of 

expressed genes.   
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Figure 9b. Percentage of the top 100 downregulated transcripts in Pinus banksiana susceptible 

samples compared to controls categorized by Molecular Function.  A total of 100 transcripts 

from the susceptible genotype compared to the water controls were grouped by gene Ontology 

terms within the molecular function category using Omicsbox (BLAST2GO).  Terms with lower 

than 2% of total gene expression were combined and assigned the label “other”.   

The 100 most downregulated genes in SG were annotated and categorized based on metabolic 

process.   Overall, 55.56% of genes were categorized under the following categories:  transporter 

activity (16.67%), hydrolase activity (16.67%), DNA binding transcription factor activity 

(11.11%) and kinase activity (11.11%).  In contrast to the whole transcriptome analysis, transporter 

and hydrolase activity comprised a considerably larger proportion of expressed genes.  Hydrolase 

activity and signalling receptor activity comprised less than 2% of expressed genes in the whole 

transcriptome.   
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Figure 9c. Percentage of the top 100 downregulated transcripts in Pinus banksiana susceptible 

samples compared to the controls categorized by terms in Cellular Component.  A total of 100 

transcripts from the susceptible samples compared to the water controls were grouped by gene 

ontology terms within the Cellular Component category using Omicsbox (BLAST2GO).  Terms 

with lower than 2% of total gene expression were combined and assigned the label “other”.   

The 100 most downregulated genes in SG were annotated and categorized based on cellular 

compartment.  Overall, 53.33% of genes were distributed to the following terms:  Plasma 

membrane (33.33%) and extracellular region (20%).   

2.3.5 Top 25 differentially expressed genes for pairwise comparisons 

Tables of the top 100 upregulated and downregulated genes were compiled from corresponding 

pairwise comparisons.  Genes with the highest or lowest expression were correlated to nickel stress 

and can be used to partially describe the genetic response to nickel.  Protein descriptions with the 

“predicted protein” label indicated no assignment of any closely related protein or relevant GO 

terms from the UniProt database.  Gene ontology terms and functional categorizations were 

assigned by the Omics Box/BLAST2GO program.   
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Table 6a.  Top 25 upregulated genes from nickel resistant samples compared to the controls in Pinus banksiana  

Rank Gene ID Res 1 Res 2 Res 3 Water 1 Water 2 Water 3 logFC Adj. P. 

Value 

UniProt Description 

0 TRINITY_DN2786_c0_g1 767.81 197.57 545.86 0 0 0 13.96 0.00116 Predicted Protein 

1 TRINITY_DN5716_c0_g1 2328.59 913.58 3881.87 0 7.03 0.41 13.34 0.00029 Predicted Protein 

2 TRINITY_DN57079_c0_g1 339.53 238.75 261.65 0 0 0 13.30 0.00002 Predicted Protein 

3 TRINITY_DN5965_c1_g1 1173.34 760.7 1106.06 0.33 0 0 13.28 0.00009 Predicted Protein 

4 TRINITY_DN258556_c0_g1 280.75 98.46 494.55 0 0 0 13.09 0.00181 Predicted Protein 

5 TRINITY_DN1368_c0_g1 1156.77 736.4 2060.57 0 1.3 0.07 12.99 0.00047 Predicted Protein 

6 TRINITY_DN2832_c0_g1 334.2 111.71 258.08 0 0 0 12.93 0.00056 Predicted Protein 

7 TRINITY_DN1628_c0_g1 646.38 288.02 710.02 0 0.32 0 12.82 0.00065 Trypsin inhibitor [Cleaved 

into: Trypsin inhibitor chain 

A; Trypsin inhibitor chain B 

] 

8 TRINITY_DN7061_c1_g1 158.35 218.82 172.81 0 0 0 12.69 0.00000 Predicted Protein 

9 TRINITY_DN690_c0_g1 494.67 136.83 407.74 0.05 0 0 12.50 0.00181 Predicted Protein 

10 TRINITY_DN5795_c0_g1 753.52 420.03 412.9 0 0.84 0 12.43 0.00032 Predicted Protein 

11 TRINITY_DN1520_c0_g1 398.05 358.51 936.72 0.02 0.65 0 11.81 0.00043 Trypsin inhibitor [Cleaved 

into: Trypsin inhibitor chain 

A; Trypsin inhibitor chain B 

] 

12 TRINITY_DN3861_c0_g1 179.52 38.1 108.51 0 0 0 11.70 0.00251 Predicted Protein 

13 TRINITY_DN40097_c0_g1 440.62 297.68 1698.09 0 3.39 0.69 11.62 0.00080 Predicted Protein 

14 TRINITY_DN2463_c0_g1 301.76 196.16 568.86 0 0.04 0.11 11.56 0.00056 Predicted Protein 

15 TRINITY_DN4524_c0_g3 64.05 74.91 115.6 0 0 0 11.54 0.00002 Predicted Protein 

16 TRINITY_DN792_c0_g1 149.05 126.17 86.37 0 0.03 0 11.54 0.00004 ACT domain-containing 

protein ACR4 (Protein ACT 

DOMAIN REPEATS 4) 

17 TRINITY_DN792_c0_g1 149.05 126.17 86.37 0 0.03 0 11.54 0.00004 ACT domain-containing 

protein ACR5 (Protein ACT 

DOMAIN REPEATS 5) 

18 TRINITY_DN129489_c0_g1 125.97 40.97 102.59 0 0 0 11.53 0.00085 Predicted Protein 

19 TRINITY_DN2914_c0_g1 134.07 79.52 144.69 0 0.03 0 11.51 0.00014 Protein TIFY 10b, 

OsTIFY10b (Jasmonate ZIM 
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domain-containing protein 7, 

OsJAZ7) (OsJAZ6) 

20 TRINITY_DN2914_c0_g1 134.07 79.52 144.69 0 0.03 0 11.51 0.00014 Protein TIFY 3B (Jasmonate 

ZIM domain-containing 

protein 12) 

21 TRINITY_DN3536_c0_g1 51.58 119.55 84.19 0 0 0 11.51 0.00001 Predicted Protein 

22 TRINITY_DN1537_c0_g1 64.53 90.63 76.46 0 0 0 11.44 0.00000 Predicted Protein 

23 TRINITY_DN2075_c1_g1 81.81 56.05 84.87 0 0 0 11.38 0.00005 Predicted Protein 

24 TRINITY_DN12750_c0_g1 93.87 62.85 64.95 0 0 0 11.37 0.00005 Predicted Protein 

25 TRINITY_DN3685_c0_g2 524.13 169.45 298.36 0.01 0.58 0 11.33 0.00171 Copia protein (Gag-int-pol 

protein) [Cleaved into: 

Copia VLP protein; Copia 

protease, EC 3.4.23.- ] 
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Table 6b.  Top 25 downregulated genes from nickel resistant samples compared to the control in Pinus banksiana   

Rank Gene ID Res 1 Res 2 Res 3 Water 1 Water 2 Water 3 logFC Adj. P. 

Value 

UniProt Description 

0 TRINITY_DN1118_c0_g1 0 0 0 27.63 15.12 24.7 -11.36 4.86E-05 Flavonol synthase/flavanone 

3-hydroxylase, FLS, EC 

1.14.11.9, EC 1.14.20.6 

1 TRINITY_DN26931_c0_g1 0.16 0 0 65.61 45.82 36.39 -11.19 9.47E-05 Probable aquaporin PIP2-8 

(Plasma membrane intrinsic 

protein 2-8, AtPIP2;8) 

(Plasma membrane intrinsic 

protein 3b, PIP3b) 

2 TRINITY_DN432_c0_g1 0 0.3 0 77.54 17.58 69.88 -11.15 0.002533 Predicted Protein 

3 TRINITY_DN4059_c0_g1 0 0 0 20.09 12.1 19.58 -10.99 4.10E-05 Predicted Protein 

4 TRINITY_DN30654_c0_g1 0 0 0 14.69 11.78 14.4 -10.67 1.63E-05 Predicted Protein 

5 TRINITY_DN2314_c0_g1 0.03 0.13 0 40.88 14.56 52.04 -10.43 0.001066 Predicted Protein 

6 TRINITY_DN69830_c0_g4 0 0 0 10.13 7.29 18.59 -10.38 0.000101 Predicted Protein 

7 TRINITY_DN129793_c0_g1 0 0 0 8.28 13.37 9.36 -10.22 9.45E-06 Putative UPF0481 protein 

At3g02645 

8 TRINITY_DN40558_c0_g1 0.04 0 0.05 36.31 14.48 19.64 -10.08 0.000432 Predicted Protein 

9 TRINITY_DN522_c0_g3 0 0 0 8.24 4.71 17.93 -10.05 0.000408 Predicted Protein 

10 TRINITY_DN1550_c0_g1 0 0.07 0 18.5 9.11 17.44 -9.99 0.000209 Predicted Protein 

11 TRINITY_DN113586_c0_g1 0 0 0 7.25 5.74 13.28 -9.94 8.70E-05 Predicted Protein 

12 TRINITY_DN25689_c0_g1 0.06 0.09 0 26.01 16.36 31.07 -9.92 0.000136 Predicted Protein 

13 TRINITY_DN26605_c0_g1 0 0 0 6.61 7.11 10.35 -9.87 2.28E-05 Predicted Protein 

14 TRINITY_DN31123_c0_g2 0 0 0 6.35 8.14 8.67 -9.82 1.28E-05 Predicted Protein 

15 TRINITY_DN4890_c0_g1 0 0 0.17 15.59 12.05 25.46 -9.82 0.000174 Predicted Protein 

16 TRINITY_DN5062_c0_g2 0 0 0 10.4 7.97 3.99 -9.72 0.000193 Predicted Protein 

17 TRINITY_DN3390_c0_g1 0 0 0 9.96 3.94 7.77 -9.69 0.000273 Predicted Protein 

18 TRINITY_DN6314_c0_g1 0 0 0 7.61 6.68 5.98 -9.66 2.86E-05 Predicted Protein 

19 TRINITY_DN2507_c0_g1 0 0 0.61 32.43 13.12 23.67 -9.65 0.000952 Predicted Protein 

20 TRINITY_DN53932_c0_g1 0.01 0 0.2 17.81 11.58 17.09 -9.61 0.00016 Predicted Protein 

21 TRINITY_DN20386_c0_g1 0 0 0 7.77 6 5.13 -9.55 5.04E-05 Predicted Protein 

22 TRINITY_DN17540_c0_g1 0 0 0 10.32 6.62 3.33 -9.55 0.000363 Predicted Protein 
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23 TRINITY_DN51950_c1_g1 0 0 0 6.24 5.15 7.26 -9.53 3.46E-05 Predicted Protein 

24 TRINITY_DN59077_c1_g1 0 0.2 0 11.37 9.17 20.15 -9.52 0.000196 Predicted Protein 

25 TRINITY_DN26_c1_g1 0 0 0 5.86 4.64 7.86 -9.49 5.04E-05 Alpha-galactosidase, EC 

3.2.1.22 (Alpha-D-

galactoside 

galactohydrolase) 

(Melibiase) 
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Table 7a.  Top 25 upregulated genes from nickel susceptible samples compared to the controls in Pinus banksiana  

Rank Gene ID Sus 1 Sus 2 Sus 3 Water 1 Water 2 Water 3 logFC Adj. P. 

Value 

Uniprot Description 
 

0 TRINITY_DN2786_c0_g1 856.36 272.59 231.03 0 0 0 12.818 9.58E-05 Predicted Protein 
 

1 TRINITY_DN5965_c1_g1 1181.56 905.23 1030.95 0.33 0 0 12.749 8.20E-06 Predicted Protein 
 

2 TRINITY_DN2075_c1_g1 233.73 192.67 517.7 0 0 0 12.435 3.40E-06 Predicted Protein 
 

3 TRINITY_DN57079_c0_g1 1015.8 115.56 157.97 0 0 0 12.307 0.000978 Predicted Protein 
 

4 TRINITY_DN7061_c1_g1 223.03 244.97 330 0 0 0 12.302 6.15E-08 Predicted Protein 
 

5 TRINITY_DN2832_c0_g1 409.8 198.4 215.56 0 0 0 12.282 6.33E-06 Predicted Protein 
 

6 TRINITY_DN1628_c0_g1 1029.68 393.25 376.84 0 0.32 0 11.958 0.000183 Trypsin inhibitor [Cleaved 

into: Trypsin inhibitor chain A; 

Trypsin inhibitor chain B ] 

7 TRINITY_DN258556_c0_g1 451.94 114.99 118.68 0 0 0 11.777 0.000117 Predicted Protein 
 

8 TRINITY_DN5795_c0_g1 706.72 659.33 762.96 0 0.84 0 11.760 2.45E-05 Predicted Protein 
 

9 TRINITY_DN4524_c0_g3 321.7 70.3 142.87 0 0 0 11.475 8.63E-05 Predicted Protein 
 

10 TRINITY_DN34759_c0_g1 1034.78 337.83 229.04 0 0.56 0 11.360 0.000835 Predicted Protein 
 

11 TRINITY_DN7289_c0_g1 467.02 181.08 31.83 0 0 0 11.355 0.001583 Predicted Protein 
 

12 TRINITY_DN14305_c0_g1 39.09 227.66 256.23 0 0 0 11.312 7.76E-05 Predicted Protein 
 

13 TRINITY_DN3861_c0_g1 42.86 138.8 258.86 0 0 0 11.129 3.22E-05 Predicted Protein 
 

14 TRINITY_DN1368_c0_g1 3066.68 660.38 763.89 0 1.3 0.07 11.127 0.010716 Predicted Protein 
 

15 TRINITY_DN24881_c0_g1 223.93 40.37 165.79 0 0 0 11.115 0.000164 Predicted Protein 
 

16 TRINITY_DN690_c0_g1 349.88 209.87 134.26 0.05 0 0 11.063 2.91E-05 Predicted Protein 
 

17 TRINITY_DN1518_c0_g1 60.21 106.22 199.6 0 0 0 11.036 2.67E-06 Predicted Protein 
 

18 TRINITY_DN1481_c0_g1 248.24 432.11 226.95 0 0.41 0 10.971 2.52E-05 Predicted Protein 
 

19 TRINITY_DN2463_c0_g1 702.31 342.75 369.29 0 0.04 0.11 10.957 3.86E-05 Predicted Protein 
 

20 TRINITY_DN8563_c1_g1 139.01 83.26 93.31 0 0 0 10.944 1.76E-06 Predicted Protein 
 

21 TRINITY_DN9801_c0_g1 90.72 141.47 74.39 0 0 0 10.878 7.09E-07 Predicted Protein 
 

22 TRINITY_DN2496_c0_g1 134.27 107.85 191.85 0 0.08 0 10.632 3.88E-06 Predicted Protein 
 

23 TRINITY_DN4477_c1_g1 64.27 90.49 89.56 0 0 0 10.595 8.85E-08 Predicted Protein 
 

24 TRINITY_DN1520_c0_g1 1683.13 371.18 268.6 0.02 0.65 0 10.588 0.007249 Trypsin inhibitor [Cleaved 

into: Trypsin inhibitor chain A; 

Trypsin inhibitor chain B ] 
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25 TRINITY_DN3069_c0_g1 228.16 277.31 149.25 0 0.37 0 10.563 3.66E-05 Predicted Protein 
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Table 7b.  Top 25 downregulated genes from nickel susceptible samples compared to the control in Pinus banksiana  

Rank Gene ID Sus 1 Sus 2 Sus 3 Water 1 Water 2 Water 3 logFC Adj. P. 

Value 

UniProt Description 

0 TRINITY_DN432_c0_g1 0 0 0 77.54 17.58 69.88 -12.147 8.42E-05 Predicted Protein 

1 TRINITY_DN2314_c0_g1 0 0 0 40.88 14.56 52.04 -11.582 2.29E-05 Predicted Protein 

2 TRINITY_DN4176_c0_g1 0 0.14 0.04 61.56 18.42 66.16 -11.488 5.99E-05 Chalcone synthase, EC 

2.3.1.74 (Naringenin-chalcone 

synthase) 

3 TRINITY_DN24626_c0_g1 0 0.04 0.03 21.48 21.87 17.99 -10.913 2.30E-07 Predicted Protein 

4 TRINITY_DN26931_c0_g1 0 0 0.55 65.61 45.82 36.39 -10.864 2.13E-05 Probable aquaporin PIP2-8 

(Plasma membrane intrinsic 

protein 2-8, AtPIP2;8) 

(Plasma membrane intrinsic 

protein 3b, PIP3b) 

5 TRINITY_DN4059_c0_g1 0 0 0 20.09 12.1 19.58 -10.661 1.53E-06 Predicted Protein 

6 TRINITY_DN4890_c0_g1 0 0 0 15.59 12.05 25.46 -10.643 1.24E-06 Predicted Protein 

7 TRINITY_DN53932_c0_g1 0 0.04 0 17.81 11.58 17.09 -10.514 1.10E-06 Predicted Protein 

8 TRINITY_DN2202_c0_g1 0 0 0 12.61 15.48 16.45 -10.433 1.05E-07 Predicted Protein 

9 TRINITY_DN30654_c0_g1 0 0 0 14.69 11.78 14.4 -10.336 4.72E-07 Predicted Protein 

10 TRINITY_DN20386_c0_g2 0 0 0 27.65 4.28 16.45 -10.308 0.000156 Predicted Protein 

11 TRINITY_DN1934_c0_g1 0 0 0 16.23 6.2 17.34 -10.203 1.25E-05 Predicted Protein 

12 TRINITY_DN5585_c0_g1 0 0.34 0.59 81.26 16.83 119.24 -10.081 0.002538 Predicted Protein 

13 TRINITY_DN69830_c0_g4 0 0.04 0 10.13 7.29 18.59 -10.047 2.81E-06 Predicted Protein 

14 TRINITY_DN40558_c0_g1 0.08 0.1 0 36.31 14.48 19.64 -10.006 2.74E-05 Predicted Protein 

15 TRINITY_DN6996_c0_g5 0 0 0 12.87 8.76 10.4 -9.985 1.17E-06 Predicted Protein 

16 TRINITY_DN216_c0_g1 0.1 0.12 0.05 38.41 25.04 25.45 -9.863 3.90E-06 Fatty acyl-CoA reductase 2, 

chloroplastic, AtFAR2, EC 

1.2.1.84 (Fatty acid reductase 

2) (Male sterility protein 2) 

17 TRINITY_DN293_c0_g1 0.2 0.93 0.54 83.3 131.42 164.86 -9.758 1.23E-05 Delta-selinene-like synthase, 

chloroplastic, PsTPS-Sell, EC 

4.2.3.76 

18 TRINITY_DN293_c0_g1 0.2 0.93 0.54 83.3 131.42 164.86 -9.758 1.23E-05 Alpha-humulene synthase, EC 

4.2.3.104 (Terpene synthase 

TPS-Hum, PgTPS-Hum) 
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19 TRINITY_DN293_c0_g1 0.2 0.93 0.54 83.3 131.42 164.86 -9.758 1.23E-05 Delta-selinene synthase, EC 

4.2.3.71, EC 4.2.3.76 

(Agfdsel1) 

20 TRINITY_DN522_c0_g3 0 0 0 8.24 4.71 17.93 -9.728 1.28E-05 Predicted Protein 

21 TRINITY_DN37470_c0_g1 0 0 0 13.75 5.47 8.44 -9.722 9.79E-06 Predicted Protein 

22 TRINITY_DN59077_c1_g1 0 0 0.09 11.37 9.17 20.15 -9.717 3.35E-06 Predicted Protein 

23 TRINITY_DN2880_c0_g2 0 0 0 19.16 1.84 13.12 -9.650 0.000464 Predicted Protein 

24 TRINITY_DN185135_c0_g1 0 0 0 10.52 6.31 8.09 -9.618 2.17E-06 Predicted Protein 

25 TRINITY_DN1400_c0_g1 0 0.21 0.12 24.93 11.67 26.83 -9.607 2.19E-05 Subtilisin-like protease 

SBT5.6, EC 3.4.21.- 

(Subtilase subfamily 5 

member 6, AtSBT5.6) 
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2.4 Discussion  

2.4.1 Effects of excess nickel on Pinus banksiana seedlings 

Pinus banksiana seedlings exhibited moderate overall resistance in response to excess nickel.  

Treatment with 3200 mg/kg NiSO4 lead to the death of all but one plant, confirming the limitations 

of nickel resistance as previously stipulated by an in situ study in the Greater Sudbury Region 

(Moarefi & Nkongolo, 2022).  The presence of more resistant genotype (RG) seedlings than 

susceptible genotype (SG) seedlings at the 1600 mg/kg dose suggests moderate nickel tolerance 

and genetic variability within the sampled group.  In a similar manner to the nickel avoider Acer 

rubrum, only three plants were classified as susceptible and had a delayed onset of symptoms (K. 

Nkongolo et al., 2018).  In metal contaminated sites in Sudbury, Pinus banksiana was found to 

have moderate genetic diversity and low gene flow which may have been factors that contributed 

to heavy metal resistance (Vandeligt et al., 2011).  In contrast, other pine species such as Pinus 

Resinosa which had significantly lower genetic diversity and higher rates of inbreeding (Vandeligt 

et al., 2011; Ranger et al., 2008).  Ranger et al., 2008 found that Pinus banksiana populations had 

no correlation between genetic diversity and metal accumulation.  However, newer trees involved 

in the regreening program had a significantly higher genetic diversity.   

2.4.2 Differential Gene Expression (DEG) Analysis 

DEG analysis of Pinus banksiana was able to provide information on the similarities that exists 

between the transcriptome of each genotype.  At a high stringency, there was a lack of differentially 

expressed genes between RG and SG, indicating a similar pattern of gene expression in response 

to nickel stress (table 3).  When compared to other pairwise analyses, the number of DEGs 

observed at the low stringency was the lowest, suggesting that mechanisms of nickel resistance 
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may be driven by a small proportion of genes with low expression (table 3).  Nkongolo et al., 

(2018) found a similar result between the resistant and susceptible genotypes of Acer rubrum, 

indicating that both species have a similar pattern of gene expression between contrasting 

genotypes (K. Nkongolo et al., 2018).  However, both species do not share the same heavy metal 

tolerance strategy.  Nickel avoiders such as Acer rubrum are expected to exhibit a lower level of 

gene expression in aerial tissue due to the minimal amount of nickel accumulation and interaction 

that occurs (Kalubi et al., 2015; K. Nkongolo et al., 2018).  In contrast, Pinus banksiana is able to 

accumulate nickel to the needles, roots and branches albeit to a lesser extant than would be required 

to be classified as a hyperaccumulator (Gratton et al., 2000; Moarefi & Nkongolo, 2022).  Other 

nickel accumulators such as Populus tremuloides or Betula papyrifera had a significantly higher 

number of DEGs at both stringency levels (Czajka & Nkongolo, 2022; Theriault et al., 2016).  This 

finding suggests that there were large differences in accumulation or tolerance mechanisms 

between Pinus banksiana and other accumulators.  It is possible that the gene expression associated 

with resistance occurs in the root cells, as Pinus banksiana does not exclusively accumulate nickel 

to the needles (Moarefi & Nkongolo, 2022).  Possible resistance mechanisms in roots may involve 

the transporter IREG2 and the chelator NRAMP which function in nickel sequestration to the 

vacuole and chelation, respectively (Merlot et al., 2014; Nishida et al., 2020; Boyd & Nkongolo, 

2020; Milner et al., 2014).  Conducting a transcriptome analysis on roots could provide a more 

comprehensive overview of gene expression and explain the observed discrepancies at the high 

stringency level.  The smaller number of total sequences produced in SG samples compared to RG 

samples may be associated with plants sustaining tissue and DNA damage (Stable 1).  The 

abundance of DEGs in SG compared to the control indicate a significant deviation from the control, 

surpassing even that of RG compared to water (table 5).  The large deviations exhibited by SG 
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indicate that excess nickel elicited larger changes in gene expression compared to RG.  A similar 

pattern of gene expression was observed for SG in Betula papyrifera but not for Acer rubrum or 

Populus tremuloides (Theriault et al., 2016; Czajka & Nkongolo, 2022; K. Nkongolo et al., 2018). 

2.4.3 Gene Ontology of the top 100 DEGs in response to excess nickel 

To further describe the transcriptome in response to excess nickel, analysis of the top 

differentially expressed genes (DEGs) were used to filter highly regulated mechanisms and 

processes from those with lower, background expression.  The top DEGs experience the highest 

amount of regulation, thereby serving as reliable indicators of mechanisms that are most likely to 

be involved in nickel tolerance.  Gene ontology of the top DEGs can categorize these processes 

into discernable functions with interpretive value.  The highest proportion of upregulated genes 

in RG compared to the control and SG compared to the control were associated with the response 

to stress, implicating the prominence of stress mitigation in nickel tolerance (fig 6a, fig 8a).  

