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Abstract The present investigation aimed to explore the
level of genetic diversity, determine the population struc-
ture in a larger set of germplasm of linseed using
microsatellite marker and identify linked markers through
association mapping. A total of 168 accessions of linseed
were evaluated for major agro-economic traits and SSRs
markers deployed for diversity assessment. A total of 337
alleles were amplified by 50 SSRs ranging from 2 to 13
with an average of 6.74 £ 2.8 alleles per loci. The
neighbor joining based clustering grouped all the acces-
sions into three major clusters that were also confirmed by
scatter plot of PCoA. While model based clustering
determined four sub-populations (K = 4). Further, analysis
of molecular variance analysis considering three popula-
tion showed that maximum variation (79%) was within the
population. We identified one putative SSR marker
(Lu_3043) linked with days to 50% flowering through both
GLM and MLM analysis of association mapping. The
results of this preliminary study revealed genetic diversity,
population structure in linseed and linked marker which
could be utilized in future breeding program.

Electronic supplementary material The online version of this
article (doi:10.1007/s12298-016-0408-5) contains supplementary
material, which is available to authorized users.

< Hemant Kumar Yadav
h.yadav@nbri.res.in

CSIR-National Botanical Research Institute, Rana Pratap
Marg, Lucknow, UP 226001, India

Academy of Scientific and Innovative Research, New Delhi,
India

Uttar Pradesh Council of Agricultural Research (UPCAR),
Vibhuti Khand, Gomatinagar, Lucknow 226010, India

4 AICRP on Linseed, CSAUA&T, Kanpur, India

Keywords Linseed - Microsatellite - Population structure -
Association analysis - AMOVA

Introduction

Flax or Linseed (Linum usitatissimum L., 2n = 30) is an
annual self-pollinated and oldest among the domesticated
plants. It belongs to the family Linaceae that comprises 22
genera and 300 species (Hickey 1988). The centre of origin
of flax has been proposed to be the Middle East,
Mediterranean basin, Ethiopia and India (Vavilov 1926;
Zohary and Hopf 2000). Flax is considered as a ‘‘founder
crops’’ that has been providing raw materials for medicine,
food and textiles for more than 8000 years and is of great
importance to the human welfare (Zeist and Bakker-Heeres
1975). Flax seed is a good source of lignans that have
anticancer properties (Westcott and Muir 2003). The high
content of omega -3 fatty acid (a-linolenic acid, 55-65%)
in the oil is the characteristic of linseed that make it distinct
from other oil seed plants. Due to quick drying properties,
it’s oil has huge industrial applications including prepara-
tion of paints, varnishes, soap, putty and polymers.
Through mutation breeding approach altered fatty acid
profiles linseed lines, such as low linolenic acid (2—4%)
and high linoleic acid (>50%), have been developed for
food purposes (Green et al. 2008). Additionally, fibre
industries developed high value products from linseed for
applications in automobile, construction industries, biofuel
industries and pulp in last decade (Diederichsen and Ulrich
2009). It has been suggested that the cultivated flax is
descended from a single domestication event from L.
bienne for its oil. Molecular studies have also supports the
domestication process from L. bienne, to oil and fibre flax
(Allaby et al. 2005). Since, flax has divergent breeding
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history and a complex domestication process; it is assumed
that it has limited gene flow and complex population
structure.

To begin with strategic crop improvement programs,
knowledge about the extent of genetic diversity and pop-
ulation structure of the concern crop laid an important
foundation. Population structure analysis is also important
for association mapping as it is essential to define the
population stratification within the accessions to avoid any
false association (Flint-Garcia et al. 2005). The current
global prospect and health related properties of linseed
have dictated the need for the evaluation of its genetic
diversity through molecular markers and exploitation by
marker assisted breeding (Pali et al. 2015, 2014; Chan-
drawati et al. 2014; Rajwade et al. 2010; Kale et al. 2012).
However, informations on large genetic stocks of linseed
especially that developed and grown in India is available
from only a few reports of AFLP, ISSR and RAPD
markers. Considering the importance of the crop and lim-
ited marker based studies till date, we have applied the SSR
marker on a large set of genetic material to assess the level
of diversity, determine the population structure and per-
formed association analysis.

