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ABSTRACT

DISTRIBUTION AND CATABOLIC DIVERSITY OF 3-CHLOROBENZOIC ACID
DEGRADING BACTERIA ISOLATED FROM GEOGRAPHICALLY-SEPARATED
PRISTINE SOILS

By

Albert Nute Rhodes il

Chlorinated aromatic compounds have been used extensively in industry
and agricuiture for over the past 50 years. Even though chloroaromatic
compounds are generally viewed as xenobiotic, numerous bacteria have been
isolated that are able to mineralize these compounds. However, it is not known
whether these isolates have recently evolved new catabolic traits or if they are
genetically preadapted for xenobiotic degradation. In this study, 3-
chlorobenzoic acid (3-CBA) was chosen as a mode! substrate to test the
hypothesis that natural bacterial populations are preadapted for chloroaromatic
degradation. Pristine soil ecosystems, defined as those with no documented
history of exposure to chlorinated aromatic compounds, were sampled to
determine if isolates could be cultivated without long-term enrichment. Two
ecosystems were selected: 1) Mediterranean, sclerophyllous woodlands in
California, Chile, South Africa, and Australia; and 2) boreal forests in Canada
and Russia. A two-step enrichment protocol using 3-CBA-UL-ring-14C was

used to detect mineralization in mixed communities. Primary soil enrichments

were treated with 50 pg 3-CBA g.dry.soil-1 and secondary enrichments were

performed with 50 ug 3-CBAmi-1 defined medium. Isolates were obtained by




plating on R2A agar. In all, 610 3-CBA degrading isolates were cultured from
these sites indicating that the distribution of the 3-CBA catabolic activity is
widespread in pristine soil ecosystems. Catabolic activity of individual strains
was assessed by HPLC analysis. The amount of 1.0 mM 3-CBA degraded in
one week ranged from approximately 1 to 100%. Population structures of 3-
CBA degraders were compared by rank ordering the percent transformation in
these incubations. Cluster analysis revealed the profiles formed two major
population structures; one with a uniform distribution in 3-CBA transforming
capacity and the other with a high proportion of low capacity degraders. The
variation in the ability of different strains to transform 3-CBA is attributed to
natural variation in the specificity 6f catabolic enzymes. To determine if
variability was present in other enzymes, a subset of fifty-eight genotypically-
distinct strains able to degrade >80% 1.0 mM 3-CBA in one week were
examined for their catabolic versatility using other substituted aromatic
compounds. Forty-seven different compounds representing mono and

dichlorinated benzoate, phenol, aniline, toluene, nitrobenzene, chlorobenzene,
and 2,4-D were used with a novel 35S incorporation assay. The data reveal
appreciable diversity in the range of other chloroaromatic compounds
metabolized by the 3-CBA isolates. Cluster analysis of the substrate utilization

profiles revealed five metabolic groups which formed around the type and

number of substrates used.
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Literature Review




introduction

Early investigations demonstrated chlorinated aromatic compounds are
susceptible to biodegradation in natural communities. However, these early
studies generally involved measuring changes in the concentration of the
original compounds and did not attempt to determine metabolites or if
transformations were biologically mediated. As a result, it was not clear
whether disappearance of a compound resulted from leaching, sorption,
volatilization, or microbial activity. Audus (2) provided indirect evidence for the
biological transformation of 2,4-dichlorophenoxyacetic acid (2,4-D) using
garden soil perfusion columns. Although direct evidence was not provided by
this study, future experiments bear testimony that Audus correctly deduced
2,4-D removal was biological as disappearance rates of 2,4-D in perfusion
fluids resembled the kinetics of microbial growth in the soil. Dewey et al. (10)
demonstrated biological activity accounted for the removal of the herbicide
trichlorobenzoic acid in biologically-active treated soil. Using radioisotopic
methods, MacRae and Alexander (30) found chlorobenzoic acid biodegrad-
ability in soil microcosms was inversely related to the number of chiorine
substitutions. Additionally, they were able to show chlorobenzoate metabolism
was not carried out by benzoate-degrading populations in soil implying a
specific subpopulation was responsible for chloroaromatic catabolism. But it
was several more years before a bacterium able to use 3-chlorobenzoic acid (3-
CBA) as a sole-source of carbon and energy was obtained in pure culture (26).
Since that time, our understanding of the biochemical and genetic components
required for chlorinated aromatic catabolism has steadily increased. Since
these compounds are used extensively as herbicides and pesticides, many

chloroaromatic compounds can become significant environmental pollutants if
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improperly used. From a practical standpoint, scientific understanding of how
natural microbial communities respond to chlorinated aromatic contaminants is
essential to accurately predicting their environmental fate. Although much
progress has been made, the scientific community still does not fully understand
either the distribution or ecology of 3-CBA degrading bacteria or the origin of
the genes required for degradation.

Believing chlorinated aromatic compounds are inherently xenobiotic,
many have assumed biochemical pathways for chloroaromatic catabolism
have arisen during recent evolution. This assumption has often lead
investigators to search for isolates in previously exposed communities; most
logically contaminated soils, sediments, aquifers, or wastewater treatment
facilities. After collection, samples are often enriched in mineral salts media
using increasing concentrations of the target compound as a sole source of
carbon. In some cases, yeast extract or casamino acids are added to meet
growth factor requirements. Natural selective pressures are relied upon to bring
out isolates able to use the substrate. Once isolated, organisms are cultivated
and characterized on defined media under controlled laboratory conditions. The
resulting body of knowledge, although important in understanding the basic
biochemistry and genetics of catabolism, can not be used to directly address
the ecology of chlorinated aromatic degrading organisms in pristine

environments.
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Development of Biological Activity Against Chlorinated Aromatics in

Natural Bacterial Communities

The fundamental question that must be addressed, regarding the
distribution of bacteria with the capacity to degrade chiorinated aromatics, is
what is the origin of these catabolic pathways. In a recent review by van der
Meer et al. (40), three mechanisms were used to explain the adaptive response
of natural bacterial communities to xenobiotic aromatic compounds. These
mechanisms are: 1) induction of specific catabolic enzymes, 2} outgrowth of
specific populations present at fow densities, and 3) selection of mutants with
novel metabolic activities. In the first two mechanisms organisms are
genetically preadapted for biodegradation, but due to difficulties in induction or
low population densities, initial degradation is siow. In other words, specific
enzymes are present in the genomes within the community to allow catabolism
of xenobiotic aromatic compounds. The third mechanism requires the
development of catabolic activity absent from the original community. In this
case, natural selection favors mutations or gene rearrangements which confer
enzymatic activity on a clonal subpopulation that was absent from the
community at the outset of exposure. Therefore, it is reasonable to expect at
least two mechanisms explain catabolic activity observed in natural
communities: 1) expression of traits from within existing preadapted
populations, or 2) natural selection of novel clonal subpopulations. in pristine
environments, either may explain observed catabolic activity, however, they
differ markedly in the way they affect community structure following exposure.

Genetic preadaptation is based upon the the premise that enzymes
within the community have substrate ranges sufficiently broad to accept

xenobiotic compounds. It is well known that enzyme specificity is determined by
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the amino acid sequence in the region of the active site. Since enzymes with
broad specificity could explain the observed degradation of xenobiotic
compounds in previously unexposed communities, structural relatedness to
natural analogs would be an important factor determining susceptibility to
biodegradation. As a result, xenobiotic compounds may be degraded in nature
through fortuitous interactions with existing catabolic enzymes and not through
evolution of new pathways.

Selection of novel clonal subpopulations, on the other hand, requires the
development of catabolic activity only after exposure to a substrate. In this case,
the introduction of a compound into natural systems is a prerequisite to the
development of the phenotypic trait. Genetic information for the degradation of
xenobiotic substrates is either not present or genes are not in suitable
arrangement for proper expression in unexposed communities. As a result, no
phenotypic traits should be observed in a pristine natural community without
first experiencing previous exposure and sufficient time for natural selection to
choose the best adapted strains. During the adaptation period, clonal
subpopulations are selected for their increased fitness and competitiveness
arising from their ability to degrade a novel substrate. It is not known how
frequently mutational changes or genetic rearrangements lead to new
phenotypic traits in nature, but bacteria have been shown to readily evolve new
metabolic traits under laboratory conditions (5, 28, 29, 33, 35).

