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Abstract Association mapping (AM) combined with

linkage mapping (LM) was executed to identify molecular

markers and QTL regions associated with aluminum (Al)

tolerance using relative root elongation (RRE) in hydro-

ponics as an indicator. A set of 188 soybean cultivars

released in Yellow and Changjiang River Valleys and 184

recombinant inbred lines (RIL) derived from a cross KF

No. 1 (tolerant) 9 NN1138-2 (susceptible) was used in the

study. Inheritance analysis of the RIL population suggested

four major genes and polygenes controlled Al-tolerance.

Further, LM indicated four additive and four epistatic QTL

pairs plus a collective unmapped minor QTL were

responsible for Al-tolerance and explained 29.39, 18.75

and 43.07 % of the phenotypic variation (PV), respec-

tively. In the set of released cultivars, AM identified 11

markers significant at P \ 0.03 that explained 85.2 % of

PV with six of which at P \ 0.01 accounted for 57.9 % of

PV. Ten of these eleven AM marker-QTL were mapped

within range of *2.0 cM to *43.0 cM outside confidence

interval of respective Al-tolerance QTL in previous studies.

Five markers, Satt209, Sat_364, Sat_240, Sct_190 and

Satt284, were located near Al-tolerance QTL regions in

this and previous LM studies. Thus, the two methods

confirmed these markers as being the most likely candidate

regions for Al-tolerance. Allele effects relative to the

population mean for the 11 QTL were estimated, and the

allele A210 of Satt209 showed greatest phenotypic effect

on Al-tolerance. The two most favorable alleles from each

of the 11 marker loci and their carriers were identified, and

accordingly the genetic constitution of Al-tolerance for the

188 cultivars was dissected as a QTL-allele matrix.

Therefore, marker-assisted pairing of crosses and marker-

assisted selection of progenies can be carried out to pyra-

mid favorable alleles of all the 11 loci. This marker-

assisted breeding procedure was designated as breeding by

design using a QTL-allele matrix.

Introduction

Aluminum (Al) toxicity is the main constraint to crop

productivity in acidic soils worldwide. Acid soils

(pH \ 5.0), comprise approximately 40 % of the world’s

total land area and about 50 % of world’s potential arable

lands (von Uexküll and Mutert 1995). At soil pH B 5.0,

phytotoxic Al3? solubilizes into the soil solution from non-

toxic Al-oxides and Al-silicates and this ionic species

damage roots, restricts plant size, and lower yields in many
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crops. One proposed mechanism of Al3? intoxication is the

inhibition of root growth through disruption of active cell

division and expansion of the root in cell wall of root apex

(Delhazie and Ryan 1995). Al-induced inhibition of the

root is thus the primary symptom of Al-toxicity (Kochian

1995; Delhazie and Ryan 1995), leading to poor shoot

growth (Ryan et al. 1993; Ma and Furukawa 2003) and

consequently low yields.

Soybean has become one of the most important legume

crops due to its demand as a protein source and for bio-

fuels. Increasing soybean production on acid soils will

require agronomic and/or genetic interventions to over-

come the negative effects of Al3? ions. The most eco-

nomical option is to develop and use Al-tolerant cultivars

on these problem soils (Kochian et al. 2004). Soybean has

substantial genetic variation for Al-tolerance (Foy et al.

1992) and traditional Al-resistant soybean cultivars have

long been used in acid soils. In conventional breeding,

improving for tolerance has relied on phenotypic selection

over several years in replicated environments. However,

the quantitative nature of Al-tolerance and effects from

genotype-environment interactions have resulted in slow

genetic progress for increased tolerance (Spehar 1995; Jena

and Mackhill 2008). An understanding of genetic archi-

tecture controlling Al-tolerance can enhance efforts in

development of tolerant cultivars through identification of

QTL related to tolerance that can subsequently be inte-

grated into soybean breeding programs.

Soybean plants exhibit variation in Al-toxicity tolerance

in acid soils, but it is clear that molecular mechanisms

remain elusive. Studies in quantitative trait loci (QTL)

linkage mapping use biparental cross populations with a

group of polymorphic markers to discover markers sig-

nificantly associated with Al-tolerance. This method was

employed (Bianchi-Hall et al. 2000; Liu and Gai 2007; Qi

et al. 2008; Korir et al. 2011; Sharma et al. 2011) and

results showed about two to five loci explained most of the

variation in Al-tolerance levels and transgressive segrega-

tion was observed in the populations used. In these anal-

yses, different populations using different phenotyping

indicators and different statistical approaches were used to

discover QTL associated with Al-tolerance. A few QTL

were uncovered in single populations and were different

from other populations due to the diverse parents, repre-

senting only a small fraction tolerant soybean genotypes.

The observed transgressive segregation was indicative of

additive and epistasis among alleles of the two parents in

segregating population (Holland 2007).

In linkage analysis, only a few segregating alleles limited

by the variation in the two parents in the segregating popu-

lation are evaluated. Limited crossover events that have

occurred in populations invariably result in poor QTL reso-

lutions (Flint-Garcia et al. 2003). However, linkage mapping

will generally provide limited insights into the analysis of

complex traits because of the quantitative nature of Al-tol-

erance and the possible presence of additional QTL among

lines in the broader natural population. Alternatively, asso-

ciation mapping (AM) detects gene effects and locates

multiple QTL at higher resolutions in populations with

multiple ancestors that have undergone several rounds of

historical recombination events. AM locates QTL on the

basis of linkage disequilibrium (LD) between genetic

markers and the trait. Decay of LD initially present in the

population is determined by the genetic distance between loci

and the number of historical recombination events since it

arose. Thus, AM is a powerful molecular tool for simulta-

neously detecting multiple alleles at each locus, even those

with modest effects particularly where LD decays rapidly

(Buckler and Thornsberry 2002; Hirschhorn and Daly 2005).

Choice of mapping populations and comparison of their

advantages and disadvantages for association analysis is an

important consideration for finding useful genetic markers

for use in molecular plant breeding programs. Germplasm

collections, elite breeding lines and synthetic populations

are three types of populations that could be considered for

AM implementation (Breseghello and Sorrells 2006a, b).

Populations of cultivars are genetically stable, from which

maximum relative efficiency of marker-assisted selection

for quantitative traits compared with phenotypic selection

is expected since markers capture a significant portion of

the variation for the trait (Lande and Thompson 1990).

Released cultivar populations with a large body of phe-

notypic data accumulated from replicated field experiments

over locations and years are desirable materials for AM

because a substantially higher level of polymorphism and

detection of favorable alleles in the target population is

expected (Breseghello and Sorrells 2006a, b). Since the

cultivar population is derived from a few recent, intensely

selected ancestors, the LD level is expected to be high as

confirmed with inbred lines of maize (Ching et al. 2002),

advanced breeding lines of soybean (Wang et al. 2008) and

a collection of released cultivars and advanced lines of

durum wheat (Maccaferri et al. 2010). Similarly, popula-

tion structure can be prominent because it is common for

closely related lines to be subjected to advance trials

among locations within a production region.

The combination of AM and LM can provide both the

power and resolution needed for detecting QTL of interest

and might prove more successful than either strategy alone.

Therefore, the two approaches should be integrated for a

thorough detection of QTL potentially useful for applica-

tion in MAS and introgression into elite Al-sensitive culti-

vars. Although some LM studies for Al-tolerance in

soybean have been carried out (Bianchi-Hall et al. 2000; Liu

and Gai 2007; Qi et al. 2008; Korir et al. 2011), to our

knowledge, no AM strategy to identify QTL associated with
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Al-tolerance has been reported in soybean, although this

approach has been used in maize (Krill et al. 2010). In

China, a population of soybean cultivars released in the past

40 years in the Yellow and Changjiang River Valleys

(YCRV) represents a major part of current germplasm used

for breeding in China except Northeast China. The objec-

tive of our study was to search for markers associated with

QTL regions conferring Al-tolerance in soybean using

independent AM and LM approaches and then to scrutinize

the genetic architecture of a population of cultivars released

in YCRV with respect to favorable tolerance alleles and

their inheritance traced in pedigrees. Genome-wide AM

was performed and the uncovered marker-trait associations

were compared with the LM results and those from previous

studies to demonstrate the novelty of AM technology.

Materials and methods

Plant material

Linkage mapping experiments were conducted with a set of

184 F2:7-derived recombinant inbred line (RIL) NJRIKY

population from a cross between Kefeng (KF) No. 1 (Al-

tolerant) and Nannong (NN) 1138-2 (Al-sensitive) parents

developed using single-seed descent method. NN1138-2

and KF No. 1 are released cultivars from Changjiang River

Valleys and Yellow River Valleys, respectively. Previous

studies showed the two parents exhibited contrasting

characteristics for Al-tolerance (Liu and Gai 2007; Qi et al.

2008) and other agronomic traits (Zhang et al. 2004). The

genetic linkage map for this study was constructed based

on this population.

