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Abstract

The enhancement of biodegradation of phenol and 4-chlorophenol (4-cp) as a cometabolised compound by
Pseudomonas putidal CC 49451 was accomplished by augmenting the medium with conventional carbon sources
such as sodium glutamate and glucose. Compared with phenol as the sole carbon source, the addition of 1 gl
sodium glutamate increased the toxicity tolerance of cells toward 4-cp and significantly improved the biodegrada-
tion rates of both phenol and 4-cp even when the initial concentration of 4-cp was as high as 260@nghe

other hand, supplementation of glucose caused a significant drop in the medium pH from 7.2 to 4.3 resulting in a
reduction of degradation rate, leaving a considerable amount of 4-cp undegraded when the initial concentration of
4-cp was higher than 100 nmgl. By regulating the pH of the medium, however, enhancement of degradation rates

of phenol and 4-cp in the presence of glucose was achieved with a concomitant complete degradation of phenol
and 4-cp.

Abbreviations:4-cp — 4-chlorophenol; GC — gas chromatography; FID — flame-ionization detector; Glu — glucose;
SG - sodium glutamate; SDR — specific degradation rate; OD — optical density; NADPH — reduced nicotinamide
adenine dinucleotide phosphate

Introduction mary substrate and nongrowth substrate. Nevertheless,
because some of the most common chlorinated sol-
Biodegradable organic pollutants can be categorisedvents are known to be biodegraded through cometabol-
into primary substrates (growth substrates) and ic pathways (Alexander 1994; Hyman et al. 1995),
cometabolised compounds (nongrowth substrates)the biodegradation behaviour of cometabolised com-
(Sééz and Rittmann 1991). Biotransformation of the pounds is of great importance to the biological treat-
latter is generally more complicated because the non- ment of polluted groundwater, industrial effluent, haz-
growth substrates cannot support cell growth and can ardous waste sites, and so on. It is therefore necessary
only be transformed in the presence of a primary to devote attention to study the interaction between
substrate. The primary substrate not only serves to the primary substrates and the nongrowth substrates in
sustain biomass production but also acts as an elec-order to enhance the rate of the cometabolism.
tron donor for degradation of the nongrowth substrate. Previous studies have shown that the degradation
However, nongrowth substrates have been shown torate of some xenobiotic compounds can be improved
inhibit the oxidation of the primary substrate €ga by augmenting with additional carbon sources or oth-
and Rittmann 1993; Hyman et al. 1995). As such, er nutrient compounds such as nitrogen, phosphate as
the rate and efficiency of cometabolism are always well as mineral constituents (Papanastasiou and Maier
dependent on a complex interaction between the pri- 1982; Topp et al. 1988; Boiesen et al. 1993; Chaud-
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huri and Wiesmann 1995; Fava et al. 1995; Steffensenformed in 500 ml Erlenmeyer flasks with cotton
et al. 1995). Some conventional carbon sources, suchplug at 50% medium volume. The mineral salt
as glucose, sodium glutamate, and yeast extract havemedium contained (gi):K,HPQ;, 0.65; KH,PQy,
been used to facilitate the degradation of toxic chem- 0.19; NaNQ, 0.5; mgSQ.7H,0, 0.1; FeSQ.7H,0,
icals (Topp et al. 1988; Yu and Ward 1994; Fava 0.00556; (NH).SO, (absent if sodium glutamate was
et al. 1995). Yu and Ward (1994) reported that the used), 0.5; and 10 ml trace mineral solution per
rate and extent of pentachlorophenol (pcp) degrada- liter medium. The trace mineral solution contained
tion were dramatically increased by the addition of (gl=!): nitrilotriacetic acid, 1.5; MnS@H,0, 0.5;
glucose and peptone. Topp and Hanson (1990) found CoChk.6H,0, 0.1; Cad), 0.1; ZnSQ.7H,0O, 0.1;
that glucose stimulated cell viability and pcp degrada- CuSQ,.5H,0, 0.01; HBOs, 0.01; NaMo004.2H,0,
tion. These findings suggest that the addition of some 0.01; and AIK(SQ),.12H0, 0.01. The concentrations
conventional carbon sources may aid in reducing the of Glu and SG were variable.
toxicity and growth inhibition of xenobiotics on cells, All media (except phenol and 4-cp), pipette tips,
thereby increasing the transformation rate of xenobi- and Erlenmeyer flasks fitted with cotton plugs were
otics. Conventional carbon sources may also provide autoclaved at 122C for 20 min before using. Cul-
reducing power for degradation of recalcitrant organ- ture transfers and sampling were conducted aseptically
ic compounds (Perkins et al. 1994) or, in some cas- around a bunsen flame to minimise contamination.
es, act as inducing agents for biodegradative enzymes  Prior to inoculation for each experiment, cells were
(Chaudhuri & Wiesmann 1995). Potentially, this has induced by transferring a loop of stock culture main-
greater significance in conversion of nongrowth sub- tained on the nutrient agar slant to the mineral medium
strates since cometabolism generally leads to a slowand adding 200 mgl of phenol as the sole carbon
conversion of the substrate (Alexander 1994). How- source. Two ml inoculum from the late exponential
ever, scarce attention has focused on the effects ofgrowth phase was then transferred to each flask. After
supplementing alternative conventional substrates oninoculation, phenol and 4-cp were added directly from
the biodegradation of the cometabolised compound asstock solutions to give the desired initial concentra-
well as its primary substrate (Jacobson and Alexander, tions. Cells were grown in flasks on a New Brunswick
1981). rotary shaker at 30C and 200 rpm.
The objective of this work is to study the influ-
ence of supplementary conventional carbon sourcesChemicals
on enhancing the biotransformation rates of phenol
as the primary substrate and 4-chlorophenol (4-cp) All the chemicals used in this study were of analyt-
as a nongrowth substrate. 4-cp is known to be an ical grade. D-Glucose and sodium glutamate were
excellent typical nongrowth substrate which can be purchased from BHD (England) and Sigma (Mis-
degraded by phenol-induced bacterial cells&&and souri, USA), respectively. Both phenol and 4-cp were
Rittmann 1993). Since glucose (Glu) and sodium gluta- obtained from Merck (Darmstadt, Germany). Phenol
mate (SG), two common conventional carbon sources, and 4-cp were dissolved in 0.02 N NaOH solution to
are known to facilitate degradation of some chlorinat- make 10,000 mgi* stock solutions.
ed pollutants (Papanastasiou and Maier 1982; Topp et
al. 1988), they are separately tested as the alternativeAnalytical methods
conventional carbon sources.
Samples were withdrawn periodically for analysis.
Cell density, medium pH and concentrations of phenol

