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Abstract

Seedlings of litchi (Litchi chinensis Sonn.) were inoculated with two arbuscular mycorrhizal

(AM) fungal species, Glomus intraradices and Gigaspora margarita. Plant growth response and

morphological changes induced by AM inoculation were investigated. Plant endogenous indoleacetic

acid (IAA) and isopentenyl adenosines (iPAs) concentrations were determined. With mycorrhizal

infection rate of 9.0–18.8%, plant biomasses increased by 13.5–30.1%. Leaf number, leaflet number,

total leaf area and first order lateral root number were significantly increased by AM inoculation.

Although G. margarita significantly increased plant P content and uptake, no significant difference in

N nutrition was observed between mycorrhizal and non-mycorrhizal plants. Enzyme-linked immu-

nosorbent assay (ELISA) indicated the changes in IAA and iPAs induced by AM inoculation. IAA

concentrations in shoots and in roots were 5–7 times and 2–5 times higher in mycorrhizal than in non-

mycorrhizal plants, respectively. The iPAs concentrations increased by 1.7 times in shoots and by

1.9–2.5 times in roots, due to mycorrhizal inoculation. We suggest that the changes in endogenous

phytohormone level may be responsible for morphological alteration induced by AM inoculation.
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1. Introduction

Litchi (Litchi chinensis Sonn.) is originated in south china (Menzel, 2002) and normally

grows on red soil of low P nutrient. Investigations indicated that diverse species of

arbuscular mycorrhizal (AM) fungi habitat in red soil, and naturally form the symbiosis

with litchi roots (Menzel, 2002). AM colonization was 15% in field condition (Niu, 1994)

and 3–15% in pot culture condition (Janos et al., 2001).

It has been well documented that AM fungi greatly improve the P uptake and, hence, the

growth of host plant. Although Morton (1987) suggested that inoculation of litchi with AM

fungi might be desirable for superior growth, few experiments have been conducted to

confirm it. In addition, AM fungi have been demonstrated to exert a strong impact on the

root morphology (Kaldorf and Ludwig-Müller, 2000). For example, inoculation of

micropropagated Prunus cerasifera with Glomus mosseae and Glomus intraradices

significantly increased total root length but decreased total root length/root mass ratio,

diameters of primary, secondary and tertiary roots (Berta et al., 1995). Reasons responsible

for the morphological changes induced by AM fungal inoculation are complex. Increased P

nutrition induced this change in mycorrhizal root system of leek (Trotta et al., 1991), but it

could not completely explain the morphological changes. More experiments seem to

support that AM fungi can modify the root morphology through phytohormone passage.

Kaldorf and Ludwig-Müller (2000) inoculated maize plant with G. intraradices, and

detected that free and bound indole-3-butyric acid (IBA) was increased at different stages

of colonization, accompanying with increased percentage of lateral fine roots. Despite

auxins, AM fungi were also demonstrated to increase cytokinins concentration in root

exudates of citrus plant, including zeatin, dihydrozeatin and zeatin riboside (Dixon et al.,

1988).

In the red soil orchard, inoculation of litchi plants with AM fungi is expected to improve

nutrient uptake of root (Morton, 1987). Here, we report the influence of AM inoculation on

plant growth, morphological characters and phytohormone levels of litchi seedlings.

2. Materials and methods

Seeds of litchi (Litchi chinensis Sonn. cv. Huaizhi) were surface sterilized with 10%

H2O2 for 15 min, and germinated in seedling tray. The germination substrate was pearlite

autoclaved for 2 h. After 3–4 leaves emerged, seedlings were transplanted into plastic pots

and inoculated with two AM fungal species, G. intraradices and Gigaspora margarita

Becker and Hall. The inoculum was the mixture of spores, external hyphae and colonized

root fragments in soil.

Four treatments were established, including inoculation with G. intraradices (GI), G.

margarita (GM) or both (GI + GM) at transplanting, with a non-inoculated control (NM).

Four replicates were setup for each treatment. The growth substrate in pots was the mixture

of red soil, river sand and compost (2:1:1, v/v/v), autoclaved for 2 h and amended with base

fertilizer (200 mg N/kg, 50 mg P/kg, 200 mg K/kg). Each pot was filled with 1 kg

substrate. For mycorrhizal establishment, 50 g inoculum was added into each pot. All of 16

pots were placed on benches in a non-heated glasshouse. Seedlings grew for about 8
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months from October 2002 to July 2003, and one additional fertilizing (200 mg N/kg,

50 mg P/kg, 100 mg K/kg) was performed.

