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Abstract Soybean research has found that nodule

traits, especially nodule biomass, are associated with

N2 fixation ability. Two genotypes, differing in nodule

number per plant and individual nodule weight,

KS4895 and Jackson, were mated to create 17 F3-

and 80 F5-derived RILs. The population was mapped

with 664 informative markers with an average

distance of less than 20 cM between adjacent markers.

Nodule traits were evaluated in 3-year field trials.

Broad-sense heritability for nodule number (no.

plant-1), individual nodule dry weight (mg nodule-1),

individual nodule size (mm nodule-1), and total

nodule dry weight (g plant-1) was 0.41, 0.42, 0.45,

and 0.27, respectively. Nodule number was negatively

correlated with individual nodule weight and size.

Nodule number, individual nodule weight, and size are

major components which likely contributed to

increased total nodule weight per plant. Composite

interval mapping (CIM) identified eight QTLs for

nodule number with R2 values ranging from 0.14 to

0.20. Multiple interval mapping (MIM) identified two

QTLs for nodule number, one of which was located

close to the QTL identified with CIM. Six QTLs for

individual nodule weight were detected with CIM, and

one QTL was identified with MIM. For nodule size,

CIM identified seven QTLs with R2 values ranging

from 0.14 to 0.27. Five QTLs for total nodule weight

were detected with CIM, one of which was located

close to a QTL identified with MIM. These results

document the first QTL information on nodule traits in

soybean from field experiments utilizing a dense,

complete linkage map.
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RIL Recombinant inbred line

SSR Simple sequence repeat

SNP Single nucleotide polymorphism

Introduction

A fundamental advantage of legume crops in agricul-

tural systems is the legume’s ability to supply much of

its own nitrogen needs through symbiotic nitrogen

fixation. The advantage of legume crops stems from

the large amounts of nitrogen required by a productive

crop and from the expense of nitrogen fertilizer

(Purcell 2009). Soybean grain, in particular, has

among the highest protein concentration of the major

grain crops (Sinclair and deWitt 1975) with a nitrogen

concentration of grain of approximately 6.4 g N/100 g.

The proportion of nitrogen in soybean grain at

maturity that is derived from nitrogen fixation ranges

from 25 to 50 %, in fertile soils with large amounts of

mineral nitrogen, to 80 to 94 %, in soils low in organic

matter and nitrogen (Harper 1987; Mastrodomenico

and Purcell 2012).

Nitrogen fixation in soybean occurs in root nodules

formed by the microsymbiont, Bradyrhizobium japon-

icum, infecting and colonizing root cortical cells (Gage

2009). Signaling between plant and bacteria is inti-

mately involved in the nodule-formation process

(Gage 2009). Grafting studies between supernodulat-

ing soybean mutants and wild-type soybean indicate

that lateral-root and nodule meristems send signals to

shoots which in turn respond with an inhibitor to the

roots, downregulating further nodulation (Caetano-

Annolès and Gresshoff 1991; Gage 2009).

Differences in nodulation have been noted among

soybean genotypes (Burias and Planchon 1990; Gre-

der et al. 1986; King and Purcell 2001; Nicolás et al.

2006; Sinclair et al. 1991; Tanya et al. 2005). Sinclair

et al. (1991) found differences in both nodule weight

per plant and nodule number per plant and that both of

these traits were significantly correlated with shoot dry

weight (0.40 B r B 0.70). Importantly, nodule weight

and seed yields are also positively correlated (Greder

et al. 1986; Burias and Planchon 1990). From three

small F3-derived populations (B46 lines each), Greder

et al. (1986) found broad-sense heritabilities for

nodule weight from indigenous B. japonicum symbi-

oses in field experiments to range from 0 to 0.66 and

with heritabilities over 0.50 when combined over three

locations for the three populations.

There have been only a few reports of nodule traits

being genetically mapped in soybean, and all of these

reports were from greenhouse experiments with a

limited genome coverage (Nicolás et al. 2006; Santos

et al. 2013; Tanya et al. 2005). For example, Nicolás

identified QTLs for nodule weight, nodule number,

and individual nodule weight in an F2 population of

160 plants, but only 45 informative markers were used

in the study. Tanya et al. (2005) also evaluated nodule-

related traits in 136 RILs from an F5-derived popula-

tion using 85 SSR markers. Although several QTLs

were identified for nodule traits by Tanya et al. (2005),

the genetic map did not provide complete genome

coverage and mapping methods were restricted to

single marker analysis and not confirmed by other

methods such as composite interval mapping. Santos

et al. (2013) described QTLs for nodule number and

individual nodule weight on a population of 157 F2:7-

derived lines using multiple-trait composite interval

mapping, although only 50 % of the genome was

covered with 97 SSRs.

Our objectives were to first determine inheritance

of nodule number, nodule weight, nodule size, and

individual nodule weight from a segregating soybean

population under field conditions. A second objective

was to determine QTLs for these traits.

