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ABSTRACT: Meloidogyne javanica causes serious damage to many crops and its
management is not easily achievable. Pochonia chlamydosporia var. chlamydosporia (Pcc)
is a potent biocontrol agent whose ability in stimulating plant defense has been ambiguous.
This study was designed to analyze the kinetics of some defense-related enzymes in the
roots of zucchini plants after inoculation with either one or both of Pcc and M. javanica.
Activity of phenylalanine ammonia-lyase (PAL), peroxidase (POX), polyphenol oxidase
(PPO), and catalase (CAT) in root samples were examined in a week with one day interval
beginning from the next day following inoculation with M. javanica. When the plants were
inoculated with both Pcc and nematode, the activity of PAL, POX and CAT was significantly
improved during the experiment compared with other treatments. The PPO activity in such
plants was more than PPO activity in nematode-infected plants only on the 5th and 7th day
after inoculation. Individual application of Pcc frequently resulted in enhanced activity of
PAL, POX and CAT compared with these enzymes activity in control treatment. This is the
first report on the ability of Pochonia chlamydosporia var. chlamydosporia for inducing or
improving the plant innate defense.
KEY WORDS: Catalase, nematophagous fungi, peroxidase, phenylalanine ammonia lyase,
plant defense induction, polyphenol oxidase, root-knot nematode

Root-knot nematodes (Meloidogyne spp.) can annually destroy about 5% of
agricultural products worldwide (Agrios, 2005). Meloidogyne javanica (Treub,
1885) Chitwood, 1949 is an economically important nematode that can parasitize
more than 2000 different plant species (Perry et al., 2009). This nematode has a
widespread distribution in Iran (Moosavi, 2012) and often imposes a considerable
loss to many crops including zucchini (Cucurbita pepo) (Ghaderi et al., 2012).
Nowadays, chemical nematicides are the main controlling method of plantparasitic nematodes (PPNs) (including M. javanica) which adversely impact the
environment and human health (Moosavi & Zare, 2015). These harmful effects
have intensified the search for finding safer, environmentally friendly control
alternatives (Moosavi & Askary, 2015) such as biological control (Davies &
Spiegel, 2011). Biocontrol of plant diseases will be more successful if the potent
biocontrol agent (BCA) could also stimulate the plants innate immunity systems
(Walters & Bennett, 2014).
It has been demonstrated that many microorganisms have good potential in
the management of PPNs, however their significance is not similar (Cumagun &
Moosavi, 2015). Fungi are one of the most important antagonistic groups among
them the species of Pochonia have been considered as one of the top four BCAs
against PPNs (Moosavi & Zare, 2012). Pochonia spp. are facultative egg parasites
of cyst and root-knot nematodes that penetrate into their hosts’ eggshell via
producing appressorium and extracellular enzymes (Manzanilla-López et al.,
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2013). The fungus can successfully colonize the root epidermis and cortex
(Bordallo et al., 2002; Macia-Vicente et al., 2009) but there is no information on
its ability to induce plant defense mechanisms.
Many enzymes in plants are induced in response to biotic or abiotic stimulator
leading to systemic resistance. Increasing in the amount or activity of these
enzymes is usually considered as a sign of plant defense activation. These
enzymes include phenylalanine ammonia-lyase (PAL), peroxidase (POX),
polyphenol oxidase (PPO), and catalase (CAT) (Garcion et al., 2014). PAL is an
important enzyme involves in the phenylpropanoid biosynthetic pathway. This
enzyme is also responsible for the synthesis of the polyphenol compounds such as
phenylpropanoids, flavonoids and lignin (MacDonald & D’Cunha, 2007).
Peroxidases (POX) catalyze many important biological processes of plantdefense mechanisms (Passardi et al., 2005; Gupta, 2010). For example, they play
a significant role in the strengthening of cell wall structures by catalyzing the
suberin polymerization (Arrieta-Baez & Stark, 2006), lignin biosynthesis
(Almagro et al., 2009) and cross-linkage of the structural proteins like extensions
(Jackson et al., 2001). Plant peroxidases also facilitate the formation of diferulic
acid linkages (Fry, 2004) and production of hydroxyl radical (Schweikert et al.,
2000).
Plant PPOs oxidize polyphenols into quinines which are considered as
antimicrobial compounds. It is suggested that they are also involved in the
lignifications of plant cell wall during the attack of pathogens (Constabel &
Barbehenn, 2008; Tran et al., 2012). Catalase (CAT) involves in the antioxidative
defense system of plants. This enzyme detoxifies H2O2 when the level of hydrogen
peroxide elevates in cell (Bilgin, 2010).
This study was designed to determine whether P. chlamydosporia could
induce the defense mechanism of zucchini plants by itself or could improve the
defense responses of zucchini plants to M. javanica.