Commonly reported symptoms of nickel stress include oxidative damage, photoinhibition, loss 

of water retention, cellular senescence, and growth inhibition (Rizwan et al., 2017; Boisvert et 

al., 2007; Llamas et al., 2008; Reis et al., 2017; Çelik & Akdaş, 2019; Pavlova, 2017; Yadav, 

2022).  Under adverse conditions, processes associated with stress mitigation can counteract 

symptoms by maintaining the homeostasis of substances, minimizing tissue damage and ensuring 

the proper functioning of enzymes (R. Wang et al., 2015; Gantayat et al., 2017; Rizvi & Khan, 

2019).  Some stress response mechanisms specific to nickel include the upregulation of 

antioxidant enzymes, antioxidant production, cell wall thickening and proline accumulation 

(Rizwan et al., 2017; Demirezen Yilmaz & Uruç Parlak, 2011; G. Wang et al., 2022; Fourati et 

al., 2019).  Genes that are categorized in response to chemicals, to abiotic stimulus and to biotic 

stimulus may be linked to the stress response for two distinct reasons.  Annotation of the top 
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regulated genes revealed that many of the genes involved in the stress response were 

multifaceted and functionally related under the same parent term (table 6a-7b).  The large 

proportion of upregulated genes involved in signal transduction indicated the significance of 

cellular communication in the mediation of physiological changes (fig 6a, fig 8a) (Luo et al., 

2016).  Multiple studies on nickel afflicted plants have characterized the involvement of 

signalling in stress mitigation, stress related crosstalk and growth regulation (Sirhindi et al., 

2016; Valivand et al., 2019; Mahawar et al., 2018; Kazemi et al., 2010; Wiszniewska et al., 

2018; Nazir et al., 2019).  Signalling pathways that are induced by nickel stress may include 

auxin, cytokinin and ethylene (Kolbert et al., 2020).   

The terms with the highest proportion of downregulated genes in RG compared to water and SG 

compared to water were associated with the biosynthetic process, the carbohydrate metabolic 

process and  the response to stress (fig 7a, fig 9a).  The biosynthetic process is an expansive 

category that encompasses numerous products and entities (Ashburner et al., 2000; The Gene 

Ontology Consortium, 2021).  In response to excess nickel, the plant may elicit changes to the 

biosynthetic process to streamline the production of specific substances to confer higher 

tolerance.  Downregulation of biosynthesis could reduce the production of substances such as 

ethylene which have the potential to hinder nickel tolerance and accelerate senescence when 

produced in excess (Stearns et al., 2005; Kolbert et al., 2020).  The synthesis of substances that 

further exasperate tissue damage under compromised conditions such as  hydrogen peroxide may 

also be downregulated to preserve tissue integrity and ensure proper organelle functioning (Jahan 

et al., 2020).  In response to heavy metals, the downregulation of genes involved in the 

carbohydrate metabolic process depends on the physiological requirements of the plant.  The 

reduced breakdown of structural polymers such as cellulose and pectin have been shown to 
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maintain the strength of the cell wall (Jia et al., 2019; J.-L. Fan et al., 2011).  Conversely, the 

preservation of constituent monomers and other intermediates may have a role in the regulation 

of metabolism (C. Li et al., 2020).   

Under the same nickel treatment regimen, the transcriptomes of Populus tremuloides, Betula 

papyrifera and Acer rubrum elicited the majority of gene expression in nickel transport, cellular 

component organization and the carbohydrate metabolic process (Czajka & Nkongolo, 2022; 

Theriault et al., 2016; K. Nkongolo et al., 2018).  Gene expression associated with Metabolic 

Function were similar among the different species.  Unlike the previously mentioned species, the 

plasma membrane comprised the largest portion of gene expression for the cellular component 

term (fig 6c-9c).  The plasma membrane is the second layer that interacts with heavy metals and 

is thus affected by nickel stress.  Excess nickel induces the production of malondialdehyde which 

causes lipid peroxidation and membrane instability (P. Kumar et al., 2015).  Receptors, ligands 

and other intermediates on the plasma membrane may be involved in signal transduction and the 

response to stress (Qin et al., 2019; M. Yu et al., 2020; Shimomura, 2006).  Additionally, genes 

that are associated with the stress response may be involved in maintaining membrane integrity 

and preventing electrolyte leakage (Llamas et al., 2008; Altaf et al., 2022).  The small proportion 

of genes associated with transport indicate that the majority of genes were not associated with 

nickel transporters (fig 6a-9c).  Unlike Pinus banksiana, the transcriptomes of the aforementioned 

angiosperms had the majority of genes associated with the ribosome which was attributed to 

increased protein translation (Czajka & Nkongolo, 2022; K. Nkongolo et al., 2018; Theriault et 

al., 2016).  Overall, the large functional differences between the transcriptomes of angiosperms 

and Pinus banksiana demonstrate that Pinus banksiana deals with excess nickel differently from 

angiosperms.   
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2.4.3 Annotation of the top 100 upregulated genes between the resistant genotype and the 

control    

GO annotation of the top DEGs in RG compared to water can elucidate the function of genes and 

the molecular mechanisms that differentiate RG from untreated plants.  Although the annotation 

of the top 100 genes is informative, it only accounts for a fraction of total expressed genes and is 

not an exhaustive list that encompasses all highly expressed genes.  Genes encoding trypsin 

inhibitors and cysteine proteinase inhibitors were identified among the top upregulated genes 

(table 6a, S6a).  Trypsin inhibitors and cysteine proteinase inhibitors are proteases that 

downregulate serine protease and cysteine proteinase activity, respectively (Hou & Lin, 2002; X. 

Zhang et al., 2008).  The upregulation of different proteases is a response to various stressors such 

as drought, herbivory and heavy metal toxicity (Y. Zhao et al., 2018; Guerra et al., 2015; Major & 

Constabel, 2008; X. Zhang et al., 2008; S. Khan et al., 2017).  Excess nickel can cause an 

overproduction of ROS, which can damage proteins and cause misfolding, resulting in an increase 

in protease activity (Schützendübel & Polle, 2002; Jacques et al., 2015).  High amounts of nickel 

stress can cause decreases in protein content, increases in protein aggregation and unsustainable 

levels of protein breakdown which may compromise cell viability (Rizwan et al., 2017; Arefifard 

et al., 2014; J. Li et al., 2008; Radisky et al., 2006).  The upregulation of trypsin inhibitors and 

cysteine proteinase inhibitors could be a counteractive measure to elevated levels of protease 

activity caused by nickel toxicity.  In addition to proteinase inhibition, the cysteine proteinase 

inhibitor Cystatin in Brassica juncea has been reported to have the ability to chelate nickel (S. 

Khan et al., 2017).   

Another identified gene encodes a RING-H2 finger protein which is involved in the ubiquitin 

proteasome pathway (S6a).  The RING-H2 finger protein is a E3 ubiquitin ligase that initiates the 
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ubiquitin proteasome pathway by recognizing misfolded or non-functional proteins caused by 

stressors such as excess nickel (Qi et al., 2020; Van Hoewyk et al., 2018).  Damaged proteins that 

are processed though the ubiquitin proteasome system (UPS) pathway are eventually degraded in 

the proteasome (Park et al., 2018).  The UPS can aid in the modulation of stress signalling by 

regulating the amount of proteins and transcription factors involved in the stress response (Z. 

Zhang et al., 2015).  In other plants, increased expression of E3 ubiquitin ligases counteracted 

heavy metal stress by elevating the expression of antioxidant enzymes, reducing ROS and 

repressing the transportation of heavy metals via chelation (C.-X. Liu et al., 2022; Ahammed et 

al., 2021).  Under high salinity and drought stress, the RING-H2 finger protein can also regulate 

ABA synthesis which is a hormone involved in stress mitigation and stress associated signalling 

(Ko et al., 2006; Zeng et al., 2014).   

Several top upregulated genes encode products involved in the jasmonic acid mediated signalling 

pathway (table 6a, S6a).  Two identified genes encode TIFY Jasmonate ZIM-domain proteins 

which actively represses Jasmonate signalling unless degraded by the ubiquitin-proteasome 

pathway (Chung & Howe, 2009; Hakata et al., 2017).  Another identified gene encodes a 

Jasmonate induced oxygenase that negatively regulates jasmonate signalling by converting 

jasmonate to the inactive conjugate 12-hydroxyjasmonate (Smirnova et al., 2017).  Jasmonates are 

stress induced hormones that reduce cell replication, cell size and photosynthetic activity in lieu 

of driving tissue repair and increasing the production of defense molecules such as jasmonate 

inducible proteins (Noir et al., 2013; Sirhindi et al., 2016).  Some studies reported the use of 

jasmonates in the alleviation of heavy metal toxicity whereas other studies reported decreased 

tolerance (Azeem, 2018; Verma et al., 2020; Rakwal & Komatsu, 2001).  Additionally, studies 

have also used jasmonate inhibitors to alleviate heavy metal toxicity (Maksymiec & Krupa, 2006; 
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Gupta et al., 2000). The culmination of various studies suggest that the physiological effect of 

genes associated with the Jasmonic acid mediated signalling pathway is dependent on the growth 

priority and the state of photosynthesis in the plant.       

2.4.4 Annotation of the top 100 downregulated genes between the resistant genotype and the 

control   

GO annotation of top downregulated genes in RG compared to water can characterize genes with 

reduced expression in the resistant genotype (table 6b, S6b).  Genes encoding subtilisin-like 

proteases were identified among the top downregulated genes (S6b).  Subtilisin-like proteases are 

serine type endopeptidases that facilitate the breakdown of peptide bonds using serine as a 

nucleophilic center (Golldack et al., 2003).  Stressors such as heavy metals and drought causes 

protein damage and dysfunction, eliciting the response of subtilisin-like proteases (Golldack et al., 

2003; Xiao et al., 2019).  Downregulation of subtilisin-like proteases preserves cell viability by 

reducing the level of protein breakdown and maintaining the proteome.  The reduction in protein 

breakdown prevents the inhibition of various processes that may have occurred if protease activity 

was left unchecked (J. Li et al., 2008; Radisky et al., 2006).  Downregulation of this gene is 

consistent with the proposed function of the previously described trypsin inhibitor genes which 

also inhibit protein breakdown (table 6a).   

Several top downregulated genes encode enzymes involved in the flavonoid biosynthetic process 

(table 6b, S6b).  One of the identified genes encodes flavonol synthase which catalyzes the 

production of flavonol (F. Xu et al., 2012).  Another identified gene encodes chalcone synthase, 

an enzyme that catalyzes the production of naringenin chalcone which serves as an initial precursor 

to flavonoids (Burbulis et al., 1996).  Additionally, an identified gene encodes an anthocyanidin 
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reductase which converts anthocyanidin to flavan-3-ol (Xie et al., 2003; Takos et al., 2006).  

Downregulation of these enzymes reduces the production of flavonoids which have broad impacts 

on plant physiology and the stress response (Mahajan et al., 2011; Burbulis et al., 1996; Besseau 

et al., 2007; M. Wang et al., 2021; Baozhu et al., 2022).  Under various stressors, flavanols have 

been implicated in scavenging ROS, regulating auxin levels and improving growth (Verdan et al., 

2011; Muhlemann et al., 2018; H. Tan et al., 2019).  Downregulation of flavonoid production could 

also be a response to dysregulated iron homeostasis caused by nickel toxicity.  Excess nickel causes 

a severe disruption of iron homeostasis by obstructing the initial uptake of iron into root cells and 

reducing the iron transportation from roots to shoots (Ghasemi et al., 2009; Rahman et al., 2005).  

Decreased levels of iron causes the competitive inhibition of photosystem II, diminished 

chlorophyll function and reduced chlorophyll production (El-Sheekh, 1993; Mohanty et al., 1989; 

Ghasemi et al., 2009).  Flavonols and to a lesser extent flavan-3-ols have a high binding affinity 

to iron (Verdan et al., 2011; M. Guo et al., 2007; Chobot et al., 2009; Kubicova et al., 2022; 

Melidou et al., 2005).  The downregulation of iron chelators could increase the availability of iron 

ions and maintain iron homeostasis, thereby counteracting a prominent symptom of nickel toxicity.  

In some studies, the flavonol quercetin inhibited iron absorption and uptake in animals (Lesjak et 

al., 2014, 2019).  The role of flavonol in nickel tolerance has yet to be investigated.      

Two genes encoding a probable PIP2-8 aquaporin were identified among the top downregulated 

genes (table 6b, S6b).  PIP2-8 aquaporins are transporters with a broad specificity that transport 

water and small solutes between cells (J. Bai et al., 2021).  Downregulation of aquaporins may be 

a response to multiple symptoms caused by nickel toxicity which include decreased water content, 

reduced transpiration and a disturbance in metal homeostasis (Llamas et al., 2008; Reis et al., 2017; 

Ghasemi et al., 2009; Rubio et al., 1994).  Decreased aquaporin expression could potentially 
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decrease the intracellular transportation of heavy metals, retain water content and maintain the 

proper homeostasis of other metals (Barozzi et al., 2019; Kholodova et al., 2011).   

A gene encoding the WALLS ARE THIN1 (WAT1) protein was identified (S6b).  WAT1 is a 

vacuolar auxin transporter that exports auxin from the vacuole to the cytoplasm and is an integral 

component of intracellular auxin homeostasis (Ranocha et al., 2013).  Excess nickel can inhibit 

growth and development by decreasing the distribution of auxin throughout the shoots (Lešková 

et al., 2020).  Downregulation of WAT1 may exasperate growth inhibition by further reducing 

intracellular levels of auxin (Hanika et al., 2021; Ranocha et al., 2013).  It is also possible that 

downregulation of WAT1 may elicit an increase in salicylic acid synthesis and signalling which is 

involved in various defense pathways (Denancé et al., 2013; D. Wang et al., 2007).  In many plants, 

salicylic acid was reported to alleviate heavy metal stress by increasing plasma membrane stability, 

chlorophyl content and antioxidant enzyme activity (Sinha et al., 2015; H. Wang et al., 2009; Yusuf 

et al., 2012).   

Genes encoding cellulose synthase A subunits were identified among the top downregulated genes 

and are involved in the synthesis of cellulose (S6b) (Taylor et al., 2004).  In Oryza sativa, silenced 

cellulose synthase A subunit genes conferred cadmium resistance (X.-Q. Song et al., 2013).  The 

authors attributed the cadmium resistance to possible reductions in the thickness and organization 

of the cell wall and xylem vasculature.  Alterations to the morphology of the xylem decreased 

cadmium accumulation in the xylem sap, thereby reducing the root to shoot translocation of 

cadmium.  It is plausible that these physical changes can also affect the accumulation of other 

heavy metals such as nickel.   
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2.4.5 Annotation of the top 100 upregulated genes between the susceptible genotype and the 

control 

Annotation of top DEGs in SG compared to the water control can describe important mechanisms 

associated with the susceptible genotype and can provide insights on the high number of DEGs 

detected in the comparison.  Genes expressed within the  susceptible genotype are more likely to 

be associated with cell death and the mitigation of tissue damage based on physical observations 

from the phenotype (fig 1).  Many genes may also be associated with senescence and the controlled 

progression of cell death, depending on the utility of a particular mechanism (Grbić & Bleecker, 

1995; He et al., 2002).  Genes encoding a Class V chitinase were identified among the top 

upregulated genes (STable 7a).  Class V chitinase catalyzes the degradation of poly-N-acetyl-D-

glucosamine (chitin) into constituent monomers (J. Chen et al., 2018).  In several species, increased 

chitinase expression was correlated with a concerted defense response toward several heavy metals 

(Békésiová et al., 2008).  Increased expression of chitinases also conferred broad resistance to 

various stressors which include bacterial pathogens, fungal pathogens, wounding and salinity 

(Dana et al., 2006; Boava et al., 2011; P. Li et al., 2018).  However, the exact mechanism of action 

toward abiotic stresses has yet to be described.     

A gene encoding UDP-glycosyltransferase was identified in the top upregulated genes of SG 

compared to the control (STable 7b).  UDP-glycosyltransferase facilitates the transfer of glucose 

to abscisic acid (ABA), producing the inactive conjugate abscisic acid-glucose ester (ABA-GE) 

(Sun et al., 2017).  ABA conversion to ABA-GE negatively regulates ABA synthesis and 

subsequently reduces ABA signalling.  Decreased ABA signalling may have an impact on facets 

of plant physiology that specifically respond to heavy metals such as water conservation, stomatal 

closure, transpiration rate and crosstalk with other stress related hormones (Choudhary et al., 2010; 
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Hsu & Kao, 2003; R. Li et al., 2022; Q. Tao et al., 2021; Wiszniewska et al., 2018; B. Deng et al., 

2022).  In some plants, increased ABA have been found to reduce root to shoot translocation and 

decrease IRT1 which is a nonspecific transporter associated with the initial uptake of nickel (S. K. 

Fan et al., 2014; F. J. Zhao et al., 2006).  Nonetheless, overexpression of ABA can impede growth 

and cell division to elicit the stress response (Tung et al., 2008; Estrada-Melo et al., 2015; H. Y. 

Lee et al., 2015).  Additionally, ABA is a positive regulator of senescence which may impact 

growth outcomes, especially in response to heavy metal stress (I. C. Lee et al., 2011).  UDP-

glycosyltransferase could therefore function to recover plant growth and reduce senescence in lieu 

of the ABA mediated stress response (Negin et al., 2019; H. Y. Lee et al., 2015).  Reduced ABA 

content has also been reported immediately after the alleviation of a stressor such as drought, 

suggesting that a similar phenomenon may have occurred in this instance (Ma et al., 2021; X. Zhao 

et al., 2023).   

2.4.6 Annotation of the top 100 downregulated genes between the susceptible genotype and 

the control      

GO annotation of the top downregulated genes in SG compared to water can provide information 

on genes and mechanisms with reduced expression.  Among the top downregulated genes is a gene 

that encodes fatty acyl-coA reductase (FAR) (table 7b).  FAR catalyzes the conversion of fatty 

acyl-coA to fatty alcohols, which are intermediates of  extracellular lipid compounds such as 

cuticular wax and suberin (Doan et al., 2012; X. Zhang et al., 2022).  The deposition of 

extracellular lipid compounds on the surface of leaves can regulate transpiration by forming a 

protective barrier that limits permeability and water intake (Y. Wang et al., 2018).  In some plants, 

decreased wax content lead to considerable increases in water permeability, although this function 



94 

 

varies greatly among different species and tissues (Suresh et al., 2022).  FAR may potentially be 

involved in water retention in response to water loss caused by nickel toxicity.   

Another identified gene encodes the nonspecific phospholipase C2 (NPC2) which is responsible 

for glycerolipid metabolism and the conversion of phospholipids to DAG (STable 7b) (Ngo et al., 

2018; Peters et al., 2010).  Downregulation of NPC2 prevents the conversion of phospholipids to 

DAG, thereby increasing the presence of available phospholipids (Nakamura et al., 2005). In the 

absence of a stressor, an adequate balance of phospholipid synthesis and degradation is maintained 

(K. Yoon et al., 2012).  Plasma membrane degradation caused by excess nickel could be further 

exasperated by enzymes that reduce the available pool of phospholipids (Braidot et al., 1993).  The 

retainment of phospholipids mediated by NPC may result in enhanced stability of cell membranes 

amidst ROS damage (Nakamura et al., 2005).  Furthermore, downregulation of NPC2 can also 

reduce oxidative stress by decreasing the conversion of DAG to phosphatidic acid (Baldanzi et al., 

2016; D’Ambrosio et al., 2018).         

Genes encoding MYB transcription factors were identified in the top downregulated genes of SG 

compared to water (STable 7b).  In addition to being involved in seed development, MYB 

transcription factors regulate the synthesis of trichomes and mucilage (S. F. Li et al., 2020; 

Machado et al., 2009).  Several plant species have shown a positive correlation between trichome 

production and nickel tolerance, possibly due to nickel accumulating at the base of trichomes stalks 

(de la Fuente et al., 2007; Krämer et al., 1997).  In Arabidopsis thaliana, overexpression of MYB12 

was found to increase flavonol production as an activator for several genes in the flavonol 

biosynthesis pathway (Mehrtens et al., 2005).  Downregulation of MYB123 suggests decreased 

flavonol production which aligns with the downregulation of  flavonoid related genes as previously 

described in section 2.4.4.      
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A gene encoding the Homeobox-leucine zipper (HDZIP) protein was identified among the top 

downregulated genes (STable 7b).  HDZIP is a transcription factor involved in growth and 

development (Y. Wang et al., 2003; Johannesson et al., 2003).  In Arabidopsis thaliana, HDZIP 

increases the sensitivity and positive regulation of ABA (Johannesson et al., n.d.).  Downregulation 

of HDZIP could increase growth by reducing ABA signalling and the associated crosstalk involved 

with delays in germination (Johannesson et al., 2003).  Decreased expression of HDZIP aligns 

with the upregulation of UDP-glycosyltransferase as described in section 2.4.5.  Both genes 

function to regulate ABA expression in response to nickel stress.   

2.5 Conclusion 

A comprehensive transcriptome analysis of Pinus banksiana was performed in response to excess 

nickel.  The gene expression of each genotype responding to excess nickel was assessed based on 

various attributes provided by the transcriptome analysis.  Nickel resistant plants had 35-51 million 

sequences whereas nickel susceptible plants had 24-28 million sequences.  The de novo transcript 

assembly identified 581037 transcripts and 435293 genes.  At a high stringency, there were no 

differentially expressed genes between nickel resistant and susceptible genotypes, indicating no 

significant difference in gene expression.  This finding suggests that DEGs may be expressed at a 

low stringency or occur in the roots.  There were 4128 upregulated genes and 3754 downregulated 

genes in the nickel resistant genotype compared to the control.  The response to stress and response 

to chemical terms comprised the highest proportion of upregulated gene expression whereas the 

biosynthetic process and carbohydrate metabolic process terms had the highest proportion of 

downregulated gene expression.  The majority of upregulated genes were expressed in the 

extracellular region and the nucleus whereas the majority of downregulated genes were expressed 

in the plasma membrane and extracellular region.  For the susceptible genotype compared to the 
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control, there were 37116 upregulated genes and 12053 downregulated genes.  The terms with the 

highest proportion of upregulated genes were the response to stress, response to chemical and 

signal transduction.  The terms with the highest proportion of downregulated genes were the 

biosynthetic process, response to stress and response to external stimulus.  The majority of 

upregulated genes were expressed in the extracellular region and the nucleus whereas the majority 

of downregulated genes were expressed in the plasma membrane and extracellular region.  Notable 

top upregulated and downregulated genes were mostly associated with the stress response and 

included genes encoding trypsin inhibitors, RING-H2 finger proteins, aquaporin proteins, 

Jasmonate ZIM-domain proteins, ABA related proteins and enzymes involved in the flavonoid 

biosynthetic process.  There were no identified genes that encoded nickel transporters or chelators 

and mechanisms for nickel resistance could not be elucidated.  Transcriptome analysis of Pinus 

banksiana was able to provide detailed information on gene expression and the tolerance 

mechanisms that respond to nickel toxicity.   

 

 

 

 



97 

 

97 
 

Chapter 3: Transcriptome analysis of copper resistant and copper susceptible Jack Pine 

(Pinus banksiana) 

3.1 Introduction 

Understanding plant resistance to copper is an important step to efficiently revitalize areas 

afflicted by mining and industrial pollution.  Plant resistance to copper is especially important for 

areas that are poised to increase copper production and exportation.  Many facets of plant 

development and physiology are reliant on copper and the role it plays as an essential ion.  Proteins 

that utilize copper are associated with photosynthesis, cellular respiration, cell wall fortification, 

growth modulation, apoptosis and antioxidative functions (Ghuge et al., 2015; Shahbaz et al., 

2015; Garcia-Molina et al., 2011; Chamseddine et al., 2008).  Excess copper causes a variety of 

symptoms that may damage tissue and impede development.  In root cells, excess copper 

competitively inhibits the uptake of essential ions such as iron, manganese and zinc resulting in 

disturbed ion homeostasis (S.-L. Lin & Wu, 1994; Ivanov et al., 2016; Martins & Mourato, 2006).  

Excess copper can replace iron in the binding site of plastoquinone QA of Photosystem II, leading 

to diminished electron transfer during photosynthesis (Jegerschoeld et al., 1995).  Copper toxicity 

leads to decreased chlorophyll and thylakoid membranes content, which impedes photosynthesis 

and contribute to chlorosis (Pätsikkä et al., 2002).  Decreased nitric oxide production is another 

symptom of copper toxicity which results in diminished auxin production, cytokinin activity and 

mitotic activity in root cells.  Copper induced production of ROS may also lead to oxidative stress, 

lipid peroxidation, plant tissue damage and organelle death (Opdenakker et al., 2012; X. Wang et 

al., 2018; R. Sharma et al., 2019; Nair et al., 2014).   

The genetic and physiological basis of copper resistance have been partially described from the 

literature.  In Arabidopsis thaliana, the downregulation of COPT1, COPT2, ZIP2 and ZIP4 
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indicate a decrease in the initial uptake of copper into the root cells (Sancenón et al., 2004; del 

Pozo et al., 2010; Wintz et al., 2003).  Upregulation of the HMA5 transporter in Arabidopsis 

thaliana and Oryza sativa suggests increased copper mobilization from the roots and increased 

root to shoot translocation (Andrés-Colás et al., 2006, p. 5; del Pozo et al., 2010; F. Deng et al., 

2013).  In Arabidopsis thaliana, upregulation of HMA1 and HMA6/PAA1 transporters suggests 

increased root to shoot translocation and copper transport to the chloroplasts (del Pozo et al., 2010; 

Boutigny et al., 2014; S. Lee et al., 2007).  The HMA8/PAA2 transporter was also upregulated, 

demonstrating the increased transport of copper to the thylakoid lumen and plastocyanin (del Pozo 

et al., 2010; Mayerhofer et al., 2016; Tapken et al., 2012).  Collectively, the higher amount of 

copper delivery to the chloroplast stroma, thylakoid lumen and plastocyanin may suggest increased 

photosynthesis (Tapken et al., 2012, 2015).  Similarly, the increased expression of AtHMA7 

encourages copper transport to the Golgi apparatus and ethylene receptors located in the ER, 

suggesting enhanced growth to counteract symptoms of copper toxicity (B. Zhang et al., 2014).  In 

Oryza sativa, OsHMA9 was upregulated in the xylem and phloem, indicating increased xylem and 

phloem loading (S. Lee et al., 2007).  Genes encoding the chelators MT2a and MT2b were 

upregulated in the root tips, shoots and phloem area which indicated elevated metallothionein 

production for copper chelation in those respective areas  (Zhou & Goldsbrough, 1995; W.-J. Guo 

et al., 2003).   

