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Abstract The effect of root exudates from P-deficient
onion on root colonisation by an arbuscular mycorrhi-
zal fungus was examined. Onions (Allium cepa L.) were
grown in solution culture at phosphorus concentrations
of 0 (P0) and 2 (P2) mg P l–1. Root exudates were col-
lected and fractionated with Amberlite XAD-4 resin to
give EtOH and water soluble fractions. Onions inocu-
lated with the arbuscular mycorrhizal fungus Gigaspora
margarita Becker & Hall were grown with or without
(control) root exudates and exudate fractions in a
growth chamber. After 24 days, arbuscular mycorrhiza
levels and appressoria formation had increased in
plants treated with P0-root exudate or the P0-EtOH
fraction when compared to corresponding P2 treat-
ments or control plants. P0 and P2 water-soluble frac-
tions did not significantly affect either aspect of fungal
development. These results suggest that hydrophobic
compounds found in root exudates from P-deficient on-
ion increase appressorium formation and, therefore,
enhance mycorrhiza development.
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Introduction

Phosphorus in host plant tissues (Sanders 1975; Menge
et al. 1978; Tawaraya et al. 1994) and in the soil solu-
tion influences root colonisation by arbuscular mycorr-
hizal fungi. Phosphorus nutrition of host plants affects
both the quantity and quality of root exudates. P-defi-

ciency in plants increases root exudation of amino
acids, sugars and organic acids (Ratnayake et al. 1978;
Graham et al. 1981; Schwab et al. 1983), and root exu-
dates of P-deficient Citrus (Graham 1982), clover (Elias
and Safir 1987), onion (Tawaraya et al. 1996a) and car-
rot (Nagahashi et al. 1996) have been shown to increase
hyphal growth of arbuscular mycorrhizal fungi. In addi-
tion, formation of secondary appressoria by Gigaspora
margarita is increased on roots of P-deficient onion
(Tawaraya et al. 1994). However, the root exudate
components affecting colonisation are not well known.

In this present experiment, we studied the effect of
root exudates from P-deficient and P-sufficient onion
and of fractions separated by resin on appressorium
formation and root colonisation by G. margarita.

Materials and methods

Solution culture and collection of root exudates

Onion (Allium cepa L. cv. Sensyuchukoki) seeds were sown in a
moist vermiculite spread. One week after sowing, 80–120 seed-
lings were transferred to 8-l plastic containers with a culture solu-
tion added to root immersion. The culture solution contained mi-
neral nutrients (mg l–1) according to Wagatsuma et al. (1988) :
40 N (NH4NO3), 20 N (NaNO3), 60 K (K2SO4), 80 Ca (CaCl2),
40 Mg (MgSO4), 2 Fe (FeSO4), 1 Mn (MnSO4), 0.01 Cu (CuSO4),
0.005 Mo [(NH4)6Mo7O24], 0.4 B (H3BO3), 0.2 Zn (ZnCl2). P con-
centrations of the solution were adjusted to 0 (P0) or 2 (P2) mg P
l–1 with NaH2PO4. The pH of the solutions was adjusted daily to
5.0B0.05 with dilute H2SO4 and NaOH. Solutions were aerated
continuously with vinyl chloride tubes connected to an air pump
and were replaced weekly. Each P treatment was replicated three
times.

Onion seedlings were grown in the glasshouse of Yamagata
University (38744bN, 139750bE) from 20 August to 13 September
1994. The mean ambient temperature during this period was
21.9 7C with a mean minimum of 15.4 7C and mean maximum of
28.2 7C. Ten seedlings per container were carefully lifted out of
the vermiculite and washed to remove all debris with sterile wa-
ter. They were then fixed with sponge in an Erlenmeyer flask con-
taining 500 ml of sterile deionized water for 12 h. Solutions were
aerated with vinyl chloride tubes connected to an air pump. The
solutions collected (root exudates) were stored at –15 7C until
use.
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Fractionation of root exudates

Aliquots (100 ml) of root exudates were passed through Amberlite
XAD-4 resin (6 g) for fractionation (Tang and Young 1982).
Compounds which did not adsorb to the resin were collected and
referred to as the water-soluble fraction. Adsorbed compounds
were extracted with 100 ml of 99.9% ethyl alcohol, concentrated
below 40 7C in a rotary evaporator, redissolved in 100 ml distilled
water and referred to as the EtOH-soluble fraction. The two frac-
tions, along with the original root exudates and distilled water (as
control) were used for a root colonisation experiment.

