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on nutrient uptake and ion homeostasis in salt-stressed Cajanus
cajan L. (Millsp.) genotypes
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Abstract Soil salinity is an increasing problem worldwide,
restricting plant growth and production. Research findings
show that arbuscular mycorrhizal (AM) fungi have the poten-
tial to reduce negative effects of salinity. However, plant
growth responses to AM fungi vary as a result of genetic
variation in mycorrhizal colonization and plant growth re-
sponsiveness. Thus, profitable use of AM requires selection
of a suitable combination of host plant and fungal partner. A
greenhouse experiment was conducted to compare effective-
ness of a native AM fungal inoculum sourced from saline soil
and two single exotic isolates, Funneliformis mossseae and
Rhizophagus irregularis (single or dual mix), on Cajanus
cajan (L.) Millsp. genotypes (Paras and Pusa 2002) under salt
stress (0–100 mM NaCl). While salinity reduced plant bio-
mass and disturbed ionic status in both genotypes, Pusa 2002
was more salt tolerant and ensured higher AM fungal coloni-
zation, plant biomass and nutrient content with favourable ion
status under salinity. Although all AM fungi reduced negative
effects of salt stress, R. irregularis (alone or in combination
with F. mosseae) displayed highest efficiency under salinity,
resulting in highest biomass, yield, nutrient uptake and im-
proved membrane stability with favourable K+/Na+ and Ca2+/
Na+ ratios in the host plant. Higher effectiveness of
R. irregularis correlated with higher root colonization, indi-
cating that the symbiosis formed by R. irregularis had more
stable viability and efficiency under salt stress. These findings
enhance understanding of the functional diversity of AM

fungi in ameliorating plant salt stress tolerance and suggest
the potential use ofR. irregularis for increasingCajanus cajan
productivity in saline soils.
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Introduction

Salinity is a major abiotic stress which restricts plant growth
and productivity in many regions of the world. According to
an FAO survey (2008), it is expected that over 800 million ha
will be affected by salinity in the near future, making it a major
constraint for a steadily increasing population. In India, an
area of nearly 9.38 million ha is occupied by salt-affected
soils, out of which 5.5 million ha are saline soils (including
coastal) (IAB 2000). There are many contaminants in salt-
affected soils, the most common being NaCl, which readily
dissolves in water to yield toxic sodium (Na+) and chloride
(Cl−) ions (Djanaguiraman and Prasad 2013). Excessive soil
salinization negatively affects the establishment, growth and
development of most plants as well as the rhizosphere micro-
biota, leading to huge losses in plant productivity and diver-
sity (Evelin et al. 2009).

High salt in soil has a threefold effect on plants: physio-
logical drought due to reduced water potential, ion imbalance
and reduced availability of nutrients (Munns and Tester 2008;
Ruiz-Lozano et al. 2012; Plaut et al. 2013). Plants take up
excessive amounts of Na+ at the cost of K+ in a saline envi-
ronment, where an important factor in the battle between
sodium and potassium is calcium. Ca2+ sustains K+ transport
and may directly suppress sodium import mediated by non-
selective ion channels. High cytoplasmic Na+/Ca2+ and Na+/
K+ ratios may cause an increase in membrane permeability,
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and this may result in the passive accumulation of Na+ in root
and shoot tissues of salt stressed plants (Estrada et al. 2013).
Amongst nutrients that are affected, nitrogen is quantitatively
the most important for plants. In general, salinity reduces N
accumulation and saline environments are associated with
nitrogen deficiency (Siddiqui et al. 2010). The influence of
salinity on P accumulation in crop plants is variable and
depends on the plant and experimental conditions (Dikilitas
and Karakas 2010; Duman 2012). In most cases, salinity
decreases P concentrations in plant tissue since phosphate
ions precipitate with Ca2+, Mg2+ and Zn2+ ions in salt-
stressed soils and become unavailable to plants (Grattan and
Grieve 1999; Evelin et al. 2009).

Mechanical removal of salt from soils or development of
salt-tolerant crops is not economically feasible under the cur-
rent scenario since most of these processes are long and costly.
Aviable alternative is the use of microorganisms that mitigate
salinity stress to improve plant growth. Amongst these
arbuscular mycorrhizal (AM) fungi have received consider-
able attention due to their extensive benefits to host plant. AM
fungi, belonging to the phylum Glomeromycota (Schüβler
et al. 2001), are a normal part of the root system in most
natural and agro-systems including stressed soils (Ruiz-
Lozano et al. 2012). They can be found even under severe
saline conditions in nature, both in saline inlands and coasts
(Aliasgharzadeh et al. 2001; Yamato et al. 2008) and in salt
marshes (Carvalho et al. 2004; Wilde et al. 2009), with
Glomus sp. being one of the most commonly observed taxa
in saline soils (Wilde et al. 2009; Krishnamoorthy et al. 2014).

Several studies have shown that inoculation with AM fungi
can alleviate salt stress (Cekic et al. 2012; Estrada et al. 2013;
Garg and Baher 2013; Talaat and Shawky 2014) through
improved nutrient uptake (Wilson et al. 2012), water uptake
(Auge 2001; Ruiz-Lozano et al. 2012), photosynthetic activity
(Aroca et al. 2013) and production of antioxidant molecules in
plants (Hajiboland et al. 2010).Mycorrhizal fungi may act as a
first barrier for ion selection during nutrient uptake from the
soil or during transfer to the plant host, suggesting that they
induce a buffering effect on Na+ uptake (Hammer et al.
2011a). Mycorrhizal colonization has also been shown to
enhance K+ absorption under saline conditions while
preventing Na+ translocation to shoot tissues, resulting in a
higher K+/Na+ ratio in mycorrhizal plants (Sannazzaro et al.
2006; Giri et al. 2007; Estrada et al. 2013).

Recent studies indicate the existence of functional diversity
in AM as different combinations of host plant and AM fungi
have different impacts onmorphology, nutritional status, sym-
biotic efficiency and gene expression patterns in the symbiosis
(Jansa et al. 2008; Janouskova et al. 2009; Wagg et al. 2011;
Maherali and Klironomos 2012; Tian et al. 2013; Pellegrino
and Bedini 2014). This functional diversity has been linked to
different life history strategies adopted by different AM fungal
species which dictate the nature of competition inside and

