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Abstract Effects of mycorrhizal association on improving tolerance of host plant under
stress environments have received attentions in recent years. In this paper, six isolates of
AMF (arbuscular mycorrhizal fungus) were inoculated to Casuarina equisetifolia seedlings
under glasshouse conditions to investigate the effects of AMF on growth and drought
tolerance of host plants. All the six isolates which belong to Glomus showed high
mycorrhizal colonization (88.5-96.0%) with C. equisetifolia seedlings. Seedlings were
subjected to drought stress without watering for 7 days and survival of the seedlings
inoculated with Glomus caledonium Gc90068, G. versiforme Gv9004 and G. caledonium
Gc90036 increased by 36.6, 23.3 and 16.6%, respectively compared with uninoculated
seedlings. Limited influence of AMF on seedling height growth was found, but the effects
of AMF on total biomass increment were very significant; the increment ranged from 25.7
to 118.9% compared with uninoculated treatment, and it was noted that AMF exerted more
influences on root biomass than shoot biomass. Based on the changes in physiological and
biochemical parameters among different treatments caused by drought stress, it was
concluded that AM (arbuscular mycorrhizal) associations improve the drought tolerance of
C. equisetifolia seedlings by means of some physiological and biochemical responses, such
as lowering permeability of plasma membrane and MDA (malondialdehyde) contents,
enhancing concentrations of P nutrition, soluble sugar, soluble protein and activities of
POX (Peroxidase) of C. equisetifolia seedlings.
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Introduction

Casuarina equisetifolia L. Johnson is a nitrogen-fixing tree of considerable social, eco-
nomic and environmental importance in coastal area of southern China. Plantations of C.
equisetifolia play very important roles as windbreaks, in stabilization of moving sands,
provision of fuel wood and reclamation of coastal ecosystems (Pinyopusarerk et al. 2004).
The coastal sand dunes in tropical and subtropical areas of southern China are charac-
terized by drought, infertility and poor water holding capacity that often result in low
survival and poor growth of casuarina plantations. High priority has been given on
reforestation of coastal dunes in southern China and there is a need to enhance the survival
of casuarina seedlings by improving their drought tolerance.

Members of Casuarinaceae are infected either by ectomycorrhizal fungi or arbuscular
mycorrhizal fungi (AMF) in the fields (Rose 1980; Gardner et al. 1986; Reddell et al. 1986;
Raman and Elumalai 1991; Khan 1993; Sambandan et al. 1994), but the susceptibility of
Allocasuarina and Casuarina species to mycorrhizal infection is variable depending on the
type of mycorrhizal fungi. It has been reported that Allocasuarina species formed ecto-
mycorrhizas more commonly than Casuarina species, inversely a higher percentage of
arbuscular mycorrhizas (AM) was observed within Casuarina (Reddell et al. 1986). The
genus of the AM Glomus was the dominant native species found in field surveys in
southern China (Zhong et al. 2002).

In recent years, there has been a growing appreciation of the importance of mycorrhizal
associations, especially of AMF on improving drought tolerance of host plants (Mukerji
and Kapoor 1986; Cuenca et al. 1997; Caravaca et al. 2003). Based on the research of
Nelsen and Safir (1982) on onion, improved phosphorus nutrition is a crucial factor for
increased drought tolerance of mycorrhizal plants. Exposure of plants to drought condi-
tions led to increases in free praline, soluble sugar, peroxidate (POX) activities and mal-
ondialdehyde (MDA) concentration, and inhibitions of protein synthesis have been proved
in many literatures (Dhindsa 1991; Zhang and Kirkham 1994; Arji and Arzani 2008), so
comparison of the changes in these parameters between non-mycorrhizal and mycorrhizal
plants under drought stress can reveal the effects of mycorrhizal association on improving
drought tolerance. AMF have been used in vegetation establishment in stressful and dis-
turbed ecosystems (Estatin et al. 1997; Requena et al. 2001). However, little work has been
done on improving drought tolerance of casuarinas using AM associations.

The objective of this study was to investigate the effects of AM associations on
enhancement of drought tolerance of C. equisetifolia seedlings under glasshouse condi-
tions, and to screen superior isolates for further field tests.