Materials and Methods and 4-cp were monitored.
Cell density and pH analysig\ 6 ml sample from
Organism and culture conditions each flask was taken for determination of pH and bio-

mass. pH was measured using a small pH electrode and
The organism used throughout this work was pHmeter (ModelHI9021, Hanna Instruments, U.S.A.)
Pseudomonas putid&ATCC 49451. Stock cultures suitable for small volume samples. Cell growth was
of P. putidawere maintained by periodic subtrans- monitored spectrophotometrically by measuring the
fer on nutrient agar (Oxoid, Hampshire, UK) slants absorbance at 600 nm. The measurement was made
and stored at 4#C. All batch cultures were per- such that the optical density (OD) of the sample was
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less than 0.70 by diluting the samples. This is to ensure Table 1 Summary of batch biotransformation experiments

that Beer-Lambert law appl_ies. ) Test Initial nominal concentration (ngh)
Phenol and 4-cp analysigor the analysis of phe- No. Phenol 4cp SG Gl
nol and 4-cp, a further 3 ml sample was taken and
immediately acidified to pH 2 with 6N sulphuric acid F1 200 100 0 0
to quench the biodegradation reaction. The acidified F2 200 100 1000 0
samples were extracted with 3 ml of methylene chlo- 23 igg ;gg g 1008
ride (Merck, Darmstadt, Germany), which contained S; 200 200 1000 0
100 mgl* o-cresol (Merck, Darmstadt, Germany)
. S3 200 200 0 1000
as internal standard. The extract was analysed for T 200 200 0 1000
phenol and 4-cp by gas chromatography (GC). GC T2 200 200 0 1000

