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SUMMARY 

The bacterial degradation of mecoprop (2-(2-methyl-4-chlorophenoxy)propionic acid) was studied using a mixed culture under aerobic conditions. 
The release of chlorine from mecoprop indicated incomplete degradation (75 %), which did not proceed to completion upon extended incubation. The UV 
absorbance initially increased and this was associated with spectral distortion of the shoulder and trough regions and a slight shift in the maximum 
wavelength of absorption. GC-MS analysis indicated that 4-chloro-2-methylphenol was an intermediate in the degradative pathway of mecoprop. The 
GC-MS data also suggested the formation of other phenolic compounds with repositioned chloro- and methylgroups. 

INTRODUCTION 

The phenoxyalkanoic herbicide ( + )  2-(2-methyl- 
4-chlorophenoxy)propionic acid (mecoprop) is often used 
in combination with other weed control agents to extend 
their herbicidal properties. Only few studies have been 
reported that deal with the microbiological degradation of 
this compound [3-5]. Moreover, previously published 
studies have largely focused on the biological degradation 
of mecoprop under field conditions [6,8,9]. 

For the present work, the microbiological degradation 
of mecoprop was assessed with a mixed culture under 
laboratory conditions by means of a mass balance. The 
mass balance was based on the disappearance of meco- 
prop and release of substituent chloride from the ring 
structure. The key parameters monitored for this work 
were the base consumption to maintain a constant pH, 
optical density, substrate concentration determined via 
HPLC, and spectral properties of samples of culture 
media. Spent culture media were also analysed by gas 
chromatography-mass spectrometry (GC-MS) in an 
attempt to identify soluble intermediates and chlorinated 
biotransformation products. 
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MATERIALS AND METHODS 

A mixed culture was enriched with mecoprop from a 
soil sample collected from a fertilizer manufacturing plant 
site. This culture, designated as SM, was maintained with 
mecoprop as the sole source of carbon and energy in a 
mineral salts medium, and used as the standard inoculum 
in all experiments. This culture was a mixture of Gram- 
negative bacteria but no attempt was made to identify any 
of the constituents. There was no evidence for the pres- 
ence of Gram-positive bacteria or eukaryotic organisms. 
The stock culture was maintained in 100 ml cultures in 
250-ml shake flasks (150 rev/min) containing (per liter) 
1.0 g mecoprop, 0.5 g K2HPO4, 0.5 g (NHa)2SO4,  0.5 g 
M g S O  4 ' 7H20, l0 mg FeC13 .6H20 , 10 mg CaC12 �9 2H20 , 
10mg MnC12.4H20, and 0.1mg ZnSO4.TH~O. The 
mineral salts and mecoprop stock solutions were auto- 
claved separately. All incubations were carried out at 
room temperature (22 + 1 ~ 

In experiment I (mass balance), the bacteria were 
grown in batch culture in a 2-1 fermentor. The inoculum 
was first grown in shake flasks, centrifuged at 
3000rev/min for 10min, and resuspended in sterile 
medium before inoculation. The culture vessel was fitted 
with a water condenser (5 ~ to minimize the evapo- 
ration of mecoprop and of volatile biotransformation pro- 
ducts. The aeration rate of the fermentor was 1 1/min. 1 
with a constant stirring at 150 rev/min. The pH was 
maintained at 7.4 by addition of NaOH via a pH-stat unit. 
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Samples of culture media were removed at 24-h inter- 
vals. Growth was monitored by measuring the optical 
density at 550 nm. The concentration of mecoprop was 
measured by UV absorbance at 279 nm which is the A~a• 
characteristic to this compound. Spectral scans were 
recorded from 240 to 340 nm for centrifuged samples of 
culture media. The spectrophotometer used for UV scans 
was Varian 2200 with an accuracy of _+ 0.5 nm. The 
instrument was equipped with a PC interface for data 
storage and for detailed analysis of the scans including 
peak ratios and shifts of as small as 1 nm in wavelengths 
of absorption maxima. 

