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The major metabolic pathway for detoxication of diclofop-methyl in tolerant plant species is by ring
hydroxylation followed by glucoside conjugation. This investigation reports on the conclusive iden-
tification of the three isomeric hydroxylated metabolites of diclofop-methyl obtained from wheat
after acid hydrolysis of the glucoside conjugates. Identified as metabolites were the 2,3-dichloro-4-
hydroxy, 2,5-dichloro-4-hydroxy, and the 2,4-dichloro-5-hydroxy isomers. The first two metabolites

were formed via the NIH shift.

The herbicide diclofop-methyl has been developed for
the selective control of undesired grasses (Hoechst AG,
1973). This herbicide also shows considerable promise
for the control of wild oat in cereal crops (Miller and
Nalawaja, 1974; Friesen et al., 1976). One reason for this
herbicidal selectivity may be due to the differences in
root growth inhibition that was observed by Shima-
bukuro et al. (1978). When intact plants are root-
treated with diclofop-methyl, root growth of wild oat is
severely inhibited while inhibition of wheat root growth
is only slight. However, the primary cause for diclofop-
methyl selectivity appears to result from the significant

This article not subject to U.S. Copyright.

differences in the metabolic detoxication pathways of wild
oat and wheat (Shimabukuro et al., 1979; Gorecka et al.,
1981; Jacobson and Shimabukuro, 1984).

When plants are treated with diclofop methyl, rapid
hydrolysis occurs to afford diclofop acid, 2-[4-(2,4-
dichlorophenoxy)phenoxylpropanoic acid, in both resis-
tant and susceptible plants. The detoxication of diclo-
fop acid by resistant plants, such as wheat, occurs by
hydroxylation of the dichlorophenoxy moiety of diclofop
acid (Gorbach et al., 1977; Shimabukuro et al., 1979). This
hydroxylated metabolite is rapidly conjugated with glu-
cose; hence, very little hydroxylated diclofop acid in its

Published 1990 by the American Chemical Society



580 J. Agric. Food Chem., Vol. 38, No. 2, 1990

free form remains available in plant systems for further
metabolic reaction (Shimabukuro et al., 1979). Gorbach
and co-workers (1977) were able to separate the three
isomers of ring-hydroxylated diclofop acid by gas-liquid
chromatography as their methylated derivatives. They
reported the identification of the most abundant isomer
as 2-(4-(2,4-dichloro-5-hydroxyphenoxy)phenoxy]pro-
panoic acid, but no attempt was made to identify the
remaining two isomers.

The purpose of this research was to determine why
one isomer was being produced in approximately twice
the abundance of the other two isomers. If direct hydrox-
ylation of the chlorinated ring were to take place, we would
expect to observe the 3-OH, 5-OH, and 6-OH isomers as
the three hydroxylated metabolites of diclofop-methyl and
these isomers would be expected to be produced in approx-
imately equal abundance. Since identification of all the
isomeric hydroxylated metabolites of diclofop-methyl was
not accomplished by Gorbach et al. (1977), this study
was also undertaken to identify the two remaining iso-
meric metabolites derived from ring hydroxylation. How-
ever, in the preliminary report of our investigations, we
found that the most abundant metabolite was not the 5-
OH isomer (T'anaka et al., 1986). Furthermore, our final
results show that two of the hydroxylated metabolites
were formed via the NIH shift reaction (Tanaka et al,,
1988). Therefore, the complete data for positive identi-
fication of the three hydroxylated isomeric metabolites
of diclofop-methyl are now being reported.

EXPERIMENTAL SECTION

Materials. [2,4-dichlorophenoxy-U-*C]Diclofop-methyl was
purchased from New England Nuclear Corp. with a specific activ-
ity of 2 mCi/mmol. Unlabeled analytical-grade diclofop-
methy] was prepared from a commercial emusifiable concen-
trate by standard extraction and purification procedures in the
laboratory. In this study, the specific activity of [}*C]diclofop-
methyl was reduced to 0.28 mCi/mmol by addition of unla-
beled material to the radioactive substrate. Syntheses of the
authentic standards that were used for identification of the
unknown isomeric hydroxylated metabolites of diclofop-
methyl are reported in the preceding paper in this issue. (Tanaka
et al., 1990).

