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Abstract

In Pinus roxburghii, marker-trait associations
were studied for resin yield using a set of 238
DNA based markers derived from 9 ISSR and
5 AFLP primer pairs. A total of 240 genotypes of
P. roxburghii from a natural population in
Chakrata division (Tiunee range), Uttarakhand
(India) were evaluated for resin yield. Based on
stable resin production in consecutive years, 53
genotypes that were best representatives of the
variation in resin yield (0.25 to 8.0 kg/tree/year)
were used for genotyping and association analy-
sis. For carrying out the association studies,
two approaches were used. First, using simple
linear regression, resin yield was regressed on
all 238 available polymorphic markers (148
ISSR markers and 90 AFLP markers) and sec-
ond, evidence for association was examined
applying population structure information
using STRUCTURE and STRAT to avoid any
spurious associations between a candidate
marker and phenotype. In regression analysis,
16 ISSR and 12 AFLP markers showed signifi-
cant association with resin yield. In the second
approach, 18 ISSR and 18 AFLP loci were found

to be associated with resin yield in the absence
of population structure out of which 2 ISSR and
3 AFLP loci were common with those associated
in regression analysis. After accounting for pop-
ulation structure, 38 ISSR, and 3 AFLP loci
revealed association out of which one ISSR and
one AFLP locus was found to be common with
both simple linear regression and test of associ-
ation in the absence of population stratification.
There was no obvious correlation between popu-
lation structure and resin yield.

Key words: regression, population structure, struc-
tured association test, ISSR, AFLP, Pinus rox-
burghii.

Introduction

Pinus roxburghii (Sarg.) commonly called as
long leaf pine or Himalayan chir pine is one of
the most important conifers found in the lower
Himalayan region between latitudes 26°N and
36°N and longitudes 71°E and 93°E in subtrop-
ical and warm temperate monsoon belts,
between 450 to 2300 m altitudes in Siwaliks
and Himalayan main river valleys, from Kash-
mir to Bhutan (GHILDIYAL et al., 2009). Trees of
P. roxburghii yield the highest amount of oleo-
resin in India (COPPEN and HONE, 1995), which
is a commercially important product, having
huge export potential. The annual production of
resins in India as estimated by the state forest
departments was found to be 27,961 tons in
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2009–2010 with an approximate value of 16.306
million USD (FORESTRY STATISTICS INDIA, 2011).
Resin yield is a phenotypic trait and can be
scored only in mature trees which are 15–20
years or have attained a diameter greater than
20–25 cm (COPPEN and HONE, 1995). Therefore,
identification of plus trees for high resin yield
through quantitative estimation of the resin
yield is highly time consuming. Pines have long
gestation periods with vegetative phase extend-
ing over hundred years and because of which
multiple generations are not readily obtained
and traditional approaches of tree improvement
involving the identification of mature trees with
desirable phenotypes, followed by their incorpo-
ration into breeding programs are rather slow
processes. However, if it is possible to identify
the high resin yielding genotypes at the nursery
stage, then plantations can be raised solely for
the purpose of resin production. This will
reduce the harm to the naturally occurring
trees of chir pine in resin tapping as well as the
time period and cost required for the quantita-
tive detection.

The identification of trait specific molecular
markers has been successfully attempted in
many agricultural crops through linkage map-
ping. Linkage based studies conducted in the
past allowed identification of genes/QTLs at
 distances as large as 10–30 cM from the closest
markers, which is hardly suitable either for
marker-assisted breeding or for identification/
cloning of functional genes. Furthermore, in
linkage based analysis, only few genotypes that
are used as parents of mapping populations
could be screened for marker-trait associations,
placing another limitation. In order to overcome
these limitations of linkage based analysis, in
the recent past, association studies have been
conducted, which not only allow mapping of
genes/QTLs with higher level of confidence, but
also allow detection of genes/QTLs, which would
otherwise escape detection in linkage-based
studies (DARVASI et al., 1993; NEALE and
SAVOLAINEN, 2004). 

In association mapping, unaccounted subdivi-
sions in the sample, referred to as population
structure (PRITCHARD et al., 2000a) may result
in false positives. The presence of related sub-
groups in the sample could create covariance
among individuals that if not included explicitly
in the model; generate biasness in the estimates
of allele effects (KENNEDY et al., 1992). Under-
standing the population structure in an associa-

tion panel can effectively avoid spurious associ-
ations and improve the accuracy in association
mapping (ZHAO et al., 2014). A Bayesian
approach for inference of population structure
is based on unlinked markers and is imple-
mented in the software STRUCTURE
(PRITCHARD et al., 2000a). This program assigns
individuals to subpopulations, and that assign-
ment is considered in testing associations of
markers with dichotomous traits (PRITCHARD et
al., 2000b). Advantages of population based-
association study over traditional QTL-mapping
in bi-parental crosses primarily are due to
availability of broader genetic variations with
wider background for marker-trait correlations
(ABDURAKHMONOV and ABDUKARIMOV, 2008). It
results in higher resolution mapping because of
the utilization of majority recombination events
from a large number of meiosis throughout the
germplasm development history. In population
based association study, it is possible to exploit
historically measured data for any trait(s) and
there is no need to develop expensive and
tedious bi-parental populations. It makes this
approach timesaving and cost-effective (HANSEN

et al., 2001; KRAAKMAN et al., 2004; KRAAKMAN et
al., 2006). 

