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Abstract 

A bacterial consortium that anaerobically mineralized phenoxyacetate, with transient production of phenol 
as an intermediate, was obtained from a methanogenic aquifer site near the Norman, OK municipal landfill. 
This consortium was able to convert the eight halogenated chlorophenoxyacetates tested to the correspond- 
ing chlorophenols. The chlorophenols were not subsequently metabolized. The addition of reduced sub- 
strates increased the rate of degradation of all chlorophenoxyacetates, with 78 % of mono- and di-chlorinated 
substrates being transformed to chlorophenols in butyrate-amended cultures, compared to less than 37% 
transformed in unsupplemented cultures. Butyrate increased the transformation of 2,4,5-trichlorophenoxya- 
cetate from 10% to 20%. An experiment evaluating the effects of several compounds on the side-chain 
cleavage reaction of 3-chlorophenoxyacetate showed that addition of compounds which readily act as 
hydrogen donors (butyrate, crotonate, ethanol, propionate, and hydrogen) resulted in 2 to 5 times the 
amount of 3-chlorophenoxyacetate transformed compared to controls with no amendment, formate had a 
slight stimulatory effect, and acetate and methanol had no effect. Butyrate addition also increased the rate of 
phenoxyacetate degradation, resulting in transient phenol accumulation not observed in butyrate-un- 
amended controls. These results support the hypothesis that the side-chain cleavage of phenoxyacetate is a 
reductive process that is stimulated by the oxidation of reduced cosubstrates. 

Introduction 

Two pathways for the anaerobic biodegradation of 
the herbicide 2,4,5-trichlorophenoxyacetate (2,4,5- 
T) have been noted, in which aryl dehalogenation 
(DeWeerd et al. 1986; Gibson & Suflita 1986, 1990; 
Suflita et al. 1984) or Cleavage of the side-chain 
(Mikesell & Boyd 1985; Eder 1980) occur as the 
initial metabolic transformation. Even when reduc- 
tive dehalogenation is the primary biotransforma- 

tion route, evidence suggests that side-chain cleav- 
age occurs before the aromatic nucleus is mineral- 
ized (Gibson & Suflita 1990). This results in the 
transient appearance of phenol and a variety of di- 
and monochlorophenols during anaerobic 2,4,5-T 
metabolism, in addition to several chlorophenox- 
yacetates (Gibson & Suflita 1986, 1990). In order to 
study the side-chain cleavage reaction without the 
complicating dehalogenation reactions, we en- 
riched a methanogenic bacterial consortium for the 
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ability to completely mineralize phenox3,acetate. 
This enrichment produced phenol and chlorophe- 
nols as intermediates of phenoxyacetate and chlo- 
rophenoxyacetate decomposition, respectively. 
The chlorophenols were not mineralized by the 
consortium. We were able to use this enrichment to 
probe the environmental factors influencing the 
removal of the side-chain of phenoxyacetate herbi- 
cides and related intermediates. 

Materials and methods 

Enrichment of the consortium 

The enrichment was obtained from phenoxyace- 
tate-amended slurries made with aquifer solids and 
ground water from a methanogenic aquifer site 
located near the landfill in Norman, OK (Beeman 
& Suflita 1987). The slurries were made with 100g 
(wet weight) aquifer sediments and 25 ml of anaer- 
obic ground water, as previously described (Gibson 
& Suflita 1986). Transfers (~  10%) were made from 
slurries in which phenoxyacetate had been degrad- 
ed to the anaerobic basal salts medium of Shelton 
and Tiedje (1984), except that the NaHCO 3 concen- 
tration was increased to 3g/l, and COC12-6H20 and 
NiC12-6H20 were reduced to 0.03mg/1. The medi- 
um also had a lmM starting concentration of sodi- 
um sulfide. The aquifer slurry and subsequent 
transfers were amended with 0.5 to lmM phenox- 
yacetate as a carbon and energy source. 

Experimental protocol 

An enriched phenoxyacetate-degrading bacterial 
consortium maintained for over 18 months on phe- 
noxyacetate was used for all experiments. Subcul- 
tures (10 or 25ml) were aseptically dispensed from 
a larger (2-1) batch culture into aluminum seal 
tubes (Bellco Glass, Inc., Vineland, N J) or 50ml 
serum bottles while the containers were flushed 
with an oxygen-free gas mixture (80% NJ20% 
CO2). The bottles were sealed with sterile lcm 
black rubber septa (Bellco Glass, Inc.) and alumi- 
num crimp seals. The headspace of the bottles was 