Materials and methods

AMF inoculum preparation

Six isolates of AMF were included in inoculation experiment (Table 1). To acquire AMF
inoculum, the spores of various AMF isolates were inoculated to Trifolium repens for
6 months. Inoculum consisted of spores, mycelium, infected root fragments and potting

media (1.5:1:2 vermiculite:peat:river sands on a volume:volume basis) which was steril-
ized in pressure steam sterilizer before being used for AMF propagation.
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Table 1 Details of AMF isolates and their origin involved in 7 treatments

Treatments AMF scientific name Host plant and location Spore*
T1 Glomus mosseae (Nicol.&Gerd.) Gerd. & Trappe Colocasia esculenta in 338
Yunnan, China
T2 G. etunicatum Becker & Gerd. Host plant unknown, Taiwan 861
T3 G. intraradices N.C.Schenck & G. S. Smith Host plant unknown, U.S.A. 1,472
T4 G. caledonium (Nicol & Gerd.) Trappe & Gerd. Zea mays in Nanjing, China 672
Gc90068 isolate
T5 G. caledonium (Nicol & Gerd.) Trappe & Gerd. Allium cepa in Nanjing, China 462
Gc90036 isolate
T6 G. versiforme (Karsten) Berch C. equisetifolia in Hainan, 864
China
T7 Uninoculated control

Spore* = spore number/10 g growing media

Inoculation and transplanting

Casuarina equisetifolia seedlings were used as host plant for AM association. Seeds which
were collected from a plantation of C. equisetifolia were surface-sterilized in 0.1% HgCl,
for 10 min, rinsed several times in sterile deionized water, and sown in germination tray
containing the potting media mentioned above. One month after seed sowing, uniform
seedlings about 6 cm in height were transplanted into 250 ml plastic cups, one seedling per
cup, and 10 g of the inoculum was added near the roots of each seedling. The seedlings
were watered once daily with tap water. In addition, 20 ml solution of potassium
ammonium phosphate compound fertilizer (N:P:K 15:15:15) in 1% concentration was
applied to each seedling every 2 weeks. The experiment was conducted in a glasshouse,
day/night temperature about 36/25°C and relative humidity 65-95%.

Experimental design, measurement and data analysis

A randomized complete block design with seven replicates was employed for seven
treatments (six AMF isolates and one control, uninoculated) as shown in Table 1. Each
treatment plot consisted of ten seedlings per replicate. In total, 490 seedlings were involved
in this experiment. Four of the seven replicates were used for seedling height measure-
ments and low osmotic potential solution treatments. The other three replicates were used
for seedling root sampling and survival test after watering was stopped for 7 days.

After transplanting for 120 days, four seedlings from each treatment in the four-repli-
cate group were randomly selected and treated with low osmotic potential solution for
4 days to simulate drought stress conditions. The low osmotic potential solution consisted
of PEG-6000 (polyethylene glycol 6000) and water. Two osmotic potential solutions
(0 MPa, water only) and —0.5 MPa (PEG-6000 150 g/L) were prepared for drought stress
treatments.

In order to examine the effects of AMF on improving drought tolerance, after trans-
planting for 140 days watering of the seedlings in the three-replicate group was stopped for
7 days, and resumed thereafter. Survival of the seedlings was assessed after growing for
another 7 days.
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Height of seedlings in the four-replicate group was measured for the first time 15 days
after transplanting. Nine more seedling height measurements were carried out thereafter at
15 days interval. After the last height measurement (150 days after transplanting), all
seedlings were harvested for shoot and root fresh weight. Dry weight of shoots and roots
was obtained after oven drying at 80°C for 48 h.

The roots of the seedlings in the three-replicate group were sampled to determine
mycorrhizal colonization (MC) after growing for 120 days. Mycorrhizal colonization was
estimated using the root fragment method of Brundrett et al. (1996). Root samples were cut
into 1-cm long segments, soaked in 10% (w/v) KOH at 90°C for 1 h in a water bath, rinsed
three times in tap water, and acidified in 2% (v/v) HCl. They were rinsed again three more
times, then stained with Trypan blue at 90°C for 15 min, and washed out excess Trypan
blue. Thirty root segments from each subsample were examined under the microscope for
MC test.

