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Abstract We used a split-root system to determine the

timing for induction of the autoregulation of nodulation

(AUT) in Lotus japonicus (Regel) Larsen after inoculation

with Mesorhizobium loti. The signal took at least five days

for full induction of AUT and inhibition of infection thread

formation. Strain ML108 (able to nodulate but unable to fix

nitrogen) induced full AUT, but ML101 (unable to nodu-

late or to fix nitrogen) did not induce autoregulation. These

results indicate that Nod factor-producing strains induce

AUT, but that the nitrogen fixed by rhizobia and supplied

to the plant as ammonia does not elicit the AUT in

L. japonicus.
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Introduction

Nodules form on the roots of legumes under conditions

favoring rhizobial entry into a host plant’s root cells. Inside

the nodules, the rhizobia differentiate into nitrogen-fixing

bacteroids, which convert atmospheric nitrogen into

ammonia, a source of fixed nitrogen for the host legume. In

return, the host plant provides the rhizobia with photo-

synthates. Together, they form a symbiotic relationship

enabling the plant to survive in nitrogen-limiting environ-

ments. However, there is a limit to the effectiveness of this

environmentally important mutualism. Excessive root

nodulation can be detrimental to plant growth. For exam-

ple, many hypernodulation mutants, such as har1

(Wopereis et al. 2000; Nishimura et al. 2002), sunn

(Schnabel et al. 2005) sym29 (Sagan and Duc 1996), nts1

(Carroll et al. 1985a, b), and klavier (Oka-Kira et al. 2005)

grow poorly. Host legumes control nodule number by

autoregulation of nodulation (AUT), in which the presence

of existing root nodules inhibits further root nodule for-

mation. Reciprocal grafting experiments using wild type

and mutant plants have shown that the shoot is the principal

source of the systemic signal(s) contributing to AUT

(Delves et al. 1986; Francisco Jr. and Harper 1995; Krusell

et al. 2002; Nishimura et al. 2002; Oka-Kira et al. 2005;

Lohar and VandenBosch 2005).

In the split-root system, which was developed originally

for soybean by Kosslak and Bohlool (1984), the tip of the

main root of a seedling is removed resulting in the emer-

gence of lateral roots. The two roots are then individually

incubated an appropriate medium. One root is inoculated

first, then the second root some days later. Suppression of

nodulation of the second root after a given interval indi-

cates the time for the AUT signal to travel between roots.

There are several studies of the systemic regulation of root
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nodule formation using mutants of the model legume L.

japonicus in which AUT has failed (Krusell et al. 2002;

Nishimura et al. 2002; Oka-Kira et al. 2005). However,

basic information about the AUT response is still lacking.

In this study, we used a split-root system to investigate

1 the amount of time required for development of the

suppression of nodulation;

2 the effect of the AUT signal on infection thread

formation; and

3 the factors that induce AUT.

Materials and methods

Lotus japonicus Miyakojima MG-20 seeds were treated

with concentrated sulfuric acid for 10 min with gentle

agitation to weaken the seed coat, then washed four times

with sterile water in a sterile chamber. The seeds were

incubated for 20 min in 0.2% sodium hypochlorite solu-

tion. After washing with sterile water, the seeds were

germinated on 0.8% agar plates, which were incubated at

25�C in the dark for 3 days.

The rhizobial strains used in this study were M. loti WT

MAFF303099; ML108, which is strain ML001 containing

DnifH::aacC1 (gentamycin resistant); and ML101, which is

ML001 containing DnodAC::aacC1 (gentamycin resistant).

The growth medium used was a yeast-mannitol (YM)

medium. The strains were grown on YM agar medium

containing streptomycin at 500 lg/mL and gentamycin at

50 lg/mL.

