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Abstract Micronutrient deficiencies are of major concern

in human health and plant metabolism. Iron (Fe), zinc (Zn),

iodine (I), selenium (Se) are regarded as micronutrients

having major impact on human health. More than 50% of

populations mainly from developing countries are suffering

from one or the other micronutrient malnutrition. Ensuring

adequate supply of these micronutrients through diet con-

sisting of staple foods, such as common bean (Phaseolus
vulgaris L.) is must. Here, we evaluated common bean

genotypes that were collected from various regions of

Jammu and Kashmir, India for Fe, Zn and protein contents

and used SSRs to identify the markers associated with

these traits. We found significant variation among geno-

types for Fe, Zn and protein contents. Genotype R2 was

having 7.22 mg 100 g−1 of Fe content, genotype K15 with

1.93 mg 100 g−1 of Zn content and genotype KS6 with

31.6% of protein content. Diversity study was done using

both cluster and structure based approach. Further,

association mapping analysis using General Linear Method

(GLM) approach was done to identify SSRs associated

with accumulation of Fe, Zn and protein. 13 SSRs were

identified that significantly (p\ 0.05) showed association

with Fe, Zn and protein contents in common bean. The

markers associated with Fe were located on chromosome

no. 2, 5, 6, 7, 9 and 10, markers associated with Zn were

located on chromosome no. 1, 3, 5, 7 and 10 whereas only

one marker located on chromosome no. 4 was found

associated with protein content. These findings will provide

potential opportunity to improve Fe and Zn concentrations

in common bean, through molecular breeding.

Keywords Associationmapping · Population structure · Fe ·

Zn · Protein · Common bean (Phaseolus vulgaris L.)

Introduction

Common bean (Phaseolus vulgaris L.) is one of the most

important legume crop widely used as staple food

throughout the world (Broughton et al. 2003). It is culti-

vated in many parts of world as dry beans and green beans

(Ibarra-Perez et al. 1997; Burle et al. 2010). The sufficient

amount of proteins (20–28%), carbohydrates, vitamins,

dietary fiber (56%), micronutrients e.g., iron (Fe) (70 mg/

kg) and zinc (Zn) (33 mg/kg), vitamin B complex (niacin,

riboflavin, folic acid and thiamine) and polyunsaturated

fatty acids present in common bean have made it a

potential staple food to overcome the problem of hunger

(Pennington and Young 1990; Welch et al. 2000;

Broughton et al. 2003; Guzman and Infante 2007). The

deficiency of Fe, Zn, I, Se and Vitamin A are responsible

for 65% of childhood deaths. About 80% of the global

population is affected by Fe deficiency and 30% of the
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individuals mainly from developing countries are suffering

from anemia (Welch and Graham 2004). It is also reported

that approximately 50% of the world’s population is

affected by Zn deficiency. As such both Fe and Zn defi-

ciencies are the major problems faced by public health

sector in the world (Gebremedhin et al. 2011). To address

the micronutrient deficiencies, it is important to enhance

these micronutrients in various staple food items (Zhang

et al. 2012). Enhancement of micronutrients in staple food

crops through breeding is one of the most promising

approaches. So far various studies have been conducted to

analyze variation in mineral concentrations in common

bean which is a prerequisite for improvement through

breeding (Welch and Graham 2004; Talukder et al. 2010;

Tryphone and Nchimbi-Msolla 2010; Mahajan et al. 2015).

Till date, information on the genetic bases for various

important traits (seed quality, disease resistance, mineral

concentration and other morpho-phenological characters)

in common bean were derived from linkage and quantita-

tive trait locus (QTL) analysis using segregating

populations. Various QTLs linked to different traits in

common bean includes resistance to disease (Frei et al.

2005; Blair et al. 2006a), yield related traits (Blair et al.

2006b), drought tolerance (Blair et al. 2012a, b), mineral

concentration (Guzma´n-Maldonado et al. 2003; Cichy

et al. 2005; Gelin et al. 2006; Cichy et al. 2008; Blair et al.

