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Abstract A pot study was conducted to determine the

effects of arbuscular mycorrhizal (AM) fungi (Glomus

mosseae and Paraglomus occultum) and salt (NaCl) stress

on growth, photosynthesis, root morphology and ionic

balance of citrus (Citrus tangerine Hort. ex Tanaka)

seedlings. Eighty-five-day-old seedlings were exposed to

100 mM NaCl for 60 days to induce salt stress. Mycor-

rhizal colonization of citrus seedlings was not affected by

salinity when associated with P. occultum, but significantly

decreased when with G. mosseae. Compared with the non-

mycorrhizal controls, mycorrhizal seedlings generally had

greater plant height, stem diameter, shoot, root and total

plant biomass, photosynthetic rate, transpiration rate and

stomatal conductance under the 0 and 100 mM NaCl

stresses. Root length, root projected area and root surface

area were also higher in the mycorrhizal than in the non-

mycorrhizal seedlings, but higher root volume in seedlings

with G. mosseae. Leaf Na? concentrations were signifi-

cantly decreased, but leaf K? and Mg2? concentrations and

the K?/Na? ratio were increased when seedlings with both

G. mosseae and P. occultum. Under the salt stress, Na?

concentrations were increased but K? concentrations

decreased in the mycorrhizal seedlings. Under the salt

stress, Ca2? concentrations were increased in the seedlings

with P. occultum or without AM fungi (AMF), but

decreased with G. mosseae. Ratios of both Ca2?/Na? and

Mg2?/Na? were also increased in seedlings with G. mos-

seae under the non-salinity stress, while only the Mg2?/

Na? ratio was increased in seedlings with P. occultum

under the salt stress. Our results suggested that salt toler-

ance of citrus seedlings could be enhanced by associated

AMF with better plant growth, root morphology, photo-

synthesis and ionic balance.

Keywords Arbuscular mycorrhiza � Citrus �
Ionic balance � Photosynthesis � Root morphology �
Salt stress

Abbreviations

AM Arbuscular mycorrhiza

AMF Arbuscular mycorrhizal fungi

E Transpiration rate

gs Stomatal conductance

Pn Photosynthetic rate

Introduction

Salinity adversely affects plant water-holding capacity and

ionic imbalance by osmotic stress and/or ion cytotoxicity

(mainly Na? and Cl-) to plant cell and functioning, leading

to significant decreases of plant productivity and quality

(van Hoorn et al. 2001; Chinnusamy et al. 2005; Teakle

et al. 2006). It is known that arbuscular mycorrhiza (AM),

a mutualistic association between AM fungi (AMF) and

roots of most terrestrial plants, could enhance plant

growth and alleviate salt stress (Ruiz-Lozano et al. 1996;

Communicated by W. Filek.

Q.-S. Wu (&) � Y.-N. Zou

College of Horticulture and Gardening, Yangtze University,

No. 88 Jingmi Road, 434025 Jingzhou, Hubei,

People’s Republic of China

e-mail: wuqiangsh@163.com

X.-H. He

School of Plant Biology (M084), University of Western

Australia, Crawley, WA 6009, Australia

123

Acta Physiol Plant (2010) 32:297–304

DOI 10.1007/s11738-009-0407-z



Al-Karaki 2000; Asghari et al. 2005; Asghari 2008). The

possible mechanisms of mycorrhizal plants to salt tolerance

include: (1) improving plant nutrient uptake, especially P

(Al-Karaki 2000; Al-Karaki et al. 2001; Asghari et al.

2005; Asghari 2008), (2) altering root plasticity (Ech-

everria et al. 2008), (3) providing higher accumulation of

soluble sugars in mycorrhizal roots (Feng et al. 2002), (4)

elevating K/Na ratio (Giri et al. 2007; Asghari 2008), and

(5) maintaining higher antioxidant enzymatic activities (He

et al. 2007). AMF have been thus considered as important

bio-ameliorators for saline soils (Rabie and Almadini

2005).