outside the host for resources (Kiers et al. 2011; Englemoer
et al. 2014). It has also been suggested that if a plant is
colonized by AM fungal species that are complementary in
their functions, they may prove to be more beneficial for the
plant as a mixture than any of the species separately (Koide
2000; Jansa et al. 2008; Koch et al. 2012). However, other
data do not support the idea of functional complementarity.
Some studies indicate that maximum benefits to plants might
be achieved with a single, most efficient AM fungal species
and that increasing mycorrhizal diversity would not bring
further benefits (Janouskova et al. 2009; Tavasolee et al.
2011). Most of the AM fungal inoculation studies have been
based on the use of exotic or foreign (non-native) AM fungal
isolates selected under non-stressed conditions, and there are
only a few reports on the comparative effects of different AM
fungal species under salt stress (Porras-Soriano et al. 2009;
Peng et al. 2011; Cekic et al. 2012; Estrada et al. 2013; Huang
et al. 2013). Peng et al. (2011) found that the symbiosis
formed by an isolate of Glomus intraradices (=Rhizophagus
irregularis) exhibited a more stable viability and efficiency
compared to that formed by an isolate of Glomus mosseae
(=Funneliformis mosseae) or Glomus claroideum
(=Claroideoglomus claroideum) with increasing salinity.
Similar results were also obtained by Alkan et al. (2006). On
the other hand, a few studies have pointed to a greater benefit
provided by native AM fungi rather than non-native/exotic
AM fungal isolates under abiotic stress conditions, as they
appear to be physiologically and genetically adapted to the
stress conditions (Querejeta et al. 2006; Pellegrino et al. 2011;
Estrada et al. 2013; Pellegrino and Bedini 2014). However, a
report by Tian et al. (2004) emphasized that a G. mosseae
isolate from saline soil did not infer greater tolerance to cotton
plants as compared to a non-saline isolate of the same species.
Therefore, for a profitable use of AM fungi in agriculture, it is
imperative to compare the efficiency of various AM fungal
inocula and formulate the most efficient combination under
given agricultural constraints.

Pigeon pea (Cajanus cajan), a perennial member of the
family Fabaceae, is an important grain legume of the semiarid
tropics and sub-tropics and is a hardy, widely adapted and
drought-tolerant crop, which allows its cultivation in a wide
range of environments and cropping systems. India is the
primary pigeonpea-growing country in the world, accounting
for 3.53 mha area and 2.51 million tons of production
(Varshney et al. 2010). Its seeds have 20–22 % protein and
are consumed as green peas, whole grain or split peas. It has
the ability to produce more N per unit area from plant biomass
than many other legumes making it an ideal crop of sustain-
able agriculture in the tropical and sub-tropical regions of
India (Saxena and Nadarajan 2010). However, it does not
grow well in saline soil, which poses a major constraint to
its production (Srivastava et al. 2006; Varshney et al. 2010).
The use of AM fungi in pigeonpea cultivation could help
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overcome these constraints and increase productivity under
saline conditions. In order to optimize the benefits of AM, it is
imperative to select the best AM fungal-host combination
under the given stress conditions.

Starting from the evidence that pigeonpea responds posi-
tively to exotic AM fungal inocula (Garg and Manchanda
2009; Garg and Chandel 2011), the present study was aimed
to evaluate the effectiveness of native and exotic AM fungal
species on two genotypes of pigeonpea, varying in their
salinity tolerance. The study was undertaken to investigate
whether (1) the two genotypes of pigeonpea showed differen-
tial mycorrhizal responsiveness under salt stress, (2) a native
AM fungal community, sourced from saline soils, promoted
greater growth under salt stress than non-native or exotic AM
fungal isolates used as single or dual species inocula, and (3)
the functional diversity of these AM fungi is reflected in terms
of difference in root colonization and effects on plant growth,
nutrient uptake and ion accumulation capacity.

Materials and methods

Biological material

Soil samples from a saline area (Hissar, 29° 10′ N–75° 46′ E,
Haryana, India,; ECe 10.2 dSm−1; N 118 mg/kg; olsen P
7.3 mg/kg; Ca 23.0 mmol/l; Na 44.5 mmol/l) were collected
and indigenous AM fungal spores isolated by wet sieving and
sucrose density gradient centrifugation (Gerdemann and
Nicolson 1963). Spores were identified under a compound
microscope (http://invam.caf.wvu.edu). The soil contained a
consortium ofGlomus sp.,Acaulospora sp. andGigaspora sp.
(each constituting approximately 60, 30 and 10 %,
respectively, in the consortium). This inoculum was labelled
as saline mix inoculum (SMix). Single isolates of
Funneliformis mosseae, (T. H. Nicolson & Ged.) C. Walker
& A. Schüβler (formerly Glomus mosseae) isolate UTMU
128WM1/1 and Rhizophagus irregularis (N.C. Schenck&G.
S. Sm.) C. Walker & A. Schüβler, (formerly Glomus
intraradices) isolate NC 100 AZM1/12 (Schüβler and
Walker 2010) were obtained from the Centre for
Mycorrhizal Culture Collection, The Energy and Resources
Institute (TERI), New Delhi, India. The mycorrhizal fungi
were bulked in open-pot cultures of Zea mays L., Sorghum
bicolor L. and Coriandrum sativum L. The crude mixture of
soil, root fragments and spores obtained from the pots was
used as AM fungal inoculum. Inoculum of salt-tolerant
Sinorhizobium fredii strain AR-4 was obtained from the
Department of Microbiology, Indian Agricultural Research
Institute (IARI), New Delhi, India. The experimental plant
material consisted of two genotypes of pigeonpea (Cajanus
cajan (L.) Millsp., Paras (salt sensitive) and Pusa 2002 (salt
tolerant), procured from CCS Haryana Agricultural

University, Hissar, India, and Indian Agricultural Research
Institute, New Delhi, India, respectively. These genotypes
were selected in previous studies, after preliminary screening
of ten genotypes on the basis of their differential salt tolerance
index (STI). [STI=(dry weight of plant at stressed condition−
dry weight of plant at controlled condition)/dry weight of
plant at controlled condition×100].

Experimental setup

Greenhouse experiments were conducted in the Department
of Botany, Panjab University, Chandigarh (30.5° N, 76.5° E;
elevation=305–366 m) with minimum temperature 22–29 °C,
maximum temperature 30–39 °C, morning relative humidity
35–78 % and afternoon relative humidity 30–52 %. Seeds of
pigeonpea were surface sterilized with 10 % hydrogen perox-
ide (v/v) solution for 8 min and then rinsed by soaking in
sterile distilled water to remove any traces of chemical that
could interfere with seed germination. The seeds were pre-
treated with rhizobial inoculum of Sinorhizobium fredii AR-4
and sown in circular pots (30 cm×25 cm×25 cm), disinfected
with 70 % ethanol before filling them with soil (Liu et al.
2011); a thick wad of glass wool was placed on the central
drainage hole, which was covered by a clean watch glass. The
pots were lined with polythene bags (to avoid leaching of the
salt during irrigation) and were filled with 7 kg of soil mixture.
The experimental soil (a mixture of sand and loam in a ratio of
1:1 by volume) was obtained from the nearby agricultural
fields [11.0 mg kg−1 P (Olsen and Sommers 1982),
0.17 meq/100 g available K, 0.19 meq/100 g Na, 0.82 meq/
100 g Ca (Mehlich 1953), 0.42 % total N (Nelson and
Sommers 1972), pH 7.6 (soil/water 1:1), ECe 0.88 dSm−1,
0.68 % organic carbon (Walkley 1947)]. It was autoclaved
(121 °C, 1 h twice at 48-h interval) to eliminate existing AM
fungal propagules. For AM inoculation, 50-g soil-based inoc-
ulum containing an average of 40 spores per gramme soil and
75 % of AM fungal colonized root fragments were placed in a
layer beneath the seeds in the pots to facilitate fungal coloni-
zation of plant roots. The fungal inoculants used were saline
mix (SMix), F. mosseae (F1) and R. irregularis (F2)
and the dual species mix (FMix) obtained by mixing
equal quantities of the two single species (F1 + F2;
1:1). Non-AM treatments received the same weight of
autoclaved inoculums (equal quantities of all AM
fungi mixed together). Finally, to ensure a common
microflora, all pots received 10-ml aliquot of inocu-
lum filtrate (inoculum containing a mixture of all AM
fungi), obtained by filtering through Whatman No. 1
filter paper.