analysis was carried out using a capillary GC (Perkin
Elmer, Model 8700) equipped with a split injector and
flame ionization detector (FID). The injector and detec-
tor temperatures were both 30Q. Injection volume were correlated respectively using the multivariable
was 2ul and sample split ratio was 20:1. The oven- regression technique in Microsoft Excel to obtain the
temperature profile started with maintaining at 20 equations of best fit of the degradation curves. The
for 1 minute before ramping at 1UC/min to 160°C correlations were differentiated with respect to time
after which the program was halted. and then divided by the cell mass at distinct times to
TOC Measurement ml of culture medium was  determine the SDR’s of phenol and 4-cp.
taken from the flask and diluted with deionized water
and then filtered through 0.4pbm filter (Millipore,
MA) to remove suspended solids for determination of Results
total organic carbon (TOC) concentration in the medi-
um. TOC was measured by a TOC analyzer (Shimadzu, A series of biodegradation experiments was performed
Model TOC-5000A) which measures total carbon (TC) with different phenol/4-cp concentrations with the
and inorganic carbon (IC) concentrations. Sample TOC addition of 1 gt* SG or 1 gi* Glu, respectively. For
was obtained by subtracting IC from TC. The operation comparison, degradation tests with phenol and 4-cp
is based on the combustion/non-dispersive infrared gasas the sole carbon sources were carried out. In addi-
analysis method. tion, degradation of phenol and 4-cp in the presence
Evaluation of average degradation ratm calcu- of glucose under pH regulations was also monitored
lating the average degradation rates of phenoland 4-cp,to elucidate the effect of pH on the biodegradation
two importantissues were accounted for. Firstly, itwas process. All biodegradation experiments in this work
found that experimental duplicates were nearly identi- are summarised in Table .
cal for the biodegradation phases except for the lengths
of the lag phase. Because of this, average degradationSupplementation of glucose or sodium glutamate
rates cannot be obtained consistently and real differ-
ences in degradation rates may be erroneous when theThe first set of experiments (F1-F3) was performed
length of the lag phase was included. Secondly, it was with a concentration ratio of phenol to 4-cp of 2. Fig-
difficult to ascertain exactly the time when complete ures 1a and 1b show the effect of the additional carbon
degradation was achieved or when the degradation hadsource (Glu or SG) on the biodegradation of phenol and
stopped. Consequently, the average biotransformation4-cp, respectively. No effect of the additional carbon
rates of phenol and 4-cp were calculated by dividing source on biodegradation of phenol was found. Phenol
the net amount of transformed phenol and 4-cp for the was completely degraded within 13 hours in all three
time period when phenol and 4-cp were about 10% and cases: without additional carbon source and withr2 gl
90% of the initial phenol and 4-cp, respectively (or that of SG or Glu, respectively. Figure 1b shows that 4-cp
percentage which cannot be further degraded), by thewas quickly degraded after a lag of about 11 hours.
corresponding elapsed time. However, the difference in degradation rates of 4-cp
Estimation of the specific degradation rateorder for the three cases is quite discernible. The average
to estimate the specific degradation rate (SDR), data degradation rates were calculated to be 45THyt?
for phenol and 4-cp concentrations versus culture time (without SG or Glu), 60 mgith—! (with SG), and
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exponential growth were calculated to be 0.35'h
(without SG or Glu), 0.42 h? (with SG) and 0.42 h?
(with Glu). The highest cell densities (Q@§) record-
ed were 0.36 (without SG or Glu), 1.18 (with SG) and
(© § 1.15 (with Glu). This resulted in the faster conversion
o

rates of 4-cp (Figure 1b). Figure 1c also shows that
when phenol was the sole carbon source (F1), the pH
of the culture decreased slightly from 7.3 to 6.5 during
the initial 11 hours of cultivation and remained nearly
constant thereafter. On the other hand, pH decreased
drastically from 7.1 to 4.2 with cell growth in experi-
ment F3. It is interesting to note that phenol and 4-cp
Figure 1 Effects of sodium glutamate and glucose at initial con- were completely degraded before the pH dipped below
centrations of 200 mgi® of phenol and 100 mgi* of 4-cp. (a) pH 5. In the experiment supplemented with SG, pH
phenol concentration; (b) 4-cp concentration. Error bars indicating only decreased slightly during complete degradation

the deviation of_dupllcate experiments arf} repqrted here because_ Ofof phenol and 4-cp after which the pH increased mar-
the few data points on the steep sections; (c) biomass concentration

