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Effects of Aldicarb and Fenamiphos on Acetylcholinesterase 
and Motility ofCaenorhabdi t is  e legans  1 
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Abstract: T h e  ability o f  Caenorhabditis elegans to recover  f rom exposure  to high doses o f  aldicarb 
and fenamiphos  was examined  at the  organismal  and biochemical  levels by de te rmina t ion  o f  move-  
m e n t  and acetylchol inesterase activity. Nematodes  r ecovered  rapidly f rom a 24-hour  exposure  to 
bo th  compounds  at concent ra t ions  that  caused comple te  paralysis. Acetylchol inesterase rega ined  
nearly full activity af ter  a 24-hour  exposure  to aldicarb but  only 10% activity af ter  exposure  to 
fenamiphos .  T h e  nematodes  were  able to move normally,  however ,  on the  l imited activity that  was 
rega ined  af ter  fenamiphos  t r ea tment .  Mutant  C. elegans strains deficient in various molecular  forms 
o f  acetylchol inesterase were utilized to demons t r a t e  that  the  mechan ism o f  recovery did not  involve 
new synthesis o f  enzyme.  This  result  was conf i rmed by exper imen t s  on acetylcholinesterase reac- 
tivation f rom live versus dead  nematodes .  

Key words: acetylcholinesterase,  aldicarb,  Caenorhabditis elegans, carbamate ,  carbofuran,  fenami-  
phos,  nematic ide,  o rganophospha te ,  oxamyl. 

The action of  carbamate and organo- 
phosphate nematicides is to impair move- 
ment or paralyze plant-parasitic nema- 
todes in the soil solution. This action is 
accomplished by the inhibition of  acetyl- 
cholinesterase (E.C. 3.1.1.7) (ACHE), the 
enzyme that hydrolyzes the excitatory neu- 
rotransmitter acetylcholine at the neuro- 
muscular synapse (15). The various behav- 
ioral aberra t ions ,  such as twitching,  
convulsions, and styler thrusting, reported 
from nematodes exposed to AChE inhib- 
itors are, for the most part, due to the neu- 
romuscular  effects of  the compounds .  
Nonfumigant nematicides are not directly 
toxic to nematodes (15,24). 

Resistance to carbamate and organo- 
phosphate pesticides often develops in ar- 
thropod pests. This resistance results from 
either increased metabolism of  the com- 
pounds (13) or the appearance of  AChE 
forms with reduced sensitivity to the pes- 
ticides (19). Resistance to several classes of  
nematicides has been reported from ani- 
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mal-parasitic nematodes (23), and some 
studies have indicated that plant-parasitic 
nematodes under constant exposure to 
AChE inhibitors can become insensitive or 
physiologically dependent upon the ne- 
maticides (22,25). Some nematodes are ca- 
pable of metabolizing certain carbamate 
and phosphate nematicides (1,16), but root- 
knot and cyst nematodes cannot convert 
phosphoro th ioa t e  and di th ioate  com- 
pounds to their toxic oxidized analogues 
(17). There  are few reports of field resis- 
tance to nonfumigant nematicides in plant- 
parasitic nematodes (11,22,26). 

The  purpose of  this investigation was to 
examine the effects of  carbamate and or- 
ganophosphate nematicides on nematodes 
at the organismal and cellular levels. We 
used Caenorhabditis elegans as a model to 
investigate nematode recovery from ne- 
maticide exposure relative to the status of  
the nematode AChE and to examine the 
role of  class C AChE in the recovery pro- 
cess. 

