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Organophosphorus and Methyl Carbamate Insecticide 

Teratogenesis: Diminished NAD in Chicken Embryos 

Abstract. Studies with 36 organophosphorus and 12 methyl carbamate compounds es- 
tablish a correlation between reduction in nicotinamide adenine dinucleotide (NA D) lev- 
els and severity of teratogenic signs in chicken embryos, a relation supported by reversal 
of these effects by nicotinamide derivatives. Diminished NA D occurring at organophos- 
phorus and methyl carbamate concentrations as low as 0.6 to 2.0 parts per million in the 
egg constitutes a newly recognized biochemical lesion induced by the two most important 
classes of insecticide chemicals. 
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Organophosphorus (OP) and methyl 
carbamate (MC) inhibitors of acetyl- 
cholinesterase have gradually replaced the 
chlorinated insecticides so that they are 
now the insect control agents used most 
frequently and in the largest amounts. It is 
therefore important to define the nature 
and mechanism of any deleterious effect of 
OP and MC compounds not attributable 
to disruptions in the cholinergic system. 
This report concerns such an effect, the 
mechanism of teratogenesis in chicken em- 
bryos, and establishes that over various 
test conditions the severity of the terato- 
genic signs is related to the degree of re- 
duction in the embryo nicotinamide 
adenine dinucleotide (NAD) level. 

Many investigations (1-7) with chicken 
embryos establish that about 20 different 
OP compounds (including dicrotophos, 
Diazinon, malathion, and malaoxon) and 
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several methyl carbamates (including eser- 
ine and carbaryl) produce similar or identi- 
cal developmental defects (involving some 
or all of micromelia, abnormal beak, re- 
duced body size, retarded down devel- 
opment, gross edema, and wryneck) when 
injected into the yolk sac at day 0 to 5 of 
incubation. No definite relation between 
structure and teratogenic activity has 
emerged from these studies; that is, dicrot- 
ophos (as the cis-crotonamide isomer) and 
eserine sulfate are teratogenic at 0.6 to 2.0 
ppm in the egg, whereas closely related 
compounds such as tri-o-cresyl phosphate 
and the trans-crotonamide isomer of di- 
crotophos are not, even at 200 ppm. The 
teratogenic signs are almost completely al- 
leviated, except for the malformation of 
the neck, when dicrotophos, Diazinon, 
malathion, malaoxon, eserine sulfate, and 
carbaryl are supplemented with nicotina- 
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mide or nicotinic acid; on a similar basis, 
the teratogenesis induced by dicrotophos is 
alleviated with any one of many precursors 
or derivatives of nicotinamide or nicotinic 
acid including the NAD cofactors (NAD, 
NADH, NADP, NADPH) (1, 3-5). These 
observations impose strict limits on any 
proposal for the biochemical mechanism 
involved in induction of this type of tera- 
togenesis. Such proposals include (i) no in- 
volvement of acetylcholinesterase or the 
cholinergic system (4, 5); (ii) reduced up- 
take of endogenous tryptophan from the 
yolk (5); (iii) reduced sulfated mucopoly- 
saccharide and RNA content and in- 
creased glycogen storage and calcification 
in the developing tibiotarsus (6); and (iv) 
phosphorylation or carbamoylation of a 
yolk sac membrane site initiating a se- 
quence of events leading to embryonic ab- 
normalities (7). However, not any one of 
these observations or hypotheses adequate- 
ly explains all aspects of the phenomenon. 

Several of the OP- and MC-teratogenic 
signs (micromelia, abnormal beak, re- 
duced body size, and retardation of down 
development) resemble those produced by 
6-aminonicotinamide (6-AN), whereas 3- 
acetylpyridine (3-AP) yields different em- 
bryonic abnormalities (muscular hypo- 
plasia, most noticeable in the legs) (8). 
Both 6-AN and 3-AP are nicotinamide an- 
tagonists that are stated to act, at least in 
part, by diminishing the NAD levels in 
chicken embryos (8, 9), chicken limb meso- 
dermal cell cultures (10), and mammals 
(11). Studies with embryonic chicken limbs 
and cultures of their mesodermal cells in- 
dicate the importance of embryo NAD lev- 
els in the control of muscle and cartilage 
development in that myogenic cells are ob- 
served when NAD levels are high and 
chondrogenic cells are seen when NAD 
levels are low (12). 

