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The plant growth-promoting fungus Fusarium equiseti
and the arbuscular mycorrhizal fungus Glomus mosseae
induce systemic resistance against Cucumber mosaic virus

in cucumber plants
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Abstract

Aims The aim of this study was to elucidate the effects
of the interactions between the arbuscular mycorrhizal
fungus Glomus mosseae (Gm) and Fusarium equiseti
GF18-3 on cucumber growth and the biocontrol of the
yellow strain of Cucumber mosaic virus (CMV-Y).
Methods Cucumber plants were pre-inoculated with
Gm and GF18-3 for 4 weeks before the leaves were
inoculated with CMV. CMV accumulation in cucumber
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leaves was determined using an indirect enzyme-linked
immunosorbent assay (ELISA) at 1, 2, and 3 weeks post-
inoculation (WPI). An RT-PCR analysis was performed
to evaluate the expression levels of defence-related genes.
Results The co-inoculation of cucumber plants with
Gm and GF18-3 or GF18-3 alone resulted in effective
control of CMV disease severity, though no significant
reduction was observed in the Gm-alone treatment.
CMYV accumulation was significantly decreased in cu-
cumber plants treated with combined inoculation or
with GF18-3 alone at 1, 2, and 3 WPI. The RT-PCR
results revealed higher expression levels of SA-
inducible genes in all treatments, while only Gm treat-
ment of plants induced JA-inducible genes.
Conclusion The dual inoculation treatment and inoc-
ulation with GF18-3 alone have the potential to reduce
disease severity and increase plant growth. Moreover,
modulation of plant defence responses in the shoots
may contribute to this protection.

Keywords Cucumber mosaic virus - Glomus
mosseae - Cucumber - Plant growth-promoting fungi -
Fusarium equiseti GF18-3 - Induced systemic
resistance

Abbreviations

CMV Cucumber mosaic virus
BGI barley grain inoculum
BTH benzothiadiazole

ISR induced systemic resistance
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JA jasmonic acid

PDA potato dextrose agar

PDB potato dextrose broth

PGPF plant growth-promoting fungi

PGPR plant growth-promoting rhizobacteria
PR pathogenesis related
DPI days post inoculation

WAP weeks after planting

RT-PCR reverse transcription-PCR
SA salicylic acid

SAR systemic acquired resistance.
Introduction

Diseases caused by the Cucumber mosaic virus (CMV)
are among the most important factors involved in reduc-
ing the production of crops, vegetables, fruits and orna-
mental plants (Roossinck 1999). Researchers have aimed
to control incurable pathogens such as CMV. Because
viruses cannot be eradicated chemically, alternative pro-
tection strategies need to be identified. All plants possess
different inducible defence mechanisms to protect them-
selves against pathogen attack. Despite the existence of
plant defence mechanisms, many pathogens can evade or
suppress activated defences (DebRoy et al. 2004). If
defence mechanisms are triggered by a stimulus prior to
infection by a plant pathogen, the disease can be reduced
(Van Loon et al. 1998). Induced resistance is a phenom-
enon wherein a plant exhibits enhanced resistance upon a
challenge inoculation with a pathogen when it is appro-
priately stimulated by non-pathogens, certain chemicals,
nonvirulent forms of the pathogen, incompatible races of
pathogens or virulent pathogens under circumstances in
which the infection is stalled due to environmental con-
ditions (Gorlach et al. 1996; Sticher et al. 1997). Thus, it
is possible to control viral diseases by inducing resistance
in plants without altering the plant genome (Ryu et al.
2007; Ipper et al. 2008; Wang et al. 2009).

The endotrophic arbuscular mycorrhizae (AMs) are
the most prevalent type of mycorrhizae (Smith and Read
1997). Arbuscular mycorrhizal fungi (AMF) are a group
of microorganisms that form symbiotic associations
with a wide range of plant species. Mycorrhizal fungi
enhance plants nutrition, growth (Jeffries et al. 2003;
Duponnois et al. 2005; Meddad-Hamza et al. 2010) and
tolerance to different types of biotic and abiotic stresses
(Al-Karaki and McMichael 2004; Selosse et al. 2004;
Liu et al. 2007). However, the use of AMF as inoculants
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to promote plant growth and health may help to reduce
the inputs of pesticides and other environmentally harm-
ful agrochemical products that are required for optimal
plant growth and health (Jeffries and Barea 2001).

Plant growth-promoting fungi (PGPF) are a class of
non-pathogenic, soil-borne, filamentous fungi that
confer beneficial effects on plants (Hyakumachi
1994). Fusarium equiseti (Corda) Saccardo has been
reported to be among the most effective PGPF isolates
for the induction of systemic resistance against cucum-
ber diseases (Horinouchi et al. 2007; Macia-Vicente et
al. 2009).