Relative permeability, content of MDA, content of soluble sugar, content of soluble
protein and POX of branchlets were measured after seedlings were subjected to low
osmotic potential solution. The relative permeability of seedling branchlets was measured
as follows. Fresh branchlets were cut into 2-cm long segments and 2 g of branchlet
segments were placed in a glass tube containing 25 ml of deionized water. The electrolytic
conductivity of the bathing solution was measured with a conductivity meter (DDS-307
model) after soaking branchlet segments in the water for 15 h. The branchlet segments
were then heated to boil. When the boiling solution had cooled to room temperature,
electrolytic conductivity was measured again. The relative permeability of branchlet
plasma membrane was calculated using the following formula (Zwiazek and Blake 1991):

Relative permeability(%) = electrolytic conductivity of solution at 15 h before heating/
electrolytic conductivity of solution after heating x 100.

MDA contents were measured using the method of Zhao et al. (1994). Proline contents
were measured using the method of Troll and Lindsley (1955). Soluble sugar contents were
measured using the anthrone method described by Fales (1951). POX and Soluble protein
contents were evaluated as described by Hao et al. (2004). P concentrations in dried shoots
were determined using an autoanalyzer ICP-DES (McLeod 1982).

Data were statistically analyzed using SAS software package for analysis of variances
(ANOVA). Duncan’s multiple range test at 5% level was used to compare the significant
difference between treatment means. Arcsin transformations were performed for per-
centage data for ANOVA, but the percentage data presented in the result tables are non-
transformed values.

Results

The ANOVA results are summarized in Table 2. There were significant differences
(P < 0.05-0.001) between the AMF treatments in most of the physiological and bio-
chemical parameters assessed, indicating that AMF can produce physiological and bio-
chemical changes in casuarina seedlings regardless whether they were under drought stress
or not.

Effect of AMF on MC and Survival of seedlings

Roots of C. equisetifolia seedlings inoculated with AMF had significantly higher mycor-
rhizal colonization than those of the uninoculated seedlings (Table 3). The MC recorded
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Table 2 Summarized results of analysis of variance for 18 physiological and biochemical parameters

Source DF Mean square Residual mean F value P value
square

Mycorrhizal colonization 6 1324.38 5.84 226.90 <0.001
Survival 6 389.39 42.09 9.25 <0.001
Root fresh weight 6 1.28 0.014 91.99 <0.001
Root dry weight 6 0.58 0.0066 87.94 <0.001
Shoot fresh weight 6 241 0.008 301.12 <0.001
Shoot dry weight 6 0.95 0.016 59.46 <0.001
Total biomass 6 2.89 0.017 166.95 <0.001
P concentration 6 1.28 0.017 85.68 <0.001
REC (control) 6 3.16 1.35 2.35 ns
REC (drought stress) 6 42.93 1.73 24.76 <0.001
MDA (control) 6 3.74 0.92 4.08 <0.05
MDA (drought stress) 6 356.77 441 80.81 <0.001
Soluble protein (control) 6 1369.69 49.06 27.92 <0.001
Soluble protein (drought stress) 6 364.09 27.52 13.23 <0.001
POX activities (control) 6 853.09 26.57 32.11 <0.001
POX activities (drought stress) 6 852.13 40.97 20.80 <0.001
Soluble sugar (control) 6 379.87 19.82 19.16 <0.001
Soluble sugar (drought stress) 6 137.19 19.75 6.95 <0.001

Survival Survival after no watering for 7 days; REC relative electrolytic conductivity; MDA malondialde-
hyde; POX Peroxidase

for the uninoculated seedlings (T7) was 11.1% only compared to 88.5-96.0% of the
inoculated seedlings (T1-T6). There were significant differences between the six treat-
ments inoculated with different AMF, with T3 and T4 recording the highest MC implying
that there was superior compatibility between C. equisetifolia and some AMF involved in
the experiment. It was noteworthy that only root external hyphae, vesicles and spores were
found, but no arbuscule structures were detected.