Work on identification of trait specific molecu-
lar markers is essential for future tree improve-
ment programs of Pines. Development of
markers for resin production is needed for bet-
ter utilization and conservation of an important
commercial conifer species. In an earlier report,
linkage disequilibrium (LD) based association
study for resin production was carried out in
P. roxburghii using microsatellite markers
(RAWAT et al., 2014b). Unlike humans and sev-
eral model systems, such as Mus musculus and
Arabidopsis thaliana, in which high-resolution
LD maps have been constructed with codomi-
nant markers, such as single-nucleotide poly-
morphisms (SNPs) and microsatellites, many
underrepresented species, like forest trees, still
heavily rely upon simple and cheap dominant
marker techniques. Furthermore, even with
codominant, and multiallelic SSR markers,
there is a great challenge with assigning correct
allelic relationships of multiple band amplicons
when diverse, reticulated, and polyploid
germplasm resources, lacking historical pedi-
gree information, are genotyped. The dominant
markers including Random Amplified Polymor-
phic DNA (RAPD) (WILLIAMS et al., 1990) and
Amplified Fragment Length Polymorphism
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(AFLP) (VOS et al., 1995) can be genotyped
 arbitrarily from the genome with no need of
prior knowledge about the structure and
sequence of the genome. There are extensive
publications on the use of dominant markers to
explore the amount, structure, and distribution
of genetic variation in a population (YAN et al.,
1999; ZHIVOTOVSKY, 1999; HOLSINGER et al.,
2002; MILLER and SCHAAL, 2006) and manage
biological resources and diversity in agriculture
and forestry (KUANG et al., 1998; SILBIGER et al.,
1998; KREMER et al., 2005). Large scale exploita-
tion using old and outdated methods of resin
tapping have caused severe damage to the pine
trees. The preset study was carried out to find
out markers associated with resin production in
P. roxburghii so as to facilitate the identification
of pine trees with high resin yield at nursery
stage and check the damage to naturally occur-
ring pine forests. Some ISSR as well as AFLP
markers associated with resin yield were identi-
fied. The study also revealed that the variation
in resin yield among the genotypes was not
attributed to their site of collection or their
ancestry highlighting the genetic basis of the
trait.

Materials and Methods

Plant material and field experiment

P. roxburghii trees were evaluated for resin
yield at three sites viz. Chakrata division
(Uttarakhand), Nahan division (Himachal
Pradesh) and Udhampur division (Jammu and
Kashmir) in a study conducted by Forest
Research Institute, Dehradun, India (NEGI and
MALIK, 2009). The data revealed maximum
variation in resin yield in Chakrata division
(Uttarakhand). As per the study, correlation of
tree diameter, altitude and site quality with
resin yield was found to be not significant in
Chakrata. Based on these two observations,
Chakrata site (Uttarakhand) was selected for
carrying out molecular characterization of pine
genotypes for the identification of markers asso-
ciated with resin yield. A total of 240 genotypes
of chir pine from Chakrata division (Tiunee
range), Uttarakhand were evaluated for resin
yield. The experiment was laid in the natural
forest of chir pine at an altitude ranging from
1000 to 1500 m above the mean sea level cover-
ing southern aspect (A1) and northern aspect
(A2), each with two sites having different site
qualities (S1 and S2). For each site quality,

three plots (0.25 ha each) were selected at ran-
dom, comprising total area of 0.75 ha. The plots
were considered as replications. For each repli-
cation, entire area of 0.25 ha was surveyed for
the collection of data. Since, the genotypes
showing maximum variation in the trait are
highly recommended for conducting association
studies (ZHAO et al., 2014) so the individuals
with similar resin yield were excluded. Fifty-
three genotypes that were best representatives
of the variation in resin yield were selected for
genotyping and association mapping. Geograph-
ical details along with the morphological data of
the selected trees in terms of diameter, height
and annual resin yield is tabulated in Table 1.
Young needles or sapwood (in case needles were
not available due to extreme height of trees)
samples were collected from the site and stored
at –80°C.

Estimation of resin yield

Rill method of resin tapping was used keeping
the blaze area uniform (45�20) cm2 for all the
trees. Month wise resin yield was recorded from
the month of June till November and finally the
annual resin yield was determined for all the
trees (Table 1). The resin yield ranged between
0.25 and 8.0 kg/tree/year with an average yield
of 3 kg/tree/year. The individuals with resin
yield less than 3 kg/year were grouped as low
resin yielders while those with resin yield more
than 3 kg/year were grouped as high resin
yielders. 

DNA extraction and quantification

DNA was extracted from young needles using
a combination of the methods described by
STANGE et al. (1998) and DOYLE and DOYLE

(1990) and from the sapwood following a combi-
nation of the protocols given by ASIF and CAN-
NON (2005) and DOYLE and DOYLE (1990). The
quality of DNA was tested on 0.8% agarose gel
and the DNA concentration was quantified
using BioPhotometer (Eppendorf 6131, Ger-
many). DNA samples were diluted to the
required concentration for polymerase chain
reaction (PCR) amplification.

ISSR analysis

Twenty five ISSR primers (University of
British Columbia, Biotechnology laboratory,
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Vancouver, BC, Canada) were initially screened
for amplification (Table 2). Based on repro-
ducibility and polymorphism, 9 ISSR markers
were used to conduct the present study. PCR
was performed in a 20 µl reaction volume
(HONG et al., 2007) containing 15 ng of template
DNA, 1X Taq buffer, 1.75 mM MgCl2, 0.2 mM

dNTPs, 0.4 µM primer and 0.6U of Taq DNA
polymerase (Bangalore Genei Pvt. Ltd., Banga-
lore, India). All PCR reactions were performed
in a thermal cycler (BIO-RAD, My Cycler) as
follows: 5 min. at 94°C followed by 40 cycles of
30 sec. at 94°C, 30 sec. at annealing tempera-
ture (primer specific) and 1 min. at 72°C and a

Table 1. – Resin yield data of P. roxburghii samples collected from different sites.

Blaze area: 45 x 20 cm2.
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final extension of 10 min. at 72°C. Amplified
products were electrophoresed on 2% (w/v)
agarose gel with 1X TBE buffer. DNA fragments
were visualized under UV light and docu-
mented with the gel documentation imaging
system (GelDoc-It System, UVP Ltd.).