The experimental design consisted of five different mycor-
rhizal treatments: NM (non-mycorrhizal), SMix, F1, F2 and
FMix. Pigeonpea plants were established for 2 weeks and then
subjected to four NaCl treatments: 0, 60, 80 and 100 mM. The
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soil was salinized step-wise for three consecutive days to
avoid osmotic shock. Addition of 60, 80 and 100 mM NaCl
increased initial soil electrical conductivity (ECe) from 0.18 (0
NaCl) to 6.2, 8.3 and 10.1 dSm−1, respectively. The pots were
watered as necessary with tap water and once a week with the
different salt solutions to maintain the desired levels of salin-
ity. If leaching occurred, the leachate was collected and added
to the soil to maintain salinity treatments near the target levels.
Pots were arranged in a completely randomized block design
with a factorial combination of 5×4×2 (AM fungi, salinity,
genotype) in six replicates. Plants were harvested for physio-
logical and biochemical analyses at 80 days after sowing
(DAS).

Mycorrhizal colonization and mycorrhizal responsiveness

The extent of AM fungal colonization was determined by
staining the cleared roots with trypan blue. Root samples were
cleared with 10 % KOH solution and stained with 0.05 %
trypan blue (Phillips and Hayman 1970) and microscopically
examined for root colonization. The mycorrhizal colonization
was evaluated using the method of Giovannetti and Mosse
(1980).

An index of mycorrhizal responsiveness was determined
by expressing the dry weights of the plants concerned as a
percentage of the dry weight of the non-mycorrhizal plants
(Hetrick et al. 1992).

Mycorrhizal Responsiveness ¼ Dry weight of AM plant−Dry weight of Non AM plants

Dry weight of Non AM plants
� 100

Plant biomass and yield

For dry weight measurements, the samples (roots and
leaves) were oven-dried at 70 °C for 72 h until they
reached a constant weight. Six plants per treatment
were analysed, and data were calculated on per plant
basis by taking the means. Root/shoot ratio was cal-
culated. Yield parameters (seed dry weight per plant,
above ground biomass) were recorded from flowering
till seed development and maturity stage. Harvest
index (HI) was calculated according to Leport et al.
(2006) [the proportion of above-ground biomass pro-
duction invested into harvestable organs].

HI ¼ Seed dry weight per plant

Above ground plant biomass at harvest
� 100

Determination of nitrogen (N) and phosphorus (P) contents

Dried ground shoots and roots (1 g) were digested in a mixture
of boiling sulphuric acid and hydrogen peroxide. When the
fumes were white and the solution was completely clear, it
was cooled to room temperature and filled up to 10 ml with
deionized water. Reagent blanks were prepared by carrying
out the whole extraction procedure but in the absence of
sample. Nitrogen content was determined using the colorimet-
ric method of Lindner (1944). Phosphorus (P) was extracted
by nitric-perchloric acid digestion and measured using the
vanado-molybophosphoric colorimetric method (Jackson
1973).

Determination of sodium (Na), potassium (K) and calcium
(Ca) ion contents

A dilute acid extraction was done according to Munns et al.
(2010). Dried plant tissue 50 mg was weighed out in 10-ml
plastic tubes with lids. After capping, all tubes were placed on
a shaker for 2 days at room temperature. The extract was then
centrifuged, and sodium, potassium and calcium contents
were measured using flame photometer (Allen et al. 1984)
and expressed as milligram per gram dry weight of plant
tissue.

Relative membrane permeability (MP)

Relative membrane permeability was measured by the elec-
trolyte leakage (EL) method following Dionisio-Sese and
Tobita (1998). Fresh leaf samples (third leaf) were cut into
small pieces (5-mm length) and placed in 10-ml distilled
deionized water contained in a test tube. The tubes were
heated to 32 °C in a water bath. After 2 h of incubation, the
initial electrical conductivity of the medium (EC1) was mea-
sured using a digital conductivity metre. Thereafter, all sam-
ples were autoclaved at 121 °C for 20 min to kill the tissues so
as to release all the electrolytes. The samples were then cooled
to 25 °C to record final electrical conductivity (EC2). EL was
calculated using the following formula: EL=(EC1/EC2)×100

Statistical analyses

Data presented are mean values based on six replicates±
standard error (S.E.) per treatment. All results were subjected
to analysis of variance (ANOVA) using SPSS 18.0 for
Windows (SPSS, Inc., Chicago, IL, USA) with genotype
(G), salinity level (S) and mycorrhizal inoculation (AM) as
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main factors. Multiple comparisons within the one-way
ANOVAs were done with orthogonal contrasts to compare
the effect within different AM fungal assemblages. A multiple
regression model was designed to predict various dependent
variables from the independent factors S, AM and G.
Pearson’s correlation (r) was used to determine the relation-
ship between two dependent variables.

Results

Mycorrhizal colonization (MC) and mycorrhizal
responsiveness (MR)

Data of percent AM fungal colonization in the roots of
Cajanus cajan (pigeonpea) genotypes with the different AM
fungal inocula under salt stress are presented in Fig. 1. No root
colonization was observed in uninoculated plants. The salt-
tolerant genotype Pusa 2002 showed significantly higher AM
fungal colonization than Paras. Results of ANOVA show S,
AM and G as well as S×AM, S×G, G×AM interactions to be
significant (Table 4). As is evident from Table 1, increasing
salt concentration reduced root colonization level, irrespective
of pigeonpea genotype. The decrease was much greater in
Paras than Pusa 2002. Reduction in root colonization by SMix
and F1 was greater than those colonized by F2 and FMix
under NaCl application. Colonization by F2 and FMixwas not
much affected by salinity and was maintained at 52 and 54 %,
respectively, in Paras and 62 and 66 %, respectively, in Pusa
2002, even at 100 mM NaCl (Table 1). Orthogonal contrasts
showed that mycorrhizal colonization was significant in all
AM fungal inoculations. At all saline levels, significant dif-
ferences were observed between SMix and single isolates (F1
and F2). There was also a significant difference between the
two single isolates, F1 and F2. However, FMix did not differ
significantly from F2 (Table 2). This implies an overall higher
colonization by F2 and FMix at all salinity levels in both
pigeonpea genotypes.

Mycorrhizal responsiveness (MR, Fig. 2) was higher in
Pusa 2002 than in Paras, indicating that Pusa 2002 was much
more responsive to AM fungal colonization, and MR in-
creased as salinity intensified from control to higher salinity
levels. It was also observed that as AM fungal colonization
decreased with increasing NaCl stress, MR increased indicat-
ing a negative correlation between the two (r(Paras)=−0.288,
p=0.05; r(Pusa 2002)=−0.233, p=0.05).

