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Abstract

The phenol-degrading strain Pseudomonas pseudoalcaligenes MH1, identi-
fied by the rRNA approach, was isolated from wastewater enrichment cul-
ture. It utilized phenol up to 1.5 g/L as the sole source of carbon and energy.
In addition, cresols (o-, m-, p-), 4-hydroxybenzoic acid, syringic acid, and
vanillic acid were metabolized as sole substrates by phenol-grown cells of
strain MH1. Using primers, designed on the basis of the sequence of the dmp
operon of P. putida strain CF600, a gene encoding phenol hydroxylase, which
catalyzes the hydroxylation of phenol to catechol, was detected in strain
MH1. The whole phenol hydroxylase operon of strain MH1 was amplified in
a polymerase chain reaction fragment of 5.207 kb that was cloned and
sequenced. The total sequence revealed a cluster of six ATG starting open
reading frames (ORFs). Analysis of the regulatory signals showed a putative
promoter region, 40 bp upstream from the transcriptional start of ORF1,
which have a strong homology to a set of positively controlled promoters.
Comparison of the MH1 phenol hydroxylase gene sequence with those of
other Pseudomonas strains revealed higher homology except in the 5' region.
Thus, the deduced amino acid sequence of the first subunit of phenol
hydroxylase of P. pseudoalcaligenes strain MH1 exhibited a difference at the
N-terminal region (the first 10 amino acids) compared with that of known
phenol hydroxylase of Pseudomonas strains.

*Author to whom all correspondence and reprint requests should be addressed.
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Introduction

Phenol and derivatives, which are toxic to living organisms, are
common in the wastes/wastewater from many industrial processes,
including those from oil refineries, petrochemical plants, and steel mill
coke plants. Many attempts to isolate phenol-degrading microorganisms
and to adapt them to biologic wastewater treatment processes have been
reported (1,2).

A number of microorganisms have been found to degrade phenol (3-
7), in particular Pseudomonas spp., which can metabolize most natural and
synthetic organic compounds (8). In recent years, interest in the microbial
ability to degrade and detoxify aromatic compounds that pollute the envi-
ronment has markedly increased. Many catabolic pathways of aromatic
compound degradation have been elucidated (9), in particular that of phe-
nol. It has been shown that the first step in the catabolism of phenol in an
oxygenated environment is its hydroxylation to catechol, a reaction cata-
lyzed by a phenol hydroxylase that incorporates a single hydroxyl group
into the substrate (10). This hydroxylation is followed by ring cleavage,
which produces aliphatic intermediates that can be readily converted to
metabolites of the Krebs cycle, such as pyruvate, succinate, and acetyl
coenzyme A.

Two different types of phenol hydroxylases have been identified.
A single-chain flavoprotein isolated from the basidiomycetous yeast T7i-
chosporon cutaneum functions as phenol monooxygenase (6). A phenol
hydroxylase from Pseudomonas pickettii also shows the characteristics of a
single-chain flavoprotein (11). By contrast, the phenol hydroxylase from
most Pseudomonas spp. is a complex enzyme consisting of six polypeptides,
encoded by six genes forming an operon (12-15).

The aim of the present work was to characterize a strain of Pseudomo-
nas pseudoalcaligenes isolated from a contaminated site able to degrade vari-
ous aromatic compounds. The gene encoding the phenol hydroxylase of
this strain was cloned and sequenced. The sequence was analyzed and
compared with that of other enzymes with similar properties.

Materials and Methods
Media and Growth Conditions

Escherichia coli JM109 was grown in Luria-Bertani (LB) medium (10 g/L
of bactopeptone, 5 g/L of yeast extract, 10 g/L of NaCl) or 2XYT medium
(16 g/L of bactopeptone, 10 g/L of yeast extract, 10 g/L of NaCl) at 37°C.
Ampicillin at a final concentration of 100 pg/mL was used for selection of
plasmids.

The basal medium used for enrichment, isolation, and cultivation con-
tained the following: 2.44 g /L of NaH PO, 1.25 g/L of KH,PO,, 0.5 g/L of
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Table 1
Bacterial Strains and Plasmids Used
Reference
Relevant markers and derivation or source
Strain
P. pseudoalcaligenes MH1 = Phe* This study
E. coli JM109 RecAl endA1gyrA96 thi-1 hsdR17 Promega
supE44 rel A1 A(lac-proAB)/F’
(traD36 proAB* laclilacZAM15)
Plasmid
pGMET Amp*, cloning vector Promega
pGME A2 Amp*, 5.207-kb PCR product cloned = This study

in pGME"

Phe*, growth in phenol; Amp*, resistance to ampicillin.

(NH,),SO,, 0.2 g/L of MgSO,-7H,0, 0.05 g/L of CaCl,.2H,0O, and 10 mL of
trace element solution SL4. The composition of SL4 was as follows: 0.5 g/L
of EDTA, 0.2 g/L of FeSO,-7H,O, and 10 mL of trace element solution SL6.
SL6 contained the following: 0.1 g/L of ZnSO,7H,0, 0.03 g/L of MnCl,-
4H, O, 0.3 g/L of H,BO,, 0.2 g/L of CoCl -6H,0O, 0.01 g/L of CuCl,-2H,O,
0.02 g/L of NiCL-6H,0, and 0.03 g/L of NaMoO,-2H,O. Phenol (sterilized
by filtration) was used as a sole source of carbon and energy. The culture
wasincubated in arotary shaker at 180 rpm and 30°C. The pH was adjusted
to 7.0 after stream sterilization (121°C, 20 min). Growth was monitored by
measuring the turbidity of the culture at 600 nm using a spectrophotometer
(Shimadzu UV-160A).

