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Seven strains of 2,4-dichlorophenoxyacetic acid-degrading bacteria, including Pseudomonas, Alcaligenes,
and Bordetella spp., were compared on the basis of growth kinetics. Estimates of maximum growth rate (lmax,
kl) and half-saturation growth constant (Ks, k3) were obtained by fitting substrate depletion curves to a

four-parameter version of the integrated Monod equation. Estimates of Ks ranged from 2.2 pLg/ml (10 ,uM) to
33.8 pg/mI (154 ,M), and estimates of lmax ranged from 0.20 h-1 (Td = 3.5 h) to 0.32 h'- (Td = 2.2 h).
Estimates of pmax, but not Ks, were affected by changes in initial inoculum density. Maximum growth rates
(.max) were also estimated from turbidity measurements. They ranged from 0.10 h-' (Td = 6.9 h) to 1.0 h-'
(Td = 0.7 h). There was no correlation between estimates of gUmax derived from substrate depletion curves and
those derived from turbidity measurements (P = 0.20).

The use of microorganisms for the bioremediation or
bioreclamation of polluted soils and waters has recently
become the focus of attention because of the potential for
restoring or reclaiming such sites at considerable cost sav-
ings over technologies such as incineration (2). The current
approach to bioremediation of contaminated waste sites
relies primarily on the use of strains indigenous to the site; in
these cases treatment consists of modifying environmental
variables to enhance microbial growth. Although it is rea-
sonable to expect that the indigenous microbial populations
will be adapted to existing site conditions, there is no reason
to believe that the optimal pollutant-degrading strains will
always be present. In particular, strains capable of rapid
degradation at high pollutant concentrations or thorough
degradation at low pollutant concentrations may be absent.
It may be desirable, therefore, to develop a library of
pollutant-degrading strains possessing diverse kinetic pa-
rameters and, depending on the concentration of pollutant at
the site, to inoculate the site with the most appropriate
strain. The purpose of this study was to assess the inherent
kinetic diversity among naturally occurring populations of
2,4-dichlorophenoxyacetic acid (2,4-D)-degrading bacteria.

Five of the strains used in this study (GA, AK, LA, MI,
and SD) were isolated from enrichment cultures by using
activated sewage sludges from different states as a source of
inoculum (unpublished data). Isolate 155 (1) was obtained
courtesy of Penny Amy, University of Nevada, Las Vegas.
Isolate JMP 134 (4) was obtained from Paul Tomasek,
Rutgers University, New Brunswick, N.J. Taxonomically,
four of the isolates were Alcaligenes strains (JMP 134, 155,
MI, and GA), two were Pseudomonas strains (SD and LA),
and one was a Bordetella strain (AK) (identifications were

performed by James R. Carlson, University of California,
Davis).

Estimates of maximum growth rate (P.max) were obtained
from turbidity measurement experiments. Sidearm flasks

* Corresponding author.
t Present address: Natural Resources Defense Council, Washing-

ton, D.C. 20005.

containing 1,000 Fig of 2,4-D per ml (0.1%) in mineral salts
(10) were inoculated with strains grown to stationary phase
and incubated at 27°C on a rotary shaker at 120 rpm.
Turbidity during exponential growth was measured by using
a Klett-Summerson colorimeter equipped with a no. 66 filter
(Klett Manufacturing Co., New York, N.Y.). Each strain
was tested in quadruplicate. Values of P.max were calculated
from the slope of the log Klett reading versus time. Esti-
mates of PLmax and half-saturation growth constant (Ks) were
obtained from 2,4-D depletion curves. Experiments were
conducted by using 500-ml flasks containing 120 ml of
100-,ug/ml (100 ppm) 2,4-D in a mineral salts medium. Flasks
were inoculated with either 3 ml (2.5%) or 6 ml (5.0%) of
fresh inoculum as described above. Samples of culture (1 ml)
were removed periodically and centrifuged in a microcentri-
fuge (Microfuge 11; Beckman Instruments, Inc., Fullerton,
Calif.) at high speed for 2 min, and the supernatant was
decanted into glass vials. Samples were analyzed immedi-
ately or were fixed with 10 ,ul of 50% H2SO4 and refrigerated
until analysis. Each strain was tested in quadruplicate.
Colony counts (in CFU) were estimated by serially diluting
and plating on dilute nutrient broth (0.2%) agar (6 plates per
dilution).
Given the shape of the 2,4-D depletion curves obtained in