Before harvest, plant height, leaf number and leaflet number were recorded. Plants were

removed from pots, carefully washed with tap water and rinsed in distilled water for twice.

The shoots and roots were separated. Total leaf area was measured with square-counting

method as follow: A grid with 0.5 cm � 0.5 cm squares was overlayed on the leaf surface

and the number of squares within the leaf area was counted. Two or three newly mature

leaflets were selected and stored at �20 8C for late phytohormone determination. The

numbers of the first order lateral roots was recorded, and then about 0.3 g root tips was

stored at �20 8C for late phytohormone determination. About 1 g fine root fragments were

stained with 0.05% trypan blue and the mycorrhizal infection rate was estimated with grid-

line intersect method (Giovannetti and Mosse, 1980). Shoots and roots were dried at 70 8C
for 48 h, and dry weights (DW) were recorded. Total N and P in plant tissue were analyzed

using the methods of Thomas et al. (1967).

Phytohormone extraction and purification were modified from Yang et al. (2001). About

0.500 g plant tissue was homogenized in pre-chilled 80% methanol on ice in weak light

condition, with about 0.1 g polyvinylpyrrolidone (PVP) added as antioxidant. Homogenant

was centrifuged at 5000 rpm for 10 min at 4 8C, debris was cleaned with pre-chilled 80%

methanol and centrifuged. Supernatant was combined and purified with C18 columns (C18

Sep-Park Cartridge, Waters Corp., Millford, MA). The exudate was divided into two

samples for indoleacetic acid (IAA) and isopentenyl adenosines (iPAs) analysis,

respectively. For IAA analysis, sample was dried under N2 gas and then dissolved in

200 ml methanol. Two hundred microliter diazomethane was added for methylation,

followed by drying under N2 gas and dissolved in 300 ml phosphate buffer solution (PBS,

1.3 mM NaH2PO4, 8.7 mM Na2HPO4, 0.14 M NaCl, pH 7.4) for enzyme-linked

immunosorbent assay (ELISA). For iPAs analysis, sample was dried under N2 gas and

then dissolved in 300 ml PBS for ELISA. The ELISA kits were purchased from

Phytohormone Research Institute, Nanjing Agricultural University, China. Absorbance of

the developed color was measured at 490 nm using a microplate reader (M-SPmax250,

Wako Pure Chem., Tokyo, Japan).

Each value was the average of four replicates. Multiple comparisons (LSD) were

performed using SPSS 11.0 software (SPSS Inc., Chicago, Illinois, USA).

3. Results and discussion

3.1. Influence of AM inoculation on the growth and nutrient uptake of litchi seedling

The mycorrhizal infection rate varied from 9.0 to 18.8%, with no significant difference

between fungal species (Table 1). No mycorrhizal colonization was observed for control

plants. AM inoculation also significantly promoted shoot and root DW (Table 1), and total

biomass increased by 13.5–30.1%. Janos et al. (2001) inoculated litchi air-layered

seedlings with field-collected AM fungi and indicated that mycorrhizal plants had 39%

higher shoot DW. This value is slightly higher than ours, probably due to the differences in

fungal species or soil P level in the two experimental systems.
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Table 1

Mycorrhizal colonization, growth response and morphological parameters of litchi seedlings after AM fungal inoculation

Treatments Infection

rate (%)

Shoot DW

(g DW plant�1)

Root DW

(g DW plant�1)

Mycorrhizal

dependencya (%)

Plant

height (cm)

Leaf

number

Leaflet

number

Total leaf area

(cm2 plant�1)

First order lateral

root number

NM 0 a 3.07 a 1.08 a – 26.7 a 11.0 a 22.8 a 270.92 a 62.3 a

GI 9.0 b 3.79 b 1.45 b 20.8 27.6 a 13.0 b 26.0 b 321.73 b 84.0 b

GM 18.5 b 4.19 b 1.75 b 30.1 25.7 a 13.5 b 26.3 b 319.10 b 72.0 ab

GI + GM 18.8 b 3.72 b 1.08 a 13.5 28.6 a 14.0 b 27.0 b 322.70 b 63.3 a

Values in columns followed by the same letters are not significantly different from each other (LSD, P < 0.05). NM: non-inoculation, GI: inoculation with G. intraradices,

GM: inoculation with G. margarita, GI + GM: inoculation with both fungal species.
a Mycorrhizal dependency was calculated as the following formula: (biomass of mycorrhizal plants � biomass of non-mycorrhizal plants) � 100/biomass of

mycorrhizal plants.