Plant Treatment. Wheat (Triticum aestivum L.) was seeded
in vermiculite in perforated metal trays, and the seeds were
subirrigated with one-third strength Hoagland’s nutrient solu-
tion (Blankendaal et al., 1972). The seedlings were allowed to
grow for 11 days in the greenhouse before harvest. Shoots at
the 1.5- to 2-leaf stage were immersed in water and excised at
the vermiculite level. The excised shoots were placed into 20-
mL vials containing 15 mL of aqueous 10 M [**C]diclofop-
methyl (0.28 mCi/mmol) in 1% acetone. Fifty vials were pre-
pared with approximately 20 shoots/vial. The shoots were incu-
bated for 24 h in a controlled environmental chamber at 20 °C,
40% relative humidity, and continuous light of 14-klx inten-
sity. Following this incubation period, the shoots were rinsed
thoroughly with distilled water. Fresh weight of the upper shoots
(portion of shoots extending above the treating solution) was
89.7 g, and fresh weight of the lower shoots (portion of shoots
immersed in the treating solution) was 76.7 g. The two frac-
tions of treated shoot material were frozen for subsequent extrac-
tion procedures.

Plant Extraction. The frozen lower shoot material was
homogenized in a blender with 80% methanol (5 mL/g fresh
weight). The homogenate was filtered, and the residue was
extracted two additional times. The extracts were combined,
and the methanol was removed by rotary vacuum evporation.
During concentration of the methanol extract, chlorophyll and
other nonpolar, natural products precipitated from solution to
form a tacky insoluble mass. The remaining aqueous liquid
was decanted from the precipitate, and the precipitate was washed
with additional portions of water. The glucoside conjugates of
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Figure 1. Flow scheme for isolation of the hydroxylated metab-
olites of diclofop-methyl.

the three isomers of ring-hydroxylated diclofop (HO-diclofop)
were in the aqueous fraction.

Analysis of the distribution of radioactivity after plant treat-
ment showed the posttreating solution to contain 15.8%, the
insoluble residue to contain 3.8%, and the lower-shoot extract
to contain 79.8% of the radioactivity that was initially intro-
duced as [MC]diclofop-methyl. Only 0.6% of the radioactivity
was translocated to the upper shoots; therefore, the upper-
shoot fraction was not extracted.

Isolation of Hydroxylated Metabolites. The aqueous frac-
tion obtained from concentration of the methanolic plant extract
was further purified by the scheme given in Figure 1. Extrac-
tion with dichloromethane afforded separation of the glucoside
conjugates from the other metabolites (diclofop-methyl, diclo-
fop, hydroxylated diclofop). The ageous phase containing the
conjugated metabolites was passed through a reversed-phase
C,g Sep-Pak (Waters Associates). The adsorbed glucoside con-
jugates were eluted from the Sep-Pak with methanol. The meth-
anol solution of the conjugates was taken to approximate dry-
ness, and the residue was treated with 6 N HCl at 70 °C for 16
h under a nitrogen atmosphere. After hydrolysis, the aqueous
phase was taken to dryness in vacuo to remove the HCl and the
partially purified mixture of isomeric HO-diclofop was dis-
solved in methanol for final purification by high-performance
liquid chromatography (HPLC).

The percent distribution of radioactivity after each purifica-
tion step is shown in Figure 1. Thin-layer chromatography (TLC)
of the conjugated metabolites from the 80% methanol extract
in toluene~acetic acid (50:8, v/v) indicated that 72% of the radio-
activity was conjugated material (R, 0.14). After acid hydroly-
sis, TLC (toluene-acetic acid) indicated that 68% of the C
was ring-hydroxylated diclofop (R, 0.35). These results showed
that about 42% of the original diclofop-methyl from the treat-
ing solution was converted into HO-diclofop metabolites. The
recovered mixture of HO-diclofop metabolites had a total activ-
ity of approximately 10° dpm and a specific activity of 1600
dpm/pmol. Therefore, the total weight of the mixture of the
three hydroxylated metabolites was about 625 ug.

