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some M-4. Thus, M-5 produced as an intermediate in the
metabolism of I would be mostly excreted. On the other
hand, it is expected that M-4 will be readily metabolized
to further degradation products.

On the basis of the above results and discussion, some
of the possible metabolic pathways of I are summarized
in Figure 8. The results of further studies on the for-
mation of mercapturate and on the unidentified products
present in the acidic fraction will be reported elsewhere.
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Effects of Light Intensity and Temperature on the Uptake and Metabolism of

Soil-Applied [!“C]Phorate by Plants

Barbara N. Anderegg! and E. Paul Lichtenstein*

The potential effects of light intensity [500 or 3000 foot-candles (ft-c)], temperature (13 or 28 °C), and
combinations thereof were investigated relative the fate of [1*C]phorate in soils and its uptake and
metabolism by oat, pea, and corn plants. Increasing the intensity of light, particularly at a temperature
of 28 °C, resulted in decreased recoveries of phorate from soils and an increased translocation of 1*C
compounds into plant tops. Increasing the temperature from 13 to 28 °C, particularly at the greater
light intensity of 3000 ft-c, resulted in an accumulation of C compounds in plant tops but also in an
accelerated metabolism of the insecticide. This was indicated by increased production of water-soluble
and bound!*C compounds and an increased formation of #CO, from “C compounds. At a temperature
of 28 °C and a light intensity of 3000 ft-c the amounts of phorate and its metabolites in soils had decreased,
while in plant tops the amounts of some phorate metabolites such as phorate sulfoxide, phoratoxon

sulfoxide, and phoratoxon sulfone had increased.

Many interrelated factors such as temperature, light
intensity, photoperiod, air humidity, air movement, plant
characteristics, and others can affect the uptake and me-
tabolism of soil-applied insecticides by plants, thus ne-
cessitating a knowledge of the effects and interrelation of
each of these factors. Hacskaylo et al. (1961) reported that
temperature was more important than relative humidity
in its effects on the accumulation of soil-applied phorate
by cotton plants, while Wheeler et al. (1967) did not ob-
serve differences in the quantities of dieldrin taken up by
rye grown at 18 °C or at 24 °C for 21-24 days. Tietz (1954)
found that Coleus plants exposed to 60% relative humidity
(RH) in a closed system translocated larger quantities of
demeton to the leaves and also released more volatile 14C
than plants exposed to 70% RH.

A study conducted previously in our laboratory dealt
with differences in water transpiration by a number of C;

Department of Entomology, University of Wisconsin,
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and C plants in relation to the uptake and metabolism
of soil-applied [*C]phorate (Anderegg and Lichtenstein,
1981). This present study was conducted in the Biotron
of the University of Wisconsin to investigate potential
effects of different combinations of light intensity and
temperature on the fate of the insecticide phorate in soils
and its uptake and metabolism by oat, pea, and corn
plants.

MATERIALS AND METHODS

Chemicals. [methylene-“C]Phorate (specific activity
9.7 mCi/mmol) was obtained through the courtesy of
American Cyanamid Co. The insecticide was determined
to be at least 97% pure by thin-layer chromatography
(TLC) and autoradiography. The [**C]phorate was diluted
with nonradioactive phorate before its addition to soils.
Phorate sulfoxide, phorate sulfone, phoratoxon, phorat-
oxon sulfoxide, and phoratoxon sulfone were also supplied
by American Cyanamid Co. Solvents used were redistilled
acetone, benzene, and hexane, as well as analytical-grade
methanol, toluene, nitromethane, and acetonitrile.

Plant Material. Corn seeds (hybrid variety Funk
(G4444-0900, wilt resistant) were obtained through the

© 1984 American Chemical Society
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Table I.
Intensity and Temperature

Anderegg and Lichtenstein

Uptake and Metabolism of Soil-Applied ['*C]Phorate by Oat, Pea, and Corn Tops,® As Affected by Light