A split-root system was prepared according to the

methods of Nishimura et al. (2002) with slight modifica-

tions. Adventitious root formation was induced by cutting

the hypocotyl of the seedlings. The seedlings were subse-

quently transferred to vermiculite, watered with B & D

medium containing 3 mM KNO3 to stimulate adventitious

root development, and incubated in a plant-growth cabinet

at 28�C with 16-h light/8-h dark for 30–40 days. When

adventitious roots of sufficient length were formed, plants

with two roots of equal size were selected. Each of these

roots was separately housed in a plant box (CUL-JAR300;

Iwaki, Tokyo, Japan) filled with vermiculite that had been

watered with B & D medium, and the plant was further

incubated for 1–2 days before the split-root experiments

began.

Adventitious roots prepared by the same procedure were

also used for another split-root system using Fåhraeus agar

plates. Plants were grown on 1.5% Fåhraeus agar plates

(Fig. 2a) with the center of the agar removed to create

separate root environments. Root A of this split-root sys-

tem was inoculated [bac (+)] or left uninoculated [bac (-)]

by M. loti followed by a second inoculation on root B with

M. loti strain MAFF303099 containing plasmid pFAJP-

cycA (Okazaki et al. 2007) with a time interval of seven

days between the first and second inoculations. Detached

root B was immersed in a fixative solution [10 mM MES

(pH 5.6), 300 mM mannitol, and 0.3% formaldehyde] for

10 min with vacuum, followed by three washes with

50 mM sodium phosphate (pH 7.0). The roots were then

immersed in a staining solution [1 mM X-glucuronide and

50 mM sodium phosphate (pH 7.0)] and were put under

vacuum for 5 min, followed by incubation at 37�C in the

dark. Samples were bleached in 70% ethanol after GUS

staining. Infection threads formation on root B was eval-

uated by microscopic observation seven days after the

second inoculation. Ten bac (-)-treated plants (approx.

54,400 root hairs) and nine bac (+) treated plants (approx.

43,400 root hairs) were analyzed, and visible, blue infec-

tion threads were counted.

To investigate whether mutant strains such as ML101

and ML108 induce AUT or not, root A was first inoculated

by wild type or mutant strain and root B was inoculated by

wild type strain seven days later (Fig. 3b).

The bacteria were cultivated in liquid YM medium at

28�C on a rotary shaker for three days. Cells were har-

vested by centrifugation and resuspended in sterile water to

make a cell concentration of 1.0 9 107 cells/mL. For

inoculation, 10 mL of this bacterial suspension were added

to one compartment of the split-root system. Twenty-eight

days after inoculation of root B (the second inoculation),

the number of nodules on each root was counted.

Paired t-tests were used to identify statistically signifi-

cant differences between root systems. Statistical

calculations were performed with Excel software (Micro-

soft, Redmond, WA, USA). P \ 0.05 was used as the

significance level.

Results and discussion

We prepared a split-root system with L. japonicus

according to the method of Nishimura et al. (2002) with

slight modifications. To find the minimum time interval for

the induction of AUT in L. japonicus, we inoculated one

side of a split-root system of L. japonicus Miyakojima

MG20 with M. loti MAFF303099 0, 1, 2, 3, 5, 7, or 9 days

after inoculation of the first side. As shown in Fig. 1, there

was no significant difference in root nodule number

between the two roots (labeled A and B) 28 days after

inoculation of root B when the interval was 0, 1, or 2 days.

After 3 days, however, the number of nodules on root B

was approximately 50% of that on root A, and 20% or less

when the second inoculation occurred 5, 7, or 9 days after

the first. These results show that the AUT response of L.

japonicus is detectable three days after the first inoculation
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and that full induction of the response occurs after five

days. This interval is longer than reported values of four

days for Glycine max (L.) Merr. (Kosslak and Bohlool

1984), two days for Trifolium subterraneum L. (Sargent

et al. 1987), and 30 h for Vicia sativa L. subsp. nigra (L.)

Ehrh. (van Brussel et al. 2002). The differences may be

because of the speed of translocation of the signals for

AUT, the condition of the split-root system, or the plant

size.

