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bstract

This study provides a first attempt from a perspective of Gaden’s classification of fermentation and phase–plane to put forward phenol degradation
sing various augmented nutrient media for biostimulation. It aimed to identify the most promising nutrient source(s) to attenuate synergistic
nteractions with phenol for optimal phenol degradation. Therefore, the growth association of phenol degradation using various nutrient media
n place of combined toxic interactions was established via Gaden’s classification scheme of fermentation and phase–plane analysis. In cultures
rown on medium bearing dual carbon sources (glycerol and phenol) or phenol alone, phenol was found to be firstly biodegraded for microbial
rowth (i.e., growth-associated degradation). In contrast, when yeast extract or acetate was supplemented, a diauxic growth behavior was observed
s the augmented nutrient was primarily utilized while phenol degradation was repressed. Moreover, using glycerol as the nutrient source, phenol
egradation seemed to be enhanced simultaneously during the consumption of glycerol for cellular growth after ca. 2 h response lag in growth.
lthough gluconic acid could enhance cell growth as well as phenol degradation, the phenol degradation performance was still not as good as that

f glycerol. Thus, biostimulation with glycerol appeared to show the most favorable metabolic characteristics against phenol toxicity on Ralstonia
aiwanensis, leading to better degradation efficiency of the toxic pollutant. Phase–plane trajectories also clearly confirmed that glycerol was the
ptimal biostimulating nutrient source for phenol degradation.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Among Ralstonia taiwanensis strains isolated from the envi-
onment in southern Taiwan, the R. taiwanensis R186 (R186 for
hort) strain demonstrated an excellent capability to grow on
medium containing phenol or TCE as a carbon source [1,2].
ompared to other phenol biodegraders [2,3], R186 displayed
superior phenol biodegradability as well as tolerance (up to

a. 900 mg/L) in the phenol-laden media. The dependence of

henol degradation described by Haldane’s model also demon-
trated that the optimal degradation rate was 61 �mol/mol/g cell
ccurring at a phenol concentration of 228 �M [2]. In addition,

∗ Corresponding author. Fax: +886 6 2357146.
E-mail address: changjs@mail.ncku.edu.tw (J.-S. Chang).
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he low saturation constant (Ks) of 5.46 �M and high inhibition
onstant of 9075 �M suggested a promising feasibility of R186
or practical bioremediation.

As conservation of wild-species in local environment is
lways a concern, indigenous rather than foreign microbiota
hould be first considered for in situ or ex situ biotreatment.
n the previous studies, the indigenous rhizobium R. taiwanen-
is R186 was used for bioremediation of phenol-contaminated
oil and freshwater [2,4]. In addition, to reveal promising fea-
ibility of using strain R186 for industrial applications, oper-
tion criteria (e.g., combined toxic thresholds in the presence
f augmented nutrient sources) were also considered [4]. It

llustrated a striking effect of combined toxicity of supple-

ented nutrients on the performance in phenol degradation.
t is also noted that phenol degradation of R186 is biomin-
ralization (i.e., complete biodegradation to CO2) instead of

mailto:changjs@mail.ncku.edu.tw
dx.doi.org/10.1016/j.jhazmat.2006.06.022


rdous

b
m
a
u
f

s
f
u
e
t
t
s
b
t
o
m

2

2

o
a
T
c
b
T
3
6
i
d
o
m
m
N
f

2

o
w
t
2
t
t
m
e
a
n
s
(
(
t
t

2

m

−

w
a
t
a
i
t
d
c
c
t
m
b
p
[
p
p
e
o

a
s
n
o
i

f

w
m
t
f
o
n
t
i
T
g

3

3

B.-Y. Chen et al. / Journal of Haza

iotransformation (i.e., incomplete degradation to organic inter-
ediates). Clearly, lack of adequate combined toxicity figures of

ugmented nutrient–phenol media to cell population for biostim-
lation makes phenol degradation unpredictable and unreliable
or on-site operations in bioremediation.

Although our previous work [4] presented an attempt in pur-
uit of a perspective in toxicology for biostimulation, a straight-
orward approach to conclude optimal strategy was not clearly
ncovered. It also showed that almost all supplemental nutri-
nts synergistically interacted with chronic toxicity of phenol
o the phenol-degrading isolate R. taiwanensis R186. Thus,
his follow-up study emphasized how the Gaden’s classification
cheme of fermentation [5,6] and phase–plane analysis [7] could
e applied to disclose the relationship of such toxicity interac-
ions with growth association, allowing a clear identification
f optimal biostimulation strategy and bioreactor operation for
ore efficient phenol degradation.

