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bstract

Salinity toxicity is a worldwide agricultural and eco-environmental problem. Many literatures show that arbuscular mycorrhizal fungi (AMF)
an enhance salt tolerance of many plants and some physiological changes occurred in AM symbiosis under salt stress. However, the role of
OS-scavenging enzymes in AM tomato is still unknown in continuous salt stress. This study investigated the effect of Glomus mosseae on

omato growth, cell membrane osmosis and examined the antioxidants (superoxide-dismutase, SOD; catalase, CAT; ascorbate peroxidase, APX;
eroxidase, POD) responses in roots of mycorrhizal tomato and control under different NaCl stress for 40 days in potted culture. NaCl solution (0,
.5 and 1%) was added to organic soil in the irrigation water after 45 days inoculated by AMF (Glomus mosseae). (1) AMF inoculation improved
omato growth under salt or saltless condition and reduced cell membrane osmosis, MDA (malonaldehyde) content in salinity. So the salt tolerance
f tomato was enhanced by AMF; (2) SOD, APX and POD activity in roots of AM symbiosis were significantly higher than corresponding non-AM
lants in salinity or saltless condition. However, CAT activity was transiently induced by AMF and then suppressed to a level similar with non-AM
eedlings; (3) higher salinity (1% level) and long stress time suppressed the effect of AMF on SOD, APX, POD and CAT activity; (4) this research

 

 

uggested that the enhanced salt tolerance in AM symbiosis was mainly related with the elevated SOD, POD and APX activity by AMF which
egraded more reactive oxygen species and so alleviated the cell membrane damages under salt stress. Whereas, the elevated SOD, POD and APX
ctivity due to AMF depended on salinity environment.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

Extensive areas of the arid and semiarid regions have soils
ontaining concentrations of soluble salts sufficient to adversely
ffect plant growth. One of the cost-effective strategies for cop-
ng with salinity involves growing crops that have an inherent
bility to tolerate saline conditions [1]. In recent years, studies
ndicated that arbuscular mycorrhizal fungi (AMF) can increase

lant growth and uptake of nutrients, decrease yield losses of
omato under saline conditions and improve salt tolerance of
omato [2–6]. Root colonization by AMF involves a series of

Abbreviations: AMF, arbuscular mycorrhizal fungi; SOD, superoxide-
ismutase; CAT, catalase; APX, ascorbate peroxidase; POD, peroxidase; ECs,
lectrical conductivity of substrate
∗ Corresponding author. Tel.: +86 10 68919507; fax: +86 10 68919588.
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orpho-physiological and biochemical events that are regulated
y the interaction of plant and fungus, as well as by environ-
ental factors. The physiological and biochemical mechanisms

mproving salt tolerance of AM tomato are still unclear, although
he improved nutrition acquisition may be one of the reasons
4,7]. Reactive oxygen species (ROS) such as superoxide radi-
al (O2

−), hydrogen peroxide (H2O2), hydroxyl radical (OH) [8]
nd singlet oxygen (O1

−) [9] generated in plants during the salt
tress. These cytotoxic activated oxygen species can seriously
isrupt normal metabolism through oxidative damage to lipids
10,12], protein and nucleic acids [10–11]. This lead to change
n selective permeability of bio-membranes [13] and thereby

embrane leakage and change in activity of enzymes bound to

embrane occurred [14].
The induction of ROS-scavenging enzymes, such as SOD,

OD, APX and CAT is the most common mechanism for
etoxifying ROS synthesized during stress responses [15]. In
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3.1. Effect of AMF on ECs

Fig. 1 showed the changes of ECs after NaCl treatment.
Larger change of ECs was observed at 5 and 10 days but there
Z. He et al. / Colloids and Surface

ean (Phaseolus vulgaris) colonized by Glomus clarum, SOD
nd CAT were induced in roots at late stage of the symbiosis
evelopment under low P and the activities of SOD and CAT
ere evaluated [16]. Higher levels of SOD activities were also
bserved in lettuce (Lactuca sativa) roots colonized by Glomus
osseae or Glomus deserticola under drought stress [17]. Induc-

ion of CAT had been observed in nodulated soybean (Glycine
ax Merr.) roots colonized by G. mosseae under watered but
ot drought stress conditions [18]. However, the roles of these
nzymes in AM tomato are poorly being understood especially
nder continuous salt stress condition. In this study, we detected
he growth parameters, cell membrane osmosis and the activi-
ies of SOD, POD, APX and CAT in roots of AM and non-AM
omato under 0.5, 1% NaCl and normal condition. We evaluated
he effects of these enzymes in ROS scavenging on the enhanced
alt tolerance by AMF. We also tried to explain the salt tolerance
mprovement of AM tomato from the other side.”

