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Abstract

A microtiter plate-based assay was developed for the automatic monitoring of degradation profile of the yellow-coloured

nitrophenolic compounds. The method enables to reduce the intervals between measurements of substrate concentration to minutes

and to overcome the problem of discontinuity of sampling typical for conventional methods. The concentrations of nitrophenolic

compounds were calculated from the absorbance values determined automatically by BIOSCREEN C. Verification of the method

was based on the comparison of results with the conventional HPLC method results. The values of the rate and saturation constants

were comparable for both the microtiter plate-based assay and the conventional HPLC method. The automatic method described

here seems to be efficient for the screening degradation studies, which requires the treatment of quantity of samples.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Nitroaromatic compounds are known as widely dis-

tributed environmental pollutants. Their occurrence in

the environment is associated with the chemical and

pharmaceutical industry and agriculture. An important

group of the nitroaromatics are nitrophenolic com-

pounds, regulated priority pollutants dispersed as agri-

culture pesticides, above all (Nishino et al., 2000).

Moreover to the industrial production, nitrophenols
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are produced by combustion processes of motor vehi-

cles (Lüttke et al., 1997) and enter the aquatic and

terrestrial environment through rainwater (Tremp et

al., 1993). Some of them are applied as chromogenic

substrates due to their yellow colour. Nitrocatechols

and their derivatives are important in the pharmaceuti-

cal industry—as selective inhibitors of catechol-o-

methyltransferase useful for treatment of Parkinson

disease (Learmonth and Freitas, 2002) or building

blocks for the production of antihypertensive pharma-

ceuticals (Ennis and Ghazal, 1992).

The yellow or orange-coloured nitrophenolic com-

pounds are easy detectable by spectrophotometric

method (Leung et al., 2005). It is very advantageous

for the application of a microtiter plate-based assay,

although the spectrophotometric method is often

replaced by more accurate chromatographic techniques
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used in the course of bconventionalQ monitoring of

degradation of nitrophenols. Microtiter plate-based

assays using automated microculture systems with op-

tical density measurement have been developed for a

wide range of applications aimed on the quantitative

growth curve analysis (Weiss et al., 2004; McKellar et

al., 2002). Nevertheless, the use of a microculture

method for quantitative determination of degradation

profile of environmental pollutants has not been

reported to the present.

In this work we describe the use of the microtiter

plate-based assay for determination of degradation of

nitroaromatics. Three nitroaromatic compounds from

the group of nitrophenolics were chosen for the assess-

ment of the microtiter plate-based method: 4-nitrophe-

nol (4-NP), an environmental pollutant contaminating

soil and wastewater and accumulating in food chain

(Gemini et al., 2005); 4-nitrocatechol (4-NC), the inter-

mediate of 4-NP metabolism (Raymond and Alexander,

1971; Hanne et al., 1993; Jain et al., 1994); and 4-

nitroguaiacol (4-NG). The degradation activity of soil

bacteria of the genera Arthrobacter and Rhodococcus

was utilized for degradation. Bacteria of these genera

have been commonly described as degraders of envi-

ronmental pollutants (Westerberg et al., 2000; Pandey

et al., 2003; Backman and Jansson, 2004) including

nitroaromatics (Kotoučková et al., 2004; Navrátilová et

al., 2005). The reliability of the automatic spectropho-

tometric microplate method for determination of degra-

dation profiles of nitroaromatics was assessed by the

simultaneously used conventional HPLC method.

2. Materials and methods

2.1. Test organisms and culture conditions

For the degradation experiments, there were cho-

sen three bacterial strains isolated from soil by selec-

tive enrichment on nitrophenolic compounds. The

method of the strains isolation was described previ-

ously, so as the classification of the strain P1P as a

representative of the species newly described for the

degradation of nitrophenolics, Arthrobacter nitrogua-
Table 1

Bacterial strains and nitroaromatic substrates used for determination of deg

Strain Substrate

Number Classification Designation

P1P Arthrobacter nitroguajacolicus 4-NP

C6-1 Rhodococcus wratislaviensis 4-NC

J7 Rhodococcus wratislaviensis 4-NG
jacolicus (Kotoučková et al., 2004). 16S rDNA se-

quence analysis (performed as described by Tvrzová

et al., 2005) was used as the basic method for taxo-

nomic classification of the strains C6-1 (CCM 7084)

and J7 (CCM 7242).

