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(PSR YNES L) ABSTRACT

ABSTRACT

Violacein Biosynthesis and its Regulation
in Pseudoalteromonas sp. 520P1

ZHANG Xi

Violacein is a violet pigment with several significant properties, such as
antitrypanosomal and antitumoural activities. These bioactive properties provide a
possibility to use violacein for pharmacological purpose or as a bio-dye due to its
purple color. The violacein’s broad pharmaceutical prospects have attracted increased
interests in industrial applications. Violacein can be produced by several
Gram-negative bacteria, including Chromobacterium violaceum, Janthinobacterium
lividum,  Pseudoalteromonas  luteoviolacea,  Duganella, Collimonas  sp.,
Pseudoalteromonas sp. 520P1 and 710P1. Studies on the violacein biosynthetic
pathway have been carried out to reveal the enzymes involved in the biosynthesis and
their functions. It has been identified that five enzymes, VioA to VioE, is responsible
for the violacein biosynthesis in C. violaceum. These five enzymes are coded by a
gene cluster consisted of five enzyme genes, vio4 to vioE. The enzymes catalyze the
modification and condensation of two molecules of L-tryptophan to form violacein.
VioE, the recently reported enzyme, is considered to play a key role to construct the

molecular skeleton of violacein.
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The violacein biosynthesis in C. violaceum has been identified to be under the
regulation of quorum sensing mechanism via a diffusible signaling molecule, which is
generally termed as N-acyl homoserine lactones (AHLs). It is supposed that the
accumulated AHLs can bind to a receptor protein to form a complex and this complex
interacts with a transcriptional regulator site of the violacein biosynthetic operon to
activate the expression of the gene cluster leading to the production of violacein. The
putative transcriptional promoter is located at the intermediate region between vioA
gene and its upstream neighboring protein gene in C. violaceum. Although the
regulatory site for quorum sensing is also supposed to be located in this upstream
region, little evidence for the location of the regulatory site has been obtained.
Moreover, following the first cloning of the gene cluster for violacein biosynthesis
from the cosmid library of C. violaceum, several gene clusters for violacein
biosynthesis have been isolated and sequenced in some other violacein-producing
bacteria by different methods, including J. [lividum (genomic sequence),
Pseudoalteromonas tunicata (whole genome shotgun sequence), and Duganella sp.
B2 (amplified from genomic DNA by PCR method). However, in most of
violacein-producing wild strains other than C. violaceum, it is not clarified whether
the production of violacein is regulated by quorum sensing or not. Therefore, it is
valuable to utilize another violacein-producing bacterium whose violacein
biosynthesis is also under the regulation of quorum sensing. We recently
demonstrated that the production of violacein by Pseudoalteromonas sp. 520P1 was
under the regulation of quorum sensing mechanism via AHLs. Therefore, in this study,

we used the Pseudoalteromonas sp. 520P1 to promote the understanding of detailed

ii
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mechanisms of violacein biosynthesis and its regulation. To characterize the violacein
biosynthetic pathway and its regulation mechanism, it is essential to identify three
significant components: violacein gene cluster including its upstream region, where
the promoter and regulatory binding site are supposed to be located; the lux/ gene
(AHL synthesizing enzyme gene) and /uxR gene (AHL receptor protein gene), which
are critical to intermediate the whole regulatory process of the violacein biosynthesis.

We have not identified /ux/ gene and /uxR gene of strain 520P1 probably owning
to the low homology of these two genes in strain 520P1 and other reported strains. In
this study, we characterized the violacein gene cluster and its upstream region. We
used a fosmid library which allows us to clone the gene cluster with its upstream
region. The fosmid library that consisted of approximately 13,000 clones was
constructed from the genomic DNA of strain 520P1. Five clones containing the
violacein gene cluster were isolated. A cluster of five ORFs (vioABCDE) of a total
length of 7383bp involved in violacein biosynthesis of strain 520P1 were obtained.
This cluster was aligned in a single operon with 79.3% and 52.8% homology to those
of P. tunicata D2 and C. violaceum, respectively. Phylogenetic analysis showed that
the violacein genes in these five strains could be divided into three groups: namely a
group of J. lividum and Duganella sp. B2, the second group of C. violaceum and the
third group of P.s tunicata D2 and strain 520P1.