Inoculation and plant growth

Spores of the arbuscular mycorrhizal fungus G. margarita Becker
& Hall were collected from a commercial inoculum (Central
Glass, Tokyo, Japan) by wet sieving (Gerdemann and Nicolson
1963). Spores were cleaned, surface-sterilised (Tawaraya et al.
1996b) and inoculated into pots at the rate of 20 spores per pot by
placing the spores 1 cm below the root tips of seedlings. Onion
seeds were germinated on moist vermiculite and three 7-day old
seedlings were transplanted to each pot containing 60 g of auto-
claved sand with 12.2 mg P kg–1 available phosphorus (Truog
1930) and a pH(H2O) of 5.8.

Pots were placed in a growth cabinet (14 h photoperiod,
150 mMOL m–2 s–1 PPFR, 25 7C) and allowed to grow 24 days.
Root exudate or the EtOH soluble and water-soluble fractions
were applied to pots every 2 days. Nutrient solution (8 mg P l–1)
as used for the solution culture was applied to each pot every 2
days. The total volume of root exudates, distilled water or nu-
trient solution applied to each pot was 45 ml. Pots were arranged
in a completely randomized design with three replications of each
treatment.

Plant analysis

Plants were harvested at 24 days after transplanting and shoots
and roots were separated. All roots were boiled in 100 g l–1 KOH
solution at 80 7C for 10 min and stained with 0.5 g l–1 aniline blue
in 700 ml l–1 glycerol solution at 90 7C for 5 min. Total root length
was determined (Newman 1966). The proportion of colonised
root was determined by the grid-line intersect method (Giovan-
netti and Mosse 1980) and the number of appressoria formed on
each root was determined at!100 magnification after mounting
each root on microscope slides.

Shoot and root dry matter were determined after drying at
70 7C for 72 h, and then ground and digested for P analysis with
HNO3-HClO4-H2SO4 (Jones and Case 1990). The P content was
determined colorimetrically using the vanado molybdate yellow
assay (Olsen and Sommers 1982).

Statistical analysis

The data were statistically analyzed by an analysis of variance aft-
er arcsin transformation for percentages. When a significant
(P~0.05) treatment effect was found, the mean values were com-
pared using the Tukey test (P~0.05).

Results

Plant dry matter and P concentration of onion plants
grown in solution culture at the P0 level were signifi-
cantly lower than those at the P2 level (Table 1). P con-
centrations in onion tissues below 1.0 g P kg–1 are con-
sidered to be deficient whereas those higher than 3.0 g

Table 1 Dry weight and phosphorus concentrations of onions
grown in solution culture at two P levels. Means followed by the
same letter are not significantly different (P~0.05) by Tukey
test

P level Dry weight (mg/plant) Shoot P
Shoot Root (g P/kg)

P0 14.81 a 2.80 a 0.36 a
P2 28.85 b 3.66 b 4.67 b

Fig. 1 Effect of whole root exudates, the EtOH fraction or the
water fraction collected from P-deficient (P0), P-sufficient (P2) or
control plants on root growth of onion. Means followed by the
same letter are not significantly different (Pp0.05)

kg–1 are sufficient for normal growth (Piggott 1986;
Jones et al. 1991). Therefore, root exudates were col-
lected from P-deficient and P-sufficient 24-day-old on-
ion plants.

Root length was significantly greater in onion plants
which received whole root exudates and EtOH frac-
tions than in controls, or those treated with the water-
soluble fraction of root exudates (Fig. 1). No differ-
ences were found between any P0 and P2 fractions.

