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Abstract

A bacterial consortium capable of degrading the fumigant 1,3-D ((Z)- and (E)-1,3-dichloropropene) was enriched
from an enhanced soil. This mixed culture degraded (Z)- and (E)-1,3-D only in the presence of a suitable biode-
gradable organic substrate, such as tryptone, tryptophan, or alanine. After 8 months of subculturing at 2- to 3-week
intervals, a strain of Rhodococcus sp. (AS2C) that was capable of degrading 1,3-D cometabolically in the presence
of a suitable second substrate was isolated. (Z)-3-chloroallyl alcohol (3-CAA) and (Z)-3-chloroacrylic acid (3-
CAACQ), and (E)-3-CAA and (E)-3-CAAC were the metabolites of (Z)- and (E)-1,3-D, respectively. (E)-1,3-D was
degraded faster than (Z)-1,3-D by the strain AS2C and the consortium. AS2C also degraded (E)-3-CAA faster than
(Z)-3-CAA. Isomerization of (E)-1,3-D to (Z)-1,3-D or the (Z) form to the (E) form did not occur.

Abbreviations: 1,3-D = 1,3-dichloropropene; 3-CAA = 3-chloroallyl alcohol; 3-CAAC = 3-chloroacrylic acid; GC
= gas chromatography.

Introduction Lebbink et al. 1989; Ou et al. 1995; Smelt et al.
1989; 1996; Verhagen et al. 1995; 1996). The majority
1,3-Dichloropropene (1,3-D) is the main active in- of these studies did not determine (Z)- and (E)-1,3-

gredient of the commercial fumigants Telone II D individually. Ou et al. (1995) found that (E)-1,3-D
(94% 1,3-D), Telone C17 (83% 1,3-D and 17% in an enhanced soil in Florida was degraded faster
CthI’OpiniIl), and Telone C35 (65% 1,3-D and 35% than (Z)-1,3-D. Microorganisms are responsible for

chloropicrin), and consists of two isomers, (Z)- and enhanced degradation of pesticides in soils (Racke &
(E)-1,3-D in near equal ratio. This chemical is slightly Coats 1990). . )
more volatile than water, with vapor pressures of 34.3 Lebbink et al. (1989) isolated a strain _Of fluores-
and 23.0 mm Hg at 25 °C for (Z) and (E) isomers cent Pseudomonas sp. from an enhanced soil that they
respectively (DowElanco 1996), and is fairly water reported had the capacity to utilize 1,3-D as a sole
soluble, 2.18 g ™! for cis isomer and 2.32 g 1=! for source of carbon for growth. This organism was main-
trans isomer. Telone C17 and Telone C35 are con- tained in a medium containing a number of organic
sidered to be likely alternatives to the fumigant methyl substrates including glucose, meat extract, yeast ex-
bromide in the short term (Holman 1999). Use of tract, and soil extract. Fifteen bacterial isolates from
methyl bromide in agriculture in the USA will be five enhanced soils, when grown in a mineral medium
phased out in 2005. containing 10 mg 1! yeast extract, were found to have
It has been known since 1989 that repeated field the capacity to degrade 1,3-D (Verhagen et al. 1995)
treatments of 1,3-D may result in enhanced degrada- and six Gram-negative strains each harbored a plas-

tion of the chemical in the soils (Chung et al. 1999; mid that carried a dhl/A (haloalkane dehalogenase)-like
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gene. The gene was suspected to be involved in 1,3-D
degradation. All the isolates but one were Pseudomo-
nas species. One isolate, Pseudomonas pavonaceae
170 (previously known as Pseudomonas cichorii 170),
was found to have the capacity to utilize 3-chloroallyl
alcohol (3-CAA) and 3-chloroacrylic acid (3-CAAC),
the first two degradation products of 1,3-D, for growth
(Poelarends et al. 1998). This organism produced at
least three different dehalogenases: a hydrolytic 1,3-
D dehalogenase that hydrolyses (Z)- and (E)-1,3-D
to respective (Z)- and (E)-3-CAA, and two 3-CAAC
dehalogenases, one specific for (Z)-3-CAAC and the
other specific for (E)-3-CAAC.

In this study, we report enrichment of a mixed
bacterial culture capable of cometabolically degrad-
ing (Z)- and (E)-1,3-D from an 1,3-D enhanced soil
in Florida, and isolation of an axenic culture (Rhodo-
coccus sp. strain AS2C) from the mixed culture. De-
gradation rates of (Z)- and (E)-1,3-D, and (Z)- and
(E)-3-CAA by AS2C were determined. In addition,
formation of (Z)- and (E)-CAA, and (Z)- and (E)-3-
CAAC during degradation of (Z)- and (E)- 1,3-D in
some experiments were also determined.

