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Abstract: The alterations to the expressions of metal transporter genes can 

induce metal ion uptake to maintain cell homeostasis when metal 

concentrations are low. Metallothioneins (MTs) are a class of low molecular 

mass (4-8 kDa), cysteine (Cys)-rich proteins that can bind metals via the thiol 

groups of their Cys residues. Studies on MT gene expressions in higher 

plants, such as conifers, are limited. White spruce (Picea glauca) is a North 

American native conifer species that are ecologically and economically 

important. The objective of the study is to determine the effects of different 

concentrations of copper on MT2b expression in white spruce (P. glauca). 

Seedlings were treated with three concentrations of copper sulfate including 

1,312, 656, and 130 mg/kg. Potassium sulfate and water were used as 

controls. Total RNA was extracted from roots and needles. The levels of 

MT2b gene expression were measured using RT-qPCR. The present study 

reports for the first time, novel information on the effect of copper ions on 

the expression of MT2b in P. glauca. The MT2b gene was upregulated in 

roots when seedlings were exposed to 1,312 mg/kg of copper sulfate but were 

downregulated in genotypes treated with 656 mg/kg of copper sulfate in both 

tissues when compared to the water control. The expression of the MT2b 

gene was significantly downregulated in needles of genotypes treated with 

656 mg/kg of copper sulfate when compared to the 1,312 mg/kg 

concentration. The expression of MT2b was higher in roots compared to 

needles regardless of the concentrations of copper sulfate or potassium 

sulfate used. MT2b was highly expressed in the roots of copper-resistant 

genotypes but was inhibited in the roots of susceptible seedlings when 

compared to the water control. 

 

Keywords: Copper Toxicity, Copper Sulfate Resistance, Gene Expression, 

Metallothioneins, Picea Glauca 

 

Introduction 

Copper ions at high concentrations cause major stress 

due to the disruption of plant homeostasis. Copper 

toxicity plays a pivotal role in inhibiting plant growth by 

reducing the synthesis of nucleic acids, proteins, cell wall 

polysaccharides, and more (Li et al., 2019). Fundamental 

biomolecules which are needed for healthy plant growth 

and seed germination will be altered and this may delay, 

or completely inhibit the germination process (Yruela, 

2009). As well, root elongation, which is a necessary plant 

growth process, is inhibited by the interference of cell 

division, chromosomal aberrations, and abnormal mitosis 

during copper exposure (Jiang et al., 2001) and other 

metal ion exposure (L’Huillier et al., 1996; Liu et al., 

2003; Jain et al., 2010). Other enzyme activities such as 

α-amylases, β-amylases, invertase isoenzymes, and enolase, 

are repressed by copper metal toxicity (Chugh and Sawhney, 

1996; Ahsan et al., 2007; Pena et al., 2011). These 

enzymes are involved in the breakdown of necessary 

biomolecules, such as starch (Sethy and Ghosh, 2013). 

The decreased enzyme activity will limit the ability of the 

breakdown products, such as starch, to reach the proper 

plant tissues and thereby affecting the overall seedling 

growth (Kabir et al., 2008). 

To mitigate the effects of copper toxicity, plants have 

developed mechanisms to cope with copper toxicity. This 

includes increased metal-binding ligands, such as 
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metallothioneins and phytochelatins, or antioxidants 

(Mukherji and Gupta, 1972; Lidon and Henriques, 1994). 

Ligands are used to bind copper in the cytosol since they 

have a high affinity for metal ions (Chandrangsu et al., 

2017). As well, other copper-binding molecules can be 

found in plant vacuoles which sequester copper ions 

(Lidon and Henriques, 1994; Keinänen et al., 2007). The 

increased synthesis of copper-binding compounds 

released from roots has been reported in Anabaena 

cylindrical and Plectonema boryanum (Jardim and Pearson, 

1984). Copper-bound complexes released from roots are 

efficient in reducing the effects of copper toxicity, but there 

may be a concentration limit that renders this mechanism 

ineffective, causing plants to rely on other copper resistance 

mechanisms (Jardim and Pearson, 1984).  