exchanged three times by evacuating and then re- 
filling with the O2-free gas mixture and over-pres- 
surized to 140kPa. To determine the effects of hy- 
drogen on phenoxyacetate degradation by the cul- 
ture, the headspace was adjusted to 80% H2/20% 
CO 2 and overpressurized to 34 or 140kPa. The 
headspace of these cultures was replenished with 
the gas mixture when the headspace pressure de- 
creased to atmospheric pressure or below. Stock 
solutions of test substrates were filter-sterilized and 
added to the culture to result in an initial concen- 
tration of 500-750p.M for chlorophenoxyacetates 
and lmM for fatty acids and alcohols. Treatments 
were performed in triplicate, and an autoclaved 
sample served as a sterile control. The cultures 
were incubated at room temperature, in the dark. 
Bottles containing a hydrogen headspace were 
shaken at 250rpm, while all other experiments 
were incubated without agitation. Subsamples 
were periodically withdrawn from the experiments 
and stored at-10°C. 

Analysis 

Subsamples were thawed and centrifuged at 
20,000x g for 25 minutes prior to HPLC analysis of 
the supernatant. Chlorophenoxyacetates and chlo- 
rophenols were analyzed by C18 reverse-phase 
chromatography as previously described (Gibson 
& Suflita 1986). Fatty acid analysis was also by 
HPLC but an Aminex HPX-87X ion exclusion co- 
lumn, 300x 7.8ram (Bio-Rad, Richmond, CA) was 
used. The mobile phase was 0.016N sulfuric acid 
and the flow rate was 0.9ml/min. Detection was by 
UV absorbance at 210nm. 

Chemicals 

Most chemicals were commercially available and 
used without further purification. The 2,5-dichlo- 
rophenoxyacetate and the 3-chlorophenoxyacetate 
were synthesized by the method of Koelsch (1931) 
with the addition of a final benzene wash to remove 
any unreacted chlorophenol. 
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Fig. 1. Biotransformation of chlorophenoxyacetates by the phenoxyacetate-degrading consortium in the presence and absence of buty- 
rate. Incubation time was 13 days and no substrate depletion was noted in autoclaved controls. 

Results  

In initial experiments with the enrichment, phe- 
noxyacetate depletion was measured, and phenol 
transiently accumulated. However,  after two trans- 
fers, phenoxyacetate degradation did not begin. 
We theorized that the loss of the metabolic activity 
might be due to the depletion of a required cosub- 
strate. In an attempt to recover phenoxyacetate- 
degrading activity in the enrichment, we added 
either short-chain acids or an alcohol ( lmM) to 
several transfers. The butyrate- and propionate- 
amended cultures regained the ability to degrade 
phenoxyacetate,  while cultures amended with ace- 
tate or methanol did not. These former two enrich- 
ments were subsequently maintained with phenox- 
yacetate as the sole carbon source for over 18 
months. 

We tested the enrichments for the ability to bio- 
degrade the three mono-, four dichloro-, and one 
trichloro-phenoxyacetate congeners. The transfor- 

mation of each chlorophenoxyacetate was tested in 
both the presence and absence of either butyrate or 
propionate. Because the results were similar with 
both enrichments, only results obtained with the 
butyrate-stimulated enrichment are reported, and 
that enrichment was used for all subsequent experi- 
ments. 

All chlorophenoxyacetates examined were 
transformed stoichiometrically to the correspond- 
ing chlorophenols by the consortium (Fig. 1). No 
aromatic intermediates other than the chlorophe- 
nols were observed. The chlorophenol products 
persisted, and there was no evidence for any fur- 
ther biodegradation of these metabolites. Greater  
biotransformation of the chlorophenoxyacetates 
was measured in cultures treated with butyrate. At 
least 78% of the test mono- and di-chlorophenox- 
yacetates were transformed in butyrate-amended 
cultures, while less than 37% of the parent sub- 
strates were degraded in unsupplemented cultures. 
The biotransformation of 2,4,5-T was only slightly 
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Fig. 2. Degradation of phenoxyacetate, 2-chlorophenoxyacetate, 
and 3-chlorophenoxyacetate with no additional organic supple- 
ment (A) and with lmM butyrate added (B). 

stimulated in the presence of butyrate (Fig. 1), and 
no increase in substrate removal was noted with 
further incubation. 

An experiment was designed to monitor the rate 
of phenoxyacetate, 2-chloro-, or 3-chlorophenox- 
yacetate disappearance in the presence and ab- 
sence of butyrate (Fig. 2). The concentration of 
2-chlorophenoxyacetate and 3-chlorophenoxyace- 
tate declined very Slowly (~0.3gM.h -1) in unsup- 
plemented samples, while phenoxyacetate was de- 
graded at about 5 gM.h 1. However, when butyrate 
was added, all three compounds declined at com- 
parably rapid rates (Fig. 2). 

