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Abstract Many legumes form nitrogen-fixing root nod-

ules. An elevation of nitrogen fixation in such legumes

would have significant implications for plant growth and

biomass production in agriculture. To identify the genetic

basis for the regulation of nitrogen fixation, quantitative

trait locus (QTL) analysis was conducted with recombinant

inbred lines derived from the cross Miyakojima MG-

20 9 Gifu B-129 in the model legume Lotus japonicus.

This population was inoculated with Mesorhizobium loti

MAFF303099 and grown for 14 days in pods containing

vermiculite. Phenotypic data were collected for acetylene

reduction activity (ARA) per plant (ARA/P), ARA per

nodule weight (ARA/NW), ARA per nodule number

(ARA/NN), NN per plant, NW per plant, stem length (SL),

SL without inoculation (SLbac-), shoot dry weight with-

out inoculation (SWbac-), root length without inoculation

(RLbac-), and root dry weight (RWbac-), and finally 34

QTLs were identified. ARA/P, ARA/NN, NW, and SL

showed strong correlations and QTL co-localization,

suggesting that several plant characteristics important

for symbiotic nitrogen fixation are controlled by the

same locus. QTLs for ARA/P, ARA/NN, NW, and SL,

co-localized around marker TM0832 on chromosome 4,

were also co-localized with previously reported QTLs for

seed mass. This is the first report of QTL analysis for

symbiotic nitrogen fixation activity traits.

Keywords Nitrogen fixation activity � Acetylene

reduction activity � Nodulation � Quantitative trait locus �
Recombinant inbred lines � Lotus japonicus

Introduction

Many legumes, such as soybean (Glycine max), pea (Pisum

sativum), chickpea (Cicer arietinum), and peanut (Arachis

hypogaea), are used in the human diet as sources of pro-

tein. To maintain the yield of these legumes, enormous

amounts of synthetic nitrogen fertilizer are applied to fields

each year. In the case of soybean, worldwide production

has been estimated to be 220 million tonnes per year,

requiring 22 million tonnes of synthetic nitrogen fertilizer

(FAO-STAT, http://faostat.fao.org/). This amount of fer-

tilizer represents 27% of the ammonia nitrogen fertilizer

produced per year and is equivalent to at least 44 billion m3

of natural gas used as a fuel. In addition, serious environ-

mental problems, such as the loss of excess nitrates and

nitrites to groundwater, are caused by the application of

synthetic nitrogen fertilizers. To address these problems,
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there is a worldwide movement toward the enhancement of

biological nitrogen fixation and away from dependence on

industrial nitrogen fixation.

Leguminous plants form nitrogen-fixing root nodules

following reciprocal signal exchange between the plant and

rhizobium bacteria (Zuanazzi et al. 1998; Hayashi et al.

2000; Hirsch et al. 2003). Studies of the regulation of

nodulation and nitrogen fixation activity have identified

mutants involved in the symbiotic relationship between

legumes and rhizobia. Although research on the early

stages of nodulation has advanced rapidly (Penmetsa and

Cook. 1997; Krusell et al. 2002; Nishimura et al. 2002a, b;

Oka-Kira et al. 2005; Schnabel et al. 2005; Gonzalez-Rizzo

et al. 2006; Murray et al. 2007; Tirichine et al. 2007;

Magori et al. 2009), the regulation of nitrogen fixation in

the host plant is less well understood. In the model legume

plant Lotus japonicus, only four loci related to nitrogen

fixation have been identified: ineffective greenish nodules1

(Ign1), stationary endosymbiont nodule1 (Sen1), symbiotic

sulfate transporter1 (Sst1), and fail in enlargement of

infected cells1 (Fen1) (Suganuma et al. 2003; Krusell et al.

2005; Kumagai et al. 2007; Hakoyama et al. 2009).

Mutants at these four loci are all Fix– in phenotype,

showing a loss of or defect in nitrogen fixation. The enf1

mutant, which we previously reported, showed elevation of

nitrogen fixation activity and enhancement of biomass

production without accompanying adverse growth effects

(Tominaga et al. 2009), but the gene has not yet been

mapped. So far, little of the knowledge of nitrogen fixation

genes obtained from studies of model legumes has been

applied to the improvement of leguminous crop plants.

Nitrogen fixation activity traits are controlled by mul-

tiple quantitative trait loci (QTLs) including 4 genes such

as Ign1, Sen1, Sst1, and Fen1 (Suganuma et al. 2003;

Krusell et al. 2005; Kumagai et al. 2007; Hakoyama et al.

