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Abstract

Association mapping is a method for detection of gene
effects based on linkage disequilibrium (LD) that com-
plements QTL analysis in the development of tools for
molecular plant breeding. A total of 240 genotypes of
Pinus roxburghii (Himalayan Chir Pine) from a natural
population in Chakrata division (Tiunee range),
Uttarakhand (India) were evaluated for resin yield.
Based on the phenotypic data and stable resin produc-
tion in consecutive years, 53 genotypes were selected
after excluding the individuals with similar resin pro-
duction. The selected 53 individuals were best represen-
tatives of the variation in resin yield in Chakrata popu-
lation which varied between 0.25 and 8.0 kg/tree/year
and were used for genotyping and association analysis
using SSR markers. Out of 80 primers initially
screened, a total of 19 polymorphic SSRs (11 cpSSR and
8 nSSR) were used in the study. Model based clustering
using 19 polymorphic SSR markers identified five sub-
populations among these genotypes. LD was evaluated
using the entire population. The squared allele frequen-
cy correlation, r2 was estimated for each pair of SSR loci.
The comparison wise significance (p-values) of SSR
marker pairs was determined by performing 100,000
permutations. The genetic divergence ranged from 50 to
100%. The UPGMA based hierarchial clustering
grouped the genotypes in accordance with their resin
yield. Model based clustering suggested the existence of
five subpopulations in the sample. However, the distrib-
ution of P. roxburghii genotypes into five subpopulations
had no correlation with their resin yield thus ruling out
the possibility of any ancestral relationship among the
genotypes with similar resin yield. AMOVA suggested
that the variation among P. roxburghii genotypes at the
molecular level was related with the variation in resin
yield and not their site of collection thus highlighting
the genetic basis of the trait. LD based association
analysis revealed two chloroplast SSRs Pt71936 and
Pt87268 and one nuclear SSR pm09a to be in significant
association with resin yield. The two associated chloro-
plast SSRs showed significant LD (p<0.01). One of the
chloroplast SSR Pt87268 showing association with resin
yield was also found to be in significant LD with the
nuclear SSR pm07, further showing the probability of
this marker also to be associated with resin yield.

Key words: Pinus roxburghii, SSR, association mapping, Link-
age disequilibrium (LD).

Introduction

Pine forests are of great economic importance as a
source of wood, paper, resins, charcoal, food and orna-
mentals (LE MAITRE, 1998). Resin is a commercially
important product, having huge export potential. Pinus
roxburghii (Sarg.) commonly called as long leaf pine or
‘Chir pine’ yields the highest amount of oleoresin in
India (Coppen and Hone, 1995). It is found in the lower
Himalayan region between latitudes 26°N and 36°N and
longitudes 71°E and 93°E (GHILDIYAL et al., 2009). In
India, it covers approximately 6, 77,813 ha area in the
states of Himachal Pradesh, Jammu and Kashmir and
Uttarakhand out of which Uttarakhand alone contains a
major portion of 4,12,000 ha of chir pine forests (SINGH

and KUMAR, 2004). Oleoresins from pines are composed
of two components, volatile turpentine oil and the
remaining solid transparent material called as Rosin.
Turpentine oil is mainly used as a solvent in industries
and has medicinal qualities as well. Rosin is used in
paper manufacturing, paper sizing, chemicals and phar-
maceuticals, synthesis of ester gums, synthetic resins,
paint, varnishes, printing inks, soap, rubber, surface
coatings, floor coverings, adhesives, plastics, etc. India
stood at sixth position among the top ten-resin produc-
tion countries across the world (COPPEN and HONE,
1995). As per FAO reports (COPPEN and HONE, 1995),
crude resin production in India has fallen steadily since
1975–76. As a result of the loss of substantial indige-
nous production of crude resin and the demands of Indi-
an industry for naval stores products, India became a
net importer of both rosin and turpentine. Large scale
exploitation using old and outdated methods of resin
tapping have caused severe damage to the pine trees.
There is a need to identify pine trees with high resin
yield to avoid the damage to naturally occurring pine
forests. 