Citrus trees are relatively sensitive to salinity stress (Al-

Yassin 2004; Levy and Syvertsen 2004). Their growth and

fruit yield were impaired under soil salinity without any

obviously visible symptoms in leaves (Cerda et al. 1990).

Glomus intraradices-inoculated Carrizo citrange [Citrus

sinensis (L.) Osb. 9 Poncirus trifoliata (L.) Raf.] had

higher dry weight and lower proline content than the un-

inoculated controls under either 25, 50 or 100 mM NaCl

stress (Duke et al. 1986). However, AM colonization was

decreased from 62 to 67% in the control to 31–40% at

150 mM NaCl stress, though no significantly physiological

effects were derived from such colonization decreases to

3-month-old Karna Khatta (C. karna) and Troyer Citrange

(Poncirus trifoliata 9 C. sinensis) seedlings (Murkute

et al. 2006). As a result, further study on interactions

between citrus and AMF under saline conditions is

required.

Plant salt tolerance is related to its ability to regulate

ionic balance, particularly Na?, K?, Ca? and Mg2?

(Munns et al. 2006). Roots are the site of carbohydrate and

nutrient exchange between AMF and host plants, while

their function of absorption is closely related to their

morphology (Yi et al. 2007). To date, little is known about

the interaction between AMF and salinity on ionic balance

and root morphology of plants. The objective of this

research was to evaluate the effects of two AMF on growth

performance, ionic balance, photosynthesis and root mor-

phology of red tangerine (C. tangerine Hort. ex Tanaka)

seedlings grown under salinity.

Materials and methods

Experiment design

This experiment was conducted inside a greenhouse

between March and July 2008 at Yangtze University,

Jingzhou City, Hubei Province, China. The experiment

consisted of a randomized block design with two factors:

three mycorrhizal treatments [G. mosseae (Nicol. & Gerd.)

Gerdemann & Trappe, Paraglomus occultum (Walker)

Morton & Redecker and non-AMF control] and two

salinity levels of 0 and 100 mM NaCl. Each treatment had

three replicates (pots) for a total of 18 pots (three seedlings

per pot).

Plant culture and salt stress induction

Seeds of red tangerine were surface sterilized with 70%

alcohol for 5 min, rinsed four times with distilled water and

sowed into plastic pots (16 cm in depth and 20 cm in

mouth diameter) that were filled with 3.4 kg of autoclaved

soil mixture. Either 15 g (dry wt) mycorrhizal (G. mosseae

or P. occultum) inoculum (soil, spores, hyphae and root

material) or autoclaved inoculum was placed at 5 cm depth

of soil mixture. These mycorrhizal inocula were from the

Institute of Plant Nutrition and Resources, Beijing Acad-

emy of Agriculture and Forestry Sciences, China. Origi-

nally, G. mosseae was isolated from Incarvillea

yonghusbandii in a non-saline rhizosphere soil in Sitsang,

and P. occultum from Prunus L. in a saline rhizosphere soil

in Beijing, China.

Salinity stress was induced by adding 300 ml of

100 mM NaCl solution after 85 days of sowing, and the

control (0 mM NaCl) seedlings were irrigated with 300 ml

of distilled water. To avoid osmotic shock, the soil was

gradually salinized by 25 mM NaCl per day. Seedlings

were harvested 60 days after salinity stress.

Growth and ion characters

Plant height and stem diameter were measured after

145 days of growth. Shoot and root systems were oven-

dried at 75�C, and ground into 0.5 mm powder. Approxi-

mately 0.1 g dry powder of leaf or root was incubated in

25 ml deionized water at 100�C for 2 h, cooled at room

temperature for 30 min and then filtered. Concentrations of

K?, Na?, Ca2? or Mg2? were determined directly with an

Atomic Absorption Spectrometer (AI 1200, Aurora

Instruments Limited, Canada).

