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ABSTRACT 

COMPARATIVE BIOCHEMISTRY, BIODEGRADABILITY, AND 

TOXICITY OF DDT AND CARBOFURAN ANALOGUES 

The aqua t i c  pe r s i s t ence ,  t o x i c i t y ,  and b iodegradab i l i t y  of DDT, 

methoxychlor, and 28 analogueswereevaluated using t h e  green sunf i sh  

Lepomis cyanel lus .  Study of DDT analogues wi th  degradophores loca ted  i n  

a r y l  o r  a l k y l  moie t i e s  of t h e  DDT-type molecule showed t h a t  t h e  t o x i c i t y  

t o  and pe r s i s t ence  of t hese  compounds i n  t h e  green sunf i sh  i s  c o r r e l a t e d  

wi th  t h e  environmental temperature of exposure and a b i l i t y  of mult i -  

funct ion  oxidase enzymes of t h e  f i s h  t o  a t t a c k  s p e c i f i c  chemical groupings 

on va r ious  p a r t s  of t h e  molecule. The green sunf i sh  can r e a d i l y  ox id ize  

a l k y l  and methylthio groups of t h e  a r y l  po r t ion  of t h e  molecule t o  water 

p a r t i t i o n i n g  moie t ies  but  alkoxy groups a r e  not  a s  r e a d i l y  a t t acked .  

P e r s i s t e n t  and h ighly  i n s e c t i c i d a l  DDT molecules can be developed which 

have g r e a t l y  reduced t o x i c i t y  t o  f i s h .  

The biochemical r o l e  of t he  mult i -funct ion oxidase enzymes i n  
1 

biodegradat ion of p e s t i c i d e s  i n  t h e  green sunf i sh  was explored i n  

d e t a i l  using t h e  oxidase i n h i b i t o r  piperonyl  butoxide together  wi th  

rad io labeled  methoxychlor, a l d r i n ,  and t r i f l u r a l i n .  The r e a c t i o n s  

which were i n h i b i t e d  were 0-demethylation, N-dealkylation, and epoxi- 

da t ion .  Where piperonyl  butoxide was p resen t ,  t h e  f i s h  accumulated 

from 15 t o  45 times more of t h e  parent  compound, over a 16  day period.  
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I. INTRODUCTION 

A. Objec t ives .  This  p r o j e c t  was developed t o  e v a l u a t e  t h e  phys io log i ca l  

and biochemical f a c t o r s  a f f e c t i n g  t h e  up take  and s t o r a g e ,  i .e .  bioconcen- 

t r a t i o n ,  of DDT and o t h e r  p e r s i s t e n t  p e s t i c i d e s  i n  f i s h  and t o  determine 

i f  s u i t a b l e  chemical mod i f i ca t i ons  of t h e  DDT-type molecule could be 

devised which would i nco rpo ra t e  s u i t a b l e  i n s e c t i c i d a l  a c t i v i t y  t oge the r  

wi th  a p p r o p r i a t e  b i o d e g r a d a b i l i t y  and e l imina t ion  from f i s h  r a t h e r  than  

concen t r a t i on  and s t o r a g e  i n  t i s s u e  l i p i d s .  

S p e c i f i c a l l y  t h e  work has  devolved around two major p r o j e c t s  

I, t h e  eva lua t ion  of a  number of new DDT type  analogues f o r  t o x i c i t y  and . 

degrada t ion  i n  t h e  green s u n f i s h  Lepomis cyane l lu s ,  c a r r i e d  ou t  i n  1300 

l i t e r  aluminum t anks  i n  a polyethylene-covered greenhouse, and 11, 

l a b o r a t o r y  s tudy  of t h e  biochemica1,mechanisms and deg rada t ive  pathways 

of r ad io l abe l ed  p e s t i c i d e s  a s  absorbed by green s u n f i s h  i n  5 l i t e r  

c y l i n d r i c a l  pyrex j a r s .  Comparisons were made between t h e  f a t e  of t h e  

p e s t i c i d e  a l o n e  and i n  combination w i t h  t h e  s y n e r g i s t  p iperonyl  butoxide,  

i n  o rde r  t o  e v a l u a t e  t h e  r o l e  of t h e  mu l t i func t ion  oxidases  i n  t h e  

b iodegrada t ion  processes .  

B. - Background. DDT has been used and l i b e r a t e d  i n t o  t h e  environment 

i n  t o t a l  amount approximating 2  x  109 l b s .  s i n c e  i t s  i n t r o d u c t i o n  a s  an  

i n s e c t i c i d e  i n  1946. A s  a  r e s u l t  of i t s  s t a b i l i t y ,  water  i n s o l u b i l i t y  

(ca .  0.0012 ppm) and l i p i d  s o l u b i l i t y  (ca .  100,000 ppm) , DDT has  become 

t h e  c l a s s i c a l  example of a  ub iqu i tous  environmental mic ropo l lu t an t ,  

appear ing  everywhere i n  l i v i n g  t i s s u e s  of bo th  t e r r e s t r i a l  and a q u a t i c  

organisms. Moreover, DDT a l though h igh ly  s t a b l e  a s  an  organic  compound 

is  no t  t o t a l l y  non-degradable and i s  b i o l o g i c a l l y  converted by dehydro- 

c h l o r i n a t i o n  t o  DDE o r  2,2-bis-(p-chloropheny1)-1,l-dichloroethylene, 



and by reductive dechlorination to DDD or 2,2-bis-(2-chloropheny1)- 

1,l-dichloroethane. These environmentally produced degradation products 

closely resemble DDT in water insolubility and lipid solubility, and 

DDE is substantially more stable environmentally than DDT. Therefore 

DDT, DDE, and DDD are found in varying amounts in the lipids of 

organisms at various trophic levels with those in higher positions 

in the food chain showing increasing amounts of total DDT-type residues 

as well as increased percentages of DDE (Woodwell et a1 1967, Metcalf 

et a1 1971a). 

The presence of DDT, DDE, and DDD in the aquatic environment has 

resulted in their bioconcentration or biomagnification to levels 

undreamed of a few years ago. Thus the average level of DDT in Lake 

Michigan is about 0.000002 ppm and this is concentrated by amphipods 

to 0.410 ppm, by fish 3-6 ppm, and by herring gulls to 99 ppm or to 

overa1:L levels of lo6 to lo7 (Harrison et a1 1970). 

Fish are particularly ineffective in degrading and excreting DDT 

and its principal degradation products (DDT-T) and continue to accumulate 

these compounds throughout their lives (Reinbold et a1 1971, Youngs et 

a1 1972). This aquatic bioaccumulation has resulted in a major pollution 

problem with fish in Lake Michigan as shown by the following average 

DDT-T levels in lake trout Salvelinus namaycush of various ages (EPA 1972): 

trout - length in inches DDT-T in p p ~  

2.0 - 5.9 0.89 

6.0 - 9.9 2.24 

10.0 - 15.9 6.00 

16.0 - 21.9 8.00 

22.0 - 26.9 14.62 

27.0 - 32.9 19.23 



These residues in mature fish exceed all FDA tolerances for DDT in 

raw food commodities and in most cases the FDA action level for seizure 

as "unfit for human consumption". A similar condition exists for most 

other fish in the lake. 