The concentration of mecoprop was also monitored 
with high pressure liquid chromatography (HPLC), con- 
sisting of a model 100A Altex pump operating in the 
isocratic mode with a flow rate of 2 ml/min, and a Hitachi 
100-40 UV fitted with an Altex spectrophotometer flow 
cell set at 229 nm (range, 2.0; time constant, 0.3). The 
HPLC conditions were essentially the same as those 
previously developed for the analysis of 2,4-dichloro- 
phenoxyacetic acid (2,4-D) [7]. A Hewlett Packard 
H3396 A integrator was set to peak width 0.2, threshold 
1.0, area rejection 100, and a chart speed 0.5 cm/min. The 
HPLC column was a 4.6 mm x 150 mm Phenomenex 
reverse phase ODS1 with Spherisorb packing and 5/~m 
pore size. The mobile phase for HPLC consisted of 400 ml 
of acetonitrile, 6 g of K2HPO4 in 600 ml of distilled water, 
and 3.0 ml of concentrated phosphoric acid. The mobile 
phase was filtered using a 0.45-/~m membrane filter fol- 
lowed by degassing with helium before use. The HPLC 
system had a detection limit of 1 mg mecoprop/1 under 
these conditions. 

A standard mecoprop stock solution for HPLC was 
prepared by adding 100 mg of mecoprop (98 ~o pure) to a 
100-ml volumetric flask containing 10 ml of 0.5 N NaOH 
and made up to volume with double distilled and 
deionized water. The standards were prepared by adding 
graded amounts of the mecoprop stock solution to 100-ml 
volumetric flasks containing 25 ml of 0.5 N NaOH and 
4.0 ml of glacial acetic acid. A similar protocol was used 
in preparing a 4-chloro-2-methylphenol (4,2-CMP) stand- 
ard. 

Samples of culture media were prepared for HPLC by 
adding 1.0-ml aliquots to 4.0 ml of 0.25 N NaOH followed 
by filtration through a 0.45 #m Gelman Acro LC25 dis- 
posable syringe filter. An equivalent volume of 1 N acetic 
acid was added to this volume. 20-/~1 standards and 
samples were loaded onto the HPLC system. 

Inorganic chloride was measured with a coulometric 
titrator (Haake Buchler). The instrument displayed line- 
arity in the range of 1.8 to 1065 mg C1-/1 with an accuracy 
of + 0.5 ~o. 

For experiment II, a 10-1 batch of the test culture was 

grown in a fermentor with 1 g/1 mecoprop. The culture 
vessel was stirred at 150 rev/min and aerated at 1 l/rain. 1. 
The medium was inoculated (2 ~o v/v) with the test culture 
followed by incubation for 8 days at 22 ~ The initial 
pH 7.4 decreased to pH 6.4 during the incubation and no 
attempt was made to maintain a constant pH. At termi- 
nation, the biomass was removed by filtration (Millipore 
Pellicon cassette system) and the clear culture solution 
was extracted with 8 1 of ethylacetate, followed by drying 
with anhydrous sodium sulfate and concentration in a 
rotary evaporator to approx. 20 ml. 

Gas chromatograph-mass spectrometer (GC-MS) 
analysis of extracts was carried out with a Hewlett- 
Packard 5890 gas chromatograph-5970B mass spec- 
trometer, equipped with an RTE VI data system. GC 
separations for total ion chromatogram (TIC) were per- 
formed using a 30 meter x 0.25 mm Supelco SPB-5 capil- 
lary column. Injections (1 #1)were made and the tempera- 
ture was programmed as follows: 40 ~ C for 6 rain, ramp 
10 ~ to 300 ~ held at 300 ~ for 5 min. The MS 
was tuned to meet standard U.S. EPA criteria for deca- 
fluorotriphenyl phosphine. The MS was operated in full 
scan mode over a mass range of 40 to 450 Da. Identifi- 
cation of peaks was carried out using a standard reverse 
search program of the on-line NBS/Wiley mass spectral 
library. 

For HPLC, a 10-ml sample of the ethylacetate-extract 
of spent culture media was concentrated to a 5-ml volume 
in a rotary evaporator and then extracted with 20 ml of 
0.1 N NaOH. The resulting precipitation, presumed to be 
protein, was removed by centrifugation and the super- 
natant was diluted 10-fold with distilled water and then 
prepared for HPLC as described for experiment I. In 
order to differentiate between impurities and biotransfor- 
mation products of the substrate, mecoprop standards 
were analysed by HPLC at concentrations similar to 
those present in the sample. 

