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Nematicidal Effects of 5-Aminolevulinic Acid on Plant-Parasitic Nematodes
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Abstract: Plant-parasitic nematodes are important agricultural pests and often cause serious crop losses. Novel, environmental
friendly nematicides are urgently needed because of the harmful effects of some existing nematicides on human health. 5-Aminolevulinic
acid (ALA) was reported as a potential biodegradable herbicide, insecticide, or plant-growth promoting agent. Lack of information on
ALA against plant-parasitic nematodes prompted this investigation to determine the effects of ALA on Meloidogyne incognita, Heterodera
glycines, Pratylenchus coffeae, and Bursaphelenchus xylophilus. A series of in vitro assays and one greenhouse trial were conducted to examine
the nematicidal effects of ALA. The results demonstrated that ALA exhibited a strong effect of suppression against the four nematodes
tested. ALA also inhibited hatching of M. incognita andH. glycines. Results from the greenhouse experiment indicated that treatment of
soil with 6.0 mM ALA significantly reduced the root-gall index (RGI) and egg mass number per root system compared with the
uninoculated control (P # 0.05). The metabolism assays indicated that ALA treatment significantly altered the nematode metabolism
including the total protein production, malondialdehyde (MDA) content, and oxidase activities. This study suggested that ALA is
a promising nematicide against plant-parasitic nematodes.
Key words: Bursaphelenchus, Heterodera, Meloidogyne, nematicide, oxidase activity, Patylenchus.

Plant-parasitic nematodes are important pests for
many agricultural crops, especially for the crops grown
in the tropical and subtropical regions. The estimated
annual crop losses caused by plant-parasitic nematodes
were estimated at about US$100 billion worldwide
(Abawi and Widmer, 2000; Oka et al., 2000; Chitwood,
2003). The current control strategy for plant-parasitic
nematodes depends largely on applications of nemati-
cides. However, because of environmental concerns
many effective nematicides have been restricted from
the market in recent years (Schneider et al., 2003).

The identification of novel and environmental
friendly nematicides is of great interest to plant pa-
thologists and the agricultural industry. For example,
many current studies are now focused on the charac-
terization of naturally occurring compounds found in
bacteria that possessed nematicidal properties. A strain
(PSB-01) of photosynthetic bacteria, Rhodoblastus acid-
ophilus, was recently determined to be suppressive to
root-lesion nematode (P. coffeae) on ramie (Boehmeria
nivea [L.] Gaud.). A gene encoding the 5-aminolevlinate
synthase was cloned from this bacterial strain (PSB-01)
(Zhang et al., 2007). Preliminary study suggested that
application of 3.0 mM of ALA significantly inhibited
hatching ofM. incognita and H. glycines, and significantly
altered the expression levels of superoxide-dismutase
(SOD), catalase (CAT), glutathione peroxidase (GPx),
and MDA in second stage juveniles (J2s) of M. incognita
(Cheng et al., 2014).

ALA is an essential precursor produced byR. acidophilus
during biosynthesis of porphyrins such as chlorophyll and

heme (Sasaki et al., 2002). It was reported that ALA
could be used as a potential biodegradable herbicide,
insecticide or plant-growth promoting agent (Sasikala
et al., 1994). Rebeiz et al. (1984, 1988) indicated that
ALA could be used as a biodegradable herbicide, and
exogenous ALA was toxic to cabbage looper (Tricho-
plusia ni Hubner). Amor et al. (2000) demonstrated
that ALA had a strong insecticidal activity through both
laboratory and field studies. Researchers reported that
ALA could be used to kill locust (Oxya chinensis), an
important pest for rice (Oryza sativa), maize (Zea mays),
sorghum (Sorghum bicolor), and many other food crops
in China (Li et al., 2005; Yin et al., 2008). Yin et al.
(2008) also observed that application of ALA to O.
chinensis resulted in significant changes in acetylcho-
linesterase (AChE), glutathione S-transferase, and GPx
expression levels. The objective of this research was to
examine the effects of ALA on four economically im-
portant plant-parasitic nematodes in China, namely M.
incognita, H. glycines, P. coffeae, and B. xylophilus. In ad-
dition, the effects of ALA on hatching from either free
eggs or egg masses/cysts, J2 development, and mor-
phological changes on M. incognita and H. glycines were
also investigated.