The bacteria were cultivated in a sterile mineral

medium (MM, Kotoučková et al., 2004) supplemented

with a nitroaromatic substrate as a source of carbon and

energy. 4-Nitrocatechol (Fluka) was the substrate for

C6-1; 4-nitrophenol (Fluka) for A. nitroguajacolicus

P1P; and 4-nitroguaiacol (Aldrich) for strain J7 (Table

1). To prepare starting cultures for degradation experi-

ments, the cells of individual strains were cultivated in

MM supplemented with a selected substrate in the

concentration presented in Table 1. After the substrate

degradation (medium decolourization), 5 ml aliquots

were transferred to the 50 ml of the fresh medium

and cultivated to the medium decolourization. Consid-

ering the fact that growth curve of the cells of three

chosen degrading strains differs, it was essential to find

the optimal length of starting flask culture preparation

and to adapt the beginning of the cell cultivation to

synchronize inoculation of the BIOSCREEN experi-

ments. By this way, the cells of all three chosen strains

were ready for inoculation in the same time.

2.2. Determination of degradation profile by microtiter

plate-based assay

BIOSCREEN C (Labsystems) automatic cultivator/

reader was used for the determination of degradation

profile by the use of the microtiter plate-based assay.

MM medium supplemented with nitroaromatic sub-

strates (for concentrations see Table 1) was dispensed

to the honeycomb microtiter plates (Labsystems). 300

Al of the medium and 30 Al of a starting flask culture

were used for separated wells, 5 wells were used for

every testing concentration. The microtiter plates were

cultivated in aerobic conditions, at 28 8C, and aerated

with shaking (duration 30 s, before and after measure-

ment). Absorbance values were read at 420 nm every

10 min. The final data are average of 5 measurements.

The concentration of a substrate was calculated from
radation profile

Concentration used for starting

culture preparation (mM)

Experimental

concentrations (mM)

0.5 0.05; 0.10; 0.15

0.05 0.016; 0.04; 0.08

0.05 0.0125; 0.025
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calibration curve. For calibration curves determination,

the samples of MM medium supplemented with stan-

dard concentrations of 4-NP, 4-NG and 4-NC, respec-

tively, were analysed by the BIOSCREEN C reader

and by HPLC. The substrate concentrations from the

linear range of calibration curve were chosen for the

experiment.

2.3. Determination of degradation profile by conven-

tional method

Aliquots (5 ml) of starting cultures were inoculated

to 50 ml of MM medium in 100 ml Erlenmeyer flasks.

Bacteria were cultivated at 28 8C, with continuous

shaking. The same medium and starting culture were

used as in the case of the microplate method. Samples

of the cultivation medium (2 ml) were taken every

2 h under aseptic conditions, the cells were removed

by centrifugation, 0.5 ml aliquots were taken for the

nitrite determination and 1.3 ml samples were frozen

immediately. Subsequently, they were analysed by

Waters HPLC system with diode array detector

(Waters, USA). Analyses were performed on a Nova-

Pak C18 column (150�3.9 mm, 4 Am, Waters, USA).

15% acetonitrile with 0.17% acetic acid was used as a

mobile phase. The flow rate of the mobile phase was 1

ml/min; the column temperature was set at 35 8C. The
analysis was extended by determination of nitrite as a

product of degradation. The concentration of nitrite

was determined in the time of sampling by a spectro-

photometric method described previously (Daniels et

al., 1994).

2.4. Determination of kinetic parameters

Both the spectrophotometric and conventional kinet-

ic data were fitted to the Monod equation for bacterial

growth by using GEPASI 3.2 software (Mendes, 1997).