Diverse habitat of chir pine in different geographical
regions of Himalayas and Shivalik range supports the
existence of natural variation. Forest Research Insti-
tute, Dehradun conducted studies on resin yield in nine
different provenances during 1926–1927 and found con-
siderable variation among them (SHARMA et al., 2006).
This was subsequently confirmed by KEDHARNATH (1971)
who reported significant variation in resin production
among nine provenances of chir pine. The resin yield
varied between 4 and 7 kg per tree. Significant genetic
variation in resin production among the P. roxburghii
genotypes was reported by SHARMA et al. (2001), which
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indicate the possibility of exploiting this variation for
development of high resin yielding genotypes.   

Resin yield is a phenotypic trait and it 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 extending over
hundred years and because of which multiple genera-
tions are not readily obtained and traditional approach-
es of tree improvement involving the identification of
mature trees with desirable phenotypes, followed by
their incorporation 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 forests of chir pine as well as the time period
and cost required for the quantitative detection. 

The identification of trait specific molecular markers
has been successfully attempted in many agricultural
crops through linkage mapping (XUELIAN et al., 2014;
YANG et al., 2013; REN et al., 2009). However, identifica-
tion of such trait specific markers is difficult and tedious
in tree species due to lack of experimental populations
attributed to longer gestation periods. An alternate
strategy to identify trait specific marker is through asso-
ciation mapping, which is based on the concept of link-
age disequilibrium (LD) (ZONDERVAN and CARDON, 2004).
Originally developed for human genetics, this approach
exploits the candidate gene sequence variation and
relies on the existence of LD (non-random association
between alleles at the linked loci) between detectable
sequence polymorphism. The advantage of this approach
over anonymous markers is that once a major effect
gene is identified and validated, Marker Assisted Selec-
tion can be practiced directly on the gene. LD mapping
can be applied to wild, unstructured and un-pedigreed
(RISCH, 2000) populations. 

Population based-association study is advantageous
over traditional QTL-mapping in bi-parental crosses due
to availability of broader genetic variations with wider
background for marker-trait correlations (ABDURAKH -
MONOV and ABDUKARIMOV, 2008). In association map-
ping, unaccounted subdivisions 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 covariances among
individuals that, if not included explicitly in the model,
generate bias in the estimates of allele effects (KENNEDY

et al., 1992). Understanding the population structure
and linkage disequilibrium in an association panel can
effectively avoid spurious associations and improve the
accuracy in association mapping (ZHAO et al.,
2014). A Bayesian approach for inference of population
structure based on unlinked markers was implemented
in the software Structure (PRITCHARD et al., 2000a). This
program assigns individuals to subpopulations, and that
assignment is considered in testing associations of
markers with dichotomous traits (PRITCHARD et al.,
2000b).  

Work on identification of trait specific molecular
markers is essential for future tree improvement and
conservation of Pines. Development of markers for resin
production is needed for better utilization and conserva-
tion of an important commercial conifer species. Keep-
ing in view, the above facts, the study was initiated with
a broad objective of identifying DNA based markers
associated with the resin production by studying poly-
morphism in phenotypically varying population of
Himalayn Chir Pine (P. roxburghii).

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 molecu-
lar characterization of pine genotypes for the identifica-
tion of markers associated 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 covering 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 random, com-
prising total area of 0.75 ha. The plots were considered
as replications. For each replication, 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. Geo-
graphical 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 aver-
age 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.
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DNA extraction and quantification 

DNA was extracted from young needles using a combi-
nation of the methods described by STANGE et al. (1998)
and DOYLE and DOYLE (1990) and from the sapwood fol-
lowing a combination of the protocols given by ASIF and
CANNON (2005) and DOYLE and DOYLE (1990). The quali-
ty of DNA was tested on 0.8% agarose gel and the DNA
concentration was quantified using BioPhotometer

(Eppendrof 6131, Germany). DNA samples were diluted
to the required concentration (15 ng/µl) for polymerase
chain reaction (PCR) amplification.

SSR analysis 

A total of 80 SSR markers (47 nuclear SSRs and 
33 chloroplast SSRs) from different species of 
pines (nuclear SSRs were from P. resinosa, P. taeda, 

Table 1. – Geographical details and resin yield data of various samples of P. roxburghii.

