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Abstract To our knowledge, there are no studies on the in-
teractive effects of inoculation with arbuscular mycorrhizal
fungi and cytokinin addition to plants under drought stress.
We investigated the potential protective effect of arbuscular
mycorrhizae on pomegranate plants, combined with exoge-
nous cytokinin addition, under two contrasting soil water
availability regimes. Our results showed that exogenous cyto-
kinin addition enhances plant biomass, shoot to root ratio and
water content, as well as increasing the anthocyanin content.
However, a combination of AM fungal inoculation and cyto-
kinin addition did not result in a synergistic protective effect
against water stress. Plants were equally well protected against
this stress by cytokinin spraying alone. The improvement
of pomegranate growth was due mainly to exogenous cy-
tokinin addition. Photosynthesis was promoted both by
mycorrhizal inoculation alone and by exogenous cytokinin
addition. The main protection against oxidative stress
caused by drought was via enhanced accumulation of an-
thocyanins when the plants were sprayed with cytokinins.
When cytokinins were used, the photosynthesis apparatus
was also protected.

Keywords Arbuscular mycorrhizal fungi . Secondary
metabolites . Oxidative stress . Catalase . Superoxide
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1 Introduction

Plants often face different stressful situations caused by biotic
or abiotic factors. Severity and exposure time to stressing fac-
tors produce a wide range of plant responses, such as the
alteration of gene expression and cellular metabolism, or
changes in growth rates and yields (Bray et al. 2000).

Cytokinins affect many physiological and developmental
processes, including leaf senescence, nutrient mobilization,
and chloroplast differentiation (Taiz and Zeiger 1998;
Azcón-Bieto and Talón 2000). An association between cyto-
kinins, plant senescence and intermittent drought response
was observed by Pospísilová et al. 2000; Vomácka and
Pospísilová 2003; Achard et al. 2006. An increase in endoge-
nous CKs levels improved the photosynthesis and water effi-
ciency in tobacco transgenic plants under severe drought con-
ditions (Rivero et al. (2007). Although the application of ex-
ogenous CKs did not completely prevent senescence, they
cause a short-term alleviation, particularly when directly
sprayed on plants (Van Staden et al. 1988). Exogenous CKs
can also increase the content of endogenous CKs (Hare et al.
1997; Pospísilová et al. 2000) and improve carbohydrates ac-
cumulation in grains of rice under salt stress (Javid et al.
2011). In the response of bentgrass to heat stress, CK applica-
tion mitigated shoots and roots injury (Liu et al. 2002).

Arbuscular mycorrhizal fungi (AMF) enhance the nutrient
status of the host plant by enhancing the uptake of minerals
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needed for photosynthesis (Marschner and Dell 1994).
Several reports have shown an increase of CKs levels in roots
and leaves of mycorrhizal plants (Baas and Kuiper 1989;
Goicoechea et al. 1995, 1996, 1997; Barker and Tagu 2000;
Vadassery et al. 2008). Interactions occur in the host roots
where the AMF have the capacity to transport water more
efficiently than non-mycorrhizal roots and consequently im-
proves plant water status (Safir et al. 1972; Augé 2001;
Kung’U et al. 2008). Water deficit in combination with other
stress factors (e.g., high temperatures and high light intensity),
disrupt photosynthesis and enhance photorespiration (Close
and Beadle 2003; Miller et al. 2010), causing an increase in
production of reactive oxygen species (ROS). These toxic
molecules lead to oxidative damage to proteins, lipids and
DNA (Mittler et al. 2004; Miller et al. 2010). Plants detoxify
these molecules through ROS-scavenging enzymes such as
catalase (CAT) and superoxide dismutase (SOD). The latter
converts O2

− to O2 and H2O2 in chloroplasts, mitochondria
and peroxisomes. While CAT, found in peroxisomes, detox-
ifies H2O2 to H2O (Mittler et al. 2004). Exogenous addition of
CKs to plants facilitates scavenging of active oxygen species
(Liu and Huang 2002) and increases the activities of antioxi-
dant enzymes in mycorrhizal plants under drought condtions
(Ruiz-Lozano et al. 1996; Zhu et al. 2011). During drought,
mycorrhizal development (especially mycorrhizal coloniza-
tion and arbuscules formation) may induce expression of an-
tioxidant coding genes that are involved in alleviation of dam-
age caused by ROS (Wu and Zou (2009).