MATERIALS AND METHODS

Culture of plant-parasitic nematode inoculum: M. in-
cognita was isolated from roots of tomato plants grown
in the Hunan Province, China, and maintained on
roots of tomato grown in sterile soil in a greenhouse at
25 6 28C, 12 hr light of day light (Cheng et al., 2010).
H. glycines was obtained from Deliang Peng (Institute of
Plant Protection, Chinese Academy of Agricultural
Sciences, Beijing, China) and maintained in sterile soil
on soybean (Glycine max) in a greenhouse. The roots of
tomato or soybean infected with M. incognita and H.
glycines, respectively, were removed from the pots and
washed several times in water. Egg masses of M. in-
cognita or brown cysts of H. glycines were hand-picked
from the infected roots and sterilized in a 0.5% NaOCl
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solution for 3 min. After three washes in sterile water,
the egg masses and brown cysts were placed separately
on 200-mesh sieves submerged in water and incubated
for 3 d inside a 25 6 28C incubator to collect J2s daily
and stored at 138C. J2s younger than 3 d after hatch
were used for an in vitro assay experiment. In another
in vitro assay experiment, eggs of M. incognita and H.
glycines were extracted from egg masses or brown cysts
using the method published by Hussey and Barker
(1973). The total number of J2s or free eggs in a 100-ml
suspension was determined by counting each sample
four times under an inverted microscope. P. coffeae was
isolated from ramie and cultured on carrot (Daucus
carota linn. var. sativa Hoffm) callus cultures inside the
laboratory as described byMoody et al. (1973).B. xylophilus
was provided by Xinyue Cheng from Beijing Normal
University, Beijing, China and cultured on Botrytis cinerea
mats grown on 1% potato-dextrose agar plates at 258C
(Cheng et al., 2008). P. coffeae and B. xylophilus were har-
vested separately using the Baermann funnel technique
(Mamiya, 1975). Juveniles and adults of P. coffeae and B.
xylophilus were mixed and used for the in vitro assay
experiment.

Toxicity of ALA on vermiform stages: ALA obtained from
Sigma (Sigma-Aldrich, St. Louis, MO) was dissolved in
sterile water to prepare six concentrations of ALA at
1.5, 3.0, 6.0, 12.0, 24.0, and 48 mM. The motility assay
was then carried out in wells of 24-well plates by mixing
1 ml ALA solution at a specific concentration with 1 ml
nematode suspension containing about 100 nematodes
in a single well (Thus, the concentration of ALA tested
were 0.75, 1.5, 3.0, 6.0, 12.0, and 24.0 mM). The plates
were incubated under 25 6 28C and a relative humidity
of 60% (Li et al., 2009). Nematode suspensions mixed
with sterile water were used as the controls. All treat-
ments were replicated four times, and the experiment
was performed three times. The number of active and
dead nematode was counted at 48 hr post ALA treat-
ment under an inverted optical microscope. Nema-
todes were considered dead if they did not move on
probing with a pin. Mortality rate was calibrated as
(X 2 Y)/(100 2 Y) 3 100, where X and Y indicated
the mortality rates for the ALA-treated samples and
water-treated controls, respectively.

Effect of ALA on hatching of free egg: Suspensions of M.
incognita or H. glycines free eggs were chosen for this
study. One milliliter of 3.0, 6.0, 12.0, or 24.0 mM ALA
solution was mixed with an equal volume of free egg
suspension in wells of a 24-well plate. The plates were
incubated inside an incubator at 256 28C and 60% RH.
The number of freshly hatched J2s was recorded for
each treatment at 0, 3, 6, 9, and 12 d after incubation.
The percentage of egg hatch was calculated as (J2Dx/
eggs at D0) 3 100, where D0 was the number of eggs at
day zero, and J2Dx was the number of freshly hatched
J2s at day x. The inhibition rate of hatch was calculated
based on ([the percentage of the hatched J2s for the

control 2 the percentage of the hatched J2s for a par-
ticular ALA treatment]/the percentage of the hatched
J2s for the control) 3 100. Four biological replicates
were used for each treatment in each experiment, and
the experiment was repeated three times.