MATERIALS AND METHODS
Fungal isolate and inoculum preparation
One indigenous isolate of Pochonia chlamydosporia var. chlamydosporia
(Pcc; IRAN 1212 C) was selected for this experiment whose efficiency in
controlling M. javanica was previously confirmed (Moosavi et al., 2010). The
fungus was grown on PCA (potato-carrot agar) medium to stimulate the
production of conidia (Zare & Gams, 2004). The plates were inoculated by
streaking the surface of culture media in parallel lines with the fungal inoculum.
Ten days later, the conidia were collected by sterile distilled water and their
concentration was estimated by average of three counts. The concentration of the
propagule was finally adjusted to 106 propagule per mL distilled water.
Preparation of nematode inoculum
The needed inoculum was prepared on tomato plants (cv. Early-Urbana)
starting from a single nematode egg mass formerly identified as M. javanica
(Moosavi et al., 2011). The eggs were isolated from the 0.5 to 1 cm pieces of galled
roots by agitating for 2 to 3 min in 0.5% sodium hypochlorite solution. The
suspension was then rinsed over 60- and 20-μm sieves (Hussey & Barker, 1973)
and the inoculum on 20-μm sieve was transferred to a beaker. The number of
eggs and second stage juveniles (J2s) were estimated by means of three counts
and adjusted to 100 eggs and J2s per mL.
Plant material, inoculation and experimental design
Seeds of zucchini (cv. Tees F1-801, Samyer, USA) were surface sterilized with
1% NaOCl for 5 minutes and planted in 500 g plastic pots. The pots (15 cm
diameter, 15 cm depth) had been filled with sterile sandy loam soil (sand 67.3%,
clay 12.1%, silt 20.6%, organic matter 3.5% with pH 7.5). There were 4 sets of
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treatment including 1) zucchini plants inoculated with fungal inoculum, 2)
zucchini plants inoculated with nematode inoculum, 3) zucchini plants inoculated
with both fungal and nematode inoculum, and 4) not- inoculated zucchini plants
(control). The seedlings were inoculated with Pcc when they had developed the
first set of true leaves. The inoculation was done by drenching the soil around the
crown of the seedlings with 20 mL of conidial suspension at a concentration of 10 6
conidia / mL. After one week, nematode inoculum was added to soil around the
roots of zucchini plants at a rate of two eggs and J2s / g soil. Each treatment had
five replications and pots were arranged in a completely randomized design in a
greenhouse.
Determination of enzymatic activity
Activity of phenylalanine ammonia-lyase (PAL), peroxidase (POX),
polyphenol oxidase (PPO), and catalase (CAT) in root samples of treatments were
evaluated in a week with one day interval beginning from the next day following
inoculation with M. javanica. Fresh roots were homogenized with liquid nitrogen
after being cleaned in tap water and dried with a filter paper. The same volume of
10 mM sodium phosphate buffer (pH 6 at 4°C) was mixed with the homogenized
tissue and was then filtered into a centrifuge tube through a 0.2 mm nylon filter.
The mixture was centrifuged at 12,000 g for 20 min at 4°C and the supernatant
was stored at –80°C until being examined (Chen et al., 2000). Soluble protein
concentration of the supernatant was measured by the standard Bradford assay
(Bradford, 1976) using crystalline bovine serum albumin as a reference.
PAL activity
Phenylalanine ammonia-lyase (PAL; EC 4.3.1.24) activity was determined by
the method of Ochoa-Alejo & Gomez-Peralta (1993). One mL of 50 mM Tris-HCl
buffer (pH 8.8 containing 15 mM of β-mercaptoethanol) was mixed with 0.5 mL
of 10 mM L-phenylalanine, 0.4 mL of deionized water and 0.1 mL of enzyme
extract and the reaction mixture was incubated at 37ºC for 1 h. The reaction was
terminated by adding 0.5 mL of 6M HCl and the product was extracted with 15
mL diethyl ether. The extraction solvent was evaporated at 22 ºC under reduced
pressure. The solid residue was suspended in 3 mL of 0.05M NaOH. The
concentration of trans-cinnamic acid in the mixture was quantified with the
absorbance at 290 nm. One unit of PAL activity is equal to 1 μmol of cinnamic
acid produced per min.
POX activity
Total peroxidase (POX; EC 1.11.1.7) activity was detected according to
Mohammadi and Kazemi (2002). 25 mM citrate–phosphate buffer (pH 5.4) was
added to root’s enzymatic extract contained 20 µg protein and 1 mM guaiacol (as
an electron donor) to make a final volume of 1 milliliter. The reaction was started
by adding 10 µL of 30% H2O2 (Merck Co., Germany). The rate of increase in
absorbance at 475 nm was measured over 30 s at 25 °C using Perkin Elmer
lambda-45 spectrophotometer. Potassium cyanide (7 µM) was used as an
inhibitor for POX. The results were expressed as changes in absorbance (A) / min
/ mg protein.