The rate of adaptation in this case is controlled by both frequency of
mutation and genetic rearrangement and by clonal reproduction rates. In order
for a new phenotype to be observed, clonal growth rates must be large enough
to produce population densities high enough to produce detectable levels of
substrate transformation. Dissemination of genetic information through

horizontal transmission may increase both the rate and host range of a trait
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within the community, but documented evidence of this phenomenon in soil is

inconclusive (38).

Natural Occurrence of Chiorinated Compounds

Although chlorinated organic compounds are generally associated with
environmental poliution and xenobiotic recalicitrance, halogenated compounds
are produced naturally and are biologically important. Gribble (19) referenced
more than 1500 halogenated compounds in a recent survey of organochlorine
compounds in the environment (Table 1.1). All were produced naturally by
biosynthesis or through combustion of organic matter in the presence of a
halogen. At least 130 different chlorinated compounds are produced by higher
plants and ferns alone (15). Most are either plant hormones, toxins, or
antifeedants. Of primary importance to this study are the chlorinated aromatic
compounds. Gribble (19) points out the extreme chemical conditions required
to achieve halogenation of a benzene molecule under laboratory conditions.
As a result most naturally occurring chlorination reactions occur using activated
benzene rings. Examples of activated benzene rings include benzoates,
phenols, and phenolic ethers. The presence of hydroxl- and carboxyl-
functional groups on the ring reduce the stability of the benzene nucleus and
make chlorination reactions more favorable. Natural production of
dichlorobenzoates has been reported in Mt. St. Helens volcanic ash (19), but
the distribution of these compounds should be limited. Chloroperoxidases and
lactoperoxidases have been found in fungi, algae, and mammalian milk and

can catalyze the chlorination of phenols and phenolic ethers.
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Table 1.1. Classes of naturally-occurring haloorganic compounds.

Alkaloids Benzofuran
Alkanes Indoles
Amino Acids and Peptides Indolcarbazoles
Aromatics Lipids
Phenols Steroids
Phenolic Ethers Fatty Acids
Benzoates Prostaglandins
Anthraquinones Nucleic Acids
Carbazoles Pyrroles
Carbolines Quinolines
Dibenzodioxins Terpenes
Dibenzofurans Thiophenes
Furans

Examples of biogenic chiorophenols include: 2,4-dichlorophenol from
the soil fungus Penicillium (1); 2,5-dichloropnenol, an ant repellent produced by
the grasshopper Romalea microptera (14); and 2,6-dichlorophenol, a sex
pheromone of several hard ticks (3). Eisner et al. (14), however, hypothesized
the 2,5-dichlorophenol was from breakdown of ingested herbicide and was not
synthesized by the grasshoppers. Several basidiomycetes, common wood-
and litter-degrading fungi, produce significant levels of chlorinated anysil
metabolites (8). In particular, Bjerkandera sp BOSS5 produced 3-chloro- and
3,5-dichloroanisyl de novo from glucose (9). These investigators believe

chloroanisyls are important in the extracellular production of HoO» required for

lignin degradation by lignin peroxidases. The environmental fate of biogenic
chloroanisyls has been postulated to be either mineralization, detoxification to
chlorohumus, or biotoxification to dioxins (Figure 1.1). No reports of the
biogenic formation of chlorobenzoate have been reported, however, it is well

known




chlorobenzoates are produced from the degradation of PCBs in natural
systems.

It is evident xenobiotic compounds alone are not the only selective
pressures for the development of chloroaromatic degradative enzymes,
although this is a long-held belief in the field ot biodegradation. This could be a
reflection of current interest in studying bacterial evolution, therefore, rapid
development of new pathways is an attractive explanation. However, it is not
valid to assume that previous exposure to a particular substrate is required for
the development of chloroaromatic phenotypes in soil bacteria. Xenobiotics

may closely resemble natural analogs occurring in communities.

Bacterial Degradation and Assimilation of 3-Chlorobenzoic Acid as

a Sole-Source of Carbon

Several bacteria have been reported to degrade 3-CBA (Table 1.2). The
first pure culture isolate able to use 3-CBA as a sole source of carbon for energy
and biosynthesis was reported by Johnston et al. (26). These authors noted
that previous reports of 3-CBA metabolism resulted in incomplete degradation
indicated by the accumulation of chlorocatechols in the culture fluid. This strain,
identified as a Pseudomonas species, was cultured from soil enrichments in
minimal medium and could completely degrade 3-CBA without the production
of detectable levels of chlorocatechol intermediates. The production of
chlorocatechol intermediates is observed in bacteria lacking a chiorocatechol
pathway, and therefore, do not mineralize 3-CBA. This isolate required yeast
extract for growth and no other mono- or dichlorobenzoic acids were

metabolized. 3-Hydroxybenzoic acid transiently accumulated during growth
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Table 1.2. Bacteria reported to use 3-Chlorobenzoic Acid
as a growth substrate.

Strain Cleavage? Origin Reference
Pseudomonas sp. soil, 26
Pseudomonas sp. B13 ortho sewage, 12

Gottingen, Germany

Pseudomonas sp. WR912 soil, 22
Gottingen, Germany

Pseudomonas sp. H1 & H2 soil and sewage 21

Pseudomonas putida AC858 ortho sewage, 6
(pAC25) Niskayuna, N.Y.

Alcaligenes eutrophus JMP134 ortho 2,4-D treated sail, 11
(pJP4) Australia

Pseudomans putida 87 pesticide-treated soil, 20

Russia

Acinetobacter ortho cultivated soil 45

calcoaceticus INMI-KZ-3 Moscow region, Russia

Pseudomonas alcaligenes C-0 activated sludge, 16

Ontario, Calif.
Pseudomonas sp. KTB4 ortho soil and mud, 39

Wuppertal area, Germany

Alcaligenes sp. BR60 meta Bloody Run Creek, 44
Hyde Park, N.Y.

Pseudomonas aeruginosa JB2 biphenyl-contaminated soil 24
Fontana, Calif.

Pseudomonas putida P111 industrial sewage effluent 23
Panama City, Panama

8ring cleavage as reported.
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leading these authors to propose the first step in this 3-CBA pathway involved
hydrolytic dehalogenation.

Using long-term chemostat enrichments, Dorn et al. (12) isolated
Pseudomonas sp. B13 from sewage sludge. Initially the chemostats were filled
with mineral salts medium amended with yeast extract and succinate and
seeded with sludge. Gradually over a period of two weeks, succinate was
replaced as the sole carbon source by benzoate, and ultimately, 3-CBA. After
five weeks, constant turbidity and chloride production were measured in the
chemostat. Phenotypic characteristics revealed this strain to be related to
Pseudomonas fluorescens. Oxygen uptake studies demonstrated 3-CBA
induced cells could simultaneously metabolize 3-CBA and benzoate using the
3-ketoadipate pathway through 3- and 4-chiorocatechol. Cells grown on
benzoate alone could not immediately degrade 3-CBA and instead produced
oxidized chlorinated catechols. These observations were in agreement with
previous studies showing benzoate oxidase could transform 3-CBA to
chlorinated metabolites, but without a functional 3-CBA pathway, these
intermediates accumulate in culture fluids (25, 41). They concluded 3-CBA
metabolism required a unique pyrocatechase (catechol-1,2-dioxygenase)
possessing greater affinity for chlorinated catechols than the normal
pyrocatecase induced during benzoic acid metabolism. This implied B13
contained two functional dioxygenase genes: one specific for catechol
dioxygenase, the other a broad-specificity chlorocatechol dioxygenase. in
contrast to the strain described by Johnston et al. (26) above, Pseudomonas
B13 cleaved the aromatic ring prior to dechlorination. The genes for
chlorocatechol degradation are encoded by the plasmid pWR1, (pB13) (34, 42).