Due to climate change and global warming several agricul-
tural regions suffer an increase in temperature and therefore
severe drought (Arndt et al. 2010). Arbuscular mycorrhizal
inoculation could help to increase plant drought resistance
in soils with low water availability leading to better plant
survival (Stahl et al. 1998). Most experiments show that
inoculated plants have higher yields than non-mycorrhizal
ones confirming this role of AMF in host drought resistance
(Augé 2001; Singh et al. 2011).

Mature plants of Pomegranate (Punica granatum L.) can
tolerate long periods of drought with only 4 irrigations per
year. However, effective water management is essential for 6
or 7 years after young plants are transplanted to the field.
Pomegranates are grown in tropical and subtropical regions
being a versatile crop adapted to marginal lands (Khattab et al.
2011a). In the north-center of Argentina, pomegranate crops
have become more common during the last decade, due to the
value of their fruits (juices, syrups, and jams) and as ornamen-
tal plant (Cecotto et al. 2007). Moreover, infusions of the fruit
are popularly used as a medicinal plant for stomachaches
(Martínez 2011).

Exogenous cytokinin addition and AMF inoculation could
enhance resistance to drought stress in pomegranate and pro-
tect the plants against oxidative damage. The object of the
present study was to investigate this and we hypothesized that

the combination of AMF inoculation and exogenous CK ad-
dition in pomegranate plants could protect plants against the
stress caused by variations in water regimes.

2 Materials and methods

2.1 Biological material and experimental design

A total of 150 young branch cuttings (8 cm length including
2–4 shoot tips) were macropropagated from a healthy and
vigorous mother plant of Punica granatum L. cv. Plena
(Voss) from the Departamento de Producción Vegetal
(Facultad de Agronomía, FAUBA, Argentina, in order to
eliminate genetic variability. Awound was made in each cut-
ting and indole butyric acid (IBA) rooting hormone was added
(concentration of 2,500 ppm, Knight et al. 2005). Rooting was

cm) at 25 cuttings per box (three boxes inoculated and three
boxes control) with 650 ml of a tyndallized perlite: vermicu-
lite: soil mixture (1:1:1; v:v) per box. The soil characteristics
were: pH 7.1, 12.08 g kg−1 total C, 1.1 g kg−1 N, 34.2 mg kg−1

P, 0.9 cmol kg−1 K, 7.5 cmol kg−1 Ca, 1.7 cmol kg−1 Mg, and
0.2 cmol kg−1 Na. Inoculation was performed at 1 cm deep
with 50 ml of dry inoculum of Rhizophagus irregularis
(Krüger et al. 2012) strain GA5 covering the box. The control
treatment (C) received 50 ml of autoclaved mycorrhizal
inoculum supplemented with a filtrate (<20 μm) of non-
autoclaved mycorrhizal inoculum (to provide a microbial
comunity). Boxes were initially irrigated with 100 ml dis-
tilled water (80 % soil capacity) followed by weekly
watering repetitions in order to maintain the internal hu-
midity (80 % soil water capacity). Plants have grown in a
growing chamber (24±2 °C day/night, 16/8 h light/dark,
87 nmol m−2 s−1 cold white light) for 60 days. A 70 % of
rooting success was obtained under these conditions. These
growing conditions and rooting were previously tested in our
laboratory.