Moreover, plants have developed mechanisms to adapt 

to various metals through transcriptional modifications 

(Zhigang et al., 2006; Keinänen et al., 2007; Singh et al., 

2016; Nishida et al., 2020). Specific metal transporter 

genes can be upregulated, or repressed, under metal 

toxicity, as seen in Brassica napus or Arabidopsis 

(Wintz et al., 2003; Meng et al., 2017). The expressions 

of the genes involved in metal transport and detoxification 

are clear indications of the transcriptional caused by metal 

exposure (Keinänen et al., 2007; Guo et al., 2008;  

Kobayashi et al., 2008; Hossain et al., 2012). The 

alterations to the expressions of metal transporter genes 

can induce metal ion uptake to maintain cell homeostasis 

when metal concentrations are low (Grotz et al., 1998). 

Excess metal ions can also repress the expression of metal 

transporter genes to prevent further uptake of ions, as 

documented for the copper transporters COPT1 and 

COPT2 in Arabidopsis (Sancenón et al., 2003). 

Metallothioneins (MTs) have low molecular mass (4-8 kDa) 

and are rich in cysteine (Cys) (Hamer, 1986). MTs can bind 

metals via the thiol groups of their Cys residues (Hamer, 

1986). MT2b has previously been associated with copper 

resistance in Arabidopsis thaliana (Guo et al., 2008).  

White spruce (Picea glauca) is a North American 

native conifer species that are ecologically and 

economically important. There are currently no studies on 

the MT2b gene expression in higher plants, such as 

conifers. Hence, the objective of the study is to determine 

the effects of different concentrations of copper on MT2b 

expression in white spruce (P. glauca).  

Materials and Methods 

Genetic Materials and Seedling Treatments 

Picea glauca seeds were collected from the City of 

Greater Sudbury (CGS) and grown at the College Boreal 

plant Center for six months. The seedlings were planted 

into pots containing a 50:50 sand/soil mixture composed 

of 75-81% peat moss, 13-17% perlite, 5-9% composted 

peat moss, along with ethoxylated alkylphenol (wetting 

agent), and dolomitic and calcitic limestone (Berger BM8 

Soil Mix). They were then placed into a growth chamber 

(PGR15 with a CMP 4030 controller by Conviron) for an 

additional month to grow. The growing conditions 

included a 6 h dark and 18 h light cycle with the 

temperature ranging from 20 to 25C. Plants were watered 

every other day to keep the soil mixture moist and they 

were fertilized once with equal amounts of nitrogen, 

phosphorus, and potassium (20-20-20) (Plant Prod 

Ultimate All Purpose Fertilizer). 

The seedlings were treated with an aqueous solution of 

copper sulfate salt (CuSO4) at the following concentrations: 

130, 656, and 1,312 mg of copper per 1 kg of dry soil. These 

concentrations represent the bioavailable, half-total, and total 

levels of copper found in metal-contaminated soils in the 

City of Greater Sudbury, respectively (Nkongolo et al., 

2013). These levels correspond to 773.2, 3902, and 

7,804 μmoL, of copper, respectively. 

To control for any possible toxic effect due to sulfate 

ions (SO4
2-), an aqueous solution of potassium sulfate 

(K2SO4) was used in equal molar amounts to each 

concentration of the copper sulfate treatments. The 

potassium sulfate control concentrations were 130, 656, 

and 1,312 mg/kg, which correspond to 773.2, 3902, and 

7804 μmoL of sulfate respectively. Salt-free water was 

used as a negative control (0 mg of copper per 1 kg of dry 

soil). The experimental design was a completely 

randomized block design with six replications for the total 

copper sulfate treatment (1,312 mg/kg) and 10 

replications for the other treatments and control groups, 

corresponding to 66 samples (Fig. 1). The damage caused 

by these different salts to seedlings were recorded seven 

days after each treatment using a 1 to 9 scale with 

genotypes with 1 to 3 scores considered copper resistant, 

4 to 6 were moderately resistant and 7 to 9 were 

susceptible. Resistant and susceptible genotypes treated 

with 1,312 mg/kg of copper sulfate were also selected to 

determine the expression of the MT2b gene. 