The effect of butyrate on the disappearance of 
phenoxyacetate and the appearance of the phenol 
intermediate is shown in Fig. 3. Phenoxyacetate 
degradation was almost twice as fast in the pres- 
ence of butyrate (5 vs. ~10gM.h-1), and phenol 
accumulated transiently under these conditions. In 
the absence of butyrate, phenoxyacetate metabo- 
lism was slower, and phenol did not accumulate. 

In order to compare the effect of butyrate and 
propionate on the side-chain cleavage reaction, the 
enrichment was amended with 3-chlorophenoxya- 
cetate and one of these supplements. The halog- 
enated substrate was used to eliminate potential 
effects from ring-cleavage intermediates. Both sup- 
plements increased the biotransformation of 3- 
chlorophenoxyacetate by the consortium, but buty- 
rate exhibited the greater effect (Fig. 4). Butyrate 
supplementation resulted in a maximum biotrans- 
formation rate of about 8gM.h -~, while propionate 
supplementation resulted in a rate of lgM-h -l. Bu- 
tyrate degradation by the enrichment began imme- 
diately and was complete within 80 hours (Fig. 4). 
Propionate metabolism was slower than butyrate 
degradation, with more than 70% of the added 
propionate still present at the end of the experi- 
ment (data not shown). The stimulatory effect of 
propionate on 3-chlorophenoxyacetate metabo- 
lism over the unsupplemented control was not evi- 
dent until after 104h of incubation (Fig. 4). 

In order to confirm the effect of other short- 
chain organic acids and alcohols on the side-chain 
cleavage reaction, subcultures were amended with 
3-chlorophenoxyacetate and with various supple- 
ments. After 12 days, propionate, butyrate, crot- 
onate, and ethanol additions stimulated the bio- 
conversion of 3-chlorophenoxyacetate (Table 1). 
Cultures supplemented with these compounds 
transformed about two to four times as much sub- 
strate as the unsupplemented controls. Degrada- 
tion of the chlorophenoxyacetate in the presence of 
acetate or methanol supplements was not different 
from unsupplemented controls. Formate addition 
resulted in 42% more substrate transformed than 
nonsupplemented cultures. Hydrogen addition al- 
so stimulated the side-chain cleavage reaction rela- 
tive to unsupplemented controls, but no significant 
difference between the cultures overpressurized by 
34kPa or 140kPa was detected. 

Discussion 

In the enrichment, phenoxyacetate was trans- 
formed to phenol, which was subsequently degrad- 
ed. Similarly, all of the chlorinated phenoxyace- 
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Fig. 3. Biodegradztion of phenoxyacetate and the production of 
phenol in the presence and absence of supplemental butyrate. 

rates examined were t ransformed by the consorti- 
um to the corresponding chlorophenolic deriva- 
tives, but these products were not degraded 
further. Unlike the other halophenoxyacetates,  
only a small amount  of 2,4,5-trichlorophenol was 
formed from 2,4,5-T metabol ism by the consort ium 
(Fig. 1). The decreased transformation of this sub- 
strate relative to the other chlorophenoxyacetates  
may be due to the steric hindrance associated with 
the trihalogenated compound or to the toxicity of 
the accumulated 2,4,5-trichlorophenol. 

The slower degradation of the test monochlor- 
inated phenoxyacetates  relative to phenoxyaceta te  
itself was overcome when butyrate was added to 
the consortium. This result indicated that the ab- 
sence of a second substrate, rather  than the pres- 
ence of an aryl halide, limited the degradation of 
the chlorophenoxyacetates.  This second substrate 
apparent ly is provided during the degradation of 
the aromatic  nucleus of phenoxyacetate  by the con- 
sortium when the unchlorinated substrate is the 
sole organic carbon and energy source. If phenol  
degradation intermediates are required for the ini- 
tial bioconversion of phenoxyacetate  by this con- 
sortium, then phenoxyaceta te  catabolism should 
be limited by the rate of phenol  degradation. 