These interrelations suggest the possi- 
bility that the OP and MC teratogens may 
act in part by diminishing the embryo 
NAD. This new hypothesis was subjected 
to a series of tests, correlating the embryo 
NAD at day 12 with the severity of terato- 
genic signs at day 19, after injection of ter- 
atogens on day 4 of incubation. 

Fertile, white Leghorn eggs incubated at 
37.5?C and 73 percent relative humidity 
were treated under sterile techniques by in- 
jection into the yolk sac with a methoxytri- 
glycol solution (30 1l) of an OP or MC 
compound (13) in the presence or absence 
of a candidate-alleviating agent. Embryo 
NAD was assayed spectrophotometrically 
against a standard curve for authentic 
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NAD (NADH) (14). Other eggs from the 
same treated group were used to observe 
and record the teratogenic signs, rated 
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from - (no effect) to + + + + (most severe 
manifestation) (1). The original rating sys- 
tem was modified in two respects. (i) The 
teratogenic signs produced by 0.1 and 0.3 
mg of dicrotophos are rated + + and 
++ + instead of + + + and + + + +, 
respectively, to more closely differentiate 
the effects of the dose-related teratogene- 
sis. (ii) A new rating of * is used to desig- 
nate embryos with wryneck and sometimes 
also tibiotarsal arthrogryposis, but not the 
other teratogenic signs normally associ- 
ated with OP and MC teratogenesis. The 
carrier solvent, methoxytriglycol, alone did 
not alter the normal embryo development 
or NAD level. 

Several features of the relation between 
embryo NAD levels and the teratogenic 
signs following treatment with OP and 
MC compounds are shown in Fig. 1. Di- 
crotophos and eserine sulfate are almost 
equally potent in producing a dose-depen- 
dent reduction in NAD levels and increase 
in the severity of the teratogenic signs. 
Treatment with nicotinamide at 0.8 Amole 
per egg completely reverses the effect on 
NAD levels and the resulting embryos are 
nearly normal with the exception of wry- 
neck and tibiotarsal abnormalities at high 
teratogen doses. 

Three other types of tests further estab- 
lish the excellent correlation between the 
embryo NAD levels and the teratogenic 
signs. (i) The activity of 36 OP and 12 MC 
compounds was compared after injection 
at 1 mg per egg. The potency decreased in 
relation to both the effect on NAD and the 
teratogenic signs in the following order. 
For OP compounds: dicrotophos, mono- 
crotophos, and Diazinon > parathion, 
methamidophos and phosphamidon > 30 
other commercial OP compounds (15). 
For MC compounds: eserine sul- 
fate > carbaryl, carbofuran, Meobal, and 
metalkamate > seven other commercial 
MC insecticides (16). (ii) Cotreatment with 
nicotinamide (0.8 ,umole per egg) partially 
or completely alleviates the abnormalities 
(except for the wryneck and sometimes 
the tibiotarsal arthrogryposis) produced by 
each of these teratogenic compounds. (iii) 
In tests with dicrotophos at 1 mg per egg 
and candidate-alleviating agents at 0.8 
umole per egg (except for tryptophan ad- 
ministered to each egg at 5.0 Mmole in 
0.01M NaHCO3), it was found that four 
compounds (NAD, nicotinamide, nicotinic 
acid, and tryptophan) that partially or 
completely reverse the reduction in NAD 
levels are effective in alleviating the terato- 
genic signs whereas four other compounds 
(3-picoline, isonicotinic acid, picolinic 
acid, and 3-pyridylacetic acid) that do not 
affect the NAD levels fail to alleviate the 
teratogenic signs. Thus, the correlation of 
diminished NAD levels with teratogenesis 
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Fig. 1. Effect of varying doses of dicrotophos and eserine sulfate injected alone (O) or in combination 
with 0.8 umole of nicotinamide (0) at day 4 of incubation on the NAD levels at day 12 and the tera- 
togenic signs at day 19 of incubation. The NAD results are the averages and standard errors ob- 
tained in a typical experimental test series with six individual embryos. The level of NAD in em- 
bryos from typical control eggs was 185 ? 4 nmole per gram of embryo (fresh weight); this value 
was increased by no more than 10 percent on injection of nicotinamide. Ten embryos were used for 
determination of the teratogenic signs (-, + +, + + +, + + + +, *) as specified in the text. 

extends over a sufficient number of test 
conditions to propose a cause and effect 
relationship. 

