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Abstract
Ewingella americana was grown in batch cultures using a phenol-containing M9 minimal medium. Phenol was found to be the sole source for

carbon and energy. Phenol was found to inhibit the growth rate with a maximum concentration of 1100 ppm, beyond which no growth occurred.

The Haldane model was used to predict the specific growth rate-concentration data. The maximum growth rates on phenol (300 ppm) for starved

and non-starved cells reached only 0.32 and 0.29 h�1, respectively. When the phenol-containing M9 minimal medium was supplemented with

different C and N sources, different degradation rates (ppm/h) were obtained. Only fructose as the carbon source showed catabolic repression of the

degradation activity; however, yeast extract, casein and glutamine caused the same effect, as did the fructose. The data showed that different initial

(inocula) densities did not affect the induction time for phenol degradation. However, carbon-starvation minimized the acclimation period,

accelerated the complete degradation achievement of phenol and affected the growth of cells differently based on the data obtained for growth

phases. In the log phase, a higher growth rate was shown for starved cells with a shorter acclimation period, whereas in the stationary phase, a lower

rate of growth was attained, compared with non-starved cells. Phenol degradation was optimally achieved at a 37 8C incubation temperature, a pH

of 7.5 and an agitation rate of 200 rpm.

# 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The utilization of chemicals as carbon or energy sources by

living cells is basic to all forms of life. Adaptation of living cells

over the centuries to consume the natural biochemicals found

on earth is the generally accepted narrative, but the significant

different organic species which are produced by man have led

to environmental problems, due to resistance or complete

recalcitrance to mineralization by any living species [1].

Phenol and substituted phenols are common starting

materials. These materials are waste by-products in the

manufacture of industrial and agricultural products [2]. Phenol

can be toxic to some aquatic species at concentrations in the low

mg l�1 range and causes taste and odour problems in drinking

water at far lower concentrations [3,4]. The high-volume use of

phenols in the United States and their potential toxicity has led
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the U.S. Environmental Protection Agency to include them on

its list of priority pollutants [5].

The environmental clean-up of phenol by adsorption,

solvent extraction, chemical oxidation, incineration and a

biotic treatment procedure suffers from serious drawbacks such

as economic issues and the production of hazardous by-

products [6]. Biodegradation is generally preferred, due to

lower costs and the complete mineralization. There is much

controversy over whether to use natural or genetically

engineered micro-organisms (GEM) in biodegradation. Gov-

ernment agencies are mostly unwilling to release GEMs into

the environment due to the potential unforeseen ecological

impact [7,8]. There is considerable interest in the isolation of

microbes, which are able to thrive on high concentrations of

aromatic compounds [1,8,9], such as the phenol compound

studied here. In contrast, utilization by Ewingella americana of

phenol or other aromatic compounds as the sole carbon and

energy source has not been reported. It has been reported that

the mode of catechol degradation, nutrient availability (C and N

sources), the presence of toxins and physical parameters (i.e.,

temperature) could affect the growth of bacteria on phenol
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Table 2

Effect of different nitrogen source on the degradation ability of phenol by

Ewingella americana cells

Nitrogen source Degradation rate (ppm/h) Cell mass (OD600)

Control 4.25 (0.25) 1.5

Lysine 4.40 (0.25) 1.55

Glutamine 4.0 (0.30) 1.50

Arginine 4.30 (0.22) 1.58

Alanine 8.50 (0.70) 1.70

Urea 8.80 (0.75) 1.75

Proline 4.45 (0.32) 1.55

Trypton 6.40 (0.35) 2.0

Yeast extract 1.25 (0.40) 1.65

Casein 2.50 (0.23) 1.55

Ammonium nitrate 4.37 (0.50) 1.60

Potassium nitrate 6.25 (0.56) 1.55

Cells were grown on M9 minimal medium with 300-ppm phenol plus each

corresponding nitrogen source (0.2% concentration) at 37 8C, shaking rate of

200 rpm and pH of 7.5. Values are the average of three individual experiments;

standard deviations are in parenthesis. Cell mass (OD600) for the same cells

grown on each corresponding nitrogen source was taken at 72 h time point and

they were the average of two independent measurements.
[10,11]. E. americana has already been isolated from the

chlorination tank of the effluent wastewater treatment plant

located on our University campus [12]. It is Gram-negative,

belongs to the family enterobacteriaceae, formerly known as

enteric group 40 and was described two decades ago by

Grimont and co-workers [13]. The isolation of this bacterium

from wastewater supports the evidence reported by Inglis and

Peberdy [14], that this bacterium is more widely distributed in

nature than once thought. In this study, we investigated the

degradation of phenol by E. americana for the first time under

different growth conditions, including cell densities, carbon

starvation, pH, incubation temperature, aeration/agitation rate

and additional different carbon and nitrogen sources.