Materials and methods

Derivation of a population of 97 RILs

Two soybean (Glycine max) cultivars, KS4895

(Schapaugh and Dille 1998) and Jackson (Johnson

1958) were mated as a female and male, respectively.

These two genotypes were chosen because previous

research had determined that Jackson had fewer

nodules per plant than did KS4895 and that the weight

of individual nodules from Jackson were greater than

those from KS4895 (Purcell et al. 2000; King and

Purcell 2001). Additionally, Jackson has prolonged N2

fixation during the early stages of drought compared to

most genotypes (Sall and Sinclair 1991) including

KS4895 (Purcell et al. 1997; King and Purcell 2001).

F2 seeds were harvested from F1 plants, and from the

F2 to F3 or F2 to F5 generation, the population was

advanced by the single seed descent method. All the
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seeds from individual F3 or F5 plants were threshed to

generate a total of 97 RILs from 17 F3- and 80 F5-

derived rows with a narrow range of maturity. For

genetic analysis, F3- and F5- derived lines were

combined, as described by Charlson et al. (2009), to

increase mapping resolution.

Phenotyping of nodule traits

Ninety seven RILs were evaluated for nodule number

(no. plant-1), individual nodule dry weight (mg nod-

ule-1), individual nodule size (mm nodule-1), and total

nodule dry weight (g plant-1) under irrigated condi-

tions. A randomized complete block design (RCBD)

was used for the field experiments. Field trials in 2000

(three reps), 2007 (one rep), and 2011 (two reps) were

conducted under irrigated conditions at Fayetteville, AR

(Lat. 368504}N, Long. 94810029}W). In all 3 years a

combination of F3- and F5-derived lines were used, but a

different number of RILs was used each year due to

availability of seeds. In 2000, 79 RILs were used; in

2007, 89 RILs were used; and in 2011, 86 RILs were

used. Sowing dates were 13 June 2000, 16 June 2007,

and 1 June 2011. Although the data in 2007 were from

only one replication, it was included in the QTL analysis

because data were collected on most RILs and it offered

an additional environment for evaluation.

All entries were planted in one- or two-row plots

(46 cm apart and 9.1 m long). Irrigation was initiated

with a sprinkler system at an estimated soil-moisture

deficit of 35 mm (Purcell et al. 2007). The soil at

Fayetteville was Taloka silt loam (Mollic Albaqulf:

fine, mixed, thermic) with 1.1 % organic matter and a

pH of 6.6. Intact root systems from three plants for

each RIL were carefully sampled from plants between

the V7 and V9 development stages (Fehr and Caviness

1977). Intact roots were excavated to a depth of

approximately 30 cm, washed in the field to remove

soil, detached from the shoots, sealed in plastic bags,

and transported to the laboratory. In the laboratory,

roots and nodules were stored at 5 �C until they were

washed again to remove any remaining soil. Nodules

were manually detached from roots, scanned with a

flat-bed scanner, dried, and weighed. Scanned images

were analyzed using SigmaScan Pro (V.5.0 Systat

Software Inc., USA) to determine nodule number and

the longest dimension of the ellipsoid nodules (indi-

vidual nodule size). Nodules were dried at 60 �C for at

least 4 days and weighed. Individual nodule weight

was determined as the quotient of total nodule weight

and nodule number. Nodule number and nodule

weight were expressed on a per plant basis.

Phenotypic data were analyzed using SAS 9.2 (SAS

Institute Inc., Cary, NC, USA, 2008). A mixed or fixed

model was used for analysis of variance (ANOVA),

and heritability estimates, and least square means (LS

means). Analysis of variance was performed on the

data collected each year or combined over years.

Normality was tested with LS means each year. A 5 %

false-positive value was chosen as a significant

criterion.

Genotyping of 97 RILs

Leaf tissue was freeze-dried in a lyophilizer (Model

18DX48SA, Botanique Preservation Equipment. Inc.,

Peoria, AZ, USA), ground to a fine powder with a

pulverizer (Garcia Manufacturing, Visalia, CA, USA),

and then DNA was extracted with the Maxwell 16TM

(Promega, Madison, WI, USA).

A combination of SSR and SNP markers were used

for genotyping. SSR markers were amplified using

PCR (Akkaya et al. 1995), and amplicons were

separated by electrophoresis in polyacrylamide gel

or by using an ABI 3730 XL sequencer (Applied

Biosynstems, Foster City, CA, USA). The Illumina

GoldenGate Assay with the BeadStation 500G (http://

www.illumina.com) was used to genotype 1,536 SNPs

using the USLP 1.0 array (Hyten et al. 2010). The

Illumina GenomeStudio software (Illumina, Inc., San

Diego, CA, USA) was used to call SNP alleles.

Additional SNPs that were excluded in USLP 1.0

markers were genotyped with a KASP (K-Bioscience,

Hoddesdon Herts, UK), and these SNPs were analyzed

by a LightCycler 480 (Roche Applied Science, Indi-

anapolis, IN, USA) based on endpoint genotyping. We

used the SNP number (ss#) assigned by the National

Center for Biotechnology Information, dbSNP. We

eliminated the first letters (ss) and four digits (1079)

from the dbSNP ss# to prevent errors in MapMaker 3.0

(Lander et al. 1987) and Map Manager QTX (Manly

et al. 2001).