Plant biomass and productivity

Salinity reduced dry matter production, and detrimental ef-
fects on growthwere observed in both genotypes of pigeonpea
(supplementary material ESM 1). ANOVA revealed

significant effects of S, AM and G on root dry weight
(RDW) and shoot dry weight (SDW). There was a
significant interaction between S×AM, S×G, G×AM
(Table 4). Paras was more severely affected by salinity
than Pusa 2002; such decrease was more evident at the
highest salt level applied (100 mM NaCl). Comparison
of standardized coefficients (β) in regression analysis
revealed high negative effects of salinity on root and
shoot biomass while AM fungi and plant genotype had
a positive impact (RDW, β(S)=−0.792, β(AM)=0.394,
β(G)=0.375; SDW, β(S)=−0.719, β(AM)=0.494, β(G)=
0.392, p<0.01). The impact of salinity was more pro-
nounced in roots than shoots resulting in decreased R/S
ratios (Table 1). Although pigeonpea genotypes did not
differ in terms of R/S ratios in controlled conditions, the
decrease was more pronounced in Paras as compared to
Pusa 2002 under increasing salinity. However, inocula-
tion with AM fungi significantly improved root and
shoot biomass in all salt treatments, as indicated by a
significant SxAM interaction (p<0.05) (Table 4). Higher
RDW than SDW improved the R/S ratio in mycorrhizal
plants although the increase was not statistically signif-
icant (Table 2). The dry weight of plants (roots as well
as shoots) inoculated with F2 or FMix was significantly
higher than that with SMix and F1 at all saline concen-
trations indicating greater effectiveness of F2 (alone or
in combination) in alleviating salt stress. No significant
variation was observed in R/S ratio within the different
AM fungal inoculations.

The present study revealed that although salinity in-
duced early flowering and yield parameters like seed
yield (g/plant), the harvest index (HI) decreased with
increased salinity (Fig. 1a, b). A genotypic variation
was observed in the yield parameters of pigeonpea with
increasing salinity stress. ANOVA results show a signif-
icant effect of S, AM and G on seed yield and HI.
Significant S×AM, S×G, G×AM interactions were ob-
served in seed yield, whereas for HI, only the S×G
interaction was significant. Comparison of standardized
coefficients (β) in regression analysis indicated pro-
nounced negative impacts of salinity on seed yield and
HI (seed yield β(S)=−0.809, β(AM)=0.290, β(G)=
0.452; HI β(S)=−0.819, β(AM)=0.073, β(G)=0.493)
while AM had a positive impact on both. A higher
decline in seed yield and HI in Paras compared to
Pusa 2002 indicated higher sensitivity of the former to
salt stress. Inoculation with AM fungi significantly re-
duced the toxicity generated by NaCl and improved
these parameters in salt stressed plants (Table 3).
Although the benefit in terms of seed yield and HI
was not significant under control conditions, on expo-
sure to salinity there was a significant improvement in
both parameters. Host benefit in terms of seed yield
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(seed weight per plant) for SMix, F1, F2 and FMix treatments
at 80 mM NaCl was 34.6, 39.7, 62.2 and 67.3 % in Paras and
42.3, 48.3, 64.5 and 69.9 % in Pusa 2002, respectively. When
results were compared amongst the AM inocula, a significant-
ly higher seed yield was recorded by plants inoculated with F2
and FMix over F1 and SMix-inoculated plants. Higher HI was
recorded in mycorrhizal plants although no significant varia-
tion was observed within different AM inoculations.

Nutrient uptake (N, P)

With increasing levels of salinity, N and P were reduced in
shoots of both plant genotypes, the decline being more pro-
nounced in Paras than Pusa 2002 (Fig. 3a, b). ANOVA
showed a significant effect of S, AM, G as well as S×AM,
S×G, G×AM interactions on N and P concentrations
(Table 4). All mycorrhizal plants had significantly higher
tissue concentrations of N and P compared to non-
mycorrhizal plants under salt stress, as revealed by orthogonal
contrasts (Table 3). The functional diversity of AM fungi was
evident in N and P acquisition. The symbiosis formed by F2
and FMix resulted in significantly higher N and P concentra-
tions as compared to F1 and SMix at all saline levels in both

plant genotypes, as revealed by orthogonal contrasts (Table 3).
A strong positive correlation between N, P levels and shoot
dry weight was observed in both genotypes (N r(Paras)=
0.991, p=0.01, r(Pusa 2002)=0.985, p=0.01; P r(Paras)=
0.991, p=0.01, r(Pusa 2002)=0.987, p=0.01).

Ion homeostasis

Salinity caused an increase in Na+ levels with a concomitant
decrease in K+ and Ca2+ in roots as well as shoots. ANOVA
showed a significant effect of S, AM,G as well as S×AM, S×G,
AM×G interactions on ion (Na, K and Ca) concentrations. A
significant S×G (p<0.05) interaction suggested a genotypic
variation in ion uptake with Paras showing significantly higher
Na+ and lower K+ and Ca2+ uptake than Pusa 2002 (Table 4).
Higher Na+ content in roots as compared to shoots (data not
shown) indicated less translocation to shoots resulting in higher
K+/Na+ ratios in shoots. The K+/Na+ and Ca2+/Na+ ratios were
negatively affected by salinity in both pigeonpea genotypes
(Fig. 4a, b). Higher K+/Na+ and Ca2+/Na+ ratios were observed
in non-mycorrhizal Pusa 2002 plants as compared to Paras under
saline treatments, indicating inherent salt tolerance of the former
genotype. AM plants exhibited reduced Na+ content and

Fig. 1 Seed yield (g/plant) and
harvest index (HI) in pigeonpea
genotypes (Paras, Pusa 2002) in-
oculated with different AM fungi
(SMix native inoculum, F1
Funneliformis mosseae, F2
Rhizophagus irregularis, FMix
mix of F1 and F2) under salt
stress (0–100 mM NaCl). Values
are means based on six replicates
±standard error (S.E.)
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enhanced K+ and Ca2+ uptake over non-mycorrhizal pigeonpea
plants resulting in significantly higher K+ /Na+ and Ca2+/Na+

ratios (Fig. 4a, b). Plants inoculated with F2 and FMix exhibited
a greater recovery of ionic homeostasis with highest K+ and Ca2+

and lowest Na+ under all saline treatments (Table 3). K+ andCa2+

in shoots showed a positive correlation (K r(Paras)=0.989, p=
0.01, r(Pusa 2002)=0.980, p=0.01; Ca r(Paras)=0.975, p=0.01,
r(Pusa 2002)=0.987, p=0.01) while Na+ showed a strong neg-
ative correlation (Na r(Paras)=−0.847, p=0.01, r(Pusa 2002)=
−0.882, p=0.01) with SDW in both genotypes, indicating the
role of ionic balance in the overall plant growth .