HPLC Purification. Chromatography was conducted on a
Beckman HPLC system that was previously described (Tanaka
et al., 1985). Separations were accomplished at a flow rate of
0.5 mL/min on an Altex Ultrasphere ODS-C 4 column (4.6 mm
(i.d.) X 15 cm) containing 5-um spherical particles. A two-re-
servior system was employed, with solvent A being composed
of CH,CN-HOAc-H,0 (10:1:89, v/v) and solvent B being 100%
CH,CN. HPLC was conducted in the isocratic mode with the
eluting solvent consisting of 55% solvent A and 45% solvent
B. The chromatographic separation achieved for the three iso-
meric hydroxylated metabolites of diclofop-methyl is shown in
Figure 2. The retention times for hydroxylated metabolites as
their methyl esters were 18.2, 19.5, and 27.1 min, respectively,
for isomers I-1II. The percentage distributions of metabolites
1-11I were determined to be 21, 55, and 24%, respectively. The
percent distributions of the three isomers were quantitated by
both ultraviolet light absorption {254 nm) and liquid scintilla-
tion counting of radioactivity, and both methods gave identi-
cal results.

Gas-Liquid Chromatography. GLC was conducted on a
Hewlett-Packard Model 5790A chromatograph equipped with
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Figure 2. HPLC separation of the three isomeric hydroxy-
lated metabolites of diclofop-methyl.
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Figure 3. NMR spectrum of the aromatic region of diclofop-
methyl.

a flame ionization detector. Separations were accomplished on
a 0.22 mm (i.d.) X 9.5 m Ultra Performance capillary column
(HP 19091A) coated with a 0.33-um film of cross-linked methyl
silicone. The column temperature was programmed with an
initial 2-min hold at 80 °C followed by a temperature increase
at a rate of 10 °C/min to a final temperature of 275 °C. Helium
carrier gas was maintained at a flow rate of 1.5 mL/min. For
GLC analysis, both the hydroxyl and carboxyl groups of HO-
diclofop were methylated with diazomethane. The retention
times of methylated isomers I-III were 18.3, 17.7, and 17.6 min,
respectively.

Gibbs Reagent Test. The Gibbs reagent (2,6-dichloroqui-
none 4-chloroimine) reacts with phenols to form indophenols
that afford an intense blue color upon exposure to ammonia
vapors (Feigl, 1966). A solution of Gibbs reagent was prepared
at 0.1% concentration in ethanol. Test samples of metabolites
I-IIT were spotted onto filter paper, and each sample was over-
spotted with Gibbs reagent. After the reaction was allowed to
take place, the material on the filter paper was exposed to ammo-
nia vapors. Metabolite I showed a pale blue spot (positive result);
IT showed a very intense blue color (positive result); IT showed
a very intense blue color (positive result); and III produced a
very pale blue ring on the edge of the test spot (negative result).
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Figure 4. NMR spectrum of the aromatic region of unknown
isomer I.

Mass Spectrometry. MS analysis was performed with a
Varian MAT CH-5DF spectrometer, and sample ionization was
accomplished by electron impact (70 V). Derivatization of the
isolated HO-diclofop with diazomethane afford the methyl ether
of HO-diclofop-methyl. The methylated derivatives of metab-
olites I-III all gave the same mass spectral fragmentation pat-
tern [m/z (relative intensity)]: 370 (M*, 67), 311 (33), 283 (100),
191 (14), 120 (35). The chlorine isotopic ratio indicated the
presence of two chlorines (McLafferty, 1967).

Nuclear Magnetic Resonance Spectrometry. The NMR
spectra (90 MHz) were obtained on a JEOL FX-90Q Fourier
transform spectrometer. The hydroxylated metabolite spectra
were taken in 1.8-mm-o.d. capillary tubes held in the standard
JEOL microprobe. Metabolites were dissolved in about 30 uL
of methanol-d, (99.6%), and tetramethylsilane was used as the
internal reference.

Diclofop-methyl standard: 'H NMR (MeOH-d,) § 1.56 (d, J
= 7.0 Hz, 3 H, CH,), 3.74 (s, 3 H, COOCH,), 4.77 (q, J = 7.0
Hz, H, CH), 6.85 (d, J = 9.2 Hz, H, ArH-6), 6.91 (s, 4 H, OArO),
7.23 (dd, J = 9.2, 2.6 Hz, H, ArH-5), 7.50 (d, J = 2.6 Hz, H,
ArH-3). Figure 3 shows the aromatic region of this spectrum.

Metabolite I 'H NMR (MeOH-d,) 5 1.53 (d, J = 7.0 Hz, 3
H, CH,), 3.70 (s, 3 H, COOCH,), 6.82 (d, J = 2.2 Hz, 4 H,
-0Ar0O-), 6.82 (s, 2 H, ArH-5,6). The CH quartet of the propi-
onic acid moiety was under the OH peak of the MeOH-d, sol-
vent peak at 6 4.86. Decoupling by irradiation at & 4.86 caused
the CH, doublet (5 1.55) that was spin-coupled with the CH
group to collapse into a singlet. Figure 4 shows the aromatic
region of this spectrum.