2010a, b) are known. However, it is worth mentioning here

that QTL analysis using biparental population requires two

or more generations and very large segregating populations

for a fine resolution map. Moreover, the markers identified

are often specific to cross or pedigree and only two alleles

at any particular locus can be studied simultaneously

(Flint-Garcia et al. 2003). Association mapping study

emerges as a powerful approach for mapping economically

and biologically valuable traits using unstructured diverse

germplasm. This approach is based on linkage disequilib-

rium (LD), which refers to the non random association of

alleles at different loci (Lewontin and Kojima 1960). It is a

most commonly used alternative approach to bi-parental

mapping for the identification of genes responsible for

natural variation in phenotypic/biochemical or other traits

of interest. Through association mapping, it is now possible

to map the chromosomal location of genes/QTLs control-

ling traits of interest at a much greater resolution.

Association mapping has been used in many major crops to

identify markers associated with a particular trait, such as

wheat (Breseghello and Sorrells 2006; Jaiswal et al. 2012),

maize (Thornsberry et al. 2001; Wilson et al. 2004; Camus-

Kulandaivelu et al. 2006; Salvi 2007), rice (Bao et al. 2006;

Agrama et al. 2007; Zhao et al. 2011), barley (Kraakman

et al. 2006), sorghum (Casa et al. 2008; Shehzad et al.

2009), potato (Malosetti et al. 2007), sugarcane (Wei et al.

2006) and soybean (Jun et al. 2007). Some association

mapping studies in common bean for various traits such as

common bacterial blight (CBB) (Shi et al. 2011), yield

components (Galeano et al. 2012), agronomical traits

(Nemli et al. 2014), nutrient elements (Nemli et al. 2016)

have also been reported. In the present investigation, we

used a diverse core set of 96 common bean genotypes

representing a collection from Jammu & Kashmir India for

mapping of QTLs contributing for the accumulation of

seed Fe, Zn and protein. A set of 55 polymorphic SSRs

covering all the chromosomes were used for genotyping

and association analysis. 13 SSRs were identified which

showed association with Fe, Zn and protein content in

common bean.

Materials and methods

Genotypes

A diverse core set of 96 genotypes out of a collection of

138 common bean genotypes consisting of mainly lan-

draces collected from various unexploited regions of

Jammu and Kashmir and one check line VLR-125 (Al-

morha, VPKAS, India) (Mahajan et al. 2017) were used as

an experimental material for association mapping.

Chemical analysis

Estimation of micronutrient (Fe and Zn) and protein
contents

Fe and Zn concentration of each genotype was estimated

by diacid method by Jackson (1973). For the detailed

procedure refer Mahajan et al. (2015). The concentration

values were further converted and expressed in mg 100 g−1.

Protein content was determined using Lowry’s method

(Lowry et al. 1951). For the detailed procedure refer

Mahajan et al. (2015). Protein content was calculated and

expressed in percentage.

Marker resources

74 SSRs (Genomic and Geneic) with known positions on

11 chromosomes were used (Yu et al. 2000; Gaitan-Solis

et al. 2002; Grisi et al. 2007; Hanai et al. 2010; Co´ rdoba

et al. 2010). Out of 74 SSRs only 55 SSRs were poly-

morphic and these 55 SSRs were considered for further

analysis (Supplementary Table 1).

DNA isolation, PCR, and SSR analysis

The genomic DNA was extracted from the leaf tissues

using CTAB method by Doyle and Doyle (1987). The
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DNA quantity as well as quality was checked by Nanodrop

(mySPEC, Wilmington, USA). It was diluted to a final

concentration of 25 ng/μL for enabling polymerase chain

reactions. PCR amplification was carried out in 96 well

Universal Gradient Thermal Cycler (PEQLAB, Deutsch-

land and Osterrtich, United Kingdom) in a 10 µL reaction

mixture. The reaction mixture contained 5 µM of each

forward and reverse primers, 1 U of Taq polymerase

(D1806- Sigma Aldrich, USA), 5 µL of 10X PCR buffer

with MgCl2, 2.5 mM of each dNTP (dTTPs, dGTPs,

dCTPs, dATPs). Amplifications were performed using

following program (94 °C for 4 min, followed by 30 cycles

of 94 °C for 30 s, 47–56 °C for 30 s, 72 °C for 30 s, with a

final extension of 72 °C for 8 min). PCR products were

mixed with 6X loading dye (Thermo scientific # R0611)

(2–3 µL) and resolved on 3% metaphor Agarose gel. The

primers that did not give clear polymorphic pattern on

metaphor Agarose were further tested on 8% denaturing

Poly Acrylamide Gel Electrophesis (PAGE). PCR products

were visualized either using UV light for metaphor Agar-

ose gels (MiniLumi, Sigma-Svi Bio Solutions Pvt. Ltd.