Enrichment and Isolation

The enrichment culture was performed using wastewater froma petrol
refinery as the inoculum and a continuous culture in a reactor fed with
mineral medium containing phenol (1 g/L) as the sole carbon source. Pure
bacterial cultures capable of phenol degradation were obtained by plating
out suspension from the reactor in which phenol degradation was active.
The ability to utilize phenol was verified in liquid cultures by following the
substrate concentration. The isolated strain was identified by sequencing
the 16S rDNA gene.

Bacterial Strains and Plasmids

The strains and plasmids used are described in Table 1.

Substrate Utilization

Substrate utilization was tested in 250-mL Erlenmeyer flasks filled
with 25-mL of basal medium, supplemented with different aromatic sub-
strates (0.4 g/L). Those substrates (o-, m-, and p-cresol; 4-hydroxybenzoic,
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vanillic, and syringic acids) were added as the sole carbon source, inocu-
lated with a suspension of phenol-grown cells, and incubated at 30°C on
magnetic stirrers. Substrate concentrations were determined by high-per-
formance liquid chromatography (HPLC) analysis.

Determination of Aromatic Compound Concentration

Aromatic compound concentration was determined by HPLC. Samples
were centrifuged at 12,000¢ for 10 min at 4°C. The supernatants were
filtered through 0.45-um pore-size membranes (Whatman). Aromatic com-
pounds were measured using a chromatograph (Shimadzu SPD-6A)
equipped with a 5-um particle size, 4.6 mm id, and C ; symmetry column
with 250-mm length (Waters). The column temperature was maintained at
35°C. An isocratic mobile phase of 70:30 (v/v) acetonitrile/distilled water
was used at a flow rate of 0.6-0.8 mL/min. The volume of the injection loop
was 20 puL. Aromatic compounds were quantified at 240 nm with a UV
detector (Shimadzu SPD-6A) connected to a Shimadzu CR-6A integrator.

Isolation of Total DNA and Plasmid

Plasmids to be used in cloning procedures were extracted from E. coli
strains as described by Sambrook et al. (16). Total DNA was isolated from
strain MH1 using the alkaline lysis method (16).

Design of Oligonucleotide

The oligonucleotide sequences used for polymerase chain reaction
(PCR) amplification (Table 2) were designed from the sequence of the dmp
operon from P. putida strain CF600 that was obtained from GenBank. All prim-
ers used were synthesized by Genome Express (Grenoble, France).

PCR Amplification

Thermocycling was performed using a Perkin-Elmer Gene Amp PCR
System 2400 (Perkin-Elmer, Norwalk, CT). To each 100-uL reaction mix, the
following were added: 100 ng of total DNA; 0.2 mM each of dATP, dCTP,
dGTP, and dTTP; 25 pmol of each primer; 0.1 vol of Pfu 10X buffer
(100 mM Tris-HCI; 15 mM MgCl ; 500 mM KCl, pH 8.3), and 1 U of Pfu
DNA polymerase (Promega, Madison, WI).

Target DNA was amplified with initial denaturation of the DNA at
94°C for 5min followed by five cycles consisting of denaturation at 94°C for
1 min, primer annealing at 55°C (or 60°C) for 30 s, and primer extension at
72°C for 45 s or 6 min (depending on the length of the amplified fragment);
then 35 cycles consisting of denaturation at 94°C for 30 s, primer annealing
at 55°C (or 60°C) for 30 s, and primer extension at 72°C for 45 s or 6 min.
Samples were incubated at 72°C for 7 min at the end of the amplification
cycle to complete the extension reaction.
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Agarose Gel Electrophoresis

DNA was resolved on a 0.7 or 1% agarose gel with TAE buffer by
electrophoresis, stained with ethidium bromide, and visualized by UV
irradiation (16). The DNA concentration was estimated by comparison with
smart ladder (Eurogentec).

Identification of Strain

The universal primers Fd1 and Rd1 were used to obtaina PCR product
of approx 1.5 kb corresponding to base positions 8-1542 based on E. coli
numbering of the 165rDNA (18). Then the PCR product was purified using
a QIAquick Kit (Qiagen). The sequencing was performed by the primer
walking method using an automated DNA sequencer (Genome Express).
Identification was achieved by comparison with other sequences in the
GenBank database (19) using BLAST (20).

Cloning of PCR Product

A 5-uL aliquot of PCR mixture was analyzed by agarose gel electro-
phoresis. The reaction mixture was incubated at 72°C for 90 min with 0.2 mM
of each dNTP in a 50-puL reaction containing 2.5 U of Tag DNA polymerase.
The DNA was again concentrated and washed using a QIAquick column
(30-uL final). An aliquot of this solution was then ligated overnight at 4°C
to a pGEMT vector.

