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In major crops, panels of germplasm accessions have been assembled for allele mining 

at targeted candidate genes and for whole-genome association mapping studies. A 

germplasm collection of 60 genotypes belong to 12 castor accessions from six different 

provinces of Iran were evaluated for seven biochemical traits as important seed oil 

components and tested for significant association with the allelic profile of 16 ISSR 

primers. Study of population structure as a prerequisite for association analysis showed 

that there is six possible subgroups (K=6) in the studied population that also barplot 

results confirmed it. Mixed linear model (MLM) were used to discover marker/trait 

associations. As a result, 37 marker-trait significant associations (P≤0.05) were 

identified and a maximum number of marker-trait associations (27.03%) were identified 

for Stearic acid. The identified and associated markers are expected to be useful in 

marker-aided breeding of high oil content genotypes in castor. 

Keywords: association mapping, castor, linkage disequilibrium, mixed linear 

model, molecular markers. 

 

INTRODUCTION 

Castor (Ricinus communis L., 2n=2x=20, Euphorbiaceae) is industrially important non-edible 

oilseed crop widely cultivated in the arid and semi-arid regions (GOVAERTS  et al., 2000). It`s oil 

is rich with ricinoleic acid (85%) (18:1Δ9c-12OH), an unusual hydroxy fatty acid with 

conjugated unsaturation (LOBB and CHOW, 2000). Ricinoleic acid confers unique chemical and 

physical properties to the castor oil (LABALETTE et al., 1996). Such properties are of great value 
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for a number applications in many industrial fields, such as paints and varnishes, nylon type 

synthetic polymers, hydraulic fluids and lubricants, cosmetics, etc. (BRIGHAM, 1993). With more 

than 95% of the world’s castor production concentrated in limited different parts of the world 

such as India, China and Brazil (SAILAJA et al., 2008), and because of the ever increasing 

worldwide demand of castor for industrial use, there is a pressing need to increase the hectarage 

and productivity of castor through its genetic improvement with respect to important 

economically and industrially traits. 

Genomics approaches have greatly accelerated the identification of chromosome regions 

harboring genes/QTLs (Quantitative trait loci) controlling important traits in crops (MORGANTE 

and SALAMINI, 2003; VARSHNEY and TUBEROSA, 2007). Among such approaches, association 

mapping (AM) is receiving increasing attention as a method complementary to traditional bi-

parental mapping to associate the genotype to phenotype by exploiting the genetic variation 

present in germplasm collections (BRESEGHELLO and SORRELLS, 2006; BUCKLER and 

THORNSBERRY, 2002). This method could exploit the historical recombination events that have 

occurred in natural populations, thus reducing the cost and time taken for analysis (FLINT GARCIA 

et al., 2005; WEN et al., 2009; YAO et al., 2009). Moreover, QTL and molecular markers detected 

in the inbred lines and elite germplasm can be used directly in breeding programs. This approach 

has been used in several plants species, including maize (YAN et al., 2011), barley (WANG et al., 

2012), chickpea (SAEED et al., 2013), hexaploid wheat (LIU et al., 2010), sorghum (SHEHZAD et 

al., 2009), sunflower (DARVISHZADEH, 2016), tobacco (DARVISHZADEH, 2016; BASIRNIA et al., 

2011), lettuce (SIMKO et al., 2009), long life span forest plants (WILCOX et al., 2007) and valerian 

(JUGRAN et al., 2013) as an important medicinal plant. 

During the recent decades, medicinal plants gained a substantial importance in agricultural 

production, pharmacy and exportation because of their use as a raw material for the 

pharmaceutical industry (SALAMATBAKHSH et al., 2012). Although castor is an easily adaptable 

medicinally oilseed plant native to tropical Asia and Africa and has become naturalized 

throughout the tropical and sub-tropical regions of the world (ANASTASI et al., 2015), but 

relatively little research on its mapping studies especially for seed oil biochemical characteristics 

has been reported. In this study, the genetic structure of twelve castor accessions from different 

geographical regions of Iran has been determined. Furthermore, we used the mixed linear model 

(MLM) in the TASSEL software to conduct association analysis for seven assayed seed oil 

biochemical characteristics through genome-wide scanning.  