2009). Although understanding of these QTLs is very

important for application to agriculture, there have been no

reports of QTL analysis for symbiotic nitrogen fixation

activity between legumes and rhizobia. One of the reasons

for this lack of information is that most legume crops have

features that make genetic analysis difficult, such as large

genome size or polyploidy and recalcitrance to transfor-

mation. Recently, genetic and genomic information on

L. japonicus, including a large-scale genomic DNA

sequence, DNA markers, and a high-density genetic linkage

map, have accumulated rapidly (Kawaguchi et al. 2001;

Gepts et al. 2005; Udvardi et al. 2005; Sato and Tabata 2006;

Sato et al. 2001, 2007, 2008); these tools have enabled us to

perform QTL analysis in this species. Moreover, consider-

able material resources such as seeds and DNA clones have

been collected and are available through the National

BioResource Project in Japan (http://www.legumebase.

brc.miyazaki-u.ac.jp/index.jsp).

Here, we carried out a QTL analysis of L. japonicus that

considered the following traits related to symbiosis: acet-

ylene reduction activity per plant (ARA/P), ARA per

nodule weight (ARA/NW), ARA per nodule number

(ARA/NN), NN per plant, NW per plant, stem length (SL),

SL without inoculation (SLbac-), shoot dry weight with-

out inoculation (SWbac-), root length without inoculation

(RLbac-), and root dry weight (RWbac-).

Materials and methods

Plant materials and growth conditions

A total of 142 and 117 L. japonicus recombinant inbred

lines (RILs) were used for mapping under inoculated and

non-inoculated growth conditions, respectively. The RILs

were derived from a cross between the lines Gifu B-129

(B-129) and Miyakojima MG-20 (MG-20). These lines

were self-pollinated to the F8 generation from F2 seeds

developed by Dr. M. Kawaguchi (National Institute for

Basic Biology) at the Kazusa DNA Research Institute. The

seeds were obtained from the National BioResource Pro-

ject at the Miyazaki University (http://www.legumebase.

brc.miyazaki-u.ac.jp/index.jsp) (Gondo et al. 2007).

Seeds of each recombinant inbred or parental line were

surface sterilized by immersion in sodium hypochlorite

[2% (v/v) containing 0.1% (v/v) Tween 20] for 20 min and

rinsed several times with sterile distilled water. After over-

night imbibition, the swollen seeds were sown in vermicu-

lite-filled pots that were watered with nitrogen-free B&D

medium (Broughton and Dilworth 1971) with or without

1.0 9 107 cells/mL Mesorhizobium loti MAFF303099

(Keele et al. 1969; Kaneko et al. 2000; Saeki and Kouchi.

2000), which had been grown in yeast–mannitol liquid

medium (Keele et al. 1969). The plants were grown at 24�C

under 16-h-light/8-h-dark conditions at a light intensity of

150 lmol m-2 s-1. In a pilot study, seeds were also sown on

0.8% (w/v) agar medium, and the plates were incubated at

24�C in the dark. After 3 days, the germinated seedlings

were transplanted onto B&D medium containing 1.5% (w/v)

agar and concomitantly inoculated with 1.0 9 107 cells/mL

M. loti per plant (Suzuki et al. 2011). The plants were grown at

24�C under 16-h-light/8-h-dark conditions at a light intensity

of 150 lmol m-2 s-1. Six plants out of nine plants grown in

vermiculite-filled pots or B&D medium containing 1.5% (w/v)

agar were randomly selected, investigated, and experimental

values per plant were calculated.

Correlation analysis

The data were used to calculate mean values for each line.

Correlations between the ten traits were analyzed by using
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the Ekuseru-Toukei 2008 software package (Social Survey

Research Information Co., Ltd., Tokyo, Japan).

QTL mapping

A total of 96 microsatellite markers chosen from a genetic

linkage map of L. japonicus were used for QTL mapping

within the LjMG RIL population (Hayashi et al. 2001; Sato

et al. 2001). The current marker positions and genotype

data for each RI line are available on the website; http://

www.kazusa.or.jp/lotus/RIline/index.html.

Interval mapping of each symbiotic trait was carried out

with the MapQTL 5.0 package (Van Ooijen 2004) using

the multiple QTL method (MQM). Cofactors were identi-

fied with the automatic cofactor selection option, and

MQM mapping was performed with a step size of 1.0 cM.

The logarithmic odds (LOD) significance threshold for

each trait was determined for a significance level of 5.0%

via a permutation test (1,000 replications; Churchill and

Doerge 1994). Moreover, considering the cumulative dis-

tribution function of the maximum LOD on a chromosome

for QTL analysis based on two QTL genotypes in an RI

family (Van Ooijen 1999), the LOD significance threshold

was determined to be 2.0 for a 5.0% significance level. The

QTL positions were assigned to the positions of maximum

local LOD scores.