The ligation reaction contained 80 ng of the PCR product, 50 ng
of pGEMT vector, 1X ligase buffer (100 mM Tris-HCI; 5 mM MgCL;
1 mM dithioerythritol; 1 mM adenosine triphosphate; pH 7.5), and 3 U of
T4 DNA ligase in a 10-uL reaction volume.

Ligation products were used to transform competent E. coli JM109.
Recombinant (white) colonies were selected from LB plates containing
100 pg/mL of ampicillin, 40 pg/mL of 5-bromo-4-chloro-3-indolyl-B-p-
galactosidase, and 20 ug/mL of isopropylthio-B-p-galactosidase. Plasmid
DNA from such colonies was prepared as mentioned previously, and the
presence of the desired PCR product was verified by amplification using
internal primer (71-72) and agarose gel electrophoresis.

DNA Sequencing

The 5.207-kb fragment contained in the pGEM A2 plasmid and the
PCR product presenting the rDNA 16S gene were sequenced in both
strands. The sequencing was performed using the primer walking method
with an automated DNA sequencer (Genome Express). The sequence was
compiled and analyzed using Gene Works 2.5.1 (Intelli Genetics, Mountain
View, CA).

Results and Discussion

Enrichment and Isolation of Phenol-Degrading Strain

The enrichment culture that allowed isolation of phenol-degrading
strains was carried out in a continuous reactor fed with increasing concen-
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Table 3
Effects of Initial Phenol Concentration on Lag Period and Growth Rate (i)
in Batch Degradation of Phenol by P. pseudoalcaligenes MH1

Initial phenol Growth rate
concentration Lag period u
(g/L) (h) (h)
Shaken Erlenmeyer 0.6 2 0.29
0.8 6.5 0.15
1 16.5 0.15
1.5 19 0.14
2 >72 0.00
High compact reactor 1 7 0.17

trations of phenol. The most efficient strainin degrading phenol (MH1) was
selected and further characterized as belonging to the species P. pseudo-
alcaligenes by sequencing of 16S rDNA genes and comparing to bacterial
sequences already deposited.

Batch Degradation at Various Phenol Concentrations
by P. pseudoalcaligenes Strain MH1

P. pseudoalcaligenes strain MH1 grew on phenol as the sole carbon
source up to 1.5 g/L. Increasing the phenol concentration in the medium
resulted in a significant increase in the lag period, while the growth rate
decreased (Table 3), obviously because of the known inhibition of micro-
bial growth by phenol. At concentrations >1.5 g/L, phenol was not
degraded and death of the cells was observed.

Batch degradation was studied in a high compact reactor (21), in min-
eral medium supplemented with 1 g/L of phenol as the sole source of
carbon and energy. After inoculation with phenol pregrown cells of strain
MHT1, a reduction of the lag period from 16.5 h in an Erlenmeyer flask to
7 h in the reactor was observed. This result can be explained by a better
oxygen transfer occurring in the reactor. Strain MH1 showed high
degradative capacities (1 g/L of phenol was degraded in 20 h) as compared
to P. putida strain EKII isolated by Hinteregger et al. (1), which required
more than 40 h to degrade 1 g/L of phenol. Similarly, to degrade 1 g/L of
phenol, Gonzalez etal. (22), working with another strain of P. putida (ATCC
17484),showed thatittook 12and 10 d when cells were grown in suspended
culture (in a stirred tank) and in an immobilized system (in a fluidized-bed
reactor), respectively.

Substrate Specificity of P. pseudoalcaligenes Strain MH1

The degradation of other aromatic compounds was tested separately
in Erlenmeyer flasks filled with basal medium and inoculated with phenol
pregrown cells. All isomers of cresols (o-, m-, p-) and p-hydroxybenzoic,
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Fig. 1. (A) Degradation of cresols and benzoic derivatives in culture of P. pseudo-
alcaligenes MH1. Experiments were carried out in Erlenmeyer flasks containing min-
eral medium supplemented with aromatic compounds as the sole source of carbon and
energy. Optical density (OD) (O); aromatic compound (A) concentration. (B) HPLC
chromatograms of o-cresol medium obtained before (¢)) and 2 h after inocula-
tion with P. pseudoalcaligenes strain MH1. Arrows indicate the peak of o-cresol.

syringic, and vanillic acids were completely degraded at an initial concen-
tration of 0.4 g/L (Fig. 1). HPLC analysis showed that aromatic intermedi-
ates were not detected for all the compounds tested.

As an example, Fig. 1B shows the analysis of the supernatant of o-cresol
MH1 culture before and after 2 h of inoculation. This result, which shows
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aremoval of 50% of o-cresol in 2 h, confirmed the fast rate of metabolization
of aromatic compounds by MHI1.

The range of metabolized substrates of MH1 differed from that
reported for the other Pseudomonas strains: P. putida strain CF600, P. putida
strain BH, P. putida strain H, P. pickittii strain PKO1, and P. putida strain
EKII. Indeed, P. putida CF600 grows efficiently on phenol, cresols, and
3,4-dimethylphenol as the sole carbon and energy sources (9). P. putida
strain BH metabolizes completely phenol, benzoate, cresols, proto-
catechuate, p-hydroxybenzoate, and m-toluate (23). P. putida strain H can
also utilize phenol as well as the cresol isomers (24). Kukor and Olsen (25)
reported that P. pickittii strain PKO1 metabolized only phenol and cresol
while P. putida strain EKII completely degraded all isomers of cresol and
monochlorophenol but only in cometabolism with phenol, as mentioned
by Hinteregger et al. (1).

