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plant. Radioactivity did not move from treated leaves to 
stalk or to newer leaves emerging from the spindle. 

The translocation behavior compares closely with that 
observed for the s-triazine herbicides and contrasts with 
picloram, which appears to move in the phloem from 
older to younger leaves. Movement of surface residues of 
metribuzin is probably that of diffusion in the extracellu- 
lar spaces. Foliar residues of 2,4-D remained largely a t  the 
treated site, with small amounts apparently translocated 
to higher as well as lower leaves and other plant parts 
(Ashton, 1958). 
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Environmental Degradation of the Insect Growth Regulator Methoprene (Isopropyl 
(ZE, 4E)-ll-Methoxy-3,7,1 l-trimethyl-2,4-dodecadienoate). I. Metabolism by Alfalfa 
and Rice 

Gary B. Quistad,* Luana E.  Staiger, and David A.  Schooley 

The metabolic fate of isopropyl (2E,4E)-ll-me- 
thoxy-3,7,ll-trimethyl-2,4-dodecadienoate, a new 
insect growth regulator (common name, metho- 
prene; trademark, Altosid), was studied in alfalfa 
and rice as a function of time. The major meta- 
bolic pathways involved ester hydrolysis, O-de- 
methylation, and oxidative scission of the 4-ene 
double bond. The principal nonpolar metabolite 
was 7-methoxycitronellal which was isolated from 
vapors evolved from the plants. Chromatographic 
evidence strongly suggests the incorporation of 

radiolabel from the extensively degraded (2E)-  
[5-14C]methoprene molecule into carotenoids, 
chlorophylls, and other higher molecular weight 
plant constituents. Yields of primary metabolites 
were grossly inflated (lox too high) unless thin 
layer chromatography was accompanied by prior 
purification by gel permeation chromatography 
because much radioactivity was attributed to co- 
eluting natural products. Rapid metabolism of 
methoprene to biologically innocuous derivatives 
was characteristic of both rice,and alfalfa. 

The possibility of using insect growth regulators (IGRs) 
to control insect pests by disrupting metamorphosis has 
received considerable attention (Menn and Beroza, 1972). 
A new class of potent IGR’s (alkyl 3,7,11-trimethyl-2,4- 
dodecadienoates) has shown efficacy in large-scale field 
tests (Henrick e t  al., 1973). A slow-release formulation of 
methoprene IGR (1, isopropyl (2E,4E)-ll-methoxy- 
3,7,ll-trimethyl-2,4-dodecadienoate; trademark, Altosid) 
was effective in controlling mosquito larvae (Schaefer and 
Wilder, 1973), but produced no adverse biological effects 
on most nontarget aquatic organisms (Miura and Taka- 
hashi, 1973) and was rapidly degraded under natural field 
conditions (Schaefer and Dupras, 1973). 

0 * 

1 
Methoprene is the first IGR for which the Environmen- 

tal Protection Agency has granted an experimental per- 
mit. In order to assess the biodegradability of methoprene 

Zoecon Corporation Research Laboratory, Palo Alto, 
California 94304. 

when used as a mosquito larvicide, we report its metabolic 
fate in alfalfa and rice; this report represents part of a 
comprehensive study of the environmental fate of metho- 
prene. 

MATERIALS AND METHODS 

(2E,4E)-[5-14C]Methoprene was radiosynthesized (by 
Dr. John C. Leak, ICN) by condensing [l-14C]citronellal 
with diisopropyl 3-isopropoxycarbonyl-2-methyl-2-prope- 
nyl phosphonate (following the methods of Henrick et al., 
1973) to yield [5-14C]isopropyl (4E)-3,7,11-trimethyl- 
2,4,10-dodecatrienoate. This substance was then subjected 
to methoxymercuration-borohydride reduction, generating 
[5-14C]methoprene. The approximately 80:20 2E:2Z mix- 
ture was separated and purified by preparative high-reso- 
lution liquid chromatography (hrlc) to give (2E,4E)-[5- 
14C]methoprene (58 mCi/mmol; 97.9% 2E,4E; 1.5% 
2Z,4E). While tlc indicated 100% radiochemical purity as 
[5-14C]methoprene, radio glc analysis revealed 0.6% of an 
unknown radioactive impurity which was chromatographi- 
cally inseparable from methoprene by hrlc. The [5- 
14C]methoprene was diluted with 98% (2E,4E)-metho- 
prene to a specific activity of 5.0 mCi/mmol for these 
studies. Authentic metabolite standards were synthesized 
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by the Chemical Research Department, Zoecon Corpora- 
tion. 

Plant Treatment.  An emulsifiable concentrate of 
methoprene IGR was prepared with the following compo- 
sition: [5-14C]methoprene, 77.45% (7  fiCi); alkyl arylsulfo- 
nates, 8.00%; and aromatic solvent, 14.55%. The emulsi- 
fiable concentrate (645 fig) was diluted with water (1 ml) 
containing X-77 (45 mg YO, Colloidal Products) as a sur- 
factant. 

Duplicate samples of 68 single alfalfa leaves for each 
time interval were painted with the diluted methoprene 
emulsive concentrate by camel hair brush (11 pg of meth- 
oprene/cm2 of leaf, ca 1 lb/acre). Duplicate samples of 
eight rice leaf blades were also painted with emulsive con- 
centrate (11 pg/cm2 of leaf). The potted alfalfa (3-4 
months old) and rice (1 month old) plants were placed in 
an indoor growth chamber: 19.5" night (8 hr), 24.5" day 
(16 hr),  relative humidity 40-5070, 4000-1x luminescence. 

Radioassay Procedures. Radioactivity was quantita- 
tively determined on either Packard Instruments Model 
3380/544 or Model 2425 liquid scintillation spectrometers. 
The extent of quenching in samples was determined by 
the automatic external standardization (AES) method. 
The scintillation fluid generally used for organic extracts 
or silica gel scrapings was a 0.55% solution of PPO in a 2:1 
mixture of toluene-2-methoxyethanol, although Insta-Gel 
(Packard Instruments) was used for some aqueous sam- 
ples. Unextractable radioactivity in biologicai samples 
was determined following total combustion using a Pack- 
ard Model 305 sample oxidizer. The carbon-14 reagents 
program used in our oxidizer yielded a solution of ethanol- 
amine (5 ml),  methanol (9 ml), and scintillator ( 5  ml) 
(toluene containing 15 g/l. of PPO and 1 g/l. of bis-MSB). 
Location of radioactive bands on tlc plates was determined 
using a Packard Model 7201 radiochromatogram scanner. 
Side markers of reference standards of methoprene and 
dienoic metabolites were readily determined by their very 
strong quenching of fluorescence on silica gel GF254. Other 
reference standards were visualized by spraying side 
markers with ceric ammonium sulfate. Quantitation of ra- 
dioactivity in bands was achieved by scraping the silica 
gel into a scintillation vial with use of the aforementioned 
fluid. 