2. Materials and methods

2.1. Bacterial strain

E. americana was previously obtained from the chlorination tank of an

effluent wastewater treatment plant [12]. Its morphological characteristics were

re-verified and their biochemical identity was determined using the REMEL kit

(RapIDTM ONE and RapIDTM NF plus systems), procedure. The Remel Kit was

obtained from Remel Inc., Lanexa, KS, USA.

2.2. Media and culture conditions

Cells were grown at 37 8C in nutrient broth (NB) for enzyme assay or in a

M9 minimal medium (MM) for all phenol degradation experiments [15]. The N

and C sources in the MM broth medium were modified for the specific purposes

of the experiments. For example, di-sodium succinate as the carbon source was

omitted from all the experiments conducted with the M9 minimal medium.

Ammonium chloride was excluded from MM when testing the effect of

different nitrogen sources on the phenol degradation as well. Different carbon

and nitrogen source (Tables 1 and 2) were added independently up to a

concentration of 0.2% (w/v), to assess their effect on the biodegradation rate

of phenol by E. americana cells.

2.3. Phenol degradation assay

One milliliter of bacterial cells (OD600 nm =0.2) of E. americana that were

already grown in NB was inoculated into 125-ml Erlenmeyer flasks containing

50 ml of MM. The phenol degradation was determined by the decrease in
Table 1

Effect of different carbon source on the degradation rate of phenol by Ewingella

americana cells

Carbon source Degradation rate (ppm/h) Cell mass (OD600)

Control 4.25 (0.25) 1.50

Fructose 3.95 (0.30) 1.55

Lactose 9.29 (0.5) 1.50

Glucose 11.80 (0.80) 1.70

Maltose 11.67 (0.80) 1.65

Sucrose 6.70 (0.35) 1.54

Succinic acid 10.42 (0.75) 1.90

Mannitol 7.9 (0.60) 2.0

Cells were grown on M9 minimal medium with 300-ppm phenol plus each

corresponding carbon source (0.2% concentration) at 37 8C, shaking rate of

200 rpm and pH of 7.5. Values degradation data are the average of three

individual experiments; standard deviations are in parenthesis. Cell mass

(OD600) for the same cells grown on each corresponding carbon source was

taken at 72 h time point and they were the average of two independent

measurements.
absorbance at 267 nm [9]. The average degradation rates of phenol were

measured by dividing the net amount of transformed phenol for 24 h, since

within this time period many cells showed no further degradation, or it

represented the corresponding elapsed time for all experiments conducted.

The reason for calculating the average degradation by this method as suggested

by Loh and Wang [6] to avoid any errors caused by different lengths of lag

phases, and the difficulty in ascertaining the time required to achieve complete

degradation or when the degradation had stopped.

2.4. Effect of different growth conditions on the phenol

biodegradation ability

2.4.1. Effect of phenol concentration, pH, incubation temperature and

agitation rate

The effect of the different substrate concentrations (0, 100, 200, 300, 400,

500, 600 700, 800, 900 and 1000 ppm) on the phenol degradation by E.

americana was examined. The growth medium was an M9 minimal medium

incubated at 37 8C, under a 150 rpm shaking rate and a pH of 7.5. Different pHs

(5.5, 6.5, 7.5 and 8.5) of the growth media was used to assess the effect of

variations in pH on the degradation ability of phenol by the same bacterium. The

effect of different incubation temperatures (25, 32, 35, 37 and 42 8C) upon the

percentage degradation of phenol by E. americana was investigated. To test the

effect of agitation rates on the ability of E. americana cells to degrade phenol,

the MM medium was used, as mentioned previously, to grow bacterial cells at

37 8C under six different agitation rates: 50, 75, 100, 150, 200 and 250 rpm. The

medium used was an M9 minimal medium.