A strain of Rhizophagus irregularis (GA5) (GenBank ac-
cession number GU140042) was used as AMF model; a typ-
ical in vitro fast-growing strain (BGIV, http://www.bgiv.com.
ar/strains/Rhizophagus-intraradices/ga5). GA5 was routinely
propagated in Trifolium repens as plant host in 1.5 L pots with
a tyndallized perlite: soil mixture (3:1; v:v, see above for soil
characteristics and tyndallization). T. repens plants were
grown for 4 months under greenhouse conditions (450 μE
m−2 s−2, 400–700 nm; 16/8 h light/dark; 25/18 °C day/night;
60–70 % relative humidity). Then pots were maintained
unwatered till dryness. After that time, there was enough my-
corrhizal inoculum with many spores, intra and extraradical
mycelium to use for the effective inoculation of host
pomegranate plants. All plants were watered with Hewitt
(1952) solution without phosphorous every 15 days.
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One hundred cuttings of 60 days old rooted were
transplanted to 1.5 L pots containing a tyndallized perlite: soil
mixture (3:1; v:v; see above for soil characteristics) and were
maintained for 30 days under nursery conditions. Thereafter,
CK (6-benzylaminopurine, 5 mg L−1) was added to half of the
experiment (50 plants) by spraying shoots (3 separated appli-
cations of 0.5 mL per plant during 15 days) and the other half
were sprayed with distilled water in the same way (CK-).
After CK application the experiment was continued until the
plants were 105 days old. Half of the plants were maintained
to soil field capacity (SFC, equivalent to 80 %) and the other
half were maintained at 23.19±2.04 % SFC (namely 23 %
SFC) during 30 days. The SFC was calculated by weighing
the substrate before and after drying at 105 °C for 24 h. These
conditions were previously tested in our laboratory for pome-
granate plants (unpublished results). All plants were irrigated
once after the start of the experiment with nutritive solution
lacking phosphate (Hewitt 1952).

2.2 Variables assessment

Mycorrhizal colonization was checked 30 days after fungal
inoculation, a representative sample of the roots was stained
using the method of Phillips and Hayman (1970) and a quan-
tification of mycorrhizal infection was assessed as proposed
by Giovanetti and Mosse (1980). The proportion of mycorrhi-
zae (MI%), arbuscules (A%), and vesicles (V%) in each
stained sample were determined separately (McGonigle
et al. 1990). Plant survival per box (quantified as the percent-
age of rooted cuttings and at least a new bud / total cuttings)
was measured before transplantation. The fresh and dry
weights (at 70 °C until constant weight) of shoots and roots
were quantified at the end of the experiment. Also, the water
content of shoots and roots was calculated as the difference
between shoot and root fresh and dry weight respectively. The
shoot-to-root biomass ratio was evaluated.

Total polyphenol content (TPH) was measured with the
method proposed by Capannesi et al. (2000). Four shoot sam-
ples per treatment were grounded in a mortar containing
methanol-chloridric acid solution and centrifuged (10,000 g
for 20 min). Supernatants were measured on a saturated solu-
tion of sodium carbonate (CO3Na2) plus Folin-Ciocalteu re-
agent (at 755 nm). A standard curve with gallic acid was made
to express total polyphenol content as mg / 100 g of gallic acid
equivalent (GAE) of dry mass.

Anthocyanin content (ACY) of four shoot samples per
treatment was measured with the Fuleki and Francis (1968)
protocol using the differential pH method, with buffer solu-
tions (pH 1 and pH 4.5), and determined in a spectrophotom-
eter at 510 nm and 700 nm, applying the extinction molar
coefficient factor of cyanidin 3-glucoside (Ε=29,600). Finally,
results were expressed as mg of cyaniding 3-glucoside equiva-
lents (Cy3-GE) / g fresh weight.

Chlorophyll content (Chl) was measured as proposed by
Inskeep and Bloom (1985). Chl was extracted from fresh
shoot sections of four plants per treatment with N,N-
dimethylformamide (72 hs at room temperature). Pigment
concentration (Chl a, b and a+b) was measured in a spectro-
photometer at 647 nm and 663 nm, and expressed as mg / L.
Also Chl a/b ratio was calculated.

Enzyme extraction and measurements: 1 g of fresh material
(shoots and roots, n=6 per treatment) was pulverized in a
mortar with liquid nitrogen; 0.06 g polyvinylpolypyrrolidone
(PVPP) were added per 6 mL of extraction buffer (KH2PO4 –
K2HPO4 50 mM pH 7.8 plus 0.1 mM EDTA); then each
sample was filtered through a nylon membrane in order
to remove plant cell debris. Samples were centrifuged
(20,000 g for 20 min) and supernatant was aliquoted in
Eppendorf tubes and stored at −70 °C until use (Gogorcena
et al. 1995).

