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Abstract The effects of Glomus mosseae colonization on
the plant growth and drought tolerance of 1-year-old
trifoliate Poncirus trifoliata seedlings in potted culture
were studied in natural water stress and rewatering con-
ditions. Results showed that arbuscular mycorrhizal (AM)
inoculation significantly improved the height, stem diam-
eter, and fresh weight of P. trifoliata seedlings before
natural water stress. By the end of the experiment, the
survival percentage of AM-transplanted seedlings was 8%
higher than those of non-AM ones. During water stress and
rewatering, AM significantly increased the contents of
soluble sugars and proteins in leaves, and enhanced the
activities of superoxide dismutase (SOD), guaiacol perox-
idase (G-POD), and catalase (CAT) in either seedling
leaves or roots, which indicated that AM colonization
could improve the osmotic adjustment response of P.
trifoliata, enhance its defense system, and alleviate oxida-
tive damages to membrane lipids and proteins. These
results demonstrated that the drought tolerance of P.
trifoliata seedlings was increased by inoculation with
AM fungi. The functional mechanism underlying the
observation that mycorrhizas increased the host’s drought
tolerance was closely related to enzymatic and non-
enzymatic antioxidant defense systems such as SOD, G-
POD, CAT, and soluble protein.
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1 Introduction

Citrus (Poncirus trifoliata) is an important economic tree
species native to subtropical and tropical areas in eastern
Asia; however, its growth and output are often affected by
water deficiency in China, which has drawn much concern
[1].

Arbuscular mycorrhiza (AM), popular in fruit trees, is a
symbiotic association between arbuscular mycorrhizal
fungi (AMF) and the roots of fruit trees [2]. Previous
studies have shown that the inoculation of AMF could
affect the water metabolism of hosts and consequently
increase their drought tolerance [3–8]. In order to reduce
the water consumption of citrus, AM colonization is nec-
essary in citrus fields. Wu and Xia [7] reported that the
inoculation of Glomus mosseae promoted active absorbing
areas of trifoliate P. trifoliata roots and increased plant
water use efficiency when the soil water contents were
20%, 16%, and 12%. Wang et al. [9] reported that the inoc-
ulation of G. mosseae reduced the production rate of O2

−,
improved the contents of superoxide dismutase (SOD)
and catalase (CAT) in sugarcane leaves, and enhanced the
removing ability of reactive oxygen, consequently reduc-
ing the peroxidation of membrane lipids and improving
drought tolerance during water stress. To date, most studies
on AMF have focused on its effects on the nutrition of
plants (such as soybeans, lettuce, tobacco, and sugarcane),
and little has been reported on the activities of antioxidant
enzymes in AM and non-AM plants. Research works
involving citrus plants are quite rare. Moreover, there is
still an ongoing debate about AM’s effects on the water
relations and mechanisms involved.

The present study attempted to evaluate the activities of
antioxidant enzymes and the contents of soluble elements in
the leaves and roots of trifoliate orange seedlings colonized
by G. mosseae in water stress and rewatering conditions.
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2 Materials and methods

2.1 Plant and fungal materials

One-year-old trifoliate P. trifoliata seedlings of the same
size were chosen for the experiment. These seedlings were
transplanted into plastic pots (15 cm×20 cm) on 15 April
2003. Each pot was filled with 3.14 kg of growth substrate
sterilized with 0.5% (v/v) formaldehyde for 7 days to elim-
inate indigenous fungi and was air-dried. The growth
substrate in pots was a mixture of yellow soil and clean
sand (9:1, v/v) sampled from a river, with the following
conditions: pH 5.61, 8.4 g/kg organic matter, 11.85 mg/kg
available phosphorus, 1.26 g/kg total nitrogen, 31.85 mg/kg
potassium, and 26.3% maximum field capacity. Soil was
collected from the Fruit Sample Garden, Huazhong
Agricultural University (Wuhan, China).