MATERIALS AND M E T H O D S  

Nematode culture: Caenorhabditis elegans 
was cultured according to Brenner (2). 
Escherichia coli 'OP 50', a uracil-requiring 
strain, was transferred to nematode growth 
medium (NGM) plates and allowed to grow 
for 24-48 hours. Mixed-stage nematode 
suspensions in M9 buffer (2) were added 
to the plates, and these were incubated at 
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20 C for 5-7 days. Nematodes were har- 
vested by rinsing the plates with borate 
buffer (100 mM Na borate, 1 mM EDTA, 
lmM NaNs, l m g / m l  BSA, pH 8.0) and 
were separated from debris and bacteria 
by flotation on 20-40% sucrose step gra- 
dients. After rinsing with borate buffer two 
times to remove residual sucrose, the col- 
lected nematodes were pelleted by centrif- 
ugation (718 g, 5 minutes) and then resus- 
pended in 1-2 volumes of  borate buffer. 
Strains utilized included N2 (wild type), 
PR946 (ace-1 [plO00]), GG202 (ace-2 
[g72]), and GG201 (ace-1 [plO00]; ace-2 
[g721). 

Nematode preparation for AChE assay: 
Fresh nematode suspensions were bulk ho- 
mogenized by dropwise addition to liquid 
nitrogen in a chilled mortar, and the liquid 
nitrogen was allowed to boil away. The  re- 
maining frozen beads were crushed to 
powder with a chilled pestle. The  prepa- 
ration was thawed and then sonicated on 
ice with a Virtis 50 ultrasonic cell disrupter 
at 50% power for three 5-second bursts. 
The  resulting homogenate was used for 
enzyme assay. 

AChE activity assay: AChE assays were 
carried out using a modification (17) of  the 
single vial radiometric technique (5). A1- 
dicarb (a carbamate), carbofuran (carba- 
mate), oxamyl (carbamate), and fenami- 
phos (organophosphate) were solubilized 
in acetone. Nematode homogenates (ca. 
1.5-2.0 mg /ml  protein) were incubated for 
20 minutes with 2.0vl nematicide (fc = 1 
x 10 -4 M) before addition of  the substrate. 
Reaction mixtures were then incubated 
with 22.9 ~tM [SH] acetylcholine (TRA-277, 
Amersham, Arlington Heights, IL) for an 
additional 20 minutes. The  reaction was 
terminated by adding 20 /A of  a stop so- 
lution (1 M trichloroacetic acid, 0.5 M 
NaOH, 2 M NaC1), and 1.3 ml toluene-n- 
butanol scintillation cocktail was added. 
The samples were vortexed and counted 
in a Packard Tri-Carb 3255 liquid scintil- 
la t ion spec t rometer .  Blank assays con- 
tained no nematode preparation, and total 
substrate available was determined by com- 
plete hydrolysis with five units of  electric 

eel AChE (Sigma Chemical Co., St. Louis, 
MO) per 100 #1. There  were three repli- 
cations per treatment, and the experi- 
ments were conducted two times. Class C 
AChE was assayed by the same method ex- 
cept that [SH]acetylcholine concentration 
was reduced to 10 nM. 

Nematode recovery: Recovery of intact 
nematodes was assayed in liquid cultures 
(21). Escherichia coli NA 22 was trans- 
ferred to EC (Difco) broth and allowed to 
incubate at room temperature for 24 hours. 
Ten milliliters of  this medium were added 
to 100 ml of  M9 buffer containing 5 mg 
ampicillin (a bacteriostat) and 10,000 units 
nystatin (a fungicide) and stirred at room 
temperature for 2 hours (test medium). 
Compounds to be evaluated were formu- 
lated at 1.0 m g / m l  in acetone such that 
the final concentration of  solvent in the test 
medium did not exceed 2.0%. Nematodes 
were rinsed from NGM plates and concen- 
trated to 1 nematode/tA. One hundred 
nematodes were added to each well of a 
24-well culture plate and 800 /A test me- 
dium was added. Finally, 100/zl test com- 
pound was added so that the final concen- 
tration of  nematicide was 100 t~g/ml, and 
the entire contents of  the well were mixed 
thoroughly by pipet. Untreated wells con- 
tained either solvent with no nematicide 
or sterile distilled water as a replacement 
for nematicide treatment volume. The  
noncholinergic drug ivermectin and the 
cholinergic receptor-binding antagonist  
levamisole were used as drug controls. 
Nematodes were examined through a dis- 
secting microscope 1 hour and 24 hours 
after exposure and at 1, 2, 4, 24, and 96 
hours after washing. The  proportions of 
active and paralyzed nematodes were re- 
corded. These experiments had six repli- 
cations per treatment and were conducted 
twice. 