. Materials and methods

.1. Bacterial strains and culture conditions

R. taiwanensis R186 originally isolated from root nodules
f Mimosa pudica in southern Taiwan was routinely grown
t 28 ◦C on yeast extract-mannitol (YEM) agar plates [1,2].
o grow strain R186 in phenol-containing medium, a single
olony grown on YEM agar plate was inoculated to 50 ml of
asal salt (BS) medium supplemented with phenol (Merck).
he BS medium consisted of (g/L) Na2HPO4, 7.0; KH2PO4,
.0; NaCl, 0.5; NH4Cl, 1.0. The pH was adjusted to pH
.8 ± 0.2. Cells of R186 were grown at 28 ◦C with shak-
ng at 125 rpm for 7 days. Culture media were monitored
aily by absorbance at 600 nm (OD600). The concentration
f phenol in the medium was determined by using a colori-
etric assay [7] with a detection limit of ±2.5 �M. Color-
etric reagent contained pH 10 buffer (HBr 3.0, KCl 3.73,
aOH 1.76 g/L), 4-aminoantipyrine and potassium hexacyano-

errate.

.2. Determination of phenol degradation characteristics

R. taiwanensis R186 strain from −80 ◦C stock was cultured
vernight in Luria-Bertani medium and then 1.0 ml of the culture
as inoculated to 50 ml of BS amended by various concen-

rations of phenol. The cultures were incubated at 37 ◦C and
00 rpm. To assess whether phenol toxicity would be synergis-
ic or antagonistic due to the presence of other nutrient sources,
he R186 cells were grown on phenol (400 mg/L)-containing BS

edium supplemented with 0.1% (w/v) of the specified nutri-
nt source (e.g., glycerol, yeast extract, acetate and gluconic
cid). After inoculation, the cell concentration and residual phe-
ol concentration were determined with respect to time. The
pecific growth rate (μ) and specific phenol degradation rate

qp) were determined through the relationships of d ln X/dt and
−1/X) d[Ph]/dt, respectively; where X denotes cell concentra-
ion, [Ph] denotes phenol concentration, and t denotes incubation
ime.

t
b
(
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.3. Construction of phase–plane portraits

According to Perlmutter [6,7], the (bio)chemical reactor
odels can be in terms of the form:

1

X

d[Ph]

dt
= f1(X, [Ph], S) = qP (1a)

1

X

dX

dt
= f2(X, [Ph], S) = μ (1b)

here X, [Ph], S denoted the concentration of cell, phenol and
ugmented nutrient substrate, respectively. Such models lend
hemselves to a graphical analysis in which the dependent vari-
bles (or state variables) are plotted against one another on what
s called a phase–plane. For phase–plane analysis, it is postulated
hat the contribution of other factors (e.g., augmented substrate,
issolved oxygen) were relatively negligible or insignificant
ompared to two major state variables (i.e., phenol and biomass
oncentration). As the system evolves continuously over time
hrough a series of states from its initial to final condition, its

apping on the (X, [Ph]) plane will trace a trajectory to be a
iological fingerprint specific to the system. To combine this
erspective with Gaden’s classification scheme of fermentation
8], the phase–plane was modified to disclose on the (μ, qP)
lane since the instantaneous slope of the curve in the (X, [Ph])
lane and in the (μ, qP) plane [9] are theoretically identical. For
xample, the instantaneous slope m on the (μ, qP) plane can be
btained by

qP

μ
= − 1

X
d[Ph]

dt
1
X

d X
dt

= −d[Ph]

dX
= f1(X, [Ph], S)

f2(X, [Ph], S)
= m (2)

nd the entire trajectory can be drawn as a sequence of small
teps using the computed slope at each step to move on to the
ext (i.e., exploited in the trajectory direction to show time frame
n the phase–plane). This is so-called a set of auxiliary isoclines
n the (X, [Ph]) plane:

1 = mf2 (3)

hich are the loci of points where the trajectories have slope
. As Perlmutter [5] indicated, for systems of the form (1),

he trajectory from any point will be unique when the f1 and f2
unctions have continuous first partial derivatives (e.g., the cases
f biochemical reactor model shown herein). In light of these,
o trajectories can ever cross, except at singular points where
he derivatives dX/dt and d[Ph]/dt are both zero (i.e., lag phases
n growth and phenol degradation curves should be excluded).
hus, it is feasible to apply this phase–plane analysis to reveal
rowth-dependent phenomena of fermentation in this study.

