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I. Introduction 

In the course of our studies on enzymatic detoxication of chlorinated 
hydrocarbon insecticides by resistant houseflies (Musca domestica), we 
have collected a total of 40 strains of flies from various sources in this 
country. The object was to determine as many qualitative and quantita
tive differences as possible. The resistant strains fall into three different 
categories with respect to the type of compounds for which they possess 
a significant level of tolerance. We find some strains that have a high 
level of resistance to DDT 1 and analogous compounds but do not possess 
a tolerance for other chlorinated hydrocarbons such as lindane, aldrin, 
chlordane, etc. These strains were either established from field collec
tions where DDT or methoxychlor1 was predominantly used or developed 
by exposure to their selective action on successive generations of a 
susceptible strain. Another type of resistant housefly has been obtained 
through exposure to the selective action of lindane1 or dieldrin. These 
strains have a high level of resistance to lindane, aldrin, dieldrin, chlor
dane, and heptachlor1 but no significant resistance to DDT and its toxic 
analogues. Still a third type of resistance is to be found in some strains, 
which enables them to tolerate any of the recognized chlorinated hydro
carbon insecticides. Of the latter group, some strains have been obtained 

1 Trivial names or abbreviations and chemical names of compounds are given 
in the previous paper, except for 

Methoxychlor—1,1,1-Trichloro-2,2-bis (p-methoxyphenyl) ethane 
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from the field where successive use of the two types of compounds was 
practiced. Other strains were developed in the laboratory by selecting 
a strain already resistant to one group with a compound from the 
other group. 

If the defensive mechanism of resistance is based upon detoxica-
tion of the chlorinated hydrocarbon, then at least two different systems 
may be required to accommodate the two types of compounds under 
consideration. The possibility of a third type of mechanism to account 
for resistance to both types of compounds must be considered a possi
bility. The fact that resistance, once established in a strain for one 
series of analogous compounds, may be selected for resistance to the 
other group by the exposure of relatively fewer generations (Bruce 
and Decker, 1950) suggests a single mechanism that may be induced 
to perform multiple functions. These possibilities and others present 
themselves, but with the exception of DDT, we lack, at present, the 
analytical techniques to explore them to the fullest extent. 

All strains of flies available to us and found to be measurably resist
ant to DDT have the ability to detoxify it by dehydrochlorination to a 
nontoxic metabolite DDE 1 (Sternburg et al. 1954) and perhaps to other 
compounds which do not respond to the Schechter-Haller (1945) test. 
Similar findings have been reported by Perry and Hoskins (1950), 
Sternburg et al. (1950), and March and Metcalf (1950). Susceptible 
strains of flies treated with lethal dosages of DDT do not produce any 
measurable quantity of DDE. Others have found (Winteringham, 1951; 
Perry and Hoskins, 1950) that some susceptible strains will dehydro-
chlorinate a small amount of a sublethal dosage if the dosage is in the 
range of 0.1 to 0.2 μ% of DDT per fly. These same workers found that 
at these low dosage levels resistant strains break down approximately 
the same proportion of the dose. These findings have led some investi
gators (Chadwick, 1952) to question the significance of detoxication as 
a cause of resistance. 

A significant finding with respect to detoxication as a factor in 
resistance was the isolation by Sternburg et al. (1953) of an enzyme 
from a strain of DDT-resistant flies that dehydrochlorinated DDT to a 
nontoxic compound DDE. By the same procedure these workers were 
unable to find any evidence for the presence of this enzyme in a sus
ceptible strain of flies. The possible role of detoxication as the cause of 
resistance thus assumed greater significance. This report summarizes 
subsequent work on this particular enzyme and its relationship to the 
possible cause of resistance. 
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I I . DDT-Dehydrochlorinase 
The mechanism of the reaction by which DDT is enzymatically 

dehydrochlorinated to DDE has not been specifically determined. It 
is a fact, however, that DDE is the only product obtained from the 
catalytic attack of this enzyme on DDT. The present methods used in 
the extraction of this enzyme from flies require the addition of glu
tathione as an activator for maximum and consistent activity. The role 
of glutathione is not understood. It is not used up in the course of 
the dehydrochlorination process, so if it enters into the reaction, it 
must be readily converted to its original form. This enzyme is most 
active at pH 7.4. It is inactive at pH 4.5 and is irreversibly inhibited at 
any pH below 4. A sharp loss in activity results at a pH above 8. The 
enyme is readily inactivated at temperatures above 40°C and is most 
active at a temperature of 35° to 37°C. Details on the kinetics and 
techniques developed for isolation and purification of DDT-dehydro-
chlorinase are in press (Sternburg et al., 1954). 