Acetylene-reduction assay for nitrogenase activity

Nine plants grown in a vermiculite-filled pot watered with

B&D medium were inoculated with M. loti. Of these, six

randomly selected plants were placed in a 34-mL test

tube, which was then covered with a rubber serum

cap and degassed for 30 s. Acetylene that was diluted

five times was injected into the tube, which was then

incubated in a growth chamber at 25�C. After 2 h of

incubation, the amount of ethylene formed was determined

by gas chromatography (Suzuki et al. 2008; Tominaga et al.

2009).

Results

Symbiotic phenotypes of parent lines

To obtain reliable results in our QTL analysis, we looked

for conditions under which we could detect large, repro-

ducible differences in experimental values between MG-20

and B-129. We investigated symbiosis phenotypes (i.e.

ARA/P, NN, and NW) of both parental lines grown on

B&D agar medium or in vermiculite-filled pots watered

with B&D medium for 14, 21, and 28 days after inocula-

tion (DAI).

Most experimental values for symbiosis-related pheno-

types of plants grown in vermiculite were higher than those

of plants grown on agar medium at 14, 21, and 28 DAI

(Fig. 1). In the case of plants grown in vermiculite, ARA/P

and NW of MG-20 were significantly higher than those of

B-129 at all time points (Fig. 1a, b), and NN of MG-20 was

significantly higher than that of B-129 at 14 DAI (Fig. 1c).

Moreover, ARA/P and NW of B-129 grown in vermiculite

were very low at 14 DAI (Fig. 1a, b). The difference in

ARA/P between MG-20 and B-129 was the greatest in

plants grown in vermiculite and measured at 14 DAI

(MG20, 57.1; B-129, 7.5), and the standard deviations for

this treatment were small (MG-20, 1.9; B-129, 3.3;

P = 1.3 9 10-4; Fig. 1a). Therefore, we determined that

14 DAI was the best time for the analysis of symbiosis-

related traits in the RI lines.

Analysis of phenotypic variation in six symbiosis-

related traits and four non-symbiotic traits

Six symbiosis-related traits (ARA/P, ARA/NW, ARA/NN,

NN, NW, and SL) were measured in the LjMG RILs and

the parental lines at 14 DAI (Table 1). For each trait, the

most commonly obtained value among the RILs (indicated

by the peak in the histogram) was located between the

parental values (Fig. 2). In general, MG-20 grows faster

than B-129. To eliminate influence of the differences in

growth rate between MG-20 and B-129, we investigated

the LjMG RILs and the parental lines at 14 days after

sowing (DAS) without inoculation for four non-symbiotic

traits (SLbac-, RLbac-, SWbac-, and RWbac-). For

each trait except RWbac-, the most commonly obtained

value among the RILs (indicated by the peak in the his-

togram) was located between the parental values; for

RWbac-, the B-129 parental value was over the peak of

the histogram (Fig. 2). In symbiotic traits, each pair of

traits except for NN and ARA/NN showed a significant

correlation (Fig. 3). The greatest correlations were those

between ARA/P and ARA/NN (r2 = 0.88) and between

ARA/P and NW (r2 = 0.84). ARA/NW showed negative

correlations with the other five traits; all of the other sig-

nificant correlations were positive. In non-symbiotic traits,

each pair of traits except for SLbac- and RLbac-,

SLbac- and RWbac- showed a significant positive cor-

relation (Fig. 3). Moreover, SLbac- trait had strong cor-

relation with SL traits (r = 0.73), and also showed

significant positive correlation to symbiotic traits except

for ARA/NW.

QTL analysis by MQM

The LOD threshold at the 5% significance level was dif-

ferent for each trait: 3.5 for ARA/P, 3.4 for ARA/NN, 16.7
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for ARA/NW, 3.3 for NN, 3.2 for NW, 3.1 for SL, 2.7 for

SLbac-, 2.7 for RLbac-, 2.8 for SWbac-, and 2.7 for

RWbac-. In addition, considering the cumulative

distribution function of the maximum LOD on a chromo-

some for QTL analysis based on two QTL genotypes in an

RI family (Van Ooijen 1999), we determined the LOD

(C
2H

4
nm

ol
es

 / 
h 

/ p
la

nt
)

no
du

le
 n

um
be

r /
 p

la
nt

a

c f

eb

d

ac
et

yl
en

 re
du

ct
io

n 
ac

tiv
ity

no
du

le
 w

ei
gh

t /
 p

la
nt

(m
g)