New- Delhi, India) or by silver-staining of PAGE gels

(Bassam et al. 1991). The clear and reproducible alleles

amplified by each SSR were scored according to their

fragment size (bp) corresponding to the 50 bp molecular

weight marker (10488-043-Invitrogen).

Data analysis

Biochemical data

All observations were taken in three replicates and values

were then averaged. One-way ANOVA was applied to

evaluate the variance of mineral contents (Fe and Zn) and

protein among the genotype. The Pearson’s correlation

coefficient between Fe, Zn and protein was determined by

Pearson’s correlation analysis using SPSS (version 20.0).

Genotypic data

The amplified DNA fragments identified as a band in the

gel were considered as a distinct phenotype and indepen-

dent of the others, determining the alleles of each SSR

locus. Allele differences were determined by their relative

mobility in gel and the size of each allele was estimated

using 50 bp DNA Ladder. When a PCR product was not

amplified, data for the relevant genotype was treated as null

allele. Genetic variation was estimated by calculating

various parameters such as Gene diversity, Polymorphism

Information Content (PIC), Heterozygosity, Major allele

frequency and Number of allele score using Power Marker

software version 3.25 (Liu and Muse 2005).

Diversity analysis

Phylogenetic tree was constructed using pair wise distance

matrix computed by calculating a dissimilarity matrix

using a shared allele index with DARwin software (Perrier

and Jacquemoud-Collet 2006). An unweighted neighbor

joining tree was constructed using the calculated dissimi-

larity index. The genetic distance between accessions was

estimated using NEI coefficient with bootstrap procedure

of resampling (1000) across markers and individuals from

allele frequencies (Nei 1972). In addition, Principal Coor-

dinate Analysis (PCoA) was done using DARwin software

(Perrier and Jacquemoud-Collet 2006).

Population structure analysis

To assess population structure, Model based approach was

followed using STRUCTURE ver 2.3.4 software (Pritchard

et al. 2000). The actual number of subpopulation which is

represented by K was identified by this method. STRUC-

TURE analysis was carried out with a length of burn-in of

150,000 and MCMC (Markov Chain Monte Carlo) of

150,000 with the possibility of admixture and allele fre-

quency correlated. Ten independent simulations were

conducted allowing K (number of subpopulations) to vary

from 2 to 10. The optimum K value was determined by

plotting the mean estimate of the log posterior probability

of the data (L (K) against the given K value. True number

of subpopulation was identified using the maximal value of

L (K). An adhoc quantity ΔK proposed by Evano et al.

(2005) based on second order rate of change of the likeli-

hood function with respect to K estimated using Structure

Harvester (Earl and vonHoldt 2012) has also shown a clear

peak at the optimal K value. A line was assigned to a given

cluster when the proportion of its genome in the cluster

(qK) was higher than a standard threshold value of 50%.

For the chosen optima value of K, membership coefficient

matrices of replicates from STRUCTURE were integrated

to generate a Q matrix using the software CLUMPP

(Jakobsson and Rosenberg 2007) and the STRUCTURE

bar plot was drawn using the STRUCTURE PLOT soft-

ware (Ramasamy et al. 2014).

Marker trait association

The concentration of Fe, Zn and protein contents in com-

mon bean seeds were subjected to association analysis with

SSR loci of 96 diverse genotypes in common bean seeds.

The association analysis between the marker and traits of

interest were performed based on the General Linear

Model (GLM) using the software TASSEL 3.0 (Bradbury

et al. 2007). Genotypic microsatellite data with Fe, Zn and

protein content were combined for identifying markers
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associated with these traits. Markers were considered to be

associated with the traits if the markers show significant

(p\ 0.05) association.

Results and discussion

Fe, Zn and protein contents

The seed material of all the common bean genotypes col-

lected from various regions of Jammu & Kashmir, India

were analysed for Fe, Zn and protein contents. The results

obtained were further statistically analysed. The

mean ± SE for each observation is presented in supple-

mentary Table 2.

Wide variation was observed in seed Fe concentration

ranging from 0.59 to 7.22 mg 100 g−1 with an average of

1.42 mg 100 g−1. Genotype R2 possesses highest seed Fe

content (7.22 mg 100 g−1) whereas genotype UG7 had

lowest Fe content (0.59 mg 100 g−1). The Zn concentration

in seed varied from 0.15 to 1.93 mg 100 g−1 with an

average of 0.70 mg 100 g−1. Genotype K15 possesses

highest Zn content in seed (1.93 mg 100 g−1) whereas

genotype R1 had lowest Zn content (0.15 mg 100 g−1).