For AM analysis, a population composed of 188 cultivars

released in YCRV during the past 40 years was used, which

represents a major part of currently used germplasm in

soybean variety development in China except Northeast

China. There is overlap of genetic base of released cultivars

in YCRV regions. For example, important parents, such as

Youbian 30 and NN1138-2, were used widely both in

Changjiang River Valleys and Yellow River Valleys. These

cultivars have also been shown to exhibit a clear geographic

differentiation and genetic diversity (Cui et al. 2000; Dong

et al. 2004) and are used in most breeding programs.

Phenotyping

Evaluation of soybean for tolerance to Al-toxicity was

done in a hydroponics solution because it is a fast and

efficient procedure to determine tolerant and sensitive lines

while controlling genotype-environment effects commonly

encountered in the field studies. The Al-treatment con-

centration used in this study was determined by generating

an Al-dose response of two tolerant cultivars PI 416937

(Campbell and Carter 1990; Villagarcia et al. 2001) and KF

No. 1 (Liu and Gai 2007; Qi et al. 2008) and one sensitive

cultivar NN1138-2 (Qi et al. 2008). This was to define the

concentration that would provide the best separation

between the Al-tolerant and Al-sensitive cultivars. Tap root

length of each of five uniformly germinated seedlings of

each cultivar was measured and then exposed to hydro-

ponics solution containing 0, 12, 25, 40 and 60 lM Al2
3?

(SO4)3 9 18H2O for 4 days and measured again. Growth

effect of Al on each cultivar was determined as root length

elongation and expressed relative to root length elongation

in control treatment. Concentration 25 lM provided the

widest separation among the cultivars; therefore, it was

chosen for screening the population.

The RIL population was phenotyped for taproot length

growth along with the parents. Seeds were pre-germinated

in quartz sand for 7 days at 28 �C in continuous darkness.

Three uniformly germinated seedlings were rinsed and held

in foam support floats suspended in 12-L plastic culture

containers without Al3? at pH 4.1 for acclimation to

hydroponics conditions (Piñeros et al. 2002). After 2 days

of acclimation, initial root length (IRL) measurement was

taken using a ruler. Then the solution was replaced with

nutrients consisting of 800 lM CaNO3 9 4H2O with

modified 1/5 strength Steinberg nutrient solution (Foy et al.

1967) with 25 lM Al3? at pH 4.1 (stress treatment) and the

same nutrient solution without Al3? (control treatment),

respectively. The seedlings were grown at 25 �C under

16 h day illumination and the solutions were renewed after

2 days. After 4 days of Al-stress, final root length (FRL)

measurements were taken. Net root length increase (NRL)

was calculated as FRL–IRL. The RIL genotypes were

evaluated in two replicated experiments using a split-plot

design in two replications with cultivar as main plots and

Al-level as sub-plots for each experiment. In each repli-

cation, three individual seedlings of each genotype and the

parents were phenotyped in each replicated experiment.

Relative root elongation (RRE), defined as NRL under

Al-stress relative to its NRL under control, was used as the

indicator for Al-tolerance.

The AM population of 188 cultivars was assayed in two

replicated experiments similarly as for the RIL population,

but with the three cultivars PI 416937, KF No. 1 and

NN1138-2 as control checks.

Statistical analysis

Analysis of variance (ANOVA) was conducted on com-

bined data for both RIL and the released cultivar popula-

tion using the MIXED Model procedure of SAS (SAS

Institute 2004), with RIL/cultivar as fixed effects and

experiment, replication and RIL/cultivar 9 experiment as
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random effects. The heritability value (h2) on entry-mean

basis of Al-tolerance was calculated from ANOVA using

h2 = rg
2/(rg

2 ? rg9e
2 /y ? re

2/ry), where rg
2 is genotypic

variance, re
2 is error variance, rg9e

2 is genotype 9 envi-

ronment (or experiment) interaction variance, r is number

of replications, and y is number of environments or

experiments (Fehr 1987).

Genotyping

Leaf tissue was collected from 3 to 4 leaves for DNA

extraction and SSR amplification for genotypic analysis.

Total genomic DNA were extracted following a standard

CTAB extraction protocol (Doyle and Doyle 1990) and

amplification done in a 10-lL reaction mixture containing

1 lL 10 9 PCR buffer, 20 ng template DNA, 0.4 lM for-

ward and reverse primers, 1 lL containing 60 lM of each

dNTP, 2 mM MgCl2 and 0.5 U Taq DNA polymerase.

Amplification conditions were initial denaturation at 95 �C

for 4 min, 30 cycles of 94 �C for 40 s; 46–50 �C annealing

for 60 s; 72 �C extension for 1 min; and an 8-min extension

at 72 �C. The reactions were performed on a PTC-225 (or

240) DNA Thermal Cylcer (BIO-RAD, Foster city, CA,

USA). PCR products were sized separated in 8 % (w/v)

polyacrilymide gel electrophoresis (PAGE) at 20 W. Gels

were silver stained, filmed and visualized with the visadoc 3.0

image scanning system (BIO-RAD, Foster city, CA, USA).

The size of the band was recorded based on its migration

distance relative to the pBR322 DNA Marker (MBI Fer-

mentas) using Quantity One software (Version 4.4.0).

For the RIL population we used a newly improved genetic

linkage map reconstructed by the National Center for Soy-

bean Improvement and the Institute of Genetics and Devel-

opmental Biology of Chinese Academy of Sciences (Wang

2009). The map was developed using JoinMap 3.0 (Plant

Research Int., Wageningen, The Netherlands) (Van-Ooijen

and Voorrips 2002) and consisted of 24 linkage groups with

834 markers, including 580 SSR, 184 RFLP, 44 EST, 15

RAPD, 7 TF and four morphological and physiological

markers, covering 2,307.8 cM with an average of 2.8 cM

between markers. The marker order basically was consistent

to the public genetic linkage map (Song et al. 2004) except

LGs (Linkage Groups) D1b, F, H and I separated into two

segments (Zhang et al. 2004; Wang 2009). Regarding the SSR

markers, 378 were adopted from the 2003 USDA consensus

map (SoyBase, http://www.soybase.org/) and the public

soybean genetic linkage map (Song et al. 2004), 7 EST-SSR

were from Hisano et al. (2008), while 80 BAC-SSR, 119

unigene-SSR and others were designed by Wang (2009).

The AM population was genotyped using a total of 197

SSR markers distributed over the entire 20 chromosomes.

These loci were selected based on their genomic locations

on the integrated genetic linkage map of soybean (Song

et al. 2004) and EST-SSR soybean map (Hisano et al.

2008). Included were some SSR markers that stretch out

within *15 cM range on either side of significant QTL

peak regions for Al-tolerance previously detected with

linkage mapping analysis.

Mapping strategy

Three different analysis strategies were employed for the

genetic analysis of Al-tolerance. Segregation analysis of

NJRIKY was to detect the genetic structure, linkage

mapping was to detect and locate QTL while the associa-

tion mapping strategy was to scan QTL and their alleles in

YCRV. The joint segregation analysis method based on

major genes plus polygene mixed inheritance model (Gai

2006) was used on the phenotypic data of the RIL popu-

lation to describe the genetic system of Al-tolerance in

terms of major gene and polygene effects.

Quantitative trait loci mapping was performed with a

mixed model-based composite interval mapping (MCIM)

procedure of QTLNetwork v2.0 (Yang et al. 2007) and

composite interval mapping (CIM) executed with WinQTL

Cartographer 2.5 (Wang et al. 2005). QTLNetwork was used

to estimate the effects of individual significant additive QTL

and additive 9 additive epistatic QTL pair effects. Signifi-

cant additive QTL were obtained from F-statistic profile

obtained from 2D genome scan procedure. The critical

F-value was calculated by permutation tests of 1,000 times

at genome-wise significance level of 0.05. At the end of each

scanning procedure, forward and backward selection steps

were performed to test for the presence of hidden peaks that

might result owing to the high correlation of closely linked

markers and random effects. Finally, QTL peak regions that

exceeded the threshold F-value of 9.4 in this study were

declared significant. With CIM, a significant QTL was

declared with logarithm of odds ratio (LOD) threshold of 2.5

and permutation tests of 1,000 times at a significance level of

P = 0.05. A QTL declared significant with LOD of 2.0, but

not significant with MCIM procedure, was proposed as a

suggestive QTL. Narrow sense heritability (h(a)
2 ), repre-

senting phenotypic variation explained by additive QTL,

was obtained from the MCIM mapping procedure.

For AM, three data types are required: phenotypic trait

information, genotypic data and population structure within

the test population. Population substructure creates genome-

wide LD between unlinked loci when the allele frequencies

between the sub-populations are significantly different

(Wright et al. 2005). However, it is possible to statistically

control such effects in association data analysis via several

methods, including structured association Q-model that

takes population structure into account (Pritchard et al.