Intracellular enzyme activities were also measured.
Catalase (CAT) (EC 1.16.1.6): following a method based on
absorbance dropping at 240 nm caused by H2O2 loss (Aebi
1984). Superoxide dismutase (SOD) (EC 1.15.1.1) was mea-
sured at 560 nm according to its capacity to inhibit the photo-
chemical reduction of nitroblue tetrazolium in the presence of
riboflavin (Beyer and Fridovich 1987). Enzyme activities
were standarized by protein (PROT) quantified by the
Bradford (1976) method.

2.3 Statistical analysis

The experiment was arranged in a completely randomized
block factorial design. All data were subjected to analysis of
variance (factorial ANOVA), with three factors: 1) AMF in-
oculation (GA5; C), 2) cytokinin addition (CK+; CK-) and 3)
soil field capacity (SFC; 23 % SFC). Assumptions of homo-
geneity of variance and normality were checked. Comparisons
of mean values among different treatments were made using
the Tukey’s Honest Significant Difference (HSD) test using a
significance level of p<0.05 (Clewer and Scarisbrick 2001).
Statistical procedures were carried out using the software
STATISTICA 6.0 for Windows XP.

3 Results

Inoculated plants survived better than control plants (98±
1.9 % for GA5 inoculated plants; 94.3±0.1 % for control
plants); however rooting was lower (68±2.3 % for
GA5 inoculated plants; 70.7±1.3 % for control plants).
Cytokinin addition resulted in a decrease in mycorrhizal
and vesicle percentages at SFC (MI%: 12.71±1.10 % in
CK+treatment vs. 21.66±5.25 % in CK- treatment; V%:
4.88±1.13 % in CK+treatment vs. 15.19±6.65 % in
CK- treatment). However at 23%SFC there were no differences
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(MI%: 19.63±3.45 % in CK+treatment vs. 23.62±6.84 % in
CK- treatment; V%: 15.44±4.73 % in CK+treatment vs. 9.02±
6.26 % in CK- treatment). The proportions of arbuscules were
only significantly lower at 23 % SFC (SFC: 13.29±3.65 % in
CK- treatment and 10.54±0.71 % in CK+treatment; 23%SFC:
9.68±6.13 % in CK- treatment and 5.88±2.99 % in CK+
treatment). Since there was no triple interaction in growing
parameters there was observed dual interaction. Exogenous
cytokinin addition caused an improvement of fresh weight
on shoots in non-inoculated plants regardless of water avail-
ability followed by inoculated plants at 23 %SFC (Fig. 1a).
On the other hand the combination of CK addition and
23 %SFC improved shoot biomass (Fig. 1b). Shoot water
content significantly decreased at 23 % SFC for all treat-
ments except in the combination of CK addition and AMF
inoculation. However, in control plant with CK addition the
water content was significantly higher at SFC than the rest
of the treatments (Fig. 1c). Regarding roots only inoculated
plants without CK addition treatment caused a decrease in
fresh, biomass and water content at 23 % SFC condition
(Fig. 1d to f). Moreover, CK addition significantly increased
shoot-to-root ratio at 23 % SFC in inoculated and non-
inoculated plants (Fig. 2).

The combination of mycorrhizal inoculation and CK addi-
tion significantly increase TPH at 23 % SFC (6±0.1 mg
100 g−1 GAE at SFC and 6.5±0.03 mg 100 g−1 GAE at
23 % SFC) but no differences were observed in comparison

Fig. 1 Fresh and dry weight, and
water content in pomegranate
shoots (a to c) and roots (d to f).
Treatments: non-inoculated
control (C), Rhizophagus
irregularis strain inoculation
(GA5), without cytokinin
addition (CK-), cytokinin
addition (CK+), soil field capacity
condition (SFC), 23 % of soil
field capacity condition (23 %
SFC), fw (fresh weight), dw
(dry weight), water content
(g H2O). Mean±S.E., n=6.
Different letters at each variable
denote significant differences in
Tukey’s test. Effects of factors
according to three-way ANOVA
at P<0.05