AFLP analysis

A total of 12 primer combinations were
screened for amplification, out of which 5

primer combinations were found to be polymor-
phic (Table 3). AFLP was carried out using the
standard protocol described by VOS et al. (1995)
using a commercial kit (Invitrogen) using 250
ng DNA of each accession. All PCR reactions
were performed in a Gene Amp PCR 9700 Ther-
mal Cycler. The samples were size-fractionated
on 6% polyacrylamide gels using Sequigen GT
(Bio-Rad, Hercules, USA) under denaturing
conditions. The fragments were detected by
autoradiography.

Table 2. – Details of ISSR primers used in the study.

* Ta-annealing temperature at which amplification was recorded.

Table 3. – List of AFLP primer combinations used in the study.
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Gel scoring and data analysis

Scoring of data

The profiles produced by ISSR and AFLP
markers were scored manually. Each allele was
scored as present (1) or absent (0) for each of
the ISSR and AFLP loci.

Statistical analysis

Genotypic data obtained for different markers
have been used for assessing the discriminatory
power of primers and determining the utility of
ISSR and AFLP marker systems by evaluating
various marker attributes such as percent poly-
morphism, polymorphism information content
(PIC), effective multiplex ratio (EMR), marker
index (MI) and resolving power (RP) (RAWAT et
al., 2014a).

Cluster analysis

Genetic dissimilarity was calculated based on
Jaccard’s dissimilarity index using the software
DARwin ver 5.0.158 (PERRIER and JACQUEMOUD-
COLLET, 2006), where “0” and “1” were stan-
dardized as the least and maximum
dissimilarity respectively. The dissimilarity
matrix was used for tree construction following
hierarchical clustering method using UPGMA
algorithm implemented in DARwin. Confidence
limits of different clades were tested by boot-
strapping 1000 times to assess the repetitive-
ness of genotype clustering (FELSENSTEIN, 1985).

Genetic structure analysis

For the analysis of population structure, a
model-based (Bayesian) cluster analysis was
performed based on ISSR and AFLP markers.
This analysis was implemented in the software
STRUCTURE ver 2.2 (PRITCHARD et al., 2000a
and 2000b) which identify subgroups of acces-
sions with distinct allele frequencies within the
germplasm. STRUCTURE computes a Q matrix
defined as an n�p population structure inci-
dence matrix where n is the number of individ-
uals assayed and p is the number of
sub-populations assumed; Q is inferred from
Pritchard’s STRUCTURE estimates with p
(Pritchard’s K) sub-populations. The model
based cluster analysis was used to test the
hypothesis of one to ten sub-populations (K=1
to K=10) assuming admixture and correlated
allele frequencies in different subpopulations.
100,000 iterations and a burn-in period of

100,000 were carried out for each run. Ten inde-
pendent STRUCTURE runs were performed
separately for each K. The value of K was
detected by an ad hoc quantity based on the sec-
ond order rate of change of the likelihood func-
tion with respect to K (�K) (EVANNO et al., 2005)

�K=m(|L(K+1)–2 L(K)+L(K–1)|)/s [L(K)]

Where, L(K) is Ln P(D), the posterior proba-
bility of the data for a given K, Pr(X|K) in
STRUCTURE output, s[L(K)] is the standard
deviation of L(K), and m is mean in the paren-
thesis. �K shows a clear peak at the true value
of K.

Analysis of molecular variance (AMOVA)

The genetic differentiation was inferred by
AMOVA according to EXCOFFIER et al. (1992)
using the software Arlequin version 3.11
(EXCOFFIER et al., 2005). The type of hierarchial
AMOVA implemented here was with genotypic
data, one group of populations and number
within individual level. AMOVA was carried out
in two ways: i) AMOVA by collection site
wherein the 53 selected genotypes of P. rox-
burghii were divided into four groups based on
their site of collection and ii) AMOVA by resin
yield where the genotypes were divided into
three groups viz. high resin yielding (> 3 kg
year–1); medium resin yielding (2.5–3 kg year–1)
and low resin yielding (< 2.5 kg year–1). This
technique treats genetic distances as deviations
from a group mean position, and uses squared
deviations as variances. The total sum of
squares of genetic distances can then be parti-
tioned into components that represent the
within population and among population mean
squares.

Marker trait association analysis

Two different approaches were followed for
detecting the marker-trait associations: step-
wise backward regression analysis using the
software SPSS ver. 16 (Statistical Package for
Social Sciences) and structured population asso-
ciation test using the software STRAT ver 1.1
with and without accounting for population
structure.

Stepwise linear regression analysis

Stepwise backward regression was carried out
to find out the markers showing significant
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association with resin yield. For simple linear
regression, resin yield data was regressed on
whole 1-0 binary marker data for each individ-
ual marker using the software SPSS ver. 16
(ROY et al., 2006). The total number of polymor-
phic bands ‘T’ for ISSR and AFLP markers
showing significant association and the percent-
age of variation ‘R2’ in resin yield explained by
each marker was calculated.

Structured Association Test (STRAT)

STRAT without accounting for population
 structure

The program STRAT (PRITCHARD et al., 2000)
was used to perform tests of association in
structured populations. It was assumed that
there is a sample of unrelated case (low resin)
and control (high resin) individuals from one or
more subpopulations, possibly with some level
of admixture. The software STRAT ver 1.1 was
run without accounting for the ancestral rela-
tionship among the genotypes. The markers
showing association with the trait at 5%, 1%
and 0.1% level of probability were accepted as
significant.

