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Identification of Genes Involved in Decolorization of Crystal Violet and Malachite Green
in Citrobacter sp.
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To identify genes involved in the decolorization of both crystal violet and malachite green, we isolated
random mutants generated by transposon insertion in triphenylmethane-decolorizing bacterium,
Citrobacter sp. The resulting mutant bank yielded 14 mutants with complete defect in color removal
capability of both crystal violet and malachite green. Southern hybridization with a Tn5 fragment as
a probe showed a single hybridized band in 5 mutants and these mutants appeared to have insertions
at different sites of the chromosome. Tn5-inserted genes were isolated and the DNA sequence flanking
Tn5 was determined. From comparison with a sequence database, putative protein products encoded
by cmg genes were identified as follows. cmg 2 is MalG protein in maltose transport system; cmg 6
is transcriptional regulator (LysR-type); cmg 12 is a putative oxidoreductase. The sequences deduced
from two cmg genes, cmg 8 and cmyg 11, showed no significant similarity to any protein with a known
function. Therefore, these results indicate that these two cmg genes encode unidentified proteins

responsible for decolorization of both crystal violet and malachite green.
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Triphenylmethane dyes are used extensively in textile
industries for dying nylon, wool, silk, cotton [19], and
significantly some dyes have been shown to be a mutagen,
a mitotic poison and clastogen [3,4]. The degradation of
dyes has received consideable attention from the viewpoint
of treating industrial wastewater containing dyes. Studies
on the biodegradation of triphenylmethane dyes have
focused primarily on the decolorization of dyes via reduc-
tion reactions [5].

Crystal violet (CV) is a triphenylmethane dye that has
been used extensively in human and veterinary medicine
as biological stain [24,25], and shown to inhibits gluta-
thione S-transferases from both insect sources [6] and from
rat liver [15]. Also, CV has been suggested to be respon-
sible for promotion of tumor growth in some species of
fish [27]. Recently, CV exhibited pronounced phototoxicity
toward L1210 leukemia cells but comparatively small toxic
effects toward normal hematopoietic cells [22]. Malachite
green (MG) is also a triphenylmethane dye that has been
widely used to prevent fungal infections in the fish farming
industry [1,13]. MG is highly toxic to mammalian cells; it
promotes hepatic tumor formation in rodents and also
causes reproductive abnormalities in rabbits and fish [17,28].
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MG is reductively decolorized by intestinal microflora from
a variety of animals [21], and mycobacterial strains [23].

Several triphenylmethane dye-degrading microorganisms
have been reported and their characteristics have been
reviewed recently [5,7]. Most of these microorganisms
decolorized CV and MG. The mechanism for biodecol-
orization of CV and MG has been elucidated by fungi [5,
10,32,33], but not by bacteria. CV and MG were degraded
by ligninolytic culture of Phanerochaete chrysosporium, and its
initial oxidation proceeds via N-demethylation catalyzed
by lignin peroxidase [10]. Also, Decolorization of CV was
found to be carried out by laccase in extracellular fluid
from Cyathus bulleri [33], and by peroxidase from Pleurotus
ostreatus [32].

Very recently, we isolated a new potent bacterium,
Citrobacter sp. having a higher decolorization capability,
even at a high concentration of triphenylmethane and azo
dyes than any microorganisms reported so far [2]. Decol-
orization by this strain was shown to be performed by the
extracellular enzymatic system clearly different from that
observed in ligninolytic cultures of fungi.

To understand the molecular mechanism of biodecol-
orization by bacteria, we used transposon mutagenesis
with Tn5 in investigating genes responsible for decol-
orization of both CV and MG in Citrobacter sp. In this
study, we isolated six decolorizing-defective mutants and
characterized their genes.
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Materials and Methods

Bacteria and growth condition

Escherichia coli JM109 was used as a host for cloning and
sequencing. E. coli MC1061[pR388(ts):'Tn5] was kindly
provided by Dr. C. Sasakawa (Institute of Medical Science,
The University of Tokyo, Japan) and used as a Tn5 donor
in transposon mutagenesis [30]. E. coli MC1061[pR388(ts)::
Tn5} was grown at 30C in LB medium containing
trimethoprim (Tp, 12.5 ug/ml) and kanamycin (50 pg/ml).
Citrobacter sp. was grown at 37°C in LB medium containing
streptomycin (50 pg/ml).