Chromatography. Thin layer chromatography (tlc) 
plates used were precoated silica gel GFz54 purchased 
from Analtech, Inc. 

All gas-liquid chromatography (glc) data were deter- 
mined with Hewlett-Packard Model 402 chromatographs 
using glass colurnns (generally 2 m x 2 mm i.d. packed 
with 3% OV-101 on Chromosorb W, acid washed, DMCS 
treated) and a flame ionization detector. For coupled gas 
chromatographic-mass spectrometric experiments, a 
Hewlett-Packard chromatograph was interfaced to a Var- 
ian-MAT Model CH-7 mass spectrometer with a single- 
stage silicone membrane separator designed in these labo- 
ratories (L. L. Dunham). 

All gel permeation chromatography (gpc) separations 
were performed with an instrument utilizing a Waters As- 
sociates M-6000 solvent pump, a Waters loop injector 
(with 1.1-ml loop), a Chromatronix Model 230 ultraviolet 
absorbance detector, and a 1 m x 12.7 mm i.d. column 
slurry packed with Bio-Beads S-X2 (Bio-Rad Laborato- 
ries), eluted with distilled methylene chloride a t  a flow 
rate of 1.5 ml/min. 

High-resolution liquid chromatographic (hrlc) purifica- 
tion of hydroxycitronellic acid (7 )  (as its methyl ester) 
was achieved by use of the Waters M-6000 pump, a Wa- 
ters septum injector, a Waters R-401 differential refrac- 
tometer, and a 0.5 m X 7.8 mm i.d. column of LiChrosorb 
SI 60, 20 p, eluted with 50% diethyl ether-50% pentane a t  
a flow rate of 5.0 ml/min. Methoxycitronellal ( 5 )  was pu- 
rified by hrlc utilizing a DuPont Instruments Model 830 

chromatograph with a uv photometer and employing a 0.5 
m x 2.4 mm i.d. column of LiChrosorb SI 60, 10 p, eluted 
with 10% diethyl ether-90% pentane a t  a flow rate of 0.3 
ml/min. 

Metabolite Extraction, Separation, and Character- 
ization. At various times treated rice leaves were homoge- 
nized in a Broeck tissue grinder with chloroform (3 X 40 
ml) and then with methanol (3 x 40 ml). The chloroform 
fraction was concentrated in vacuo and examined by silica 
gel GF tlc with development in hexane-ethyl acetate 
(100:15) followed by a second development in benzene- 
ethyl acetate-acetic acid (100:30:3). Metabolites were ten- 
tatively characterized by comparative tlc behavior with 
known standards. The positional distribution of metabo- 
lites was determined by radioscanning, and distinct ra- 
dioactive bands were quantified by scraping the silica gel 
from the plate for liquid scintillation counting. 

The nonpolar metabolites were poorly resolved by tlc 
because of a multitude of products. The chloroform ex- 
tract from four rice plants (two treated 1 day and two 
treated 3 days) was submitted to preliminary tlc after ex- 
traction in order to separate methoprene (Rf  0.72) from 
metabolites. The methoprene was eluted from silica gel 
with freshly distilled THF and further separated from 
contaminating plant constituents by gel permeation chro- 
matography (gpc). The nonpolar metabolite band (Rf  on 
silica gel 0.16-0.55) was also separated from contaminat- 
ing plant constituents by gpc and, as before, aliquots (10 
pl) from 1-min fractions were radioassayed to determine a 
histogram of radioactivity us. uv absorbance (and molecu- 
lar weight). However, rather than mere separation of me- 
tabolites from natural plant extractives, four distinct mo- 
lecular weight fractions of radioactivity were found. The 
two lower molecular weight (<600) fractions were exam- 
ined by tlc. Distinct metabolite bands were scraped and 
eluted with freshly distilled THF. Structural identity with 
reference standards of metabolites (z.e., 2-7) was further 
verified by glc analysis (after diazomethane treatment of 
acidic metabolites). More rigorous criteria were applied 
for identification of metabolites j and 7 .  

The sample of hydroxycitronellic acid (7 )  for structure 
proof was prepared by extracting four treated rice plants 
with methanol. Treatment of the methanol extract with 
sulfatase-cellulase followed by methylation with diazo- 
methane and preparative tlc gave 4.5 x 105 dpm in the 
4-hydroxycitronellic acid methyl ester region. There were 
a t  least three distinct radioactive impurities and a maxi- 
mum of 1.1 x lo5 dpm (2.0 pg) of 7-hydroxycitronellic 
acid methyl ester. The radiolabeled metabolite was pre- 
paratively chromatographed on hrlc with radioassa) of 
timed fractions of the total effluent; coincidence of radio- 
label with the RI detector signal for a separate injection of 
standard was observed. The purified sample (0.80 pg) of 
methyl ester of the metabolite was analyzed by gc-mass 
spectra: m / e  (relative intensity) 59 (76), 69 (28). 101 
(loo), 109 (29), 110 (15), 128 ( lo) ,  152 ( 7 ) ,  153 (5), 155 
(12),  170 (2),  187 (2 ) ,  and no M + .  The mass spectrum ob- 

Table I. Enzymat ic  Cleavage of Alfalfa Conjugates  
Enzvme (source) % cleavage 

Peptidase (hog mucosa) 
@-Glucuronidase (Escherichia coli) 
@-Glucosidase (almonds) 
Phosphatase (wheat germ with lipase) 
NaOH (0.1 M ) ,  37O, 20 hr 
HC1 (0.1 M ) ,  37O, 20 hr 
@-Glucuronidase (Helix pomatia contains 

Sulfatase ( H .  pomatia) 
Cellulase (Aspergillus niger) 
Cellulase and sulfatase 

sulfatase) 

1 
2 
7 
10 
24 
25 
43 

52 
56 
57 
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Table 11. Metabolites from Alfalfa Metabolism of Methoprene 

Nonpolar metabolites 
(CHCI, extract) 
Methoprene (1) 
Metabolites (at least 10 including 

2, 3, and 6 )  
Origin 

(MeQH extract) 
Conj. methoxy acid (4) 
Conj. methoxycitronellic acid (6) 
Conj. hydroxy acid (3) 
Conj. hydroxycitronellic acid (7) 
Origin 

Polar metabolites 

Untreated plant 
Roots 
Unextractable radioact. 