STRAT after accounting for population
 structure

The software STRAT ver 1.1 was used to test
for association at each locus, conditional on the
ancestry of the individuals in the sample (as
estimated by the software STRUCTURE). The
markers showing association with the trait at 5,
1 and 0.1 per cent level of probability were
accepted as significant. Finally, the markers
which consistently showed associations in both
the runs (with and without population struc-
ture) were considered to be associated with the
trait under investigation.

Results

Cluster analysis using ISSR markers

The hierarchial clustering using UPGMA
algorithm implemented in the software DAR-
win did not reveal any distinct major clusters.
However, four small clusters could be identified
in which the grouping was according to the
resin yield of genotypes (Fig. 1). Cluster-I
grouped six genotypes together (B-6, B-7, C-7,
A-13, A-10 and A-7) with a bootstrap value of

78. All of these genotypes had high resin yield
(above 3 kg year–1). Cluster-II with a bootstrap
value of 95 grouped five genotypes together
(pooled DNA of low resin yielders, B-26, B-2,  
B-19 and C-10) all of which had low resin yield
(below 3 kg year–1). Cluster-III grouped four
high resin yielders together (B-3, D-37, A-2 and
A-9) with a bootstrap value of 94. Cluster-IV
grouped eight low resin yielders together (B-10,
D-30, D-8, A-6, C-12, D-7, D-29 and B-8) with a
bootstrap value of 99.

The genetic dissimilarity index calculated
between samples ranged from 0.21 to 0.73 sug-
gesting a high genetic diversity among the
genotypes of P. roxburghii used in the study.
The genotypes B-4 (0.8 kg year–1) and B-14
(0.25 kg year–1) both having low resin yield
were found to be most similar. On the other
hand, the genotypes B-3 (4.9 kg year–1) and  
D-14 (2.3 kg year–1) were found to be the most
dissimilar from each other.

Cluster analysis using AFLP markers

The UPGMA based dendrogram revealed
three broad clusters where the genotypes clus-
tered together on the basis of resin yield (Fig.
2). Cluster-I with a bootstrap value of 89
grouped twenty-four genotypes together out of
which nineteen were high resin yielders (> 3 kg
year–1) and only five genotypes had low resin
yield (< 3 kg year–1). Cluster-II with a bootstrap
value of 88 grouped eleven genotypes all of
which had low resin yield except B-18. Cluster-
III with a bootstrap value of 92 grouped seven
genotypes together all of which were low resin
yielders except B-13. 

The genetic dissimilarity index was generated
for P. roxburghii genotypes. The dissimilarity
coefficient ranged from 0.01 to 0.22 suggesting
a low genetic diversity among the genotypes of
P. roxburghii used in the study. The genotypes
A-7 (4.1 kg year–1) and B-9 (4.7 kg year–1) both
of which had high resin yield were found to be
most similar, whereas B-8 (2.2 kg year–1) and 
D-24 (1.7 kg year–1) were found to be the most
dissimilar genotypes.

Genetic structure analysis

Genetic structure analysis using ISSR markers

According to the STRUCTURE results, the log
likelihood steadily improved until K=5, and
then continued to increase slightly until K=9
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and then leveled off (Fig. 3a). The results
showed that the peak value of Evanno’s �K was
at K=5, suggesting five genetic clusters (Fig.
3b). With five as the optimum population struc-
ture, inferred ancestries (Q matrix) of individu-
als were determined. Each individual is
represented by a vertical line broken into K col-
ored segments, with lengths proportional to
each of the K inferred clusters.

Beyond K=5, the probability of the data did
not peak and hence it was considered that five
clusters captured the entire divisions of the
sample (Fig. 4a). In total, thirty genotypes
(56.60% out of 53 genotypes) were clearly
assigned to each single population, where 80%
of their inferred ancestry was derived from one
of the model populations, whereas twenty-three
genotypes (43.4% out of 53 genotypes) in the

Figure 1. – Dendrogram showing genetic relationship among P. roxburghii genotypes varying
in resin yield using ISSR markers.
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sample were categorized as having admixed
ancestry. Each cluster had ten individuals on an
average, the highest in cluster 1 and the least
in cluster 4. Clusters 1 to 5 had FST values 0.42,
0.27, 0.32, 0.48 and 0.36 respectively. The dis-
tribution of P. roxburghii genotypes into five
sub-populations had no correlation with their
resin yield (Fig. 4b). 

Genetic structure analysis using AFLP markers

As per the STRUCTURE results, the log like-
lihood steadily improved until K=5, and then
continued to increase slightly until K=10 

(Fig. 5a). The results showed that the peak
value of Evanno’s �K was at K=5, suggesting
five genetic clusters (Fig. 5b). With five as the
optimum population structure, inferred
 ancestries (Q matrix) of individuals were deter-
mined. 

Beyond K=5, the probability of the data did
not peaked and hence it was considered that
five clusters captured the entire divisions of the
sample (Fig. 6a). In total, twenty-three geno-
types (50 per cent out of 46 genotypes) were
clearly assigned to each single population,
where 80 per cent of their inferred ancestry was

Figure 2. – Dendrogram showing genetic relationship among P. roxburghii genotypes varying
in resin yield using AFLP markers.
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derived from one of the model populations,
whereas twenty-three genotypes (50 per cent
out of 46 genotypes) in the sample were catego-
rized as having admixed ancestry. Each cluster
had 9 individuals on an average, the highest in
cluster 4 and the least in cluster 5. Clusters 1 to
5 had FST values 0.43, 0.62, 0.53, 0.57 and 0.39
respectively. As in case of ISSR marker system,

the distribution of P. roxburghii genotypes into
the five sub-populations had no correlation with
their resin yield (Fig. 6b).

Partitioning of variance using ISSR markers

AMOVA analysis revealed that 99.4 per cent
of the total variation in studied populations of

Fig. 3a. – Bayesian posterior probability of data [LnP(D)] with
increasing K for ISSR markers.