It is important to study the interactions between ben-
eficial microorganisms associated with plant roots be-
cause these interactions could enhance or inhibit the
beneficial effects of individual species. Application of
different species of microorganisms has not been inves-
tigated regarding co-inoculations of AMF (endophytes)
and PGPF (saprophytes), which could improve the
obtained protection and widen the range of effectiveness
by activating different defence mechanisms. Both AMF
and Fusarium equiseti have been used independently to
improve plant growth and/or to control pathogens
(Punja et al. 2008; Whipps 2001). Many studies have
reported co-inoculations with both microorganisms as
mixed inoculants (McAllister et al. 1996, 1997; Garcia-
Romera et al. 1998; Saldajeno and Hyakumachi 2011).
Although several studies have shown interactions be-
tween fungal biocontrol agents and AMF (Green et al.
1999; Martinez et al. 2004), no such work has investi-
gated the exploitation of these interactions in improving
the efficacy of biocontrol against viral diseases.

The natural defence responses of plants include
induction of pathogenesis-related (PR) proteins, accu-
mulation of phytoalexins and deposition of structural
polymers, such as callose and lignin (Benhamou and
Nicole 1999). Phenylalanine ammonia lyase (PAL)
catalyses the first step in the phenylpropanoid bio-
synthetic pathway and leads to the production of
phenolic compounds, which exhibit effective bio-
logical functions (Hammerschmidt 1999). The ac-
cumulation of plant hydrolases, such as chitinases
and (3-1,3-glucanases, plays a key role in antimicrobial
potential (Dalisay and Kuc 1995a; Van Loon 1997).
Another important group of enzymes involved in plant
resistance mechanisms is the peroxidases, which are
involved in the synthesis of phenolic compounds and
the formation of structural barriers (Dalisay and Kuc
1995Db).
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Some published data have demonstrated induction
of ISR against CMV (Ryu et al. 2004); this study dem-
onstrated that PGPR activated ISR in Arabidopsis plants
that were exposed to CMV through a pathway that was
independent of SA and NPR1, but dependent on jas-
monic acid. Moreover, treatment of tobacco plants with
Bacillus spp. enhanced the expression of the PR genes,
NPR1 and Coil, and led to increased resistance to CMV
(Wang et al. 2009). Although many studies have inves-
tigated the interactions between AMF and PGPF, the
mechanisms underlying these associations are generally
poorly understood (Artursson et al. 2000).

Therefore, the aim of the present study was to test the
ability of the interaction between AMF (G. mosseae)
and PGPF (F equiseti GF18-3) to induce systemic re-
sistance in cucumber (Cucumis sativus L. cv. Tokiwa
Jibai) and to improve plant growth and protection
against CMV.

Materials and methods
Potting medium and plant material

Cucumber (Cucumis sativus L. cv. Tokiwa Jibai) was
used as the test plant in this experiment. Clay loam soil
collected from the campus field in Gifu City, Japan,
containing 2.01 % organic matter, 0.10 % total N and
18.8 mg/100 g of available P. with a pH of 6.5, was
sieved through a 2-mm mesh, mixed with river sand
(1:1) and sterilised via autoclaving twice for 1 h at
121 °C; the autoclaving was performed on two consec-
utive days. Mineral nutrients were added to the soil-sand
mixture as described by Chandanie et al. (20006).

Fungal and viral inoculum

The PGPF used in this study was Fusarium equiseti
GF18-3, which was isolated from a turf grass rhizo-
sphere (Hyakumachi 1994) and stored in a PGPF
collection in the Laboratory of Plant Pathology, Gifu
University. GF18-3 was grown in 2 % potato dextrose
agar (PDA) in petri plates for 7 days at 25 °C. Twenty
mycelial disks (5 mm) were obtained from GF18-3
cultures from the growing margin of a colony on PDA
and were transferred to a 500-ml Erlenmeyer flask
containing autoclaved barley grains (100 g of barley
grains and 100 ml of distilled water). After 10 days of
incubation at 25 °C in the dark with shaking every

2 days, the completely colonised barley grains were
air-dried at room temperature (23-25 °C). The dried
BGI was ground to a 1-2-mm particle size and stored
at 4 °C until it was used.

Inocula of the AMF G. mosseae (Gm) (Nicol. and
Gerd.) Gerd.- and Trappe-containing spores, hyphae,
colonised root fragments and potting soil were
obtained from commercial inocula (Idemitsu Kosan
Co. Ltd., Japan). The yellow strain of Cucumber mo-
saic virus (CMV-Y) that was used in this study was
obtained from the Laboratory of Plant Pathology,
Tohoku University, Japan. The virus was maintained
in tobacco plants (Nicotiana tabacum cv. Xanthi-nc).