RNA Extraction 

Total RNA was extracted from root and needle 

samples using the Plant/Fungi Total RNA Purification kit 

from Norgen Biotek. The quality check for the 132 (66 

roots and 66 needles) extracted total RNA samples was 

performed using a 1% agarose gel. Quantification of RNA 

was performed using the Qubit® RNA BR assay kit from 

Life Technologies (Carlsbad, United States). One 

microgram of RNA from samples of the same treatment 

was pooled together for future analysis, for a total of seven 

different RNA pools.  

RNA was then treated with DNase 1 (#EN0521) from 

Life Technologies. Overall, 2 μg of the RNA from the 

treatment pool, 1 μL of DNase, 1 μL of buffer, and water 

were added for a final volume of 10 μL for each of the 

pooled RNA samples. Each sample of the DNAse-treated 
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RNA was incubated at 37℃ for 1 h and amplified using a 

3-step PCR. The amplified RNA samples were then run 

on a 2% agarose gel to identify any DNA contamination. 

RNA samples with no DNA contamination were used for 

gene expression analysis and the DNase enzyme was 

inactivated using EDTA.  

RT-qPCR 

Primers were designed based on the Picea glauca 

genome. The MT2b gene associated with copper 

resistance was targeted in this study (Guo et al., 2008). 

The sequence of this gene was retrieved from the NCBI 

database and analyzed by BLAST in the P. glauca 

transcriptome described in “The Hardwood Genomics 

Project” (http://hardwoodgenomics.org). When possible, 

primers were designed to span all the exons encoded by 

the genes. Primers were checked for hairpins and self and 

hetero-dimers using the OligoAnalyzer 3.1 by IDT 

(https://www.idtdna.com/calc/analyzer). MT2B, a gene 

associated with copper resistance was selected for gene 

expression analysis (Table 1). Elongation factor-1 alpha 

(EF1- α) was chosen as the reference gene (Table 1). The 

cDNA was synthesized using the High-Capacity cDNA 

Reverse Transcription Kit by Life Technologies. 

PCR was performed on both P. glauca DNA and cDNA. 

The cDNA amplicon size was verified by running the 

reactions on a 2% agarose gel as described in (Czajka et al., 

2019; Boyd and Nkongolo, 2021; Moarefi and Nkongolo, 

2022). The primer pairs amplified a strong reproducible 

single band of the expected cDNA transcript size for the 

gene target and were used for RT-qPCR (Table 1). RT-

qPCR was completed using the Dynamo HS SYBR Green 

Kit according to the manufacturer’s protocol (Life 

Technologies). Each sample underwent amplification 

using the MJ Research PTC200 Thermal Cycler. The set 

program consisted of, (1) initial denaturation at 95℃ for 

10 min, (2) denaturation at 95°C for 15 sec, (3) optimized 

annealing temperature which depended on the primer 

(between 55-60°C) for 60 sec, (5) repeat step 2-4 for 41 

cycles, (6) final elongation at 72°C for 7 min (7) melting 

curve 72-95°C, every 1°C, hold for 10 sec and (8) final 

elongation at 72°C for 3 min. RT-qPCR was performed 

two separate times for the MT2b and reference gene and 

samples were loaded in triplicates. This resulted in six 

data points per pooled sample. Outliers among the 

triplicates were excluded from further analysis. 

Data Analysis 

CFX Connect was used to analyze the data for gene 

expression. The data were exported to Excel and the C(t) 

values were quantified using the equation for the standard 

curve. They were normalized to the housekeeping gene 

(EF1- α) and water. SPSS 20 for Windows was used to 

determine statistical significance among means (P≤0.05). 

The Shapiro-Wilk test (P>0.05) was performed to verify 

the normal distribution of data for the C(t) values. 

