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Abstract—Resistance to pesticidal organophosphorus esters in spider mites is due to decreased reactivity
of the target enzyme, acetylcholinesterase. The relative tolerances to a series of phosphorus inhibitors of
a susceptible strain (S), a homozygous resistant strain (R) and their hybrid (F,) could be explained quanti-
tatively with a simple model. A 1-6-fold greater tolerance of R compared with the hybrid appeared to
be due to the two-fold higher amount of the insensitive enzyme in the homozygous R-mites. This permits
the calculation of the minimum fraction of acetylcholinesterase compatible with life (P) in the R-mites,
providing P = 0-16. The relative tolerance of R to S, the degree of resistance, to five inhibitors was found
to be consistent with the model which requires that the degree of resistance multiplied with the ratio of
enzyme reactivities of R and S be equal to the ratio of log P for R- and S-mites (equation 3). Application
of this equation provided a P-value of 0-023 for S-mites which means that normally there is a 40-fold
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The function of the enzyme acetylcholinesterase
(AChE; EC3.1.1.7) is the rapid hydrolysis of acetylcho-
line after transmission of a nerve impulse by this ester
across the cholinergic synaptic cleft. The primary cause
of death by poisoning with AChE-inhibitors is gener-
ally accepted to be the accumulation of acetylcholine,
causing excessive stimulation followed by total block
of impulse transmission. It is widely assumed that
there is a considerable excess of AChE relative to what
is strictly needed. The minimum fraction of AChE
compatible with life (P), i.e. the reciprocal of the degree
of excess, is of interest for model studies on AChE inhi-
bition and therapeutic efficiencies of its treatment [ 1].
Although there is some experimental evidence for
AChE excess in mammals [2, 3], the data on insects
[4, 5] are conflicting.

There are two main problems. Firstly there is the ex-
perimental problem of the determination of the degree
of AChE inhibition in vivo. Active enzyme separated by
some barrier from free inhibitor may be rapidly inhi-
bited as soon as the barrier is destroyed by homogeni-
zation necessary to estimate the AChE activity remain-
ing. Addition, before homogenization, of enough sub-
strate to saturate and thus to protect the enzyme from
further inhibition improves the reliability of the esti-
mate [4]. A second and more serious problem is the
interpretation of the value of P obtained in this way.
It provides a mean value of the fraction of all remain-
ing AChE activity of the body or the part of it used for
the estimation, while this fraction may vary due to dif-
ferences in accessibility to the inhibitor [6].

* Present address: Atomic Energy Establishment, Enshas,
Egypt.

The purpose of this paper is to show that the value
of P, in spider mites, can be calculated in a way that
is free of these uncertainties. If the model applies, the
present value concerns only the AChE of those
synapses of which functional deterioration causes the
death of a spider mite. The procedure also provides a
quantitative explanation of the degree of resistance to
a series of organophosphorus inhibitors of a strain
with decreased AChE reactivity.

In contrast to vertebrates neuro-muscular transmis-
sion in arthropods is not cholinergic [7]. It is not
known whether mortality is due to the blocking of a
particular part of the nervous system.

The estimate of P essentially depends on the relation
between P and the LDs,. A reduction of the original
normal AChE activity necessarily increases the value
of P to hold an identical minimum activity and (other
things being equal) lowers the LDsq. In this respect it
is not important whether the lower original AChE acti-
vity is due to a reduction of the amount of enzyme or
to lower activity per enzyme molecule. The rational is
that a certain minimum activity level is required to
hydrolyse acetylcholine at a sufficiently high rate
necessary for normal, or non-lethal, impulse transmis-
sion. Green [ 1] treated the therapeutic effect (increase
inLD5,) of compounds such as atropine as a reduction
of P in the presence of the antagonist. An equation de-
veloped by Green to deduce the ratio of LDs, values
in the presence and absence of atropine was used to
calculate P from the known ratio of LDsy’s and the
ratio of P values (equation 4). In another example the
differing reactivities of the AChE’s of the two strains
for the inhibitors had to be taken into account (equa-
tion 3).
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MODEL AND EQUATIONS

AChE inhibition by an organophosphorus ester in'

vivo is assumed to follow scheme (1)

E + 125 El (1)

ke
T

where E, EI and I represent active enzyme, inhibited
enzyme and inhibitor respectively. k; is the second
order rate constant of inhibition and a measure of the
reactivity between enzyme and inhibitor, k. is a first
order rate constant representing the sum of all elimina-
tion and detoxification reactions. The basic assump-
tion made by Green [1] is that an animal dies once its
ACHhHE activity reaches a critical minimum level. The
LDs, then is the initial amount of inhibitor needed to
reach this lethal level when all the inhibitor has been
eliminated or reacted. If the sum of all elimination

reactions is much faster than the first order rate of inhi-
bition (k. > k; x [I]), it can be shown [1] that

—InP = k; x LDgp/k, 2)

where P is the minimum AChE activity as defined over
the original activity.