Effect of ALA on hatching of egg masses or brown cysts: Ten
mature egg masses of M. incognita were handpicked
from pure culture of M. incognita on tomato roots and
placed in a well of 24-well plate containing 2 ml of water
(control) or 1.5, 3.0, 6.0, or 12.0 mM ALA solution. In
a separate assay for the cyst of H. glycines, 10 brown cysts
were handpicked from the pure culture ofH. glycines on
soybean roots and incubated in the same solutions as
described for theM. incognita egg masses assay. After 5 d
of incubation, the ALA solutions were removed, and
the egg masses or brown cysts were washed in sterile
water and then allowed to develop in deionized water.
The cumulative J2 hatch for each treatment was re-
corded over 25 d, and hatch inhibition rate was calcu-
lated as ([the number of hatched J2s from the control2
the number of hatched J2s from a particular treat-
ment]/the number of J2s in the control) 3 100. The
experiment was repeated three times, and each treat-
ment had four replications.

Effect of ALA against infection of M. incognita on
greenhouse tomato: Seeds of tomato cv. L3708 were ger-
minated in sterilized sand:soil mix (1:2). The seedlings
were transplanted individually into pots containing 2.5 kg
mixed soil per pot. When the seedlings reached 3- to
4-leaf stage, 100 ml of 1.5, 3.0, or 6.0 mM ALA solution
was drenched into each pot. Pots supplied with 100 ml
of 1:1000 diluted 1.8% avermectin emulsifiable con-
centrate (Syngenta Crop Protection, Inc., China) so-
lution or water were used as the positive and negative
controls, respectively. Two days after the application of
ALA, avermectin, or water, 500 freshly hatched M.
incognita J2s were introduced into the soil near the
root per pot. Experiment was arranged in a random-
ized complete block design, with three replicated
blocks of 10 tomato pots per block. The pots were
maintained inside a greenhouse set at 25 6 28C. Two
month later, roots of each assayed plant were har-
vested. The number of galls per root was counted us-
ing a handheld lens, and six strains of each treatment
were selected randomly for counting the number of
egg masses per root under a microscope after 15 to 20
min staining in a phloxine-B solution (0.15 g/liter tap
water) followed by a quick rinse in water. The RGI was
recorded in a scale of 0 to 4 as described by Barker
(1978). The experiment was performed twice.

Microscopic examination: Approximately 100 J2s of M.
incognita were immersed in 3.0 mM ALA solution in
a 15-mm diameter glass dish or in sterile water as
a control. The J2s were then maintained at 25 6 28C.
Each treatment had three biological replicates, and the
experiment was performed twice. Morphology and be-
havior of M. incognita J2s were examined under a Zeiss

296 Journal of Nematology, Volume 49, No. 3, September 2017



Observer A1 inverted microscope (Carl Zeiss AG,
Oberkochen, Germany) at 2-hr intervals for 2 d.

Transmission electron microscopy (TEM): Nematode
samples for TEM were prepared based on the method
described by Baldwin and Hirschmann (1975) with
slight modification. Approximately 1,000 M. incognita
J2s were placed in a 2-ml centrifuge tube containing
1 ml of 3.0 mM ALA solution or sterile water (control),
and the tubes were kept inside an incubator (256 28C)
for 48 hr. After 10 min centrifugation at 3,000 g, the
pelleted M. incognita J2s were collected followed by
three rinses in sterile water. The J2s were picked up with
needles under an inverted microscope and placed in
200 ml 2.5% glutaraldehyde solution overnight at 48C.
After 10 min centrifugation at 3,000 g, the fixative so-
lution was removed, and the J2 samples were rinsed
three times in a phosphate-buffered saline (PBS) buffer
of pH 7.0. The rinsed J2s were further fixed in a 1%
buffered osmium tetroxide solution for 2 hr. After three
rinses in PBS and dehydration in a serial diluted etha-
nol solutions, the J2s were embedded in Araldite
(Sigma-Aldrich). Ultrathin sections were cut, mounted
on EM grids and examined under an electron micro-
scope. The morphological changes of 10 J2s from each
treatment were examined, and the experiment was
performed twice.