Fig. 1 Symbiosis-related phenotypes of Lotus japonicus Miyakojima

MG-20 (MG-20) and Gifu B-129 (B-129) parent lines. Mesorhizo-
bium loti-inoculated plants were grown for 14, 21, or 28 days in pots

containing vermiculite watered with B&D medium (a–c) or grown on

B&D agar-solidified (1.5%, w/v) medium (d–f). a, d Acetylene

reduction activity per plant. b, e Nodule weight per plant. c, f Nodule

number per plant. A total of 18–24 plants were examined in each

experiment. Bars represent SD. Statistical significance is indicated by

asterisks (*P \ 0.05, **P \ 0.01, by Student’s t test)

Table 1 Averages and ranges of symbiosis-related traits for Lotus japonicus parents Miyakojima MG-20 (MG20) and Gifu B-129 (B-129) and

recombinant inbred lines (RILs) at 14 days after inoculation

Traita B-129 MG-20 RIL value Average of RIL value

ARA/P (C2H4 nmol h-1 plant-1) 8.2 42.1 0.03–55.2 18.8

ARA/NN (C2H4 nmol h-1 nodule number-1) 0.5 1.9 0.001–2.860 1.0

ARA/NW (C2H4 nmol h-1 mg nodule weight-1) 20.5 6.0 0.1–56.9 9.7

NN 2.1 3.5 1.5–5.7 3.1

NW (mg) 0.1 1.3 0.0–1.8 0.5

SL (cm) 1.7 2.9 0.8–3.6 2.1

SL bac- (cm) 1.5 2.5 0.8–3.6 1.9

RL bac- (cm) 4.5 7.0 2.0–15.7 5.9

SW bac- (mg) 1.1 1.8 0.4–2.9 1.2

RW bac- (mg) 0.5 0.7 0.1–1.6 0.5

ARA/P acetylene reduction activity per plant, ARA/NN acetylene reduction activity per nodule number, ARA/NW acetylene reduction activity per

nodule weight, NN nodule number per plant, NW nodule weight per plant, SL stem length, SL bac- stem length without inoculation, RL bac-

root length without inoculation, SW bac- shoot dry weight without inoculation, RW bac- root dry weight without inoculation
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significance threshold at 5.0% to be 2.0, so we used 2.0 as

the minimum LOD score for QTL detection in this study.

QTL positions were assigned at the positions of maximum

local LOD scores. A total of 34 significant QTLs were

identified for 9 traits, comprising 9 QTLs for nitrogen

fixation traits (ARA/P, ARA/NN, and ARA/NW), 6 QTLs

for nodulation traits (NN and NW), 10 QTLs for SL, and 9

QTLs for non-symbiotic traits (SLbac-, RLbac-, and

SWbac-) (Table 2; Fig. 4).

Traits related to nitrogen fixation activity (ARA/P,

ARA/NN, ARA/NW)

Four ARA/P QTLs were detected on chromosomes 2, 4 and

5; at each of the four loci, the B-129 allele was associated

with lower ARA/P. The QTL on chromosome 2 showed the

largest effect, explaining 15.1% of the total variation. Two

ARA/NN QTLs were detected on chromosomes 2 and 4;

again, the B-129 allele was associated with a lower value
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Fig. 2 Phenotypic values of

Lotus japonicus Miyakojima

MG-20 9 Gifu B-129

recombinant inbred lines. The

mean parental values are

indicated by arrows.

M Miyakojima MG-20, B Gifu

B-129; n = 6 for SLbac-,

SWbac-, RLbac-, and

RWbac-, n = 30 for SL,

n = 48 for ARA/P, ARA/NN,

ARA/NW, NW, and NN
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for the trait. These QTLs explained 11.1 and 8.5% of the

total variation, respectively. Three ARA/NW QTLs were

detected on chromosomes 3, 4, and 5. The B-129 QTL

alleles on chromosome 4 and 5 were associated with higher

ARA/NW and the allele on chromosome 3 was associated

with lower ARA/NW. The QTL on chromosome 3

explained 6.9% of the total variation, whereas those on

chromosome 4 and 5 explained 10.8 and 13.0% of total

variation, respectively. QLTs for ARA/P and ARA/NN

were co-located on chromosomes 2 (marker TM0002) and

4 (TM0832), and the additive effects of the B-129 allele

were negative for all four QTLs. QTLs for ARA/P and

ARA/NW were co-located on chromosomes 4 (TM0030–

TM0664) and 5 (TM0095), with additive effects in oppo-

site directions for the two traits (e.g., B-129 alleles were

associated with lower ARA/P but higher ARA/NW).