* amsl-above mean sea level. Blaze area: 45 � 20 cm2.
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P. merkussi and P. densiflora whereas, chloroplast SSRs
were from P. thunbergii and P. sylvestris) were screened
for amplification in P. roxburghii. Forty eight SSRs
showed successful amplification but only 19 SSR mark-
ers (8 nuclear SSRs and 11 chloroplast SSRs) were
found to be polymorphic (Table 2). The polymorphic
SSRs were screened on 275 adult trees of P. roxburghii
from a single large population in its natural range of
distribution. PCR was performed in a 15 µl reaction vol-
ume (VENDRAMIN et al., 1996) containing 15 ng of tem-
plate DNA, 1X Taq buffer, 3.0 mM MgCl2, 0.2 mM
dNTPs, 0.2 µM of each primer and 0.06U of Taq DNA

polymerase (Bangalore Genei Pvt. Ltd., India). PCR
amplification was carried out at 5 min. at 95°C followed
by 30 cycles of 1 min. at 94°C, 1 min. at 55°C to 60°C
(as per the annealing temperature of the primer) and 1
min. at 72°C and a final extension of 8 min. at 72°C.
Amplified products were electrophoresed on 3% (w/v)
metaphor agarose: agarose (3:1) gel with 1X TBE buffer
and stained with ethidium bromide (0.5 µg/ml) (Fig. 1).
DNA fragments were visualized under UV light and doc-
umented with the gel documentation imaging system
(GelDoc-It System, UVP Ltd.). The primers which were
not resolved on metaphor-agarose gel were then sepa-

Table 2. – SSRs from different Pinus species used to amplify P. roxburghii microsatellite regions.

Figure 1. – Gel image showing amplification of SSR primer pm05 in different genotypes of P. roxburghii on 3% metaphor-
agarose gel.
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rated on 8% (w/v) polyacrylamide gel casted in ‘MEGA-
GEL High Throughput Vertical Unit’ (model C-DASG-
400-50) marketed by C.B.S Scientific Co. (Del Mar, CA,
USA) with 1X TBE buffer. 

Scoring of data

The molecular size of the different fragments of the
DNA ladders (GeneRuler™ 100 bp ladder and Fermen-
tas O’ GeneRuler™ Ultra low range DNA ladder) were
plotted (scatter plot) against the distance travelled by
each fragment of the ladder and with the help of MS
Excel ‘Chart Wizard’, a trend line was applied to the
scatter plot. Polynomial curves with powers from two to
four were used to produce the closest fit to the marker
curve. Polynomial coefficients for calculating the formu-
la were derived from the regression equation of the
trend line displayed on the same chart (LORENZ et al.,
1997). The distance travelled by each amplified DNA
fragment was used to calculate their molecular weight
by extrapolating the graph using the regression equa-
tion of the trend line. For accuracy, the distance migrat-
ed by each fragment of the DNA ladder was used to back
calculate their molecular weight. Since chloroplast
genome does not genetically recombine, or exist in het-
erozygous state, so the first homozygous allele (heaviest
fragment) was scored as AA, second homozygous allele
was scored as BB and so on and so forth. For nuclear
SSRs, the gels were scored in a specified data format.
Presence of single homozygous allele (heaviest frag-
ment) was scored as AA; second homozygous allele was
scored as BB and so on and so forth. Presence of het-
erozygous alleles (allele A and B or B and C or A and C)

were scored as AB, BC and AC respectively. Following
this method of scoring, all the 53 genotypes were scored. 

Statistical analysis 

Polymorphism and primer informativeness

The genetic diversity parameters like per cent poly-
morphism, total number of bands amplified per primer
and number of polymorphic bands were calculated.
Genotypic data obtained for different markers was used
for assessing the discriminatory power of primers and
determining the utility of each marker system by evalu-
ating the parameters: Polymorphism Information Con-
tent (PIC) (ROLDAN-RUIZ et al., 2000), Marker index (MI)
(POWELL et al., 1996) and Resolving Power (RP) (Prevost
and Wilkinson).