2000). Of the 197 SSR markers screened, three were

monomorphic in the population and were discarded from
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further analysis. The marker loci with allele frequency

of \0.05 in the population were filtered and grouped toge-

ther with missing alleles in population structure and LD

analysis. Finally, 186 markers were highly polymorphic and

their polymorphic information content (PIC) was calculated

from PowerMarker v.3.0 (Liu and Muse 2005). Pairwise

estimates for chromosaomal LD (r2, correlation between

alleles at two loci) were performed for the whole genome

with TASSEL software (http://www.maizegenetics.net)

without rapid permutation tests to control for genome-wide

error rate. The presence of population structure was deter-

mined using 43 unlinked loci with the model-based clus-

tering of STRUCTURE software (Pritchard et al. 2000) with

linkage ancestry ‘admixture model’ with correlated allele

frequencies among populations assumed. We set k (no. of

subpopulations) to vary from 2 to 10 with five independent

runs for each k value and performed a burn-in length of

10,000 iterations followed by another 10,000 iterations for

each k. To select the optimal k, we used the posterior prob-

abilities of the natural logarithmic likelihood of data (ln Pr

(X|K) = InPD) from the five runs of each k. The percentage

parentage for the run that had highest InPD was used in the Q

matrix for the analysis. General linear model (GLM) with

incorporation of trait data and population structure (Q) as

covariate was used to discover marker-trait associations.

In the exploration of superior Al-tolerance alleles, allelic

effects were estimated according to population experimental

average (Agrama and Yan 2009). Although this method

shows systematic difference compared with those estimated

from null alleles (Breseghello and Sorrells 2006a, b), the

latter method is more affected by the size of the population

and, in addition, the biological interpretation of allelic effects

is not straightforward. Thus, marker-trait association and

allelic effects under presence of population structure (Q) were

estimated with GLM model procedure of TASSEL software.

The P values corresponding to marker-trait association were

log transformed to -log10 (P value) and plotted against the

respective marker loci to amplify the significant marker-trait

associations in the 188 cultivars. All the alleles with signifi-

cant positive and negative effects at each locus (for all sig-

nificant markers P \ 0.03 with its sum less than 1.00) were

used to identify favorable Al-tolerant cultivars and to

describe the genetic structure of the 188 released cultivars.

Results

Linkage mapping

Inheritance analysis

The ANOVA revealed significant genotypic difference in

RRE among the RILs in each of the two experiments;

however, genotypic differences between the experiments

did not show significant interactions, and hence data points

were pooled into single genotypic value for analysis (not

shown). The genotypes showed a continuous distribution

ranging from 22.2 to 98.0 %, with a mean of 57.1 ±

12.9 % and a genotypic coefficient of variability (GCV) of

21.7 % (Fig. 1). The data confirmed KF No. 1 (P1), the

Al-tolerant parent, was significantly more tolerant to alu-

minum toxicity than NN1138-2 (P2), Al-sensitive parent,

as reported previously (Qi et al. 2008; Korir et al. 2010,

2011). RRE means were 75.9 ± 3.7 % for KF No. 1 and

46.3 ± 1.2 % for NN1138-2 (Fig. 1). However, some RILs

showed transgressive segregation on either side of the

parents, indicating that multiple genetic factors were seg-

regating in the population. The estimated heritability of

RRE was 91.2 %, indicating there was little environmental

influence and, therefore, reasonable genotypic progress in

Al-tolerance can be achieved through selecting on RRE.

Joint segregation analysis of RIL, P1 and P2 (Gai 2006),

showed the inheritance model best fitting Al-tolerance was

model I-10 (Table 1) best described as polygenic with four

additive major genes (three equal with effects plus one with

a lesser effect. The three major genes with equal effect

showed a much larger additive effect than the other major

gene, 0.075 vs. 0.019, in RRE, while the collective additive

effect of polygenes was 0.0328 (Table 1). The major gene

and polygene heritability was 81.95 and 13.91 %, respec-

tively, indicating that the former accounted for a major part

of the genotypic variation in this RIL population.

Additive QTL mapped

The mapping results coincide with those from the above-

mentioned statistical analysis on inheritance of Al-toler-

ance. Four additive QTL were identified with both the

MCIM and CIM procedures on four LGs (Chromosomes),

i.e. A2 (Gm08), K (Gm09), B1 (Gm11) and L (Gm19), and

contributed 5.73–8.92 % in total 29.39 % (MCIM) and

4.03–11.72 % in total 31.43 % (CIM) of phenotypic vari-

ance (PV) (Table 2). Positive alleles on A2, K and B1 were

inherited from KF No. 1 and the allele on L was from

NN1138-2. The QTL positions, confidence intervals and

direction of additive effects of the QTL on A2, K and B1

were comparable between the two linkage mapping pro-

cedures; however, the magnitude of their additive effects

was slightly different. Only the QTL on B1 was mapped

differently (18.5 cM apart) by the two procedures probably

due to differences in software for each of the genetic

models. Although individual QTL effects were not signif-

icantly different with the two mapping algorithms, the

genetic contribution R2 values in CIM (for QTL on A2 and

B1) were greater than their respective h(a)
2 values in MCIM.

This is because the genetic model of CIM determines only
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additive effect (as R2), and not epistasis nor QTL 9 E

interactions, whereas MCIM partitions total PV into com-

ponent variance due to additive (h(a)
2 ), epistasis and

QTL 9 E interactions. Hence, h(a)
2 value is naturally

expected to be lower than R2, but instances where h(a)
2 is

greater than R2 can be attributable to chance. These results

suggest the combined use of two mapping methods

improves the credibility of results and increases our con-

fidence in the QTL positions on the linkage map.

Epistatic QTL pairs mapped

The 2D genome scan of MCIM showed that four different

epistatic QTL pairs mapped on six LGs explained

3.84–5.73 % in total or 18.75 % of PV (Table 3). Most

epistatic loci were not individually significantly additive

and none was found to be duplicative for any epistatic QTL

pair. In addition, none of any two major QTL was epistatic,

indicating the major QTL were individually and signifi-

cantly additive. However, the major QTL region

GMpTI_D-Sat_247 on B1 interacted with a non-additive

QTL locus A953_2H-K411_11 on B2, while a QTL on A2

that was mapped only 5.5 cM from the major QTL

(133.8 cM) was epistatic to QTL locus on F. The presence

of additive and epistatic interactions among alleles of the

two parents could partly explain the tolerant and sensitive

transgressive segregation observed in the RIL population.

Collective unmapped minor QTL and total genetic

dissection of the RIL population

The sum of all contributions from mapped additive QTL

and epistatic QTL pairs in RRE was less than the total

genetic variation estimated from genotypic variances in

ANOVA, similar to results found by Korir et al. (2011).

Therefore, the remaining genetic variation was attributed to

those QTL not detected in the mapping procedure and

designated as genetic variation due to unmapped QTL or a

collection of unmapped minor QTL. The total phenotypic

variance was partitioned into mapped QTL, collective

unmapped minor QTL, QTL 9 environment and environ-

ment variance components (Table 4). The heritability of

RRE from the joint data analysis was 91.20 % and additive

QTL effects contributed about 29.39 % while epistasis

contributed about 18.75 % to PV (or 32.23 and 20.56 %

contribution to genotypic variation, respectively). This

indicated additive QTL effects were more important than

epistatic effects; however, both were important in genetic

control of Al-tolerance (Fig. 1; Table 4). However, it

should be emphasized that a substantial part, 43.07 %, of

the phenotypic variance or 47.23 % of the genetic variance

was due to unmapped QTL. The unmapped QTL were

mainly composed of small effects or minor QTL because

the saturation level of the map (average distance of 2.8 cM

between adjacent markers) should be sufficient to detect all

the major QTL. In addition, the environment and geno-

type 9 environment (G 9 E or QTL 9 EXP here) vari-

ances contributed 8.15 and 0.65 % of the total phenotypic

variance, respectively, indicating the QTL 9 EXP varia-

tion was not important and negligible in accurately

RRE
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KF No.1 (P1) 75.9 ± 3.7
NN1138-2 (P2) 46.3 ± 1.2
Mean of RILs 57.1 ± 12.9 
Range of RILs 22.2 – 98.0
h2 (%) of RILs 91.2
GCV (%) 21.7
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Fig. 1 Distribution of RRE among 184 RILs from the cross KF No.

1 9 NN 1183-2. RRE relative root elongation. Column chart and the

solid line represent total actual distribution and total theoretical

distribution of RRE, respectively. The fine lines represent theoretical

distribution of each genetic component under the best fitting model

conditions of I-10 with four additive major genes and additive

dominant polygenes (Gai 2006). Statistics of the important items are

depicted in the inset table

Table 1 Estimates of genetic parameters of optimum model I-10 for RRE among 184 RILs from a cross of KF No. 1 9 NN1138-2 using

segregation analysis under a major gene plus minor gene inheritance model

First-order genetic parameters estimate Second-order genetic parameters estimate

Mean Genetic effect (%) r2
p r2

p r2
mg r2

pg h2
mg (%) h2

pg (%)

0.6126 da = da = dc = 0.075 0.0338 0.0014 0.0277 0.0047 81.95 13.91

dd = 0.0190

[d] = 0.0328

RRE relative root length elongation, the same is for later tables. da, db, dc, dd additive effect of the major genes, [d] collective dominance effect of

polygenes, r2
p total phenotypic variance, re

2 environmental variance, rmg
2 major gene variance, rpg

2 polygene variance, hmg
2 (%) major gene

heritability, hpg
2 (%) polygene heritability (Gai 2006)
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estimating RRE. Thus, the QTL mapping results provided

more genetic information than the segregation analysis and

importance of the collective unmapped minor QTL was

realized and the technology for integrating these QTL

should be considered in breeding for Al-tolerance due to

lack of markers.