Relative membrane permeability (MP)

Shoot and root MP increased with increase in salinity, with
highest permeability observed at the highest salt concentration
(100 mMNaCl). Higher membrane permeability in Paras was
recorded at all saline levels as compared to Pusa 2002.
ANOVA results revealed significant effects of S, AM and G
on MP. There was a significant interaction between S×AM,
S×G, AM×G (Table 4). A significant AM×G (p<0.05) in-
teraction indicated a genotypic variation in plant response to

AM fungal inoculation with greater improvement in Pusa
2002 compared to Paras. Inoculation with AM fungi imparted
greater membrane stability in both genotypes as expressed by
lower membrane permeability or electrolyte leakage (Fig. 5).
Lowest electrolyte leakage was observed in the roots and
shoots of F2 and FMix-inoculated plants at all salinity levels,
suggesting that R. irregularis (alone or in combination)
imparted maximum stability to the plasma membranes com-
pared to the other inoculated AM fungi. Orthogonal contrasts
show a significant difference between SMix and single iso-
lates as well as between single isolates F1 and F2. MP showed
a negative correlation with P [r(Paras)=−0.879, p=0.01,
r(Pusa 2002)=−0.909, p=0.01] and a positive correlation with
Na+ [r(Paras)=0.985, p=0.01, r(Pusa 2002)=0.973, p=0.01]
for shoots of both genotypes.

Discussion

In the present work, the performance of one native AM fungal
inoculum (isolated from saline area) and two exotic (non-

Table 1 Root/shoot ratio (R/S) and mycorrhizal colonization (MC) in pigeonpea genotypes (Paras, Pusa 2002) inoculated with native (SMix) and exotic
(F1, F2, FMix) inoculums of AM fungi under increasing NaCl stress

NaCl (mM) AM inoculation Paras Pusa 2002

R/S MC (%) R/S MC (%)

0 NM 0.427±0.0289 0.00 0.430± 0.00

SMix 0.433±0.0370 76.12±2.178 0.440±0.0642 79.08±4.109

F1 0.432±0.0262 80.40±3.117 0.441±0.0372 83.14±3.268

F2 0.442±0.0106 83.70±3.465 0.443±0.0594 87.00±2.580

FMix 0.445±0.0139 86.12±2.414 0.445±0.0256 88.82±3.645

60 NM 0.359±0.0542 0.00 0.384±0.0404 0.00

SMix 0.369±0.0212 59.72±3.084 0.402±0.0503 64.44±3.853

F1 0.364±0.0417 63.30±2.655 0.402±0.0569 67.32±2.564

F2 0.382±0.0530 70.40±3.901 0.405±0.0376 77.91±2.790

FMix 0.379±0.0287 74.20±3.751 0.406±0.0448 80.62±4.749

80 NM 0.331±0.0360 0.0 0.387±0.0397 0.00

SMix 0.340±0.0391 44.60±2.199 0.399±0.0376 54.61±4.079

F1 0.338±0.0280 48.65±4.063 0.401±0.0595 58.56±3.628

F2 0.345±0.0306 60.40±3.229 0.403±0.0271 69.11±3.325

FMix 0.343±0.0309 64.11±3.325 0.405±0.0359 72.08±3.828

100 NM 0.271±0.0220 0.00 0.322±0.0363 0.00

SMix 0.278±0.0372 30.78±4.065 0.334±0.0367 42.32±5.897

F1 0.276±0.0300 34.54±3.290 0.336±0.0368 46.36±3.573

F2 0.281±0.0352 52.12±5.082 0.341±0.0361 62.23±3.573

FMix 0.278±0.0255 54.54±2.877 0.341±0.0208 65.51±4.117

NM non-mycorrhizal, SMix native inoculum from saline soil, F1 Funneliformis mosseae, F2 Rhizophagus irregularis, FMix mix of F1 and F2 (1:1)

Each value is a mean of six replicates±SE
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native) isolates was assessed and their performance compared
in imparting salt tolerance to two genotypes of pigeonpea with

differential salt sensitivity. Percentage of root length colonized
primarily determines the extent of AM associations between

Table 2 p values of linear orthogonal contrasts for mycorrhizal coloni-
zation (MC), mycorrhizal responsiveness (MR), Seed weight per plant
and Harvest Index (HI) in pigeonpea genotypes (Paras, Pusa 2002)

inoculated with native (Smix) and exotic (F1, F2, FMix) inoculum of
AM fungi under different levels of NaCl stress

NaCl (mM) AM inoculation Paras Pusa 2002

MC MR R/S Seed wt
plant−1

HI MC MR R/S Seed wt
plant−1

HI

0 NM vs AM – – 0.28 0.001 <0.001 – – 0.29 <0.001 0.023

Smix vs F <0.001 <0.001 0.602 0.199 0.958 <0.001 <0.001 0.907 0.042 0.959

F1 vs F2 <0.001 <0.001 0.339 0.345 0.941 <0.001 <0.001 0.888 0.125 0.981

Fmix vs F1 <0.001 <0.001 0.342 0.149 <0.001 <0.001 <0.001 0.759 0.013 0.943

Fmix vs F2 0.053 <0.061 0.994 0.58 <0.001 0.083 0.031 0.867 0.204 0.962

60 NM vs AM – – 0.37 <0.001 0.070 – – 0.769 <0.001 0.028

Smix vs F <0.001 <0.001 0.986 <0.001 0.080 <0.001 <0.001 0.958 <0.001 0.092

F1 vs F2 <0.001 <0.001 0.926 <0.001 0.079 <0.001 0.009 0.917 <0.001 0.825

Fmix vs F1 <0.001 <0.001 0.896 <0.001 0.068 <0.001 <0.001 0.878 <0.001 0.185

Fmix vs F2 0.056 0.006 0.97 0.246 0.968 0.071 0.060 0.961 0.103 0.975

80 NM vs AM – – 0.433 <0.001 0.016 – – 0.34 <0.001 0.018

Smix vs F <0.001 <0.001 0.793 0.001 0.183 <0.001 <0.001 0.87 <0.001 0.894

F1 vs F2 <0.001 <0.001 0.774 <0.001 0.170 <0.001 <0.001 0.867 <0.001 0.929

Fmix vs F1 <0.001 <0.001 0.804 <0.001 0.178 0.019 <0.001 0.839 <0.001 0.997

Fmix vs F2 0.062 0.062 0.969 0.211 0.918 0.061 0.153 0.971 0.116 0.932

100 NM vs AM – – 0.175 <0.001 0.024 – – 0.253 <0.001 0.050

Smix vs F <0.001 <0.001 0.718 <0.001 0.842 <0.001 <0.001 0.775 <0.001 0.837

F1 vs F2 <0.001 <0.001 0.603 <0.001 0.811 0.011 0.012 0.756 <0.001 0.966

Fmix vs F1 <0.001 <0.001 0.639 <0.001 0.816 <0.001 <0.001 0.753 <0.001 0.813

Fmix vs F2 0.064 0.054 0.958 0.080 0.995 0.071 0.102 0.997 0.246 0.846

NM non-mycorrhizal, AM mycorrhizal, SMix native inoculum from saline soil, F exotic single isolates, F1 Funneliformis mosseae, F2 Rhizophagus
irregularis, FMix mix of F1 and F2 (1:1)

Statistically significant p values are shown in italic (p<0.05)