QTL mapping

A description of the genetic map for this population has

been reported in detail previously (Hwang et al. 2013).
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In summary, 664 polymorphic markers were used to

construct the map, and using a minimum LOD value of

3.0, all sub-linkage groups were joined to give 20

chromosomes. Average distance between flanking

markers was less than 20 cM although the distance

between markers on some chromosomes exceeded

30 cM.

The software WinQTLCartographer 2.5.010 was

used for composite interval mapping (CIM, Zeng

1994) and multiple-trait analysis (Jiang and Zeng

1995) as a single-QTL model. For CIM, the stepwise

selection was used for background marker selection as

co-factors in the model. An alpha value of 0.05 was

used to avoid model over-fitting. The ML approach

(Weller 1986) with the EM algorithm (Meng and

Rubin 1993) was used for estimation of parameters in

the model. A 1,000-repetition permutation (Churchill

and Doerge 1994) was performed to find the genome-

wide critical likelihood ratio test (LRT) value accord-

ing to trait and year at an overall a value of 0.05. A

window size of 1 cM was applied to control back-

ground marker effects and produce a precise LOD

profile.

The main purpose of multiple-trait analysis was to

evaluate the significance of the interaction between a

QTL and years. A major difference between CIM and

multiple-trait analysis was the permutation step

calculating the threshold LRT. The same three traits

in 2000, 2007, and 2011 were jointly and indepen-

dently randomized with 1,000 repetitions to select

critical threshold LRT. Consequently, four types of

threshold values (i.e., 2000-, 2007-, 2011, and joint-

trait) were obtained. If the LOD value of joint-trait was

greater than the threshold value, the null hypothesis

(Ho: QTL 9 Year = 0) was rejected.

Multiple interval mapping (MIM) (Kao et al. 1999)

was applied in QTL Network (Yang et al. 2007, 2008)

as a multiple-QTL model. First, significant marker

intervals were identified by the marker-pair-selection

method (Piepho and Gauch 2001). Then, a one-

dimension (1D) genome scan was executed to identify

QTL controlling marker intervals. For the next step, all

possible epistasis between marker intervals were

identified. In a two-dimension genome scan, all

possible combinations of two loci were tested to

determine if they had a significant effect on each

nodule trait, regardless of whether or not loci were in a

QTL region (Yang et al. 2007, 2008). The statistical

significance of all tests was executed with an F-test.

The Bayesian estimation with Gibbs sampling (Wang

1994) was used in the MIM model. The permutation

test (1,000 times) was only performed in coefficient

numbers of new treatment effect terms at each

sequential model at an overall a value of 0.05. The

QTL Network produced an F-statistic profile instead

of a LOD score. Closely localized QTLs were

considered as one QTL in CIM when their 95 %

LOD intervals overlapped and in MIM when their

95 % confidence intervals overlapped.

Results

Phenotype data

The data for nodule number, individual nodule dry

weight (individual weight), individual nodule size

(size), and total nodule dry weight (total weight) in

2000 and 2007 field trials were collected at V8 to V9

(44–46 days after planting), whereas the phenotype

data in 2011 was obtained at V7 to V8 (36 days after

planting). The ANOVA in 2000 and 2011 indicated

significant (P B 0.05) differences for nodule number,

and the ANOVA in 2000 indicated significant differ-

ences for nodule size (Table 1). For 2000 and 2011,

the ANOVA was not significant for individual nodule

weight and total nodule dry weight. An ANOVA over

years for nodule number and total nodule weight

indicated that the main effects of RIL and Year and

their interaction were significant (P B 0.05, Table 1).

For individual nodule weight and size, the RIL effect

was significant, but the Year and RIL 9 Year effects

were not significant for either trait. Although the

RIL 9 Year interaction for individual nodule weight

and size were not significant, we conducted QTL

analysis for all nodule traits by years since the

RIL 9 Year interaction was significant for the other

traits (nodule number and total nodule weight). In

addition, LS means over years were determined for

individual nodule weight and nodule size for QTL

analysis.

We tested differences between the means of the

parents in 2000 and 2011 (Table 2, there were no

parental data in 2007). Parental differences were not

significant for any of the nodule traits. For all traits in

both 2000 and 2011, however, the range of the RILs

exceeded that of the parents, indicating the possibility

of transgressive segregation.
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The population means for nodule number, individ-

ual weight, size, and total weight averaged across

3 years were 78 (no. plant-1), 2.31 (mg nodule-1),

2.44 (mm nodule-1), and 0.19 (g plant-1) (Table 2).

Averaged means for the parents across the 2 years

were 61 (no. plant-1), 2.26 (mg nodule-1), 2.49 (mm

nodule-1), and 0.14 (g plant-1) for nodule number,

individual weight, size, and total weight, respectively.

Population means were close to mid-parent means

except for nodule number.