Transposon mutagenesis

E. coli MC1061[pR388(ts)::Tn5] and Citrobacter sp. were
grown to an ODeonm of 0.6, 500 ml of each strain were
taken out, mixed and 30 ml of mixture was spotted onto
LB agar plates. After incubation at 30°C for 12 h, cells were
collected by scraping and transconjugants were selected
after incubation at 30C for 24 h on M9 agar plates
containing Tp (12.5 pg/ml) and streptomycin (50 pg/mi).
From transconjugants strains lacking pR388(ts)::Tn5 were
isolated by incubation at 42°C for 15 h in LB agar plate
containing kanamycin (50 pg/ml). Colonies were picked
and transferred onto LB agar plate containing kanamycin
(50 pg/ml) and CV (245 pM). After incubation at 37°C for
3 days, colonies lacking decolorization activity were se-
lected and confirmed by shaking incubation in LB medium
containing kanamycin (50 ug/ml) and CV (245 uM). After
strains defective in decolorization of CV were ransferred
onto LB agar plate containing kanamycin (50 pg/ml) and
MG (200 uM). After incubation at 37°C for 3 days, colonies
lacking decolorization of MG were selected and confirmed
by shaking incubation in LB medium containing kana-
mycin (50 pg/ml) and MG (200 pM). Also, it was con-
firmed, by Southern hybridization [29] with Tn5 DNA
fragment as a probe, that these dye-nondecolorizing cells
were derived from Citrobacter sp. by Tn5 insertion.

Recombinant DNA techniques and Southern blot
analysis

Standard recombinant DNA procedures were used [29].
Chromosomal DNAs of Citrobacter sp. and mutant strains
were prepared by the method of Marmur [26]. Chromosamal
DNAs were digested with EcoRI for detection of single
insertion of Tn5, and with various enzymes for subcloning.

Digests were run on 0.5 % SeaKem GTG agarose gel (FMC,
USA) at 24 V for 17 h. Southern analysis was carried out
as detailed in Sambrook et al. [29]. Blots on Hybond-N"
membrane (Amersham Pharmacia Biotech.,, Sweden) were
probed and developed with *P-labelled Tn5 probes which
were prepared using the random primer labelling kit
(Amersham Pharmacia Biotech., Sweden). The nylon mem-
brane was autoraidographed with X-ray film (Kodak Co.,
USA).

Identification of cmg genes

DNA fragments containing Tn5 DNA fragment con-
firmed by Southern blot analysis were subcloned into the
corresponding sites of pBluescript SK (+) or pUC 118 and
119. The DNA sequence flanking Tn5 was determined by
using a synthetic primer (5'-CTGTCTCTTGATCAGATCT-3')
complementary to the distal end of Tn5. The obtained
sequence was translated; amino acid sequences inferred
from each open reading frame which had been interrupted
by Tn5 were compared with protein sequences in the
database by using BLAST, and the function of each cmg
gene was deduced from the similarity of its product to

known proteins.

Results and Discussion

Isolation of mutants defective in decolorization of
both CV and MG

To investigate the molecular mechanism of dye decol-
orization, we tried to isolate mutants defective in decolor-
ization of both CV and MG by transposon mutagenesis.
Transposon mutagenesis was carried out by conjugative
transfer of Tn5 from E. coli MC1061[pR388(ts)::Tn5] to
Citrobacter sp,, and mutants defective in decolorization of
both CV and MG were screened by replica plating on the
plates containing CV followed by MG. From a screening of
about 25,000 colonies, we isolated 14 mutants that did not
decolorize both CV and MG. These mutants should be
affected in dye-decolorizing genes, and they were called
cmg mutants. Southern hybridization {29} of EcoRI-digested
chromosomal DNA fragments using Tn5 DNA fragment as
a probe showed a single hybridized band in 8 mutants,
revealing that they were single transposon insertion. Other
mutants had two or three transposon insertions in the
genome. Restriction patterns and sequence comparisons
showed that 3 of 8 mutants had transposon insertions in
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Table 1. Characterization of the decolorization-defective mutants for both CV and MG with single transposon insertion

Homologous protein®

Mutants ? ; Organism Putative function or location
(% identity)
cmg 2 MalG (50) Escherichia coli O157:H7 Transport system
cmg 6 NP_418042 (93) Escherichia coli K-12 Transcriptional regulator (LysR-type)
cmg 8 NP_415105 (89) Escherichia coli K-12 Unknown (hypothetical)
cmg 11 NP_415882 (90) Escherichia coli K-12 Unknown (hypothetical)
emg 12 P76440 (83) Escherichia coli K-12 Oxidoreductase

*Homology based on BLAST program of the National Center for Biotechnology Information (NCBI). The homologue with the
highest sequence homology is shown. In the absence of a clear protein designation, homologues are listed by accession numbers.

identical positions. Therefore, as shown in Fig. 1, 5 mutants
harboring single transposon insertion at different sites of
the chromosome were characterized further.