Currently, the response of conifers to heavy metals are elusive and under researched in comparison 

to angiosperms.  Transcriptome analysis of copper resistant trees will be a valuable tool to uncover 

physiological mechanisms associated with copper resistance or tolerance.  Pinus banksiana was 

selected as a candidate for transcriptome analysis due to its successful utilization in the Sudbury 

regreening program (Beckett & Spiers, n.d.; Lu et al., 2014; K. K. Nkongolo et al., 2013). In 
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addition to being a hardy and resilient tree, Pinus banksiana was observed to have  a moderate 

genetic diversity and low gene flow in metal contaminated sites (Vandeligt et al., 2011; Ranger et 

al., 2008).  Furthermore, newer population of Pinus banksiana that were used in the regreening 

program had a significantly higher genetic diversity in comparison to older populations. 

The objective of this study was to 1) Comprehensively map and describe the transcriptome of Jack 

Pine (Pinus banksiana).  2) Use transcriptome analysis and gene ontology to describe the gene 

expression of genotypes responding to excess copper.  3) Evaluate variances in gene expression 

between genotypes responding to excess copper. 

3.2 Materials and methods 

3.2.1 Plant treatment, damage rating and collection  

The collection of plant material and preparatory growth conditions followed the same protocol as 

described in section: 2.2 Materials and Methods.  45 seedlings were given 4 different treatments 

in a completely randomized block design.  15 seedlings were treated with 50 mL of 1300 mg/kg 

copper (II) sulphate pentahydrate which represented the in field concentration detected in the soil 

of metal contaminated areas from a local survey.  15 seedlings were treated with 50 mL of 2600 

mg/kg copper (II) sulphate pentahydrate which represented twice the dosage of the in field 

concentration taken from the same local survey.  5 seedlings were treated with 1300 mg/kg of 

K2SO4 which represented the positive control corresponding to the maximum in field 

concentration of copper (II) sulphate pentahydrate.  5 seedlings were treated with 2600 mg/kg of 

K2SO4 which represented the positive control corresponding to double the concentration.  The 

post treatment incubation and allocation of damage ratings followed the same protocol as 

described in section 2.2 Materials and Methods.   
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Figure 10. Damage rating of Pinus banksiana seedlings after treatment with 1300 mg/kg of 

copper.  Selected seedlings underwent treatment and were assigned damage ratings based on 

various attributes.  The top image shows seedlings assigned to the resistant group and the lower 

image shows seedlings assigned to the susceptible group. 

3.2.2 Transcriptome analysis of Pinus banksiana  

RNA Extraction and Quality Control, RNA sequencing and Transcriptome Assembly, 

Annotation of Pinus banksiana using BLAT matching, Quantification of gene expression and 

quality control (QC) analysis, Differential gene expression (DGE) analysis of pairwise 

comparisons, Analysis of top upregulated and downregulated genes follow the same procedure 

as detailed in sections 2.2.2-2.2.7.    
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3.3 Results  

3.3.1 Transcript assembly and QC analysis of sequences 

The FastQC program analyzes the raw reads generated from Illumina sequencing evaluates the 

quality of the data.  0 sequences were flagged as poor quality.  Copper resistant plants had a total 

of 31-49 million sequences and copper susceptible plants had a total of 21-29 million sequences.  

Both treatment groups had an average sequence length of 51 bases.  Copper resistant individuals 

had a deduplicated percentage of 21-27%, indicating that duplicated gene expression contributed 

to a large proportion of gene expression.  Copper susceptible individuals had a deduplicated 

percentage ranging from 37-59%, indicating that a significantly large portion of gene expression 

was from duplicated gene expression.  In one circumstance, duplicated gene expression comprised 

a larger portion of gene expression than non duplicated gene expression.  The trinity program 

facilitated transcript assembly, producing a total of 581037 transcripts and 435293 genes.  For 

copper resistant individuals, 78-83% of genes were mapped to the transcript assembly and for 

copper susceptible individuals, 50-62% of genes were mapped.  126460 genes out of 435293 genes 

fulfilled the CPM related parameters and were used for differential gene expression analysis.   

3.3.2 Differential gene expression (DGE) analysis between genotypes 

The clustering between samples was visually assessed using a multidimensional scale plot and 

hierarchical cluster map.  The water and potassium control groups clustered within the  same 

region, indicating no significant difference in gene expression between the treatment groups and 

that the presence of the potassium control did not significantly affect the treatment regimen (Sfig 

2a-2b).  Clustering between the resistant genotype (RG) and susceptible genotype (SG) was low, 

indicating that gene expression was significantly different between the two genotypes.  For RG 
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and the water control, clustering occurred within the same region and overlapped, demonstrating 

a similar pattern of gene expression.  Clustering did not occur between SG and the water control.  

DEGs that fulfilled the high stringency cut off (two fold and FDR 0.05) were considered for 

downstream DGE analysis due to the high level of confidence associated with the false discovery 

rate (FDR).  The low stringency cutoff has some statistical basis for consideration due to having a 

p value of 0.01.  Nevertheless, the higher FDR threshold indicates that the expression of a 

particular gene has a higher probability of being a false positive, leading to reduced statistical 

confidence.     

Table 8. Differentially expressed genes from the copper resistant genotype compared to the 

copper susceptible genotype in Pinus banksiana  

Cutoff  Standard (two fold and FDR 
0.05)  

Low Stringency (two fold and 
p value 0.01)  

Upregulated genes  6213  6431  

Downregulated genes  29038  29605  

Total genes  35251  36036  

 

 

Figure 11a. Heatmap of differentially expressed genes from the copper resistant genotype 

compared to the copper susceptible genotype in Pinus banksiana.  Differentially expressed gene 
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values are based on the Log2 normalized FC, with red cells representing upregulation and blue 

cells representing downregulation.  Cus542, Cus16 and Cus42 are copper susceptible samples.  

Cur872, Cur33 and Cur67 are copper resistant samples.   

 

Figure 11b. Volcano plot of differentially expressed genes from the copper resistant genotype 

compared to the copper susceptible genotype in Pinus banksiana.  Brown points represent 

upregulated gene expression whereas blue points represent downregulated gene expression when 

compared to the susceptible genotype.  Grey points indicate no significant difference from the 

susceptible genotype.  Log10(FDR) is the log10 of the false discovery rate.  The border between 

the no significant points and the differentially regulated genes represents the false discovery rate 

of 0.05 (two fold).     

 

Table 9. Differentially expressed genes from the copper resistant genotype compared to the 

water controls in Pinus banksiana  

Cutoff  Standard (two fold and FDR 
0.05)  

Low Stringency (two fold and 
p value 0.01)  

Upregulated genes  1  1138  

Downregulated genes  0  1250  

Total genes  1  2388  
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Figure 12a. Heatmap of differentially expressed genes from the copper resistant genotype 

compared to water controls in Pinus banksiana.  Differentially expressed gene values are based 

on the Log2 normalized FC, with red cells representing upregulation and blue cells representing 

downregulation.  Cur872, Cur33 and Cur67 represent copper resistant samples.  Cuw37, CuW14 

and Niw73 represent water controls.   

 

Figure 12b. Volcano plot of differentially expressed genes from the copper resistant genotype 

compared to the controls in Pinus banksiana.  Brown points represent upregulated gene 
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expression whereas blue points represent downregulated gene expression when compared to the 

susceptible genotype.  Grey points represent genes with no significantly different expression 

from the water controls.  Log10(FDR) is the log10 of the false discovery rate.  The border 

between the nonsignificant points and the differentially regulated genes represents a false 

discovery rate of 0.05 (two fold).     

 

Table 10. Differentially expressed genes from the copper susceptible genotype compared to the 

water controls in Pinus banksiana  

Cutoff  Standard (two fold and FDR 
0.05)  

Low Stringency (two fold and 
pvalue 0.01)  

Upregulated genes  27584  31972  

Downregulated genes  10065  12130  

Total genes  37649  44102  

 

 

Figure 13a. Heatmap of differentially expressed genes from the copper susceptible genotype 

compared to water controls in Pinus banksiana.  Differentially expressed gene values are based 

on the Log2 normalized FC, with red cells representing upregulation and blue cells representing 

downregulation.  Cus542, Cus16, Cus42 represent copper resistant samples.  Cuw37, CuW14 

and Niw73 represent water controls.   
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Figure 13b. Volcano plot of differentially expressed genes from the copper susceptible genotype 

compared to water controls in Pinus banksiana.  Brown points represent upregulated gene 

expression whereas blue points represent downregulated gene expression when compared to the 

susceptible genotype.  Grey points indicate no significant difference in expression from the 

susceptible genotype.  Log10(FDR) is the log10 of the false discovery rate.  The border between 

the no significant points and the differentially regulated genes represents the false discovery rate 

of 0.05 (two fold).     

3.3.4 Gene ontology of the top 100 differential expressed genes for Pinus banksiana  

Figures 14a-14c show the top upregulated genes of RG compared to SG distributed into different 

terms within the Biological processes, Molecular functions and Cellular Component categories.  

The response to stress term (16.67%) comprised the largest proportion of gene expression followed 

by the biosynthetic process (12.5%), response to chemical (12.5%), signal transduction (8.33%), 

post-embryonic development (8.33%) and the lipid metabolic process (8.33%).  These terms 

represented 66.66% of expressed genes.  Lipid metabolic process comprised a large proportion of 

expressed genes despite having a low proportion of genes in the whole transcriptome.  Response 

to stress, response to chemical, response to light stimulus and response to endogenous stimulus 
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share the parent term response to stimulus.   Biosynthetic process, post-embryonic development, 

cell cycle, cellular component organization, response to light stimulus, fruit ripening, secondary 

metabolic process, photosynthesis, and nucleobase containing compound metabolic process were 

highly represented terms in the top upregulated transcripts despite comprising less than 2% of 

expressed genes in the whole transcriptome.  For metabolic function, 50% of expressed genes were 

associated with nucleotide binding followed by transporter activity (25%) and kinase activity 

(25%).  Transporter activity comprised a large proportion of expressed genes despite having a 

lower percentage distribution in the whole transcriptome.  In the cellular component category, the 

membrane term comprised the largest portion of the top upregulated genes.  The thylakoid 

organelle is represented in the top upregulated genes despite comprising less than 2% of the whole 

transcriptome.   

Figures 15a-15c show the top downregulated genes depicting a different pattern of gene 

expression.  22.22% of genes were distributed to the carbohydrate metabolic process term whereas 

the other terms represented 11.11% of expressed genes.  In contrast to the whole transcriptome, 

carbohydrate metabolic process comprised the largest portion of gene expression in top 

downregulated genes.  Response to stress, response to chemical, response to external stimulus and 

response to endogenous stimulus shared the parent term response to stimuli.  Cellular component 

organization, response to external stimulus and fruit ripening were represented in the top 

downregulated gene expression despite having less than 2% of expressed genes in the whole 

transcriptome.  In the metabolic function category, 66.67% of expressed genes were allocated to 

the terms hydrolase activity (33.33%), DNA-binding transcription factor activity (16.67%) and 

transferase activity (16.67%).  DNA binding transcription factor activity comprised a larger 

portion of expressed genes in the top downregulated transcripts compared to the whole 
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transcriptome.  Hydrolase activity and enzyme regulatory activity were represented despite 

comprising less than 2% of expressed genes in the whole transcriptome.  For the cellular 

component category, 50% of expressed genes was associated with the extracellular region 

followed by the terms membrane (25%) and nucleus (25%).  

 

Figure 14a. Percentage of the top 100 Upregulated transcripts in Pinus banksiana resistant 

samples compared to susceptible samples categorized by Biological Processes.  The top 100 

most upregulated genes from the resistant samples compared to the susceptible samples were 

grouped by Gene Ontology terms within the Biological Processes category using 

Omicsbox/BLAST2GO.  Terms with lower than 2% of total gene expression were combined 

together and assigned the label “other”.   
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Figure 14b. Percentage of the top 100 Upregulated transcripts in Pinus banksiana resistant 

samples compared to susceptible samples categorized by Molecular Function.  The top 100 most 

upregulated genes from the resistant samples compared to the susceptible samples were grouped 

by Gene Ontology terms within the Molecular Function category using Omicsbox/BLAST2GO.  

Terms with lower than 2% of total gene expression were combined together and assigned the 

label “other”.  

  

Figure 14c. Percentage of the top 100 Upregulated transcripts in Pinus banksiana resistant 

samples compared to susceptible samples categorized by Cellular Component.  The top 100 most 

upregulated genes from the resistant samples compared to the susceptible samples were grouped 

by Gene Ontology terms within the Cellular Component category using Omicsbox/BLAST2GO.  

Terms with lower than 2% of total gene expression were combined together and assigned the 
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label “other”.  

 

Figure 15a. Percentage of the top 100 downregulated transcripts in Pinus banksiana resistant 

samples compared to susceptible samples categorized by Biological Processes.  The top 100 

most downregulated genes from the resistant samples compared to the susceptible samples were 

annotated and distributed into categories based on Biological Processes using 

Omicsbox/BLAST2GO.  Categories with gene expression lower than 2% were summed together 

and assigned the label “other”. 

 

Figure 15b. Percentage of the top 100 downregulated transcripts in Pinus banksiana resistant 

samples compared to susceptible samples categorized by Molecular Function.  The top 100 most 

downregulated genes from the resistant samples compared to the susceptible samples were 

annotated and distributed into categories based on Molecular Function using 
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Omicsbox/BLAST2GO.  Categories with gene expression lower than 2% were summed together 

and assigned the label “other”. 

 

Figure 15c. Percentage of the top 100 downregulated transcripts in Pinus banksiana resistant 

samples compared to susceptible samples categorized by Cellular Component.  The top 100 most 

downregulated genes from the resistant samples compared to the susceptible samples were 

annotated and distributed into categories based on Cellular Component using 

Omicsbox/BLAST2GO.  Categories with gene expression lower than 2% were summed together 

and assigned the label “other”. 

Figures 16a-17c shows the proportion of top upregulated and downregulated genes from SG 

compared to the water controls distributed to different subcategory terms within Biological 

Processes, Molecular Function and Cellular Component categories.  In the Biological processes 

category, 63.63% of upregulated genes were distributed to the following subcategories: Response 

to stress (24.24%), carbohydrate metabolic process (12.12%), response to biotic stimulus (9.09%), 

response to chemical (9.09%) and response to endogenous stimulus (9.09%).  5 of the top 10 

categories fall under the parent term response to stimulus.  Unlike the whole transcriptome, 

carbohydrate metabolic process comprised a larger proportion of gene expression and DNA 

metabolic process comprised a low proportion of gene expression.  Response to light stimulus, 

fruit ripening, post embryonic development and biosynthetic process were categories that were 
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represented in the top upregulated genes despite comprising less than 2% of expressed genes in 

the whole transcriptome.  For molecular function, 61.54% of expressed genes were distributed to 

the following categories:  Hydrolase activity (38.46%) and transferase activity (23.08%).  

Hydrolase activity and transferase activity are categories that fall under the parent category 

catalytic activity whereas nucleotide binding and DNA binding categories are associated with 

nucleotide function.  Hydrolase activity, transferase activity and enzyme regulator activity were 

categories that were largely represented in the top upregulated genes but comprised less than 2% 

of expressed genes in the whole transcriptome.  In the cellular component category, 66.67% of 

expressed genes were distributed to the following subcategories:  Extracellular region (41.67%) 

and Nucleus (25%).  Genes in the Nucleus term had a large proportion of expressed genes despite 

comprising less than 2% of expressed genes in the whole transcriptome.   

Top downregulated genes in figures 17a-17c depicts a different pattern of gene distribution within 

subcategories in comparison to top upregulated genes.  For the Biological processes category, 

52.17% of downregulated genes were allocated to the following terms:  Biosynthetic process 

(17.39%), response to stress (13.04%), lipid metabolic process (13.04%), response to biotic 

stimulus (8.70%).  Lipid metabolic process and carbohydrate process had a larger proportion of 

top downregulated genes in comparison to the proportion of expressed genes in the whole 

transcriptome.  Biosynthetic process, lipid metabolic process, carbohydrate metabolic process and 

catabolic process are prominent subcategories that fall under the parent term metabolic processes.  

The terms biosynthetic process, cellular component organization, secondary metabolic process, 

flower development and nucleobase containing compound metabolic processes were largely 

represented in the top downregulated genes but comprised less than 2% of expressed genes in the 

whole transcriptome.  For the metabolic process category, 69.23% of expressed genes were 
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categorized under hydrolase activity (46.15%) and transporter activity (23.08%).  Transporter 

activity had a higher representation in the top downregulated genes than in the whole 

transcriptome.  The terms hydrolase activity, transferase activity and protein binding were largely 

represented in the top downregulated genes despite comprising a low proportion of genes in the 

whole transcriptome.  Nucleus and the cell wall were terms that had a higher proportion of 

expressed genes in the top downregulated genes in comparison to the entire transcriptome.   

 

 

Figure 16a. Percentage of the top 100 upregulated transcripts in Pinus banksiana susceptible 

samples compared to water controls categorized by Biological Processes.  The top 100 most 

upregulated genes from the susceptible samples compared to the water controls were annotated 

and distributed into categories based on Biological Processes using Omicsbox/BLAST2GO.  

Categories with gene expression lower than 2% were summed together and assigned the label 

“other”.    
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Figure 16b. Percentage of the top 100 upregulated transcripts in Pinus banksiana susceptible 

samples compared to water controls categorized by Molecular Function.  The top 100 most 

upregulated genes from the susceptible samples compared to the water controls were annotated 

and distributed into categories based on Molecular Function using Omicsbox/BLAST2GO 

Categories with gene expression lower than 2% were summed together and assigned the label 

“other”.    

 

 

Figure 16c. Percentage of the top 100 upregulated transcripts in Pinus banksiana susceptible 

samples compared to water controls categorized by Cellular Component.  The top 100 most 

upregulated genes from the susceptible samples compared to the water controls were annotated 

and distributed into categories based on Cellular Component using Omicsbox/BLAST2GO.  

Categories with gene expression lower than 2% were summed together and assigned the label 

“other”.    

Hydrolase activity (38.46%)

Transferase activity (23.08%)

Enzyme regulator activity
(15.38%)

Nucleotide binding (15.38%)

DNA binding (7.69%)

Extracellular region (41.67%)

Nucleus (25%)

Cytoplasm (16.67%)

Plasma membrane (16.67%)



115 

 

115 
 

 

Figure 17a. Percentage of the top 100 downregulated transcripts in Pinus banksiana susceptible 

samples compared to water controls categorized by Biological Processes.  The top 100 most 

downregulated genes from the susceptible samples compared to the water controls were 

annotated and distributed into categories based on Biological Processes using 

Omicsbox/BLAST2GO.  Categories with gene expression lower than 2% were summed together 

and assigned the label “other”.    

 

 

Figure 17b. Percentage of the top 100 downregulated transcripts in Pinus banksiana susceptible 

samples compared to water controls categorized by Molecular Function.  The top 100 most 

downregulated genes from the susceptible samples compared to the water controls were 

annotated and distributed into categories based on Molecular Function using 
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Omicsbox/BLAST2GO.  Categories with gene expression lower than 2% were summed together 

and assigned the label “other”.    

 

Figure 17c. Percentage of the top 100 downregulated transcripts in Pinus banksiana susceptible 

samples compared to water controls categorized by Cellular Component.  The top 100 most 

downregulated genes from the susceptible samples compared to the water controls were 

annotated and distributed into categories based on Cellular Component using 

Omicsbox/BLAST2GO.  Categories with gene expression lower than 2% were summed together 

and assigned the label “other”.    
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Table 11: Identified candidate genes from the top upregulated genes in copper resistant vs copper susceptible Pinus banksiana 

Rank Gene ID Res 1 Res 2 Res 3 Sus 1 Sus 2 Sus 3 logFC Adj. P. Value UniProt Description 

80 TRINITY_DN6541_c0_g1 251.91 62.08 39.98 4.26 0.53 3.88 6.93 0.00080 Heavy metal-associated isoprenylated plant 

protein 20, AtHIP20, AtHIPP20 

81 TRINITY_DN6541_c0_g1 251.91 62.08 39.98 4.26 0.53 3.88 6.93 0.00080 Heavy metal-associated isoprenylated plant 

protein 26, AtHIP26, AtHIPP26 

(Farnesylated protein 6, AtFP6) 

87 TRINITY_DN55790_c0_g1 6.62 5.2 3.26 0 0.87 0 6.90 0.00072 Pleiotropic drug resistance protein 1 

(NtPDR1) 
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Table 12a. Top 25 upregulated genes from copper resistant samples compared to copper susceptible samples in Pinus banksiana  

Rank Gene ID Res 1 Res 2 Res 3 Sus 1 Sus 2 Sus 3 logF

C 

Adj. P. 

Value 

UniProt Description 

0 TRINITY_DN35689_c0_g1 12.05 7.41 11.07 0 0 0 9.21 0.00002 Predicted Protein 

1 TRINITY_DN10618_c0_g1 17.42 2.72 9.6 0 0 0 8.82 0.00181 Predicted Protein 

2 TRINITY_DN91621_c0_g2 13.93 4.82 5.68 0 0 0 8.78 0.00025 Predicted Protein 

3 TRINITY_DN199894_c0_g2 9.44 9.02 1.99 0 0 0 8.45 0.00117 Predicted Protein 

4 TRINITY_DN28042_c0_g3 4.91 8.95 2.74 0 0 0 8.26 0.00022 Cytochrome P450 750A1, EC 1.14.-.- 

(Cytochrome P450 CYPC) 

5 TRINITY_DN7900_c0_g1 6 6.27 3.22 0 0 0 8.25 0.00007 Predicted Protein 

6 TRINITY_DN2617_c0_g1 8.29 4.5 3.27 0 0 0 8.24 0.00017 Predicted Protein 

7 TRINITY_DN20922_c0_g1 3.17 6.13 4.05 0 0 0 8.02 0.00004 Predicted Protein 

8 TRINITY_DN236262_c0_g1 11.08 1.85 3.41 0 0 0 7.96 0.00197 Predicted Protein 

9 TRINITY_DN95006_c0_g1 6.22 4.28 1.99 0 0 0 7.87 0.00033 Predicted Protein 

10 TRINITY_DN219929_c1_g1 2.74 4.62 4.69 0 0 0 7.86 0.00003 Predicted Protein 

11 TRINITY_DN4529_c0_g1 3 7.73 1.66 0 0 0 7.73 0.00069 1,8-cineole synthase, chloroplastic, EC 

4.2.3.108 (Terpene synthase TPS-Cin, PgTPS-

Cin) 

12 TRINITY_DN13781_c0_g3 16.16 15.27 4.31 0 0 1.35 7.73 0.00318 Predicted Protein 

13 TRINITY_DN216_c0_g1 58.07 22.76 12.46 0.07 0.49 0.97 7.72 0.00440 Fatty acyl-CoA reductase 2, chloroplastic, 

AtFAR2, EC 1.2.1.84 (Fatty acid reductase 2) 

(Male sterility protein 2) 

14 TRINITY_DN9994_c0_g1 8.13 1.94 2.38 0 0 0 7.67 0.00114 Predicted Protein 

15 TRINITY_DN5226_c2_g1 3.74 2.06 5.32 0 0 0 7.66 0.00014 Predicted Protein 

16 TRINITY_DN57458_c1_g1 2.43 3.07 4.49 0 0 0 7.58 0.00004 Predicted Protein 

17 TRINITY_DN3869_c0_g1 3.23 4.31 2.12 0 0 0 7.58 0.00009 Predicted Protein 

18 TRINITY_DN47098_c0_g1 7.77 2.08 1.81 0 0 0 7.58 0.00131 Predicted Protein 

19 TRINITY_DN19214_c1_g2 3.44 3.21 2.82 0 0 0 7.57 0.00004 Predicted Protein 

20 TRINITY_DN40558_c0_g2 1.22 7.95 3.16 0 0 0 7.57 0.00127 Predicted Protein 

21 TRINITY_DN18490_c0_g1 2.06 7.43 1.88 0 0 0 7.57 0.00066 Predicted Protein 

22 TRINITY_DN9649_c1_g3 0.84 8.97 3.91 0 0 0 7.54 0.00382 Predicted Protein 

23 TRINITY_DN148688_c0_g2 6.51 3.72 1.03 0 0 0 7.54 0.00203 Predicted Protein 
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24 TRINITY_DN100_c0_g2 7.29 15.7 4.96 0 0.41 0.08 7.53 0.00072 Predicted Protein 

25 TRINITY_DN178176_c0_g1 3.36 4.4 1.77 0 0 0 7.53 0.00017 Predicted Protein 
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Table 12b. Top 25 downregulated genes from copper resistant samples compared to copper susceptible samples in Pinus banksiana  

Rank Gene ID Res 1 Res 2 Res 3 Sus 1 Sus 2 Sus 3 logFC Adj. P. 