It is now important to define the bio- 
chemical lesion with OP and MC com- 
pounds that leads to diminished NAD lev- 
els and teratogenesis. Nicotinamide antag- 
onists such as 6-AN and 3-AP are utilized 
in place of nicotinic acid by some orga- 
nisms in the synthesis of adenine dinucleo- 
tides which are not suitable replacements 
for NAD in all of its functions (8-11). The 
structures of the OP and MC teratogens 
are such that they cannot be incorporated 
into adenine dinucleotides, as with 6-AN, 
even though there is a similar end effect, 
that is, teratogenic signs. Both OP and MC 
compounds inhibit acetylcholinesterase 
and other sensitive hydrolases by phospho- 
rylation and carbamoylation, respectively, 
of a serine residue in the active site of the 
enzyme (17). By analogy, the OP and MC 
teratogens may phosphorylate or carba- 
moylate an enzyme important in gener- 
ating or maintaining adequate levels of 
NAD. If this is the case, the structure-ac- 
tivity relationships for inhibition of this en- 
zyme differ considerably from those for 
acetylcholinesterase inhibition. 

Carbaryl is not only teratogenic in the 
chicken embryo test, but at high doses it 
also produces embryonic abnormalities in 
mice, guinea pigs, and dogs but not in 
hamsters, rabbits, and swine (18, 19). The 
teratogenic effects of OP insecticides in 
mammals are less clearly defined or they 
do not occur (19, 20). A better understand- 
ing of the mechanism by which OP and 

MC compounds diminish embryo NAD 
levels has an important bearing on the use 
of teratogenic tests in the chicken embryo 
to evaluate possible effects in mammalian 
systems. It may also be relevant to other 
types of biological activity of OP and MC 
pesticides not associated with inhibition of 
acetylcholinesterase. 

NICK H. PROCTOR 
JOHN E. CASIDA 

Division of Entomology and Parasitology, 
University of California, Berkeley 94720 
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The Onychophora are of interest be- 
cause of their assumed relation to both the 
Annelida and the Arthropoda. Manton (1) 
regards the group, together with the My- 
riapoda and Hexapoda, as well-defined 
taxa of the phylum Uniramia which are de- 
scended from an early group of land ar- 
thropods. The cuticle of the Onychophora 
is very thin, is arthropodan in structure, 
and contains protein and chitin [for ex- 
ample, see Robson (2)]. The chitin is a-chi- 
tin (3), identified by x-ray diffraction and 
by histochemical techniques. Beneath the 
cuticle, but not part of it, is a thick layer of 
connective tissue which has the properties 
of a collagen. Since a-chitin is not asso- 
ciated with collagen (4), the report by 
Krishnan (5) that protein in the cuticle of 
Eoperipatus weldoni is, like that of anne- 
lids, of a collagenous type requires rein- 
vestigation. Also, in view of the evolution- 
ary status of the Onychophora, the report 
is contrary to that expected from our stud- 
ies on the comparative chemistry of ar- 
thropod cuticular proteins. Working with 
another species of Onychophora, we have 
been unable to confirm the presence of col- 
lagen in the cuticle. 

Specimens of Peripatoides leuckarti 
(Sanger) were collected from litter in 
sclerophyll forest near Canberra. In this 
species the body cuticle is about 1 um 
thick, increasing to about 10 um in the 
spines, and consists of procuticle and a 
multilayered epicuticle. Pieces of body cu- 
ticle, uncontaminated with noncuticular 
material, were isolated as follows. The 
body wall was soaked in 70 percent ethanol 
and, from places where the cuticle had be- 
gun to separate from the underlying layers, 