Traits related to nodulation morphology (NN, NW)

A single NN QTL was detected, on chromosome 3. This

QTL explained 21.6% of the total variation for this trait,

and the B-129 allele led to an increase in NN. Five NW

QTLs were detected on chromosomes 2, 3, 4, and 5. The

B-129 allele for the QTL on chromosome 3 was associated

with higher NW, and the B-129 allele for the QTLs on

chromosomes 2, 4, and 5 was associated with lower NW.

The QTL on chromosome 4 near TM0832 showed the

largest effect among the NW QTLs, explaining 8.9% of the

total variation for this trait.

Several of the NW QTLs were co-located with QTLs for

nitrogen fixation traits. The four NW QTLs on chromo-

somes 2, 4, and 5 were each co-located with a QTL for

ARA/P and sometimes with a QTL for ARA/NN. Among

the QTLs on chromosome 2 (TM0002) and one group on

chromosome 4 (TM0832), the B-129 alleles were associ-

ated with a reduction in all of the co-located traits; among

the other two groups (chromosome 4, TM0030–TM0664,

and chromosome 5, TM0095), the B-129 alleles at the co-

located QTLs had additive effects in different directions.

Traits related to plant growth (SL)

Because stem length is different between MG-20 and

B-129 (Table 1), we investigated it in the RILs at 14 DAI.

Ten SL QTLs were detected, with each chromosome

having at least one. The B-129 alleles on chromosome 3

and 6 were associated with increased SL; those on chro-

mosomes 1, 2, 4, and 5 were associated with decreased SL.

The QTL at TM0113–TM0805 on chromosome 1 showed

the largest effect, explaining 13.3% of the total variation in

SL. Two of the SL QTLs were co-located with ARA/P and

NW QTLs on chromosomes 4 (TM0832) and 5 (TM0095);

in each set, the B-129 alleles were associated with lower

values for each trait.

Traits related to non-symbiotic plant growth (SLbac-,

RLbac-, SWbac-, RWbac-)

In general, MG-20 grows faster than B-129. Therefore,

there is a possibility that the differences in symbiotic traits

(i.e. ARA/P, ARA/NN, ARA/NW, NW, NN, and SL)

observed between MG-20 and B-129 are simply due to

faster growth rate in MG-20. To confirm this, we investi-

gated the LjMG RILs and the parental lines at 14 DAS

without inoculation; non-symbiotic condition. Six SLbac-

QTLs were detected on chromosomes 1, 2, 3, 5, and 6. The

B-129 alleles on chromosome 3 and 6 were associated with

increased SLbac-; those on chromosomes 1, 2, and 5 were

associated with decreased SLbac-. The QTL at TM0027–

TM0063 on chromosome 1 showed the largest effect,

explaining 16.7% of the total variation in SLbac-. A single

RLbac- QTL was detected, on chromosome 5. This QTL

Fig. 3 Coefficients of correlation between six traits in Lotus japo-
nicus Miyakojima MG-20 9 Gifu B-129 recombinant inbred lines.

Values shown are significant at P \ 0.05. ns, not significant; ARA/P

acetylene reduction activity per plant; ARA/NW acetylene reduction

activity per nodule weight; ARA/NN acetylene reduction activity per

nodule number; NN nodule number per plant; NW nodule weight per

plant; SL stem length; SLbac-, stem length without inoculation;

RLbac-, root length without inoculation; SWbac-, shoot dry weight

without inoculation; RWbac-, root dry weight without inoculation
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explained 8.3% of the total variation for this trait, and the

B-129 allele led to a decrease in RLbac-. Two SWbac-

QTL were detected on chromosomes 1 and 5; the B-129

allele was associated with a lower value for the trait. These

QTLs explained 8.9 and 10.7% of the total variation,

respectively. There was no detection of the QTL for

RWbac- trait. Four of the SLbac- QTLs were co-located

with SL QTLs on chromosomes 1, 2, and 3; in each set, the

B-129 alleles at the co-located QTLs had additive effects in

the same directions. Two of the SWbac- QTLs were

co-located with SL QTLs on chromosomes 1 and 5 with

additive effects of the same directions.

Comparison of RILs classified by genotype

For each marker locus, we classified each of the 142 RILs as

either ‘‘MG-20 type’’ or ‘‘B-129 type’’ and then calculated the

mean value for each trait within each of the two genotype cat-

egories. We used Student’s t test to identify significant differ-

ences in trait values between the two genotypes at each locus.