Value 

UniProt Description 

0 TRINITY_DN3519_c0_g1 0 0 0 191.35 54.37 115.22 -11.34 0.00021 Predicted Protein 

1 TRINITY_DN43547_c0_g1 0 0 0 162.58 38.33 61.13 -10.81 0.00035 Predicted Protein 

2 TRINITY_DN2824_c0_g1 0 0.03 0 90.93 154.91 84.36 -10.53 0.00000 Polygalacturonase, PG, EC 3.2.1.15 

(Pectinase) 

3 TRINITY_DN2824_c0_g1 0 0.03 0 90.93 154.91 84.36 -10.53 0.00000 Probable polygalacturonase At1g80170, PG, 

EC 3.2.1.15 (Pectinase At1g80170) 

4 TRINITY_DN1315_c0_g1 0.43 0.06 0.31 763.2 1448.5 490.5 -10.28 0.00001 Beta-glucosidase 12, EC 3.2.1.21 

5 TRINITY_DN1315_c0_g1 0.43 0.06 0.31 763.2 1448.5 490.5 -10.28 0.00001 Furcatin hydrolase, FH, EC 3.2.1.161 

6 TRINITY_DN1315_c0_g1 0.43 0.06 0.31 763.2 1448.5 490.5 -10.28 0.00001 Non-cyanogenic beta-glucosidase, EC 

3.2.1.21 

7 TRINITY_DN1315_c0_g1 0.43 0.06 0.31 763.2 1448.5 490.5 -10.28 0.00001 Beta-glucosidase 27, Os8bglu27, EC 

3.2.1.21 

8 TRINITY_DN1315_c0_g1 0.43 0.06 0.31 763.2 1448.5 490.5 -10.28 0.00001 Beta-glucosidase 11, Os4bglu11, EC 

3.2.1.21 

9 TRINITY_DN1315_c0_g1 0.43 0.06 0.31 763.2 1448.5 490.5 -10.28 0.00001 Beta-glucosidase 24, Os6bglu24, EC 

3.2.1.21 

10 TRINITY_DN1315_c0_g1 0.43 0.06 0.31 763.2 1448.5 490.5 -10.28 0.00001 Beta-glucosidase 13, Os4bglu13, EC 

3.2.1.21 

11 TRINITY_DN67935_c0_g1 0 0 0 16.39 97.3 73.99 -10.13 0.00080 Predicted Protein 

12 TRINITY_DN702_c0_g1 0 0.03 0 59.4 116.45 27.95 -9.93 0.00006 Cytochrome P450 71AU50, EC 1.14.-.- 

13 TRINITY_DN702_c0_g1 0 0.03 0 59.4 116.45 27.95 -9.93 0.00006 Cytochrome P450 750A1, EC 1.14.-.- 

(Cytochrome P450 CYPC) 

14 TRINITY_DN2358_c0_g1 0 0 0 81.45 89.01 7.38 -9.91 0.00287 Predicted Protein 

15 TRINITY_DN31159_c0_g1 0 0 0 32.73 41.22 41.42 -9.83 0.00001 Predicted Protein 

16 TRINITY_DN157611_c0_g2 0 0 0 22.19 59.12 26.75 -9.60 0.00002 Predicted Protein 

17 TRINITY_DN10725_c0_g1 0 0 0 29.76 70.11 14.01 -9.55 0.00010 Predicted Protein 

18 TRINITY_DN30360_c0_g2 0 0 0 98.39 13.66 18.36 -9.53 0.00190 Predicted Protein 

19 TRINITY_DN251401_c0_g1 0 0 0 93.47 11.8 22.49 -9.52 0.00209 Predicted Protein 

20 TRINITY_DN27632_c0_g2 0 0 0 8.22 77.05 47.39 -9.45 0.00238 Predicted Protein 

21 TRINITY_DN10160_c0_g1 0 0 0 14.16 73.48 23.65 -9.41 0.00024 Predicted Protein 

22 TRINITY_DN1453_c1_g4 0 0 0 36.74 50.95 10.28 -9.37 0.00016 Predicted Protein 
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23 TRINITY_DN57079_c0_g1 6.63 0 0 223.25 327.76 184.27 -9.36 0.00049 Predicted Protein 

24 TRINITY_DN3979_c0_g1 0.05 0.01 0 52.76 91.37 16.98 -9.28 0.00028 Predicted Protein 

25 TRINITY_DN4524_c0_g3 0 0 5.98 113.8 426.21 83.05 -9.21 0.00327 Predicted Protein 

 



122 

 

122 
 

Table 13a. Top 25 upregulated genes from copper susceptible samples compared to water controls in Pinus banksiana  

Rank Gene ID Sus 1 Sus 2 Sus 3 Water 

1 

Water 

2 

Water 

3 

logFC Adj. P. 

Value 

UniProt Description 

0 TRINITY_DN2786_c0_g1 670.58 354.91 364.1 0 0 0 13.15 8.45E-06 Predicted Protein 

1 TRINITY_DN1628_c0_g1 1238.41 1180.01 590.75 0 0.32 0 12.80 2.48E-05 Trypsin inhibitor [Cleaved 

into: Trypsin inhibitor chain 

A; Trypsin inhibitor chain B ] 

2 TRINITY_DN258556_c0_g1 248.22 356.86 541.07 0 0 0 12.77 1.88E-05 Predicted Protein 

3 TRINITY_DN1368_c0_g1 1712.84 2189.53 1629.49 0 1.3 0.07 12.73 2.67E-06 Predicted Protein 

4 TRINITY_DN5716_c0_g1 2481.86 3248.79 5881.21 0 7.03 0.41 12.53 6.37E-04 Predicted Protein 

5 TRINITY_DN2832_c0_g1 358.6 494.32 122.28 0 0 0 12.49 3.11E-05 Predicted Protein 

6 TRINITY_DN5391_c1_g1 496.98 221.21 166.02 0 0 0 12.43 3.94E-05 Predicted Protein 

7 TRINITY_DN57079_c0_g1 223.25 327.76 184.27 0 0 0 12.22 1.57E-07 Predicted Protein 

8 TRINITY_DN5965_c1_g1 799.48 842.36 692.63 0.33 0 0 12.12 2.95E-06 Predicted Protein 

9 TRINITY_DN50999_c1_g1 333.04 156.25 133.24 0 0 0 11.95 1.73E-05 Predicted Protein 

10 TRINITY_DN55243_c0_g1 115.54 286.47 226.14 0 0 0 11.88 1.05E-05 Predicted Protein 

11 TRINITY_DN1520_c0_g1 1020.58 623.65 1427.83 0.02 0.65 0 11.86 1.18E-03 Trypsin inhibitor [Cleaved 

into: Trypsin inhibitor chain 

A; Trypsin inhibitor chain B ] 

12 TRINITY_DN5795_c0_g1 851.63 854.34 325.97 0 0.84 0 11.83 2.09E-04 Predicted Protein 

13 TRINITY_DN7061_c1_g1 194.74 291.48 98.46 0 0 0 11.82 2.94E-06 Predicted Protein 

14 TRINITY_DN8563_c1_g1 131.04 322.9 115.04 0 0 0 11.71 4.77E-06 Predicted Protein 

15 TRINITY_DN4524_c0_g3 113.8 426.21 83.05 0 0 0 11.63 9.67E-05 Predicted Protein 

16 TRINITY_DN257933_c1_g1 201.53 169.25 77.24 0 0 0 11.48 4.34E-06 Predicted Protein 

17 TRINITY_DN3536_c0_g1 122.8 169.34 90.42 0 0 0 11.28 3.13E-07 Predicted Protein 

18 TRINITY_DN237688_c0_g1 211.18 103.61 72.51 0 0 0 11.25 1.84E-05 Predicted Protein 

19 TRINITY_DN7685_c0_g1 509.79 347.25 228.34 0 0.41 0 11.24 6.78E-05 Predicted Protein 

20 TRINITY_DN14732_c0_g1 372.88 97.02 31.35 0 0 0 11.18 1.92E-03 Predicted Protein 

21 TRINITY_DN12750_c0_g1 166.37 64.69 116.96 0 0 0 11.11 3.61E-05 Predicted Protein 

22 TRINITY_DN2463_c0_g1 818.33 234.67 289.22 0 0.04 0.11 11.02 2.24E-03 Predicted Protein 

23 TRINITY_DN3069_c0_g1 313.54 458.61 155.11 0 0.37 0 10.98 6.68E-05 Predicted Protein 

24 TRINITY_DN2221_c0_g1 664.03 226.26 181.23 0 0.68 0 10.90 1.96E-03 Predicted Protein 
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25 TRINITY_DN3092_c0_g1 661.05 923.49 459.73 0.14 0.35 0 10.88 6.47E-06 Glucan endo-1,3-beta-

glucosidase, acidic isoform, 

EC 3.2.1.39 ((1->3)-beta-

glucan endohydrolase, (1->3)-

beta-glucanase) (Beta-1,3-

endoglucanase) 
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Table 13b. Top 25 downregulated genes from copper susceptible samples compared to water controls in Pinus banksiana 

Rank Gene ID Sus 1 Sus 2 Sus 3 Water 

1 

Water 

2 

Water 

3 

logFC Adj. P. 

value 

UniProt Description 

0 TRINITY_DN293_c0_g1 0.02 0 4.27 83.3 131.42 164.86 -11.03 5.8E-05 Delta-selinene-like synthase, chloroplastic, 

PsTPS-Sell, EC 4.2.3.76 

1 TRINITY_DN293_c0_g1 0.02 0 4.27 83.3 131.42 164.86 -11.03 5.8E-05 Alpha-humulene synthase, EC 4.2.3.104 

(Terpene synthase TPS-Hum, PgTPS-Hum) 

2 TRINITY_DN293_c0_g1 0.02 0 4.27 83.3 131.42 164.86 -11.03 5.8E-05 Delta-selinene synthase, EC 4.2.3.71, EC 

4.2.3.76 (Agfdsel1) 

3 TRINITY_DN5038_c0_g2 0.21 0.18 1.49 147.03 102.4 230.91 -10.45 2.0E-04 Predicted Protein 

4 TRINITY_DN1269_c0_g1 0 0 0.13 32.25 13.5 37.33 -10.30 1.4E-04 Predicted Protein 

5 TRINITY_DN4890_c0_g1 0 0 0 15.59 12.05 25.46 -10.25 7.2E-06 Predicted Protein 

6 TRINITY_DN2314_c0_g1 0.03 0.05 0.05 40.88 14.56 52.04 -10.14 7.2E-04 Predicted Protein 

7 TRINITY_DN8038_c0_g1 0.16 0.3 0.98 122.65 81.13 105.38 -10.02 7.8E-05 Probable aquaporin PIP2-8 (Plasma 

membrane intrinsic protein 2-8, AtPIP2;8) 

(Plasma membrane intrinsic protein 3b, 

PIP3b) 

8 TRINITY_DN26931_c0_g1 1.66 0 0 65.61 45.82 36.39 -9.96 3.1E-04 Probable aquaporin PIP2-8 (Plasma 

membrane intrinsic protein 2-8, AtPIP2;8) 

(Plasma membrane intrinsic protein 3b, 

PIP3b) 

9 TRINITY_DN10618_c0_g1 0 0 0 17.92 13.75 10 -9.96 9.8E-06 Predicted Protein 

10 TRINITY_DN4059_c0_g1 0.07 0 0 20.09 12.1 19.58 -9.78 1.7E-05 Predicted Protein 

11 TRINITY_DN159567_c0_g1 0 0 0 11.89 6.31 15.47 -9.60 2.5E-05 WAT1-related protein At5g07050 

12 TRINITY_DN34182_c0_g1 0 0 0 11.56 9.9 10.5 -9.59 2.7E-06 Predicted Protein 

13 TRINITY_DN129749_c0_g1 0 0 0 9.6 9.98 11.12 -9.52 1.5E-06 Predicted Protein 

14 TRINITY_DN129793_c0_g1 0 0 0 8.28 13.37 9.36 -9.48 1.2E-06 Putative UPF0481 protein At3g02645 

15 TRINITY_DN2617_c0_g1 0 0 0 12.84 6.76 7.48 -9.34 2.4E-05 Predicted Protein 

16 TRINITY_DN11362_c0_g1 0 0.76 0.54 39.53 30.88 57.71 -9.33 1.4E-04 Predicted Protein 

17 TRINITY_DN4176_c0_g1 0.47 0 0.44 61.56 18.42 66.16 -9.31 3.9E-03 Chalcone synthase, EC 2.3.1.74 

(Naringenin-chalcone synthase) 

18 TRINITY_DN2507_c0_g1 0 1.1 0 32.43 13.12 23.67 -9.23 6.4E-04 Predicted Protein 

19 TRINITY_DN113586_c0_g1 0 0 0 7.25 5.74 13.28 -9.21 1.3E-05 Predicted Protein 
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20 TRINITY_DN1400_c0_g1 0.07 0.06 0.21 24.93 11.67 26.83 -9.20 2.6E-04 Subtilisin-like protease SBT5.6, EC 3.4.21.- 

(Subtilase subfamily 5 member 6, 

AtSBT5.6) 

21 TRINITY_DN26605_c0_g1 0 0 0 6.61 7.11 10.35 -9.13 2.9E-06 Predicted Protein 

22 TRINITY_DN7878_c0_g1 0.4 1.2 1.38 124.44 78.86 175.53 -9.11 5.2E-05 Predicted Protein 

23 TRINITY_DN1514_c0_g1 0.27 0.75 1.81 82.92 99.69 154.44 -9.11 4.5E-06 Germin-like protein 8-14 (Germin-like 

protein 1) (Germin-like protein 5, OsGER5) 

24 TRINITY_DN21458_c0_g1 0 0 0 8.31 6.63 7.86 -9.11 4.5E-06 Predicted Protein 

25 TRINITY_DN69830_c0_g4 0.03 0.09 0.04 10.13 7.29 18.59 -9.10 4.0E-05 Predicted Protein 
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3.4 Discussion 

3.4.1 Effects of excess Copper on Pinus banksiana seedlings 

For the 1300 mg/kg dose, seedlings in the resistant group sustained no damage and had a similar 

appearance to the water controls and the potassium controls.  Only three seedlings were given a 

resistant damage rating and many seedlings were considered susceptible or moderately 

susceptible.  The post treatment physical attributes of the sampling group had a similar outcome 

as the heavy metal accumulator Populus tremuloides when subjected to nickel stress (Czajka & 

Nkongolo, 2022).  

3.4.2 DGE analysis of copper genotypes 

A transcriptome analysis of Pinus banksiana treated with excess copper was performed to evaluate 

differences in global gene expression between different genotypes.  Analyzing the transcriptome 

of resistant and susceptible seedlings can provide valuable insight on the molecular mechanisms 

associated with copper resistance or susceptibility in Pinus banksiana.  The high number of DEGs 

in RG compared to SG at high stringency indicated that copper resistant plants had a significantly 

different pattern of gene expression compared to copper susceptible plants (table 8).  Notably, the 

large proportion of downregulated genes compared to upregulated genes suggests a decline in 

many cellular processes.  The similar number of DEGs at low stringency suggests that the majority 

of genes were high stringency and elicited a high level of expression (table 8).  In RG compared 

to water, the very low number of DEGs at a high stringency indicates a similar pattern of gene 

expression between resistant plants and untreated plants (table 9).  It can be inferred that the gene 

expression of the resistant genotype mostly emulated untreated conditions and that copper 

resistance may be orchestrated by a small number of molecular mechanisms.  Many studies have 
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demonstrated the significance of a single transporter or chelator gene on copper resistance and 

overall growth outcomes (Andrés-Colás et al., 2006; S. Lee et al., 2007; W.-J. Guo et al., 2008).  

Some genes were differentially expressed at a low stringency, implying that expressed genes with 

a high false discovery rate may also be associated with copper resistance (table 9).  The large 

deviation in gene expression for SG compared to both RG and the water group suggests that there 

may be genetic and molecular factors contributing to copper susceptibility (table 10, table 8).  The 

number of DEGs was also considerably higher in SG compared to water, implying that copper 

susceptibility was characterized by a large deviation from untreated conditions.  This raises the 

possibility that DEGs in SG were associated with coping mechanisms responding to copper 

induced stress and tissue damage.  This pattern of gene expression was also observed in Populus 

tremuloides when exposed to excess nickel (Czajka & Nkongolo, 2022).   

3.4.3 Identification of candidate genes associated with copper resistance in Pinus banksiana  

Analysis of the top upregulated genes revealed two promising candidate genes that may be 

involved in copper resistance mechanisms for Pinus banksiana.  A candidate gene encoding a 

heavy metal-associated isoprenylated plant (HIPP) protein was identified (table 11).  HIPP proteins 

are metallochaperones that chelate and deliver heavy metal ions to various proteins across cellular 

compartments (de Abreu-Neto et al., 2013).  The conserved protein structure of HIPP family 

proteins is comprised of a cysteine rich heavy metal associated (HMA) domain facilitating the 

binding of heavy metals and an isoprenylaton site involved in cellular compartment localization 

and signal transduction (Tehseen et al., 2010; de Abreu-Neto et al., 2013; Barth et al., 2009).  

Structural variation within the isoprenylated site offers the functional diversity needed to facilitate 

cellular compartment localization and protein targeting (Barth et al., 2009; Gao et al., 2009).  In 

yeast, the overexpression of HIPP conferred resistance to copper, cadmium and zinc (khan et al., 
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2019).  Additionally, overexpression of HIPP in Arabidopsis thaliana conferred cadmium 

resistance (Suzuki et al., 2002).  Studies that demonstrated the binding of HIPP to  copper, 

cadmium and zinc in plants  corroborates the function of HIPP in the detoxification of heavy metals 

(Gao et al., 2009; Dykema et al., 1999).  The capture of copper ions by cysteine rich chelators is 

an essential mechanism that prevents excess copper from inhibiting enzymes, causing protein 

misfolding and generating ROS (X. Zhang et al., 2015).  Although the specific protein targeted by 

AtHIPP20 are currently unknown, possible targets of metallochaperone mediated ion delivery 

include transporters, enzymes or other chaperones (khan et al., 2019).   

Another identified candidate gene encodes the Pleiotropic drug resistance (PDR) protein, which is 

an ATP-binding cassette (ABC) transporter (table 11) (Crouzet et al., 2013).  ABC transporters 

are membrane localized transporters that facilitate the movement of a large diversity of entities via 

an ATP hydrolysis motif (Fernandez et al., 2012; Ogasawara et al., 2020).  The conserved protein 

region of ABC transporters include two nucleotide binding folds associated with ATP hydrolysis 

and two hydrophobic membrane domains involved in the determination of substrate specificity 

(Moody et al., 2002; Fernandez et al., 2012).   The broad substrate specificity of PDR proteins 

often includes heavy metals, resulting in its involvement in heavy metal homeostasis as it pertains 

to the cytosol and the region external to the membrane (D.-Y. Kim et al., 2007).  In addition to 

heavy metal, PDR is also able to transport phytohormones, antifungal agents, and metabolites with  

antimicrobial properties (Kang et al., 2010; H. Zhang et al., 2020; Pierman et al., 2017).  In 

Arabidopsis thaliana, overexpression of AtPDR8 conferred cadmium resistance and reduced total 

cadmium content by exporting cadmium from the cytosol to the apoplast (D.-Y. Kim et al., 2007).  

Similarly, upregulated AtPDR12 expression increased lead export from the cytosol which 

subsequently decreased lead content and contributed to lead resistance (M. Lee et al., 2005).  A 
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possible role of PDR in copper detoxification may involve utilizing a similar efflux mechanism to 

export copper away from the cytosol and plasma membrane.  The suppression of PDR in certain 

species treated with cadmium or lead resulted in severe growth defects, establishing PDR as a 

crucial component in heavy metal detoxification (He Li et al., 2022; M. Lee et al., 2005).  

Hormones such as Jasmonic acid and ABA induced the upregulation of Ospdr9, suggesting that 

PDR may also play a secondary role in mediating the general stress response (Moons, 2003; H. 

Zhang et al., 2020).  Further research is needed to describe how PDR contributes to copper 

detoxification in Pinus banksiana.   

3.4.4 GO Annotation of the top 25 upregulated genes between the resistant genotype and the 

susceptible genotype   

Many of the top upregulated genes in RG compared to SG were involved in the stress response 

and may contribute to copper tolerance (table 12a).  Among the top upregulated genes was a gene 

encoding terpene synthase (TPS) (table 12a).  TPS synthesizes 1,8-cineole and other terpenoids 

that partake in a variety of defense functions such as thermoregulation, resin assisted wound 

sealing, and plant to plant signalling (Keeling et al., 2011; Kaitera et al., 2021; E. Sharma et al., 

2017).  In response to heavy metals, terpenoids may scavenge ROS, mainly exerting its protective 

effect on membranes (Loreto et al., 2001).  Terpenoids can also enhance the stability and rigidity 

of the chloroplast membrane by increasing the hydrophobic bonding between lipids (Velikova et 

al., 2011; Siwko et al., 2007).  Enhancing the stability of membranes is a protective mechanism 

for resisting ROS mediated damage and lipid peroxidation caused by copper toxicity (S. Wang et 

al., 2021; Farghaly et al., 2022).   
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A gene encoding a Fatty acyl-CoA reductase (FAR) was also identified among the top upregulated 

genes (table 12a).  FAR catalyzes the synthesis of fatty alcohols from fatty acyl-coA and serves an 

integral part in the acyl-reduction pathway (Kunst & Samuels, 2003).  In response to heavy metals, 

fatty alcohols are used as components for larger extracellular lipid compounds such as cuticular 

wax and suberin (Doan et al., 2012; X. Zhang et al., 2022).  When secreted onto the surface of 

leaves, cuticular wax and suberin form a hydrophobic barrier that blocks and protects cells against 

copper induced water loss (Y. Wang et al., 2018; Mostofa & Fujita, 2013).  The negative regulation 

of water transpiration is crucial to counteract water loss and drought which could induce further 

tissue damage (Mostofa & Fujita, 2013).   

Genes encoding Early light-induced proteins (ELIP) were also identified (STable 12a).  ELIPs are 

photoactive proteins that regulate chloroplast content, counteract the photoinhibition of 

photosystem II and safeguards photosynthesis machinery (X. Liu et al., 2020; L. Tao et al., 2011).  

Copper stress decreases chloroplast concentration, diminishes thylakoid membranes and replaces 

the iron cofactor in plastoquinone QA of photosystem II (Pätsikkä et al., 2002).  Notably, the 

inhibition of plastoquinone QA results in a reduction of electron transfer and subsequent light 

absorption (Jegerschoeld et al., 1995; Pätsikkä et al., 2002).  The collective effect of copper on 

chloroplast function may result in photodamage and ROS mediated damage (Caspi et al., 1999; 

Lindahl et al., 1997).  Upregulation of ELIP may potentially serve a photoprotective role to 

preserve chloroplast function and light absorption, although the exact mechanism of action has yet 

to be described (L. Tao et al., 2011).   
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3.4.5 GO annotation of the top 25 downregulated genes between the resistant genotype and 

the susceptible genotype  

Several top downregulated genes encode enzymes involved in carbohydrate metabolism (table 

12b).  An identified gene encodes polygalactuornase (pectinase), which facilitates the hydrolysis 

of the alpha-1,4 glycosidic bonds present in polygalacturnoan (pectin) (table 12b) (Atkinson et al., 

2012).  Pectin is an essential component of the cell wall and is responsible for cell to cell adhesion 

(Orfila et al., 2002).  Pectinase downregulation could potentially contribute to copper tolerance by 

preserving pectin content, thereby maintaining the integrity of the cell wall.  In multiple plants, 

downregulation of pectinase improved tolerance to multiple stressors by decreasing cell expansion, 

cell separation and increasing cell density (Atkinson et al., 2012; H. Liu et al., 2014; Ohara et al., 

2021).  Multiple identified genes encode for beta glucosidase which is an enzyme that facilitates 

the conversion of cellobiose to glucose (table 12b) (Chuenchor et al., 2008).  Beta glucosidase is 

an integral component of cellulose breakdown and was found to be expressed in the cell wall of 

some plants (Nematollahi & Roux, 1999; Sasaki & Nagayama, 1997).  As the most abundant 

component of the cell wall, cellulose provides the tensile and turgor pressure required to maintain 

structural integrity (McCann & Roberts, 1994; Y. Zhang et al., 2021).  Downregulation of beta 

glucosidase upregulates cellulose production and also contributes to the maintenance of the cell 

wall in response to various stressors (Kalluri et al., 2016; M. Zheng et al., 2019).  The cell wall 

plays a crucial role in copper detoxification by acting as a site of sequestration and heavy metal 

distribution (Ren et al., 2020; Y.-Y. Cao et al., 2019).  The role of pectinase and beta glucosidase 

in maintaining the integrity of the cell wall is supported by the upregulation of the PDR transporter 

candidate gene, which has been previously shown to transport cadmium from the cytosol to the 

apoplast (table 11) (D.-Y. Kim et al., 2007).     
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A gene encoding a trypsin inhibitor was identified in the top downregulated genes (STable 12b).  

Trypsin inhibitors mitigate the activity of serine proteases and prevent the breakdown of associated 

proteins (Hou & Lin, 2002).  Protein damage and misfolding caused by heavy metal binding and 

ROS interaction induces the production of serine proteases (Schützendübel & Polle, 2002; Jacques 

et al., 2015).  Downregulation of trypsin inhibitors suggests that higher levels of serine protease 

activity were needed to breakdown damage or misfolded proteins thereby improving cell viability.  

Other studies reported variation in trypsin inhibitor activity in response to excess copper, 

suggesting that the activity is dependent on the extent protein damage present (Karmous et al., 

2014; Guerra et al., 2015).      