Since the CIM model for QTL analysis generally

assumes that traits follow a normal distribution, we

tested the hypothesis that residuals follow a normal

distribution and are independent for each trait each

year (Table 2). When progeny mean values were used

to test for normality, all nodule traits, except for

nodule number plant-1 in 2011, followed a normal

distribution. Although statistically not a normal dis-

tribution, the distribution of nodule number plant-1 in

2011 did not deviate greatly from a normal distribution

(Fig. 1). Therefore we proceeded with the QTL

analysis for nodule number plant-1 along with the

other traits.

The broad-sense heritability for nodule traits was

estimated on a progeny-mean basis over 3 years

(Knapp et al. 1985). Heritability for nodule number

plant-1, individual nodule weight, nodule size, and

total weight plant-1 across years was 0.41, 0.42, 0.45,

and 0.27, respectively (Table 1). Since the variances

of mean square of error (MSE) and the RIL 9 Year

interaction were greater than the variance of RILs, the

estimated heritability for nodule traits had low values,

indicating that environmental conditions (rather than

additive effects) played a major role in determining

phenotypes. Tanya et al. (2005) reported that herita-

bility in a greenhouse study for nodule number (no.

plant-1) and total weight (g plant-1) was 0.78 and

0.55, respectively. Similarly, Santos et al. (2013)

found that heritability for nodule number (no.

plant-1), individual nodule weight (mg nodule-1),

and total weight (mg plant-1) was 0.33, 0.27, and 0.33,

respectively.

Nodule number had a strong positive correlation

with total nodule weight with correlation coefficients

ranging from 0.57 to 0.74 (Table 3). Tanya et al.

(2005) reported that the correlation between nodule

number and total weight (g plant-1) was 0.58 in

soybean. Santos et al. (2013) reported that the

correlation between nodule number and total weight

(mg plant-1) was 0.64 in soybean. In pea, Bourion

et al. (2010) found that the correlation between nodule

number and total weight (g plant-1) ranged from 0.74

to 0.77 at vegetative and flowering stages and 0.86 at

beginning of seed filling. Tominaga et al. (2012)

demonstrated that the correlation between nodule

number and total weight (mg plant-1) was 0.52 in a

Lotus japonicus population. When nodule number was

regressed on total weight using average values of RILs

across years, the linear regression coefficient was

positive with a nodule number increase of 1.0 (no.

plant-1) increasing total weight by 0.0022 g plant-1

(Fig. 2). Differences in nodule number accounted for

approximately 49 % of the total weight variation in the

linear regression.

Individual nodule weight and size had a positive

relationship each year. The correlation between indi-

vidual nodule weight and size ranged from 0.76 to 0.84

among years (Table 3). Similarly, there was a consis-

tent positive correlation between individual weight

and total weight with the correlation coefficient

ranging from 0.33 to 0.64. Santos et al. (2013)

reported that the correlation between individual

weight and total weight was 0.24. In 2007 and 2011,

there was also a significant positive correlation

between total weight and size (r = 0.28 and 0.55,

respectively).

Previous research has reported that plants with few

nodules tend to have large nodules and vice versa

(King and Purcell 2001; Purcell et al. 1997; Singleton

and Stockinger 1983). In 2000 and 2007, there was a

negative correlation between nodule number and size

0
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Fig. 1 Frequency distribution of nodule number in the

KS4895 9 Jackson population in 2011. The solid line repre-

sents the normal curve
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(Table 3). Likewise, in 2000, there was a negative

correlation between nodule number and individual

nodule weight. Similarly, Santos et al. (2013) found a

negative correlation between nodule number and

individual nodule weight (r = -0.40).

Genetic mapping and QTL analysis

Nodule number plant-1 QTL

Eight QTLs for nodule number plant-1 were identified

with CIM across the 3 years (Table 4; Fig. 3). These

QTLs were located on Gm01 (1), Gm06 (2), Gm08 (1),

Gm09(1),Gm15(1), andGm20(2).TwoQTLspositioned

at 80.8 (identified in 2000) and 90.3 cM (identified in

2007) on Gm06 may be the same QTL considering their

overlapping 95 % LOD intervals. Additive effects ranged

from 5.0 to 15.5 (no. plant-1) and the R2 values ranged

from 0.14 to 0.20. The marker, BARC-047715-10388, was

closest to the QTL on Gm06 that had the highest additive

effect (15.5 no. plant-1). This marker also accounted for

20 % of the variation of nodule number plant-1. The

KS4895 allele on all LGs contributed to an increase in

nodule number plant-1. In previous research in soybean,

Tanya et al. (2005) found a QTL on Gm20 associated with

nodule number plant-1 close to the marker Satt440. The

marker Satt440 was very tightly linked with BARC-

062771-18047 (0.48 cM distance on consensus map),

which was identified as a QTL for nodule number plant-1

in our population. There was no significant QTL 9 Year

interaction for nodule number plant-1 when the multiple-

trait analysis based on CIM model was applied.T
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Two QTLs for nodule number plant-1 were identi-

fied with MIM and were located on Gm06 and Gm20

(Table 4; Fig. 3). One QTL (87.3 cM) on Gm06 was

very closely localized with the QTL (89.3 cM) identi-

fied by CIM in 2007. Both QTLs had the same marker,

BARC-047715-10388, as a nearest marker, and these

QTLs had overlapping 95 % LOD intervals in CIM and

C.I. in MIM. Additive effects based on MIM for the

QTLs on Gm06 and Gm20 were 8.2 and 5.2 (no.