Cluster analysis

Genetic dissimilarity was calculated based on Jac-
card’s dissimilarity index using the software DARwin
ver 5.0.158 (PERRIER and JACQUEMOUD-COLLET, 2006),
where “0” and “1” were standardized as the least and
maximum dissimilarity respectively. The dissimilarity
matrix was used for tree construction following hierar-
chial clustering method using UPGMA algorithm imple-
mented in the software DARwin ver 5.0.158. Confidence
limits of different clades were tested by bootstrapping
1000 times to assess the repetitiveness of genotype clus-
tering (FELSENSTEIN, 1985).

Population structure analysis

For the analysis of population structure, a model-
based (Bayesian) cluster analysis was performed. This

Table 3. – SSR marker polymorphism in P. roxburghii genotypes.
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analysis was implemented in the software STRUC-
TURE ver 2.2 (PRITCHARD et al., 2000a and 2000b) which
identify subgroups of accessions with distinct allele fre-
quencies within the germplasm. STRUCTURE com-
putes a Q matrix defined as an n � p population struc-
ture incidence 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
independent STRUCTURE runs were performed sepa-
rately for each K. The value of K was detected by an ad
hoc quantity based on the second order rate of change of
the likelihood function 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 probability 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

Figure 2. – Dendrogram showing genetic relationship among P. roxburghii genotypes varying in
resin yield using SSR markers.
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in the parenthesis. �K shows a clear peak at the true
value of K.

Analysis of Molecular Variance (AMOVA)

The population genetic structure was inferred by an
analysis of molecular variance framework (AMOVA)
according to EXCOFFIER et al. (1992) using the Arlequin
software version 3.11 (EXCOFFIER et al., 2005). The type
of hierarchial AMOVA implemented here was with geno-
typic data, one group of populations and number within
individual level. 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 were partitioned into com-
ponents that represent the within population and
among population mean squares

Linkage disequilibrium

The software TASSEL ver 2.1 (BRADBURY et al., 2007)
was used to measure the extent of LD as squared allele
frequency correlations estimates (r2, WEIR, 1996) and to
measure significance of r2 for each pair of loci. For mul-
tiple alleles, a weighted average of r2 between each locus
pair was calculated (FARNIR et al., 2000). Only alleles
with frequencies equal or greater than 0.05 were consid-
ered for LD calculations (THORNSBERRY et al., 2001). Sig-
nificance of LD for SSR pairs was determined by
100,000 permutations for each pair (WEIR, 1996). The
number of marker pairs with LD probability values less
than threshold values of 0.01 and 0.001 were counted.

Linkage disequilibrium based association analysis

The general linear model (GLM) implemented in the
software TASSEL ver 2.1 (Trait analysis by Association,
Evolution and Linkage) was used for association analy-
sis taking into consideration the Q matrix produced by

the software STRUCTURE ver 2.2 for five sub-popula-
tions existing in the sample. To select appropriate signif-
icance thresholds for association analysis, probability
values of association between single alleles from nine-
teen SSR marker loci and resin yield based on the GLM-
Q association model were permuted 1,000 times
(CHURCHILL and DOERGE, 1994). A polymorphic site was
deemed to have a significant association if the p-value
was below the 5% empirically derived value. Only alle-
les with frequency more than 5% were considered in the
analysis. Single alleles were tested for association. 

Results

Information content of SSR markers

A total of nineteen out of eighty initially screened SSR
markers were selected on the basis of polymorphism
(Table 2). PCR amplification of the P. roxburghii geno-
types using nineteen SSR markers produced a total of
46 bands, out of which 40 were polymorphic. The total
number of polymorphic bands amplified per marker var-
ied from 1 to 4 with an average of 2.10 per marker
(Table 3). Genetic divergence in terms of per cent poly-
morphism ranged from 50 to 100% with an average of
85.79% per marker. The PIC ranged from 0.100 (RPtest
9) to 0.499 (Pt 71936) with an average of 0.327 per
marker. There was a strong correlation between poly-
morphism and PIC (r2 =0.864). The MI ranged from a
minimum of 0.050 (RPtest9) to a maximum of 1.168
(Pt30204) with an average of 0.695 per marker. Direct
correlations were observed between the number of poly-
morphic bands and MI. The SSR primer Pt 30204 show-
ing maximum number of polymorphic bands had highest
value for MI (1.168) and the primer with lowest MI
(0.050) produced least number of polymorphic bands.
There was a strong correlation between polymorphism

Fig. 3a. – Bayesian posterior probability of data [LnP(D)] with
increasing K for SSR markers. Fig. 3b. – Magnitude of �K as a function of K for SSR markers.

