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MANAGEMENT PERSPECTIVE

| Metolachlor is an important selective herbicide used for the control of several
anhual grassy weeds and certain broad-leafed weeds in corn, soybean, peanut, and other
crops. It is the most heavily used agricultural pesticide in Ontario. An estimated 7.2 x
- 10° mettic-tons of agricultural pesticides (active ingredients) of all types were used in
‘Ontario in 1988. Twenty-four perceni of this totel was metolachlor. The use of
metolachlor in Ontario more than doubled from 1983 to 1‘988, during which time the
related herbicide alachlor was withdrawn from the Canadian market. In order that an
assessment can be made of the hazards of metolachlor use to aquatic ecoSyste'ms, more
information is required on its occurrence in water, its toxicity to aquatic organisms, and
its persistence and fate. There is virtually no information in the' open literature on the
~aquatic fate and persistence of metolachlor., This work addresses fesearch needs
identified by the Ecosystem Interpretation Branch of Environment Canada in the
| development of Canadian water quality guidelines for metolachlor, and by the U.S. EPA

during its re-registration of metolachlor in the late 1980s.

This study has shown that metolachlor is very stable in natural waters. No
biodegradation or biotransformation of metolachlor was observed in the water of three
lakes of different trophic status, even after a 170- day m_cubatlon in a cyclone fermentor -
system. Using a polynuclear aromatic hydrocarbon (PAH)-degrading bacterial culture as
the test organism, metolachlor was estimated to have much greater environmental
persistence than medium molecular weight PAHs. The white rot fungus Phanerochaete
chrysosporium was able to _biot_r_ansferm metolachlof. Based on the three identified
metabolites a tentative metabolic pathway of metolachlor biotransformation by P.
chrysosporium was proposed. The pathway involved demethylation,-hydroxylation, and
hydrolytic dechlorlnatlon In summary, there is potential for the herbicide metolachlor to

have a long-lasting impact on Canadian aquatlc ecosystems.



 SOMMAIRE A L’INTENTION DE LA DIRECTION

Le métolachlor est un important herbicide sélectif utilisé pour la lutte contre
plusieurs mauvaises herbes graminées et certaines mauvaises herbes a feuilles larges
dans des cultures commie celle du mais, du soja, de l'arachide et quelques autres. C'est
le pesticide agricole le plus intensément utilisé en Ontario. On esﬁme que

7.2 x 10° tonnes métriques d'ingrédients actifs de pesticides agricoles de tous types ont

été utilisées en Ontario en 1988. Le métolachor représente 24 % de ce tpt,a].v L'utilisation
~ de métolachlor en Ontario a plus que doublé de 1983 a 1988, période au cours de
“laquelle I'herbicide apparenté alachlor a été retiré du marché canadien. Afin de pouvoir
évaluer les dangers de ['utilisation du métolachor pour les écosys_'téme‘s aquatiques, plus
d'information est requise sur sa présence dans l'eau, sa toxicité pour les organismes
aquatiques, et sur sa persistance et son devenir. Il n’existe & peu pres pas d'information
dans la littérature disponible sur le devenir et la persistance du métolachlor en milieu
aquatique. Ce document répond & des besoins en recherche signafés par la Direction
de l'interprétation de I'écosystéme d'Environnement Canada p0ur I'élaboration de lignes

directrices canadiennes de qualité des eaux pour le métolachlor, ainsi que par I'EPA

(E.-U.) pour la réhomologation du métolachlor & la fin des années 1980.

L'étude a montré que le métolachlor est trés stable dans les eaux naturelles.
Aucune biodégradation ou biotransformation du métolachlor n'a été observée dans I'eau
~ de trois lacs d'états trophiques différents, méme aprés une période d'incubation de
170 jours dans un fermenteur & cyclone. A laide d’une culture bactérienne dégradant
les hydrocarbures aromatiques polycycliques (HAP), on a estimé que la persistance du
métolachlor dans I'environnement était trés supérieure a celle des HAP de poids
moléculaire moyen. Le champignon de la pourriture blanche Phanerochaete
chrysosporium pouvait biotransformer le métolachlor. En se basant sur la caractérisation
" de trois métabolites, on a proposé un mécanisme mét_abolique provisoire de




biotransformation du métolachlor par P. chrysosporium. Ce mécanisme fait appel a la
déméthylation, & I'hydroxylation et a la déchloration hydrolytique. En bref, il est possible
que 'herbicide métolachlor ait des incidences durables sur les écosystemes aquatiques

canadiens. .