Fig. 3b. – Magnitude of �K as a function of K for ISSR mark-
ers.

Legend for figures 3a and 3b: As per the results revealed by STRUCTURE, the posterior probability of data, LnP(D), steadily
improved until K=5, and then continued to increase slightly until K=9 and then leveled off (Fig. 3a). Based on the four steps for
the graphical method allowing detection of the true number of groups K suggested by EVANNO et al. (2005), true value for K was
detected. The height of modal value of the distribution of �K (the second order rate of change of the likelihood function with
respect to K) located at K indicated the strength of the signal detected by Structure. With respect to K, (�K) showed a clear peak
at the true value of K. The real structure showing a clear peak of the genotypes was set at K=5 (Fig. 3b).

The graph is based on Structure run of real set K estimated for ISSR data. Each genotype is represented by a bar, partitioned
into different segments corresponding to its membership coefficient in inferred clusters. Each colour represesnts a different clus-
ter, and black segments separate the different genotypes. Left-to-right colour grouping represented in plot is in accordance with
the estimated cluster ID.

Figure 4. – Estimated genotypic structure plot for all the genotypes using ISSR markers.
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P. roxburghii was structured within populations
and only 0.59 per cent was among populations
(Table 4). Similarly, it revealed that 95.17 per
cent of variation with respect to the resin yield
lies within populations and rest 4.83 per cent
variation was among populations. There was

negligible population genetic differentiation
(FST =0.005) between the studied populations
for the molecular variation. However the
 population genetic differentiation was moderate
for resin yield (FST =0.048) (Table 4) in P. rox-
burghii. 

Fig. 5a. – Bayesian posterior probability of data [LnP(D)] with
increasing K for AFLP markers.

Fig. 5b. – Magnitude of �K as a function of K for AFLP mark-
ers.

Legend for figures 5a and 5b: As per the results revealed by STRUCTURE, the posterior probability of data, LnP(D), steadily
improved until K=5, and then continued to increase slightly until K=10 (Fig. 5a). Based on the four steps for the graphical
method allowing detection of the true number of groups ‘K’ suggested by EVANNO et al. (2005), true value for K was detected. The
height of modal value of the distribution of �K (the second order rate of change of the likelihood function with respect to K)
located at K indicated the strength of the signal detected by STRUCTURE. With respect to K, (�K) showed a clear peak at the
true value of K. The real structure showing a clear peak of the genotypes was set at K=5 (Fig. 5b).

The graph is based on Structure run of real set K estimated for AFLP data. Each genotype is represented by a bar, partitioned
into different segments corresponding to its membership coefficient in inferred clusters. Each colour represesnts a different clus-
ter, and black segments separate the different genotypes. Left-to-right colour grouping represented in plot is in accordance with
the estimated cluster ID

Figure 6. – Estimated genotypic structure plot for all the genotypes of P. roxburghii using AFLP markers.
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Partitioning of variance using AFLP markers

AMOVA analysis revealed that 95.09 per cent
of the total variation in studied populations of
P. roxburghii was structured within populations
and only 4.91 per cent was among populations
(Table 4). Similarly, it revealed that 75.77 per
cent of variation with respect to the resin yield
lies within populations and rest 24.23 per cent
variation was among populations. There was
negligible population genetic differentiation
(FST =0.04) between the studied populations for
the molecular variation. However the popula-
tion genetic differentiation was high for resin
yield (FST =0.24) (Table 4).

Marker trait association analysis using 
ISSR markers

Regression analysis 

Using stepwise backward linear regression,
resin yield was regressed on all 148 available
polymorphic ISSR loci with a set of fifty-three
P. roxburghii genotypes. Significant regression
(p<0.001) was observed for a total of sixteen
out of 148 polymorphic ISSR loci. The details of
ISSR loci found to be associated with resin yield
is provided in Table 7. Among the associated
loci, 50% (8 out of 16) were derived from ISSR
primer UBC873. The associated loci together
accounted for 87.53 per cent of the phenotypic

variation in resin yield. Table 5 shows the
analysis of variance involving simple linear
regression of 148 polymorphic ISSR loci on
resin yield. 

Structured association test (STRAT) using 
ISSR markers

STRAT assuming no population structure

Out of 162 DNA fragments derived from nine
ISSR primers, 148 polymorphic loci were
assessed for genetic association with the trait.
Under the assumption of no population struc-
ture, a total of thirty-four out of the 148 poly-
morphic loci were found to show significant
association with resin yield. After correction for
false discovery rate, 18 loci were found to be sig-
nificantly associated (Table 7). As revealed by
regression analysis, maximum number of loci
(44.44%) associated with resin yield were those
derived from ISSR primer UBC873. Two of the
associated loci (UBC8731319 and UBC873661),
both derived from ISSR primer UBC873 were
found to be common with those identified by
regression analysis showing their strong associ-
ation with the trait. 

STRAT considering population structure

After accounting for population stratification,
some of the associated loci survived controlling

Table 5. – Details of analysis of variance involving simple linear regression for resin yield
using 148 ISSR and 90 AFLP loci.

df stands for degree of freedom.

Table 4. – AMOVA by collection sites and resin yield using ISSR and AFLP marker systems.

The type of hierarchial AMOVA implemented here was with genotypic data, one group of
populations and no. within individual level.
a collection sites: four sites differing in altitude, aspect and site quality.
b resin yield: resin yield was grouped as low (< 2.5 kg year–1), medium (2.5–3.0 kg year–1)

and high (> 3.0 kg year–1).
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for population stratification whereas others lose
their significance. Fifty-one loci showed signifi-
cant association with resin yield but after FDR
correction, thirty nine loci showed significant
association. Five loci (UBC809849, UBC809758,
UBC818428, UBC8731319 and UBC873534) were
common to those identified even in the absence
of population structure however with either
similar or different (increased or decreased)

strength of association. Although, population
stratification had no considerable affect on the
strength of association of 3 loci (UBC809758,
UBC8731319 and UBC873534), the strength of
association was reduced for UBC818428 (Table
6). The locus UBC8731319 associated with resin
yield in structured association also showed sig-
nificant association with the same strength in
the absence of population structure by STRAT

Table 6. – Table-6 Effect of population stratification on strength of association of ISSR and
AFLP loci.