I I I . Sources of DDT-Dehydrochlorinase 
We have assayed 27 strains of flies resistant to DDT for their 

DDT-dehydrocholrinase activity. These flies, obtained from various 
workers in this country, were all found to contain DDT-dehydro-
chlorinase in measurable quantities. We have also assayed susceptible 
flies from five different sources and have not found evidence of the 
presence of DDT-dehydrochlorinase. If this mechanism is not a factor 
TABLE 1. The relative resistance of different strains of houseflies to DDT and their 
DDT-dehydrochlorinase activity as indicated by the micrograms of DDE produced 

in one hour from an enzyme extract of six flies. 

LD-50 μg /ig DDE Produced, 
Strain DDT/Fly 60 Minutes 

C.S.M.A. 0.25 0 
Ν AID Μ 0.3 0 
Lab I 0.35 0 
Dieldrin 1.0 0 
S-Strain > 5 0 92 
Lindane > 5 0 108 
DDT-45 > 5 0 96 
DMC-54 45 80 
Mayor 45 76 
Duffy 25 40 
Roberds 25 38 
DuPont 10 15* 
* Amount of DDE too little to have any significance. 
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in the resistance of these strains of flies to DDT, its presence in all 
resistant strains and apparent absence in all susceptible strains is a most 
remarkable coincidence. 

The resistant strains of flies varied to a considerable extent in respect 
to their level of tolerance to DDT. Some strains appeared to be, for 
all practical purposes, immune to the compound, whereas others may 
have been only about tenfold as resistant as what might be considered 
a typical susceptible strain. In the course of this study we found it 
possible to predict the relative level of resistance of a strain on the basis 
of the concentration of DDT-dehydrochlorinase contained in a sample 
of flies. A few examples of these points are presented in Table 1. 

The apparent correlation between the level of resistance of a popu
lation of flies and their DDT-dehydrochlorinase activity would suggest 
a relationship between the concentration of the enzyme and the rate 
of dehydrochlorination. Actually the rate of dehydrochlorination is 
directly proportional to the concentration of the enzyme (Fig. 1). This 

10001 — 1 

o y* h % ι 
FRACTION OF ENZYME PREPARATION USED 

FIG. 1. The effect of enzyme concentration on the rate of dehydrochlorination of 
DDT. A, B, C, and D are enzyme preparations from strains of flies having different 
levels of tolerance to DDT. 
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linear relationship holds true for various methods used in extracting the 
enzyme. It also holds true for reactions run for any time interval in 
which some order of reaction is sustained. 

IV. Distribution of DDT-Dehydrochlorinase 

It has been found that certain strains of resistant flies detoxify DDT, 
but they may survive and retain internally a quantity of DDT in excess 
of that required to kill a normal fly (Winteringham et al, 1951). These 
findings again raised the question whether detoxication was the cause 
or the result of survival. At the time this question arose no satisfactory 
answer could be made. The best answer lies in the fact that resistant 
strains possess an enzymatic detoxication mechanism that has not been 
demonstrated in a susceptible strain of flies. 

Since we know very little about the distribution of DDT-dehydro
chlorinase in the organs and tissues of the housefly, it is conceivable 
that some DDT might reside in areas that do not contain the enzyme. 
The critical question now is whether the enzyme exists in resistant flies 
at the sites of action of DDT in sufficient quantities to protect those 
vulnerable spots? Or is the enzyme strategically located to intercept 
DDT in the process of transport to its sites of action? We may attack 
one phase of this problem, namely the distribution of DDT-dehydro
chlorinase in the fly, but we cannot expect to provide a completely 
satisfactory answer until we can determine all the sites at which DDT 
may exert its toxic action. The fact that we know much about what 
DDT does not do to an organism, and nothing specific about what 
it does do to effect poisoning in the organism, suggests that the com
pound might exist in many areas and at high concentration without 
producing any characteristic effects. 