When phenoxyaceta te  was the sole organic car- 
bon source for the consortium, phenol  was used as 
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Fig. 4. Biodegradation of 3-chlorophenoxyacetate with no sup- 
plement, 1raM butyrate, or 1 mM propionate. The degradation of 
butyrate is also shown. 

quickly as it was produced and did not accumulate 
above the detection limit of 10gM. If, as hypothe- 
sized, the initial conversion of phenoxyacetate  is a 
reductive process with the rate dependent  on the 
release of reducing equivalents for aromatic  ring 
metabolism, then addition of another  oxidizable 
carbon source might increase the rate of phenoxya- 
cetate metabolism. When both butyrate  and phe- 
noxyacetate were added to the consortium, the rate 
of phenoxyacetate  metabolism exceeded the rate 

Tablel. Effects of organic supplements and H 2 on the conversion 
of 3 chlorophenoxyacetate to 3-chlorophenol. 

Treatment s 3-chlorophenoxyacetate 
degraded ~' 
(gM_+ standard deviation) 

None 121.4_+ 8.9 
34 kPa H2/CO 2 232.0+ 43.6 
140kPa H2/CO 2 257.6_+ 16.7 
Formate 174.2_+ 13.4 
Methanol 115.3+ 43.5 
Acetate 111.0_+ 19.1 
Ethanol 293.2_+ 7.3 
Propionate 255.9_+ 11.2 
Butyrate 512.6_+ 36.1 
Crotonate 399.0_+ 36.9 

"1 mM organic supplements. 
bInitial concentration of 3-chlorophenoxyacetate was 750gM, 
incubation time was 12 days. 
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of phenol degradation. This lends support to the 
hypothesis that the rate of the initial conversion of 
phenoxyacetate is at least partially controlled by 
the rate of phenol metabolism in the absence of 
other sources of reducing equivalents. 

A small amount of chlorophenoxyacetate me- 
tabolism was observed even in the absence of an 
added electron donor (Figs 1 and 2). This may be 
due to the carry over of oxidizable compounds 
from the parent consortium, the presence of re- 
duced components in the cells themselves, or some 
release of reducing equivalents from the metabo- 
lism of the side-chain of the chlorophenoxyace- 
tates. 

Table I shows that not all supplements were ef- 
fective in stimulating the conversion of 3-chloro- 
phenoxyacetate to a chlorophenol. Those organic 
compounds that are good hydrogen donors (bury- 
rate, propionate, ethanol, crotonate, and formate) 
stimulated the side-chain cleavage reaction. Simi- 
larly, hydrogen supplementation resulted in more 
biotransformation of the chlorophenoxyacetate 
than in the unsupplemented controls. It is unclear 
why cultures pressurized with H2/CO 2 to 34kPa 
transformed essentially the same amount of 3-chlo- 
rophenoxyacetate as those pressurized to 140kPa. 
However, when the pH was examined after 10 days 
incubation, the culture fluid decreased from its ini- 
tial value of 6.8 to <6 in incubations pressurized to 
140kPa with the H2/CO 2 mixture, while it was still 
6.4 in experiments pressurized to 34kPa. This in- 
dicates that acetogenic processes may have also 
been occurring in the enrichments. It is possible 
that acetogenesis could act as an alternate hydro- 
gen sink. Also, the lower pH may have inhibited 
the bacteria responsible for the side-chain trans- 
formation. 

Based on the observed stimulation when re- 
duced substrates are added, the first step in anaero- 
bic phenoxyacetate metabolism appears to be a 
reduction requiring the concurrent oxidation of an- 
other substrate. The proposed reaction is: 

C6HsOCH2COO + 2e- 2H + 

4 C6HsOH+ CH3COO- 

In this respect, it is interesting to note the work of 

Krumholz and Bryant (1986). They isolated an ace- 
togenic bacterium that required sugars as electron 
donors for growth on methoxylated aromatic com- 
pounds. It may be that the electron donor was 
needed to reduce the ether bond of methoxylated 
compounds in a manner consistent with our obser- 
vations on phenoxyacetate metabolism. This is in 
contrast to the alkyl ether cleavages reported by 
several groups (Dwyer & Tiedje 1983, 1986; Schink 
& Stieb 1983; StraB & Schink 1986; Tanaka & Pfen- 
nig 1988; Wagener & Schink 1988) for which a hy- 
drolytic reaction is likely, and the aryl ether cleav- 
ages carried out by acetogens that do not require a 
supplemental electron donor for O-demethylation 
of and growth on methoxylated aromatic com- 
pounds (Bache & Pfennig 1981; Mountfort & Asher 
1986). Because reductive processes would be stim- 
ulated by a suitable electron donor whereas hydro- 
lytic processes are probably not, it may be that the 
aryl ether bond cleavage observed during phenox- 
yacetate degradation is an example of the former 
process. 

