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Chlorinated dehydroabietic acids are formed during the chlorine bleaching of wood pulp and are very toxic
to fish. Thus, destruction of these compounds is an important function of biological treatment systems for pulp
and paper mill effluents. In this study, 12 strains of diverse, aerobic resin acid-degrading bacteria were
screened for the ability to grow on chlorinated dehydroabietic acids as sole organic substrates. All seven strains
of the class Proteobacteria able to use dehydroabietic acid were also able to use a mixture of 12- and
14-chlorodehydroabietic acid (Cl-DhA). None of the strains used 12,14-dichlorodehydroabietic acid. Sphin-
gomonas sp. strain DhA-33 grew best on Cl-DhA and simultaneously removed both Cl-DhA isomers. Ralstonia
sp. strain BKME-6 was typical of most of the strains tested, growing more slowly on Cl-DhA and leaving higher
residual concentrations of Cl-DhA than DhA-33 did. Strains DhA-33 and BKME-6 mineralized (converted to
CO, plus biomass) 32 and 43%, respectively, of carbon in CI-DhA consumed. Strain DhA-33 produced a
metabolite from CI-DhA, tentatively identified as 3-oxo-14-chlorodehydroabietin, and both strains produced
dissolved organic carbon which may include unidentified metabolites. CI-DhA removal was inducible in both
DhA-33 and BKME-6, and induced DhA-33 cells also removed 12,14-dichlorodehydroabietic acid. Based on
activities of strains DhA-33 and BKME-6, chlorinated DhAs, and potentially toxic metabolite(s) of these

compounds, are relatively persistent in biological treatment systems and in the environment.

Dehydroabietic acid (DhA) belongs to a group of tricyclic
diterpenes, collectively called resin acids (Fig. 1). Resin acids
occur naturally in trees, particularly softwoods. Pine wood can
be composed of up to a few percent resin acids. Chlorobleach-
ing (using Cl,, ClO,, or other chlorine compounds) of wood
pulp causes formation of chlorinated DhAs (7, 23), the major
congeners being 12-chlorodehydroabietic acid (12-CI-DhA),
14-chlorodehydroabietic acid (14-Cl-DhA), and 12,14-dichlo-
rodehydroabietic acid (diCl-DhA) (Fig. 1). Resin acids, includ-
ing chlorinated DhAs, are commonly found in pulp and paper
mill effluents as well as in the sediments of water bodies re-
ceiving such effluents (11, 12). The reduced use of Cl, has
reduced the production of chlorinated DhAs, but they are still
commonly found in effluents (11, 12). The accumulation of
resin acids in sediments suggests that they are environmentally
persistent, but conclusive evidence for persistence in various
aquatic environments is lacking. Not surprisingly, CI-DhA ap-
pears to be more persistent than DhA and other resin acids in
pulp mill biological treatment systems (6, 17).

Resin acids, including DhA, are the major contributors to
toxicity of pulp and paper mill effluents to fish (18, 24). Chlo-
rinated DhAs are more toxic to fish than DhA (19, 22, 27).
Resin acids are hydrophobic and have been shown to bioaccu-
mulate in fish (21). By analogy to other pollutants, one might
expect the chlorinated analogs of DhA to have greater poten-
tial than DhA for bioaccumulation, but there is no published
evidence for this hypothesis. For the reasons described above,
there is cause for concern about the environmental effects of
chlorinated DhAs, and there is a need for better understanding
of the fate of these compounds in the environment and in
biological treatment systems for pulp and paper mill effluents.
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Currently, very little is known about biodegradation of chlo-
rinated DhAs. Bicho et al. (2) described five bacterial isolates
which grow on DhA and are able to remove from their medium
12-CI-DhA but do not appreciably remove 14-Cl-DhA nor
diCI-DhA. Kutney et al. (8-10) found that the fungus Mor-
tierella isabellina can nondegradatively transform the three
chlorinated DhAs mentioned above to hydroxylated and
carbonylated derivatives which are not further metabolized
by the fungus but which are less toxic to fish. The fungus
primarily hydroxylated C-2, C-15, and C-16 of chlorinated
DhAs. No microorganisms have previously been reported to
grow on chlorinated DhAs, and biodegradation of these
compounds has not been conclusively demonstrated previ-
ously.