Haller and Finn (21) substantiated the reports of Dorn et al. (12) by

isolating two strains (H1 and H2) capable of degrading 3-CBA as a sole source
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of carbon. Haller and Finn reported the isolates were probably Pseudomonas,
and it was not clear if the isolates were similar to Pseudomonas B13 since a
detailed description was not provided. Unlike previous studies, Haller and Finn
were able to culture their isolates directly from soil and sewage without using
cosubstrates or extensive enrichments. Strain H1 behaved metabolically much
like Pseudomonas B13 and tended to produce colored metabolites from the
accumulation of chlorocatechols. Strain H2, on the other hand, did not
accumulate colored intermediate metabolites even following growth on
benzoate.

Previous to the reports of Chatterjee et al. (6), the genetics of 3-CBA
enzymes were unknown. Following isolation of a 3-CBA degrading
Pseudomonas putida AC858 from sewage, they were able to tentatively localize
the genes for 3-CBA degradation to a 68 MD transmissible plasmid named
pAC25. The plasmid nature of the 3-CBA genes was inferred from curability
and transferability experiments. In difference to Pseudomonas B13, this isolate
metabolized chlorocatechols by ortho cleavage through maleylacetate in place
of B-ketoadipate. Further comparisons revealed pB13 from Pseudomonas B13
and pAC25 from Pseudomonas putida were homologous in DNA-DNA
hybridization studies, and with the exception of a 6 kb deletion in pB13, physical
maps of the two plasmids were nearly identical (7). Similar studies involving
pAC25 and pJP4 from Alcaligenes eutrophus JMP134 (11), a 2,4-D degrading
strain with the 3-CBA genes, found that although the structural genes had high
sequence homology, gene clustering patterns of regulation differed significantly
between the two strains (18). While the degradative genes were clustered on
both pAC25 and pJP4, efficient expression oi iie pJP4 genes occurs only after

genetic rearrangement.
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In an exhaustive study of 760 3-CBA degrading bacteria isolated directly
from agricultural soils with a long history of pesticide treatment, Grishchenkov
ot al. (20) selected 14 isolates for in-depth examination. From this collection,
two stable strains, Pseudomonas putida 87 and Pseudomonas putida 203,
were capable of assimilating 3-CBA after repeated cultivation on nonselective
media. Only Pseudomonas putida 87 was studied in depth after it was found to
harbor a 40 MD plasmid. In studies with 3-CBA mutants, their data suggested
the catechol dioxygenase genes induced in benzoic acid grown cells were
chromosomal while chlorocatechol dioxygenase genes were carried by the 40
MD plasmid. On the basis of intermediate analysis, they proposed 3-CBA
metabolism proceeded through 3-chlorophenol followed by chiorocatechol and
subsequent ortho-cleavage to chloromuconic acid.

Acinetobacter calcoaceticus INMI-KZ-3 isolated by Zaitsev and Baskunov
(45) represented another non-pseudomonad obtained from cuitivated soil in the
vicinity of Moscow, Russia. The major difference between this strain and other
previously reported degraders was in the specificity of the benzoate oxygenase.
While some isolates catalyze a mixture of 3- and 4-chlorocatechol from 3-CBA,
this strain could metabolized only 4-chlorocatechol to 3-chloro-cis,cis-muconic
acid and ultimately to complete degradation and assimilation. This strain was
reported to grow well on 3-CBA, but metabolites accumulate during growth and
only 50-60% of the available chlorine is released as chloride. The metabolites
and the balance of the chioride is presumably from 3-chlorocatechol being
metabolized to dead-end products. The identity of the dead-end product was
2-chloro-cis, cis-muconic acid based on its UV absorption spectrum.

For most 3-CBA degrading isolates, chlorocatechols produced from 3-
CBA are metabolized by ortho-cleaving chlorocatechol- 1,2-dioxygenases.

Naturally occurring aromatic compounds, on the other hand, such as phenol,
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aniline, benzene, salicylate, and substituted toluenes, are generally
metabolized by meta-cleaving catechol-2,3-dioxygenases. Biochemically, the
meta-cleaving enzymes tend to produce toxic dead-end products thereby
inhibiting growth. Taeger et al. (39) were able to enrich and isolate from soil a
gram negative, non-motile, short rod named strain KTB4 that expressed ortho
and meta activity against 3-CBA and 3-methylbenzoate, respectively.
However, these enzymes were not specific and chlorinated meta-cleavage
products did accumulate. Meta-cleavage products of 3-chlorocatechol
produced suicide inactivation while 4-chlorocatechol products could not be
assimilated.

An alternative to the ortho pathway was found in Alcaligenes BR60
isolated from a tributary receiving surface runoff from a phenol and
chlorophenol contaminated industrial landfill in Hyde Park, New York (43).
Using genetic and biochemical evidence, Nakatsu (32) and Nakatsu and
Wyndham (31) were able tc conclude that the 3-CBA aromatic ring is cleaved
by a unique meta-cleavage pathway. In the case of Alcaligenes BR60, meta-
cleavage did not produce toxic dead-end products. This strain carries the 3-
CBA pathway on a transposable element (44) and is transterable to other hosts
(17). Other investigators have found similar transposable elements in 2-
chlorocatechol degrading isolates (4).

In most cases, 3-CBA degrading isolates are believed to possess
relatively narrow specificity chlorobenzoate-dioxygenases. This often
effectively limits the range of other degradabie mono-, di-, or trichlorobenzoic
acids to a single compound. Two unique isolates, Pseudomonas aeruginosa
JB2 (24) from polychlorinated biphenyl contaminated soil and Pseudomonas
putida P111 (23) from industrial sewage effluent, have been reported to utilize a

number of chlorinated benzoates. Pseudomonas aeruginosa JB2 degrades 2-,




i o b, et s ¢

15

3-, 2,3-di-, 2,5-di-, and 2,3,5-trichlorobenzoate while Pseudomonas putida P111
degrades 2-, 3-, 4-, 2,3-di-, 2,4-di-, and 2,3,5-trichlorobenzoic acid. These
authors state these two isolates provide evidence for the development of
specialized chlorobenzoate pathways and regulatory strategies. It is important,
however, to note P111 was obtained following 13 months of enrichment on 2,5-
dichlorobenzoate and may not be representative of native degraders.

An examination of the origin of isolates in Table 1.2 indicates principle
investigators were not specifically interested in obtaining materials from pristine
sites. Many isolates were cultivated from samples collected from cultivated
soils, contaminated sites, and wastewater treatment facilities. Potential
bacterial exposure to xenobiotic substances in these habitats is drastically
different from natural and undisturbed sites. Often cultivated soils and
contaminated sites were purposefully selected because they experienced long-
term exposures to chlorinated aromatic herbicides and pesticides. When soil
sample origins were not specifically reported, it was assumed soils were
collected from cultivated soil as this would be the most logical place to begin
looking for isolates with novel catabolic traits. In sewage sludges, bacteria are
exposed to a vast variety of organic substrates at concentrations not normally
seen in natural settings. Given the heterogeneity and unpredictability of
wastewater streams, it is unlikely one could rule out previous exposure to
chlorinated aromatic compounds given their ubiquity in both industrial and
municipal applications. Collecting samples from all of these types of
communities would be in keeping with the generally held convention that 3-
CBA is a xenobiotic substrate and organisms require previous exposure before
degradation can be observed. Since samples were not collected in accordance
with a rigorous experimental design, inferences about the distribution of 3-CBA

degrading bacteria in pristine environments is not possible. Thus, it is not
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known how widespread this trait is in pristine environments. These isolates do
provide extensive information on the biochemical mechanisms employed by

known bacteria to degrade 3-CBA.

Biochemical Pathways for 3-Chlorobenzoate Degradation

The detailed pathways for 3-CBA degradation are found in Figure 1.2.
With the exception of hydrolytic dehalogenation reported by Johnston et al. (26),
3-CBA pathways cleave the aromatic ring prior to dechlorination. The major
difference between the pathways occurs during ring cleavage. In one case, the
ring is cleaved by an dioxygenase (Figure 1.2, A) while the other uses an
extradiol dioxygenase (Figure 1.2, B). Early studies using the enzymes for the
initial oxidation of benzoic and anthranilic acid revealed the initial dioxygenase
enzymes could also use a number of substituted compounds as substrates
although complete mineralization was not observed.