There is therefore an important need to develop pesticides having 

some of the persistent characteristics of DDT on inert surfaces 

but possessing appropriate biodegradability when ingested by living 

organisms. Studies with methoxychlor or 2,2-bis-(p-methoxyphenyl) 

l,l,l-trichloroethane (H20 solubility 0.62 ppm) have shown that it is 

readily degraded in most living organisms by 0-demethylation forming 

first the monophenol 2-(p-hydroxypheny1)-2-(p-methoxypheny1)-l,1,1- 

trichloroethane (H20 solubility 0.80 ppm) and then the bis-phenol 

2,2-bis-(2-hydroxypheny1)-l,l,l-trichloroethane (H20 solubility 76 pprn). 

These metabolic changes in polarity from predominately lipid partitioning 

to more water partitioning products promote the elimination of the 

products from the body rather than storage and accumulation (Kapoor 

et a1 1970). The comparative behavior of DDT and methoxychlor in the 

fish Lepomis cyanellus and Tilapia mossambica was investigated by 

Reinbold et a1 (1971), who found the bioconcentrations shown in Table 1. 

Thus Tilapia exposed to DDT at 0.01 ppm for 31 days accumulated 10,600 X 

the water concentration in its body and Lepomis exposed in the same way 

accumulated 4020 X the water concentration. With exposure to methoxychlor 

at 0.01 ppm for 31 days, Tilapia accumulated only 200 X and Lepomis only 

270 X and the methoxychlor concentrations decreased very rapidly upon transfer 

to clean water. 

From these and other studies it seemed clear that methoxychlor which is 

a persistent pesticide resembling DDT in residual action is biodegradable 

in living organisms because of the presence of the CH30-groups which act as 



degradophores. These degradophores are subject to attack by the multi- 

function oxidase enzymes or "drug metabolizing enzymess' which convert 

xenobiotics to readily excretable more polar entities and thus protect 

the organism from the toxic effects of these xenobiotic compounds 

(~apoor et a1 1971). Therefore this laboratory began studies using the 

DDT-type compound as a model, to determine the biological effects of 

incorporation of a variety of degradophore groupings, i.e. CH30, C2H50, 

C H 0, CH3, C2H5, CH3S, -OCH20-, etc. in various parts of the DDT 3 7 

molecule upon both insecticidal action (Metcalf et a1 1971b) and upon 

environmental persistence (Kapoor et a1 1973). 

These investigations have led to a considerable number of new DDT-type 

analogues which are both insecticidal and biodegradable. The new asymmetrical 

diaryltrichloroethanes are described in U.S. Patent 3, 787, 505 (Metcalf 

et a1 1974). Other DDT-like a-trichloromethylbenzyl. phenyl ethers and 

a-trichloromethylbenzylanilines were described by Hirwe at a1 (1972) and 

in patents applied for (Metcalf et a1 1972). 

A newer series of DDT analogues having altered aliphatic moieties have . 

been studied for insecticidal activity and biodegradability by Coats (1974) 

and are covered in patent applied for (Metcalf and Coats 1974). These 

interesting DDT analogues provided the major thrust for the evaluation 

of their toxicity and biodegradability in fish as detailed in this report. 



I I. METHODOLOGY 

Synthes is  - of compounds_ was c a r r i e d  ou t  by a v a r i e t y  of chemical 

techniques descr ibed  by Metcalf e t  al- (1971b), Hirwe e t  a 1  (1972) and Coats 

(1974). I n  a l l  c a ses ,  t h e  compounds were r e c r y s t a l l i z e d  t o  98+% p u r i t y  

and cons tan t  mel t ing  po in t  and t h e i r  ass igned  chemical s t r u c t u r e s  were 

v e r i f i e d  by NNR spectrometry.  

F ish  t o x i c i t y  t e s t s  were performed i n  c i r c u l a r  aluminum tanks  1.68 m. 

i n  diameter  (Figure 1 )  conta in ing  1300 l i t e r s  of water .  The compounds a t  

130 mg. each were d isso lved  i n  approximately 5 m l .  of acetone and added 

dropwise t o  t h e  water  wi th  f o r c e f u l  s t i r r i n g ,  t o  g ive  a f i n a l  concent ra t ion  

of 0.1 ppm compound. Af t e r  approximately 4 hours ,  f i v e  green s u n f i s h  

Leponis cyane l lu s  6-8 inches  long were added t o  t h e  t r e a t e d  water and 

observed f o r  mor t a l i t y .  The f i s h  were c o l l e c t e d  from a farm pond i n  

Venni l l ion  County, I l l i n o i s .  Whenever f i s h  were k i l l e d ,  they  were removed 

and examined f o r  t i s s u e  l e v e l s  of compound and degrada t ion  products  

us ing  GLC. Tanks i n  which f i s h  were k i l l e d  were restocked on t h e  t h i r d  and 

seventh days and t h e r e a f t e r  so  t h a t  t h e  d u r a t i o n  of l e t h a l  e f f e c t  could be 

determined a s  shown i n  t h e  Tables.  These experiments were conducted i n  a 

po lye thylene  covered greenhouse gas-heated dur ing  win ter  a t  13-20'~. During 

t h e  summer t h e  temperature was t h a t  of t h e  out-of-doors, 23-32OC. 

Water samples were s t r a i n e d  through g l a s s  wool and ex t r ac t ed  

' successively i n  2 - l i t e r  s epa ra to ry  funnels  wi th  t h r e e  100-ml. po r t ions  of 

methylene ch lo r ide .  The combined e x t r a c t s  were d r i e d  over anhydrous sodium 

s u l f a t e  and concent ra ted  through a Snyder column. Hexane was added t o  

remove t h e  methylene c h l o r i d e  and volume ad jus t ed  f o r  e i t h e r  GLC o r  radio-  

assay.  I n  some s t u d i e s ,  water was hydrolyzed by adding concent ra ted  HC1 

t o  0.25 N and hea t ing  f o r  1 hour i n  a steam ba th .  Af t e r  hydro lys i s ,  t h e  

water  samples were r eex t r ac t ed  wi th  t h r e e  100-ml p o r t i o n s  of methylene 

c h l o r i d e  and analyzed by GLC o r  rad ioassay .  



Fi sh  were homogenized wi th  methylene c h l o r i d e  and anhydrous sodium 

s u l f a t e ,  except t hose  i n  t h e  t r i f l u r a l i n  s tudy  which were homogenized i n  

methanol. E x t r a c t s  were f i l t e r e d  through Whatman 2V f i l t e r  paper.  One 

p a r t  methanol e x t r a c t  was placed i n  a  s epa ra to ry  funne l  wi th  2 p a r t s  of 5  

per  cen t  sodium c h l o r i d e  i n  water  and e x t r a c t e d  twice wi th  1 p a r t  methylene 

ch lor ide .  The combined e x t r a c t s  were d r i e d  over anhydrous sodium s u l f a t e  

reduced i n  volume and exchanged wi th  hexane through a  Snyder column f o r  

cleanup by column chromatography on a c t i v a t e d  F l o r i s i l .  The compounds were 

e l u t e d  by hexane o r  10% &her i n  hexane and t h e  e l u a t e s  concent ra ted  i n  

Snyder column of GLC. 

Gas-Liquid Chrqmatography was performed wi th  a  Varian s e r i e s  1400 - 

chromatograph wi th  3~ e l e c t i o n  cap tu re  d e t e c t o r  o r  w i th  a  Tracor model 550 

chromatograph w i t h  a  638i e l e c t i o n  cap tu re  d e t e c t o r .  Various columns and 

temperatures  were used: methoxychlor and DDT analogues wi th  2% QF-1 and 

1.5% OV-17 on 100/120 mesh Supelcoport a t  200°C, a l d r i n ,  phora te ,  and 

t r i f l u r a l i n  w i t h  5% QF-1 on 100/120 mesh Varaport 30; a l d r i n  a t  200°c, 

phora te  180°C, and t r i f l u r a l i n  180°c. 

