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Abstract

Metal accumulation in soil and plant tissues has
caused severe ecological damage in forest ecosystems in
the Sudbury region. The main objective of the present
study was to determine the levels of genetic diversity in
jack and red pine populations growing in metal contami-
nated and uncontaminated areas. Newly introduced
populations were compared to 40 to 60 old populations.
For jack pine, the percentage of polymorphic loci (P %)
ranged from 14.6% to 45.8% with a mean of 31.6%.
Nei’s gene diversity (h) varied from 0.046 to 0.169 with
an average of 0.100, and Shannon’s index (I) ranged
from 0.070 to 0.250 with an average of 0.153. The level
of genetic variation was much lower in the red pine pop-
ulations. For this species, the level of polymorphic loci
varied from 4.55% to 27.27%. The mean for Nei’s gene
diversity and Shannon’s information index, were 0.034
and 0.053, respectively. The highest genetic diversity
values were observed in new plantations being devel-
oped by the Sudbury reforestation program. Overall, the
genetic distance among the Pinus banksiana popula-
tions revealed that all the populations analyzed were
genetically close to each other. There was no association
between metal accumulation and genetic diversity for
both species.

Key words: Jack pine, red pine, ISSR, genetic diversity, metal
contamination, Sudbury.

Introduction

The genus Pinus, belonging to the Pinaceae family,
consists of over 100 species which makes it the largest
genus of conifers, as well as, the most widespread in the
Northern Hemisphere (VIDAKOVIC, 1991). Its distribu-
tion ranges from the arctic and subarctic south to
Guatemala, North Africa and Indonesia. Pines inhabit
the boreal, as well as, temperate and mountainous tropi-
cal regions (VIDAKOVIC, 1991). 

In Ontario (Canada), Crown forest accounts for
approximately 91% of forested land. Most of this land is
located in the Northern region and represents the boreal
and the Great Lake St. Lawrence Forests composed
mainly of conifer species (OMNR, 2001). Studies have
provided information on landscape degradation, soil tox-
icity, acidification, plant metal accumulation and forest
composition in Northern Ontario but knowledge of
genetic variation within and among forest tree popula-
tions is limited. 

Several authors have reported differences between
subsets of tolerant and sensitive plants growing in cont-
aminated areas (MÜLLER-STARCK, 1989; SCHOLZ and
BERGMANN, 1984). Enzymatic studies of Norway spruce
revealed genetic differences between groups of sensitive
trees in polluted areas (SCHOLZ and BERGMANN, 1984). It
has been demonstrated that the evolution of heavy-
metal tolerant ecotypes occurs at an unexpectedly rapid
rate (WU et al., 1975), and that despite founder effect
and selection, in several cases, the recently established
tolerant-populations maintain a high level of variation
and appear to be at least as variable as non-tolerant
populations. Observations of higher heterozygosity in
tolerant plants of European beech in Germany (MÜLLER-
STARCK, 1989), scots pine in Germany and Great Britain
(GEBUREK et al., 1987) and trembling aspen and red
maple in the United States (BERRANG et al., 1986) have
been reported. Several authors, however, have consid-
ered bottleneck effects as main factors in low genetic
variation in some species such as Deschampsia
cespitosa, Pinus monticola, and Lychnis alpina (BUSH

and BARETT, 1993; NORDAL et al., 1999; Steonhoff et al.,
1983). MIJNATOWICZ (1983) presented evidence of loss of
genes and heterozygosity in tolerant Scots pines. 

The main objective of the present study was to deter-
mine the levels of genetic diversity in jack and red pine
populations growing in metal contaminated and uncont-
aminated areas using ISSR. The sustainability of these
populations is also discussed. 

Material and Methods

Genetic material

For the genetic variation study, needle samples were
collected from eleven jack pine and seven red pine popu-
lations from Northern Ontario (Fig. 1). For each popula-
tion, 15 trees (5 to 10%) were surveyed. About 5 g of nee-
dles were frozen in liquid nitrogen and stored at –80°C
until use for DNA extraction.