Table 2 Summary of detected QTLs for symbiosis-related traits of L. japonicus

Traita Chromosome no. Marker or interval QTL position Confidence interval (cM) LOD R2 (%) Additive effectb

ARA/P 2 TM0550–TM0324 68.3 60.9–72.5 5.56c 15.1 -4.50

4 TM0256–TM0832 9.6 5.6–12.6 3.05 7.3 -3.08

4 TM0030 34.2 32.2–37.2 2.65 8.1 -3.39

5 TM0095 18.5 18.2–19.5 2.11 5.0 -2.55

ARA/NN 2 TM0550–TM0002 66.9 60.9–72.3 3.89c 11.1 -0.20

4 TM0256–TM0832 7.6 5.6–12.6 2.82 8.5 -0.17

ARA/NW 3 TM0203 62.1 60.1–66.8 2.39 6.9 -2.32

4 TM0664 37.2 33.2–43.0 3.50 10.8 3.00

5 TM1417–TM0095 18.5 13.2–21.5 4.93 13.0 3.27

NN 3 TM0083 38.8 35.2–41.8 6.07c 21.6 0.40

NW 2 TM0550–TM0324 63.9 60.9–72.5 3.10 7.7 -0.13

3 TM0203 67.8 63.1–69.8 2.36 6.0 0.11

4 TM0832 9.6 6.6–12.6 3.95c 8.9 -0.14

4 TM0030–TM0664 35.2 34.2–37.2 2.18 6.1 -0.12

5 TM0095 18.5 14.2–21.5 3.89c 8.8 -0.14

SL 1 TM0088 0.0 0.0 5.42c 7.6 -0.18

1 TM0113–TM0805 46.6 42.6–51.5 7.90c 13.3 -0.20

2 TM1150–TM0076 42.7 40.7–48.0 4.04c 6.6 -0.16

3 TM0996 22.1 21.1–24.1 2.25 3.4 0.10

4 TM0832 12.6 8.6–15.6 3.65c 6.1 -0.14

4 TM0266–TM0097 65.4 63.4–67.6 2.18 3.5 -0.10

5 TM1417–TM0095 16.2 13.2–21.5 3.68c 5.5 -0.14

5 TM0186–TM0341 38.7 35.7–43.5 5.09c 8.0 -0.18

6 TM0014 8.7 5.1–13.7 3.86c 5.7 -0.14

6 TM0139–TM0756 49.6 46.6–56.9 4.70c 7.1 0.15

SL bac- 1 TM0027–TM0063 3.0 0.0–8.8 7.50c 16.7 -0.28

1 TM0113–TM0805 49.5 42.6–51.5 8.04c 16.0 -0.26

2 TM1150 42.7 37.5–45.7 4.03c 8.1 -0.21

3 TM0996–TM0190 23.1 22.1–26.8 3.09c 5.8 0.15

5 TM0909–TM0849 24.1 22.1–27.5 2.83c 4.8 -0.14

6 TM0055 61.5 59.6–61.5 2.85c 4.7 0.15

RL bac-

SW bac-

5 TM0909 23.1 23.1 2.01 8.3 -0.68

1 TM0027 2.0 1.0–3.0 2.16 8.9 -0.13

5 TM0095–TM0909 20.5 18.5–24.1 2.82c 10.7 -0.14

a See Table 1 for explanation of trait
b Positive values indicate that B-129 allele increase for each trait, and negative values indicate that B-129 allele decrease for each trait
c Above the threshold established by the permutation test for each trait
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Figure 5 shows the results of comparisons for QTLs

on chromosomes 2, 4, and 5, which include co-localized

QTLs. For DNA markers linked to QTLs identified in

this study, the differences in mean experimental values

between the MG-20-type and B-129-type RILs were

larger than for other DNA markers on the same chro-

mosome (Fig. 5). Furthermore, the level of significance

was higher for differences at QTL-linked markers than

for other markers. In addition, even though no SL QTL

had been detected near TM0002 on chromosome 2, the

difference in values between MG-20-type and B-129-

type RILs for this marker was large and statistically

significant (Fig. 5).

Discussion

We sought to identify QTLs for symbiotic nitrogen fixation

activity traits in the leguminous model plant L. japonicus.

A total of 34 QTLs were identified for ten traits examined,

and many of these QTLs were co-located.