ABSTRACT

Metolachlor is an important,seleciﬂive herbicide used for the control of several
annual grassy weeds and certain broad-leafed Weéds in corn, soybean, peanut, and other
crops. It is the most heavily used agricultural pesticide in Ontario. There is, however,
very little information in the open literature on the aquatic.fate and persistence 6f

metolachlor; a fact that hinders the assessmént of its ultimate impact on the aquatic

: e,cbsyste’m. This study showed that metolachlor was very stable in natural water systems.

No apparent biodegradation or biotransformation of metolachlor was observed in three
test lake waters after an incubation period of 170 days. With a polynuclear aromatic
hydrocarbon (PAH)-degrading bacterial culture as the test organism, metolachlor was
éstimated to have an environimental persistence much greater than medium molecular
weight PAHs. Thus the extensive herbicidal use of metolachlor may have a long-lasting

impact on Canadian aquatic écosystems. The white rot fungus Phanerochaete

. chrysosporium was able to biotransform metolachlor. Based on the three identified

metabolites, a tentative metabolic pathway of metolachlor biotransformation by P.

chrysosporium was proposed, involving demethylation, hydroxyl'atioh, and hydrolytic

~dechlorination.



RESUME

Le métolachlor est un important herbicide sélectif utilisé pour la lutte contre
plusieurs mauvaises herbes annuelles gré‘minées et certaines mauvaises herbes a feuilles
larges dans des cultures comme celle du mais, du soja, de I'arachide et quelques autres.
C'est |e pesticide agricole le plus intensément utilisé en Ontario. Toutefois, on ne trouve
que trés peu d'information dans la littérature disponsible sur le devenir et la persistance
en milieu aquatique du métolachlor, et ceci géne I'évaluation des incidences a long terme
sur les écosystémes aquatiques. Cette étude a montré que le meétolachlor était trés
stable dans les systémes aquatiques naturels. On n'a observé aucune biodégradation
ou biotransformation visibles du métolachlor dans les eaux de trois lacs expérimentaux,
aprés une période d'incubation de 170 jours. En utilisant une culture bactérienne
dégradant les hydrocarbures aromatiques polycycliques (HAP) comme organisme d'essai,
on a pu estimer que le métolachlor avait une persistance environnementale trés
supérieure a celle des HAP de poids moléculaire moyen. Par conséquent, I'utilisation _
intensive du métolachlor comme herbicide peut avoir des incidences a long terme sur les
écosystemes aquatiques canadiens. Le champignon de la pourriture blanche
Phanerochaete chrysosporium pouvait biotransformer le métolachlor. En se basant sur
les trois métabolites-dui ont été caractérisés, on a proposé un mécanisme métabolique
provisoire pour la biotransformation du métolachlor par P. chrysosporium, utilisant des

étapes de déméthylation, d’hydroxylation et de déchloration hydrolytique.




INTRODUCTION

~ Metolachlor [2-chloro-N-(2-ethyl-6-methylphenyl)-N-(2-methoxy-1-
methylethyl)acetamide] is an important selective herbicide used for the control of several
. annual grassy weeds, yellow nuts_edge, and certain broad-leafed weeds in corn, soybean,
~ peanut, and other crops (Krause et al., 1985). Because of its effectiveness, metolachlor
has been rapidly replacing othef related chloroacetanilide herbicides (e.g., alachlor and
propachlor) (Chesters et al., 1989), and global demand for it has risen. In Canada,
metolachlor is now the most heavily used herbicide in the Province of Ontario. It was
estimated that approximately 1,724,700 kg of active ingredient of fhis chemical were

applied in Ontario in 1988 to control wee&s in a variety of field crops (Moxley, 1989).

Metolachlor and ‘alachlor - [2,-chIdro-N-(2,6-d.iethylphenyl)-N-
(methoxymethyl)acetamide] are two structurally related chloroacetanilide herbicides. Their
major difference in molecular structure is the methoxyalkyl chain attached to the N atom
of the basic stlr'UCture._ This rélativ“ely small difference in molecular structure is apparently
sufficient to impart some desirable properties to metolachlor as a herbicide. Some of
these -pr,oberti,es,' among others, are higher lipid and water solubilities for metolachlor
compared to alachlor (Che,sters et al., 1989). Lipophilicity facilitates the penetration of cell
mem_branés and is therefore critical to herbicidal activity. Since I'ipdphilic_ity is often
associated with a chemical's péréistence, the greater lipophilicity (in terms of octanol-
‘water partition coefficient) of metolachlor comparéd to alachlor suggests greater
‘pers'istenc,e. Recent investigations have shown that metolachlor could be moré persistent
in soil and aquatic environments than other related chloroacetanilide herbicides (Chesters
etal, 1989). - . -