. Materials and methods

.1. Plant materials and mycorrhizal fungus inoculums

Seeds of tomato (Lycopersicon esculentum cv Zhongzha no.
) were obtained from Institute of Vegetables and Flowers,
AAS, Beijing, PR China. Mycorrhizal fungus inoculums, con-

isting of spores, soil, hyphae and infected clove (Trifolium
epens) root fragment from a stock culture of Glomus mosseae,
as provided by Hungarian institute of soil research. The

noculated dosage was 10 g of inoculums per pot containing
pproximately 720 spores.

.2. Experimental fields

Seeds were sterilized by immersion in 70% alcohol for 5 min,
insed four times with distilled water, and kept for germination
n wet filter paper in Petri dishes at 28 ◦C. After 3 days, the seeds
ere planted into polystyrene trays. At the same time, half of

he pots (AM plants) were inoculated with 10 g Glomus mosseae
er pot. Non-AM plants received the same weight of autoclaved
noculums. The inoculums was placed adjacent to each seeding
oot. Thirty-day-old seedlings, uniform in size, were transplant
nto 13 cm × 13 cm plastic pots containing 0.88 kg organized
oil mixture (organic manure, soil and straw = 1:2:1). The soil
ix was collected from greenhouse of Institute of Vegetables

nd Flowers and sterilized (160 ◦C, 4 h). Soil properties were pH
.26, 11.1% organic matter, 150 mg kg−1 available phosphorus,
51 mg kg−1 available nitrogen, 518 mg kg−1 available potas-
ium. The experimental pots were placed in greenhouse with nat-
ral light at average temperature 28/20 ◦C (day/night) from June
o October 2005. The photon flux density ranged from 600 to
200 �mol m−2 s−2, relative humidity was between 65 and 95%.

.3. Experimental design
The experimental design consisted of six treatments cross-
ng two mycorrhizal inoculations levels (non-AMF and Glomus
osseae) with three soil salt levels (NaCl solution: 0, 0.5, 1%).

F
n
*
m
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ots were arranged in a completely randomized block design.
ix replicates of each treatment were applied totalling 36 pots
two seedlings per pot). From the 45th day after AMF inocu-
ation, plants (salt treatments) were irrigated every 2 or 3 days
ith 0.5, 1% NaCl water solution. Salt-free treatments were irri-
ated with tap water (EC = 0.8 dS m−1). Soil EC values reached
.9, 4.2 and 7.1 dS m−1, respectively in the 0, 0.5 and 1% treat-
ents and then salt solution irrigation was stopped. After NaCl

olution irrigated, measurement of SOD, POD, APX and CAT
ctivity were performed every 5–10 days and kept the electrical
onductivity in the growth substrate (ECs) value until the 100
ays after planting. ECs were regularly monitored with a Model
F539 Conductivity Meter (WTW, Weilheim, Germany). When

eaching occurred, the leachate was collected and added back to
oil to maintain salinity treatments near target levels.

.4. Collection and measurement of parameters

Roots were cut in different direction of each pot (containing
wo seedlings) with borer (2 cm), repeated in all the pots of each
reatment.

SOD (EC1.15.1.1) was determined by the method described
y Giannopolitis and Ries [19]. POD (EC1.11.1.7) and CAT
EC1.11.1.6) were determined by the method described by Li
20] and Liu [21]. APX (EC 1.11.1.11) was determined using
he method described by Amako et al. [22]. MDA detecting was
one by referring to Li [20]. The thiobarbituric acid (TBA) was
dopted to measure lipid peroxidation in roots. Cell membrane
smosis was showed by leakage value of macromolecules and
easured according to Li [20]. AMF colonization was measured

0 days after salt stress [23].
The chemicals used in experiment came from the Sigma

ompany of Amerian.
All data presented were the mean values of six replicates and

ere analyzed by Duncan’s multiple new range test using SAS
oftware. The small letters and capital letters mean significance
f difference under p < 0.05 and p < 0.01 level, respectively.