Site characterization

Soils, needles and branch samples from the selected
sites have been already analyzed in a previous study for
concentrations of metals including aluminum, arsenic,
cadmium, cobalt, copper, lead, manganese, magnesium,
nickel, and zinc (FREEDMAN and HUTCHINSON, 1980;
GRATTON et al., 2000). High levels of metal contents in
soils and vegetation have been documented within short
distances of the smelters in Sudbury compared to con-
trol sites (FREEDMAN and HUTCHINSON, 1980; GRATTON et
al., 2000). The highest levels of metal accumulation in
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Figure 1. – Locations of jack pine  (sites 4 to 11) and red pine (sites A to G) sampling sites within the
Greater Sudbury region.  Site 4 represents Inco 1;  site 5, Inco 2; site 6, Falconbridge 1; site 7, Falconbridge
2; site 8, Falconbridge 3;  site 9, Inco Tailing; site 10, Low Water Lake (control); and site 11 – Temagami
(control). Site A represents  Falconbridge A; site B Falconbridge B; site C, Falconbridge C; site D, Coniston;
E, Daisy Lake; and F, Verner.

soil and plant tissues were detected in samples from
populations within the vicinity of Falconbridge and
INCO Smelters in Sudbury (FREEDMAN and HUTCHINSON,
1980; GRATTON et al., 2000). 

DNA extraction 

The total cellular DNA from 1 g of individual samples
was extracted from needles using the method described
by NKONGOLO (1999), with some modifications. The con-
centration of each sample was determined using the
DNA quantitation kit from Bio-Rad and the purity was
determined using a spectrophotometer (Varian Cary 100
UV-VIS spectrophotometer).

Amplification of ISSR markers

Twenty ISSR primers, synthesized by Invitrogen, were
chosen for preliminary amplification of four populations
from Pinus banksiana. DNA amplification was per-
formed following the procedure described by NAGAOKA

and OGIHARA (1997) and NKONGOLO et al. (2005) with
some modifications. Each PCR reaction was performed
in a 25 µl volume containing 5 ng of genomic plant DNA,
10 mM Tris-HCl, pH 8.3 [at 25°C]; 50 mM KCl; Applied
Biosystems, Foster City, CA), 3.5 mM MgCl2, 200 µM of
each dNTP (Applied Biosystems, Foster City, CA),
0.5 µM primer and 0.625 U of Taq DNA polymerase
(Applied Biosystems, Foster City, Calif.). For each

primer, a negative control reaction with double distilled
water was included. A drop of mineral oil was added to
each reaction and the samples were amplified on a DNA
thermal cycler (Perkin Elmer, Foster City, CA). The
cycles performed were as follows: an initial denaturation
at 95°C for 5 minutes followed by a 2 minute incubation
at 85°C at which point the polymerase was added; 42
cycles of 90 second at 95°C, 2 minute at 55oC and 60
seconds at 72°C were performed; a final extension at
72°C for 7 minutes and a subsequent incubation at 4oC
followed. PCR products were loaded onto 1% agarose
gels (invitrogen) in 0.5 X Tris-borate-EDTA (TBE) buffer
containing ethidium bromide and run at 2.8 V/cm for 90
minutes. The agarose gels were documented using the
Bio-Rad ChemiDoc XRS system and analyzed with the
Discovery Series Quantity One 1 D Analysis Software.