3.4.6 GO annotation of the top 25 upregulated genes between the susceptible genotype and 

the control 

In addition to stress related mechanisms triggered by excess copper, the examination of highly 

upregulated genes between SG and water could reveal genes associated with plant cell death and 

necrosis.  Among the top upregulated genes were genes encoding the trypsin inhibitor, which 

was previously found to be downregulated in RG compared to SG (table 13a, table 12b).  In 

contrast to the RG genotype, there was an upregulation in trypsin inhibitors which may indicate a 

larger amount of serine protease activity present in SG (table 13a, table 12b).  Increased ROS 

production and undesired copper binding causes protein misfolding and damage which can elicit 

serine protease activity (Schützendübel & Polle, 2002; Jacques et al., 2015).  Overexpression of 

serine protease may damage plant tissue and cause a further reduction in protein content (W. B. 

Jiang et al., 1999).  The upregulation of trypsin inhibitors could therefore be a protective strategy 

to conserve protein content and delay senescence (Radisky et al., 2006; Azeez et al., 2007).  

Upregulation of trypsin inhibitors in other plants has also been reported in response to other 
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stressors such as drought and fungal infection (Guretzki & Papenbrock, 2014; Tubajika & 

Damann, 2001). 

In contrast to RG compared to SG, many of the top upregulated genes encoded beta glucosidase 

(table 13a, S13a, 12b).  The upregulation of beta glucosidase increases the conversion of 

cellobiose and other sugars to glucose, implying a metabolic related function.  An adverse side 

effect of upregulated beta glucosidase is decreased cellulose content which may compromise the 

strength and integrity of the cell wall (Y. Jiang et al., 2022).  Some studies demonstrated that 

beta glucosidase may play a possible role in the stress response by regulating ABA levels (K. H. 

Lee et al., 2006; Liang et al., 2020; Z.-Y. Xu et al., 2012).   Other studies reported a correlation 

between beta glucosidase overexpression and the production of antioxidant flavonols which may 

also contribute to stress alleviation (Baba et al., 2017).   

3.4.7 GO annotation of the top 25 downregulated genes between the susceptible genotype and 

the control    

Among the top downregulated genes in SG compared to the control were genes encoding the 

probable aquaporin proteins PIP2-8 (table 13b).  Aquaporins are membrane bound channels that 

serve as an important point of entry for water, nutrients, and heavy metals (Lopez-Zaplana et al., 

2022).  The broad specificity of Aquaporins provides a potential point of regulation to control the 

transport of heavy metals.  Downregulation of aquaporins could also be a response to increased 

transpiration and water loss caused by heavy metals (Kholodova et al., 2011).   

A gene encoding the WALLS ARE THIN1 (WAT1) protein was also identified among the top 

downregulated genes (table 13b).  WAT1 is an auxin transporter that is localized to the vacuole, 

facilitating the movement of auxin to the cytoplasm (Ranocha et al., 2013).  Excess copper can 
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deregulate auxin homeostasis and distribution which can negatively impact various aspects of 

plant development (Y. Song et al., 2017; Yuan et al., 2013).  In particular, the deregulation of 

auxin can affect cell division, cell elongation, leaf morphogenesis and hormone crosstalk,  (Ku et 

al., 2009; DEMASON & CHAWLA, 2006; Y. Song et al., 2017).  In response to copper stress, 

the downregulation of WAT1 could be strategy to safeguard growth by altering the transport and 

intracellular distribution of auxin.  However, the response of WAT1 to copper specifically is not 

fully understood.  Downregulation of WAT1 may also regulate salicylic acid synthesis which 

coordinates the stress response (Denancé et al., 2013; D. Wang et al., 2007).   

3.5 Conclusion 

A comprehensive transcriptome analysis was conducted on copper treated Pinus banksiana to 

understand the genetic response of different genotypes to copper.  Across all plants, there was a 

total of 21-49 million expressed sequences.  435293 genes were identified from 581037 total 

transcripts.  There were 19789 DEGs between RG and SG at a high stringency, indicating 

significant differences in gene expression between resistant and susceptible plants.  The low 

number of DEGs between RG and the water control indicated a similar pattern of gene 

expression.  SG had a large number of DEGs compared to both RG and the control, suggesting 

that SG had a different set of coping mechanisms from the aforementioned groups.   

Gene Ontology of the top upregulated genes in RG compared to SG showed that the response to 

stress had the highest proportion of expressed genes.  For top downregulated genes, the 

carbohydrate metabolic process term had the highest percentage expressed genes.  The candidate 

genes AtHIPP20 and AtHIPP26 encodes a metallochaperone.  The candidate gene NtPDR1 

encodes an ATP binding cassette transporter.  Other identified top upregulated genes were 

associated with the coordination of the stress response and included TPS, AtFAR2 and ELIP1.  
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Top downregulated genes included polygalacturonase and beta glucosidase, suggesting a 

possible role in the strengthening of the cell wall and the sequestration of copper ions.  This 

study demonstrated the strong utility of transcriptome analysis for elucidating the genetic 

response of plants and associated genotypes to copper stress.  The identified candidate genes 

should be further researched to evaluate potential applications in various industries.    

Chapter 4: General conclusions 

The objectives of this research were to 1) Comprehensively map and characterize the 

transcriptome of Jack Pine (Pinus banksiana), 2) Assess the gene expression of distinct 

genotypes exposed to nickel ion toxicity, and 3) Assess the gene expression of distinct genotypes 

exposed to copper ion toxicity. 

Transcriptome analysis is an indispensable asset to researchers, providing a means to assess 

genetic responses to different biotic and abiotic stressors, analyze different phenotypes and 

discover the molecular mechanisms associated with a particular outcome.  Additionally, Gene 

Ontology can be used to establish a molecular basis and rational for genetic changes that occur 

within a given genotype.    

Pinus banksiana seedlings were treated with 1600 mg/kg of nickel sulphate.  RNA sequencing 

was performed followed by de novo transcript assembly.  Gene ontology was used to map and 

characterize the transcriptome of untreated plants.  To assess highly regulated mechanisms and 

filter out terms with background expression, gene ontology was used to characterize the top 

differentially expressed genes between the genotypes.  Both the tolerant and susceptible 

genotype had a significantly different pattern of gene expression from the control.  The stress 

response term had the highest proportion of upregulated gene expression.  The terms with the 
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highest proportion of downregulated gene expression were the biosynthetic process and 

carbohydrate metabolic process.  The majority of upregulated gene expression was localized to 

the extracellular region and nucleus whereas the majority of downregulated gene expression 

occurred in the plasma membrane and extracellular region.  Annotation of the top upregulated 

and downregulated genes identified highly regulated genes in the tolerant genotype which 

included genes that encoded Trypsin inhibitors, Jasmonate ZIM domain-containing proteins, a 

RING-H2 finger protein, and enzymes involved in the flavonol synthesis pathway.  Many of the 

identified genes were involved in the coordination of the stress response.  There were no 

differentially expressed genes observed between tolerant and susceptible genotypes, indicating 

the absence of mechanisms associated with nickel resistance.   

The second study followed a similar protocol as the first study except the seedlings were treated 

with 1300 mg/kg of copper sulphate.  Gene Ontology was used to provide information on the 

mechanisms involved in the top differentially expressed genes between the genotypes.  The 

copper resistant genotype had a significantly different pattern of gene expression compared to 

the copper susceptible genotype.  The response to stress term had the highest proportion of 

upregulated gene expression whereas for downregulated gene expression the carbohydrate 

metabolic process term had the highest percentage of expressed genes.  Upregulated gene 

expression was mostly localized to the membrane while the extracellular region accounted for 

the majority of downregulated gene expression.  Annotation of the top differentially regulated 

genes revealed possible mechanisms associated with copper resistance and copper tolerance.  

Genes that could potentially confer copper resistance include ATHIP genes which encoded a 

metallochaperone and NtPDR1 encoding an ATP binding cassette transporter.  Genes that may 

be involved in copper tolerance mechanisms included genes that encode terpene synthase, fatty 
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acyl-CoA reductase and early light induced proteins.  The downregulation of genes encoding 

pectinase and beta glucosidase suggests strengthening of the cell wall to facilitate copper 

sequestration.         

Future studies 

Future research can be conducted to complement and further describe the mechanisms associated 

with heavy metal resistance.  A study on global DNA methylation could be conducted to 

investigate the role of epigenetics in nickel resistance and copper resistance.  A transcriptome 

analysis of copper resistant plants compared to nickel tolerant plants should be performed to 

analyze differences in gene expression and mechanisms that occur in response to both metals.  

Assessment of the identified candidate genes and corresponding physiological parameters can 

also be conducted to develop relevant plant technologies.  These studies may include the 

administration of the nickel at different doses and the assessment of metal accumulation or 

sequestration.  Finally, a study using third generation sequencing can be done to assess the 

transcriptome using longer reads.    
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Sfigure 1.  Pinus banksiana seedlings in a growth chamber prior to heavy metal treatment 

 

 

 

 

 

 

 

 



189 

 

189 
 

 

Sfigure 2a. Sample clusters assessed via a multidimensional scale (MDS) plot 

 

Sfigure 2b. Heatmap of 5000 genes between the samples.   Differential gene expression between 

samples was used to visually assess Hierarchical clustering between the samples.  
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STable 1.  Sequence Data QC verified by FastQC  

File name  Total 
Sequences  

Sequences 
flagged as 
poor 
quality  

Sequence 
length  

%GC  Total 
Deduplicated 
Percentage  

Nik22_S20_R1_001.fastq.gz  27542578  0  51  42  20.9  

Nik22_S20_R2_001.fastq.gz  27542578  0  51  42  28.26  

Nik83_S13_R1_001.fastq.gz  48707028  0  51  43  18.59  

Nik83_S13_R2_001.fastq.gz  48707028  0  51  43  26.68  

Nir5_S14_R1_001.fastq.gz  43071699  0  51  43  28.06  

Nir5_S14_R2_001.fastq.gz  43071699  0  51  46  41.21  

Nir30_S15_R1_001.fastq.gz  51430261  0  51  44  24.01  

Nir30_S15_R2_001.fastq.gz  51430261  0  51  44  33.2  

Nir57_S16_R1_001.fastq.gz  35240520  0  51  43  34.95  

Nir57_S16_R2_001.fastq.gz  35240520  0  51  43  41.93  

Nis15_S17_R1_001.fastq.gz  27007956  0  51  44  38.07  

Nis15_S17_R2_001.fastq.gz  27007956  0  51  44  46.43  

Nis31_S18_R1_001.fastq.gz  24852733  0  51  43  42.53  

Nis31_S18_R2_001.fastq.gz  24852733  0  51  44  50.41  

Nis58_S19_R1_001.fastq.gz  28880651  0  51  43  44.65  

Nis58_S19_R2_001.fastq.gz  28880651  0  51  44  52.34  

Niw73_S21_R1_001.fastq.gz  32894698  0  51  43  17.31  

Niw73_S21_R2_001.fastq.gz  32894698  0  51  44  25.99  
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STable 6a. Top 100 upregulated genes from nickel resistant samples compared to the water controls in Pinus banksiana  

Rank Gene ID Res 1 Res 2 Res 3 Water 1 Water 2 Water 3 logFC Adj. P. 

Value 

UniProt Description 

0 TRINITY_DN2786_c0_g1 767.81 197.57 545.86 0 0 0 13.96 0.00116 Predicted Protein 

1 TRINITY_DN5716_c0_g1 2328.59 913.58 3881.87 0 7.03 0.41 13.34 0.00029 Predicted Protein 

2 TRINITY_DN57079_c0_g1 339.53 238.75 261.65 0 0 0 13.30 0.00002 Predicted Protein 

3 TRINITY_DN5965_c1_g1 1173.34 760.7 1106.06 0.33 0 0 13.28 0.00009 Predicted Protein 

4 TRINITY_DN258556_c0_g1 280.75 98.46 494.55 0 0 0 13.09 0.00181 Predicted Protein 

5 TRINITY_DN1368_c0_g1 1156.77 736.4 2060.57 0 1.3 0.07 12.99 0.00047 Predicted Protein 

6 TRINITY_DN2832_c0_g1 334.2 111.71 258.08 0 0 0 12.93 0.00056 Predicted Protein 

7 TRINITY_DN1628_c0_g1 646.38 288.02 710.02 0 0.32 0 12.82 0.00065 Trypsin inhibitor [Cleaved 

into: Trypsin inhibitor chain 

A; Trypsin inhibitor chain B 

] 

8 TRINITY_DN7061_c1_g1 158.35 218.82 172.81 0 0 0 12.69 0.00000 Predicted Protein 

9 TRINITY_DN690_c0_g1 494.67 136.83 407.74 0.05 0 0 12.50 0.00181 Predicted Protein 

10 TRINITY_DN5795_c0_g1 753.52 420.03 412.9 0 0.84 0 12.43 0.00032 Predicted Protein 

11 TRINITY_DN1520_c0_g1 398.05 358.51 936.72 0.02 0.65 0 11.81 0.00043 Trypsin inhibitor [Cleaved 

into: Trypsin inhibitor chain 

A; Trypsin inhibitor chain B 

] 

12 TRINITY_DN3861_c0_g1 179.52 38.1 108.51 0 0 0 11.70 0.00251 Predicted Protein 

13 TRINITY_DN40097_c0_g1 440.62 297.68 1698.09 0 3.39 0.69 11.62 0.00080 Predicted Protein 

14 TRINITY_DN2463_c0_g1 301.76 196.16 568.86 0 0.04 0.11 11.56 0.00056 Predicted Protein 

15 TRINITY_DN4524_c0_g3 64.05 74.91 115.6 0 0 0 11.54 0.00002 Predicted Protein 

16 TRINITY_DN792_c0_g1 149.05 126.17 86.37 0 0.03 0 11.54 0.00004 ACT domain-containing 

protein ACR4 (Protein ACT 

DOMAIN REPEATS 4) 

17 TRINITY_DN792_c0_g1 149.05 126.17 86.37 0 0.03 0 11.54 0.00004 ACT domain-containing 

protein ACR5 (Protein ACT 

DOMAIN REPEATS 5) 

18 TRINITY_DN129489_c0_g1 125.97 40.97 102.59 0 0 0 11.53 0.00085 Predicted Protein 

19 TRINITY_DN2914_c0_g1 134.07 79.52 144.69 0 0.03 0 11.51 0.00014 Protein TIFY 10b, 

OsTIFY10b (Jasmonate ZIM 
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domain-containing protein 7, 

OsJAZ7) (OsJAZ6) 

20 TRINITY_DN2914_c0_g1 134.07 79.52 144.69 0 0.03 0 11.51 0.00014 Protein TIFY 3B (Jasmonate 

ZIM domain-containing 

protein 12) 

21 TRINITY_DN3536_c0_g1 51.58 119.55 84.19 0 0 0 11.51 0.00001 Predicted Protein 

22 TRINITY_DN1537_c0_g1 64.53 90.63 76.46 0 0 0 11.44 0.00000 Predicted Protein 

23 TRINITY_DN2075_c1_g1 81.81 56.05 84.87 0 0 0 11.38 0.00005 Predicted Protein 

24 TRINITY_DN12750_c0_g1 93.87 62.85 64.95 0 0 0 11.37 0.00005 Predicted Protein 

25 TRINITY_DN3685_c0_g2 524.13 169.45 298.36 0.01 0.58 0 11.33 0.00171 Copia protein (Gag-int-pol 

protein) [Cleaved into: 

Copia VLP protein; Copia 

protease, EC 3.4.23.- ] 

26 TRINITY_DN3069_c0_g1 310.77 133.21 112.57 0 0.37 0 11.16 0.00120 Predicted Protein 

27 TRINITY_DN4477_c1_g1 58.41 73.47 40.83 0 0 0 11.00 0.00002 Predicted Protein 

28 TRINITY_DN9955_c0_g1 42.57 42.66 81.29 0 0 0 10.91 0.00007 Predicted Protein 

29 TRINITY_DN3861_c0_g2 73.03 22.1 87.52 0 0 0 10.90 0.00200 Predicted Protein 

30 TRINITY_DN2496_c0_g1 164.42 56.24 74.78 0 0.08 0 10.89 0.00111 Predicted Protein 

31 TRINITY_DN3195_c0_g2 97.14 27.64 44.27 0 0 0 10.82 0.00125 Predicted Protein 

32 TRINITY_DN13148_c0_g2 149.44 53.58 71 0.03 0 0 10.80 0.00087 Predicted Protein 

33 TRINITY_DN8563_c1_g1 81.63 24.89 51.8 0 0 0 10.76 0.00105 Predicted Protein 

34 TRINITY_DN4828_c0_g1 77.75 87.05 75 0 0.07 0 10.73 0.00002 Predicted Protein 

35 TRINITY_DN1453_c1_g4 164.09 61.99 144.64 0 0.3 0 10.72 0.00143 Predicted Protein 

36 TRINITY_DN1031_c0_g1 92.79 147.67 132.23 0 0.42 0 10.65 0.00004 Putative cysteine-rich repeat 

secretory protein 17 

37 TRINITY_DN17_c0_g2 50.63 58.32 26.97 0 0 0 10.62 0.00006 RING-H2 finger protein 

ATL60, EC 2.3.2.27 (RING-

type E3 ubiquitin transferase 

ATL60) 

38 TRINITY_DN1299_c1_g1 32.6 35.97 67.12 0 0 0 10.60 0.00007 Predicted Protein 

39 TRINITY_DN2516_c0_g1 445.31 249.4 199.81 0.02 0.63 0.07 10.58 0.00032 Predicted Protein 

40 TRINITY_DN1518_c0_g1 96.36 25.43 28.14 0 0 0 10.56 0.00213 Predicted Protein 

41 TRINITY_DN678_c0_g1 132.68 116.88 131.13 0 0.61 0 10.55 0.00012 Cysteine proteinase inhibitor 

6, AtCYS-6 (PIP-M) (PRLI-

interacting factor M) 
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42 TRINITY_DN678_c0_g1 132.68 116.88 131.13 0 0.61 0 10.55 0.00012 Cysteine proteinase inhibitor 

3, AtCYS-3 

43 TRINITY_DN678_c0_g1 132.68 116.88 131.13 0 0.61 0 10.55 0.00012 Multicystatin, MC 

44 TRINITY_DN125473_c0_g2 65.02 24.25 42.52 0 0 0 10.54 0.00058 Predicted Protein 

45 TRINITY_DN103008_c0_g1 216.81 147.31 109.01 0.08 0.1 0 10.48 0.00022 Predicted Protein 

46 TRINITY_DN6089_c0_g1 96.41 139.06 110.48 0 0.52 0 10.47 0.00004 Predicted Protein 

47 TRINITY_DN630_c0_g1 70.97 43.91 146.42 0 0.16 0 10.40 0.00127 Protein SRG1, AtSRG1 

(Protein SENESCENCE-

RELATED GENE 1) 

48 TRINITY_DN630_c0_g1 70.97 43.91 146.42 0 0.16 0 10.40 0.00127 Jasmonate-induced 

oxygenase 4, EC 1.14.11.- 

(2-oxoglutarate-dependent 

dioxygenase JOX4) 

(Anthocyanidin synthase) 

(Jasmonic acid oxidase 4) 

49 TRINITY_DN630_c0_g1 70.97 43.91 146.42 0 0.16 0 10.40 0.00127 Codeine O-demethylase, EC 

1.14.11.32 

50 TRINITY_DN630_c0_g1 70.97 43.91 146.42 0 0.16 0 10.40 0.00127 S-norcoclaurine synthase 1, 

CjNCS1, EC 4.2.1.78 

51 TRINITY_DN1958_c0_g1 34.95 25.92 54.49 0 0 0 10.38 0.00015 Predicted Protein 

52 TRINITY_DN3889_c0_g1 414.11 167.54 300.23 0 0.98 0.57 10.37 0.00068 Predicted Protein 

53 TRINITY_DN4195_c0_g1 47.94 20.18 47.91 0 0 0 10.36 0.00056 Predicted Protein 

54 TRINITY_DN50999_c1_g1 44.58 72.78 14 0 0 0 10.35 0.00092 Predicted Protein 

55 TRINITY_DN5723_c0_g1 147.25 109.75 89.9 0.01 0.19 0 10.34 0.00014 Predicted Protein 

56 TRINITY_DN4424_c0_g1 47.33 16.14 56.98 0 0 0 10.33 0.00157 Predicted Protein 

57 TRINITY_DN1307_c0_g1 16.43 96.5 26.64 0 0 0 10.30 0.00055 Germin-like protein 1-1 

(Germin-like protein 4, 

OsGER4) 

58 TRINITY_DN1307_c0_g1 16.43 96.5 26.64 0 0 0 10.30 0.00055 Germin-like protein 

subfamily 2 member 2 

59 TRINITY_DN8008_c0_g1 41.17 24.54 37.72 0 0 0 10.26 0.00013 Predicted Protein 

60 TRINITY_DN5391_c1_g1 39.5 79.43 11.5 0 0 0 10.24 0.00179 Predicted Protein 

61 TRINITY_DN5136_c0_g1 45.05 28.07 26.97 0 0 0 10.21 0.00012 Predicted Protein 

62 TRINITY_DN71807_c0_g1 29.61 23.8 49.04 0 0 0 10.21 0.00014 Predicted Protein 

63 TRINITY_DN10435_c0_g1 688.04 977.43 155.25 0.18 0.41 0.11 10.17 0.00093 Glucan endo-1,3-beta-

glucosidase, acidic isoform, 
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EC 3.2.1.39 ((1->3)-beta-

glucan endohydrolase, (1-

>3)-beta-glucanase) (Beta-

1,3-endoglucanase) 

64 TRINITY_DN1644_c0_g1 42.57 17.5 40.38 0 0 0 10.15 0.00061 NAC transcription factor 47 

(NAC domain-containing 

protein 47, ANAC047) 

(Protein SPEEDY 

HYPONASTIC GROWTH) 

65 TRINITY_DN1472_c0_g1 212.32 210.54 174.12 0.02 0.16 0.1 10.15 0.00002 Triacylglycerol lipase 

OBL1, EC 3.1.1.- (Oil body 

lipase 1, NtOBL1) 

66 TRINITY_DN8703_c1_g1 20.94 68.98 20.74 0 0 0 10.14 0.00014 Predicted Protein 

67 TRINITY_DN30360_c0_g2 32.32 41.67 19.9 0 0 0 10.09 0.00004 Predicted Protein 

68 TRINITY_DN690_c1_g1 36.04 15 46.52 0 0 0 10.06 0.00098 Predicted Protein 

69 TRINITY_DN2595_c0_g1 34.43 14.93 48.4 0 0 0 10.06 0.00100 Predicted Protein 

70 TRINITY_DN5044_c1_g1 3556.6 1665.8

7 

4959.49 2.92 5.34 0.16 10.06 0.00002 Predicted Protein 

71 TRINITY_DN2691_c0_g1 93.28 347.62 74.23 0 0.14 0.33 10.04 0.00108 Predicted Protein 

72 TRINITY_DN59057_c0_g1 979.45 270.63 1164.92 0.55 2.6 0 10.03 0.00106 Predicted Protein 

73 TRINITY_DN5965_c0_g1 159.21 70.92 203.21 0.07 0.21 0 10.00 0.00161 Predicted Protein 

74 TRINITY_DN7685_c0_g1 69.15 75.78 88.19 0 0.41 0 9.99 0.00010 Predicted Protein 

75 TRINITY_DN25430_c0_g1 14.61 23.03 66.45 0 0 0 9.99 0.00091 Predicted Protein 

76 TRINITY_DN1507_c0_g1 26.74 27.5 28.46 0 0 0 9.97 0.00002 Predicted Protein 

77 TRINITY_DN183161_c0_g1 38.89 15.66 33.33 0 0 0 9.96 0.00062 Predicted Protein 

78 TRINITY_DN2540_c0_g1 65.96 51.15 17.44 0 0.05 0 9.95 0.00116 Predicted Protein 

79 TRINITY_DN257933_c1_g1 22.27 33.69 26.6 0 0 0 9.95 0.00001 Predicted Protein 

80 TRINITY_DN15707_c0_g1 40.5 12.74 34.71 0 0 0 9.90 0.00145 Predicted Protein 

81 TRINITY_DN122303_c0_g2 43.54 23.48 82.74 0 0 0.06 9.87 0.00149 Predicted Protein 

82 TRINITY_DN12875_c0_g1 368 113.74 248.93 0.24 0.34 0 9.86 0.00219 Predicted Protein 

83 TRINITY_DN157113_c2_g1 33.92 29.87 15.92 0 0 0 9.85 0.00013 Predicted Protein 

84 TRINITY_DN6211_c0_g1 26.02 66.59 9.11 0 0 0 9.84 0.00186 Predicted Protein 

85 TRINITY_DN5240_c1_g1 75.64 57.88 47.63 0 0.09 0.03 9.78 0.00014 Predicted Protein 

86 TRINITY_DN2454_c0_g2 24.25 22.33 25.85 0 0 0 9.78 0.00003 Predicted Protein 
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87 TRINITY_DN1456_c0_g1 306.48 253.1 155.47 0.27 0 0.25 9.78 0.00018 Predicted Protein 

88 TRINITY_DN26886_c0_g1 61.81 26.91 40.92 0 0.09 0 9.77 0.00069 Predicted Protein 

89 TRINITY_DN8619_c0_g1 37.8 12.68 28.14 0 0 0 9.77 0.00109 Predicted Protein 

90 TRINITY_DN27427_c0_g1 48.32 16.08 14.95 0 0 0 9.71 0.00155 Predicted Protein 

91 TRINITY_DN5616_c1_g1 114.68 86.52 56.74 0 1.17 0 9.70 0.00072 Predicted Protein 

92 TRINITY_DN21893_c1_g1 11.63 44.29 22.13 0 0 0 9.67 0.00012 Predicted Protein 

93 TRINITY_DN7420_c0_g1 25.09 11.85 36.81 0 0 0 9.66 0.00090 Predicted Protein 

94 TRINITY_DN49749_c0_g1 27.49 17.43 20.17 0 0 0 9.61 0.00013 Predicted Protein 

95 TRINITY_DN5340_c0_g1 27.6 47.12 22.31 0 0.04 0 9.60 0.00005 Predicted Protein 

96 TRINITY_DN3840_c0_g2 40.87 29.93 22.16 0 0.03 0 9.58 0.00017 Predicted Protein 

97 TRINITY_DN237688_c0_g1 21.17 36.54 11.77 0 0 0 9.57 0.00015 Predicted Protein 

98 TRINITY_DN251401_c0_g1 26.95 28.1 11.66 0 0 0 9.57 0.00020 Predicted Protein 

99 TRINITY_DN104547_c0_g1 238.4 83.01 249.46 0.25 0.3 0 9.56 0.00258 Predicted Protein 

100 TRINITY_DN395_c0_g1 33.63 33.79 22.39 0.02 0 0 9.54 0.00005 Inositol polyphosphate 5-

phosphatase OCRL, EC 

3.1.3.36, EC 3.1.3.56 

(Inositol polyphosphate 5-

phosphatase OCRL-1) 

(Phosphatidylinositol 3,4,5-

triphosphate 5-phosphatase, 

EC 3.1.3.86) 
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STable 6b.  Top 100 downregulated genes from nickel resistant samples compared to the control in Pinus banksiana   

Rank Gene ID Res 1 Res 2 Res 3 Water 1 Water 2 Water 3 Adj. P. 