The degradation/growth rate constant (kdeg) and the

saturation constant of the nutrient (Ks) were obtained

from the calculation. The spectrophotometric BIO-

SCREEN signal was calculated as the sum of the con-

tributions of both substrate and cell absorbance during

the degradation. The initial substrate absorbance and

the final cell density were obtained from the final and

the beginning steady state values of the BIOSCREEN

signal, respectively, and were used for the calculation.

3. Results and discussion

To prove the reliability of the automatic microtiter

plate-based method for the determination of degrada-
tion of nitrophenolic compounds, both the BIOSC-

REEN microtiter plate-based experiment and the

conventional method using HPLC were run simulta-

neously. The same experimental conditions, as inocu-

lation, cultivation and substrate concentration, were

used in both variants. Two parameters describing deg-

radation profiles, the rate and the saturation constant,

were used for the comparison of both methods.

The spectrophotometric analysis of colour substrate

degradation by growing cell culture requires a correc-

tion of increasing medium density caused by the growth

of cells. Both the contribution of substrate absorbance

and the contribution of cell density to the BIOSCREEN

signal were simulated during the kinetic calculation. The

initial substrate absorbance was read from the beginning

of the BIOSCREEN progress curve where no contribu-

tion of the cell density was assumed. The absorbance of

cells was close to zero at the beginning of their growth.

The final absorbance of the cell culture was read at the

end of growth/degradation experiment (the final steady

state part of the BIOSCREEN progress curve), where

the substrate was completely consumed and the BIOSC-

REEN signal was assumed to be effected by the cell

density only. The contribution of the mineral medium

absorbance to BIOSCREEN signal was corrected. The

absorbance of growth medium (MM without substrate)

was subtracted from all values of BIOSCREEN signal.

The complete degradation of substrates was con-

firmed by the conventional HPLC measurement—no

stable metabolites were detected in degradation sam-

ples. Nitrites were released in almost stoichiometric

amounts (Fig. 1: A1, B1, C1). No degradation was

detected in abiotic controls (sterile flasks/wells with

the same medium and compound concentration, with-

out cells of the degradable strains).

Both the initial substrate absorbance and the final

cell absorbance values were used in simulation. Using

the Monod model, the simulated absorbance of sub-

strate decreased as the substrate was consumed and

simultaneously the absorbance of the cell culture in-

creased as the effect of bacterial growth. The value of

simulated BIOSCREEN signal was calculated as the

sum of cell and substrate absorbance in given time (Fig.

1: A2, B2, C2). An evolutionary programming (Bäck et

al., 1997) was used to optimize the kinetic constants

during the fitting of the Monod model to the BIOSC-

REEN data.

Based on the 16S rDNA sequence analysis, the

strains C6-1 and J7 were classified as Rhodococcus

wratislaviensis. The GenBank/EMBL/DDBJ accession

numbers for the 16S rDNA sequences are AY940037

for strain C6-1 and AY940038 for strain J7.
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Fig. 1. Degradation of 4-nitrophenol (A1, A2), 4-nitrocatechol (B1, B2) and 4-nitroguaiacol (C1, C2), determined by the conventional method (A1,

B1, C1) and by the automatic spectrophotometry (A2, B2, C2). Degradation of substrate (.; 4-NP on A1, 4-NC on A2 and 4-NG on A3) is

accompanied by the release of nitrites (o), as detected by the conventional method. On A1, B1, C1 solid and dashed line represents the best fit of

substrates degradation and release of nitrites, respectively. On A2, B2, C2, the contribution of the substrate absorbance (- - -) and the contribution of

the cell density (....) to the spectrophotometry BIOSCREEN signal (D) were simulated respectively during the kinetic calculation of BIOSCREEN

data (the solid line represents the best fit to the spectrophotometry data).
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The degradation of 4-nitrophenol was determined

in concentrations 0.05, 0.1 and 0.15 mM (Fig. 1).