Using cell-free extracts, Ichihara et al. (25) found 3-CBA was degraded
more readily than either 2- or 4-chloro- substituents. In comparison to benzoate
oxidase activity using benzoic acid, activity on 3-CBA was 29.6, 11.3, and
43.1% in Pseudomonas aeruginosa, Micrococcus urece, and Pseudomonas
fluorescens, respectively. Oxygen consumption and carbon dioxide production
by Pseudomonas aeruginosa using benzoate and 3-CBA as substrates were
10.2 and 4.2 and 4.2 and 3.9 umoles per 5 umoles substrate, respectively. After
allowing the compounds to react, the benzoate assays were colorless while 3-
CBA assays turned violet. Paper chromatography demonstrated the colored
end product was 3-chlorocatechol. No catechol-1,2-dioxygenase activity was
observed with 3-chlorocatechol as a substrate although 4-chlorocatechol was

transformed at slow rates. These observations indicated benzoate oxidase was




17

COOH

—OA

—  COOH COOH
HO, ,COOH Ho. COOH
H H
Ho@ oH o
c
cl
Ci B l OH l oH°M]
OH OH - COOH COOH
HO OH
: cl : c xS : of OH
l l - OH = OH
COOH COOH
OOH COOH
OOH COOH
v || || vo XIII
el CHO
cl coonOH

Figure 1.2. Biochemical pathways for the degradation of 3-chlorobenzoic acid. (A) The
modified ortho pathway in Pseudomonas sp B13. (B) The proposed meta cleavage pathway
of Alcaligenes sp. BR60. Compound |, 3-chlorobenzoic acid; 1, 1-carboxy-5-chloro-1,2-
dihydroxycyclohexa-3,5-diene; Ill, 4-chlorocatechol; 1V, 3-chloro-cis,cis-muconic acid; V, 1-
carboxy-3-chloro-1,2-dihydroxycyclohexa-3,5-diene; V|, 3-chlorocatechol; Vil, 2-chloro-cis,cis-
muconic acid; VIll, 1-carboxy-3-chloro-4,5-dihydroxycyclohexa-2,5-diene; 1X, 5-
chioroprotocatechuic acid; X, 2-hydroxy-4-carboxy-6-chloro-muconic semialdehyde; XI, 1-
carboxy-3-chloro-3,4-dihydroxycyclohexa-1,5-diene; Xll, protocatechuic acid; XiH, 2-hydroxy-4-
carboxy-muconic semialdehyde (from reference 32).
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able to oxidize 3-CBA but further transformation of the chlorocatechols was not
possible in these strains. They correctly concluded the first stable intermediate
in benzoate degradation was catechol, or chlorocatechol in the case of 3-CBA.
This was early evidence for the possibility of a unique pathway for 3-CBA
utilization.

In depth biochemical analysis of Pseudomonas sp. B13 provided
evidence for the elucidation of the first entire 3-CBA pathway (Figure 1.2, A).
While Ichihara et al. (25) found benzoate oxidase could oxidize 3-CBA (l) thus
initiating degradation. Unstable dihydroxy intermediates (Il and V) occur
transiently and are spontaneously decarboxylated and dehydrogenated to
allow rearomatization of the ring and form chlorocatechols (Il and VI). Dorn and
Knackmuss (13) demonstrated Pseudomonas sp. B13 had two catechol-1,2-
dioxygenases, named pyrocatechase | and pyrocatechase I, for the subsequent
degradation of catechol and chlorocatechols, respectively. Not only did the two
enzymes differ in substrate affinity, but they also had different molecular
weights, elution characteristics, chromatography and electrophoretic mobilities
and chemical stabilities. They hypothesized Pseudomonas sp. B13 oxidized 3-
CBA primarily through 4-chlorocatechol as 3-chlorocatechol was more resistant
to ring cleavage. Subsequent studies by Schmidt et al. (36) and Schmidt and
Knackmuss (37) found 3- and 4-chlorocatechol were transformed by 3-CBA
specific enzymaes to 2- and 3-chloro-cis,cis-muconic acid (IV and Vil) and
maleylacetic acid, respectively. Chloride was removed spontaneously following
cycloisomerization of the muconic acids (37). The benzoate and 3-CBA
pathways converge at maleylacetic acid and both form of 3-oxoadipate (27).

An alternative pathway for 3-CBA degradation (Figure 1.2, B) was found
in Alcaligenes sp. strain BR60 (31, 32). As mentioned above, this strain carries

the genes for 3-CBA degradation on a transmissible element, Tn5271. In this
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strain, the aromatic ring of 3-CBA is oxidized to form either a 3,4- or 4,5-
dihydroxy intermediate (VIil and Xl). Dehydrogenation results in the either the
loss of water and rearomatization to 5-chioroprotocatechuate (I1X) or loss of
chloride and rearomatization to protocatechuate (XII). Chlorocatechuate can be
metabolized further but it is not known what degradation products are formed.
Protocatechuate is oxidized by a chromosomally-encoded protocatechuate-4,5-
dioxygenase into meta cleavage products. This dioxygenase is also belirved to

express activity on chlorinated analogs, but this has not yet been proven (31).
Summary

Chlorinated aromatic compounds are widely used in the production of
herbicides and pesticides. In modern agriculture, these compounds have been
used extensively to maintairi high and sustained crop yields. Although
generally associated with xenobiotic environmental pollutants, numerous
chlorinated compounds are synthesized through natural biological and
chemical processes. Therefore it is possible for bacteria to develop the 3-CBA
trait from metabolism of naturally occurring chlorinated compounds produced in
their environments.

Several isolates have been reported to degrade 3-CBA as a sole-source
of carbon. In a few, the 3-CBA pathway was extensively studied. From these
studies several conclusions can be drawn about the biochemistry and genetics
of 3-CBA degradation. In general, most isolates degrade 3-CBA use an
intradiol ring cleavage commonly known as the ortho pathway. The first
degradative step involves the dioxygenation of 3-CBA to chiorocatechol by a
chromosomally encoded benzoate dioxygenase. Ring cleavage is facilitated by

a plasmid encoded chlorocatechol-1,2-dioxygenase to chloromuconic acid.
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The lactonization and isomerization of chloromuconate releases chloride
spontaneously with the formation of maleylacetate. Maleylacetate is degraded
through B-ketoadipate by enzymes of the general benzoate pathway.

In two cases, the degradation of 3-CBA was reported to differ from the
pathway elucidated in B13. A unique meta pathway was recently described in
Alcaligenes sp. strain BR60 (31, 32). Hydrolytic dehalogenation of 3-CBA to
chloride and phenol also occurred prior to ring cleavage in a soil
pseudomonad, however, this pathway was never described in detail (26).

Inferences from available data imply that although ability to degrade 3-
CBA might be rare among bacterial populations in pristine ecosystems, isolates
are widely distributed in nature. The distribution of 3-CBA degrading bacteria in
soil with a no history of exposure to chlorinated aromatic compounds has never
been the subject of rigorous investigation. Most isolates have been collected
from cultivated soils with a long history of herbicide treatment, soil and water
from contaminated sites, or sewage sludges. No unambiguous evidence exists
for the distribution of this trait in pristine environments. Thus it is not possible to
make predictions about the evolutionary history of the 3-CBA genes without the

complications of previous exposure and artificially imposed natural selection.




21

Literature Cited

10.

11.

Ando, K., A. Kato, and S. Suzuki. 1970. Biochem. Biophys. Res.
Commun. 39:1104.

Audus, L. J. 1951. The biological detoxification of hormone herbicide in
soil. Plant Soil 2:170-192

Berger, R. S. 1972. 2,6-Dichlorophenol, sex pheromone of the Lone
Star tick. Science 177:704-705.

Brenner, V., B. S. Hernandez, and D. D. Focht. 1993. Variation in
chlorobenzoate catabolism by Pseudomonas putida P111 as a
consequence of genetic alterations. Appl. Environ. Microbiol. 59:2790-
2794,

Bruhn, C., R. C. Bayly, and H.-J. Knackmuss. 1988. The in vivo
construction of 4-chloro-2-nitrophenol assimilatory bacteria. Arch.
Microbiol. 150:171-177.