this study, we chose to use the integrated form of the Monod
growth model to summarize the progress curve data for
purposes of analysis of variance (5). The limitations of this
model have been identified previously (5). The differential
form of this model is

ds/dt = {(k1 x S2) - [(k1 x k3) + (k1 x SO)] x S}/ (k2 + 5)

where k1 = Rmax, k2 = XOIY, and k3 = K, A first-order
version of the above equation has been used to model
p-cresol disappearance data obtained in anaerobic batch
culture (13). The 2,4-D progress curve data were fit to the
integrated version of the above model by using PROC
SYSNLIN from SAS (7). The best estimates for the param-
eters (excluding SO) of the four-parameter Monod model
were treated as summary variables for analysis of variance
purposes. Analysis of variance was performed by using
PROC GLM from SAS (9). Fisher's LSD was used for
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TABLE 1. Kinetic growth constants for seven strains of 2,4-D-degrading bacteria derived from turbidity measurements or by fitting
substrate depletion curves to a four-parameter version of the Monod equation

Growth constant measured by":

Substrate depletiondStrain Turbidityb

(Rnmax Ih-'])' k, GLma. [h- 1) k2 (XOIY k3 (K, [Rg/Ml])[I±g/mil)
AK 0.10 ± 0.02a 0.27 ± 0.10a, 5.2 ± 2.6a 5.8 ± 2.0a
GA 0.22 ± 0.01" 0.30 ± 0.03a 12.4 ± 3.5a 3.0 ± 2.1a
LA 0.20 ± 0.02a"" 0.32 ± 0.01a 12.2 ± 3.7a 3.6 ± 0.5a
MI 0.19 0.02"," 0.24 ± 0.02a"" 18.2 ± 3.3" 2.7 ± 0.7"
SD 1.0 ± 0.21c 0.20 ± 0.04 33.5 ± 20.6 4.0 ± 1.4"
JMP 134 0.13 ± 0.02a"" 0.21 ± 0.03" 35.3 ± 13.7" 2.2 ± 1.1"
155 0.16 ± 0.01a"' 0.31 ± 0.07" 12.4 ± 3.3" 33.8 ± 9.0"

a Means and standard deviations of four experiments. Means followed by the same letter are not significantly different (P < 0.05).
"Initial 2,4-D concentration of 1,000 ,ug/ml.
A Klett-Summerson colorimeter was used.

d Initial 2,4-D concentration of 100 ,ug/ml.
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FIG. 1. Representative time course of 2,4-D metabolism by strain MI including residuals (X(, = 47 x 10' CFU, XF = 124 x 106 CFU).
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FIG. 2. Representative time course of 2,4-D metabolism by strain 155 including residuals (X( = 89 x 106 CFU, XF = 290 x 106 CFU).

separation of means; tests were conducted at an alpha level
of 0.05. The partial correlation between k1 (p,ma,) and k2 (Ks)
was tested by using the MANOVA statement of PROC GLM
(9). Correlation between estimates of P'max obtained from
turbidity measurements with estimates of [Umax (kl) obtained
from nonlinear regression analysis of the 2,4-D data was

tested by using PROC CORR from SAS (8).
2,4-D was analyzed by high-pressure liquid chromatogra-

phy (HPLC) in an HPLC system (Waters Associates, Inc.,
Milford, Mass.) consisting of M6000 A pumps, a 721 system
controller, a data module, a radial compression module, and
a Perkin-Elmer LC-95 UV/visible variable-wavelength de-
tector set at 210 nm. Separations were achieved by using a

C-18 Nova Pak (4 ,um) radially compressed cartridge. The
mobile phase consisted of 40% 0.75 mM phosphoric acid (pH
2) and 60% methanol; the flow rate was 2.0 ml/min. 2,4-D
(96% purity) was purchased from Aldrich Chemical Co.,
Milwaukee, Wis.
Values of PUmax from turbidity measurements for six of the

seven strains ranged from 0.10 h-1 (doubling time [TdI = 6.9
h) to 0.22 h-1 (Td = 3.2 h) and were not significantly different
(P > 0.05), with the exception of those for AK and GA