Seedlings were inoculated with either G. mosseae or
non-AM fungal inocula as control before transplanting. For
AM inoculation, 770 spores were placed 5 cm below citrus
seedlings. Inocula were provided by the Institute of Plant
Nutrition and Resources, Beijing Academy of Agriculture
and Forestry Sciences (Beijing, China).

All AM and non-AM seedlings were grown in a green-
house with natural light and watered everyday (from April
to November 2003).

2.2 Experimental design

A completely randomized design method was adopted in
the experiment with two mycorrhizal treatments: AMF and
non-AMF. Each of the two treatments had seven repeats for
a total of 14 pots. Four seedlings were planted in each pot.

2.3 Water treatment and tissue harvest

All AM and non-AM seedlings were subjected to natural
water stress 188 days after transplanting. By weighing
before water stress, the relative soil water content of each
treatment was maintained at 80%. Leaf tissues were

harvested 8 and 12 days after water stress, quickly frozen
by liquid nitrogen, and then stored at −20°C. Rewatering
began 12 days after water stress. Leaf tissues were har-
vested 12 h, 1 day, and 4 days after rewatering, and then
whole seedlings were harvested.

2.4 Parameter analysis

Leaf number per seedling, seedling height, stem diameter,
and survival percentage were recorded before water stress.
Fresh weights were measured for all plants in each pot after
all seedlings had been harvested.

A small fraction of the fresh root system in each pot was
cut into 1- to 2-cm-long pieces and fixed in formalin–acetic
acid–alcohol solution (for at least 24 h). These root samples
were made clear with 10% (w/v) KOH solution, stained
with 0.05% (v/v) trypan blue in lactophenol [10], and
observed under a microscope for root colonization.

Soluble sugars were determined by anthrone method, as
described by Li [11], using sucrose as standard.

To prepare the extraction of enzymes and soluble pro-
teins, 0.5 g of fresh samples of leaf or root tissues was
homogenized in 5 mL of 0.1 mol/L phosphate buffer
(pH 7.8) and centrifuged at 4,000 r/min for 10 min at 4°C,
and then the supernatant was collected for assays.

Soluble proteins were evaluated by the method of
Bradford [12] using bovine serum albumin as standard.
The activities of SOD, guaiacol peroxidase (G-POD), and
CAT were measured using the method of Li [11]. One unit
of SOD was defined as the amount of enzyme that inhibited
50% nitro blue tetrazolium by light, and SOD activity was
expressed as SOD units per gram of fresh weight.

2.5 Statistical analysis

Experimental data obtained were subjected to analysis of
variance using SAS (8.1), and means were evaluated by
Fisher’s protected least significant difference (LSD). Dif-
ferences at p<0.05 were considered significant.

Table 1 Root colonization and plant growth characteristics of AM and non-AM P. trifoliata seedlings before and after water treatments

Treatment Root colonization /% Leaf number per plant Seedling height /cm Stem diameter /cm Fresh weight /g/plant Survival /%

AMF 38.51±10.00a 18.3±4.1a 18.18±0.68a 0.212±0.025a 1.47±0.05a 96.4
Non-AMF 4.70±2.59b 15.6±4.2a 16.99±0.96b 0.190±0.005b 1.20±0.15b 89.3

Mean ± SD, followed by the same superscript letter within a column, shows nonsignificant difference (LSD0.05).

Table 2 Defense system status of AM and non-AM roots in P. trifoliata seedlings 4 days after rewatering

Treatment Soluble protein (mg/g fresh weight) SOD (U/g fresh weight) G-POD (U/g fresh weight) CAT (mg/min per g fresh weight)

AMF 3.96±0.24a 687.33±81.82a 138.84±14.49a 2.03±0.65a

Non-AMF 2.94±0.31b 648.51±76.34a 91.72±9.47b 0.43±0.23b

Mean ± SD, followed by the same superscript letter within a column, shows nonsignificant difference (LSD0.05).
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3 Results

3.1 Root colonization and plant growth

Arbuscular mycorrhizal inoculation increased root coloni-
zation (Table 1). The root colonization of G. mosseae-
inoculated seedlings was 39%. The roots of non-AM
seedlings were also infected by native AMF, while their
root colonization was less than 5%.