C recovered per g of fresh tops

13°C 28 °C
500 ft-c? 3000 ft-c? 500 ft-c 3000 ft-c
plant tops % appl® % T4 % appl % T % appl % T % appl % T
oats
benzene® 1.38 + 0.13 50 2.24 + 0.02 54 2,621+ 0.67" 47 2.92 + 0.05" 38
water® 1.21 = 0.307 44 1.64 = 0.1478 40 2.34 + 0.42¢ 42 3.83t 0.08 51
bound® 0.18 + 0.05' 6 0.27 £ 0.02f 6 0.63:0.11 11 0.84 + 0.18 11
total 2.76 + 0.46 100 4.14 £ 0.14 100 5.59 + 1.19 100 7.59: 0.19 100
peas
benzene 0.96 = 0.107 60 0.89 = 0.23' 55 2.54 + 0.46¢ 59  3.17:0,77¢ 48
water 0.36 = 0.06' 23 0.38 = 0.02' 23 1.27 + 0.05 29 1.88  0.28 29
bound 0.27 = 0.02f 17 0.36 = 0.00" 22  0.51: 0.13 12 1.48: 0.09 23
total 159+ 0.16" 100 1.63 = 0.24f 100  4.32: 0.60 100  6.53 = 1.12 100
corn
benzene 1.17 + 0.007 60 1.10 = 0.10f 55 0.85 =+ 0.15" 47 1.52: 0.32 48
water 0.67 + 0.05 34 0.78 = 0.05" 39 0.83 = 0.03/ 46 1.27 + 0.07 41
bound 0.12: 0.01' 6 0.12+ 0.02 6 0.13 = 0.01/ 7 0.35 = 0.04 11
total 1.95 = 0.06" 100 2.01: 0.16f 100 1.81+ 0.17 100 3.14 + 0.29 100
¢ Qats or corn were grown under the above conditions in insecticide-treated soil for 10 days and peas for 12 days. Results

are means + SD of three replicates.

¢ Benzene and water extraction phases of plant tops.

b Light intensities of 500 or 3000 foot candles.
[*“C]phorate applied at 1 ppm (4.3 uCi) to 700 g of a Plainfield sand. ¢ % T
Bound = unextractable l“C

¢ % appl: recovered in percent of
= 4C in percent of total radiocarbon recovered.
f,€ In each horizontal line, means follow-

ed by the same letter (f or g) are not significantly different (5% level, Duncan’s new multiple range test).

peas. Yet at 28 °C and 3000 ft-c corn transpired only 50
mL of water/g of tops, while oats and peas transpired 128
and 116 mL of water/g of tops, respectively. Since the
transpiration stream has been shown to be a primary factor
in transporting insecticides from soils into plants (An-
deregg and Lichtenstein 1981), it was not surpising that
the amounts of *C recovered under conditions of 28 °C,
3000 ft-c, from 12 g of corn tops were nearly identical with
the amounts found in 5 g of oat tops grown under the same
conditions, Calculated on a per gram basis, however, corn
tops contained less than half the amount (3.14% of ap-
plied, Table I) than that observed with oats (7.59% of
applied).

Since growth rates were not the same among three
replicate experiments with one plant species and more so
with different plant species, data obtained from plants
were, for comparison purposes, expressed as amounts of
radiocarbon recovered per gram fresh weight of plant tops.
With soils, however, data were expressed per total soil
weight.

The uptake and metabolism of soil-applied [1“C]phorate
by oat, pea, and corn tops are summarized in Table I,
showing the amounts of organic-soluble, water-soluble, and
unextractable (bound) radiocarbon recovered from plant
tops. It is evident that an increase in light intensity at a
constant temperature resulted in an increase of 1*C com-
pounds in plant tops. Increasing the light intensity from
500 to 3000 ft-c at 13 °C only caused an increase of total
radiocarbon content in oats, while the same experiment
conducted at a temperature of 28 °C resulted in significant
increases in the uptake of 1*C compounds by oat, pea, and
corn tops by factors of 1.34, 1.51, and 1.73, respectively.
Also, significantly more water-soluble and bound 4C
compounds had been produced in all three plant species.
Results, therefore, indicate that the higher light intensity
affected the metabolism of translocated *C compounds,
primarily at 28 °C.