' Biodegradation and biotransformation are crucial in the detoxification and

removal.of toxic substances from the environment. Biotransformation of metolachlor by



Krause et al., 1985; Saxena et al.,, 1987; Liu et al., 1991). However, relatively little is
known about the fate and persistencg of metolachlor in the natural aquatic environment.
-Such information is needed to assess and predict the ultimate impact of metolachlor on
the environment. The objective of this study was to assess the resistance of metolachlor
to degradation by naturally-occurring aquatic microorganisms and laboratory-cultured
microorgahisms, with emphasis on the isolation and identification of metabolites during‘

biotransformation. -

MATERIALS AND METHODS

Chemicals

Metolachlor . [2-chloro-N-(2-ethyl-6-methylphenyl)-N-(2-methoxy-1-
methylethyl)acetamide] of reagent grade (97%) was obtained from Chromatographic
Specialties Inc., Brockville, Ont. Technical grade metolachlor (93.5% active ingredient,
3% "safener’ [Benoxacor] and approx. 8.5% emulsifier) and analytical standards of the
following metabolites of metolachlor were obtained from Ciba-Geigy Canada Ltd.
(Mississauga, Ont.) and Ciba-Geigy Corp., Agricultural Division (Greensboro, NC): CGA-
40172, 2-hydroxy-N-(2-ethyl-6-methylphenyl)-N-(2-methoxy-1-methylethyl)acetamide;
CGA-40919, 4-(2-ethyl-6-methylphenyl)-5-methyl-3-morpholinone; CGA-37735, 2-hydroxy-
N-(2-ethyl-6-methylphenyl)acetamide; CGA-50720, N-(2-ethyl-6-methylphenyl)oxalamide;
CGA-51202, N-(2-ethyl-6-methylphenyl)-N-(2-methoxy-1-methylethyl)oxalamide; -and
- CGA-41638,2-chloro-N-(2-ethyl-6-methylphenyl)-N-(2-hydroxy-1 emethylethyl)ac‘,etahide.
An analytical standard of the Benoxacor safener was also obtained (CGA-154281, 4-
dichloroacetyl-3,4-dihydro-3-methyl-2H-1,4-benzoxazine). The molecular structures of
these chemicals are shown in Figure 1. Pesticide grade organic solvents were obtained

from Caledon Laboratories, Georgetown, Ont. The sodium sulfate used for drYing organic

extracts was heated to 500 °C for 24 hours before use. All other chemicals used in the
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experiments were reagént grade or better. All glassware was rinsed with pesticide grade

solvents before use.

Microorganisms and Culture Conditions
The resistance of metolachior to biological degradation was tested with a stable
mixed bacterial culture, with natural aquatic organisms from threé lakés, and with a white

rot funigus.

- The stable mixed bacterial culture had previously been shown to rapidly
degrade low and medium molecular weight polynuclear aromatic hydrocarbons (PAHSs)
~and polynuclear aromatic nitrogen heterocycles (Liu et al., 1992). The experiments were
~* conducted using mineral salt medium in glass-Teflon cyclohe fermentors with the technical
grade metolachlor at a final concentration of 10 mg/L (Liu et al.; 1992). At various timés,
aliquots were withdrawn from the fermentors for the analysis of metolachlor and its

metabolites. - An abiotic control experiment (usi,,hg 100 mg/L of HgCl,) was also performed.

The resistance of metolachlor to biological de‘gradat'ion'Wa_s‘alvso assessed with .
natural .aquatic microorganisms using both the cyclone fermentor and shaker flask
techniques. Three typés of lake water (oligotrophic, mesotrophic and eutrophic) were
collected from the Dorset region of Ontario and were used in the fermentors and shaker
flasks without any addition of nutrient or inoculum. In the cyclone fermentor experiments,
1.5 L of the spiked (with the technical grade metolachlor at 5 mg/L) oligotrophic,
“mesot'rOphic, and eutrophic lake waters were placed in the fermer’ifors and the -
disappearance of metolachlor from the test system was determined and compared to a
control containing 100 mg/L of HgCl,. In the shaker flask experiments, 1-L Erlenmeyer
flasks, each containing 0.5 L of spiked lake waters (with the technical grade metolachlor
at 5 mg/L), w,'e're'incubated at room temperature (21 °C) on a rotary Shaker‘ (140 rpm).