Conj. hydroxy acid (3) 

[I4C ]Cellobiose 

radioact. (excluding volatiles) 

]Glucose 

Total recovered 

Yield, % of applied dose, at time, days 
0 1 3 7 15 30 

97.8 
0 . 0  

0 . 9  

0 . 0  
0.0  
0 .0  
0 .0  
1 . 0  
0 .0  

0 . 1  

99 .8  

65.0 
3 .8  

0 . 8  

1 .9  
0 . 3  
1 . 7  
2 . 1  
2 . 5  
0 .3  

0 . 4  

78.8 

30.6 
8 . 8  

9 . 8  

2 . 1  
0 .7  
3 . 3  
2 . 1  
5 . 8  
0 . 4  

3 . 0  

66.6 

10.3 
6 . 8  

11 .3  

2.2 
0 . 4  
7 . 4  
2 . 2  

12 .3  
0 . 3  

5 .2  

58.4 

5 . 8  
6 . 1  

8 . 8  

0 . 9  
0 . 8  
3 . 2  
3 . 1  

17 .8  
0 . 6  

6 . 3  

53.4 

1 . 0  
3 . 6  

7 . 5  

0 . 3  
0 . 4  
5 . 3  
2 . 3  

23.3 
0 . 6  
0 .0  
9 . 7  
0 . 9  
0 .2  
0 .5  

54.0 

Table 111. Metabolites from Rice Metabolism of Methoprene 

Yield, % of applied dose, a t  time, days 

0 1 3 7 15 
Nonpolar metabolites 

(CHCls extract) 
Methoprene (1) 
Metabolites (at least 13 including 

2, 4, 6,  and 7) 
Origin 

(MeOH extract) 
Conj. methoxycitronellic acid (6)  
Conj. hydroxycitronellic acid (7) 
Conj. unknowns (at least 4) 
Origin 

Polar metabolites 

Roots 
Unextractable radioact. 

Conj. methoxycitronellic acid (6) 
[W ]Glucose 
[I4C ]Cellobiose 

volatiles) 
Total recovered radioact. (excluding 

97 .5  
0 .0  

0 . 0  

0 . 0  
0 . 0  
0 . 0  
0 . 0  

0 . 0  

97.5  

served was identical with that of an authentic synthetic 
standard of 7-hydroxycitronellic acid methyl ester. Satis- 
factory mass spectral identification of other metabolites 
was previously obtained in water and soil metabolism 
studies (Schooley et  al., 1974). 

The above section specifically pertains to identification 
of radioactive constituents in the chloroform extract of 
rice. However, the chloroform extract of alfalfa was ana- 
lyzed in a similar manner. Untreated alfalfa leaves and 
stems were combined and homogenized in methanol (3  x 
25 ml) and the amount of radioactivity was determined by 
liquid scintillation counting. Likewise, the radioactivity in 
roots was measured. 

Enzymatic Cleavage of Conjugates and Identification 
of Aglycones. The polar metabolites (methanol extract) 
were concentrated and an aliquot (25% in 100 pl of meth- 
anol) was enzymatically cleaved a t  37" for 20 hr using ci- 
trate-phosphate buffer (5.0 ml, pH 4.5, made by mixing 
0.1 M citric acid with 0.2 M disodium phosphate), sulfa- 
tase containing @-glucuronidase ( 3  mg, Helix pornatia, 
Sigma Chemical Co.), and cellulase (5 mg, Aspergillus 
niger, Sigma Chemical Co.) .  Studies on the effect of vary- 

33.8 3.. 3 2 . 5  0 . 4  
13.3 12.0 5 . 4  7 . 9  

4 .9  4 . 0  3 . 9  3.1 

1 . 0  0 .8  1.1 1 . 2  
0 . 1  0 . 2  0 . 3  0 . 3  
0 . 5  0 . 8  1 . 3  1 . 6  
2 . 0  2 .3  2 . 7  4 .6  

0 . 1  
1 . 2  3 . 2  5 . 6  11.8 

0 . 5  
0 . 1  
0 . 1  

56 .8  26.6 22.8 31.0 

ing time, temperature, and enzyme(s) showed these were 
the optimum conditions for conjugate cleavage (Table I). 
After enzymatic hydrolysis, the aglycones were extracted 
from the aqueous phase with ether (3  x 10 ml). The me- 
tabolites in the ether extract were characterized by tlc 
and glc (after methylation of acids with diazomethane). 

Attempted Solubilization of Unextractable Radioac- 
tivity with Cellulase. The residual pulp of plant tissue 
(after exhaustive extraction with chloroform and metha- 
nol) was subjected to total combustion to determine the 
amount of unextractable radioactivity. A 10-mg portion of 
this plant residue was also treated with cellulase (10 mg) 
under the following conditions: citrate-phosphate buffer 
(1.0 ml, pH 4.5), 20 hr, 47". The aqueous hydrolysate 
(48% hydrolysis of alfalfa pulp, 22% for rice pulp) was ex- 
tracted with ether (3  x 4 ml). Products were character- 
ized by tlc. The aqueous phase (46-5870 of solubilized ra- 
dioactivity) was concentrated i n  vacuo and chromato- 
graphed (MN 300F cellulose, normal, 250-p precoated, 
Analtech) with P-D( +)-cellobiose and P-D( +)-glucose stan- 
dards. After development in isopropyl alcohol-acetic acid- 
water (3:1:1), the reducing sugars were detected by 
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Table IV. Characterization of Alfalfa Metabolites. 