Association analysis

Genetic variation in the released cultivar population

Tolerance to Al-toxicity is a complex trait that needs pre-

cise phenotyping to accurately determine its genetic factors

(Jena and Mackhill 2008). The 188 cultivars used for the

AM study are a sample of 618 cultivars released in YCRV

in China (Supplemental Table 1). Tolerance levels in the

AM population phenotyped for RRE was wide and the

values ranged 25.11–93.73 % with an average of 59.16 %

(Supplemental Table 2, frequency distribution of RRE,

individual values for each accession and check not shown

for saving space). The mean RRE values for the tolerant

check cultivars PI 416937 and KF No. 1 were 85.81 and

74.33 %, respectively, and 44.67 % for the susceptible

check cultivar NN1138-2. The significant variation among

cultivars was indicative of the variation for Al-tolerance

that can be expected among locations within a production

region such as the YCRV. Broad sense heritability for the

trait calculated from the ANOVA on an entry means basis

was 91.80 % suggesting there was a reasonably low level

of error in determining the RRE for the population. One

important characteristic of RRE is its freedom from the

confounding effects of constitutive variation inherent

among cultivars; therefore the variation observed is more

likely due to the actual response to Al-stress.

Population structure of the released cultivar population

For saving space, in this section data were summarized as

text with the tables and figures omitted. Of the 186 poly-

morphic loci, the number of available alleles varied from 2

to 16 with a mean of 5.83 alleles per locus and polymor-

phism information content (PIC) ranged from 0.11 to 0.97

with a mean of 0.64 per locus, indicating reasonable

diversity existed within the cultivar population for RRE.

Genome-wide loci pairs in LD with r2 [ 0.001 were

14,794 and the maximum observed r2 value was 0.395.

Linkage disequilibrium decayed with distance to basal

levels of approximately r2 \ 0.1 at distances \25 cM and

extended to loci 120–150 cM apart. Population sub-struc-

turing aims at assigning members of the population into

subpopulations that maximize H–W linkage equilibrium

within them. Using the model-based clustering method,

maximum logarithmic posterior probability was attained at T
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k = 7 where the value of alpha (degree of admixture) was

0.0385 and average Fst (measure of genetic differentiation

among subpopulations) was 0.3615. This implies most

cultivars originated from one primary ancestor, with a few

admixed individuals and that total population heterozy-

gosity was reduced *36 % by subdividing it into the

seven major clusters. A v2 test showed model-based clus-

ters were significantly different (v2 = 27.67, v0.01,6
2 =

16.81); therefore, the percentage parentage of individual

cultivars in each cluster (the Q matrix) was used in the

GLM-Q association analysis model.

Association mapping

This study tested the association of molecular markers with

RRE in presence of population structure (Q) on a genome-

wide level, and the estimated -log10 (P value) was plotted

against the respective marker loci. At P \ 0.01, i.e.

-log10 (P value) [ 2.0, six markers were associated with

Al-tolerance and accounted for over half (57.9 %) of PV

(Table 5). Two SSR markers, Satt209 and Satt186, on

LGs A2 and D2, respectively, showed stronger association

with Al-tolerance (P \ 0.0031; -log10 (P value) [ 2.5)

and together explained 24.9 % of PV. The other four

loci, Sat_364 (B1), Satt005 (D1b1), Sat_240 (F) and Satt284

(L), were associated with Al-tolerance at 0.0031\ P \ 0.01.

A total of 11 markers explaining 85.2 % of PV were

identified at P \ 0.03, i.e. -log10 (P value) [ 1.5 while at

a less stringent P value of \0.05, a total of 20 statistically

significant markers were identified (not shown). This sug-

gests that with increases in significance level, false-positive

marker-trait associations with relatively low contributions

to PV could be discarded while retaining those explaining

significantly high portion of PV.

Due to a predicted high rate of false positives resulting

from multiple testing of sites (Storey and Tibshirani 2003),

we subjected the AM markers to further testing using an

independent segregating population. If AM is truly com-

plementary to LM, then the AM markers, or any other

marker(s) in LD should explain significance variance for

Al-tolerance in the segregating population. Therefore,

important markers relevant to MAS could be verified and

novelty of AM demonstrated. Additive QTL regions in this

and previous LM experiments together were detected on 10

of 11 LGs in which the AM identified at P \ 0.03

(Table 5). Of these 10, QTL regions on LGs A2, B1, F, K

and L were detected concurrently in the present and pre-

vious LM but QTL on D1b1, C2, D2, J and O corresponded

only to QTL regions from previous studies. Therefore, 5

QTL regions, detected by AM at P \ 0.03, were identified

at the same time by LM in our study. QTL on LG I was

unique to AM, suggesting it might be a new QTL locus

Table 3 Epistatic QTL pairs detected with MCIM for RRE among 184 RILs from a cross of KF No. 1 9 NN1138-2

Epistatic QTL pair LG (Chr.) Marker interval Site (cM) Distance (cM) CI (cM) P-value aa h(aa)
2 (%)

1 A2 (Gm08) STAS820T-STAS8_3T 128.3 1.04–4.05 126.1–131.3 0.001 0.030 5.73

F (Gm13) GNE495-GNB142 28.3 0.04–0.09 26.7–27.7

2 A2 (Gm08) Satt525-A117_2H 27.4 1.04–4.05 126.1–131.3 0.005 0.024 3.84

F (Gm13) Sat_234-A186H 18.1 1.99–0.13 37.5–38.6

3 B1 (Gm11) GMpTI_D-Sat_247 30.7 2.99–0.99 29.7–32.2 0.004 0.036 4.08

B2 (Gm14) A953_2H-K411_11 52.4 0.03–0.95 51.1–53.3

4 C2 (Gm06) OPW13-B131V 31.2 0.03–0.89 30.7–32.1 0.003 -0.031 5.10

D1b (Gm02) Satt611-GNE239 8.0 8.00–0.15 4.0–9.1

Distance distance of the QTL to flanking markers, CI confidence interval of the QTL site at a = 0.05, aa epistasis effect, h(aa)
2 the phenotypic

variation explained by the epistatic QTL pair

Table 4 Dissection of phenotypic variance into genetic, genotype 9 environment (G 9 E) and environment components among 184 RILs from

a cross of KF No. 1 9 NN1138-2 for Al-tolerance trait RRE (%)

Genetic portion G 9 E Environment Total

Additive QTL Epistatic QTL Collective minor QTL Total

29.39 (4; 32.23) 18.75 (4; 20.56) 43.07 (47.23) 91.20 0.65 8.15 100

The numbers in parentheses in the genetic portion columns are the number of additive or epistatic QTL pairs and the percentage of genetic

variance explained by the respective types of QTL obtained from the QTL Network. The collective minor QTL genetic portion is calculated from

h2 - h(a)
2 - h(aa)

2 , where h2 is the heritability estimated from ANOVA and h(a)
2 and h(aa)

2 are additive and epistatic contribution obtained from the

mapping procedure, respectively. The percentage explained by additive QTL or epistatic QTL pairs is estimated as: (h(a)
2 /h2) 9 100 or (h(aa)

2 /

h2) 9 100
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discovered in this study. These results indicate a relative

consistency in mapping QTL for Al-tolerance between AM

and LM for the respective populations used (Table 5).

Allelic effects and genetic dissection of the released

cultivars

Superior alleles and their carriers

Allelic effects of the 11 marker loci significantly associated

(P \ 0.03) with RRE were estimated (each locus com-

posed of 4–10 alleles, in a total of 76 alleles) (Table 6). For

each locus, the two best alleles were selected and ten

typical cultivars carrying those alleles chosen (Table 7).

The three best favorable alleles Satt209-A210, Satt005-

A159 and Satt186-A267 showed significantly higher posi-

tive effect of 36.31, 32.84 and 30.37 %, respectively, on

mean performance of RRE and their respective number of

carrier cultivars of 4, 11 and 9, respectively, had mean

RRE of 90.65, 84.66 and 86.46 % (Tables 6, 7). The next

best marker alleles Satt209-A219 and Satt005-A186 exer-

ted positive effects of 27.83 and 23.78 % in seven and ten

carrier materials, respectively. Of the best two alleles of

each of the six significant loci (P \ 0.01), allele Satt209-

A210 showed greatest phenotypic effect of 36.31 % while

Sat_240-A268 had the least effect of 11.67 % and the

number of carrier cultivars of each allele was 4 (mean RRE

90.65 %) and 25 (mean RRE 68.36 %), respectively,

indicating the favorable alleles were concentrated in a

relatively smaller number of the cultivars roughly consis-

tent with frequency distribution in Supplemental Table 2.