Recently, our research group has isolated and characterized
at least 12 distinct bacterial strains which grow on various resin
acids (15, 16, 26). In this study, we examined the ability of these
12 strains to metabolize chlorinated DhAs. All of the Pro-
teobacteria able to grow on DhA could also use a mixture of
12-CI-DhA and 14-CI-DhA (CI-DhA) as a sole organic sub-
strate, but none grew on diCl-DhA. Growth on CI-DhA of two
of the isolates, Sphingomonas sp. strain DhA-33 and Ralstonia
sp. strain BKME-6, was examined in detail. Growth yields of
both strains on Cl-DhA were low, and removal of CI-DhA was
incomplete, particularly removal by BKME-6. DhA-33 accu-
mulated a metabolite, tentatively identified as 3-oxo-14-chlo-
rodehydroabietin (Fig. 1). Both strains transformed a signifi-
cant fraction of Cl-DhA carbon to unidentified dissolved
organic carbon (DOC). In natural environments and in biolog-
ical treatment systems, bacterial degradation of chlorinated
DhAs can be expected, particularly where DhA is also present
as a substrate. However, residual chlorinated DhAs, as well as
identified and unidentified metabolites, may persist in such
systems. These persistent compounds have the potential of
negative environmental effects.
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FIG. 1. Chemical structures discussed in this paper. Numbering of the carbon atoms is shown for DhA.

MATERIALS AND METHODS

Cultures and media. The bacterial strains used are from three sources, (i) a
laboratory-scale bioreactor treating mechanical newsprint whitewater (15, 26),
(ii) soil from a temperate forest (16), and (iii) an aerobic lagoon treating kraft
pulp mill effluent (1). The third group comprises two strains, BKME-6 and
BKME-9, which were a gift from P. Bicho. The mineral medium for cultures was
described previously (15). DhA (99%), CI-DhA (85 to 95%; 1:1 mixture of
12-Cl-DhA and 14-CI-DhA), and diCI-DhA (95 to 99%) were from Helix Bio-
technologies, Richmond, British Columbia, Canada. Organic substrates were
added to sterile mineral medium from filter-sterilized stock solutions dissolved in
water (pyruvate and glucose), in aqueous NaOH (DhA and Cl-DhA), or in
methanol (diCl-DhA). Resin acids were present in the cultures as insoluble
suspensions. Cultures were incubated at 30°C in tubes on a tube roller or in flasks
on a shaker. Growth curves and Cl-DhA removal curves were determined as
described previously (26), by use of individual 1-ml cultures for each protein or
Cl-DhA sample.

Carbon mass balance determination. The fate of carbon during growth on
CI-DhA was determined by using 5-ml cultures incubated in 26-ml tubes sealed
with serum bottle stoppers. The cultures were incubated to the early stationary
phase on a tube roller at 30°C. Strain DhA-33 was grown for 70 h on 400 pM
CIl-DhA, and strain BKME-6 was grown for 72 h on 800 wM CIl-DhA. One set of
triplicate cultures was used to quantify residual CI-DhA and production of a
metabolite. Another set of triplicate cultures was used to quantify CO, produc-
tion. After incubation, these replicates were acidified with 4 M HCl to pH 2.0 to
drive CO, into the headspace of the tubes for its analysis. A third set of triplicate
cultures was used to quantify protein and DOC production. After incubation,
these replicates were centrifuged for 20 min at 16,000 X g to pellet the cells. The
cell pellets were assayed for protein, and this value was converted to biomass
carbon by multiplying by 1.82 (ratio of dry weight/protein) and multiplying by
0.60 (ratio of carbon/dry weight). The supernatants were acidified as described
above to remove CO, and assayed for DOC and dissolved Cl-DhA, the latter
being subtracted from the net DOC values. Values for net increase in carbon as
a metabolite, CO,, biomass, and DOC were determined as values for cultures
grown on CI-DhA less the corresponding values for inoculated control cultures
having no CI-DhA as substrate. Values for net decrease in carbon as Cl-DhA
were determined as values for uninoculated control cultures having Cl-DhA as
substrate less the corresponding values for cultures grown on Cl-DhA.