Increasing the temperature from 13 to 20 °C, but at a
constant light intensity of 500 ft-c, resulted in a 2- and
2.7-fold increase of total radiocarbon translocated into oat
and pea tops, respectively, but not in corn. The same
experiment conducted at 3000 ft-c, however, showed sig-
nificant increases in the *C content of tops of all three

Table II. [!*C]Phorate Residues Remaining in Soils in
Which Oats, Peas, or Corn Had Grown? under Different
Light Intensities and Temperatures

14C recovered from soils
13 °C, 500 ft-c® 28 °C, 8000 ft-cb

total soil
from % appl® % T4 % appl % T
oats
benzene® 43.39: 1.72 87 7.74 = 0.92f 51
water® 1.26 + 0.09 3 0.53 = 0.27" 4
bound® 5.07=1.26 10  6.81: 1.42 45
total 49.72: 1.40 100 15.08: 2.58" 100
peas
benzene  46.39 + 1.44 84 30.36: 1.237 72
water 1.65+ 0.19 3 1.77 + 0.06 4
bound 7.25 + 0.67 13 10.36 = 1.85 24
total 55.29=1.96 100 4249:1.34" 100
corn
benzene 54.59 = 4,61 91 6.48 + 0.87f 58
water 1.61 + 0.24 3 0.39 = 0.14% 3
bound 3.95: 1.51 6 4.38:0.82 39
total 60.15+ 5.88 100 11.25: 0.757 100

2-¢ As in Table I. % For each soil, data obtained at 28
°C, 3000 ft-c, are significantly different from respective
data at 13 °C, 500 ft-c, at the 0.1% (f), 1% (g), or 5% (h)
level (Student’s t test).

plant species. Higher temperatures caused in most cases
an increase in the production of water-soluble and bound
14C compounds, indicating a direct effect on the metabo-
lism of the originally soil applied [*C]phorate.

The relative distribution of benzene-soluble, water-
soluble, and bound radiocarbon was also expressed in
percent of the total radiocarbon recovered (% T in Table
I). This distribution was quite similar in all plants under
the four experimental conditions (38-60% benzene-soluble
14C, 23-51% water-soluble *C, and 6-23% unextractable,
bound #C compounds).

Only those soils were extracted and analyzed in which
oats, peas, or corn had grown under the two extreme ex-
perimental conditions of 13 °C, 500 ft-c, and 28 °C, 3000
ft-c. Results are summarized in Table I and indicate that
total recoveries of 14C compounds remaining in the soil at
13 °C, 500 ft-c, were 3.3, 1.3, and 5.4 times larger than those
recovered from soils that were incubated at 28 °C, 3000
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Table III. Production of [**C]Phorate Metabolites in Soils and Plants® As Affected by Light Intensity? and Temperature

benzene-soluble radiocarbon® recovered from

soils (total weight)

tops (per g fresh weight)

-]
benzene-soluble 18 °C, 500 ft-c

28°C, 3000 ft<

13 °C, 500 ft-c 28°C, 3000 ft-c

compounds? % appl® % Tf % appl % T % appl % T % appl %T
oats .
PS-S 3.7+ 0.4 9 1.9+ 0.28 25 ND¥ ND
PS-S0O 30.5: 2.1 70 3.3 0.4¢ 42 0.8+ 0.1 57 1.2: 0.1% 40
PS-SO, 8.6+ 0.6 20 2.4 : 048 31 0.4:0.1 29 0.8 + 0.0¢ 27
PO-SO 0.3: 0.0 1 0.1+ 0.08 1 0.1+ 0.0 7 0.4+ 0.0¢ 13
PO-SO, 0.2+ 0.0 <1 0.1: 0.0% 1 0.1+ 0.0 7 0.6 = 0.0% 20
total 433+ 1.7 100 7.8+ 0.9% 100 14101 100 3.0 : 0.1% 100
peas i
PS-S 3.0: 0.1 6 1.4+ 0.1¢ 4 ND ND
PS-SO 31.0:1.1 67 15.7 =+ 1.0¢ 52 0.6 0.1 67 1.7+ 0.3% 53
PS-SO, 11.8: 1.0 25 13.0 + 0.8 43 0.2+ 0.0 22 1.0 = 0.4 31
P0O-SO 0.3: 0.0 1 0.2 + 0.0" <1 0.1: 0.0 11 0.5+ 0.1" 16
PO-80, 0.3: 0.1 1 0.2+ 0.1 <1 ND ND
total 46.4: 1.4 100 30.5+ 1.2 100 0.9:0.1 100 3.2: 08" 100
corn
PS-S 9.7:15 18 2.0+ 0.14 32 ND ND
PS-SO 37.4 ¢ 3.0 69 2.5+ 0.2¢ 41 0.6 0.0 55 0.6 + 0.1 40
PS-SO, 6.8+ 1.0 12 1.5+ 0.28 25 0.4+ 0.0 36 0.5+ 0.2 34
PO-SO 0.3: 0.1 <1 o 0 0.1: 0.0 9 0.2 = 0.0% 13
PO-S0, 0.2 0.0 <1 0.1 z 0.0 2 te 0.2+ 0.0" 13
total 54.4t 4.4 100 6.1z 0.48 100 1.1+ 0.0 100 1.5+ 0.3 100