. Results and discussion

.1. Feasible nutrients for the growth of R186
To understand the available nutrient source(s) for R186,
reatability study was carried out with BS medium supplemented
y various nutrient sources at a concentration of 1000 mg/L
0.1%). After 3-day cultivation, significant growth was observed
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Table 1
List of maximal specific growth rates (μmax; h−1) and yield coefficients (YX/S;
g DCW/g nutrient substrate) for Ralstonia taiwanensis R186 grown on phenol-
containing media supplemented with various nutrient sources

GA YE PA Gly AA

μmax (h−1) 0.43 0.72 0.61 0.080 0.50
YX/S (g/g) 0.515 0.234 0.531 0.406 0.347
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henol concentration: 400 mg/L; nutrient concentration: 1000 mg/L. GA: glu-
onic acid; YE: yeast extract; PA: pyruvic acid; Gly: glycerol; AA: acetate.

or media containing gluconic acid (GA), yeast extract (YE),
yruvic acid (PA), glycerol (Gly), acetate (AA) and phenol
lone. In contrast, R186 cells did not grow on media contain-
ng a sole carbon source of glucose, lactose, sucrose, ethanol,
alactose, mannitol, galacturonic acid, raffinose, dulcitol, oxalic
cid or malic acid. In addition, the specific growth rates and
ield coefficients determined through batch cultures using BS
edium supplemented with 0.10% nutrient sources were cho-

en as a comparative basis (Table 1), which will be used later to
llustrate combined toxic interaction and phenol degradation in
henol-bearing cultures.

.2. Growth of R186 with phenol alone

As shown in Figs. 1 and 2, maximal growth rate lagged
ehind maximal phenol degradation rate by ca. 2 h (e.g., 8−10 h;

ig. 2), indicating that there was a response lag while convert-

ng phenol degradation for cell growth. The relationship of a
onstant stoichiometric relationship between phenol consump-
ion and cell growth rate (ca. 0.0513 d[Ph]/dt ∼= dX/dt) in the

ig. 1. Time courses of cell growth, phenol removal characteristics in the BS
ulture initially contained 400 mg/L phenol and 0.1% augmented nutrient source.
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ig. 2. Time courses of specific growth rate and phenol degradation rate in the
S culture initially contained 400 mg/L phenol and 0.1% augmented nutrient

ource.

xponential growth phase clearly exhibited the characteristics of
ype I fermentation [5,10] (i.e., cells as catabolic products). This
rowth-associated behavior directly implies that phenol was pri-
arily used as the carbon source for direct oxidation to primary

nergy metabolism. The response lag (ca. 2 h) in growth was
bserved as phenol could be completely converted to catechol
ia catabolic routes, and then dissimilation of catechol took place
ia the pathways involving meta-cleavage or ortho-cleavage [11]
or conversion to cell mass.

.3. Growth of R186 with a dual carbon source of glycerol
nd phenol

Figs. 1 and 2 clearly reveal that the specific growth rate at
–6 h was ca. 0.35–0.38 h−1, indicating that phenol rather than
lycerol was firstly consumed since μmax values for phenol
nd glycerol were 0.40 and 0.08 h−1, respectively (Table 1).
fter ca. 2 h lag to adjust cellular metabolism for adaptation

Fig. 2), phenol was gradually utilized for cell growth (also
hown in Fig. 1 for phenol degradation). Once phenol was
lmost exhausted, metabolic routes were switched to glycerol
tilization and growth rate progressively decreased (i.e., 7–8 h;

ig. 2). Compared to all other nutrient sources (Figs. 1 and 2),
lycerol was the most economically feasible to enhance cell
rowth as well as phenol degradation. Although there was a ca.
h response lag for cell growth (Fig. 1), the maximal phenol
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Fig. 3. Phase–plane profiles for the batch cultures using various nutrient media.
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egradation rate and growth rate (Fig. 2) still indicate the most
romising role of glycerol as an energy and carbon source for
iostimulation.