P. pseudoalcaligenes strain MH1 is characterized by a broader range
of aromatic compounds degraded. We determined the first enzyme
involved in the degradation of these compounds and then cloned and
sequenced it.

Amplification and Cloning of Phenol Hydroxylase
from P. pseudoalcaligenes Strain MH1

The genes for multicomponent phenol hydroxylase have been cloned
and sequenced from several phenol-degrading bacteria, including P. putida
strain P35X (13), P. putida BH (14), P. putida strain H (15), P. putida strain
CF600 (12), P. pickettii (11), Acinetobacter calcoaceticus (26), Bacillus thermo-
leovorans (27), and Ralstonia eutropha strain E2 (28). Since phenol hydroxy-
lase genes are highly homologous, we designed a series of oligonucleotide
primers according to the sequence of the dmp operon of P. putida strain
CF600 (Table 2).

A 200-bp fragment was amplified from total DNA of strain MH1
using primers 8818 and 8819 (Table 2). The nucleotide sequence of this PCR
product displayed significant homology with the corresponding region
(2492-2691) of dmpN, the gene encoding for the fourth subunit of the multi-
component phenol hydroxylase of P. putida strain CF600. Likewise, PCR
amplification using several primers, synthesized according to the nucle-
otide sequence of the dmp operon, produced the expected size of amplified
DNA. These results suggested that strain MH1 possessed phenol hydroxy-
lase. Then primers Phe5 and Phel2 were designed to amplify the entire
enzyme, using the Pfu Tag polymerase. The band close to the expected size
was chosen for gel purification and cloning.

Nucleotide Sequence of Cloned PCR Product,
Phenol Hydroxylase—Encoding Region

To characterize the organization and the structure of the genes encod-
ing the phenol hydroxylase in P. pseudoalcaligenes strain MH1, we deter-
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mined the nucleotide sequence of the 5.207-kb PCR product, which con-
tained the entire operon. The complete nucleotide sequence was deter-
mined using the primer walking methods. A total of 5.207 kb was sequenced
including the 4675-nucleotide (nt) coding sequence, 524 nt upstream and
5181 nt downstream surrounding the structural genes. Translation of the
sequence in all of the possible reading frames revealed a cluster of six ATG
starting ORFs. All of the ORFs were preceded by a potential ribosome-
binding site sequence having complementarity to the 3' end of the 16S
rRNA of both P. aeruginosa and E. coli in front of the ATG start codon, as
shown in Table 4. These ORFs were designated phm (ABCDEF). The desig-
nation refer to “phenol hydroxylase of MH1.” The transcriptional stop
codon was TAA for phmB and TGA for the other genes. Comparison of the
nucleotide sequence of phm with that of dmp of P. putida strain CF600
revealed differences in the 5' region, as shown in Fig. 2.

The nucleotide sequence was also analyzed by potential regulatory
signals. A putative promoter region, 40 bp upstream from the transcrip-
tional start of ORF1, was identified (Fig. 2). This promoter shows a strong
homology to a set of positively controlled promoters proposed to be tran-
scribed by a Pseudomonas 6>*-like RNA polymerase holoenzyme (29). This
putative promoter sequence for phm has considerable homology with (1)
the XylCAB and XylS promoters of toluene plasmid pWWO and dmp pro-
moter of pVI150 catabolic plasmid for strain CF600, and (2) a putative pro-
moter sequence upstream of the tbuD gene encoding phenol/cresol
hydroxylase from P. pickittii strain PKO1 (Fig. 3). This class of promoter is
recognized on the basis of a minimum sequence of GG-10bp-GC at posi-
tions -24 to -12 from the mRNA start site (30). The six ORFs (phmA-F) are
possibly transcribed from this promoter. A long inverted repeat (15 nucle-
otides) at approx 99 bp upstream of the putative promoter was found
(Fig. 2). This structure may play a role in the transcription termination of
the region upstream of the phm operon.

Comparison of six predicted polypeptide sequences with a non-
redundant sequence database using BLAST at National Centre for Biotech-
nology Information (NCBI) revealed a high degree of similarity with the six
subunits of multicomponent phenol hydroxylase from P. putida CF600.
However, we found that phmA showed no similarity, at the beginning of
the ORF, with the dmp K (Fig. 4). The difference detected between the two
sequences was 10 amino acids at the N-terminal region of the first subunit
of phenol hydroxylase. The molecular masses of the gene products calcu-
lated from predicted sequences are presented in Table 4.