Isolated compound 
Tlc of Isolated 

Tlc methyl ester Glc mass, pg % yieldh 3 2  Z : E  

Nonpolar metabolites (one 7-day 
plant) 

1. Methoprene (1) + NA + 24 6 .3  16 : 84 
2. Hydroxy acid (3) + + + 2 0 . 7  36 : 64 
3. Hydroxy ester (2) + NA + 2 0 6  27:73 
4. Methoxycitronellic acid (6) + + NA 0 . 4  0 . 1  NA 

Nonpolar metabldites (two 3-day 
plants) 

1. Methoprene (1) 
2 .  Mixture of 2 and 3 
3. Methoxycitronellic acid (6) 

Conjugates (aglycone) (three plants, 
7, 15, and 30 day) 

1. Hydroxy acid (3) 
2. Methoxy acid (4) 
3. Methoxycitronellic acid (6) 
4. Hydroxycitronellic acid (7) 

NA, does not apply or not attempted; 
t, Expressed as per cent of applied dose. 

+ NA + + + NA + + NA 

+ + + + + + + + + + + 
- 

+, positive chromatographic behavior; 

spraying with a solution of aniline (0.9 ml), oxalic acid 
(0.45 g) .  and wa1,er (100 ml). and then heating for 15 min 
a t  100". 

Volatilization of Methoprene and  Metabolites from 
Glass Plates and Leaf Surfaces. [5-14C]Methoprene (500 
pg, 7 pCi, 5.3 mCi/mmol) in 1 ml of benzene was applied 
to 43-cm2 areas on 20 x 20 cm Pyrex plates by a camel 
hair brush. Thi:; application rate (11 pg/cm2) approxi- 
mates the treatment rate of alfalfa and rice leaves (1 lb/ 
acre). The plates were placed under the same indoor 
growth chamber conditions as the plants. At various time 
intervals the radioactivity was rinsed from the plate with 
methanol (50 ml) .  The amount of radioactivity was deter- 
mined by liquid scintillation counting and product identi- 
ty by tlc. 

[5-14C]Methop~ene (1.4 pg) was applied in benzene to a 
0.13-cm2 area on a Pyrex plate. This surface treatment 
rate approximates 1 lb/acre. The disappearance of 14C- 
labeled volatiles was monitored by averaging three radio- 
chromatogram scans as a function of time. Two other 
spots corresponding to 0.6 and 50 lb/acre were also moni- 
tored (0.8 and 71 pg/O.13 cm2, respectively). 

The evaporation of methoprene and volatile metabolites 
was studied by painting four rice leaves with an emulsive 
concentrate of [5J4CJmethoprene (250 fig, 1 lb/acre). The 
two potted rice plants were enclosed in an inverted erlen- 
meyer flask (1000 ml) with an exit to traps a t  the top. Air 
(400 ml/min) was drawn through the flask by applying a 
slight vacuum. '\'olatilized methoprene and metabolites 
were collected in a gas washing bottle (250 ml) containing 
a glass wool plug and immersed in a Dry Ice-acetone bath. 
Radioactive carbon dioxide was collected in two 5% potas- 
sium hydroxide traps (200 ml). Structures of volatile 
products were verified by tlc and glc. The structure of 7 -  
methoxvcitronelliil (5) was confirmed by gc-mass spectra 
following rigorous purification by hrlc: m / e  (relative in- 
tensity) 43 (4), 55 (3), 69 (6), 53 (loo), 81 (8), 95 (3), 121 
(3), 137 ( 2 ) ,  171 ( 7 ) ,  and no M'. A negligible amount 
(<370) of the l 4 C  label trapped by Dry Ice-acetone was 
attributable to 14C02. The radioactivity trapped in the gas 
washing bottle containing potassium hydroxide was veri- 
fied as 14C02 by precipitation as barium carbonate and 
quantitative loss of 14C label after acidification followed 
by purging with carbon dioxide (Dry Ice). The only dis- 
tinct volatile compounds found were methoprene (14% of 
applied dose) and 7-methoxycitronellal (5, 13% of applied 
dose) which togel-her represented greater than 80-9070 of 
the trapped radioactivity. Similarly, monitoring of vola- 
tiles from 68 alfslfa leaflets treated with [V4C]metho- 

180 21 7:93 
NA 1 .'2 NA 

4 0 . 6  NA 

19 1 . 7  13 : 87 
1 0 . 1  24 : 76 
2 0 . 2  NA 

10 1 . 2  NA 

- , negative chromatographic behavior. 

prene (500 pg, 1 lb/acre) gave only methoprene (3%) and 
5 (2%) after 7 days. 

RESULTS AND DISCUSSIOS 
The recovery of unmetabolized methoprene IGR (Tables 

I1 and 111) approximated a first-order decay plot with a 
half-life (tl,z) of ca. 2 days for alfalfa and 0.5 day for rice. 
The rate of metabolism in rice was about four-eight times 
faster than the rate of alfalfa. After 30 days in alfalfa, 1% 
of the applied methoprene was retrieved with retention of 
chemical integrity, but only 0.4% of the applied metho- 
prene was found from rice metabolism after 15 days. Since 
photochemical decomposition was minimized by the rela- 
tively low light intensity employed (4000 lx,  ca. 20X less 
than sunlight), the residual methoprene should be consid- 
erably less under field conditions after comparable times. 
In addition, a high surface treatment rate (1 lb/acre, ca. 
40x the maximum field treatment rate of methoprene as 
a mosquito larvicide) was used to pressure the plant's 
metabolic system. The metabolic rate of plants under ac- 
tual field conditions would probably be much higher. The 
rather rapid initial disappearance of methoprene is attrib- 
uted to volatility which will be discussed later. 

Five primary nonpolar metabolites were detected in the 
plants (Tables I1 and 111). Oxidative demethylation of 
methoprene gave isopropyl 11-hydroxy-3.7,ll -trimethyl- 
2,4-dodecadienoate (2) which subsequently was hydrolyti- 
cally cleaved to ll-hydroxy-3,7.11-trimethyl-2.4-dodecadi- 
enoic acid (3) .  Initial hydrolytic cleavage of methoprene 
gave 1l-methoxy-3,7,ll-trimethyl-2,4-dodecadienoic acid 
(4) which could also give rise to 3 by oxidative O-demeth- 
ylation. Oxidative scission of the 4-ene double bond of 
methoprene to 7-methoxycitronellal ( 5 )  was also a major 
metabolic pathway. The methoxycitronellal either evapo- 
rated or was oxidized to 7-methoxycitronellic acid (6). 0- 
Demethylation of 6 resulted in 7-hydroxycitronellic acid 
(7 ) .  The primary metabolites (Tables I1 and IV) in alfalfa 
after 7 days were hydroxy acid 3 (0.7%), hydroxy ester 2 
(0.6%), and methoxycitronellic acid (6 ,  0.1%). The pri- 
mary nonpolar rice metabolites (Tables I11 and V) after 3 
days were methoxy acid 4 (0.1%), methoxycitronellic acid 
(6, 0.270), hydroxy ester 2 (0.970), and hydroxycitronellic 
acid (7 ,  0.9%). Differences in the metabolic pathways in 
rice and alfalfa were evident. The major unconjugated al- 
falfa metabolite (3) was completely absent in rice. A trace 
amount (0.1%) of 4 was characterized in rice, but not alfal- 
fa. The abundance of hydroxy ester 2 in rice suggests a 
deficient esterase mechanism for hydrolytic cleavage of 2 
to hydroxy acid 3. Oxidative scission of the 4-ene double 
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Table  V. Characterization of Rice Metabolitew 