Superior cultivars and their genetic dissection

Elite cultivars tolerant to Al-toxicity were identified and

they were genotyped for specific alleles because they could

be potential donor parents in breeding for tolerance. The

188 released cultivars were ranked in descending order of

percent RRE and compared with the performance of the

two Al-tolerant check cultivars PI 416937 and KF No. 1

which had mean RRE of 85.81 and 74.33 %, respectively

(data not shown). Taking 74.33 % as the lowest RRE to

consider cultivars as having superior Al-tolerance, 24 elite

cultivars were selected and their allele constitutions

determined on the basis of the two best alleles for the 11

significant (P \ 0.03) markers (Table 8). These cultivars

Table 5 Identified SSR markers significantly associated with Al-tolerance among 188 cultivars and comparisons with linkage mapping results

of our study and previous studies

LG (Chr.) Marker No. of

alleles

Site

(cM)

R2 QTL from linkage mapping

Present study Previous studies

Closest marker Site (cM) h(a)
2 (%) CI (cM) References

A2 (Gm08) Satt209 9 128.44 0.145 STAS8_6T 133.8 8.36 121.7–123.7 Bianchii-Hall et al. (2000)

B1 (Gm11) Sat_364 8 84.25 0.082 Sat_247 (MCIM) 30.7 8.92 39.1–41.1 Bianchii-Hall et al. (2000)

Sat_128 (CIM) 49.2 10.44 65.4–78.0

44.7–46.9 Korir et al. (2011)

C2 (Gm06) Satt286 7 101.75 0.052 126.2–145.5 Sharma et al. (2011)

D1b1 (Gm02) Satt005 7 75.29 0.086 75.8–93.8 Qi et al. (2008)

81.2–84.7 Korir et al. (2011)

D2 (Gm17) Satt186 10 105.45 0.104 108.0–124.0 Qi et al. (2008)

88.9–97.3 Korir et al. (2011)

F (Gm13) Sat_240 9 25.58 0.085 GNE495-GNB12 28.3 5.73 33.2–36.1 Sharma et al. (2011)

Sat_234-A186H 18.1 3.84 66.2–68.2 Bianchii-Hall et al. (2000)

I (Gm20) Sat_174 6 36.59 0.067

J (Gm16) GMES0069 4 60.40 0.052 56.2–58.2 Bianchii-Hall et al. (2000)

K (Gm09) Sct_190 5 77.37 0.043 GNB020 78.8 6.38 56.2–58.4 Korir et al. (2011)

L (Gm19) Satt284 6 38.16 0.077 GNB036 27.4 5.73 49.6–57.0 Qi et al. (2008)

27.4–31.3 Korir et al. (2011)

O (Gm10) GMES1703 5 60.60 0.059 86.2–90.1 Korir et al. (2011)

The map positions (cM) of AM were estimated on the USDA public soybean genetic linkage map (Song et al. 2004); those of LM in ‘‘Present

study’’ column were on the NJRIKY map; those in ‘‘Previous studies’’ column were on the respective author’s genetic linkage maps. Markers in

boldface were detected at P \ 0.01, otherwise at P \ 0.03. The two markers in italics form in the ‘‘Present study’’ column are two pairs of

epistatic QTL while the other markers in the same column are additive QTL. In ‘‘Previous studies’’ column the markers are not presented but the

same or close to the AM marker in a same row
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originated from 9 provinces of China, 16 from the Yellow

River eco-region and 8 from Changjiang River eco-region.

About one-half of them, including the best five (with

RRE [ 85 %; and better performers than PI 416937)

originated from Shandong province in the Yellow River

eco-region. Of these five, four shared the best allele

Satt209-A210, while cultivars that performed better than

KF No. 1 shared most of the alleles with effects of [20 %

on RRE. Generally, the elite cultivars possess multiple

favorable alleles suggesting the potential for recombination

in a breeding design for Al-tolerance. For example, the

most tolerant cultivar N25388 might be further improved

through complementary recombination with the favorable

alleles of Satt186, Sat_240 and Satt284 from other tol-

erant cultivars in Table 8. In addition, combining favor-

able alleles among other cultivars would also improve

Al-tolerance.

Allelic dose effect and tracing favorable alleles

in cultivar pedigrees

Genetic base of the soybean cultivars is not very wide;

therefore, it is important to trace desirable favorable alleles

in the repertoire of ancestors to broaden the genetic base of

the current high yielding cultivars. Variation in Al-toler-

ance ranged *25 % to *94 % with a mean of *59 %,

indicating most of the released cultivars have moderate

tolerance (Supplemental Table 2). The genetic relationship

of favorable alleles in the cultivars were traced in five

major family pedigrees with 58-161, Xudou No. 1, Qihu-

ang No.1, NN493-1 and NN1138-2 as respective ancestors

(Supplemental Table 3 showing the NN1138-2 pedigree as

an example for others). The two best alleles from each of

the 11 major loci (Tables 5, 7) were tracked for their

transmission in the five cultivar pedigrees and analyzed for

the presence or absence of Al-tolerant favorable alleles of

each marker. Each pedigree ancestor had its own favorable

alleles that were transmitted to progenies, but only some

progenies inherited these alleles suggesting some might be

lost in transition. The ancestor parents showed varying

levels of tolerance to aluminum toxicity, i.e. 78.5, 67.8,

81.0, 44.7 and 80.4 % for 58-161, Xudou No.1, Qihuang

No.1, NN1138-2 and NN493-1, respectively, suggesting

other sources of favorable alleles were contributed to

progenies from other parents. The progenies tended to

share the favorable alleles but likely at different frequen-

cies due to diverse parents used in various breeding pro-

grams. For each ancestor, the pedigree families had a

different number of favorable alleles, or lacked them

altogether. For example, the two best alleles Satt209-A210

and Satt005-A159 were absent in NN1138-2 pedigree. The

highest number of favorable alleles in an individual was 8

(cultivar code 85 in Xudou No.1 pedigree, data not shown)T
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and the average was 3.25, indicating substantial Al-toler-

ance potential in recombination and accumulation of

favorable alleles in future breeding.

The 10 best Al-tolerant cultivars with the favorable

alleles (from the ancestor parent or from other sources)

averaged 87.0 % RRE and was 3.31 times the average

(26.3 %) of the 10 most sensitive pedigree cultivars. The

average favorable allele number of these tolerant cultivars

was 2.3 times of the latter but composition of favorable

alleles among the cultivars with high tolerance was gen-

erally quite different, suggesting that tolerance to Al is

dose dependent on alleles. However, there were also

unexpected cases, such as cultivar N23787 (Table 8,

76.4 %). N23787 had only two favorable alleles yet was

almost as tolerant as cultivar N25435 (80.4 %) with five

favorable alleles. In some cases, some moderately high

tolerant cultivars, e.g. N07038.1 (in NN493-1 family) and

N25461 (in NN1138-2 family) had only two favorable

alleles, some of which were not derived from the available

ancestors. On the other hand, some sensitive cultivars, e.g.

N25275 (in 58-161 family) and N25427 (in Xudou No.1

family) had more favorable alleles with some derived from

ancestors while the origin of others could not be traced

since not all of the ancestors of this pedigree were available

for analysis. However, the favorable Al-tolerant cultivars

from both Yellow and Changjiang Valleys were found with

favorable alleles indicating germplasm from both regions

can be used as donors to broaden genetic base for higher

tolerance through germplasm exchange.

Marker-assisted design of crosses based on QTL-allele

matrix

Peleman and van der Voort (2003) proposed a concept of

‘‘Breeding by Design’’. It aims to harness all allelic vari-

ation for all genes of agronomic importance through a

combination of precise genetic mapping, high-resolution

chromosome haplotyping and extensive phenotyping.