 

MATERIALS AND METHODS 

Plant material and experimental design 

Seeds of twelve castor accessions from six different provinces of Iran were kindly provided 

by Seed and Plant Improvement Institute (SPII) of Iran (Table 1). The accessions were planted 

and grown in a randomized complete block design with three replications in Agricultural 

Research Center (37º 44´ N; 45º 10´ E) of Urmia, Iran.  

 

DNA extraction and ISSR analysis 

Total genomic DNA was isolated from fresh leaves of five selected plants according to a 

CTAB-based procedure (GHOLIZADEH et al., 2012). The quality of DNA was checked on 0.8% 

(w/v) agarose gel in 0.5X TBE buffer (45mM Tris base, 45mM Boric acid, 1mM EDTA pH 8.0). 

In this study, 16 out of 31 ISSR primers from the University of British Columbia list were 
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selected for genotyping based on clarity and reproducibility of bands (Table 2). The polymerase 

chain reaction was carried out in a total volume of 20 l consisting 30 ng of genomic DNA, 2 l 

10X PCR buffer, 1 µM primer, 2.5 mM MgCl2 (Cinagene Co., Tehran, Iran), 0.2 mM of each 

dNTP (BioFluxbiotech, http://biofluxbiotech.com), and 1 unit of Taq DNA polymerase 

(Cinagene Co., Tehran, Iran). Amplification was performed in a 96-well Mastercycler Gradient 

(Type 5331; Eppendorf AG, Hamburg, Germany). The amplification profile composed of an 

initial denaturation at 94°C for 4 min, followed by 36 cycles of 1 min denaturation at 94°C, 

annealing temperature (Table 2) for 45 s, extension at 72ºC for 2 min, and a final extension at 

72°C for 10 min. PCR products were electrophoresed on 1.6% agarose gels in 0.5X TBE buffer 

(45mM Tris base, 45mM boric acid, 1mM EDTA pH 8.0) at 70 V for 3 h, stained with ethidium 

bromide (1.0 µg ml-1) and photographed under UV light using gel documentation image  system 

(Gel Logic 212 PRO). Molecular weight of amplified products was assessed with 100 bp DNA 

ladder.  

 

Table 1. Name and origin of studied castor accessions. 

Number Code Location Province Latitude Longitude Altitude (m) 

1 80-23 Tafresh Markazi 34º 24´ 49º 43´ 1735 

2 80-31 Ashtian Markazi 34º 30´ 50º 04´ 2450 

3 80-25 Arak Markazi 34º 20´ 49º 49´ 1753 

4 80-12-1 Shahreza Isfahan 32º 11´ 51º 37´ 1750 

5 80-29 Toyserkan Hamedan 36º30´ 48º 16´ 1910 

6 80-18 Taft Yazd 31º 32´ 54º 15´ 2000 

7 80-16-1 Fasa Fars 28º 58´ 51º 41´ 1382 

8 80-17 Ashtian Markazi 32º 24´ 50º 14´ 1775 

9 80-7 Mehriz Yazd 30º 05 54º 17´ 1550 

10 80-11-1 Shahreza Isfahan 32º 14´ 51º 32´ 1750 

11 80-4 Jiroft Kerman 28º 40´ 57º 44´ 685 

12 80-22 Tafresh Markazi 34º 27´ 49º 38´ 1727 

 

 
Table 2. Name and sequences of used ISSR primers.  

Primer Sequence (5′→3′) Annealing 

Temperature 

(°C) 

Primer Sequence (5′→3′) Annealing 

Temperature 

(°C) 

UBC812 gagagagagagagagaa 48 UBC844 ctctctctctctctctrc 47.5 

UBC816 cacacacacacacacat 54 UBC848 cacacacacacacacarg 47 

UBC818 cacacacacacacacag 51 UBC849 gtgtgtgtgtgtgtgtcg 55 

UBC822 tctctctctctctctca 42.5 UBC857 acacacacacacacacyg 58 

UBC825 acacacacacacacact 50 UBC859 tgtgtgtgtgtgtgtgrc 44.5 

UBC834 agagagagagagagagyt 50.3 UBC864 atgatgatgatgatgatg 48.5 

UBC836 agagagagagagagagya 51.5 UBC885 hbhagagagagagagag 53.5 

UBC840 gagagagagagagagayt 42 A12 gagagagagagacc 47 

y = pyrimidine, r = purine, h = (a, c, t), b = (c, g, t). 

