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Abstract Plants exude strigolactones (SLs) to attract

symbiotic arbuscular mycorrhizal fungi in the rhizosphere.

Previous studies have demonstrated that phosphorus

(P) deficiency, but not nitrogen (N) deficiency, significantly

promotes SL exudation in red clover, while in sorghum not

only P deficiency but also N deficiency enhances SL exu-

dation. There are differences between plant species in SL

exudation under P- and N-deficient conditions, which may

possibly be related to differences between legumes and

non-legumes. To investigate this possibility in detail, the

effects of N and P deficiencies on SL exudation were

examined in Fabaceae (alfalfa and Chinese milk vetch),

Asteraceae (marigold and lettuce), Solanaceae (tomato),

and Poaceae (wheat) plants. In alfalfa as expected, and

unexpectedly in tomato, only P deficiency promoted SL

exudation. In contrast, in Chinese milk vetch, a leguminous

plant, and in the other non-leguminous plants examined, N

deficiency as well as P deficiency enhanced SL exudation.

Distinct reductions in shoot P levels were observed in

plants grown under N deficiency, except for tomato, in

which shoot P level was increased by N starvation,

suggesting that the P status of the shoot regulates SL

exudation. There seems to be a correlation between shoot P

levels and SL exudation across the species/families

investigated.
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Abbreviations

AM Arbuscular mycorrhizal

LC–MS/MS High performance liquid chromatography/

tandem mass spectrometry

MRM Multiple reaction monitoring

N Nitrogen

P Phosphorus

PR Primary root

SL Strigolactone

Introduction

Among mineral nutrients, plants require greater amounts of

nitrogen (N) than of any other mineral nutrients, except for

oxygen, carbon, and hydrogen. N availability is therefore a

major factor limiting plant growth in natural environments

(Epstein and Bloom 2005). Phosphorus (P) is also a major

limiting nutrient because of its low mobility in soil, and

plants may face P deficiency even in fertile soils. One of

the important plant strategies for acquiring N and particu-

larly P is to form symbiotic relationships with arbuscular

mycorrhizal (AM) fungi. Plant–AM fungus symbioses are

extremely ancient and more than 80% of land plants form

AM symbioses (Smith and Read 2008). Using fine external

hyphae, AM fungi absorb mineral nutrients from the soil
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outside the rhizosphere and translocate them to the host

plants. In turn, AM fungi obtain photosynthates from the

host plants.

Following spore germination of AM fungi, their hyphae

use carbohydrate and lipid reserves and grow, with some

nuclear division, to produce a coenocytic mycelium with

limited branching (Smith and Read 2008). An intensive

hyphal branching in response to host recognition can be

induced by a group of chemicals called ‘‘strigolactones’’

(SLs) that are released from plant roots. 5-Deoxystrigol

was the first SL isolated as a branching factor from root

exudates of Lotus japonicus (Akiyama et al. 2005).

Sorgolactone, another SL secreted from the roots of Sor-

ghum bicolor, was found to induce a rapid increase in

mitochondrial density and changes in the shape and

movement of organelles in AM fungi (Besserer et al.

2006).

SLs were originally identified as germination stimulants

for the seeds of the root parasitic plants, Striga spp. and

Orobanche spp. Striga and Orobanche parasitize the roots

of host plants, deprive water and nutrients from hosts, and

consequently negatively affect the growth of host plants.

Since the seeds of these root parasites can germinate only

when they perceive SLs, it seems that root parasitic plants

take advantage of SL as a host recognition signal that

plants secrete for commencing symbiotic relationships with

AM fungi.

In a previous study we demonstrated that in red clover P

deficiency enhances the exudation of orobanchol, one of

the major SLs exuded by this plant (Yoneyama et al.

2007a), whereas in sorghum, N deficiency as well as P

deficiency promotes the exudation and increased root lev-

els of 5-deoxystrigol (Yoneyama et al. 2007b). P deficiency

has been reported to enhance SL production in tomato

(López-Ráez et al. 2008). In rice plants, P deficiency

(Umehara et al. 2010) as well as N deficiency (Jamil et al.

2011) was shown to promote SL exudation. These different

responses of SL exudation to nutrient availability seem to

be related to plants’ nutrient acquisition strategies. The

structures of orobanchol and orobanchyl acetate have been

revised recently as shown in Fig. 1 (Ueno et al. 2011).

To date, most research regarding N acquisition by plants

has been focused on the association of legume root nodules

with bacteria, whereas the importance of AM fungus–plant

symbiosis has been mainly remarked on in the context of P

uptake. However, AM fungi supply N as well as P to host

plants (Ames et al. 1983; Johansen et al. 1996; Jin et al.