Cell suspensions. Cell suspensions were prepared as described previously (15).
Strain DhA-33 was grown to the late log phase on 1.0 g of glucose per liter, and
strain BKME-6 was grown on 1.0 g of pyruvate per liter. Cells were washed and
suspended in culture medium which did not contain trace elements, vitamins, or
FeSO,. Where indicated, 50 pg of chloramphenicol or 30 ug of tetracycline per
ml was added. Magnesium was omitted from the medium when tetracycline was

added. Cell suspensions had an optical density at 610 nm of approximately 0.9,
which corresponds to approximately 100 pg of protein per ml. Killed cell sus-
pensions were boiled for 10 min. Cell suspension aliquots of 1 ml were incubated
in screw-cap tubes on a tube roller at 30°C. Entire tubes were used for each
analytical sample.

Analytical methods. Protein was quantified by the bicinchoninic acid method
(20). For the protein assay, cells were lysed by adding 1% sodium dodecyl sulfate
or by adding 1 M NaOH and incubating at 95°C. CO, was quantified by gas
chromatography as described previously (26). DOC was quantified with an au-
tomatic Shimadzu model TOC-500 total organic carbon analyzer. Resin acids
were quantified by extraction with ethyl acetate, derivatization with diazometh-
ane, and gas chromatography as described previously (15), except that isopimaric
acid (IpA) was used as the internal standard. Some gas chromatography samples
were alternatively derivatized with bis(trimethylsilyl)trifluoroacetamide (Sigma-
Aldrich Canada, Mississauga, Ontario) to detect potential metabolites with hy-
droxyl substituents. Mass spectra were determined with a Varian model 3400 gas
chromatograph connected to a Varian Saturn model 4D ion trap mass spectrom-
eter. The column and chromatography conditions were essentially those de-
scribed previously (15). A metabolite of CI-DhA was extracted from a 2-day-old
DhA-33 culture with ethyl acetate. The extract was evaporated to dryness and
redissolved in methanol. The metabolite was purified by high-pressure liquid
chromatography with a Hewlett-Packard 1050 system equipped with a 4-mm by
125-mm HP octyldecyl silane-hypersil (C,g) column (Hewlett-Packard) and a
UV-visible detector. The eluent was acetonitrile—aqueous 0.1% acetic acid (55:
45) at a flow rate of 2.0 ml/min. Samples of 100 wl were injected, and effluent
fractions containing the metabolite were collected. The "H-nuclear magnetic
resonance ("H-NMR) spectrum of the purified metabolite was determined by the
University of British Columbia Regional Chemistry High-Resolution NMR An-
alytical Services and Research Support Facility.

RESULTS

Strains using CI-DhA. Of 12 strains able to grow on resin
acids, 7 were able to grow on Cl-DhA (Table 1). The criterion
for growth on CI-DhA was three successive passages on min-
eral medium with CI-DhA as the sole organic substrate. The
strains using CI-DhA were diverse members of the class Pro-
teobacteria (alpha, beta, and gamma subclasses) which grow
well on the abietanes, DhA and abietic acid (AbA), but are
unable to use the pimaranes, pimaric acid (PiA) and IpA. For
each of these strains, the growth rate and cell yield on CI-DhA
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TABLE 1. Use of resin acids by 12 distinct bacterial strains®
Growth on”: % Removal of:
Strain Phylogeny

DhA AbA PiA IpA Cl-DhA 12-Cl-DhA 14-Cl-DhA
DhA-33 Sphingomonas + + - - + 96 87
DhA-35 Zoogloea + + - - (+) 88 48
BKME-6 Ralstonia + + - - (+) 48 23
DhA-53 Burkholderia + + — - (+) 68 8
DhA-54 Burkholderia + + - - (+) 68 7
IpA-51 Burkholderia - - - + - 74 10
DhA-51 Pseudomonas + + - - (+) 0 0
BKME-9 Pseudomonas + + — - (+) 76 13
IpA-1 Pseudomonas (+) (+) + + - 0 0
IpA-2 Pseudomonas (+) - + + - 0 0
DhA-55 Gram positive + + + + - 0 0
IpA-13 Gram positive + + + + - 0 0

¢ Data from references 15 and 26 and from this study.
b +, growth; (+), poor growth; —, no growth.

were less than that on DhA. Removal of CI-DhA was seldom
complete. Most strains removed much more 12-Cl-DhA than
14-CI-DhA. One exception was strain DhA-33, which grew on
CI-DhA better than the other strains and which almost com-
pletely removed both Cl-DhA isomers. The Cl-DhA removal
data reported (Table 1) were determined after the third pas-
sage on mineral medium with CI-DhA and were consistent
with results after the second passage. Sphingomonas sp. strain
DhA-33 and Ralstonia sp. strain BKME-6 were selected for a
more-detailed examination.

