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‘\\\Fifty-two bacteria isolated from sewage, temperate soil, and various
tropical soils were tested for their ability to attack 2,4-D and 2,4,5-T.
Fourteen caused the disappearance of 35 to 100% of the 2,4-D, and nine
brought about the destruction of 20 to 100% of the 2,4,5-T. None of the
organisms could use 2,4-D or 2,4,5~T as a sole source of carbon. Degradation
of 2,4-D and phenoxyacetic acid in nonsterile sewage and a tropical soil was
greatly enhanced by pretreating the sewage and soil with these campounds,
suggesting the selection for organisms capable of attacking 2,4-D and phenoxy-~
acetic acid. Cell yields of the three most active 2,4,5-T degraders in a
medium with glucose, glycerol, and sodium succinate and in a benzoate-supple-
ment medium with and without 2,4,5~T did not differ, suggesting cometabolic
attack. Resting cell suspensions of nine of the isolates cleaved chlorine
fram the 2,4,5-T molecule while metabolizing more than 40% of the 2,4,5-T,
suggesting ring cleavage of the herbicide. Eight isolates produced chlori-
nated phenol fram 2,4,5-T. Studies of the respiratory activity of three
isolates also suggested ring cleavage of 2,4,5-T. By use of ( "k;—ring-UL)
2,4,5-T, it was found that the herbicide was readily metabolized in a tropical
soil. I\
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INTRODUCTION

Phenoxy herbicides such as 2,4-D and 2,4,5-T are among the most cammonly
used herbicides for selective weed control and for defoliation. The metabolic
fates of 2,4-D and 2,4,5 T are of obvious concern because of the potential tox-
icity of the herbicides and their metabolites to nontarget organisms. Although
considerable work has"been done on the persistence of 2,4-D in the soils char-
acteristic of agricultural lands of continental United States, little attention
has been given to the persistence and fate of this herbicide or 2,4,5-T in
tropical soils of the Pacific Ocean area. The research in this report was
designed to determine the persistence and fate of 2,4-D and the persistence,

fate, and role of cametabolism in the biodegradation of 2,4,5-T in such soils.
MATERIALS AND METHODS v i

Materials. 2,4-Dichlorophenoxyacetic acid (2,4-D) and 2,4,5-trichloro-
phenoxyacetic acid (2,4,5-T) were obtained from Dow Chemical Co., Midland,
Mich.; phenoxyacetic acid (PA.), 2,4-dichlorophenol (DCP), 2,4,5-trichloro- 1
phenol (TCP), and catechol fram Eastman Organic Chemicals, Rochester, N.Y.; -
and phenol and sodium benzoate fram Mallinckrodt Chemical Works, New York,
N.Y. Uniformly ring-labeled [4c] 2,4,5-T (sp act 1.61 mCi/mol) was pur-
chased fram California Bionuclear Corp., Sun Valley, Calif. The purity of
the 14C-labeled campound was 98% as determined by thin-layer chramatography.
Unlabeled 2,4,5-T and 2,4-D were purified by recrystallizing them twice in

benzene. The purity of the compounds was greater than 99% as determined by

thin-layer chromatography and melting point determinations. The compounds

were prepared at 10,000 ppm in either 95% ethanol (Mallinckrodt) or as the

sodium salt in distilled water.
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Glassware. Glassware was cleaned by a 24-h immersion in 20% (vol/vol)
HI\D3. Nitric acid was removed by multiple washings in tap water followed by
distilled water.

