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Abstract: The Greater Sudbury Region in Northern Ontario (Canada) has
been one of the most contaminated regions in the world. Soil liming with
dolomitic limestone applications has decreased significantly the level of
soil acidity resulting in forest regeneration. This reclamation process does
not affect the level of soil metal contamination but results in metals
availability decrement. The coping mechanisms of birch (Betula
papyrifera) to soil metal contamination have been recently characterized.
The objective of this study was to assess the effects of soil liming and metal
contamination on Cations Exchange Capacity (CEC) and whole DNA
methylation in B. papyrifera. Cytosine and adenine methylations were
measured using tandem Mass Spectrometry (MS/MS) coupled with LC
(LC-MS/MS). The present study confirms that liming increases
significantly soil pH even over 30 years after dolomitic applications. There
was a decrease of cations exchange capacity and cytosine methylation in
metal-contaminated sites compared to uncontaminated sites. CEC was
significantly higher (p<0.05) in limed and reference distal sites compared to
unlimed areas. No significant difference in cytosine methylation level was
observed between metal-contaminated limed and unlimed areas. This
suggests that metal contamination mostly nickel and copper, the main
elements found in higher concentrations in contaminated sites might be
associated with cytosine methylation.
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pioneer species and rapidly colonizes open areas and
it represents over 60% of tree plant species growing in
the GSR. It has been reported that Betula papyrifera is
sensitive to changes in soil acidity and soil metal
contamination (McCall et al., 1995; Theriault et al.,
2013; 2014; Mehes-Smith and Nkongolo, 2015).

Little is known about adaptation of B. papyrifera to
soil metal contamination even though it plays such a key
role in forest sustainability. Soil liming with dolomitic
limestone applications has decreased the level of soil
acidity resulting in an improvement of plant population
health. This reclamation process does not change the

Introduction

The Greater Sudbury Region (GSR) has been one
of the most contaminated regions in the world. It has
been estimated that > 100x10° t of SO, and several
thousands of tonnes of metals including cobalt (Co),
copper (Cu), nickel (Ni) and iron (Fe) were been
released by roast pits and smelters located in the GSR
(Northern Ontario, Canada). Soils surrounding
smelters were completely barren soon after
industrialization started with only a few tree species
remaining (B. papyrifera was one of the commonest)

(Amiro and Courtin, 1981). To reclaim these degraded
lands, soil liming and tree planting has been
implemented since 1979. This has resulted in
improved ecosystem landscapes. Betula papyrifera is
a dominant tree species of the boreal forest. It is a
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level of metal contamination but affects the availability
of some metals (Nkongolo et al., 2013; Goupil et al.,
2015; Tran et al., 2015). Its effects on Cations
Exchange Capacity (CEC) and the overall soil fertility
is not clearly established.

© 2016 Gabriel Theriault and Kabwe Nkongolo. This open access article is distributed under a Creative Commons

Attribution (CC-BY) 3.0 license.
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On the other hand, the ecological adaptation
process of plants to stressed environments can be
associated with cytosine modifications that are
environmentally-induced. This non-heritable
methylations could influence preferential survival
(Flores et al., 2013). Only limited studies on DNA
modifications  have been  conducted under
environmental conditions that plants experience in
real ecosystems outside artificial laboratory.

The main objective of this study was to assess the
effects of soil liming and metal contamination on CEC
and whole DNA methylation.

Materials and Methods
Metal and Cation Exchange Capacity

Soil, root and leaf samples were collected from
nine locations throughout the GSR as described in
Theriault et al. (2013; 2014). The sampling sites include
three pairs of limed and unlimed areas close to smelters

and contaminated with metals (Fig. 1). Three distal sites
were used as reference. The samples were flash frozen in
liquid nitrogen and kept in aluminum papers at -80°C for
total cellular DNA extraction. Seeds were collected from
a Laurentian research site, in Northern Ontario and
stored at 4°C prior to germination.

Soil pH was measured in de-ionized water and in a
neutral salt solution pH (0.1 M CaCl,) (Carter, 2007).
The exchangeable cations (AI*", Ca*’, Fe*', K', Mg*",
Mn?" and Na") were quantified by ICP-MS analysis of
ammonium acetate (pH 7) extracts of soil samples, with
the total exchange capacity being estimated by summation
of the exchangeable cations (Hendershot et al., 2008).
Metal analysis was performed as described by Abedin ef al.
(2012) and Nkongolo et al. (2013). Total concentration
of metals was measured after digestion of 0.5 g of soil
samples with 10 mL of 10:1 ratio of HF/HCI at 150°C.
Total metals were detected using Inductively Coupled
Plasma Mass Spectrometry (ICP-MS).
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Fig. 1. Locations of white birch sampling sites within the Sudbury region. Site 1: Daisy Lake; Site 2: Wahnapitae Hydro Dam; Site
3: Kingsway; Site 4: Kelly Lake; Site 5: Capreol (control); Site 6: St. Charles (control); Site 7: Onaping Falls (control)
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Whole DNA Methylation

The total cellular DNA from fresh leaves and roots
was extracted using the CTAB extraction procedure
described by Mehes et al. (2007) and Nkongolo (1999).
After extraction, this genomic DNA was stored in a
freezer at -20°C.