AChE recovery assay: For measurements 
of  AChE recovery, C. elegans were washed 
from 7-day-old NGM plates and concen- 
trated to 100 nematodes/50/~1 borate buff- 
er in a 1.5-ml microfuge tube. Nematodes 
were exposed to 1 x 10 -4 M aldicarb, car- 
bofuran, oxamyl, or fenamiphos at room 
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Fro. 1, Recovery of Caenorh,abditis elegans movement after 24-hour exposure to nematicides (100 ~g/ml). 
Recovery period was 24 hours after washing. 

temperature for 24 hours. One half of the 
nematodes were then washed three times 
with borate buffer and allowed to recover 
for 24 hours at room temperature. The 
other half of  the nematodes were exposed 
to the pesticides, but were not washed or 
allowed to recover. The nematodes were 
assayed for AChE activity by freeze-thaw 
preparation followed by radiometric de- 
t e rmina t ion  (5,17). Unt rea ted  controls 
were included, and the experiments were 
repeated two times. Experiments with dead 
nematodes were conducted in the same 
manner except that previously frozen and 
preserved nematodes were used in place of 
freshly harvested nematodes. 

RESULTS 

Caenorhabditis elegans recovered after ex- 
posure to both aldicarb and fenamiphos 
for 24 hours (Fig. 1). No recovery was ev- 
ident in treated nematodes with either le- 
vamisole or ivermectin at any of the dos- 
ages examined.  Af te r  washing, some 
aldicarb-treated and fenamiphos-treated 

nematodes began to move within an hour, 
and normal behavior was restored within 
24 hours. There  were no adverse effects 
observed from previous exposure to car- 
bamate or organophosphate nematicides 
with respect to reproduction or develop- 
ment during 5-7 days after recovery over 
several generations. 

Nematode AChE activity was almost 
completely inhibited in washed and un- 
washed nematodes by all tested carbamates 
and phosphates after 24 hours exposure. 
No inhibition was detected with ivermectin 
or levamisole (data not shown). AChE ac- 
tivity was restored after removing the car- 
bamate nematicides, but fenamiphos in- 
hibition was nearly as potent after the 
recovery period as before (Fig. 2). Corre- 
lation analysis revealed a significant rela- 
tionship between enzyme status and nem- 
atode movement for aldicarb but not 
fenamiphos (Table 1). Class C AChE was 
not completely inhibited by 1 x 10 -4 M 
aldicarb or fenamiphos. The  class C I50 for 
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FIG. 2. Recovery o f  Caenorhabditis elegans acetylcholinesterase activity af ter  exposure  to carbamate  and 

o rganophospha te  nematicides (1 x 10 -4 M). Intact  nematodes  were washed and allowed to recover  for  24 
hours  pr ior  to acetylcholinesterase assay. 

aldicarb was 5 x 10 -~ M and for fenami- 
phos it was 1 x 10 -4 M. 

Analysis of  AChE inhibition in acetyl- 
cholinesterase mutant  strains by aldicarb 
showed that there were substantial differ- 

TABLr 1. Relationship o f  Caenorhabditis elegans 
recovery to acetylcholinesterase inhibition after  ex- 
posure  to aldicarb and fenamiphos.  

Inhibition (%) 

Aldicarb Fenamiphos 

Recov- Recov- 
Function Treatedt ered$ Treatedt ered:~ 

Enzyme activity 89 8 99 90 
Motility 92 0 88 2 

r 0 .999*** 0.661 " 

Pesticide concentrations for AChE and motility assays were 
1 × 10-4M. 