Materials and methods
Soil

A soil sample (0—15 cm depth) was collected in 1997
from an experimental site located 15 km northwest
of the University of Florida campus in Gainesville,
Florida. A part of this site, where the soil sample
was collected, had been treated with 1,3-D annually
between 1994 and 1997, and six times between 1982
and 1993. Since 1994, this soil had exhibited enhanced
degradation toward (Z)- and (E)- 1,3-D (Chung et al.
1999; Ou et al. 1995). The soil sample was placed in a
plastic bag and stored in the dark at 4 °C.

Chemicals and culture media

Analytical grade (Z)- and (E)- 1,3-D, and analyt-
ical grade (Z)- and (E)-3-CAA were gifts from Dow
AgroSciences (Indianapolis, IN). Analytical grade
(Z)- and (E)-3-CAAC were purchased from Aldrich
(Milwaukee, WI). All other chemicals and organic
solvents were either analytical grade or GC grade,
and obtained from Fisher Scientific (Orlando, FL) or
Aldrich.

A basal mineral medium previously used for en-
richment and isolation of fenamiphos-degrading bac-

teria from soil (Ou & Thomas 1994) was used for this
study. Trace minerals were supplemented to the me-
dium (Ou & Thomas 1994). In addition, soil extract
and soil leachate were used for initial screening of
mixed bacterial cultures enriched from the enhanced
soil to determine their capacity to degrade (Z)- and
(E)-1,3-D. Soil extract was prepared by autoclaving
equal weights of soil and deionized water as described
previously (Ou 1991). Luria-Bertani (LB) agar plates
were used for screening and purification of individual
isolates from mixed bacterial cultures.

Enrichment and isolation of 1,3-D-degrading bacteria

For isolation of bacteria capable of utilizing 1,3-D as
a sole source of carbon for growth, 1 g of the en-
hanced soil was added to a 250-ml glass Erlenmeyer
flask with a Teflon lined screw cap containing 50 ml of
basal mineral medium supplemented with trace miner-
als, and 50 mg 17! of 1,3-D (equal ratio of analytical
grade (Z)- and (E)-1,3-D). Control flasks contained
no soil or autoclaved soil. To prevent leakage, the
top of the flasks were wrapped with Teflon tape and
after addition of 1,3-D, the flasks were immediately
closed tightly with caps. The flasks were incubated in
a rotary shaker at 28 °C. At two-week intervals, 5 ml
of the suspension was transferred to fresh basal min-
eral medium. After four 1-to-10 transfers, the culture
medium was essentially free of soil particles. Turbid-
ity developed in the medium was considered to be
microbial growth, a sign of successful enrichment of
bacteria capable of utilizing 1,3-D for growth.

Several approaches were used to enrich bacteria
capable of cometablizing 1,3-D from the enhanced
soil. They included: (1) a small amount of the en-
hanced soil (0.01-0.05 g) was inoculated into soil
extract; (2) a small amount of the enhanced soil (0.01-
0.05 g) was inoculated into soil leachate; (3) during a
series of 1-to-10 transfers of enhanced soil-basal min-
eral medium, a second biodegradable organic substrate
was added; (4) during a series of 1-to-10 transfers
of enhanced soil-basal mineral medium, autoclaved
enhanced soil, or soil leachate, or a combination of
the two was added. If 1,3-D was degraded microbi-
ally in some of the culture media, a small amount of
the culture fluids was streaked on a LB agar plate.
Individual colonies were tested for their capacity to
degrade 1,3-D.



Degradation studies

Degradation of (Z)- and (E)-1,3-D by bacterial isol-
ates was carried out in 250-ml glass Erlenmeyer flasks
with Teflon-lined caps containing basal mineral me-
dium (50 ml), 1,3-D, and a suitable biodegradable
organic substrate (100 mg 1~"), usually DL-alanine or
L-tryptone. The top of the flasks was wrapped with
Teflon tape. To reduce volatilization, 1,3-D was ad-
ded last and the flasks were immediately closed tightly
with the caps. To avoid photodegradation, the flasks
were wrapped with aluminum foil. Control flasks con-
tained no live cells. The flasks were incubated in a
rotary shaker at 28 °C. At appropriate time intervals,
0.5 ml of culture fluids was transferred to 28-ml glass
tubes that had been wrapped with Teflon tape on the
top of the tubes and immediately closed with Teflon-
lined caps. Prior to carrying out solvent extraction, the
tubes were kept in a —30 °C freezer for 1 hour.