Photosynthesis measurement

Photosynthetic rate (Pn), transpiration rate (E) and stomatal

conductance (gs) were measured by an infrared gas ana-

lyzer (Li-6400, Li-Cor, Lincoln, NE, USA) on three rep-

lications per treatment from 9:30 to 10:40 am at a sunny

day before harvest. Measurements were recorded when the

total coefficient of variation was less than 0.5%.

Symbiotic development

One-cm root pieces were taken from the middle part of the

root systems, were cleaned with 10% (w/v) KOH and
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stained with 0.05% (w/v) trypan blue in lactophenol

(Phillips and Hayman 1970). The AM colonization was

quantified according to the following formula (Wu et al.

2008):

AM colonization (% ) ¼ root length infected

root length observed
� 100

Root morphology analysis

The fresh root systems were carefully washed by tap water

after harvest and were directly placed on the Regent’s

water-proof trays. The image of the root system was

acquired using an extra optimized Epson Expression/STD

4800 scanner and analyzed with the WinRHIZO software

using an automatic global thresholding method (Regent

Instruments Inc., Quebec, QC, Canada). It is an automatic

and interactive image analysis system specifically designed

for root morphological traits including root length, pro-

jected area, surface area, average diameter and volume.

Roots of six seedlings (two roots/pot) were scanned for

each treatment and data were the average of these six

samples.

Statistical analysis

Data (means) were analyzed using ANOVA (SAS, Version

8.1) at P \ 0.05 (Fisher’s protected least significant dif-

ference). Percentage values were arcsine transformed

before statistical analyses.

Results

AM colonization with G. mosseae, but not with P. occul-

tum, was significantly decreased under 100 mM NaCl

salinity (Fig. 1). Salinity reduced stem diameter, plant

height and biomass of citrus seedlings, irrespective of the

inoculation with G. mosseae or P. occultum (Table 1).

Under the non-salinity stress, compared to the non-AM

control seedlings, stem diameter, plant height, shoot, root

and total dry weights were increased by 15, 11, 24, 20 and

25% in G. mosseae-inoculated seedlings, and by 7, 7, 28,

27 and 28% in P. occultum-inoculated seedlings, respec-

tively. Under the salinity stress, compared to the non-AM

control seedlings, stem diameter, plant height, shoot, root

and total dry weight in G. mosseae-inoculated seedlings

were increased by 14, 6, 37, 33 and 31%, and in P. oc-

cultum-inoculated seedlings by 15, 9, 37, 33 and 34%,

respectively.

Soil salinity markedly decreased their Pn and E in

both the G. mosseae-inoculated and the non-AM seed-

lings, but not in P. occultum-inoculated seedlings

(Table 2). Soil salinity decreased their gs in all seedlings.

Mycorrhizal seedlings had higher Pn, E and gs than the

un-inoculated seedlings under both 0 and 100 mM NaCl

salinity levels.

Salinity decreased root length, root projected area, root

surface area and root volume in the AM and the non-AM

seedlings (Table 3). Root average diameter was not

affected by both salinity and AMF inoculation. Plants

inoculated with AMF had significantly higher root length,

root projected area and root surface area than the control

seedlings grown under both 0 and 100 mM NaCl levels,

but no differences in these parameters between G. mos-

seae- and P. occultum-inoculated seedlings. At both NaCl

levels, root volume was significantly increased with

G. mosseae-inoculated seedlings, but not with P. occultum-

inoculated seedlings.

Compared to the non-salinity 0 mM NaCl control, Na?

but not K? concentrations were significantly increased

under 100 mM NaCl (Table 4). Compared to the non-

salinity level, Ca2? concentration was significantly

decreased under 100 mM NaCl salinity level in the

G. mosseae-colonized seedlings, but not in the P. occultum-

colonized and the non-AM seedlings. Mg2? concentrations

were increased by salinity only in the P. occultum-inocu-

lated seedlings. Under the non-salinity and salinity condi-

tions, AM symbiosis notably decreased the Na?

concentration but increased the K? and Mg2? concentra-

tions. A significant difference was only observed in the

Ca2? concentration between the G. mosseae-colonized and

the non-AM seedlings under the 100 mM NaCl level.