The general protocol for whole cytosine methylation
is described in Tsuji et al. (2014). Nucleoside
quantification was determined using Tandem Mass
Spectrometry (MS/MS) coupled with LC (LC-MS/MS).
Total cellular DNA was digested with DNA Degradase
Plus (ZYMO RESEARCH) following the procedure
described by the manufacturer. LC separation was
performed on a dC18 2.1x100 mm column at flow rate
of 0.2 mL/min. The mobile phase was 15% CH3OH,
85% H20 with 1% formic acid and 10 mM ammonium
formate. The injection volume was 15 ulL. A
Waters/Micromass Quattro Micro mass spectrometer
was used for the detection of nucleosides. Electrospray
ionization in positive ion mode was used to generate
ions. Cytosine and adenine methylation levels are
reported as [SmdC]/[dG] and [6N-mdA]/dT] ratios,
respectively.

Statistical Analysis

All statistical analyses were performed using SPSS
version 20 software (SPSS, Chicago, IL, USA). Data
were transformed using logo transformation to achieve a
normal distribution. Analysis of Variance (ANOVA)
was performed for total metal content, [SmdC]/[dG] and
[6N-mdA]/dT] values. This was followed by Tukey’s
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HSD multiple comparison analysis to determine
significant  differences  (p<0.05) from  metal-
contaminated among means. Data from analysis of
samples frommetal-contaminated and uncontaminated
sites and from limed and unlimed areas were compared
using Student-T test (p<0.05).

Results and Discussion

Cation  Exchanges, pH and Soil Metal

Contamination

The present study shows that the pH wvalues of
samples from areas limed with dolomitic stones >30
years ago were significantly higher (p<0.05) compared
to those of unlimed samples. But the acidity level
between metal-contaminated and uncontaminated site
were statistically similar (Fig. 2). Likewise, the level of
cation exchange capacity was significantly higher in
limed sites compared to unlimed areas. On the other
hand, reference sites show a high level of Ca**, Fe*" and
Mg®"  cation exchange capacity compared to
uncontaminated sites. Significant differences were
observed for CEC values between metal-contaminated
and distal reference sites. CEC values were also higher
in limed areas compared to unlimed sites (Fig. 3). Metal
contamination levels are described in Table 1. No
significant different was observed for soil metal content
levels between limed and wunlimed sites. The
concentrations of cobalt (Co), copper (Cu) and nickel
(Ni) in soil were higher in limed and unlimed areas
compared to distal reference sites.

Metal contaminated limed Metal contaminated unlimed Uncontaminated reference

Fig. 2. Soil pH in metal-contaminated limed, metal-contaminated unlimed and metal-uncontaminated reference sites in the Greater
Sudbury Region. Means with a common subscript are not significantly different based on Tukey multiple comparison test

(p=0.05). Error bars represent standard error

57



Gabriel Theriault and Kabwe Nkongolo / American Journal of Environmental Sciences 2016, 12 (2): 55.62
DOI: 10.3844/ajessp.2016.55.62

25 - .

10 -

Mean cation exchange (cmol/kg)

e

Metal contaminated limed Metal contaminated unlimed
(@)

Mean cation exchange (cmol/kg)
L¥¥]

Metal contaminated limed Uncontaminated reference
(b)

Fig. 3. Mean cation exchange capacity based seven metals (Al, Fe, Ca, Mg, K, Mn and Na) for (a) Metal-contaminated limed and
Metal-contaminated unlimed sites (b) Metal-contaminated and uncontaminated reference sites in the Greater Sudbury Region
*indicates significant differences (p<0.05) between mean data for the two groups of sites

Table 1. Total concentration of nutrients and metals elements in the limed, unlimed and control organic surface horizons (LFH) of
soils from the Sudbury region sites (concentrations are in mg kg™', dry weight)

Sites As Ca Co Cu Pb Mg Ni Sr Zn

Limed 31.9%+59 14526°+5153  60.2°+22 1304°+491  135°+61 3276213  1552°+642 75.5°+3.6 83.1°+24

Unlimed  45.5%+20 5010°+298 56.2°+10 125574359 141°t44 21764458 13634392 76.5°10  76.6°+18

Control ~ 3.46°:22  5880°+743 10.2°+3.2 133428 762410 1576126 205492  83.5%8.4 77.2%+10

"Results are expressed as mean values + standard error.

Means in columns with a common subscript are not significantly different based on Tukey multiple comparison test (p=>0.05).