582 

The Onychophora are of interest be- 
cause of their assumed relation to both the 
Annelida and the Arthropoda. Manton (1) 
regards the group, together with the My- 
riapoda and Hexapoda, as well-defined 
taxa of the phylum Uniramia which are de- 
scended from an early group of land ar- 
thropods. The cuticle of the Onychophora 
is very thin, is arthropodan in structure, 
and contains protein and chitin [for ex- 
ample, see Robson (2)]. The chitin is a-chi- 
tin (3), identified by x-ray diffraction and 
by histochemical techniques. Beneath the 
cuticle, but not part of it, is a thick layer of 
connective tissue which has the properties 
of a collagen. Since a-chitin is not asso- 
ciated with collagen (4), the report by 
Krishnan (5) that protein in the cuticle of 
Eoperipatus weldoni is, like that of anne- 
lids, of a collagenous type requires rein- 
vestigation. Also, in view of the evolution- 
ary status of the Onychophora, the report 
is contrary to that expected from our stud- 
ies on the comparative chemistry of ar- 
thropod cuticular proteins. Working with 
another species of Onychophora, we have 
been unable to confirm the presence of col- 
lagen in the cuticle. 

Specimens of Peripatoides leuckarti 
(Sanger) were collected from litter in 
sclerophyll forest near Canberra. In this 
species the body cuticle is about 1 um 
thick, increasing to about 10 um in the 
spines, and consists of procuticle and a 
multilayered epicuticle. Pieces of body cu- 
ticle, uncontaminated with noncuticular 
material, were isolated as follows. The 
body wall was soaked in 70 percent ethanol 
and, from places where the cuticle had be- 
gun to separate from the underlying layers, 

582 

1963), vol. 15; M. Eto, Organophosphorus Pesti- 
cides: Organic and Biological Chemistry (Chem- 
ical Rubber Company, Cleveland, Ohio, 1974). 

18. H. E. Smalley, J. M. Curtis, F. L. Earl, Toxicol. 
Appl. Pharmacol. 13, 392 (1968). 

19. J. F. Robens, ibid. 15, 152 (1969); K. S. Khera and 
D. J. Clegg, Can. Med. Assoc. J. 100, 167 (1969); 
E. M. Mrak, chairman, Report of the Secretary's 
Commission on Pesticides and Their Relationship 
to Environmental Health (Department of Health, 
Education, and Welfare, Washington, D.C., 1969), 
pp.655-677. 

20. T. Tanimura, T. Katsuya, H. Nishimura, Arch. 
Environ. Health 15, 609 (1967); V. A. Gofmekler 
and B. B. Khuriyev, Gig. Sanit. 1, 27 (1971); 
C. H. Budreau and R. P. Singh, Toxicol. Appl. 
Pharmacol. 24, 324 (1973); J. S. Bus and J. 
E. Gibson, Food Cosrmet. Toxicol. 12, 313 (1974); 
see also references cited in these four publications. 

21. Supported in part by a fellowship to N.H.P. (1 F22 
ES00314) and grants from the National Institute 
of Environmental Health Sciences (5 P01 
ES00049) and the Rockefeller Foundation. For 
advice and assistance, we thank J. Engel and A. D. 
Moscioni of this laboratory. 

2 April 1975; revised 2 June 1975 

1963), vol. 15; M. Eto, Organophosphorus Pesti- 
cides: Organic and Biological Chemistry (Chem- 
ical Rubber Company, Cleveland, Ohio, 1974). 

18. H. E. Smalley, J. M. Curtis, F. L. Earl, Toxicol. 
Appl. Pharmacol. 13, 392 (1968). 

19. J. F. Robens, ibid. 15, 152 (1969); K. S. Khera and 
D. J. Clegg, Can. Med. Assoc. J. 100, 167 (1969); 
E. M. Mrak, chairman, Report of the Secretary's 
Commission on Pesticides and Their Relationship 
to Environmental Health (Department of Health, 
Education, and Welfare, Washington, D.C., 1969), 
pp.655-677. 

20. T. Tanimura, T. Katsuya, H. Nishimura, Arch. 
Environ. Health 15, 609 (1967); V. A. Gofmekler 
and B. B. Khuriyev, Gig. Sanit. 1, 27 (1971); 
C. H. Budreau and R. P. Singh, Toxicol. Appl. 
Pharmacol. 24, 324 (1973); J. S. Bus and J. 
E. Gibson, Food Cosrmet. Toxicol. 12, 313 (1974); 
see also references cited in these four publications. 