Isolation of sewage and soil microorganisms. Bacteria capable of degrad-

ing 2,4-D and 2,4,5-T were isolated by the enrichment culture technique using
the following sewage and soils at a concentration of 10% as initial sources
of inocula: sewage collected at the primary effluent of the Ithaca, N.Y. sew-
age treatment facility (used within 30 min after collection), a taemperate-zone
soils mixture, Philippine soil (pH 6.8), Puerto Rico soil (pH 5.8), Nigerian
soil (pH 5.9), and Trinidad soil (pH 6.1). The enrichment medium was an inor-

ganic salts medium (3) and contained (per liter): (N}i4)2SO4, 0.5 g; K1, 0.2 g; e

NaCl, 0.1 g; CaC12.2H20, 50 mg; Nk}SO‘IJH2 20, 20 mg; and buf-

fered with 12 mM potassium phosphate buffer, pH 7.2. When used as the source

0, 0.2 g; FeCl3.6H

of carbon, the camwpounds were added to final concentrations of 250 and 1000
ppm. When used as a substrate for cometabolism, the compounds were added to

a final concentration of 100 ppm in the inorganic salts medium containing 0.3
g/liter each of glucose, glycerol, and sodium succinate (basal medium). The
medium was sterilized by filtration through sterile 0.2 jm membrane filters
(Millipore Corp., Bedford, Mass.). The enrichment cultures (10 ml total vol-
ume) were incubated statically in screw-cap tubes at 29°C. 2,4-D, 2,4,5-T and
PA disappearance were determined by UV absorbance. Once significant loss and
visible turbidity occurred, 1.0 ml of the enrichment culture was transferred
to fresh medium. After two successive transfers, the enrichments were streaked
on plates containing either the inorganic salts medium with 15 g/liter agar
(Difco) and amended with 250 or 1000 ppm of the compound if used as carbon
source or basal medium with 15 g/liter agar and amended with 100 ppm of the
test campound. Isolates able to attack 2,4-D and 2,4,5-T were subsequently

recognized by their ability to degrade the campound in liquid medium. Growth




4
curves and kinetics of 2,4,5 T disappearance were studied by growing selected
organisms in basal medium amended with 50 ppm 2,4,5-T or mineral salts medium
with 300 ppm 2,4,5-T at 29°C and 150 rpm. Periodically, portions were removed,
and either the optical density determined or the samples were centrifuged at
10,000 X g at 4°C for 15 min and the supernatant fluid assayed for 2,4,5-T
disappearance. Nonbiological disappearance of 2,4,5-T was assessed using ster-
ile incubation medium.

Resting cell preparations. To prepare resting cells, cultures were grown

in l-liter Erlemmeyer flasks containing 500 ml of basal medium amended and un-
amended with 25 ppm 2,4,5-T and incubated at 29°C and 150 rpm for 36 h. The
cells were harvested by centrifugation for 15 min at 10,000 X g at 4°C and
washed three times with and resuspended in 10 ml of 10 mM phosphate buffer, pH
7.2 to an optical density of 1.5 at 420 nm. To 10 ml of the resting cell sus-
pension was added 25 ppm 2,4,5-T, and the suspensions were incubated for 24 h
at 29°C and 150 rpm. The reaction mixtures were centrifuged, and the super-
natant fluid was used for the analytical and chemical procedures. Nonbiolog-

ical degradation of 2,4,5-T was assessed with sterile medium.

Manametry. Standard manometric procedures were used (20). Each flask
received either 0.33 ml of a solution with 1.1 pmoles of substrate as 2,4,5-T
(sodium salt) in distilled water or inorganic salts medium with glucose or
sodium benzoate as sole carbon source. The endogenous flask contained 0.33 ml
of 10 mM phosphate buffer, pH 7.2, in the side arm. The main campartment con-
tained 2.67 ml of cell suspension in the phosphate buffer, and the center well
received 0.2 ml of 20% KOH. The cells were grown in the same medium as used
for respiration studies.