2005). Isotope labeling experiments revealed that AM

fungi take up nitrate and ammonium; assimilated arginine

is then translocated from the extraradical to the intraradical

mycelium, and finally ammonium is transferred to the host

plant (Govindarajulu et al. 2005). Therefore, AM symbio-

sis may play a much more significant role in the global N

cycle than has so far been widely believed (Smith and Read

2008). We hypothesize that, in leguminous plants, which

have a symbiotic relationship with root nodule bacteria and

can acquire N from them, SL production is promoted only

under P deficiency, whereas non-leguminous mycotrophic

plants such as sorghum may depend on AM symbionts for

the supply of both N and P.

In order to obtain deeper insight into the relationship

between SL exudation and the nutrient acquisition strategy

of plants, we examined the effects of N and P on plant

growth, shoot P levels and SL exudation in members of the

Fabaceae (Chinese milk vetch and alfalfa), Asteraceae

(lettuce and marigold), Solanaceae (tomato), and Poaceae

(wheat).

Materials and methods

Chemicals

Orobanchol was a generous gift of Emeritus Professor

Kenji Mori (The University of Tokyo). 5-Deoxystrigol,

[60-2H]orobanchol, and [60-2H]orobanchyl acetate were

kindly provided by Dr. Kohki Akiyama (Osaka Prefecture

University). [3a,4,4,5,5,60-2H6]5-Deoxystrigol was kindly

provided by Professor Tadao Asami (The University of

Tokyo). Orobanchyl acetate and sorgomol were purified

from root exudates of red clover (Xie et al. 2008a) and

sorghum (Xie et al. 2008b), respectively. The structures of

orobanchol and orobanchyl acetate have been revised

recently (Ueno et al. 2011). Although new names for these

SLs have been proposed, we will use the names orobanchol

and orobanchyl acetate as these have been used in

numerous reports published to date. The other analytical

grade chemicals and HPLC solvents were obtained from
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Fig. 1 Chemical structures of strigolactones quantified in this study

1198 Planta (2012) 235:1197–1207

123



Kanto Chemical Co. Ltd. (Tokyo, Japan) and Wako Pure

Chemical Industries Ltd. (Tokyo, Japan).

Plants

Seeds of Chinese milk vetch (Astragalus sinicus L. cv.

Pinkyfield), alfalfa (Medicago sativa L. cv. BRS511), let-

tuce (Lactuca sativa L. cv. Chirimensha), marigold

(Tagetes patula L. cv. Super), wheat (Triticum aestivum L.

cv. Chinese Spring), and tomato (Solanum lycopersicum L.

cv. Sekaiichi and Momotaro) were obtained from a local

supplier. Tomato (S. lycopersicum L. cv. M82) seeds were

generously supplied by Dr. Yaakov Goldwasser (Hebrew

University of Jerusalem, Israel).

Hydroponic culture

Hydroponic culture was conducted as described previously

(Yoneyama et al. 2007a, b). Plant seeds were surface-ster-

ilized in 70% ethanol for 2 min and then in 1% NaClO for

5 min. After thoroughly rinsing with sterile Milli-Q water,

the seeds were germinated on moistened filter paper in Petri

dishes for 2 days at 23�C (alfalfa, Chinese milk vetch, let-

tuce, marigold) or 28�C (tomato) in the dark. Wheat seeds

were kept moist at 5�C for 2 days and then subjected to a

temperature of 23�C. Seedlings (n = 10) were transferred to

a stainless steel sieve lined with a sheet of gauze moistened

by placing it on a plastic cup (9.5 cm in diameter, 17 cm

deep, approximately 550 ml in volume) containing 500 ml

tap water. The plants were grown in a growth chamber with a

14/10-h photoperiod at 120 lmol photons m-2 s-1 at 28�C/

25�C (tomato) or 23�C/20�C (other plants). Half-strength

Tadano and Tanaka (TT) medium (Tadano and Tanaka

1980) containing 2.43 mM N (1.43 mM NaNO3, 0.5 mM

NH4NO3), 0.16 mM NaH2PO4�2H2O, 0.5 mM K2SO4,

1 mM CaCl2�2H2O, and 1 mM MgSO4�7H2O was used as

the basal culture medium with 1 mM 4-morpholineethane-

sulfonic acid. The pH of all culture media was adjusted to 6.0

with KOH. The seedlings were grown hydroponically with

tap water for 5 days and in 1/2 TT medium for another

3 days. Plants were then subjected to each nutrient condi-

tion, with control plants subjected to 1/2 TT media only. The

respective N-deficient and P-deficient solutions were pre-

pared by, respectively, removing each element from the 1/2

TT media. After 10 days of acclimatization in the test media,

the growth media containing root exudates (plus washings)

were collected at 24-h intervals.

The effects of P and N concentrations in culture media

on SL exudation and shoot P levels were examined in

Chinese milk vetch. For P experiments, plants were pre-

incubated under –P conditions for 10 days and then

transferred to four different levels of P; 8, 20, 80, and

160 lM. For N experiments, N-deficient plants pre-

incubated under –N conditions for 10 days and were sub-

jected to different N levels: 0.12, 0.6, 1.2, and 2.43 mM.