Aliquots were withdrawn from the flasks at various times for the analysis of metolachlor



and its metabolites. An abiotic control experiment (using 100 mg/L of HgCl,) was also-

performed.

The resistance of metolachlor to fungal degradation was assessed in both liquid
and solid growfh media using the white rot fungus Phanerochaete chrysosporium (ATCC
20696). The growth medium was a modified malt ex-ira’ct medium (MME) of compositibn
6.0 g of malt extract base, 1.8 g of maltose; 6.0 g of glucose, and 120 mg of yeast extract
per litre of distilled water. An appropriate amount of the technical grade metolachlor (in
acetone) was added directly to this growth medium to achieve a final metolachlor
concentration of 50 mg/L: The pH of the medium was then adjusted to 4.7 before
sterilization at 120 °C for 15 minutes. A solid growth medium was also used which had
essen_tiallyl the same composition as the above liquid fungal growth medium, except.that ‘

it was SUpp'Iement,ed ‘with 15 g of pure agar per litre.

The heterogeneous nature of the P. chrysosporium cultures (e.g., a tangled
mycelium in liquid media, or a radial mat on solid media) made it difficult to have each
individual flask or agar plate inoculated with the same amount of fungal biomass. It was
found that a reproducible amount of fungal inoculum could be obtained by using fungal
plugs taken from a growing fungal culture on an agar plate. To obtain the fungal plugs
the bulb-end of sterilized Pasteur pipets was used to cut out t‘he,plugs from the plate.
Since the plugs (containing fungal biomass) were uniform in size, they could be used as

a convenient source of a similarly-sized fungal inoculum.

To assess ‘the‘resistanc':e of metolachlor té fungal degradation on solid growth
medi‘um,, agar plates with or without metolachlor (50 rhg/L) were inoculated with fungal
plugs, ahd were incubated together with control agar plates (i.e., plates without inoculum)
at room temperature (21 °C) for various times. Sampling times for metolachlor and its
rmetabOIites were guided by the observation of the fungal growth radiating from the plug

on the inoculated agar plates. In experiments with the liquid growth medium, inoculated



and control 1-L.‘Er,|,enmeyer flasks, each containing 500 mL of MME with or without the
addition of the technical grade metolachlor (final concentration at 50 mg/L), were
incubated at room temperature on a rotary shaker (120 rpm).‘ At appropriate times, 10

mL aliquots were .withdrawn from the flasks aseptically for the analysis of metolachlor and

its degradation products.

. Forthe an':aflys,is of metolachlor in PAH-degrading bacterial suspensions and in |

) the natural waters, a 10-mL aliquot was withdrawn from the cyclone fermentors or shake
flasks at various times. .Thek samples were extracted with dichloromethane (1 x10 mL
and 2 x 5 mL), and the combined extracts were dried by passage through an anhydrous
sodium sulfate column. A toluene "keeper" was added to the extracts, which were then

"reduced in volume to'5 mL on a rotary evaporator. Fiu_rther concentrét_ion ahd sblvéht
exchange into toluene was performed under a stream of nitrogen to ‘achieve a final

volume of 0.5 mL. -

To assess the biodegradation of metolachlor by P.-.chrysosporium on solid agar
g’rowth medium, the inoculated agar plates were analyzed at appropriate times. The agar
in each plate was cut into small pieces with a stainless steel knife and placed in a 125-mL
Erienmeyer flask containing 50 mL of dichloromethane. The flask was placed on a rotary
shaker (220 rpm) for 1 hour and the dichloromethane was decanted from the flasks and
dried by passage through anhydrous sodium sulfate. A toluene keeper was added to the
resulting extracts were then concentrated to 5 mL.V on a rotary evaporator. Further
concentraition and solvent exchange into toluene was performed under a stream’ of
n,i‘t,ro'gen‘to obtain a final volurhe of 0.5 mL. To assess the degradation of'metolachlor by

P. chrysosporium in liquid g'mwth medium,/a 10-mL .aliquot was withdrawn from the

Erlenmeyer flask and extracted with dichloromethane (1 x 10 mL and' 2 x5 mL). Further.




concentration of the extract was the same as for the bacterial degradation experiments
described above. '