Materials and methods
Plant material

The plant material used in the present study includes 168
accessions of linseed obtained from All India Co-ordinated
Research Program on Linseed (AICRP on Linseed),
Chandra Shekhar Azad University of Agriculture and
Technology (CSAUA&T), Kanpur, Uttar Pradesh, India.
Of these 168 accessions, 58 are designated as germplasm
lines that include prominent and popular varieties, advance
breeding lines developed in India. The rest 110 accessions
designated as core-germplasm include few global collec-
tions also. All the accessions were grown in field during the
crop season November 2014-March 2015 at CSIR-Na-
tional Botanical Research Institute, Lucknow for morpho-
logical characterization. All the entries were planted in
Randomized Block Design (RBD) with 3 replications. Four
rows of 2 m with spacing of 45 cm between rows and
15 cm between plants were adopted with two non experi-
mental border rows. Normal cultural practices were fol-
lowed to raise a good crop. Ten plants in each replication
were randomly tagged to record data on various morpho-
logical traits including days of 50% flowering (DOF), plant
height (PH), number of branches/plant (BP), number of
capsules/plant (CP), capsule weight/plant (CWP), seed
weight/plant (SWP), husk weight/plant (HW), test weight
(TW), number of seeds/capsule (SPC) and oil content

@ Springer

(OC). The oil content was measured through minispec time
domain-nuclear magnetic resonance (TD-NMR) analyzer
(Bruker Corporation, USA).

Genotyping with SSRs

The genomic DNA was isolated from young and freshly
harvested leaves of 1 month old plants using DNeasy plant
mini kit (Qiagen, Valencia, California) as per manufac-
turer’s instructions. The quality of DNA was evaluated on
0.8% agarose gel and quantified using Qubit 2.0 fluorom-
eter (Life Technologies, USA) as per standard protocol.
Finally, the DNA was diluted to 5 ng/pl for PCR analysis.
A set of 50 random SSRs, of which 24 were mapped SSRs
from Cloutier et al. (2012a) and rest 26 random SSRs
developed from genomic sequences of linseed, were used
for genotyping of the 168 accessions. The SSR primers
were synthesized with an additional 18 base tag (5'-
TGTAAAACGACGGCCAGT-3') at 5’end to all the for-
ward primers (named as M13 tag) following Schuelke
(2000). The PCR was carried out in 10.0 pl reaction vol-
ume containing 5 ng of genomic DNA, 1X PCR buffer,
2.5 mM MgCl,, 0.25 mM each dNTPs, 0.5U Taq DNA
polymerase (Qiagen), 1.0 pmol forward primer, 3.0 pmol
each of both reverse and M13 tag (same as 18 base tag
labeled with either 6-FAM, NED, VIC or PET). The PCR
amplification was carried out in Veriti Thermal cycler
(Applied Biosystems) with an initial denaturation of 5 min
at 95 °C followed by 35 cycles of denaturation for 30 s at
94 °C, annealing for 45 s at 48-52 °C (primer specific) and
extension for 30 s at 72 °C. Subsequently, 10 additional
cycles of denaturation for 30 s at 94 °C, annealing for 45 s
at 53 °C, extension for 45 s at 72 °C followed by final
extension for 15 min at 72 °C was performed. The PCR
amplification was first confirmed on 1.5% agarose gel and
then post PCR pool was prepared based on fluorescence
labeled primers. For post PCR pooling, 1.0 pl of 6-FAM
and 2.0 pl of each VIC, NED and PET labeled PCR pro-
duct with different SSRs were combined with 13.0 ul of
water. Then 1.0 ul of that mix was added to 10.0 pl Hi-Di
formamide containing 0.25 pl GeneScan™ 600 LIZ® as
internal size standard. This was then denatured for 5 min at
95 °C, quick chilled on ice for 5 min and loaded on ABI
3730x1 DNA Analyzer for capillary electrophoresis. The
raw data obtained was analyzed by GeneMapper v4.0
software (Applied Biosystems, Foster City, CA, USA) to
obtain allele size data.