2.4.2. Effect of carbon starvation on phenol degradation

Starvation experiments were conducted according to the procedure

described by Leung et al. [16] with slight modification. Ewingella cells were

grown on nutrient broth (NB) at 37 8C (150 rpm) to mid-log phase

(OD600 � 0.50) prior to starvation. The cells were harvested by centrifugation

(5000 rpm, 10 min, 4 8C), washed twice with equal volumes of sterile M9

minimal medium and suspended in the same medium to an OD600 of 0.20

(�4 � 108 cells/ml). The cell suspension was immediately used as the non-

starved experimental control to assess phenol degradation by E. americana

cells. A sub-sample of the cell suspension was C-starved in the M9 minimal

medium at 37 8C with an agitation rate of 150 rpm and left for 24 h. Then the

carbon-starved cells in MM were supplied with 300-ppm phenol and tested for

their phenol degrading ability as usual. Growth curves also for the cells under

two conditions (C-starved and non-starved) were generated. The data for both

phenol degradation experiments and growth curves were plotted together for
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carbon-starved and non-starved cells. The experiments were repeated a mini-

mum of three independent times.

2.4.3. Effect of cell density on phenol degradation

E. americana cells were obtained from the mid-log phase culture as

described previously. Cell densities were adjusted to OD600 nm values of

0.2, 0.4 and 0.6 to check the effect of cell density on phenol degradation.

The E. americana cells were grown in the 300-ppm-phenol-containing M9

minimal medium at 37 8C, with an agitation rate of 200 rpm. The phenol

degradation was assayed as a function of time, as previously described.

2.5. Enzyme assay

E. americana cells were grown on the M9 minimal medium, as described

above, to the mid-log phase of their growth. Then, the cells were suspended in a

5-ml potassium phosphate buffer, with a pH of 7.5, and discontinuously

sonicated for 2 min (20 and 40 s in ice). The cell extract was centrifuged at

10,000 rpm for 20 min at 4 8C.

The activity of catechol 1,2- and 2,3-dioxygenases was assayed as described

by Neumann et al. [5]. The concentration of the reaction products cis-cis-

muconic acid and 2-hydroxymuconic semialdehyde was measured spectro-

photometrically at 260 and 375 nm, respectively. The protein concentrations

were estimated by the method developed by Lowry et al. [17].

2.6. Chemicals

Most of the chemicals used were either from Sigma, USA or from Fluka

Chemika, Switzerland. Phenol crystals (99% purity) were obtained from Merck.

The experimental procedure for liquid phenol preparation was developed

according to Sambrook et al. [15]. Nutrient broth was obtained from Difco.

Other chemicals were analytical grade and were obtained from commercial

suppliers.

3. Results

3.1. Effect of substrate concentration

E. americana was capable of using phenol as carbon source.

Two different negative controls were used to test the biodegrad-

ability of phenol, the uninoculated phenol-containing culture and

the heat-killed suspensions. Therewas no biodegradation activity

shown confirming the biodegrading activity made by E.

americana cells. Eleven different initial phenol concentrations
Fig. 1. Effect of initial substrate concentration on the phenol degradation by

Ewingella americana. Cells were incubated at 37 8C, shaking rate of 200 rpm

and pH of 7.5. Each data point is the average of three independent experiments.
were used (Fig. 1). It was shown that as the initial concentration

of phenol increase the degradation rate increased to a value of

0.29 h�1 then started to decrease with further increasing the

concentration of phenol. This is attributed to the fact that cells

were inhibited with further increase in the phenol concentration.

Several kinetic models were used to describe such trend while

Haldane one is best one could be applied to describe the

inhibitory effect. The Haldane model takes the form:

m ¼ mmaxCs

KI þ Cs þ C2
s =K p

where mmax is the maximum specific growth rate could be

attained, KI (ppm) the half-saturation concentration constant,

which represents the phenol concentration when m is equal to

half mmax and Kp (ppm) is the inhibition constant substances.

This model was fitted to the experimental data using Peakfit

(version 5.5) and was found that the maximum growth rate is

0.290 h�1 and the values of KI and Kp are 5.156 and 1033.720,

respectively. Because of the deviation of this coefficient from

unity this m appears in the figure as 0.26 h�1. This result is in

good agreement with those published in literature with a

regression coefficient of 0.917 and sum of squire error, 0.005.