~ The toluene éxtra_cts were analyzed on a Hewlett Packard 5890-Il gas
chromatograph with a single splitless injector - dual column - n,itrogen-phAosphorus/ﬂamé
ionization detector (NPD/FID) technique. Both columns were DB-5 [polymethyl(5%
phenyl)siloxane] (J & W Scientific - Chromatographic Specialties Inc., Brockville, Ont.),
0.25 mm i.d. x 30 m length, with 0.25 pm film thickness. Injector and detector
temperatures were 200 °C and 300 °C, respectively. The initial column temperaturé was
90 °C for 2 minutes, and the program rate was 10 °minute to 150 °C, then 4 */minute to
280 °C, and then 8 °/minute to 300 °C with no final hold. The constant helium carrier gas
flow rate was 0.8 mL/min. The gas flow rate for air and hydrogen was set up based on
the'type of detector used (FID, air - 400 mL/min, hydrogen - 30 mL/min ; NPD, air - 120

mL/min, hydrogen - 4 mL/min).

Mass spectral analyses were done with a Hewlett Packard 5890-11 gas chromatograph,
7673 autosampler (1' yL injections), 5971A mass selective detector, MS Chem Station,
and the same column and temperature program. The MSD was operated in eleétron
impact mode with an ionization potential of 70 eV and a source temperature of 190 °G.4

The scan range was 50-500 amu.
RESULTS AND DISCUSSION
Mixed bgg; erial culture
| The inability of the native microorganisms in the three test lake waters (see text

below) to biodegrade or biotransform metolachlor over a very lohg contact period

prompted a study of the persistence of metolachlor using a PAH-degrading culture with

a known biodegradation potential (Liu ef al., 1992). After a six-month incubation, no
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biodegradation or biotransformation of metolaéhlor was observed in cyclone fermentors
or shaker flasks (data not shown). To check whether the PAH-degrading cultures still
retained their degr_adation potential during this long incubation period, a mixture of
naphthalene and phénanthrene was added to a test fermentor ét the termination of the
experiment. The immediate onset of the biodegradatic‘m‘of "the two added PAHSs verified
the degradation potential of the culture and underscored the resistance of metolachlof to
bacterial degradation, with a persistence greater than, or equal to, that of medium
molecular weight PAHs. Since the occurrence of bacterial metabolism of metolachlor has
been reported (Saxena ‘et al., 1987; Liu et al.,, 1589), the role of bacteria in the

biotrénsformation of metoléchlor in the environment cannot be underestimated.

Natural water samples

Water quality can significantly affect the fafte and peréistence of a chemical in
the aquatic enviro_nmeni; Cpn,t.a,m_ina,nts-a,re usually Ieés persistent in e’ut,rbph,ic water, due
to the higher level of nutrients and microorga,n_iém_s. Co’nséq'uent]y, it' is essential to
determine the perSisfénce_of chemicals in waters over a range of trophic status. Several-
parameters aré commorily used in the classification of the trophic state of fresh-water
lakes (Ch‘ap‘ra and Dobson, 1981). In this study the trophic state of the three test lakes
was de‘te‘rm.i‘ned on the level of total phosphorus and Chlorophyl'l a in the water (see Table
1). Based on these criteria, the three Ontario lake waters (Blue Chalk Lake, Gull Feather
Lake, and Moot Lake), used in our metolachlor persistence study would fali into fhe
categories of oligdtrophic (nutriént poor), mesbtrophid (nutrient intérmediate), and
eutrophic (nutrient rich), respectively (see Table 2).

),

Me‘t’olachlovr waé quite persistent in all three na"tural waters, with no degra'dation'
found over 120 days when tested at 4, 15 and 40 mg/L in shaker flask experiments (see
Figure 2). [In separate experiments the toxicity of metolachlor was assessed using fwo

short-term bioassays (Thomson et al.,, 1986; Kwan, 1993), and the results indicated that



metolachlo‘r was not toxic to the test m’icr‘oorganisrﬁs at concentrations up to 500 mg/L
(data not shown).] GC-NPD/FID and GC/MS analyses of extracts of the test solutions at
the end of the experiments showed no degradation or transformation products.
Metolachlor was also shown to be persistent in the cyclone fermentor experiments over
a period of 170 days. The experimental results were complicated by losses of
metolachlor from both control an~d~'test fermentors. Because there was generally as much,
or more, loss of metolachlor from the control solutions as from the test solutions, however,
the losses were attributed to volatilization from the vigorously mixed cyclone fermentor
broth.