The mechanism(s) of anaerobic ether cleavage 
reactions are of great importance. This reaction 
may be involved in the anaerobic metabolism of 
many compounds including phenoxy acid and 
phenyl ether herbicides, various lignin compo- 
nents, and ether linked polymers such as those 
found in nonionic surfactants. Optimization of the 
ether cleavage reaction may facilitate anaerobic 
removal of pollutants which contain ether bonds. 

Acknowledgements 

The research described in this article was support- 
ed by the U.S. Environmental Protection Agency 
through assistance agreement No. CR-812808 to 
the University of Oklahoma. This work has not 
been subjected to Agency review and therefore 
does not necessarily reflect the views of the Agency 
and no official endorsement should be inferred. 

References 

Bache R & Pfennig N (1981) Selective isolation of Acetobacteri- 



urn woodii on methoxylated aromatic acids and determina- 
tion of growth yields. Arch. Microbiol. 130:255-261 

Beeman RE & Suflita JM (1987) Microbial ecology of a shallow 
unconfined ground water aquifer polluted by municipal land- 
fill leachate. Microb. Ecol. 14:39-54 

DeWeerd KA, Suflita JM, Linkfield ~I, Tiedje JM & Pritchard 
PH (1986) The relationship between reductive dehalogena- 
tion and other aryl substituent removal reactions catalyzed by 
anaerobes. FEMS Microbiol. Ecol. 38:331-339 

Dwyer DF & Tiedje JM (1983) Degradation of ethylene glycol 
and polyethylene glycols by methanogenic consortia. Appl. 
Environ. Microbiol. 46:185-190 

I (1986) Metabolism of polyethylene glycol by two anaerobic 
bacteria, Desulfovibrio desulfuricans and a Bacteriodes sp, 
Appl. Environ. Microbiol. 52:852-856 

Eder G (1980) Formation of chlorophenols from the corre- 
sponding chlorophenoxyacetic acids in estuarine sediment 
under anaerobic conditions. Ver/Sff. Inst. Meeresforsch. 
Bremerh. 18:217-221 

Gibson SA & Suflita JM (1986) Extrapolation of biodegrada- 
tion results to groundwater aquifers: Reductive dehalogena- 
tion of aromatic compounds. Appl. Environ. Microbiol. 52: 
681-688 

- -  (1990) Anaerobic biodegradation of 2,4,5-trichlorophenox- 
yacetic acid in samples from a methanogenic aquifer: Stim- 
ulation by short-chain acids and alcohols. Appl. Environ. 
Microbiol. 56:1825-1832 

Koelsch CF (1931) The identification of phenols. J. Am. Chem. 
Soc. 53:304-305 

Krumholz LR & Bryant MP (1986) Syntrophococcus sucrorn- 

57 

utants sp. nov. gen. nov. uses carbohydrates as electron donors 
and formate, methoxymonobenzenoids or Methanobrevibac- 

ter as electron acceptor systems. Arch. Microbiol. 143:313-318 
Mikesell MD & Boyd SA (1985) Reductive dechlorination of 

the pesticides, 2,4-D, 2,4,5-T, and pentachlorophenol in an- 
aerobic sludges. J. Environ. Qual. 14:337-340 

Mountfort DO & Asher RA (1986) Isolation from a methano- 
genic ferulate degrading consortium of an anaerobe that con- 
verts methoxyl groups of aromatic acids to volatile fatty acids. 
Arch. Microbiol. 144:55-61 

Schink B & Stieb M (1983) Fermentative degradation of poly- 
ethylene glycol by a strictly anaerobic, gram-negative, non- 
sporeforming bacterium, Pelobacter venetianus sp. nov. Appl. 
Environ. Microbiol. 45:1905-1913 

Shelton DR & Tiedje JM (1984) General method for determin- 
ing anaerobic biodegradation potential. Appl. Environ, Mi- 
crobiol. 47:850-857 

Straf3 A & Schink B (1986) Fermentation of polyethylene glycol 
via acetaldehyde in Pelobacter venetianus. Appl. Microbiol. 
Biotechnol. 25:37-42 

Suflita JM, Stout J & Tiedje JM (1984) Dechlorination of (2,4,5- 
trichlorophenoxy)acetic acid by anaerobic microorganisms. J. 
Agric. Food Chem. 32:218-221 

Tanaka K & Pfennig N (1988) Fermentation of 2-methoxyetha- 
nol by Acetobacterium malicum sp. nov. and Pelobacter vene- 

tianus. Arch. Microbiol. 149:181-187 
Wagener S & Schink B (1988) Fermentative degradation of 

nonionic surfactants and polyethylene glycol by enrichment 
cultures and pure cultures of homoacetogenic and propion- 
ate-forming bacteria. Appl. Environ. Microbiol. 54:561-565 