Metabolite 1I: 'H NMR (MeOH-d,) 6 1.55 (d,J = 7.0 Hz, 3
H, CH,), 3.74 (s, 3 H, COOCH,), 6.84 (s, 4 H, OAr0), 6.96 (s,
H, ArH-6), 7.01 (s, H, ArH-5), The CH quartet of propionic
acid was under the OH peak of the solvent. Figure 5 shows the
aromatic region of this spectrum.

Metabolite 11I: '"H NMR (MeOH-d,) § 1.56 (d, J = 7.0 Hz, 3
H, CH,), 3.71 (s, 3 H, COOCH,), 6.42 (s, H, ArH-6), 6.95 (s, 4
H, OAr0O), 7.39 (s, H, ArH-3). The CH quartet of propionic
acid was under the OH peak of the solvent. Figure 6 shows the
aromatic region of this spectrum.

RESULTS AND DISCUSSION

In this study, the isomeric HO-diclofop acids were iso-
lated from excised wheat shoots as their glucoside con-
jugates. The conjugates were hydrolyzed with HCl to
yield the free HO-diclofop acids, which were then taken
to dryness and subsequently dissolved in methanol. Upon
being allowed to stand at room temperature in metha-
nol, however, these metabolites were readily esterified
to afford the isomers of HO-diclofop-methyl rather than
the expected methanol solution of the HO-diclofop acids.
At the time the HPLC separations were accomplished,
we were unaware that diclofop acid had previously been
shown to undergo esterification upon being allowed to
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Figure 5. NMR spectrum of the aromatic region of unknown
isomer II.
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Figure 6. NMR spectrum of the aromatic region of unknown
isomer IIL

stand in methanol at room temperature to yield diclofop-
methyl (Smith, 1976). However, mass spectrometry of
the three isomers isolated by HPLC afforded a molecu-
lar ion at m/z 356 to verify that methylation of the car-
boxyl group had occurred. Therefore, Figure 2 is the
HPLC separation of the isomers of HO-diclofop-methyl
rather than HO-diclofop acid.

A portion of the hydroxylated metabolites was meth-
ylated with diazomethane to afford derivatives where both
the hydroxyl and carboxyl groups of HO-diclofop acid
were methylated. GLC analysis of this material gave an
elution pattern that was the same as that reported by
Gorbach et al. (1977). As expected, the order of elution
by GLC was the reverse of that observed by HPLC; thus,
isomer IIT was eluted first, and isomer I was eluted last
from the methyl silicone column. The GLC data showed
that our hydroxylated metabolites were the same as those
isolated by Gorbach et al. (1977).

The Gibbs reagent reacts with test compounds at a
free position para to a hydroxyl group on an aromatic
ring to give an intense blue color for a positive test. About
0.3-2 ug of material is required for this test. When the
Gibbs test was conducted on HPLC-purified fractions of
the three isomeric metabolites, two positive tests and one
negative test were obtained. The test results were in agree-
ment with the assumption that hydroxylation was occur-
ring at the 3-, 5-, and 6-positions on the chlorinated ring.
However, some functional groups such as alkoxy, sul-
fate, or halogen can be displaced from the aromatic ring
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during reaction to give a color response (Feigl, 1966). The
negative test showed a pale blue ring on the outer edge
of the test spot. This result was apparently due to slow
displacement of chlorine from the aromatic ring.