 

http://biofluxbiotech.com/
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Seed oil extraction and measurement of its components  

Three out of five selected plants from each accession were used for oil extraction. It was 

carried out using Soxhlet extractor. About 4.5 gr of dry ground seeds were first oven-dried at 

105°C for 1 hour. The oil was extracted using hexane as solvent. The samples were refluxed for 

7 hours in mild temperature (55-60°C) in a Soxhlet extractor. The solvent was then evaporated 

using rotary evaporator. The extracted oil was kept in an oven at 60°C for 30 min before 

accurately weighed (AKPAN et al., 2006). Seven biochemical characteristics including Ricinoleic 

acid, Palmitic acid, Stearic acid, Oleic acid, Linoleic acid, Linolenic acid and Icozanoic acid 

were measured in extracted oil by Agilent 6890N Gas Chromatograph. 

 

Statistical and association analysis  

Analysis of variance (ANOVA) was carried out with Minitab ver. 16. Descriptive statistics 

including minimum, maximum, mean and coefficient of variation as well as Pearson correlations 

were calculated for oil biochemical characteristics. Population structure was analyzed by using a 

model based Bayesian approach in the software package Structure 2.3.4 (PRITCHARD et al., 

2000). Five independent runs were performed, setting the number of sub populations (K-value: 

the putative number of genetic groups) from 1 to 10, with the length of burning period and the 

number of MCMC (Markov Chain Monte Carlo) replications after burning both set to 100,000 

iterations under the admixture model and correlated allele frequencies. The most likely K-value 

was determined by the log probability of data [LnP(D)] and an ad hoc statistic ΔK based on the 

rate of change of LnP(D) between successive K values as described by EVANNO et al. (2005). 

The highest ΔK of the data was observed for K=6 clusters of genotypes. Therefore, the Q matrix 

as an average of five runs for K=6 was calculated. Inferred ancestry estimates of individuals (Q-

matrix) were derived for the selected subpopulation (PRITCHARD et al., 2000). The kinship 

coefficients (K-matrix), r2, and D' were estimated in TASSEL 3.0 software. Finally association 

mapping was performed to analyze marker-trait association using MLM approach in TASSEL 

3.0 accounting for population structure and kinship relatedness (Q + K model). 

 

RESULTS AND DISCUSSION 

Genetic variability based on seed oil components 

The phenotypic value for each studied trait was normally distributed indicate that the traits 

are controlled by quantitative genes (ZHENG et al., 2008). Analysis of variance revealed 

significant difference among the studied populations for biochemical characteristics except for 

Icozanoic acid (Table 3). Descriptive statistic such as minimum, maximum, mean, and 

coefficient of variation for the seven studied oil components are presented in Table 3. There was 

a reasonable level of variation in the majority of the measured characteristics in the studied 

panel. For example, for all of measured traits, the maximum values were approximately two or 

even more than twice than the minimum values. These relatively large levels of phenotypic 

variability, indicate that this collection of accessions were appropriate to use in association 

studies.  

As expected, many of characteristics correlated with each other (Table 4). There were 

significant positive correlation between the most of characteristics, however, Ricinoleic acid 

showed negative linear correlations with the all of studied characteristics (Table 4). So, the 

selection for low Ricinoleic acid seems to be lead to increase in the other oil characteristics of 
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castor. The existence of correlations among oil components implied on the pleiotropic effects of 

a gene or the tight linkage of genes controlling both characteristics (SIAHSAR et al., 2008).  

 

 
Table 3. Summary statistics related to measured characteristics in castor accessions 

Character 
Minimum 

(%) 

Maximum 

(%) 

Mean 

(%) 

Coefficient of variation 

(%) 
Mean squarea 

Ricinoleic 

acid 
27.60 63.75 43.21 18.70 0.051** 

Palmitic acid 5.78 14.63 10.25 22.39 71.346** 

Stearic acid 4.05 9.43 6.22 18.11 5.867** 

Oleic acid 2.78 18.81 14.31 21.61 0.775** 

Linoleic acid 13.54 26.27 21.48 12.89 4.418** 

Linolenic acid 1.72 3.71 2.42 17.78 8.781** 

Icozanoic acid 1.00 2.40 1.37 19.18 0.368ns 

ns and **: non-significant and significant at 0.01 probability level, respectively. aMean square of between accessions. 