(expressed as Qfgy) and medium pH. Symbols$, ¢, test F1; ginally to pH 8.3. _ .
W, [, test F2;A, A, test F3. The corresponding open symbols It can be ascertained from the biomass concentra-

represent pH. tion profile in Figure 1 that SG or Glu was simultane-
ously utilized with phenol. As soon as the lag phase
was over, the biomass density in experiments F2 and
69 mglth—! (with Glu), clearly indicating that the  F3 showed greater increase than that of experiment F1
biodegradation rate of 4-cp can be enhanced by aug-with phenol as the only primary substrate. To further
mentation with SG or Glu. confirm this, the total organic carbon (TOC) in the
Figure 1c shows the cell growth and pH time pro- culture broth was monitored over time for test F2. The
files for the three experiments F1-F3. The addition of results of this are presented in Figure 2. The TOC mea-
SG or Glu greatly increased the cell mass. The cul- sured provides anindication of the concentration of SG
tures containing a supplementary carbon source grewin the culture broth. This can easily be rationalized by
faster and accumulated much more biomass than thatperforming a material balance for the organic carbon
containing only phenol and 4-cp as the only carbon in the broth (Appendix). As shown in Figure 2, both
sources. The maximum specific growth rates during SG and phenol were utilized concurrently. After the

Time (h)
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Higher concentration of 4-cp

The growth substrate, phenol, and nongrowth sub-
strate, 4-cp, may exert substrate toxicity on oxygenase
expressing cultures (cultures which produce oxyge-
nase enzymes) at elevated concentrations (Chang &
Alvarez-Cohen 1995), and the resultant toxicity most
likely reduces degradation rates of both phenol and
4-cp. S&z and Rittmann (1993) reported that 4-cp
will, not only inhibit oxidation of the cell’s primary
substrate, phenol, but also its own degradation. The
toxicity of 4-cp to cell growth and its inhibition to
oxidation of phenol (competitive inhibition) as well as
itself are expected to increase with an increase in 4-cp
concentration in the medium. The next set of experi-
ments (S1-S3) was performed with an increase in the
concentration of 4-cp to about 200 mdin order to
elucidate the effects of conventional carbon sources at
high 4-cp concentrations.

Figure 3a shows that the degradation rate of phe-
nol with addition of 1 gt SG was the highest
(21 mgt-th—1), and the phenol was completely degrad-
ed in 18 hours, while the complete disappearance
of phenol occurred in 28 hours without the supple-
mentation of additional carbon sources at a rate of
12 mghth—1. With the addition of 1 gt* Glu, it
was found that oxidation of phenol only proceeded
for 20 hours (the average biodegradation rate was
14 mgtth—1) after which a residual phenol of about
10 mgl* remained in the culture broth.

In examining the biotransformation of the non-
growth substrate, 4-cp, Figure 3b shows that the addi-
Figure 3 Effects of sodium glutamate and glucose at initial con- tion of 1 gi! SG (S2) resulted in the highest degrada-
centrations of 200 mgi® of phenol and 200 mgi® of 4-cp. (a) tion rate of 4-cp compared with no additional carbon
pheﬁol concentration; (b) 4-cp congentration; (c) biomass concen- source and the addition of Glu. Complete transfor-
tration (expressed as @R) and medium pH. Symbol#, {, test . . .

S1;M,0, test S2;A, A, test S3. The corresponding open symbols mation of 4-C_p was achieved in 20 hours a_t an aver-
represent pH. age degradation rate of 27 mgh—. Augmenting the
medium with 1 gt* Glu, the degradation of 4-cp con-
tinued until about 23 hours into the experiment. The
average degradation rate was only 8 migi—*. Then,
complete degradation of phenol, the bacteria contin- the degradation of 4-cp stopped and a substantial con-
ued to metabolize SG with a concomitant increase in centration of 4-cp (about 100 mgf) remained unde-
the biomass (Figure 1c¢). This simultaneous utilization graded in the medium. In the case of phenol as the sole
of the toxic substrate and an added carbon source hagrimary substrate, 4-cp was completely transformed
been reported by previous investigators (Papanastasioun 32 hours, substantially longer than the degradation
& Maier 1982; Fava et al. 1995). The residual concen- time required with the addition of SG. The average
tration of TOC' at the end of the experiment can be degradation rate in this case was 11 migi2.
attributed mainly to the organic carbon associated with Figure 3c plots the time profiles for cell growth and
2-hydroxy-5-chloromuconic semialdehyde (HCMSA) medium pH for experiments S1-S3. As shown in Fig-
(Sez and Rittmann 1991), which again confirms that ure 3c, both the rate of cell growth and the maximum
4-cp is a nongrowth substrate in this system. cell density achieved were higherin the cases where the
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Figure 4 Time profile of specific degradation rates of phenol and
4-cp for Tests S1 and S2. Symbo#; (¥, SDR of phenoll, [,