Percentage of inhibition was calculated using the value for 
the untreated controls as 100% active (0% inhibited). 

r = coefficient of linear correlation between enzyme status 
and nematode motility. *** P < 0.001, ns = not significant 
at P < 0.05. 

t Treatment period = 24 hours. 
Recovery period = 24 hours. 

ences in sensitivity to the inhibitor among 
the strains (Table 2). Since these differ- 
ences were reflected in the response of  the 
nematodes behaviorally, a concentration 
above the sensitivity threshold was chosen 
for the recovery bioassay (5 x 10 -4 M). In 
the assays comparing the recovery of  the 
wild type strain with three acetylcholines- 
terase-deficient mutants, no differences 
were detected among the strains with ei- 
ther aldicarb or fenamiphos (Fig. 3A, B). 
As was previously observed with the wild 
type strain, recovery began within several 
hours of washing, and no differences be- 
tween the strains were seen. The  effects of 
ivermectin and levamisole on all ace-* 
strains were essentially irreversible (data 
not shown). 

Comparison of AChE inhibition and re- 
covery between living and dead nematodes 
revealed no differences in AChE inhibition 
between the two groups with aldicarb, car- 
bofuran, fenamiphos, or oxamyl. Howev- 
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FIG. 3. Recovery  ofCaenorhabditis elegans N2 (wild 
type) and  ace ty lchol ines te rase  m u t a n t  s t ra ins  f r o m  ex- 
posu re  to nemat ic ides  (100 /~g /ml ) .  A) Aldicarb.  B) 
Fenamiphos .  

er, AChE recovery after washing in dead 
nematodes was less than recovery observed 
in live nematodes (Fig. 4). As was observed 
in previous experiments, AChE activity re- 
covery from exposure to carbamate ne- 
maticides was substantial, but only slight 
recovery was observed for the organo- 
phosphate, fenamiphos. 

D I S C U S S I O N  

These data demonstrate that C. elegans 
can recover from short exposure to both 
aldicarb and fenamiphos. Our experiments 
with other carbamate and organophos- 
phate nematicides have revealed the same 
trend. Meloidogyne incognita has also dem- 
onstrated recovery from carbamate and 
o rganophospha te  nematic ides  (Opper- 
man, unpubl.). It is significant to note that 
the effects of  both ivermectin and levami- 
sole were apparently irreversible in these 
experiments. These drugs do not interact 
with AChE (7,10). 

The apparent lack of  relationship be- 
tween AChE recovery and the ability to 
move observed with fenamiphos indicates 

TABLE 2. Effect o f  a ldicarb on  acetylchol ines ter -  
ase activity in wild type and  m u t a n t  Caenorhabditis 
elegans strains.  

Immobi- 
Strain I~0, Mt lized* 

N2 (wild type) 8.3 x 10 -~ 95 
ace-1 1.5 x 10 -4 50 
ace-2 4.8 x 10 -~ 70 
ace- l ,  ace-2 > 1.0 x 10 -4 95 

t Concentration of aldicarb necessary to inhibit AChE ac- 
tivity by 50% relative to untreated control. 

:~ Percentage of nematodes immobilized at the Is0 concen- 
tration in bioassay. 

that the nematode is able to move normally 
with less than 15% of normal AChE activ- 
ity. This observation is supported by the 
AChE deficient mutant analysis. The  ace- 
1, ace-2 strain used in this study completely 
lacks two of  the major classes of ACHE, and 
therefore possesses only ca. 5% of the AChE 
found in the wild type (6). The untreated 
ace-l, ace-2 nematodes move, feed, and re- 
produce with only mild uncoordination. 
The readiness with which AChE activity is 
restored from carbamate effects and the 
lack of  substantial reactivation from the 
organophosphate inhibitor is similar to 
other systems (4,8,18). Recovery of nema- 
tode AChE from the methylcarbamate car- 
bofuran was slower than from the oxime 
carbamates aldicarb and oxamyl. Carbofu- 
ran is also a more potent AChE inhibitor 
in vitro than either aldicarb or oxamyl (17). 
However, in this case only a small amount 
of  recovery was necessary to allow normal 
behavior. 