Statistical analysis
The morphological data of different traits was used to

calculate basic statistics and broad sense heritability (h’b)
based as described by Allard (1999) using WINDOSTAT
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software (www.indostat.org). The phenotypic correlation
(rp) was calculated as suggested by Johnson et al. (1955).
The allelic data of SSRs were subjected to statistical
analysis using Power Marker (Liu and Muse 2005) to
calculate observed heterozygosity (Ho), gene diversity or
expected heterozygosity (He), major allele frequency and
polymorphic information content (PIC) value. To under-
stand the genetic relationship pair-wise genetic dissimi-
larities among all the 168 accessions were calculated
according to Jaccard’s coefficient using DARwin 5.0.128
software (Perrier et al. 2003). The calculated dissimilarity
matrix was then used to (1) construct a NJ tree with 1000
replicate bootstrap test and (2) perform principal coordi-
nate analysis (PCoA). To determine the number of sub-
population among 168 accessions, Bayesian clustering was
carried out using software package STRUCTURE v 2.3.3.
The STRUCTURE program was run using admixture
model with independent allele frequencies. The presumed
population (K) was set from 2 to 15 with five independent
runs per K and each run was carried out using 30,000 burn-
in period and 100,000 iterations. The optimal value of K
was determined by examining Delta K statistic and L
(K) according to Evanno et al. (2005) using structure har-
vester (Earl and Von Holdt 2012). The number of observed
alleles (Na), number of effective alleles (Ne), Shannon’s
information index (/) and molecular variance (AMOVA)
(Excoffier et al. 2009) was calculated with GenAlex 6.5
software.

Association mapping

The association of each marker with different traits was
tested using software TASSEL v3.0 (Bradbury et al. 2007).
A kinship matrix (K-matrix), the pair-wise relationship
matrix which was further used for population correction in
the association models was calculated among the acces-
sions with 50 SSRs markers. Two models, (1) GLM
adjusted using Q-matrix and (2) the MLM adjusted using
both Q-matrix and kinship (K)-matrix was used to test the
marker-trait-associations (MTA). The P values were
adjusted according to Benjamini and Hochberg (1995) to
control the false discovery rate (FDR). These associations
were considered with an adjusted P < 0.05.

Results

Phenotypic variability and trait association

The mean and range value of 10 agronomic traits alongwith
other statistics are presented in Table 1 while the frequency

distributions are shown in Fig. 1. The days of 50% flow-
ering varied from 50.0 to 136.0 with an average of

101.8 = 19.4. Eighteen accessions were early flowering
(<70 days of 50% flowering) while 4 were very late
(>130 days). The plant height ranged from 44.33 to
136.8 cm with an average height of 81.0 £ 18.3. Most of
the accessions was of average height and only 15 were
shorter (<60.0 cm) and 9 were taller (>120.0 cm). The
numbers of branches/plant were found variable from 1.6 to
8.0 (average 3.9 4 1.1), number of capsules/plant varied
between 16.1 and 175.0 (average 68.0 £ 33.0). Capsule
weight/plant and seed weight/plant ranged from 1.9 to
12.2 g (average 5.9 £ 2.2) and from 1.1 to 9.9 (average
3.9 £ 1.9) respectively. The test weight varied between 2.9
and 11.1 g with an average of 5.8 & 1.3. The oil content
showed lower variability and was found in range of 30.4 to
45.02% with an average of 39.6 & 2.7%. Only 3 acces-
sions were found to have oil content above 44.0%. The
coefficient of variability was found maximum for capsule
weight/plant and seed weight/plant (48.5%) while mini-
mum was noticed for oil content (6.8%). The broad sense
heritability was found highest for days of 50% flowering
(98.4%) followed by number of branches/plant (96.2), test
weight (95.0%) and plant height (94.2%). The lowest
heritability was noticed for husk weight/plant (38.5%). To
understand the relationship among the various morpho-
logical and yield related traits, correlation coefficient was
also calculated (Table 1). The days of 50% flowering
showed significant and negative association with number of
capsules/plant (—0.55), capsule weight/plant (0.53), seed
weight/plant (—0.62), test weight (—0.53), oil content
(—0.39). However, number of branches/plant showed
negative but non significant association with most of the
traits. Contrary to these, capsule weight/plant and seed
weight/plant had positive and significant association plant
height (0.35), number of capsules/plant (0.65), test weight
(0.49) and oil content (0.25). Oil content had positive and
significant association with capsule weight/plant, seed
weight/plant and test weight. The frequency distribution
plots for these traits (Fig. 1) showed broad Gaussian
curves/trends that in most cases were uniformly distributed
around the means, consisted with the observed low levels
of skewness and kurtosis (Table 1).