From comparison of studies between the substrate specificities of the
enzymes from the strain P. pseudoalcaligenes MH1 described herein and the
other strains, P. putida BH, P. putida strain H, and P. putida strain CF600,
with respect to the difference in the 5' region sequences, we can conclude
atpresent that MH1 strainis able to grow on the main aromatic compounds
tested for P. putida BH, P. putida strain H, and P. putida strain CF600, which
are phenol and methyl phenol. Moreover, MH1 strain is able to metabolize
other aromatics such as p-hydroxybenzoic, syringic, and vanillic acids,
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AATTCACTAG TGATTAGATC TTGCCTTCCA TGCTCTGGAA GTGGATGAGG CTGGTGAGGT
CCTTGAAGTC TGCGTATTGC AGCTCGGGTT TATAGCGGAT CGGCATGAAC TCAAATCCCC
TGATTTATTG TTGTAGGGGG CGCTGAAACA CCTGGAAAGC ACACGGCAGT CGATGTATTC
AGCGAACACT CCAGGCGGCC TTTCCGGCCG TGTTGGCGCA ACGCCAACTC ACCATATTCG
CCTTTTTCGG CAGATGAAAG TCAACCAAAT GATGAAAGGC GCGAGTCTCT GGGGTGTGCC

ATCGGTTGCC CTGCGCAGGG GCTGTGAGCA TTTGCTC TGCGGCGAGG CAA&EQAGCA

AATGCTCAAA AAGCCCGTGT TGCGCCTGCC TTCACGGCGT GTCGCAGGTG TCGGTGAATA

AATTAAAAAT CATTAAAATA CAAATACCTA TGTTCTTTTT TGGCGCCHIGNEEACAGGCHEE

h.a.rmaca CCTTGGCCAG CAACCAGCCA GGAACCGGCCGAGATGAAAGACCCAGAGATTC
M X D P E I
CCTTCGATCAGCTGACCCGGTTTGTCCGGGTGCGCAGCGAGCCGGATGCCAGGTTCGTCGAATTC
P F D QL TRVFV RV RS EPDA AU RV F V E F
GATTTCGCCATTGGTCATCCGGAGCTGTTCGTCGAGTTGGTGCTGCCGCAAGACGCCTTCGTGAA
D F A I GH P EULF V EL VL P Q D A F V K
GTTTTGCCAGCACAACCGCGTGGTGGCAATGGACGAAGCGATGGCCAAGGCGGTGGACGACGACA
F C Q H N RV VWV AMUDEA AMAI KAV D D D
TGGTCAAGTGGCGCTTCGGCGATGTCGGTCGCCGCTTGCCGARAGACCCGGGCTGAIGAACCCTGC
M VKW®RTPFGDJVGRZ RTLTPZEKTDP G
CGACAGGCAGATGGGCATCCAACAACAAGAGGGTACGGTTGATATGAGCGTAGAGATAAAGACCA
M S VETITKT
ATACGGTGGATCCGATCCGCCAGACCTACGGCAACCTGCAACGGCGCTTCGGCGACAAGCCGGCT
N T V D P I R Q@ T Y G N L QR RVF G DI K P A
AGCCGTTATCAGGAAGCCAGCTACGACATCGAAGCGGTCACCAACTTTCACTATCGCCCGCTGTG
S R Y QEASYODTIEA AVYVTNTFHTYURTWD P
GGACCCGCAGCACGAGCTGCACGATCCGACCCGCACGECGATCCGCATGACCGATTGGCACAAGG
L P Q H EL HDU&PT RTA ATIIRMMTUDMWH K
TCACCGACCCCCGCCAATTCTACTACGGCGCCTATGTGCAGACCCGCGCGCGGATGCAGGAAGCC
VTDPROQTFTYJYGCATYV QTR RARMSGOQE A
ACCGAACACGCCTATGGCTTCTGCGAAAAGCGTGAGCTGC TGAGCCGTCTGCCGGCCGAGTTGCA
T EH A Y G F CEI KW RETULIULSIRULPAETLQ
GGCCAAGCTGCTGCGCTGCCTGGTGCCGCTGCGGCATGCCGAGCTGGGCGCCAACATGAATAACA
A KL L RCULVPLRIHAETLGA ANMTEINN
GCAGCATCGCCGGCGACAGCATCGCCGCCACCGTGACCCAGATGCACATCTACCAGGCGATGGAC
S S I AGDSTIAATVTIOQMEHTITYOQAMD
CGCCTGGGCATGGGCCAGTACCTCTCGCGCATCGGCCTGCTGCTCGATGGCGGCACCGGCGAGET
R L GMGQYULSRTIGTLULLDTG GG GTTGE A
GTTGGATCAAGCCAAGGCCTATTGGCTCGACGACCCGATCTGGCAGGGCCTGCGTCGCTACGTCG
L D Q A KA Y WILDUDUPTIWQGUL RUR Y V
AAGACAGCTTCGTGATCCGCGACTGGTTCGAGTTGGGCCTGGCGCAGAACCTGGTGCTCGACGGC
E DS F V IRDWTFTETLTGTLA AG QNTILTVTLD G
TTGCTGCAGCCGCTGATGTACCAGCGCTTCGACCAATGGCTCACAGAGAACGGTGGCAGCGATGT
L L. Q P L MY Q R F DOQWIULTEDNGT G S DV
GGCCATGCTCACCGAGTTCATGCGCGACTGGTACGGCGAAAGCACGCGCTGGGTCGACGCCATGT
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Fig. 2. Nucleotide and deduced amino acid sequences of phm operon from
P. pseudoalcaligenes MH1. Underlining indicates putative ribosome-binding sites.
Boxes indicate the stop codon of each ORF. Dashed arrows indicate inverted repeated.
Dark highlighting sequences indicate the putative promoter region. Bold letters indi-
cate the nucleotide variations between phm operon (our strain MH1) and dmp operon