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. 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).
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The graph is based on Structure run of real set K estimated for SSR 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 cluster,
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 of P. roxburghii using SSR markers.

*** denote significance at 0.1% probability level.

Table 4a. – Analysis of molecular variance (AMOVA) of P. roxburghii genotypes based on collection site using SSR markers.

Table 4b. – Analysis of molecular variance (AMOVA) of P. roxburghii genotypes based on resin yield using SSR markers.
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and MI (r2 =0.942), and MI was found to be positively
correlated with PIC (r2 =0.822). RP ranged from 0.226
(RPtest9) to 1.926 (Pt71936) with an average of 1.164.
There was a strong correlation between polymorphism
and RP (r2 =0.725). RP showed positive correlation with
PIC (r2 =0.712).

Cluster analysis 

The hierarchial clustering using UPGMA implement-
ed in the software DARwin ver 5.0.158 revealed the
existence of two distinct major clusters: Cluster-I and
Cluster-II (Fig. 2). Cluster-I with a bootstrap value of
102, grouped twenty-eight genotypes together, out of
which twenty-two were low resin yielders (< 3 kg/year)
and only six genotypes had high resin yield
(> 3 kg/year). Cluster-II with a bootstrap value of 101,
grouped twenty-five genotypes, out of which twenty-two
had high resin yield and only three genotypes were low
resin yielders.

The genetic dissimilarity index revealed high genetic
diversity among the fifty-three genotypes of P. rox-
burghii used in the study. The dissimilarity coefficients
ranged from 0.04 to 0.72. The genotypes D-26
(2.1 kg/year) and B-13 (1.7 kg/year) both having low
resin yield were found to be most similar, whereas A-24
(2.8 kg/year) and B-18 (3.35 kg/year) were found to be
the most dissimilar genotypes.

Genetic structure analysis 

As per the STRUCTURE results, the log likelihood
steadily improved until K=5, and then continued to
increase slightly until K=10 (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 structure, inferred ancestries
(Q matrix) of individuals were determined. Each indi-
vidual is represented by a vertical line broken into K
colored 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,
twenty-three genotypes (43.40% 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. On the other hand, thirty geno-
types (56.60% out of 53 genotypes) in the sample were
categorized as having admixed ancestry. Each cluster
had ten individuals on an average, the highest in cluster
4 and the lowest in cluster 1. The levels of differentia-
tion between subgroups were variable with FST ranging
from 0.54 to 0.61. The distribution of P. roxburghii geno-
types into these five sub-populations had no correlation
with their resin yield (Fig. 4b).

This is a disequilibrium matrix for polymorphic SSRs where polymorphic sites are plotted on both the X- axis and Y- axis. Pair-
wise calculations of LD (r2) are displayed above the diagonal with the corresponding p-values for Fisher’s exact test displayed
below the diagonal.

Figure 5. – Linkage disequilibrium measure (r2, above diagonal line) and probability value (p, below diagonal line) for 17 SSR
markers in 53 genotypes of P. roxburghii.
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Partitioning of variance using SSR markers

AMOVA analysis revealed that 99.62% of the total
variation in studied populations of P. roxburghii was
structured within populations and only 0.38% was
among populations (Table 4a). Similarly, it revealed that
89.04% of the variation with respect to the resin yield
lies within populations and rest 10.96% variation was
among populations. There was negligible population
genetic differentiation (FST =0.003) between the studied
populations for the molecular variation (Table 4a). How-
ever the population genetic differentiation was moder-
ate for resin yield (FST =0.10) (Table 4b) in P. roxburghii.