Supplementary Table 2 and Supplementary Figure 1 rep-

resent the mean values of Fe and Zn content observed in

seeds of 138 common bean genotypes. In earlier reports

similar pattern of variation in Fe and Zn content in com-

mon bean seeds has been reported. A wide variation in Fe

and Zn contents among 100 diverse common bean lines

ranging from 54.20 to 161.50 and 29.33 to 65.50 mg kg−1,

respectively, has been observed (Silva et al. 2010). Simi-

larly, variation in Fe and Zn content from 34 to[100 and

21 to 54 mg kg−1, respectively, among 2000 common bean

accession of CIAT has been observed (Beebe et al. 2000).

In a recent report, 117 genotypes of common bean col-

lected from Uganda showed variation in Fe and Zn

contents ranging from 45 to 87 and 22 to 40 mg kg−1,

respectively (Mukamuhirwa et al. 2012). Since, there is a

huge variation in Fe and Zn contents in our material; it is

worth to mention here that the germplasm can act as a

potential genetic resource for improving nutritional quality

of adopted common bean cultivars, through breeding.

Further, the seeds were analysed for their protein con-

tent and a wide variation was observed ranging from 7.2 to

31.6% with an average of 18.83%. Highest protein content

was observed in KS6 (31.6%) whereas genotype K12 had

the least protein content of 7.2%. Supplementary Table 2

and Supplementary Figure 1 represent the mean values of

protein content observed in the seeds of 138 diverse

common bean genotypes. Similar results have been

reported in previous studies, although variation may be

influenced by environmental factors, geographical location

and growing season. In earlier reports, protein content in

the range of 17.4–29% (Sood et al. 2003; Silva and Iachan

1975; Sgarbieri et al. 1979; Marquez and Lajolo 1981;

Durigan and Sgarbieri 1985; Durigan et al. 1987; Tezoto

and Sgarbieri 1990) has been recorded. Protein content of

36 North American bean cultivars was evaluated and

content ranged from 19.6 to 32.2% (Koehler et al. 1987).

Wide range in micronutrients (Fe and Zn) and protein

contents among 138 genotypes in this study, indicates the

existence of extensive genetic variation which can be

explored for improving the nutritional quality of this crop.

Further, these 138 genotypes were grouped on the basis of

their mean values (Supplementary Table 3) to cluster them

based on particular range of micronutrient (Fe and Zn) and

protein contents.

Correlation among mineral (Fe and Zn) and protein
contents

The Pearson correlation analysis of mineral and protein

contents of 138 diverse genotypes showed that there exists

a non-significant weak positive correlation among Fe, Zn

and Protein contents. Fe and Zn (r = 0.101; p[ 0.05), Fe

and Protein (r = 0.040; p [ 0.05) and Zn and Protein

(r = 0.034; p[ 0.05) (Table 1; Supplementary Figure 1).

Our results confirmed earlier reports, where Fe and Zn, Fe

and Protein, Zn and Protein content in common bean seeds

were found non-significantly and positively correlated,

r = 0.14; r = 0.25; r = 0.40; p[0.05, respectively (Mario

et al. 2009). So, it can be interpreted that accumulation of

one mineral has little impact on the concentration of the

other, as such there is a genetic regulation governing the

transport and accumulation of these micronutrients.

Allele diversity

The results obtained from 55 polymorphic SSRs are sum-

marized in Table 2. These 55 SSRs were found to be

functional as they amplified PCR product of expected size

range. A total of 396 alleles ranging from 2 (PVBR 5 and

X79722) to 20 (X74919) were amplified on 96 genotypes

with an average of 7.2 alleles per loci (Table 2). Earlier

studies revealed varying number of amplified alleles per

loci in common bean. 7.14 alleles per loci were observed in

Table 1 Correlation among Fe, Zn and protein contents

Parameters Fe Zn Protein

Fe 1

Zn 0.101 1

Protein 0.040 0.034 1
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Table 2 Level of polymorphism and the discriminating power of SSR markers

Marker Major allele frequency Gene diversity Heterozygosity PIC No. of allele scored