Fig. 1 indicated that AM fungal inoculation did not increase N uptake, while inoculation

with G. margarita greatly improved P uptake. Contributions of AM fungi to N and P uptake

were 18.7–24.3% and 0.6–47.2%, respectively (Fig. 1). This result is in coincidence with

that of Janos et al. (2001). Normally, acquisition of those nutrients with low mobility in the

soil, such as P, Zn and Cu, may be enhanced in plants by AM inoculation. In the present

experiment, although AM inoculation increased P uptake by up to 47.2%, G. margarita

seemed more effective than G. intraradices. This indicated the difference in enhancing host

nutrient uptake between fungal species.

3.2. Influence of AM inoculation on the morphological characters of litchi seedlings

AM fungal inoculation did not affect plant height, but significantly increased leaf

number. Non-mycorrhizal seedlings had 11.0 leaves and 22.8 leaflets, while the

corresponding data for mycorrhizal seedlings were 13.0–14.0 and 26.0–27.0. Conse-

quently, total leaf area increased (Table 1). This implied that phytohormone but not

nutritional effect was probably involved in it. Studies with Arabidopsis indicated that

cytokinin activated cell division and was responsible for leaf formation (Smalle et al.,

2002). We, therefore, suggested that AM inoculation probably influenced the leaf number

and leaf area by modifying the endogenous cytokinin level in litchi seedlings.

In addition to the shoot morphology, AM fungal inoculation also modified root

morphology. More 1st order lateral roots were observed in G. intraradices or G. margarita

inoculated seedlings (Table 1). This is, again, probably related to phytohormone. Berta

et al. (1995) had observed the similar result with P. cerasifera inoculated with either G.

mosseae or G. intraradices. They found that root length and intensity of branching in all

root orders increased but specific root length decreased. In another experiment, a

significant increase in the percentage of lateral fine roots was observed in maize plants and
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Fig. 1. N and P uptake of litchi seedlings as influenced by AM fungi. AMF contribution to N or P uptake was

calculated as the following formula: (N or P uptake of mycorrhizal plants � N or P uptake of non-mycorrhizal

plants) � 100/N or P uptake of mycorrhizal plants. Circles represent contributions of AM fungi to nutrient uptake.

Means followed by the same letter are not significantly different (P < 0.05).



was attributed to increased IBA biosynthesis following AM inoculation (Kaldorf and

Ludwig-Müller, 2000). We also suggested that modified auxin level by AM inoculation

was responsible for the changes in root morphology in the present experiment.

3.3. Changes in endogenous IAA and iPAs concentrations in litchi seedlings induced

by AM inoculation

ELISA clearly revealed the changes in IAA and iPAs concentrations in both young

leaves and roots following AM inoculation (Fig. 2). IAA concentrations increased by 5–7

times in young leaves but by 2–5 times in roots. This probably implied the IAA transport

from above-ground to below-ground. Auxin represents a key regulator of lateral root

development. Acropetal polar transport of shoot-derived IAA appears to be required for

lateral root development (Reed et al., 1998). Therefore, we suggest that the increased IAA

in both leaves and roots induced by AM inoculation were responsible for the increased 1st

order lateral roots in the present experiment.

Fig. 2 also indicated that G. intraradices significantly promoted iPAs concentration in

leaves by 1.7 times. The iPAs concentrations in roots also increased by 1.9–2.5 times

(Fig. 2). Increases in cytokinin induced by AM fungi were observed in many other plant

species, but little information was available on iPAs. Shaul-Keinan et al. (2002) reported

that no iPAs could be detected in non-mycorrhizal tobacco plants, but significantly

increased iPAs was observed in mycorrhizal plants. Cytokinins are important

phytohormone with strong influence on plant development and morphogenesis. Therefore,
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Fig. 2. Influence of AM fungi on IAA and iPAs concentrations of litchi seedlings. Open bars and closed bars

represent shoots and roots, respectively. Asterisk indicates significant difference between mycorrhizal and non-

mycorrhizal treatments. ‘‘nd’’ means ‘‘not determined’’. Means followed by the same letter are not significantly

different (P < 0.05) for shoots or roots.



we suggest that the increased iPAs in the present experiment probably contributed to the

increased leaf number and leaf area.

Ectomycorrhizal fungi were reported to synthesize IAA independent of host plant, and

IAA overproduction strain of ectomycorrhizal fungus was successfully isolated (Tranvan

et al., 2000), but there is still no experiment confirming synthesis of IAA or iPAs by AM

fungi. The origin of increased phytohormone induced by AM inoculation is still to be

elucidated.
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