After a 24-h incubation, culture media (plus washings)

containing SLs were collected.

The effects of increased P concentration in culture

media on SL exudation and shoot P levels were examined

in Chinese milk vetch grown under N deficiency. The

plants were grown under N deficiency (P concentration;

160 lM) for 10 days and then transferred to 320 and

640 lM P conditions or continuously grown in 160 lM P.

After a 24-h incubation, culture media (plus washings)

containing SLs were collected.

Extraction of SLs from root exudates

Extraction of SLs from plant root exudates was conducted

as described previously (Yoneyama et al. 2007a, b). The

growth media containing root exudates (plus washings),

approximately 450 ml per cup, were extracted three

times with an equal volume of ethyl acetate containing

orobanchol-d1 (200–2,000 pg), orobanchyl acetate-d1

(50–2,000 pg), and 5-deoxystrigol-d6 (50–500 pg) as

internal standards. Amounts of the internal standards were

adjusted to fall in the range of 1/10 to tenfold that of

endogenous levels of SLs. The ethyl acetate solutions were

combined, washed with 0.2 M K2HPO4 (pH 8.3), dried over

anhydrous MgSO4, and concentrated in vacuo to afford root

exudate samples. The samples were stored at 4�C until use.

Quantification of SLs

Quantification of SLs was conducted by high-performance

liquid chromatography/tandem mass spectrometry (LC–

MS/MS) as described previously (Yoneyama et al. 2007a,

b). HPLC separation was conducted using a U980 HPLC

instrument (Jasco, Tokyo, Japan) fitted with an ODS (C18)

column (Mightysil RP-18, 2 9 250 mm, 5 lm; Kanto

Chemicals Co. Ltd, Tokyo, Japan). The mobile phase was

70% methanol in water (v/v) and was changed to 100%

methanol 14 min after injection. The column was then

washed with 100% methanol for 20 min to elute all the

injected materials. The flow rate was 0.2 ml min-1, and the

column temperature was set to 40�C. Mass spectrometry

was performed using a Quattro LC mass spectrometer

(Micromass, Manchester, UK) equipped with an electro-

spray source. The gas used both for drying and nebulizing

was nitrogen generated from pressurized air in an N2G

nitrogen generator (Parker-Hanefin Japan, Tokyo, Japan).

The nebulizer gas flow was set to approximately 100 l h-1,

and the desolvation gas flow to 500 l h-1. The interface

temperature was set to 400�C, and the source temperature

to 150�C. The capillary and cone voltages were adjusted to

orobanchol and to the positive ionization mode. MS/MS
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experiments were conducted using argon as the collision

gas and the collision energy was set to 16 eV. The collision

gas pressure was 0.15 Pa. The transitions of m/z 353 to

256, 359 to 262, 367 to 270, 365 to 268, 369 to 272, 370 to

273, 411 to 254, and 412 to 255 were monitored for

5-deoxystrigol, 5-deoxystrigol-d6, didehydro-orobanchol,

solanacol, orobanchol (sorgomol), orobanchol-d1, oroban-

chyl acetate, and orobanchyl acetate-d1, respectively. Data

acquisition and analysis were performed using MassLynx

software (ver. 4.1). Quantification of sorgomol was con-

ducted using natural standard in a manner similar to that

described previously (Sato et al. 2003, 2005; Yoneyama

et al. 2007a, b). Data presented were mean values of three

experiments with ten plants each ±standard deviation.

P quantification in plant tissues

P quantification of plant tissues was conducted as described

previously (Yoneyama et al. 2007a, b). At the end of the

experiments, plants were harvested and separated into

shoots and roots. After oven-drying at 60�C for 72 h, dry

materials were ground by mill and decomposed by 13 N

nitric acid. P concentrations were then determined by the

vanado-molybdate yellow method (Nanamori et al. 2004).

Plant growth determination

After 10 days of acclimatization in the test media, plants

were harvested and separated into shoots and roots. In

wheat, the number of shoot and root branches could be

determined. Since no apparent shoot branching was

observed in the dicotyledonous plants grown under suffi-

cient nutrient conditions, we determined in these plants the

fresh weights and the number of leaves. In addition, we

also examined the effect of nutrient deficiencies on the root

system, but since the lateral roots were tangled, only pri-

mary root (PR) length was measured. Data presented show

average values of ten plants.

Statistical analysis

Results were analyzed by analysis of variance (JMP 7, SAS

Institute Inc., Cary, NC, USA) followed by Tukey’s honest

significance (HSD) test.

Results

Effects of N and P deficiencies on SL exudation

in legumes and non-legumes

We have previously demonstrated that alfalfa cv. BRS511

exudes orobanchol and orobanchyl acetate, and Chinese

milk vetch cv. Pinkyfield exudes sorgomol, orobanchyl

acetate, and 5-deoxystrigol (Yoneyama et al. 2008). Let-

tuce cv. Chirimensha and marigold cv. Super were found to

exude orobanchol and orobanchyl acetate (Yoneyama et al.