Arbuscular mycorrhiza levels were significantly
greater in plants treated with either the whole root ex-
udate or the EtOH fraction from low-P plants than
those treated with fractions from P-sufficient plants or
the untreated control (Fig. 2). The EtOH fraction of ex-
udates from P-sufficient plants also significantly in-
creased root colonisation over the control. This effect
was not observed with whole root exudate or the water-
soluble fraction from P-sufficient plants.

Treatment with whole root exudate and the EtOH
fraction of P-deficient plants (P0 level) significantly in-
creased the number of appressoria per unit root length
but not those from P-sufficient plants (P2 level)
(Fig. 3). Application of the water-soluble fraction of
root exudate did not affect appressorium formation.



69

Fig. 2 Effect of whole root exudates, the EtOH fraction or the
water fraction collected from P-deficient (P0), P-sufficient (P2) or
control plants on arbuscular mycorrhiza development by Gigas-
pora margarita in onion roots. Means followed by the same letter
are not significantly different (Pp0.05)

Fig. 3 Effect of whole root exudates, the EtOH fraction or the
water fraction collected from P-deficient (P0), P-sufficient (P2) or
control plants on appressorium formation by G. margarita on on-
ion roots. Means followed by the same letter are not significantly
different (Pp0.05)

Discussion

Treatment with root exudates from P-deficient onions
increased appressorium formation and root colonisa-
tion by the arbuscular mycorrhizal fungus G. margarita.
Root exudates from P-deficient Troyer citrange (Gra-
ham 1982) and white clover (Elias and Safir 1987), and
suspension-cultured cell exudates of Pueraria phaseo-
loides (Paula and Siqueira 1990) increased hyphal
growth of arbuscular mycorrhizal fungi. In addition,
root exudates produced by Ri T-DNA-transformed

Daucus carota grown without P gave more hyphal
growth from spores of G. margarita than exudates pro-
duced in the presence of P (Nagahashi et al. 1996).
Root exudates from onion of clearly different P status
also affected the hyphal growth of G. margarita (Tawa-
raya et al. 1996a) and the formation of secondary ap-
pressoria was inhibited by phosphate application to
shoots, indicating the inhibitory effect of plant P status
(Tawaraya et al. 1994). These results reinforce observa-
tions that the phosphorus nutrition of the host plant in-
fluences the extent of root colonisation by arbuscular
mycorrhizal fungi through its effect on root exudates
(Sanders 1975; Menge et al. 1978; Tawaraya et al.
1994).

However, factors other than P in root exudates may
affect arbuscular mycorrhizal fungi. Hyphal growth of
G. margarita was stimulated by root exudates of clover
(Gianinazzi-Pearson et al. 1989) and carrot (Bécard
and Piché 1990) but not of non-host lupin and sugar
beet. Host root exudates can elicit hyphal morphogene-
sis which facilitates root contact and appressorium for-
mation (Giovannetti et al. 1993a, 1993b; Suriyapperu-
ma and Koske 1995), although recent observations on
appressorium formation on isolated host cell walls indi-
cate that contact recognition does not require a chemi-
cal signal (Nagahashi and Douds 1997).

The EtOH fraction of root exudates from P-defi-
cient plants showed the same effect on appressorium
development and root colonisation as the original root
exudates. Since hydrophobic compounds in root exu-
dates were adsorbed on XAD-4 resins (Tang and
Young 1982) and extracted with EtOH, whilst hydro-
philic compounds were collected in the inactive water
fraction, it can be concluded that the effective mole-
cules are hydrophobic. Among the many possible hy-
drophobic compounds are phenolics in root exudates,
which are known to act as signal molecules in plant-
microbe interactions (Siqueira et al. 1991). Isoflavone
in clover leaves increased under phosphate deficiency
(Rossiter and Beck 1966), whilst an additional un-
known compound was detected in phosphate-deficient
parsley (Franken and Gnädinger 1994). Two isoflavon-
oids were isolated from clover roots grown under phos-
phate stress (Nair et al. 1991) and it is thus possible that
the hydrophobic compounds in the root exudates which
affected colonisation are phenolics. The effects of other
hydrophobic compounds, such as terpenoids, on my-
corrhiza development should also be examined, since
signal molecules in P-deficient root exudates may regu-
late the gene expression of hyphal growth and appres-
sorium formation by arbuscular mycorrhizal fungi
(Smith 1995).