(P. putida strain CF600).
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A ML T EF M R D WY G E S TR WV D A M
TCAAGACCGTGCTTGCCGAAAATGACGCTAACCGTGAGCAGGTGCAGGCCTGGCTGGAGGTCTGG
F X T vV L A ENDANIZ REIQV Q A W UL E V W
GAGCCGCGTGCCTACGAGGCATTGTTGCCCCTGGCCGAGGAAGCCACCGGTATCGCCGCGCTGGA

E P R A Y EAL L P L A EEATGTIAATLD
TGAAGTCCGCAGCGCCTTCGCTACTCGCCTGCAGAAAATCGGCCTGAAAAGCCGCGAGGAAEEEA

E V R $ A F A TRUL Q K I GL K S R E E

GCATGTCATCACTCGTCTACATCGCCTTCCAGGATAACGACAACGCGCGTTACGTGGTGGAAGCG
M § §$ L. v Y I A F Q DNUDINA AU R YV V E A
ATCATCCAGGACAACCCCCACGCCGTCGTCCAGCACCACCCGGCGATGATCCGTATCGAGGCCGA
I I Q D N P H A V V g HH P A M I R I E A E
GAAGCGCCTGGAGATCCGCAGGGAAACCGTGGAAGAGAACCTCGGCCGCGCCTGGGACGTCCAGG

K R L E I R R ETV EEDNULGURAWDV Q
AAATGCTGGTGGACGTAATCACCATCGGCGGCAACGTCGACGAGGACGATGACCGCTTCGTCCTC
EM L VDV ITTIGGNV DETDTDUDRF V L
GAGTGGAAGAACE:EGAGACAAGCTCATGGCTACCCACAACAAGAAACGCCTCAACCTGAAAGAC

E W K N M A T H N K K R L N LbL K D
AAATACCGCTACCTGACCCGCGATCTGGCCTGGGAAACGACCTACCAGAAGAAAGAAGACGTGTT
K ¥ R YL TRDULAWETTY Q K K E D V F
CCCGCTGGAGCACTTCGAGGGCATCAAGATCACCGACTGGGACAAGTGGGAAGACCCCTTCCGCC

P L EHF E G I K I T D WD K WE D P F R
TGACCATGGACACCTACTGGAAATACCAGGCGGAGAAAGAGAAGAAGCTCTACGCGATCTTCGAC
L T M DT Y W XK Y Q A E K EZ K KL Y A I F D
GCCTTTGCCCAGAACAATGGTCATCAGAACATTTCCGATGCGCGCTACGTCAACGCCCTGAAGCT

A F A Q NN GH QNI SDAIRYV NATULI KL
GTTCCTCACCGCCGTTTCACCGCTGGAATACCAGGCCTTCCAGGGCTTCTCGCGGGTTGGCCGGC

F L T AV S P L EY QAF Q G F S R V G R
AGTTCAGTGGCGCCGGTGCGCGGGTCGCCTGTCAGATGCAGGCGATCGACGAGCTGCGCCATGTG
Q F $ G A G ARV ACOQMQATIUDETLRHV
CAGACGCAAGTCCACGCCATGAGCCATTACAACAAGCACTTCGATGGTTTGCATGACTTCGCCCA

Q T Q VH A M S HY N KHF D G UL HDF A H
CATGTACGACCGGGTCTGGTACCTCTCGGTACCCAAGTCCTATATGGACGATGCGCGGACCGCCG

M ¥y DRV WYL SV P K S Y M DD AT RT A
GTCCGTTCGAGTTCCTCACCGCCGTCTCGTTCTCCTTCGAGTACGTGCTGACCAACCTGTTGTTC
G P F EF L TAV S F S F EY VL TNULL F
GTACCCTTCATGTCCGGTGCCGCCTACAACGGCGATATGGCCACGGCCACCTTCGGTTTCTCCGC

V P F M S GAAYNGDMATA AT F G F S A
GCAGTCGGACGAGGCGCGGCACATGACCCTGGGTCTGGAAGTGGTCAAGTTCATGCTCGAACAGC

Q S D EARHMTIL GL EV V K FMIL E Q
ATGAAGACAACGTGCCCATCATCCAGCGCTGGATCGATAAGTGGTTCTGGCGCGGTTACCGCCTG
H E DNV P I I Q R W I DKWV F WR G Y R L
CTGACCCTGATCGGCATGATGATGGATTACATGCTGCCGAACAAAGTGATGTCCTGGTCTGAGGC

L T L. T GM MMUDYMUL P NI KV M S W S E A
CTGGGGGGTCTACTTCGAGCAGGCCGGTGGCGCGCTGTTCAAGGATCTGGAGCGCTATGGCATCC

W G V Y F E Q A G GAULF K DILEIRY G I
GGCCGCCGAAATACGTCGAGCAGACCACCATCGGCAAGGAGCACATCACCCACCAGGTGTGGGGG
R P P XK Y V E Q T TTI G K EHTITUHZGQUV WG
GCCTTATATCAATACAGCAAGGCCACCAGCTTCCATACCTGGATACCCGGCGACGAGGAACTGAA