Survival differed considerably between treatments and not all seedlings treated with
AMF survived significantly better than the untreated seedlings (Table 3). T3 and T4 iso-
lates had the highest survival (93.3 and 80%, respectively), which were significantly higher
than other treatments. Interestingly it was the T3 treatment which had the lowest survival at

Table 3 Effects of arbuscular mycorrhizal fungi (AMF) on mycorrhizal colonization (MC) and survival of
C. equisetifolia seedlings after inoculating for 120 and 140 days respectively under glasshouse conditions

AMF treatments

T1 T2 T3 T4 T5 T6 T7
MC (%) 910c 88.5¢c 95.2 ab 96.0 a 91.7 be 89.7 ¢ 11.1d
Survival (%) 60.0 cd 70.0 be 46.7d 933 a 80.0 b 73.3 be 56.7 cd

T1 = treatment 1, inoculated with G. mosseae, T2 = inoculated with G. etunicatum, T3 = inoculated with
G. intraradices, T4 = inoculated with G. caledonium GC90068, T5 = inoculated with G. caledonium
GC90036, T6 = inoculated with G. versiforme, T7 = control uninoculated

The survival data shown here are non-transformed data
Data followed by the same letter are not significantly different by Duncan’s multiple range test (P < 0.05)
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46.7% although it was not significantly different from the control at 56.7%. The results
indicate that certain AMF isolates such as T3 and T4 can markedly improve drought
tolerance of C. equisetifolia seedlings.

Effects of AMF on height growth of seedlings

As shown in Fig. 1, there were no significant differences in seedling height among
treatments after inoculating for 15 days, but marked differences were found from the 30th
day on ward. The results implied that it would take some time to establish mycorrhizal
association between host plant and AMF. In the subsequent 120 days of observations, only
the seedlings of T1 and T3 were taller than those of T7.

Effect of AMF on biomass and P nutrition of seedlings

Various AMF exerted different influences on biomass accumulation of C. equisetifolia
seedlings as shown in Table 4. AMF had more effect on root biomass than on shoot
biomass in C. equisetifolia seedlings. For example, root fresh weight in T4 increased by
142.86% compared to T7, and root dry weight increased by 131.17%, but shoot fresh
weight and shoot dry weight only increased by 91.63 and 109.17%, respectively, In terms
of total biomass, T4 achieved best mycorrhizal effectiveness, which gained biomass
increment by 127.45%. The remaining treatments were ranked as TS (79.6%), T6 (70.9%),
T2 (28.2%), T1 (25.7%) and T3 (24.8%). In contrast to the biomass, the P concentrations
of seedlings in different treatments showed a similar trend to total biomass, suggesting that
favorable AMF were very helpful in improving the P nutrition of seedlings, consequently
promoting the growth of host plants.

Effects of AMF on physiological and biochemical changes of seedlings

No significant differences in relative electrolytic conductivities between inoculated treat-
ments and T7 was detected under non-drought condition, but relative electrolytic con-
ductivities in some treatments inoculated with AMF under drought stress declined
distinctly compared with T7 (Fig. 2). For instance, T4, T5 and T6 reduced by 48.0, 20.2
and 15.1%, respectively compared with T7. No significant differences were found between
T1, T2, T3 and T7. The results suggested that favorable AMF can alleviate the detrimental
effects of drought stress on plasma membrane of host plants by reducing permeability of
branchlets.

There were similar MDA contents among various treatments under non-drought stress
condition, but MDA contents of all treatments increased inconsistently under drought

Fig. 1 Effects of AMF on 50

seedling height growth of C.
equisetifolia after growing for
150 days under glasshouse
conditions
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Fig. 2 Effects of AMF on relative electrolytic conductivity of plasma membrane of C. equisetifolia
seedlings under drought stress

Fig. 3 Effects of AMF on MDA
contents of C. equisetifolia
seedlings under drought stress

N
o

a @mcontrol @drought stress

N W w b
a O o o
T

20

MDA concentration (ug/g.protein)

0
Treatment
70
< a
@mcontrol  @Odrought stress
9
L 60 a a
éb 50 | b a
) be
=] ab
2 40} c o be bc bc c
-
S 30} d
2
L 20f
=
= 10}
12}
0
1 2 3 4 5 6 7

Treatments

Fig. 4 Effects of AMF on soluble sugar of C. equisetifolia seedlings under drought stress

stress (Fig. 3). MDA contents of treatments inoculated with drought-tolerant AMF
increased less than that of treatments inoculated with inferior AMF or without AMF.