Carbofuran was analyzed by conver t ing  t h e  water  and f i s h  e x t r a c t s  t o  

t h e  2,4-dini t rophenyl  e t h e r  d e r i v a t i v e  by t rea tment  w i th  1-fluoro-2,4- 

d in i t robenzene  a s  descr ibed  by Holden (1973). GLC was on 2% QF-1 and 1% 

OV-17 on 100/120 mesh Supelcoport a t  220°C. 

Thin-Layer Chromatography was c a r r i e d  o u t  on g l a s s  p l a t e s  coated wi th  

0.25 mm. f l u o r e s c e n t  s i l i c a  g e l  {E. Merck GF-254). E x t r a c t s  were cochroma- 

tographed wi th  model degrada t ion  products  and t h e  p l a t e s  were evaluated 

by radioautography on Kadak Blue-Brand X-ray f i lm .  The r a d i o a c t i v e  a r e a s  

were scraped from t h e  p l a t e s  i n t o  s c i n t i l l a t i o n  v i a l s  f o r  rad ioassay .  

Radio t racer  s t u d i e s  were conducted on green s u n f i s h ,  r ea red  i n  t h e  

l a b o r a t o r y  from pa ren t s  c o l l e c t e d  from a Vermil l ion County farm pond. The 

f i s h  were placed i n  Pyrex j a r s  20 cm i n  diameter  and 20 cm high ,  conta in ing  



5 1. of s y n t h e t i c  hard water (Marking and Daws 1973), conta in ing  NaHC03 

192 mg, CaS04 2H20 120 mg., MgS04 120 mg. and K C 1  8 mg., per  l i t e r .  Water 

was ae ra t ed  before  and during t h e  experiment. The radio labeled  p e s t i c i d e s  

as descr ibed  i n  Sec t ion  I l l a w e r e  assayed i n  t r i p l i c a t e  a t  0.01 ppm a lone  and 

wi th  0.1 ppm piperonyl  butoxide,  added t o  t h e  water i n  1 m l .  acetone. 

The temperature was maintained a t  20.5 - 22.0 + 1°c a t  pH 7.5 - 8.0 and a t  - 

500 - 550 reciprocalmegohms conduct iv i ty ,  wi th  12 haurs  d i u r n a l  cycle .  

F ive  f i s h  weighing 0.30 - 0.95 g. each were placed i n  each j a r .  

They had no t  been fed f o r  48 hours,  but  were fed l i v e  daphnia seven t i m e s  

dur ing  t h e  experiment between days 3 and 15. Feeding was l i m i t e d  t o  

daphnia consumed immediately t o  e l imina te  uptake of rad io labeled  compounds 

through t h e  daphnia. 

On days 1, 2, 4,  8, and 16 d u p l i c a t e  1 m l .  water  samples were removed 

f o r  rad ioassay  and one f i s h  from each j a r  was removed, r in sed ,  b l o t t e d  dry ,  

weighed and measured and f rozen  f o r  radioassay.  On day 16, one l i t e r  of 

water  was removed from each jar f a r  e x t r a c t i o n  and radioassay ,  

For t h e  metabolism s t u d i e s ,  t h e  f i s h  were homogenized i n  methylene c h l o r i d e  

and sodium s u l f a t e ,  o r  wi th  t r i f l u r a l i n  i n  90% acetone - 10% water .  An 

a l i q u o t  of each e x t r a c t  was removed f o r  rad ioassay  and the  remainder was 

concentrated i n  Kontes small-scale  evapora t ive  concen t ra to r s  w i th  modified 

micro Snyder columns and used f o r  TLC and radioautography. For b e s t  

r e s u l t s  i t  was necessary t o  t r e a t  t h e  acetone-water e x t r a c t s  by hea t ing  

t o  60° t o  e l imina te  ace tone  and then by adding 5% sodium c h l o r i d e  i n  

d i s t i l l e d  water  and e x t r a c t i n g  twice wi th  methylene ch lo r ide .  

A f t e r  e x t r a c t i o n ,  f i s h  t i s s u e s  were s o l u b i l i z e d  wi th  0.5 m l  Pro tocol  

(New England Nuclear) per  0.5 g. t i s s u e  a t  50°C f o r  two hours wi th  shaking. 

Then 0.2 m l  of 20% benzoyl peroxide i n  to luene  was added per  0.5 g of t i s s u e  



to bleach the color. After one hour the samples were treated with 

Aquasol and radioassayed. 

Radioassay was carried out in a Packard 3320 Tri-Carb liquid scintilla- 

tion spectrometer with correction for quenching by external standard and 

quench curve. Water, extracts and silica gel were counted in 10 ml. of a 

cocktail of 120 g. naphthalene, 7 g. of 2,5-diphenyloxazole, 0.05 g. of 

1,4-bis-~2-(4-methyl-5-phenyloxazolyl)~-benzene in one 1 dioxane. 

Solubilized fish tissues were counted in 10 ml. Aquasol (New England ~uclear). 



I/ 111. MODIFICATIONS OF THE DDT-TYPE MOLECULE - 

As discussed in Section I, DDT or 2,2-bis-(p-chloropheny1)- 1,1,1- 

trichloroethane is highly persistent in the aqu,atic environment, exhibits 

pronounced bioconcentration into fish, and is converted biologically to DDE 

or 2,2-bis- (2-chlorophen~l)-l, l-dichloroethylene and DDD or 2,2-bis-(2-chloro- 

phenyll-1,l-dichloroethane both of which are bioconcentrated and stored in 

fish (Metcalf et a1 197la,Reinbold et a1 1971). The common property of DDT 

and its biodegradation products which make these compounds important 

environmental micropollutants is the great stability of the carbon chlorine 

bonds, especially those of the two aryl rings. This is clearly demonstrated 

by the large improvement in biodegradability found with methoxychlor or 

2,2-bis-(p-methoxypheny1)-l,l,l-trichloroethane (Kapoor et a1 1970, 

Reinbold et a1 1971). However, as shown in the fish toxicity tests of 

Table 2 methoxychlor still displays considerable initial toxicity to the 

green sunfish Lepomis cyanellus and this has been a barrier to its practical 

use in some areas. 

The DDT-type molecule is particularly well suited for investigation of 

the basic principles of biodegradability because of the variety of ways in 

which substitutions of the five chlorine atoms can be made to incorporate 

other small molecular moieties, e.g. CH3, CH30, C2H5, C2H50, CH3S, H, NO2, 

while still preserving insecticidal activity (Metcalf et a1 1971a, Coats 

1974) : 

1 
Aome of the material in this Section was taken from the Ph.D Thesis of 
JcelR. Coats, University of Illinois, June 1974. 



A. E f f e c t s  of s t r u c t u r a l  modi f ica t ions  on f i s h  t o x i c i t y .  

E f f e c t s  of a l t e r e d  a r y l  s u b s t i t u e n t s .  These a r e  shown i n  Table 2 .  

Tox ic i ty  t o  t h e  green s u n f i s h  i s  decreased by s u b s t i t u t i o n  of CH 0  
3  

o r  CH f o r  C 1 ,  bu t  no t  w i th  C2H50, o r  C3H40. The i n t r o d u c t i o n  of a  3  

s i n g l e  a r y l  CH t o  provide an asymmetrical molecule e.g.  V I I ,  V I I I ,  I V ,  
3  

V , X I ,  g r e a t l y  decreased f i s h  t o x i c i t y  sugges t ing  t h a t  microsomal oxida- 

t i o n  of CH3 t o  COOH t akes  p l ace  r e a d i l y  i n  t h e  f i s h  (Kapoor e t  a 1  1973). 