SDR of 4-cp. The filled and open symbols represents tests S1 anc
S2, respectively.

medium was supplemented with SG or Glu. The max-
imum specific growth rates during exponential growth
were found to be 0.131 (without SG or Glu), 0.34
h—! (with SG) and 0.24 h* (with Glu), while the high-
est cell densities (O§3o) attained were 0.20 (without
SG or Glu), 0.71 (with SG) and 0.43 (with Glu). In ©
the case of pH profiles, with phenol as the sole primary
substrate (S1), the pH decreased slightly from 7.3t0 6.2
albeit gradually. When the medium was supplemented
with SG, during the time when phenol and 4-cp were
being transformed, pH dropped from 7.6 to 7.0. After
phenol and 4-cp were completely degraded, the pH
increased from 7.0 to 8.0. Supplementing the medium
with Glu exhibited the most dramatic change in medi-
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Figure 5 Degradation of phenol and 4-chlorophenol at the initial
concentrations of both at 200 mgl with pH regulation. (a) phenol

um pH. During the 20 hours when phenol and 4-Cp concentration; (b) 4-cp concentration; (c) biomass concentration
were being degraded, the medium recorded a drop in (expressed as Qfg) and medium pH. Symbold, O, test TLH,

pH from 7.2 to 5.9. This was followed by a drastic drop 1 test T2. The corresponding open symbols represent pH.

from 5.9 to 4.3. With this decreased pH, the biodegra-
dation of phenol and 4-cp stopped and an increase in
the amount of suspended solids was observed in the

For test S1, it can be seen from Figure 4 that the

culture broth. SDR of phenol decreased monotonically with culture
The above results clearly indicate that both SG time (i.e. with cell growth). This resulted from the

and glucose can support cell growth and the addi- decrease in enzymatic degradation rate of phenol with
tion of these conventional carbon sources substantially the decrease in the phenol concentration in the medi-
increased cell density. In order to clarify the function um according to enzyme kinetics (Bailey and Ollis
of the added conventional carbon sources on degrada-1986). For the degradation of 4-cp, the SDR of 4-cp
tion process, the specific degradation rates (SDR) of decreased until about 20 hours, at which time phe-
phenol and 4-cp for S1 and S2 were calculated and nol was almost exhausted, and then increased to about
compared in Figure 4 (for simplicity, analysis for S3 110 mg/(L.h.OD). Similarly, in the presence of SG in
was not included due to the complication of effect of the medium (S2), Figure 4 also shows that the SDR
pH). of phenol decreased monotonically with culture time.
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Table 2 Effects of additional carbon sources and 4-cp on maxi- 1 1

mum specific growth ratgra. ), biomass yield (Y./,,4), and the 174 gr* KeHPOsand 0.24 gt KHzF_)O“' _AS shown

average biotransformation rates of phena}{yand 4-cp (V) in Figure 5, when the pH was maintained between
7.3 and 6.3, both phenol and 4-cp were completely

Test  pmaz  Ya/ph Von Vep degraded in both experiments. The effect of using dif-
No. (') (OD/mgi~!) (mgl=*h=%) (mgl~th—1) ferent pH regulation methods was not significant. The
F1 035 0.0018 27 5 average degradation rates of phenol and 4-cp were cal-
2 042  0.0042 34 60 culated to be 19 mgith—! and 21 mgtth—* for T1,
F3 042 00035 3 69 respectively, and 18 mgth—! and 15 mgt*th=? for
s1 013 0.0009 12 1 T2, respectively. The relevant data pertaining to all the
S2 034 0.0025 21 27 experiments performed in this investigation are sum-
S3 024 0.0019 14 8 marised in Table II.
T1 020  0.0015 19 21
T2 014  0.0012 18 15