ISSR analysis

Only the ISSR primers which gave consistent profiles
across the populations were selected. The presence and
absence of bands were scored as 1 or 0 respectively.
Faint bands were not recorded for analysis. The follow-
ing parameters were generated using POPGENE 1.31 to
describe genetic variation: the percentage of polymor-
phic loci (P), Nei’s gene diversity (h), Shannon’s informa-
tion index (i), the observed number of alleles (Na) and
the effective number of alleles (Ne) (NEI, 1973; YEH et
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al., 1997). The genetic structure was investigated using
Nei’s gene diversity statistics, including the total genetic
diversity (Ht), genetic diversity within populations (Hs),
and the relative magnitude of genetic differentiation
among populations. Jaccard’s similarity coefficients
were generated to determine the genetic distances
among populations using RAPDistance Program version
1.04 (ARMSTRONG et al., 1994). Dendrograms were con-
structed using the neighbour-joining analysis. This
method starts with a starlike tree with no hierarchical
structure and in a stepwise fashion finds the two opera-
tional taxonomic units that minimize the total branch
length at each cycle of clustering. The unrooted tree
generated by the Neighbor joining method is construct-
ed under the principle of minimum evolution (SAITOU

and NEI, 1987). 

Results

ISSR markers

ISSR primers were used to determine genetic varia-
tion between and within Pinus banksiana and P.
resinosa. Seven of the 20 ISSR primers screened ampli-
fied DNA samples from all populations studied (Table 1).
Figures 2 and 3 illustrate ISSR profiles of Jack and red
pines, respectively, using primer 1789B. 

Genetic variation within populations

For Jack pine, a low to moderate levels of genetic vari-
ation was revealed within each population. The percent-
age of polymorphic loci (P %) ranged from 14.60% to
45.80% with a mean of 31.60%. The mean level of poly-
morphism for the eight populations from the greater
Sudbury area was 27.60% while this value was higher
for populations from the nurseries with an average of
42.40% detected polymorphic loci. The levels of genetic
variation detected in populations from metal-contami-
nated areas were similar to those found in control sites.
The Nei’s gene diversity (h) for all jack pine populations
analyzed varied from 0.046 to 0.169 with an average of
0.100, and Shannon’s index (I) ranged from 0.070 to
0.250 with an average of 0.153. The mean observed
number of alleles (Na) ranged from 1.146 to 1.458, while
the mean effective number of alleles (Ne) varied from
1.107 to 1.310 (Table 2).

The level of genetic variation was much lower in the
red pine populations. For this species, the level of poly-
morphic loci varied from 4.55% to 27.27% (Table 3). The
mean level of polymorphic loci for populations from the
greater Sudbury region excluding the population from
the nursery was only 8.3%. Like in jack pine popula-
tions, the polymorphism detected in contaminated popu-

Table 1. – Invitrogen 3’ anchored ISSR primers used to generate multilocus profiles
with DNA from jack pine and red pine bulk samples.

Figure 2. – PCR amplification of  jack pine genomic DNA using ISSR  primer 17898B. Lanes 1
and 14  contain 1kb +  Ladder; Lanes 2 to 12 contain amplified products from different popula-
tions; lane  2 – Boréal Nursery; Lane 3 – Land Reclamation Nursery; Lane 4 – Inco Nursery;
Lane 5 – Inco 1; Lane 6 – Inco 2; Lane 7 – Falconbridge 1; Lane 8 – Falconbridge 2; Lane
9 – Falconbridge 3; Lane 10 – Inco Tailing; Lane 11 – Temagami (control); Lane 12 – Low
Water Lake (control); Lane 13 – Blank.
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Figure 3. – PCR amplification of  red pine genomic DNA using
ISSR  primer 17898B. Lanes 2 to 12 contain amplified products
from different populations. Lane 1  contains 1kb+ Ladder; Lane
2,  Falconbridge A; Lane 3,  Falconbridge B; Lane 4, Falcon-
bridge C; Lane 5, Coniston; Lane 6, Daisy Lake; Lane 7, Verner
(control); Lane 8 – Blank.

lations was similar to that found in non contaminated
site used as a control. Overall, the mean for Nei’s gene
diversity and Shannon’s information index, were 0.034
and 0.053, respectively for all the red pine populations

analyzed. The mean observed number of alleles (Na)
ranged from 1.045 to 1.270 while the mean effective
alleles (Ne) varied from 1.00 to 1.17 (Table 3). The high-
est genetic diversity values were observed in the popula-
tions used for the Sudbury reforestation program. High
levels of metal content did not affect the level variation
for both species.