The persistence of metolachlor in aquatic 'systems is supported by results from
other media. For example, Walker and Brown (1985) studied the relative persistence of
five acetanilide herbicides in soil'and concluded that metolachlor was the most p'e'r'sistent;
with a half-life of more than 70 days. The measurement of degradation rates for
herbicides in the field is often complicated by the fact that many factors could
simultaneously affect the determination. Factors known to influence the persistence of
metolachlor in soil systems include soil type and moisture (Zimdahl and Clark, 1982), soil
temperature and depth (Bouchard et al., 1982; Rao et al.,, 1986), and the pre-treatment
of soils with herbicides (Bailey and Coffey, 1986). Because of these variables, the values
of the reported half-lives for metolachlor in soils ranged from 52 to 277 days (Bouchard
ét al., 1982). There has been very little information in the open literature on the aquatic
fate -and 'pe'rsistence' of metolachlor. LeBaron et al. (1988) calculated the chemical
hydrolysis half-life of metolachlor at 20°C to be greater than 200 days'at pH 1-9. Kochany:
and Maguire (1994) concluded that métolachlor was fairly stable to chemical degradation
in natural lake water in the dark, with less than 4% loss after 100 days. Our biological
degradation results are in agr'eement with the above results, and indicate that metolachlor

is- pefsistent in aquatic environments.



White rot fungus

In recent yéérs thé' use of fungi to study the biodegradation of recalcitrant
chemicals has generated a considerable arriount of interest in the area of bioremediation
research and applications. The interest in this subject arises from the ability of white rot
fungi to degrade a diverse range of very persistent and/or toxic environmental
contaminants (Barr and Aust, 1994). This ability appears to be a result of the non-specific
substrate requirements of extraceliular enzymes from such fungi. The failure of our PAH-
degrading bacterial culture and the native microorganisms in the threé test Iake waters

-to biodegrade metolachlor prompted an mvestlgatlon of the feasnblllty of using the white

rot fungus P. chrysosponum to degrade metolachlor

Unlike bacterial metabolism of organic chemicals, fungal biodegradation is often
characterized by the accumulation of many degradation products. Figure 3 shows the
production of normal growth metaborlites by a culture of P. chrysosporium on the regular
growth medium (MME) over a period of 48 days. The production of these normal
metabolites was time-related, i.e., the profile of metabolite production chang'e‘d with the
time of incubation. Because of this potential compli“catioh, several controls were used,
e.g., .a growth control (fungal growth-on MME medium without metolachlor), a medium
control (sterile ' MME medium), and a chemical control (sterile MME medium plus
metolachlor) in the fungal biodegradation experiments.” Without such controls, it was
difficult to differentiate metolachlor metabolites from chemicals defived from fungal growth
on normal grdmh medium (for example, see Figure 4). As a further illustration, the peak
at 30.77 min in the total ion chromatogram of the 'extrac;t from the test gréwth plate (agar
growth plate with metolachlor) (see Figure 5), was a metéboli,te resulting from normal
fungal growth on the modified malt extract medium and those peaks occurring between
32.21 to 38.82 m'in were the actual métabolites from the fungal biotransformation of

‘metolachilor.
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From the humerous metolachlor metabolites produced by the white rot fungus
P. chrysosporium (see Figure 5), only three could be tentatively identified by retention
time and/or mass spectral matching. with known standards or comp,arison.with published.
mass spectra. Metabolite” M-4 was tentatively identified as. 2-chloro-N-(2-ethyl-6-
methylphenyl)-N-(Zehydroxy-."1 -methylethyl)acetamide by GC-NPD/FID, and GC-MSD
retention time matching with a known standard (CGA-41638). The identification was
confirmed by matching the electron impact GC-MSD spectrum for metabolite M-4 with
CGA-41 638. As shown in Figure 6, the EI/MS spectra were identical, with a molecular
ion at m/z 269 and fnajor fragment ions at m/z 238, 211, 162, and 146. The spectra also
showed that the pareni mass had a chlorine moiety. This metabolite occurs commonly.
in the metabolism of metolachlor by various organisms, including bacteria, actinomycete,
fungi, and fish (McGahen and Tiedje, 1978; Krause et al, 1985; .Sa‘xena et al., 1987;
Cruz et al., 1993). Interestingly, the in vitro oxidation of metolachlor by rat liver cytosolic
and microsomal enzymes also yielded M-4 (Feng and Wratten, 1989), thus suggesting
that 2-chloro-N-(2-ethyl-6-methylphenyl)-N-2-hydroxy-1-methylethyl)acetamide is probably

a ma_jo‘r;én_d/or universal metabolite during the biological degradation of metolachlor.