plant-1), respectively. These two QTLs had a significant

QTL 9 Year interaction effects, which were 8.0 (no.

plant-1, P \ 0.001) on Gm06 and 6.6 (no. plant-1,

P = 0.0012) on Gm20 in 2007. In addition, there was an

interaction from a pair of loci that produced a significant

effect, although these loci were not identified as QTLs in

either CIM or MIM (data was not shown). One locus on

Gm04 and one locus on Gm19 had a significant

interaction effect of 3.8 (no. plant-1, P = 0.0061).

The markers BARC-053219-11764 (ss107923464) and

BARC-061089-17307 (ss107928331) were the nearest

markers for these two loci.

Individual nodule weight QTL

Six QTLs for individual nodule weight were detected

with CIM analysis by year (Table 4; Fig. 3). QTLs

were located on Gm07 (2), Gm17 (1), Gm18 (1), and

Gm19 (2). Additive effects ranged from 0.12 to 0.32

(mg nodule-1). The marker, BARC-060587-16731,

was closest to the QTL on Gm19, had the highest

additive effect (0.32 mg nodule-1), and accounted for

38 % of the variation. The Jackson alleles on Gm17,

Gm18, and Gm19 and the KS4895 alleles on Gm07

contributed to an increase in individual nodule weight.

Another QTL for individual nodule weight was

identified with MIM on Gm07 at 43.1 cM (Table 4).

This QTL was close to the two QTL identified on Gm07

in 2007 using CIM. The additive effect for this QTL

identified on Gm07 by MIM was 0.13 (mg nodule-1),

and the KS4895 allele contributed to an increase in

individual nodule weight as did the KS4895 allele for

both QTL on GM07 identified by CIM analysis. In both

CIM and MIM, significant QTL 9 Year or other

Fig. 3 Positions of QTLs for nodule traits based upon CIM in a

KS4895 9 Jackson population. The vertical lines on each side

of QTLs represent 95 % confidence intervals. Asterisk (*)

indicates mean positions of QTLs identified by MIM. Two

QTLs with asterisk on Gm01 and Gm06 were identified with

both models
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interactions were not detected for individual nodule

weight.

Because the RIL by year interaction term was not

significant for individual nodule weight, but the main

effect of RIL was significant, we also evaluated

possible QTLs for individual nodule weight using the

LS means for RILs over years. The CIM analysis using

LS Mean values for RILs over years identified two

unique QTLs that were not found in the QTL analysis

conducted by year (Table 4). These QTLs were

located on Gm01 and Gm05 and accounted for 15

and 12 % of the phenotypic variation, respectively.

For both of these QTLs, Jackson alleles conditioned an

increase in individual nodule weight.

Nodule size QTL

Seven QTLs for nodule size were identified with CIM

analysis by year (Table 5; Fig. 3). QTLs were located

on Gm01 (1), Gm04 (1), Gm05 (1), Gm06 (1), Gm15

(1), and Gm19 (2). Additive effects ranged from 0.06

to 0.10 (mm). The marker Satt713, closest to the QTL

on Gm04, had the highest additive effect, whereas the

marker BARC-060587-16731 on Gm19 accounted for

the highest phenotypic variance (27.2 %). The Jack-

son alleles on Gm01, Gm06, Gm15, and Gm19 and the

KS4895 alleles on Gm04 and Gm05 contributed to an

increase of size. There was no QTL detected using

MIM. In both CIM and MIM, there was no significant

QTL 9 Year or other interactions.

It appeared that four QTLs for nodule size on Gm06

(1), Gm15 (1), and Gm19 (2) had pleiotrophic effects

with QTLs for nodule number plant-1 and individual

nodule weight considering their overlapping 95 % LOD

intervals and strong phenotypic correlations (Table 3;

Fig. 3). In all cases for these QTLs, the additive effect

for a pleiotrophic QTL pair was in the expected direction

based upon correlations between traits. For example,

nodule number and nodule size were negatively asso-

ciated in 2000 (Table 3) and the allele contributing the

additive effect at the pleiotrophic QTL on Gm06 in 2000

for nodule number (80.8 cM) and nodule size (83.3 cM)

had opposing effects. Similarly, nodule size and indi-

vidual nodule weight were positively associated

(Table 3) and both pleiotrophic QTLs on Gm19 in

2011 had positive additive effects from the Jackson

alleles for nodule size and individual nodule weight.

As described for individual nodule weight, we also

conducted a QTL analysis for nodule size using LS

Mean values for RILs over years. This analysis

identified a unique QTL on Gm11 that accounted for

12 % of the variation and that was not identified in the

analysis conducted by year (Table 5).