Growth of strains DhA-33 and BKME-6 on Cl-DhA. Strain
DhA-33 grew on 400 pM Cl-DhA (200 uM each isomer) with
a doubling time of 7.0 h (Fig. 2A). Both 12-CI-DhA and 14-
CI-DhA were removed simultaneously by DhA-33 to residual
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FIG. 2. Growth of strains DhA-33 (A) and BKME-6 (B) on CI-DhA and
removal of each CI-DhA isomer.

levels of approximately 25 wM. After a 7-day incubation of
DhA-33 cultures, the residual levels of 12-CI-DhA and 14-Cl-
DhA were 7 and 11 uM, respectively. Strain BKME-6 had a
biphasic growth curve (Fig. 2B). During the first phase,
BKME-6 had a doubling time of 3.1 h and 12-CI-DhA was
reduced to a concentration of approximately 100 wM. Because
of the low rate of 14-Cl-DhA removal, it is impossible to
conclude when this removal began, either simultaneously with
12-CIl-DhA removal or after 12-Cl-DhA removal slowed. Dur-
ing the second phase, growth of BKME-6 slowed dramatically
to a doubling time of 56 h and both CI-DhA isomers were
slowly removed. After a 7-day incubation of BKME-6 cultures,
the residual levels of 12-Cl-DhA and 14-CIl-DhA were 49 and
134 uM, respectively. Growth curves for each strain were con-
sistent in at least three independent experiments. Time courses
for CI-DhA removal were determined in one experiment. The
growth yields on Cl-DhA were similar for DhA-33 and
BKME-6, the values being 0.13 and 0.15 g of protein/g of
CI-DhA removed, respectively (Fig. 3). The linear growth yield
plots indicate that CI-DhA was the growth-limiting factor in
those cultures. The highest Cl-DhA concentration tested, 3,200
M, completely inhibited growth of DhA-33 but did not inhibit
growth or reduce the growth yield of BKME-6. In cultures of
both strains with higher initial ClI-DhA concentrations, residual
concentrations of CI-DhA were higher (data not shown). The
percent residual Cl-DhA remained approximately constant,
with one exception. The percent residual 12-Cl-DhA in
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FIG. 3. Growth yields of strains DhA-33 and BKME-6 on CI-DhA.
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BKME-6 cultures rose as initial ClI-DhA concentrations were
increased, reaching 55% residual 12-CI-DhA when 3,200 uM
CIl-DhA was initially present.

A metabolite. A probable metabolite always accumulated
during growth of DhA-33 on CI-DhA and was detected by gas
chromatography. No other Cl-DhA metabolites of either strain
were detected in growing cultures when gas chromatography
samples were derivatized with either diazomethane or bis(tri-
methylsilyl)trifluoroacetamide (the latter method allowing de-
tection of alcohols which might be missed by the former meth-
od). Based on all available evidence, we conclude that the
CI-DhA metabolite of DhA-33 was most likely 3-oxo-14-chlo-
rodehydroabietin (Fig. 1), which resulted from addition of a
ketone group to and removal of the carboxyl group from 14-
CI-DhA. The metabolite chromatographed without derivatiza-
tion, and neither derivatizing agent changed its retention time,
indicating that it lacked carboxyl or hydroxyl substituents to
react with those agents. The infrared absorption spectrum had
a prominent carbonyl peak at 1,706 cm~' but lacked O—H
stretch near 3,000 cm ™', suggesting a ketone substituent. The
mass spectrum had a molecular ion at m/z 304 (7.7%), which
corresponding to the molecular weight of the proposed struc-
ture. Other major ion fragments were m/z 289 (100%), corre-
sponding to loss of a methyl group, and m/z 247 (53%), cor-
responding to loss of an isopropyl group. The major mass
spectrum peaks were accompanied by M +2 peaks, and for the
two largest peaks, m/z 289 and m/z 247, the M/M+2 ratios were
100:33 and 100:34, respectively, indicating a single chlorine
substituent. The "H-NMR spectrum of the metabolite included
resonances of adjacent aromatic protons on C-11 (7.11 ppm,
doublet, J = 8.3 Hz) and C-12 (7.21 ppm, doublet, J = 8.3 Hz).
The presence of these hydrogen substituents indicates that the
chlorine substituent is at C-14. Relative to the "H-NMR spec-
trum of 14-Cl-DhA, that of the metabolite shows a change in
the resonance of the methyl protons on C-18 from a singlet at
1.25 ppm to a doublet at 1.11 ppm (J = 6.57 Hz), suggesting
decarboxylation of 14-Cl-DhA resulting in a new hydrogen
substituent at C-4. The assignment of the ketone to C-3 is not
certain; however, it seems likely since decarboxylation reac-
tions usually involve a nearby electron-withdrawing group (see
Discussion).