.4. Growth of R186 with a dual carbon source of yeast
xtract and phenol

As indicated in Fig. 1, within the first 7 h, cell growth took
lace, but phenol was not degraded. This points out that yeast
xtract was first exploited as a primary nutrient substrate as it
ontains rich essential vitamins and other nutritious composi-
ions. Once yeast extract was completely depleted (i.e., nearly
ero growth at ca. 8 h), the expression of phenol-metabolizing
nzymes (e.g., phenol hydroxylase enzymes [12,13]) was
nduced to degrade phenol. Therefore, diauxic growth charac-
eristics was observed (i.e., biphasic stepwise growth pattern
s shown in Figs. 1 and 2). Cell growth activities reached
aximum early (ca. 1–2 h); at later stages phenol degradation

ecame more significantly (ca. >7 h). According to Deindo-
rfer’s classification of fermentation patterns [6], this diauxic
rowth simply suggested that the presence of yeast extract
ignificantly repressed the inducible expression of phenol-
etabolizing enzymes. Exhaustion of yeast extract resulted

n induced synthesis of these enzymatic activities for phe-
ol degradation (ca. 2 h lag phase at 6–8 h for expression).
ue to the biphasic growth, apparently complete repression
f phenol degradation at the first growth phase significantly
ecreased overall biodegradation performance. This suggests
hat the appearance of biphasic growth might give rise to poor
henol degradation.

.5. Growth of R186 with a dual carbon source of acetate
nd phenol

Similar to yeast extract, acetate utilization and phenol
egradation were also mutually exclusive for cell growth
Figs. 1 and 2). This diauxic growth behavior depicted that
nce the growth rate reached approximately zero at ca. 9 h
henol was then gradually degraded for cell growth (Fig. 2).
n addition, the specific growth rate at first growth stage (ca.
.25 h−1 at time <8 h) was only half of the maximal growth
ate (i.e., 0.50 h−1; Table 1) of acetate-bearing culture. Thus,
he decrease in growth performance was very likely due to syn-
rgistic interactions between acetate and phenol [4]. This may
uggest that a significant portion of acetate was exploited to
xpress defense mechanism (e.g., maintenance via membrane
ransport proteins) in cells to handle this threat in a manner to
revent combined toxic responses (e.g., loss in metabolic func-
ions) from occurring. Evidently, since phenol degradation was
ompletely repressed at the first growth phase, a marked decrease
n biodegradation efficiency would be observed as mentioned
arlier.

.6. Growth of R186 with a dual carbon source of gluconic

cid and phenol

As indicated in Figs. 1 and 2, gluconic acid was not a favor-
ble nutrient source for phenol degradation when compared to

p
t
u
e

rajectories with arrows (1) and (2) denoted the characteristics of diauxic (or
iphasic) growth. The arrows indicated the orientation of all trajectories of pro-
les as time went by.

he results from phenol alone. Although cell growth was sig-
ificantly enhanced due to addition of gluconic acid, phenol
egradation was still low. It is very likely that due to com-
ined toxic potency of phenol, the specific growth rate during
luconic acid consumption (ca. 0.33 h−1) was slightly lower
han that in the phenol-free culture (i.e., 0.43 h−1; Table 1).
s shown in Figs. 1 and 2, nutrients selectively converted to

ells in preferential order perhaps due to mutually exclusive
etabolic pathways for cellular growth. Similar to yeast extract

r acetate, phenol degradation began immediately when the pri-
ary nutrient source gluconic acid was completely exhausted

i.e., stepwise or diauxic growth). However, a new lag phase was
ot clearly observed while the cell activated the expression of
henol-metabolizing enzymes and a second exponential phase
pparently was not revealed (Figs. 1 and 2). Although gluconic
cid could enhance cell growth as well as phenol degradation,
he phenol degradation performance was less efficient than that
or glycerol. The insignificant diauxic growth phenomenon for
luconic acid suggests that some of the enzymes responsible for
luconic acid utilization might be also crucial to phenol degrada-
ion. Since the enzymic expression for phenol degradation still
ndirectly arised from energy metabolism of gluconic acid, phe-
ol degradation was thus termed partially related to utilization
f gluconic acid.

.7. Phase–plane analysis

To obtain comparative figures for various nutrient media,

lane-curve profiles of qP versus μ at various times to depict
he trajectories of phenol degradation (Fig. 3). In the cases of
sing acetate (AA) and yeast extract (YE) as augmented nutri-
nt sources, when times increased the orientation of both profiles
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tarted at certain point (e.g., 0.24 and 0.6 h−1 for AA and YE,
espectively) in +x-axis (i.e., +μ-axis or phenol degradation-
ndependent axis) and headed to negative x-direction to the origin
nd then turned into quadrant I (i.e., growth-dependent domain).
hese trajectories clearly state that acetate and yeast extract were
tilized preferentially prior to phenol degradation (i.e., biphasic
rowth phenomena). Thus, the consumption of these favorable
ubstrates for growth was metabolism-independent of phenol
egradation, implying that phenol toxicity still remained intact
nd could not be attenuated in the first growth phase. Specific
rowth rates (ca. <0.1 and <0.2 h−1 for AA and YE, respec-
ively) in second growth phase (i.e., arrows with (2) in Fig. 3)
ere relatively lower than that in the culture using phenol as

he sole carbon source (μ ∼ 0.3 h−1), indicating that the persis-
ent phenol toxicity still strongly inhibited the growth of R186
13].