There was an uncoded region of 485 bp between vio4 gene and its upstream
neighboring protein gene. The DNA sequences in this region from strain 520P1
showed low homology (57.3%) to that from P tunicata D2. However, in

approximately 200 bp upstream of the violacein gene cluster, a highly conserved

1ii
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region was found in strain 520P1, strain 710P1 and P. funicata D2. In this region,
possible promoter sequences, -10 and -35 box, were predicted. In strain 520P1, we
discovered a palindromic sequence, 5’-AAC ATA TGT T-3’ (10 bp) centered
approximately 16 bp upstream (-21 to -12) from the putative start site of transcription.
Moreover, another palindromic structure (5’-CCT ATT ATA GG-3’, -32 to -22) was
contiguous to this palindromic sequence. These features were shared by the
corresponding sequences of strain 710P1 and P. funicata D2. These sequences
motioned above might be involved in the binding of LuxR-AHL complex. In the /ux
box (5’-ACC _TGT AGG ATC GTA CAG GT-3’)of V. fischeri, the most studied
bacterium in the quorum sensing field, the CTG and CAG sequences (underlined)
flanking 10 nucleotides were critical for regulation by LuxR homologue-AHL
complex. However, we did not find such kind of special structure
“5’-CTGN;(CAG-3" in the putative receptor binding site in strain 520P1.

To examine the ability of the gene cluster to synthesize violacein in vivo,
heterologous expression of the cluster was performed in E. coli using a recombinant
pET vector. Appearance of violet colonies of recombinant E. coli suggested a
successful expression of violacein gene cluster from strain 520P1 in E. coli.
Interestingly, we found that violacein production could occur when the recombinant E.
coli was incubated at 20 °C, 50 rpm in absence of the inducer (IPTG). UV-VIS
spectrum and HPLC analysis showed that the purple pigment produced by
recombinant E. coli was identical to the violacein. Usually, a mixture of violacein and
deoxyviolacein (a by-product of violacein biosynthesis) is produced by strain 520P1.

However, the only one peak presented in the elution profile in HPLC indicated that

v
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the recombinant E. coli can only produce violacein.

So far, though we have identified the sequences of violacein gene cluster and its
upstream region, we still need more evidence to clarify the mechanism of regulation
of the expression of the violacein gene cluster. On the other hand, a variant strain,
isolated from the cultures of strain 520P1, allowed us to further study the AHLs
involved in the regulation of violacein biosynthesis. Strain 520P1 was found to
produce violacein under static culture conditions but hardly to produce violacein
under an agitated culture condition. This variant showed an ability of highly stable
production of violacein under agitated culture conditions. We did not find any
difference in violacein gene cluster and its upstream region between strain 520P1 and
the variant strain. As we have not yet identified the /ux/ gene and /uxR gene, we
examined the AHL produced by the variant strain. From the analysis of AHL
produced by the variant strain, the production of violacein by this strain seemed to be
regulated by quorum sensing. The relative amount of AHL produced by the variant
strain was much higher than that produced by strain 520P1. TLC analysis of AHL
showed only one kind of AHL produced by the variant strain, while two kinds of
AHLSs were produced by strain 520P1. These two differences of AHLs between strain
520P1 and the variant strain might be reasons for the ability of violacein production
by the variant strain under agitated culture conditions. The differences of AHLs
production may be caused by the mutation(s) of the lux/ and luxR genes. LuxI
enzyme is responsible for the AHL production. Therefore, the change of properties of
the enzyme reaction may lead to the increased production of AHL(s) and/or the

production of different kind of AHL(s). Similarly, the mutation in /uxR gene might
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change the specificity of LuxR receptor protein for AHLs, leading to the binding of
different type of AHL(s). Correspondingly, it may change the specificity of the
binding to the regulatory site on the target DNA. The mutation(s) mentioned above
might ultimately affect the expression of the violacein gene cluster, leading to a
different mode of violacein production.

The gene cluster and the variant strain isolated here could be used for further
studies on violacein biosynthesis, quorum sensing regulation of the expression of the

cluster genes, and the recombinant production of violacein.