Identification of cmg genes

To elucidate possible functions of cmg genes, we cloned
the Tn5-inserted genes and the DNA sequence flanking the
transposon was determined. The possible function of each
cmg gene was inferred from a comparison of the translated

amino acid sequences in a database.

1 23435

Fig. 1. Southern blot analysis with Tn5 DNA as a probe.
Chromosomal DNA was isolated from each strain,
digested with EcoRl, and electrophoresed on a 0.5 %
(w/v) agarose gel. DNA was blotted on a nylon mem-
brane and hybridized with *P-labeled Tn5 DNA as a
probe. Lanes 1 to 5, chromosomal DNAs isolated from
the mutant strains: Cmg 2 (lane 1), Cmg 6 (lane 2),
Cmg 8 (lane 3), Cmg 11 (lane 4) and Cmg 12 (lane 5).

The amino acid sequence deduced from the cmg 2
showed 50% identity with MalG protein in maltose trans-
port system of E. coli [14]. In E. coli, MalG and MalF are
hydrophobic inner membrane components mediating the
energy-dependent translocation of substrate into the cyto-
plasm [14]. The binding protein-dependent maltose trans-
port system of enterobacteria (MalFGK2), a member of the
ABC transport superfamily, is composed of two intergal
membrane proteins, MalF and MalG, and of two copies of
an ATPase subunit, MalK, which hydrolyze ATP, thus
energizing the translocation process [9]. From these observ-
ations, it is highly probable that cmg 2 is the gene encoding
protein acting as transporter associated with the decolor-
ization of CV and MG.

Sequence analyses of flanking regions of the transposons
in cmg 6 showed 93% identity to a putative LysR-type
transcriptional regulators, respectively, of E. coli K-12 [8].
The success of aromatic catabolic pathway depends on two
major elements: the catabolic enzymes leading to miner-
alization of the compound; and the regulatory elements
[16]. Regulatory proteins and regulated promoters are the
key elements that control the transcription of catabolic
operons. LysR-type regulatory protein is transcriptional
regulator that also control the expression of aromatic
catabolic pathways [18,31]. Thus, we predict that cmg 6
may the gene encoding regulatory protein that control the
transcription of genes associated with catabolism of CV and
MG in Citrobacter sp.. We isolated about a 6 kb fragment
from Citrobacter sp. by Southern hybridization using cmg 6
as a probe and found a gene cluster comprised four open
reading frames (ORFs) by restriction mapping and partial
sequencing (unpublished data).

The amino acid sequences deduced from the DNA
sequences of cmg 12 had significant similarity (83% identity)
to the sequence of a putative oxidoreductase of E. coli K-12
[39]. CV and MG can be reductively decolorized [12,20].
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The enzymatic reduction of MG to leuco MG by intestinal
microflora results in dye decolorization [21]. Decolorization
and biodegradation of CV and MG by a fungus Pha-
nerochaete chrysosporium occur by oxidative reaction via
N-demethylation catalyzed by lignin peroxidase [10]. P.
chrysosporium could also degrade these dyes under nonlig-
ninolytic conditions, suggesting that another mechanism
for degrading these dyes existed in this fungus [10]. These
reports strongly suggest that cmg 12 may encode protein
responsible for degradation of CV and MG in Citrobacter
sp..

Sequence analyses of cmgs 8 and 11 showed no sig-
nificant similarity to any protein with a known function,
but did show more than 89% homology with hypothetical
proteins of E. coli.

On the basis of these results, the cloning, sequencing
and expression of Tn5-inserted genes should help to clarify
the exact functions of their genes responsible for the
decolorization of CV and MG. In our laboratory, cloning of
open reading frame (ORF) of these genes using fragments
of cmg genes obtained in this study are in progress.
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