Sample preparation for metabolism assays: M. incognita J2s
were obtained as described previously. Approximately
6 3 106 M. incognita J2s were pelleted by 10 min cen-
trifugation at 3,000 g, weighed, and used for each
treatment. The resulting J2s were immersed in 3.0 mM
ALA solution or in sterile water (control) followed by
24 hr incubation at 25 6 28C. The J2s were pelletized
again for 10 min at 3,000 g, rinsed three times in sterile
water, and resuspended in 500 ml PBS containing 0.3%
Triton-100, pH 7.8. The J2 samples were stored at
2808C till use.

Effect of ALA on AChE activity: J2s obtained previously
were frozen and thawed several times, homogenized
with a glass rod, and centrifuged for 15 min at 5,000 g
and 48C. Supernatant of each sample was used for the
AChE activity and protein content assays. Activity of
AChE was determined using a published method
(Ellman et al., 1961). After the reaction was terminated
by addition of 50 ml 2.5 mM TCA, the absorbance at
412 nm was measured using a Shimadzu UV-1601 spec-
trophotometer (Shanghai, China). Each treatment had
three biological replicates, and the experiment was
performed twice.

Effect of ALA on oxidase activities and MDA content: M.
incognita J2s prepared for the metabolism assay were
grinded in the chilled PBS buffer followed by 15 min
centrifugation at 5,000 g and 48C. Each supernatant was
adjusted to 1 ml with the PBS buffer (pH 7.0) and used
immediately for the SOD, CAT, and GPx activity assays,
and the MDA content assay. Each treatment was re-
peated three times, and the experiment was performed

twice. SOD activity was measured by a modified method
described by Aebi (1974). Inhibition of nitro blue-
tetrazolium (NBT) reduction was monitored at 560 nm.
Fifty microliter supernatant from a treatment was added
into a tube containing 3 ml reaction mixture (1 3
PBS, pH 7.8, with 50 mM methionine, 750 mM NBT,
20 mM riboflavin, and 0.1 mM EDTA). The reaction
was allowed to occur for 10 min at 258C and under
visible light. Control reaction was performed in the
same manner without the supernatant. SOD absor-
bance of individual samples was read at 560 nm using
a spectrophotometer (Mettler Toledo, Switzerland).
One unit activity was defined based on the amount of
supernatant needed to achieve 50% inhibition of the
NBT reduction rate. The SOD activity was presented as
units (U) per milligram total protein in the supernatant
and was calculated using the formula:

SODactivity ðU �mg21 � proteinÞ ¼
Total volumeof enzyme solution

3 control tubeOD2sampleODÞ
control tubeOD 3 volumeof enzyme solution

3 50% 3 protein content

where OD was the optical density.
CAT activity was assayed by spectrophotometry, and

the H2O2 dismutation monitored at 240 nm. A freshly
made mixture containing 0.1 ml H2O2 and 0.1 ml su-
pernatant was measured immediately. One unit of CAT
activity was defined as a reduction of 0.01 OD value per
minute. GPx activity was measured following the in-
structions (Nanjing Institute of Biological Engineering
Co., Ltd., Nanjing, China). The activity was presented
in units per milligram protein. One unit was defined as
the amount of GPx needed to oxidase 1 mmol gluta-
thione per minute.
MDA content was determined by the thiobarbituric

acid reaction method as described by Draper and
Hadley (1990). Briefly, 0.5 ml of supernatant was mixed
with 1.5 ml 5% trichloroacetic acid (TCA) in a tube.
After addition of 0.5 ml 0.5% thiobarbituric acid into
the tube, the mixture was boiled for 30 min. The re-
action was then stopped by chilling the tubes on ice
followed by 10 min centrifugation at 5,000 g. Super-
natant was collected from each tube, and their light
absorbance at 532 and 450 nm were measured. Con-
centration of MDA in each sample was estimated by
subtracting the base absorbance at 450 nm from the
absorbance at 532 nm and calculated using the ex-
tinction coefficient of 155 mM21 cm21.
Effect of ALA on protein content: Second-stage juvenile