Table 1 also shows that seedling height, stem diameter,
fresh weight, and survival percentage were 12%, 7%, 23%,
and 8% higher in AM seedlings than in non-AM seedlings,
respectively. AM inoculation had no marked effect on leaf
number per seedling.

3.2 Antioxidant defense system characteristics
of rewatered roots in AM and non-AM seedlings

The inoculation of AM 4 days after rewatering significantly
improved the contents of soluble proteins and the activities
of G-POD and CAT in seedling roots, which were 34.7%,
51.4%, and 372.1% higher than those of control (Table 2).
It also accelerated, to some extent, the activity of SOD in
the root system, but the effect was not marked. These

indicated that the inoculation of AM enhanced the defense
system of roots and prevented damages to root cells after
rewatering treatment.

3.3 Effect of AM colonization on soluble sugars
in leaves

Fig. 1 shows that water stress increased the content of
soluble sugars in leaves, which was 36% and 45% higher in
AM seedlings than in non-AM seedlings at 8 and 12 days
after water stress, respectively. The content of soluble
sugars in AM and non-AM seedling leaves sharply
dropped by 57% and 31% within 12 h after the rewatering
treatment and then gently decreased. In addition, AM
seedlings consistently had a higher content of soluble
sugars in leaves than non-AM ones during the whole
rewatering period. The greatest difference in the content of
soluble sugars between AM and non-AM seedlings was
observed on the 12th day after water stress.

3.4 Effects of AM colonization on enzymatic
and nonenzymatic antioxidant defense systems
in leaves

It was generally observed that the content of soluble
proteins decreased markedly in both AM and non-AM
leaves during water stress. The contents of soluble proteins

Fig. 1 Effect of AM colonization on the content of soluble sugars in
P. trifoliata seedling leaves during water stress and rewatering

Fig. 2 Effect of AM colonization on the content of soluble proteins
in P. trifoliata seedling leaves during water stress and rewatering

Fig. 3 Effect of AM colonization on SOD activity in P. trifoliata
seedling leaves during water stress and rewatering

Fig. 4 Effect of AM colonization on G-POD activity in P. trifoliata
seedling leaves during water stress and rewatering
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in AM leaves were 7.5% and 10.5% higher than those in
non-AM leaves. They increased gradually to a level that
was even higher than the original ones during subsequent
rewatering treatment (Fig. 2). It could also be noted that
AM leaves consistently showed a higher content of soluble
proteins compared with non-AM leaves during the whole
water treatment.

In leaves, water stress increased the activity of SOD, but
the rewatering treatment reduced it sharply within 12 h
(Fig. 3). Subsequently, the activity of SOD in AM leaves
had a weak decline, but that in non-AM left a minor
increment. From 1 to 4 days of rewatering, the activity of
SOD in both AM and non-AM leaves increased roughly to
the level before water stress.

Water stress greatly increased the activity of G-POD in
both AM and non-AM leaves, and those in AM leaves were
61% and 29% higher than those in non-AM leaves in 8 and
12 days of water stress, respectively (Fig. 4). When
seedlings were subjected to rewatering, the activity of G-
POD began to decline in 12 h and increased in the next
12 h. From 1 to 4 days of rewatering, the activity of G-POD
was decreased by rewatering. Although water treatments
induced different responses to the activity of G-POD in
leaves, AM leaves tended to have a greater activity of G-
POD during water treatments. The greatest difference
between AM and non-AM seedlings was seen in 8 days of
water stress.