Acknowledgements This research was supported in part by a
Grant-in-Aid for Encouragement of Young Scientists from the
Ministry of Education, Science and Culture, Japan (No.
03856016). The inoculum of Gigaspora margarita was kindly pro-
vided by Central Glass Co. Ltd., Tokyo, Japan. We thank Prof. T.
Tadano, Hokkaido University for useful discussion.



70

References

Bécard G, Piché Y (1990) Physiological factors determining vesic-
ular-arbuscular mycorrhizal formation in host and nonhost Ri
T-DNA transformed roots. Can J Bot 68 :1260–1264

Elias KS, Safir GR (1987) Hyphal elongation of Glomus fascicu-
latus in response to root exudates. App Envirol Microbiol
53 :1928–1933

Franken P, Gnädinger F (1994) Analysis of parsley arbuscular en-
domycorrhiza: infection development and mRNA levels of de-
fence-related genes. Mol Plant Microb Interact 7 : 612–620

Gerdemann JW, Nicolson TH (1963) Spores of mycorrhizal En-
dogone species extracted from soil by wet sieving and decant-
ing. Trans Br Mycol Soc 46 :235–244

Gianinazzi-Pearson V, Branzanti B, Gianinazzi S (1989) In vitro
enhancement of spore germination and early hyphal growth of
a vesicular-arbuscular mycorrhizal fungus by host root exu-
dates and plant flavonoids. Symbiosis 7 :243–255

Giovannetti M, Mosse B (1980) An evaluation of techniques for
measuring vesicular-arbuscular mycorrhizal infection in roots.
New Phytol 84 :489–500

Giovannetti M, Avio L, Sbrana C, Citernesi AS (1993a) Factors
affecting appressorium development in the vesicular- arbuscu-
lar mycorrhizal fungus Glomus mosseae (Nicol. & Gerd.)
Gerd. & Trappe. New Phytol 123 :115–122

Giovannetti M, Sbrana C, Avio L, Citernesi A S, Logi C (1993b)
Differential hyphal morphogenesis in arbuscular mycorrhizal
fungi during preinfection stages. New Phytol 125 :587–593

Graham JH (1982) Effect of citrus root exudates on germination
of chlamydospores of the vesicular-arbuscular mycorrhizal
fungus Glomus epigaeum Mycologia 74 :831–835

Graham JH, Leonard RT, Menge JA (1981) Membrane mediated
decrease in root exudation responsible for phosphorus inhibi-
tion of vesicular-arbuscular mycorrhiza formation. Plant Phy-
siol 68 :548–552

Jones JJB, Case VW (1990) Sampling, handling, and analyzing
plant tissue samples. In: Westerman RL (ed) Soil testing and
plant analysis. Soil Science Society of America, Madison,
Wisc, pp 389–428

Jones JJB, Benjamin W, Mills HA (1991) Plant analysis hand-
book: a practical sampling, preparation, analysis, and interpre-
tation guide. Micro-Macro, Athens, Ga

Menge JA, Steirle D, Bagyaraj DJ, Johnson ELV, Leonard RT
(1978) Phosphorus concentrations in plants responsible for in-
hibition of mycorrhizal infection. New Phytol 80 :575–578

Nagahashi G, Douds Jr DD (1997) Appressorium formation by
AM fungi on isolated cell walls of carrot roots. New Phytol
136 :299–304

Nagahashi G, Douds Jr DD, Abney GD (1996) Phosphorus
amendment inhibits hyphal branching of the VAM fungus Gi-
gaspora margarita directly and indirectly through its effect on
root exudation. Mycorrhiza 6 :403–408