 
Table 1: Sequences and amplification product sizes for white spruce (Picea glauca) primers used for RT-qPCR 

Target Melting temp (°C) Primer (5’ TO 3’) Expected amplification PCR product in cDNA (bp) 

MT2b F:66 R:67 F: GTGGATGCGGAAGTGGATGC 

  R: GCAGAATGGGCGAACCAACC  84  84 

EF1- α F: 67R: 69 F: TCTCCACACTCAGCTCGGCG 

  R: CCAGTGGTTGTTGACTTGCCGG 119 119 
 

 
 
Fig. 1: White spruce (Picea glauca) seedlings treated with different concentrations of copper and potassium sulfate (130, 656, and 

1312 mg/kg) in a growth chamber. Water was used as a negative control. The experimental design was a completely randomized 

block design. Resistant seedlings are completely green while susceptible genotypes are partially or completely yellow or dead

http://hardwoodgenomics.org/
https://www.idtdna.com/calc/analyzer
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To determine the significant difference between the means, 
an Analysis of Variance (ANOVA) was performed and then 
Levene's 2-tailed test was conducted to analyze if the 
treatment variances were equal (P>0.05) or unequal 
(P≤0.05). Dunnett's T3 Post Hoc Test (P≤0.05) was 
performed if variances were unequal and Tukey's Post Hoc 
test (P≤0.05) was performed if variances were equal. An 
independent t-test was also performed to show the 
significance (P≤0.05) of the differences between the means 
of needles and root data for each treatment. 

Results 

Gene Expression Induced by Different 

Concentrations of Copper and Potassium Ions 

MT2b Expression in Roots 

MT2b expression was increased 1.4-fold in samples treated 
with 1,312 mg/kg of copper sulfate, but were repressed in 
those treated with 656 mg/kg of copper sulfate, when 
compared to water (Fig. 2a). Plants treated with 1,312 mg/kg 
of copper sulfate induced a higher gene expression compared 
to plants treated with the two lower copper sulfate 
concentrations (656 and 130 mg/kg) (Fig. 2a). MT2b 
expression was downregulated in samples treated with 
656 mg/kg of copper sulfate coampared to those treated with 
130 mg/kg of copper sulfate (Fig. 2a). There were no 
significant changes in MT2b expression for samples treated 
with 130 mg/kg of copper sulfate, when compared to the 
water control (Fig. 2a). MT2b expression showed a 
concentration-dependent decrease in samples treated 
with potassium sulfate (Fig. 2b). For samples treated 
with 656 mg/kg and 1,312 mg/kg of potassium sulfate, 
MT2b expression was significantly decreased when 
compared to samples treated with water and 130 mg/kg of 
potassium sulfate (Fig. 2b). MT2b expression was further 
downregulated in samples treated with 1,312 mg/kg of 
potassium sulfate compared to those treated with 656 mg/kg 
of potassium sulfate (Fig. 2b). There were no significant 
changes to MT2b expression between the water control and 
samples treated with 130 mg/kg of potassium sulfate (Fig. 2b). 
The MT2b gene expression was significantly elevated for 
samples treated with 1,312 mg/kg of copper sulfate when 
compared to the equivalent potassium sulfate treatment 
(Fig. 2c). For samples treated with 130 mg/kg potassium 
sulfate and copper sulfate, the potassium sulfate induced a 
significant increase of MT2b expression compared to the 

equivalent copper sulfate concentration (Fig. 2c). There were 
no significant differences in MT2b expression when samples 
treated with 656 mg/kg of copper sulfate and potassium 
sulfate were compared (Fig. 2c). 

MT2b Expression in Needles 

The MT2b gene expression was significantly 

downregulated in genotypes treated with 656 mg/kg of 

copper sulfate, compared to samples treated with               

1,312 mg/kg of copper sulfate and the water control (Fig. 3a). 

The expression of MT2b was lower but statistically similar in 

genotypes treated with 130 mg/kg of copper sulfate, 

compared to the water control (Fig. 3a). MT2b expression 

was significantly downregulated in samples treated with 130, 

656 and 1,312 mg/kg of potassium sulfate, compared to the 

water control (Fig. 3b). Overall, there were no significant 

differences in MT2b gene expression when the equivalent 

concentrations of potassium sulfate and copper sulfate 

treatments were compared (Fig. 3c). 