F i s h  microsomal enzymes have l i t t l e  a b i l i t y  t o  0-dea lkyla te  C2H50 and 

C3H70 a s  shown by t h e  high t o x i c i t y  of 111 and V I  which a r e  equal  t o  

o r  more p e r s i s t e n t  than  DDT. 

E f f e c t s  of a l t e r e d  a l i p h a t i c  s u b s t i t u e n t s .  A s  shown i n  Table 2 ,  

t h e  n a t u r e  of t h e  a r y l  s u b s t i t u e n t s  on t h e  DDT-type molecule has  a  

c r i t i c a l  a f f e c t  on t o x i c i t y  t o  t h e  green sun f i sh .  Data i n  Table 3  

shows t h e  e f f e c t s  of keeping t h e  a r y l - s u b s t i t u e n t s  cons t an t  w i th  p ,p ' -d i  - - 
C2H50, and r e p l a c i n g  t h e  a l i p h a t i c  CC13 moiety w l t h  a  v a r i e t y  of o t h e r  

groups. Many of t h e s e  combinations were h igh ly  t o x i c  even when CC13 

was rep laced  w i t h  C(CH3)3 (XII) .  This  appears  r a t h e r  s u r p r i s i n g  but  

Coats e t  a 1  (1974) have shown t h a t  1,l-bis-(2-methoxyphenyl)2,2,2 

t r imethyle thane  (neopentane) is l i t t l e  more biodegradable t han  i ts  

i s o s t e r e  methoxychlor. From t h e  d a t a  i n  Table 3 , it  is apparent  t h a t  

h igh ly  t o x i c  and p e r s i s t e n t  compounds t o  f i s h  r e s u l t  from n e a r l y  

a l l  combinations of C 1 ,  CH3 NO2, and H. The only combination of low 

t o x i c i t y  was X I X .  This  compound is  a l s o  a  poor i n s e c t i c i d e  f o r  reasons  

no t  w e l l  understood. 

B. P e r s i s t e n c e  of DDT Analogues i n  Water and Green Sunfish 

The e f f e c t s  of vary ing  t h e  aromatic  and a l i p h a t i c  s u b s t i t u e n t s  of 

DDT analogues upon p e r s i s t e n c e  i n  water  and i n  t h e  t i s s u e s  of f i s h  as 

determined by GLC, are shown i n  T a b l e 5 .  The v a l u e s  f o r  water  i n d i c a t e  



the rapidity with which the parent compound is destroyed environmentally. 

The persistence and accumulation of DDT(I) is shown clearly. The 

GLC data indicated the conversion of DDT, 2,2-bis-(p-chlorophenyl) 

-l,l,l-trichloroethane to DDE, 2,2-bis-(p-chloropheny1)-1,l-dichloro- 

ethylene, and to DDD 2,2-bis-(2-chloropheny1)-1,l-dichloroethane: 

PPm 

DDT DDE DDD 

water 1 week .0076 .0008 .011 

2 weeks .0060 .0008 .0011 

3 weeks .0027 .0002 ,0004 

4 weeks ,0026 .0002 .0003 

8 weeks .000061 .000016 .000015 

fish 1 week 3.82 2.59 

4 weeks 7.17 

8 weeks 2.20 

This interconversion of DDT is well known (Reinbold et a1 1971) 

and accounts for a large portion of DDT-T residues in fish tissues. 

Effects of alkoxy and alkyl aryl substituess. The properties of 

methoxychlor in which CH30 is substituted for C1 in the aromatic portion of 

DDT, are well known to favor 0-dealkylation and loss of insecticide residues 

rather than storage as with DDT (Kapoor et a1 1970, Reinbold et a1 1971). 

This effect is shown in   able 5 where methoxychlor (11) although initially 

present in water and in fish tissues is lost much more rapidly than DDT(1). 

0-demethylation evidently is more efficient in the green sunfish than 

0-dealkylation of longer chains as compound VI with C2H50 and C3H70 is 

clearly much more persistent than 11. 



The introduction of a single aryl CH or C2H5 group in place of C1, 3 

CH 0, or C H 0 substantially decreases persistence (compare I and 3 2 5 

VII, V and VI, I and VIII, IV and XI in Table 5). The effect results 

from the facile oxidation of CH or C2H5 to COOH which seems to occur 3 

much more readily in fish than 0-dealkylation. This effect is an 

important reason for the very low fish toxicity of compounds IV and 

XI as shown in Table .2, and for XXVII and XXVIII as shown in Table 4 . 
The incorporation of alkyl groups on aromatic rings is a key to production 

of low toxicity compounds for fish. 

Effects -- of methylenedioxy. The methylenedioxy group -OCH20 has 

been shown to be an autosynergist or synergaphore. This group attached 

to the DDT-type molecule prevents its own detoxication by the mixed 

function oxidases by inhibiting these enzymes (Metcalf et a1 1971a). 

The GLC data for the methoxychlor type DDT molecule incorporating the 

3,4-methylenedioxyphenyl group (X, Table 5) demonstrates this effect 

by showing extreme persistence in fish (compare IS and X). Although 

this grouping increases the insecticidal potency It appears to have 

undesirable environmental effects. 

Oxidation - of methylthio. The CH3S group as in compound IX is very 

rapidly oxidized to sulfoxide and sulfone. This dramatically changes 

the polarity of the molecule and the oxidation products are non- 

insecticidal. GLC data indicate the rapidity of the changes in the 

initial 

1 week 

2 weeks 

6 weeks 

green sunfish with compound IX: 

% total extractives 

CH3S CH3S0 CH3S02 

1.36 6 3 3 6 

2.8 62 35.2 

0 58 4 2 

+ 47 53 



This  compound has  been found t o  be  r a p i d l y  degradable  on s u r f a c e s  

and does no t  accumulate i n  t i s s u e s  of mice and o t h e r  organisms (Kapoor 

E f f e c t  .- of ~ i p e r o n y l  butoxide s y n e r g i s t .  A s  d i scussed  i n  Sec t ion  I V  

of t h i s  r e p o r t ,  p iperonyl  butoxide i s  an  e f f e c t i v e  i n h i b i t o r  of 

microsomal ox idases .  The inco rpo ra t i on  of 1 .0  ppm of t h i s  s y n e r g i s t  

wi th  0 .1  ppm methoxychlor i n  t h e  aluminum t ank  experiments  w i t h  t h e  

green s u n f i s h  extended t h e  l e n g t h  of t o x i c  a c t i o n  of methoxychlor from 

2 weeks t o  1 3  weeks. This  increased  t o x i c  e f f e c t  was no t  due t o  any 

p r o t e c t i v e  e f f e c t  of p iperonyl  bu toxide  on methoxychlor i n  t h e  water  

phase bu t  r a t h e r  was because of a s u b s t a n t i a l  i n  v ivo  p r o t e c t i v e  -- 

e f f e c t  on t h e  amount of i n t a c t  methoxychlor remaining i n  t h e  green 

sun£ i s h .  

methoxychlor PPm 
a l o n e  p iperonyl  bu toxide  (10X) 

water  i n i t i a l  

1 week 

2 weeks .016 ,012 

f i s h  

3 weeks ,011 .009 

4 weeks .0030 .0030 

1 week 13.5 24.0 

2 weeks -- 11.0 

4 weeks 1.75 1.78 

This  d a t a  t oge the r  wi th  t h e  much longer  d u r a t i o n  of t o x i c i t y  t o  

f i s h  of methoxychlor a t  lower tempera tures ,  demonstrates  t h e  importance 

of 0 -dea lkyla t ion  a s  a  d e t o x i c a t i o n  mechanism i n  t h e  green sun f i sh .  