The assumption that k. > k; x [I] requires at least
that the total amount of enzyme is negligible compared
to the LD, both expressed in stoichiometric units. It is
convenient to discuss at this point the evidence for this.
Eldefrawi [8] using topical application to estimate the
LDsqo of S-females, found the LD, for paraoxon to be
about 3 pmole per female. The amount of AChE of
strain S was calculated to be maximally 10~* pmole
per female from final inhibition experiments with the
rapid irreversible inhibitor O-ethyl-2-triethylam-
monium ethylphosphorothiolate iodide*. There is at
least, therefore, a 30,000-fold excess of inhibitor.

Equation (2) neglects several obviously important
factors such as penetration rate and distribution of in-
hibitor in vivo. Green, however, showed the deductions
from the model on relative effects of different forms of
treatment to be surprisingly consistent with exper-
imental results. This must mean that these factors are
cancelled out if one uses as Green did, the ratio of
equation (2) for two different conditions or, as in the
present paper, for two differing strains. In the latter
case we obtain an equation of the form

InP/InP = ki X LDgg/k; X LDsy = Q (3)
where the prime denote the values in another strain.

If the k. values of the two strains are identical as
assumed, k. from equation (2) disappears in equation
(3). k; indicates the in vivo inhibition, while the constant
is estimated in vitro. Therefore we have to assume that
at least the ratio of k; values for the two enzymes is
identicdl in vitro and in vivo.

If we compare two strains where the k; values are
identical, equation (3) reduces to

InP'/InP = Lbsy//LD;5, 4)

STRAINS, METHODS AND MATERIALS

Two strains of the spider mite (Tetranychus urticae
Koch) susceptible (S) and resistant (R) to AChE inhi-
biting organophosphorus compounds were used.

* Unpublished experiments.
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Resistance depends on a single genetical factor [9]. A
procedure of backcrossing the R-gene into the S
genome is likely to have resulted in identity of other
characters of the strain. The R strain, made homo-
zygous fof the R-factor, is known as strain Systox Pure
(SP) [9]. Further details have been described pre-
viously [10].

Resistance has been shown to be due to an abnormal
insensitivity of the R-strain AChE to inhibitors
[10, 11]. Apart from its low reactivity with inhibitors,
the total AChE activity per female {(and per weight
unit) in vitro is lower in the R-strain than in S-strain
[10].

The second order rate constants of inhibition (k;)
were estimated by the method of Aldridge [12], incu-
bating enzyme with varying inhibitor concentrations
for varying periods before dilution with a buffered sub-
strate solution to determine the remaining activity.
Enzyme activity was measured by the method of Ell-
man [13], using acetylthiocholine as a substrate.
Further details have been described previously [11].

The tolerances in vivo of the mites to these com-
pounds were estimated by the so called “slide-dip”
technique [14]. The LCs, values represent the con-
centrations in ppm of the inhibitor causing 50 per cent
mortality on dipping adult females attached on a
microscope slide in the solution for 10 sec. The mites
were kept at 27° and a relative humidity of 80%,. Mor-
talities were counted after 24 hr. LC;4’s were estimated
by plotting per cent mortality on a probit scale against
log inhibitor concentration.

The inhibitors (Table 2) were at least 95 per cent
pure and used as obtained from the supplier. Follow-
ing the numbering used in Table 2 they are: (1) oxo-
imidan = 0,0-dimethyl S-(N-methylphthalimido)
phosphorothiolate (from Stauffer Chem. Co.), (2) O-
isobutyl S-(N-methylphthalimido) ethyl-phosphono-
thiolate (from Stauffer Chem. Co.), (3) oxo-azinphos-
methyl = 0,0-dimethyl  S-(4-0x0-1,2,3-benzotriazin-
3[4H]-yl methyl)-phosphorothiolate (from Bayer), (4)
oxo-azinphosethyl = diethyl analogue of compound 3
(from Bayer), (5) omethoate = 0,0-dimethyl S+(N-
methylcarbamoylmethyl)phosphorothiolate (from
Bayer). All other chemicals used were commercially
available and reagent grade.