MT2b Expression in Needle Vs. Root  

The MT2b expression was significantly elevated in roots 

compared to needles for all three concentrations of copper 

sulfate (1,312, 656, and 130 mg/kg), (Fig. 4a). MT2b gene 

expression was significantly elevated in the roots for samples 

treated with 130 mg/kg and 656 mg/kg of potassium sulfate, 

compared to needles (Fig. 4b). No significant differences in 

MT2b expression was observed between root and needle 

tissues of samples treated with 1,312 mg/kg of potassium 

sulfate (Fig. 4b). Interestingly, the expression of MT2b was 

significantly elevated in needles of susceptible genotype 

compared to roots (Fig. 4c). The MT2b gene expression was 

not significantly different between the roots and needles of 

the resistant genotype (Fig. 4c). 

MT2b Expression in Copper Susceptible and 

Resistant Genotypes 

The expression of MT2b was higher in the roots of the 

copper-resistant genotypes compared to the water control 

(Fig. 5a). However, the MT2b gene was downregulated in 

the roots of susceptible genotypes compared to the water 

control and the resistant genotypes (Fig. 5a). There were 

no significant changes in MT2b expression in needle 

tissues when the water control and the resistant and 

susceptible genotypes were compared (Fig. 5b). 
 

 
(a) 
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(b) 

 

 
(c) 

 

Fig. 2: MT2b gene expression in white spruce (Picea glauca) roots treated with different concentrations of copper sulfate and 

potassium sulfate. The gene expression was normalized to the housekeeping gene (EF1-α) and water was used as the negative 

control. Gene expression of (a) copper sulfate-treated roots, (b) potassium sulfate-treated roots, and (c) copper sulfate and 

potassium sulfate combined are presented. Significant differences among the means of the treatments are marked using * 

(p≤0.05), ** (P≤0.01), and *** (P≤0.001). Error bars represent the standard deviation of the treatment after being normalized 

to the reference gene and water 

 

 
(a) 

 

 
(b) 



Megan McKergow and Kabwe Nkongolo / American Journal of Biochemistry and Biotechnology 2022, 18 (4): 484.494 

DOI: 10.3844/ajbbsp.2022.484.494 

 

489 

 
(c) 

 
Fig. 3: MT2b gene expression in white spruce (Picea glauca) needles treated with different concentrations of copper sulfate and 

potassium sulfate. The gene expression was normalized to the housekeeping gene (EF1-α) and water was used as the negative 

control. Gene expression of (a) copper sulfate-treated needles, (b) potassium sulfate-treated needles, and (c) copper sulfate 

and potassium sulfate combined are presented. Significant differences among the means of the treatments are marked using * 

(P≤0.05), ** (p≤0.01), and *** (P≤0.001). Error bars represent the standard deviation of the treatment after being normalized 

to the reference gene and water 
 

 
(a) 

 

 
(b) 

 

 
(c) 

 
Fig. 4: MT2b gene expression in white spruce (Picea glauca) tissues. The gene expression was normalized to the housekeeping gene 

(EF1-α) and water was used as the negative control. Comparison of the gene expression between needles and roots; (a) copper 

sulfate treatments (b) potassium sulfate treatments and (c) Resistant (RG) and Susceptible (SG) genotypes treated with 

1,312 mg/kg of copper sulfate. Significant differences (p≤0.05) between tissues are represented with an asterisk (*) 
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(a) 

 

 
(b) 

 
Fig. 5: MT2b gene expression in white spruce (Picea glauca) (a) root and (b) needle tissues treated with 1,312 mg/kg of copper sulfate. 

The gene expression was normalized to the housekeeping gene (EF1-α) and water was used as the negative control. The 

phenotypic damage rating of the Resistant Genotype (RG) and Susceptible Genotype (SG) individuals was 2 and 7 respectively. 

Significant differences among the means of the treatments are marked using * (P≤0.05), ** (P≤0.01), and *** (P≤0.001). Error 

bars represent the standard deviation of the treatment after being normalized to the reference gene and water 

 

Discussion 

An excess of copper or free copper ions is toxic to 

plants and induces the production of multiple metal 

protein carriers, metal chelation mechanisms, or metal 

effluxes, to transport and remove the excess copper 

(Srivastava et al., 2006). Metallothioneins are a gene 

family which is regulated by metals (Murphy et al., 1997). 