Isolated compound 

Nonpolar metabolites 

1. Methoprene (1) 
2. Methoxy acid (4) 
3. Methoxycitronellic acid (6) 
4. Hydroxycitronellic acid (7) 
5 .  Hydroxy ester (2) 

(four plants; two 1 day and two 3 day) 

Conjugates (aglycone) (4 plants; 1, 3, 7, 
and 15 day) 

1. Methoxycitronellic acid (6) 
2. Hydroxycitronellic acid (7) 

Tlc of 
Tlc methyl ester Glc 

NA + + + + + + + + + + NA + 

- 
- 

+ + + + + + 

307 
1 
2 
7 
9 

5 
2 

% yieldb A2 Z : E  

16.4 
0 . 1  
0 . 2  
0 . 9  
0 . 9  

0 . 3  
0 . 1  

6:94 
NA 
NA 
NA 
7:93 

NA 
NA 

a NA, does not apply or not attempted; +, positive chromatographic behavior; -, negative chromatographic behavior. 
* Expressed as per cent of applied dose. 

Table VI. TIC Systems for  Metabolites0 

ss-1 
then 

Compound ss-1 ss -2  s s - 3  

Methoprene (1) 0.36 0.72 1 . 0  
Hydroxy ester (2) 0.10 0 . 4 1  1 . 0  
Hydroxy acid (3) O.OQ 0.25  1 . 0  
Methoxy acid (4) 0.02  0 . 4 1  1 . 0  

Hydroxycitronellic acid (7) 0.00 0.17 1 . 0  
(3) Methyl ester 0.36 1 .0  
(4) Methyl ester 0.70 1 . 0  
(6) Methyl ester 0 .61  1 . 0  
Hydroxycitronellic acid 0 .29  

p-D (+)-Glucose 0 .48  
p-D( +) -Cellobiose 0 .28  
Methoxycitronellal (5 )  0.22  0 .62  1 .0  

a SS-I, hexaneEtOAc (100: 15); SS-2, benzene-EtOAc- 
HOAc (100: 30: 3) ; SS-3, isopropyl alcohol-HOAc-HZO 
(3: 1: 1). 

Methoxycitronellic acid (6) 0.01 0 .35  1 . 0  

methy1 ester 

bond of methoprene (or 4) to generate 5 (and subsequent- 
ly 6 and 7)  was much more prevalent in rice than alfalfa. 
These low yields (based on applied dose) of primary 
methoprene metabolites suggest that  the initially formed 
products are subsequently degraded or conjugated. 

The concentration of nonpolar “metabolites” maxi- 
mized after 1 day in rice and after 3 days in alfalfa. After 1 
week a plateau (Tables I1 and 111) in the concentration of 
nonpolar “metabolites” was reached, which would suggest 
either a steady state for product formation-degradation 
(unlikely due to the rapid depletion of methoprene) or 
that the nonpolar “metabolites” are relatively stable to 
further catabolism. Subsequent gel permeation chromato- 
graphic (gpc) separation of these extracts showed consid- 
erable radiolabel (56-70’70 of nonpolar metabolites) pres- 
ent in high molecular weight bands corresponding to nat- 
ural plant constituents, i. e. ,  nonmetabolite residues 
(Rosenblum et al., 1971). It is suggested that the peak in 
nonpolar “metabolite” concentration (Tables 11 and ID, 3 
days for alfalfa and 1 day for rice) represents a maximum 
for primary metabolites ( i . e . ,  2-7). The plateau after 1 
week probably reflects much more extensive degradation 
to secondary lipophilic nonmetabolite residues which 
occur naturally within the plants and therefore have a 
slower turnover rate. 

A variety of enzymes (Table I )  were employed to cleave 
the polar conjugates of the methanol extract in order to 
release characterizable aglycones. Optimal enzymatic hy- 
drolysis was achieved with a mixture of cellulase and sul- 
fatase containing 6-glucuronidase (57% cleavage). The 
conditions for enzymatic hydrolysis of conjugates were op- 
timized with regard to time and pH. Combinations of var- 

ious enzymes were utilized in an attempt to enhance de- 
conjugation. 

The most abundant aglycone in alfalfa (Table 11) after 
enzymic cleavage was the hydroxy acid 3. It was most 
prevalent a t  7 days (7.470), but some remained at 30 days 
(5.3%), indicating considerable conjugate stability toward 
further breakdown. Other metabolite conjugates in alfalfa 
were methoxy acid 4 (2.2%), methoxycitronellic acid (6 ,  
O.8%), and hydroxycitronellic acid (7, 3.1%). After 7 days 
there was ten times more conjugated hydroxy acid 3 than 
free 3, which substantiates the transient nature of pri- 
mary metabolites. The absence of conjugated hydroxy 
ester 2 is not surprising since it must conjugate through 
its tertiary alcohol functionality. Glycosides of tertiary al- 
cohols are less common but certainly known [e g , the glu- 
coside of mevalonic acid lactone (Tschesche e t  al , 1971) 
and many carotenoid glycosides (Isler, 1971)l. A separa- 
tion of intact conjugates was attempted by Ecteola-cellu- 
lose tlc (methanol-water-acetic acid, 100:20:3). A broadly 
diffuse band of radioactivity was found indicating nonho- 
mogeneity of conjugate composition (at least three par- 
tially separable conjugates which were not characterized 
further). 

The predominant aglycones in rice (Table 111) were 
methoxycitronellic acid (6 ,  1.2%) and hydroxycitronellic 
acid (7 ,  0.3%). At least four unknown aglycones represent- 
ed a total of 1.6% after enzymatic cleavage. Conjugates 
were apparently fairly stable toward further metabolism. 