Nodule weight plant-1 QTL

Five QTLs for total nodule weight plant-1 were detected

with CIM (Table 5; Fig. 3). QTLs were located on

Gm01 (1), Gm06 (1), Gm15 (2), and Gm18 (1) with

additive effects ranging from 0.01 to 0.05 g plant-1. The

marker BARC-007726-00090, closest to the QTL on

Gm01, had the highest additive effect and accounted for

the highest phenotypic variance (20 %). The KS4895

alleles on all chromosomes contributed to an increase in

total nodule weight. Significant QTL 9 Year interac-

tions for total nodule weight were not identified when

the multiple-trait analysis was applied. One QTL on

Gm01 for total weight seemed to have a pleiotrophic

effect with a QTL (77.6 cM) identified for nodule

number. The KS4895 QTL at this location appears to

confer a greater nodule number resulting in greater total

weight, which agrees with the expected response based

upon the phenotypic correlation between nodule num-

ber and total nodule weight (Table 3).

One QTL for total nodule weight plant-1 was

identified with MIM (Table 5). This QTL (79.5 cM) on

Gm01 was closely located with a QTL (80.6 cM) for

total nodule weight plant-1 identified by CIM in 2007.

Both QTLs had the same marker, BARC-007726-

00090, as a nearest marker. The additive effect for this

QTL was 0.02 (g plant-1) with the KS4895 allele

contributing to increased total nodule weight plant-1.

The QTL had a significant QTL 9 Year interaction

effects, which were 0.03 (g plant-1, P \ 0.001) in

2007 and 0.02 (g plant-1, P = 0.039) in 2011.

Neighboring traits and QTL

We also searched SoyBase (http://soybase.org/) for other

traits with QTL positions similar to the positions that we

found for nodule number plant-1, individual nodule

weight, nodule size, and total nodule weight plant-1. A

complete list of those QTLs is shown in Table 6. We have

described below those QTLs for traits that may have some

functional relationship with nodulation or nitrogen fixation

(e.g., yield, protein, nitrogen). QTLs for nodule number

plant-1 were close to QTLs for yield or seed weight (Orf

et al. 1999; Kabelka et al. 2004; Du et al. 2009), and seed
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protein or amino acid-related traits (Reinprecht et al. 2006;

Csanadi et al. 2001; Panthee et al. 2004, 2006; Primomo

et al. 2005). QTLs for individual nodule weight were

located near QTLs for seed protein (Reinprecht et al. 2006;

Panthee et al. 2004, 2006), and shoot N (Hwang et al.

2013). QTLs for nodule size were located near QTLs for

seed yield (Du et al. 2009; Kabelka et al. 2004), and seed

protein or amino-acid related traits (Kabelka et al. 2004;

Panthee et al. 2006). For total nodule weight plant-1, QTLs

were located near reported QTLs for glycitein content

(Primomo et al. 2005), seed protein, yield (Reinprecht et al.

2006), and seed weight (Hyten et al. 2004).

Discussion

Statistical power for QTL detection

All nodule traits we measured had low to moderate

heritability ranging from 0.27 to 0.45 when determined

Table 6 Other traits with QTL reported near the QTL positions for nodule traits identified in the KS4895 9 Jackson population

Nodule trait Gm# Year QTL position References related with other traits

Nodule number Gm06 2000 80.8 Seed protein/Yield (Kabelka et al. 2004)

Yield (Du et al. 2009), Photoperiod sensitivity/Beginning pod

R3 (Tasma et al. 2001)

Seed oil/Seed protein (Reinprecht et al. 2006), Seed yield/

Lodging (Orf et al. 1999), Plant height (Kabelka et al. 2004)

Gm01 2007 77.6 Glycitein content (Primomo et al. 2005), Reaction to

Sclerotinia sclerotiorum Infection (Arahana et al. 2001)

Gm08 2011 92.3 Seed abortion (Tischner et al. 2003), Seed weight/Seed yield

(Orf et al. 1999)

Individual nodule weight Gm17 2000 77.7 Shoot N (Hwang et al. 2013)

Gm18 2000 10.5 Seed protein/Flowering date/Lodging/Pod maturity date/Plant

height (Reinprecht et al., 2006)

Reaction to Fusarium solani Infection (Meksem et al. 1999)

Gm07 2007 45.4 Reaction to Helicoverpa zea damage (Narvel et al. 2001),

Reaction to Spodoptera litura damage (Komatsu et al. 2005),

Plant height (Guzman et al. 2007)

Gm19 2011 99.7 Seed glutamine content/Seed leucine content/Acidic glycinin

subunit content (Panthee et al. 2004, 2006)

Leaf area (Orf et al. 1999)

Nodule size Gm06 2000 83.3 Seed protein/Yield (Kabelka et al. 2004)

Yield (Du et al. 2009), Photoperiod sensitivity/Beginning pod

R3 (Tasma et al. 2001)