@ Soils, treated with [**C]phorate at 1 ppm (4.3 pCi), were analyzed after oats or corn had grown in them under the

above condltlons for 10 days and peas for 12 days.
or 3000 ft-c.

?horatoxon sulfoxide; PO-SO, = phoratoxon sulfone.
T: “Cin percent of total benzene-soluble radiocarbon.

Results are means = SD of triplicate tests.

¢ Data for benzene-soluble !*C are presented in Tables I (plant tops) and II (soils).
layer separation, autoradiography, and LSC: P8-S = phorate; PS-SO = phorate sulfoxide; PS-SO, =
¢ % appl: recovered in percent of [“C]phorate applied to s011

b Light intensities of 500
d Determined by thin-
phorate sulfone; PO-SO =

-1 For soils or tops of each plant, data obtained at 28 °C, 3000

ft-c, are significantly different from respective data at 13 °C, 500 ft-c, at the 0.1% (g), 1% (h), or 5% (i) level (Student’s ¢

test). ’ ND, nondetectable; tr, trace,

Table IV. Uptake and Metabolism of [**C]Phorate by Oats Grown in a Closed System for 15 Days in ['*C]Phorate-Treated

Soil at Different Light Intensities and Temperatures

14C recovered, % of ['*Clphorate applied to soil®

13°C 28°C
500 ft-c® 3000 ft-cb 500 ft-c 3000 ft-c

soil (8)

benzene® 68.34 = 0.069 66.64 : 1.904 59.18 + 2.58 53.16 = 0.79

water® 1.78 + 0.08¢ 1.62+ 0.12¢ 1.63 x 0.174 1.65 = 0.034

bound® 7.48 + 0.67 6.70 + 0.154 7.22 + 1.72° 8.04 = 1.08°

total 77.62 1 0.53¢ 74.98 + 1.639 68.02 = 4.47¢ 62.85+ 0.32¢
greens (G)

benzene 0.66 = 0,19 1.41 z 0.16¢ 1.74 + 0.04¢ 3.16z 0.11

water 2.43 = 0.27¢ 3.40 = 0.164 6.00 = 0.25 10.64 + 0.71

bound 0.72 + 0.02¢ 0.71 = 0.064 1.91 + 0.11 3.27: 0.04

total 3.81 = 0.09 5.51 1 0.37 9.64 = 0.09 17.06 + 0.77
roots (R)

benzene 1.39 = 0.309 1.57 + 0.044 1.26 + 0.08%¢ 1.04 = 0.18¢

water 0.19 + 0.014 0.24 = 0.01 0.20 = 0.004 0.30 = 0.02

bound 1.55 + 0.01 1.85 = 0.07 2.37+ 0.13 2.60 £ 0.04

total 3.13 = 0.304 3.66 + 0.024¢ 3.83 + 0.21¢ 3.93: 0.16°

total (G + R) 6.94 + 0.19 9.17 + 0.39 13.47 = 0.30 20.99 + 0.93

14C0, evolved (C) 1.12: 0.07¢ 1.04 ¢ 0.01¢ 7.20 = 0.81¢ 6.33 + 0.68°

total(S+ G+ R + C) 85.68 = 0.41¢ 85.19 = 1,244 88.70 t 4.974 90.17 + 0.574

@ [*C]Phorate was applied at 1 ppm (4.3 uCi) to a Plainfield sand. Results are averages of duplicate tests.
¢ Benzene and water extraction phases.