At the time the Gibbs tests were conducted, we were
unaware that phenoxy groups could easily be displaced
from an aromatic ring to give a positive test (Josephy
and Van Damme, 1984). Therefore, the two positive test
results led to the assumption that two of the metabolites
had free positions para to the hydroxyl group. Also, the
initial interpretation of the NMR data suggested that
two of the unknowns might be the 3- and 6-hydroxy-
lated metabolites. The rationale for these interpreta-
tions is given below. In the NMR spectrum of isomer I
(Figure 4), a decomposition impurity (c) gave an integral
equal to one proton and a coupling constant of about 2
Hz to make it appear that meta coupling was taking place.
Hence, an observation of meta coupling would indicate
the unknown to be the 6-OH metabolite. Isomer II gave
two uncoupled peaks for the two protons on the chlori-
nated ring (Figure 5). If the two singlets (b and c¢) of the
unknown were considered to be the two inner peaks of
an AB case, the unknown would appear to be the 3-OH
metabolite with strong ortho coupling. This interpreta-
tion appeared reasonable because AB cases involving one
chemical shift and a large coupling constant can afford
spectra where just the inner two peaks are observed
(Wiberg and Nist, 1962). Therefore, on the basis of only
their Gibbs test and NMR spectrum, the identity of the
unknown metabolites appeared to be the 3-, 5-, and 6-
hydroxylated isomers (Tanaka et al., 1986). Since our
preliminary results showed that the 5-OH isomer was not
the most abundant metabolite and the data were not in
agreement with that reported by Gorbach et al. (1977),
additional studies were necessary to verify our experi-
mental data before publication. In order to obtain con-
clusive identification of the hydroxylated metabolites,
authentic standards of all possible metabolites were syn-
thesized and their NMR spectra were taken for compar-
ison with spectra of the unknown metabolites (Tanaka
et al., 1990). From these syntheses, authentic standards
of the 3- and 6-hydroxylated isomers were prepared, and
their NMR spectra clearly showed that the unknown
metabolites were not the 3- and 6-OH isomers.

The NMR spectrum of the aromatic region of diclo-
fop-methyl is shown in Figure 3. This spectrum was taken
to obtain the chemical shifts and coupling constants of
the diphenyl ether moiety prior to hydroxylation. In this
spectrum, the four protons (b) of the nonchlorinated ring
are all equivalent and yield a singlet while the three pro-
tons on the chlorinated ring have different chemical shifts.
Proton a is a doublet due to ortho coupling with ¢. Pro-
ton c is a doublet of doublets due to ortho coupling with
a and meta coupling with d. Proton d is a doublet due
to meta coupling with ¢. An observed ortho coupling con-
stant of 9.2 Hz and a meta coupling constant of 2.6 Hz
are of the expected order of magnitude (Bible, 1965).

Identification of Isomer I. The NMR spectrum of
the aromatic region of unknown isomer I is given in Fig-
ure 4. The two protons (a) of the chlorinated ring appear
to have the same chemical shift and are observed as a
singlet. The four protons of the nonchlorinated ring are
an AB pattern where the four protons have approxi-
mately the same chemical shift (Zanger, 1972). There-
fore, the two inner peaks of doublets (b) are large while
the outer peaks are observed as rounded shoulders at the
base of the inner peaks. Thus, the inner peaks are greatly
amplified at the expense of the outer peaks and approach
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Figure 7. NMR spectrum of the aromatic region of the syn-
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Figure 8. Aromatic region of the 300-MHz spectrum of unknown
isomer 1.

each other closely. Peak c is a decomposition product of
isomer I.

When the NMR spectrum of the synthesized standard
was obtained (Figure 7), considerable overlap of the pro-
tons of the chlorinated and nonchlorinated ring was also
observed. Although the spectra of the authentic stan-
dard and unknown were similar and their HPLC reten-
tion times were the same, more evidence was needed to
clearly establish the identity of isomer I. A 300-MHz
spectrum had been obtained earlier of unknown isomer
I at the USDA Regional Laboratory (Peoria, IL). This
spectrum showed that considerable decomposition of the
metabolite had occurred during transportation of the sam-
ple; however, the aromatic region still gave a clearly
resolved spectrum of unknown isomer I (Figure 8). The
peaks marked a show a standard para substitution pat-
tern for the nonchlorinated ring. The integral shows that
the two protons of the chlorinated ring are among the
four protons of the para pattern. Therefore, peak b is a
singlet accounting for the two protons on the chlori-
nated ring. Upon comparison with the synthetic stan-
dard shown in Figure 7, the spectra of the aromatic region
of unknown isomer I given in Figures 4 and 8 verify that
isomer I is methyl 2-[4-(2,3-dichloro-4-hydroxyphen-
oxy)phenoxy|propanoate and this metabolite is formed
via the NIH shift reaction.