Experimental design and biological treatments

Two experiments were designed to test the interaction
between GF18-3 and Gm. The first experiment inves-
tigated the effects of their interaction on fungal colo-
nisation and the promotion of plant growth, and the
second experiment evaluated the suppression of dis-
ease severity and gene expression using RT-PCR anal-
yses. Both of the experiments included the same
treatments, as follows: (a) F. equiseti GF18-3 alone
(GF18-3); (b) F equiseti GF18-3 with G. mosseae
(GF18-3+Gm); (c) G. mosseae alone (Gm); (d) the
synthetic SAR inducer benzothiadiazole (BTH) as a
positive control treatment (Lawton et al. 1996); and (e)
a noninoculated control (Cont). Three replicates were
performed for each treatment, with 5 plants per repli-
cate. The inocula of F. equiseti GF18-3 and G. mos-
seae were hand-mixed completely with the potting
medium at rates of 1 and 2 % w/w, respectively. The
non-mycorrhizal treatments were mixed with equal
amount of autoclaved Gm inocula, while the non-
Fusarium treatments were blended with equal amount
of autoclaved barley grain. Cucumber plants grown in
soil were treated with 0.3 mM BTH (Novartis Agro,
Tokyo, Japan) via soil drenching 1 day prior to the
challenge inoculation.

Evaluation of plant growth and fungal colonisation

The cucumber seeds were surface sterilised (2 %
NaOCl for 3 min) and then pre-germinated on auto-
claved filter paper that was soaked with sterile, dis-
tilled water and incubated for 48 h at 25 °C. Sterilised
plastic pots (150 ml) were filled with 150 g of inocu-
lated potting medium. Two pre-germinated cucumber
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seeds were planted per pot. The medium—inoculum
mixture and filtrate of the Gm inoculum were prepared
according to Calvet et al. (1993). The suspension was
filtered through a 38-pum sieve to remove mycorrhizal
propagules and was added to non-mycorrhizal pots
(10 ml/pot) to establish similar initial microflora com-
munities in all of the treatments (Calvet et al. 1993;
Green et al. 1999). Equal amount of distilled water
was added to the mycorrhizal pots. The plants were
grown in growth chambers at 25 °C under 75 % relative
humidity and a 12/12 h light/dark cycle (cool fluores-
cent lamps at 300 uEm 2 s ). The pots were watered at
48-h intervals, and nitrogen (40 mg/plant) was supplied
weekly in the form of a NH4NO; solution.

The colonisation of GF18-3 in the rhizosphere and
roots was measured 4 and 7 weeks after planting (WAP).
To estimate the degree of rhizosphere colonisation, the
plants were uprooted, and the shoots were separated
from the roots. The shoot fresh weight, dry weight
(80 °C for 36 h) and number of leaves were measured.
Soil that adhered to the roots was collected as rhizo-
sphere of this soil, and 10-fold dilutions were made and
plated on PDA supplemented with chloramphenicol
(250 mg1™") and then incubated for 3 days at 25 °C.
After incubation, the colonies were counted, and the
population was quantified as CFU per gram of dry soil.

To evaluate root colonisation, the collected roots
were washed with tap water to remove any adher-
ent soil particles, and the root samples were divid-
ed into two portions for root colonisation by
GF18-3 and Gm. For colonisation by GF18-3, the
roots were cut into 1-cm segments, surface disin-
fected with 0.5 % NaOCI, rinsed with sterilised
distilled water (SDW), dried on sterilised filter
paper and plated on PDA supplemented with chlor-
amphenicol (250 mgl™") followed by incubation for
4 days at 25 °C. Following incubation, any GF18-3
colonies growing-from the root segments were identi-
fied, and the isolation frequency was determined by
counting the number of colonised segments per 100
segments plated per replicate. To verify the root coloni-
sation of GF18-3, the root fragments were homoge-
nised. The homogenised root suspension was filtered
through two layers of sterilised cheesecloth. Then, 10-
fold dilutions were made and plated on PDA supple-
mented with chloramphenicol (250 mgl™"). GF18-3
colonies were counted, and the population was quanti-
fied as colony-forming units (CFUs) per gram of fresh
roots after 4 days of incubation at 25 °C.
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To estimate the degree of root colonisation by my-
corrhizae, 1-cm root segments were cleared in 10 %
(w/v) KOH for 1 h at 90 °C and stained with 0.05 %
(w/v) chlorazol black E (CBE) for 1.5 h at 90 °C
(Brundrett et al. 1984). The stained root segments were
stored in 50 % glycerol until being subjected to micro-
scopic observation. The percentage of the root length
that was colonised by hyphae, arbuscules or vesicles of
Gm was quantified according to McGonigle et al.
(1990).

Cucumber mosaic virus inoculations

The CMV inoculum that was used throughout the
experiments consisted of infected tobacco leaf tissue
that was ground in 0.01 M sodium phosphate buffer,
pH 7.0, containing 0.002 M EDTA (1 g of tissue:50 ml
of sodium phosphate buffer). All of the inoculation
materials were chilled at 4 °C prior to inoculation and
were maintained on ice during the inoculation. The
plants were inoculated 4 weeks after planting via rub
inoculation on the oldest leaf (Ipper et al. 2008). Discase
severity was assessed according to the following scale:
0=no symptoms; 2=vein clearing; 4=50 % of leaves on
a plant exhibiting mosaic symptoms; 6=100 % of leaves
on a plant exhibiting mosaic symptoms; 8=50 % of
leaves showing severe mosaic symptoms and malfor-
mation; and 10=100 % of leaves showing severe mo-
saic symptoms and malformation. The disease severity
experiment was performed three times with 5 plants per
treatment.