. Results

 

 

ig. 1. Effect of AMF on ECs under NaCl stress. Asterisk denotes that AM and
on-AM treatments differed significantly under the same salt level, *p < 0.05,
*p < 0.01. In contrast, no asterisk denotes no significant difference. Values are
ean ± S.E. (n = 6).  
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Table 1
Effect of salinity on root colonization

NaCl status (%) AMF status Root colonization (%)

0 days after
salt stress

40 days after
salt stress

0
AMF 58.6 aA 60.8 aA
Non-AMF 0.0 bB 0.0 dD

0.5
AMF 58.4 aA 44.9 bB
Non-AMF 0.0 bB 0.0 dD

1
AMF 60.2 aA 32.3 cC
Non-AMF 0.0 bB 0.0 dD

Note: date were analyzed by Duncan’s multiple new range test and the different
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apital and small letters indicate significant differences at p < 0.01 and p < 0.05
evel, respectively.

as no significant difference between AM and non-AM plants.
Cs arrived at 4.2 and 7.1 dS m−1 in 0.5 and 1% treatment,

espectively at 10 days and then we stopped irrigating salt solu-
ion. From 20 to 50 days, little change of ECs occurred at the
ame salt level.

.2. Effect of salinity on root colonization

According to Table 1, salt concentration significantly
hanged the root colonization. With the salt concentration
ncreasing, the root colonization reduced. It was also observed
hat the root colonization reduced after a long salt stress
ime.

.3. Effects of AMF on tomato growth under NaCl stress

NaCl stress significantly reduced plant growth (Table 2).
owever, AM seedlings under salt and saltless conditions were

ignificantly taller and stem diameter, shoot and root dry weight

ncrement were significantly larger than corresponding non-AM
eedlings.

able 2
ffect of AMF on the seedlings growth in tomato under salt stress

aCl
tatus (%)

AMF status Increase (cm) Dry weight (g)

Height Stem
diameter

Shoot Root

0
AMF 4.80 aA 0.115 aA 6.26 aA 1.37 aA
Non-AMF 3.84 bB 0.096 bB 5.98 bB 1.10 bB

0.5
AMF 2.38 cC 0.086 bB 5.64 cC 0.86 cC
Non-AMF 2.10 dCD 0.050 cC 5.32 eE 0.67 dD

1
AMF 2.20 cdC 0.052 cC 5.38 deDE 0.42 eE
Non-AMF 1.80 eD 0.018 dD 5.08 fF 0.28 fF

6
a

3
s

A

F
l

ig. 2. Effect of AMF on SOD activity in root of tomato under NaCl stress. Rest
egend is same as in Fig. 1.

.4. Effects of AMF on SOD activity of tomato under NaCl
tress

As shown in Fig. 2, AM inoculation significantly induced
OD activity in saltless treatments and declined after 20 days.
OD activity in roots was largely induced in salinity, and then
ollowed a decline. At the same salt level, SOD activity in AM
omato was significantly higher than that in non-AM ones (Dun-
an’s p < 0.05) during the salt stress period. At 5 days, SOD
ctivity was higher (14.4, 9.6 and 12.8%) in AM symbiosis than
orresponding non-AM plants at 0, 0.5 and 1% level, respec-
ively. Similarly, at 40 days, SOD activity in AM roots was
12.8, 7.8 and 6.7%) higher than non-AM controls, respectively.
o, compared with the early stage of salt stress time, the rel-
tive effect of AMF on SOD activity reduced after salt stress,
specially in 1% level.

.5. Effects of AMF on APX activity of tomato under NaCl
tress

AM plants had higher APX activity than corresponding non-
M ones under saltless condition (Fig. 3). Under salt stress, it
as observed that APX activity increased and the value on this
arameter in AM plants was always higher than that in non-
M plants, although there was a decline after 20 days. At 20
ays, APX activity in AM roots was distinctly higher (67.2,
5.1 and 23.4%) than that in non-AM plants under 0, 0.5 and
%, respectively. At 40 days, APX activity in AM roots was
8.6, 26 and 12.35% higher than that in non-AM ones at 0, 0.5
nd 1%, respectively.

.6. Effects of AMF on CAT activity of tomato under NaCl

tress

Under saltless condition, CAT activity in roots colonized by
MF was significantly induced compared with non-AM ones at

ig. 3. Effect of AMF on APX activity in root of tomato under NaCl stress. Rest
egend is same as in Fig. 1.  
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Fig. 4. Effects of AMF on CAT activity in root of tomato under NaCl stress.
Rest legend is same as in Fig. 1.
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ig. 5. Effects of AMF on POD activity in root of tomato under NaCl stress.
est legend is same as in Fig. 1.