2011). In our preliminary studies, wheat cv. Chinese Spring

was found to exude orobanchol (data not shown). One of

the major SLs produced by tomato cv. M82 was oroban-

chol (Koltai et al. 2010). Therefore, amounts of these SLs

(Fig. 1) exuded over 24 h were quantified by LC–MS/MS.

In tomato cv. M82, there were no changes in orobanchol

exudation under N deficiency, but P deficiency signifi-

cantly increased orobanchol exudation by about 100-fold

compared with the controls (Fig. 2). Similar results were

obtained for tomato cv. Sekaiichi and Momotaro (data not

shown), which exude solanacol and didehydro-oroban-

chol(s) in addition to orobanchol. Since standards for these

compounds, other than orobanchol, were not available, we

have used the peak areas in LC–MS/MS chromatograms to

estimate the relative quantities of both solanacol and

didehydro-orobanchol(s). The areas of these SLs in root

exudates from the plants grown under –P conditions were

clearly larger than those of the controls, and N deficiency

did not affect exudation of these SLs (data not shown).

Therefore, tomato plants responded to P starvation by

promoting exudation of orobanchol, solanacol, and dide-

hydro-orobanchol(s) (López-Ráez et al. 2008).

On the tenth day of incubation under –N conditions, a

strong growth inhibition was observed in tomato plants

(Table 2). Therefore, in tomato, the growth inhibition due

to N deficiency may give rise to reduced SL exudation. To

investigate this possibility, the quantities of SLs were

analyzed in root exudates of tomato plants grown under N

deficiency for a short period, either 3 or 5 days. On the

third day of the incubation, there were no obvious differ-

ences in growth among the plants grown under –N condi-

tions, –P conditions, and the control conditions (data not

shown). On the fifth day, symptoms of N starvation became

visible, i.e., yellowing of leaves and suppressed growth. P

deficiency also started to negatively affect plant growth on

the fifth day (data not shown). Although distinct peaks of

orobanchol, solanacol, and didehydro-orobanchol(s) could

be observed in multiple reaction monitoring (MRM)

chromatograms of root exudates collected from the tomato

plants grown under –P conditions on the fifth and even on

the third day of the incubation in the test media, these

peaks could not be detected in the root exudates of tomato

plants grown under control and –N conditions (data not

shown). Therefore, in tomato, it is likely that only P defi-

ciency, as reported previously (Lopéz-Ráez et al. 2008),

but not N deficiency, influences SL exudation.

In Chinese milk vetch, exudation of sorgomol and

5-deoxystrigol was markedly promoted by P deficiency, by

about 14,000- and 1,000-fold, respectively, compared with the
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controls (Fig. 2). N deficiency also promoted SL exudation by

about 1,000- and 20-fold, respectively. However, neither P nor

N deficiency enhanced orobanchyl acetate exudation.

In alfalfa, only P deficiency promoted exudation of

orobanchol and orobanchyl acetate, as in the case of red

clover (Yoneyama et al. 2007a). In lettuce, wheat, and

marigold, SL exudation was enhanced by both N deficiency

and P deficiency, whereas in lettuce both P and N defi-

ciencies increased the levels of SL exudation to a similar

extent. In Chinese milk vetch, marigold, and wheat the

levels of SL exudation from the plants grown under P

deficiency were greater than those from the plants grown

under N deficiency (Fig. 2).

Effects of N and P deficiency on plant growth

N and P deficiencies negatively and profoundly affected

shoot growth; they decreased fresh weight and number of

leaves (Tables 1, 2). However, at the same time, both

nutrient deficiencies positively affected primary root (PR)

elongation. In alfalfa, Chinese milk vetch, and marigold,

there were no differences in PR length between the plants

grown under N- and P-deficient conditions. In lettuce, P

deficiency significantly promoted PR elongation, whereas

N deficiency did only slightly. In tomato and wheat, N

deficiency promoted PR elongation more significantly than

did P deficiency.

Root fresh weight response to N and P deficiencies varied

with plant species. The root fresh weight was increased by N

deficiency in Chinese milk vetch, but was decreased in let-

tuce, marigold, and tomato. These nutrient deficiencies,

however, did not affect root fresh weight in alfalfa and wheat.

In wheat, the number of shoot branches was decreased

by N deficiency as well as by P deficiency, and N starvation

reduced it more strongly (Table 2). The number of roots

was also suppressed by both N and P deficiencies.