samples were ground individually in the chilled PBS
buffer (pH 7.0). After 10 min centrifugation at 3,000 g,
the supernatant was collected for the soluble protein
content assay. For insoluble protein content, 0.5 ml
deionized water was added to a pellet, and the tube was
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incubated at 658C for 15 min followed by 15 min cen-
trifugation at 5,000 g. The resulting pellet was re-
suspended in 0.5 ml deionized water and 1 ml 10%
TCA, incubated for 10 min, and centrifuged for 10 min
at 3,000 g. The supernatant was discarded and the pellet
was dissolved in 1 ml of 1 M NaOH for the insoluble
protein content assay. The protein content was mea-
sured by the Bradford test (Bradford, 1976). In addition,
the sizes of proteins in the sample were estimated in
12.5% SDS-polyacrylamide gels through electrophoresis
(Beeley et al., 1996). Each treatment was repeated three
times and the experiment was performed twice.

Statistical analysis: Results from all the experiments
were analyzed using the SPSS (version 20.0; In-
ternational Business Machines Corporation, Armomk,
NY). All data were subjected to one-way analysis of var-
iance. Mean separation was conducted using the Waller–
Duncan k-ratio t-test (k = 100, P # 0.05) wherever
appropriate. The 95% fiducial limits were calculated
by the probit analysis.

RESULTS

Toxicity of ALA on vermiform stages: The mortality rates of
M. incognita,H. glycines, andP. coffeae increase logarithmically

as concentration of ALA increased, and reach 90%
mortality at #12 mM (Fig. 1A–C). However, the tox-
icity of ALA on B. xylophilus was significantly less than
that observed for the other three nematodes, and the
mortality rate of B. xylophilus reached only slightly
above 40% at 12.0 mM ALA application (Fig. 1D). The
results from these in vitro assays showed that the LC50

of ALA againstM. incognita,H. glycines, P. coffeae, and B.
xylophilus at 48 hr after treatment were 3.62, 4.18, 5.27
and 17.13 mM, respectively (Fig. 1).

Effect of ALA on hatching: All ALA concentration tested
inhibited hatching free eggs and egg masses/brown
cysts of M. incognita and H. glycines (P # 0.05, Fig. 2A–
D). At 12.0 mM, ALA inhibited hatching of free eggs of
M. incognita and H. glycines by 78.4% and 74.5%, re-
spectively (P # 0.05, Fig. 2A), and the LC50 of
M. incognita and H. glycines was 5.81 and 6.38 mM, re-
spectively (P # 0.05, Fig. 2B). The hatch inhibition of
egg masses of M. incognita and brown cysts of H. glycines
was 90.1% and 83.4% at 12.0 mM of ALA, respectively
(P # 0.05, Fig. 2C) and the LC50 of M. incognita and H.
glycines was 3.23 and 4.51 mM, respectively (P # 0.05,
Fig. 2D).

Effect of ALA against infection of M. incognita on
greenhouse tomato: The root-gall index (Fig. 3A) and

FIG. 1. Toxicity of 5-aminolevulinic acid (ALA) on four nematode species at 48 hr after treatment. Mortality rates of (A)Meloidogyne incognita;
(B) Heterodera glycines; (C) Pratylenchus coffeae; and (D) Bursaphelenchus xylophilus treated with various concentrations of ALA or water. Each data
point is the mean of 12 replications along with its standard error bar.
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number of egg masses per root (Fig. 3B) were lower in
all the ALA-treated tomato compared with the water-
treated control (P # 0.05). The reduction of galling
index and number of egg masses per root were sig-
nificantly enhanced with the increase of treatment
concentrations. ALA at 6.0 mM suppressed root-gall
formation as efficient as the commercial standard

nematicide, avermectin, with 81.7% reduction of RGI
compared with the water control. The egg masses per
root showed a similar trend to root galls. At the same
times, we found that the treatment of ALA at 1.5 to
3.0 mM concentrations could improve the growth of
tomato significantly, and there was no phytotoxicity
observed on tomato at 6.0 mM concentration of ALA.

FIG. 2. Effect of of 5-aminolevulinic acid (ALA) on hatching rates (A and C) and inhibition rates (B and D) of Meloidogyne incognita and
Heterodera glycine when their eggs were in free eggs form (A and B) or egg masses ofM. incognita and cysts ofH. glycine (C and D), as compared to
that incubated in the water control. Mean for each column is an average of 12 replications. Error bars indicate standard error.