Genetic differentiation among populations

For jack pine, the mean gene diversity within popula-
tions (Hs) and the total gene diversity (Ht) were 0.100
and 0.144, respectively. The variation among popula-
tions (Gst) were 0.304 indicating that 30.40% of total
genetic diversity were attributed to the differences
among populations. The observed structure of genetic
variability shows that there is a sensitive level of differ-
entiation among the jack pine populations in the target
regions. The overall rate of gene flow (Nm) among popu-
lations was 1.14. For red pine the Hs and HT values
were 0.034 and 0.044, respectively. About 22% of the
total genetic diversity in red pines was attributed to dif-
ferences among populations.

Genetic relatedness 

Because of the monomorphic nature in many red pine
ISSR profiles, the genetic relationships among popula-
tions couldn’t be established for that species. Therefore,

Table 2. – Genetic variability parameters of Pinus banksiana populations growing
in the Sudbury area based on ISSR data.

P, represents  percentage of polymorphic loci; h, Nei’s gene diversity; I, Shannon’s
information index; Ne, effective number of alleles; Na, observed number of alleles.

Table 3. – Genetic variability parameters of Pinus resinosa populations growing
in the Sudbury area based on ISSR data.

P, represents percentage of polymorphic loci; h, Nei’s gene diversity; I, Shannon’s
information index; Ne, effective number of alleles; and Na, observed number of
alleles.
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the genetic relatedness was analyzed only for jack pine
populations. The Jaccard similarity coefficients and
genetic distance were calculated using ISSR data. The
genetic distance scale runs from 0 (identical) to 1 (differ-
ent for all criteria). In general, the genetic distance val-
ues were low as they ranged from 0.037 to 0.365 (Table
4). Overall the genetic distance values revealed that all
the eleven jack pine populations were genetically closely
related (Table 4). The two populations from control site
(uncontaminated), Low Water Lake and Temagami were
the most closely related. The largest genetic distance
was observed between population 5 from INCO 2 and
the new population used in 2006 for reclamation (called
introduction 2 in the present study). The dendrogram
constructed, based on ISSR data revealed a particular
clustering (Fig. 4). All the populations from the greater
Sudbury that we analyzed clustered together while the
three newly introduced populations from nurseries were
grouped in a separate cluster (Fig. 4). The patristic dis-
tances based on the neighbor-joining (NJ) analysis were
estimated.

Discussion

Loss of rare alleles, lower heterozygosity and direc-
tional selection have been concerns of plant population
(BERGMANN and SCHOLZ, 1989). Most of the forest eco-
systems within the Sudbury area have improved consid-
erably during the last 30 years (DUDKA et al., 1995;
GRATTON et al., 2000). Vascular and nonvascular plants
such as conifers, birches and lichens have re-invaded
semi-barren landscapes. More than seven million trees,
mostly conifers, have been planted in the Greater Sud-
bury Region. Genetic diversity is the foundation for
forest sustainability and ecosystem stability. Bench
marking genetic diversity in forest tree populations can
provide resource managers with an indicator of long-
term forest sustainability and ecosystem health
(MOSSELER and RAJORA, 1998; RAJORA and MOSSELER,
2001a, 2001b).

In the present study, jack pine and red pine popula-
tions from contaminated and uncontaminated sites were
analyzed using ISSR markers. These populations were

Table 4. – Distance matrix generated using bulk sample analysis from various popu-
lations of jack pine ISSR data (RAPDistance version 1.04).

1, represents introduction 1;  2, Introduction 2; 3, Introduction 3; 4, Inco 1 site;
5, Inco 2 site ; 6, Falconbridge 1 site; 7, Falconbridge 2 site;  8, Falconbridge 3 site;
9, Inco Tailing; 10, Temagami site; and 11, Low Water Lake site. 