BM154 0.4263 0.7141 0.3158 0.6697 7

BM151 0.4034 0.6585 0.4545 0.5858 4

BM159 0.3105 0.8001 0.2421 0.7723 12

BM158 0.3617 0.7767 0.4362 0.7462 12

BM157 0.2760 0.8211 0.5104 0.7975 18

BM156 0.3370 0.7528 0.6413 0.7138 11

BM155 0.5105 0.5768 0.8737 0.4912 7

X96999 0.3906 0.7665 0.1771 0.7371 12

U77935 0.4348 0.7352 0.3370 0.7034 15

X04660 0.2527 0.8141 0.1290 0.7875 10

X74919 0.4211 0.7546 0.3158 0.7274 20

X57022 0.3158 0.7786 0.1474 0.7467 13

X80051 0.6875 0.5070 0.1875 0.4874 12

BMb654 0.2614 0.7769 0.0114 0.7398 6

PVm097 0.4620 0.6649 0.0543 0.6056 5

M75856 0.3191 0.7493 0.1277 0.7076 5

X59469 0.3681 0.6974 0.0110 0.6383 3

PVBR213 0.2791 0.7885 0.2791 0.7565 13

PVBR185 0.2444 0.8102 0.1333 0.7825 10

PVBR93 0.3409 0.7360 0.0682 0.6876 5

BM150 0.1954 0.8508 0.6092 0.8328 15

X61293 0.5376 0.6655 0.1505 0.6376 14

BMb152 0.2865 0.7960 0.1354 0.7654 9

BM185 0.5532 0.5779 0.0638 0.5052 5

PVBR69 0.5521 0.6407 0.1563 0.6057 11

PVBR5 0.6591 0.4910 0.0000 0.4253 2

Bmb653 0.8438 0.2792 0.0417 0.2666 6

PVBR113 0.4066 0.7098 0.1429 0.6598 6

M99479 0.4479 0.6771 0.2083 0.6210 6

P10v87 0.3944 0.6514 0.2111 0.5763 3

Bmc234 0.5851 0.5442 0.1170 0.4648 3

Bmc292 0.4010 0.7060 0.0313 0.6532 5

X6000 0.4355 0.6239 0.5269 0.5495 6

K03288 0.4615 0.6608 0.0220 0.6008 4

Bmb793 0.4831 0.6660 0.4068 0.6134 8

Bmb1157 0.5000 0.6634 0.1277 0.6154 5

Bmb643 0.3698 0.7034 0.1354 0.6490 5

Bmc121 0.4615 0.7088 0.6264 0.6714 9

Bmd25 0.5052 0.5197 0.8646 0.4046 3

Bmb1008 0.8737 0.2278 0.0000 0.2143 2

K03289 0.3789 0.7198 0.0211 0.6696 4

Bmd803 0.4177 0.6688 0.1139 0.6061 5

BM153 0.5426 0.6329 0.2128 0.5869 6

PVBR182 0.5053 0.6334 0.0000 0.5721 3

X79722 0.7742 0.3746 0.0000 0.3431 2

PVBR20 0.4185 0.6475 0.2283 0.5759 5

PVBR14 0.4000 0.6919 0.0000 0.6360 3

PVBR87 0.4624 0.7111 0.2366 0.6753 14
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set of 29 common bean accessions (Maras et al. 2008). 7

alleles per loci in common bean landraces of Brazil (Burle

et al. 2010). An average of 5.7 alleles per loci was reported

in Nicaragua genotypes (Gome´z et al. 2004). However, an

average of 8.9 alleles per loci were reported in Nicaragua

genotypes (Jime´nez and Korpelainen 2012), an average of

10 alleles per loci were reported in two different common

bean genotype collections from East (Asfaw et al. 2009)

and Central Africa (Blair et al. 2010a, b) and 19 alleles per

loci in Uganda genotypes (Okii et al. 2014). Depending on

number of genotypes and SSRs used in genotyping, the

number of alleles varies accordingly.

The utility of a marker is a balance between the level of

polymorphism it can detect, and its capacity to identify

multiple alleles (Powell et al. 1996). We observed, PIC

value ranging from 0.214 (BMb1008) to 0.832 (BM 150)

with an average of 0.6128 (Table 2). This indicates the

informativeness of markers used in the present study.