It has been shown in the case of mammals that they may contain 
large quantities of DDT in their various fatty tissues and not display 
any ill effects. It is also known that animals may die from DDT poison
ing and not have any appreciable amount of the compound in their 
fatty tissues. Comparable studies have not been made upon insects, but 
it would seem possible that an analogous condition might exist. 

We have determined that DDT-dehydrochlorinase occurs in the 
body wall of resistant houseflies. By this we mean it may be extracted 
from what might be termed the combined cuticle and layer of cells 
of the hypoderm. This is evidence indicating that some of the enzyme 
exists in the area of the body through which DDT gains entry to the fly. 
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What other tissues, organs, and areas of the body contain DDT-dehydro
chlorinase has yet to be determined. 

V. Dehydrochlorination of DDT by susceptible flies 

It has been reported that the survivors of low dosages of DDT (0.1 
to 0.2 μξ per fly) by susceptible strains of flies (Perry and Hoskins, 1950; 
March and Metcalf, 1950; Winteringham, 1951) also may dehydro-
chlorinate a fraction of the absorbed dose. At these same low dosage 
levels highly resistant strains may not dehydrochlorinate any greater 
proportion of the absorbed dosage. This has been interpreted to mean 
that resistant strains do not necessarily have any greater capacity to 
dehydrochlorinate DDT than susceptible strains, and that dehydro
chlorination may be the result of survival rather than the cause of 
survival (Chadwick, 1952). 

In order to establish the relative amounts of DDT degraded by 
resistant and susceptible strains of flies at such low dosage levels, a 
large number of flies must be assayed to establish the presence of 
significant amounts of DDT or metabolites present internally in the 
flies. Under such conditions, interference from the flies decreases the 
accuracy of the analytical method in proportion to the number of flies 
that must be used to find a significant amount of the compound and 
metabolites. If we may assume that these findings truly represent 
metabolic breakdown of DDT, it would still not be inconsistent with 
the fact that the resistant strain contains a specialized detoxication 
mechanism not found in susceptible strains. 

To appreciate this fact, one need only refer to the relationship of 
substrate concentration to rate of enzymatic dehydrochlorination of 
DDT (Fig. 2 ) . Here it will be seen that measurable quantities of DDE 
would not result unless a certain minimum amount of DDT were avail
able to the enzyme. Any amount less than the required minimum con
centration would result in such a small production of DDE that it would 
be indistinguishable from that which might arise from non-enzymatic 
causes. 

It is not possible to approximate in vivo the maximum DDT-hydro-
chlorinase activity in some of the strains of flies because of the 
limitations in the rate of absorption of DDT, even though it may be 
applied as a massive topical dose. This becomes apparent when one 
considers the fact that in some strains a single fly contains enough 
DDT-dehydrochlorinase to dehydrochlorinate in vitro 50 ^g of DDT in 
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2 DDT IN M I L L I G R A M S 

FIG. 2. The effect of substrate concentration on rate of enzymatic dehydrochlorina-
tion of DDT. Reactions A run to 35°C, Β at 25°C. 

one hour. The maximum amount of DDT that may be absorbed from 
a topical dose is approximately l^g in the same time interval. In order 
to illustrate the maximum enzymatic activity by in vivo methods, a fly 
would need to have the capacity to absorb or otherwise obtain an 
excess of 50 μg of DDT. There is no conceivable means whereby this 
quantity could be introduced into a fly in a form suitable for immediate 
attack by the total quantity of enzyme present in the fly. 

V I . DDT-Dehydrochlorinase substrate specificity 

There has been a tendency on the part of a few workers to speculate 
upon the metabolic fate of some of the chlorinated hydrocarbon insecti
cides and the significance of dehydrochlorination in resistance based 
upon the relative stability of the compound to alkaline hydrolysis 
(Busvine, 1951). In respect to DDT and its analogues such speculation 
is wholly unjustified, because there is no correlation between ease of 
dehydroclorination by alkali and enzymatic dehydrochlorination by 
DDT-dehydrochlorinase, as is shown in Table 2. The p , p'-diiodo 
analogue is the most susceptible to alkaline dehydrochlorination, and 
one of the most resistant to attack by DDT-dehydrochlorinase. 