* and *** indicate significant at 5% and 0.1% level of probability.

Table 7. – List of markers/loci showing association with resin yield.

L stands for locus and subscript denotes size of the band in each case.
* Locus showing association with the trait in all the three approaches.
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as well as by regression analysis thereby show-
ing its strong association with the trait. 

Marker-trait association analysis using AFLP
markers

Regression analysis 

Using stepwise linear regression, resin yield
was regressed on all ninety available polymor-
phic AFLP loci with a set of forty-six P. rox-
burghii genotypes. Significant regression
(p<0.01) was observed for a total of twelve out
of ninety polymorphic AFLP loci. The details of
AFLP loci showing association with resin yield
is given in Table 7. The associated loci each
explained 97.56% of the total phenotypic varia-
tion in resin yield. The details of analysis of
variance involving simple linear regression
using AFLP markers are available in Table 5. 

Structured association test (STRAT) using
AFLP markers

STRAT assuming no population structure

Out of 250 DNA fragments derived from five
AFLP primer combinations, ninety loci which
were found to be polymorphic were assessed for
genetic association with resin yield. Under the
assumption of no population structure, a total
of thirty loci were found to show significant
association with resin yield. However after cor-
recting for FDR, seventeen loci showed signifi-
cant association (Table 7). Three of the
associated loci including EACA MCTA51, EACA
MCTA286 and EACA MCTA352, were found to be
common with those identified to be associated
in regression analysis (Table 7). 

STRAT considering population structure

After accounting for population stratification,
a total of seventeen loci were found to be in sig-
nificant association with resin yield. After cor-
rection for FDR, three loci (EACAMCTGC200,
EACAMCTA51 and EAAGMCTGC293) showed signifi-
cant association (Table 7). As a result of popula-
tion stratification, the strength of association
remained unaffected for the locus EACA MCTA51
which was also found to be in significant associ-
ation with the resin yield in regression analysis
suggesting its strong association with the trait.
Table 6 shows the comparison of the STRAT
analysis for the loci showing association with
resin yield both in the absence and presence of

population structure. The locus EACA MCTA51
associated with resin yield in structured associ-
ation also showed significant association with
the same strength in the absence of population
structure by STRAT as well as by regression
analysis thereby showing its strong association
with the trait. 

Discussion

The hierarchial clustering using ISSR
revealed four small clusters in which the group-
ing of genotypes was in accordance with the
resin yield and suggested a high genetic diver-
gence among the genotypes. There is a clear
indication that the genotypes with similar resin
yield were genetically close to each other show-
ing the genetic basis of the trait. The UPGMA
based dendrogram clustered the high and low
resin yielding genotypes into different minor
clusters. These clusters separated from one
another at bootstrap values ranging from 78 to
99. The high bootstrap values of these clusters
indicate statistical strength of the genotype
relationships revealed by the cluster analysis.
Low resin yielding genotypes were distributed
in two clusters (cluster-II and cluster-IV) and
high resin yielders were grouped together in
two clusters (cluster-I and cluster-III). Group-
ing of the genotypes was based on their resin
yield and not on the basis of their site of collec-
tion. The dendrogram could not cluster the low
and high resin yielding genotypes into two
broad clusters. This might be due to small ISSR
dataset and lesser number of fragments. With
the increase in the number of primers, the num-
ber of fragments will also increase and more
informative clustering could be achieved.

Model based clustering using ISSR markers
revealed the existence of five subpopulations in
the germplasm based on their ancestry. Of the
total genotypes, 56.60 per cent were clearly
assigned to each single population whereas 43.4
per cent were categorized as having admixed
ancestry which was in agreement with that ear-
lier reported by CHO et al. (2008) using SSR
markers in soybean where 56.9 per cent of the
genotypes were clearly assigned to a single pop-
ulation and 43.1 per cent were categorized as
having admixed ancestry. The grouping of
P. roxburghii genotypes into different subpopu-
lations had no correlation with their resin yield
or their site of collection. This clearly indicated
that the genotypes having similar resin yield
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had no ancestral relationship among them and
were not from the same collection site. This
finding further confirmed that the genotypes
clustered together in the UPGMA based dendro-
gram did not shared any ancestral relationship
with each other. Thus, the variation in resin
yield among the P. roxburghii genotypes was
not attributed to their site of collection or their
ancestry. 