Figure 4. – Dendrogram of the genetic relationships among eleven populations of jack pine based
on Jaccard similarity matrix using ISSR data. The values above the branches indicate the patris-
tic distances based on the neighbor-joining (NJ) analysis.
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compared to new populations used for restoration. The
estimates of population differentiation (Gst) for jack
pine and red pine showed that more than 30% for jack
pine and 20% for red pine of total genetic variation is
among populations and the remainder resides within
populations. These estimates are among the highest
obtained for Pinus species as cited by LEDIG (1998). YE

et al. (2002) reported a Gst of 15.5% for jack pine and
16.2% for lodgepole pine based on RAPD markers.
Other studies reported Gst of 32%, and for P. cembra,
22% for P. ayacahuite, and P. muricata (LEDIG, 1998).
Microsatellite analysis of red pine populations distrib-
uted throughout the natural range of this species
revealed a high population differentiation with 28–35%
of genetic variation partitioned among populations
(BOYS et al., 2005). Several studies showed that the Gst
values for most pine species studies including lodgepole
and jack pines were usually less than 10% and often
less than 5% (LEDIG, 1998). 

The high genetic differentiation among populations in
red and jack pines compared to other conifer species
could be attributable to a high rate of selfing in these
populations, because predominantly selfing plant popu-
lations tend to show higher population differentiation
than outcrossing ones (LOVELESS and HAMRICK, 1984;
HAMRICK and GODT, 1990)

In general, the low genetic variation in red pine popu-
lations from the Sudbury basin is consistent with other
studies from other regions. This contrasts strikingly
with the high genetic variability found in other conifer
(HAMRICK and GODT, 1990). In fact detailed genetic char-
acterizations of black and red spruce populations from
Ontario (including the Sudbury region), Quebec and the
Atlantic provinces revealed a very high level of polymor-
phic loci (over 80%) and genetic diversity (DOBRZENICKA

et al., 2007, unpublished data; NKONGOLO et al., 2003). 
The genetic uniformity in red pine has been ascribed

to genetic bottleneck during the last glaciations (FOWLER

and MORRIS, 1977; WALTER and EPPERSON, 2005). The
highly fragmented population structure and self-com-
patible mating system may also have contributed to the
loss of genetic variation through inbreeding and genetic
drift during the post-glacial expansion from the refugia
(FOWLER, 1964 and 1965). 

Evolution of jack pine in North America could has pos-
sibly followed the same pattern of red pine which
despite increases in population numbers and mutations
has produced only low genetic variation specially at the
nuclear level. The most plausible explanation of this low
variability is bottleneck due to the last glaciations. The
entire area of the present-day distribution of jack pine is
thought to have been covered by ice during the last
glacial stages. Geological and paleobotanical evidences
from fossil pollen depositions indicate that jack pine sur-
vived glaciations in an extensive refugium centred on
the Appalachian Highlands of Eastern North America
(DAUBENMIRE, 1978). Upon recession of the Wisconsin
icecap, jack pine north-ward is thought to have hap-
pened rapidly (DAUBENMIRE, 1978). 

The exposure of red and jack pines to toxic substances
for more than 50 years in the Sudbury region did not
reduce the level of genetic variation as reported for