Fig. 2 Mycorrhizal
responsiveness of pigeonpea
genotypes (Paras, Pusa 2002)
inoculated with different AM
fungi (SMix native inoculum, F1
Funneliformis mosseae, F2
Rhizophagus irregularis, FMix
mix of F1 and F2) under salt
stress (0–100 mM NaCl). Values
are means based on six replicates
±standard error (S.E.)
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plants and fungi. Both pigeonpea genotypes exhibited a high
degree of mycotrophy, since all fungal treatments developed
an AM symbiotic association under unstressed and stressed
conditions, although levels declined with salt stress. The de-
cline in mycorrhizal colonization (MC) could be a conse-
quence of direct effects of NaCl on spore germination, hyphal
spread and/or mycorrhiza formation (Juniper and Abbott
2006; Tian et al. 2004; Hajiboland et al. 2010). Sannazzaro
et al. (2006) reported that G. intraradices (=R. irregularis)
established a more efficient symbiosis with a salt-tolerant
genotype of Lotus glaber where root colonization little affect-
ed by saline conditions, suggesting that the tolerant genotype
offered the fungal partner higher protection and better chances
of growth within host tissues than a salt-sensitive genotype.
The higher mycorrhizal colonization observed in the tolerant
pigeonpea genotype Pusa 2002 under saline stress could ac-
count for its higher mycorrhizal responsiveness. A recent
theory of preferential host-carbon (C) allocation (Kiers et al.
2011) may explain the differential responsiveness amongst the
pigeonpea genotypes. The tolerant genotype may increase C
allocation to the roots and thus make more carbon available to

the fungus resulting in higher root colonization. This in turn
could trigger N and P transport in the AM symbiosis
(Hammer et al. 2011b; Fellbaum et al. 2012), resulting
in increased plant growth and mycorrhizal responsiveness.
Increasing MR with increase in salinity (in both pigeonpea
genotypes) indicates that the AM association was strength-
ened in the saline environment, providing evidence for the
ecological importance of AM for plant survival and
growth in saline soils.

Plant biomass production is an integrative measurement of
plant performance under many types of abiotic stress condi-
tions, and symbiotic efficiency of AM fungi is generally
measured in terms of plant growth improvement (Evelin
et al. 2009; Ruiz-Lozano et al. 2012; Estrada et al. 2013).
Several researchers have shown that shoot growth is more
sensitive to salinity than root growth (Lauchli and Grattan
2007; Munns and Tester 2008). Contrary to this, in the present
study, root growth was more severely affected by salinity
resulting in reduced R/S ratios. This might be due to higher
allocation of assimilates from the root to shoot under stress. In
most cases, environmental signals, such as excess salt

Table 3 p values of linear orthogonal contrasts of sodium (Na), potassi-
um (K), calcium (Ca), nitrogen (N), phosphorus (P) and membrane
permeability (MP) in roots and shoots of pigeonpea genotypes (Paras,

Pusa 2002) inoculated with native (Smix) and exotic (F1, F2, FMix)
inoculum of AM fungi under different levels of NaCl stress

NaCl (mM) AM inoculation Paras Pusa 2002 Paras Pusa 2002

Na K Ca Na K Ca N P MP N P MP

0 NM vs AM 0.008 <0.001 <0.001 0.006 <0.001 <0.001 <0.001 <0.001 0.001 <0.001 <0.001 <0.001

Smix vs F 0.363 <0.001 0.001 0.425 <0.001 0.001 0.022 0.002 0.199 0.012 0.005 0.042

F1 vs F2 0.441 0.002 0.004 0.054 0.001 <0.001 0.072 0.012 0.345 0.122 0.022 0.125

Fmix vs F1 0.283 <0.001 <0.001 0.372 <0.001 <0.001 0.006 <0.001 0.149 0.021 0.001 0.013

Fmix vs F2 0.747 0.046 0.069 0.731 0.062 0.467 0.169 0.071 0.58 0.322 0.092 0.204

60 NM vs AM <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Smix vs F 0.009 <0.001 <0.001 0.015 <0.001 <0.001 0.007 0.012 <0.001 0.001 0.002 <0.001

F1 vs F2 0.004 <0.001 <0.001 0.005 <0.001 <0.001 0.001 0.003 <0.001 <0.001 0.001 <0.001

Fmix vs F1 0.001 <0.001 <0.001 0.002 <0.001 <0.001 <0.001 0.001 <0.001 <0.001 <0.001 <0.001

Fmix vs F2 0.480 0.501 0.140 0.472 0.299 0.066 0.459 0.487 0.246 0.381 0.28 0.103

80 NM vs AM <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Smix vs F 0.003 0.001 0.001 0.013 <0.001 <0.001 0.008 0.022 0.001 0.003 0.004 <0.001

F1 vs F2 0.001 <0.001 <0.001 0.005 <0.001 <0.001 0.001 0.017 <0.001 <0.001 0.001 <0.001

Fmix vs F1 <0.001 <0.001 <0.001 0.002 <0.001 <0.001 <0.001 0.01 <0.001 <0.001 <0.001 <0.001

Fmix vs F2 0.297 0.183 0.335 0.509 0.027 0.232 0.404 0.735 0.211 0.432 0.376 0.116

100 NM vs AM <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Smix vs F 0.001 0.003 0.001 0.025 <0.001 <0.001 0.012 0.044 <0.001 0.011 0.036 <0.001

F1 vs F2 <0.001 0.001 <0.001 0.009 <0.001 <0.001 0.001 0.036 <0.001 0.002 0.047 <0.001

Fmix vs F1 <0.001 <0.001 <0.001 0.002 <0.001 <0.001 0.001 0.016 <0.001 0.001 0.02 <0.001

Fmix vs F2 0.185 0.292 0.467 0.441 0.222 0.241 0.608 0.642 0.03 0.545 0.634 0.246

NM non-mycorrhizal, AM mycorrhizal, SMix native inoculum from saline soil, F exotic single isolates, F1 Funneliformis mosseae, F2 Rhizophagus
irregularis, FMix mix of F1 and F2 (1:1)

Statistically significant p values are shown in italic (p<0.05)
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concentration, trigger plant response to growing conditions
through changes in phytohormone concentrations, controlling
the assimilate partitioning between different sink tissues

(Hartig and Beck 2006). The reduced plant growth under high
salinity is mainly attributed to the negative effect of the high
osmotic potential of the saline soil solution which tends to
reduce nutrient and water uptake, thus restricting plant growth
(Munns and Tester 2008). A higher root than shoot biomass in
mycorrhizal pigeonpea plants (increased R/S ratio) indicates a
more highly developed and dense root system in response to
mycorrhization which could allow the plant greater exchange
between the roots and the aerial parts and more efficient water
uptake. The main mechanism for enhanced salinity tolerance
in the mycorrhiza pigeonpea plants seems to be improvement
in nutrient uptake and translocation in the stressed environ-
ment, as revealed by positive correlations between N, P con-
centration and root, shoot dry weight. AM fungi have been
reported to directly take up both organic and inorganic N from
the soil solution and transfer it to their host plants (Ferrol and
Pérez-Tienda 2009). Pigeonpea, being a legume, also shows a
direct positive effect of AM fungal inoculation on rhizobial
symbiosis, nitrogen fixation and N acquisition (data not
shown), which would also contribute to growth enhancement
(Barea et al. 2005; Garg and Chandel 2011; Abd-Alla
et al. 2014). Increased P due to AM development is
consistently associated with an increase in N accumula-
tion due to increased nitrogen fixation (Saia et al. 2014).