Chatterjee, D. K., S. T. Kellogg, E. Hamada, and A. M.
Chakrabarty. 1981. Plasmid specifying total degradation of 3-
chlorobenzoate by a modified ortho pathway. J. Bacteriol. 146:639-646.

Chatterjee, D. K. and A. M. Chakrabarty. 1983. Genetic homology
between independently isoiated chlorobenzoate-degradative plasmids. J.
Bacteriol. 153:532-534.

dedJong, E., J. A. Field, H.-E. Spinnler, J. B. P. A. Wijenberg,
and J. A. M. deBont. 1994. Significant biogenesis of chlorinated
aromatics by fungi in natural environments. Appl. Environ. Microbiol.
60:264-270.

dedong, E., A. E. Cazemier, J. A. Field, and J. A. M. deBont.
1994. Physiological role of chlorinated aryl alcohols biosynthesized de
novo by the white rot fungus Bjerkandera sp. strain BOSS55. Appl. Environ.
Microbiol. 60:271-277.

Dewey, O. R., R. V. Lyndsay, and G. S. Hartley. 1962. Biological
destruction of 2,3,6-trichlorobenzoic acid in soil. Nature 195:1232.

Don, R. H. and J. M. Pemberton. 1981. Properties of six pesticide
degradation plasmids isolated from Alcaligenes paradoxus and
Alcaligenes eutrophus. J. Bacteriol. 145:681-686.




12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

22

Dorn, E., M. Hellwig, W. Reineke, and H.-J. Knackmuss. 1974.
Isolation and characterization of a 3-chlorobenzoate degrading
pseudomonad. Arch. Microbiol. 99:61-70.

Dorn, E. and H.-J. Knackmuss. 1978. Chemical structure and
biodegradability of aromatic compounds: two catechol 1,2-dioxygenases
from a 3-chlorobenzoate-grown pseudomonad. Biochem J. 174:73-84.

Eisner, T., L. B. Hendry, D. B. Peakall, and J. Meinwald. 1971.
2,5-Dichloropheno! (from ingested herbicide?) in defensive secretion of
grasshopper. Science 172:277-278.

Engvild. K. C. 1986. Chlorine-containing natural compounds in higher
plants. Phytochem 25:781-791.

Focht, D. D. and D. Shelton. 1987. Growth kinetics ot Pseudomonas
alcaligenes C-0 relative to inoculation and 3-chlorobenzoate metabolism
in soil. Appl. Environ. Microbiol. 53:1846-1849.

Fuithorpe, R. R. and R. C. Wyndham. 1991. Transfer and
expression of the catabolic plasmid pBRC60 in wild bacterial recipients in
a freshwater ecosystem. Appl. Environ. Microbiol. 57:1546-1553.

Ghosal, D., L.-S. You, D. K. Chatterjee, and A. M. Chakrabarty.
1985. Genes specifying degradation of 3-Chlorobenzoic acid in plasmids
pAC27 and pJP4. Proc. Natl. Acad. Sci. 82:1638-1642.

Gribble, G. W. 1992. Naturally occurring organohalogen compounds -
a survey. J. Nat. Prod. 55:1353-1395.

Grishchenkov, V. G, I. E. Fedevichkina, B. P. Baskunov, L. A.
Anisimova, A. M. Borenin, and L. A. Gololeva. 1984. Degradation
of 3-chlorobenzoic acid by a Pseudomonas putida strain. Mikrobiol.
52:771-776.

Haller, H. D. and R. K. Finn. 1979. Biodegradation of 3-
chlorobenzoate and formation of black color in the presence and absence
of benzoate. European J. Appl. Microbiol. 8:191-205.

Hartmann, J., W. Reineke, H.-J. Knackmuss. 1979. Metabolism of
3-chloro-, 4-chloro-, and 3,5-dichlorobenzoate by a Pseudomonad. Appl.
Environ. Microbiol. 37:421-428.

Hernandez, B.S., F. K. Higson, R. Knodrat, and D. D. Focht.
1991. Metabolism of and inhibition by chlorobenzoates in Pseudomonas
putida P111. Appl. Environ. Microbiol. 57:3361-3366.




24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

23

Hickey, W. J. and D. D. Focht. 1990. Degradation of mono-, di-, and
trihalogenated benzoic acids by Pseudomonas aeruginosa JB2. Appl.
Environ. Microbiol. 566:3842-3850.

Ichihara, A., K. Adachi, K. Hosokawa, and Y. Takeda. 1962. the
enzymatic hydroxylation of aromatic carboxylic acids; substrate
specificities of anthranilate and benzoate oxidases. J. Biol. Chem.
237:2296-2302.

Johnston, H. W., G. G. Briggs, and M. Alexander. 1972.
Metabolism of 3-chlorobenzoic acid by a pseudomonad. Soil Biol.
Biochem. 4:187-190.

Kaschabek, S. R. and W. Reineke. 1992. Maleylacetate reductase
of Pseudomonas sp. strain B13: dechlorination of chloromalelylacetates,
metabolites in the degradation of chloroaromatic compounds. Arch.
Microbiol. 158:412-417.

Krockel, L., and D. D. Focht. 1987. Construction of chiorobenzene-
utilizing recombinants by progenitive manifestation of a rare event. Appl.
Environ. Microbiol. 53:2470-2475.

Latorre, J., W. Reineke, and H.-J. Knackmuss. 1984. Microbial
metabolism of chloroanilines: enhanced evolution by natural genetic
exchange. Arch. Microbiol. 140:159-165.

MacRae, I. C. and M. Alexander. 1965. Microbial degradation of
selected herbicides in soil. J. Agr. Food Chem. 13:72-76.

Nakatsu, C. H. and R. C. Wyndham. 1993. Cloning and expression
of the transposable chlorobenzoate-3,4-dioxygenase genes of Alcaligenes
sp. strain BR60. Appl. Environ. Microbiol. 59:3625-3633.

Nakatsu, C. H. 1992. Ph.D. thesis. Carleton University.

Ramos, J. L., and K. N. Timmis. 1987. Experimental evolution of
catabolic pathways of bacteria. Microbiol. Sci. 4:228-237.

Reineke, W., S. W. Wessels, M. A. Rubio, J. Latorre, U.
Schwien, E. Schmidt, M. Schilomann, and H. J. Knackmuss.
1982. Degradation of monochlorinated aromatics following transfer of
genes encoding chlorocatechol catabolism. FEMS Microbiol. Lett. 14:291-
294,




35.

36.

37.

38.

39.

40.

41,

42,

43.

44,

45.

24

Rojo, F., D. H. Pieper, K.-H. Engesser, H.-J. Knackmuss, and K.
N. Timmis. 1987. Assemblage of ortho cleavage route for simultaneous
degradation of chloro- and methylaromatics. Science 238:1395-1398.

Schmidt, E., G. Remberg, and H.-J. Knackmuss. 1980. Chemical
structure and biodegradability of halogenated aromatic compounds:
halogenated muconic acids as intermediates. Biochem. J. 192:331-337.

Schmidt, E. and H.-J. Knackmuss. 1980. Chemical structure and
biodegradability of halogenated aromatic compounds: conversion of
chlorinated muconic acids into maleylacetic acid. Biochem. J. 192:339-
347.

Stotzky, G. 1989. Gene transfer among bacteria in soil. In, S. B. Levy
and R. V. Miller (ed.), Gene transfer in the environment, McGraw-Hill, inc.,
New York.

Taeger, K., H. J. Knackmuss, and E. Schmidt. 1988.
Biodegradability of mixtures of chioro- and methylsubstituted aromatics:
simultaneous degradation of 3-chlorobenzoate and 3-methylbenzoate.
Appl. Microbiol. Biotechnol. 28:603-608.

van der Meer, J. R., W. M. de Vos, S. Harayama, and A. J. B.
Zehnder. 1992. Molecular mechanisms of genetic adaptation to
xenobiotic compounds. Microbiol. Rev. 56:677-694.