PPO activity
Polyphenol oxidase (PPO; EC 1.14.18.1) activity was determined by mixing 25
mM citrate–phosphate buffer (pH 6.4) with the root’s enzyme extract contained
30 µg protein and 5 mM L-proline to make a final volume of 1 mL. The samples
were ventilated in a test tube for 2 min and the reaction was then initiated by
addition of pyrocatechol (1, 2-dihydroxybenzene) as the substrate at a final
concentration of 20 mM. The initial rate of increase in absorbance at 515 nm was
measured over a time period of 1 min at 25°C. The PPO activity was expressed as
the changes in absorbance (A) / min / mg protein. Ascorbic acid prepared in the
same buffer solution (7 mM final concentration) was used as an inhibitor of PPO
activity (Mohammadi & Kazemi, 2002).
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CAT activity
Total catalase (CAT; EC 1.11.1.6) activity was calculated by following the
decline in A240 as H2O2 was catabolized in a 3 mL reaction mixture containing 10
mM potassium phosphate buffer (pH 7.0), appropriate amount of root extract
containing 30 µg protein, and 35 µL H2O2 (3%). The activity of CAT on
consumption of H2O2 was measured using the extinction coefficient (40 mM-1 cm1) and stated as changes in absorbance at 240 nm / min / mg protein (Kato &
Shimizu, 1987).
Statistical analysis
Statistical analysis was carried out using SAS software (version 9.1.3; SAS
Institute, Cary, NC) (1990). All data were subjected to one-way analysis of
variance (ANOVA), and treatment means were separated using Duncan’s Multiple
Range Test.
RESULTS
PAL activity
PAL activity in various treatments was significantly different (F=64.24; df=15;
P< 0.0001). The highest PAL activity was recorded in the plants treated with both
Pcc and M. javanica. PAL activity had a rapid increase when the plants treated by
both fungus and nematode from the first upto the fifth day after inoculation
(DAI), and then decreased. The lowest activity of PAL was detected in untreated
control plants. The PAL activity on the first DAI was similar in the plants treated
only with Pcc or nematode. PAL activity in nematode-infected plants was higher
than in fungus-infected ones on the third and fifth DAI, however a lower activity
was observed for the same comparison on the 7th DAI (Figure 1).
POX activity
Compared with control treatment and at similar time span, POX activity
significantly increased when the zucchini plants were inoculated with either one
or both of Pcc and M. javanica (F=124.06; df=15; P< 0.0001). The enzymatic
activity in all treatments was increased until the fifth DAI, and then decreased.
The highest POX activity was observed in the roots that were inoculated with both
Pcc and M. javanica. The fungus could stimulate the POX activity in roots;
however except for the first DAI, the enzymatic activity was lower compared with
the nematode-inoculated plants. The POX activity in the control plants remained
around a constant level during the experiment (Figure 2).
PPO activity
There was a significant difference between treatments in stimulation of PPO
activity in zucchini roots (F=91.8; df=15; P< 0.0001). Though the differences were
not so distinguishable at the first DAI, the PPO activity in nematode-infected
plants was slightly higher than other treatments. The enzymatic activity on the
third DAI was greatest in the plants which were inoculated with M. javanica, but
no significant difference was seen between the activity of enzyme in the plants
that were inoculated with either PCC or with both PCC and nematodes. A
prominent rise in PPO activity was seen at the fifth DAI when the greatest activity
was recorded for the plants inoculated with both fungus and nematode.
Afterward, the PPO activity declined until 7th DAI (Figure 3).
CAT activity
Changes in catalase activity over the studied days was different among
treatments (F=89.5; df=15; P< 0.0001). Enzyme activity in control treatment was
similar from the first DAI till the end of experiment. When the plants were only
inoculated with Pcc, catalase activity was more than control treatments except for
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the 7th DAI. The greatest enzyme activity was recorded when the nematodeinfected plants had Pcc around their roots. CAT activity in inoculated plants was
increased until the 5th DAI and then declined. The activity of CAT in each
treatment was similar on the first and 7th DAI apart from the plants that were
inoculated with both fungus and nematode (Figure 4).
DISCUSSION
Plants can resist against pathogen infection using several layers of constitutive
and induced defense mechanisms (Walters, 2011a; Sholevarfard & Moosavi,
2015). Many plant enzymes like phenylalanine ammonia lyase (PAL), peroxidase
(POX), polyphenol oxidase (PPO) and catalase (CAT) are involved in defense
responses against plant pathogens (Anderson et al., 2006; Dubey, 2010).