Gm01 2007 3.5 Seed isoleucine/Seed aspartic acid/Seed leucine/Seed

glutamine/Seed tryptophan content (Panthee et al. 2006)

Seed oil (Qi et al. 2011)

Gm15 2007 12.3 Seed abortion ((Tischner et al. 2003)

Gm19 2011 97.5 Sucrose content (Kim et al. 2005), Pod maturity date (Wang

et al. 2004)

Total nodule weight Gm01 2007 80.6 Glycitein content (Primomo et al. 2005), Reaction to

Sclerotinia sclerotiorum Infection (Arahana et al. 2001)

Gm15 2011 5.7 Reaction to Helicoverpa zea (Terry et al. 2000), Leaflet length

(Orf et al. 1999)

Gm18 2011 51.1 Yield/Seed protein/Seed oil (Reinprecht et al. 2006), Yield/Pod

maturity date (Kabelka et al. 2004)

Seed weight (Hyten et al. 2004), Reaction to Sclerotinia

sclerotiorum Infection (Arahana et al. 2001)
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over the multiple environments. For nodule number

plant-1 and total nodule weight plant-1, there were

highly significant year by RIL interactions. Therefore,

QTL analysis for nodule number plant-1 and total

nodule weight was conducted separately for each year.

Conversely, for both individual nodule weight and

nodule size, the year by RIL interaction was not

significant but the main effect of RIL was highly

significant, and, therefore, for these traits we conducted

QTL analysis by year as well as over years.

Surprisingly, none of the QTLs identified in

individual years for either individual nodule weight

or nodule size were detected in the analysis conducted

over years. In fact, QTLs identified over years for

individual nodule weight and nodule size were on

completely different chromosomes from those identi-

fied in individual years. Phenotypic correlations of

individual nodule weight or nodule size had rela-

tively poor association among individual years

(0.16 B r B 0.39, data not shown), but correlations

of these variables for individual years with LS means

over years were much higher (0.53 B r B 0.83).

Because of the low heritability of individual nodule

weight and nodule size and because none of the QTLs

found in the analysis over years matched those found

by individual years, we question the reliability of the

QTLs identified by the analysis of LS means over

years. Nonetheless, we include these results as a

resource for future work mapping nodule traits in other

populations or environments.

We investigated the statistical power of detected

QTLs for nodule traits with the qtlDesign library in R

(Broman et al. 2003; Sen et al. 2007), which provided

a simulation approach with a single QTL model. The

minimum detectable QTL effect on individual nodule

weight was 0.17 (mg nodule-1) and the R2 value

of a QTL exhibiting this minimum QTL effect was

18.8 % using parameters to be considered from a

KS4859 9 Jackson population study. The data from a

KS4895 9 Jackson population indicated R2 values

ranged from 12 to 38 % and QTL effects ranged from

0.12 to 0.32 (mg nodule-1, Table 4). One QTL on

Gm18 had a R2 value of 12 % and an additive effect of

0.12 mg nodule-1, and this QTL had statistical power

less than 0.8. In the case of nodule number plant-1,

nodule size, and total nodule weight plant-1, we found

that the R2 value and additive effects from the

simulation had similar ranges as those from

KS4895 9 Jackson population study.

Separation of linked QTL

The genomic position of some QTLs were in close

proximity to the position of other QTLs, particularly

on chromosomes 19 and 20. To separate adjacent

QTLs, we used 5 cM as the minimum distance and 1

LOD as the minimum value to distinguish the top and

bottom of a QTL peak. For example, two QTLs for

nodule number on Gm20 in 2007 were detected by

CIM with close map positions of 74.9 cM and

84.3 cM (Table 4). Based upon our criteria for LOD

intervals, these adjacent QTLs appeared to be distinct.

However, the total phenotypic variance explained by

four QTLs in 2007 was high (69 %) considering the

broad-sense heritability of nodule number (0.32–0.41,

Table 1). Further evaluation with MIM indicated that

these two QTLs could be considered as one QTL

(73.9 cM). Therefore, there is a possibility that there is

one QTL in this region rather than two.

In case of the two QTLs on Gm19 (99.7 and

105.2 cM) for individual nodule weight, the total

phenotypic variance explained by three QTLs in 2011

was also high (82 %) for a trait with low broad-sense

heritability (0.13–0.42, Table 1). MIM failed to iden-

tify any QTL in this region, and it may be that there is

only one QTL in this area. In this same region on

Gm19, there were two QTL for nodule size that were

also close together (97.5 and 108.2 cM, Table 5) but

whose LOD intervals did not overlap. Given the

relatively low broad-sense heritability for nodule size

(0.23–0.45, Table 1), only one of these may be an

actual QTL. Determination if these QTLs on Gm19

and Gm20 are truly separate QTLs will likely require

careful phenotypic evaluation in a larger population.