Degradation of (Z)- and (E)-3-CAA and other
chlorinated short-chained aliphatic hydrocarbons by
a 1,3-D-degrading isolate (Rhodococcus sp. strain
AS2C) was carried out in a similar manner as de-
scribed above.

Extraction and GC analysis

To minimize volatilization loss, cold organic solvents
(acetone, ethyl acetate, and hexane) were used for
extraction. For extraction of (Z)- and (E)-1,3-D from
culture fluids, 0.5 ml of subsamples in glass extraction
tubes was extracted with 10 ml hexane by shaking on
a reciprocal shaker at 500 strokes per min for 5 min.
One ml of the hexane was transferred to GC vials and
the vials were immediately capped. For extraction of
(Z)- and (E)-3-CAA from culture fluids, 0.5 ml of sub-
samples in extraction tubes was extracted with 10 ml
ethyl acetate by shaking on a reciprocal shaker for 5
min. One ml of the ethyl acetate was transferred to
GC vials. Extractions were duplicated or triplicated.
1,3-Dichloropropene ((Z) and (E) isomers) and
3-CAA ((Z) and (E) isomers) were determined sep-
arately using a Perkin—Elmer Autosystem GC under
the same conditions, with the exception of injection
volumes. The GC was equipped with an autosampler,
3Ni electron capture detector, split-splitless injector,
Turbochrom software, and a 486 computer. The GC
parameters and operational conditions were: column,
30 m x 0.25 mm, RTX-624 coated with 1.4 um film;
flow rates for carrier gas (He) and make-up gas (95%
N, and 5% CH4), 0.5 ml min~! and 30 ml min~!,
respectively; injection volumes, 1 ul for 1,3-D and 5
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ul for 3-CAA; splitless, then split on after 1.5 min;
injection temperature, 200 °C; detector temperature,
375 °C; and oven temperature, 50 °C for the first min,
ramp at 40 °C min~! to 120 °C, and held for 9 min.
Under these conditions, the retention times (min) for
(Z)- and (E)-1,3-D and (Z)- and (E)-3-CAA were 4.00,
4.37,4.76, and 5.34, respectively.

For extraction of (Z)- and (E)-3-CAAC in culture
fluids, 10 ml of subsamples was placed in glass ex-
traction tubes, 5 ml of ethyl acetate-acetone (1:3) and
5 g of NaCl were added to the tubes. After pH of the
samples was adjusted to 4.19 £ 0.05 with concentrated
acetic acid, the tubes were shaken on a reciprocal
shaker for 10 min. The solutions were transferred to
glass separatory funnels. Each tube was rinsed 3 times
with 1 ml of ethyl acetate-acetone (1:3), and the rinses
were added to the funnel. The funnel was shaken by
hand for 1 min, and then layers were allowed to sep-
arate. After discarding precipitate and the lower layer,
the upper layer was transferred to a glass tube. The
funnel was rinsed 3 times with 1 ml isooctane and
the rinses were added to the tube. The solution in the
tube was evaporated to <1 ml under a gentle stream of
N». Isooctane was added the tube to make a volume
of 2 ml. Approximately 0.1 g of anhydrous sodium
sulfate was added to the solution to remove mois-
ture. One ml of the solution was then transferred to
a GC vial and then 10 ul of the devitalization agent
chloromethyl-dimethylchlorosilane was added.

The Perkin—Elmer Autosystem GC was used for
determination of (Z)- and (E)-CAAC. The GC para-
meters and operational conditions were: column, 60 m
x 0.32 mm, RTX-1 coated with 5 um film; flow rates
for carrier gas (He) and make-up gas (95% N2 and 5%
CHy), 0.5 ml min~! and 30 ml min~!, respectively;
injection volume, 2 wl; splitless, then split on after 1
min; injection temperature, 230 °C; detector temper-
ature, 375 °C; and oven temperature, 45 °C for the
first min, ramp at 10 °C min~! to 220 °C, and hold for
30 min. Under these conditions, the retention times
(min) for (Z)- and (E)-3-CAAC were 29.55 and 27.84,
respectively.