Discussion

* Y4 /pn Was calculated based on phenol consumption. The lin-

ear relationship between biomass and the consumption of phenol . . . .
suggests that phenol and the additional carbon sources were simul-In this work, we investigated the effect of adding

taneously utilized. supplementary carbon sources, sodium glutamate
and glucose, on the relative rate and efficiency of
cometabolism of phenol and 4-cp. Not only was there
However, the SDR of phenolin this case was at all times an increase in the maximum specific growth rate of the
lower than that of S1. This was due to the higher cell cells, the volumetric biodegradation rates of phenol
density resulting from simultaneous utilization of SG. and 4-cp were improved with supplementation.
With the addition of SG in the medium (S2), the con- Based on the degradation mechanism proposed
current utilization of both growth substrates (SG and by S&z and Rittmann (1991), the initial step in
phenol) greatly increased the cell mass. Since the spe-the transformation of 4-cp is hydroxylation facilitat-
cific degradation rate of phenol was normalized against ed by an NADPH-dependent monooxygenase to form
the total cell density (other than that derived solely from 4-chlorocatechol, and the NADPH consumed in the
phenol consumption), the SDR of phenol for S2 was monooxygenase reaction can be regenerated by the
consequently lower compared to that for S1. For the oxidation of phenol or phenol-induced biomassé&a
degradation of 4-cp, compared to that of S1, the SDR & Rittmann 1991 and 1993). Similarly, the oxidation
of 4-cp in experiment S2 also decreased and was lower of phenol is also initiated by an NADPH-dependent
than that of S1 initially. However, with nearer deple- hydroxylase to form catechol (Yang & Humphrey
tion of phenol in the medium, the specific degradation 1975). Therefore, phenol and 4-cp are expected to
rate quickly increased to about 121 mg/(L.h.OD) and inhibit oxidation of each other competitively. When the
became higherthan that of S1 subsequently. A possibleratio of phenol and 4-cp was high (200/100), the com-
explanation and relevant discussion on this observation petition was dominated by the oxidation of phenol, and

are presented in Discussion. 4-cp cannot effectively bind with the monooxygenase.
As aresult, almost no transformation of 4-cp took place
Biodegradation with pH regulation until phenol was nearly depleted (Figure 1). When the