A L Y Q Y S KA TS F HTWTI P GDEE LN
CTGGCTGTCGGAGAAATACCCGGACACCTTCGACAAATACTACCGCCCGCGCTTCGAGTTCTGGC

W L S E K Y P DT PF D K Y Y R P RF E F W
GTGAGCAGCAGGCCAAGGGTGAGCGCTTCTACAACGACACCCTGCCGCACCTCTGCCAGGTGTGC
R E Q Q A XK G ERPF YNDTUL P HILCQ V C
CAGTTACCGGCGATTTTCACCGAGCCGGACGATCCGACCAAGCTCAGCCTGCGCAGCCTGGTGCA

Q L. P A I F TEU©PDUDU®PTI I KULS UL R S L V H
CGAGGGGGAGCGCTATCACTTCTGCTCGGATGGCTGCTGCGACATCTTCAAGAACGAGCCGGTGA

E G E R Y HF C S D GOCCDIF KNE P V
AGTACATCCAGGCCTGGCTGCCGGTGCACCAGATCTACCAGGGCAACTGCGAAGGCGGGGATGTC
K ¥ I Q A WUL P V HQ I Y Q G NCE GG DV
GAAACGGTGGTGCAGAAGTACTACCACATCARAAGCGGCGTGGACAATTTGGAGTACCTGGGCTC

E T VvV V Q K Y Y H I K S G VDDNUILE YL G S
GCCCGAGCACCAGCGCTGGCTGGCCCTGAAAGGTCAGACCCCACCAACTGCCGCCCCGGCGGACA

P EH Q R WL A L K G ¢ TP P T A A P A D
AGAACCTGGGCGCCGCCE:EGGCAGAACCAGCCGCTCAGGGGTGAAGCACCGCCCCTGAGCCATT
K N L G A A

Fig. 2. (continued)
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CCAAGAACATGAGGGTTCGATCATGACTGTCAACTCAATCGGCGAATACACCGCCACGCCACGGG 3792
M T VNS STIGETYTHAT PR
ATGTGCAGGCCAACTTCAACGGCATGCAACTGCTCTACCTCTACTGGGAAGAGCACCTGATGTAC 3857
DV 9 ANF NG GMOQLTLTYZLJYWETEHTLMY
TGCTGCGCGCTCGCGCTCTTGETAGCCCCCGGCATGCCCTTTGCCGAGTTCCTCGAGCAGGTGCT 3922
C CALALULVAPGMEPTFA AETFTLEQVL
CAAGCCCGCGATCCACGCCCATCCGGACAGCGCGAAGATCGATTTCAGCCAGGCGCTCTGGCAGC 3987
K P A I HAHTPDSAZKTIT DTF S QATLUWQ
TGAACGACCAGCCGTTCACCCCGGACTACGCCGCCAGCCTGGAAGCCAACGGCATCGACCACAAA 4052
L NDQ PF TPDTYAASTELTEHA ANTGTIDHK
AGCATGCTGCGTCTGAACACCCCGGGCCTGAACGGCATCCAGGGTTCGTGCAGCTGAIGAGGTGTG 4117
§$ ML RLNTZPGLDNG GTI® QGSC S
CATGAGTTACAACGTCACCATTGAACCGACCGGCGAAGTGATCGAAGTGGAGGACGGCCAGACC 4182
M S YNV TTIETPTSGEVTIEV VTETDS GO QT
ATCCTCCAGGCCGCTCTGCGCCAGGGCGTCTGGCTGCCGTTCGCCTGCGGCCACGGCACCTGCGE 4247
I L QAALUROQG GVYVWZILUPFACGHGTC A
CACCTGCAAGGTGCAGGTGGTCGAGGGCGAAGTGGATATCGGCGAAGCCTCGCCGTTCGCCCTGA 4312
T C KV QVVEGSGEVDTIGEHA ASTZPTFAL
TGGACATCGAGCGCGACGAGCGCAAGGTGCTGGCCTGCTGCGCCATTCCGCTGTCCGACCTGRTG 4377
M DI ERTDTETRTEKTYVILACCATITPTLSDTILV
ATCGAAGCCGACGTCGATGCCGACCCGGACTTCCTCGGCCATCCGGTGGAGGATTACCGGGGGGT 4442
I EADVYVDADTPDTFTLGHTPVETDTYRG YV
GGTCAGCGCCCTGGTTGACCTGTCGCCGACCATCAAGGGCCTGCACATCAAGC TGGATCGGCCCA 4507
vV SALVDZLSZ®PTTIZEKGTLHTITZEKTLTDTRP
TGCCGTTCCAGGCCGGGCAGTACGTCAACCTGGCATTGCCGGGCATCGACGGCACCCGCGCCTTC 4572
M P F QAGQYYVNTLHALTPGTITDGTRAF
TCGCTGGCCAACCCGCCGAGCCGGAACGACGAAGTCGAGTTGCACGTGCGCCTGGTCGAGGGCGE 4637
S L ANPZPSRUNDTETVETLHV VTR RILYEG G
TGCGGCCACCGGCTTTATCCACAAGCAACTGARAGTCGGCGACGCGGTGGAGCTGTCCGGGCCTT 4702
A ATGF I HEKO QLTI KTV GDA AVYVTETLSG P
ATGGGCAGTTCTTCGTGCGCGATTCGCAGGCCGGCGACCTGATCTTCATCGCCGGCGGCTCGGGC 4767
Y ¢ 0 FF VRDSOQAGDTELTITFTIA AGSGS G
TTATCGAGCCCGCAGTCGATGATCC TCGATCTGCTTGAACGCGGCGATACGCGGCGGATCACCCT 4832
L S S PQSMTILDLTLTET RSG DT RZ RTITTL
GTTCCAGGGCGCGCGCAACCGCGCCGAGCTGTACAACTGCGAACTGTTCGAGGAACTGGCCGCGC 4897
F Q GARUNZ RAETLTYNTG CETLTFETETLAA
GCCACCCCAACTTCAGTTACGTGCCGGCACTCAACCAGGCCAACGACGATCCCGAATGGCAGGGT 4962
R HPNF SY V?PALTNG QANTDTDTP?PETWOQG
TTCAAGGGCTTCGTCCACGACGCCGCCAAGGCGCATTTCGACGGCCGCTTCGGCGGGCAGARAGC 5027
F K GF V HDAATZKA AHTFUDGRTFGG Q K A
CTACCTGTGCGGCCCACCGCCGATGATCGACGCGGCCATCACCACCCTGATGCARGGTCGCTTGT 5092
Y LCGE®P©PPMTIDASATILITTTULM QG GR L
TCGAGCGCGACATCTTTATGGAGCGCTTCTACACCGCCGCCGATGGTGCCGGCGAGAGCACCCGT 5157
F ER DI FMEZRTFTYTAATDTGA ATGES TR
TCGGCCCTGTTCAAGCGCATCTGAGGTGAACAATCGAATTCCCGCGGCCG 5207