16S ribosomal DNA sequencing

Genomic DNA from the strain AS2C was
isolated by cetyltrimethylammonium bromide
and isopropanol (Ausubel et al. 1996). The
16S ribosomal DNA (rDNA) was amplified by
PCR using universal bacterial primers 27f (5'-
AGAGTTTGATCMTGGCTCAG-3') and  1492r
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(5-TACGGYTACCTTGGTTACGACTT-3')  (Lane
1991). The PCR product was ligated into a TOPO TA
cloning vector following the vendor’s instructions (In-
vitrogen, San Diego, CA). The vector was transformed
into Escherichia coli TOP10F . Positive recombinants
were verified using LB agar plates containing 50
ug ml~!' ampicillin. Plasmid DNA from a positive
recombinant was purified by Wizard™ Minipreps
DNA Purification System (Promega, Madison, WI)
for direct DNA sequencing. DNA sequencing was
carried out by the ICBR (Interdisciplinary Center for
Biotechnology Research) core sequencing facility at
the University of Florida.

Results

(Z)- and (E)-1,3-D in aqueous media are subject to
chemical hydrolysis (McCall 1987). The hydrolysis
rate depends on temperature, but is independent of
pH at each temperature. Chemical hydrolysis of 1,3-
D is fairly rapid, and at 30 °C, half-life value was 3.1
days (McCall 1987). Therefore, in order to differenti-
ate microbial degradation from chemical degradation,
controls (without soil or live microorganisms) were
accompanied with degradation experiments involving
soil or live microorganisms.

Enrichment and screening

1,3-D ((Z)- and (E)-1,3-D, 24 mg 1! each) was mi-
crobially degraded when applied to the basal mineral
medium containing the enhanced soil at the amount
of 0.1 kg 1=! (Table 1). After the second or third
1-to-10 transfer, (Z)- and (E)-1,3-D were not microbi-
ally degraded. If a small amount of the enhanced soil
(0.02 kg 171) was added to the third transfer medium,
microbial degradation resumed (Table 1). However,
microbial degradation did not occur when autoclaved
soil was added. Furthermore, when a small volume of
the medium (0.05 1 1-1) from the third transfer was
inoculated into soil extract, LB broth, or basal min-
eral medium containing glucose or yeast extract, good
bacterial growth was observed, but microbial degrada-
tion of 1,3-D was absent (Table 1). This indicated that
bacteria were present, but either 1,3-D degraders were
not present or heat labile chemicals associated with
the soil, which were responsible for inducing enzymes
for 1,3-D degradation were destroyed by autoclaving.
To test the last hypothesis, soil leachate (sterilized by
filtration) was supplemented to the third transfer me-
dium either containing autoclaved soil at an amount

of 0.1 117! or without autoclaved soil, and it was
found that 1,3-D was microbially degraded. This in-
dicated that 1,3-D degraders were present even after
the third 1-to-10 transfer, and they required a heat
labile component of the soil to have the capacity to
degrade 1,3-D.

Although the bacterial consortium enriched from
the enhanced soil when grown in LB broth did not mi-
crobially degrade 1,3-D, the consortium when grown
in the basal mineral medium containing a small
amount of LB broth (0.005-0.01 1 17!) had the ca-
pacity to microbially degrade 1,3-D (Table 1). LB
broth consists of two organic components, yeast ex-
tract and tryptone. Yeast extract had been previously
shown not to stimulate microbial degradation of 1,3-D,
so tryptone was the only likely candidate for test-
ing. Tryptone (50-400 mg 1~!) was found to have
the capacity to stimulate the microbial degradation
(Table 1). Tryptone is rich in L-tryptophan, an aro-
matic substituted amino acid (Anonymous 1953). This
amino acid at high temperatures, such as autoclaving
(121 °C), will be hydrolyzed to indole and alanine.
DL-alanine was found to have the capacity to stimu-
late the microbial degradation as well, but not indole
(Table 1).

Degradation of 1,3-D by the mixed bacterial culture

When the complex organic co-substrate LB broth (10
ml 171, tryptone (100 mg 1~1), L-tryptophan (100 mg
171, or DL-alanine (100 mg 1-!) was supplemented
to the basal mineral medium, trans-1,3-D (48 mg 171)
was microbially degraded (Figure 1). Typically, rapid
microbial degradation occurred after 1 day of incub-
ation. Repeated applications of (Z)- and (E)-1,3-D to
the mixed culture resulted in an increase in degrada-
tion rate. For example, in the presence of DL-alanine,
(E)-1,3-D was completely degraded in 2 and 1 day
after the second and third treatment, respectively.