Without an available chemical standard, metabolite M-5 could be only tentatively
identified by comparing its EI/MS spectrum with published data (Cruz et al, 1993). | As
ca‘h be seen in Figure 7, M-5 had major ffagment ions at m/z 254, 227, 210 (base peak),
and 160 and the rest of the spectrum was consistent With the mass spectrum of the
hydroxylated metabolite O-7 as reported by Cruz et al. (1993). On the basis of these
GC/MS data, the M-5 was tentatively identified as - 2-chloro-N-[2-ethyl-6-
(hydroxymethyl)phenyl]-N-(2-methoxy-1-methylethyl)acetamide. This compoundwasalso
identified as the metabolite F during the biotransformation of metolachlor by a soil

actinomycete (Saxena et al., 1987).

Metabolite M-1 was also only tentatively identified, due to the lack of a chemical

standard. GC/MS analyses indicated that M-1 had a molecular ion at m/z 263 and major
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fragment ions at m/z 218, 191, 176, and 160 (see Figure 8). The spectral data also
revealed the lack of a chlorine isotopic patfe'rn’, indicating that M-1 was a dechlorinated
metabolite of metolachlor. As can be seen in Figure 8 the mass spectrum of M‘-1 ‘
matched fairzly well that of bacterial metabolite S-1 of Liu et al. (1989), Which was
tentatively. identified’ as ,2'=hydroxy-N:-(2-methyl-6-vinylphenyl)aNa(Zﬁmethoxya1=
methylethyl)acetamide. The mass spectrum' of M-1 was also similar to that of fungal
metabolite IV of McGahen and Tiedje (1978), which was also tentatively identified as 2-
hydroxy-N (2-methyl-6-vmylphenyl) -N-(2-methoxy-1 -methylethyl)acetamlde Consequently,}

metabolite M-1 is tentatively identified as that compound

The results from the present study showed that the metabolic pathways of
biotransformation of metolachlor by the white rot fungus P, chrysosporiur:n were somewhat
_ similarto those observed in fish, bacteria, and Actinomycetes. The metabolites M-4, M-5,
- and M-1 were also metabolites of metolachlor biotransformation by a soil fungus
(McGahen and Tiedje, 1978), bacteria (Liu et al., 1989), soil actinomycetes (Krause et al.,
1985; Saxena ét al., 1987), rat liver microsomal enzymes (Feng and Wratten, 1989); and
by bluegill sunfish (Cruz. et al., 1993). The proposed metabolic pathway for metolachlor
“(see Figure 9) by P. chrysosporium includes O-demethylation of the N-alkyl substituent
of metolachlor to yield metabolite M-4, and hydroxylatibn of the benzylmethyl group to
form metabolite M-5. A subsequent hydrolytic dechlorination of metabolite M-5 may lead
to the formation of the h\ypot{he‘tical intermediate  2-hydroxy-N-[2-ethyl-6-
(hydroxymethyl)phenyl]-N-(2-methoxy-1-methylethyl)acetamide, whose subsequent
dehydrogenation yields fhé vinyl”pherluyl metabolite M-1. Metabolite M-4 appea_rs to be a
very ,st'abvlé compound and would not.un’de‘rgo any further biotransformaation. When M-4
was incorporated into the MME agar plate .as the tés‘t compound, no sign of
biotransformation by P. chrysosporium was observed over an incubation period of of 2

months (data not shown).
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Benzylic hydroxylation of the aralkyl side chains and O-demethylation at the N-
alkyl substituent have been demonstrated to be major pathways in the biological
transformation of metolachlor (Krause et al., 1985;- Feng and Wratten, 1989; Cruz et al.,
1993). The process of hydrolytic dechlorination appears to occur less frequently in the
metabolism of metolachlor. Only one report (LeB,aron et al., 1988) was found in the
literature that described hydrolytic dechlorination and O-demethylation as being major
metabolic pathways for metolachlor in the rét. Metabolism studies with the white rot
fungus may also be complicated because of the multiplicity of products produced through
the action of non-specific lignin peroxidases ahd manganese-dependent peroxidaSes.
Evidence for the multiplicity of proddcts is given in Figure 10, which shows mass spé_ctra
of three metabolites (M-1, M-2 and M-'3) of metolachlor produced by P. chrysosporium.
These closely-eluting metabolites (see Figure 5) had very similar mass spectra, with
parent ions at m/z 160 and major ions at m/z 218, 191 , 174/176, and 145. Some of these
metaboiites may be diastereoisomeric isomers, as has been suggested for other microbial

metabolites of metolachlor (Krause et al., 1985).