CALCULATION OF P FOR THE R-STRAIN

This section makes use of data published by
Schulten [15]. He provided precise values of the LDs,
for three organophosphorus pesticides for the same R-
strain, an S-strain, different from the one we used, and
their hydrid (F,) (Table 1).

Table 1 shows that the relative Lc;, of the homo-
zygous R-strain to the hybrid (last column) is constant
although the degree of resistance varies from about 10
to nearly 200. Moreover the relative AChE reactivity
(k;) of S to R for the actual inhibitors, the oxo-analo-
gues of azinphosmethyl and parathion, differ consider-
ably, viz. about 10 (Table 2 compound 3)and 600 [11],
respectively. Therefore the constancy of the relative
LCsq of R to the F, is difficult to understand if the S-
type AChE of the hybrid contributes to its minimum
AChE activity, affecting its LCsq. The most likely
explanation is that essentially all the AChE remaining
active after application of the Lcs, of the F, is of the
R-type. Additional evidence that this is so can be



Table 1. Tolerances of strains S, R, and the hybrid (F,)

LCsq LCgo Of R/
Compound Strains (ppm) LCso Of Fy
Demeton-S S 16:6
methyl F, 139+ 5 1-50
R 208 + 8
Parathion S 9-7
F, 1126 + 52 1-63
R 1832 + 98
Azinphosmethyl S 13-7
F, 74 + 4 1-68
R 124 + 4

LCs, is the concentration causing 50 per cent mortality.
Data from Schulten [15].

obtained by the following calculation (equation 3). If
the value of P of the R-type AChE of the hybrid is 0-32
(2 x P of strain R, see below), the remaining activity
of the S-enzyme with a 9-times higher k; (¢.g. oxo-azin-
phosmethyl, Table 2) becomes 3-5 x 107> of its ori-
ginal activity (In 0-32/In P, = 1/9). Thus the fractional
activity is nearly 10,000 times higher for the R than for
the S enzyme.

As is perhaps to be expected, homozygous R-females
appear to contain twice as much of the R-type enzyme
as the hybrids [10]. Therefore, the value of P of the R-
enzyme in the hybrid (that of S does not contribute)
should be twice that in the homozygous strain and we
are able to apply equation 3 which then reads

InP/In2 x P =1Cs5q of R/LCsy Of F; = 16

The value 1-6 is the mean for the three compounds of
Table | and provides a P value of the R strain of O-16.
Thus the R females can just survive when up to 84 per
cent of the AChE, of possibly specific synapses, is inhi-
bited.

CALCULATION OF P FOR THE S-STRAIN

As has been published [ 10], the AChE activity of R-
homogenates to acetylcholine at a concentration of
7 x 107* M is about three-fold lower than that of S.
When the in vivo activity is also lower, other things
being equal, the R mites should be more susceptible
than S-mites because P of R should be higher. How-
ever the k; values are not equal (the main cause of resis-
tance) and to calculate P, equation 3 has to be used in-
stead of equation 4 as in the previous section.

Table 2 shows the LCs, and k; values of five inhibi-
tors for both strains. The value of Lcs, x k; of R
divided by that of S, denoted by Q, is also given.
According to equation (3) Q should be a constant thus
independent of the inhibitor. The mean Q-value is 0-48
and the standard deviation 0-13. The distribution of Q-
values, in this limited series, provides no reason to sup-
pose that Q depends on the inhibitor. This is more sig-
nificant if one considers that the value of LCsy x k;
varies up to 2000-fold.

If it is accepted that the mean of Q is probably the
ratio of log P of R over that of S (equation 3), substitu-
tion of P, = (0-r16 and Q = 048 gives P, = 0-023.
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Table 2. Potencies to kill (1/LCs,) and to inhibit (k;) the
AChE of strains S and R
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LCs, is the concentration of inhibitor causing 50 per
cent mortality (ppm). k; is the second order rate constant
of inhibition in vitro (M~ 'min~"'). Q =(LCse x k;) of R/
(LCsq x k;) of S. The mean of Q-value is 0148 &+ 0-11. Except
for compound 5, each Q-value is the average of two inde-
pendent estimates. The variance ratio (F) of between- over
within-inhibitor values of the first four compounds is 13
with 3 and 4 degrees of freedom.