0 days and then reduced to the level similar with that in non-AM
nes (Fig. 4 Duncan’s p < 0.05). When subjected to salt stress,
AT activity increased, but AM plants showed significant dif-

erences in CAT activity from corresponding non-AM seedlings
ust at 10 days. So, the effect of AMF on CAT activity was not so
bvious in salinity. In contrast, CAT activity induced by salinity
as much larger than that induced by AMF.

.7. Effects of AMF on POD activity of tomato under NaCl
tress

From Fig. 5, POD activity in roots significantly induced
y AMF under saltless condition and then declined after 30
ays. Under salt stress condition, although POD activity in AM
eedlings was always significantly higher than corresponding
on-AM ones during the experiment time, the effect of AMF
n POD activity was reduced. For example, at 40 days, POD
ctivity in AM seedlings was 72.1, 12.2 and 11.8% higher than
orresponding non-AM plants at 0, 0.5 and 1% level, respec-
ively.

.8. Effects of AMF on leakage value of macromolecules of

omato under NaCl stress

According to Fig. 6, AMF inoculation reduced the leakage
alue of macromolecules compared to non-AM plants. With the

ig. 6. Effects of AMF on leakage value of macromolecules of tomato under
aCl stress. Rest legend is same as in Fig. 1.
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ig. 7. Effects of AMF on MDA content in root under NaCl stress. Rest legend
s same as in Fig. 1.

alt concentration increasing, leakage value of macromolecules
n roots significantly increased and the value in AM plants was
ignificantly lower than the corresponding non-AM ones at 1%
alt level, whereas no distinct difference was recorded at 0.5%
nd saltless level at 0 day. At 40 days, AM symbiosis greatly
ecreased (18.8%) leakage value of macromolecules compared
o corresponding non-AM seedlings at 1% level.

.9. Effects of AMF on MDA content of tomato under NaCl
tress

MDA content increased during the experiment and AM colo-
ization reduced MDA accumulation significantly as compared
o non-AM plants in all treatments (p < 0.05) (Fig. 7). Under salt
tress, the difference in MDA content between AM and non-AM
lant was more obvious.

. Discussion

AM are probably the most ancient type of symbiosis between
lants and microorganisms. AM symbiosis can frequently
ncrease host resistance to salinity stress although salinity atten-
ates AMF growth in different degree according to salt level
24]. The mechanism that AMF improve salt resistance remains
nclear. Many studies have indicated that the enhanced salt toler-
nce mainly contributes to mycorrhizal-mediated enhancement
f host mineral nutrient uptake, especially of immobile soil
utrients (P, Cu, Zn) [4,6,25]. In recent studies, other poten-
ial mechanisms were put forward, such as greater osmotic
djustment in AM plants, reduced oxidative damage [26] and
ver-expression of aquaporins induced by the AM symbiosis
27]. Little was known on AM-induced changes of antioxida-
ive enzymes (CAT, APX, POD, SOD) in tomato plants under
alt stress.

In this work, we adjusted the ECs to 4.2 and 7.1 dS m−1 by
rrigating 0.5 and 1% NaCl solution, respectively. The results
Fig. 1) indicated that the effect of AMF on ECs was not obvi-
us and ECs in AM and non-AM treatment was nearly consistent
t the same salt level. Under this experiment condition, we
bserved the positive effects of AMF on tomato growth, which
as the same with the studies by Al-Karaki et al. [4]. In addition,

ower leakage value of macromolecules and MDA content in AM

lants were also detected under salt or saltless condition. Leak-
ge value of macromolecules reflects the cell membrane osmosis
nd the concentration of MDA reflects an end product of lipid
eroxidation. The lower leakage value of macromolecules and 
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DA content display lower cell membrane damage or higher salt
olerance. Our results confirmed that AM inoculation enhanced
he tomato salt tolerance. MDA content in AM seedlings was
lso significantly lower than that in non-AM plants. This may
e due to the enhanced anti-oxidative enzymes by AMF inva-
ion. When subjected to salinity, although the induction by AMF
as suppressed by salinity, it also helped to alleviate the salinity
amage to plants. Porcel et al. [28] reported that AM soybean
ad lower oxidative damage to lipids under drought stress which
as similar with our results. So, AM tomato is supposed to
ave some special mechanisms to alleviate the cell membrane
amage. One of the earliest responses of plants to pathogens,
ounding, salinity and drought is the accumulation of reactive
xygen species (ROS). The steady-state levels of ROS in plants
ells may be determined by the balance between the activities
f SOD, POD and CAT [15].

