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Inhibition of Acetylcholinesterases from 
Aphelenchus avenae by Carbofuran and Fenamiphos 

D . J .  PREE, J. L.  TOWNSHEND, AND K. J. COLE 1 

Abstract: Exposure to carbofuran and fenamiphos for 72 hours reduced the numbers of active 
Aphelenchus avenae in aqueous suspension by >75%. When nematicides were removed, many A. 
avenae exposed to carbofuran resumed normal movement but A. avenae treated with fenamiphos 
did not recover. Acetylcholinesterase (ACHE) activity was suppressed by >95% in nematodes treated 
with carbofuran or fenamiphos. However, 48 hours after treated nematodes had been placed in 
water, AChE activity in carbofuran treated populations was 98% of the levels in control nematodes. 
Nematodes that had been treated with fenamiphos showed only slight AChE recovery. The  antidotes, 
atropine sulfate and 2-PAM, were largely ineffective in counteracting the toxic effects of the 
nematicides. 
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The mode of  action of  carbamate and 
o r g a n o p h o s p h o r u s  nemat ic ides  is not  
clearly understood, but  it is generally ac- 
cepted that acetylcholinesterase (ACHE) is 
inhibited causing both physiological and 
behavioral effects. Previous studies have 
shown that these compounds alter repro- 
duction, behavior, and development in sev- 
eral plant-parasitic nematode species (7) 
and inhibit the movement  and dispersion 
of  nematodes in treated soil or sand media 
(5,9,13-15). Inhibition of  acetylcholines- 
terases (ACHE) and behavioral modifica- 
tions have been reported for nematodes 
treated with carbamate and organophos- 
phorus nematicides (3,21). Many nonlethal 
effects of  nematicides may be associated 
with less than complete or reversible in- 
teractions between the toxicant and the 
(physiological) target site. 

The  objectives of  this study were 1) to 
elucidate the effects of  carbofuran (a meth- 
yl carbamate) and fenamiphos (an organo- 
phosphorous nematicide) on the inhibition 
of  AChE and movement  ofA. avenae, 2) to 
investigate the reversibility of  AChE in- 
hibition by the two nematicides and the 
resumption of  nematode movement,  and 
3) to determine the effectiveness of  select- 
ed antidotes in counteracting the nemati- 
cidal effects. 
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MATERIALS AND METHODS 

Nematode culture: Aphelenchus avenae was 
reared on the fungus Botrytis cinerea Pers. 
growing on potato dextrose agar in petri 
dishes (15 x 100 mm) (21). Four-day-old 
fungus cultures were inoculated with ca. 
1,000 nematodes and held in black poly- 
ethylene bags at 22-25 C for 1-2 weeks. 
Nematodes were extracted from fungus 
cultures in a mistifier and collected at 24- 
hour intervals for 48-72 hours. Aphelen- 
chus avenae cultures with the lids removed 
were placed in a sealed plastic bag (20 x 
20 cm) with a dish of  warm (40-50 C) water 
for 24 hours. This highly humid environ- 
ment allowed anhydrobiotic nematodes to 
become active and resulted in lowered 
mortality in tests. Extracted nematodes 
were captured on a 38-/zm-pore sieve and 
resuspended in aerated water. Preliminary 
observa t ion  indicated  8 5 - 9 5 %  of  the  
nematodes were active. 

Bioassays: For nematicide toxicity and 
AChE inhibition tests, 25 ml distilled water 
containing 10,000-40,000 nematodes /ml  
(Table 1) was placed in each of  six 500-ml 
Erlenmeyer flasks. Carbofuran or fena- 
miphos prepared from analytical standards 
(Chem Services, West Chester, PA) and 
dissolved in analytical grade acetone was 
added in 25 t~l acetone to produce final 
concentrations of  0.5 mM carbofuran in 
each of two flasks and 0.25 mM fenami- 
phos in each of  two flasks. Preliminary as- 
says indicated that these concentrations 
suppressed A. avenae motility. The  two re-  



maining flasks had 25 #l acetone added and 
were used as controls. Flasks were loosely 
plugged with cotton and placed on a Bur- 
rell wrist action shaker at low speed for 72 
hours at 22-24 C, after which active nema- 
todes in four 1-ml subsamples from each 
flask were counted. Nematodes in one flask 
of  each treatment were used for AChE in- 
hibition assays. Aphelenchus avenae in the 
other flask from each treatment were con- 
centrated by centrifugation, the superna- 
rant was decanted, and the nematodes were 
resuspended in 25 ml distilled water; this 
process was repeated three times. After the 
third decanting, the A. avenae were sus- 
pended in 25 ml aerated distilled water in 
a clean 500-ml Erlenmeyer flask and shak- 
en for 48 hours, after which flasks were 
resampled and active nematodes counted 
again. Nematodes in this flask were then 
used for AChE recovery assays. Nematodes 
were considered active when visibly flex- 
ing. Tests were repeated three times. Data 
for each test were subjected to an analysis 
of variance and significant differences were 
identified using Duncan's multiple-range 
test (P -- 0.05). 