Accordingly, QTL mapping for favorable alleles and

genetic dissection of germplasm resources for potential

parental materials are two prerequisites toward ‘‘Breeding

by Design’’. From the above association mapping results,

the two kinds of genetic information can be obtained and

organized in gene/QTL-allele matrix as in Table 8, which

Table 7 Effects of two best alleles on each locus and their carriers among 188 cultivars

Favorable allele (LG, Chr.) Allele effect (%) No. carriers Mean RRE (%) Carrier cultivar

Satt209-A210 (A2, Gm08) ?36.31 4 90.65 85 86 87 142

Satt209-A219 (A2, Gm08) ?27.83 7 82.06 3 15 57 58 59 88 95

Sat_364-A425 (B1, Gm11) ?19.57 44 77.90 2 188 22 184 186 124 137 138 127 120

Sat_364-A437 (B1, Gm11) ?12.76 31 71.10 15 65 23 57 84 58 122 42 146 49

Satt286-A219 (C2, Gm06) ?10.62 26 78.46 186 124 120 97 185 4 132 125 31 27

Satt286-A228 (C2, Gm06) ?4.85 36 66.91 10 65 94 136 32 58 108 7 110 82

Satt005-A159 (D1b1, Gm02) ?32.84 11 84.66 188 144 98 125 163 39 158 85 67 117

Satt005-A186 (D1b1, Gm02) ?23.78 10 75.56 58 131 63 81 135 91 49 43 70 45

Satt186-A267 (D2, Gm17) ?30.37 9 86.46 184 137 18 30 174 175 43 70 11

Satt186-A258 (D2, Gm17) ?20.44 30 76.57 130 71 51 88 143 106 68 72 110 73

Sat_240-A214 (F, Gm13) ?20.65 18 77.41 2 68 125 5 121 139 44 165 49 153

Sat_240-A268 (F, Gm13) ?11.67 25 68.36 71 22 51 186 162 144 143 73 42 158

Sat_174-A219 (I, Gm20) ?18.75 36 76.56 2 66 71 51 38 101 79 120 144 143

Sat_174-A237 (I, Gm20) ?5.29 32 63.05 109 184 58 123 89 108 62 112 82 31

GMES0069-A162 (J, Gm16) ?13.83 56 68.96 15 109 10 188 71 51 38 184 124 137

GMES0069-A159 (J, Gm16) ?8.48 62 63.56 2 26 66 1 14 92 101 79 3 57

Sct_190-A267 (K, Gm09) ?18.85 2 74.56 85 56

Sct_190-A258 (K, Gm09) ?6.52 30 61.66 184 88 3 57 58 99 90 62 63 112

Satt284-A285 (L, Gm19) ?23.47 15 75.57 65 94 137 63 28 122 145 39 55 49

Satt284-A258 (L, Gm19) ?15.83 25 67.86 79 61 108 103 4 82 31 107 102 165

GMES1703a-A179 (O,

Gm10)

?12.73 21 70.51 3 91 7 18 45 46 48 49 55 59

GMES1703a-A176 (O,

Gm10)

?4.47 74 60.07 2 66 71 186 101 124 138 88 120 3

Mean RRE average RRE of the carrier cultivars. In carrier cultivar column are codes of cultivars whose names can be found in supplemental

Table 1. Not all but only the maximum of ten carriers for each allele are listed here. Markers in boldface were detected at P \ 0.01, otherwise at

P \ 0.03

Theor Appl Genet (2013) 126:1659–1675 1669

123



T
a

b
le

8
G

en
et

ic
st

ru
ct

u
re

o
f

2
4

fa
v

o
ra

b
le

A
l-

to
le

ra
n

t
cu

lt
iv

ar
s

b
as

ed
o

n
th

e
tw

o
b

es
t

al
le

le
s

fr
o

m
ea

ch
o

f
th

e
1

1
m

ar
k

er
lo

ci
si

g
n

ifi
ca

n
tl

y
as

so
ci

at
ed

w
it

h
A

l-
to

le
ra

n
ce

(P
\

0
.0

3
)

am
o

n
g

1
8

8

cu
lt

iv
ar

s

N
am

e
C

o
d
e

O
ri

g
in

R
R

E
(%

)
M

ar
k
er

lo
cu

s-
al

le
le

S
at

t2
0
9

S
at

_
3
6
4

S
at

t2
8
6

S
at

t0
0
5

S
at

t1
8
6

S
at

_
2
4
0

S
at

_
1
7
4

G
M

E
S

0
0
6
9

S
ct

_
1
9
0

S
at

t2
8
4

G
M

E
S

1
7
0
3
a

A
2
1
0

A
2
1
9

A
4
2
5

A
4
3
7

A
2
1
9

A
2
2
8

A
1
5
9

A
1
8
6

A
2
6
7

A
2
5
8

A
2
1
4

A
2
6
8

A
2
1
9

A
2
3
7

A
1
6
2

A
1
5
9

A
2
6
7

A
2
5
8

A
2
8
5

A
2
5
8

A
1
7
9

A
1
7
6

N
2
5
3
8
8

8
5

S
D

9
3
.7

3
H

H
H

H
H

H
H

H

N
2
5
0
1
9

8
6

S
D

9
1
.1

8
H

H
H

H
H

N
0
9
1
2
5
.1

8
7

S
D

8
9
.4

7
H

H
H

H
H

H

N
2
3
7
7
4

1
4
2

S
D

8
8
.1

9
H

H
H

H

N
0
2
9
5
1
.1

3
JX

8
6
.4

6
H

H
H

H

N
0
0
6
0
9
.1

1
5

S
D

8
5
.2

6
H

H
H

H

N
0
3
2
8
6

5
7

S
D

8
4
.2

3
H

H
H

H

N
0
4
9
7
8

5
8

S
D

8
3
.1

6
H

H
H

H
H

H

N
2
3
6
8
8

5
9

S
D

8
2
.2

8
H

H
H

N
0
0
6
6
6

8
8

S
D

8
1
.0

5
H

H
H

H
H

N
2
5
4
3
5

1
8
4

B
J

8
0
.3

6
H

H
H

H
H

N
0
0
6
1
7

1
3
7

JS
8
0
.3

5
H

H
H

H

N
0
4
9
3
0
.1

1
4
4

B
J

7
9
.0

1
H

H
H

H

N
0
6
8
3
1
.1

9
8

S
H

7
8
.4

7
H

H

N
0
0
0
1
3
.1

2
JS

7
8
.4

6
H

H
H

H
H

N
0
1
1
9
7
.2

1
1
2
7

Z
J

7
7
.1

9
H

H
H

N
1
0
4
9
7
.1

1
8
8

S
C

7
7
.0

6
H

H
H

N
2
3
7
8
7

2
2

S
C

7
6
.3

5
H

H

N
0
9
1
1
7

1
3
1

S
D

7
6
.2

8
H

H
H

N
0
9
5
8
0

6
3

S
D

7
5
.2

9
H

H
H

N
0
1
5
9
9
.1

1
3
0

H
U

7
5
.2

6
H

N
2
0
6
4
6

6
5

G
Z

7
5
.2

2
H

H
H

N
2
4
4
5
2

9
4

H
E

7
4
.4

8
H

H
H

N
0
1
0
1
0

7
9

JS
7
4
.3

2
H

H
H

H

N
N

1
1
3
8
-2

6
8

JS
4
4
.6

7
H

H
H

H

B
J

B
ei

ji
n
g
,

G
Z

G
u
iz

h
o
u
,

H
E

H
en

an
,

H
U

H
u
n
an

,
S
C

S
ic

h
u
an

,
S
D

S
h
an

d
o
n
g
,

S
H

S
h
an

g
h
ai

,
JS

Ji
an

g
su

,
JX

Ji
an

g
x
i,

Z
J

Z
h
ej

ia
n
g
,
H

in
d
ic

at
es

p
re

se
n
ce

o
f

th
e

fa
v
o
ra

b
le

al
le

le
.

N
N

1
1
3
8
-2

is
an

in
to

le
ra

n
t

ch
ec

k

1670 Theor Appl Genet (2013) 126:1659–1675

123



is in fact a small sample of the matrix that breeders can

design to formulate their crossing plans to combine

favorable alleles into one individual. For example, it is

possible to improve the elite accessions in Table 8 for their

tolerance to Al-toxicity by choosing parents with their

genetic constitutions complementary to each other. For

example, accession ‘‘No. 85’’ (N25388) having 8 favorable

alleles can be crossed with the accession ‘‘No. 68’’

(N05461) with two different favorable alleles, Satt186-

A258 and Sat_240-A214. Accession ‘‘No. 137’’ (N00617)

with another favorable allele Satt284-A285 was used as a

parent to develop lines in which all the 11 loci have

favorable alleles. Therefore, marker-assisted design of

crosses based on a QTL-allele matrix can be practised

based on the known genetic information. If the genetic

information can be provided for all traits of interest in

breeding programs, the marker-assisted design of crosses

can be used for the improvement of multiple traits, and it

can be facilitated using computer programs for analyzing

large matrix data. We propose to designate this kind of

marker-assisted pairing of crosses as the QTL-allele matrix

method and we propose that this method has potential for

improving traits in marker-assisted breeding programs.

Discussion

The relative consistency of QTL mapping results

among indicators of Al-tolerance

In a recent study, Korir et al. (2011) used the same RIL

population to map QTL conferring Al-tolerance under

greenhouse sand culture. Three growth-related indicators

for Al-tolerance, namely relative total plant dry weight

(RTDW), relative shoot dry weight (RSDW) and relative

root dry weight (RRDW) were analyzed for genetic

architecture. RTDW showed relatively higher correlations

and shared marker regions with RSDW and RRDW. Three

types of QTL, i.e. four additive QTL, four epistatic QTL

pairs and collective unmapped QTL, were identified for

RTDW, and similar results were found for RSDW and

RRDW. Additionally, one major QTL linked to marker

region GMKF046-Sat_128 on LG B1 was shared by the

three traits. In the present study, the popularly used RRE in

hydroponics culture (Villagarcia et al. 2001) was used for a

fast and feasible evaluation of Al-tolerance. As a com-

parison, the results obtained in our study were similar to

that of the previous study by Korir et al. 2011, i.e. four

additive QTL were detected, with one on LG B1 located

close to that of RTDW, RSDW and RRDW and another on

LG K close to that of RTDW. In addition, the proportions

explaining the total phenotypic variance of the three types

of QTL were also similar to the other indicators, especially

RTDW. The comparisons further confirm all the four

indicators can be used for evaluation of Al-tolerance of

young seedlings of soybeans.