Rise in concentration of defense enzymes in nematode-infected plants
(especially Meloidogyne-infected plants) have been repeatedly reported (Zacheo
et al., 1997; Walters, 2011b; El-Beltagi et al., 2012; Pourjam et al., 2015). It has
also been reported that many microorganism could induce plant systemic
resistance against pathogens such as phytonematodes (Ramamoorthy et al., 2001;
Sharon et al., 2011; Pieterse et al. 2013; Walters & Bennett, 2014), but it was not
clear whether Pochonia chlamydosporia has the ability to stimulate or improve
the plant-defense mechanisms.
Stimulation of the plants innate immunity systems is a new approach in crop
protection (Reglinski et al., 2014). Pcc was applied to soil one week before
nematode inoculation to provide enough time for the fungus to establish itself
successfully in rhizosphere and cortex. Our results showed that inoculating the
plants with both Pcc and nematode would significantly improve the activity of
PAL, POX and CAT during the experiment compared with other treatments. The
PPO activity in such plants was more than PPO activity in nematode-infected
plants only on the 5th and 7th DAI. Inoculating the plants merely with Pcc often
resulted in enhanced activity of PAL, POX and CAT compared with these enzymes
activity in control treatment. This is the first report on the ability of Pcc in
stimulating the plant defense.
M. javanica is exposed to a variety of plant defense responses since most
stages of its life cycle occur in their host plant. A rapid and temporary increase in
defense-enzymes activity occurs following second stage juveniles (J2s)
penetration, however the activity quickly declines in susceptible hosts (Melillo et
al., 2006; Gao et al., 2008). Maintaining the enzymatic activity at higher level
during longer time can benefit the host plant in protecting itself. Several
biocontrol fungi (Sahenani & Hadavi, 2008; Malek Ziarati et al., 2012;
Mostafanezhad et al., 2014) and bacteria (Chen et al., 2010; Siahpoush et al.,
2011; Tavakol Norabadi et al., 2014) can enhance the activity of defense-related
enzymes and induce plant defense.
At nematode presence, the enzymes activity increased till the 5th DAI and then
decreased. The same trends were observed when the plants were inoculated with
either Pcc or both Pcc and nematode. The pattern of changes in activity of
defense-related plant enzymes in current research are similar to many previous
studies in which the enzymes activity increased upto 4th or 5th DAI and then
declined (Sahebani & Hadavi, 2008; Chen et al., 2010; Siahpoush et al., 2011;
Mostafanezhad et al., 2014).
The results of current study showed that presence of Pcc in rhizosphere or
cortex of host plant could elevate the plant defense enzymes activity over a longer
time and thus may leading to induced resistance in plants. It can be consequently
concluded that Pcc can use both direct (parasitism) and indirect (induce
resistance) mechanisms to control M. javanica. It means that the fungus could
induce the resistance mechanisms at least at the early stages of plant infection by
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nematode, and may lessen J2 penetration and establishment of feeding cells.
Then the fungus parasitizes the nematode eggs at their emergence. Further
studies are required to examine defense-enzyme activity in above-ground parts of
the plant after soil application of Pcc to see whether the fungus has the ability of
inducing systemic resistance. As well, study the enzymatic changes over the
growth period will provide better information on the indirect effect of Pcc in
controlling nematode.
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Figure 1. Effect of Pochonia chlamydosporia var. chlamydosporia (F) separately and in
combination with Meloidogyne javanica (N) on the activity of phenylalanine ammonia lyase
in the roots of zucchini in comparison with control (C) plants. PAL specific activity was
estimated by releasing of trans-cinnamic acid from phenylalanine. Same letters above bars
(mean ± SE) indicate no statistical significance (P < 0.05).

Figure 2. Activity of peroxidase (POX) in the roots of zucchini plants inoculated with either
one or both of P. chlamydosporia var. chlamydosporia (F) and M. javanica (N) compared
with control (C) plants. Same letters above bars (mean ± SE) indicate no statistical
significance (P < 0.05).

Figure 3. Changes in polyphenol oxidase (PPO) activity in the zucchini roots after
inoculation with P. chlamydosporia var. chlamydosporia (F) and M. javanica (N) or
without inoculation (C). Same letters above bars (mean ± SE) indicate no statistical
significance (P < 0.05).

_____________Mun. Ent. Zool. Vol. 11, No. 1, January 2016__________

159

Figure 4. Activity of catalase in the roots of zucchini plants inoculated with P.
chlamydosporia var. chlamydosporia (F) and M. javanica (N) or non-inoculated plants (C).
Columns with unlike letters above their bars (mean ± SE) are significantly different (P <
0.05).