Interestingly, the total number of nodules per root sys-

tem (root A + root B) 7 or 9 days after the second

inoculation was significantly greater than that for shorter

time intervals (0–5 days). This increase was because of the

increase in nodule numbers on root A. To determine

whether the increase in nodule number was a consequence

of the difference in the length of time following the first

inoculation, we counted the numbers of nodules on root B

28 (28 + 0) days and 37 (28 + 9) days after inoculation of

root B; root A was uninoculated. Although there is a trend

toward more nodules (the average number of root nodules

was 6.9 after the shorter inoculation period and 7.5 after the

longer inoculation period), the numbers were not signifi-

cantly different (P = 0.05, t-test for paired comparison).

We next pursued the question of the stage of root nod-

ulation when the AUT signal from the shoot would

generate the most significant inhibitory effect. Surpris-

ingly, convincing answers to this question have not yet

been reported. We prepared another split-root system using

Fåhraeus agar plates (Fig. 2a). Root A of the split-root

system was inoculated with M. loti whereas the negative

control roots were left uninoculated. A time interval of

seven days between the first (root A) and second (root B)

inoculations was utilized to obtain full induction of the

AUT response. After seven days, M. loti MAFF303099

carrying a plasmid encoding b-glucuronidase for

visualizing infection threads by GUS staining was inocu-

lated into root B. Figure 2b shows a photograph of a root

hair on root B that contains a GUS-stained infection thread

when root A was left uninoculated. Infection thread for-

mation was evaluated by counting the number of root hairs

with infection threads seven days after inoculation on root

B. A significant difference in the percentage of root hairs

containing infection threads in the B roots, either left

uninoculated [bac (-)] or inoculated [bac (+)] was

observed (Fig. 2c). The percentage of root hairs for unin-

oculated roots [bac(-)] was approximately 0.8% whereas

the percentage of root hairs for M. loti-inoculated roots

[bac(+)] was drastically reduced to approximately 1/4 of

that of the uninoculated, bac (-), roots. These results

strongly suggest that the AUT signal affects the efficiency

of infection of rhizobia.

Fig. 1 Numbers of nodules (mean + SE) on roots A and B 28 days

after the second inoculation. n = 28 (0 days), 24 (1), 29 (2), 31 (3),

29 (5), 26 (7), and 15 (9). Bars indicated by the same letter are not

significantly different (P [ 0.05). Significant differences between

root A and root B are indicated by asterisks (P \ 0.05). White bars,

root A; black bars, root B; gray bars, root A + root B

Fig. 2 Effect of AUT signal on the formation of infection threads.

a Diagram of split-root system using 1.5% Fåhraeus agar plate. The

agar in the center of the dish (white strip) was removed. b Photomi-

crograph of root hair containing GUS stained infection thread on root

B of Lotus japonicus of which the root A was not inoculated (7 DAI

on root B). Scale bars = 50 lm. c Proportion of root hairs containing

infection threads on root B seven days after inoculation. Root B of

split-root system of Lotus japonicus was inoculated with M. loti
MAFF303099 possessing plasmid pFAJPcycA (2nd inoculation)

seven days after indicated treatment of root A (1st inoculation).

a and b are significantly different (P [ 0.05). Error bars indicate

standard error
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We tried to identify the factors that activate the AUT

signal in root A. Phytohormones such as abscisic acid

(ABA) and ethylene suppress root nodulation by inhibiting

infection events (Suzuki et al. 2004; Nakatsukasa-Akune

et al. 2005; Penmetsa and Cook 1997; Nukui et al. 2000),

so it is possible that root nodulation is inhibited by the

effect of the AUT signal on the endogenous concentration

of these phytohormones. Studies have also shown that

application of nitrogen compounds locally suppress root

nodule formation (Cho and Harper 1991). Using a split-

root system with Trifolium repens L. (white clover), Carroll

and Gresshoff (1983) reported that inhibition of nodulation

by applied nitrate was localized and nonsystemic. Although

there are several reports investigating the systemic effects

of various mutant rhizobia, such as nod gene or EPS

mutants, by the use of split-root system (Caetano-Anolles

and Bauer 1988; van Brussel et al. 2002), there is no clear

result that shows the effect on AUT of the loss of a gene

directly involved in nitrogen fixation.