Enzyme-linked immunosorbent assay (ELISA)

Determination of the CMV concentration was con-
ducted as described previously by Zehnder et al.
(2000) with some modifications. Leaf samples were
collected 7, 14, and 21 days post-inoculation (DPI).
The samples were ground in 50 mM carbonate buffer
(pH 9.6) and added to microtitre plates at a final
dilution of 1:10 (g leaf tissue:ml buffer). The plates
were incubated overnight at 4 °C, and they were then
washed 3 times with phosphate buffered saline con-
taining Tween (PBS-T). Anti-CMV (primary anti-
body) was added to the plates at a concentration of 1
Fg/ml in PBS-T. The plates were incubated overnight
at 4 °C again and then washed 3 times with PBS-T.
Goat anti-rabbit immunoglobulin conjugated to alka-
line phosphatase was diluted 1:7500 in PBS-T and
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added to the plates. The plates were incubated at
37 °C for 1 h and then triple-washed with PBST,
and the substrate (p-nitrophenylphosphate at 1 mg/
ml in 10 % diethanolamine, pH 9.8) was added.
The reactions were allowed to develop at room
temperature. The absorbance values were read at
405 nm on a BIORAD model 550 microplate
reader. The ELISA experiment was performed
three times with 5 plants per treatment.

Examination of defence-related genes using RT-PCR
analysis

RNA isolation

For the RNA analysis, leaves and roots were harvested
1, 2, 4, and 6 DPI and stored at —80 °C until being
used. Each treatment included three replications with
two plants per replicate. Total RNA was extracted
following Suzuki et al. (2004), with some modifica-
tions. Leaves and roots were ground in liquid nitrogen
using a sterilised mortar and pestle and homogenised
with the following extraction buffer: 100 mM Tris—
HCI (pH 9.5), 10 mM EDTA (pH 8.0), 2 % lithium
dodecyl sulphate, 0.6 M NaCl, 0.4 M trisodium citrate
and 5 % 2-mercaptoethanol. The aqueous phase
obtained following centrifugation at room temperature
was re-extracted with a chloroform:isoamyl alcohol
(24:1) mixture. The collected supernatant was then
extracted with water-saturated phenol, guanidium
thiocyanate, sodium acetate (pH 4.0) and chloroform.
The upper aqueous phase was precipitated with iso-
propanol. The precipitated RNA was collected,
washed, briefly air-dried and dissolved in RNase-free
water. After treatment with RNase-free water and DN-
ase and inactivation of the DNase according to the
instructions of the supplier (Takara Bio Inc., Shiga,
Japan), approximately 1 pg of total RNA was reverse
transcribed into single-stranded cDNA. An aliquot of
the obtained cDNA was amplified via RT-PCR as
described by Suzuki et al. (2004) to monitor the ex-
pression of a set of well-characterised defence-related
genes, including PR-/a (Cools and Ishii 2002), perox-
idases (POX), lipoxygenase (LOXI), phenylalanine
ammonia lyase (PALI), chitinase (Chitl) and -1, 3-
glucanase (Glu) (Shoresh et al. 2005). Actin was used
as internal standard (Cools and Ishii 2002). The gene-
specific primers used in these experiments are listed in
Table 1.

Data analysis

The obtained data were subjected to one-way
ANOVA, with the exception of the PGPF and AMF
colonisation data, which were compared using Stu-
dent’sz-test at P<0.05. When ANOVA indicated a
significant F value, the treatment means were separat-
ed using Fisher’s least significant difference (LSD)
test at P<0.05. All of the analyses were performed
using the XLSTAT Pro statistical analysis software
package (Addinsoft, New York, NY, USA).

Results

Effect of inoculation with F. equiseti and/or G.
mosseae on the colonisation of the rhizosphere
and roots of cucumber plants by the fungi

The proportion of root colonisation by Gm in cucum-
ber plants inoculated with Gm alone was significantly
different from that in the co-inoculation treatment with
both F. equiseti GF18-3 and Gm at 7 WAP. Mycorrhi-
zal root colonisation was not observed in the control
plants (Fig. 1).

Additionally, root colonisation by GF18-3 was af-
fected by treatment with Gm in the co-inoculated
cucumber plants. The frequency of re-isolation of
GF18-3 at 4 and 7 WAP decreased significantly in
the co-inoculated cucumber plants compared to plants
inoculated with GF18-3 alone (Fig. 2a). Similar results
were obtained regarding the population density (CFU)
of GF18-3 in the roots of the co-inoculated plants,
which was significantly lower than that in the plants
inoculated with GF18-3 alone (Fig. 2b). In contrast,
the CFU of GF18-3 in the rhizosphere soil of co-
inoculated plants was similar to that in plants inocu-
lated with GF18-3 alone (data not shown).