Acetylcholinesterase assays: For AChE as- 
says, A. avenae were concentrated by cen- 
trifugation in conical tubes and crushed 
between two ground glass plates in ca. 2 
ml cold, 0.05 m sodium phosphate buffer, 
pH 7.0 (19). Crushed nematodes were 
flushed with buffer into a 25-ml Erlen- 
meyer flask to a final volume of  ca. 5 ml. 
Observations with a binocular microscope 
indicated that 80-100% of the nematodes 
had been crushed. Protein concentrations 
were determined by the method of  Brad- 
ford (2), and the suspension was diluted to 
approximately 0.14 mg of protein/ml,  a 
concentration which in earlier studies (20) 
had produced consistent hydrolytic rates 
for acetylcholine. Crushed nematode prep- 
arations were held on ice and used within 
4 hours. Acetylcholinesterase assays were 
with [HS]-labelled acetylcholine, Specific 
Activity 2.6 Ci /mmol  (Amersham Canada 
Ltd., Oakville, Ontario). Samples were 
prepared and stored as described by Pree 
et al. (21). 
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T~a~LE 1. Inh ib i t ion  and  recovery  o f  moti l i ty  o f  
Aphelenchus avenae f r om t r e a t m e n t  with c a r b o f u r a n  
o r  f enamiphos .  

Active nematodes~m] 

72 hours 48 hours 
Treatment (Exposure) (Recovery) 

T e s t  1. I n o c u l u m  17,650 + 9 0 0 / m l  

Con t ro l  20 ,000 a 9,700 a 
C a r b o f u r a n  0.5 m M  5,100 b 3,800 b 
F e n a m i p h o s  0.25 m M  3,000 c 1,400 c 

T e s t  2. I n o c u l u m  41 ,000  +_ 6 , 4 0 0 / m l  

Cont ro l  33 ,000  a 16,800 a 
C a r b o f u r a n  0.5 m M  6,600 b 12,100 b 
F e n a m i p h o s  0.25 m M  4,500 b 2,640 c 

T e s t  3. I n o c u l u m  10,875 _+ 3 , 7 0 0 / m l  

Con t ro l  11,100 a 18,000 a 
C a r b o f u r a n  0.5 m M  5,000 b 13,400 b 
F e n a m i p h o s  0.25 m M  2,750 c 2 ,100 c 

Numbers followed by the same letter within each test are 
not significantly different (P -< 0.05) according to Duncan's 
multiple-range test. Data from each test were analyzed sep- 
arately. 

Nematodes were exposed to pesticide suspension for 72 
hours, then allowed to recover 48 hours in distilled water. 

The standard assay consisted of  0.5 ml 
of 0.05 M potassium phosphate buffer (pH 
7.0), 0.2 ml of [HS]-acetylcholine substrate 
(10 mM), and 0.3 ml of  ground nematode 
preparation to give a final volume of 1.0 
ml. The buffer and nematode preparations 
were premixed and incubated for 15 min- 
utes at 25 + 1 C on a water bath shaker. 
The reaction was started by the addition 
of the acetylcholine substrate. Samples (0.1 
ml taken in duplicate) were removed after 
0, 10, 20, and 30 minutes and placed in 
plastic minivials (Beckman Instruments, 
Mississauga, Ontario). The reaction was 
terminated in the minivials by adding 200 
#1 of  a solution of 1 M chloroacetic acid, 0.5 
N NaOH, and 2 M NaC1 in water, and 4.0 
ml of scintillation cocktail (0.5% PPO and 
0.03% POPOP in toluene containing 10% 
isoamyl alcohol). Samples were counted on 
a Beckman LS-6800 scintillation counter 
programmed to measure dpm at +2% of 
the mean. 

Effects of antidotes: The antidotal effects 
of  atropine sulfate (Sigma) and pyridine- 
2-aldoxime methiodide (2-PAM) (Sigma) 
were tested in bioassays. Twenty milliliters 
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T x m m  2. Hydrolysis of  acetylcholine in Aphelenchus avenae t reated with nematicides and recovery in distilled 
water. 

Hydrolytic rate 
(pmol/min/mg protein)t RecoveryZ~ 

Treatment Treated Recovered (%) 

Control  2,816.9 + 487.7 1,443.6 + 105.2 
Carbofuran  0.5 mM 58.5 + 56.4 1,654.0 + 228.5 97.9 

(2.1%) (100%) 
Fenamiphos  0.25 mM 71.3 + 31.9 121.2 + 69.0 5.9 

(2.5%) (8.4%) 

Nematodes were treated with nematicides for 72 hours and allowed to recover in distilled water for 48 hours. Data are 
means of six separate assays. 