Deschampsia cespitosa (NKONGOLO et al., 2007). In fact,
among the sites analyzed in the present study, the high-
est level of metal content in soil and plant tissues were
detected in samples from populations located within the
vicinity of Falconbridge and INCO Smelters in Sudbury
(GRATTON et al., 2000; NKONGOLO et al. 2007). The level
of genetic variation in those sites was not significantly
different compared to uncontaminated sites within the
greater Sudbury region. This clearly indicated that the
exposure to metals for more than 50 years has no effect
on genetic structure and diversity of pine populations.
This was also the case for Deschampsia cespitosa (herba-
ceous species) populations growing in the greater Sud-
bury regions. But the analysis of D. cespitosa popula-
tions growing in metal residues dumping sites in Cobalt
with certain metal content of 20 fold than in Sudbury
showed significant reduction of the level of genetic vari-
ation (NKONGOLO et al., 2007). This suggests that
although the levels of metal accumulation in Sudbury
soils exceed in some cases the upper limit set by the
MEE, it has not reached a threshold level that can be
damageable for the genetic makeup of both herbaceous
and conifer species. Evidence of loss of genetic diversity
at the population level caused by pollution has been
demonstrated in some species (LOPES et al., 2004 and
VAN STRAALEN and TIMMERMANS, 2002). But, plants pos-
sess homeostatic cellular mechanisms to regulate the
concentration of metal ions inside the cell to minimize
the potential damage that could result from the expo-
sure to nonessential metal ions. These mechanisms
serve to control the update, accumulation and detoxifi-
cation of metals (FOY et al., 1978).

The low genetic diversity in jack and red pines with
ISSR markers confirms data from other reports using
allozymes, RAPD, and microsatellites (BOYS et al., 2005;
FOWLER and MORRIS, 1977; MOSSELER et al., 1991 and
1992). This suggests that regardless of the regions of the
genome targeted, red pine is one of the most genetically
depauperate conifer species in North America. The sus-
tainability of jack and red pine populations from the
Sudbury region is not threatened because of the rela-
tively high level of genetic diversity in newly introduced
populations compared to existing populations and to a
high genetic differentiation among populations. 
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Abstract

This study was performed in order to compare two
wild service tree populations (Sorbus torminalis (L.)
Crantz) for their early growth and to find useful vegeta-
tive characteristics to be used in indirect selection of
fast and tall growing trees of the species in the field. We
used phenotypic and genotypic correlation coefficients
estimated on data from 30 three-year old seedlings of
each 40 randomly selected adult trees. Assuming genetic
differences between the trees sampled, path analysis
was performed on genotypic and phenotypic levels.

Results showed that plus trees of one of the sites may
be used for clonal seed orchard establishment. But the
other site is suggested as a better site for breeding pur-
poses with more effective Sorbus population. Collar
diameter had the strongest positive direct effect and
strongest correlation with plant height at the phenotyp-
ic level. In contrast, lateral branches showed very weak
direct effect but relatively strong total indirect effect on
plant height. Path analysis on the genotypic correlation
coefficients detected negative indirect effect between the
characters. Collar diameter could be regarded as a good

predictor of plant height because of its strong direct and
indirect phenotypic and genotypic correlations. The use
of recommended selection criteria is discussed.

Key words: Genotypic correlation, Half-Sib progenies, Path
analysis, Vegetative characteristics.

Introduction

Sorbus torminalis (L.) Crantz is a tree species with
high economical values (DEMESURE et al., 2000). Its nat-
ural distribution is rather large, from the north of
Maghreb to the south of Denmark and from the east of
Great Britain to the north of Iran (DEMESURE et al.,
2000). Medicinal importance of the Sorbus species is
also emphasized (TERMENTZI et al., 2006). The increasing
concern on Sorbus species during last decades in Euro-
pean countries enables enlargement of genetic knowl-
edge on them (BALIUCKAS et al., 2005). The species is
scattered on the south edge of the Caspian Sea in forests
of northern Iran along with beech (Fagus orientalis Lip-
sky.), Caucasian oak (Quercus castaneifolia C.A.M.), and
hornbeam (Carpinus betulus L.). The best quality of
wild service tree is found in northern and northeast
aspects of the area on deep soil, where the species can
grow as tall as 30 meter and exceed a diameter at breast
height of 100 centimeter.

Genetic variation is the corner stone of all breeding
strategies in forests reclamations, and is vastly consid-
ered in the literature. Genetic variability of various mor-
phological and molecular aspects of the species is consid-
ered by numerous authors who have used various meth-
ods to characterize populations of the species (ANGELONE
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