Effects of inoculation with F. equiseti and/or G.
mosseae on the growth of cucumber plants

The cucumber subjected to both the dual inoculation
treatment and inoculation with GF18-3 alone
exhibited a significantly higher shoot fresh weight,
shoot dry weight, and number of leaves than the
non-inoculated controls at both 4 and 7 WAP. The
results of the co-inoculation treatment with GF18-3
and Gm were not significantly different compared to
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Table 1 Gene-specific primers used in RT-PCR analysis in this study

Gene name Forward primers (5'-3") Reverse primers (5'-3")

PR-1a GGCAGCCCAGACTTCTCAGC GCATCTCACTTTGGCACATCCTA
Chitinase 1 TGGTCACTGCAACCCTGACA AGTGGCCTGGAATCCGACT
[3-1,3-glucanase TCAATTATCAAAACTTGTTCGATGC AACCGGTCTCGGATACAACAAC
POX AGAGCAACAAGGTCGGTTTCA GTGCCGACATCCTAGCTCAAG
LOX1 AAGGTTTGCCTGTCCCAAGA TGAGTACTGGATTAACTCCAGCCAA
PALI ATGGAGGCAACTTCCAAGGA CCATGGCAATCTCAGCACCT

Actin GGCCGTTCTGTCCCTCTAC CAGCTCCGATGGTGATGAC

the plants inoculated with GF18-3 alone. The plants
treated with Gm alone displayed a significantly in-
creased shoot fresh weight, shoot dry weight, and
number of leaves at 4 WAP; however, at 7 WAP, no
significant differences were found relative to the non-
inoculated cucumber plants. The BTH treatment
caused a significant reduction in plant growth com-
pared to the control plants (Table 2).

Inoculation with £ equiseti and/or G. mosseae protects
cucumber plants against Cucumber mosaic virus

The CMV disease severity was rated at 14 DPI. The
dual inoculation, GF18-3 alone, and BTH treatments
significantly reduced the disease severity rating com-
pared to the untreated control plants. However, no

40
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30 -

Hi %

25 -

20

15 A

10 -

AMF colonization (%)

GF18-3+Gm Gm

Fig. 1 Percentage of root length colonized by G. mosseae (Gm)
in cucumber plants either co-inoculated with Fusarium equiseti
GF18-3 or not at 7 weeks after planting (WAP). Columns
represent mean values (n=15). Bars indicate standard errors.
Asterisks indicate significant difference based on Fisher’s LSD
test at £<0.05
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significant differences were observed between the cu-
cumber plants treated with Gm alone and the control
plants (Fig. 3).

Table 3 shows the CMV accumulation detected by
ELISA at 3 different time points: 7, 14, and 21 DPI.
The CMV accumulation decreased significantly in all
of the treatments compared to the control plants at 7
DPI. At 14 and 21 DPI, the cucumber plants that were
treated with the dual inoculation, GF18-3 alone and
BTH displayed significantly reduced CMV accumula-
tion compared to the control plants, while the CMV
accumulation was not reduced in the cucumber plants
treated with Gm alone at 14 and 21 DPI. Additionally,
the co-inoculation treatment significantly reduced
CMV accumulation compared to treatment with
GF18-3 alone at 7 and 14 DPI.

Induction of defence-related genes through inoculation
with F. equiseti and/or G. mosseae in cucumber plants

To investigate the possibility that combined or indi-
vidual inoculation of Gm and GF18-3 can stimulate
defence-related genes, we determined the expression
of SA-inducible genes (PRI-a, chitinase and (-1,3-
glucanase), JA-inducible genes (LOX! and PALI) and
antioxidant enzyme-inducible peroxidase (POX) local-
ly in roots and systemically in leaves at 0, 1, 2, 4, and
6 days after the CMV challenge inoculation.
Increased expression of PRI-a, chitinase (Chit 1),
(-1, 3-glucanase and peroxidase (POX) was observed
in the leaves and roots in all of the treatments. In
contrast, expression of the JA-inducible genes (LOXI
and PALI) was initiated quickly in the leaves of only
the plants that were either co-inoculated or inoculated
with Gm alone, and these elevated levels were main-
tained in all of the treatments in both the roots and
leaves. The BTH treatment resulted in no stimulation
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Fig. 2 Population of Fusarium equiseti GF18-3 in cucumber
roots either co-inoculated with G. mosseae (Gm) or not at 4 and
7 weeks after planting (WAP). a Isolation frequencies from the
roots of cucumber plants. b Number of colony-forming units
(CFU) obtained from the roots of cucumber. Columns represent

of JA-inducible genes compared to control plants, while
GF18-3 treatment led to only weak induction of these
genes compared to control plants (Fig 4a and b).