The rationality and structure of the tested population

in association mapping of Al-tolerance QTL

Previous studies for Al-tolerance QTL showed the number

of QTL detected was limited and depended on the genetic

background of the population (Bianchi-Hall et al. 2000; Qi

et al. 2008). Chinese cultivated soybean has been shown to

exhibit geographic differentiation and genetic diversity

based on the region in which they were developed (Cui

et al. 2000; Dong et al. 2004). Our breeding materials are a

collection of cultivars released over many years in YCRV,

representing elite lines accumulated for genes and QTL

alleles for yield and abiotic stresses. Since these breeding

materials are genetically stable and well adapted to regio-

nal growing conditions, they were relevant genetic germ-

plasm for AM of Al-tolerance.

The cultivars showed a wide variability in RRE and high

heritability (90.2 %), much higher than that of RRE in a

diversity panel of maize (41 %) (Vargas-Duque et al. 1994;

Krill et al. 2010), indicating good control of random error

during phenotyping. This suggested high potential for

genetic improvement and dissection of Al-tolerance in

soybean. The relatively large sample size used for AM was

desirable because it would improve population differenti-

ation (Rosenberg et al. 2001) and increase detection and

allow determination of more alleles, even at low frequen-

cies. The model-based clustering analysis revealed seven

subpopulations roughly differentiated and coincided with

geo-ecological adaptation and cycles of cultivar improve-

ment. Population structure has been estimated from as low

as 20 (Rosenberg et al. 2001) to about 100 (Semon et al.

2005). As low as 15 SSR markers were effective to dif-

ferentiate among closely related individuals (Wilkening

et al. 2006). Therefore, the population used in this study

along with 43 SSR markers was thought to be applicable to

detection of the population structure for Al-tolerance.

In this study, extensive LD was detected among both

syntenic and nonsyntenic markers. The loci pairs with a

useful level of LD (i.e., r2 [ 0.1, P \ 0.01; Malysheva-

Otto et al. 2006) accounted for only 5.88 % of the total loci

pairs in LD (144 out of 2447 loci pairs in LD). The LD

rapidly decayed to a basal value of r2 C 0.1 occurring for

distances \25 cM suggesting it should be possible to

achieve resolution down to a 25-cM level. Variable LD

across the genome is due to several factors such as varia-

tion in recombination rate and selection, but the most

probable cause of the high-level LD in soybean is the

selfing system of mating, as reported in other self-polli-

nated crops (Malysheva-Otto et al. 2006; Nordborg and
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Tavare 2002). The extent of LD determines the number of

markers to cover the genome and consequently the resolution

level of mapping. For the soybean genome of *3,000 cM,

about 150–300 markers would be sufficient to conduct a

genome-wide association mapping.

One constraint of AM strategy is the easy detection of

spurious marker-trait association resulting from presence of

population structure (Flint-Garcia et al. 2005). The

GLM ? Q model that utilized population structure as a

covariate was used to account for effect of population

structure. At P \ 0.05, 20 markers statistically associated

with RRE were reduced to 11 and 6 markers when false-

positive error rate changed from 3 to 1 %, respectively.

These results demonstrate that the AM was able to detect

significantly more markers for Al-tolerance compared with

results from the previous biparental QTL mapping studies.

Association mapping combined with linkage mapping

in finding Al-tolerance loci and alleles

In this study, it was important to compare markers identi-

fied for Al-tolerance with AM against present linkage

mapping results and from previous analyses to demonstrate

the novelty of AM method. Four studies available in the

literature by Bianchi-Hall et al. (2000), Qi et al. (2008),

Korir et al. (2011) and Sharma et al. (2011) were used as

examples (Table 5). At P \ 0.03, 10 of the 11 marker loci

identified with AM were also detected with either the

present or previous LM while the remaining QTL on I was

detected only by the AM method. For example, the present

LM identified QTL on A2 at 133.3 cM while AM identified

marker Satt209 at 128.44 cM position (Table 5). Previ-

ously, QTL Altol 1-1 (Bianchi-Hall et al. 2000) was map-

ped in a 121.7–123.7 cM interval on A2 and was reported

in the public SoyBase website (www.soybase.org).

On B1, AM detected Sat_364 at 84.25 cM on Song

et al.’s map (2004), and in our study LM detected a QTL

in GmpTI_D-Sat_247 at 30.7 cM (confidence interval of

29.7–32.2 cM) (MCIM) or Sat_128-Sat_149 at 49.2 cM

(47.3–51.4 cM) (CIM) on present NJRIKY map with 834

markers. Previously, Sat_364 was located * 43.2 cM

apart from Altol 1-3 (47.3–51.4 cM) on B1 in Bianchi-Hall

et al. (2000). Qi et al. (2008) detected a QTL in GMKF046-

GMKF080 at 71.6 cM (65.4–78.0 cM) on B1 based on the

old NJRIKY map with 451 markers. Recently, LM detected

a QTL in GMKF046-Sat_128 at 45.9 cM (44.7–46.9 cM)

(MCIM) on B1 on NJRIKY map in sand culture (Korir

et al. 2011). The above results are cited in Table 5. Here,

Sat_364, Sat_247, Sat_128 and Sat_149 can be found on

Song et al.’s linkage map and GMKF046 linked to Sat_128

at different positions, 71.6 and 45.9 cM, on the old and

present NJRIKY map, respectively. The distances between

Sat_364 by AM and those by LM were about

30.24 * 34.52 cM on Song et al.’s genetic linkage map

and 16.05 * 36.35 cM on present NJRIKY map. It seems

that the QTL detected on B1 from LM in NJRIKY popu-

lation by Qi et al. (2008), Korir et al. (2011) and in the

present study are a same QTL. As for this QTL and the AM

locus, they might be different due to the above mentioned

distances. However, this is not necessarily true because

different mapping populations, Al-tolerance evaluation

methods, genetic linkage maps and genetic models of sta-

tistical analysis were used in respective studies. Therefore,

further work is needed for final confirmation.

As further examples, the AM marker loci (Satt005,

Satt186 and Sct_190) detected on D1b1 (75.29 cM), D2

(105.45 cM) and K (77.37 cM), respectively, corresponded

to QTL detected by previous LM in sand culture for

RTDW trait (Korir et al. 2011) at 82.7, 87.7 and 57.4 cM

positions, respectively. With AM, Satt284 located at

38.16 cM on L, and with linkage mapping, QTL was

located at 28.8 cM for RTDW (Korir et al. 2011) and

27.4 cM for RRE in present study. In Qi et al. (2008),

Satt186 (D2) and Satt284 (L) were located 2.5 and

11.4 cM, respectively, outside of the confidence intervals.

In Sharma et al. (2011), Satt286 (C2) and Sat_240 (F) were

located 14.4 cM and 7.6 cM outside of the confidence

intervals. These results further demonstrate that although

there were some differences in QTL positions between AM

and LM, the difference was not profoundly large for the

QTL to be declared different; therefore, it can reasonably

be stated that the AM study was an effective alternative to

linkage analysis.

In fact, AM can detect not only loci but also the number

of alleles for each locus. In the studies cited in Table 5,

only two alleles for each locus in each RIL population

could be detected by LM and the total number of alleles

cited in the three mapping populations was limited with a

maximum of 30 alleles. AM used released cultivars to

determine QTL with 76 alleles detected in total with 4–10

alleles detected for each of the 11 loci associated with Al-

tolerance. Therefore, the QTL mapping strategy of AM

combined with LM has potential in taking advantage of

AM to find more loci and alleles with the advantage of LM

to locate the QTL position on respective linkage groups.

Thus, there is potential using the two methods simulta-

neously to verify each other’s results.

The QTL mapping results for Al-tolerance in this study

suggested that the combination of AM and LM identified

markers Satt209, Sat_364, Sat_240 and Satt284. They were

the most valuable markers for MAS for Al-tolerance since

they were detected with different indicators both in the

present and previous studies and their contributions to

phenotypic variation were among the highest. This rea-

soning is in tandem with Vargas-Duque et al. (1994),

Storey and Tibshirani (2003) and Krill et al. (2010) that
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due to a predicted high rate for false discovery in AM, it is

important to test the markers identified from AM through

linkage mapping to ascertain consistency. However, the

one advantage of AM is that a great number of recombi-

nation events were sampled among 188 released cultivars.