Salinity significantly decreased the ratio of K?/Na?,

Ca2?/Na? or Mg2?/Na? (Table 4). Leaves of AM seed-

lings had higher K?/Na? and Mg2?/Na? ratios than the

non-AM-inoculated control seedlings at both salinity lev-

els, except the G. mosseae-colonized seedlings grown

under 100 mM NaCl. In addition, only G. mosseae
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Fig. 1 Root AM colonization of Citrus tangerine seedlings under 0

and 100 mM NaCl
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inoculation notably increased Ca2?/Na? ratio, compared

with the non-inoculation and non-stressed condition.

Discussion

Our results showed that salt stress reduced colonization of

G. mosseae-inoculated red tangerine seedlings. This is

consistent with other observations in citrus (Duke et al.

1986; Murkute et al. 2006). The decline in AM coloniza-

tion was possibly from the strong inhibition of salt to

hyphal growth (Juniper and Abbott 2006). However, root

colonization by P. occultum was not affected by soil

salinity in our study. Hartmond et al. (1987) also showed

that salinity stress did not affect colonization by G. intra-

radices in the sweet orange and the sour orange. Different

responses of AMF to salinity stress in this experiment may

derive from different fungal origin, as the spore of P. oc-

cultum was originated from a saline soil, which was more

tolerant to salinity than the spore of G. mosseae from a

non-saline soil (Carvalho et al. 2004).

Salinity generally inhibits plant growth due to water-

deficit and salt-excess effects (Munns et al. 2006). Salt

tolerance has usually been assessed as the biomass pro-

duction (da Silva et al. 2008). Citrus seedlings inoculated

with G. mosseae or P. occultum in this study had higher

stem diameter, plant height, shoot, root and total dry

weights than the non-AM seedlings under 100 mM NaCl

Table 1 Effects of salinity and mycorrhizal associations on growth of Citrus tangerine seedlings

Salinity (mM) AMF status Stem diameter (mm) Plant height (cm) Dry weight (g/plant)

Shoot Root Total

0 G. mosseae 0.240a 11.9a 0.31ab 0.18a 0.49a

P. occultum 0.223b 11.5a 0.32a 0.19a 0.51a

Non-AMF 0.208c 10.7b 0.25c 0.15b 0.40b

100 G. mosseae 0.207c 10.4b 0.26c 0.12b 0.38b

P. occultum 0.208c 10.7b 0.26bc 0.12b 0.39b

Non-AMF 0.181d 9.8c 0.19d 0.09c 0.28c

Significance

AMF ** ** ** ** **

Salt stress ** ** ** ** **

AMF 9 salt stress NS NS NS NS NS

Same letter within each column indicates no significant difference among treatments (P \ 0.05)

NS not significant

**P \ 0.01

Table 2 Effects of salinity and mycorrhizal associations on photosynthesis of Citrus tangerine seedlings

Salinity (mM) AMF status Pn (lmol m-2 s-1) E (mmol m-2 s-1) gs (mmol m-2 s-1)

0 G. mosseae 18.16a 1.69a 0.0435a

P. occultum 16.58ab 1.60ab 0.0415a

Non-AMF 12.36c 1.30c 0.0355bc

100 G. mosseae 13.83c 1.38bc 0.0333c

P. occultum 14.51bc 1.44bc 0.0365b

Non-AMF 4.79d 0.25d 0.0061d

Significance

AMF ** ** **

Salt stress ** ** **

AMF 9 salt stress * ** **

Same letter within each column indicates no significant difference among treatments (P \ 0.05)

NS not significant

*P \ 0.05, **P \ 0.01
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level, indicating an enhancement of salt tolerance by

mycorrhizal plants. These results are in agreement with

previous studies on onion (Hirrel and Gerdemann 1980;

Ojala et al. 1983), pepper (Hirrel and Gerdemann 1980),

maize (Feng et al. 2002; Sheng et al. 2008), lettuce

(Jahromi et al. 2008) and tomato (Al-Karaki 2000).