Nair MG, Safir GR, Siqueira JO (1991) Isolation and identifica-
tion of vesicular-arbuscular mycorrhiza-stimulatory com-
pounds from clover roots. Appl Environ Microbiol
57 :434–439

Newman EI (1966) A method of estimating the total length of
root in a sample. J Appl Ecol 3 :139–145

Olsen SR, Sommers LE (1982) Phosphorus. In: Page AL (ed)
Methods of soil analysis, part 2. Chemical and microbiological
properties. Soil Science Society of America, Madison, Wisc,
pp 403–430

Paula MA, Siqueira JO (1990) Stimulation of hyphal growth of
the VA mycorrhizal fungus Gigaspora margarita by suspen-
sion-cultured Pueraria phaseoloides cells and cell products.
New Phytol 115 :69–75

Piggott TJ (1986) Vegetable crops. In: Reuter DJ, Robinson JB
(eds) Plant analysis. Inkata, Melbourne pp 148–187

Ratnayake M, Leonard RT, Menge JA (1978) Root exudation in
relation to supply of phosphorus and its possible relevance to
mycorrhiza formation. New Phytol 81 :543–552

Rossiter RC, Beck AB (1966) Physiological and ecological studies
on the oestrogenic isoflavones in subterranean clover. Aust J
Agric Res 17 :447–456

Sanders FE (1975) Effect of foliar-applied phosphate on the my-
corrhizal infection of onion roots. In: Sanders FE, Mosse B,
Tinker PB (eds) Endomycorrhizas. Academic, London, pp
261–276

Schwab SM, Menge JA, Leonard RT (1983) Quantitative and
qualitative effects of phosphorus on extracts and exudates of
sudan grass roots in relation to vesicular-arbuscular mycorrhi-
za formation. Plant Physiol 73 :761–765

Siqueira JO, Nair MG, Hammerschmidt R, Safir GR (1991) Sig-
nificance of phenolic compounds in plant-soil-microbial sys-
tems. Crit Rev Plant Sci 10 :63–121

Smith SE (1995) Discoveries, discussions and directions in my-
corrhizal research. In: Varma A, Hock B (eds) Mycorrhiza.
Structure, function, molecular biology and biotechnology.
Springer, Berlin Heidelberg New York, pp 3–24

Suriyapperuma SP, Koske RE (1995) Attraction of germ tubes
and germination of spores of the arbuscular mycorrhizal fun-
gus Gigaspora gigantea in the presence of roots of maize ex-
posed to different concentrations of phosphorus. Mycologia
87 :772–778

Tang, CS, Young CC (1982) Collection and identification of allel-
opathic compounds from the undisturbed root system of Bi-
galta Limpograss (Hemarthria altissima). Plant Physiol
69 :155–160

Tawaraya K, Sasai K, Wagatsuma T (1994) Effect of phosphorus
application on the contents of amino acids and reducing su-
gars in the rhizosphere and VA mycorrhizal infection of white
clover. Soil Sci Plant Nutr 40 :539–543

Tawaraya K, Watanabe S, Yoshida E, Wagatsuma T (1996a) Ef-
fect of onion (Allium cepa) root exudates on the hyphal
growth of Gigaspora margarita. Mycorrhiza 6 :57–59

Tawaraya K, Saito M, Morioka M, Wagatsuma T (1996b) Effect
of the concentration of phosphate on spore germination and
hyphal growth of the arbuscular mycorrhizal fungus, Gigaspo-
ra margarita Becker & Hall. Soil Sci Plant Nutr 42 :667–671

Truog E (1930) The determination of the readily available phos-
phorus of soils. J Am Soc Agron 22 :874–882

Wagatsuma T, Kawashima T, Tawaraya K (1988) Comparative
stainability of plant root cells with a basic dye (methylene
blue) in association with aluminum tolerance. Commun Soil
Sci Plant Anal 19 :1207–1215