Walker, N. and D. Harris. 1970. Metabolism of 3-chiorobenzoic acid
by Azotobacter species. Soil Biol. Biochem. 2:27-32.

Weisshaar, M.-P., F. C. H. Franklin, and W. Reineke. 1987.
Molecular cloning and expression of the 3-chlorobenzoate-degrading
genes from Pseudomonas sp. strain B13. J. Bacteriol. 169:394-402.

Wyndham, R. C. and N. A. Straus. 1988. Chlorobenzoate
catabolism and interactions between Alcaligenes and Pseudomonas
species from Bloody Run Creek. Arch. Microbiol. 150:230-236.

Wyndham, R. C,, R. K. Singh, and N. A. Straus. 1988. Catabolic
instability, plasmid gene deletion and recombination in Alcaligenes sp.
BR60. Arch. Microbiol. 150:237-243.

Zaitsev, G. M. and B. P. Baskunov. 1985. Utilization of 3-
chlorobenzoic acid by Acinetobacter. Mikrobiol. 54:203-208.




Chapter Two
Distribution and Transformation Capacity of 3-

Chlorobenzoic Acid Degrading Bacteria in Geographically-

Separated Pristine Soils

25




26

Introduction

In comparison to naturally-occurring organic compounds, man-made
chlorinated aromatics are relatively recent additions to the extensive list of
compounds bacteria experience and metabolize in natural environments. As a
result, these compounds are markedly more recalcitrant than structurally-similar
nonhalogenated compounds. Although man-made halogenated compounds
have only been synthesized in large amounts for approximately 50 years,
bacteria have evolved degradative systems to deal with xenobiotics (14).
Catabolic pathways have either evolved in nature due to widespread use of
chilorinated aromatic compounds or are a preadapted variant of a pathway that
fortuitously degrades xenobiotic compounds (5). The evolution of catabolic
activity against xenobiotic chlorinated compounds assumes bacteria
experience appropriate selective pressures after exposure to a compound and
evolutionary processes occur rapidly in natural communities. Thus, only
organisms in habitats experiencing chloroaromatic compounds, such as
sewage sludge (7), agricultural soils (16), or contaminated sites (1, 11, 27),
would be expected to have sufficient selective pressure for the evolution of
novel catabolic traits for the complete degradation of xenobiotic compounds.
Alternatively, genetic and biochemical preadaptation allows bacteria to degrade
naturally-occurring and structurally-similar xenobiotic analogs without the
requirement for previous exposure. A plausible explanation for this
phenomenon is the natural variation of substrate specificity among catabolic
enzymes found in aromatic degrading populations. This mechanism can
explain the occurrence of catabolic activity against man-made halogenated
compounds in pristine environments; those with no documented exposure to

man-made chloroaromatic compounds. In order to determine if this
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mechanisms is observable in nature, this study examined the presence of
chloroaromatic catabolic traits in communities with no previous exposure to
these compounds using 3-chlorobenzoic acid (3-CBA) as a model substrate.

Chiorobenzoates are known to occur naturally, but they are reported to
be present only in recent volcanic ash (12). Although numerous investigators
have isolated and characterized 3-chlorobenzoic acid (3-CBA) mineralizing
bacteria from soil (6, 13, 15, 16, 17, 19, 25, 29), there is no clear evidence 3-
CBA degrading bacteria are widely distributed in pristine environments. Since
many of thesse isolates were cultured from sites with histories of exposure to
chioroaromatics, questions of genetic preadaptation can not be addressed. In
addition, several reports indicate 3-CBA is potentially recalcitrant in soil and
aquatic habitats (4, 8, 10, 11, 18, 21) implying the 3-CBA trait is potentially rare
in natural communities. Early investigators shared the view that chlorinated
benzoates were not normal physiological compounds (15) and were surprised
by the number of organisms which have evolved this xenobiotic degrading trait
(16). Since the distribution of 3-CBA degrading bacteria in undisturbed habitats
is not known, and 3-CBA is not expected to be present in soil without human
intervention, understanding the distribution of the 3-CBA phenotype in pristine
environments may provide insight into the genetic origin and dissemination of
other chloroaromatic catabolic pathways.

In this study, soil samples were systematically collected from six
geographically-separated pristine soil communities to assess the biogeography

of 3-CBA degrading bacteria. In this chapter, | describe the distribution of

catabolic activity in these soils measured by 14CO2 evolution from 3-CBA-UL-

ring-14C, the site specific variation in degradation rates, and the transformation

capacities of pure culture isolates in defined medium. | conclude that the 3-CBA
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phenotype is widely distributed in the pristine soil communities sampled. Also,

the 3-CBA degrading populations is metabolically diverse based on 14CO»

evolution and HPLC transformation studies. These findings suggest the 3-CBA
phenotype is derived from degradation of naturally-occurring aromatic
compounds which predispose bacteria for the degradation of structurally related
chlorinated compounds and not from previous exposure to anthropogenic

chlorinated aromatic compounds.

Materials and Methods

Soil sampling. Soils were collected aseptically from five different sites
within six geographically-separated regions in two ecosystem types:
Mediterranean sclerophylious woodlands and boreal forests (Tabie 2.1, Figures
2.110 2.6). If possible, sites were within nature preserves and park lands to
insure pristine conditions. When these criteria were not met, sites were chosen
from areas with no documented exposure to chloroaromatic pesticides. In all
cases, the soils were undisturbed. Mediterranean sites were sampled in the
spring while boreal forest sites were sampled in the summer. Approximately 30
individual soil samples were collected at evenly spaced locations along a 200
m transect. At the sampling site, the surface organic layer and 1 to 2 cm of the
mineral soil was removed. Samples were collected as 25 cm deep cores using
a 2.5 cm diameter core sleeve. Soil cores were placed into individual plastic
bags and stored on ice until they could be shipped to the laboratory. Between
samples, excess soil was removed from the coring device by brushing with a
wire brush followed by dipping the entire corer in 70% ethanol. The corer was

then flame sterilized to prevent cross contamination between samples.
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Once in the laboratory, samples were immediately stored at 4°C and soil
moisture content was determined by drying overnight at 100° C. Soil pH was
determined on a randomly selected subset of the samples by suspending 1.0 g
soil in 1 ml distilled water. Soil pH was measured by test paper and electrode.

Media and reagents. Defined aerobic basal medium (DAB, Table 2.2)
is a phosphate buffered, mineral salts medium amended with amino acids,
vitamins, and elements common required by fastidious aerobic bacteria (9).
DAB salts medium (DABS) was used for dilution fluid and is of the same
composition as DAB but without vitamin and amino acid amendment. Chloride-
free A+N medium was prepared following the formulation of Wyndham (28). 3-
Chiorobenzoic acid, 99+%, was purchased from Aldrich Chemical Comp., Inc.
(Milwaukee, Wisc.) and 3-CBA-UL-ring-14C, (98%, 11.4 mCimol-1) was
obtained from California Bionuclear Corp. (Los Angeles, Calif.)

Analytical methods. Disappearance of 3-CBA in broth culture was
determined using a Hewlett-Packard (Palo Alto, Calif.) Series 1050 high
performance liquid chromatograph (HPLC) equipped with a LiChrosorb RP-18
(10 um) reverse phase column (E.Merck, Darmstadt, Germany) and a multiple
wavelength detector simultaneously scanning 218, 230, and 280 nm. Mobile

phase was 70% methanol:30% 0.1% aqueous H3PO4. Chromatograms were

recorded and integrated using Hewlett-Packard ChemStation® software

running on a Gateway 2000 personal computer (North Sioux City, So. Dak.).

Chloride release from 3-CBA was quantified after Bergmann and Sanik (2)
using Spectroquant® reagents (E. Merck, Darmstadt, Germany) and measured

spectrophotometrically at 450 nm with a Bio-Tek EL312e automated plate

reader (Bio-Tek Instruments, Inc., Winooski, Ver.). Quantification of Ba14CO; in

alkaline blotting paper traps was achieved using an AMBIS Radioanalytic
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are mg.l-1distilled water.