Improved growth of mycorrhizal plants in saline environ-

ments is partly related to mycorrhizal-mediated P

enhancement in host plants (Hirrel and Gerdemann 1980;

Ojala et al. 1983; Al-Karaki 2000).

Photosynthesis is one of the primary processes to be

affected by salt stress (Chaves et al. 2009). A significant

reduction in photosynthesis had been found in salt-stressed

citrus (Iglesias et al. 2004). In the present study, salt stress

also reduced the Pn, E and gs in both non-AM-inoculated

and AM-inoculated citrus seedlings. However, mycorrhizal

seedlings had significantly higher Pn, E and gs than the

non-mycorrhizal seedlings under salt stress (Table 2). This

is consistent with Ruiz-Lozano et al. (1996) and Sheng

et al. (2008) under salt stress. The salt tolerance of

mycorrhizal seedlings might be increased, since higher

photosynthetic capacity can theoretically increase water

use efficiency as more carbon is assimilated per unit water

transpired (Nandy et al. 2007). The increase of photosyn-

thetic ability in mycorrhizal seedlings under salt stress

could be resulted from a lower intercellular CO2 concen-

tration in mycorrhizal seedlings (Sheng et al. 2008).

Root system can interact with salt stress, and adjust its

morphology and physiology to strengthen its absorption

and survival (Yi et al. 2007). Correlation showed that better

root morphology meant more salt-tolerant (Ashraf et al.

2005). Colonization by AMF could alter the morphology of

Table 3 Effects of salinity and mycorrhizal associations on root morphology of Citrus tangerine seedlings

Salinity (mM) AMF

status

Root length

(cm)

Root projected

area (cm2)

Root surface

area (cm2)

Root average

diameter (mm)

Root volume

(cm3)

0 G. mosseae 220.91a 12.07a 37.92a 0.55a 0.52a

P. occultum 217.02ab 10.95ab 34.39ab 0.51a 0.44b

Non-AMF 175.31c 9.59c 30.13c 0.55a 0.41bc

100 G. mosseae 187.80c 9.71bc 30.50bc 0.53a 0.40bc

P. occultum 189.52bc 9.12c 28.64c 0.48a 0.35 cd

Non-AMF 124.63d 6.58d 20.69d 0.54a 0.28d

Significance

AMF ** ** ** NS **

Salt stress ** ** ** NS **

AMF 9 salt stress NS NS NS NS NS

Same letter within each column indicates no significant difference among treatments (P \ 0.05)

NS not significant

**P \ 0.01

Table 4 Effects of salinity and mycorrhizal associations on ionic status of leaves of Citrus tangerine seedlings

Salinity (mM) AMF status Na? (mg/g) K? (mg/g) Ca2? (mg/g) Mg2? (mg/g) K?/Na? Ca2?/Na? Mg2?/Na?

0 G. mosseae 7.96d 22.93a 11.70b 4.69bc 2.88a 1.47a 0.59a

P. occultum 7.93d 22.39a 10.71bc 4.65bc 2.83a 1.35ab 0.59a

Non-AMF 8.78c 20.89b 10.77bc 4.30d 2.38b 1.23b 0.49b

100 G. mosseae 15.17b 19.14b 10.09c 4.77b 1.26c 0.67d 0.31cd

P. occultum 14.98b 20.73b 13.88a 5.28a 1.38c 0.93c 0.35c

Non-AMF 16.59a 16.93c 13.29a 4.38cd 1.02d 0.80cd 0.26d

Significance

AMF ** ** * ** ** NS **

Salt stress ** ** ** * ** ** **

AMF 9 salt stress NS NS ** NS NS ** NS

Same letter within each column indicates no significant difference among treatments (P \ 0.05)