If the source of DDT-dehydrochlorinase is from flies with specific 
resistance to DDT and analogus compounds, then it will be seen from 
the data in Table 1 that the enzyme is stereospecific in its action. The 
enzyme requires that the ring substituents be in the ρ position and that 
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TABLE 2. The dehydrochlorination of certain analogues of DDT by DDT-dehydro
chlorinase. (Reactions contained 4 mg of substrate on 600 mg of glass beads, 2 ml of 
Extract A, 1 ml of 0.137 Μ phasphate buffer, pH 7.4, and 0.003 Μ glutathione. All 

reactions run for 2 hours at 37 °G under N 2) . 

Substrate 

ßg Substrate 
Enzymatically 

Dehydrochlorinated 

Hydrolysis Rate 
Constant 

105K liters/sec./mole. 
37°C 

l,l,l-trichloro-2,2-bis 
(p-chlorophenyl) ethane (DDT) 
l,l,l-trichloro-2,2-bis 
(p-bromophenyl) ethane 
l,l-dichloro-2,2-bis 
(p-chlorophenyl) ethane (TDE) 
l,l,l-trichloro-2,2-bis 
(p-tolyl) ethane 
l,l,l-trichloro-2,2-bis 
(p-methoxyphenyl) ethane 
(methoxychlor) 
l,l,l-trichloro-2,2-bis 
(p-iodophenyl) ethane 
l,l,l-trichloro-2,2-bis 
(phenyl) ethane 
l,l,l-trichloro-2-( o-chlorophenyl) 
2 (p-chlorophenyl) ethane 
l,l-dichloro-2,2-bis 
(p-chlorophenyl) ethylene (DDE) 

534 

345 

330 

47 

230 

70 

20* 

0 

0 

12,515 

18,760 

4,035 

75.6 

76.8 

19,800 

272 

255 

0 

* Amount not very significant in proportion to amount of parent product in extract subjected to 
analysis. 

both rings be substituted in the ρ position. Those structural features 
required for toxicity in the DDT-type molecule are the same as those 
required for dehydrochlorination by the enzyme. 

If one takes a strain of houseflies which has developed specific 
resistance to dieldrin2 through exposure to the selective action of the 
compound on a number of successive generations, it is not possible to 
demonstrate the presence of DDT-dehydrochlorinase (Table 1). These 
flies have a high level of resistance to dieldrin, aldrin, lindane, chlordane, 
and heptachlor but are not resistant to DDT and methoxychlor. We 
have found by bioassay methods that this strain of flies will detoxify 
at least 10 times the amount of lindane to which it is resistant as can 

2 Dieldrin strain obtained from Dr. Richard Fay, U.S.P.H.S. laboratory, Savan
nah, Ga. 
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a susceptible fly treated with the same dosage level. We assume, there
fore, that some difference in enzymatic mechanism must exist in flies to 
account for the detoxification of the two types of compounds. 

In order to explore further the mechanism required for detoxification 
of lindane, we must know what the nontoxic metabolites may be and how 
to determine them quantitatively. Thus we cannot predict at present 
how different or similar the two detoxication mechanisms may be. 

It must be pointed out that Bradbury and Standen (1953) report that 
a strain of flies resistant to lindane may be reared in a medium contain
ing 0.5% lindane. The pupae of such flies have been found by the test de
vised by these workers to contain as much as 35 μg of lindane per gram of 
pupae. These pupae apparently do not contain metabolites with an 
aromatic type structure or their presence would have been detected by 
Bradbury and Standen. On the basis of this evidence, these workers con
clude that detoxication is not the cause of resistance because it does not 
occur. This conclusion could be wrong, because the test method used 
may indicate only that the metabolite may not nitrate unless it is 
first dehydrochlorinated by alkali. As a matter of fact we have found 
that the metabolite (s) from the in vivo detoxication of lindane is not 
aromatic in character, and it will dehydrochlorinate in alcoholic KOH 
to yield a product identical in ultraviolet absorbtion spectra with the 
product produced when this treatment is applied to lindane. 