Table 2.2. Composition of defined aerobic basal medium (DAB). All quantities

Part A
NasHPQ.7H20 2680.0 Pantothenic acid 0.025
KH2PO4 (anhyd.) 1740.0 L-glutamate 0.94
NH4Cl 1060.0 L-leucine 0.38
NasEDTA.2H0 5.0 L-proline 0.32
FeS04.7H20 2.0 L-lysine 0.30
MnCl2.2H20 1.86 L-serine 0.30
NasMo0O4.2H20 1.53 L-isoleucine 0.26
H3BO3 0.3 L-tyrosine 0.26
CoCl2.6H20 0.321 L-valine 0.26
ZnS04.7H20 0.161 L-aspartate 0.25
NiCl2.6H20 0.02 L-alanine 0.22
CuCl2.2H40 0.01 L-pheylalanine 0.20
Pyridoxine.HCI 0.05 L-arginine 0.18
Thiamine.HCI 0.025 L-threonine 0.16
Nicotinic Acid 0.025 L-methionine 0.14
p-Aminobenzoic Acid 0.025 L-asparagine 0.10
Biotin 0.01 L-histidine 0.08
Folic Acid 0.01 L-tryptophan 0.04
Pyridoxal Phosphate 0.0005  L-glycine 0.02
Riboflavin 0.025 L-hydroxyproline 0.02
Thioctic Acid 0.025

Part B
Na2S04 140.0
MgCla«6H20 102.0
CaClo (anhyd.) 88.0
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Imaging System (AMBIS, Inc., San Diego, Calif.) equipped with a 3.2 mm x 3.2
mm resolution screen and scanned for 60 min. Scans were calibrated against
known amounts of 14CO2 (Figure 2.7).
3-CBA catabolic activity in soil amendments. Enrichment
protocols were designed to use autoradiographic determination of 14CO;
evolution from soil amended with radioisotopically-labelled 3-CBA in microtiter

plate incubations (24). A schematic representation of the protocols used in this

study are illustrated in Figure 2.8. In primary enrichments twenty-four samples
were selected from the 30 samples representing each site. A 1.0 g.dry.weight
equivalent of each soil sample was placed separately into the wells of a 24-well

tissue culture plate (Falcon #3047, Beckton Dickinson and Comp., Lincoin Park

NJ). Concentrated aqueous stock solutions of unlabeled 3-CBA and 3-CBA-
UL-ring-14C were added to each sample to obtain 50 pug 3-CBA g.dry.soil-1 and
0.05 uCi gedry.soil1, respectively. Sufficient sterile distilled water was added to

the substrate stock solutions to adjust the final soil moisture content to 25%.
This aqueous solution was evenly distributed over the surface of the soil.
Approximately 5 ml sterile distilled water was placed in the voids between
adjacent wells to reduce desiccation. Plates were covered with sterile blotting
paper (GB002, Schleicher and Schuell, Keene, New Hamp.) premoistened with

a saturated solution of BaOH to serve as a 14CO5 trap. Plates were incubated

in sealed plastic containers at room temperature until all samples evolved CO,
or for up to 2 months, whichever was longer. Blotting paper traps were removed
weekly for the first month and exposed to x-ray film (Kodak X-Omat AR,
Rochester, New York) for autoradiography. After the first month, CO2 traps

were replaced biweekly. 3-CBA mineralization by indigenous microorganisms
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Figure 2.8. Correlation between counts per minute of 14CO; detected in BaOH
filters with uCi Na14CQO3 added to each well of a 24-well tissue culture plate.

Analyses were performed in triplicate. Both sides of the filter were quantified
using an AMBIS Radioanalytic detector. Errors bars represent 1 standard
deviation from the mean while dashed lines represent 95% confidence interval

for regression line (r2=0.996 ).
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Figure 2.8. Schematic representation of enrichment and isolation protocols
used to obtain 3-chlorobenzoic acid degrading bacteria from
geographically-separated soils.
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was determined based on the presence or absence of exposed regions of the
autoradiograph corresponding to individual wells. In total, 687 soil samples
were examined for their ability to mineralize 3-CBA.

Soil samples exhibiting activity were transferred to secondary
enrichments in DAB. Approximately 0.1 g of well blended soil from each of the
positive primary enrichment wells was transterred into *.0 mi steiie distilled
water and mixed by vortexing for 30 seconds. A 40 p! aliquot of soil suspension
was transferred into individual wells along in the top row of wells of 96-well

microtiter plates (Falcon 3077, Beckton Dickinson and Comp., Lincoin Park, NJ)

filled with 160 ul DAB amended with 50 ug 3-CBAmi-! and 0.1 :Ciml-! (0.02
pCiwell-1). Suspensions in the top row were serially diluted five-fold into the
remaining wells with a final dilution of 2.56 x 106. The plates were covered

with a BaOH saturated blotting paper trap, and incubated up to 4 weeks at room
temperature. Blotting paper traps were removed weekly and autoradiographs
exposed as above. When activity was first observed on autoradiographs, the
most dilute well mineralizing the substrate was used for isolation of bacteria
responsible for degradation.

Isolation of 3-CBA degrading bacteria. From the highest-dilution

secondary-enrichment well releasing 14CO3, 20 pl were transferred into 180 pi
of DABS in 96-well microtiter plates and serial dilutions were performed through

104 using a multichannel pipettor. R2A agar plates weré inoculated with 100

ul from each of the 10-3 and 10°4 dilutions, spread with a sterile glass rod, and

incubated from 2-5 days at room temperature until colonies sizes were large
enough for transfer. A single colony representative of each morphology present

on the isolation plate was streaked onto R2A and incubated at room
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temperature for 2-5 days to insure purity. Single, well-isolated, colonies were
transferred, in parallel, from purification plates to 3-CBA confirmation medium
and phosphate-buffered 20% glycerol for storage at -70° C.

Confirmation of 3-CBA degradation. Medium for confirmation of 3-
CBA degradation was the same as used for secondary enrichment. Isolates
were transferred from R2A plates using sterile wooden applicators into

individual wells of a 96-well microtiter plate containing 200 ul of 50 ug 3-CBA

ml-1 DAB. Plates were covered with traps as above. Autoradiography was
performed on traps every 2 weeks Glycerol stocks of isolates releasing 14CO»

in confirmation tests were inoculated into 3.0 mi of 50 ug 3-CBAmI-1 A+N broth.

Percent 3-CBA disappearance was determined by HPLC and the accumulation
of colored metabolites, if present, recorded at 7 days and 21 days Chloride
release was monitored spectrophotometrically at 21 days as described above.
As a test for phenotypic stability, 24 h. cultures were transferred five times in
R2A broth prior to 3-CBA HPLC tests (3).

Cluster analysis. Dendrograms of 3-CBA transformation capacities
were generated using NTSYS software (Applied Biostatistics, Inc., Setauket,
N.Y.). An Euclidean dissimilarity matrix was computed from data standardized
using the Z statistic. Distances between strains were then calculated using
unpaired group mean averages. Goodness of fit between the Euclidean matrix
and resulting tree was compared using the cophenetic correlation coefficient
(23). To reduce the complexity of the data set, ten data points were selected
along each transformation capacity profile every 0.1 frequency units between
0.1 and 1.0.
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Results

Mineralization of 3-CBA in mixed-culture enrichments.
Microbial mineralization of radioisotopicaily-labelled 3-CBA in pristine soils was
found to be widely distributed between the geographic regions sampled during

this study (Table 2.3). The percentage of individual soil samples within a site

evolving 14CO» ranged from 53% in a Chilean soil collected under a

Eucalyptus grove (EG) to 100% in 20 different sites representing all six
geographic regions. The sites with 3-CBA mineralization in all samples
collected along the transect represent 69% of all the sites sampled. On a
regional basis, 3-CBA mineralization was observed in 100% of the primary
enrichments from the boreal forest sites, while mineralization occurred in 93%
of the primary enrichments from the Mediterranean sclerophyllous woodland
sites. Not surprising, field gravimetric soil moisture content did appear to
influence the activity of soil microbial communities (Figure 2.9). Samples with
high field moisture content also had the highest percent of active samples in
primary soil enrichments. Although soil moisture content and mineralization are
not linearly related, this data indicates moisture contents below 10% in field
soils results in lower overall 3-CBA catabolic activity. Percent activity was
greatest in soils with an average pH below 6.5 (Figure 2.10). Higher pH tended
to reduce activity but one sample, Australia ME, had 100% activity at a pH of
9.09. Habitat, vegetation, and soil type does not appear to affect the distribution
and activity of 3-CBA metabolizing communities.