DISCUSSION

The conclusions will be discussed in the order of
their probable reliability viz., the explanation of the in-
dependence of the relative LCs, of R to the F, of the
inhibitor, the value of P for R mites, the explanation
of the independence of Q from the inhibitor and finally
the value of P for S mites.

Firstly the constancy of the LCs, of R over that of
the hybrid, at variance with the degree of resistance
and the relative reactivities, is quite remarkable and
there is little doubt that the S enzyme cannot contrib-
ute to the minimum activity of the hybrid in this series
(Table 1). The reason of course, is that the S enzyme
is more rapidly inhibited than the R enzyme but also
requires that the activity of the R enzyme is in excess
of the minimum activity. Thus, independent of any
model, the P value of R is certainly less than 0-5.

On the reliability of the value of P for R mites the
question is whether the factor 1-6 (mean Lc, of R over
that of F,)isan estimate of In P/In 2 x P (equation 4).
One may distinguish two factors; the validity of the
model and a possible effect of the method to test mor-
tality, on the value obtained. The first point will be dis-
cussed below. Concerning the second, a very similar
figure (1-5) for parathion was obtained by Helle [9]
who used quite a different mortality test. Therefore
there are no reasons to doubt the reliability of the esti-
mate of P for R mites. However, because the error in
P is much larger than that in log P, the accuracy of P
is probably rather low.
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When considering the independence of Q from the
inhibitor the large standard deviation of Q must be
taken into account. Although the value was calculated
from four independent estimates it cannot be proved
statistically that Q is independent from the inhibitor.

Evidence for a constant Q-value is provided by the
fact that there is no correlation of Q with k;, the LCs,,
their product or the structure of the inhibitor in this
limited series (Table 2). The constancy of @, if accepted,
means that there is a linear relationship between the
degree of resistance and the unreactivity (1/k;) of the
AChE’s of the two strains (LCso of R/LCsy 0f S = @ x
k; of R). If for simplicity it is assumed that P is identi-
cal for the two strains, making Q = 1, the degree of
resistance of the mites would be identical to that of
their AChE’s. Such a simple relationship should not be
expected and the relative constancy of Q was surpris-
ing. In terms of scheme (1), a minimum model to apply
equation (3) (excess of inhibitor with respect to
enzyme), a constant Q value requires that all rates
affecting the LC, are of first order with respect to the
inhibitor concentration and the value of the first order
rate constant (k., scheme 1) should be identical in S
and R mites. The concentrations in R-mites (e.g. the
LCso) must be higher than those in S by a factor equal
to the relative reactivity of S to R-AChE. The higher
the latter value (k; of S/k; of R) the more probable it
is that the rate of some process in R-mites will level off
below these concentration. If so, the value of Q should
increase e.g. if penetration of inhibitor is involved, or
decrease if some detoxification reaction is concerned.
The relative LDs, of paraoxon, with a relative k; of S
to R of 600 { 117, is only 10 [8], making Q = 1/60. The
reason why the Q-values obtained (Table 2) do not
show too much variance, may partly be incidental but
will presumably mainly be due to the relatively low
ratio of k; values of the two enzymes in this series viz.
up to about 65. The relative constancy of Q in con-
tradistinction with the up to 2000-fold variance of
LCsq X k;, which is proportional to k. (equation 2),
provides evidence that scheme (1) essentially applies
and k. of S and R is identical. It is perhaps worthwhile
to notice that a constancy of k; x LCs, (€.8. k.) necess-
arily causes Q to be constant. If so, we have had not
the slightest evidence that ¢ = In P,/In P, because the
value of Q could depend on a constant deviation from
first order kinetics of the sum of all elimination reac-
tions in the R-mites. This possibility seems quite un-
likely in case of the variation in k. shown in this series.

Returning at this point to the validity of equation
(4), it may suffice to mention that the condition and
requirements are less rigorous and practically the
reverse of those discussed above for equation (3). In the
first place, the higher the relative k; of S to R the less
S-type ACHE will remain active at the LCs, of the
hybrid and the better will equation (4) describe the
actual situation. Further, because the LC5y’s of R over
that of the F, differs only 1-6-fold, serious changes of
k. are less likely than in the comparison of S and R-
mites. Thus equation (4) is much more likely to be
valid than (3).