This significant improvement of CEC in limed sites the CEC is directly associated with soil pH. Low-pH
appeared to have contributed to an increased soil fertility stress (such as in unlimed areas) resulting to proton
and improved plant growth. It should be pointed out that toxicity is considered to be one of the main factors
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inhibiting plant growth and development in acid soils
(Kochian ef al., 2004). It also limits directly plant growth
via a high hydrogen ion activity (Schubert ez al., 1990;
Koyama et al., 2001). A high concentration of
protons triggers oxidative stress by inducing an
excessive accumulation of Reactive Oxygen Species
(ROS) in plant tissues, particularly superoxide
radicals and hydrogen peroxide (Shi et al., 2006;
Liu et al., 2011). Reactive Oxygen Species (ROS) is
the main toxicity mechanism involved in plant
stresses including metal contamination. Toxic metal-
induced oxidative stress is usually greater in sensitive
plants than in tolerant ones such as B. papyrifera. In
the present study, soil pH in reference uncontaminated
sites was low (similar to metal contaminated unlimed
sites) and consistent with the Canadian shields soil
acidity. But the CEC values were similar to limed
sites with a high pH suggesting that the association
between the two might be overridden by other factors
such as organic matter content.
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Whole DNA Methylation

We also consider if epigenetic might be involved in
the response of B. payrifera to metal contamination and
soil acidity and fertility. Analysis of DNA modifications
caused by abiotic stresses have shown increase or
decrease of hypermethylations, but few studies
conducted on the effects of metals in plants reveal that
hypomethylation is associated with a high level of metal
contamination (Aina et al., 2004). These two phenomena
could be involved in the adaptation of plants to stress
(Peng and Zhang, 2009).

In the present study, significant differences (p<0.05)
for [5mdC]/[dG] was observed between metal-
contaminated and uncontaminated sites (Fig. 4a). These
differences in methylations can be attributed to either
higher Ni or Cu contamination or CEC, the two main
factors distinguishing the two types of sites. Cytosine
methylation levels varied also between roots and leaf
samples in some sites (Fig. 4b).

Uncontaminated reference

ERoot

B 1eaf

Uncontaminated
reference

Fig. 4. (a)Cytosine methylation levels based on ratio of methylated cytosine to guanosine in roots of white birch (Betula papyrifera)
populations from limed and unlimed areas. Means with a common subscript are not significantly different based on Tukey
multiple comparison test (p>0.05). (b) Cytosine methylation levels based on ratio of methylated cytosine to guanosine in roots
and leaves of white birch populations (Betula papyrifera) from limed and unlimed areas *indicates significant differences

(p<0.05) between root and leaf data
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No significant difference in adenine methylation was
observed between limed Vs unlimed sites, metal-
contaminated Vs uncontaminated sites and leaves Vs
roots. But the analysis of the chromatogram revealed two
peaks that were resolved for the N6-mdA, one within the
expected range at 5.65 and a second at 4.82 in 30% of
the samples from both contaminated and uncontaminated
sites (Fig. 1 -Supplementary materials).

A number of publications have provided convincing
evidence that support the role of abiotic stresses including
drought and high salinity in DNA methylation (Choi and
Sano, 2007; Peng and Zhang, 2009; Chinnusamy and Zhu,
2009; Wang et al., 2010; Kimatu et al., 2011). Reports on
the effects of metal contamination, pH, cation
exchanges on DNA modifications are limited. The
present study suggests that metal contaminations might
be involved in DNA methylation.

Tandem Mass Spectrometry (MS/MS) coupled with
LC (LC-MS/MS) used in the present study to measure
overall levels of DNA methylation is an established
approach to nucleoside quantification specifically to
measure global cytosine methylation (Hu et al., 2013;
Tsuji et al., 2014). In particular, it is a fast, sensitive,
accurate and specific avenue for modified nucleoside
quantification at trace (fmol) levels. Other procedures
such as Methylation-Sensitive Amplified Polymorphism
(MSAP) and methods based on bisulfite modifications of
DNA that analyze the methylation status of specific
sequences are also used in many studies. Each of these
methods has its own peculiarities. MSAP approach was
recently used to assess the effect of metals on cytosine
methylation in Acer rubrum (red maple). But this
technique was not as sensitive to detect quantitative
difference in DNA methylation between metal-
contaminated and uncontaminated populations in Acer
rubrum populations growing in the GSR (Kalubi ef al.,
2015). The use of bisulfite sequencing for cytosine
methylation would be more informative in mapping the
distribution of DNA modifications. But its wide
application in plants epigenetic studies is cost prohibitive
specifically for species whose genome have not been
completely sequenced.

Conclusion

The present study confirms that nickel and copper
are the main contaminants in targeted sites within the
GSR and liming increases significantly soil pH even
over 30 years after dolomitic applications. There was
a decrease of cations exchange capacity and cytosine
methylation in metal-contaminated sites compared to
uncontaminated sites. Cations exchange capacity was
higher in limed and distal reference sites compared to
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unlimed sites. No significant difference in cytosine
methylation level was observed between limed and
unlimed areas with the same levels of metal
contamination. This suggests that metal contamination
mostly nickel and copper, the main elements found in
higher concentrations in contaminated sites might be
associated with cytosine methylation.

Future Research Directions, Limitations and

Implications

Control experiments with different dosages of these
metals are being conducted to confirm the role of these
metals in DNA methylation. In addition bisulfite
sequencing will be used to assess the distribution of
methylation in the B. papyrifera genome.
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Fig. 1. Integrated LC-MS/MS chromatograms for dG, N6-mdA, dA, dT, 5-mdC, and C. The arrow indicates unusual second peak for

N6-mDA in Betula papyrifera DNA samples
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