Discussion

Pathogenic microorganisms that affect plants represent
a major chronic threat to food production and ecosys-
tem stability worldwide. Food producers have become
increasingly dependent on agrochemicals as a relative-
ly reliable method of crop protection and fertilisation
(Compant et al. 2005). Viral diseases are fastidious
diseases, and there are few chemical solutions

o

B4W OTW

CFU x 10° g of fresh roots
& & ®» 5 R B & ®

L]
L

GF18-3+ Gm GF18-3

mean values (n=15). Bars indicate standard errors. Asterisks indi-
cate significant difference based on Fisher’s LSD test at P<0.05.
*Isolation frequency=(Number of colony-forming root segments/
total number of root segments plated) 100 %

available to combat them which are often ineffective,
or cannot be used based on the increasing demand for
pesticide-free food (Gerhardson 2002). Biological
control and fertilisation are therefore being considered
as alternative or supplemental methods of reducing the
use of chemicals in agriculture (Postma et al. 2003;
Whipps 2001).

We studied the effect of G. mosseae (Gm) on F.
equiseti GF18-3 populations and the effect of GF18-3
inoculations on a Gm population. Our data showed
that the GF18-3 population was significantly sup-
pressed in the co-inoculation treatment at 4 and 7
WAP. This result indicates an antagonistic effect of Gm
toward GF18-3. Similarly, Saldajeno and Hyakumachi

Table 2 Shoot fresh weight (g), shoot dry weight (g) and number of leaves of cucumber plants inoculated with Fusarium equiseti
GF18-3 and/or Glomus mosseae (Gm) at 4 and 7 weeks after planting (WAP)

Treatment Fresh weight Dry weight No. of leaves

4 WAP 7 WAP 4 WAP 7 WAP 4 WAP 7 WAP
GF18-3+Gm 12.07+0.27% 23.00+0.31% 0.55+0.01° 1.45+0.03° 7.20+0.11% 8.47+0.13%
GF18-3 11.67+0.29%° 22.93+0.33% 0.54+0.01° 1.43+0.03* 7.27+0.15% 8.40+0.13"
Gm 11.40+0.25° 17.33+0.45° 0.53+0.01° 0.98+0.03° 6.93+0.12° 6.80+0.20°
BTH 5.60+0.13¢ 9.1340.22¢ 0.18+0.00° 0.61+0.02° 5.53+0.13¢ 5.67+0.13¢
Control 5.60+0.13¢ 16.80+0.43° 0.18+0.00° 0.91+0.02° 5.47+0.13¢ 6.73+0.12°

LSD least significant difference

*Values are means+SEM (n=15). Data within the same column followed by different letters are significantly different (P<0.05)
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GF18- 3+Gm GF18-3

Fig. 3 Disease severity of Cucumber mosaic virus-inoculated
cucumber plants treated with Fusarium equiseti GF18-3 and/or
G. mosseae (Gm) or BTH compared to non-treated control plants
at 14 days post-inoculation. Disease severity was rated on the
following scale: 0=no symptoms; 2=vein clearing; 4=50 % of
leaves on a plant exhibiting mosaic symptoms, 6=100 % of leaves

(2011) reported an antagonistic effect of Gm toward
GF18-3 in cucumber plants at 4 and 6 WAP. Additionally,
McAllister et al. (1994) observed an antagonistic interac-
tion between Gm and 7. koningii in the rhizosphere of
maize plants. Furthermore, Chandanie et al. (2005, 2006,
2009) demonstrated that the growth of T. harzianum in
and/or around cucumber roots was suppressed by the
presence of Gm, while the growth of Penicillium simpli-
cissimum was unaffected. Soybean plants have been
shown to exhibit antagonistic, synergistic and neutral
interactions between Gm and associated saprophytic fun-
gi (Fracchia et al. 1998).

AMF have also been widely used as microbial inoc-
ula for improving plant growth and/or as biocontrol

Control

on a plant exhibiting mosaic symptoms; 8=50 % of leaves show-
ing severe mosaic symptoms and malformation and 10=100 % of
leaves showing severe mosaic symptoms and malformation.
Columns represent mean values (n=15). Bars indicate standard
errors. Different letters indicate significant difference based on
Fisher’s LSD test at P<0.05

agents in trials with various plant species. Mycorrhizal
colonisation triggers a variety of physiological and bio-
chemical responses in host plants, which include altered
root exudation, increased phytohormone production,
and production of inhibitory or stimulatory compounds
(reviewed by Bi et al. 2007). Altered root exudates can
modify the microbial population around mycorrhizal
roots. Additionally, the extraradical mycelium of AMF
may also have impact on the microbial population
around the mycorrhizal roots (Filion et al. 2003).