Value 

Protein Description 

0 TRINITY_DN1118_c0_g1 0 0 0 27.63 15.12 24.7 4.86E-05 Flavonol synthase/flavanone 3-hydroxylase, 

FLS, EC 1.14.11.9, EC 1.14.20.6 

1 TRINITY_DN26931_c0_g1 0.16 0 0 65.61 45.82 36.39 9.47E-05 Probable aquaporin PIP2-8 (Plasma membrane 

intrinsic protein 2-8, AtPIP2;8) (Plasma 

membrane intrinsic protein 3b, PIP3b) 

2 TRINITY_DN432_c0_g1 0 0.3 0 77.54 17.58 69.88 0.002533 Predicted Protein 

3 TRINITY_DN4059_c0_g1 0 0 0 20.09 12.1 19.58 4.10E-05 Predicted Protein 

4 TRINITY_DN30654_c0_g1 0 0 0 14.69 11.78 14.4 1.63E-05 Predicted Protein 

5 TRINITY_DN2314_c0_g1 0.03 0.13 0 40.88 14.56 52.04 0.001066 Predicted Protein 

6 TRINITY_DN69830_c0_g4 0 0 0 10.13 7.29 18.59 0.000101 Predicted Protein 

7 TRINITY_DN129793_c0_g1 0 0 0 8.28 13.37 9.36 9.45E-06 Putative UPF0481 protein At3g02645 

8 TRINITY_DN40558_c0_g1 0.04 0 0.05 36.31 14.48 19.64 0.000432 Predicted Protein 

9 TRINITY_DN522_c0_g3 0 0 0 8.24 4.71 17.93 0.000408 Predicted Protein 

10 TRINITY_DN1550_c0_g1 0 0.07 0 18.5 9.11 17.44 0.000209 Predicted Protein 

11 TRINITY_DN113586_c0_g1 0 0 0 7.25 5.74 13.28 8.70E-05 Predicted Protein 

12 TRINITY_DN25689_c0_g1 0.06 0.09 0 26.01 16.36 31.07 0.000136 Predicted Protein 

13 TRINITY_DN26605_c0_g1 0 0 0 6.61 7.11 10.35 2.28E-05 Predicted Protein 

14 TRINITY_DN31123_c0_g2 0 0 0 6.35 8.14 8.67 1.28E-05 Predicted Protein 

15 TRINITY_DN4890_c0_g1 0 0 0.17 15.59 12.05 25.46 0.000174 Predicted Protein 

16 TRINITY_DN5062_c0_g2 0 0 0 10.4 7.97 3.99 0.000193 Predicted Protein 

17 TRINITY_DN3390_c0_g1 0 0 0 9.96 3.94 7.77 0.000273 Predicted Protein 

18 TRINITY_DN6314_c0_g1 0 0 0 7.61 6.68 5.98 2.86E-05 Predicted Protein 

19 TRINITY_DN2507_c0_g1 0 0 0.61 32.43 13.12 23.67 0.000952 Predicted Protein 

20 TRINITY_DN53932_c0_g1 0.01 0 0.2 17.81 11.58 17.09 0.00016 Predicted Protein 

21 TRINITY_DN20386_c0_g1 0 0 0 7.77 6 5.13 5.04E-05 Predicted Protein 

22 TRINITY_DN17540_c0_g1 0 0 0 10.32 6.62 3.33 0.000363 Predicted Protein 

23 TRINITY_DN51950_c1_g1 0 0 0 6.24 5.15 7.26 3.46E-05 Predicted Protein 

24 TRINITY_DN59077_c1_g1 0 0.2 0 11.37 9.17 20.15 0.000196 Predicted Protein 
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25 TRINITY_DN26_c1_g1 0 0 0 5.86 4.64 7.86 5.04E-05 Alpha-galactosidase, EC 3.2.1.22 (Alpha-D-

galactoside galactohydrolase) (Melibiase) 

26 TRINITY_DN3304_c0_g1 0 0 0 9.07 9.08 2.36 0.000767 Predicted Protein 

27 TRINITY_DN229927_c0_g1 0 0 0 7.04 3.93 6.56 0.000106 Predicted Protein 

28 TRINITY_DN44526_c0_g2 0 0 0 8.45 2.63 7.68 0.000697 Predicted Protein 

29 TRINITY_DN185135_c0_g1 0.01 0.04 0 10.52 6.31 8.09 0.00011 Predicted Protein 

30 TRINITY_DN69346_c0_g1 0 0 0.11 8.89 9.05 16.12 0.000102 Predicted Protein 

31 TRINITY_DN61932_c0_g1 0 0 0 4.25 10.03 4.53 4.75E-05 Predicted Protein 

32 TRINITY_DN1400_c0_g1 0.03 0.03 0.07 24.93 11.67 26.83 0.000432 Subtilisin-like protease SBT5.6, EC 3.4.21.- 

(Subtilase subfamily 5 member 6, AtSBT5.6) 

33 TRINITY_DN6996_c0_g5 0 0.12 0 12.87 8.76 10.4 0.000112 Predicted Protein 

34 TRINITY_DN28592_c2_g1 0 1.27 0 25.1 13.73 26.65 0.000766 Predicted Protein 

35 TRINITY_DN63981_c0_g2 0 0 0 4.48 4.77 7.31 3.70E-05 Predicted Protein 

36 TRINITY_DN129749_c0_g1 0 0.12 0 9.6 9.98 11.12 4.47E-05 Predicted Protein 

37 TRINITY_DN800_c0_g2 0 0 0 8 2.45 6.55 0.000689 Predicted Protein 

38 TRINITY_DN1269_c0_g1 0.15 0.2 0 32.25 13.5 37.33 0.001037 Predicted Protein 

39 TRINITY_DN11362_c0_g1 0 0.89 0.23 39.53 30.88 57.71 0.000201 Predicted Protein 

40 TRINITY_DN20766_c0_g1 0 0.07 0 10.17 5.57 10.32 0.000218 Subtilisin-like protease SBT1.7, EC 3.4.21.- 

(Cucumisin-like serine protease) (Subtilase 

subfamily 1 member 7, AtSBT1.7) (Subtilisin-

like serine protease 1, At-SLP1) 

41 TRINITY_DN15047_c0_g1 0 0 0 4.32 5.55 5.12 1.96E-05 Predicted Protein 

42 TRINITY_DN26605_c0_g2 0 0 0 2.45 6.9 7.85 0.00015 Predicted Protein 

43 TRINITY_DN104952_c0_g1 0 0 0 6.71 2.45 6.55 0.000484 Predicted Protein 

44 TRINITY_DN4176_c0_g1 0.02 0.33 0.26 61.56 18.42 66.16 0.001525 Chalcone synthase, EC 2.3.1.74 (Naringenin-

chalcone synthase) 

45 TRINITY_DN24969_c0_g1 0.12 0 0 15.57 5.1 13.9 0.00131 Predicted Protein 

46 TRINITY_DN24626_c0_g1 0.12 0.13 0 21.48 21.87 17.99 6.53E-05 Predicted Protein 

47 TRINITY_DN121_c0_g3 0.09 0.02 0.11 16.6 18.32 21.49 5.20E-05 Cellulose synthase A catalytic subunit 4 [UDP-

forming], AtCesA4, EC 2.4.1.12 (Protein 

IRREGULAR XYLEM 5, AtIRX5) 

48 TRINITY_DN20218_c0_g1 0.02 0.04 0 9.8 8.24 11.28 5.62E-05 Predicted Protein 

49 TRINITY_DN5372_c0_g1 0 0 0 7.25 1.67 7.18 0.001777 Predicted Protein 

50 TRINITY_DN3173_c0_g2 0 0 0 5.65 2.3 7.09 0.000497 Predicted Protein 
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51 TRINITY_DN15841_c0_g1 0 0 0 5.23 2.71 6.29 0.000214 Predicted Protein 

52 TRINITY_DN1891_c0_g3 0 0 0 6.76 3.67 3.42 0.000191 Predicted Protein 

53 TRINITY_DN15910_c0_g1 0.1 0.24 0.09 49.33 33.41 37.21 4.83E-05 Predicted Protein 

54 TRINITY_DN7784_c1_g1 0 0 0 8.87 2.18 3.94 0.001207 Predicted Protein 

55 TRINITY_DN8038_c0_g1 0.62 0.26 0.25 122.65 81.13 105.38 4.77E-06 Probable aquaporin PIP2-8 (Plasma membrane 

intrinsic protein 2-8, AtPIP2;8) (Plasma 

membrane intrinsic protein 3b, PIP3b) 

56 TRINITY_DN12836_c0_g1 0 0 0 7 3.29 3.35 0.00028 Alpha carbonic anhydrase 7, AtaCA7, 

AtalphaCA7, EC 4.2.1.1 (Alpha carbonate 

dehydratase 7) 

57 TRINITY_DN6386_c0_g2 0 0 0 4.88 3.66 4.48 5.51E-05 Predicted Protein 

58 TRINITY_DN7751_c0_g1 0 0 0 5.77 2.52 5.12 0.000267 Predicted Protein 

59 TRINITY_DN159567_c0_g1 0 0.32 0 11.89 6.31 15.47 0.000621 WAT1-related protein At5g07050 

60 TRINITY_DN293_c0_g1 0.59 0.32 0.44 83.3 131.42 164.86 4.44E-07 Delta-selinene-like synthase, chloroplastic, 

PsTPS-Sell, EC 4.2.3.76 

61 TRINITY_DN293_c0_g1 0.59 0.32 0.44 83.3 131.42 164.86 4.44E-07 Alpha-humulene synthase, EC 4.2.3.104 

(Terpene synthase TPS-Hum, PgTPS-Hum) 

62 TRINITY_DN293_c0_g1 0.59 0.32 0.44 83.3 131.42 164.86 4.44E-07 Delta-selinene synthase, EC 4.2.3.71, EC 

4.2.3.76 (Agfdsel1) 

63 TRINITY_DN44886_c0_g1 0 0.04 0 6.47 4.31 7.89 0.000134 Predicted Protein 

64 TRINITY_DN71967_c0_g1 0 0 0 6.52 2.32 4.44 0.00046 Predicted Protein 

65 TRINITY_DN87537_c1_g2 0 0 0 4.36 1.76 7.92 0.000982 Predicted Protein 

66 TRINITY_DN63391_c0_g1 0 0 0 6.17 1.74 5.13 0.000994 Predicted Protein 

67 TRINITY_DN50988_c0_g1 0.05 0 0 8.96 3.64 8.45 0.000593 Predicted Protein 

68 TRINITY_DN36314_c0_g2 0 0 0 7.73 4.68 1.42 0.001863 Putative anthocyanidin reductase, GbANR, EC 

1.3.1.- 

69 TRINITY_DN647_c0_g2 0 0.07 0.06 15.17 6.47 13.72 0.00068 Purple acid phosphatase 3, EC 3.1.3.2 

70 TRINITY_DN256198_c0_g1 0 0 0 7.86 4.47 1.34 0.002153 Predicted Protein 

71 TRINITY_DN125084_c0_g3 0.03 0 0 5.87 7.75 3.36 0.000138 Delta-selinene synthase, EC 4.2.3.71, EC 

4.2.3.76 (Agfdsel1) 

72 TRINITY_DN22583_c0_g1 0 0 0 4.49 3.11 3.47 8.47E-05 Predicted Protein 

73 TRINITY_DN98979_c0_g4 0 0 0 3.3 4.07 3.81 2.91E-05 Probable galactinol--sucrose 

galactosyltransferase 6, EC 2.4.1.82 (Protein 

DARK INDUCIBLE 10) (Raffinose synthase 6) 

74 TRINITY_DN9649_c1_g3 0 0 0 2.73 10.46 1.9 0.000761 Predicted Protein 
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75 TRINITY_DN11419_c0_g1 0 0 0 5.05 1.36 6.38 0.001738 Predicted Protein 

76 TRINITY_DN1911_c0_g1 0 0.03 0.03 7.9 7.77 6.89 5.67E-05 Predicted Protein 

77 TRINITY_DN2236_c0_g1 0.2 0 0.25 39.44 18.18 16.02 0.001027 Predicted Protein 

78 TRINITY_DN250708_c0_g1 0 0 0 7.84 2 2.38 0.001663 Predicted Protein 

79 TRINITY_DN18490_c0_g1 0 0 0 3.72 1.31 8 0.002018 Predicted Protein 

80 TRINITY_DN7878_c0_g1 0.25 1.75 0.46 124.44 78.86 175.53 2.73E-06 Predicted Protein 

81 TRINITY_DN3227_c0_g1 0 0 0 3.03 2.62 5.23 0.000109 Predicted Protein 

82 TRINITY_DN83526_c0_g3 0 0 0 2.83 5.13 3 4.20E-05 Predicted Protein 

83 TRINITY_DN1934_c0_g1 0.02 0.03 0.06 16.23 6.2 17.34 0.001139 Predicted Protein 

84 TRINITY_DN121_c0_g1 0.18 0.1 0.03 20.19 22.8 24.32 2.97E-05 Cellulose synthase A catalytic subunit 8 [UDP-

forming], AtCesA8, EC 2.4.1.12 (Protein 

IRREGULAR XYLEM 1, AtIRX1) (Protein 

LEAF WILTING 2) 

85 TRINITY_DN121_c0_g1 0.18 0.1 0.03 20.19 22.8 24.32 2.97E-05 Cellulose synthase A catalytic subunit 9 [UDP-

forming], EC 2.4.1.12 (OsCesA9) 

86 TRINITY_DN2085_c0_g1 0.34 0.57 0.14 100.49 52.63 54.79 3.54E-05 Predicted Protein 

87 TRINITY_DN41388_c0_g2 0 0 0.04 3.85 3.14 9.7 0.000494 Predicted Protein 

88 TRINITY_DN17036_c0_g1 0.06 0.77 0.19 41.49 43.27 52.52 1.13E-05 Predicted Protein 

89 TRINITY_DN19058_c0_g1 0 0 0 2.83 3.41 3.9 3.74E-05 Predicted Protein 

90 TRINITY_DN5226_c2_g1 0 0 0 3.04 1.9 6.31 0.000435 Predicted Protein 

91 TRINITY_DN61279_c2_g1 0 0 0 5.99 1.98 2.71 0.000712 Probable LRR receptor-like serine/threonine-

protein kinase At5g48740, EC 2.7.11.1 

92 TRINITY_DN1794_c0_g3 0 0 0 2.16 2.75 6.48 0.000243 Predicted Protein 

93 TRINITY_DN31192_c0_g2 0 0 0 3.24 3.3 3.39 4.09E-05 Predicted Protein 

94 TRINITY_DN260195_c2_g2 0 0 0 3.29 3.18 3.44 4.45E-05 Predicted Protein 

95 TRINITY_DN304016_c0_g1 0 0 0 3.72 2.27 4.05 0.000138 Predicted Protein 

96 TRINITY_DN4245_c0_g1 0.06 0.24 0 6.69 11.32 27.52 0.00114 Predicted Protein 

97 TRINITY_DN16676_c0_g2 0 0 0 3.9 2.93 2.89 8.31E-05 Predicted Protein 

98 TRINITY_DN1794_c0_g1 0 0 0 3.92 2.16 3.82 0.000175 Predicted Protein 

99 TRINITY_DN180254_c0_g1 0.01 0 0 4.85 4.11 5.09 7.03E-05 Predicted Protein 

100 TRINITY_DN30545_c1_g1 0.08 0.08 0.06 16.07 11.96 18.36 0.000123 Predicted Protein 
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STable 7a.  Top 100 upregulated genes from nickel susceptible samples compared to the controls in Pinus banksiana  

Rank Gene ID Sus 1 Sus 2 Sus 3 Water 1 Water 2 Water 3 logFC Adj. P. 

Value 

Uniprot Description 

0 TRINITY_DN2786_c0_g1 856.36 272.59 231.03 0 0 0 12.82 9.58E-05 Predicted Protein 

1 TRINITY_DN5965_c1_g1 1181.56 905.23 1030.95 0.33 0 0 12.75 8.20E-06 Predicted Protein 

2 TRINITY_DN2075_c1_g1 233.73 192.67 517.7 0 0 0 12.43 3.40E-06 Predicted Protein 

3 TRINITY_DN57079_c0_g1 1015.8 115.56 157.97 0 0 0 12.31 0.000978 Predicted Protein 

4 TRINITY_DN7061_c1_g1 223.03 244.97 330 0 0 0 12.30 6.15E-08 Predicted Protein 

5 TRINITY_DN2832_c0_g1 409.8 198.4 215.56 0 0 0 12.28 6.33E-06 Predicted Protein 

6 TRINITY_DN1628_c0_g1 1029.68 393.25 376.84 0 0.32 0 11.96 0.000183 Trypsin inhibitor [Cleaved 

into: Trypsin inhibitor 

chain A; Trypsin inhibitor 

chain B ] 

7 TRINITY_DN258556_c0_g1 451.94 114.99 118.68 0 0 0 11.78 0.000117 Predicted Protein 

8 TRINITY_DN5795_c0_g1 706.72 659.33 762.96 0 0.84 0 11.76 2.45E-05 Predicted Protein 

9 TRINITY_DN4524_c0_g3 321.7 70.3 142.87 0 0 0 11.47 8.63E-05 Predicted Protein 

10 TRINITY_DN34759_c0_g1 1034.78 337.83 229.04 0 0.56 0 11.36 0.000835 Predicted Protein 

11 TRINITY_DN7289_c0_g1 467.02 181.08 31.83 0 0 0 11.35 0.001583 Predicted Protein 

12 TRINITY_DN14305_c0_g1 39.09 227.66 256.23 0 0 0 11.31 7.76E-05 Predicted Protein 

13 TRINITY_DN3861_c0_g1 42.86 138.8 258.86 0 0 0 11.13 3.22E-05 Predicted Protein 

14 TRINITY_DN1368_c0_g1 3066.68 660.38 763.89 0 1.3 0.07 11.13 0.010716 Predicted Protein 

15 TRINITY_DN24881_c0_g1 223.93 40.37 165.79 0 0 0 11.12 0.000164 Predicted Protein 

16 TRINITY_DN690_c0_g1 349.88 209.87 134.26 0.05 0 0 11.06 2.91E-05 Predicted Protein 

17 TRINITY_DN1518_c0_g1 60.21 106.22 199.6 0 0 0 11.04 2.67E-06 Predicted Protein 

18 TRINITY_DN1481_c0_g1 248.24 432.11 226.95 0 0.41 0 10.97 2.52E-05 Predicted Protein 

19 TRINITY_DN2463_c0_g1 702.31 342.75 369.29 0 0.04 0.11 10.96 3.86E-05 Predicted Protein 

20 TRINITY_DN8563_c1_g1 139.01 83.26 93.31 0 0 0 10.94 1.76E-06 Predicted Protein 

21 TRINITY_DN9801_c0_g1 90.72 141.47 74.39 0 0 0 10.88 7.09E-07 Predicted Protein 

22 TRINITY_DN2496_c0_g1 134.27 107.85 191.85 0 0.08 0 10.63 3.88E-06 Predicted Protein 

23 TRINITY_DN4477_c1_g1 64.27 90.49 89.56 0 0 0 10.60 8.85E-08 Predicted Protein 

24 TRINITY_DN1520_c0_g1 1683.13 371.18 268.6 0.02 0.65 0 10.59 0.007249 Trypsin inhibitor [Cleaved 

into: Trypsin inhibitor 
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chain A; Trypsin inhibitor 

chain B ] 

25 TRINITY_DN3069_c0_g1 228.16 277.31 149.25 0 0.37 0 10.56 3.66E-05 Predicted Protein 

26 TRINITY_DN4424_c0_g1 87.8 59.58 77.9 0 0 0 10.48 7.87E-07 Predicted Protein 

27 TRINITY_DN5391_c1_g1 61.43 67.15 96.09 0 0 0 10.47 2.02E-07 Predicted Protein 

28 TRINITY_DN257933_c1_g1 66.61 58.29 101.55 0 0 0 10.47 5.11E-07 Predicted Protein 

29 TRINITY_DN8013_c1_g2 71.59 52.96 98.07 0 0 0 10.44 8.81E-07 Predicted Protein 

30 TRINITY_DN12884_c0_g1 323.26 95.6 86.1 0 0.13 0 10.44 0.000244 Predicted Protein 

31 TRINITY_DN129489_c0_g1 212.21 36.49 45.31 0 0 0 10.40 0.00026 Predicted Protein 

32 TRINITY_DN16613_c0_g1 49.7 318.88 542.06 0.77 0 0 10.35 0.002258 Predicted Protein 

33 TRINITY_DN1307_c0_g1 156.84 44.72 36.31 0 0 0 10.24 0.000104 Germin-like protein 1-1 

(Germin-like protein 4, 

OsGER4) 

34 TRINITY_DN1307_c0_g1 156.84 44.72 36.31 0 0 0 10.24 0.000104 Germin-like protein 

subfamily 2 member 2 

35 TRINITY_DN1507_c0_g1 77.69 30.86 83.25 0 0 0 10.14 1.22E-05 Predicted Protein 

36 TRINITY_DN9955_c0_g1 212.46 31.95 27.96 0 0 0 10.10 0.000582 Predicted Protein 

37 TRINITY_DN12750_c0_g1 57.73 47.71 65.01 0 0 0 10.08 3.98E-07 Predicted Protein 

38 TRINITY_DN1453_c1_g4 121.3 205.45 105.17 0 0.3 0 10.06 2.77E-05 Predicted Protein 

39 TRINITY_DN17_c0_g2 46.6 43.02 78.55 0 0 0 10.03 7.05E-07 RING-H2 finger protein 

ATL60, EC 2.3.2.27 

(RING-type E3 ubiquitin 

transferase ATL60) 

40 TRINITY_DN3066_c3_g2 66.68 32.1 71.89 0 0 0 10.02 5.15E-06 Predicted Protein 

41 TRINITY_DN50999_c1_g1 41.96 50.86 72.52 0 0 0 10.02 2.78E-07 Predicted Protein 

42 TRINITY_DN883_c0_g1 779.73 316.71 218.58 0.03 0.73 0 10.01 0.001774 Class V chitinase, AtChiC, 

EC 3.2.1.14, EC 3.2.1.200 

43 TRINITY_DN883_c0_g1 779.73 316.71 218.58 0.03 0.73 0 10.01 0.001774 Class V chitinase CHIT5b, 

MtCHIT5b, EC 3.2.1.14 

44 TRINITY_DN5965_c0_g1 353.05 199.87 227.8 0.07 0.21 0 10.00 5.20E-05 Predicted Protein 

45 TRINITY_DN4828_c0_g1 128.64 100.33 56.9 0 0.07 0 9.98 2.49E-05 Predicted Protein 

46 TRINITY_DN15754_c0_g2 191.49 88.62 108.22 0 0.27 0 9.97 7.12E-05 Predicted Protein 

47 TRINITY_DN5037_c0_g1 45.53 39.39 75.59 0 0 0 9.96 9.27E-07 Probable disease resistance 

protein At4g33300 
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48 TRINITY_DN2914_c0_g1 58.11 70.45 90.7 0 0.03 0 9.91 9.50E-07 Protein TIFY 10b, 

OsTIFY10b (Jasmonate 

ZIM domain-containing 

protein 7, OsJAZ7) 

(OsJAZ6) 

49 TRINITY_DN2914_c0_g1 58.11 70.45 90.7 0 0.03 0 9.91 9.50E-07 Protein TIFY 3B 

(Jasmonate ZIM domain-

containing protein 12) 