Fig. 2 Shoot-to-root ratio in pomegranate plants. Treatments: non-
inoculated control (C), Rhizophagus irregularis strain inoculation
(GA5), without cytokinin addition (CK-), cytokinin addition (CK+),
soil field capacity condition (SFC), 23 % of soil field capacity condition
(23 % SFC). Mean±S.E., n=6. Different letters at each variable denote
significant differences in Tukey’s test. Effects of factors according to
three-way ANOVA at P<0.05
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to control plants CK- (5.7±0.2 mg 100 g−1 GAE at SFC and
6.8±0.07mg 100 g−1 GAE at 23% SFC). The opposite results
were obtained at mycorrhizal inoculation without CK (6.5±
0.09 mg 100 g−1 GAE at SFC and 5.96±0.1 mg 100 g−1 GAE
at 23 % SFC) (Fig. 3a). ACY was significantly higher in
treated plants regardless of water condition. Only inoculated
plants without CK addition decreased ACY at 23 % SFC.
However, these values were significantly higher than control
plants (Fig. 3b).

At 23 % SFC an increase in Chl a, b and a+b were
observed in all treatments (Fig. 3c to e). Particularly Chl a
in control plants with CK+at 23 % SFC was significantly
lower than control plants CK- (Fig. 3c). Chl b was signif-
icantly lower at SFC in mycorrhizal plants regardless of
CK addition and significantly higher in mycorrhizal plants
without CK (Fig. 3d). On the other hand, Chl a+b was
significantly lower at SFC in mycorrhizal plants regardless
of CK addition. However, at 23 % SFC Chl a+b was
significantly higher than the controls (Fig. 3e). Moreover,
Chl a/b was significantly higher in treated plants at SFC
condition but only mycorrhizal plants CK- exhibited lower
Chl a/b than control plants (Fig. 3f).

The 23 % SFC condition significantly decreased shoot
PROTat CK+in control and at CK- in mycorrhizal treatment,

but at SFC a significant increase in PROT was observed at
mycorrhizal CK- treatment followed by control CK+in com-
parison to control CK- plants (Fig. 4a). CAT activity of pome-
granate shoots significantly decreased in treated plants under
23 % SFC in comparison to control plants CK- at the same
condition. The lowest level of CAT activity was registered in
mycorrhizal CK+plants. On the other hand, no differences in
CATactivity were observed in control plants (Fig. 4b). At SFC
a decrease in SOD enzyme was observed in treated
shoots. At 23 % SFC this effect was reversed in control
plants with CK addition. However, no differences were
observed in comparison to 23 % SFC in mycorrhizal
shoots regardless of CK addition (Fig. 4c). In pomegranate
roots, PROT significantly decreased in control CK- at
23 % SFC but inverse results were obtained at CK+. On
the other hand, no differences were observed in mycorrhi-
zal plants (Fig. 4d). No differences in CAT activity at SFC
condition were detected. While at 23 % SFC condition
only inmycorrhizal plants CATactivity significantly decreased
regardless CK addition, in control plants no differences were
observed (Fig. 4e). CK addition significantly increased SOD
activity at SFC but at 23 % SFC they decreased. However,
there were no differences in comparison to control treatment
at the same condition (Fig. 4f).

Fig. 3 Total polyphenol content
(TPH) (a); anthocyanin content
(ACY) (b); chlorophyll content
(Chl): Chl a (c); Chl b (d); Chl a+
b (e); Chl a/b (f) in pomegranate
shoots. Treatments: non-
inoculated control (C),
Rhizophagus irregularis strain
inoculation (GA5), without
cytokinin addition (CK-),
cytokinin addition (CK+), soil
field capacity condition (SFC)
and 23 % of soil field capacity
condition (23 % SFC). Mean±
S.E., n=4. Different letters at each
variable denote significant
differences in Tukey’s test.
Effects of factors according to
three-way ANOVA at P<0.05
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4 Discussion