Fig. 5 shows that the activity of CAT in both AM and
non-AM leaves increased from 8 days of water stress to
12 days of rewatering, and decreased from 12 to 1 day of
rewatering. However, CAT activity increased a little in the
next 3 days. The values of CAT in AM leaves were higher
than those in non-AM leaves during water treatments. The
greatest difference between AM and non-AM seedlings
was seen in 12 days of water stress.

4 Discussion

It is well-documented that the inoculation of low phos-
phorus with AMF stimulated the growth of citrus seed-
lings. In our work, AM inoculation significantly stimulated
the growth (e.g., stem diameter, plant height, and plant
fresh weight) of trifoliate orange seedlings before water

treatments. This is consistent with previous findings, where
AM seedlings grew more vigorously than non-AM seed-
lings [13]. AM’s effect on host plant growth has been related
to improved mineral nutrition, especially phosphorus.

Our data indicated that the content of soluble sugar in
AM leaves was higher than that in non-AM leaves during
water treatments, confirming earlier findings [14] and
suggesting that natural physiological metabolisms of non-
AM leaves were less than those of AM leaves during water
stress and rewatering. On the other hand, this result also
suggested that AM inoculation was propitious to the ac-
cumulation of carbohydrates, especially soluble sugars, in
adversity conditions, resulting in a decrease of osmotic
potentials in host cells. Thus, AM seedlings could take up
more water from the soil in water stress conditions and
could rapidly resume plant growth after rewatering.

Cells continuously produce free radicals and reactive
oxygen species as part of metabolic processes [15]. These
free radicals are neutralized by an elaborate antioxidant
defense system, including enzymatic and nonenzymatic
antioxidants. The balance is steady in ample water con-
ditions. When plants are subjected to water stress, the
balance is broken, resulting in oxidative damage to pro-
teins, DNA, and lipids. On the other hand, to counteract the
toxicity of reactive oxygen species, a highly efficient
antioxidant defense system, including both enzymatic and
nonenzymatic constituents, is present in plant cells [16]. In
the present study, AM seedlings tended to have a higher
content of soluble proteins in the leaves and roots during
water treatments, indicating that AM infection might
alleviate or decrease RNA disassembly and might enhance
the ability of nonenzymatic antioxidant defense systems by
means of soluble proteins. Compared with non-AM leaves,
AM leaves showed superior values of SOD, G-POD, and
CAT, and maintained the difference up to the end of water
treatments, suggesting that AM colonization could enhance
the ability of enzymatic antioxidant defense systems. Thus,
in adversity conditions, there was less peroxidation of
membrane lipids in leaves inoculated with AMF. This
agrees with previous reports obtained from tobacco
[17,18], soybeans [19], lettuce [20], Hippophae rham-
noides [21], sugarcane [9], and three shrub species [22].
Mycorrhiza-induced increases in the activity of several
antioxidant enzymes were not associated with mycorrhiza-
induced increases in phosphorus content [23].

Li and Feng [24] reported that AMF might increase the
drought tolerance of plants by means of mycorrhiza-
induced increases in enzymatic antioxidants. In our ex-
periment, AM colonization induced increments of several
antioxidant enzymes (e.g., SOD, POD, and CAT) in leaves
and roots, resulting in the greater drought tolerance of AM
seedlings in water stress and rewatering conditions. More-
over, our data also showed that AM seedlings tended to
have a greater nonenzymatic antioxidant defense system
(e.g., soluble protein), keeping a higher physiological
metabolism in AM seedlings during adversity. Thus, we
concluded that the functional mechanism of AMF in
enhancing the drought tolerance of the host plant was
closely related to enzymatic and nonenzymatic antioxidant

Fig. 5 Effect of AM colonization on CAT activity in P. trifoliata
seedling leaves during water stress and rewatering
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defense systems, including mycorrhiza-induced increases
in both the activities of SOD, G-POD, and CAT, and the
content of soluble proteins.
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