FIG. 3. Effect of 5-aminolevulinic acid (ALA) on (A) root-gall index (n = 60) and (B) egg mass (n = 12) formation on roots of tomato plants
inoculated with Meloidogyne incognita during greenhouse studies. Error bars indicate the standard error.
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Microscopic examination and TEM: After treatment of
M. incognita J2s with 3.0 mM ALA for 2 hr, the J2s be-
came very agitated compared with the J2s treated with
sterile water. The abnormal movement of ALA-treated
J2s continued and then slowed down 6 hr after treat-
ment. Twelve hours after ALA treatment, the bodies of
ALA-treated J2s became rigid and straight whereas the
J2s treated with water remained flexible (Fig. 4A,C).
Under the microscope, the internal organ of dead M.
incognita J2s shrank and separated from the body cuti-
cle, and numerous large vesicles appeared inside the
dead J2 (Fig. 4B). Examination of thin sections of the
ALA-treated and water-treated J2s by TEM showed that
the endoplasmic reticulum (er) in the ALA-treated J2s
was clearly dilated compared with the controls (Fig. 5).
In addition, a large number of autophagosomes which
is excess or damaged organelles were found in sections
from the ALA-treated M. incognita J2s.

Effect of ALA on the metabolism of M. incognita J2: The
activities of SOD and CAT were increased in the ALA-
treatedM. incognita J2s compared with the control (P#
0.05, Fig. 6). The levels of SOD and CAT activity in the
ALA-treated J2s were 1.78- and 2.32-fold higher than
that observed for the water-treated control, respectively
(Fig. 6A). In addition, the level of MDA in the ALA-
treated J2s was about 2.71-fold higher than that in the
control (Fig. 6B). The soluble protein level in the ALA-
treated J2s was about 33.58% higher than that in the
control. However, the insoluble and total protein levels
in the ALA-treated J2s was about 31.10% and 16.42%

lower than that in the control, respectively (Fig. 7A).
SDS-PAGE analysis showed that there were significant
changes in the soluble and insoluble protein band
patterns between the ALA-treated and water-treated
control samples (Fig. 7B). It is noteworthy that the ac-
tivity of AChE in the ALA-treated J2s was not signifi-
cantly changed compared with the controls (P . 0.05).
The mean AChE activity of the ALA-treatedM. incognita
J2 group was 0.39 , whereas the mean AChE activity of
the control group was 0.39 mmol mg21 min21, whereas
the mean AChE activity of the control group was
0.33 mmol mg21 min21.

DISCUSSION

Results from this research partially supported the
findings from the previous report that ALA was an ef-
fective nematicide against M. incognita, H. glycines, P.
coffeae, and B. xylophilus in China (Cheng et al., 2008,
2014). The LC50 at 48 hr after ALA treatment de-
termined in the current study for M. incognita, H. gly-
cines, and P. coffeae were relatively low but not for B.
xylophilus. ALA is also effective in inhibiting hatch of
from eggs of M. incognita and H. glycines. The ability to
inhibit egg hatch is advantageous because it can sup-
press initial population of the nematodes before nem-
atode infection. The in vitro studies conducted were
consistent with the greenhouse experiments indicating
that 6.0 mM ALA reduced RGI of M. incognita on
tomato by 81.7%, similar to that observed for the

FIG. 4. Morphology of second stage juveniles ofMeloidogyne incognita treated with 3.0 mM 5-aminolevulinic acid (ALA). Arrows indicated the
separation of internal organ with cuticle. All images were taken under an inverted optical microscope at 48 hr post treatment.
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avermectin-treated tomato plants. For egg masses
formation, treatment of plants with 6.0 mM ALA gave
about 73.8% reduction of egg masses formation per
root, slightly lower than that observed for the aver-
mectin-treated control plants. The increased fre-
quency of avermectin application had resulted in
selection of root-knot nematode resistance pop-
ulation in China. Taken together, our results showed
that ALA is a promising nematicide to be rotated with
avermectin to mitigate selection pressure for nema-
tode population with nematicide resistant properties.