By contrast, if the utilization of augmented nutrient was
t least partially relevant to phenol degradation, monophasic
rowth phenomenon would be observed. For instance, as glyc-
rol was not a preferential substrate to R186 compared to phenol,
henol was primarily utilized and then glycerol was consumed
fterwards. This point can be confirmed by the early trajectory
or glycerol (Fig. 3) nearly convergent to the spiraling conver-
ent point (i.e., focus) for phenol as the sole carbon medium.
owever, the biphasic growth phenomenon was not clearly per-

eived for glycerol, most likely due to partial association of
lycerol utilization with phenol degradation. The trajectories
or phenol alone and glycerol–phenol (Fig. 3) might also sug-
est that early reduction of phenol toxicity may be crucial to
aximize phenol degradation capability. Phase–plane trajecto-

ies clearly indicate that the highest phenol degradation and
rowth rate was obtained for the growth with a dual carbon
ource of glycerol and phenol. This suggests that glycerol should
e a feasible nutrient source providing better microbial growth
nd efficiently reducing phenol toxicity. Therefore, glycerol is
onclusively the most promising nutrient source for biostimu-
ation. In addition, to prevent significant toxicity of phenol to
ellular growth, the m value in Eq. (2) for dual-substrate cases
hould be greater than the m value (denoted as mcr) of phe-
ol degradation in the absence of augmented nutrient source
i.e., phenol alone). As shown in Fig. 3, apparently nearly all

values for dual-substrate cases were less than mcr, indicat-
ng that the second nutrient source seemed to synergistically
nhibit phenol degradation (either loss of growth or degradation
apability). The marked rise in combined toxicity might indi-
ate that the utilization of second nutrient could by-pass certain
ortion of energy requirement in phenol degradation. More-
ver, residual metabolic intermediates of phenol degradation
ight be significantly increased to inhibit phenol degradation

ia feedback repression [14]. However, after certain period of
ime (see Fig. 3), glycerol might still significantly enhance intra-
ellular tolerance mechanism to phenol degradation as well as
ellular growth, leading to the optimal performance of phenol

egradation. As indicated in Fig. 3, it is concluded that the
ptimal biostimulation strategy should be to direct the m value
o be greater than mcr as quick as possible (e.g., adding glyc-
rol).

R
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In summary, regarding nutrient sources of “diauxic growth
ype”, separation of growth stimulation from phenol degradation
ia a two-stage operation is inevitable. For “parallel-reaction
ype” nutrients (e.g., gluconic acid and glycerol), fed-batch
semi-batch) mode of operation will be the most feasible to
aximize phenol degradation and cell growth concurrently. As

henol might still be inhibitory to metabolically functioning
ells, to optimize degradation performance, phenol should be
ed granually (e.g., dropwise feeding) instead of fully provided
t the very beginning [15] (e.g., fed-batch dropwise feeding strat-
gy).

. Conclusions

This study shows that whether diauxic growth characteris-
ics exists or not plays a crucial role in biostimulation strategy.
he results show that glycerol was most feasible to be used

or biostimulation as cells could efficiently utilize glycerol as
n energy source to “antagonize” phenol toxicity, to propagate
ell population, and to degrade phenol concurrently. In contrast,
he diauxic growth characteristics in yeast extract and acetate-
ontaining cultures simply implies the preferential utilization
f the augmented nutrients and complete repression upon phe-
ol degradation, while phenol toxicity cannot be attenuated
uring utilization of the supplemented nutrients. According to
ogler [15], for phenol degradation of the “diauxic growth type”
utrients, the two-stage operation mode would be the favorable
election for operation to prevent the occurrence of biphasic
rowth. That is, cells should be propagated in phenol-free cul-
ures at the maximal specific growth rate in the first stage to
chieve optimal cell density, then the phenol-bearing medium is
ed in dropwise after depletion of the nutrients for an efficient
henol degradation. In the cultures grown on glycerol–phenol
edium, phenol degradation was significantly enhanced in par-

llel with cell growth leading to the optimal biostimulation effect
Fig. 3).
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