 

 

 
Table 4. Pearson correlation coefficients between measured characteristics 

Traits 
Ricinoleic 

acid 

Palmitic 

acid 

Stearic 

acid 

Oleic 

acid 

Linoleic 

acid 

Linolenic 

acid 

Palmitic 

acid 
-0.88**      

Stearic acid -0.62** 0.45**     

Oleic acid -0.37** 0.37** 0.59**    

Linoleic 

acid 
-0.89** 0.81** 0.69** 0.43**   

Linolenic 

acid 
-0.66** 0.60** 0.33** -0.08 0.71**  

Icozanoic 

acid 
-0.15* 0.09 0.17* -0.25** -0.01 0.15* 

* and **  significant at 0.05 and 0.01 probability levels, respectively. 

 

Population structure 

In the present study, the genomic fingerprinting of 60 genotypes from 12 R. communis 

accessions (five individuals from each accession) were done by using 16 ISSR markers. The 
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average polymorphism was 69.89%, which indicate a great level of polymorphism. High level of 

genetic variability in R. communis germplasms has also been revealed by SSR (BAJAY, 2010), 

ISSR and RAPD (GAJERA et al., 2010) and SRAP (ZHENG et aL., 2010) markers. In contrast with 

these findings, ALLAN et al. (2008) by using SSR and AFLP markers and FOSTER et al. (2010) by 

using SNP markers reported low level of genetic variation in R. communis germplasms. 

Analysis of population structure is prerequisite for association analysis to avoid false positive 

associations (YU et al., 2006). Analysis of genetic distance and population structure confirmed 

significant population structure in this studied panel. Using the program Structure, estimated 

likelihood values for a given K in five independent runs yielded consistent results (PRITCHARD et 

al., 2000), but the distribution of L(K) did not show a clear mode for the true K. In order to 

overcome this difficulty, another ad hoc quantity (ΔK) has been used (EVANNO et al., 2005). In 

the present study, the highest value of ΔK for the studied association panel was K=6 (GOODARZI 

et al., 2015). This finding indicates existence of acceptable genetic variation and ideality of 

studied germplasm for association mapping.  

 

Association mapping for seed oil biochemical characteristics 

The main objective of this study was to identify marker trait associations for oil components 

using diverse panel of genotypes. Association analysis using MLM procedure based on the 

memberships of individuals to specific groups (Q-matrix) and the relatedness of individuals (K-

matrix) identified 37 marker-trait significant associations (at P ≤ 0.05) (Table 5). Five loci 

(13.51%) with each Oleic acid, Linoleic and Linolenic acids, four loci (10.81%) with Ricinoleic 

acid, six loci (16.22%) with Palmitic acid and two loci (5.40%) with Icozanoic acid were showed 

significant association (Table 5). The majority of studied loci showed association with Stearic 

acid (27.03%). Stearic acid is a saturated fatty acid and therefore the identified loci could 

potentially be used in marker-assisted selection in castor breeding programs to improve its oil 

with low Stearic acid. The ISSR loci including UBC816-3 and UBC857-3 were specific for 

Stearic acid (Table 5). These loci could be transformed as distinct fingerprint into STS and 

SCAR markers to develop the species specific marker for the best management of castor oil 

especially stearic acid. Regarding correlation coefficient (Table 4), four loci were common for 

Palmitic and Ricinoleic acids and two loci were common for Linoleic and Linolenic acids. These 

common genomic regions controlling several characteristics could be efficiently utilized in 

improvement of more than one character simultaneously through marker assisted selection. 

HWANG et al. (2014) detected 25 SNPs associated with sesame seed oil in 13 different genomic 

regions through genome wide association study, and 7 SNPs were significantly associated with 

both protein and oil traits. Also QTLs related to oil content in rape (CHEN et al., 2010), 

Arabidopsis thaliana (HOBBS et al., 2004) and soybean (SHI et al., 2010) are available. 