VI I . DDT-Dehydrochlorinase in body lice 

In cooperation with the Entomological Research branch of the U. S. 
Department of Agriculture we have undertaken a study to determine 
if the body louse (Pediculus humanus), which has developed resistance 
to DDT may contain a mechanism for the detoxication of the compound. 
The resistant strain of lice may, for all practical purposes, be considered 
immune, since it tolerates without any apparent effect a dose of DDT 
of the magnitude of 20 ^g per milligram of body weight. The susceptible 
strain is easily killed at a dosage of 0.01 μg per milligram of body weight. 
Lice, treated topically with a dose of 10 μg of DDT per louse and later 
assayed to determine the fate of the absorbed portion of the dose, indi
cated little if any DDT to be present in the resistant strain. There was, 
on the other hand, a material present that responded in the same manner 
as DDE to the Schechter-Haller test. In the case of susceptible lice 
treated in the same manner, DDT was present internally in small quan
tities and there was no indication of the presence of DDE. 
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We have applied the same procedures used in the quantitative 
measurement of in vitro DDT-dehydrochlorinase activity in the house
fly to the body louse. At the present time our findings have only quali
tative significance, because of difficulties encountered in extraction and 
materials that interfere with both the Schechter-Haller test and the 
method of Kearns and Sternberg (1954). However, we can not say that 
we have evidence to propose the existence of a mechanism comparable 
to that of DDT-dehydrochlorinase. 

VI I I . Or ig in of enzymatic detoxication mechanisms 

The widespread resistance of flies to DDT is evidence supporting 
the fact that in any area houseflies may occur with potentiality for 
elaborating this characteristic. It is also true that by the same process 
one may select a small population or the progeny of a single pair and 
begin the process of selection with the good possibility of success in the 
development of a resistant strain. While this is true of the housefly, it 
is not true of other closely related insects, as shown by March and Met-
calf (1954), who have been unsuccessful in developing resistant strains 
of blowflies that had been subjected to the same procedures used to 
develop resistance in houseflies. These same workers have determined 
from field collections that blowflies and other insects associated with 
the housefly have not become resistant, whereas the latter may have 
become successively resistant to all the chlorinated hydrocarbon insecti
cides. 

These findings suggest that not all insects possess the factor required 
to develop resistance to the chlorinated hydrocarbons. In this respect 
one sees a certain parallelism between the development of resistance 
in houseflies and the induced synthesis of enzymes that has been dem
onstrated in microorganisms. In the latter case, it has been found 
possible to induce the organism to synthesize an enzyme by exposure 
to a certain substrate (Monod and Cohn, 1952). This may be possible 
with one species of microorganism, yet the same approach may result 
in failure when applied to a closely related species. 

IX . Other causes for resistance to DDT 

It has been found that the housefly and other insects apparently 
resistant to DDT may appear so because they have altered their be
havior to avoid contact with the compound (Perry, 1954). This type 
of behavior may not be important from a practical standpoint, parti-
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cularly if it can be overcome by the simple expedient of changing the 
method and site of application. 

Perry (1954) has found that some strains of flies have an abnormally 
high level of resistance to DDT because, in addition to their ability to 
detoxify the compound, they may absorb it at only y3 the rate of 
a susceptible strain. The two factors combined thus make a strain of 
flies appear more resistant than would be predicted upon the basis of 
the detoxication mechanism. A slow rate of absorption would in itself 
be reflected through a decreased rate of effect of the compound upon 
the insect. 

Certain species of insects are known to have always been tolerant or 
resistant to DDT. The fate of DDT applied to some of these insects 
have been studied by Ferguson and Kearns (1949) and Sternberg and 
Kearns (1952). In all cases these workers found that the absorbed DDT 
or DDT applied internally was readily converted to DDE or some 
other metabolite. We have only recently attempted to determine if one 
of these species contains an enzymatic process similar to that found in 
resistant houseflies. In this case we attempted to demonstrate by in 
vitro methods the presence of DDT-dehydrochlorinase in the Mexican 
bean beetle (Epilachna varivestis) without success. The Mexican bean 
beetle can convert an orally administered dose of DDT to DDE and 
presumably other compounds not detectable by the Schechter-Haller test. 
It would appear, therefore, that some insects may possess a mechanism 
for accomplishing the degradation of DDT that is not identical to DDT-
dehydrochlorinase. 
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