Screening and evolvement of an axenic culture
capable of degrading 1,3-D

The mixed culture was maintained in DL-alanine-
basal mineral medium supplemented with 48 mg 1~
of 1,3-D (equal mixture of (Z)- and (E)-1,3-D). Every
2-3 weeks, the mixed culture was transferred to fresh
medium, and at the same time, a small amount of
the liquid culture was streaked on LB agar plates.
Biomass from different colonies was inoculated into
alanine-basal mineral medium containing (E)-1,3-D or
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Table 1. Occurrence of microbial degradation of 1,3-D in basal mineral medium containing live enhanced
soil, autoclaved soil, and various organic substrates as well as by a bacterial consortium enriched from
the enhanced soil grown in basal mineral medium supplemented with various organic substrates

Basal mineral medium (BMM) + enhanced soil (0.1 kg 1*1) +2

1st 1-to-10 transfer
2nd 1-to-10 transfer
3rd 1-to-10 transfer
3rd 1-to-10 transfer + enhanced soil (0.02 kg l_l)

3rd 1-to-10 transfer + autoclaved soil (0.02 kg 1*1)
3rd 1-to-10 transfer + autoclaved soil (0.02 kg 1*1) + enhanced soil (0.02 kg 1*1)
3rd 1-to-10 transfer + autoclaved soil (0.02 kg l_l) + soil leachate (0.11 l_l)

3rd 1-to-10 transfer + glucose (200 mg 1

3rd 1-to-10 transfer + yeast extract (200 mg -1
3rd 1-to-10 transfer + soil leachate (200 mg l_l)
Soil extract + 3rd 1-to-10 transfer (0.05 1 l_l)
LB broth + 3rd 1-to-10 transfer (0.05 1 1*1)

BMM + LB broth (0.005-0.01 1 l_l) + culture grown in BMM + soil leachate (0.05 1 l_l)
BMM + tryptone (50-400 mg 1~ 1) + culture grown in BMM + LB broth (0.0511~1)

BMM + L-tryptophan (50400 mg 171 + culture grown in BMM + tryptone (100 mg 11
BMM + DL-alanine (50-400 mg 171y + culture grown in BMM + L-tryptophan (100 mg 1=

+
4b

C

+

+ +

+

+ o+ o+

BMM + indole (100 mg 171y + culture grown in BMM + L-tryptophan (100 mg 11 -

4 Microbial degradation was observed.

b Microbial degradation may or may not be observed.

¢ Microbial degradation was not observed.
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Figure 1. Degradation of (E)-1,3-D by the bacterial consortium
grown in basal mineral medium containing LB broth, tryptone,
L-tryptophan, or DL-alanine.

the mixture of (Z)- and (E)-1,3-D and checked for their
capacity to degrade 1,3-D.

During the first 8 months of screening, no indi-
vidual bacteria developed on LB plates had the capa-
city to degrade 1,3-D. Degradation was the same as
chemical hydrolysis in the control medium. However,
after 8 months, a type of colonies, which were not ob-
served before appeared on LB plates. These colonies
grew slowly, and they were small and light brownish

color. This axenic culture (designated strain AS2C),
when grown in the basal mineral medium containing
DL-alanine, was found to have the capacity to degrade
(Z)- and (E)-1,3-D.

Strain AS2C is Gram-positive, aerobic, nonmotile,
small short rods or near cocci, and often club-shaped
or v-shaped. According to the analysis of the 16S
rDNA of AS2C, this organism belongs to the genus
Rhodococcus.

Degradation of 1,3-D by AS2C

Alanine was not the only simple organic substrate
that could serve as a substrate for strain AS2C to
degrade 1,3-D. A number of other simple organic com-
pounds including amino acids, short-chained aliphatic
acids, and short-chained alcohols also had the ca-
pacity to stimulate 1,3-D degradation by this organ-
ism. They were L-tryptophan, L-aspartic acid, acetic
acid, propionic acid, pyruvic acid, ethanol, propanol,
and 3-CAA. AS2C could not degrade the two short
chained-chlorinated aliphatic hydrocarbons, trichloro-
ethylene and perchloroethylene, which are common
groundwater contaminants. Nor could it cometabol-
ically degrade these compounds in the presence of
DL-alanine and 1,3-D. However, in the presence of
DL-alanine and 1,3-D, AS2C had some capacity to
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Figure 2. Degradation of (Z)- and (E)-1,3-D (A) and formation of
metabolites, (Z)- and (E)-3- CAA (B) and (Z)- and (E)-3-CAAC (C),
by the strain AS2C grown in basal mineral medium containing (Z)-
and (E)-1,3-D (48 mg 1! each) and DL-alanine (100 mg 1=1). One
week after (Z)- and (E)-1,3-D were added to the culture medium, a
second dose of 1,3-D (40 mg l_l) was added to the medium.

degrade 1,2-dichloropropane, a minor component of
a commercial product of 1,3-D (Telone II).