Hormones mediate plant growth and adaptation to changing
environments (Wolters and Jurgens 2009). Pospísilová et al.
(2000) showed that exogenous cytokinin stimulates osmotic
adjustment relieving stress effects and retarding senescence.
Khattab et al. (2011b) found that stressful conditions de-
creased CK transport from roots to shoots and caused an in-
crease in abscisic acid levels. This change in hormonal bal-
ance reduced growth and shoot expansion. Our experiments
showed that exogenous cytokinin addition improved plant
growth and maintained water content. However, under the
tested conditions, the combination of mycorrhizal inoculation
and CK addition did not have the synergistic effect that we
expected. Perhaps there was a regulation of the endogenous
cytokinin content. Several studies suggest that the establish-
ment of arbuscular mycorrhizal symbiosis maintains endoge-
nous levels of cytokinins in host plants (Goicoechea et al.
1995, 1997; Barker and Tagu 2000). However exogenous cy-
tokinins improved the shoot-to-root ratio in concordance with
experiments carried out on transgenic plants overexpressing
CKs (Ainley et al. 1993; Wang et al. 1997).

Polyphenolic compounds (including flavonoids and antho-
cyanins) have been proposed as having a protective effect

overcoming oxidative stress by absorbing and neutralizing
free radicals, quenching singlet oxygen, or decomposing hy-
drogen peroxides (Sreenivasulu et al. 2000; Patumi et al.
2002; Ksouri et al. 2007). The synthesis and accumulation is
generally stimulated in response to abiotic and biotic stresses
(Ksouri et al. 2007). In this work, a decrease in total polyphe-
nol content was observed in inoculated plants without cytoki-
nin addition at 23 % SFC. However, these results were
reversed by cytokinin addition. Even though we did not
observed a synergistic effect as expected. Nacif De Abreu
and Mazzafera (2005), in a study of the combined effects
of water and temperature stress on Hypericum brasiliense,
found a decrease in biomass was related to an increase in
polyphenolic compounds. Also Aseri et al. (2008) observed an
increase of total phenols in pomegranate plants inoculated with
Rhizophagus fasciculatus or Funneliformis mosseae and a
maximum with a dual inoculation with the phosphate-
solubilizing bacteria Azotobacter chroococcum and
F. mosseae. In our experiments, all polyphenolic levels were
similar and the biomass was improved by the cytokinin addi-
tion. Thus antioxidative defense was not mainly caused by the
level of phenolic compounds.

Anthocyanins are also natural anti-oxidative compounds that
may reduce oxidative damage in plants (Kong et al. 2003;

Fig. 4 Enzyme activities and
protein content in pomegranate
shoots (a to c) and roots (d to f).
Treatments: non-inoculated
control (C), Rhizophagus
irregularis strain inoculation
(GA5), without cytokinin
addition (CK-), cytokinin
addition (CK+), soil field capacity
condition (SFC) and 23 % of soil
field capacity condition (23 %
SFC), protein content (PROT),
catalase (CAT), superoxide
dismutase (SOD). Mean±S.E.,
n=6. Different letters at each
variable denote significant
differences in Tukey’s test.
Effects of factors according to
three-way ANOVA at P<0.05

60 M.J. Bompadre et al.



Castaneda‐Ovando et al. 2009). Synthesis, accumulation and
catabolism of anthocyanins in plant tissues have been strongly
suggested to be closely associated with environmental changes
and auto-oxidative or enzymatic degradation (Oren‐Shamir
2009). Anthocyanins could provide photoprotection against
photooxidative damage at high temperature (Shao et al. 2007)
and under drought (Danae et al. 2003; Van den Berg and
Perkins 2007). In our experiments, cytokinin addition alone or
in combination with mycorrhizal inoculation improves plant
survival through an increase of the anthocyanin levels.
Although no longer find a synergism caused by the combina-
tion of cytokinin and AMF, the same protective effect was
found with cytokinin, AMF and both. Chalker-Scott (1999)
found an increase in anthocyanins levels in cowpea seedlings
and resurrection plants. Baslam and Goicoechea (2012) also
found that levels of anthocyanins were increased inmycorrhizal
lettuce plants. Thus arbuscular mycorrhizal symbiosis can
stimulate synthesis of these plant secondary metabolites
(Gianinazzi et al. 2010). Foliar anthocyanin is accumulated
in young leaves, expanding foliage and also in the old one
before fall in deciduous species as response to diverse
stresses (nutrient deficiency, ultraviolet radiation exposure,
herbivores or pathogenic fungal infection) (Close and
Beadle 2003). Also, anthocyanins protect the photosynthetic
apparatus during leaf senescence (Hoch et al. 2001).