Genes within this family contain a large distribution of 

cysteine residues within the amino acid terminals 

(Cobbett and Goldsbrough, 2002). They are high-affinity 

ligands which are one of the detoxification methods to 

prevent metal toxicity (Hall, 2002). Within this gene 

family, the MT2a and MT2b genes are induced under high 

copper concentrations and are expressed during oxidative 

stress (Zhou and Goldsbrough, 1995; Mir et al., 2004). 

Many plant species contain two different isoforms of 

metallothioneins; MT1 and MT2 (Murphy and Taiz, 

1995). The isoforms may be differently expressed. For 

example, the MT2 gene was expressed during metal 

treatments and the MT1 gene remained unaffected in 

Arabidopsis ecotypes (Murphy and Taiz, 1995). 

Interestingly, the expression of MT2 genes was not 

affected in the leaves of Avicennia germinans when plants 

were exposed to different concentrations of copper 

(Gonzalez-Mendoza et al., 2007). However, Escherichia 

coli and Arabidopsis thaliana both had an increased 

tolerance to copper ions due to the overexpression of the 

MT2 gene (Zhigang et al., 2006). The expression level of 

MT2b in the copper-tolerant Iris lactea var. chinensis was 

found to be significantly increased in roots and leaves 

after a copper sulfate treatment (Gu et al., 2015). When 

the Iris lactea MT2b gene was placed into Arabidopsis by 

a floral dip, the increased transgene expression showed 

greater root length growth compared to the non-transgenic 

plants after the copper treatment (Gu et al., 2015). 

Interestingly, the expression of MT2 expression in 

Brassica campestris did not significantly change when 

treated with copper but was induced with a cadmium 

treatment (Lv et al., 2013). However, the MT1 gene in B. 

campestris had an elevated expression after copper and 

cadmium treatments, suggesting that the MT gene 

family may work independently from one another, or 

have separate roles in plants dealing with metal toxicity 

(Lv et al., 2013). The overexpression of the MT2 gene in 

plants exposed to copper ions is an indication of their 

tolerance to copper (Guo et al., 2008; Zhao et al., 2012).  

This is consistent with the current study showing that 

the highest concentration of copper sulfate had a 

significantly elevated MT2b gene expression in P. glauca 

roots when compared to the water control. The expression 

of MT2b was suppressed in the roots and needles of plants 

treated with 656 mg/kg of copper sulfate compared to the 

water control. It was observed that the potassium sulfate 

control was inhibiting the MT2b gene in a concentration-

dependent manner in roots. The suppression of this gene 

in plants exposed to potassium sulfate was also observed 

in needles but this downregulation was not concentration-



Megan McKergow and Kabwe Nkongolo / American Journal of Biochemistry and Biotechnology 2022, 18 (4): 484.494 

DOI: 10.3844/ajbbsp.2022.484.494 

 

491 

dependent. This indicates that the repressed MT2b gene 

expression in plants treated with 656 mg/kg of copper 

sulfate may be caused by the sulfate ions, rather than the 

copper ions. However, it is also possible that the 

potassium ion is causing MT2b inhibition. Previous 

analyses demonstrated a significantly elevated MT2b 

expression in leaves of Quercus rubra treated with 

1,312 mg/kg of potassium sulfate when compared to the 

control (Proulx et al., 2017). Although the current study 

observed contrasting results, both studies indicate that the 

MT2b gene expression could be affected by the potassium 

or sulfate ions. Since samples treated with 1,312 mg/kg of 

copper sulfate showed an increased MT2b gene 

expression in P. glauca roots, it is suspected that the 

sulfate ions are inhibiting the MT2b gene at lower 

concentrations of copper sulfate (656 mg/kg). Once the 

copper ion concentration reaches the metal toxicity 

threshold, the expression of the MT2b gene is increased in 

roots rather than inhibited. The current study showed 

contrasting effects of sulfate and copper ions on the 

expression of MT2b in needle tissues. Samples treated 

with 1,312 mg/kg of copper sulfate have a similar level of 

MT2b expression in needles compared to the water 

control, but they have a significantly higher MT2b 

expression compared to samples treated with 656 mg/kg of 

copper sulfate. Potentially, the increased copper ion 

concentration is the cause of the differential MT2b 

expression between the two copper sulfate treatments 

(1,312 and 656 mg/kg) in the needles. 