50 TRINITY_DN12858_c0_g1 39.28 60.28 49.32 0 0 0 9.87 1.94E-07 Predicted Protein 

51 TRINITY_DN5136_c0_g1 89.54 27.06 46.78 0 0 0 9.86 2.67E-05 Predicted Protein 

52 TRINITY_DN1369_c0_g1 30.46 67 55.86 0 0 0 9.86 5.13E-07 Predicted Protein 

53 TRINITY_DN5257_c0_g1 51.33 44.59 48.63 0 0 0 9.85 4.01E-07 Disease resistance protein 

Roq1 (NAD(+) hydrolase 

RPV1, EC 3.2.2.6) 

(Recognition of XopQ 1 

protein) 

54 TRINITY_DN4066_c0_g1 49.38 24.94 85.92 0 0 0 9.84 1.34E-05 Predicted Protein 

55 TRINITY_DN103008_c0_g1 157.28 172.42 170.28 0.08 0.1 0 9.84 2.33E-06 Predicted Protein 

56 TRINITY_DN25430_c0_g1 61.55 46.45 36.7 0 0 0 9.82 1.97E-06 Predicted Protein 

57 TRINITY_DN27427_c0_g1 43.15 55.5 40.21 0 0 0 9.78 3.51E-07 Predicted Protein 

58 TRINITY_DN30360_c0_g2 33.45 28.27 96.74 0 0 0 9.78 1.13E-05 Predicted Protein 

59 TRINITY_DN3861_c0_g2 23.6 52.74 73.85 0 0 0 9.77 2.41E-06 Predicted Protein 

60 TRINITY_DN630_c0_g1 278.35 47.92 62.63 0 0.16 0 9.76 0.000788 Protein SRG1, AtSRG1 

(Protein SENESCENCE-

RELATED GENE 1) 

61 TRINITY_DN630_c0_g1 278.35 47.92 62.63 0 0.16 0 9.76 0.000788 Jasmonate-induced 

oxygenase 4, EC 1.14.11.- 

(2-oxoglutarate-dependent 

dioxygenase JOX4) 

(Anthocyanidin synthase) 

(Jasmonic acid oxidase 4) 

62 TRINITY_DN630_c0_g1 278.35 47.92 62.63 0 0.16 0 9.76 0.000788 Codeine O-demethylase, 

EC 1.14.11.32 

63 TRINITY_DN630_c0_g1 278.35 47.92 62.63 0 0.16 0 9.76 0.000788 S-norcoclaurine synthase 

1, CjNCS1, EC 4.2.1.78 

64 TRINITY_DN1456_c0_g1 299.75 199.03 556.22 0.27 0 0.25 9.75 0.000548 Predicted Protein 

65 TRINITY_DN1453_c1_g2 80.93 14.5 69.32 0 0 0 9.72 0.000167 Predicted Protein 
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66 TRINITY_DN1644_c0_g1 42.79 32.77 57.69 0 0 0 9.71 9.39E-07 NAC transcription factor 

47 (NAC domain-

containing protein 47, 

ANAC047) (Protein 

SPEEDY HYPONASTIC 

GROWTH) 

67 TRINITY_DN3884_c0_g2 100.65 203.76 97.89 0.52 0 0 9.70 6.36E-05 Predicted Protein 

68 TRINITY_DN122283_c1_g1 21.07 48.55 76.15 0 0 0 9.69 4.43E-06 Predicted Protein 

69 TRINITY_DN2126_c0_g1 528.07 419.8 320.85 0.02 0.61 0.1 9.60 0.000201 UDP-glycosyltransferase 

75C1, Abscisic acid beta-

glucosyltransferase, 

Indole-3-acetate beta-

glucosyltransferase, 

SlUGT75C1, EC 

2.4.1.121, EC 2.4.1.263 

70 TRINITY_DN36982_c0_g1 105.05 90.61 162.57 0.4 0 0 9.60 4.09E-05 Predicted Protein 

71 TRINITY_DN2364_c0_g1 38.88 35.3 46.73 0 0 0 9.59 3.92E-07 Disease resistance-like 

protein DSC2, EC 3.2.2.6 

(Protein DOMINANT 

SUPRESSOR OF 

CAMTA3 NUMBER 2) 

72 TRINITY_DN792_c0_g1 55.94 77.28 42.6 0 0.03 0 9.56 3.71E-06 ACT domain-containing 

protein ACR4 (Protein 

ACT DOMAIN 

REPEATS 4) 

73 TRINITY_DN792_c0_g1 55.94 77.28 42.6 0 0.03 0 9.56 3.71E-06 ACT domain-containing 

protein ACR5 (Protein 

ACT DOMAIN 

REPEATS 5) 

74 TRINITY_DN4963_c0_g1 150.88 121.41 208.93 0.14 0 0.09 9.55 1.62E-05 Predicted Protein 

75 TRINITY_DN1663_c0_g1 25.82 31.27 61.98 0 0 0 9.48 1.62E-06 Predicted Protein 

76 TRINITY_DN2952_c0_g1 125.84 206.04 85.86 0 0 0.5 9.48 0.000134 Predicted Protein 

77 TRINITY_DN77041_c1_g1 30.23 34.79 47.89 0 0 0 9.48 3.49E-07 Predicted Protein 

78 TRINITY_DN35222_c0_g1 15.26 38.41 80.21 0 0 0 9.45 1.96E-05 Predicted Protein 

79 TRINITY_DN2391_c0_g1 78.72 104.14 158.87 0.79 0 0 9.44 7.23E-05 Predicted Protein 

80 TRINITY_DN2516_c0_g1 458.63 323.93 253.11 0.02 0.63 0.07 9.43 0.000307 Predicted Protein 

81 TRINITY_DN46511_c0_g1 72.21 154.98 205.77 1.64 0 0 9.42 0.000319 Predicted Protein 
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82 TRINITY_DN36625_c1_g2 89.44 109.84 109.25 0.31 0 0 9.42 1.83E-05 Calcium-binding protein 

KIC (KCBP-interacting 

calcium-binding protein) 

83 TRINITY_DN7685_c0_g1 221.59 64.74 65.95 0 0.41 0 9.41 0.000547 Predicted Protein 

84 TRINITY_DN9211_c0_g1 31.99 33.43 40.13 0 0 0 9.40 3.09E-07 UDP-glycosyltransferase 

86A1, EC 2.4.1.- 

85 TRINITY_DN3577_c0_g1 300.57 101.41 106.24 0.11 0.13 0 9.40 0.000377 Predicted Protein 

86 TRINITY_DN3536_c0_g1 22.14 46.38 39.74 0 0 0 9.37 5.78E-07 Predicted Protein 

87 TRINITY_DN5723_c0_g1 126.54 95.72 114.61 0.01 0.19 0 9.35 1.33E-05 Predicted Protein 

88 TRINITY_DN1537_c0_g1 31.3 25.7 47.69 0 0 0 9.35 1.16E-06 Predicted Protein 

89 TRINITY_DN4694_c0_g2 26.98 40.75 35.09 0 0 0 9.34 2.77E-07 Predicted Protein 

90 TRINITY_DN2595_c0_g1 43.67 16.56 51.04 0 0 0 9.34 1.85E-05 Predicted Protein 

91 TRINITY_DN3685_c0_g1 352.21 44.47 22.53 0 0.16 0 9.33 0.004358 Predicted Protein 

92 TRINITY_DN4195_c0_g1 47 27.15 28.37 0 0 0 9.31 3.65E-06 Predicted Protein 

93 TRINITY_DN2611_c0_g1 90.71 128.82 181.06 0.08 0.13 0 9.30 8.52E-06 Predicted Protein 

94 TRINITY_DN2751_c0_g1 77.66 76.97 116.69 0.04 0 0.02 9.28 1.45E-06 Predicted Protein 

95 TRINITY_DN71914_c0_g1 20.85 31.78 49.56 0 0 0 9.27 1.06E-06 Predicted Protein 

96 TRINITY_DN115569_c0_g1 20.27 35.02 43.43 0 0 0 9.24 6.82E-07 Predicted Protein 

97 TRINITY_DN2702_c0_g1 68.05 69.26 96.15 0.03 0 0.03 9.23 8.23E-07 Predicted Protein 

98 TRINITY_DN3092_c0_g1 568.39 135.64 138.06 0.14 0.35 0 9.23 0.005382 Glucan endo-1,3-beta-

glucosidase, acidic 

isoform, EC 3.2.1.39 ((1-

>3)-beta-glucan 

endohydrolase, (1->3)-

beta-glucanase) (Beta-1,3-

endoglucanase) 

99 TRINITY_DN2152_c1_g1 21.54 25.27 51.61 0 0 0 9.20 1.98E-06 Predicted Protein 

100 TRINITY_DN3685_c0_g2 199.1 149.86 136.23 0.01 0.58 0 9.19 0.000104 Copia protein (Gag-int-pol 

protein) [Cleaved into: 

Copia VLP protein; Copia 

protease, EC 3.4.23.- ] 
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STable 7b.  Top 100 downregulated genes from nickel susceptible samples compared to the control in Pinus banksiana  

Rank Gene ID Sus 1 Sus 2 Sus 3 Water 1 Water 2 Water 3 logFC Adj. P. 

Value 

UniProt Description 

0 TRINITY_DN432_c0_g1 0 0 0 77.54 17.58 69.88 -12.147 8.42E-05 Predicted Protein 

1 TRINITY_DN2314_c0_g1 0 0 0 40.88 14.56 52.04 -11.582 2.29E-05 Predicted Protein 

2 TRINITY_DN4176_c0_g1 0 0.14 0.04 61.56 18.42 66.16 -11.488 5.99E-05 Chalcone synthase, EC 

2.3.1.74 (Naringenin-chalcone 

synthase) 

3 TRINITY_DN24626_c0_g1 0 0.04 0.03 21.48 21.87 17.99 -10.913 2.30E-07 Predicted Protein 

4 TRINITY_DN26931_c0_g1 0 0 0.55 65.61 45.82 36.39 -10.864 2.13E-05 Probable aquaporin PIP2-8 

(Plasma membrane intrinsic 

protein 2-8, AtPIP2;8) 

(Plasma membrane intrinsic 

protein 3b, PIP3b) 

5 TRINITY_DN4059_c0_g1 0 0 0 20.09 12.1 19.58 -10.661 1.53E-06 Predicted Protein 

6 TRINITY_DN4890_c0_g1 0 0 0 15.59 12.05 25.46 -10.643 1.24E-06 Predicted Protein 

7 TRINITY_DN53932_c0_g1 0 0.04 0 17.81 11.58 17.09 -10.514 1.10E-06 Predicted Protein 

8 TRINITY_DN2202_c0_g1 0 0 0 12.61 15.48 16.45 -10.433 1.05E-07 Predicted Protein 

9 TRINITY_DN30654_c0_g1 0 0 0 14.69 11.78 14.4 -10.336 4.72E-07 Predicted Protein 

10 TRINITY_DN20386_c0_g2 0 0 0 27.65 4.28 16.45 -10.308 0.000156 Predicted Protein 

11 TRINITY_DN1934_c0_g1 0 0 0 16.23 6.2 17.34 -10.203 1.25E-05 Predicted Protein 

12 TRINITY_DN5585_c0_g1 0 0.34 0.59 81.26 16.83 119.24 -10.081 0.002538 Predicted Protein 

13 TRINITY_DN69830_c0_g4 0 0.04 0 10.13 7.29 18.59 -10.047 2.81E-06 Predicted Protein 

14 TRINITY_DN40558_c0_g1 0.08 0.1 0 36.31 14.48 19.64 -10.006 2.74E-05 Predicted Protein 

15 TRINITY_DN6996_c0_g5 0 0 0 12.87 8.76 10.4 -9.985 1.17E-06 Predicted Protein 

16 TRINITY_DN216_c0_g1 0.1 0.12 0.05 38.41 25.04 25.45 -9.863 3.90E-06 Fatty acyl-CoA reductase 2, 

chloroplastic, AtFAR2, EC 

1.2.1.84 (Fatty acid reductase 

2) (Male sterility protein 2) 

17 TRINITY_DN293_c0_g1 0.2 0.93 0.54 83.3 131.42 164.86 -9.758 1.23E-05 Delta-selinene-like synthase, 

chloroplastic, PsTPS-Sell, EC 

4.2.3.76 

18 TRINITY_DN293_c0_g1 0.2 0.93 0.54 83.3 131.42 164.86 -9.758 1.23E-05 Alpha-humulene synthase, EC 

4.2.3.104 (Terpene synthase 

TPS-Hum, PgTPS-Hum) 
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19 TRINITY_DN293_c0_g1 0.2 0.93 0.54 83.3 131.42 164.86 -9.758 1.23E-05 Delta-selinene synthase, EC 

4.2.3.71, EC 4.2.3.76 

(Agfdsel1) 

20 TRINITY_DN522_c0_g3 0 0 0 8.24 4.71 17.93 -9.728 1.28E-05 Predicted Protein 

21 TRINITY_DN37470_c0_g1 0 0 0 13.75 5.47 8.44 -9.722 9.79E-06 Predicted Protein 

22 TRINITY_DN59077_c1_g1 0 0 0.09 11.37 9.17 20.15 -9.717 3.35E-06 Predicted Protein 

23 TRINITY_DN2880_c0_g2 0 0 0 19.16 1.84 13.12 -9.650 0.000464 Predicted Protein 

24 TRINITY_DN185135_c0_g1 0 0 0 10.52 6.31 8.09 -9.618 2.17E-06 Predicted Protein 

25 TRINITY_DN1400_c0_g1 0 0.21 0.12 24.93 11.67 26.83 -9.607 2.19E-05 Subtilisin-like protease 

SBT5.6, EC 3.4.21.- 

(Subtilase subfamily 5 

member 6, AtSBT5.6) 

26 TRINITY_DN39137_c0_g1 0 0 0 9.95 4.07 10.82 -9.534 1.07E-05 Predicted Protein 
 

27 TRINITY_DN159567_c0_g1 0 0 0.09 11.89 6.31 15.47 -9.457 9.34E-06 WAT1-related protein 

At5g07050 

28 TRINITY_DN3390_c0_g1 0 0 0 9.96 3.94 7.77 -9.369 1.00E-05 Predicted Protein 
 

29 TRINITY_DN85728_c0_g1 0 0.18 0.12 16.24 13.3 22.79 -9.354 4.12E-06 Transcription repressor 

MYB5 (AtM2) (Myb-related 

protein 5, AtMYB5) 

30 TRINITY_DN85728_c0_g1 0 0.18 0.12 16.24 13.3 22.79 -9.354 4.12E-06 Transcription factor MYB123 

(Myb-related protein 123, 

AcMYB123) 

31 TRINITY_DN1643_c0_g1 0 0.13 0.23 29.06 12.13 17.23 -9.340 3.95E-05 Predicted Protein 
 

32 TRINITY_DN7878_c0_g1 0.05 1.23 2.45 124.44 78.86 175.53 -9.336 0.000362 Predicted Protein 
 

33 TRINITY_DN50988_c0_g1 0 0 0 8.96 3.64 8.45 -9.315 9.97E-06 Predicted Protein 
 

34 TRINITY_DN3730_c0_g1 0.16 0.15 0.66 67.3 33.24 49.71 -9.309 0.000253 Cytochrome P450 720B2, EC 

1.14.-.- (Cytochrome P450 

CYPB) 

35 TRINITY_DN15988_c0_g1 0 0 0 23.84 1.19 6.84 -9.277 0.001286 Predicted Protein 
 

36 TRINITY_DN43851_c0_g1 0 0.04 0.05 9.06 4.69 18.41 -9.264 2.80E-05 Predicted Protein 
 

37 TRINITY_DN20386_c0_g1 0 0 0 7.77 6 5.13 -9.220 1.67E-06 Predicted Protein 
 

38 TRINITY_DN4520_c0_g1 0 0 0 9.57 4 5.78 -9.219 9.27E-06 Predicted Protein 
 

39 TRINITY_DN17540_c0_g1 0 0 0 10.32 6.62 3.33 -9.217 1.66E-05 Predicted Protein 
 

40 TRINITY_DN1550_c0_g1 0 0 0.51 18.5 9.11 17.44 -9.206 4.81E-05 Predicted Protein 
 

41 TRINITY_DN69950_c0_g1 0 0 0 10.17 0.94 19.9 -9.205 0.001196 Predicted Protein 
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42 TRINITY_DN51950_c1_g1 0 0 0 6.24 5.15 7.26 -9.197 8.15E-07 Predicted Protein 
 

43 TRINITY_DN175470_c0_g2 0 0 0 7.48 3.57 7.41 -9.145 6.05E-06 Predicted Protein 
 

44 TRINITY_DN53758_c0_g2 0 0 0 4.11 6.36 7.87 -9.094 4.59E-07 Predicted Protein 
 

45 TRINITY_DN1111_c0_g2 0.13 0.17 0.05 20.51 9.79 21.28 -9.072 3.18E-05 Homeobox-leucine zipper 

protein ATHB-5 (HD-ZIP 

protein ATHB-5) 

(Homeodomain transcription 

factor ATHB-5) 

46 TRINITY_DN15910_c0_g1 0.09 0.58 0.31 49.33 33.41 37.21 -9.064 7.06E-05 Predicted Protein 
 

47 TRINITY_DN63981_c0_g2 0 0 0 4.48 4.77 7.31 -8.985 7.10E-07 Predicted Protein 
 

48 TRINITY_DN2085_c0_g1 0.18 1.05 0.47 100.49 52.63 54.79 -8.980 0.00067 Predicted Protein 
 

49 TRINITY_DN8317_c0_g1 0 0.1 0 10.49 5.21 7.51 -8.970 1.16E-05 Predicted Protein 
 

50 TRINITY_DN3595_c0_g1 0 0.29 0 11.84 5.86 13.89 -8.968 3.57E-05 Predicted Protein 
 

51 TRINITY_DN6754_c0_g1 0 0 0 7.86 2.64 6.3 -8.968 1.92E-05 Predicted Protein 
 

52 TRINITY_DN160749_c0_g1 0 0 0 8.48 2.5 5.97 -8.964 2.76E-05 Non-specific phospholipase 

C2, EC 3.1.-.- 

53 TRINITY_DN1979_c0_g1 0.57 0.08 0.34 41.18 32.34 46.42 -8.945 4.76E-05 Predicted Protein 
 

54 TRINITY_DN12418_c0_g1 0 1.01 0.33 36.43 22.5 33.82 -8.932 0.000147 Predicted Protein 
 

55 TRINITY_DN4000_c0_g1 0 0 0 1.62 6.17 16.32 -8.913 0.000102 Predicted Protein 
 

56 TRINITY_DN13770_c0_g1 0 0 0 5.02 3.18 7.71 -8.897 4.28E-06 Predicted Protein 
 

57 TRINITY_DN1915_c0_g1 0 0 0.15 18.08 2.16 12.65 -8.891 0.000628 Predicted Protein 
 

58 TRINITY_DN15569_c0_g1 0 0 0.11 8.75 4.05 9.5 -8.877 1.44E-05 Predicted Protein 
 

59 TRINITY_DN124747_c0_g1 0 0.08 0 6.55 5.23 10.42 -8.869 4.75E-06 Predicted Protein 
 

60 TRINITY_DN26605_c0_g2 0 0 0 2.45 6.9 7.85 -8.847 3.02E-06 Predicted Protein 
 

61 TRINITY_DN61873_c0_g2 0.02 0.04 0.02 5.37 3.82 5 -8.811 1.64E-06 Receptor protein-tyrosine 

kinase CEPR1, EC 2.7.10.1 

(Protein C-TERMINALLY 

ENCODED PEPTIDE 

RECEPTOR 1) (Protein 

XYLEM INTERMIXED 

WITH PHLOEM 1) 

62 TRINITY_DN5372_c0_g1 0 0 0 7.25 1.67 7.18 -8.799 6.89E-05 Predicted Protein 
 

63 TRINITY_DN301_c0_g2 0.35 0.05 0.21 29.17 6.67 30.94 -8.786 0.000674 Phenylcoumaran benzylic 

ether reductase PT1, PCBER-

Pt1, EC 1.23.1.- (PtPCBER) 
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64 TRINITY_DN301_c0_g2 0.35 0.05 0.21 29.17 6.67 30.94 -8.786 0.000674 Phenylcoumaran benzylic 

ether reductase IRL1, EC 

1.23.1.- (Isoflavone reductase-

like 1, GbIRL1, IFR-like 

protein 1) 

65 TRINITY_DN4725_c0_g2 0 0 0 3.29 9.45 3.54 -8.771 2.59E-06 Predicted Protein 
 

66 TRINITY_DN15841_c0_g1 0 0 0 5.23 2.71 6.29 -8.759 6.22E-06 Predicted Protein 
 

67 TRINITY_DN26605_c0_g1 0.15 0 0 6.61 7.11 10.35 -8.756 4.57E-06 Predicted Protein 
 

68 TRINITY_DN1891_c0_g3 0 0 0 6.76 3.67 3.42 -8.747 7.22E-06 Predicted Protein 
 

69 TRINITY_DN7784_c1_g1 0 0 0 8.87 2.18 3.94 -8.746 5.15E-05 Predicted Protein 
 

70 TRINITY_DN7900_c0_g1 0 0 0 7.34 1.22 8.27 -8.738 0.000192 Predicted Protein 
 

71 TRINITY_DN6386_c0_g2 0 0 0 4.88 3.66 4.48 -8.696 1.48E-06 Predicted Protein 
 

72 TRINITY_DN7751_c0_g1 0 0 0 5.77 2.52 5.12 -8.689 8.66E-06 Predicted Protein 
 

73 TRINITY_DN8038_c0_g1 0.27 0.53 4.04 122.65 81.13 105.38 -8.674 9.35E-05 Probable aquaporin PIP2-8 

(Plasma membrane intrinsic 

protein 2-8, AtPIP2;8) 

(Plasma membrane intrinsic 

protein 3b, PIP3b) 

74 TRINITY_DN113586_c0_g1 0 0.28 0 7.25 5.74 13.28 -8.669 2.30E-05 Predicted Protein 
 

75 TRINITY_DN223175_c1_g1 0 0.45 0.56 29.73 13.33 28.61 -8.668 0.000278 Predicted Protein 
 

76 TRINITY_DN71967_c0_g1 0 0 0 6.52 2.32 4.44 -8.657 1.67E-05 Predicted Protein 
 

77 TRINITY_DN1126_c0_g1 0.11 0.07 0.24 20.81 18.8 10.98 -8.639 1.09E-05 L-type lectin-domain 

containing receptor kinase 

VIII.2, LecRK-VIII.2, EC 

2.7.11.1 

78 TRINITY_DN2994_c2_g1 0 0 0 8.78 0.9 7.01 -8.625 0.000459 Predicted Protein 
 

79 TRINITY_DN260469_c0_g1 0 0 0 3.25 5 4.44 -8.596 4.44E-07 Predicted Protein 
 

80 TRINITY_DN87537_c1_g2 0 0 0 4.36 1.76 7.92 -8.588 3.14E-05 Predicted Protein 
 

81 TRINITY_DN44526_c0_g2 0 0.06 0 8.45 2.63 7.68 -8.572 5.53E-05 Predicted Protein 
 

82 TRINITY_DN6254_c0_g1 0 0 0 5.43 7.86 1.5 -8.569 5.12E-05 Predicted Protein 
 

83 TRINITY_DN20922_c0_g1 0 0 0 3.92 4.6 3.6 -8.568 7.25E-07 Predicted Protein 
 

84 TRINITY_DN63391_c0_g1 0 0 0 6.17 1.74 5.13 -8.567 3.66E-05 Predicted Protein 
 

85 TRINITY_DN3876_c1_g1 0.11 2.05 10.32 196.47 82.44 230.37 -8.555 0.000706 Predicted Protein 
 

86 TRINITY_DN5658_c0_g1 0 0 0 6.27 2.86 3.03 -8.548 1.20E-05 Predicted Protein 
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87 TRINITY_DN284_c1_g1 0 0 0 8.44 0.52 10.01 -8.538 0.001541 Predicted Protein 
 

88 TRINITY_DN1072_c0_g1 0.79 0.89 2.32 198.16 56.5 130.8 -8.520 0.00083 Predicted Protein 
 

89 TRINITY_DN1317_c0_g1 0 1.04 1.03 39 15.69 47.16 -8.502 0.002024 Predicted Protein 
 

90 TRINITY_DN97404_c0_g1 0 0 0.32 14.2 4.15 7.22 -8.495 0.00015 Protein STRICTOSIDINE 

SYNTHASE-LIKE 6, AtSSL6 

91 TRINITY_DN97404_c0_g1 0 0 0.32 14.2 4.15 7.22 -8.495 0.00015 Protein STRICTOSIDINE 

SYNTHASE-LIKE 4, AtSSL4 

92 TRINITY_DN9994_c0_g1 0 0 0 6.51 0.97 6.62 -8.472 0.000233 Predicted Protein 
 

93 TRINITY_DN109736_c3_g1 0 0 0 3.66 3.29 4.16 -8.457 1.06E-06 Predicted Protein 
 

94 TRINITY_DN2927_c0_g1 0 0 0 4.26 2.75 4.05 -8.449 2.78E-06 Predicted Protein 
 

95 TRINITY_DN5062_c0_g2 0 0.31 0 10.4 7.97 3.99 -8.449 5.98E-05 Predicted Protein 
 

96 TRINITY_DN123612_c0_g1 0 0 0 7.64 0.87 5.84 -8.445 0.000374 Predicted Protein 
 

97 TRINITY_DN4800_c1_g2 0 0 0 4.88 2.4 3.84 -8.443 6.54E-06 Predicted Protein 
 

98 TRINITY_DN98979_c0_g4 0 0 0 3.3 4.07 3.81 -8.443 5.94E-07 Probable galactinol--sucrose 

galactosyltransferase 6, EC 

2.4.1.82 (Protein DARK 

INDUCIBLE 10) (Raffinose 

synthase 6) 

99 TRINITY_DN13295_c0_g1 0 0 0 4.44 4.08 2.63 -8.442 2.86E-06 Predicted Protein 
 

100 TRINITY_DN20766_c0_g1 0 0.04 0.5 10.17 5.57 10.32 -8.427 5.82E-05 Subtilisin-like protease 

SBT1.7, EC 3.4.21.- 

(Cucumisin-like serine 

protease) (Subtilase subfamily 

1 member 7, AtSBT1.7) 

(Subtilisin-like serine protease 

1, At-SLP1) 
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STable 12a. Top 50 upregulated genes from copper resistant samples compared to copper susceptible samples in Pinus banksiana  

Rank Gene ID Res 1 Res 2 Res 3 Sus 1 Sus 2 Sus 3 logF

C 

Adj. P. 