concentration of 4-cp was increased to 200 Tgh-
Results from experiment S3 suggest that pH could play cp could compete better for the monooxygenase, and a
an important role in the biotransformation of phenol slow transformation of 4-cp occurred before complete
and 4-cp in the presence of glucose. In an effort to bet- removal of phenol (Figure 3). However, Figure 4 shows
ter understand the effect of pH on the degradation of that the competitive inhibition was not just between
phenol and 4-cp with the supplementation of additional phenol and 4-cp. As culture time proceeded, even with
carbon sources especially at high 4-cp concentrations,a decrease in phenol concentration, the SDR of 4-cp
the third set of experiments (T1 and T2) was carried did not increase but showed an initial decline. This
out. For Test T1, pH was regulated using 2 N NaOH can be explained using an earlier hypothesis proposed
solution to maintain pH in the range of 6.5-7.5; Test by Sa&z and Rittmann (1993). They proposed that, in
T2 was carried out by replacing the phosphate salt con- the cometabolism of phenol and 4-cp, phenol and 4-
tent of the medium with a phosphate buffer containing cp compete for the monooxygenase, and an oxidized
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intermediate of phenol may compete with 4-cp for a have reported that the toxicity and inhibition of target
site of regulatory binding. With the fast oxidation of compounds on cells can be attenuated by the uptake
phenol, the presence of the oxidized intermediate of of nontoxic nutrients and the presence of more con-
phenol resulted in reduction in the proportion of 4- fluent biomass (Topp et al. 1988; &aand Rittmann
cp’s binding with the enzyme. As a result, the SDR of 1991). Topp et al. (1988) reported that the degradation
4-cp initially decreased with cell growth. After phe- of pentachlorophenol (pcp) could be greatly facilitat-
nol was nearly exhausted in the medium, the compet- ed by adding alternative carbon sources, such as SG,
itive inhibition of phenol on degradation of 4-cp was Glu, and the like. The addition of these nontoxic com-
lifted and the SDR quickly increased. At this time, pounds stimulated the viability of cells and enhanced
the biomass in test S2 continued to grow on SG (Fig- the degradation rate of pcp (Topp et al. 1988; Topp and
ure 3c). This suggests that the oxidation of SG did not Hanson 1990). In another study,&aand Rittmannn
inhibit the degradation of 4-cp, contrary to the action (1991) reported that the 4-cp transformation rate was
of phenol as the primary substrate. This finding may controlled by the concentration ratio of biomass to 4-
have important implications in practical applications. cp. Intheir study, the high biomass was obtained by cell
In cometabolism, a primary substrate must be provided growth using phenol as the sole carbon source. In our
to support cell growth; however, the structurally analo- investigation, the high biomass required was achieved
gous primary substrate usually inhibits the degradation by the supplementation of additional non-toxic carbon
of the nongrowth substrate and vice versa (competi- sources.
tive inhibition). From this study, fortunately, it was It has often been noted that pH plays an important
found that some conventional carbon sources such asrole in biodegradation processes (Valo and Salkinoja-
SG could maintain cell growth and in addition, may Salonen 1985; Omori et al. 1987; Overmeyer and
not inhibit the oxidation of the nongrowth substrate. =~ Rehm 1995). When phenol or phenol plus SG were
4-cp cannot support cell growth and is well docu- the carbon sources, the initial slight decrease of
mented to be inhibitory to the oxidation of phenol and the pH might be attributed to the formation of
toxic to bacterial cells (S and Rittmann 1993; Hale  2-hydroxy muconic semialdelyde and 2-hydroxy-5-
etal 1994). As shownin Table I, by comparing cultures chloromuconic semialdehyde (Yang and Humphrey
performed under correspondingly identical conditions 1975; Mdrsen and Rehm 1990; &a and Rittmann
except for the concentration of 4-cp, with an increase 1991). Further utilization of SG led to an increase in
of 4-cp concentration from 100 gt to 200 mgt, pH after both phenol and 4-chlorophenol were com-
there is a marked decrease in the maximum specific pletely transformed. This may be due to the formation
growth rate fi,...), biomass yield (Y,,,), and the of ammonia during glutamine metabolism. With glu-
average biotransformation rates of phenol and 4-cp. cose metabolism, the sharp drop in medium pH greatly
These imply that the nongrowth substrate, 4-cp, not reduced or even stopped the biodegradation activity,
only severely inhibited cell growth, reduced biomass leaving a substantial amount of 4-cp in the culture
yield but adversely slowed down degradation of phe- especially when the concentration of 4-cp was high at
nol as well as itself. Our results indicate that these 200 mgl . The drastic drop in pH may be attributed
adverse effects can be reduced by supplementation ofto the formation of acidic end-products such as acetic
some kind of conventional carbon sources, such as SGand lactic acids during glucose metabolism. The com-
and Glu (except for test S3 due to pH drop). Itis pos- plete transformation of 200 migt phenol and 4-cp
sible that the simultaneous utilization of conventional in the presence of glucose by regulating the pH of the
carbon sources (e.g. SG and Glu) and phenol enabledmedium therefore confirms the important role of pH on
the cells to overcome the growth inhibition effects of the biodegradation. These results affirm similar find-
both phenol and 4-cp. When the concentration of 4-cp ings reported by Overmeyer and Rehm (1995). They
was relatively low (about 100 mgh), the supplemen-  found that complete degradation of up to 40 mM of
tation of either Glu or SG can facilitate the conversion 2-chloroethanol by?seudomonas putiddS2 could be
of the cometabolised compound, 4-cp. When the tox- obtained only when the pH was regulated.
icity is increased by increasing the concentration of Cometabolism is considered a special class of bio-
4-cp to about 200 mglt, compared with phenol as  logical transformation and such transformations have
the sole carbon source, the presence of SG significant-considerable importance in nature. It has been pro-
ly enhanced the oxidation of both phenol and 4-cp. posed that the cometabolic transformation rate of non-
This is in correlation to previous investigations which growth substrates may be promoted by increasing the
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concentration of its primary substrate because a greaterfore [4-cp + 4-cp-metabolite] remains constant during
population of cometabolizing cells is produced (Chang biodegradation. The change of TOE TOC-[Phenol]
et al. 1993; Mu and Scow 1994). However, the adop- consequently indicates directly, changesin the concen-
tion of this method requires careful consideration. In tration of SG in the culture broth with time.
the case of biodegradation of chlorinated phenol, the
primary substrate, phenol, is by itself, a toxic con-
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