Genotypic variations and genetic distance

The 50 SSRs genotyped across the 168 accessions produces
a total of 337.0 alleles with an average of 6.74 alleles per
SSRs (Table 2) that ranged from 2 (LU_2155 and
LU_3148) to 13 alleles (LU_2332) per SSRs. The maxi-
mum number of alleles (13) was shown by SSR LU_2332
followed by SSRs LUSc_196_02, LUSc_38_01 (12 alle-
les), LU_2651, LU_297, LUSc_160_01 (11 alleles) and
LU_283, LUSc_155_02 (10 alleles). The PIC value ranged
from 0.19 (LU_197) to 0.87 (LU_2332) with an average of
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Table 1 Different agro-morphological traits and correlations in 168 accessions of linseed

DOF PH BP CP CWP SWP HWP ™ SPC ocC
Min 50 44.33 1.56 16.11 1.98 1.11 0.5 2.89 35 304
Max 136 136.78 8.02 175 12.17 9.93 43 11.06 9.22 45.02
Mean + SD 101.8 194 810+ 183 39+ 13 680+33.0 59+22 39+£19 20+£01 58=+13 69+0.1 39.6+27
Skewness —-0.8 0.8 0.9 0.8 0.2 0.8 0.5 0.8 -0.5 -0.6
Kurtosis —0.1 0.5 1.2 04 -0.5 0.0 0.1 1.2 0.4 0.8
CV (%) 19.1 22.6 29.0 48.5 37.2 48.5 384 22.6 15.7 6.8
Heritability 98.4 94.2 60.2 96.2 76.4 75.8 38.5 95.0 71.0 88.4
Trait correlation
PH -0.12
BP 0.20 —0.08
CP —0.55%* 0.44%3* 0.09
CWP —0.53%* 0.35%:* —0.18 0.65%:
SWP —0.62%* 0.42%* —0.16 0.74% 0.94%*
HWP 0.02 —0.06 —0.09 0.01 0.53%* 0.22
™ —0.53%** 0.26%* —0.13 0.437%: 0.49%* 0.57 —0.02
SPC —0.24* 0.21 —0.03 0.23 0.21 0.23 0.02 0.03
oC —0.39%* 0.05 —0.01 0.20 0.25%* 0.28 0.02 0.24 0.15

DOF days to 50% flowering, PH plant height (cm), BP branches/plant, CP capsules/plant, CWP capsule weight/plant (g), SWP seed weight/plant
(g), HWP husk weight/plant (g), Tw test weight (g), SPC seeds/capsule, OC oil content (%), CV(%) coefficient of variability

* P <0.05; ** P <0.01

0.47 £ 0.18. Out of 50, 28 SSRs (56%) showed moderate
value of PIC ranging between 0.30 and 0.60 while 12 SSRs
(24%) were highly informative having PIC value above
0.61. The rest 20% (10) SSRs had lower PIC value <0.30.
The observed heterozygosity ranged from 0.00 (LU_2155,
LU_485) to 0.98 (LUSc_27_02) with an average of
0.28 4+ 0.25. The 36% (18) SSRs showed observed
heterozygosity below 0.10. The gene diversity was in
between 0.20 (LU_197) to 0.87 (LU_2332) with an average
of 0.51 £ 0.18.

In order to understand the genetic relatedness among the
168 accessions of linseed, the allelic data were used to
calculate a pair-wise genetic distance based on Jaccard’s
coefficient. The pair wise genetic dissimilarity varied from
0.19 to 0.84 with an average of 0.59 £ 0.07. The maxi-
mum genetic dissimilarity of 0.81 was observed between
accessions EC 41733 (CG 82) and SJKO-71 (CG 201)
followed by 0.80 between CC 12 (CG 40) and RSJ-24 (CG
205) and 0.79 among NP-26 RR SK (CG 148), RIK-14
(CG 215) and Shikha (GP1). The minimum genetic dis-
similarity (0.16) was noticed between CG119 and CG125
followed by Kartika (GP28) and Indra Alsi (GP29) (0.23).
The minimum, maximum and average genetic dissimilarity
of each accession with rest of 167 accessions has also been
calculated (Supplementary Table 1). The average genetic
dissimilarity of each accession with other accessions varied
between 0.51 £ 0.11 (CG125) and 0.68 £ 0.05 (CG138).
The minimum was noticed for the accessions CG125,
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CG119 (0.16) and maximum for accessions CG82, CG201
(0.81). The accessions CI-2067 (CG-52), ILS-153 (CG
119), JABALPUR-367 (CG120) had the lowest range of
pairwise genetic dissimilarity coefficient with all other
accessions. Considering the genetic distance, the acces-
sions BS-2 (CG31), NP-26 RR SK (CG148), H-8 (CG
108), S-91-45 (CG 186), Parvati (GP-4), GS 234 (GP 53),
and JRF 4 (GP 54) were found to be the most divergent
among all the accessions studied.