We studied the systemic effect of nitrogen fixation by

rhizobia on root nodule formation in L. japonicus. Two

mutant strains of M. loti, ML108 (Y. Kawaharada and H.

Mitsui, unpublished data) and ML101 (H. Mitsui, unpub-

lished data) were used. ML108 was prepared by the

insertion of the gentamycin-resistance gene aacC1 into the

nifH gene of ML001 (Kawaharada et al. 2007), which is a

streptomycin-resistant strain derived from WT M. loti

MAFF303099. ML101 has an aacC1 insertion in the no-

dAC genes of ML001. The symbiotic phenotypes of

ML108 and ML101 are hence Nod+Fix– and Nod–Fix–,

respectively. The number of root nodules formed 28 days

after inoculation of ML108 was about twofold greater than

the number formed by wild type M. loti MAFF303099

(Fig. 3a). Because the difference between wild type and

ML108 is nitrogen fixation ability only, this result indicates

that nitrogen fixed by rhizobia limits the number of root

nodules. However, we cannot conclude from these data

whether the effect on the limitation of nodulation is sys-

temic or nonsystemic. We reasoned that if nitrogen fixed

by rhizobia induces the AUT signal from root A (systemic),

then the full AUT response should not be induced by

inoculation of root A with strain ML108; root A should be

hypernodulated. As shown in Fig. 3b, the number of nod-

ules on root B was clearly suppressed to the level of wild

type (full AUT response) by inoculation of root A with

ML108. This result shows that nitrogen fixed by rhizobia

does not induce the AUT signal in L. japonicus. This is the

first report to show that nitrogen fixed by rhizobia in situ

does not induce AUT.

The nod genes of strain ML108 were not modified,

although the nifH gene for nitrogen fixation was mutated.

Thus, suppression of root nodulation on root B is correlated

with the production of Nod factor by strain ML108.

Moreover, when root A was inoculated with strain ML101,

the number of nodules on root B was not affected com-

pared with the uninoculated control. The major difference

between ML108 and ML101 is the ability to synthesize

Nod factor, and thus these results indicate that the

Fig. 3 Numbers of nodules formed on root B after various treatments

of root A. Uninoc, no treatment; wild type, inoculation with M. loti
MAFF303099; ML108, inoculation with ML108; ML101, inoculation

with ML101. a Numbers of nodules (mean + SE) 28 days after

inoculation with various rhizobia. These plants were grown on B & D

plate containing 1.5% agar and 0.5 mM KNO3. n = 30 (wild type),

20 (ML108), and 20 (ML101). b Root B was inoculated seven days

after treatment of root A. Bars indicated by the same letter are not

significantly different (P [ 0.05). n = 10 (uninoc.), 26 (wild type),

14 (ML108) and 20 (ML101)
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production of Nod factor by inoculated rhizobia is suffi-

cient to induce the full AUT response in L. japonicus. The

reason why the number of root nodules of L. japonicus

inoculated by wild type was suppressed compared with that

of ML108 (Fig. 3a) is that nitrogen fixed by rhizobia only

locally (non-systemically) affects the number of root nod-

ules, whereas Nod-factor synthesis by rhizobia is required

for the systemic effect. Similarly, van Brussel et al. (2002)

reported that direct application of the rhizobial mitogenic

lipochitin oligosaccharide Nod factor to root A in a split-

root system of V. sativa subsp. nigra could partly induce

AUT even in the absence of rhizobia. These data strongly

suggest that additional factor(s) induced after inoculation

with nodulation-competent rhizobia is (are) required to

induce the full AUT response, as for L. japonicus. The

identity of these factors, however, is still unknown.
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