(Table 1). Estimates of Monod growth constants (k1 = sUmax,
k2= Ks, k3 = Xo/Y) were obtained from substrate depletion
curves by using nonlinear regression analysis; representative
curves for strains MI and 155 are shown along with residual
plots (residuals are observed minus predicted values) (Fig. 1
and 2). Estimates of k, (Lnmax) varied from 0.20 h-1 (Td = 3.4
h) to 0.32 h-1 (Td = 2.2 h) (Table 1). The values for GA and
LA were found to be statistically different (P < 0.05) from
those for AK, MI, and SD, although all values were within a
factor of 2 of one another. There was no correlation between
estimates of P'max derived from substrate depletion curves
and from turbidity measurements (P = 0.20). Estimates of k3
(Ks) varied from 2.2 ,ug/ml (10 ,uM) to 33.8 ,ug/ml (154 ,uM)
(Table 1). Values for six of the seven isolates were not
significantly different (P > 0.05); only the Ks of 155 was
significantly higher than for the other strains (P < 0.05).
Estimates of k2 (XO/Y) varied from 5.2 ,ug/ml (for AK) to
35.31 ,ug/ml (for JMP 134).

Population densities averaged (62 + 20) x 106 CFU at the
beginning (XO) and (217 ± 68) x 106 CFU at the end (XF) of
incubations, indicating that ca. 3.5 doublings occurred.
Increasing the initial inoculum size from 3 ml (2.5%) to 6 ml
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(5.0%) with GA resulted in a significant difference in k, (P <
0.05) but not k3 (P = 0.37).

Despite the extensive literature on the metabolism and
genetics of 2,4-D (3), little is known about the physiological
or kinetic diversity of 2,4-D-degrading strains. The success-
ful remediation of waste sites generally requires not only the
survival of inoculant strains but also their proliferation, since
inoculation with large quantities of biomass may not be
economically or ecologically feasible. According to the
Monod model, the kinetic constants P-max and Ks define the
rate of microbial growth and, in conjunction with yield (Y),
the rate of microbial substrate utilization.

Estimates of either k1 or Rmax (turbidity measurements)
were comparable for most strains and consistent with previ-
ous values (14), with the exception of SD, which exhibited a
maximum growth rate dramatically higher than any other
strain. There was no correlation between estimates of k1 and
Pmax. In addition, the value of k, was apparently dependent
on the initial inoculum density or initial substrate/biomass
ratio. This suggests that estimates of k, (P-max) derived from
substrate depletion curves may be biased at low substrate/
biomass ratios. Estimates of Ks were comparable for most
strains, 2.2 ppm (10 F-M) to 5.8 ppm (26 ,uM), with the
exception of strain 155, which had a Ks of 33.8 ppm (153
FiM). Estimated values of K, were not dependent on initial
biomass concentration. This is in contrast to the results of
studies by Simkins and Alexander (12), although initial
biomass levels were varied only twofold in the present
study.
There was no apparent correlation between P-max (turbid-

ity measurements) and K, The Ks for SD (which had the
highest PUmax) was not significantly different from the Ks
values for any of the other strains (except 155), whereas the
P-max for 155 (which had the highest Ki,) was not significantly
different from the P-max values for any of the other strains
(except SD). This tends to contradict the generally held
principle that organisms with a high gLmax also have a high K,
and vice versa, although to our knowledge such comparisons
have not been made before with xenobiotic degrading organ-
isms.
Although the integrated Monod equation, in conjunction

with nonlinear regression techniques, has been previously
used to obtain estimates of P-max and Ks for pure cultures of
organisms (6, 11), we are not aware that it has been previ-
ously used for screening purposes. Its application has sev-
eral advantages over estimation of K, from chemostat data,
in that it is considerably faster and cheaper since estimates
can be obtained from a single depletion curve and it is
possible to test compounds with a lower water solubility
than is feasible with a chemostat. The major limitation of the
method is that it does not appear to accurately estimate
P-max, at least at lower initial substrate concentrations.
Estimates of K, may be biased because of the assumption
that yield (Y) is constant throughout the depletion curve,
which is incorrect (15), and because maintenance energy
requirements are ignored. The Monod model, however, may

still be used to rank strains with respect to their affinity for
particular compounds as growth substrates.
The successful use of microorganisms for purposes of

bioremediation requires the selection of inoculant strains
able to effectively degrade environmental pollutants over a
wide range of concentrations. These data suggest that, at
least for 2,4-D, the necessary kinetic diversity exists among
naturally occurring microbial populations.

We thank April Talcott for technical assistance.
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