The e f f e c t  w i l l  be  explored i n  d e t a i l  i n  Sec t ion  I V .  



Effects of Altered Aliphatic Substituents. As shown in Table 4 , 

changes in the aliphatic moiety of DDT, e.g. substitution of CH3 for Cl 

do not necessarily have the same biological consequences as corres- 

ponding changes in the aryl moiety. In the latter CH proved to be an 
3 

exceptionally effective degradaphore in reducing residue accumulations 

in the green sunfish. (Table 5 compare I and VII and I1 and IV). However, 

as shown in Table 5, the replacement of the -CC13 group with its methyl 

isos.tere C(CH3I3 (compare VI and XIII) had an unfavorable effect on 

persistence in the green sunfish. Coats et a1 (1974) have compared 

the environmental degradation of methoxychlor (-CC13) and dianisyl- 

neopentane (-CMe3) and found essentially no difference in persistence. 

Thus the neopentyl group appears to be environmentally highly stable 

and we can conclude that aliphatic CH groups are not as labile to 
3 

mixed function oxidase attack as are aromatic CH groups. This notion 
3 

is confirmed by data in Table 5 for compound XV or 1,l-bis-(2-ethoxy- 

pheny1)-iso-butane. This compound killed the green sunfish for long 

periods (Table 3 ) and is resistant to degradation in fish. There is 

not much difference in degradation between XV and XIV which is the 

clorresponding dichloroethane 2,2-bis-(p-ethoxypheny3.)-1,l-dichloro- 

ethane. 

In remarkable contrast however, is compound XVI with one C1 and 

one CH in the aliphatic moiety, i.e. 3,3-bis-(p-ethoxyphenyl)-2- 
3 

chloropropane. This compound exhibited much lower duration of toxicity 

to the green sunfish (Table 3 ) and, as shown in Table 5, did not 

accumulate in fish. Compounds XIX, 3,3-bis-(p-ethoxypheny1)-2,2- 

dichloropropane and XX 3,3-bis-(2-ethoxypheny1)-2-chloro-2-methyl- 

propane are also isosteres which differs astonishingly in their fish 

toxicity as XX was non-toxic and XIX was extremely persistent and 

toxic. The data in Table 5 shows persistent residues of XIX, but as 



1 5  

none of the fish from treatment XX died, they were not analyzed, 

We are unable to account for these puzzling differences but 

clearly, the susceptibility of aliphatic CH groups to detoxication 
3 

depends in the neighboring groups and their overall electronic 

character. This point is amplified by the nitropropane compounds. 

Compound XVII (Table 3 ) was highly persistent and toxic to fish 

and is closely related to XV and XVI. The presence of the 2-nitropane 

group does not appear to greatly affect detoxication. However, 

XXIII (Table IV) is 1,l-bis-(p-choropheny1)-2-nitropropane or Prolan R 

which is less persistently toxic than DDT (Table 11). As shown 

R in Table 5, (compare I with XXIII), Prolan is much more readily 

degraded in the green sunfish than DDT. Hirwe et a1 (1974) have 

R studied the environmental degradation of Prolan and have shown that 

it is converted initially to an ethylene 1,l-bis-(2-chloropheny1)-1- 

propene which is further oxidized to 1,l-bis-p-chloropheny1)-acetic 

acid and thus is not bioaccumulated as in DDE. 

Phenyl-benzyl ethers and benzylanilines. These interesting 

compounds resemble DDT in insecticidal action (Hirwe et a1 1972) 

and are sterically similar. The a-trichloromethyl p-ethoxybenzyl 

p-chlorophenyl ether (XXX Tables 4 and 5 is persistently toxic to the - 

green sunfish and of very low degradability. In contrast, a-trichloro- 

methyl p-chlorobenzyl p-methoxyaniline (XXIX) was of very low persistence 

and toxicity. This latter compound has been shown by Hirwe et a1 

(1972) to be readily dechlorinated, rearranged, and cleaved to p- 

chlorobenzoic acid and p-methoxyaniline. These two compounds represent 

DDT analogues with altered bridging structures between the aromatic 

rings and XXIX illustrates environmental degradation by cleavage of 



phenyl benzyl a n i l i n e  whi le  XXX i s  an  example of t h e  h ighly  p e r s i s t e n t  

and s t a b l e  phenyl benzyl  e t h e r .  

C. Comparison of Toxic i ty  t o  I n s e c t s  and Degradabi l i ty  i n  F ish .  

The i d e a l  i n s e c t i c i d e  should be p e r s i s t e n t  on i n e r t  s u r f a c e s ,  a s  f o r  

t h e  c o n t r o l  of malar ia  mosquitoes i n  houses o r  elm bark  b e e t l e s  on bark,  

y e t  biodegradable i n  t h e  t i s s u e s  of l i v i n g  animals  t o  prevent  bioaccumulation 

and t o x i c i t y .  An important purpose of t h i s  s tudy has  been t o  determine i f  

modi f ica t ion  of t h e  DDT-type s t r u c t u r e  could promote s u i t a b l e  biodegrada- 

b i l i t y  whi le  r e t a i n i n g  adequate  i n s e c t i c i d a l  performance. To demonstrate 

t h a t  t h i s  is  p o s s i b l e ,  we present  i n  Table 6 ,  t h e  r e s i d u a l  p e r s i s t e n c e  of 

a number of t h e  modified DDT analogues,  a s  measured by t h e  number of weeks 

they k i l l e d  Culex f a t i g a n s  mosquitoes r e s t i n g  f o r  1 hour on plywood t r e a t e d  

2  
a t  2  g. pe r  m , and compare t h i s  wi th  t h e  t o x i c  e f f e c t s  on t h e  green s u n f i s h  

a s  shown i n  Tables  2 ,  3  , and 4  . Perhaps t h e  most i n t e r e s t i n g  e f f e c t s  

h e r e  a r e  t h e  marked r educ t ion  i n  f i s h  t o x i c i t y  r e s u l t i n g  from replacement of 

C2H50 ( i n  XV and XVI) by CH3 ( i n  XXVII  and XXVIII). 

It is  evident  t h a t  adequate  r e s i d u a l  t o x i c i t y  on plywood t o  a d u l t  

mosquitoes Culex f a t i g a n s  can be combined wi th  low t o x i c i t y  t o  f i s h  and 
b 

p e r s i s t e n c e  i n  water .  Severa l  of t he  compounds i n v e s t i g a t e d  he re  appear t o  

be u s e f u l  p e r s i s t e n t  biodegradable i n s e c t i c i d e s .  Compounds I11 and I V  

a r e  covered by U.S.  Pa t en t  3,787,505 (Metcalf e t  a 1  1974).  Compounds 

XV, X V I ,  X V I I ,  X I X ,  XXX, X X V I I  and X X V I I I  a r e  covered i n  a  r ecen t  pa t en t  

a p p l i c a t i o n  (Metcalf and Coats i974) .  



IV. EFFECTS OF THE SYNERGIST PIPERONYL BUTOXIDE 

ON THE TOXICITY AND METABOLISM OF 

PESTICIDES IN GREEN SUNFISH LEPOMIS CYANELLU~' 

As shown in Part I, the toxicity and persistence of a variety of 

DDT analogues to the green sunfish Lepomis cyanellus are related to the 

presence of degradophores on the various parts of the DDT molecule. These 

degradophores are molecular groupings such as CH3, CH30, CH3S, C2H50 etc. 

which act as substrates for the mixed function oxidase (MFO) enzymes. 