Degradation of (14C—r'g-UL) 2,4,5~T. To determine the persistence and

degradation of 2,4,5-T in soil, 25 and 75 g 2,4,5~T (14C—ring—UL)/q soil were

added to 5.0 g of Philippine soil (pH 6.8, organic matter about 3%) in 50 ml

~q
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screw-cap Erlemeyer flasks. The screw caps were modified to accammodate tef-
lon-silicone discs (Pierce Chemical Co., Rockford, Ill.). The herbicide was
dissolved in 95% ethanol, and the solvent was allowed to evaporate before mix-
ing with the soil. The soil was wetted to 70% of field capacity with distilled
water. One flask with each chemical concentration contained a sample of soil
irradiated with a total dosage of 6 megarads; this dosage was sufficient to
totally inactivate the soil microflora. Periodically, the soil was acidified
with 10 N H2804, and air was passed into the soil for 90 min. The air passing
out of each soil was bubbled through filter sticks (Ace Glass, Inc., Vineland,
N.J.) into disposable scintillation vials (Kimble, Toledo, Ohio) containing 2.0
ml of carbon dioxide-trapping agent (CO2 mMet , Amersham/Searle Corp., Arlington
Heights, Il1l.) and 13 ml of aqueous counting scintillant (ACS, Amersham/Searle
Corp.) .

Analytical methods. Turbidity was measured at 420 nm in a Bausch and Lamb

spectrophotameter, model Spectronic 20. 2,4,5-T, 2,4-D, and PA disappearance
were monitored by ultraviolet (UV) absorbance measurements at 292, 280, and 268
nm, respectively, in l-cm quartz cuvettes in a Beckman grating spectrophotameter,
model DB-G.

Chloride release was determined by the technique of Bergmann and Sanik
(6).

Phenol production was determined by the method of Chrastil (10).

Catechol production was determined by the method of Arnow (4).

Carbon dioxide-MC activity in the scintillation vials was determined by
counting in a Beckman liquid scintillation counter, model LS-100C. All counts

were corrected for quenching and background.
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RESULTS

Isolation of strains. Enrichment cultures able to degrade 2,4-D and

2,4,5-T were isolated fram sewage and soils. During the course of the enrich-
ment studies, the persistence of 2,4-D, 2,4,5-T and phenoxyacetic acid (PA) was
determined for sewage and Philippine soil. Sewage and soil was amended with

100 ppm of the compound, and the degradation was followed by a decrease in W
absorbancy. When canpared to autoclaved sewage (control), greater than 90% of
the 2,4-D and PA disappeared after 7 and 12 days, respectively; however, 2,4,5-T
was not attacked after 60 days (Fig. 1). Subsequent additions of 2,4-D and PA
to the sewage showed greater than 75% disappearance after 2 and 3 days, respec-
tively, suggesting the selection for organisms capable of attacking the compounds.
Similar results were obtained with Philippine soil, except that the time neaded
to observe 90% disappearance of 2,4-D and PA was 14 and 16 days, respectively,
while 3 and 4 days were required for 75% disappearance of subsequently added
2,4-D and PA, respectively (Fig. 2).

To detemine the number of isolates from each inoculum that could degrade
2,4-D and 2,4,5-T, the bacteria were grown in basal medium amended with 50 ppm
2,4-D or 2,4,5-T. Disappearance of the compounds was nonitored periodically
by recording the UV absorbancy of the culture's supernatant fluid, and these
data were compared to the disappearance of the compounds in sterile medium
(control). A sumary of the study to show the number of isolates from each
inoculum capable of degrading 2,4-D and 2,4,5-T is given in Table 1. Sewaage
and Philippine soil provided the most 2,4-D-metabolizing isolates, whereas the
number of 2,4, 5-T-metabolizing isolates, although highest from sewage, were
fairly evenly distributed among the various soils. All enrichments yielded

organisms capable of metabolizing 2,4-D and 2,4,5-T. TFhenoxyacetic acid, NaB,

o
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Fig. 1. Disappearance of 2,4-D, 2,4,5~T, and phenoxyacetic acid

in sewage amended with 100 ug/ml of each compound.
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and phenol were used as a carbon source aud as a substrate for conetabolism,
whereas 2,4-D, 2,4,5-T, DCP, and TCP were used as a substrate for cometabolism
only.

The isolates were studied further to ascertain their morphological and
biochemical characteristics. The bacteria exhibited the following diversity:
88% were Gram—-negative, 78% were rod-shaped, 58% were motile, 32% were pig-
mented and/or fluorescent, 68% were oxidase positive, and 94% were catalase
positive (Table 2). A breakdown of the characteristics of the isolates by
inoculum indicated that the inocula contained a high percentage of Gram-nega-
tive, rod-shaped, catalase-positive bacteria, while the remaining characteris-
tics fluctuated fram a low of 5% pigmented and/or fluorescent bacteria fram
the teamperate soil to 88% oxidase-positive bacteria from the Philippine soil.