Effects of N and P deficiencies on P levels in plant

tissues

P starvation significantly decreased P levels [mg g-1 dry

weight (DW)] in the tissues of both shoots and roots of

plants grown under conditions similar to those applied for

SL analyses (Table 3). Interestingly, P shoot levels varied

with plant species when they were grown hydroponically

under –N conditions. In tomato plants, N starvation greatly

increased P levels in both shoots and roots. In contrast, in

the other plants such as Chinese milk vetch, N deficiency

decreased shoot P level but increased root P level com-

pared with the controls.
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Fig. 2 Effects of –N and –P on

SL exudation in Chinese milk

vetch cv. Pinkyfield, alfalfa cv.

BRS511, lettuce cv.

Chirimensha, tomato cv. M82,

wheat cv. Chinese Spring, and

marigold cv. Super. Plants were

grown hydroponically and root

exudates were collected 10 days

after subjection to each nutrient

condition. White, gray, dark
gray, and black bars indicate

quantities of orobanchol,

sorgomol, orobanchyl acetate,

and 5-deoxystrigol [pg g-1 root
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respectively, exuded over 24 h.

Values are mean ± SD of three

replicates. Different letters
indicate statistically significant

differences according to

Tukey’s test (P \ 0.05)
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Table 1 Effects of –N and –P conditions on plant growth

FW (mg) Number of leaves Length (cm) of PR

Shoot Root

Chinese Control 128.7 ± 13.1 a 78.9 ± 6.3 b 4.6 ± 0.5 a 10.1 ± 0.6 b

milk vetch –N 81.8 ± 15.3 b 113.2 ± 16.4 a 3.0 ± 0.0 b 14.5 ± 2.4 a

–P 87.8 ± 17.2 b 108.9 ± 17.2 a 3.6 ± 0.5 b 15.1 ± 0.4 a

Alfalfa Control 217.7 ± 31.2 a 86.2 ± 9.8 a 5.0 ± 0.0 a 19.6 ± 3.1 b

–N 59.6 ± 15.4 c 73.5 ± 13.1 a 2.4 ± 0.5 c 31.9 ± 2.8 a

–P 124.8 ± 40.2 b 97.2 ± 21.2 a 3.6 ± 0.5 b 27.2 ± 2.8 a

Lettuce Control 324.4 ± 33.9 a 80.5 ± 5.7 a 4.6 ± 0.5 a 12.1 ± 0.7 b

–N 106.4 ± 14.4 c 38.6 ± 1.2 c 2 ± 0 c 13.1 ± 0.9 ab

–P 194.7 ± 27.9 b 61.2 ± 11.0 b 3 ± 0 b 13.7 ± 1.0 a

Tomato Control 817.8 ± 92.9 a 286.3 ± 62.9 a 3.2 ± 0.4 a 18.0 ± 1.5 c

–N 156.8 ± 24.8 c 80.4 ± 18.7 c 2.0 ± 0 b 39.5 ± 5.2 a

–P 328.5 ± 27.4 b 200.6 ± 39.6 b 2.6 ± 0.5 ab 26.0 ± 1.0 b

Marigold Control 982.2 ± 123.1 a 721.0 ± 98.5 a 5.4 ± 0.5 a 25.7 ± 2.2 b

–N 115.3 ± 14.9 c 146.3 ± 16.7 c 2 ± 0 c 38.4 ± 0.9 a

–P 254.3 ± 44.4 b 313.2 ± 42.2 b 3.6 ± 0.5 b 37.9 ± 0.9 a

Plants were harvested 10 days after subjection to each nutrient condition. Values are the mean ± SD (n = 16). Different letters indicate

significant differences (P \ 0.05) calculated by Tukey’s multiple test

Table 2 Effects of –N and –P conditions on plant growth in wheat

FW (mg) Number of shoot

branches

Length (cm)

of PR

Number of roots

Shoot Root

Control 1174.3 ± 104.6 a 1088.6 ± 206.6 a 3.0 ± 0.0 a 18.9 ± 1.1 c 14.8 ± 1.0 a

–N 567.6 ± 18.5 c 776.5 ± 47.3 a 1.0 ± 0.0 c 28.0 ± 0.7 a 11.2 ± 1.3 b

–P 807.1 ± 100.4 b 818.8 ± 141.5 a 2.0 ± 0.0 b 22.2 ± 2.3 b 12.4 ± 0.9 b

Plants were harvested 10 days after subjection to each nutrient condition. Values are the mean ± SD (n = 6). Different letters indicate