We found that degradation rates of (Z)- and (E)-
1,3-D in the alanine (and other co- substrates)-basal
mineral medium containing no live AS2C (controls)
were the same, and were independent of their concen-
trations, ranging from 24 to 72 mg 1~! for each isomer.
Therefore, degradation curves based on average values
were used to represent the chemical degradation (hy-
drolysis) of (Z)- and (E)-1,3-D with time in control
media. The same two curves were attached to Figures
2,3 and 4.

In the presence of DL-alanine (100 mg 1), (Z)-
and (E)-1,3-D at a concentration of 48 mg 17! each
were rapidly degraded by AS2C (Figure 2A) and were
not detected after 48 hours. Degradation of (E)-1,3-D
was faster than (Z)-1,3-D. A small amount of (Z)-3-
CAA appeared briefly (Figure 2B). (E)-3-CAA was

100 §
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Figure 3. Degradation of (Z)- and (E)-1,3-D and formation of meta-
bolites, (Z)- and (E)-3-CAA, by the strain AS2C grown in basal
mineral medium containing (Z)- and (E)-1,3-D (24 mg -1 each)
and DL-alanine (100 mg 1*1).

—e— Control (Z2}-1,3-D
~0— Control (E)-1,3-0
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Figure 4. Degradation of (Z)- and (E)-1,3-D by the strain AS2C
grown in basal mineral medium containing (Z)- and (E)-1,3-D (60
mg 1-! each) and DL-alanine (100 mg 1*1).

not detected during the entire incubation period. (Z)-
and (E)-3-CAA in the control medium were steadily
formed during the entire incubation period, and after
7 days, nearly all (Z)- and (E)-1,3-D were chemic-
ally hydrolyzed to (Z)- and (E)-3- CAA, respectively.
Small amounts of (Z)- and (E)-3-CAAC were formed,
and after 24 hours they slowly declined (Figure 2C),
with the concentration of (E)-3-CAAC being slightly
larger than (Z)-3-CAAC. Reapplication of 1,3-D to the
culture fluids resulted in more rapid degradation of
the two isomers than the first application (Figure 2A),
with (E)- 1,3-D still being more rapidly degraded than
(Z)-1,3-D. Neither (Z)-3-CAA nor (E)-3- CAA was
detected during the entire incubation period (Figure
2B). However, small amounts of (Z)- and (E)-3-CAAC
were briefly detected (Figure 2C), but rapidly disap-
peared. Similar degradation patterns were observed for



(Z)- and (E)-1,3-D at a lower concentration (24 mg
1! each) (Figure 3). Except that, in addition to (Z)-3-
CAA, (E)-3-CAA in trace amounts were detected and
the two alcohols persisted to near the end of incubation
period.

At the concentration of 60 mg 17! each, degrad-
ation of (Z)- and (E)-1,3-D was retarded and some-
what faster than chemical hydrolysis (Figure 4). At
this concentration, growth of AS2C was not inhib-
ited, however. At the concentration of 72 mg 17!
each, even though growth of AS2C was not inhibited,
degradation for the two isomers was the same as chem-
ical hydrolysis (data not shown). It appears that the
concentration threshold for occurrence of microbial
degradation was between 120 and 144 mg1~! of 1,3-D
in equal ratio of the two isomers. (Z)- and (E)-3-CAA
were not determined.

Isomerization of cis-1,3-D or trans-1,3-D

No (Z)-1,3-D was found in AS2C culture media con-
taining only (E)-1,3-D at 48 or 96 mg 1_1, and the (E)
isomer was not detected when only the (Z) isomer was
applied to AS2C media. This indicated that isomeriz-
ation of the (E) isomer to the (Z) isomer or the (Z)
isomer to the (E) isomer did not occur.

