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The transformation of 1,2,4-trichlorobenzene (1,2,4-TCB) at initial concentrations in nano- and micromolar
ranges was studied in batch experiments with Burkholderia sp. strain PS14. 1,2,4-TCB was metabolized from
nano- and micromolar concentrations to below its detection limit of 0.5 nM. At low initial 1,2,4-TCB concen-
trations, a first-order relationship between specific transformation rate and substrate concentration was
observed with a specific affinity (a0

A) of 0.32 liter z mg (dry weight)21 z h21 followed by a second one at higher
concentrations with an ao

A of 0.77 liter z mg (dry weight)21 z h21. This transition from the first-order kinetics
at low initial 1,2,4-TCB concentrations to the second first-order kinetics at higher 1,2,4-TCB concentrations
was shifted towards higher initial 1,2,4-TCB concentrations with increasing cell mass. At high initial concen-
trations of 1,2,4-TCB, a maximal transformation rate of approximately 37 nmol z min21 z mg (dry weight)21

was measured, irrespective of the cell concentration.

Chlorinated benzenes are important starting materials and
additives in the production of insecticides, fungicides, herbi-
cides, dyes, pharmaceuticals, disinfectants, rubbers, plastics,
and electric goods (2). Their toxicity (10, 11) and high persis-
tence have led, in the last 1 or 2 decades, to prohibitions,
restrictions on production and use, and legislation regulating
waste disposal. Although some of the chlorobenzenes are bio-
degradable, they are very often present at micro- to nanomolar
concentrations in drainage fluids from hazardous-waste dis-
posal sites, lakes, rivers, and aquifers. These concentrations are
mainly determined by the low water solubility of these com-
pounds (2, 31, 44) and their occurrence at residual concentra-
tions, beyond which no further metabolism is observed (1, 5,
18, 22, 27, 33, 34, 37).

Bacteria often must cope with fluctuations in the extracel-
lular concentration of nutrients. One possible way to respond
to this challenge is through the development of multiple up-
take or transformation systems. This task can be performed
either by a microbial community composed of different strains
having systems with different affinities and capacities for the
same substrate within mixed populations or by a single strain
possessing different uptake or transformation systems. The
latter possibility has been demonstrated for a number of bac-
teria and naturally occurring substrates (13). Reports on mul-
tiple uptake or transformation systems for xenobiotics, how-
ever, are very scarce. It was shown by Tros et al. (36) that the
degradation of 3-chlorobenzoate by Pseudomonas sp. strain
B13 involved two transformation systems, one operating above
a concentration of 1 mM 3-chlorobenzoate and a second one
operating below this concentration. Multiphasic kinetics was
also observed in the transformation of the insecticide methyl
parathion by a Flavobacterium species. The first system of this

bacterium operated below approximately 76 nM and the sec-
ond system operated below approximately 15 mM (23).

In a previous paper, it was reported that 1,2,4,5-tetrachlo-
robenzene, 1,2,4-trichlorobenzene (1,2,4-TCB), and the three
isomeric dichlorobenzenes when supplied at an initial concen-
tration of 500 nM were degraded by Burkholderia sp. strain
PS14 to below their detection limits. For these batch experi-
ments a cell concentration of 6.7 mg (dry weight) per liter was
chosen, and it was found that 63% of the tetra- and trichloro-
benzene isomers were mineralized (30). The present study
presents kinetic data for the transformation of 1,2,4-TCB at
nano- and micromolar concentrations in a batch system of
Burkholderia sp. strain PS14. Because whole cells were used, it
was not possible to distinguish between transport and trans-
formation kinetics. Therefore, the term “transformation” of
1,2,4-TCB also includes its uptake. At low initial 1,2,4-TCB
concentrations, a first-order relationship between the specific
transformation rate and 1,2,4-TCB concentration was ob-
served, followed by a second one at higher 1,2,4-TCB concen-
trations. The concentration range within which the first linear
relationship between the specific transformation rate and ini-
tial 1,2,4-TCB concentration is observed widened with increas-
ing cell concentration.