Carbon mass balance. A carbon mass balance was deter-
mined for late-growth-phase cultures of strain DhA-33 on 400
wM CI-DhA and strain BKME-6 on 800 wM CI-DhA (Fig. 4).
Approximately equal amounts of carbon from CI-DhA were
incorporated into biomass and converted to CO, by both
strains, with the percent conversions being higher for DhA-33.
The metabolite of DhA-33 was quantified based on the as-
sumption that it had a similar response factor for the flame
ionization detector of the gas chromatograph as did CI-DhA
(no authentic standard was available). Both strains produced a
substantial amount of DOC which could not be identified. In
agreement with previous experiments (Table 1 and Fig. 2B),
large amounts of both CI-DhA isomers remained in BKME-6
cultures. The overall carbon recoveries were 71 and 92% for
DhA-33 and BKME-6, respectively. If the response factor for
the metabolite of DhA-33 described above is actually lower
than estimated, the amount of metabolite produced would
have been underestimated, which may account for the low
carbon recovery of 71%.

Removal of CI-DhA by cell suspensions. Removal of CI-DhA
was inducible in both strains (Fig. 5A and 6A). Chloramphen-
icol prevented induction in DhA-33, and tetracycline pre-
vented induction in BKME-6. The latter strain was resistant to
chloramphenicol. Boiling cells of either strain completely pre-
vented CI-DhA removal (data not shown). In cell suspensions
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FIG. 4. Carbon mass balance for strains DhA-33 and BKME-6 grown on
CI-DhA, with cultures in the late growth phase.

of both strains, 12-CI-DhA removal appeared to commence
more than 1 h before 14-CI-DhA removal, although this trend
was less clear for strain DhA-33. Substantial residual concen-
trations of both CI-DhA isomers were left by both strains in
cell suspensions, as in cultures (Fig. 2).

Cell suspensions of strain DhA-33 removed 12- and 14-Cl-
DhA at similar rates (Fig. 5A), i.e., 0.23 and 0.24 wmol mg of
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FIG. 5. Removal of CI-DhA or diCl-DhA by DhA-33 cell suspensions grown
on glucose (A) or on glucose with CI-DhA added 4 h prior to harvesting cells (B).
The metabolite is probably 3-oxo-14-chlorodehydroabietic. Unlabeled symbols in
panel A: A, 12-CI-DhA; A, 14-Cl-DhA.
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FIG. 6. Removal of CI-DhA or diCl-DhA by BKME-6 cell suspensions grown
on pyruvate (A) or on pyruvate with CI-DhA added 10 h prior to harvesting cells
(B). The metabolite is different from that in Fig. SA. Unlabeled symbols in panel
A: A, 12-CI-DhA; A, 14-CI-DhA.

protein~! h™', respectively. As did cultures of DhA-33, cell
suspensions of DhA-33 accumulated the metabolite described
above. Cell suspensions of DhA-33 removed diCl-DhA when
previously induced by growth in the presence of CI-DhA (Fig.
5B) but failed to remove diCl-DhA when not preinduced (data
not shown). The residual concentration of diCl-DhA in in-
duced cell suspensions was more than 100 wM. Probable me-
tabolites of diCl-DhA were detected. The results from cell
suspensions of DhA-33 were essentially the same in two inde-
pendent experiments.