Degradation of 3-CAA by AS2C

The strain AS2C utilized 3-CAA (40 mg 1! for each
isomer) for growth and degraded the two isomers
without the supplement of a second organic substrate
such as alanine. Similar to (Z)- and (E)-1,3-D, AS2C
degraded (E)-3-CAA faster than (Z)-3-CAA (Figure
5). There was a lag phase period of about 2 days for
(Z)-3-CAA and then the alcohol was exponentially
degraded. Biphasic degradation was observed for (E)-
3-CAA. The isomer was initially slowly degraded, fol-
lowed by rapid degradation. (Z)- and (E)-3-CAA were
stable in control medium during the entire incubation
period (Figure 5).

Discussion

Although microbial degradation, in addition to chem-
ical hydrolysis, was involved in the enhanced degrad-
ation of 1,3-D in the 1,3-D treated soil (Chung et al.
1999; Ou et al. 1995), isolation of bacteria from the
soil responsible for the degradation turned out to be
a difficult task. Since we discovered in 1995 that en-
hanced degradation of (Z)- and (E)-1,3-D occurred in
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Figure 5. Degradation of (Z)- and (E)-3-CAA by the strain AS2C

grown in basal mineral medium containing (Z)- and (E)-3-CAA (40
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mgl™ ).

soil from the site that had a history of repeated applic-
ations of 1,3-D (Ou et al. 1995), repeated efforts to
isolate axenic bacterial cultures from soil samples col-
lected from the site failed (Ou, unpublished results).
Thus, we came to the conclusion that cometabolism
was likely involved in the degradation of (Z)- and
(E)-1,3-D.

Free, short-chained aliphatic acids, such as formic
acid, acetic acid, propionic acid, butyric acid and ox-
alic acid, and free amino acids are present in soils (Al-
exander 1977; Stevenson 1982). Only small amounts
of amino acids, <2 mg kg~! soil, are in free form.
The majority of amino acids as well as alcohols are
bound to soil humus. Therefore, it was likely that
short-chained aliphatic acids, such as acetic acid and
propionic acid, served as substrates for the degrada-
tion of 1,3-D by 1,3-D-degrading microorganisms in
the enhanced soil. Although these aliphatic acids are
thermally stable in water, during sterilization of soil
by autoclaving, the aliphatic acids may be lost from
soil by volatilization and, in addition, some of them
may be bound to humus components to form bound
residues. Free amino acids may be bound to soil hu-
mus during autoclaving as well. As a result, after
autoclaving the concentrations of free aliphatic acids
and amino acids in soil may be reduced to negligible
amounts. The fact that replenishment of volatile and/or
heat-sensitive chemicals, by adding soil leachate to
autoclaved soil, resulted in occurrence of 1,3-D de-
gradation confirmed that some volatile and/or heat-
sensitive chemicals were required for the degradation
by the mixed culture.

The strain AS2C was isolated from the mixed bac-
terial culture after 8 months of repeated subculturing.
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An atrazine degrader, Pseudomonas sp. ADP, was
isolated from a mixed bacterial culture capable of
mineralizing atrazine after an extended period of sub-
culturing (Mandelbaum et al. 1993; 1995). They at-
tributed interspecies genetic transfer among the strains
of the mixed culture that resulted in transferring all
the genes responsible for mineralization of atrazine
to one strain (ADP). A strain of Pseudomonas sp.
isolated from soil utilized 3-CAA as a sole source of
carbon for growth (Belser & Castro 1971) and a Gram
positive coryneform bacterium isolated from a fresh
water sediment utilized 3-CAA (van Hylckama Vlieg
& Jansen 1992). If a strain of our mixed culture has the
capacity to degrade (Z)- and (E)-3-CAA or (Z)- and
(E)-CAAQC, this strain needs to recruit dehalogenase
(hydrolase) gene(s) or dehalogenase gene(s) and oxy-
genase genes to have the capacity to mineralize (Z)-
and (E)- 1,3-D. Poelarends et al. (2000) suggested
that bacteria acquire the capacity to degrade simple
halogenated alkanes and alkenes via horizontal gene
transfer. Therefore, it was possible that horizontal
transfer of 1,3-D hydrolytic dehalogenase gene(s) may
be the mechanism for strain AS2C, if AS2C was a
(Z)- and (E)-3-CAA degrader, to acquire its capacity
to degrade (Z)- and (E)-1,3-D.