These enzymes are believed to have evolved evolutionarily to protect 

organisms against xenobfotic compounds and convert molecular oxygen to 

a hydroxylating intermediate associated with cytochrome P.450 (Conney 

and Burns 1972). By a variety of hydroxylating mechanisms such as 

ring hydroxylation, 0-dealkylation, side chain oxidation, sulfoxi- 

dation, and N-dealkylation; the MIFO attack results in conversion of 

lipid soluble, water insoluble xenobiotics, e.g. methoxychlor, into more 

water soluble moieties which can be excreted by the organism rather than 

stored in lipid tissue (Kapoor et a1 1973). 

NADPH oxidized oxidized 

NADP+ reduced reduced 

Piperonyl butoxide or 3,4-methylenedioxy-6-propylbenzyl butyl- 

diethylene glycol ether hasbeen used for 25 years as a synergist for the 

botanical pyrethrins insecticides. After a great deal of study it has 

1' Material in this Section was taken from the Ph.D. Thesis of Keturah Ann 
Reinbold, University of Illinois, October 1974. 



been shown t o  i n h i b i t  t h e  2 vivo  de tox ica t ion  of t h e  py re th r ins  e s t e r s  

i n  i n s e c t s  by combining wi th  cytochrome P450 and i n t e r f e r i n g  wi th  t h e  

product ion of t he  P  .OH a c t i v a t e d  oxygen complex (Casida 1970). 450 

Thus piperonyl  butoxide i n h i b i t s  t h e  a c t i o n  of t h e  MFO enzymes and 

r e t a r d s  t h e  des t ruc t ion  of t he  xenobio t ic  py re th r ins .  

Piperonyl  butoxide has  been shown t o  have a  s u b s t a n t i a l  s y n e r g i s t i c  

e f f e c t  i n  preventing t h e  de tox ica t ion  of methoxychlor and o the r  DDT 

type compounds having degradophores (Kapoor e t  a 1  1970, Metcalf e t  a 1  

1971b). Therefore i t  was chosen a s  a  gene ra l  i n h i b i t o r  f o r  use  wi th  

s e v e r a l  14c rad io labe led  i n s e c t i c i d e s  inc luding  methoxychlor, a l d r i n ,  

t r i f l u r a l i n ,  and phorate ,  a l l  a t t acked  by MFO de tox ica t ion  systems, t o  

s tudy t h e  degradat ion pathways and r o l e  of MFO enzymes i n  p r o t e c t i n g  

t h e  green sunf i sh  a g a i n s t  xenobio t ics .  

A.  STUDIES WITH 1 4 ~ - ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  

14c r i n g  l abe led  methoxychlor o r  2,2-bis- - (e-rnethoxyphenyl) 

1 ,1 , l - t r i ch lo roe thane ,  s p e c i f i c  a c t i v i t y  4.03 m C i  per  m mole, radio-  

p u r i t y  >98%, was added i n  t r i p l i c a t e  t o  c y l i n d r i c a l  pyrex j a r s  conta in ing  

5 1. of s y n t h e t i c  hard water ,  wi th  NaHC03, CaS04 2H20, MgS04, and K C 1  a t  

192,120,120, and 8  mg/l. The methoxychlor was added a t  0.01 ppm a lone  

and together  wi th  0.1 ppm piperonyl  butoxide,  a t  2 2 ' ~  wi th  12 hour 

d i u r n a l  cyc le .  Five green sunf i sh ,  0.20-0.95 g. were placed i n  each 

j a r .  The j a r s  were ae ra t ed  and t h e  f i s h  were fed Daphnia 7  times 

between days 3  and 15.  On days 1, 2, 4 ,  8 ,  and 16 d u p l i c a t e  water 

samples of 1 m l .  each were removed from each j a r ,  and 1 f i s h  was removed 

from each j a r .  The water samples were counted d i r e c t l y  f o r  t o t a l  

r a d i o a c t i v i t y  and ex t r ac t ed  wi th  methylene ch lo r ide  and concentrated 

f o r  TLC and radioautography. The f i s h  were homogenized, w i th  methylene 

ch lo r ide  and sodium s u l f a t e .  An a l i q u o t  of the  e x t r a c t  was assayed 



for total radioactivity and the remainder was concentrated in a awl1 

Kuderna-Danish evaporative concentrator on a water bath and evaluated 

with TLC and radioautography. The nature of the degradation products on 

the TLC plates was determined by cochromatography with model compounds 

(Kapoor et a1 1970) and the areas of the TLC plates containing 14c 

were scraped into liquid scintillation vials for the quantitative 

determination of 14c, using 10 ml. of a cocktail of 120 g. naphthalene, 

7 g. of 2,5-diphenyloxazole. 0.05 g. of 1,4-bis-12-(4-methyl-5- 

phenyloxazoy1))-benzene in one 1. dioxane. 

Results. The data obtained with rnethoxychlor alone and methoxychlor 

plus 10 x piperonyl butoxide (P .B.) shown in Figure 2 and in Tablee 

7 and 11. The presence of P.B. dramatically affected the rates of O- 

demethylation of methoxychlor to the mono-hydroxy derivattve 2- (2- 

methoxypheny1)-2- (phydroxyphenyl) -1 ,l, 1-trichloroethane (Rf 0.53) and 

to the di-hydroxy derivative2,2-bis(p-hydroxyphenyl)-l,l,1-trichloro- 

ethane (Rf 0.40). These are the principal degradation products of 

methoxychlor (Kapoor et a1 1970). Thus with methoxychlor alone, the 

green sunfish c,ontained 0.04 ppm parent compound after 16 days as 

compared to 0.605 ppm when P.B. was also present at 0.1 ppm, an increase 

of 15 x. Similarly, with methoxychlor alone, the di-hydraxy degradation 

product was present after 16 days at 0.216 ppm but with the addition of 

0.1 ppm P. B., the concentration of this degradation product was oply 

0.055 ppm, a decrease of 4.3 X. It is evident that inhibition of MFQ 

detoxication in the green sunfish with P.B. has substaptially decreased 

the rate of 0-demethylation and excretion of methoxychlor. The inhibition 

of the MFO detoxication has substantially shifted dsgradative pathways 

to dehydrochlorination and methoxychlor ethylene (Rf 0.80) or 2,2- 

bis-(2-methoxyphenyl)l,l-dichloro-ethylene which was present after 



t reatment  w i t h  mathoxychlor a lone  i n  t r a c e  amounts, 0.008 ppm a f t e r  1 6  

days; was found i n  t h e  P.B. t reatment  a t  0.133 ppm, an  i n c r e a s e  of 16.6 X. 

The d e c i s i v e  e f f e c t s  of P.B .  on methoxychlor degrada t lon  a r e  shown i n  

Figure 3 ,  where t h e  percentage of t o t a l  r a d i o a c t i v i t y  remaining as 

pa ren t  compound a f t e r  16  days, was 8 X higher  fol lowing cotreatment  w i th  

p iperonyl  butoxide than  wi th  methoxychlor alone. 