Identification of Isomer II. The NMR spectrum of
the aromatic region of unknown isomer II is shown in
Figure 5. The four protons of the nonchlorinated aro-
matic ring are equivalent and are observed as a singlet
(a). Peaks b and c show integrals equivalent to one pro-
ton each, and they represent the two protons on the chlo-
rinated ring. The spectrum of an authentic standard of
the 2,5-dichloro-4-hydroxy isomer of HO-diclofop-
methyl is shown in Figure 9. This spectrum is identical
with that of unknown isomer II. Furthermore, the
unknown and standard had identical HPLC retention
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Figure 10. NMR spectrum of the aromatic region of the syn-
thesized standard of the 2,4-dichloro-5-hydroxy isomer.

times. Therefore, isomer I1 is positively identified as being
methyl 2-[4-(2,5-dichloro-4-hydroxyphenoxy)phenoxy]pro-
panoate, which is the most abundant isomer produced
by metabolic hydroxylation of diclofop-methyl. This
metabolite is also formed by the NIH shift reaction.
Identification of Isomer III. The NMR spectrum
of the aromatic region of unknown isomer III is shown
in Figure 6. The four protons of the nonchlorinated ring
are all equivalent and are observed as a singlet (b). Pro-
tons a and ¢ on the chlorinated ring are observed as sin-
glets with no evidence of para coupling. Impurity peaks
can be seen at 6 6.77 and 7.68. Further purification of
isomer III by HPLC removed the shoulder on peak a and
caused the relative intensity of the impurity peak at 6
6.77 to decrease by half while the peak at 6 7.68 became
much larger. Both peaks a and ¢ became sharp singlets
after repurification. The NMR spectrum of the aro-
matic region of the 5-OH synthetic standard is shown in
Figure 10. The spectra shown in Figures 6 and 10 are
identical, and both the standard and unknown exhibited
identical HPLC retention times. Therefore, unknown iso-
mer III is unequivocally identified as methyl 2-[4-(2,4-
dichloro-5-hydroxyphenoxy)phenoxy]propanoate. As addi-
tional evidence, a synthetic standard of 5-OH diclofop
acid was provided by Hoechst Chemical Co. (Sommer-
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Figure 11. Scheme for arene oxide involvement in the NIH
shift mechanism for formation of the hydroxylated metabo-
lites.

ville, NJ) and the NMR spectrum of this compound was
identical with our synthetic standard of 5-OH diclofop
acid.

Previously, Gorbach and co-workers (1977) reported
the 5-hydroxylated isomer as being the most abundant
hydroxylated metabolite, and they further speculated the
identity of the remaining hydroxylated metabolites as being
the 3-OH and 6-OH isomers. Unfortunately, this work
was later cited in a literature review by Menzie (1980),
which stated that the 3-OH and 6-OH isomers were actu-
ally identified by GC-MS. Our results show unequivo-
cally that the 5-OH isomer is not the most abundant
hydroxylated metabolite and the remaining hydroxy-
lated metabolites are not the 3-OH or 6-OH isomers but
rather products formed via the NIH shift.

Two of the unknown metabolites (isomers I and II)
were formed via the NIH shift reaction (Guroff et al.,
1967; Daly et al., 1968). In the NIH shift mechanism,
arene oxide intermediates are involved, which can spon-
taneously isomerize to a phenol or undergo enzymatic
hydration to a trans-dihydrodiol (Daly et al., 1972). There-
fore, in the oxidative metabolism of diclofop-methyl in
tolerant plant species, arene oxide intermediates are formed
as shown in Figure 11. The 3,4-arene oxide represents
about 20% of the intermediates, and the 4,5-arene oxide
represents about 80%. The 3,4-arene oxide appears to
open in only one direction to yield isomer I, and this appar-
ently occurs because of steric and electronic effects pro-
vided by both chlorine groups. On the other hand, the
4,5-arene oxide intermediate opens in both directions to
yield isomers II and III. Since the yield of isomer II is
twice that of isomer III, epoxide ring opening with con-
comitant NIH shift is the preferred direction of reaction
for the 4,5-arene oxide.