Association of nodule traits with other traits

Several of the QTLs identified for nodule traits were

previously associated with yield or yield components

such as seed weight and seed oil or protein content

(Table 6). Previous studies reported that seed protein,

oil, and yield have been consistently reported as

having high phenotypic or genotypic correlations, and

most of the QTLs for these traits were pleiotrophically

co-localized (Chung et al. 2003; Hanson et al. 1961;

Helms and Orf 1998; Thorne and Fehr 1970; Wilcox

and Cavins 1995). Additional QTLs for nodule traits

were related with plant growth (photoperiod sensitiv-

ity, beginning pod, maturity date, flowering date,
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height and lodging) and biotic-stress against fungal

and insect pests. The population study by Tanya et al.

(2005) showed that the correlations coefficients

between N2 fixation activity from acetylene reduction

assay (ARA) and nodule number plant-1 or nodule

fresh or dry weight plant-1 were 0.44, 0.74, and 0.70,

respectively. Pazdernik et al. (1996) reported that the

correlation coefficients between ARA and nodule

number plant-1 or fresh weight plant-1 were 0.45 and

0.86, respectively. Additionally, Greder et al. (1986)

and Burias and Planchon (1990) reported positive

association between nodule weight plant-1 and yield.

These results indirectly imply that QTLs for nodule

traits can contribute to increased N2 fixation and yield.

With two exceptions, previously reported QTLs for

total nodule weight, individual nodule weight, nodule

number, and nodule size in soybean (Nicolás et al.

2006; Tanya et al. 2005; Santos et al. 2013) did not co-

localize with QTLs found in the current research. The

QTL for nodule number plant-1 on Gm20 (82.9 cM) in

2007 (Table 4) was close to the QTL for nodule

number plant-1 found by Tanya et al. (2005). Addi-

tionally, the QTL for nodule size that we found on

Gm11 using the combined data over years (Table 5)

was close to a QTL that Santos et al. (2013) reported

that had pleiotrophic effects on nodule number plant-1,

individual nodule weight, and shoot dry weight.

There are several reasons why other QTLs we

identified were not identified in previous research. Genetic

background of material from the U.S. (our research),

Korea (Tanya et al. 2005), and Brazil (Nicolás et al. 2006;

Santos et al. 2013) was likely different and may have had

unique loci associated with nodule traits. Also, earlier

reports used very limited genetic mapping information (45

markers by Nicolás et al. 2006, and 85 markers by Tanya

et al. 2005) to identify QTL compared to the current

research (664 markers), which may have precluded

discovery of QTLs in past research. Additionally, our

research indicated that environment may influence the

expression of nodule traits, and environmental effects on

nodule traits from plants grown in the field (current

research) versus a greenhouse (Nicolás et al. 2006; Tanya

et al. 2005; Santos et al. 2013) are likely quite large.

Possible mechanisms or factors affecting nodule

traits

In soybean, the Rj/rj loci have been associated with

nodulation responses since the 1950s (Williams and

Lynch 1954). Some loci have evolved naturally while

others were identified by artificial mutagenesis, allel-

ism and complementation tests, and genetic mapping.

The Rj7 allele confers autoregulation of nodulation in

the host plant (Caetano-Annolès and Gresshoff 1991;

Searle et al. 2003; Schnabel et al. 2005). Disruption of

nodule autoregulation with the rj7 allele results in

excessive or hypernodulation (Caetano-Annolès and

Gresshoff 1991), but there was no association of

nodule number with rj7 (Gm12) in our population.

The three recessive alleles, rj1 (nod49), rj5 (nod139-

1), and rj6 (nod139-2) result in a non-nodulation

phenotype (Williams and Lynch 1954; Indrasumunar

et al. 2010, 2011) and were investigated to determine if

individual or total nodule weight were associated with

these loci in our population. There were no QTLs

associated with rj1 (Gm02), but two of the markers

associated with rj6, Satt408 and Satt071 (Indrasumunar

et al. 2010), mapped closely to a QTL we found on

Gm01 (80.6 cM) in 2007 for total nodule weight based

upon CIM (Table 5). Interestingly, this same QTL for

total nodule weight on Gm01 (80.6 cM) had an

overlapping LOD interval with a QTL for nodule

number that we identified in 2007 (77.6 cM).

The QTL we identified for nodule size on Gm11

(0.0 cM) by CIM using combined data over years

(Table 5) was associated with rj5, which was cloned as

a NOD factor receptor gene (GmNFR5a) (Indrasum-

unar et al. 2010). Santos et al. (2013) reported that a

QTL in this region, identified by multiple-trait CIM

analysis, apparently had pleiotrophic effects on nodule

number, individual nodule weight, and shoot dry

weight.

Conclusion

We identified QTLs for nodule number, average

nodule weight, nodule size, and total nodule weight

under irrigated field conditions. These results repre-

sent the first QTL information on nodule traits in

soybean from field experiments using a dense and

complete linkage map. Because individual nodule

weight and total nodule weight are closely associated

with N2 fixation (Burias and Planchon 1990; Greder

et al. 1986; Pazdernik et al. 1996; Tanya et al. 2005),

we expect that our population study for nodule traits

will be helpful in selecting genotypes with increased

capacity for N2 fixation.
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