significant differences (P \ 0.05) calculated by Tukey’s multiple test

Table 3 P levels (mg/g FW) in shoot and root tissues

Control –N –P

Shoot Root Shoot Root Shoot Root

Asteraceae

Lettuce 12.7 ± 0.5 9.8 ± 0.5 9.4 ± 0.5 10.6 ± 0.3 4.1 ± 0.1 3.0 ± 0.3

Marigold 8.0 ± 0.4 8.8 ± 0.5 6.9 ± 0.2 10.0 ± 0.2 3.4 ± 0.02 4.6 ± 0.1

Fabaceae

Chinese milk vetch 8.4 ± 0.5 12.8 ± 0.7 6.6 ± 0.5 18.2 ± 0.4 4.1 ± 0.1 4.4 ± 0.2

Alfalfa 5.0 ± 0.6 7.6 ± 0.4 4.2 ± 0.01 10.0 ± 0.2 2.2 ± 0.2 2.7 ± 0.2

Poaceae

Wheat 5.5 ± 0.4 5.1 ± 0.5 3.7 ± 0.5 2.9 ± 0.7 1.2 ± 0.1 2.1 ± 0.3

Solanaceae

Tomato 4.3 ± 0.6 6.4 ± 0.4 12.5 ± 0.2 12.0 ± 0.3 1.0 ± 0.2 1.6 ± 0.1

Shoot and root tissues of plants subjected to each nutrient condition were collected 10 days after nutrient treatments. Results are means ± SD

(n = 3)
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Orobanchyl acetate exudation by Chinese milk vetch

was not affected by nutrient conditions (Fig. 3a). However,

with the increase in P concentration in the culture media,

the exudation of both sorgomol and 5-deoxystrigol

decreased (Fig. 3a) and shoot P levels increased (Fig. 3b).

Similar trends in SL exudation and shoot P levels were also

observed under increased N concentration (Fig. 3c, d).

SL exudation was not suppressed by P supplementation

in plants grown under N deficiency (Fig. 4a), and no

increase in shoot P level was observed (Fig. 4b). Similar

results were obtained with marigold, lettuce, and wheat,

where P supplementation influenced neither SL exudation

nor shoot P levels (data not shown).

Discussion

Our research was aimed to clarify whether a plant’s ability

to form symbiotic relationships with root nodule bacteria

determines the response of SL exudation to nutrient

availability. For this purpose, we examined the effects of N

and P deficiency on SL exudation not only in two legumes

but also, for proper comparison, in four non-legume plant

species of different families.

According to the response of SL exudation to N avail-

ability, the plant species examined in this study can be

classified into two groups. Whereas all plants examined

exuded higher levels of SLs under P deficiency, N defi-

ciency in both alfalfa and tomato did not enhance SL
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exudation. In contrast, in the other plant species, N as well

as P deficiency enhanced SL exudation (Fig. 2). Interest-

ingly, this latter group includes the Chinese milk vetch,

which is a legume, while the former group, which does not

respond to N deficiency, includes the tomato, which is a

non-legume plant. Since N deficiency did not promote SL

exudation in tomato, whereas it did in the leguminous

Chinese milk vetch, plant response of SL exudation to

nutrient availability does not seem to be directly related to

the plant’s ability to form symbiotic relationships with root

nodule bacteria.

Does the tomato plant have an alternative strategy for

obtaining N, other than from symbiotic relationships with

AM fungi under N starvation? It has already been estab-

lished that, in addition to the importance of nodulation for

plant nutrition, beneficial plant–bacteria interactions for N

nutrition are also observed within plant species that do not

form root nodules (Kraiser et al. 2011). Interactions

between non-nodulating plants and N-fixing bacteria are

functional associations that have received considerably less

attention than the plant–bacteria interactions leading to

nodule formation (Kraiser et al. 2011). N-fixing bacteria

can colonize the rhizosphere of the plant and may also

colonize plant tissues and exhibit an endophytic lifestyle.

For example, isotope studies showed that sugarcane and

wetland rice obtained significant quantities of N through N

fixing bacteria (Boddey et al. 1995). In wheat plants

inoculated with Klebsiella pneumoniae 342, N deficiency

symptoms were relieved and total N concentration in the

plants increased (Iniguez et al. 2004). Therefore, the lack

of an increase in SL exudation from tomato roots under N

deficiency may indicate that these plants are capable of

obtaining N from such symbiotic bacteria. Indeed, the

N-fixing bacterium Burkholderia sp. was isolated from

roots of tomato plants grown in the field (Caballero-

Mellado et al. 2007). Therefore, we hypothesize that

tomato plants may attract N-fixing bacteria rather than AM

fungi under N deficiency and so do not need to increase SL

production under these conditions. Among the other plant

species that do respond to low N with enhanced SL pro-

duction, wheat has been shown to obtain a significant

portion of its N requirement from N-fixing bacteria

(Iniguez et al. 2004; Rosenblueth and Martı́nez-Romero

2006). In lettuce and marigold, endophytic bacteria may

also enhance nutrient acquisition, for example, by solub-

lizing inorganic and organic phosphate (Cocking 2003;

Rosenblueth and Martı́nez-Romero 2006).