21. Supported in part by a fellowship to N.H.P. (1 F22 
ES00314) and grants from the National Institute 
of Environmental Health Sciences (5 P01 
ES00049) and the Rockefeller Foundation. For 
advice and assistance, we thank J. Engel and A. D. 
Moscioni of this laboratory. 

2 April 1975; revised 2 June 1975 

pieces were carefully peeled back with the 
aid of forceps and removed. The pieces of 
cuticle were extracted with ethanol and 
ether, dried, hydrolyzed, and the hydro- 
lyzate analyzed to determine its amino 
acid composition (Beckman amino acid 
analyzer). The results are given in Table 1, 
together with those for Bombyx mori lar- 
val cuticle (6), as residues per 1000 total 
residues. From the glucosamine content 
(corrected for losses during hydrolysis) the 
chitin content of P. leuckarti cuticle was 
calculated to be about 8 percent. Extrac- 
tion of the body wall with hot normal 
aqueous NaOH left an insoluble residue in 
the form of pieces of very thin colorless 
sheets. The residue on hydrolysis gave glu- 
cosamine as the only sugar (identified 

Table 1. Amino acid analyses of cuticular pro- 
teins. The B. mori data are from (6). 

Residues per 1000 total residues 
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chromatographically) and so the residue 
has the properties of chitin. 

The amino acid composition of the cu- 
ticle shows that the protein is not a colla- 
gen, it does not have the high glycine con- 
tent, hydroxyproline, or hydroxylysine, all 
of which are characteristic of collagens. In 
this respect it differs from that in the cuti- 
cles of annelids. The protein resembles oth- 
er arthropod cuticular proteins, even 
though there are differences in the amounts 
of individual amino acids when compared 
with that from other species. Hackman (7), 
when considering the amino acid composi- 
tion of unspecialized (for example, larval) 
insect cuticles and of cuticular proteins 
from them, has shown that the sums of the 
amino acid residues, when grouped accord- 
ing to the second letter of their genetic 
codes, have similar values. (The same val- 
ues are given by the proteins from several 
crustacean cuticles and from Limulus 
polyphemus cuticle, and this subject is 
being reported on in detail separately.) The 
values appear characteristic and are mark- 
edly different from those for sclerotized cu- 
ticles and for unhardened cuticles with spe- 
cialized functions, such as being elastic or 
being able to expand rapidly. This result 
confirms the polymorphic nature of the 
cuticular proteins. The same groupings of 
the amino acid residues for P. leuckarti 
cuticular protein give uracil (U) = 172, cy- 
tosine (C) = 379, adenine (A) = 311, and 
guanine (G) = 137, values very similar to 
those given by the proteins from unspecial- 
ized, unhardened arthropod cuticles, as ex- 
emplified by B. mori larval cuticle, for 
which U = 185, C = 362, A = 310, and 
G = 142. The protein in P. leuckarti cu- 
ticle is of the type commonly found asso- 
ciated with a-chitin. The cuticle has the 
structure and composition of an arthropod 
cuticle, not the properties of an annelid 
cuticle. 

It is of interest that the proteins from 
unspecialized cuticles from species of In- 
secta, Onychophora, Crustacea, and 
Arachnida have similar amino acid com- 
positions when allowance is made for pro- 
tein polymorphism. This suggests either 
that convergent evolution within the ar- 
thropod taxa has resulted in the appear- 
ance of the same cuticular proteins (to- 
gether with a-chitin) on a number of occa- 
sions, or that all the taxa are derived ulti- 
mately from a common ancestor, which 
might not have been annelid [see Tiegs and 
Manton (8)], and that the overall amino 
acid composition of the cuticular proteins 
has remained unchanged. 
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Peripatus: Its Affinities and Its Cuticle 

Abstract. The cuticle of Peripatoides leuckarti is arthropodan in structure and in 
chemical composition. The cuticular protein resembles that of other arthropods; it is not 
a collagen. This peripatus cuticle has no affinities with the annelid cuticles. 
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