MATERIALS AND METHODS

Chemicals. 1,2,4-TCB was from Aldrich (Steinheim, Germany). Its solubility
in water at 20°C was 165.3 mM (31). n-Hexane of analytical grade was redistilled.
Water was highly purified (Milli-Q Systems; Millipore Co., Bedford, Mass.). All
other chemicals were of analytical grade and were from commercial sources.

Medium and culture conditions. Burkholderia sp. strain PS14 (32) was main-
tained in a fully induced state by growth in 500-ml Erlenmeyer flasks containing
100 ml of mineral salts medium (30) on a rotary shaker (120 rpm) at 30°C with
1,2,4-TCB as the sole carbon and energy source. 1,2,4-TCB was added via the
vapor phase from a test tube with two holes, which was held by the seal of the
screw cap. Inocula were grown in the same way, although for only 24 to 48 h.
After centrifugation at 12,000 3 g for 20 min at 4°C, the pellets were washed
aseptically three times with mineral salts medium, resuspended in a small volume
of fresh medium, and incubated for approximately 1 h at an ambient temperature
to allow the intracellular substrate, as well as any substrate possibly still adhering
to the cells, to be degraded. This short starvation period was chosen to ensure
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that the cells remained active. Inocula were checked for purity by plating bacteria
on nutrient agar.

Transformation experiments. A series of 500-ml flasks were used for these
experiments. Each contained enough mineral salts medium that after inoculation
and addition of 1,2,4-TCB, the total volume was 100 ml. The flasks were inoc-
ulated with strain PS14, giving a final cell concentration of 6.7 to 55 mg (dry
weight) per liter. Incubation was started by adding 1,2,4-TCB from a stock
solution, giving initial concentrations ranging from 0.145 to 27.6 mM. Stock
solutions were prepared by dissolving 1,2,4-TCB in mineral salts medium via the
gas phase (from a test tube with two holes, which was held by the seal of the screw
cap). To determine the concentration of the stock solutions and to adjust the
proper initial concentration of 1,2,4-TCB, standards were prepared by adding
defined amounts of 1,2,4-TCB to mineral salts medium, giving a final volume of
100 ml. These standards were extracted and quantitated by gas chromatography
as the samples to be analyzed. Incubations were carried out in 500-ml Erlen-
meyer flasks, tightly closed with Teflon-sealed screw caps, at 30°C, with shaking
at 120 rpm. Sterile controls of uninoculated media were made. In two or three
100-ml cell suspensions, degradation of 1,2,4-TCB was stopped at corresponding
intervals by repeated extraction with 50 ml of redistilled n-hexane. Controls were
treated in the same way.

Analytical methods. After extraction of the cell suspensions, extracts were
pooled, dried over anhydrous sodium sulfate, and concentrated, by evaporation,
to 1 ml at 1.4 3 104 Pa at 30°C. 1,2,4-TCB was analyzed by gas chromatography
as described previously (30). Peaks were identified and quantified by comparing
injections with authentic external standards, prepared by dissolving defined
amounts of 1,2,4-TCB in mineral salts medium. These aqueous solutions were
extracted and the extracts were concentrated in the same way as the samples to
be analyzed.

Biomass measurement. Bacterial dry weight was determined by centrifuging 1
liter of a cell suspension at 12,000 3 g at 4°C. The resulting pellet was washed
twice with mineral salts medium and dried to a constant weight at 60°C.

Specific affinity. KT, the Michaelis constant related to transport, is often taken
as an index of microbial affinity for a substrate, although specific affinity, ao

A, is
the preferred parameter because it is not normalized to maximal uptake or
transformation rate and also because it specifies the value of the substrate flux.
The equation for substrate uptake, v 5 aA z X z A (milligrams z liter21 z hour-1),
defines the specific affinity aA (liters z milligram [dry weight]21 z hour21) of cells
at the concentration X (milligrams [dry weight] z liter21) for the substrate at the
concentration A (milligrams z liter21) as the rate of substrate collection v/(X z A)
(liters z milligram [dry weight]21 z hour21). As A approaches zero, aA approaches
the limit, ao

A, and is the initial slope of the plot of the equation as well as the
initial slope of any v/X-versus-A curve, whether hyperbolic or not (7, 8).