NS not significant

*P \ 0.05, **P \ 0.01
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a root system in a structural, spatial, quantitative and

temporal manner (Kapoor et al. 2008). In the present

experiment, mycorrhizal citrus seedlings had greater root

length, root projected area and root surface area than the

non-mycorrhizal control seedlings under NaCl stress,

which is consistent with studies with cherimoya, grapevine,

apple, pepper, maize, zucchini and beach plum (Azcón-

Aguilar et al. 1996; Locatelli et al. 2002; Aguin et al. 2004;

Padilla and Encina 2005; Schroeder and Janos 2005; Zai

et al. 2007). Better root systems in mycorrhizal plants

would contribute greater salt tolerance. In addition, the

improvement of AM root morphology is often attributed to

a modified endogenous balance of growth regulators such

as cytokinins and gibberellins (Berta et al. 1993), and a

sizeable quantity of polysaccharides in root hairs (Zangaro

et al. 2005).

Salt stress affects plant physiological traits through

changes of ionic status in the cells (Hasegawa et al. 2000;

Munns et al. 2006). Ionic imbalances in plants can occur in

plant cells due to salt stress (Lutts et al. 1999). Such an

imbalance could come from nutrient availability, compet-

itive uptake, transport or partitioning within the plants

(Rabie 2005). Our results showed a significant increase of

Na?, but a significant decreases of K? in both the AM and

non-AM seedlings, which are in agreement with Al-Karaki

(2000) and Khan et al. (2000). Our study also showed that

Na? concentrations were reduced, but K? and Mg2?

increased when citrus seedlings inoculated with AMF.

Similarly, Na? was reduced but K? and Mg2? were

increased under salinity when Sesbania, Acacia nilotica,

Sesbania aegyptiaca and Sesbania grandiflora inoculated

with AMF (Giri and Mukerji 2004; Giri et al. 2007).

Increased K? and Mg2? concentrations in citrus seedlings

by AM colonization under salinity would help the seed-

lings to prevent cellular Na? accumulation to a toxic level,

thus protecting host plants against salinity stress.

Our study showed that AM colonization altered the ratio

of K?/Na?, Ca2?/Na? or Mg2?/Na?. Mohammad et al.

(2003), Rabie (2005) and Giri et al. (2007) also observed a

high K?/Na? ratio under salinity in AM-inoculated

mungbean, barley or A. nilotica. Maintenance of a higher

cytosolic K?/Na? ratio is a key feature of plant salt tol-

erance (Wu and Zou 2009). Therefore, a higher K?/Na?

ratio may be essential for normal cellular functions of

mycorrhizal plants in enhancing salt tolerance, since AM

associations could help plants to compete with K? uptake,

or induce high affinity K? transporters under salinity

(Chinnusamy et al. 2005).

Ca2? is a component of protein phosphorylation/

dephosphorylation cascade(s) that couple salt stress per-

ception and signal transduction to physiological mecha-

nisms of adaptation by plants (Pardo et al. 1998). Our

results showed that a higher Ca2?/Na? ratio only occurred

in seedlings inoculated with G. mosseae in the non-stressed

condition, and P. occultum inoculation did not affect the

Ca2?/Na? ratio under salinity stress. These results sug-

gested that Ca2?/Na? ratio may not be a good indicative

index concerning the enhanced salt tolerance by AMF. A

field experiment showed that the reduction in Na? uptake

together with a related increase in Mg2? absorption might

be an important salt-alleviation mechanism for AM plants

growing in saline soils (Giri and Mukerji 2004). Our results

also showed that mycorrhizal colonization, except for

G. mosseae under 100 mM NaCl, significantly increased

the Mg2?/Na? ratio because of the reduce of Na? and the

increase of Mg2? at the same time. This may potentially

reduce the antagonistic effect of Na?, enhancing salt tol-

erance of mycorrhizal plants.

In summary, our results suggested that AM association

could improve plant growth and root morphology, increase

photosynthetic capacity, and reduce Na? concentrations for

a better ionic balance in citrus seedlings. All these could

lead to an enhanced salt tolerance by mycorrhizal seed-

lings. As a result, the application of AMF could make an

important contribution to citrus production under salinity

stress.
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