Further, gene diversity was calculated. It is the probability

that two randomly chosen alleles from the population are

different. For the material used in present study, the gene

diversity value varied from 0.2278 (BMb1008) to 0.8508

(BM 150) with an average value of 0.6611 (Table 2). Gene

diversity study conducted earlier in other common bean

population ranged from 0.07 to 0.83 with the mean value of

0.50 (McClean et al. 2012). The major allele frequency in

the present study ranged from 0.1957 (BM150) to 0.8737

(Bmb1008) with an average of 0.4531 for all SSR markers

(Table 2). Only 29% of SSR markers were found to have

value of more than 0.50 which means that the major allele

in most of the markers is not shared by most of the com-

mon bean germplasm used in the present study. Earlier

study conducted also showed similar mean value of major

allele frequency in different common bean genotypes. An

average of 0.47 major allele frequency was reported in 349

wild, landraces and commercial varieties collected from

Latin American, Europe, USA, Africa, and Asia (Kwak and

Gepts 2009). An average of 0.31 major allele frequency

among the common bean genotypes was reported (Okii

et al. 2014). However, we also calculated heterozygosity,

to have information about the proportion of heterozygous

individuals in the population. In this study the value of

heterozygosity ranged from 0.000 (PVBR5, BMb1008,

PVBR182, X79722, PVBR14, BMd10) to 0.873 (BM155)

with an average of 0.22. In earlier studies, higher mean

heterozygosity was observed. Mean heterozygosity of 0.45

with highest heterozygosity value of 0.96 was reported

(Okii et al. 2014). Thus, the differences in the major allele

frequency, PIC and heterozygosity suggest that these dis-

criminatory parameters are strongly influenced by the

number and diversity of the genotypes under evaluation

and may be due to the difference in number of polymorphic

markers used.

Genetic diversity

Further cluster analysis of 96 diverse genotypes was done.

The pair-wise distance between all possible pairs of 96

diverse genotypes was calculated to identify genetic rela-

tionship among them. The dendrogram obtained divided

common bean genotypes into three main clusters namely I,

II and III (Fig. 1). Most of the genotypes grouped in

individual clusters belonged to a particular region. Cluster I

is further divided into a major and minor cluster. Minor

cluster includes only four genotypes two from Baramulla,

one from Bandipora and Rajouri whereas the major cluster

which is further divided into sub sub cluster includes all of

the genotypes collected from Ugada, Kashmir, Nishant,

Marmat, Udhampur, Desa, Marwa, most of the genotypes

from Bhaderwah and few from Poonch. Cluster II is also

divided into two sub cluster which includes most of the

genotypes from Rajouri, Bandipora and Shopian and few

from Poonch. However, cluster III includes most of the

genotypes collected from Poonch, two from Bhaderwah

and one from each Baramulla and Qazigund. Dissimilarity

coefficient values were used to identify most similar and

Table 2 continued

Marker Major allele frequency Gene diversity Heterozygosity PIC No. of allele scored

P1v111 0.7333 0.4146 0.0444 0.3630 3

J04555 0.4194 0.6694 0.0108 0.6082 4

BM149 0.4839 0.6512 0.1720 0.5909 4

Bmd10 0.5895 0.5837 0.0000 0.5338 3

Bmb742 0.3861 0.7125 0.3165 0.6608 5

BM152 0.5851 0.5389 0.6809 0.4570 4

BM200 0.4688 0.6672 0.0313 0.6108 4

Mean 0.4531 0.6611 0.2200 0.6128 7.2

Non-significant correlation (p[ 0.05) was found between Fe and Zn, Fe and protein and Zn and protein
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dissimilar group of genotypes. The genotypes B1 and B2

from Bhaderwah were most similar with a dissimilarity

coefficient value of 0.209 and the genotypes K14 and UD3

from Bandipora and Udhampur, respectively, formed the

most diverse pair of genotypes with a value of 0.809.

Principal Component Analysis revealed significant diver-

sity in this germplasm collected. The germplasm exhibiting

the maximum number of population (k = 1) showed very

distinct PCoA plot, population 1 concentrated only in

quadrant 3 and 4, population 2 mainly concentrated in

quadrant 3, population 3 concentrated in 1 and 4 quadrant,

population 4 is mainly concentrated in quadrant 2, whereas

population 5 is in quadrant 1 (Supplementary Figure 2).