Bristol and co-workers (1977) investigated the metab-
olism of 2,4-D in wheat cell suspension cultures. From
this study, metabolites formed via the NIH shift were
isolated as their sugar conjugates. After hydrolysis, the
metabolites were identified as 4-HO-2,5-D, 4-HO-2,3-D,
and 4-hydroxy-2-chlorophenoxyacetic acid. Additional
2,4-D metabolism studies were cited in the pesticide metab-
olism review by Menzie (1980) where species of plants
other than wheat demonstrated the NIH shift. Since diclo-
fop-methyl has a 2,4-dichloro ring substitution pattern,
the identification of NIH shift metabolites from diclofop-
methyl would not be entirely unexpected.
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Effect of Nitrogen Fertilization on Glycoalkaloid and Nitrate Content of

Potatoes

Nell I. Mondy™' and Cyrus B. Munshi}

Institute of Food Science, Toxicology Institute, Division of Nutritional Sciences, and Department of Food
Science, Cornell University, Ithaca, New York 14853

The effect of nitrogen fertilization on the total glycoalkaloid (TGA) and nitrate content of potato
tubers was investigated on six cultivars in each of two consecutive years. Ammonium nitrate was
applied to the soil at rates of 56, 168, and 224 kg/ha during the first year and 112, 168, and 224 kg/
ha during the second year of the study. Significant increases in both TGA and nitrate nitrogen occurred
in all six cultivars with nitrogen fertilization. Nitrogen fertilization at the rate of 224 kg/ha resulted
in tubers containing the highest levels of both TGA and nitrate nitrogen.

Nitrogen is a major element required for plant growth,
and large applications of this element are used to obtain
maximum yield of tubers. Nitrogen fertilization pro-
motes active growth and delays dry matter accumula-
tion (Painter and Augustin, 1976). Some workers have
reported an increase in dry matter with increased nitro-
gen levels (Eppendorfer et al., 1979; Talley, 1983), while
some have reported no effect (Hartman, 1982; Kunkel,
1968). Generally, increasing the nitrogen fertilization
resulted in an increase in the total yield (Dubetz and
Bole, 1975; Talley, 1983), but in many cases a large per-
centage of malformed tubers resulted (Murphy and Gov-
ern, 1975). High levels of nitrogen generally tend to
increase the total nitrogen content (Eppendorfer et al.,
1979).

Glycoalkaloids are known to possess anticholinest-
erase activity (Orgell et al., 1958) and, hence, are poten-
tial toxicants. The glycoalkaloid molecule consists of a
sugar moiety and an alkaloid, the aglycon. In the potato,
a-solanine and a-chaconine are the chief glycoalkaloids.
Researchers have disagreed as to the effect of nitrogen
fertilization on glycoalkaloid synthesis in potatoes.
Nowacki et al. (1975) found a decrease in the glycoalka-
loid content with increasing nitrogen levels of fertiliza-
tion, while Cronk et al. (1974) found an increase. How-
ever, Cronk et al. (1974) found that tuber response to
nitrogen fertilization was also dependent on variety.

Nitrates are the precursors of nitrites, which oxidize
ferrous hemoglobin to ferric hemoglobin, subsequently
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inhibiting oxygen transportation through the body and
causing methemoglobinemia (Hartman, 1982). Infants
are particularly susceptible to methemoglobinemia.
Ingested nitrate can be reduced to nitrite, which reacts
with secondary or tertiary amines to form carcinogenic
and mutagenic N-nitroso compounds (Walters et al., 1979).
Nitrosation reactions have been linked to cancers of the
esophagus, stomach, large intestine, and bladder. Accord-
ing to White (1975), potatoes contribute approximately
14% of the per capita ingestion of nitrates in the United
States. Increasing the rate of nitrogen fertilization has
been shown to increase the nitrate content of both potato
tubers (Ponnampalam and Mondy, 1985) and beets (Peck
et al., 1971).

The objective of this study was to investigate the effect
of nitrogen fertilization on both the glycoalkaloid and
the nitrate nitrogen contents of potatoes.

MATERIALS AND METHODS

In the first year Katahdin, Chipbelle, and Rosa cultivars were
used, and in the second year Russet Burbank, Lemhi Russet,
and Shepody cultivars were studied. The potatoes were grown
at the Cornell Vegetable Research Farm in Freeville, NY. Nitro-
gen, in the form of ammonium nitrate, was banded to the soil
at rates of 50 (56), 150 (168), and 200 (224) 1b/acre (kg/ha)
during the first year and 100 (112), 150 (168), and 200 (224)
Ib/acre (kg/ha) during the second year of the study. The low-
est rate applied during the first year was too low for normal
growth so the level was increased during the second year of the
study. Three replicates of each treatment were made. Differ-
ent plots were used during each year to prevent any carryover
of nitrogen from one year to the next. The tubers were mechan-
ically harvested 18 weeks after planting and stored at 5 °C and
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