Linkage disequilibrium

Of the total forty-six SSR alleles amplified, thirty-nine
alleles were used for estimating LD between all pairs of
SSR alleles. The reduction in the total number of alleles
was due to the entire data set being filtered to eliminate
alleles with a frequency less than 5%. The r2 and the P
value representing LD were assessed for seventeen SSR
markers. The markers PCP30277 and PCP26106 were
detected to be in significant LD at P<0.01 (Fig. 5). The
markers Pt71936 and Pt87268 were found to be associ-
ated with resin yield and showed significant linkage dis-
equilibrium. Further, one of the trait associated marker
(Pt87268) was also found to be in significant linkage dis-
equilibrium with the marker pm07 showing the proba-
bility of this marker also to be associated with resin
yield.

Marker-trait association analysis using SSR markers

Association analysis with a total of forty polymorphic
SSR loci revealed two cpSSR markers (Pt71936 and Pt

87268) and one nSSR (pm09a) to be in significant associ-
ation with resin yield (Table 5). Pt71936 was able to
explain 9.57% of the total variation in resin yield when
association was tested on account of the marker alone.
Whereas, when full model was used (including popula-
tion structure), it could explain 26.41% of the total vari-
ation in resin yield (P<0.05). The SSR marker Pt87268
which could explain 15.01% of the total variation in
absence of population structure was able to explain
32.96% of the total variation when population stratifica-
tion was taken into account (P<0.01). Similarly, the
marker pm09a which explained 24.33% of the variation
in absence of population structure was able to explain
39.83% of the total variation after considering the popu-
lation stratification (P<0.001). All these markers
showed association with resin yield in the absence as
well as presence of population structure and the per-
centage of variation explained by these markers was
increased after taking the population stratification into
account. The SSR marker PCP26106 which showed
association with resin yield in the absence of population
structure (P<0.05), lost its significance in the presence
of population structure.

Discussion

The amplification of P. roxburghii genotypes using
nineteen SSR primers resulted in a total of 46 bands
with 40 bands showing polymorphism (86.9%). The total
number of polymorphic bands amplified per marker var-
ied from as low as 1 to a maximum of 4 (Pt30204 and
Pt45002), with an average of 2.105 per marker. This is
in agreement with the results earlier reported by

p marker – p-value on account of marker alone; p adj marker –p-value adjusted on account of full model.
R2 model – portion of total variation explained by the full model; 
R2 marker – portion of total variation explained by the marker.
*, **, *** denote significant at 5%, 1% and 0.1% level of probability.

Table 5. – Fixed effect Linear model solution for phenotypes and genotypes of P. roxburghii.
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CHAUHAN, 2011 where Pt30204 (localized 524 bp
upstream of the clpP gene of P. thunbergii) was found to
be the most variable locus in P. roxburghii which detect-
ed maximum number of alleles. The locus Pt 30204 was
reported to be a “mutational hotspot” (VENDRAMIN et al.,
1999) in Abies alba (Pinaceae) where a total of fifteen
size variants were detected in seventy individuals.
Genetic divergence in terms of per cent polymorphism
ranged from 50 to 100% which was in agreement with
the results reported earlier in P. roxburghii by CHAUHAN,
2011. Among all the SSR primer pairs tested in P. rox-
burghii genotypes, Pt71936 was the most informative
with high PIC, MI and RP values.

The hierarchial clustering using UPGMA implement-
ed in the software DARwin ver 5.0.158 clustered the
genotypes distinctly on the basis of their resin yield. The
dissimilarity coefficients ranged from 0.04 to 0.72 sug-
gesting high genetic variability among the genotypes.
The grouping of P. roxburghii genotypes was on the
basis of resin yield and not their site of collection sug-
gesting the genetic basis of the trait.

Model based clustering of the P. roxburghii genotypes
using SSR markers revealed the occurrence of five sub-
populations in the sample. The distribution of genotypes
into different subpopulations had no correlation with
their resin yield suggesting that resin yield of the geno-
types was not attributed to their ancestry but it was
because of their genetic constitution. 