The inability. of the P. chrysosporium culture to mineralize metolachl@‘r is
cOnsiStent with the results of previous studies. Krause et al. (1985) used uniformly ring-
labelled "C-metolachlor to study microbial transformation by a soil actinomycete and
concluded that degradation of the aromatic moiety of metolachlor did not occur during the
biotransformation process. A similar conclusion was also reached by Saxena et al. (1 987)
in their screening study for metolachlor-degrading microorganisms. It thus appears that
metolachlor is only transformed, and not mineralized, by common microorganisms. If the
major metabolites are biologically active, aquatic organisms may thus be still at risk.
However, it is known that some stable metabolites derived from pesticides possess more
active sites or functional groups than do the parent compounds. Consequently, the

metabolites rmay bind more easily to organic matter (including humic substances) in soil

or sediment, a phenomenon that is expected to increase their persistence (Kozak et al.,
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1983), but _p'erh'aps also to reduce their biblogical fav'ailability and toxicity to aquatic 'v
organisms. | | | -

In é’uni‘mary; this study has shown that the herbicide me_tolachldr_is very stable
to biological degradation in natural waters, and persists much longer than medium
molecular weight PAHs in bacterial cultures. This work, together with recent work
indicating that metolaéhlor is both Chemidally_ and photochemically stable in natural I,a_ke
water (Kochany and Maguire, 1994), indicates that metolachlor is likely féiﬂy persistent
in natural waters. Further work is planned on the nature of metolachlor intéractions_ with
suspended solids a‘hd sediment, and the environmental behaviour of some of the niajor'

metabolites arising from biological transformation.
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Table 1. Classification of the trophic state of lakes'.

Parameters | o Trophic State
.. Oligotrophic Mesotrophic o Eutrophic =
total phosphorus < 9.9 - 99-185  >185
(ug P/L) - |
chiorophyll a <20 . 2.0-5.0 >5.0

(hg/L)

" Based on the trophic classification by Dillon and Rigler (1975).
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Table 2. Water quality data for Blue Chalk'Lake, Gull Feather Lake and Moot Lake.

Parameters = Blue Chalk Lake  Gull Feather Lake Moot Lake

(oligotrophic) (mesotrophic) (eutrophic)

alkalinity (mg/L) 4.5 1.7 0.8
Al (ug/L) : 10.0 . 72.3 106.7
Ca (mg/L) : 26 25 2.1
chlorophyll a (ug/L) 1.4 _ 3.8 , 6.9
Cl (mg/L) ‘ 0.4 ‘ 0.4 . 0.4
conductivity (uS/cm) = 27.9 o 27.9 22.9
DIC (mg/L) 1.4 1.3 0.6
DOC (mg/L) 1.8 . S 5.4 6.5
Fe (ug/L) 60.5 7479 518.2
K (mg/L) 0.4 0.4 0.4
Mg (mg/L) 0.8 0.7 0.5
Mn (pg/L) - 296 74.1 . 435
Na (mg/L) 0.8 0.7 0.5
NH, (ug/L) 17.7 53.8 21.2
NO, (pg/L) - 15.4 36.1 - 20.9
TKN (ug/L) : 175.4 350.3 565.7
pH 6.7 5.8 5.6
Si (mg/L) 0.2 1.5 0.8
SO, (mg/L) 6.3 7.8 6.1

Total P (ug/L) 5.53 11.54 14.53
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FIGURE CAPTIONS |

Chemical struéture 6f metolachlor and some metabolites.

‘Shake flask study on metolachlor persistence in lake wéter_s.

Extracts of fungal growth on MME agar plates.

Compér’uson of total ion chromatograms of extracts from a fungal gr‘owfh plate
(i.e., MME plate without metolachlor) and a metolachlor degradation plate (i.e.,
MME plate with metolachlor). : v

Total ion ‘chr‘omatogram of the extract from the metolachlor degradation plate.

Mass spectra of (A) CGA-41638, and (B) metabolite M-4- from the metolachlor
degradation plate.

Mass spectra of (A) metabolite O-7 of Cruz et al. (1998), and (B) metabollte M-
5 from the metolachlor degradation plate.

Mass spectra of (A) metabolite S-1 of Liu et al. (1989), and (B) metabollte M-1
from the metolachlor degradation plate.

Proposed metabolic pathway of metolachlor by the white rot fungus P.
chrysosponum ‘ ¢

Comparison of mass spectra of metolachlor metabolites M-1, M-2 and M-3.
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Think Recycling!

Pensez a recycler !