The reliability of P for S-mites may be questionable.
Firstly we were using P of R as a reference value and
any error in it would affect P of S. Secondly there may
be a systematic error in any of the four estimates which
make up Q, e.g. the ratio of k; values in vivo may differ
from that estimated in vitro. The main reason to have
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confidence in the P-estimate is the fact that the in vitro
activity of S is higher than that of R and we should
therefore expect a lower value of P for S thus a Q-value
lower than unity. The P obtained for S, viz. 0-023, sug-
gests that the AChE in vivo at the site of action is about
7-fold higher in S than in R-mites. Unfortunately we
have no accurate data of activity to acetylcholine in
vitro for comparison. Apart from the difficulty that one
should use crude homogenates for this purpose, the K,
estimations vary too much. At present we are only able
to say that the ratio of V, /K,, (which is proportional
to the rate of substrate hydrolysis at concentrations
much lower than K, ) of S over R in vitro is between
2 and 6. Given P of R is 0-16 this corresponds to P-
values of S between 0-08 and 0-026 in fair agreement
with the value obtained. Therefore the mean of Q is
probably a reasonable estimate of In P of R/In P of S.
The accuracy of the P estimate is low due to the rela-
tively high standard error and the fact that log P is in-
volved. Using the 95 per cent confidence limits of the
mean of @ (0:37-0-59), those of the mean of P (0-023)
are 0-007 and 0-045.

The significance of the present value is of course not
that it is more accurate than previous estimates by
determination of AChE inhibition in vivo [2-5] but
merely that it is independent from it, avoiding the diffi-
culties discussed. The value obtained shows that there
is roughly a 40-fold excess of AChE in those synapses
of which functional disintegration causes the death of
a spider mite. The present value for S-mites is strik-
ingly similar to one (P = 0-02) tentatively suggested as
a mean P for mouse whole brain [2]. Most of the P-
values reported [3] are O+1 or higher, which may be
explained by varying inhibition in different parts of the
brain or tissue examined.

Finally it is of interest to discuss the degree of
dominance of resistance according to the model
applied. Firstly, since the relative LCso of R to the F,
is (above certain k; ratios) a constant, an increase of the
degree of resistance should necessarily cause an in-
crease of the degree of dominance. Using log LCsy’s to
calculate { 16] the degree of dominance (D)

D—2 x logF; —logR —logS
logR — log$S

where the symbols for the strains denote their LCsy’s
as in the equations to follow. If we substitute F; =
R/1-6 the equation can be rearranged to

D = | — 041/log(R/S) (5)

We may replace R/S by @ x k; of S/k; of R (equation
3.). Substitution of Q = 0-48 provides

D=1+ 041/[032 — log (k/k,)] (6)

These equations only hold for sufficiently high relative
k, of S to R that the S-enzyme does not contribute to
the minimum activity of the F| at its LCs,,.

Secondly, we will discuss the effect of lower relative
k; of S to R on the degree of dominance. Equation (3}
shows that at a relative k; = nP,/InP, = 1/Q ~ 2, the
LCso of S and R, and therefore also of the F,, are iden-
tical. If the relative k; of S to R is even less than 1/Q,
the order of LC4o’s should reverse to R, Fy, S.

Taking into account a 10-fold higher activity of the
S-enzyme, it can be shown (equation 3} that this
enzyme starts to contribute to the minimum activity of
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the F, if there is a less than 6-fold difference in k.. 1f
so, the relative LCs, of R to the F; is not a constant
any more but rapidly decreases with k; ratios decreas-
ing below 6, causing a further decrease of the degree
of dominance. An expression can be derived relating
the LCs, of S, R and F, which reads (symbol for strain
denote its LCsp)

F/R = | + In[2 — P,exp(F/S — N}/In k. (7)

An equation to calculate the relative k; of S to R
necessary to arrive at certain relative LCsy's of Fy to S
can be obtained by substitution of Lcs, of R from
equation (3) into (7) providing
ks/kr = Fl/s x Q

x 1/{1 + In[2 — P, exp(F/S — )]An P} (8)
So far, the second point discussed above is of academic
interest only, because the lowest relative k; of a pesti-

cidal organophosphorus inhibitor known to us is that
of oxo-azinphosmethyl e.g. 9 (Table 2).
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