As a result, more and new genetic factors were discovered

and it is probable that the QTL identified in our AM were

better resolved than in the linkage mapping studies.

Implications to breeding by design for Al-tolerance

In plant breeding, choosing parents and designing crosses for

effective recombination is the first step of a breeding plan.

The second step is to isolate elite candidates in segregating

populations by selection. For the first step, the QTL-allele

matrix method has provided a way of marker-assisted

genetic design for crossing plans which compose the major

part of breeding by design. According to Gai et al. (2012), the

key to a successful implementation lies on the accuracy of

the obtained QTL-allele matrices. If the QTL-allele matrices

are reliable, the crossing plans and progeny selections can be

carried out based on marker-assisted procedures. However,

if the QTL-allele matrices have only a relative precision on

genetic differences among the germplasm rather than on

marker alleles, it can be very successful in pairing crosses but

not the marker-assisted selection among progenies. In this

study, elite Al-tolerant cultivars from Yellow River Valleys

and Changjiang River Valleys were found with favorable

alleles indicating germplasm from both areas can be used as

donors to broaden genetic base through introduction of

germplasm from the other eco-region.

The application of genomic selection (GS) proposed by

Meuwissen et al. (2001) applied to breeding populations

using high marker densities is emerging as a solution to

marker-assisted progeny selection. GS is a form of MAS that

simultaneously estimates all locus or marker effects across

the entire genome to calculate genomic estimated breeding

values (GEBVs) for selection. The key process of GS is the

calculation of GEBVs for individuals having only genotypic

data using a model obtained from a ‘‘training population’’

with both phenotypic and genotypic data known (Habier

et al. 2009; Heffner et al. 2009; Hill 2010). The predicted

breeding values (GEBVs) are then used for selection of the

individuals without phenotypic data in the breeding cycle.

To maximize GEBV accuracy, the ‘‘training population’’

must be representative of candidates or lines selected in the

breeding program to which GS will be applied.

In addition to marker-assisted pairing of crosses, the

QTL-allele matrix procedure can be used also for progeny

selection through genotyping the segregants if a precise

QTL-allele matrix is available. It seems that the GS pro-

cedure and our breeding by design procedure based on a

QTL-allele matrix use similar philosophies of genome-

wide MAS. But they are different in that the former uses

the marker-trait information from a smaller ‘‘training

population’’ for estimating GEBVs of the selection candi-

dates while the latter uses the marker-trait information

(QTL-allele matrix) from a large germplasm population,

like our study, to estimate the genetic constitutions and

genotypic values of the selection candidates. The latter

method is based on the information of trait-QTL allele

composition and, therefore, might be more accurate and

intuitionistic than the former. Moreover, whereas GS

appears to perform better for traits with infinitesimal QTL

than those with a few major effect QTL, it is possible that a

model with fewer markers (such as the QTL-allele matrix)

will be a better choice for trait improvement than GS.

Tracing of the favorable alleles by pedigree indicated

each ancestor or parent had different favorable alleles that

might have transmitted to progenies. However, only some

progenies might have inherited the best alleles suggesting

some might have been lost in process of transition. This

implies that at least some of the favorable alleles were

descended from ancestor sources and were transmitted

down through several breeding cycles, which was up to six

or seven cycles in this study. The pedigree analysis further

showed that the presence of a favorable allele in a genotype

did not guarantee high tolerance to aluminum; however,

its presence is likely to be associated with higher toler-

ance than for a genotype without the allele. Further work

should be done to establish that desired alleles are trans-

mitted through a definite pedigree analysis system that

would correctly identify and mark loci for use in MAS. In

our study, the pedigree families had different numbers

of favorable alleles, suggesting sources other than toler-

ant parents transmitted favorable alleles and indicates

substantial Al-tolerance potential in recombination and

accumulation of favorable alleles from several sources in

future breeding.

In summary, AM combined with linkage mapping pro-

vides a powerful tool for uncovering potential candidate

QTL-allele matrix for marker-assisted breeding.

Acknowledgments The National Key Basic Research Program

(2009CB1184, 2010CB1259, 2011CB1093), the National Hightech R

& D Program (2011AA10A105, 2012AA101106), the Natural Sci-

ence Foundation of China (31071442) and the MOE 111 Project

(B08025) supported this work.

References

Agrama HA, Yan WG (2009) Association mapping of straighthead

disorder induced by arsenic in Oryza sativa. Plant Breed

128:551–558

Bianchi-Hall CM, Carter TE Jr, Bailey MA, Mian MAR, Rufty TW,

Ashley DA, Boerma HR, Arellano C, Hussey RS, Parrott WA

Theor Appl Genet (2013) 126:1659–1675 1673

123



(2000) Aluminum tolerance associated with quantitative trait

loci derived from soybean PI 416937 in hydroponics. Crop Sci

40:538–545

Breseghello F, Sorrells ME (2006a) Association mapping of kernel

size and milling quality in wheat (Triticum aestivum L.)

cultivars. Genetics 172:1165–1177

Breseghello F, Sorrells ME (2006b) Association analysis as a strategy

for improvement of quantitative traits in plants. Crop Sci

46:1323–1330

Buckler ES, Thornsberry JM (2002) Plant molecular diversity and

applications to genomics. Curr Opin Plant Biol 5:107–111

Campbell KAG, Carter TE Jr (1990) Aluminum tolerance in soybean:

I. Genotypic correlation and repeatability of solution culture and

greenhouse screening methods. Crop Sci 30:1049–1054

Ching A, Caldwell KS, Jung M, Dolan M, Smith OS, Tingey S,

Morgante M, Rafalski AJ (2002) SNP frequency, haplotype

structure and linkage disequilibrium in elite maize inbred lines.

BMC Genet 3:19. doi:10.1186/1471-2156-3-19

Cui Z, Carter TE Jr, Burton JW (2000) Genetic diversity patterns in

Chinese soybean cultivars based on coefficient of parentage.

Crop Sci 40:1780–1793

Delhazie E, Ryan PR (1995) Aluminum toxicity and tolerance in

plants. Plant Physiol 107:315–321

Dong YS, Zhao L, Liu MB, Wang ZW, Jin ZQ, Sun H (2004) The

genetic diversity of cultivated soybean grown in China. Theor

Appl Genet 108:931–936

Doyle JJ, Doyle JI (1990) Isolation of plant DNA from fresh tissue.

Focus 12:147–151

Fehr WR (1987) Principles of cultivar development, vol 1: Theory

and technique. McGraw Hill Inc, New York

Flint-Garcia SA, Thornsberry JM, Buckler ES (2003) Structure of

linkage disequilibrium in plants. Annu Rev Plant Biol 54:357–374

Flint-Garcia SA, Thuillet AC, Yu J, Pressoir G, Romero SM, Mitchell

SE, Doebley J, Kresovich S, Goodman MM, Buckler ES (2005)

Maize association population: a high-resolution platform for

quantitative trait locus dissection. Plant J 44:1054–1064

Foy CD, Fleming AL, Burns GR, Armiger WH (1967) Characterisa-

tion of differential aluminium tolerance among varieties of

wheat and barley. Soil Sci Soc Am Proc 31:513–521

Foy CD, Duke JA, Devine TE (1992) Tolerance of soybean

germplasm to an acid Tatum subsoil. J Plant Nutr 15:527–547

Gai JY (2006) Segregation analysis on genetic system of quantitative

traits in plants. Front Biol China 1:85–92

Gai JY, Chen L, Zhang YH, Zhao TJ, Xing GN, Xing H (2012)

Genome-wide genetic dissection of germplasm resources, and

implications for breeding by design in soybean. Breed Sci

61:495–510

Habier D, Fernando RL, Deckkers JCM (2009) Genomic selection

using low-density marker panels. Genetics 182:343–353

Heffner EL, Sorrells ME, Jannink JL (2009) Genomic selection for

crop improvement. Crop Sci 49:1–12

Hill WG (2010) Understanding and using quantitative genetic

variation. Philos Trans R Soc B: Bio Sci 365:73–85

Hirschhorn JN, Daly MJ (2005) Genome-wide association studies for

common diseases and complex traits. Nat Rev Genet 6:95–108

Hisano H, Shusei S, Sachiko I, Shigemi S, Tsuyuko W, Ai M,

Tsunakazu F, Manabu Y, Shinobu N, Yasukazu N, Satoshi W,

Kyuya H, Satoshi T (2008) Characterization of the soybean

genome using EST-derived microsatellite markers. DNA Res

14:271–281

Holland JB (2007) Genetic architecture of complex traits in plants.

Curr Opin Plant Biol 10:156–161

Institute SAS (2004) SAS Institute. Inc. SAS user’s guide. SAS

Institute, Inc., Cary

Jena KK, Mackhill DJ (2008) Molecular markers and their use in

marker-assisted selection in rice. Crop Sci 48:1266–1276

Kochian LV (1995) Cellular mechanisms of aluminum toxicity and

resistance in plants. Annu Rev Plant Physiol Plant Mol Biol

46:237–260
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