QTL studies of agronomic traits in legumes under

greenhouse conditions show that environmental factors

strongly influence QTL expression (Julier et al. 2007;

Gondo et al. 2007). Because nodule development and

nitrogen fixation activity are greatly influenced by the soil

condition and other environmental conditions, we con-

ducted a pilot study to find growth conditions under which

we could detect large, stable differences in experimental

values between parents MG-20 and B-129. Since the dif-

ferences in experimental values of ARA/P, NW, and NN

between MG-20 and B-129 were the largest and the stan-

dard deviation was the smallest when plants were grown in

vermiculite and measured at 14 DAI (Fig. 1), we judged

that these conditions were the most suitable for this QTL

analysis.

Gondo et al. (2007) investigated PH (plant height) QTLs

in the same L. japonicus RIL population as used here and

identified QTLs at TM0996–TM0190 on chromosome 3

and at TM0756–TM0336 on chromosome 6. These QTLs

were co-located with SL QTLs (Fig. 4; Table 2), but the

additive effects of the B-129 alleles were in opposite

directions. These differences in the direction of additive

effects might have been caused by different growth con-

ditions and measurement definitions in the two studies: PH

was defined by Gondo et al. (2007) as plant height from the

ground to the top of the branching plant at flowering,

whereas SL was defined here as the stem length from the

Fig. 4 Molecular linkage map of L. japonicus and the locations for

symbiosis-related QTLs. Circles containing arrowheads indicate the

positions of QTLs with significant LOD scores: the size of each circle

indicates the LOD score, as described in the figure key, and the

direction of each arrow indicates the direction of effect of the B-129

allele. Orange or blue circles indicate QTLs determined under growth

condition with or without inoculation, respectively
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ground to the top of the non-branching plant during the

vegetative stage. In any case, the DNA region around

markers TM0996 and TM0756 appears to regulate plant

height at both the vegetative and flowering stages.

There have been reports of QTL co-localization in crops

such as rice (Xiong et al. 1999), maize (Khavkin and Coe.

1997), and soybean (Zhang et al. 2004). Here, we found

groups of three or more QTLs co-located at TM0002 on
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Fig. 5 Comparison of L. japonicus RILs classified by genotype. The

142 RILs were divided into ‘‘MG20-type’’ and ‘‘B-129-type’’ on the

basis of genotype data at each DNA marker on a chromosome 2,

b chromosome 4, and c chromosome 5. The line graphs show the

average of experimental values for the RILs of each genotype at each

locus. Bars indicate significant differences calculated by student t test.

The relevant co-located QTL markers are enclosed with the square
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chromosome 2 (ARA/P, ARA/NN, and NW), at TM0832

on chromosome 4 (ARA/P, ARA/NN, NW, and SL), at

TM0030 on chromosome 4 (ARA/P, ARA/NW, and NW),

and at TM0095 on chromosome 5 (ARA/P, ARA/NW,

NW, and SL), with additive effects all in the same direction

except for ARA/NW (Fig. 4; Table 2). The correlations

between the six traits were consistent with these results:

there were significant positive correlations between ARA/

P, ARA/NN, NW, NN, and SL (except for NN with

ARA/NN), and significant negative correlations between

ARA/NW and the five other traits (Fig. 3). Furthermore,

the differences in phenotypic values between the MG-20-

type and B-129-type RILs were the largest for the DNA

markers linked to sets of co-located QTLs (TM0002,

TM0832, TM0030, and TM0095), and these differences

were highly significant (Fig. 5). These results suggest that

plant height is up-regulated in part by the same alleles due

to the increased nitrogen fixation activity caused by the

gain of nodule weight.

Four of the SLbac- QTLs were co-located with SL

QTLs on chromosomes 1, 2, and 3 with additive effects in

same directions. This result indicates that these QTLs were

caused by the differences of growth rate between MG-20

and B-129. On the other hand, symbiotic QTLs (i.e. ARA/P,

ARA/NN, ARA/NW, NW and NN) were not co-located

with SLbac- QTLs. These results strongly suggested that

symbiotic QTLs were distinguishable from non-symbiotic

QTLs. Moreover, confidence interval (CI) of the ARA/P,

ARA/NW, NW, and SL QTLs near TM0095 on chromosome

5 overlapped with that of SWbac-, but not with that of

SLbac- and RLbac-. Therefore, QTLs on chromosome 5 are

caused by symbiosis, but may be affected by the differences of

growth rate between MG-20 and B-129 weakly. Furthermore,

SL QTLs that were not co-located with SLbac- or symbiotic

QTLs on chromosome 4 (TM0266–TM0097), on chromo-

some 5 (TM0186–TM0341), and on chromosome 6 (TM0014,

TM0139–TM0756) may be not caused by the symbiosis and

the difference of growth rate between parents. In conclusion,

symbiotic QTLs have detected on chromosome 2 (TM0550),

on chromosome 3 (TM0083, TM0203), on chromosome 4

(TM0832, TM0030–TM0664), and chromosome 5

(TM0095). These results strongly suggest that the QTL

analysis at early stage of symbiosis (14 DAI) is effective to

detect significant symbiotic QTLs.