Mecoprop (98~'o purity) and 4,2-CMP were obtained 
from Aldrich Chemical Corp. 

RESULTS AND DISCUSSION 

In experiment I, the SM culture removed 75~  of the 
mecoprop in 7 days of incubation (Fig. 1). The residual of 
25~o remained constant up to 13 days. An inverse rela- 
tionship was established between the A55o and the 
residual concentration of mecoprop as monitored by 
HPLC. 

The degradation of mecoprop was an acid-producing 
reaction (Fig. 1). The rate of base consumption was simi- 
lar to the rate of chloride formation, suggesting that 
hydrochloric acid was produced as a product of dechlori- 
nation of the parent molecule. 
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Fig. 1. Microbiological degradation of mecoprop in experi- 
ment I. A. Concentration ofmecoprop measured by HPLC (O); 
UV absorbance at 279 nm (O); and the turbidity (A). B. Base 
consumption ([]) and the concentration of inorganic chloride 

(A) in the culture media. 
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TABLE 1 

Characterization of spectral changes of culture media in Experi- 
ment I 

D a y  A279/A248 A279/A296 UV peak structure a 

Mecoprop Transient 
shoulder shoulder 
p e a k  ( 1 2 8 6 )  peak (A282) 

0 5.7 42.5 + + + ND 
1 5.5 13.4 + + + + + 

2 4.8 11.9 + + + 
3 3.5 2.9 + + + 
4 2.9 3.3 + + 
5 2.5 3.0 ND + 
6 2.3 2.4 ND + 
7 2.5 2.5 ND + 

13 3.4 7.8 + + + ND 

a +, relative intensity; ND, not detected. 

Both HPLC and A279 were used to analyse mecoprop. 
The mecoprop concentration determined by A279 resulted 
in significantly higher values than those derived via 
HPLC. This discrepancy may be attributed in part by the 
accumulation of biotransformation products in the cul- 
ture medium. Fig. 2 shows that the decrease in the con- 
centration of mecoprop is not coupled with the dechlori- 
nation reaction, again implying the formation of chlori- 
nated biotransformation products. The accumulation of 
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Fig. 2. Release of inorganic chloride from mecoprop (A) and 2,4-D (B). The line depicts the theoretical release of chloride based on 
100~o dechlorination on successive days of incubation. The sample points for mecoprop are from experiment I: the sample points for 

2,4-D are based on a previously published study [2]. 
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the intermediate was greatest on day 3, when 65 % of the 
mecoprop was still chlorinated and thus partially 
metabolized (Fig. 2A). Further dechlorination took place 
during the subsequent days of  incubation, but the mass 
balance calculations on day 13 still indicated that 20% of 
the degraded mecoprop persisted in a chlorinated form 
(Fig. 2A). In contrast, in a similar experiment where 2,4-D 
was the sole carbon source [2], the disappearance of 
2,4-D was coupled to dechlorination throughout the time 
course (Fig. 2B) and the respective UV spectra of  cen- 
trifuged culture samples displayed 2,4-D as the only pre- 
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Fig. 3. Spectral scans of samples of culture media in 
experiment I. 
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Fig. 4. Spectral scans of 4,2-CMP and mecoprop standards. A. 
50 ppm of 4,2-CMP (upper scan) and 50 ppm of mecoprop 

(lower scan). B. 25 ppm each of 4,2-CMP and mecoprop. 
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Fig. 5. Mass spectral data for (A) mecoprop standard and (B) 
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dominant UV-absorbing species under otherwise com- 
parable experimental conditions. 