The confusing picture that emerges 
when behavior of  intact nematodes is com- 
pared to the status of  AChE may also be 
related to the enzyme distribution within 
the nematode neuroanatomy. Acetylcho- 
linesterase occurs in two states in nema- 
todes: a soluble fraction operating at the 
neuromuscular synapse and thought to be 
the immediate target of inhibitors; and a 
relatively insoluble fraction with unknown 
primary function (20). Our nematicide for- 
mulations should have enabled the inhib- 
itor to reach both the soluble and insoluble 
fractions. One possible function of the in- 
soluble portion of AChE may be to act as 
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a backup system for the soluble fraction 
(20). At least some of the insoluble fraction 
is composed of  class C ACHE, a molecular 
form of  AChE that is, so far, unique to 
nematodes (9). Class C AChE is relatively 
insensitive to inhibitors compared to the 
more prevalent AChE classes A and B, and 
its affinity for acetylcholine is extremely 
high compared to classes A and B (A ~ 13 
#M, B "~ 73 t~M, C -~ 16 nM) (9). At the 
substrate concentrations of these experi- 
ments, and those of  other investigators, 
class C AChE activity would be masked by 
the other classes. Our experiments dem- 
onstrate that class C AChE would be the 
first form reactivated during a recovery pe- 
riod. In addition, the fact that it is an in- 
soluble form may make it less accessible to 
inhibitors, resulting in a longer period nec- 
essary for nematicide action. 

Analysis with the mutant  strains dem- 
onstrates that recovery is based on the in- 

herent  instability of the enzyme-inhibitor 
covalent linkage, and not on synthesis of  
new enzyme. If  new synthesis were occur- 
ring, there would have been a time differ- 
ential in recovery among the mutant strains 
and wild type, and there was no differen- 
tial. Although the concentrations of ne- 
maticide were well above the threshold for 
movement inhibition, the strain with only 
5% normal AChE recovered as rapidly as 
the wild type. The  experiments with live 
versus dead nematodes further support this 
data. Substantial AChE recovery occurred 
in dead nematodes from exposure to the 
carbamate nematicides, indicating that re- 
covery is a mostly passive process. The  dif- 
ferences in amount of  recovered AChE ac- 
tivity between live and dead nematodes may 
reflect a partial role for active metabolism 
of  the carbamate nematicides (16). The  or- 
ganophosphate fenamiphos, however, be- 
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haved similarly on both live and dead 
nematode ACHE. 

A recent study reported that Aphelenchus 
avenae recovered  from exposure  to 
carbofuran, but not fenamiphos, after a 
72-hour exposure period (18). Nematode 
recovery from exposure to carbamate ne- 
maticides has been documented in several 
other instances as well (3,4,12,14). Recov- 
ery from organophosphate exposure has 
been reported for Ascaris AChE (8), but the 
effects of  ethoprop on M. javanica amphidi- 
al AChE were apparently irreversible (4). 
In a different study, the effects of  fena- 
miphos on Pratylenchus vulnus were re- 
ported to be reversible, but the amount of  
recovery decreased as exposure time in- 
creased (12). In combination with the re- 
suits reported in our study, the following 
picture emerges. Nematode AChE can re- 
cover rapidly from exposure to carbamate 
nematicides under most circumstances and 
after relatively long exposure periods. Re- 
covery from exposure  to organophos -  
phates is conditional, slower, and less pro- 
nounced than recovery from carbamates. 
Th e  structural features of  the toxic moiety 
o f  phosphate compounds may also impact 
the recovery period. The  rapidity with 
which behavior was restored after fena- 
miphos exposure in our experiments is 
probably related to the short exposure time, 
resulting in incomplete inhibition of  class 
C ACHE. The  relative insensitivity of  class 
C AChE to both carbamates and organo- 
phosphates, combined with its less acces- 
sible location, suggests that it plays a sig- 
nificant role in the recovery process (9,20). 

Our results support previous studies on 
nematode recovery from carbamate ne- 
maticide exposure, and we also have shown 
that recovery from short exposures (<  24 
hours) to organophosphates is rapid. Re- 
covery is a result o f  instability of  the in- 
hibitor-enzyme complex. The  speed and 
amount of  recovery is dependent upon both 
the duration and intensity of  nematicide 
exposure combined with the distribution 
and relative sensitivity of  the AChE mo- 
lecular classes within the nematode neu- 
roanatomy. 
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