J" Numbers in parentheses are % activity relative to activity in controls. Data are means of six separate assays. 
:~ Calculated as % activity after 48 hours recovery - % activity after 72 hours treatment. 

of distilled water containing 2,250 nema- 
todes /ml  were placed in each of  12 500- 
ml Erlenmeyer flasks. Atropine sulfate and 
(or) 2-PAM (2.5 ml of  2.0mM) were added 
to each flask. Volumes were adjusted to 25 
ml with distilled water. Carbofuran and 
fenamiphos were added in 25 /zl acetone 
to give final concentrations of  0.5 mM and 
0.25 mM, respectively. Flasks were placed 
on a Burrell wrist action shaker set at low 
speed at room temperature (21-23 C) for 
48 hours. Active nematodes in four 1-ml 
samples were counted. Data were subject- 
ed to an analysis of  variance with differ- 
ences between means separated by Dun- 
can's multiple-range test (P --- 0.05). 

RESULTS 

Bioassays: Exposure of  A. avenae to car- 
bofuran or fenamiphos for 72 hours re- 
duced the numbers of  active nematodes by 
74.5% and 85%, respectively (Table 1, test 
1). In test 1, numbers of  active nematodes 
continued to decline in all treatments, in- 
cluding controls, during the 48-hour re- 
covery period. Less decline occurred dur- 
ing the recovery  pe r iod  with the  
carbofuran-treated nematodes than with 
f enamiphos - t r ea t ed  nematodes .  Nema- 
todes used in test 1 were 7 days old, where- 
as in tests 2 and 3 nematodes were 4 days 
old. In tests 2 and 3, exposure to carbofu- 
ran reduced numbers of  active nematodes 
by >50%, but when placed in water and 
allowed to recover, the numbers of  active 
nematodes  increased by approximate ly  

100%. Numbers of  active nematodes were 
reduced by 75-86% by fenamiphos treat- 
ment and they continued to decline during 
the recovery period. 

Acetylcholinesterase assays: Nematodes  
treated with carbofuran or fenamiphos had 
AChE activity suppressed by 97-98% (Ta- 
ble 2). AChE activity in carbofuran-treated 
nematodes, after 48 hours recovery in 
water was similar to that in untreated con- 
trols, but activity was only slight (5.9%) in 
fenamiphos-treated nematodes. AChE ac- 
tivity in control nematodes declined by ap- 
proximately 50% during the 48-hour re- 
covery period, generally reflecting the 
decline in numbers of  active nematodes 
during this period in controls (Table 1). 

Effects of antidotes: All antidote treat- 
ments significantly reduced numbers of  ac- 
tive nematodes (Table 3). Both atropine 
and 2-PAM were toxic when applied alone. 
Atropine alone reduced the toxicity of  car- 
bofuran, but 2-PAM alone or combined 
with atropine did not affect the toxicity of  
carbofuran. None of  the treatments re- 
duced the toxicity of  fenamiphos. 

DISCUSSION 

The results of  this study show a rela- 
tionship between A. avenae poisoning and 
inhibition of  ACHE, suggesting that this is 
a primary mechanism of the nematicidal 
activity of  these compounds. Previous stud- 
ies (20,21) also had shown that the toxic 
effects of  organophosphorus or carbamate 
pesticides to A. avenae were due, at least in 
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part, to the inhibition of  AChE activity. 
The  large number of  nematodes in the 
samples (necessary for AChE assays) made 
accurate estimates of  numbers difficult to 
obtain and resulted in a large variance. 
However,  because expected response (i.e., 
numbers of  nematodes affected) in treated 
samples was >50%, the sampling system 
used was adequate to indicate these large 
responses. 

Nematicidal effects and AChE inhibition 
were largely reversible with carbofuran but 
not with fenamiphos. In a previous study 
(3), nematodes recovered from paralysis by 
aldicarb and the recovery also was corre- 
lated with changes in Ache  inhibition. The  
irreversible effects shown here with fena- 
miphos also occurred in their studies with 
the phosphorodithioate ethoprophos (3). 
However,  Knowles and Casida (10) showed 
that AChE inhibition by some organo- 
phosphorus insecticides (dichlorvos and 
haloxon), which had low nematicidal activ- 
ity, was reversible and did not occur with 
more toxic compounds such as coroxon; 
they did not test the reversibility of  AChE 
inhibition by carbamates. 