B. STUDIES W I T H  1 4 ~ - ~ ~ ~ ~ 1 ~  

l4c r i n g  l abe l ed  a l d r i n  o r  1,2,3,4,10,10-hexachloro-1,4 , 4a , 5,8 , 

8a-hexahydro-1,4-endo,exo-5,8-dimethanonaphthalene, -- s p e c i f i c  a c t i v i t y  

3.63 m C i  pe r  m mole, r a d i o p u r i t y  >98%, was eval.uated f o r  d e t o x i c a t i a n  

i n  t h e  green sun f i sh  Lepomis cyanel lus  a t  0.01 ppm a lone  and wi th  0 .1  ppm 

piperonyl  butoxide,  exac t ly  as descr ibed  wi th  ~ l e thoxych lo r  (Sect ion TI-A). 

Resu l t s .  Aldr in  i s  w e l l  known t o  be  oxidized by MFO enzymes t o  

t h e  3,4-epoxide o r  d i e l d r i n .  It was expected t h a t  t h e  rate of t h i s  

r e a c t i o n  would be decreased i n  t h e  experiment w i th  a l d r i n  p lus  1 0  X 

piperonyl  butoxide (P.B.). A s  i s  shown i n  Table 8 and i n  F igu re  3 ,  t h e  

presence of P.B. s u b s t a n t i a l l y  reduced t h e  r a t e  of d i e l d r i n  formation 

(R 0.56) and s t o r a g e  i n  t h e  green sun f i sh .  Thus wi th  a l d r i n  a lone ,  f  

t h e  d i e l d r i n l a l d r i n  r a t i o  ranged from 1 .6  X a t  day 1 t o  65 X a t  day 16 ,  

reaching  3.29 ppm (Table 8 ) .  However a f t e r  cotreatment  w i th  P.B. t h e  

d i e l d r i n l a l d r i n  r a t i o  ranged from 0.30 a t  day 1 t o  2.8 a t  day 16 ,  

reaching 3.021 ppm d i e l d r i n .  The i n h i b i t o r y  e f f e c t  of P.B. was a l s o  

ev ident  i n  t h e  product ion of f u r t h e r  metabol ic  products  such a s  3-OH 

d i e l d r i n  (Rf 0.31) and 3-C=O d i e l d r i n  (Rf 0.23) both  of which formed 

cons iderably  more s lowly i n  t h e  presence of P.B. The d e c i s i v e  e f f e c t s  

of P.B. on a l d r i n  metabolism a r e  shown i n  Figure  3 ,  which i n d i c a t e s  

t h a t  t h e  percentage of t o t a l  r a d i o a c t i v i t y  remaining as parent  

compound a f t e r  16  days was 17 X h igher  a f t e r  cotreatment  w i th  P.B. than 

wi th  a l d r i n  alone.  



C. STUDIES WITH 1 4 ~ - ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  

14c-ring labe led  t r i f  l u r a l i n  o r  o , a , a - t r i f  luoro-2,6-dinitro- 

N , N - d i p r o p y l - p t o l u i d i n e ,  s p e c i f i c  a c t i v i t y  3.02 rn C i  per  m mole, radio-  - - 

p u r i t y  >99%, was evaluated f o r  de tox ica t ion  i n  t h e  green sunf i sh  Lepomis 

cyarlellus a t  0.01 ppm a lone  and wi th  0.1 ppm piperonyl  butoxide,  

exac t ly  a s  described wi th  methoxychlor (Sect ion IV-A). 

Resul t s .  T r i f l u r a l i n  conta ins  the  N(C H ) group which should be 
.-- 3 7 

p a r t i c u l a r l y  s u s c e p t i b l e  t o  N-dealkylation by t h e  microsomal enzyme 

(MFO) system. A s  shown i n  Table 9 t r i f l u r a l i n  disappeared from t h e  

green sunf i sh  much more r ap id ly  when appl ied  t o  water a lone  than i n  

the  presence of 10 X P.B. Thus wi th  t r i f l u r a l i n  a lone  t h e  green sunf i sh  

contained only 0.005 ppm parent  compound a f t e r  16 days a s  compared t o  

0.225 ppm i n  the  presence of P.B. The d i f f e r e n c e  i n  concent ra t ions  

was 45 X.  A s  shown i n  Table 9 ,  t h e r e  w a s  a decrease i n  t h e  amounts of 

t h e  NHC H metabol i te  Rf 0.84 produced by N-dealkylation, i n  t h e  f i s h  3 7 

exposed t o  P.B. However, t he  P.B. t reatment  produced no s i g n i f i c a n t  

e f f e c t  on t h e  r a t e  of reduct ion of the  6-NO2 group of t r i f l u r a l i n  

t o  6-NH (R. 0.63).  Figure 3 provides a  s t r i k i n g  i l l u s t r a t i o n  of t h e  

e f f e c t  of P.B. i n  decreasing the  degradat ion of t r i f l u r a l i n ,  showing 

t h a t  t h e  percentage of t o t a l  r a d i o a c t i v i t y  remaining a s  parent  compound 

a f t e r  16 days, was 1 5  X higher  a f t e r  cotreatrnent wi th  P.B. than wi th  

t r i f l u r a l i n  alone.  



3 Table 1. Comparative Uptake from Water of 14c DDT and B Methoxychlor by 
Tilapia and Lepomis (Reinbold et a1 1971) 

H20 - P P ~  days exposure Tilapia - ppm Lepomis - ppm 
DDT methoxychaor DDT methoxychlor 



Table 2 . Toxicity 02 Gisubstituted Diary1 Trichloroetbanes to the Green Sunfish 

Cl (DDT) 

0.1  ppm in water 
duration of toxicity 

summer - --- 

1/ in days - 

winter 

I1 CH30 CH30 (methoxychlor) 2 41 

I11 C 2 H 5 0  C2H50 2 2 

I V  C2H50  CI13 0 15 

V C 2 H ~ 0  '2'5 5 

V I  C2H50 C 3 H 7 0  
4 1 

VT 1 
CH3 

C I 

V I I I  C2H5 C 1. 0 

I X  CH30 CH3S 

X CH3 0 OCH20 (3,4) 2 8  

L1 5 fish used per tank, when killed restocked at weekly intervals. 
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Table 6. Comparison of Insecticldal Toxicity and Persistence with Fish Toxicity 
for DDT Analogues 

topical LD a weeks for kill weeks for kill 
compound Musca domes5 ~ c a  Culex fat igans Lepomia cyanellus 

Summer Winter 
I. C ~ C ~ H ~ C H ( C C ~ ~ )  C ~ H ~ C ~  (DDT) 14 5 2 18 

111. C2H50C6H4CH (CCl3C6H4CH3 9 8 0 0 15 

IV. CH30C6H4CH(CCl3)C6H4CH3 23.5 35 14 

IXi C H ~ O C ~ H ~ C Y  (CCl3)C6H4ScH3 32 1 0 

XIII. C2H50C6H4CH(CMe3)C6H40C2H5 37.5 20 7 6 

XV. C2~50C6H4CH(CHMe2) C6H40C2H5 21.5 50 52 

XVI. C ~ H ~ O C ~ H ~ C H ( C H C ~ M ~ ) C ~ H ~ O C ~ H ~  9.5 >76 4 60 

XIX. C2H50C6H4CH (CC12Me) C6H40C2H5 17.5 -- 8 0 

XX. C2H50C6H4CH(CC1Me2)C6H40C2H5 115 -- 





Table 7. Continued 

Methoxychlor f fB (0.1 ppm) 

(ppm - methoxychlor equivalents 
RydPolyzed 

Fish Water Mat er 
Day 1 Day 2 Day 4 Day 8 Day 16 Day 16 Day 16 

Total 14c 

Metbxychlor ethylene (Bf 0.80; 0.29) 
Metbxychlor [Bf 0-80;  022) 