Genetic diversity and population structure

The NJ based dendrogram grouped all the 168 accessions
into three major clusters namely cluster I, cluster II, and
cluster III (Fig. 2). The cluster I was found to be the largest
with 96 accessions (57%) followed by the cluster III having
51 accessions (30%). The clusters II had 21 accessions
(13%). The cluster I consisted of accessions all from core
germplasm category while the cluster III had all the
accessions from germplasm category except one (CG212).
The cluster II was found to have mixed accessions from
both the categories i.e. 13 from core germplasm and 8 from
germplasm. The genetic diversity among accessions was
also confirmed by scatter plot derived through PCoA
(Fig. 3). The first three coordinate represents 23.11% of the
total variation, with the first coordinate explain 15.56%, the
second coordinate 3.85% and third coordinate 3.70%.
Similar to NJ clustering 96 accessions of core-germplasm
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Fig. 1 Frequency distribution of different agro-morphological traits among 168 linseed accessions
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Table 2 Details of
polymorphism and other
information of 50 polymorphic
SSR used for diversity analysis
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Marker Allele no. Gene diversity Heterozygosity PIC
LUSc_196_02 12.00 0.81 0.15 0.80
LUSc_28_01 5.00 0.21 0.07 0.20
LUSc_200_01 7.00 0.63 0.23 0.58
LUSc_164_02 8.00 0.54 0.36 0.50
LUSc_160_01 11.00 0.73 0.36 0.69
LUSc_43_01 5.00 0.51 0.43 0.46
LUSc_286_01 5.00 0.54 0.96 0.44
LUSc_426_01 9.00 0.71 0.63 0.66
LUSc_23_01 8.00 0.26 0.06 0.25
LUSc_08_02 7.00 0.34 0.02 0.33
LUSc_38_01 12.00 0.86 0.34 0.85
LUSc_9_01 9.00 0.26 0.02 0.26
LUSc_77_01 7.00 0.70 0.31 0.67
LUSc_27_02 7.00 0.60 0.98 0.52
LUSc_34_01 5.00 0.53 0.53 0.48
LUSc_157_01 6.00 041 0.47 0.39
LU_2695 8.00 0.69 0.10 0.65
LU_2697 10.00 0.73 0.16 0.69
LU_2446 5.00 0.33 0.08 0.31
LU_283 10.00 0.35 0.29 0.34
LU_2262 8.00 0.49 0.36 0.46
LU_1182 9.00 041 0.31 0.40
LU_2651 11.00 0.50 0.41 0.49
LU_3144 9.00 0.60 0.13 0.54
LU_297 11.00 0.69 0.48 0.65
LU_2714 7.00 0.64 0.98 0.58
LU_512 4.00 0.65 0.55 0.58
LU_2223 7.00 0.27 0.09 0.26
LUSc_155_02 10.00 0.51 0.29 0.48
LUSc_270_01 8.00 0.59 0.62 0.55
LUSc_66_01 9.00 0.67 0.22 0.63
LUSc_169_01 7.00 0.79 0.47 0.77
LUSc_177_02 6.00 0.61 0.30 0.53
LUSc_206_02 7.00 0.61 0.45 0.56
LU_2332 13.00 0.87 0.04 0.87
LU_291 3.00 0.41 0.25 0.38
LU_2638 4.00 0.57 0.04 0.48
LU_3148 2.00 0.22 0.01 0.20
LU_3043 4.00 0.31 0.04 0.29
LU_3251 3.00 0.47 0.58 0.36
LU_485 3.00 0.21 0.00 0.20
LU_1151 4.00 0.56 0.15 0.50
LU_3217 4.00 0.34 0.02 0.33
LU_2155 2.00 0.33 0.00 0.28
LU_601 4.00 0.41 0.26 0.38
LU_197 3.00 0.20 0.06 0.19
LU_257 7.00 0.72 0.07 0.68
LUSc_325 4.00 0.61 0.05 0.55
LUSc_427 4.00 0.22 0.06 0.21
LUSc_149_01 4.00 0.35 0.01 0.32
Mean £ SD 6.74 £ 2.8 0.51 £ 0.18 0.28 £ 0.25 047 £ 0.18
Range 2-13 0.20-0.87 0-0.98 0.19-0.87
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clustered together at left portion of the plot while 58
accessions of germplasm and 14 accessions of core-germ-
plasm grouped at right portion of the plot. The accession
CG138 was sparsely situated.