"
Metabolism of 2,4-D and 2,4,5~T. Nineteen isolates were capable of metabo-

lizing 2,4-D and 2,4,5-T. Resting~cell suspensions of these bacteria were pre-
pared, and 2,4,5-T disappearance, phenol and catechol production, and chloride
release were determined. When compared to sterile controls, eight isolates
caused the disappearance of greater than 50% of the 2,4,5-T. Extensive metabo-
lism occurred with isolates 233 (88%), 4C3 (88%), and 5D3 (92%) (Table 3).
Twelve isolates released chloride in the medium, with isolates 2A3, 4C3, and
5D3 liberating 90% or more. Eight isolates produced phenol from 2,4,5-T. No
catechol was detected in the medium after a 36-h incubation period. The loss
of UV absorbancy, release of chloride, and absence of phenol and catechol in-
dicated that certain isolates were metabolizing 2,4,5-T by destroying the aro-
matic ring. The production of phenol with and without chloride release sug-

gested that same of the isolates were converting 2,4,5-T to 2,4,5~trichloro-

phenol and mono- and dichlorophenol.
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TABLE 2. Morphological and biochemical characteristics of bacteria isolated
fram sewage and soil
Percentage of isolates showing characteristic
Gram Rod Pigmented, Oxidase Catalase
Source negative shaped Motility fluorescent positive positive
Sewage 90 95 69 50 87 100
Temperate soil 92 60 60 5 40 97
Philippine soil 88 86 71 43 88 91
Puerto Rico soil 73 76 49 28 67 100
Nigeria soil 91 75 50 29 57 85 =
Trinidad soil 94 76 49 37 69 91
v 3
Mean 88 78 58 32 68 94 , ¥

ro—
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TABLE 3. Metaboliam of 2,4,5T, release of chloride, and production of phenol

by resting-cell suspensions

Phenol

2,4,5-T Chloride 2,457
Bacter ium lost? (%) released? () (ag ®)
1Al 0 24 60
2A1 8 0 60
2A2 0 40 50
2A3 88 94 Q0
4A3 0 0 35
4A5 44 24 0
S5A5 56 0 \]
¢
187 44 40 0 ,
oB2 24 0 10
2Cl 52 0 0 3
2C2 0 0 75 ﬁ
2C4 04 30 0 X
AC1 44 50 0
AC3 88 90 Q
ACS 8 0 30
4D3 4 24 25
5D3 92 90 0
3E3 72 40 0
514 68 50 0
nitial concentration: 25 jgAnl.
t-’Conoantration of chloride in 25 ygAnl 2,4,5T: 10.5 ugAnl.
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The three most active 2,4,5-T-degrading isolates (2A3, 4C3, and 5D3) were
grown in basal medium amended with 50 ppm of 2,4,5-T or inorganic salts medium
amended with 300 ppm 2,4,5-T. Control flasks containing basal medium were in-
cubated with the isolate. Growth, measured by optical density, was correlated
with 2,4,5-T disappearance as measured by loss of (V absorbancy. Regardless
of the presence or absence of 2,4,5-T in the basal medium, isolate 2A3 demon-
strated a sigmoidal growth curve with maximal growth after 30 h (Fig. 3).
Disappearance of 2,4,5-T started about 8 h after inoculation, and after 90 h,
greater than 90% of the herbicide had disappeared. Sterile controls had less
than 2% disappearance after 90 h. No growth occurred in the inorganic salts
medium after 90 h. The inability of 2,4,5~T to serve as sole carbon source,
the disappearance of the campound in the presence of an external carbon source,
and the lack of significant differences in growth between amended and unamended
basal medium indicated that the loss of the herbicide resulted fram cametabolism.
Cametabolism of 2,4,5-T was also indicated for isolates 43 (Fig. 4) and 5D3
(Fig. 5).