Fig. 3 Concentration of a
nitrogen (N) and b phosphorus
(P) in shoots of pigeonpea geno-
types (Paras, Pusa 2002) inocu-
lated with different AM fungi
(NM non-mycorrhizal, SMix na-
tive inoculum, F1 Funneliformis
mosseae, F2 Rhizophagus
irregularis FMix mix of F1 and
F2) under salt stress (0–100 mM
NaCl). Values are means based on
six replicates±standard error
(S.E.)

Table 4 Result of three-way ANOVA test for independent variables,
salinity (S), arbuscular mycorrhizal (AM) inoculations, and genotype (G)
and interactions amongst them in pigeonpea genotypes inoculated with
native (Smix) and exotic (F1, F2, FMix) inoculum of AM fungi under
different levels of NaCl stress

S AM G SxAM SxG GxAM Parameter

* * * * * ns RDW

* * * * * * SDW

* * * * * * MC

* * * * * * MR

* * * * * * P(shoots)

* * * * * * N(shoots)

* * * * * * K(shoots)

* * * * * * Na(shoots)

* * * * * * Ca(shoots)

* * * * * * MP(shoots)

ns non-significant

*Significant at p<0.05
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AM fungi provide a very effective pathway by which P
is scavenged from large volumes of soil and rapidly
delivered to cortical cells within the root, bypassing
direct uptake and reducing the impact of Pi depletion in
the rhizosphere (Smith et al. 2011).

The decline in yield parameters of the two pigeonpea
genotypes, concomitant with decline in root and shoot bio-
mass and nutrient status, under saline stress could be due to a
reduction in photosynthesis as a result of salt stress which, at
this point, might have directly affected seed weight leading to

Fig. 4 a K+/Na+ ratio and b
Ca2+/Na+ ratio in shoots of
pigeonpea genotypes (Paras, Pusa
2002) inoculated with different
AM fungi (NM non-mycorrhizal,
SMix native inoculum, F1
Funneliformis mosseae, F2
Rhizophagus irregularis, FMix
mix of F1 and F2) under salt
stress (0–100 mM NaCl). Values
are means based on six replicates
±standard error (S.E.)

Fig. 5 Membrane permeability
(MP) in shoots of pigeonpea ge-
notypes (Paras, Pusa 2002) inoc-
ulated with different AM fungi
(NM non-mycorrhizal, SMix na-
tive inoculum, F1 Funneliformis
mosseae, F2 Rhizophagus
irregularis, FMix mix of F1 and
F2) under salt stress (0–100 mM
NaCl). Values are means based on
six replicates±standard error
(S.E.)
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reduced harvest index. The better plant growth and nutrition
stimulated by AM in inoculated pigeonpea plants could ac-
count for the higher flower initiation and seed setting, leading
to higher yield in these plants. AM fungal inoculation has
been reported to increase productivity by as much as 75 % in
chickpea (Pellegrino and Bedini 2014) and 77 % in Trifolium
alexandrinum (Pellegrino et al. 2011),.

In saline conditions, plants increasingly accumulate Na+

ions which compete with cellular K+ (Ruiz-Lozano et al.
2012). Excess Na+ in plant cells directly damages membrane
systems and organelles, disturbs essential cellular metabo-
lisms such as protein synthesis and enzyme activity resulting
in plant growth reduction and abnormal development prior to
plant death (Davenport et al. 2005; Quintero et al. 2007). A
lower K+/Na+ ratio generated due to salinity disrupts the ionic
balance in the cytoplasm, consequently decreasing cell turgor
maintenance and disrupting various metabolic pathways,
which hampers growth (Giri et al. 2007; Evelin et al. 2009).
K+/Na+ ratio can thus be used as a physiological indicator of
salt tolerance (Munns et al. 2000; Flowers 2004; Chen et al.
2007). Higher K+/Na+ ratio in the pigeonpea genotype Pusa
2002, compared to Paras, indicated its greater tolerance to
salinity which may have been brought about due to the intrin-
sic differences in rates of toxic ion uptake, transport, and
distribution within the plant (Garg and Manchanda 2009;
Fatehi et al. 2012). Chen et al. (2007) found that an efficient
Na+ extrusion (through a plasma membrane Na+/H+ exchang-
er) as well as a better retention of K+ (primarily through higher
H+-ATPase activity) makes a crucial contribution to tolerance
in salt-tolerant varieties of barley. Also, the higher Ca2+/Na+

ratio in Pusa 2002 under saline conditions might have helped
to maintain membrane integrity and selectivity (Lauchli and
Grattan 2007) and so protect Pusa 2002 plants against salt
damage. The ability of a cell membrane to control the rate of
ion movement in and out of cells (electrolyte leakage), taken
as a measure of membrane permeability (MP), has been
reported as an effective selection criterion for salt tolerance
in various crops (Flowers and Flowers 2005; Mansour 2013).
The higherMP observed in the Paras genotype as compared to
Pusa 2002 underlines the sensitivity of this genotype to salt
stress. Salinity induced oxidative stress (i.e., oxidative damage
of membrane proteins and lipid peroxidation) contributes to
increased membrane permeability in salt-sensitive plant spe-
cies, whereas the improved membrane integrity and thus
maintained permeability in salt resistant species is a result of
reduced oxidative damage (Mansour 2013). Shoot Na+ con-
centration in the Paras genotype of pigeonpea was positively
correlated to high MP in the present study, suggesting that
membrane damage resulted in excess Na+ uptake.
Maintenance of a high cytosolic K+/Na+ ratio in AM plants
is an important mechanism for the enhancement of salt toler-
ance (Garg and Manchanda 2009; Estrada et al. 2013).
Reduced Na+ uptake and enhancedK+ in Pusa 2002 correlated

with higher AM fungal colonization in this genotype com-
pared to Paras.

It has recently been suggested that the AM fungal myceli-
um may act as a first barrier for ion selection by selectively
uptaking K+ and Ca2+ and alleviate salt stress in plants by pre-
selecting nutrients and preventing toxic ions like Na+ from
entering the plant (Hammer et al. 2011a). If the mycorrhizal
uptake pathway is the dominant pathway for K+ and Na+ (and
other ions) uptake in mycorrrhizal plants, as shown for P, it
can be hypothesized that the peri-arbuscular membrane would
serve as another barrier for selective delivery of various ions to
the host plant (Hajiboland 2013). In this case, dual ion selec-
tivity (by mycelial membrane and peri-arbuscular membrane)
might account for reduced uptake of Na+ and increase in K+

ions in the mycorrhizal pigeonpea plants. Reduced Na+ con-
tent in mycorrhizal plants might also be explained by dilution
effects due to growth enhancement by AM fungal coloniza-
tion (Al-Karaki 2006). Recently Estrada et al. (2013) correlat-
ed higher K+/Na+ ratios with regulation of ZmAKT2, ZmSOS1
and ZmSKOR gene expression in mycorrhizal maize roots,
contributing to K+ and Na+ homeostasis in plants. In the
pigeonpea genotypes, the mycorrhizal symbiosis strengthened
membrane stability contributing to greater ion homeostasis
and better salt stress tolerance in plants. This increased mem-
brane stability in the mycorrhizal plants may be attributed to
mycorrhiza-mediated enhanced P uptake (Feng et al. 2002) as
shown by correlation studies in the present investigation.
Membrane permeability to water and ions is also involved in
the control of cellular water potential and turgor (Bray 2001)
through aquaporins and ion transporters. Higher K+ retention
due to increased AKT2 and SKOR channels in membranes
(Estrada et al. 2013) increased membrane stability. The
strengthening of membrane stability in mycorrhizal plants
possibly leads to maintenance of turgor in cells, causing a
reversal of growth inhibition due to water deficit.