The model based simulation of population structure was
analyzed to investigate the subpopulations among the 168
accessions varying from K = 2 to K = 10. The optimum
number of subpopulation was determined by the maximum
AK value obtained through structure harvester. The K = 4
was found to be the most appropriate subpopulations
(Supplementary Fig. 1a, b). The bar plot of model based
clustering showed that 95 accessions (56.6%) were
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assigned to subpopulation 1 including only core-germ-
plasm. The subpopulation 4 comprised of 46 accessions
(27.4%) with 91.0% germplasm and 9.0% core-germplasm
accessions (Fig. 4). The subpopulation 2 had 12 accessions
(7.14%) with 83.3% germplasm and 16.7% core-germ-
plasm. The subpopulation 3 had 15 (8.93%) accessions
with 60.0% germplasm and 40.0% core-germplasm. Simi-
lar to the NJ clustering the structure analysis also differ-
entiated germplasm, core-germplasm accessions and mixed
accessions. The clusters of NJ dendrogram and subpopu-
lation derived from structure analysis showed maximum
similarity for accessions compositions. In subpopulation 1
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Fig. 4 Model-based Bayesian clustering performed in STRUCTURE for K = 4 populations of 168 genotypes of linseed

and cluster I both have only core-germplasm, the subpop-
ulation II and IIT both have admixture of core-germplasm
similar to cluster II of NJ dendrogram. The cluster III
mostly contains germplasm, as subpopulation IV.

Based on NIJ clustering, AMOVA was carried out con-
sidering 3 populations to test the significance of genetic
structure. It was noticed that 79% of the total genetic
variation was within the population and 21% was among
the population (Table 3). The average pairwise @pr (sim-
ilar to Fgr) was 0.21 supported the strong population
structure. The mean of Nei genetic diversity, effective
number of alleles and shannon’s information index were

estimated as 0.14 £ 0.005,
0.23 £ 0.007 respectively (Table 4).

1.22 £ 0.009  and

Association analysis

Association analysis was performed for all the 10 traits in
168 accessions. We have tested two model i.e. GLM-Q
model and MLM-Q + K model to determine the associa-
tion and data are presented in Table 5. The GLM approach
detected large number of association between the markers
and traits which reduces after FDR corrections for multiple
testing. With no FDR correction, the GLM detects 4
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Table 3 Analysis of molecular
variance (AMOVA) for 168
genotypes

Table 4 Different genetic
diversity estimates for three
populations (based on NJ
dendrogram) of linseed based
on 337 SSR loci

Table 5 Marker-trait
associations detected through
association mapping with GLM
and MLM approaches

@ Springer

Source Degree of freedom Sum of squares Variance % variation
Among population 2 642.17 6.25 21

Within population 165 3953.02 23.95 79

Total 167 4595.19 30.21 100
Population Na Ne 1 He

Pop 1 (96) 1.65 + 0.04 1.19 £ 0.014 0.23 £ 0.011 0.13 £ 0.008
Pop 2 (21) 1.23 £ 0.05 1.25 + 0.017 0.25 + 0.014 0.16 £ 0.009
Pop 3 (51) 1.29 + 0.05 1.21 £ 0.016 0.23 + 0.013 0.14 £ 0.009
Mean 1.39 + 0.02 1.22 £ 0.009 0.23 £ 0.007 0.14 £ 0.005

Na number of different alleles; Ne effective number of alleles; He Nei’s (1973) gene diversity; / Shannon’s
information index

Trait Marker GLM MLM (K + Q)
P value Corrected P value R? P value Corrected P value R?

CP LU_1151 0.027 1.326 0.04 - - -
CP LU_2714 0.028 0.688 0.05 0.038 1.920 0.09
CWP LU_601 0.024 1.216 0.05 0.045 1.130 0.08
CWP  LUSc_149_01  0.026 0.645 0.04 0.024 1.200 0.07
DOF  LU_3043 0.001 0.028 0.08  0.000 0.005 0.15
DOF  LUSc_23_01 0.003 0.076 0.1 0.005 0.131 0.14
DOF  LUSc_164_02 0.005 0.085 0.11  0.006 0.097 0.16
DOF  LUSc_155_02 0.011 0.143 0.12 - - -
DOF LU_3148 - - - 0.040 0.504 0.03
DOF  LU_S512 - - - 0.043 0.428 0.07
HWP  LUSc_77_01 0.008 0.415 0.19  0.027 1.360 0.18
PH LUSc_34_01 - - - 0.033 1.650 0.11
PH LUSc_66_01 0.001 0.042 0.14 - - -
PH LU_2332 0.002 0.059 0.13 - - -
PH LUSc_426_01  0.005 0.091 0.13 - - -
PH LUSc_38_01 0.011 0.137 022 - - -
SPC LU_2332 0.002 0.05 0.19 - - -
SPC LUSc_200_01  0.008 0.131 0.15 - - -
SPC LU_2262 - - - 0.041 1.030 0.12
SPC LU_297 0.016 0.196 0.18  0.027 1.340 0.12
SWP  LUSc_149_01  0.005 0.266 0.04 0.006 0.276 0.09
SWP  LUSc_164_02 0.012 0.299 0.08 - - -
SWP  LU_601 0.014 0.226 0.05 0.027 0.676 0.08
SWP  LUSc_177_02 - - - 0.040 0.674 0.12
™ LU_197 0.002 0.08 0.08 0.022 1.080 0.07
™ LUSc_149_01 - - - 0.042 1.050 0.06
BP LU_3251 0.009 0.443 0.07 0.026 1.290 0.06
BP LU_2223 0.012 0.293 0.1 0.048 1.190 0.09
BP LU_2697 0.014 0.227 0.16 - - -
BP LUSc_155_02 0.014 0.177 0.18 - - -