There are only four reports of symbiotic nitrogen fixa-

tion genes in L. japonicus: ineffective greenish nodules1

(Ign1), stationary endosymbiont nodule1 (Sen1), symbiotic

sulfate transporter1 (Sst1), and fail in enlargement of

infected cells1 (Fen1) (Suganuma et al. 2003; Krusell et al.

2005; Kumagai et al. 2007; Hakoyama et al. 2009). Inter-

estingly, the confidence interval (CI) of ARA/P, ARA/NN,

NW, and SL QTLs at TM0832 on chromosome 4 over-

lapped with that for the Sen1 locus (8.4–8.8 cM)

(Suganuma et al. 2003; Sandal et al. 2006). Furthermore,

the QTLs of ARA/P, ARA/NN, NW, and SL that are co-

located near TM0832 on chromosome 4 were found in the

same location as the QTLs Seed Mass-1 (linked to

TM0832; CI 8.6–12.6 cM) and Seed Mass-2 (linked to

TM0832; CI 6.6–15.6 cM) investigated by Klein and

Grusak (2009). (Seed mass was defined by Klein and

Grusak (2009) as the total seed mass per pot divided by the

number of seeds per pot). The seed mass QTLs were

mapped in the same L. japonicus RIL population as used

here, and for all of these co-located QTLs, the B-129

alleles led to reduced values for the trait (Fig. 4). It is

usually said that 70–80% of the nitrogen in soybean

accumulates during the seed filling period (Hanway and

Weber. 1971), so the nitrogen fixation activity during this

period greatly influences yield. Since the ARA/P, ARA/

NN, NW, and SL QTLs identified at 14 DAI were

co-localized with seed mass QTLs, we speculate that an

allele near TM0832 on chromosome 4 influences plant

growth and yield derived from regulation of nitrogen fixa-

tion activity at all growth stages from the vegetative growth

period to the reproductive growth period. Hence, the dif-

ference in DNA sequence around the TM0832 marker

between MG-20 and B-129 appears to be an important

target for molecular breeding.

Moreover, the CI of the ARA/P, ARA/NW, NW, and SL

QTLs near TM0095 on chromosome 5 overlapped with that

of the Sym7 locus (16.9–22.3 cM). The sym7 mutant is

Hist- (mutants have partially developed nodules) (Scha-

user et al. 1998; Sandal et al. 2006). Therefore, it appears

that a locus near TM0095 on chromosome 5 regulates

nitrogen fixation activity and plant growth derived from

regulation of nodule development, so this locus may be an

additional target for the improvement of legume crops.

Genetic studies in agronomically important legume

crops have been limited by large genome size, polyploidy,

and difficulty of transformation. To solve this problem,

model plants have often been used to identify agronomic

traits of interest, to create comparative maps (Choi et al.

2004; Cannon et al. 2006), and to perform synteny analysis

(Choi et al. 2004; Zhu et al. 2005). Here, a QTL for NN

was identified at TM0083 on chromosome 3, with an

increase in NN associated with the B-129 allele. This is the

first report of a QTL affecting nodule number in the model

legume L. japonicus; until now, the only report of an NN

QTL had been in pea (Pisum sativum) (Bourion et al.

2010). Although comparative analysis has revealed con-

servation between a region of chromosome 3 of L. japo-

nicus and chromosomes 3 and 5 of pea (Zhu et al. 2005),

the details of the corresponding genomic regions in each

plant have not been reported. In the future, advances in pea

genome research will allow us to conduct synteny analysis

of the NN QTLs between L. japonicus and pea.
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Because the full genome sequence of soybean is now

available (Schmutz et al. 2010), the application of

L. japonicus QTLs to soybean is expected to advance

rapidly. In rice, improvement in lodging resistance and

productivity has been achieved by QTL analysis combined

with positional cloning (Ookawa et al. 2010). The results of

our experiment identified important symbiosis-related

genomic regions, including alleles around TM0832 and

TM0095, and clearly showed that QTL analysis of symbi-

otic traits during vegetative growth periods can provide

valuable information for molecular breeding. Our future

efforts will be focused on the application of symbiotic QTLs

discovered in L. japonicus to the study and improvement of

legume crops.
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