There are some factors affecting association mapping, including population structure, 

familial relatedness, LD decay, marker density, rare alleles, phenotype definition, environmental 

risk factors and statistical methods. Considering all of these factors can induce a high resolution 

of association mapping. In this study, association mapping based on relatively larger size of 

populations and a pioneering statistical analysis significantly increase the resolution of 

association mapping. This study demonstrated that association mapping can be successfully 

applied in castor breeding context for detection of marker-traits associations. Furthermore, 

association mapping can enhance previous QTL information and provide additional QTL 

information for marker-assisted selection (LIU et al., 2010). 
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Table 5. Significant locus-character associations using MLM procedure. 

Trait Markera P-value R2 

Icozanoic acid 
859-1 0.001 0.412 

849-8 0.016 0.208 

Linoleic acid 

822-3 0.008 0.233 

849-9 0.013 0.201 

864-10 0.037 0.137 

864-5 0.041 0.131 

885-9 0.042 0.130 

Linolenic acid 

822-3 0.005 0.234 

818-5 0.018 0.159 

885-9 0.022 0.147 

836-7 0.037 0.120 

859-12 0.048 0.107 

Oleic acid 

825-8 0.005 0.245 

825-9 0.005 0.245 

848-6 0.020 0.156 

825-4 0.033 0.130 

818-1 0.042 0.119 

Palmitic acid 

849-9 0.007 0.217 

812-2 0.017 0.166 

822-3 0.023 0.149 

818-6 0.024 0.147 

864-10 0.025 0.144 

864-2 0.043 0.115 

Ricinoleic acid 

818-6 0.014 0.208 

812-2 0.016 0.200 

849-9 0.028 0.163 

822-3 0.037 0.144 

Stearic acid 

836-14 0.012 0.178 

816-3 0.012 0.178 

857-3 0.033 0.123 

864-10 0.041 0.113 

812-4 0.041 0.112 

818-1 0.041 0.112 

812-5 0.046 0.011 

812-6 0.046 0.011 

812-7 0.046 0.011 

834-9 0.049 0.011 

Only ISSR markers with a significant marker-trait association are reported (P<0.05). R2 indicates the percentage of total 

variation explained. 

 

CONCLUSIONS 

Whole-genome association studies have the advantage of enabling the entire genome to be 

assessed for trait-associated variants, rather than analyzing specific candidate genes. Application 



814                                                                                                            GENETIKA, Vol. 48, No3, 807-817, 2016 

of association analysis to plant breeding is a promising means of overcoming the limitations of 

conventional linkage mapping (STICH et al., 2005). The results of our study demonstrate the 

significant potential of LD-based association analysis of oil components related traits in different 

castor accessions with ISSR markers. This type of mapping could be a useful alternative to 

linkage mapping for the detection of marker–phenotype associations toward implementation of 

marker-assisted selection (ZHANG et al., 2016). Furthermore, our results also suggest that 

population structure and relatedness should be taken into account to carry out unbiased 

association analysis, and highlight the potential and feasibility of mixed linear model association 

mapping with a high mapping resolution in castor germplasm. The findings from the present 

study should provide some basis for future research in genetic improvement of castor in terms of 

assayed and other important traits. 
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Izvod 

Kolekcija 80 genotipova ricinusa svrstanih u 12 grupa koje potiču iz 6 različitih provincija Irana 

ispitana je za sedam biohemiskih osobina kao značajnih komponentei ulja i testirane su za 

značajnu asocijaciju sa alelskim profilom  16 ISSR prajmera. Ispitivanje strukture populacija kao 

preduslova za analizu asocijacija pokazalo je da postoji mogućih 6 podgrupa (K= 6) u ispitanoj 

populaciji što su takođe barplot rezultati potvrdili. Mešoviti linearni model (MLM) je primenjen 

za utvrđivanje asocijacija markera sa osobinom. Kao rezultat, identifikovano je 37 marker–

osobina značajnih asocijacija (P≤0.05) i maksimalan broj marker-osobina asocijacija (27, 03 %) 

je utvrđen za stearinsku kiselinu. Za identifikovane i asocirane markere se očekuje da budu 

korisni u oplemenjivanju na visok sadržaj ulja u genotipovima ricinusa. 
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