The AMOVA analysis showed that most of the varia-
tion in P. roxburghii lies within populations, a result
compatible with woody perennial, out breeding plant
species, especially conifers (HAMRICK et al., 1992). Popu-
lation genetic differentiation is negligible (FST =0.003)
between the studied populations and indicate that there
is no hindrance in the gene flow among the selected
 populations resulting in homogeneous genetic struc-
tures. For the interpretation of FST, it has been suggest-
ed that a value lying in the range 0–0.05 indicates little
genetic differentiation; a value between 0.05 and 0.15,
moderate 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 AMOVA analysis also showed that most of
the variations (89.04%) with respect to the resin yield
lie within populations than among populations (10.96%)
in P. roxburghii. The FST value indicated that there was
moderate genetic differentiation among the groups
when the genotypes were grouped based on their resin
yield. 

Linkage disequilibrium based association mapping
have been a research objective in plants beginning 
with the model organism as Arabidopsis, and now
extended to crops as maize, barley, durum wheat, 
spring wheat, rice, sorghum, sugarcane, sugar beet,
 soybean and grape as well as in forest tree species and
forage grasses (ABDURAKHMONOV and ABDUKARMINOV,
2008). 

Linkage disequilibrium is the non random association
of alleles at different loci which play an integral role in
association mapping, and determines the resolution of
an association study. The mating system of the species

(sefing versus outcrossing), and phenomena such as pop-
ulation structure and recombination hotspots, can
strongly influence patterns of LD. Generally, LD decays
more rapidly in outcrossing species as compared to
 selfing species (NORDBORG, 2000). This is because recom-
bination is less effective in selfing species, where indi-
viduals are more likely to be homozygous, than in out-
crossing species. Admixture results in the introduction
of chromosomes of different ancestry and allele frequen-
cies. Often, the resulting LD extends to unlinked sites,
even on different chromosomes, but breaks down rapidly
with random mating (PRITCHARD and ROSENBERG, 1999).
Genome wide LD has been quantified for many forest
tree species that extended upto 16–34 kb in Populus tri-
chocarpa (YIN et al., 2004); <500 bp in Populus termula
(INGVARSSON, 2005); 2000 bp in Pinus taeda (BROWN et
al., 2004); 1000 bp in Pseudostuga menziensii (KRU-
TOVSKY and NEALE, 2005) and 100–200 bp in Picea abies
(RAFALSKI and MORGANTE, 2004). 

Since P. roxburghii is a highly outcrossing species so a
rapid decay of LD is expected leading to a fine resolution
mapping which makes this species appropriate for asso-
ciation studies. Since SSR markers specific for P. rox-
burghii are not available so SSRs from different Pinus
species including P. taeda, P. thunbergii, P. densiflora,
P. merkussii, P. sylvestris and P. resinosa were tested for
cross amplification in P. roxburghii. It was found that
the transferability of nuclear SSRs was much less
(CHAUHAN, 2011) as compared to chloroplast SSRs and
since the nuclear genome of P. roxburghii is not yet
sequenced but its partial chloroplast genome sequence is
known, so a combination of nuclear and chloroplast
SSRs were used in the present investigation. Although
candidate gene based approach has been employed in
many association studies, the success of this approach
depends upon the correct choice of which genes/path-
ways to study. Therefore, a priori hypothesis about
 biological function is required, which is exposed to the
risk of arbitrariness. A more comprehensive and unbi-
ased approach is to employ markers encompassing the
entire genome (EBERLE et al., 2007). Several genome-
wide association studies (GWAS) for complex diseases
have been completed, as reviewed in MANOLIO et
al. (2008). Genome wide association studies hold the
promise to relatively complete genetic effects (additive
and non additive) and pleiotropy in an unbiased way
(STRANGER et al., 2011).

There are a number of reports where dominantly
coded (present versus absent) marker data of SSRs were
successfully used in genome wide LD analyses and 
LD-based association mapping in plants (KRAAKMAN et
al., 2004; KRAAKMAN et al., 2006; HANSEN et al., 2001;
TOMMASSINI et al., 2007; IWATA et al., 2007; MALOSETTI et
al., 2007 and GEBHARDT et al., 2004), demonstrating the
feasibility of dominantly coded molecular data in
 revealing of haplotypic associations. So, the SSR data
was dominantly coded as present vs. absence in the
 present study. Similar strategy was reported by ZHAO