The strain AS2C catabolized (Z)- and (E)-1,3-D
to (Z)- and (E)-3-CAA, respectively, via hydrolysis,
where the hydrolytic dehalogenase(s) had a higher
activity toward the (E) isomer, resulting in more rapid
degradation of (E)-1,3-D. Isomerization did not oc-
cur for either isomer and thus did not contribute to
more rapid degradation of (E)-1,3-D. At present, it
is not known whether one enzyme was responsible
for hydrolysis of the two isomers, or two enzymes,
one for each isomer. The Gram-negative 1,3-D de-
grader (P. pavonaceae 170) produced one hydrolytic
dehalogenase responsible for the hydrolysis of the two
isomers. The hydrolase gene was found to be likely
plasmid borne (Verhagen et al. 1995), and the gene has
been cloned (Poelarends et al. 1998). Our study is the
first to demonstrate that (Z)- and (E)-3-CAAC were
the degradation products of (Z)- and (E)-1,3-D by a
microbial culture (in this case, AS2C). Our finding
confirm the proposed pathway of 1,3-D degradation
by Poelarends et al. (1998) that 1,3-D was first hydro-
lyzed to 3-CAA and then oxidized to 3-CAAC. Two
strains of soil bacteria, a Gram-negative Pseudomonas
cepacia and a Gram-positive coryneform bacterium,
were found to have the capacity to utilize 3-CAAC
as a sole source of carbon for growth (Hartmans et
al. 1991). The Gram-negative organism utilized only

the (Z) isomer, whereas the Gram-positive organism
utilized both isomers. A Gram-positive coryneform
bacterium, a 3-CAAC degrader, that was isolated from
a fresh water sediment produced two dehalogenases,
one specific for dechlorination of (Z)-3-CAAC and
the other for the (E) isomer (van Hylckama Vlieg &
Janssen 1992). Whether or not AS2C produces two
dehalogenases for dechlorination of (Z)- and (E)-3-
CAAC remains to be studied.

The strain AS2C and the mixed culture from which
strain AS2C was isolated consistently degraded (E)-
1,3-D faster than (Z)-1,3-D. The enhanced soil where
the mixed culture was enriched also degraded the (E)
isomer faster than the (Z) isomer (Chung et al. 1999;
Ou et al. 1995). Thus, it was likely that bacteria in
the mixed culture that were involved in degradation of
(Z)- and (E)-1,3-D were also involved in the degrada-
tion of the two isomers in the enhanced soil. Microbial
degradation contributed little to degradation of the two
isomers in nonenhanced soil; chemical degradation
was the main factor (Chung et al. 1999). AS2C also
degraded (E)-3-CAA faster than (Z)-3-CAA, which
had also occurred in the enhanced soil (Ou et al.
1995). In contrast, the Gram-negative P. pavonaceae
170 degraded (Z)-1,3-D faster than (E)-1,3-D. The
1,3-D dehalogenase produced by the organism had a
specific activity 2 times larger toward (Z)-1,3-D than
toward (E)-1,3-D (Poelarends et al. 1998). The strain
170 was isolated from an 1,3-D enhanced soil in the
Netherlands (Verhagen et al. 1995), and individual de-
gradation rates of the two isomers in the soil were not
determined, however. Whether or not it is a general
rule that Gram-positive organisms degrade (E)-1,3-D
faster than (Z)-1,3-D and vice versa for Gram-negative
organisms needs to be investigated.

Conclusions

A bacterial consortium enriched from a Florida sandy
soil that exhibited enhanced degradation toward (Z)-
and (E)-1,3-D, when in the presence of a suitable
second organic substrate, differentially degraded (Z)-
and (E)-1,3-D. An axenic bacterial culture capable of
degrading (Z)- and (E)-1,3-D was isolated from the
consortium after a long period of continuous subcul-
turing. This axenic culture (Rhodococcus sp. AS2C)
cometabolically degraded (Z)- and (E)-1,3-D in the
presence of a suitable organic substrate, with the (E)
isomer being degraded faster. More rapid degradation
of (E)-1,3-D was not due to isomerization of the (E)



isomer to the (Z) isomer, rather was likely due to
higher enzyme activity toward (E)-1,3-D. Initial ap-
pearance and subsequent disappearance of 3-CAA and
3-CAAC suggest that (Z)- and (E)-1,3-D are com-
pletely degraded by AS2C to CO2, H»O, and CI™.
Since strain AS2C has a good capacity to degrade
1,3-D, this organism may be used to reduce or elim-
inate 1,3-D residues in soil after fumigation is com-
pleted to alleviate volatilization into the atmosphere
and leaching into the groundwater.
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