Structural assignments for metabolites were based on 
preliminary tlc (Table VI), gpc, and glc with comparison 
to authentic standards. Acids were converted to their 
methyl esters prior to glc. All dienoate standards pos- 
sessed double markers since 2 2  isomers and 2E isomers 
were easily separable by glc and metabolites were always 
present as an isomeric mixture. The characterization of 
metabolites is summarized in Tables IV and V. 

The 2,4-dodecadienoate structure of methoprene IGR is 
quite susceptible to photoisomerization of the 2-ene dou- 
ble bond. The 2E isomer is readily converted to the bio- 
logically less active (Henrick e t  al., 1973) 2 2  isomer in 
aqueous solution. A photoequilibrium mixture (approxi- 
mately 1:l isomeric ratio of 22  to 2E) is recovered after 
exposure of aqueous methoprene to full sunlight for 5 hr 
and a 1:l ratio was always observed for field samples of 
aqueous methoprene (Schaefer and Dupras, 1973). The 
4-ene double bond is photochemically stable. Therefore, it 
was desirable to observe cis-trans differences in metho- 
prene and 2,4-dienoic metabolites in order to assess the 
importance of 2-ene isomerization on or within the leaf. 
The 2-ene cis-trans ratios are given in Tables IV and V. 
The (2E)-methoprene isomerized slowly on the leaf sur- 
face to (22)-methoprene. After 3 days on alfalfa there was 
5% isomerization ( 2 : E  from 2:98 to 7:93). After 7 days 
the recovered methoprene had a Z:E ratio of 16234 (14% 
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Figure 1. Gel permeation chromatography of metabolite band 
from methoprene IGR metabolism by alfalfa. Radioactivity 
(counts per minute) indicated by dashed line ( -  - ) ;  ultraviolet 
absorbance at 254 nm (1.28 OD units ful l  scale) indicated by 
solid line (-). 

isomerization). Metabolites from alfalfa were substantial- 
ly isomerized. The 2E isomer always predominated by a t  
least two-three times over the 2 2  isomer. Since the 
intensity of light, in this experiment was ca. 20x less 
t h a n  sunlight, considerably more cis-trans isomerization 
would be expected for methoprene and dienoic metab- 
olites under field conditions. Similar photoisomeriza- 
tion (50%) of the 2-ene double bond and stability of 
the 4-ene double bond has been observed for. the 
(22,4E)-dienoate chromophore in abscisic acid (Bonnafous 
et a/.,  1973). 

Preliminary tlc of the presumed nonpolar metabolites 
gave nondescript peaks of radioactivity suggestive of a 
multitude of products. In order to separate the metabo- 
lites from substantial amounts of contaminating natural 
plant components, the metabolite mixture was separated 
from methoprene and highly polar products by tlc. The 
crude metabolites were collectively removed from higher 
molecular weight lipids by gel permeation chromatogra- 
phy on Bio-Bead:; S-X2 (Stalling et al. ,  1972; Dark and 
Limpert, 1973) (Figures 1 and 2). Although gpc separates 
molecules primarily on the basis of steric factors, a rather 
accurate linear correlation exists between elution volume 
and log molecular weight in the molecular weight range 
150-900 (Schmit et al. ,  1973) with Bio-Beads S-X2. 

Gpc of the 7-day nonpolar rice metabolites showed four 
distinct regions of radioactivity. The majority of the 14C 
label (70% of the chloroform extract) was associated with 
products of high molecular weight (>600) as shown by 
gpc. These labeled high molecular weight products are at-  
tributed to naturally occurring plant constituents [ e . g . ,  
polymeric decomposition products of carotenoids (Pokorny 
et al., 1973)l. Suhsequent tlc of each fraction of radioac- 
tivity from gp-c revealed a total of a t  least 13 nonpolar 
metabolites from the chloroform extract (including 2, 4, 6, 
7, and nonmetabolic residues). There were indications 
from tlc and gpc of incorporation of 14C label into chloro- 
phyll (0.8% of applied dose) and a yellow carotenoid 
(1 .O%). Confirmation of such incorporation was not pur- 
sued because of the usual pigment instability. N o  prod- 
ucts of low molecular weight ( G O O )  other than those list- 
ed in Table V were detectable in greater than 1% of the 
applied dose. 

A similar gpc and tlc purification of the chloroform ex- 
tract of alfalfa showed at least ten nonpolar  metabolite^" 
(including 2, 3, 6,  and nonmetabolite residues). Again a 
large amount (56%) of the radioactivity in this fraction 
was associated with high molecular weight products (mol 
wt > 600). Further analysis of gpc fractions by tlc re- 

1.00 8000 
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4000 i 2000 0.50 

I I \  i ‘  \ 1.. - ..- 4.1 “* \ I \  

ELUTION  VOLUME(,,,^) 0 10 20 30 40 50 60 70 80 90 100 110 lE3 
I l l i l l l l l l i l i  

APPROXIMATE 960 3/0 $0 
MOL. WT. 

Figure 2. Gel permeation chromatography of methoprene band 
from methoprene metabolism by alfalfa. Radioactivity (counts 
per minute) is indicated by dashed line ( -  - ) :  ultraviolet absor- 
bances at 254 n m  (1.28 OD units ful l  scale) are indicated by a 
solid line (-). 

vealed seven yellow and green bands of radioactivity, 
again implicating the incorporation of 14C label into natu- 
rally occurring plant pigments. N o  low molecular weight 
product other than methoprene or its known primary me- 
tabolites (Table IV) contained more than 1% of the ap- 
plied dose. It is especially noteworthy that determination 
of primary metabolite yields without prior purification by 
gpc resulted in grossly inflated yields (ten times too high) 
caused by cochromatography of compounds with similar 
polarities. Gpc was absolutely essential for the rapid re- 
moval of high molecular weight impurities from metabo- 
lites. Contaminating radioactive natural plant constitu- 
ents were of minor importance for the gpc purification of 
the less polar methoprene band after preliminary tlc (Fig- 
ure 2) .  However, a small amount of radioactivity was as- 
sociated with the chlorophyll band by tlc. 