sities of 500 and 3000 ft-c.

b Light inten-

Bound = unextractable *C, %€ In each horizontal

line, means followed by the letters d or e are not significantly different (5% level, Duncan’s new multiple range test).

ft-c, with oats, peas, or corn, respectively. Most insecticide
residues were recovered from soil in which corn had grown
at 13 °C, 500 ft-c (60% of applied recovered), and least
from soil in which corn had grown at 28 °C, 3000 ft-c (11%
of applied recovered). The majority of #¥C compounds
recovered from soils was in all cases in benzene-soluble
form, amounting to 84-91% of all the radiocarbon re-
covered at 13 °C, 500 ft-c, and to 51-72% of that recovered
at 28 °C, 3000 ft-c (% T in Table II). Water-soluble 4C
compounds represented only 3-4% of the total radiocarbon

recovered under both experimental conditions. Formation
of bound “C compounds in these soils amounted to only
6-13% at 13 °C, 500 ft-c, but had increased to 24-45% of
the total “C recovered at 28 °C, 3000 ft-c.

To identify phorate and some of its metabolites, benz-
ene-soluble radiocarbon recovered from both soils and
plant tops grown at 13 °C, 500 ft-c, and 28 °C, 3000 ft-c,
was also analyzed by TLC, autoradiography, and LSC.
Results obtained are summarized in Table III. In soils
amounts of the originally applied phorate (PS-S) recovered
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were relatively small, while phorate sulfoxide (PS-SO) was
the major constituent. Expressed in percent of total
benzene-soluble C recovered (% T in table III), phorate
sulfoxide represented 67-70% of the total henzene-soluble
radiocarbon recovered at 13 °C, 500 ft-c, and 42-52% at
28 °C, 3000 ft-c. With phorate sulfone (PS-SQ,) relative
amounts (% T in Table III) of these residues increased at
the higher temperature and greater light intensity from
21 to 31%, 25 to 43%, and 12 to 24% in soils incubated
with oats, peas, or corn, respectively.

With plant tops data were expressed on a per gram fresh
weight basis (Table III). Contrary to soils, no phorate
(PS-S) was recovered from any of the plant tops, while,
similar to soils, phorate sulfoxide was the major compound
recovered from plants and represented 40-67% of all the
benzene-soluble compounds identified. The amounts of
phoratoxon sulfoxide (PO-SO) and phoratoxon sulfone
(PO, SO,) in plant tops represented 9-20% of all the
benzene-soluble radiocarbon as opposed to 1-1.6% ob-
served with soils.

Experiments described so far were conducted with open
soil-plant systems and could not account for #C com-
pounds lost by volatilization. As demonstrated in Figure
1, total amounts of radiocarbon recovered from the soil-
plant systems under open conditions ranged from 53 to
77% of the soil-applied dose and left 23-47% unaccounted
for. To determine the amounts of volatile radiocarbon
such as *CO, or lipid-soluble compounds, experiments
were therefore conducted with oats grown in closed systems
under bell jars as described. Previous experiments had
shown that a reduction of water transpiration in closed
soil-plant systems also resulted in a reduction of the
translocation of soil-applied radiocarbon into plant tops
(Anderegg and Lichtenstein, 1981). Data obtained in such
a way are therefore not comparable to those obtained
under open conditions.

Results obtained from our present experiments con-
ducted under closed conditions with soils and plants were
expressed as total amounts of radiocarbon recovered in
percent of the initially soil-applied [1*C]phorate. As shown
in Table IV, total recoveries from soils, oats, and volatiles
were similar under all four experimental conditions and
ranged from 85.2 to 90.2% of the soil-applied radiocarbon.
As discussed under Plant Growth Procedures, oats had to
be grown in insecticide-treated soil for 5 days prior to being
covered with bell jars. It is possible, therefore, that
10-15% of the originally applied radiocarbon could have
been lost during that time. An increase in light intensity
from 500 to 3000 ft-c at 28 °C significantly increased the
amounts of C compounds translocated into oat tops from
9.6 to 17.1% of the soil-applied radiocarbon. Of the 17.1%,
10.6% were water-soluble, 3.2% were benzene-soluble, and
3.3% were bound (unextractable). Increasing the light
intensity at the lower temperature of 13 °C yielded similar
results to those observed at 28 °C but not as pronounced.