Several studies have implied greater physiological and
genetic adaptability of native AM fungi to stress conditions
of the target environment than non-native isolates (Querejeta
et al. 2006; Pellegrino and Bedini 2014). Estrada et al. (2013)
observed that a nat ive isolate of R. irregularis
(=G. intraradices) from saline soils showed an increased
colonization capacity and plant growth improvement under
saline conditions as compared to a non-native isolate of the
same species. Contrary to this, the lower percent colonization
and effectiveness displayed by saline mix (SMix) inoculum
compared to the single, exotic (non-native) AM fungal iso-
lates (F. mosseae and R. irregularis) observed under salinity in
the present study suggest that it may be the inherent genetic
composition of AM fungi rather than adaptability which in-
fluence colonization under saline stress. This is in agreement
with some earlier observations which indicate that single
exotic inocula were more efficient than mixed native ones
(Cantrell and Linderman 2001; Tian et al. 2004; Baslam
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et al. 2014). Higher colonization by R. irregularis (F2), even
at 100 mM NaCl, indicated higher tolerance of R. irregularis
to external saline stress compared to the native inoculum mix
(SMix) or F. mosseae (F1). A more efficient symbiosis by
G. intraradices (=R. irregularis) under increasing salinity
levels compared to that formed by G. mosseae
(=F. mosseae) has also been reported by Alkan et al. (2006)
and Peng et al. (2011). Growth improvement of pigeonpea
plants by R. irregularis was higher than F. mosseae, and it
became more obvious under 100 mM NaCl, which demon-
strated the symbiotic capacity of this AM fungus particularly
under stress conditions. Although similar results of higher
growth enhancement by R. irregularis over F. mosseae in
salt-stressed plants have previously been reported (Estau’n
et al. 2003; Peng et al. 2011), many studies have shown
F. mosseae to be more beneficial under abiotic stress
(Porras-Soriano et al. 2009; Zaefarian et al. 2011; Huang
et al. 2013). Differences in benefits conferred to hosts are
generally associated with different life history strategies
employed by AM fungal species (Maherali and Klironomos
2012). For example, AM fungal species differ in the amount
of carbon they extract from their host (Li et al. 2008; Olsson
et al. 2010), their ability to acquire P (Smith et al. 2000;
Burleigh et al. 2002) and their nutrient storage strategies
(Kiers et al. 2011; Englemoer et al. 2014). Functional diversity
between AM fungal species is not only apparent at the level of
mycorrhiza formation and plant nutrient uptake but also in
expression of plant genes involved in P uptake (Burleigh et al.
2002; Tian et al. 2013). Recently, Estrada et al. (2013) found
evidence that functional diversity can also be detected in the
expression of host genes involved in ion homeostasis. Higher
K+/Na+ ratio correlated with regulation of ZmAKT2, ZmSOS1
and ZmSKOR (genes involved in Na+ exclusion and K+ ac-
quisition) expression in the roots of maize subjected to salt
stress, contributing to K+ and Na+ homeostasis in plants
colonized by the most efficient AM fungi.

It has also been suggested that establishment of mixed
communities by different AM fungal species may be more
beneficial to the growth of plants than any of individual
species (Koide 2000; Mwangi et al. 2011; Wagg et al. 2011;
Koch et al. 2012). Recently, Koch et al. (2011) also found
intra-specific synergism between two isolates of
G. intraradices suggesting that functional complementarity
may not only occur amongst but also within AM fungal
species. However, no significant difference in effectiveness
(in terms of plant parameters studied) of the mixture of
R. irregularis and F. mosseae compared to the respective
single-species inoculations under salt stress indicated that
simply increasing AM fungal richness may not necessarily
enhance plant performance synergistically. It has been sug-
gested that it is rather the dominant AM fungal isolate that
influences responses in the isolate mixtures (Jansa et al. 2008;
Janouskova et al. 2009; Peng et al. 2011; Lewandowski et al.

2013). Similar levels of colonization in FMix and F2
(R. irregularis) suggested a predominance of R. irregularis
in the symbiosis formed by FMix. Dominance of
R. irregularis in Astralagus sinicus roots inoculated with a
mixture of R. irregularis, F. mosseae and Claroideoglomus
claroideum (=G. intraradices , G. mosseae , and
G. claroideum) under salt stress has been confirmed by nested
PCR analysis, suggesting its major influence on the symbiotic
performance of A. sinicus plants colonized by the mixed
inoculum (Peng et al. 2011). High abundance of
R. irregularis following mixed inoculation of a single root
system may result from direct competitive interactions be-
tween fungal partners (Jansa et al. 2008) or due to preferential
host-carbon enrichment to the more co-operative fungus
(Kiers et al. 2011; Verbruggen et al. 2012; Englemoer et al.
2014).

The existence of AM functional diversity suggests that
introduction of exotic AM fungal species may be an effective
strategy for sustainable agriculture under saline conditions.
However, before the inoculation of non-native AM fungi can
be promoted for low-input agriculture, effects on soil micro-
bial biodiversity and the functioning of natural ecosystems
need to be carefully studied. In one study, inoculation of an
agricultural soil with a commercial isolate of G. intraradices
at the rate of application recommended by the supplier pro-
moted plant growth without affecting the resident AM fungal
community in maize roots (Antunes et al. 2009). In contrast,
however, a greenhouse study in pots (Koch et al. 2011) and a
field inoculation trial (Douds et al. 2011) with some strains of
the AM fungal species, G. intraradices, found that, at least in
the short term, inoculants disturbed natural AM fungal com-
munities. Also, Pellegrino et al. (2012) using molecular ge-
netic tracing tools recently found that two foreign isolates of
F. mosseae successfully competed with members of the natu-
ral AM fungal community as root colonizers and enhanced
yield. Such disturbance of native AM fungi or their exclusion
from colonizing roots raises concerns about the bio-invasion
potential of non-native inoculants that will need further study
in the light of possible biodiversity losses resulting from
anthropogenic movement of biota between biogeographic
regions.

In conclusion, the significant interactions between
pigeonpea genotypes and AM fungal species underline the
importance of selecting the appropriate host-AM fungi com-
bination for improving performance of pigeonpea worldwide
under saline conditions. In the present investigation, the
pigeonpea genotype Pusa 2002 displayed highest mycorrhiza
development under salt tolerance which correlated with im-
proved plant biomass, nutrient uptake and a more balanced
ionic status. Exotic or non-native single isolates conferred
higher salt tolerance to pigeonpea than native inoculum iso-
lated from saline soil: R. irregularis (alone or in combination)
proved to be more effective than F. mosseae under salt stress,
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which was reflected in terms of highest growth and yield.
However, the interaction of non-native isolates with the local
microflora needs to be explored, and future studies need to be
directed towards evaluating the performance of non-native
AM fungi in field conditions where a local AM fungal com-
munity may already be present.
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