The spectral scans ofmecoprop cultures incubated for 
up to 13 days displayed several changes in UV absorbance 
after day 1. These changes involved spectral distortions 
and a transient shoulder peak (Table 1) as well as a 
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transient increase in UV absorption over the 240-280 nm 
range (Fig. 3). The characteristic mecoprop spectrum can 
be seen in the UV data for day 0. The major spectral 
features of this compound include a strong absorption 
region in the 260-320 nm range which can be attributed 
to the aromatic ~ ~* electronic transitions [1]. This 
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TABLE 2 

Compound identification based on mass fragmentation patterns of five major peaks in the total ion chromatogram of 4,2-CMP standard 

Peak no. Retention time Compound identification Probability Abundance 
(min) (~o) (~o) 

1 14.42 2-methyl-phenol 88 9.7 
2 1 4 . 8 8  2-chloro-6-methyl-phenol 89 6.1 
3 1 8 . 0 4  2,4-dichloro-6-methyl-phenol 99 10.9 
4 1 8 . 2 2  2-chloro-6-methyl-phenol 86 68.7 
5 1 9 . 0 6  4-chloro-3,5-dimethyl-phenol 79 4.6 

absorption region sharply rises at 296 nm and reaches a 
maximum at 279 nm. A minor shoulder peak is present at 
296 nm. Below 279 nm the absorption sharply decreases 
and reaches a trough region at 248 nm. 

These wavelengths can be used to define the shape of 
the peak and by using the absorbance ratios at these 
wavelengths spectral distortions in the culture media 
become apparent. The A279/A248 ratios decreased during 
the incubation (Table 1), indicating the presence of at 
least one additional UV absorbing species in this range. 
Similarly, the A279/A296 ratios decreased, suggesting the 
formation of a metabolic product with a characteristic UV 
absorbance different from that of mecoprop. The typical 
mecoprop shoulder region at 296 nm gradually changed 
during incubation until it was again predominant on 
day 13. This loss of the shoulder region was accompanied 
with a transient shoulder at 282 nm (Fig. 3), which dis- 
appeared by day 13 when the spectral data again depicted 
a typical mecoprop spectrum. 

One suspected partial degradation product was 
4-chloro-2-methylphenol (4,2-CMP) which was reported 
by Smith [7] to be formed during the microbiological 
degradation of mecoprop. In the present work, it was 
found that the mecoprop standard used in these experi- 
ments contained a trace amount of 4,2-CMP as an 
impurity. However, the peak area of 4,2-CMP was only 
about 0.13 To of that of mecoprop and therefore 4,2-CMP 
was usually not seen as a discreet peak in the HPLC 
chromatograms of mecoprop standards. 

While the HPLC chromatograms obtained in the mass 
balance experiments indicated a gradual decrease in 
mecoprop concentration, they did not display peaks that 
would correspond to the retention time of the 4,2-CMP 
standard. Thus there was no evidence in the HPLC 
chromatograms to suggest the accumulation of 4,2-CMP 
as a major metabolite. Depending on the sample, three to 
five other minor peaks were also present but each had a 
relative abundance of < 1.2~o of the mecoprop peak area. 
Control experiments revealed their presence also in the 
parent substrate. 

UV scans determined during the time course displayed 
an initial increase in absorbance, characteristic of the 
formation of a compound with a higher absorption molar 
coefficient than the parent compound mecoprop. At the 
same time, there was a shift in the Area x from 279 nm to 
280 nm and a spectral distortion in the shoulder region of 
the spectrum (Fig. 3), suggesting a change in the UV 
absorbing species. The molar absorption coefficients 
determined in this study were 1.4x103 M -  1 c m -  1 for 
mecoprop and 1.7 x 10 3 M-1 cm 1 for 4,2-CMP. UV 
scans for mecoprop and 4,2-CMP standards and their 
mixture are shown in Fig. 4. It should be noted that if the 
increase in UV absorbance was caused by a ring cleavage 
product, it would be a strongly polar compound and could 
not be resolved by the HPLC methodology employed in 
this study. 

GC-MS analysis of a mecoprop standard displayed 
one major peak in the total ion chromatogram (TIC). The 
mass spectrum of the major peak, which displayed a 
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Fig. 7. UV spectral scans of the culture media on successive 
days of incubation (indicated by numbers) in experiment II. 



retention time of 23.8 min, is shown in Fig. 5. The mass 
spectral library search correctly identified the peak as 
mecoprop, with a 96% match probability. 