In addition to the previously described effect of Gm
on GF18-3, GF18-3 has been shown to impact the
composition of mycorrhizal communities. In the current
investigation, the presence of GF18-3 significantly

Table 3 Cucumber mosaic virus accumulation in leaves of cucumber plants treated with Fusarium equiseti GF18-3 and/or G. mosseae

(Gm) or BTH relative to non-treated control plants

Treatment CMV concentration by ELISA

7 DPI 14 DPI 21 DPI
GF18-3+Gm 0.27+0.01¢ 0.39+0.01¢ 0.54+0.01°
GF18-3 0.36+0.01° 0.44+0.01° 0.53+0.01°
Gm 0.54+0.02° 0.97+0.02° 0.95+0.02°
BTH 0.29+0.01¢ 0.42+0.01°% 0.51+0.01°
Control 0.87+0.01° 0.98+0.02° 0.85+0.01°

LSD least significant difference

*Values are means+SEM (n=15). Data within the same column followed by different letters are significantly different (P<0.05)
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Fig. 4 Expression of defence-related genes in (a) leaves and (b)
roots of cucumber plants treated with Fusarium equiseti GF18-3
and/or G. mosseae (Gm) or BTH and inoculated with Cucumber
mosaic virus at the indicated time point. SA-inducible (PR-1a,
Peroxidases (POX), Chitinase (Chitl) (-1, 3-glucanase (Glu))

decreased root colonisation by Gm compared to when
Gm was inoculated alone. Thus, an antagonistic inter-
action regarding Gm colonisation was observed
between the saprophytic fungus GF18-3 and Gm. Sim-
ilar interactions have been reported for other saprophytic
fungi (McAllister et al. 1996, 1997; Martinez et al.
2004). The presence of fungal exudates, such as volatile
substances produced by saprophytic fungi, could
explain the reduction of root colonisation by Gm
(McAllister et al. 1996). However, this result differs
from neutral effects that have been observed in
other studies (Camprubi et al. 1995; Vazquez et al.
2000). It also contrasts with the positive effect of Fusa-
rium oxysporum on AMF colonisation observed by
Fracchia et al. (2000).

In the present study, we examined three growth
parameters to analyse growth promotion in cucumber
plants: shoot fresh weight, shoot dry weight, and the
number of leaves. Co-inoculation with Gm and GF18-
3 significantly increased the shoot biomass and the
number of leaves at both 4 and 7 WAP relative to the
non-treated control plants. This result was also ob-
served for the GF18-3 alone treatment, whereas the
shoot biomass and number of leaves in the plants
treated with Gm alone increased at 4 WAP, but not at
7 WAP when compared to the control plants. Similar-
ly, Saldajeno and Hyakumachi (2011) reported a

and JA-inducible (Lipoxygenase (LOXI1) and Phenylalanine
ammonia lyase (PALI)) marker genes were analysed via RT-
PCR using specific primers for each gene. Constitutively
expressed Actin was used as a control in the RT-PCR analysis

significant increase in the shoot dry weight of cucum-
ber plants at 4 WAP, but not at 7 WAP. Additionally,
Arpana and Bagyaraj (2007) showed that Gm and T.
harzianum, both individually and in combination, sig-
nificantly increased the leaf area, number of leaves,
plant height and dry weight of Kalmegh plants
(Andrographi paniculata). AMF and PGPF are capa-
ble of stimulating plant growth through a variety of
mechanisms. Avis et al. (2008) classified plant
growth-promoting microorganisms into two broad
groups based on the primary mechanisms of actions
by which they are known: (i) microorganisms that
directly affect the promotion of plant growth (such as
through phosphorus solubilisation and phytohormone
production) and (ii) microorganisms that indirectly
promote plant growth and productivity through the
biocontrol of plant pathogens (such as via the produc-
tion of siderophores, antibiotics, and HCN). However,
both groups of microorganisms can simultaneously
utilise secondary mechanisms. The AMF are obligate
symbionts that supply a plant with mineral nutrients,
especially phosphorus, and increase water uptake
(Selosse et al. 2006). Shivanna et al. (2005) showed
that cucumber plants displayed better growth and in-
creased productivity of marketable fruits due to in-
creased levels of soil nutrients made available by
PGPF, and these plants accumulated more inorganic
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minerals, such as Ca, Mg, and K, in their aerial shoots.
Therefore, the effect of PGPF on plant growth may be
due to the introduction of more available forms of soil
nutrients and minerals to the plant.

Our results showed that prior treatments with the
combined inoculation of GF18-3 and Gm or GF18-3
alone or BTH-induced SAR protected cucumber
plants against Cucumber mosaic virus (CMV) for
more than 21 DPIL. The protection conferred on the
treated plants was manifested in the reduction of dis-
ease severity and CMV accumulation in the leaves.