DOF days to 50% flowering, PH plant height (cm), BP branches/plant, CP capsules/plant, SWP seed

weight/plant (g), HWP husk weight/plant (g), Tw Test weight (g), SPC seeds/capsule
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markers each associated with days to 50% flowering, plant
height, branches/plant, 3 markers each for seed weight/-
plant, seeds/capsules, 2 markers each for number of cap-
sules/plant, capsule weight/plant, and 1 for husk
weight/plant and test weight. After FDR correction, only 1
marker (LU_3043) for days to 50% flowering, 2 markers
(LUSc_66_01 M31, LU_2332) for plant height, 1 marker
(LU_2332) for seeds/capsules and 1 marker (LU_197) for
test weight were found to be associated (corrected
P < 0.05). Further, the MLM (Q + K model) approach
detected several markers associated with different traits
and many of them were common with GLM and few were
new markers. Out of several associated markers, only 1
marker (LU_3043) was found to be truly associated with
days to 50% flowering as it showed significant corrected P
value (P < 0.005). The marker LU_3043 showed consis-
tent association with days to 50% flowering in both GLM
and MLM analysis.

Discussion

The knowledge of genetic diversity in linseed makes it
possible to adopt appropriate breeding strategies for
developing new and high yielding varieties to meet out the
both human and industrial demands. The genetic
improvement is a continuous and ongoing process, there-
fore the creation and knowledge of genetic variability is an
important step to search new sources of variation for fur-
ther genetic improvement. Hence, evaluating different sets
of genetic materials with appropriate tools would be of
useful for identifying diverse accessions/genotypes to be
incorporated in different breeding programs.

In case of linseed different types of DNA based markers
includingAFLP,RAPD,retrotransposon,ISSR,SSRs,SNPetc.
havebeenusedforevaluating the genetic diversity andlinkage
mapping (Cloutieretal.2010; Ohetal. 2000; Spielmeyeretal.
1998).O0verothertypesof DNA markers, SSRsare widelyused
forgeneticdiversityandstructureanalysisinseveralcropplants
(Chengetal.2015; Yanetal. 2009; Cane etal. 2014; Cuietaal.
2013). In the present investigation, we applied 50 widely dis-
tributed SSRs to evaluate the genetic diversity and identify
diverseaccessions/groupofaccessionsamongalargesetof 168
accessionsoflinseed. Atotalof337allelesweredetectedfrom50
SSRswithanaverageof6.74allelesperSSRs.Thisaverageallele
numberwasfoundtobehigherthanthatreportedearlier(Roose-
Amsalegetal.2006;Dengetal.2011;Palietal.2014;Soto-Cerda
etal.2012,2013;Cloutieretal.2012b).Thehigherallelenumber
mightbeduetothelargeanddiversesetofaccessionsandwidely
distributed SSRs used in the present study. The three markers
namely LU_2332,L.USc_38_01landLuSc_196_02having13,
12 and 12 alleles with PIC value above 0.80 seems to be highly
informativeandcouldbefurtherutilizedinevaluatingothersets

oflinseedgermplasm.TheaveragePICvalue(0.47)wasfoundto
be higher than those reported by Soto-Cerda et al.
(2011,2012,2013), Cloutieretal. (2009,2012b). While Deng
etal. (2010) reported slightly higher average PIC value (0.56)
than found in the present study. Among the other studies with
Indianlinseed, Rajwadeetal.(2010) studied the genetic diver-
sity and observedlower genetic diversity (0.15)and PIC (0.18)
value compared with our study. Bickel et al. (2011) observed
similar average PIC value (0.47) using 42 polymorphic SSRs
primers. The polymorphismlevel canvary significantly across
the studies dependinguponthe numberofaccessions surveyed
andnature of genetic materials. Ourresultshow comparatively
higher level of genetic diversity and PIC value as compared to
previousstudieswherelowlevelofdiversityreported(Rajwade
etal.2010;Soto-Cerdaetal.2012;Cloutieretal.2012b).