S A L F K R I

Fig. 2. (continued)

-24 -12
GG GC

GCCTTGGCACAGGCGTTGCATTAG Py
ACCTTGGCACAGCCGTTGCTTGAT Py
GCAATGGCATGGCGGTTGCTAGCT Pyicae
TGCTTGGCGTTATTTTTGCTTGGA Pys
GCGATGGCAAGGCGGTGCTTGCT P

TGGCRNNNNNNKTGCWWKNN Consensus

Fig. 3. Putative regulation signals of phenol hydroxylase encoding region. R indi-
cates A or G, N indicates any nucleotide, K indicates G or T, and W indicates T or A.
The consensus sequence of -24, -12 region is in bold.
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RIRYRVRSEHB A FVEFDFAIGHPELFVELVLPQDAFVKFCQHNRVVA
MTVTNTPTPTFDOQLTRY IRVRSEPEAKFVEFDFAIGHPELFVELVLPODAFVKFCQHNRVVA

MH1 ----MKDEI
CF600

BH MTVINTPTPTFDQLTRYIRVRSEPEAKFVEFDFAIGHPELFVELVLPQDAFVKFCQHNRVVE
H A TPTPTFDOBTRYIRVRSEPEAKFVEFDFAIRGHPELFVELVLPODAFVKFCQHNRVVA
MH1 MDEAMAKAVDDDMVKWRFGDVGRRLPKDPG
CF600 DEAMAKAVDDDMVKWRFGDVGRRLPKDPG
BH MDEBMAKIVDDDMVKWRFGDVGRRLPKDP!
H MDEAMAKAVDDDMVKWRFGDVGRRIMKDPG

Fig. 4. Comparison of amino acid sequence of phmA (deduced from the nucleotide
sequence) with those of dmpL, phlA, and pheAl from P. putida strain CF600, P. putida
strain H, and P. putida strain BH, respectively. Dark highlighting indicates residues
that are identical in at least four sequences.

which arenot tested or reported for the other strains. Thus, a direct relation-
ship between the difference in the 5' region sequence and the substrate
specificities could not be established. A larger number of groups of aromat-
ics should be tested for growth of MH1 and the other strains in order to
confirm the meaning of these differences.

Conclusion

Biologic remediation of industrial wastewater for toxic organics
is a promising technology as an alternative to more costly physical and
chemical methods. In cases in which contaminants are difficult to
degrade biologically, it may be desirable to enrich the indigenous bac-
teria by inoculation of specially adapted microorganisms such as strain
MH1 (bioaugmentation) in order to enhance the rate and extent of
decontamination.

The experimental results obtained in our study showed that is was
possible to treat wastewaters containing phenol in a high compact reactor
with a high removal efficiency using P. pseudoalcaligenes strain MHI1.
In addition, the broad degradation spectrum of strain MH1 prompted us
to use this strain for treatment of different industrial effluents containing
not only phenol but other aromatic compounds.

Hydroxylated aromatic molecules have commanded considerable
interest in industry because of their many uses in the manufacture of plas-
tics and liquid crystals in the synthesis of dyes, and in the pharmaceutical
industry. A serious need exists for a selective enzymatic process for the
hydroxylation of phenol into hydroquinone whereas chemical reactions
result in the production of pyrocatechol (31). One potential route leading
to the production of these compounds is biotransformation. Therefore,
expression of phenol hydroxylase genes in E. coli or other Pseudomonas
strains was required for further applications in bioconversion reactions of
aromatic compounds.
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