In our study system, the GF18-3 and/or Gm treat-
ments were applied to the roots, while CMV was
inoculated in the leaves, and the two treatments
remained spatially separated on the plant. Further-
more, this protective effect is not based on direct
parasitic or antibiotic activity of GF18-3 and/or Gm.
Therefore, the observed disease suppression may op-
erate through activation of induced systemic resis-
tance. As a result of induced systemic resistance, a
reduction of disease severity and increased plant
growth have been observed following CMV infection
in many crops (Ryu et al. 2004; Ryu et al. 2007; Ipper
et al. 2008; Wang et al. 2009).

The nature of the interaction between PGPF and Gm
depends on the inherent characteristics of the PGPF
species tested (Chandanie et al. 2006). In some cases,
a single inoculation has been found to result in the
greatest improvement of resistance. For example,
Bhromsiri (2009) demonstrated that following a single
inoculation of PGPR or AMF, either group played a role
as the predominant factor. Our data demonstrated that
both the interaction between Gm and GF18-3 and treat-
ment with GF18-3 alone were effective for disease
suppression, although no effect of Gm alone was ob-
served. This result was in accordance with another study
by Chandanie et al. (2006), which showed that Gm had
no effect in a combined inoculation with P. simplicissi-
mum but exhibited an inhibitory effect against anthrac-
nose disease in a combined inoculation with Phoma sp.
Interestingly, Saldajeno and Hyakumachi (2011)
reported a stimulatory effect of the combined inocula-
tion of Gm and GF18-3 in controlling anthracnose
disease.

A weak and transient plant defence response against
Cucumber mosaic virus was identified in the Gm-
alone treatment. Inoculation with Gm alone did not
reduce the observed disease severity or viral accumu-
lation when compared to control plants at 14 and 21
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DPI. Many studies indicate that mycorrhizal host
plants show an increased intensity of viral disease
(Nemec and Myhre 1984; Shaul et al. 1999). This
effect may be due to the enhanced nucleic acid and
protein production in these plants fostering viral mul-
tiplication, which leads to an increased spread of a
virus throught the whole plant (Dehne 1982), or due to
the increased phosphate uptake associated with my-
corrhizal plants (Daft and Okusanya 1973).

The current study aimed to elucidate the plant sig-
nals involved in the induction of systemic defence
responses against CMV by Gm and/or GF18-3. In
response to microbial changes in the rhizosphere, plant
defence responses were enhanced through modulation
of the host’s signalling pathways through jasmonic
acid (JA)- and salicylic acid (SA)-dependent pathways
(Pozo and Azcon-Aguilar 2007).

AMF may enhance the induction of pathogenesis-
related (PR) proteins and hydrolytic enzymes. The roles
of PR proteins may be readily understood based on their
activity as glucanases or chitinases or by their associa-
tion with other antimicrobial properties. For example,
the roots of plants that were inoculated with my-
corrhizal fungi showed higher activities of chiti-
nase, (3-1,3-glucanase and superoxide dismutase
(Kjoller and Rosendahl 1997; Pozo et al. 2002). Our
data showed that the expression levels of SA-inducible
PR-1a quickly increased in the co-inoculation and
GF18-3-alone treatments compared to treatment with
Gm alone at 1 day after inoculation. Alterations in the
SA signalling pathway have been previously described
in mycorrhizal plants (Blilou et al. 2000; Shaul et al.
1999).

PGPF isolates have been shown to induce a primed
state in plants. For example, disease resistance against
Pseudomonas syringae pv. tomato in Arabidopsis is
regulated by multiple signal transduction pathways in
which salicylic acid (SA), jasmonic acid (JA), and
ethylene (ET) were activated using P. simplicissimum
GP17-2 (Hossain et al. 2007). Additionally, in the
presence of Trichoderma harzianum and Rhizoctonia.
solani, Gallou et al. (2009) observed induction of the
expression of the LOX gene at 24 h post inoculation
(hpi) and of the expression of the GST/, PAL, PRI and
PR2 genes at 72 hpi in the roots of potato plantlets.

Induction of peroxidase (POX) activity in plants
occurs in response to many biotic and abiotic stimuli,
including pathogen attacks and exposure to elicitor
preparations, chemical oxidising agents, red light,
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and mechanical stimuli (Casal et al. 1994; Donald and
Cipollini 1998; Morkunas and Gmerek 2007). In the
present study, all of the treatments increased the ex-
pression of peroxidase (POX) in the roots and leaves
of cucumber plants following CMV inoculation.

In conclusion, the present study identified a bene-
ficial effect of the co-inoculation of Gm and GF18-3
on growth parameters and CMV accumulation in cu-
cumber. Pre-treatment with the co-inoculation of Gm
and GF18-3 or inoculation of GF18-3 alone reduced
the CMV disease severity and increased growth
parameters; such as the fresh weight, dry weight, and
number of leaves. Co-inoculation with Gm does not
block the biocontrol potential of GF18-3 against CMV
and some synergy can even be seen with regard to the
reduction of CMV accumulation within cucumber
leaves. All of the applied treatments, which were
applied to the roots, were able to affect plant defence
mechanisms not only in the roots but also in the
shoots, which may contribute to disease resistance.
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