In this study, 168 accessions of linseed show high level
of genetic diversity (average dissimilarity coefficient
0.59 = 0.07). Eleven accessions namely EC 41733 (CG
82), SJIKO-71 (CG 201), CC 12 (CG 40), RSJ-24 (CG 205,
BS-2 (CG31), NP-26 RR SK (CG148), H-8 (CG 108),
S-91-45 (CG 186), Parvati (GP-4), GS 234 (GP 53), JRF 4
(GP 54) were highly diverse among all the accessions
studied. The genetic differentiation among isolated clusters
based on Nei’s genetic diversity was observed (0.14) and
Shannon’s diversity index (0.23) was low compared to
Kale et al. (2012).

To understand the level of genetic divergence and
population structure NJ based dendrogram and model
based structure plot was generated. The accessions
belong to subpopulation 1 and cluster I showed maxi-
mum similarity except one genotype CG 138. The sub-
population 2 and 3 showed admixture type similar to
cluster II. The subpopulation 2 and 3 have 27genotype
and cluster II have 21 accessions and 17 accessions were
common in both. The subpopulation 4 shows mostly
germplasm accessions as same to the cluster III. The NJ
dendrogram and population structure analysis produces
almost similar pattern of grouping of accessions indi-
cating that any one of the method could be adopted to
decipher genetic stratification and identification of
diverse accessions of linseed. The clustering derived
from PCoA corresponds to the clustering of both NJ and
structure analysis and revealed the robustness of the
markers used in the present investigation and confidence
of statistical analysis. Further, the AMOVA analysis
show significance of the genetic structure, indicated 79%
of the genetic variation resided within the populations
and 21% was due to differences among the three pop-
ulation identified based on NJ analysis. In AMOVA the
Fst value was observed 0.21 supporting strong popula-
tion structures. Our results were found to be similar to
those reported earlier (Soto-Cerda et al. 2012). The high
broad sense heritability of days to 50% flowering and
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plant height and association among these traits suggests
that breeding for early flowering and shorter plant type is
feasible. Further, the correlation of seed weight/plant
with number of capsules/plant, capsule weight/plant and
test weight indicated that indirect selection through these
traits might be helpful in developing high yielding lin-
seed varieties. The model based structure analysis char-
acterized the accessions in subpopulations and was useful
for association mapping (Newell et al. 2010) and further
breeding strategies.

Association mapping is widely being utilized for
detecting marker-trait association based on the genetic
resources routinely used for genetic improvement pro-
grams (Font I Forcada et al. 2015; Cheng et al. 2015;
Yan et al. 2009; Cai et al. 2013). As compared to bi-
parental QTL mapping, association mapping increases
the range of natural variation that can be exploited in a
single experiment and potential genomic regions could
be identified (Jin et al. 2010). However, this method has
chances of false positives mainly due to the population
structure (Pritchard et al. 2000) and familial relatedness
(Yu et al. 2006). Several linear and mixed models have
been proposed to correct the population structure and
reduce the false positive factors (Pritchard et al. 2000;
Price et al. 2006; Yu et al. 2006). Association mapping
in linseed have been carried out for various agronomic
and seed quality traits (Soto-Cerda et al. 2013, 2014)
using SSR markers. Soto-Cerda et al. (2013) identified
12 QTLs for six agronomic traits while 9 QTLs were
identified for seed quality traits (Soto-Cerda et al. 2014).
In the present investigation only 1 QTL was potentially
identified for days to 50% flowering. One SSR Lu_3043
was consistently associated with days to 50% flowering
by both GLM and MLM marker trait association anal-
ysis. These results suggest the usefulness of this marker
for further characterization of this trait. The poor asso-
ciation was due to less number of markers and or
accessions used. In order to tap maximum number of
QTLs for important agronomic traits diverse set of
accessions and large number of markers should be used.

Conclusion

The present investigation added knowledge on genetic
variation, population structure and genetic diversity status
of 168 linseed accessions. Several important accessions
have been identified which could be of potential for future
linseed genetic improvement program. Additionally, one
important QTL related to flowering trait have also been
identified.
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