Population structure analysis

STRUCTURE analysis was carried out to observe the

number of populations from 96 genotypes using 55 SSR

markers. A total of 5 sub-populations were observed from

96 diverse common bean genotypes (Fig. 2). Each indi-

vidual was assigned to one of the five sub-population based

on the membership probability [0.5 and the individual

with probability lower than 0.50 was represented as

admixture (Supplementary Table 4). Maximum number of

individuals (23) were observed in sub-population 1

(Table 3). The Evanno test found a clear maximum for

Delta K at K = 5 in the plots of L (K) versus Delta (Fig. 3)
confirming a likely assignment of the bean germplasm to

five sub-groups. The individual membership coefficient at

K = 5 from the STRUCTURE run had maximum mean

probability of likelihood value of L (K) = −11,248.93
which led to assignment of common bean germplasm to

five (K = 5) sub populations (Fig. 4). The five sub-popu-

lations had moderate differentiation, with FST value

ranging from 0.1745 to 0.2766, mean value of 0.2246 and

the expected heterozygosity which measures the probabil-

ity that two randomly chosen individual will be different

(heterozygous) at given locus ranged from 0.5232 to
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0.5960 with a mean value of 0.5647 (Table 4). The genetic

differentiation based on FST values between five common

bean sub-populations identified by population structure

analysis is given in Table 5. In some of the earlier studies

FST values 0.27 (Asfaw et al. 2009) and 0.203 (Blair et al.

2012a, b) in sub-population of common bean germplasm

have been observed. The difference in the FST values may

be due to the use of different types of markers in our study.

Diversity in common bean germplasm was analysis for

ecological distribution using cluster and structure analysis.

Fig. 2 STRUCTURE plot of

membership coefficients for all

the accessions of common bean

in the study sample sorted in the

same order and classified

according to successive selected

preset K values ranging from 2

to 10. For K = 5 the groups are

identified

Table 3 Number of individuals in 5 subpopulations

Subpopulation No. of individuals Percentage (%)

K1 23 23.95

K2 14 14.58

K3 17 17.70

K4 20 20.83

K5 14 14.58

Admixture 8 8.33

Fig. 3 Graphical representation

of the optimal number of groups

in the program STRUCTURE

inferred using the criterion of

Evano et al. (2005). The

analysis was based on data

obtained from 55 microsatellite

loci in common bean collection

evaluated for genetic diversity
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However, tight association could not be established

between structure, traits and ecological groups. On the

whole, two separate analyses done in the present study

basically agreed with each other having few deviations.

The minor differences between groupings was due to two

different methods, the cluster analysis assigned a fixed

branch position to each accession and structure analysis

resulted in a sub-population membership percentage, and

the highest percentage was used to assign individuals to

groups for easy interpretation.

Marker-trait association

Association mapping was carried out to estimate the degree

to which gene/marker and trait or phenotype are associated/

linked together in a particular population on the basis of

linkage disequilibrium (Zondervan and Cardon 2004). In

the present study, association mapping was done to identify

markers associated with mineral and protein contents.

Using General Linear Model (GLM), thirteen SSR markers

were identified associated with Fe, Zn and protein content

at the p\0.05 probability level, and contributing 12–33%

of the phenotypic variation under consideration (Table 6).

However, further confirmation may be required for better

understanding of correlation and its utilization. It was

observed that, out of thirteen markers, seven markers

(BM154, BM157, BM156, PVBR93, BM185, PVBR113,

and Bmb742) were associated with Fe accumulation

whereas 5 markers (BM157, PVBR69, M99479, Bmd803

and BM200) were found associated with Zn accumulation

and only one marker (J04555) was associated with protein

content (Table 6). Of thirteen markers, only one marker

(BM157) was associated with more than one trait which

showed significant R2 value for multiple traits such as Fe

(0.34) and Zn (0.33) suggesting significant association for

Fe and Zn accumulation. Thus, this marker could be con-

sidered as multi-trait MTAs markers (Table 6). Earlier in a

bi-parental population of G14519 9 G4825, a set of QTLs

for Fe and Zn were discovered on linkage group b06

suggesting a possibly pleiotropic locus and common

physiology for mineral uptake or loading (Blair et al.