RESULTS

Strain PS14 at a cell concentration of 6.7 mg (dry weight) per
liter degraded 1,2,4-TCB as the only carbon and energy source
when it was supplied at nano- and micromolar concentrations,
to below the detection limit of 0.5 nM (Fig. 1). Comparing Fig.
1A with 1B, it becomes evident that the rates of 1,2,4-TCB
degradation by 6.7 mg (dry weight) per liter of PS14 were
significantly lower at initial concentrations of #615 nM than
at concentrations of $840 nM. This difference between the
degradation rates at low and higher initial 1,2,4-TCB concen-
trations becomes more clear when the initial specific transfor-
mation rates are plotted against the corresponding initial 1,2,4-
TCB concentrations (Fig. 2). Each of the initial specific
transformation rates presented in Fig. 2 to 5 was based on at
least four datum points in the linear parts of the substrate
depletion curves, as demonstrated in the insets in Fig. 1. Figure
2 shows two first-order relationships between the specific trans-
formation rate and 1,2,4-TCB concentration, one below an
initial concentration of 0.5 mM and another one between 0.84
and 2.4 mM. Beyond the initial concentration of 2.4 mM, the
relationship between the specific transformation rate and the
initial 1,2,4-TCB concentration ceased to be linear and grad-
ually approached the maximal specific transformation rate of
approximately 37.0 nmol z mg (dry weight)21 z min21 at ap-

proximately 4.6 mM. Figure 3 shows these two linear relation-
ships more clearly. The calculation of the slopes of the two
first-order kinetics delivered two different specific affinities.
One was 0.32 liter z mg (dry weight)21 z h21 measured at initial
1,2,4-TCB concentrations of #0.5 mM, and the other was 0.77
liter z mg (dry weight)21 z h21 determined between initial
1,2,4-TCB concentrations of 0.84 and 2.4 mM.

When the cell mass used for 1,2,4-TCB transformation was

FIG. 1. Degradation of 1,2,4-TCB at initial concentrations between
184 and 2,190 nM by Burkholderia sp. strain PS14 at a cell concentra-
tion of 6.7 mg (dry weight) per liter. (A) Initial 1,2,4-TCB concentra-
tions of 185 nM (Œ), 410 nM (F), and 615 nM (■). (B) Initial 1,2,4-
TCB concentrations of 840 nM (‚), 1,138 nM (■), 1,830 nM (h), and
2,190 nM (F). (Insets) Degradation of 1,2,4-TCB at initial concentra-
tions of 410 nM (A) and 1,830 nM (B). Regression through the linear
ranges of the curves gives the initial transformation rates. Open circles
represent sterile controls. Values are the means of two to four inde-
pendent experiments, and regressions were carried out with these
means. Error bars show standard deviations.
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raised, 1,2,4-TCB concentration was also lowered to below the
detection limit of 0.5 nM, but more rapidly than with 6.7 mg
(dry weight) per liter (data not shown). At cell concentrations
above 6.7 mg (dry weight) per liter, neither the specific affin-
ities nor the maximal specific transformation rate changed

(Fig. 4 and 5). With increasing cell mass, however, the transi-
tion from the first-order kinetics with the lower specific affinity
to that with the higher specific affinity was shifted towards
higher initial 1,2,4-TCB concentrations. Using a cell concen-

FIG. 2. Kinetics of 1,2,4-TCB transformation by Burkholderia sp.
strain PS14 of a cell concentration of 6.7 mg (dry weight) per liter in
the concentration range up to 27.6 mM. Values are the means of two
to four independent experiments. Error bars show standard deviations.

FIG. 3. Kinetics of 1,2,4-TCB transformation by Burkholderia sp.
strain PS14 of a cell concentration of 6.7 mg (dry weight) per liter in
the concentration range up to 2.4 mM. Values are the means of two to
four independent experiments. Error bars show standard deviations.

FIG. 4. Kinetics of 1,2,4-TCB transformation by Burkholderia sp.
strain PS14 at cell concentrations (milligrams [dry weight] per liter) of
6.7 (F), 14.3 ({), and 55 (Œ) in a concentration range up to 3.2 mM.
Values are the means of two to four independent experiments. Error
bars show standard deviations.