The increase in activities of oxidases (i.e., SOD and
CAT) inM. incognita J2s after exposure to 3 mM of ALA
is consistent with the findings of over production of
oxygen superoxide and hydroxyl-free radicals on ALA-
treated insects (Rocha et al., 2003). The increased ac-
tivities of oxidases in the ALA-treated J2s suggested an

increase accumulation of reactive oxygen species (ROS).
Because the increase in ROS in the J2s might not be
sufficiently scavenged by cytochrome C oxidase, addi-
tional antioxidant responses would be activated through
activating the antioxidase system. High levels of ROS
accumulation might lead to the lipid peroxidation. Ox-
idation of lipoprotein of cell membrane was previously
reported to cause insect death (Amor et al., 2000). MDA
is a product of lipid peroxidation in vivo and can be used
as an important indicator for levels of oxidative dam-
ages (Esterbauer and Cheeseman, 1990). The results
presented in this article indicated that the MDA con-
tent in the ALA-treated J2s was significantly increased
compared with the control J2s. The increased MDA
content suggested that the levels of ROS in the ALA-
treated J2s might exceed the scavenging capacity of the
antioxidase system and thus caused lipid peroxidation.

FIG. 6. Effect of 5-aminolevulinic acid (ALA) on expression of metabolites (A) superoxide-dismutase (SOD), catalase (CAT), and glutathione-
peroxidase (GPx) and (B) malondialdehyde (MDA) in second stage juveniles ofMeloidogyne incognita as compared to the water control. Means are
average of six replications. Error bars indicate the standard error.

FIG. 5. Effect of 5-aminolevulinic acid (ALA) onmorphology of second stage juveniles ofMeloidogyne incognita observed under a transmission
electron microscope. Thin sections were taken from an ALA-treated J2 (A) or from a water-treated J2 (B). Au: autophagy; mi: mitochondria; n:
nucleus; rer: endoplasmic reticulum.
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Monteiro et al. (1989) suggested that ALA could
cause ROS production via enolization, which the
substrate changed to the enolic form of ALA in an
aerobic or alkalescent environment, leading to lipid
peroxidation. Oteiza and Bechara’s (1993) also
showed that treatment with 0.1 to 3.0 mM ALA could
induce lipid peroxidation in cardiolipin-rich lipo-
somes. ROS accumulation is also known to influence
protein metabolism and to change the normal archi-
tecture of cell membranes, mitochondria, and lyso-
somes, leading to tissue injury and damage of the cellular
components (Kurien and Scofield, 2003). The results
presented also showed that the total protein content in
the ALA-treated M. incognita J2s was significantly altered
compared with that observed in the control J2s. This
leads to speculation that ALA increases activities of oxi-
dases and decreases functional lipoproteins in the J2s.
Furthermore, a large amount of autophagosomes was
found in the tissue TEM sections from the ALA-treated
J2s. The changes of MDA content, protein content and
the forming of autophagosomes indicated that ALA in-
juried and damaged the cellular components. This
damage could have impacted the nematode develop-
ment and survival capacity.

AChE is an enzyme found in the synaptic cleft and
maintains the levels of neurotransmitter acetylcholine
by catalyzing the hydrolysis of acetylcholine to thio-
choline. Many nematicides, including organophos-
phate and carbamate, can inhibit AChE activity and
paralyze the nematodes (Rich et al., 2004). Yin et al.
(2008) reported that treatment of locust with 1,000 mM
ALA could cause 52% reduction of AChE activity in
females and 43% in males compared with the control
treatments. A separate report by Xie et al. (2007) in-
dicated that the activity of AChE in the 10 mM ALA-
treated locust was increased by 1.78 fold compared with
the controls. However, this study did not show signifi-
cant changes in the activity of AChE in the ALA-treated

M. incognita J2s at 3.0 mM concentration. Mode of ac-
tion of ALA against AChE may not be the same as that
of other organophosphate or carbamate nematicides.
Nonetheless, this research strongly supported that ALA
is a promising biologically based nematicide and can be
used to control different species of plant-parasitic
nematode with a very different mode of action than the
organophosphate or carbamate nematicides.
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