When comparing the expression of MT2 in different 

tissues, it was found that Brassica campestris has a 

naturally high MT2 expression in leaves (Lv et al., 2013) 

and B. napus had a high MT2b expression in the 

cotyledons compared to hypocotyls (Pan et al., 2018). 

Expression of MT2b within the Arabidopsis MT family 

was increased in roots after exposure to copper, whereas 

the young or maturing leaves showed no changes in MT2b 

expression (Guo et al., 2003). On the other hand, the 

expression of MT2 in Thlaspi caerulescen’s shoot was 

neither induced nor repressed when treated with copper 

sulfate (Roosenstf et al., 2005). Interestingly, the MT2 

RNA expression in Thlaspi caerulescens did not show 

significant differences between roots and shoots before 

the copper treatment (Roosens et al., 2005). In the current 

study, the MT2b gene was highly expressed in the roots of 

P. glauca treated with all three copper sulfate 

concentrations and the two low concentrations of 

potassium sulfate. This is consistent with data reported in 

Arabidopsis (Guo et al., 2003). This could indicate that 

the MT2b expression is generally higher in the roots of P. 

glauca to chelate the copper and sulfate ions before they 

translocate to the aerial tissues (Guo et al., 2008). 

Previous data suggested that IREG2, which sequesters 

nickel, had a high expression in N. japonica roots, which 

led to nickel resistance and limited nickel translocation from 

roots to shoots (Nishida et al., 2020). MT2b expression was 

elevated in P. glauca needles of the susceptible genotype but 

was similar in the needles and roots of the resistant genotype. 

It would be beneficial to measure the copper ion 

concentrations in P. glauca tissues to determine if there was 

a higher copper translocation in the susceptible genotype 

when compared to the resistant genotype, as this could affect 

the expression of the MT2b gene in different plant tissues. 

When the MT2 sequence from Brassica campestris 

was transfected to Arabidopsis, there was an increased 

tolerance to both the cadmium and copper metals, 

resulting in increased root and shoot lengths when 

compared to the control plants (Lv et al., 2013). In this 

study, MT2b was highly expressed in roots of the copper-

resistant genotypes but was inhibited in the susceptible 

genotype roots, when compared to the control. It should 

be pointed out that apoptotic signaling could disrupt the 

MT2b expression in susceptible plants by DNA or mRNA 

degradation, which limits the transcriptional and 

translational abilities of the MT2b gene. Further studies 

will need to analyze resistant and susceptible plants 

before the cell death process starts (Thomas et al., 

2015). However, apoptosis might not affect MT2b 

expression in P. glauca, since no significant changes to 

the MT2b expression within the needle tissues were 

observed when the water control, the resistant 

genotype, and the susceptible genotype (with dying 

needle tissues) were compared.  

Conclusion 

This study aimed to determine the effects of different 

concentrations of copper ions on MT2b expression in 

white spruce (P. glauca). The present study reports for 

the first time, novel information on the effect of copper 

on the expression of MT2b in P. glauca. The MT2b 

gene was upregulated in roots when plants were 

exposed to 1,312 mg/kg of copper sulfate but were 

downregulated in genotypes treated with 656 mg/kg of 

copper sulfate in both tissues, compared to the water control. 

The MT2b gene expression was significantly downregulated 

in needles of genotypes treated with 656 mg/kg of copper 

sulfate when compared to samples treated with 1,312 mg/kg 

of copper sulfate and the water control. The expression of 

MT2b was higher in roots compared to needles regardless of 

the concentrations of copper sulfate or potassium sulfate 

used. Differential expression of MT2b was observed in 

copper-resistant and susceptible genotypes. A transcriptome 

analysis is warranted to determine which genes of the P. 

glauca genome are affected by copper toxicity.  
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