The rate and extent of 02 uptake was measured with resting-cell suspen-
sions of 2A3, 4C3, and 5D3 prepared fram cultures grown on glucose-inorganic
salts medium with and without 2,4,5-T (30 ppm) or inorganic salts medium with
sodium benzoate as sole carbon source. The oxygen consunption values are the
means of two replicates corrected for endogenous respiration (less than 3 ol

of 0, in 3 h) and are determined for sodium benzoate or glucose as sole carbon

2
source and 2,4,5~T in the glucose-inorganic salts medium,

The oxidation of 2,4,5-T, glucose and sodium benzoate is presented in
Fig. 6. Oxygen cansunption was high for sodium benzoate (5 jmol of 0,/umol of

sodium benzoate) . Glucose was cawpletely oxidized (6 jmol of Oz/mvl T glucose)

by 2A3. Although O, consumption for 2,4,5-T was negligible by 2A3 when grown

——
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with glucose, the cells consumed about 1.7 pmol of 02/um01 of 2,4,5-T when grown
with sodium benzoate, suggesting a substrate-analog stimulation of respiration.
The amount of O2 consumed was about 25% of the theoretical amount needed to
oxidize the 2,4,5-T camwpletely.

Resting cells of 4C3 were prepared fram cultures grown in glucose-inorganic
salts medium with and without 2,4,5~T. The cells campletely oxidized glucose
(Fig. 7). Oxygen consumption in the presence of 2,4,5-T by cells not grown in
the presence of 2,4,5-T was 2 umol of Oz/umol of substrate. However, cells ex-
posed to 2,4,5-T in the growth medium consumed nearly 4 mol of 02/umo1 of 2,4,5~7,
suggesting that the presence of 2,4,5-T stimulated metabolism and ring cleavage
of the herbicide.

Resting cells of isolate 5D3 were prepared similar to 4C3, and these cells
also oxidized all the glucose (Fig. 8). Cells not exposed to 2,4,5-T in the
growth medium consumed nearly 2 ymol of 02/umol of 2,4,5-T while "pre-exposed"
cells consumed 3 pmol of Oz/umol of substrate. The enhanced O2 consunption
(about 40% of the theoretical amount for camplete oxidation of 2,4,5-T) sug-
gests, similar to 4C3, that the presence of the herbicide during growth stimu-
lated subsequent 2,4,5-T oxidation.

To determine further the persistence and degradation of 2,4,5-T in soil,
the Philippine soil was amended with 5 and 15 ppm of 2,4,5-7 (Mc-ring-ur) .

The MCO:Z evolved was measured periodically by acidifying the soil and trapping

the 14002 in a trapping solution. Campared to gamma-irradiated controls, 14(D2

evolution was detected in the soil with 5 ppm 2,4,5-T (Table 4). The amount of

14
Oy

after 3 weeks. No significant 14co2 evolution occurred in the soil with 15 ppm

2,4,5-'1\14C in a 3-week period. Evolution of 1400

detected was 16% of the initial radioactivity added after 2 weeks and 23%

> fram the soil provided ad-

ditional evidence of ring cleavage.

i
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TABLE 4. Degradation of 2,4,5-T( c-ring-UL) by Philippine soil

it i N e il

f Degradation (%)9-

_} Weeks 5 ppm 15 ppm

é 1 0 0 |
2 16.3 <1.0
3 22.6 1.8

ZMeasured as % of 2,4,5—T(14C—ring—UL) evolved as 14CO?_.
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DISCUSSION

Enrichment-culture techniques using 2,4-D, 2,4,5-T, and analogues indi-
cated that the inocula fram natural ecosystems contained many bacteria capable
of destroying 2,4-D and 2,4,5T but only by cametabolism. Studies with resting
cell suspensions of the bacteria showed that 74% of the isolates destroyed fram
8 to 92% of the 2,4,5~T in the medium, 63% released chloride fram 2,4,5-T, and
42% produced phenol. In addition, 64% of the bacteria that degraded 2,4,5-T
also released chloride. The liberation of chloride with loss of UV absorbancy
indicated ring cleavage of the herbicide. Further, the data from manometric
studies suggested ring cleavage of 2,4,5-T by two "induced" bacterial isolates,