DiOH ethylene 

a TLC mith petroleum ether (b.p, 6 ~ 6 8 ~ ~ )  - chlorof o m  - methanol, 3:2:1, 
b - TLC with d i e m 1  ether - petroleum ether, 1:9. 
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Table 11. Methoxychlor Residues in Water and Green Sunfish after Treatment with 

0.1 ppm alone and with 1.0 ppm Piperonyl Butoxide 

Days A£ t er 13-20°c 23-32'~ 
Treatment methoxychlor-ppm 

a / methoxychlor-ppm 
alone P.B.- alone P.B. 

water fish water fish water fish water fish 

30 trace 11.58 1.88 (29d) 

a/ piperonyl butoxide 



V. DEGRADABILITY OF CARBOFUW I N  WATER AND GREEN SUNFISH 

Carbofuran o r  2,2-dimethyl-2,3-dihydrobenzo-furanyl-7 N-methyl- 

carbamate i s  widely used a s  a s o i l  i n s e c t i c i d e  i n  replacement f o r  t h e  

organochlorine i n s e c t i c i d e s  a l d r i n  and heptachlor .  Carbofuran i s  

be l ieved  t o  be a s u b s t a n t i a l l y  biodegradable i n s e c t i c i d e .  Therefore i t  

w a s  of i n t e r e s t  t o  compare its d e g r a d a b i l i t y  i n  water and i n  t h e  green 

sun f i sh  under i d e n t i c a l  cond i t i ons  t o  t hose  used f o r  t h e  eva lua t ion  of 

DDT and analogues (Sec t ion  111).  The d a t a  on carbofuran  obtained by 

GLC (Sec t ion  11) a r e  shown i n  Table 10  and a r e  t o  be compared wi th  those  

f o r  methoxychlor, a moderately biodegradable compound as shown i n  Table 

11. The comparison shows ve ry  c l e a r l y  t h e  r ap id  degrada t ion  of carbofuran 

i n  both  water and t h e  t i s s u e s  of t h e  green s u n f i s h  a s  compared wi th  

methoxychlor which i s  i t s e l f  much more degradable than DDT (Table 5). 

Piperonyl  butoxide had no apprec i ab le  e f f e c t  on t h e  r a t e  of degrada t ion  

of carbofuran (Table 10) b u t  had a marked e f f e c t  on t h e  degradat ion of 
I 

methoxychlor (Table 11). 



V I .  CONCLUSIONS 

The p e r s i s t e n c e  i n  t h e  a q u a t i c  environment and bioaccumulation i n  

f i s h  has  been a major reason f o r  t h e  u n s u i t a b i l i t y  of DDT a s  a n  i n s e c t i c i d e  

and its consequent ban from use. There i s ,  however, a need f o r  i n s e c t i c i d e s  

which have r e s i d u a l  p e r s i s t e n c e  on i n e r t  s u r f a c e s  y e t  a r e  f r e e  from t h e s e  

ob jec t ionab le  p r o p e r t i e s  i n  t h e  a q u a t i c  environment. Incorpora t ion  of 

groups a t t acked  by t h e  mul t i func t ion  oxidasas  (degradophores) into t h e  

DDT-type molecule a f f o r d s  a p r a c t i c a l  s o l u t i o n  t o  t h i s  problem. The 

experiments repor ted  h e r e  demonstrate t h a t  methoxy and ethoacy groups on 

t h e  a r y l  r i n g s  of t h e  DDT-type molecule do n o t  s e rve  as h ighly  e f f e c t i v e  

degradophores i n  regard t o  f i s h  t o x i c i t y ,  e.g. methoxychlor. However, 

methyl and e t h y l  groups i n  t h e  a r y l  p o s i t i o n  a r e  f a r  more e f f e c t i v e  as 

degradophores i n  t h e  DDT-type molecule. DDT analogues wi th  combinations 

of methyl and alkoxy groups, e .  g ,  2- (2-methylphenyl ) -2- (pe thoxyphenyl )  

- l , l , l - t r i c h l o r o e t h a n e  combine low t o x i c i t y  and bioaccumulation i n  f i s h  

wi th  adequate  i n s e c t i c i d a l  a c t i v i t y .  

A l t e r a t i o n s  i n  t h e  a l i p h a t i c  p o r t i o n  of t h e  DDT-type molecule were 

a l s o  inves t iga t ed  f o r  t h e i r  r o l e  i n  promoting b iodegradab i l i t y .  I s o s t e r i c  

replacement of C l  atoms of t h e  CC13 moiety wi th  methyl groups produced 

s u r p r i s i n g l y  l i t t l e  improvement i n  f i s h  t o x i c i t y ,  i . e .  C(CH3)3 was as 

p e r s i s t e n t l y  t o x i c  as CC13, The most u s e f u l  combination was t h e  

ch lo roe thy l  group , C1CHCH3, which combined subs t a n t i a l l y  reduced f i s h  

t o x i c i t y  w i th  adequate  i n s e c t i c i d a l  a c t i v i t y ,  When t h i s  a l i p h a t i c  grouping 

w a s  combined wi th  t h e  optimum a r y l  s u b s t i t u t i o n ,  e ,  g . 2- (E-methylphenyl ) -2- 

(2-ethoxyphenyl) -2-chloropropane a h ighly  i n s e c t i c i d a l  compound was produced 

which was of ve ry  low f i s h  t o x i c i t y .  This  s o r t  of methodology i n  incorpora- 

t i n g  s u i t a b l e  degradophores i n t o  p e s t i c i d e s  and o t h e r  chemicals l i b e r a t e d  

i n t o  t h e  environment should be very  u s e f u l  i n  e l imina t ing  seve re  problems 

of f i s h  t o x i c i t y  and bioaccumulation. 



The critical role of the multifunction oxidase enzymes in determining 

bioaccumulation in fish was evaluated using 14~-radiolabeled pesticides 

Ln combination with the multifunction oxidase inhibitor piperonyl 

butoxide. Fish exposed to piperonyl butoxide together with methoxychlor 

accumulated 15 times as much methoxychlor over a 16 day period as with 

methoxychlor alone. With piperonyl butoxide plus aldrin accumulation 

of aldrin and dieldrin was increased 21 times and with piperonyl butoxide 

plus trifluralin, accumulation of trifluralin was increased 45 times. 

These studies not only demonstrate the critical role of the multifunction 

oxidases of fish in detoxifying and eliminating xenobiotics but also 

emphasize the potential problems resulting from combinations af pollutants 

in the aquatic environment. 
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VII. SIO'NIFICANCE OF RESEARCH 

A major problem resulting from the widespread usage of pesticides 

has been fish toxicity and bioaccumulation in fish tissues, Data has 

been presented in this report to demonstrate that pesticides can be 

designed by the incorporation of degradophores to produce compounds 

that are relatively persistent on inert surfaces yet biodegradable and 

non-accumulative in fish tissues. Substitution of intentionally 

designed biodegradable compounds for persistent non-biodegradable pesti- 

cides could be a major factor in preventing disasterous pollution of 

water and aquatic organisms. 

The biochemical studies have shown the astonishing effects of the 

synergist piperonyl butoxide in the aquatic environment in preventing 

the detoxication of a variety of pesticides which accumulated to tissue 

residues of 8 to 17 fold higher in its presence. These exceptional and 

undesirable environmental effects resulting from cambinations of pesticides 

illustrate the potential hazards of mixtures of compounds in the environ- 

ment. Clearly there is a need for additional investigation of the 

biological effects of mixtures of chemicals enterins the aqu~tic environ- 

ment. 
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