In our experiment, SOD activity was largely induced by
MF or salinity regardless salt or saltless condition (Fig. 2).
espite the symbiotic nature of arbuscular mycorrhizal asso-

iations, they represent a massive invasion of plant roots by
lomalean fungi. SOD which play a role in detoxification pro-
esses by catalyzing the conversion of free O2

− to O2 and
2O2, very often is associated with stress situations includ-

ng plant/pathogen interactions [29]. There were reports of a
eneral stimulation of constitutive SODs in different AM sym-
iosis [30–31]. It was also reported that specific SOD isoforms
ere induced. Pioneer studies on this subject had shown that the
M fungus G. mosseae possesses CuZn-SOD activity and that
ycorrhizal clover roots exhibit two additional SOD isoforms

s compared to non-mycorrhizal roots: a mycCuZn-SOD and a
n-SOD [32]. Mycorrhizal lettuce plants subjected to drought

ad increased SOD activity compared to non-mycorrhizal con-
rols [17] and molecular analyses also confirmed this response
t the transcriptional level [33]. However, in nodulated soybean
oots colonized by G. mosseae such induction was not observed
18]. So, the effect of AMF on different plants was not always the
ame. In addition, under salt stress, we also observed that SOD
ctivity presented a decline, which may be the results of plant
daptation to salt stress. As to the reduced effects of AMF on
OD activity after long salt stress, it might be the result of AM
olonization inhibit by stress (Table 1), which had been reported
n previous literatures [34–35]. In terms of plant growth main-
enance and reduced cell membrane damage in AM plant, our
esults suggested that the SOD response was associated with
M colonization and the induced SOD activity by AMF may

ontribute to the enhanced tolerance of AM plant in salinity.
Other important antioxidant enzymes such as APX, POD and

AT were also studied in this paper. Little attention has been
aid to the role of these enzymes in AM plants. In tobacco
olonized by G. mosseae, the transient induction of APX and
AT observed during appressoria formation likely indicates a
efense response during the early stages of symbiosis develop-
ent [36]. Whereas, it was also reported that soybean colonized
y G. intraradices had lower APX activity under well watered
r drought stress condition [28]. Induction of CAT had also
een observed in nodulated soybean roots colonized by G.
osseae under well watered but not drought stress conditions
Biointerfaces 59 (2007) 128–133

18]. However, the data from our experiments showed that higher
PX activity was induced gradually by AMF. POD activity

n roots was significantly elevated by AM colonization during
he experiment, although it presented a decline after 30 days.

hereas, CAT activity was transiently induced at 10 days and
hen suppressed to the level similar with that in non-AM plants.
ccordingly, the above results showed that AM symbiosis really

nfluenced these enzymes in different degree, which may be
he results of common response to invasion of fungi. Compared
o previous studies, our results were not consistent completely
ith them. The different results involved in fungal and plant

pecies. When the plants were subjected to salt stress, APX,
OD and CAT activity were all largely induced which was con-
istent with the previous studies in salinity. But the AM plant
howed higher value in APX and POD activity than correspond-
ng non-AM plants, it may be a complex interaction of AMF,
lant and salinity and need molecular analyses. These enzymes
n AM tomato especially under continuous salt stress were little
nown, but studies on antioxidants in tomato under salt stress
ad been reported. Shalata and Tal [37] reported that in Lycoper-
icon pennellii, the wild salt tolerant species, CAT activity and
lutathione reductase were lower, whereas, SOD, APX were
igher than those in the cultivated tomato. Mittova et al. [38]
ound that compared with cultivated tomato (Lycopersicon escu-
entum), the better protection of pennellii root plastids from salt
nduced oxidative stress was correlated with increased activities
f SOD, APX and POD. All our observations suggested that
igher APX and POD activity in AM tomato may be associated
ith the enhanced plant growth and salt tolerance under salt or

altless condition. However, the CAT activity induced by AMF
ay not be important for the enhanced salt tolerance in AM

omato, although it may play important role in salinity.
Since cell membrane damage was lower in AM symbiosis

ompared to non-AM plants and SOD, APX and POD activ-
ty was contributed to protect plant from salinity injury, the
nduced SOD, APX and POD activity in AM symbiosis may
e an important mechanism to improve salt resistance of AM
lants. However, the effect of these enzymes induced by AMF
n salt tolerance of AM plants depended on the salt condition,
hich was important aspect for the AMF application in salinity.
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