AMOVA using ISSR showed that most of the
variation in P. roxburghii lies within sites, a
result compatible with woody perennial, out
breeding plant species, especially conifers (HAM-
RICK et al., 1992). Population genetic differentia-
tion is negligible (FST =0.005) between the
studied populations/sites and indicate that
there is no hindrance in the gene flow among
the selected sites resulting in homogeneous
genetic structures. For the interpretation of
FST, it has been suggested that a value lying in
the range 0–0.05 indicates little genetic differ-
entiation; a value between 0.05 and 0.15, mod-
erate differentiation; a value between 0.15 and
0.25, great differentiation; and values above
0.25, very great genetic differentiation (WRIGHT,
1978; HARTL and CLARK, 1997). The results are
quite confirmatory as it is obvious that selected
four sites being located nearby to each other
and representing to a larger forest of Chakrata,
there is well connectivity between the selected
sites with respect to gene flow. The AMOVA
analysis also showed that most of the variations
(95.17%) with respect to the resin yield lie
within groups (created based on resin yield)
than among groups (4.83%). Low differentiation
among the natural populations is frequently
observed at neutral marker loci for conifers and
other wind pollinated trees forming large, more
or less continuous stands (HAMRICK et al., 1992).
In a review, NYBOM and BARTISH (2000) assem-
bled AMOVA derived FST values for about hun-
dred plant species and confirmed the tendency
of gymnosperms to have lower values of popula-
tion differentiation than angiosperms. Most of
the studies on geographic variation in conifers
have revealed high levels of genetic variation
within populations and little differentiation
among the populations (YEH and ELKASSABY,
1980; WHEELER and GURIES, 1982; HIEBERT and
HAMRICK, 1983; LOVELESS and HAMRICK, 1984;
KIM et al., 1994; MUELLER-STARCK, 1995; AGUN-
DEZ et al., 1997). Usually over 90 per cent varia-
tion in tree species is localized within
populations (LEDIG, 1986). The genetic differen-
tiation among the sites was found to be negligi-

ble and non significant, however significant
genetic differentiation was found among the
groups that were created based on resin yield.
The results of AMOVA analysis using ISSR
markers supported the results obtained by both
UPGMA based clustering as well as model
based clustering. 

In the past twenty years, the major effort in
breeding has changed from traditional pheno-
typic-pedigree-based selection systems to molec-
ular genetics with emphasis on QTL
identification and Marker Assisted Selection
(MAS). MAS which uses DNA markers to select
optimal genotypes, is an excellent tool for
selecting beneficial genetic traits that are diffi-
cult to measure, that exhibit low heritability
and/or are expressed late in development (RIB-
AUT and HOISINGTON, 1998; DAVIES et al., 2006;
WILDE et al., 2007; ENDER et al., 2008; KNOLL

and EJETA, 2008), as well as for assessing the
genetic potential of specific genotypes prior to
phenotypic evaluation (GEBHARDT et al., 2004).
Molecular markers linked with QTL/major
genes for traits of interest are being routinely
developed in several plant species using materi-
als derived from planned crosses such as F2,
RIL, DH populations, etc. However, non-avail-
ability of mapping populations and substantial
time needed to develop such populations are
sometimes major limitations in the identifica-
tion of molecular markers for specific traits
especially in case of forest trees. In order to
overcome these limitations, and as an alterna-
tive to planned populations, molecular marker-
trait association identifications have been
conducted through the combination between the
present germplasm and the regression tech-
nique (WRIGHT and MOWERS, 1994; YONASH et
al., 2000; CHATTERJEE and PRADEEP, 2003; CHAT-
TERJEE and MOHANDES, 2003; PRADEEP et al.,
2007; SRIVASTAVA et al., 2007) and increasingly
adopted in many plants (MAUREIRA-BUTLER et
al., 2007). The germplasm-regression combined
(GRC) association studies not only allow map-
ping of genes/QTLs with higher level of confi-
dence, but also allow detection of genes/QTLs,
which will otherwise escape detection in link-
age-based QTL studies based on the planned
populations. Use of regression analysis to iden-
tify the associations of molecular markers with
desirable traits is increasingly being used in
crops and woody plants with great success, such
as Asia rice (VIRK et al., 1996), wheat (ROY et
al., 2006), tea (MISHRA and SEN-MANDI, 2004),
ALFAALFA (OBERT et al., 2000; MAUREIRA-BUTLER
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et al., 2007), mulberry (VIJAYAN et al., 2006; KAR

et al., 2008), coconut (SHALINI et al., 2007), birch
(WANG, 2007; WANG et al., 2008; XIA et al., 2008),
oat (ACHLEITNER et al., 2008) and sea buckthorn
(RUAN et al., 2009). 

Dominant markers viz. ISSRs, RAPDs and
AFLPs have very well been used in association
mapping in various plant species (VIJAYAN et al.,
2006; ROY et al., 2006; SHALINI et al., 2007).
VIJAYAN et al. (2006) studied leaf yield attribut-
ing traits in Mulberry (Morus indica) and
found, seven ISSR markers associated with
weight of 100 leaves, seven ISSRs for internodal
distance, three for leaf yield, three for chloro-
phyll, five for protein, two for moisture and five
for total shoot length. In another report, for the
identification of molecular markers associated
with mite resistance in coconut, stepwise multi-
ple regression analysis was carried out using
RAPD and SSR markers and revealed three
RAPD markers showing strong association with
mite resistance (SHALINI et al., 2007) accounting
together for 83.86 per cent of the total variation
in mite resistance and 6 SSR markers
accounted for 100 per cent of mite resistance. In
another study, association analysis was carried
out for fourteen agronomically important traits
using SSR, SAMPL and AFLP markers in bread
wheat (ROY et al., 2006) employing simple lin-
ear regression and multiple regression analysis. 

In association mapping, presence of popula-
tion structure may lead to spurious associations
(BUCKLER and THORNSBERRY, 2002). Here, ISSR
markers were tested for association with resin
yield first assuming no population structure
and then after accounting for population struc-
ture as revealed by the software STRUCTURE.
When test of association was carried out assum-
ing no population structure, 18 out of 148 poly-
morphic loci were identified to be associated
with resin yield. As revealed by regression
analysis, maximum number of loci (44.44%)
associated with resin yield were those derived
from the tetra-nucleotide repeat primer
UBC873 [(GACA)4]. Two of the associated loci
UBC8731319 (p<0.001) and UBC873661
(p<0.001) both derived from ISSR primer
UBC873 were found to be common with those
identified by regression analysis showing their
strong association with the trait (Table 7). 