Exogenous addition of cytokinins relieved salt stress con-
dition and chlorophyll content of wheat seedlings (Mumtaz
et al. 1997). We found that under water deficit conditions,
stress with respect to chlorophyll a and a+bwas only relieved
in pomegranate plants that were mycorrhiza and not given
cytokinin addition. Other authors have observed an increase
of chlorophyll contents in mycorrhizal plants (Carpio et al.
2005; Wu and Ren-Xue 2006; Latef and Chaoxing 2011;
Rahmaty and Khara 2011; Ruiz-Lozano et al. 2012).
Recently, Baslam and Goicoechea (2012) observed that total
chlorophyll was enhanced in mycorrhizal lettuce plants re-
gardless of the water regime applied, suggesting that mycor-
rhizae protect by the improving the photosynthetic rate. Such
increases in chlorophyll content in leaves of plants associated
with AMF inoculation could be related to a greater uptake of
nutrients (e.g.,N, Mg, Fe, Z and Cu) essential for chlorophyll
biosynthesis (Marschner and Dell 1994; Eftekhari et al. 2010;
Khattab et al. 2011c). In our experiments only mycorrhizal
inoculation without cytokinin addition increased the chloro-
phyll content over that observed in control plants at 23% SFC.
Interestingly, cytokinin addition regardless of mycorrhizal
inoculation resulted in an intermediate value for total chlo-
rophyll. The Chlorophyll a/b ratio gives a clue about se-
nescence as chlorophyll a is degraded faster than chloro-
phyll b (Hughes et al. 2005). In our experiments on pome-
granate we found a significative decrease in the chlorophyll
a/b ratio in mycorrhizal plants without cytokinin addition at
23 % SFC. However, the proportion of chlorophyll b was

significantly higher indicating that plants were protected by
the mycorrhizal association. Rivero et al. (2010) showed
that an increase in endogenous cytokinin activates transcrip-
tion genes that code for chlorophyll biosynthesis. The combi-
nation of exogenous cytokinin and mycorrhizal inoculation
should increase endogenous levels of cytokinins and lead to
a synergistic effect on chlorophyll synthesis content. As
this was not observed in our study, it is possible that in
pomegranate there is a balance between biosynthesis and
degradation of cytokinins.

A higher protein content was evident in mycorrhizal pome-
granate plants, particularly in the shoots. Najafi et al. (2012)
also found that inoculation of winter barley plants with
R. irregularis improved the protein content and endogenous
levels of cytokinins. In our experiments increases in protein
content and biomass were evident in plants provided with both
mycorrhizal inoculation and exogenous cytokinin addition.

In general, enzyme activities decreased in both shoots and
roots of treated pomegranate plants. Das et al. (2012) argue
that anthocyanin biosynthesis is related to the electron trans-
port chain. Anthocyanins detoxify H2O2, O2

−, ONOO−, and
possibly OH− and 1O2 (Yamasaki 1997; Neill et al. 2002;
Hughes et al. 2005; Van Den Berg and Perkins 2007; Ying
and Tai 2012). In our study, anthocyanins could be the main
compounds involved in detoxifying toxic molecules generated
by a reduction in water availability, particularly in pomegranate
plants given exogenous cytokinin addition treatment. More
studies including those on plant nutrient status following
inoculation with different AM fungal strains should be car-
ried out and adjustment of cytokinin levels should be done
to throw light upon the regulatory networks involved.
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