Combustion of the plant tissue remaining after exhaus- 
tive extraction with chloroform and methanol revealed re- 
sidual radioactivity (10-1270 of applied dose). The residu- 
al plant pulp was enzymatically degraded with cellulase. 
Hydrolysis of alfalfa pulp gave hydroxy acid 3 (0.9%), 
[14C]glucose (0.2%). and [14C]cellobiose (0.5%). Enzymat- 
ic cleavage of rice pulp gave methoxycitronellic acid (6 ,  
0.5%), [14C]glucose ( O . l % ) ,  and .[14C]cellobiose (0.1%). It 
appears that  conjugation of 3 and 6 to cellulose accounts 
for a substantial amount of the residual radioactivity in 
plant pulp. However, incorporation of 14C label into cellu- 
lose (perhaps uia 14C02) is less important. This bound ra- 
dioactivity is attributed to extensive decomposition prod- 
ucts which became incorporated into natural cellular 
products. The bulk of the residual radioactivity is proba- 
bly associated with unextractable lignins and tannins. 
The preponderance of an immobile radioactive origin (Ta- 
bles I1 and I n )  after enzymatic cleavage of conjugates is 
also an indication of extensive biodegradation to  polar 
metabolites. 

Extraction of a combination of all new alfalfa leaves 
(which emerged after dosing) and untreated stems re- 
vealed a maximal accumulation of 0.6% radioactivity after 
15 days. This radioactivity is more likely the result of 
transport of extensively degraded polar metabolites rather 
than the translocation of methoprene. The roots of both 
alfalfa and rice contained negligible radioactivity. 

A major concern in this study was to quantitatively re- 
late formation of products with the applied dose of ra- 
dioactive methoprene IGR. There was a progressive de- 
crease in the amount of recoverable radioactivity with a 
plateau reached after 2 weeks (Tables I1 and 111). The 
rapid loss of isolable I4C label within the first 3 days (73% 
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Table VII. Volatile Products f r o m  Methoprene  
Metabolism on Rice and Alfalfaa 

% 1  % 5  % radioact. 
collected collected collected as 

Day as vapor asvapor % l C O z  vapor 

1 
3 
4 
6 
7 

5 . 3  
12.9 
13.2 
13.6 
13.8 

1 . 9  
2.7 
2 . 9  
3 .2  
3 .3  

Rice 
0 .2  
2 . 2  
9 . 6  

11.5 
12 .7  

Alfalfa 
0 . 7  
1 . 5  
1 . 7  
1 . 7  
1 . 7  

0 . 2  
0 . 3  
0 . 5  
0.6 
0 . 7  

0.2 

0.2  
0 . 3  

6.4 
16.1 
26.2 
28 .5  
3 0 . 5  

3 . 0  
4 . 8  
5 . 3  
5 . 6  
5 .8  

a Expressed as per cent of applied dose. 

for rice and 34% for alfalfa) suggested both loss by volati- 
zation of methoprene or facile metabolism to volatile 
products. Both of these mechanisms were shown to con- 
tribute to substantial losses of radioactivity. 

In order to separate metabolic effects from the physical 
property of volatility, initial efforts were directed a t  inves- 
tigating volatilization of methoprene from an inert sur- 
face (glass plates). Two different techniques were em- 
ployed for assaying the evaporation rate of radioactivity 
from [5-14Clmethoprene on glass plates. In the first method, 
a relatively large area of glass plates was treated with [5- 
14C]methoprene and a t  the end of a given interval the res- 
idue was washed off the plate and analyzed by tlc. When 
[5-14C]methoprene was applied to a glass plate a t  the 
same rate as for alfalfa and rice leaves (ca 1 lb/acre) and 
placed under the same environmental conditions, initially 
a first-order type loss curve was observed. The half-life for 
methoprene on the plate was about 6 hr. However, the 
loss rate curve rather quickly reached a plateau; this non- 
linear evaporation curve (cf Guckel et al , 1973) presum- 
ably resulted from the photodecomposition of methoprene 
on the glass surface. After 7 hr, the extracted residue con- 
tained only 60% methoprene. After 29 hr of indoor green- 
house exposure, only 53% of the residual radioactivity was 
methoprene. 

To verify this finding using a different radioassay tech- 
nique, small spots of methoprene (0.6, 1.0, and 50 lb/acre) 
were applied to glass plates by identical techniques and 
then repeatedly radioscanned (Geiger-type counter). The 
loss rate of radioactivity determined by this method gave 
a ten times longer half-life ( t l , ~  = 65 hr) for the 1.0 lb/ 
acre rate than the previous study (also t l l 2  = 55 hr for 0.6 
lb/acre and t 1 / 2  = >200 hr for 50 lb/acre). The calculated 
film thickness of methoprene at 1 lb/acre is about 0.1 k ,  
much too thin to cause erroneous results from @-ray self- 
absorption and much too thick (> lo0  monolayers) to run 
into chemisorption problems. We are unable to explain 
this discrepancy in half-lives, but the number of variables 
in evaporation studies is large and relatively difficult to 
control. 

In order to check the identity of the evaporated compo- 
nents a cold-temperature trapping system was devised. 
Evolved methoprene and primary metabolites from rice 
were trapped a t  -78" on a glass wool plug and radioactive 
carbon dioxide by aqueous potassium hydroxide. Volatil- 
ization of methoprene was most important during the first 
3 days after foliar application (Table VII). After a week, 
14% of the applied dose was collected as unmetabolized 
methoprene. A single major volatile metabolite character- 
ized as 7-methoxycitronellal (5) began to appear after 3 
days and maximized a t  4 days. It was recoverable in 13% 
yield relative to the applied dose and represented by far 
the most abundant metabolite of methoprene from rice. 

M E T H O X Y - A C I D  H Y D R O X Y I S T E R  

C H30 

A L T O S I D  1 

""py,/J,/$, 
METHOXYCITRONELLAL 

c y o U n  +Ho&H 
M E T H O X Y C I T R O N E L L I C  HYDROXYCITRONELLIC 

CONJUGATE l A , R )  CONJUGATE 1A.R) 

Figure 3. Metabolic fate of methoprene on rice (R)  and alfalfa 
( A ) .  