Cell suspensions of strain BKME-6 removed 12-CI-DhA at
two rates (Fig. 6A). The initial removal rate of 12-Cl-DhA was
0.28 wmol mg of protein~! h™'; then, when 14-CI-DhA re-
moval began, the removal rate of 12-CI-DhA decreased to 0.11
wmol mg of protein ' h™'. BKME-6 removed 14-CI-DhA at a
rate of 0.21 wmol mg of protein~' h~!. A probable 12-Cl-DhA
metabolite accumulated until 14-Cl-DhA removal began and
then disappeared. Identification of the metabolite was not
practical because its concentration was very low. This pattern
of removal rates and metabolite accumulation by BKME-6 was
observed in three independent experiments. Cell suspensions
of BKME-6 failed to remove diCl-DhA either when previously
induced by growth in the presence of Cl-DhA (Fig. 6B) or
when not preinduced (data not shown). Surprisingly, BKME-6
cells that were previously induced by growth in the presence of
CI-DhA, washed, concentrated, and suspended with Cl-DhA
left a residual 12-Cl-DhA concentration of 100 wM and almost
completely failed to remove 14-Cl-DhA (Fig. 6B). This result
was observed in two independent experiments.

APPL. ENVIRON. MICROBIOL.

DISCUSSION

In previous work (15, 16, 26), our research group has iden-
tified three groups of bacterial isolates based on specificity for
use of resin acids as growth substrates (Fig. 1 and Table 1).
Those groups are (i) diverse Proteobacteria which use only
abietanes, such as DhA and AbA, (ii) Pseudomonas spp. which
use pimaranes, such as PiA and IpA, and grow poorly, if at all,
on abietanes, and (iii) gram-positive bacteria which use abiet-
anes and pimaranes. In the present study, we found that all the
members of the first group, and no members of the other two
groups, can grow on CI-DhA. Growth of Ralstonia sp. strain
BKME-6 and Pseudomonas sp. strain BKME-9 on CI-DhA is
consistent with the report of Bicho et al. (2) indicating that
these two strains can remove 12-Cl-DhA from their medium.
In this study, the percent removal of 14-CI-DhA by both strains
was higher and the percent removal of 12-Cl-DhA by BKME-9
was higher than that in the previous study. These differences
are probably due to differences in culture conditions in the two
studies.

Correlation of the ability of members of Proteobacteria to
use CI-DhA with their ability to use DhA (Table 1) suggests
that Cl-DhA is degraded by an enzyme system which evolved
by selection for the ability to use the naturally occurring sub-
strate DhA. This hypothesis is consistent with the relative
inefficiency of the enzyme system in degrading CIl-DhA, as
evidenced by the high residual levels of substrate and the slow
growth on CI-DhA (Table 1 and Fig. 2). The nine strains
previously found to grow well on DhA, including DhA-33,
generally reduce DhA to undetectable levels (14, 15, 26). In
strain DhA-33, the enzyme system degrading Cl-DhA also
appears to degrade diCl-DhA, since CI-DhA induces diCl-
DhA removal (Fig. 5B).

The CI-DhA metabolite produced by strain DhA-33, tenta-
tively identified as 3-oxo-14-chlorodehydroabietin (Fig. 1), may
result from hydroxylation of C-3 of 14-CI-DhA, followed by
formation of a ketone by a dehydrogenase. Subsequent decar-
boxylation of C-4 could be enzymatic or spontaneous. Decar-
boxylation reactions commonly occur when B-carbonyl groups
are present (25). The ketone is believed to facilitate decarbox-
ylation by stabilizing the carbanionic transition state. The un-
chlorinated analog of the metabolite described above, 3-oxo-
dehydroabietin, was previously identified as a trace metabolite
during growth of Flavobacterium resinovorum on DhA (5). Sub-
sequent studies reported in 1973 concluded that this metabo-
lite was likely an intermediate in the DhA biodegradation
pathway of Flavobacterium resinovorum (3) but not likely in the
pathway used by a Pseudomonas sp. and an Alcaligenes sp. (4).
These proposed DhA biodegradation pathways have not been
confirmed by the use of newer methodology. The present study
does not provide evidence indicating whether 3-oxo-14-chlo-
rodehydroabietin is a degradation intermediate or the product
of a side reaction. Pseudomonas sp. strain BKME-9 cultures
did not accumulate 3-oxo-14-chlorodehydroabietin during
growth on CI-DhA, and current studies of DhA degradation by
this strain (13) suggest that 3-oxo-dehydroabietin is not an
intermediate of DhA degradation by BKME-9.