FIG. 5. Kinetics of 1,2,4-TCB transformation by Burkholderia sp.
strain PS14 of cell concentrations (milligrams [dry weight] per liter) of
6.7 (F) and 55 (Œ) in a concentration range up to 6.76 mM. Values are
the means of two to four independent experiments. Error bars show
standard deviations.

3498 RAPP APPL. ENVIRON. MICROBIOL.



tration of 14.3 mg (dry weight) per liter, the first-order rela-
tionship with the higher specific affinity was only slightly shifted
towards higher initial 1,2,4-TCB concentrations. However, at a
cell concentration of 55 mg (dry weight) per liter, this first-
order kinetics with the higher specific affinity was shifted con-
siderably towards higher initial 1,2,4-TCB concentrations. By
this means, the first-order kinetics with the lower specific af-
finity was extended to an initial 1,2,4-TCB concentration of
approximately 1.65 mM and the first-order kinetics with the
higher specific affinity ranged over an initial 1,2,4-TCB con-
centration of approximately 1.8 to 3.4 mM (Fig. 4 and 5). At
higher initial 1,2,4-TCB concentrations, the relationship be-
tween specific transformation rate and 1,2,4-TCB concentra-
tion was no more linear, and at an initial concentration of
approximately 4.8 mM 1,2,4-TCB, it reached the same maximal
transformation rate of approximately 37 nmol z mg (dry
weight)21 z min21 as with 6.7 mg (dry weight) per liter (Fig. 5).

DISCUSSION

The results presented here extend previous observations of
the degradation of 500 nM 1,2,4-TCB by Burkholderia sp.
strain PS14 at a cell concentration of 6.7 mg (dry weight) per
liter in batch experiments (30) to higher and lower 1,2,4-TCB
concentrations and higher cell masses as well. It was confirmed
that in batch experiments with strain PS14 not only at nano-
but also at micromolar 1,2,4-TCB concentrations, no measur-
able residual 1,2,4-TCB concentration exists. This agrees with
the postulate of Tros et al. (36) that in liquid aerobic batch
cultures a residual concentration is not likely, since the main-
tenance requirement of cells implies continued utilization of
substrate until all available substrate is exhausted. Two first-
order relationships between the specific rate of transformation
of 1,2,4-TCB by strain PS14 and the initial 1,2,4-TCB concen-
tration were observed. Due to the succession of these two
first-order kinetics, interrupted only by a short transition
phase, which may represent the saturation of the transforma-
tion system operating at low initial 1,2,4-TCB concentrations,
Vmax and KT of this transformation system could not be deter-
mined exactly. Moreover, KT is an ambiguous parameter, since
it depends directly on Vmax (8). Therefore, specific affinity, ao

A

(expressed as the initial slope of the curve of substrate uptake
or transformation rate per unit of biomass versus substrate
concentration), was chosen as a measure of the ability of a
microorganism to collect substrate from a dilute solution (6,
14). By means of the two first-order kinetics, two specific af-
finities were determined, one of 0.32 liter z mg (dry weight)21 z
h21 at low initial 1,2,4-TCB concentrations and another of 0.77
liter z mg (dry weight)21 z h21 at higher substrate concentra-
tions. The second linear relationship between specific transfor-
mation rate and initial 1,2,4-TCB concentration is followed by
a nonlinear phase, finally changing to the maximum specific
transformation rate of 37 nmol z mg (dry weight)21 z min21.