et al., 2014 where some SSRs were considered as codom-
inant and others as dominant while conducting LD
based association studies in (Gossypium hirsutum L.)
germplasm.
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Association analysis revealed that two chloroplast
SSRs Pt71936 and Pt87268 and one nuclear SSR pm09a
to be in significant association with the resin yield. The
cpSSR markers showing association with resin yield,
were present at a distance 15kb apart from one another
in the chloroplast genome and thus are supposed to be
linked. In a previous report in P. densiflora (KIM et al.,
2009), the chloroplast was found to be involved in resin
biosynthesis pathway. They have discussed that the
ABS gene product catalyzes the cyclization of geranyl-
geranyl diphosphate to abietadiene as the first commit-
ted step of resin biosynthesis. Abietadiene is the precur-
sor of the major pine resin acids, abietic, neoabietic and
dehydroabeitic acids (JOYE and LAWRENCE, 1967). There-
fore, the enzyme could serve as a site marker for resin
biosynthesis. ABS is known to occur in the chloroplast
(RO and BOHLMANN, 2006), which means that the initial
cyclization of GGPP in resin acid biosynthesis and
biosynthesis of the building blocks take place in the
same organelle. In an earlier report in Triticum
 aestivum (LIU et al., 2010), a total of 10 linked SSR
markers were identified to be associated with the six
traits (plant height, spike length, spikelets per spike,
spikelets density, grains per spike and thousand kernel
weight) at the 0.01 probability level, and each QTL
explained 4.85% to 20.59% of the phenotypic variation.
In the present study, the two cpSSR markers Pt71936
and Pt 87268 which were found to be associated with
resin yield showed significant linkage disequilibrium
(P<0.01) with r2 values higher than 0.05. Similar
results were reported earlier in Barley (ELEUCH et al.,
2008) where the markers Bmag 749 and HVHOTRI
located on chromosome 2H were found to be salinity and
showed linkage disequilibrium with r2 values higher
than 0.05. In Gossypium hirsutum L., the average r2 of
global marker pairs was reported to be 0.0132 (ZHAO et
al., 2014). 

Further in this study, one of the trait associated
cpSSR (Pt87268) was also found to be in significant link-
age disequilibrium (p<0.01) with the nuclear SSR pm07
showing the probability of this marker also to be
 associated with resin yield. This suggests the presence
of cytonuclear disequilibrium in P. roxburghii. Cytonu-
clear disequilibrium is the nonrandom association of
alleles or genotypes at a nuclear locus with haplotypes
at cytoplasmically inherited organeller DNA (ASMUSSEN

et al., 1987; SCHNABEL and ASMUSSEN, 1989). In a
 previous study, in a natural population of Ponderosa
pine (LATTA et al., 2001), cytonuclear disequilibrium was
measured between eleven nuclear allozymes loci and
both mitochondrial and chloroplast DNA haplotypes.
Three allozymes loci (Fe, Got and Udp) showed signifi-
cant associations (P<0.05) with mitochondrial DNA
variation, while two other loci (Per and Sdh) showed
 significant association with cpDNA. The overall magni-
tude (normalized disequilibrium) of associations was
greater for maternally inherited mtDNA than for pater-
nally inherited cpDNA, though this difference was
 neither large nor significant (p>0.1). The nonrandom
association of nuclear alleles or genotypes with
organeller  haplotypes can arise from a number of evolu-
tionary forces that fall into three categories (ASMUSSEN

et al., 1987): (i) nonrandom mating, including patterns
of admixture, migration and hybridization; (ii) interac-
tive fitness across genomes; and (iii) the historical sam-
pling of gametes in finite populations (drift). Given the
many factors that may give rise to cytonuclear disequi-
librium, SCRIBNER et al. (1999) cautioned that in the
absence of independent information it can be difficult to
ascribe a particular evolutionary process to observed
patterns. 

Limited data exist for cytonuclear disequilibria involv-
ing a paternally inherited organelle. The data of L1
(1995) for jack pine (P. banksiana) was analyzed by
 BASTEN and ASMUSSEN (1997) but did not reveal signifi-
cant associations. The existence of significant associa-
tions between nuclear and cpSSRs in P. roxburghii sug-
gests that founding events occurred through the pater-
nal lines in much the same way as through the mater-
nal lineages as in the case of Ponderosa pine.
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