As in the case of red clover (Yoneyama et al. 2008a),

other legumes including alfalfa (Fig. 2), crimson clover

(Trifolium incarnatum cv. Strawberry-torch, data not

shown), and adzuki bean (Vigna angularis cv. Dainagon,

data not shown) did not promote SL exudation under N

deficiency. Therefore, Chinese milk vetch may be an

exceptional legume, which responds to N deficiency by

enhancing SL exudation. The exceptional behavior of

Chinese milk vetch is also puzzling. Does it mean that this

leguminous plant is not dependant on N supply from

nodulating N fixing bacteria? Exogenously applied GR24,

a synthetic SL, promoted nodulation in alfalfa but did not

affect the expression of nod genes in alfalfa Rhizobium

(Soto et al. 2010). It is well known that plant-root nodule

bacteria have strict host specificity and, therefore, SLs or

special blends of SLs may possibly cause a Rhizobium

specific for Chinese milk vetch to commence symbiosis.

Alternatively, Chinese milk vetch plants may depend on

AM fungi for the supply of N until they form root nodules.

Environmental stress negatively affects symbiotic rela-

tionships with both root nodule bacteria and AM fungi.

However, it was reported that, in copper polluted soil,

inoculating with AM fungi improved Chinese milk vetch

growth by increasing the uptake of not only P but also N

(Chen and Zhao 2005). Thus, Chinese milk vetch may have

a flexible ability to form relationships with nodulating

N-fixing bacteria or AM fungi for N acquisition under

various environmental conditions. Further study is needed

to clarify the reason why other legumes would not benefit

from this and hence use the same mechanism.

In this study, a clear relationship between P contents in

shoot tissues and SL exudation of plants grown under N

deficiency was unveiled. In all the plants examined except

for tomato, N deficiency decreased P levels in shoots,

which resulted in increased SL exudation. Indeed, N con-

centrations of culture media were found to affect both

levels of SL exudation and shoot P levels in Chinese milk

vetch (Fig. 3). When shoot P levels were low, SL exuda-

tion was promoted, and when shoot P levels were high, SL

exudation was suppressed in this plant when grown under

N deficiency. The shoot P levels of the plants grown in the

culture media with 0.12 and 0.6 mM N were approxi-

mately 10 mg g-1 DW (Fig. 3d), which corresponds to

those of the plants subjected to 20 lM P (Fig. 3b) and

levels of SL exudation were very similar between these

plants (Fig. 3a, c). These results suggest that, at least in

Chinese milk vetch, decreased P levels in shoots may

induce SL exudation and that the P status in the shoot

would regulate SL production and exudation from the

roots. Moreover, P supplementation to the culture media

influenced neither shoot P levels nor SL exudation in

Chinese milk vetch plants grown under N deficiency

(Fig. 4), suggesting that N deficiency may regulate P

metabolism and/or P transport from roots to shoots

(Table 3).

Little is known about P sensing and signaling in plants

(Franco-Zorrilla et al. 2004; Schachtman and Shin 2007;

Chiou and Lin 2011). Early signals in response to P

deprivation may occur when external concentrations of P
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are reduced, and the later signals may be initiated when

internal stores of P are reduced below a critical level

(Chiou and Lin 2011). Since P heterogeneously exists in

soils, the internal P level is considered the regulator for P

homeostasis. Mutant and split root experiments suggested

that shoot P status controls P-starvation responses in the

root (Franco-Zorrilla et al. 2004). From experiments using

the Arabidopsis pho2 mutant, which over-accumulates P in

shoots, the shoot P status was found to influence the root

system architecture response to P availability (Williamson

et al. 2001). In Medicago truncatula and tomato, when

roots of P-starved plants were divided and one part was

exposed to a high P medium while the other was left in a

low-P medium, P-starvation responses were systemically

repressed in the parts of the roots exposed to low-P med-

ium (Liu et al. 1998; Burleigh and Harrison 1999). P did

not accumulate in the unfertilized half of the split roots,

despite the accumulation of P in the shoot (Burleigh and

Harrison 1999). Similar P movement phenomena were

observed in the split root petunia (Petunia hybrida), in

which the expression of genes encoding enzymes involved

in SL biosynthesis was repressed under high-P conditions

(Breuillin et al. 2010). In fact, our results in split root

sorghum of plants grown under N and P deficiency dem-

onstrated that N and P fertilization systemically suppresses

SL exudation and N and P accumulate in the shoot and not

in the unfertilized half of the split roots. A negative cor-

relation between shoot P levels and SL exudation was

observed under these conditions (unpublished data). Simi-

lar systemic effects of P on SL exudation in split root pea

have been reported (Balzergue et al. 2011); however, in

this study, only peak areas of SLs in LC–MS chromato-

grams were compared.

Clear differences in the number of shoot branches were

observed only in wheat plants grown under different

nutrient conditions (Table 2), and not in the legumes and

other dicotyledonous plants examined. Umehara et al.

(2010) demonstrated a negative correlation in rice plants

between SL concentration in root exudates and the number

of outgrowing tillers. In this case, the SL levels in root

exudates gradually decreased and the number of outgrow-

ing tillers increased in response to increasing concentra-

tions of P in the media (Umehara et al. 2010). However,

such a correlation was not seen in wheat plants where SL

exudation and the number of shoot branches were evidently

smaller in the plants grown under N deficiency than those

grown under P deficiency (Fig. 2; Table 1). These results

suggest that in N starvation, not only SL but also other

factors including N deficiency itself strongly regulate shoot

branching.