The parameters describing the degradation of 4-NP

determined by the microtiter plate-based method are

in good agreement with those determined conven-

tionally (Table 2), with exception of Ks values char-

acterising the degradation of the lowest 4-NP

concentration 0.05 mM. Ks value determined for 0.1

and 0.15 mM 4-NP ranged from 0.018 to 0.073 mM,

while Ks determined by microtiter plate-based method

for 0.05 mM 4-NP was 0.004 mM. The rate constant

values ranged from 0.48 to 1.06 h�1 for all studied

concentrations.
The degradation profile of 4-nitrocatechol was de-

termined in concentrations 0.04, 0.08 and 0.16 mM.

The results of the degradation of 0.08 mM of 4-NC are

presented in Fig. 1. The values of the rate and saturation

constant calculated from data obtained by the microtiter

plate-based method were in good agreement with those

determined conventionally (Table 2). The saturation

constant value ranged from 0.022 to 0.061 mM, where-

as the rate constant value ranged from 0.7 to 1.25 h�1.

4-Nitroguaiacol degradation was measured for con-

centrations 0.0125 and 0.025 mM; the results for the

upper concentration are in Fig. 1C. The rate and satu-

ration constant determined for both concentrations test-



Table 2

The rate constant (kdeg) and the saturation constant of the nutrient (Ks) determined by the conventional HPLC method and by the microtiter plate-

based assay

Method Kinetic constants Substrate and its initial concentration (mM)

4-NP 4-NC 4-NG

0.150 0.100 0.050 0.080 0.040 0.016 0.025 0.013

Conventional HPLC method KS (mM) 0.038 0.018 0.030 0.048 0.061 0.039 0.022 0.015

kdeg (h
�1) 0.900 1.010 0.950 0.800 0.970 0.700 0.800 1.200

Automatic microplate method

(BIOSCREEN C)

KS (mM) 0.073 0.029 0.004 0.051 0.025 0.022 0.024 0.021

kdeg (h
�1) 1.060 0.750 0.480 0.970 0.950 1.250 0.700 0.500
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ed by the microtiter plate-based method were confirmed

by the constants determined conventionally (Ks ranged

from 0.015 to 0.024 mM, kdeg from 0.5 to 1.2 h�1, see

Table 2).

Determination of microbial degradation of organic

pollutants by growing cultures of microorganisms is

commonly solved by the use of batch cultivation with

chromatographic determination of substrate concentra-

tion. Aliquot samples are taken manually in regular

time intervals and after cells removal analysed. The

time demanding sample preparation together with the

sample and cultivation medium volume influences the

choice of an interval of sampling. Obviously, the short-

est possible interval of sampling is 30 min. Determina-

tion of continuous degradation profile takes 18–24 h,

commonly, which supposes laborious overnight sam-

pling. 30 min interval is often too long for determina-

tion of detailed degradation profile. These reasons led

to the development of an automatic microtiter plate-

based method for the determination of the degradation

profile of nitrophenolic compounds. The use of the

automatic detection of changes in the cultivation medi-

um colour intensity enables to calculate the concentra-

tion of substrate from real-time data taken in short

intervals in the course of the growth of cells. The

automatic spectrophotometric detection of substrate is

possible, if the compound used as a substrate is

coloured and the intensity of colour allows determining

the compound with sufficient sensitivity and in the

presence of turbidity caused by the growing cells.

The method is limited by the use of detectable concen-

tration range and is not applicable for low concentration

studies.

The results of the microtiter plate-based method

were comparable with the shake flask culture (Table

2). Nevertheless, the microtiter plate-based method

works with 300 Al of medium per experimental variant

while the conventional method needs 50 ml of medium

per experimental variant, at least. Moreover, the culti-

vation method is time consuming and does not allow

the real-time analysis of cultivation medium. The mi-
croculture method, described in this report, facilitates

screening detection of degradation activity of bacterial

isolates toward nitrophenolic compounds and, as sup-

posed, another pollutant compounds which are coloured

and permits spectrophotometric detection of substrate

concentration in cultivation medium. The acquisition of

the presented method is believed to be a fast and

effective operation and optimization of screening deg-

radation experiments working with numerous isolates.
Acknowledgements

We are grateful to C. Spröer, German Collection of
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