3.2. Effect of carbon starvation on phenol degradation

Phenol degradation by pre-starved E. americana cells was

shown to be faster than that of non-starved cells in both the

logarithmic and stationary phases (Fig. 2a and b). The starved

cells required only 24 h to completely degrade the 300 ppm

phenol, while the non-starved cells needed longer time ranges,

of between 48 and 60 h. In parallel, the growth rate of starved

cells (0.32 h�1) was higher than that of non-starved cells

(0.29 h�1), particularly in the exponential phase, and required a

shorter acclimation period (Fig. 2a). In contrast, the non-

starved cells outgrew the C-starved cells, particularly in the

mid- and late-stationary phases (Fig. 2b).

3.3. Effect of cell density on phenol degradation

The effect of the inoculum’s volume on the rate of phenol

degradation was tested to decide whether the decrease in

induction time during the initial starvation period is a result of

increased cell densities or not. When the initial phenol

concentration of 300 ppm was used (Fig. 3) with three cell

densities (OD600 nm 0.2, 0.4 and 0.60), the same induction time

was shown for the three cases. However, those three cell

densities caused different degradation rates (ppm/h), of 4.25,

9.30 and 12.09, respectively. Also complete phenol degradation

was achieved over different time periods (24, 48 and 72 h,

respectively).

3.4. Effect of incubation temperature

The experimental data on the degradation percentage at

different incubation temperature (Fig. 4a) showed that while the

difference in percentage degradation at 25 and 37 8C was

significant, this significance was not seen with the data at 35 and
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Fig. 2. Growth of starved and non-starved Ewingella americana cells (triangle)

and phenol concentration (ppm) remained after biodegradation by the same

bacterial cells (squares). Cells are in (a) the logarithmic phase and (b) the

stationary phase of cultivation. Cells were grown on M9 minimal medium plus

300 ppm phenol as only carbon source at 37 8C, shaking rate of 200 rpm and

pH, 7.5. Each data point is the average of at least three independent experiments

with error bars indicating STDEVs (sn�1).

Fig. 3. Effect of initial cell concentration on phenol degradation by Ewingella

americana cells. Initial cell concentrations used were 0.2, 0.4 and 0.6 OD600.

Cells were grown on 300 ppm phenol-containing M9 minimal medium at 37 8C
and 200 rpm and pH 7.5. Each data point is the average of at least three

independent experiments with error bars indicating STDEVs (sn�1).

Fig. 4. Effect of growth conditions on the degradation of phenol by Ewingella

americana cells. Cells were grown on 300 ppm phenol-containing M9 minimal

medium as only carbon source. (a) effect of incubation temperature, cells were

grown under shaking rate of 200 rpm and pH 7.5; (b) effect of agitation rate,

cells were grown at 37 8C and pH of 7.5; (c) effect of pH, cell were grown at

37 8C and shaking rate of 200 rpm. All data are average of three trials with error

bars indicating STDEVs (sn�1).
37 8C. It is clear that the temperature becomes critical after

37 8C, and a further rise in temperature brings about a sharp

decline in percentage degradation of phenol. Thus, it seems that

biodegradation of phenol could occur at room temperature, with

37 8C is being the optimum temperature for E. americana cells.

3.5. Effect of aeration/agitation rate

Fig. 4b shows the effect of the aeration/agitation rate on the

phenol degradation by E. americana. An increase in agitation

rate up to 200 rpm resulted in a gradual elevation in the
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Fig. 5. Effect of phenol concentration on the growth rates (h�1) of Ewingella

americana. Growth curves were obtained based on OD600 measurements and

the growth rate for the cells (starved and nonstarved cells) grown on each phenol

concentration was simultaneously calculated. Cells were incubated at 37 8C,

shaking rate of 200 rpm and pH of 7.5. Each data point is the average of at least

three independent experiments with error bars indicating STDEVs (sn�1).

Fig. 6. Measurement of C230 activity for the cell extracts of Ewingella

americana grown in nutrient broth plus 300 ppm phenol. All data are average

of three trials with error bars indicating STDEVs (sn�1).
degradation rate. Further increasing the agitation rate to 250 rpm

did not result in further improvement of the degrading ability.