It has been reported that N and P starvation reduce PR

growth and enhance lateral root development and conse-

quently promote N and P acquisition (Williamson et al.

2001; Linkohr et al. 2002). However, in all the plants

examined in this study PR elongation was enhanced under

N and P starvation (Tables 1, 2). These conflicting results

may be caused by different culture methods for the plants,

different periods of N and P starvation, and plant species.

In addition to SLs’ role in inhibiting shoot branching

(Gomez-Roldan et al. 2008; Umehara et al. 2008), a new

role for SLs was discovered in the regulation of root

development (Koltai 2011). Ruyter-Spira et al. (2011)

demonstrated that PR lengths of SL-deficient Arabidopsis

plants were shorter than those of wild-type plants and

GR24 application rescued their phenotype. In tomato and

alfalfa, N deficiency did not enhance SL production in

roots but promoted PR elongation. These results indicate

that at least in alfalfa and tomato under N deficiency, other

factors than SLs may promote PR elongation.

Chinese milk vetch was found to exude at least three SLs

including sorgomol, orobanchyl acetate, and 5-deoxystirigol

(Yoneyama et al. 2008). Exudation of sorgomol and

5-deoxystrigol was promoted by N and P deficiency, but

orobanchyl acetate exudation was not. These results support

the hypothesis that plants produce all SLs, but increase exu-

dation only of particular SLs. In addition, it should be noted

that sorgomol was derived from 5-deoxystrigol, while oro-

banchyl acetate (orobanchol) was from ent-20-epi-5-deoxy-

strigol. These two different biosynthetic pathways for SLs

starting from either 5-deoxystrigol or ent-20-epi-5-deoxystri-

gol seem to be regulated somewhat independently under N

and P deficiency. In Chinese milk vetch, the former pathway

appears to be more sensitive than the latter to N and P

deficiency.

Structural requirements of SLs for hyphal branching in

AM fungi and germination stimulation of root parasite

seeds have been reported. Among 20 natural and chemi-

cally modified natural SLs, 5-deoxystrigol and orobanchol

gave rise to a strong hyphal branching activity on the AM

fungus Gigaspora margarita (Akiyama et al. 2010). In the

case of germination stimulation activity in O. minor,

orobanchol showed a highly potent activity (Kim et al.

2010). To utilize AM symbiosis for agricultural production

and at the same time to mitigate damage caused by root

parasitic weeds, it is necessary to clarify which SLs that are

exuded by a plant are involved in each interaction. Fur-

thermore, the inhibition of shoot branching is one of key

regulatory systems involved in completing plants’ life

cycles under nutrient limited conditions and severe envi-

ronments. Therefore, an understanding of the regulation

mechanisms for the production and exudation of the vari-

ous SLs is essential for optimizing the utilization of SLs in

agricultural and natural eco-systems.
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Baldani VLD, Döbereiner J (1995) Biological nitrogen fixation

associated with sugar cane and rice: contributions and prospects

for improvement. Plant Soil 174:195–209

Breuillin F, Schramm J, Hajirezaei M, Ahkami A, Favre P, Druege U,

Hause B, Bucher M, Kretzschmar T, Bossolini E, Kuhlemeier C,

Martinoia E, Franken P, Scholz U, Reinhardt D (2010)

Phosphate systemically inhibits development of arbuscular

mycorrhiza in Petunia hybrida and represses genes involved in

mycorrhizal functioning. Plant J 64:1002–1017

Burleigh SH, Harrison MJ (1999) The down regulation of Mt4 like

genes by phosphate fertilization occurs systemically and

involves phosphate translocation to the shoots. Plant Physiol

119:241–248

Caballero-Mellado J, Onofre-Lemus J, Estrada-de los Santos P,

Martı́nez-Aguilar L (2007) The tomato rhizosphere, an environ-

ment rich in nitrogen-fixing Burkholderia species with capabil-

ities of interest for agriculture and bioremediation. Appl Environ

Microbiol 73:5308–5319

Chen X-H, Zhao B (2005) Effect of arbuscular mycorrhizal fungi on

uptake of N, P and K by Astragalus sinicus L. in copper polluted

soil. J Agro Environ Sci 24:441–478

Chiou T-J, Lin S-I (2011) Signaling network in sensing phosphate

availability in plants. Annu Rev Plant Biol 62:185–206

Cocking EC (2003) Endophytic colonization of plant roots by

nitrogen-fixing bacteria. Plant Soil 252:169–175

Epstein E, Bloom AJ (2005) Mineral nutrition of plants: principles

and perspectives, 2nd edn. Sinauer Associates, Massachusetts
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