A 4,2-CMP standard sample resulted in five significant 
peaks in the TIC (Fig. 6). The respective MS fragmen- 
tation data indicated that the substituent C1 and CH 3 
groups of 4,2-CMP were subject to repositioning and 
removal (Fig. 6). A partial listing of the best matches of  
the fragmentation patterns is shown in Table 2 for the five 
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patterns is summarized in Table 3. 
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major peaks in the TIC. Peak 4 (retention time 18.2 min) 
was the largest peak in the TIC and was identified as 
2-chloro-6-methylphenol. This peak is taken to represent 
the standard 4,2-CMP because it is recognized that MS 
does not readily differentiate between isomers on a library 
search. A minor TIC peak also produced a fragmentation 
pattern that was characteristic of  4,2-CMP (peak2, 
Table 2), but it should be again recognized that the posi- 
tion of substituent groups cannot be completely verified 
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TABLE 3 

Compound identification based on mass fragmentation patterns of eight major peaks in the total ion chromatogram of spent culture 
media in experiment II. The remaining mass fragmentation patterns in other TIC peaks did not yield positive identification 

Peak no. Retention time Compound identification Probability Abundance 
(min) (70) (~o) 

4 14.53 2-methyl-phenol 83 8.3 
3-methyl-phenol 79 

6 1 8 . 1 0  2,4-dichloro-6-methyl-phenol 99 3.0 

7 1 8 . 3 5  2-chloro-5-methyl-phenol 79 4.8 
2-chloro-6-methyl-phenol 66 

19.08 phthalic anhydride 73 5.6 

2 3 . 2 3  1,1-bis(dodecyloxy)-hexadecane 78 1.4 

2 3 . 4 0  4-chloro-2-methyl-phenol 66 0.9 
2-(4-chloro-2-methyl-phenoxy)-propanoie acid 60 

23.77 5-octadecane 70 6.8 

27.03 hexadecanoic acid 88 1.0 

8 

11 

12 

13 

18 

by MS. The presence of 4,2-CMP because of thermal 
degradation during the GC-MS analysis cannot be ruled 
out at the present time. 

In experiment II, the UV absorbance again displayed 
an initial increase and spectral distortion of both shoulder 
regions (Fig. 7), again suggesting a transient accumulation 
of an intermediate. GC-MS analysis of spent culture 
media exhibited multiple peaks in the TIC (Fig. 8). Eight 
of these peaks could be identified by matching with the 
mass spectral library search (Table 3). Several phenolic 
compounds were identified with repositioned chloro or 
methyl groups (Fig. 8, Table 3). Although the MS frag- 
mentation pattern does not differentiate between reposi- 
tioned substitutions, an identification may also be based 
on the retention time of the peak in the TIC relative to that 
of the authentic compound. Peak7 (retention time 
18.4 rain) produced identification which was comparable 
with that of the 4,2-CMP standard. Peak 12 (Table 3) can 
be attributed to the parent substrate, mecoprop. 

CONCLUSIONS 

In conclusion, a mixed bacterial culture could be 
maintained with mecoprop as the sole source of carbon 
and energy. However, mecoprop was only partially 
degraded and yielded biotransformation products as evi- 
denced by spectral changes in the UV range characteristic 
to phenoxyherbicides. Changes in UV absorbance were 
transient and included spectral distortions and a shift in 

the wavelength ofAma • If the bacteria were capable of 
using mecoprop without the accumulation of aromatic 
intermediates, UV absorbance could be directly used as 
a measure of residual concentration. However, the 
absorbance first increased, again suggesting the formation 
of UV absorbing aromatic intermediate species in the 
culture medium. In the degradative pathway ofmecoprop, 
one of the first intermediates is 4,2-CMP which is formed 
upon removal ofpropionate from mecoprop. GC-MS pro- 
duced fragmentation patterns for authentic 4,2-CMP 
which were characteristic ofrepositioned substitutions in 
the ring structure. The presence of 4,2-CMP in samples of 
spent culture media was verified by GC-MS based on 
both peak retention and fragmentation pattern. Meco- 
prop degradation was consistently incomplete based on 
dechlorination and HPLC data. Several reasons may 
account for the incomplete degradation. The pathway of 
mecoprop degradation may be subject to regulation by 
downstream intermediates yet to be elucidated, and these 
may also be inhibitory directly to the bacteria, thereby 
accounting for the cessation of mecoprop degradation. 
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