Therefore, a rate of 200 rpm was selected for the experiments.

3.6. Effect of pH

For each pH, a biotic control of uninoculated culture was

used to decide whether the decrease in phenol occurred as a

result of chemical reaction or not. The pHs being tested had no

effect on the amount of phenol present in the uninoculated

culture. The percentages of phenol degradation brought about

by E. americana under different pH levels are shown in Fig. 4c.

It is seen from the figure that E. americana optimally degrades

the phenol at a pH of 7.5. The data thus show that a pH of 7.5

would be the optimum for maximum degradation of phenol by

this organism.

3.7. Effect of carbon and nitrogen source

To further investigate the phenol-degrading capacity of E.

americana, the effect of different carbon and nitrogen sources on

the phenol degradation was examined. All carbon sources

(Table 1) at 0.2% concentration, except fructose, allowed phenol

degradation to proceed faster at ranges between 1.4- and 3-fold

higher than that of the control, and in all cases the growth of E.

americana cells was in accordance with the standard microbial

batch growth culture (data not shown). At the same time, nitrogen

sources (Table 2) supplied, except yeast extract, casein and

glutamine, led to the enhancement of the phenol biodegradation.

Yeast extract, casein and glutamine caused a repression in phenol

degradation by 3.3-, 1.6- and 0.06-fold, respectively.

3.8. Phenol toxicity toward E. americana cells

Phenol was found to inhibit the growth rate linearly with a

maximum concentration of 1200 ppm, beyond which no growth

occurred. In contrast, the carbon-starved cells, although they

demonstrated a higher growth than the non-starved cells,
exhibited more sensitivity to the higher concentration of

phenol, compared with the non-starved cells (Fig. 5).

3.9. Enzyme assay

To distinguish between meta and ortho pathways certain

characteristic enzymes were measured, that is, C23O (2,3

catechol dioxygenase) for the meta pathway and C12O (1,2

catechol dioxygenase) for the ortho pathway. Activities of both

enzymes were measured in Ewingella cells grown in the 300-

ppm-phenol-containing M9 minimal medium. The activity of

C230 (Fig. 6) could be detected in a crude extract of Ewingella

cells indicating that the catechol ring fission is performed

through the meta pathways not through the ortho pathways.

4. Discussion

The phenol compound was used as the sole carbon and

energy source, by including it in a M9 minimal medium that has

no other organic compounds. Therefore, the production of any

cell mass is a function of the exhaustion of such aromatic

compounds. To our knowledge, this is the first study concerning

the biodegradation of phenol compound by E. americana. In

fact, although the microbial degradation of phenol compounds

is discussed widely in the literature, no studies involving E.

americana have been published. The Haldane model was used

to predict the specific growth rate-concentration data ade-

quately and is in good agreement with those published early

[18–21].

When our isolate was pre-starved for 24 h, the degradation

ability of phenol had clearly commenced after a shorter

acclimation period, become slightly faster (Fig. 2), and was

completely accomplished in a shorter time, compared with that

of the non-starved cells. This probably, results from an early

expression of the phenol catabolic genes. This hypothesis,

probably is true as long as the growth of this bacterium in the

log phase was faster than that of the non-starved cells, based on

the number of cells/ml. In some cases, carbon starvation in E.
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coli induces the expression of peptide transporter protein

(carbon starvation protein A, CstA), even in the absence of their

respective inducers or as a result of the induction of required

degradative enzymes [22,23]. Generally, the common carbon

starvation response of non-differentiating Gram-negative

bacteria is an increase in their ability to catabolize and

scavenge nutrients from the environment [22]. The carbon-

starved cells are more sensitive to the toxicity of phenol,

compared to the non-starved cells. The interpretation for this,

along with that in Fig. 2a and b is probably that the quantity of

the constituents (enzymes) of the cell is the same, and the

difference is in the time of expression (i.e., the early or late

expression of phenol catabolic genes). More attention needs to

be given to this issue.

The starting inocula size was found to be a major factor in

the time required for total phenol degradation. The same results

are consistent with those previously described by others

[16,24].