The evolution of 14C02 was a relatively minor pathway to 
loss of recoverable radioactivity although 0.7% was found 
after 1 week. The recovery of 30% of the applied dose of 
methoprene on rice as condensed vapors after 1 week 
proves that volatility contributes substantially to the loss 
of recoverable radioactivity from the plant. Furthermore, 
these yields of evaporated methoprene and 7-methoxyci- 
tronellal should be regarded as minimums since a possi- 
bility exists of adsorption from the vapor phase by the 
glass apparatus or the interconnecting rubber tubing, or 
adsorption from aqueous solution onto glass in the cold 
trap. An aqueous solution of methoprene was necessarily 
formed on thawing the cold trap because much water 
vapor was condensed from the atmosphere. We have en- 
countered phenomena occasionally that suggest metho- 
prene may adsorb to certain surfaces from aqueous solu- 
tion. 

Methoprene and methoxycitronellal (5)  were also col- 
lected as volatiles from alfalfa plants although in lesser 
amounts (3 and 270, respectively). Again small amounts 
(0.4%) of 14C02 were released and a total of 7% of the ap- 
plied dose was isolated as condensed vapors. The progres- 
sive evolution of volatiles from alfalfa is shown in Table 
VII . 

The metabolic fate of methoprene on rice and alfalfa is 
summarized in Figure 3. However, some additional un- 
known processes clearly operate by which 14C label from 
the C-5 atom of methoprene (or the C-1 atom of metabo- 
lites 5, 6, or 7) can incorporate into such natural products 
as cellulose and (presumably) chlorophylls and carot- 
enoids. It may well be that this unknown process involved 
degradation to a natural intermediary metabolite (e .g . ,  
[14C]acetate) which is anabolically converted to a host of 
natural products. 

An important revelation from this work was the poten- 
tial for greatly overestimating metabolite quantities from 
tlc alone in cases of extensive degradation of the parent 
pesticide. Many workers quantify metabolites by simply 
scraping zones of radioactivity from tlc plates for scintilla- 
tion counting. We found that radiolabel arising from 
methoprene catabolism was converted into a multitude of 
natural products which co-eluted with primary metabo- 
lites on tlc. A tenfold overcalculation of metabolite yields 
resulted when tlc was not preceded by purification by gel 
permeation chromatography. Thus, separation of high mo- 
lecular weight natural products by gpc was essential for 
accurate determination of metabolite quantities. Like- 
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wise, structure proof by tlc based on cochromatography 
with standards ciln be inaccurate and misleading if precau- 
tions are not taken to remove radioactive natural products 
resulting from extensive biodegradability. 

Methoprene and all characterized metabolites are non- 
toxic to mammals (LD50 >5000 mg/kg, rat) .  In fact, hy- 
droxycitronellic acid (7)  is an air oxidation product of one 
of the most widcily used perfume bases (hydroxycitronel- 
lal) and methoxycitronellal ( 5 )  itself is widely used as a 
floral fragrance (Arctander, 1969). Since methoprene 
IGR is rapidly biodegraded by both alfalfa and rice to  in- 
nocuous metabolites, it should be considered an ecologi- 
cally acceptable alternative for pest control. 
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Fate of Neodecanoic Acid in Onion and Soil 

Mason D. Gilbert, Ann Pendergrass, Francis M. Isenberg, and Donald J .  Lisk* 

The metabolism of 14C-carboxy-labeled neodeca- posed with the release of 14C02 during the first 
noic acid (NDA) was studied in onions on which 12 days after which 14C02 evolution was negligi- 
the compound is used for drying tops. I t  ap- ble. When onion foliage was added to muck soil 
peared that the compound was immobile in the containing labeled NDA, I4CO2 was continuously 
plant and did not decompose appreciably. In evolved over a period of 30 days with little 
muck soil about 10% of the added NDA decom- change in rate of evolution. 

Neodecanoic acid (NDA) is a mixture of di-a-branched 
decanoic acids which have been shown to be useful for 
drying onion tops to facilitate harvesting (Pendergrass et 
al., 1969; Isenberg and Abdel-Rahman, 1972). It is manu- 
factured by the Enjay Chemical Co., Linden, N. J., and 
marketed by Agway, Inc., under the trade name Topper 
5-E. Using thin-layer chromatography (Pendergrass et al., 
1969) harvest residues of NDA in onion bulbs treated a t  
the rate of 55 kg/ha were estimated to be about 1 ppm. In 
the work reported, 14C-carboxy-labeled NDA was used to 
determine its possible translocation from onion tops to 
bulbs and its stability in onions and soil. 

EXPERIMENTAL SECTION 
Plant Studies. A preliminary study was performed to 

determine the general pattern of NDA translocation in in- 
tact onion plants. A series of onions, cultivar Elba Globe, 
grown to maturity under greenhouse conditions of an 
18-hr 27” day and 22“ night was treated with 5-wl droplets 
of NDA containing 0.5 wCi of 14C in xylene as the carrier. 
(Xylene is the solvent used in the commercial formulation 
of NDA.) This ma.teria1 was applied to bulb scales, soften- 

Departments of Food Science and Vegetable Crops, 
Cornel1 University, Ithaca, New York 14850. 

ing neck tissue, green leaf, and the foliage a t  the point 
where the youngest leaf emerged through the pore in the 
neck. Plants were held intact for 15 days for translocation 
to occur and then dried and exposed for 1 week to Kodak 
Royal X-Omat medical X-ray film before development. 

In subsequent greenhouse experiments, mature Elba 
Globe onion plants were sprayed with a radioactive NDA 
formulation in a plastic enclosure using spray conditions 
that were designed to simulate field application (Isenberg 
and Abdel-Rahman, 1972). Some bulbs were completely 
covered by the growing medium, while others were par- 
tially exposed. The sprayer was operated a t  2.11 kg/cm2 
pressure and a formulation consisting of NDA (66.4%, 28.4 
pCi of 14C), xylene (28.6%), Atlox 3404 (170), and Atlox 
3403F (4%) was diluted with water equivalent to rates of 
33.6 and 44.8 kg of NDA/ha. Agway Booster +E, mar- 
keted by Agway, Inc., Syracuse, N. Y., was used as a sur- 
factant a t  a rate of 8.1 kg/ha. Following treatment, the 
plants were held in a greenhouse for 11 days without irri- 
gation. Several control plants were treated in a similar 
fashion with NDA omitted. At harvest, each onion plant 
was subdivided into foliage, bulb, and outer two loose, dry 
bulb scales. All tissues were stored in a freezer a t  -20” up  
to, but not exceeding, 10 weeks. 

In preparation for analysis of radioactivity, the tissues 
were freeze-dried and ground in a Wiley mill. The pow- 
dered samples were Soxhlet extracted with 150 ml of di- 
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