Treatments inoculated with AMF under non-drought stress condition uniformly
achieved higher soluble sugar contents in branchlets than that of T7. T2, T4, T5 and T6
increased much more than other treatments, viz. increased by 30.3, 52.1, 72.8 and 53.9%,
respectively compared with T7 (Fig. 4). However, under drought stress, soluble sugar
contents of all treatments decreased compared with that under non-drought condition,
especially T2, TS and T6 decreased more significantly.
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Under non-drought condition, branchlets soluble protein contents of treatments inocu-
lated with AMF enhanced evidently than that of T7. In contrast, under drought stress,
soluble protein of all treatments was lower than that under non-drought condition, but T4
and T5 still were detected the higher soluble protein, which increased by 48.1 and 29.9%,
respectively than that of T7 (see Fig. 5).

As shown in Fig. 6, only POX activities of T4, TS and T6 were higher than that of T7
under non-drought condition. However, under drought stress, the POX activities of all
treatments improved obviously than that of the treatments under non-drought condition,
but only T4, TS5 and T6 had higher POX activities than T7.

Discussion

Examination of various root samples after inoculating with 6 AMF for 120 days showed
that all the treatments had high mycorrhizal colonization, implying that it is easy to
establish mycorrhizal association between C. equisetifolia and AMF of the Glomus genus.
The results are consistent with previous research by Chung and Liu (1986) and Sidhu et al.
(1990). Compared with other tree species, the mycorrhizal effectiveness of six AMF on
improvement of height growth and biomass in different treatments was not as good as
expected. It is probable that high mycorrhizal colonization does not necessarily mean
superior mycorrhizal effectiveness. It is thus essential to select specific isolates of AMF for
host plants in terms of different tasks or targets.

One of the most severe factors limiting the growth of plants in southern China is P
deficiency of soil. Plant roots infected by Arbuscular mycorrhizae are known to be more
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efficient in taking up soil P than uninfected roots (Pacovsky et al. 1985). Raju et al. (1990)
found that most of the observed changes in the growth of the sorghum resulting from
mycorrhizal infection are attributable to increased uptake of P and other nutrients. The
increment of total biomass and P concentration in C. equisetifolia seedlings infected by
AMF indicated that AMF play an important role in improving P absorption of host plants.

It is accepted that plasma membrane plays an important role in regulating micro-
environment and maintaining well-balanced metabolism in cell, and electrolytic conduc-
tivity of plasma membrane under adverse conditions reflects the stability of plasma
membrane. Some researcher considered that cell-membrane stability can be treated as the
main evaluation factor of cereal crop when selecting drought-resistance variety (Tripathy
et al. 2000). In this study, our results demonstrated that specific isolates of AMF can
improve plasma membrane stability of C. equisetifolia seedlings under drought stress.

In order to tolerate drought stress, plants will accumulate high concentration of low-
molecular-mass organic solutes such as proline, betaine, soluble sugars or amino acids to
regulate the osmotic potential of cells aiming at improving absorption of water under drought
stress. Moreover, plant will enhance the activity of antioxidant enzymes to clean the free
radicals produced in plants under adverse condition. In this study, concentrations of soluble
sugar and soluble protein in C. equisetifolia seedlings inoculated with superior AMF were
improved significantly compared with that of untreated seedlings. It was regarded as a
consequence of high photosynthesis efficiency of host plants from mycorrhizal association
(Wrightetal. 1998), resulting in lowering osmotic potential of host plants so as to improve the
drought-tolerant ability. POX activities of C. equisetifolia seedlings inoculated with superior
AMF increased significantly compared with that of uninoculated seedlings whether the host
plants were under drought condition or not. This suggests that AMF can activate the enzy-
matic activity of antioxidant system not always under adverse conditions. In contrast to POX
activities, MDA contents did not vary obviously among all treatments under non-drought
condition, but under drought stress, MDA contents of C. equisetifolia seedlings inoculated
with superior AMF decreased significantly compared with that of uninoculated seedlings.
This demonstrated that AMF can only reduce abnormally high MDA contents caused by
drought stress, and had no effect on normal MDA contents.

In conclusion, selecting suitable mycorrhizal fungi for plant revegetation on the
drought-proned coastal dune is a high priority. It has been found that AMF of the Glomus
genus is the dominant species in coastal plantations of C. equisetifolia in southern China
(Zhong et al. unpublished data), but the differences of mycorrhizal effectiveness between
different species or isolates was noteworthy, so further collection and selection of favor-
able isolates are warranted.
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