The data presented here suggest that Burkolderia sp. strain
PS14 possesses two different uptake or transformation systems.
Multiphasic uptake and transformation kinetics have been ob-
served for a number of microorganisms and common sub-
strates, such as glucose, phosphate, and amino acids (13, 16, 19,
21, 28, 39–41, 43). Such kinetics, however, were also reported
for the transformation of 3-chlorobenzoate (36) and the insec-

ticide parathion (23). The transformation kinetics observed in
batch experiments using Pseudomonas sp. strain B13 to de-
grade 3-chlorobenzoate also comprised two first-order kinetics,
although with much lower specific affinities than those re-
ported in the present study. Tros et al. (36) also described two
transformation systems; the first one, operating at low sub-
strate concentrations, possessed a somewhat lower specific af-
finity than the second one, working at higher concentrations.
At first sight, the lower specific affinities at low substrate con-
centrations observed in the present study and by Tros et al.
(36) contradict the so-called “high-affinity, low-capacity” sys-
tems operating in other microorganisms at low concentrations.
These systems are characterized by a low KT and a low Vmax

(13, 16, 19, 23, 40, 43). KT is related to specific affinity as
follows: KT 5 Vmax/a

o
A (6). That means that a low KT can

imply a low ao
A only when Vmax becomes very small. This might

be the case, as explained above, with the transformation system
of strain PS14 operating at low initial 1,2,4-TCB concentra-
tions. Finally, comparing specific affinities of a wide range of
microorganisms for their substrates (9, 12, 35) with those of
Burkholderia sp. strain PS14 for 1,2,4-TCB, its oligotrophic
behavior with chlorobenzenes as substrates becomes evident.

Degradation of chlorobenzenes by strain PS14 is initiated as
in other chlorobenzene-degrading bacteria (3, 29) by a consti-
tutively expressed chlorobenzene dioxygenase and dihydrodiol
dehydrogenase (32). The chlorocatechols formed by these two
enzymes are then metabolized by an inducible chlorocatechol
pathway to Krebs cycle intermediates (32). The inducer of the
gene coding for chlorocatechol 1,2-dioxygenase is very likely to
be a chloro-cis,cis-muconate formed from the corresponding
chlorocatechol (24, 25). One explanation of the observed mul-
tiphasic kinetics of transformation of 1,2,4-TCB by strain PS14
could be this different expression of the chlorobenzene-de-
grading enzymes. That would mean that since there is only a
very small basal level of chlorocatechol 1,2-dioxygenase activity
at very low 1,2,4-TCB concentrations (32, 38), 3,4,6-trichloro-
catechol accumulates and attenuates the degradation of 1,2,4-
TCB. At higher 1,2,4-TCB concentrations, however, the for-
mation of chlorocatechol 1,2-dioxygenase activity is induced
and the rate of transformation of 1,2,4-TCB distinctly in-
creases.

The multiphasic kinetics of 1,2,4-TCB transformation, how-
ever, could also indicate that 1,2,4-TCB is taken up by PS14 in
two different ways. The two linear relationships between trans-
formation rate and substrate concentration may indicate that
1,2,4-TCB is taken up by diffusion, but with different specific
affinities. There is increasing evidence that besides hydropho-
bic b-lactam antibiotics (17, 20), compounds such as form-
amide, acetamide, urea, and methanol can be taken up with
the help of porins. It was shown that porins are involved in
their transport at very low concentrations through the outer
membrane of Methylophilus methylotrophus, while they pass it
by simple diffusion at higher concentrations (15, 26). Further-
more, the uptake of exogenous long-chain fatty acids into
Escherichia coli (4) and the translocation of extracellular tol-
uene inside Pseudomonas putida F1 (42) require an outer
membrane protein. One could suggest, therefore, that at low
initial 1,2,4-TCB concentrations, at which the first-order kinet-
ics with the lower specific affinity was observed, 1,2,4-TCB is
transported through the outer membrane of strain PS14 by
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facilitated diffusion with the help of a protein or porin. And at
higher concentrations, at which the first-order kinetics with the
higher specific affinity was determined, 1,2,4-TCB could be
taken up by simple diffusion through the lipid domain of the
outer membrane. Such a mechanism of 1,2,4-TCB uptake
would also explain the different specific affinities of strain PS14
for 1,2,4-TCB, since a protein certainly has a weaker affinity for
the very hydrophobic 1,2,4-TCB than the long-chain fatty acids
of the lipopolysaccharides.

The results presented in this paper did not permit distinction
between the two hypotheses outlined above. Only information
about the outer membrane of Burkholderia sp. strain PS14
might give the necessary insight to decide in favor of one of
these two possibilities.
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