The quantity and rate of 3-CBA mineralization was highly variable
between the sampling sites indicating the composition and density of 3-CBA
populations were highly influenced by site specific factors (Figure 2.11 and

2.12). In comparison to the percent activity data above, no correlation could be
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Table 2.3. Frequency of 3-chlorobenzoic acid degrading activity. Frequency

calculated from number of samples transferred at each point.

Frequency Total 3-CBA No.
1° 2° Isolates strains >80%%8
Australia
BN 0.96 1.00 0.56 44 5
GE 0.84 0.38 0.75 8 1
JD 0.87 0.86 0.94 28 0
KE 0.83 0.30 0.17 1 0
ME 1.00 0.92 0.68 20 1
Average 0.90 0.69 0.62 20 1.4
California
CH 1.00 1.00 0.54 22 13
cL 1.00 0.96 0.56 26 2
HG 1.00 0.88 0.36 LA} 0
% V] 1.00 1.00 0.58 19 1
VH 0.96 0.83 0.50 14 0
Average 0.99 0.83 0.51 18 3.2
Chile
FJ 0.67 0.67 0.27 4 3
LC 1.00 1.00 0.50 29 1
LP 1.00 0.83 0.95 13 4
RC 1.00 0.88 0.57 23 5
EG 0.53 0.13 0.00 ) 0
Average 0.84 0.70 0.46 14 2.6
South Africa
HH 0.96 1.00 0.30 17 8
MB 0.96 0.96 0.55 18 1
MR 1.00 1.00 0.71 24 16
PM 1.00 1.00 0.75 46 14
WG 1.00 1.00 0.75 43 7
Average 0.98 0.99 0.61 30 11
Russia
R1 1.00 1.00 0.29 8 6
R2 1.00 0.92 0.68 31 11
R3 1.00 0.54 0.77 13 2
R4 1.00 0.92 0.68 28 7
Average 1.00 0.85 0.6t 20 6.5
Saskatchewan
BT 1.00 1.00 0.83 39 9
NP 1.00 0.54 0.76 14 3
PC 1.00 1.00 0.66 22 2
WK 1.00 1.00 0.71 27 10
wv 1.00 1.00 0.50 18 6
Average 1.00 0.91 0.69 24 6

8|solates degrading >80% 3-CBA in 7 d. and releasing chioride.




46

'Si8lll HO®Y Ul pelosiep sem SO0y 818um yoee woyj sejdwes jo ebejusdied ey} Juesaidel seiANdY "SiuBUWIYILUS
[1os Arewnd Ul uolezi[BIBUIW YED-E PUE JUBIUOD BInisiow |los oujewiAeIf usemieq diysuoneley "6°¢ ainbi4

Jusluoy 8INISION

v'0 €0 ¢0 10 0
] | L o m
v
.................................................................................... 09
)
v A
........ ON _
l
08 °
m. v 4 v
4 v
........................................................ — 06 %
. v vy v
T J— N VO Wb R NP e 001}




-aus yoee woyy sejdwes pejds|es Ajwopue)
oAy woy pendwod Hd -eys Buldwes yoes je Auanoe Jusdied pue Hd (10S ebeloae ueemiaq diysuoneey "0l 'g @inbiy4

Hd
Ol 6 8 L 9 S 14
o L ] | { o m
X
R et e ee e e eoems oot s e 5 R e 0SSR e i reeeeeeeeser e etranann e - o N =) .,
< A W
!
og !
X X °
X v
................................. 0 ISR W— Y ¢ Y ;| %
KX X
S ¥ S — L+ & J— & SO L 001




48

"9pIXOIp UOGIED Se esesjal ejessqns pejqe| Jusdled
Jussaidel SeNeA ‘P Z Joye SJusWyoUU 110s Aiewd Ul 8}1e0ZUBGOI0IYO-E JO LoneZIBIeuIW (Bliul |2 einbiy

UBMBYDIBYSES eissny B0}V YINOS sy eluloje) elessny
AM.SIM.Od 1dN . 18 |ve el 24, 1u om Wa BN 8N HH|OY, d1,07, rd B3 [HA AW OH 10 HO|3W, DI ,ar,30 N4

!
o
-

o
A
Q9 Se 8}eozusqoIOo|yd-£ Juediod

o
™

ov




49

"9pIXOIp UOGIED SE 8see|el ejelisgns pejqe| Jusased
juesasdes senjep "sjuswyoduus jos Arewnd ul ejes uonepelbep 81e0zueqoiojyo-g o ebeieae Aleq ‘gL'z einbi4

uemayoiexseg|  eissny eoU}Y UInog o|IyD eluI0)IBD eljensny
AMHM, Od ,dN 18 LPH €W 2 L H DM Wd HW 8N HHIOH dT g0 M4 O3 [HA (NINGODH 1O (HO TN | D ,Ar 39 ,NE

*

1
-

J
N

™

CQ) Se 81e0zusqoiojyo-¢£ Juadiad

!
<t




50

found between quantity and rate of 3-CBA mineralization and soil moisture
content, percent activity, or region. These data do show the initial catabolic
activity of 3-CBA degraders in soil. Samples from Saskatchewan, South Africa,
Australia, and Russia had higher activities after 7 days than samples from
California and Chile. This trend was not evident in overall mineralization rates.
While Saskatchewan soils continued to have high rates, the other samples with
high initial activity decreased. California and Chile samples increased in

activity with time and surpassed those of Australia and Russia.

Activity was usually transferable from 50 ug 3-CBA g.dry.soil-! primary

enrichments tc secondary enrichments in 50 ug 3-CBAmi-1 DAB but, was lost in

16% of the transfers. Most notable were losses in activity for KE, Australia and
EG, Chile where only 30 and 13%, respectively, of the samples active in primary
enrichments continued to mineralize 3-CBA after transfer to defined medium.
Transformation capacities of 3-CBA degrading bacteria. The
relative change in 3-CBA concentration between inoculated and uninoculated

controls measured after 7 days was considered the transformation capacity of

an isolate. Of the 610 isolates chosen because they released 14CO3 in

confirmation test, 533 were subjected to HPLC and chioride release analysis to
determine their ability to transform 3-CBA. Isolates varied markedly in their
ability to degrade 3-CBA revealing that while all isolates could partially
mineralize 3-CBA, a majority of the strains could not completely degrade 3-
CBA. The rank ordered transformation capacity profiles for each geographic
region illustrated in Figure 2.13 show that the 3-CBA populations are
catabolically diverse. While most regional profiles are fairly similar in
appearance, the profiles from South Africa and Chile deserve notice. South

Africa isolates were distinctive in both their proportion of isolates with high
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transformation capacities (37% with transformation capacities >80%) and the
overall number of isolates obtained (148 isolates, 24% of total). Chile, on the
other hand, had a total of 69 isolates with only 13 (19%) having transformation
capacities >80%. Overall Chile represented 11% of the total isolates cultured.
This low proportion of the total does not explain the relatively low transformation
capacities of the isolates. Russia, with 80 isolates (13% of total), had 33% of its
isolates with transformation capacities >80%.

While HPLC analysis demonstrated 22% of the isolates could degrade
>80% of 1.0 mM 3-CBA A+N in 7 days, this percentage increased only slightly
to 29% after 21 days Chloride release measured at 21 days showed 37% of the
isolates could dechlorinate 3-CBA even though they could not facilitate
complete degradation. Discoloration of the medium, presumably due to the
accumulation of polyphenolic intermediates, was observed in 22% of the
strains, of which, 34% (7% of the total) also released chloride. These isolates
transformed