The biphasic growth curve of strain BKME-6 (Fig. 2B) sug-
gests that this strain uses both Cl-DhA isomers as growth
substrates. If the growth yield of BKME-6 on 12-CI-DhA is
constant, then removal of 12-CI-DhA during the second
growth phase does not appear sufficient to support growth
during that phase. However, 14-Cl-DhA appears to be used
very slowly by BKME-6. It is less clear whether DhA-33 uses
both Cl-DhA isomers. Since all 14-CI-DhA consumed by
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DhA-33 does not appear to be transformed to 3-oxo-14-chlo-
rodehydroabietin, some 14-Cl-DhA may support growth.

Relatively little of the Cl-DhA removed by DhA-33 and
BKME-6 was mineralized (Fig. 4). DhA-33 and BKME-6 con-
verted 32 and 43%, respectively, of the carbon removed (not
total carbon) to biomass plus CO,, respectively. In the case of
DhA-33, an estimated 15% of carbon removed was recovered
as a metabolite. For DhA-33 and BKME-6, substantial
amounts of the carbon removed were recovered in the form of
unidentified DOC, i.e., 20 and 35%, respectively. The fact that
the DOC was not detected by gas chromatography suggests
that the DOC was either too polar to be extracted by ethyl
acetate or had too high a boiling point for chromatography.
This DOC may represent metabolites of Cl-DhA or carbon
incorporated into biomass and subsequently turned over by
secretion or cell lysis. Similar partial transformation of IpA to
DOC was previously observed (26), while DhA appeared to be
almost completely mineralized (15).

All of the strains using Cl-DhA left relatively high residual
concentrations of both isomers (Table 1 and Fig. 2). This
phenomenon could be due to low affinity for Cl-DhA or to
production of a metabolite which competitively inhibits the
degradative enzyme system. The latter possibility seems more
likely, particularly in the case of BKME-6. Competitive inhi-
bition by a metabolite could explain the higher residual CI-
DhA concentrations which occurred with higher initial CI-DhA
concentrations for both strains (growth yield experiment).
Such inhibition could also explain the reduced ability of
BKME-6 cells to remove Cl-DhA when they were previously
grown in the presence of CI-DhA (Fig. 6B). This observation
suggests that an inhibitory factor is retained by the washed,
suspended cells and has a greater effect on 14-Cl-DhA degra-
dation than on 12-CI-DhA degradation. When cultures are
transferred, the concentration of such an inhibitory factor
would be greatly reduced relative to the concentration of Cl-
DhA, perhaps allowing resumed degradation activity. If any
metabolite(s) of either strain limited removal of CI-DhA, it
occurred without a toxic effect, since the growth yield of both
strains was constant over the range of initial CI-DhA concen-
trations tested (Fig. 3).

This study indicates the potential for biodegradation of Cl-
DhA but suggests that these compounds are more recalcitrant
than DhA. In accordance with this study, ClI-DhA and diCl-
DhA have been shown to be relatively recalcitrant in biological
treatment systems (17) and to accumulate in aquatic sediments
(11, 12). The extent of CI-DhA biodegradation remains to be
determined in biological treatment systems where low Cl-DhA
concentrations, alternative removal mechanisms, and complex
chemical and biological factors make such determinations dif-
ficult. If the organisms examined in this study are representa-
tive of chlorinated DhA-degrading organisms, one would ex-
pect biological treatment systems to most effectively degrade
low concentrations of Cl-DhA, and one might doubt whether
diCl-DhA can be effectively biodegraded. Peak levels have
been estimated to be 0.6 ppm of CI-DhA and 1.1 ppm of
diCI-DhA in pulp and paper mill effluents (17). Such levels
would rise if technology allowing mills to reuse process waters
was developed. At the lowest concentration tested in this study,
strain DhA-33 reduced 64 uM (21 ppm) CI-DhA to below 1
wM (0.3 ppm). CI-DhA removal rates for activated sludge and
aerated lagoon biomass were estimated to range from 1.3 to 9.4
ug mg of biomass ' day ' (17), which is well below the max-
imum Cl-DhA removal rate (for both isomers simultaneously)
obslerved in this study, i.e., 157 pg (0.47 pmol) mg of protein~*
h™.
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