Increasing the temperature from 13 to 28 °C at 3000 ft-c
also resulted in significant changes in the amounts of 4C
compounds recovered from soils and plants as well as in
the production of “CQO, While in soils at 28 °C the
amount of C compounds had been reduced from 75 to

Anderegg and Lichtenstein

63% of applied, they had increased in oat tops from 5.5
to 17.1% of applied. Also, the amount of “CO, produced
and trapped had increased from 1 to 6.3% of applied ra-
diocarbon. No volatile lipid-soluble radiocarbon was re-
covered. The decrease of “C compounds in soils was due
to a decrease in benzene-soluble radiocarbon only, while
the increase in *C compounds in oat tops was the result
of an increase in benzene-soluble, water-soluble, and bound
radiocarbon.

In summary, data indicate that changes in the intensity
of light or temperature or in combination affected the
environmental fate of [**C]phorate in soil and its trans-
location and metabolism in plants grown in these soils.
Increasing the intensity of light, particularly at the higher
temperature of 28 °C, resulted in decreased recoveries of
the insecticide from soils and an increased translocation
of *C compounds into plant tops. However, the most
pronounced effects were observed when temperature was
increased from 13 to 28 °C, particularly at the greater light
intensity of 3000 ft-c. This was reflected not only by the
presence of increased amounts of 1*C compounds in plant
tops but also by an accelerated metabolism of the insec-
ticide as indicated by increased production of water-solu-
ble, bound “C compounds and CO,.

ACKNOWLEDGMENT

Special thanks are expressed to T. T. Liang and T. W.
Fuhremann for their contribution to this research.

Registry No. PS-S, 298-02-2; PS-SO, 2588-03-6; PS-S0,,
2588-04-7; PO-SO, 2588-05-8; PO-S0O,, 2588-06-9.

LITERATURE CITED

Anderegg, B. N.; Lichtenstein, E. P. J. Agric. Food Chem. 1981,
29, 733-738.

Black, C. C., Jr. Annu. Rev. Plant Physiol. 1973, 24, 253-288.

Fuhremann, T, W.; Lichtenstein, E. P. J. Agric. Food Chem. 1978,
26, 605-610.

Hacskaylo, J.; Lindquist, D. A.; Davich, T. B.; Morton, H. L. Bot.
Gaz. (Chicago) 1961, 123, 46-50.

Hoagland, D. R.; Arnon, D. L. Circ.—Calif. Agric. Exp. Stn. 1938,
No. 347, 1-32.

Lichtenstein, E. P.; Fuhremann, T. W.; Schulz, K. R.; Liang, T.
T. J. Econ. Entomol. 1973, 66, 863-866.

Lichtenstein, E. P.; Liang, T. T.; Fuhremann, T. W. J. Agric. Food
Chem. 1978, 26, 948-953.

Lichtenstein, E. P.; Schulz, K. R. J. Econ. Entomol. 1959, 52,
118-124.

Tietz, H. Hoefchen-Briefe (Engl. Ed.) 1954, 7, 1-55.

Walter-Echols, G.; Lichtenstein, E. P, J. Agric. Food Chem. 1978,
26 (3), 599-604.

Wheeler, W. B,; Frear, D. E. H.; Mumma, R. O.; Hamilton, R.
H.; Cotner, R. C. J. Agric. Food Chem. 1967, 15, 231-234.

Received for review August 11, 1983. Revised manuscript received
December 27, 1983. Accepted January 16, 1984. Part of a dis-
sertation submitted by B.N.A. in partial fulfillment of the re-
quirements for the Ph.D. degree. This research was supported
by the College of Agricultural and Life Sciences, University of
Wisconsin, Madison, and by a grant from the Environmental
Protection Agency (R 804920). Contribution by Project 1387 from
the Wisconsin Agricultural Experiment Station as a collaborator
under North Central Regional Cooperative Research Project 96
entitled “Environmental Implications of Pesticide Usage”.