Fig. 4 Plots of L (K) against the
likely sub populations

(K) generated according to

Evano et al. (2005) with sub-

populations in Jammu and

Kashmir common bean with

five sub populations (K = 5)

Table 4 Heterozygosity and Fst values calculated for 5 common bean

sub-populations

Sub-population (K) Expected heterozygosity Fst value

1 0.5960 0.1989

2 0.5232 0.2766

3 0.5741 0.2100

4 0.5829 0.1745

5 0.5474 0.2628

Average 0.5647 0.2246

Table 5 Genetic differentiation based on Fst values between 5 com-

mon bean sub-populations identified by population structure analysis

1 2 3 4 5

1 –

2 0.1661 –

3 0.1201 0.1341 –

4 0.1084 0.0970 0.0969 –

5 0.1220 0.1867 0.1137 0.1244 –
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2010a, b). The trait-associated SSR markers identified in

the present study, once validated can be used eventually for

marker-assisted genetic improvement of common bean.

The markers associated with Fe were found to be located

on chromosome no. 2, 5, 6, 7, 9 and 10. The marker

markers associated with Zn were found located on chro-

mosome no. 1, 3, 5, 7 and 10, and the only marker

associated with protein content was found located on

chromosome no. 4. Earlier bi-parental approach also

identified the QTLs for mineral concentration in common

bean. One of the marker BM185 which was identified as

QTL for Fe in RIL population derived by

G21242 9 G21078 (Blair et al. 2011) was found to be

associated with Fe in our study and this validates our

results. Moreover, the associated markers identified in this

study are found located on chromosomes in which earlier

QTLs were detected. We found markers on chromosome 2,

6, 7 and 9 associated with Fe, chromosome no. 3, 7 for Zn.

In the present study, we could identify some new markers

associated with Fe, Zn and protein. New markers for Fe

accumulation are identified on chromosome no. 5 and 10,

marker for Zn on chromosome no. 1, 5 and 10 and only one

marker on chromosome no. 4 was identified for accumu-

lation of protein. The SNP based genome-wide association

mapping using 166 common bean accessions for identify-

ing genes associated with these traits has been reported

recently (Nemli et al. 2016). To our best knowledge, these

findings on trait associations using SSR markers are the

first report on Indian common bean germplasm. This would

act as an important genetic resource for improving nutri-

tional quality of common bean varieties through molecular

breeding and provide an opportunity to the breeders in

selecting markers for downstream experimentation towards

crop improvement in common bean and related legumes.

Conclusion

In the present study, evaluation of common bean for Fe, Zn

and protein contents was done. The results revealed wide

variability in Fe, Zn and protein content in the genetic

stock used in this study. Weak positive correlation among

Fe, Zn and protein contents was observed. Population

STRUCTURE analysis divided the common bean germ-

plasm into 5 sub-populations. Further, for the first time, our

finding showed significant association of markers for Fe,

Zn and protein content in common bean core collection of

Jammu & Kashmir, India using 55 polymorphic SSR

markers. As most of the markers are multi-allelic in nature,

these markers may be proved useful for following inheri-

tance patterns for individual QTL incorporated in

backcross breeding programmes. Thirteen markers associ-

ated with three different traits were identified with the

significance level p \ 0.05. Some of the SSR markers

identified by association mapping analysis were previously

identified through QTL analysis, as such our results are

validated. Association mapping studies use relatively

simple methodology and only moderately examined

genotypes which overrule the limitation of QTL studies.

From our study, we could observe that the Chr 5 and 7

carries multiple genes that influence Fe and Zn accumu-

lation. The identified associated markers for Fe, Zn and

Protein content may be helpful for common bean geneti-

cists and breeders, in selection of traits and further

molecular breeding for nutritional improvements of this

crop.
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Table 6 Marker-trait

association with p value and

marker-trait regression

coefficient derived from 55 SSR

markers using 96 diverse

genotypes

Trait Trait ID Marker Chromosome no. p value R2 value

Iron Fe BM154 9 0.001292 0.234446

Iron Fe BM157 10 0.005138 0.336961

Iron Fe BM156 2 0.028079 0.218988

Iron Fe PVBR93 7 0.031281 0.134655

Iron Fe BM185 7 0.033746 0.132841

Iron Fe PVBR113 6 0.047567 0.138578

Iron Fe Bmb742 5 0.017086 0.148727

Zinc Zn BM157 10 0.014146 0.326355

Zinc Zn PVBR69 7 0.040377 0.205546

Zinc Zn M99479 3 0.020899 0.150976

Zinc Zn Bmd803 5 0.032054 0.155583

Zinc Zn BM200 1 0.018931 0.120171

Protein Prt J04555 4 0.016957 0.133061
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