In a study of northern and southern European
populations carried out by SELDIN et al. (2006),
the effect of controlling for population structure

was examined in the analysis of putative
Rheumatoid arthritis susceptibility loci apply-
ing population structure information using
STRUCTURE (FALUSH et al., 2003) and STRAT
(PRITCHARD et al., 2000). It was reported that
some of the candidate SNPs (e.g. rs2476601 and
rs1291490) survived the controlling for popula-
tion stratification whereas others lose their sig-
nificance (e.g. rs10838316 and rs2288774). 

In the present investigation, 5 loci out of 18
survived controlling for population structure.
Among the five loci that survived controlling for
population structure, the strength of association
for three loci (e.g. UBC809849, UBC8731319 and
UBC873534) remained unaffected. One ISSR
markers (UBC818428) showed only marginal
association with resin yield after accounting for
population structure. The marker UBC8731319
showed association with resin yield with the
same strength even after accounting for popula-
tion structure showing its true association with
resin yield. This marker was also identified to
be associated with resin yield in regression
analysis and showed strongest association
(p<0.001) when structured association analysis
was carried out thereby showing its strong asso-
ciation with the trait.

Low level of genetic diversity revealed by clus-
ter analysis could be due to the low level of
polymorphism shown by AFLP marker system
in the present study. Although the number of
bands amplified per primer combination was
high but the percent polymorphism was less. 

The model based clustering of P. roxburghii
genotypes into five subpopulations had no cor-
relation with their resin yield thus supporting
the results obtained through ISSR markers.
This confirmed that the genotypes with similar
resin yield had no ancestral relationship with
each other therefore it indicated that the varia-
tion in resin yield was not because of shared
ancestry among the P. roxburghii genotypes.

Analysis of molecular variance using AFLP
markers also supported the results obtained
using ISSR markers in the present investiga-
tion. Most of the variation in P. roxburghii geno-
types lies within population. Negligible genetic
differentiation was observed among the groups
when AMOVA was carried out based on collec-
tion site whereas when AMOVA was carried out
based on resin yield, significant genetic differ-
entiation was observed among the groups with
an FST value 0.2422 and it was highly signifi-
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cant (p<0.001). The FST value 0.2422 indicated
that there was great genetic differentiation
among the groups using AFLP markers when
the genotypes were grouped based on their
resin yield. This supported the outcome of ISSR
analysis suggesting that the variation among
the P. roxburghii genotypes at the molecular
level was correlated with the variation in resin
yield and not their site of collection. This fur-
ther highlighted the genetic basis of the trait.

Using stepwise linear regression, resin yield
was regressed on all ninety available polymor-
phic AFLP loci with a set of fifty-three P. rox-
burghii genotypes. A total of twelve out of
ninety polymorphic AFLP loci were identified to
be associated with resin yield explaining 97.56
per cent of the total available variation. In an
earlier report in ryegrass (SKOT et al., 2005),
stepwise linear regression analysis was carried
out to identify AFLP markers associated 
with flowering time genes. Three markers
ACA_CAC_225, ACA_CTA_254 and
ACA_CTA_321 were identified as significantly
associated with heading date explaining more
than 70 per cent of the variation in heading
date. 

When the test of association was carried out
for AFLP markers using the program STRAT
assuming no population structure, thirty 
loci were identified to be associated with resin
yield. Among these, three loci (EACAMCTA51,
EACAMCTA286 and EACAMCTA352) were found to
be common with those identified by regression
analysis. When structured association analysis
was carried out one locus (e.g. EACAMCTA51) sur-
vived controlling for population structure and
the remaining loci lose their significance show-
ing them to be the false positives. The marker
EACAMCTA51 which was identified to be associ-
ated in regression analysis also showed the
strongest association (p<0.001) with resin yield
and its strength of association remained unaf-
fected even after accounting for population
structure.

This study clearly reveals the genetic basis of
the variation in resin yield in P. roxburghii.
Methods to improve the accuracy of early selec-
tion at the individual level would be of consider-
able value for increasing the genetic gain per
time unit. To achieve this objective, marker
assisted selection (MAS) is the promising
method which results in direct and non destruc-
tive identification of genotypes, using a diagnos-
tic system based on molecular markers which

co-segregate with the trait of interest. Selection
based on molecular marker will have an enor-
mous impact on cost reduction in breeding pro-
grams and will be of prime importance for
forest products based industries, by guarantee-
ing quality forest products. 
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Inducing genetic variation in growth related 
characteristics of poplar germplasm, by producing inter-specific

hybrids between P. alba and P. euphratica

By H. MIRZAIE-NODOUSHAN*), A. GHAMARI-ZARE1), F. TAVOUSI RAD2) and M. YOUSEFIFARD3)

(Received 2nd November 2015)

Abstract

Crosses were made between two Populus
species to create two hybrid groups, P. alba� *
P. euphratica� and P. euphratica� * P. alba�.
Aseptic immature hybrid seeds were first grown
on MS medium. Hybrid seedlings were then
acclimatized and grown in greenhouse condi-
tions and transplanted to an experimental field.
Growth related characteristics were recorded on
307 three years-old seedlings of new inter-spe-

cific hybrids of six half-sib families, in order to
assess possible potentials of the two hybrid
groups. Double nested analysis of variance
revealed significant differences between the
hybrid groups and siblings based on majority of
the studied characters. The hybrid groups
formed two distinct groups for some of the stud-
ied characteristics which implied maternal
effects of inheritance on the traits. The first
hybrid group had more but shorter and closer
branches than the second group. Adaxial stom-
ata number for the two hybrid groups varied
between 4.7 to 123. Whereas, there were no
such strong differences between vegetative
characteristics of the two groups. The second
hybrid group had a very condense layer of white
fuzz on its abaxial leaf surface, inherited from
its female parents. This may lead to suggest
some kinds of photosynthesis and respiration
functions such as leaf sub-stomatal chambers’
functions for the mentioned fuzzy trichomes of
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