4C3 and 5D3. The cleavage of the herbicide agrees with the findings of Ou and

Sikka (17), who found extensive degradation of the aramatic ring of a structurally
similar molecule, 2-(2,4,5-trichlorophenoxy)propionic acid by aquatic bacteria.
In contrast, other workers (2,9) have reported that phenoxy herbicides with a
chlorine in the meta position of the aramatic ring were resistant to microbial
degradation in soil. The failure to show microbial degradation of these chemi-
cals may have resulted fram soil inocula in which the appropriate microorganisms
were either absent or not present in sufficient numbers to produce degradation
of the campound in the time of the experiment.

In addition to organisms degrading 2,4,5-T, bacteria were also isolated
that could produce a phenolic campound fram the herbicide. In same cases,
phenol production was accompanied by chloride release, suggesting the conver-
sion of 2,4,5-T to the mono- or dichlorophenol. In other instances, phenol was
produced without a loss of UV absorbancy and chloride release, suggesting the
production of 2,4,5-trichlorophenol. Sharpee (18) showed also the production
of 2,4,5-trichlorophenol fram 2,4,5T. The appearance of the chlorinated phenols

in the culture medium suggests that 2,4,5-T degradation proceeds via the cleavage
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of the acetate moiety as described for 2,4-D degradation (1,7,8,15,19). If the
trichlorophenol is dehalogenated, then the molecule may be decamposed by the
pathways described for 2,4-D degradation (18,19). The pathway of degradation
of the trichlorophenol, however, remains unknown (1). Alternately, 2,4,5-T may
be converted to a hydroxylated, dehalogenated organic product such as 3,5-di-
chlorocatechol as described by Horvath (12). If so, then the catechol may be
decamposed as described for 2,4-D since the catechol is also produced during
the bacterial degradation of this herbicide (14,18,19).

The data fram the enrichment cultures indicated that 100 ppm of 2,4,5-T
persisted in sewage and Philippine soil for 60 days. However, a subsequent
experiment using a larger sample of Philippine soil amended with only 5 ppm
14

2,4,5-T (14C-ring-UL) indicated ring cleavage and evolution of CO2 within

2 weeks. Inasmuch as 2,4,5-T does indeed disappear fram soil (1,11) and evi- v
dence exists that microorganisms are involved (12), one might expect that mi-

croorganisms could be obtained which use it as a source of carbon and energy.

However, such an organism had yet to be found. 1In this study, the three most

active bacteria attacked 2,4,5-T by cometabolism. Cometabolism is the metabo-

lism by a microorganism of a caompound that will not supply that organism with

energy or an essential nutrient. The species thus does not replicate at the

expense of the campound; hence, should the initial cell number be small, there

will be no increase in cells with the requisite enzymes so that the rate of

decamposition will remain low and also will not show the typical increase with

time that is characteristic of substrates supporting growth (13). This long

persistence coinciding with an apparent microbial transformation (5) is typical
of the behavior of 2,4,5T in soil. The persistence, however, of 2,4-D and
2,4,5-T is dependent on many factors, not the least of which is abundance of

2,4-D and 2,4,5-T-metabolizing bacteria (1,14). Thus, a small soil sample may

—
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not contain the bacteria in sufficient number to degrade 2,4-D and especially
2,4,5-T within the test period. A dependency of 2,4-D and 2,4,5-T metabolism
on size of soil samples has been shown (16,21).

Future research will be directed to (a) determining the fate and persist-
ence of 2,4,5-T in Pacific Island soils utilizing gas-liquid chromatography

am:ll4

C-tagged herbicide, (b) determining the role of cometabolism in the bio-
degradation of 2,4,5T and seeking means to enhance the process, and (c) assess-
ing the effect of selected pesticides on the function of microbial cammunities
of sewage.
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