In our studies, numbers of  active nema- 
todes were reduced by up to 86% by ne- 
maticide treatment but  AChE inhibition 
was considerably higher, averaging 97.5 %. 
This suggests that some of the AChE ac- 
tivity in nematodes rated as active also was 
inhibited. Conversely, AChE activity in 
ca rbo fu ran - t r ea t ed  nematodes  was re- 
stored when nematodes were placed in 
water to give levels of  activity similar to 
those in untreated controls. Recovery of  
treated nematodes in these test samples was 
less than 75% of  that in untreated controls. 
The  nematode preparations used for AChE 
assays included both inactive (dead) and 
active A. avenae. Obviously, some of the 
AChE measured in recovery assays was 
from dead or  inactive nematodes. Previous 
assays showed that AChE is a relatively sta- 
ble enzyme and activity can persist for sev- 
eral days both in vitro and in vivo (20). 

Paralysis and reversible inhibition of  
AChE may explain some of the behavior- 
modifying effects of  carbamates or carba- 

TABLE 3. Effects of atropine and 2-PAM on poi- 
soning ofA. a v e n a e  by carbofuran and fenamiphos. 

Active 
nema- Mortality 

Treatment todes/ml (%) 

Control 1,625 27.8 a 
Atropine sulfate 2 mM 1,175 47.8 b 
2-PAM 2 mM 665 70.4 c 
Atropine sulfate 2 m M +  

2-PAM 2 mM 627 72.1 c 
Atropine sulfate 2 mM + 

carbofuran 0.5 mM 380 83.1 d 
2-PAM 2 mM + carbofuran 

0.5 mM 220 90.2 de 
Atropine sulfate 2 mM + 

2-PAM 2 mM plus 
carbofuran 0.5 mM 210 90.7 de 

Carbofuran 0.5 mM 115 94.8 e 
Atropine sulfate 2 mM + 

fenamiphos 0.25 mM 110 95.1 e 
2-PAM 2 mM + fenamiphos 

0.25 mM 100 95.6 e 
Atropine sulfate 2 mM + 

2-PAM 2 mM plus 
fenamiphos 0.25 mM 100 95.6 e 

Fenamiphos 0.25 mM 85 96.2 e 

Means of four samples. Numbers followed by the same 
letter are not significantly different according to Duncan's 
multiple-range test (P = 0.05). 

moyl oximes on nematodes. Reversible in- 
hibition of  AChE may be the cause of  the 
nematostatic activity of  oxamyl to Meloi- 
dogyne incognita Chitwood (16). Nelmes (17) 
also showed the reversible effects of  low 
concentrations of  aldicarb (and metabo- 
lites) to Heterodera rostochiensis. Similar re- 
versible inhibition of  AChE also could ex- 
plain the immobilization and recovery of 
Pratylenchus vulnus observed by Marban- 
Mendoza and Viglierchio (13,14), who also 
observed some recovery of  fenamiphos- 
treated nematodes, which was slower and 
less p r o n o u n c e d  as exposure  t ime in- 
creased. The  reversible inhibition of  AChE 
by carbamates, especially methyl carba- 
mates, and the relatively irreversible ef- 
fects of  organophosphorus pesticides have 
been well described in both insects and ver- 
tebrates (12,19). 

Neither of  the two synergists tested, 
atropine and 2-PAM, fully restored AChE 
activity in A. avenae. Atropine, which is an 
acetylcholine agonist, partially reduced the 
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tox ic  effects of  carbofuran but not fena- 
miphos. Atropine, which competes with 
acetylcholine at muscarinic receptor sites, 
is potentially therapeutic for both carba- 
mate and organophosphorus pesticide poi- 
soning in vertebrates (18). Muscarinic ace- 
tylcholine receptors occur in the nematode 
Caenorhabditis elegans (4) but have not been 
studied in A. avenae. The antidote 2-PAM, 
which acts by dephosphorylating AChE (18) 
and is useful only against organophosphor- 
us poisoning, had no effect on the toxicity 
of  either carbofuran or fenamiphos to 
AChE of  A. avenae. Neither atropine nor 
2-PAM are effective for treatment of  AChE 
poisoning in insects (18). Eldefrawi and 
O'Brien (6) suggested that both of  these 
compounds penetrate poorly into the gan- 
glia of  the central nervous system, the 
probable site of  AChE poisoning in insects. 
A similar difficulty may occur in nema- 
todes. T h e  central nervous  system of  
nematodes consists of  a series of  ganglia 
(1,8); physically it is somewhat similar to 
that of  insects. In nematodes, however, 
AChE distribution may be different from 
that in insects; Lee and Atkinson (11) re- 
port the enzyme(s) is (are) associated with 
nerve-muscle junctions, the nerve ring, and 
other organs. 

Our data indicate that inhibition of  
AChE in nematodes is an important aspect 
in the control of  nematodes by organo- 
phosphorus and carbamate pesticides. The 
antidotes atropine and 2-PAM did not block 
the toxic action of  carbofuran or fenami- 
phos. 
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