Value 

UniProt Description 

0 TRINITY_DN35689_c0_g1 12.05 7.41 11.07 0 0 0 9.21 0.00002 Predicted Protein 

1 TRINITY_DN10618_c0_g1 17.42 2.72 9.6 0 0 0 8.82 0.00181 Predicted Protein 

2 TRINITY_DN91621_c0_g2 13.93 4.82 5.68 0 0 0 8.78 0.00025 Predicted Protein 

3 TRINITY_DN199894_c0_g2 9.44 9.02 1.99 0 0 0 8.45 0.00117 Predicted Protein 

4 TRINITY_DN28042_c0_g3 4.91 8.95 2.74 0 0 0 8.26 0.00022 Cytochrome P450 750A1, EC 1.14.-.- 

(Cytochrome P450 CYPC) 

5 TRINITY_DN7900_c0_g1 6 6.27 3.22 0 0 0 8.25 0.00007 Predicted Protein 

6 TRINITY_DN2617_c0_g1 8.29 4.5 3.27 0 0 0 8.24 0.00017 Predicted Protein 

7 TRINITY_DN20922_c0_g1 3.17 6.13 4.05 0 0 0 8.02 0.00004 Predicted Protein 

8 TRINITY_DN236262_c0_g1 11.08 1.85 3.41 0 0 0 7.96 0.00197 Predicted Protein 

9 TRINITY_DN95006_c0_g1 6.22 4.28 1.99 0 0 0 7.87 0.00033 Predicted Protein 

10 TRINITY_DN219929_c1_g1 2.74 4.62 4.69 0 0 0 7.86 0.00003 Predicted Protein 

11 TRINITY_DN4529_c0_g1 3 7.73 1.66 0 0 0 7.73 0.00069 1,8-cineole synthase, chloroplastic, EC 

4.2.3.108 (Terpene synthase TPS-Cin, PgTPS-

Cin) 

12 TRINITY_DN13781_c0_g3 16.16 15.27 4.31 0 0 1.35 7.73 0.00318 Predicted Protein 

13 TRINITY_DN216_c0_g1 58.07 22.76 12.46 0.07 0.49 0.97 7.72 0.00440 Fatty acyl-CoA reductase 2, chloroplastic, 

AtFAR2, EC 1.2.1.84 (Fatty acid reductase 2) 

(Male sterility protein 2) 

14 TRINITY_DN9994_c0_g1 8.13 1.94 2.38 0 0 0 7.67 0.00114 Predicted Protein 

15 TRINITY_DN5226_c2_g1 3.74 2.06 5.32 0 0 0 7.66 0.00014 Predicted Protein 

16 TRINITY_DN57458_c1_g1 2.43 3.07 4.49 0 0 0 7.58 0.00004 Predicted Protein 

17 TRINITY_DN3869_c0_g1 3.23 4.31 2.12 0 0 0 7.58 0.00009 Predicted Protein 

18 TRINITY_DN47098_c0_g1 7.77 2.08 1.81 0 0 0 7.58 0.00131 Predicted Protein 

19 TRINITY_DN19214_c1_g2 3.44 3.21 2.82 0 0 0 7.57 0.00004 Predicted Protein 

20 TRINITY_DN40558_c0_g2 1.22 7.95 3.16 0 0 0 7.57 0.00127 Predicted Protein 

21 TRINITY_DN18490_c0_g1 2.06 7.43 1.88 0 0 0 7.57 0.00066 Predicted Protein 

22 TRINITY_DN9649_c1_g3 0.84 8.97 3.91 0 0 0 7.54 0.00382 Predicted Protein 

23 TRINITY_DN148688_c0_g2 6.51 3.72 1.03 0 0 0 7.54 0.00203 Predicted Protein 
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24 TRINITY_DN100_c0_g2 7.29 15.7 4.96 0 0.41 0.08 7.53 0.00072 Predicted Protein 

25 TRINITY_DN178176_c0_g1 3.36 4.4 1.77 0 0 0 7.53 0.00017 Predicted Protein 

26 TRINITY_DN3659_c0_g1 8.49 2.81 0.93 0 0 0 7.50 0.00393 Predicted Protein 

27 TRINITY_DN10188_c2_g1 2.92 2.4 3.97 0 0 0 7.49 0.00005 Predicted Protein 

28 TRINITY_DN12221_c2_g1 6.18 0.9 5.2 0 0 0 7.47 0.00372 Predicted Protein 

29 TRINITY_DN20798_c1_g1 1.28 5.26 3.85 0 0 0 7.47 0.00044 Predicted Protein 

30 TRINITY_DN18848_c2_g1 1.01 9.32 2.52 0 0 0 7.47 0.00293 Predicted Protein 

31 TRINITY_DN16610_c0_g1 1.37 5.49 3.34 0 0 0 7.46 0.00038 Predicted Protein 

32 TRINITY_DN22750_c0_g1 4.64 1.9 2.79 0 0 0 7.45 0.00023 Predicted Protein 

33 TRINITY_DN21758_c0_g1 5.12 3.05 1.37 0 0 0 7.44 0.00060 Predicted Protein 

34 TRINITY_DN191914_c0_g1 1.21 2.46 9.54 0 0 0 7.44 0.00172 Predicted Protein 

35 TRINITY_DN61037_c1_g1 4.43 3.34 1.34 0 0 0 7.41 0.00048 Predicted Protein 

36 TRINITY_DN51306_c0_g1 32.05 61.43 35.69 0.19 0.97 7.2 7.39 0.00007 Predicted Protein 

37 TRINITY_DN107831_c0_g1 3.04 2.65 2.56 0 0 0 7.38 0.00005 Predicted Protein 

38 TRINITY_DN94182_c0_g3 4.2 4.9 0.81 0 0 0 7.36 0.00247 Predicted Protein 

39 TRINITY_DN6981_c0_g1 5.02 1.85 2.01 0 0 0 7.34 0.00043 Predicted Protein 

40 TRINITY_DN11710_c0_g2 150.88 92.2 20.39 1.25 0.47 3.43 7.33 0.00128 Predicted Protein 

41 TRINITY_DN45928_c0_g1 2.12 1.09 8.85 0 0 0 7.27 0.00239 Predicted Protein 

42 TRINITY_DN18761_c1_g1 11.47 2.81 7.04 0 0.78 0 7.27 0.00242 Predicted Protein 

43 TRINITY_DN2127_c0_g1 124.49 62.29 28.73 1.17 0.35 5.16 7.23 0.00034 Early light-induced protein 1, chloroplastic 

44 TRINITY_DN267012_c0_g1 2.7 3.15 1.72 0 0 0 7.23 0.00011 Predicted Protein 

45 TRINITY_DN6038_c8_g1 4.83 1.74 1.73 0 0 0 7.22 0.00056 Predicted Protein 

46 TRINITY_DN25814_c0_g1 1.52 1.55 7.34 0 0 0 7.21 0.00101 Predicted Protein 

47 TRINITY_DN1258_c1_g1 8.13 6.28 5.36 0 0 0.94 7.20 0.00047 Predicted Protein 

48 TRINITY_DN107808_c1_g2 5.12 5.07 3.74 0.03 0.02 0.29 7.19 0.00019 Predicted Protein 

49 TRINITY_DN18729_c0_g1 1.71 4.11 1.89 0 0 0 7.19 0.00018 Predicted Protein 

50 TRINITY_DN870_c0_g2 1.27 3.87 2.91 0 0 0 7.18 0.00024 UDP-glycosyltransferase 75C1, Abscisic acid 

beta-glucosyltransferase, Indole-3-acetate 

beta-glucosyltransferase, SlUGT75C1, EC 

2.4.1.121, EC 2.4.1.263 
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STable 12b. Top 50 downregulated genes from copper resistant samples compared to copper susceptible samples in Pinus banksiana  

Rank Gene ID Res 1 Res 2 Res 3 Sus 1 Sus 2 Sus 3 logFC Adj. P. 

Value 

UniProt Description 

0 TRINITY_DN3519_c0_g1 0 0 0 191.35 54.37 115.22 -11.34 0.00021 Predicted Protein 

1 TRINITY_DN43547_c0_g1 0 0 0 162.58 38.33 61.13 -10.81 0.00035 Predicted Protein 

2 TRINITY_DN2824_c0_g1 0 0.03 0 90.93 154.91 84.36 -10.53 0.00000 Polygalacturonase, PG, EC 3.2.1.15 

(Pectinase) 

3 TRINITY_DN2824_c0_g1 0 0.03 0 90.93 154.91 84.36 -10.53 0.00000 Probable polygalacturonase At1g80170, PG, 

EC 3.2.1.15 (Pectinase At1g80170) 

4 TRINITY_DN1315_c0_g1 0.43 0.06 0.31 763.2 1448.5 490.5 -10.28 0.00001 Beta-glucosidase 12, EC 3.2.1.21 

5 TRINITY_DN1315_c0_g1 0.43 0.06 0.31 763.2 1448.5 490.5 -10.28 0.00001 Furcatin hydrolase, FH, EC 3.2.1.161 

6 TRINITY_DN1315_c0_g1 0.43 0.06 0.31 763.2 1448.5 490.5 -10.28 0.00001 Non-cyanogenic beta-glucosidase, EC 

3.2.1.21 

7 TRINITY_DN1315_c0_g1 0.43 0.06 0.31 763.2 1448.5 490.5 -10.28 0.00001 Beta-glucosidase 27, Os8bglu27, EC 

3.2.1.21 

8 TRINITY_DN1315_c0_g1 0.43 0.06 0.31 763.2 1448.5 490.5 -10.28 0.00001 Beta-glucosidase 11, Os4bglu11, EC 

3.2.1.21 

9 TRINITY_DN1315_c0_g1 0.43 0.06 0.31 763.2 1448.5 490.5 -10.28 0.00001 Beta-glucosidase 24, Os6bglu24, EC 

3.2.1.21 

10 TRINITY_DN1315_c0_g1 0.43 0.06 0.31 763.2 1448.5 490.5 -10.28 0.00001 Beta-glucosidase 13, Os4bglu13, EC 

3.2.1.21 

11 TRINITY_DN67935_c0_g1 0 0 0 16.39 97.3 73.99 -10.13 0.00080 Predicted Protein 

12 TRINITY_DN702_c0_g1 0 0.03 0 59.4 116.45 27.95 -9.93 0.00006 Cytochrome P450 71AU50, EC 1.14.-.- 

13 TRINITY_DN702_c0_g1 0 0.03 0 59.4 116.45 27.95 -9.93 0.00006 Cytochrome P450 750A1, EC 1.14.-.- 

(Cytochrome P450 CYPC) 

14 TRINITY_DN2358_c0_g1 0 0 0 81.45 89.01 7.38 -9.91 0.00287 Predicted Protein 

15 TRINITY_DN31159_c0_g1 0 0 0 32.73 41.22 41.42 -9.83 0.00001 Predicted Protein 

16 TRINITY_DN157611_c0_g2 0 0 0 22.19 59.12 26.75 -9.60 0.00002 Predicted Protein 

17 TRINITY_DN10725_c0_g1 0 0 0 29.76 70.11 14.01 -9.55 0.00010 Predicted Protein 

18 TRINITY_DN30360_c0_g2 0 0 0 98.39 13.66 18.36 -9.53 0.00190 Predicted Protein 

19 TRINITY_DN251401_c0_g1 0 0 0 93.47 11.8 22.49 -9.52 0.00209 Predicted Protein 

20 TRINITY_DN27632_c0_g2 0 0 0 8.22 77.05 47.39 -9.45 0.00238 Predicted Protein 

21 TRINITY_DN10160_c0_g1 0 0 0 14.16 73.48 23.65 -9.41 0.00024 Predicted Protein 

22 TRINITY_DN1453_c1_g4 0 0 0 36.74 50.95 10.28 -9.37 0.00016 Predicted Protein 
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23 TRINITY_DN57079_c0_g1 6.63 0 0 223.25 327.76 184.27 -9.36 0.00049 Predicted Protein 

24 TRINITY_DN3979_c0_g1 0.05 0.01 0 52.76 91.37 16.98 -9.28 0.00028 Predicted Protein 

25 TRINITY_DN4524_c0_g3 0 0 5.98 113.8 426.21 83.05 -9.21 0.00327 Predicted Protein 

26 TRINITY_DN34759_c0_g1 6.79 0 0 322.78 155.49 180.5 -9.18 0.00153 Predicted Protein 

27 TRINITY_DN73957_c1_g1 0 0 0 11.64 28.85 41.17 -9.11 0.00023 Predicted Protein 

28 TRINITY_DN75419_c0_g1 0.25 0 0 62.72 75.65 55.6 -9.08 0.00003 Predicted Protein 

29 TRINITY_DN9012_c0_g1 0 0 0 22.31 72.56 6.41 -9.07 0.00112 Predicted Protein 

30 TRINITY_DN1628_c0_g1 7.75 0.43 0 1238.4

1 

1180.0

1 

590.75 -9.07 0.00011 Trypsin inhibitor [Cleaved into: Trypsin 

inhibitor chain A; Trypsin inhibitor chain B 

] 

31 TRINITY_DN3979_c1_g1 0 0 0 47.13 42.56 4.42 -9.05 0.00236 Predicted Protein 

32 TRINITY_DN157611_c0_g3 0 0 0 17.21 32.42 19.18 -9.03 0.00001 Predicted Protein 

33 TRINITY_DN15815_c1_g1 0 0 0 6.21 49.45 40.59 -9.03 0.00232 Predicted Protein 

34 TRINITY_DN95424_c0_g1 0 0 0 11.51 54.25 15.08 -8.96 0.00022 Predicted Protein 

35 TRINITY_DN7685_c0_g1 0.35 0.17 0.18 509.79 347.25 228.34 -8.94 0.00001 Predicted Protein 

36 TRINITY_DN1456_c0_g1 1.37 0 1.34 512.91 233.93 218.11 -8.92 0.00030 Predicted Protein 

37 TRINITY_DN71807_c0_g2 0 0 0 22.55 16.31 22.17 -8.92 0.00003 Predicted Protein 

38 TRINITY_DN4477_c1_g1 0.88 0 0 81.97 139.91 53.7 -8.90 0.00024 Predicted Protein 

39 TRINITY_DN7520_c2_g1 0 0 0 9.41 27.2 33.69 -8.88 0.00027 Predicted Protein 

40 TRINITY_DN4184_c0_g1 0.18 0 0 46.12 92.42 26.45 -8.83 0.00016 Predicted Protein 

41 TRINITY_DN7066_c0_g1 0 0 0 20.01 31.33 9.88 -8.80 0.00004 Predicted Protein 

42 TRINITY_DN933_c0_g1 1.8 0 0.74 315.27 351.67 163.92 -8.78 0.00017 Predicted Protein 

43 TRINITY_DN1728_c0_g1 0 0 0 11.2 40.87 13.71 -8.77 0.00010 Predicted Protein 

44 TRINITY_DN58476_c0_g1 0 0 0.69 19.97 131.68 83.6 -8.71 0.00446 Predicted Protein 

45 TRINITY_DN106984_c0_g1 0 0 0 13.93 11.45 34.39 -8.69 0.00029 Predicted Protein 

46 TRINITY_DN16651_c1_g1 0 0 0 5.99 54.4 17.47 -8.68 0.00142 Predicted Protein 

47 TRINITY_DN94859_c1_g2 0 0 0 15.4 19.32 16.7 -8.67 0.00001 Predicted Protein 

48 TRINITY_DN53823_c0_g1 0 0 0 24.5 12.76 14.3 -8.66 0.00005 Predicted Protein 

49 TRINITY_DN2764_c0_g1 0.03 0 0 27.4 33.19 14.81 -8.65 0.00002 WRKY transcription factor 6 (WRKY 

DNA-binding protein 6, AtWRKY6) 

50 TRINITY_DN3685_c0_g1 0.54 0.06 0 173.37 95.47 98.32 -8.63 0.00025 Predicted Protein 
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STable 13a. Top 25 upregulated genes from copper susceptible samples compared to water controls in Pinus banksiana  

Rank Gene ID Sus 1 Sus 2 Sus 3 Water 

1 

Water 

2 

Water 

3 

logFC Adj. P. 

Value 

UniProt Description 

0 TRINITY_DN2786_c0_g1 670.58 354.91 364.1 0 0 0 13.15 8.45E-06 Predicted Protein 

1 TRINITY_DN1628_c0_g1 1238.41 1180.01 590.75 0 0.32 0 12.80 2.48E-05 Trypsin inhibitor [Cleaved 

into: Trypsin inhibitor chain 

A; Trypsin inhibitor chain B ] 

2 TRINITY_DN258556_c0_g1 248.22 356.86 541.07 0 0 0 12.77 1.88E-05 Predicted Protein 

3 TRINITY_DN1368_c0_g1 1712.84 2189.53 1629.49 0 1.3 0.07 12.73 2.67E-06 Predicted Protein 

4 TRINITY_DN5716_c0_g1 2481.86 3248.79 5881.21 0 7.03 0.41 12.53 6.37E-04 Predicted Protein 

5 TRINITY_DN2832_c0_g1 358.6 494.32 122.28 0 0 0 12.49 3.11E-05 Predicted Protein 

6 TRINITY_DN5391_c1_g1 496.98 221.21 166.02 0 0 0 12.43 3.94E-05 Predicted Protein 

7 TRINITY_DN57079_c0_g1 223.25 327.76 184.27 0 0 0 12.22 1.57E-07 Predicted Protein 

8 TRINITY_DN5965_c1_g1 799.48 842.36 692.63 0.33 0 0 12.12 2.95E-06 Predicted Protein 

9 TRINITY_DN50999_c1_g1 333.04 156.25 133.24 0 0 0 11.95 1.73E-05 Predicted Protein 

10 TRINITY_DN55243_c0_g1 115.54 286.47 226.14 0 0 0 11.88 1.05E-05 Predicted Protein 

11 TRINITY_DN1520_c0_g1 1020.58 623.65 1427.83 0.02 0.65 0 11.86 1.18E-03 Trypsin inhibitor [Cleaved 

into: Trypsin inhibitor chain 

A; Trypsin inhibitor chain B ] 

12 TRINITY_DN5795_c0_g1 851.63 854.34 325.97 0 0.84 0 11.83 2.09E-04 Predicted Protein 

13 TRINITY_DN7061_c1_g1 194.74 291.48 98.46 0 0 0 11.82 2.94E-06 Predicted Protein 

14 TRINITY_DN8563_c1_g1 131.04 322.9 115.04 0 0 0 11.71 4.77E-06 Predicted Protein 

15 TRINITY_DN4524_c0_g3 113.8 426.21 83.05 0 0 0 11.63 9.67E-05 Predicted Protein 

16 TRINITY_DN257933_c1_g1 201.53 169.25 77.24 0 0 0 11.48 4.34E-06 Predicted Protein 

17 TRINITY_DN3536_c0_g1 122.8 169.34 90.42 0 0 0 11.28 3.13E-07 Predicted Protein 

18 TRINITY_DN237688_c0_g1 211.18 103.61 72.51 0 0 0 11.25 1.84E-05 Predicted Protein 

19 TRINITY_DN7685_c0_g1 509.79 347.25 228.34 0 0.41 0 11.24 6.78E-05 Predicted Protein 

20 TRINITY_DN14732_c0_g1 372.88 97.02 31.35 0 0 0 11.18 1.92E-03 Predicted Protein 

21 TRINITY_DN12750_c0_g1 166.37 64.69 116.96 0 0 0 11.11 3.61E-05 Predicted Protein 

22 TRINITY_DN2463_c0_g1 818.33 234.67 289.22 0 0.04 0.11 11.02 2.24E-03 Predicted Protein 

23 TRINITY_DN3069_c0_g1 313.54 458.61 155.11 0 0.37 0 10.98 6.68E-05 Predicted Protein 

24 TRINITY_DN2221_c0_g1 664.03 226.26 181.23 0 0.68 0 10.90 1.96E-03 Predicted Protein 
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25 TRINITY_DN3092_c0_g1 661.05 923.49 459.73 0.14 0.35 0 10.88 6.47E-06 Glucan endo-1,3-beta-

glucosidase, acidic isoform, 

EC 3.2.1.39 ((1->3)-beta-

glucan endohydrolase, (1->3)-

beta-glucanase) (Beta-1,3-

endoglucanase) 

26 TRINITY_DN4477_c1_g1 81.97 139.91 53.7 0 0 0 10.74 1.70E-06 Predicted Protein 

27 TRINITY_DN1315_c0_g1 763.2 1448.5 490.5 0.14 1.09 0 10.71 7.58E-05 Beta-glucosidase 12, EC 

3.2.1.21 

28 TRINITY_DN1315_c0_g1 763.2 1448.5 490.5 0.14 1.09 0 10.71 7.58E-05 Furcatin hydrolase, FH, EC 

3.2.1.161 

29 TRINITY_DN1315_c0_g1 763.2 1448.5 490.5 0.14 1.09 0 10.71 7.58E-05 Non-cyanogenic beta-

glucosidase, EC 3.2.1.21 

30 TRINITY_DN1315_c0_g1 763.2 1448.5 490.5 0.14 1.09 0 10.71 7.58E-05 Beta-glucosidase 27, 

Os8bglu27, EC 3.2.1.21 

31 TRINITY_DN1315_c0_g1 763.2 1448.5 490.5 0.14 1.09 0 10.71 7.58E-05 Beta-glucosidase 11, 

Os4bglu11, EC 3.2.1.21 

32 TRINITY_DN1315_c0_g1 763.2 1448.5 490.5 0.14 1.09 0 10.71 7.58E-05 Beta-glucosidase 24, 

Os6bglu24, EC 3.2.1.21 

33 TRINITY_DN1315_c0_g1 763.2 1448.5 490.5 0.14 1.09 0 10.71 7.58E-05 Beta-glucosidase 13, 

Os4bglu13, EC 3.2.1.21 

34 TRINITY_DN3685_c0_g2 458.68 319.42 270.94 0.01 0.58 0 10.68 4.23E-05 Copia protein (Gag-int-pol 

protein) [Cleaved into: Copia 

VLP protein; Copia protease, 

EC 3.4.23.- ] 

35 TRINITY_DN89721_c0_g1 78.43 118.71 57.37 0 0 0 10.67 6.77E-07 Predicted Protein 

36 TRINITY_DN2391_c0_g1 858.87 316.78 250.41 0.79 0 0 10.66 2.47E-03 Predicted Protein 

37 TRINITY_DN129489_c0_g1 108.85 67.2 66.28 0 0 0 10.65 2.71E-06 Predicted Protein 

38 TRINITY_DN705_c0_g1 396.92 327.8 168.62 0 0.2 0.08 10.61 5.98E-05 Aldehyde oxidase GLOX, EC 

1.2.3.1 (Glyoxal oxidase, 

VpGLOX) 

39 TRINITY_DN6211_c0_g1 84.27 82.59 60.21 0 0 0 10.56 4.71E-07 Predicted Protein 

40 TRINITY_DN77041_c1_g1 119.39 88.54 34.89 0 0 0 10.55 1.71E-05 Predicted Protein 

41 TRINITY_DN2914_c0_g1 125.88 118.78 89.54 0 0.03 0 10.53 1.15E-06 Protein TIFY 10b, 

OsTIFY10b (Jasmonate ZIM 

domain-containing protein 7, 

OsJAZ7) (OsJAZ6) 
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42 TRINITY_DN2914_c0_g1 125.88 118.78 89.54 0 0.03 0 10.53 1.15E-06 Protein TIFY 3B (Jasmonate 

ZIM domain-containing 

protein 12) 

43 TRINITY_DN34759_c0_g1 322.78 155.49 180.5 0 0.56 0 10.40 2.41E-04 Predicted Protein 

44 TRINITY_DN6089_c0_g1 198.66 247.89 178.38 0 0.52 0 10.38 1.19E-05 Predicted Protein 

45 TRINITY_DN4195_c0_g1 66.81 67.79 59.62 0 0 0 10.34 5.60E-07 Predicted Protein 

46 TRINITY_DN1537_c0_g1 83.24 55.67 49.47 0 0 0 10.29 2.21E-06 Predicted Protein 

47 TRINITY_DN9955_c0_g1 73.8 59.93 51.33 0 0 0 10.27 9.89E-07 Predicted Protein 

48 TRINITY_DN40097_c0_g1 364.94 781.26 1375.23 0 3.39 0.69 10.26 1.28E-03 Predicted Protein 

49 TRINITY_DN4694_c0_g2 103.71 56.82 31.28 0 0 0 10.22 1.99E-05 Predicted Protein 

50 TRINITY_DN141140_c2_g1 355.97 220.27 133.34 0 1.24 0 10.22 3.52E-04 Predicted Protein 

 

 

 