It appears that biodegradation of phenol could occur at room

temperature, with 37 8C being the optimum temperature for E.

americana cells. Temperature apparently had a strong impact

on the fate of the aromatic compounds, as the mesophilic

temperature produced the best conditions for their degradation,

or this could be solely the consequence of a temperature effect

on enzyme activities [25]. It has been reported that the

temperature could play an equivalent or larger role than nutrient

availability in the degradation of phenol [26].

The optimum pH for phenol biodegradation by E. americana

was 7.5. It is possible that the enzymes for phenol degradation

have their optimum enzymatic activities at pH 7.5. The

optimum pH for the biodegradation of phenol was different

from one bacterium to another, for example, pH ranges between

8 and 11 were found for the bacterium Halomonas campisalis

[27] and for the biodegradation of phenol by Klebsiella

oxytoca, the pH was 6.8 (Khleifat et al., unpublished data).

The degradation of phenol by E. americana was not

repressed by any of the carbon sources utilized, except fructose.

The degradation repression by fructose was occurred although

the cell biomass increased; this might be a result of catabolite

repression by fructose. The same result was shown in the study

of the growth of Ralstonia eutropha, in which the fructose-

grown cells in the presence of phenol minimized the respiration

rate, compared with that of only phenol-grown cells [28]. The

same phenomenon occurring on the phenol biodegradation by

other bacteria has been shown with other carbon sources, such

as acetate [29] and glucose [8,30].

Former studies clarified two major metabolic pathways for

phenol biodegradation known as ortho and meta cleavage [9].

Phenol hydroxylase represents the first enzyme in the metabolic

pathway of phenol degradation [5]. In the next step, two

enzymes can be induced, catechol 1,2 or 2,3 dioxygenase,

respectively, present in the ortho and meta pathways. Of the

many nitrogen sources being tested (Table 2), only yeast

extract, casein and, to a lesser extent, glutamine, caused a

repression in the phenol degradation by 3.3-, 1.6- and 0.06-fold,

respectively. Thus, fructose, yeast extract and casein could be

transformed into easily mobilized intracellular carbon, nitrogen
and energy sources that could provide a selective advantage to

the strain, keeping these substrates at a specific level in order

not to totally repress phenol hydroxylase, and maintaining

cellular growth capacity [9,31]. E. americana, being deficient

in response to other carbon sources present in the medium/

surroundings, could provide a significant advantage if this

micro-organism is to be used in the degradation of phenol in a

complex medium such as wastewater or soil. Generally, the

induction of the phenol degradation, when adding these carbon

and nitrogen sources, probably occurs as a result of increasing

cell biomass, using more readily metabolizable carbon and

nitrogen sources [5] such as ammonia and urea, that cause faster

degradation rates of phenol (Table 2) after a short acclimation

period (data not shown). It is possible that the simultaneous

utilization of conventional nutrients and phenol enables the

cells to overcome the inhibition effect of growth caused by

phenol [6].

Previous studies have reported that there an optimal amount

of yeast extract should be supplemented for the optimal rate of

phenol biodegradation [8]. Topp et al. [32] discussed the

existence of an optimum amount of carbon to be supplemented

for the biodegradation of pentachlorophenol. The reason for the

enhanced degradation rate of phenol by E. americana could be

attributed to the attenuation of phenol toxicity by available

nutrients and consequently the build-up of more cell mass [6].

Generally, phenol is degraded by the catechol degradation

pathway. As mentioned above, the catechol ring fission occurs

through two different pathways, the meta and ortho pathways.

Most bacteria use the meta pathway of catechol degradation. To

distinguish between meta and ortho pathways, well-known

characteristic enzymes were measured, C23O for the meta

pathway and C12O for the ortho pathway. Activities of both

enzymes were measured in Ewingella cells grown in the 300-

ppm-phenol-containing M9 minimal medium. The activity of

C230 (Fig. 6) could be detected in a crude extract of Ewingella

cells, indicating that the catechol ring fission occurs through the

meta pathways, not through the ortho pathways.

5. Concluding remarks

The data presented here represent the first report about the

capability of phenol degradation by E. americana isolated from

a wastewater plant. This could be a unique organism in the

degradation of high concentrations of phenol, having shorter

lag times than those occurring in other micro-organisms.

Moreover, carbon starvation for 24 h significantly decreased

the time required for both the induction and complete

degradation of phenol by E. americana. The next study will

involve the genetic background of phenol degradation for this

bacterium.
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