Key Words: Pseudoalteromonas- violacein gene cluster - fosmid library - promoter

prediction - heterologous expression - variant strain- acyl homoserine lactone (AHL)

vi
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CHAPTER 1

Introduction

1.1 Introduction of violacein

Violacein, a blue-violet pigment, is a kind of secondary metabolite with various
important bioactivities produced by several Gram-negative bacteria. Violacein
production was firstly found in Chromobacterium violaceum in 19th century .
Violacein is an indole derivative synthesized from two molecules of tryptophan (Fig.
1.1). Deoxyviolacein is a by-product accompanied with violacein. The crystal
structures of violacein and deoxyviolacein have been identified by Lasstsch and

Thomson .

Violacein deoxyviolacein
(a) (b)

Fig. 1.1 Structures of vioacein and deoxyviolacein

(a): Structure of violacein;

(b): Structure of deoxyviolacein, a by-product in violacein biosynthetic pathway.
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The antibacterial activity of violacein has been reported by several researchers

B3] Violacein possessed a strong inhibitory effect on most of the Gram-positive

[6]-[8]

bacterial growth, but showed small or no effect on Gram-negative ones . In

addition, the activity of violacein against fungi such as Rosellinia necatrix (a plant
pathogen that cause the root rot disease of mulberry tree) allows us to use violacein as

a fungicide "%, Violacein has been also studied extensively as an antitrypanosomal

(11

agent to treat leishmania """ Violacein was also reported to show antiviral and

[

antimalarial activities "', Recently, many studies reported the antitumor acitivity

7H2T Tn many of tumor cell lines,

and cytotoxicity of violacein in several cell lines !
violacein has been shown to exert its effect by inducing apoptosis of cells. However,
no inhibitory effect of violacein was found in human normal cells, indicating
violacein to be a potential medicine for the treatment of cancer. On the other hand,
violacein is a good material for man-made dying of fabrics because of its stable color

Pl These broad pharmaceutical and industrial prospects of violacein have attracted

increased interest in industrial applications.

1.2 Violacein-producing bacteria
Chromobacterium violaceum was the first bacterium that was found to produce

violacein. Since then, several violacein-producing bacteria have been reported, such

(71090[21]

as Janthinobacterium lividum , Pseudoalteromonas luteoviolacea %),

Pseudoalteromonas tunicate **, Duganella sp. ™, Collimonas sp. ', and

Pseudoalteromonas sp. 520P1 and 710P1 7 In the reported violacien-producing

bacteria, C. violaceum is the most studied bacterium. However, C. violaceum was
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found to be an opportunistic pathogen to animal and human beings and C. violaceum

[28]-[32]

infection could lead to septicemia . Therefore, C. violaceum 1is not an

appropriate strain for a large scale production of violacein. On the other hand,

relatively low, inefficient and wunstable violacein production in other

violacein-producing strains restricted the practical application of violacein P*1**!. To

solve this problem, many studies on exploring new methods to produce violacein

have been conducted using newly isolated strains and recombinant bacteria 2612°13¢],

1.3 Violacein biosynthesis in C. violaceum

Early studies on the pathway of violacein synthesis proposed
5-hydroxy-L-trptpohan as a precursor in violacein biosynthesis 7). However, it was
found later that the oxygen atoms of violacein were originated from the molecular

oxygen, and all the carbon, nitrogen and hydrogen atoms of violacein were derived

[13][37]-

from two molecules of L-tryptophan (%] 1t is now evident that two molecules of

tryptophan form a basic structure of violacein followed by the oxygenation of indole

rings of the intermediate. Until recently, it was considered that four genes

[41][42]

(vioABCD) were involved in violacein synthesis . However, the complete

3 [43]

genome sequence of C. violaceum determined in 200 suggested the presence of

the fifth gene in the violacein gene operon. The violacein biosynthetic pathway was
not fully identified until the discovery of the role of this newly found gene 1%,
VioE, the product of the fifth gene, catalyzed the formation of protodeoxyviolacenic

acid from compound X, an unidentified intermediate (Fig. 1.2). Thus, VioE was

proved to be indispensable for the formation of the skeleton of violacein structure.
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Detailed structure and reaction mechanisms of VioE have been reported *711**]. Five
enzymes, VioA-VioE, responsible for violacein biosynthesis are encoded by a gene
cluster consisting of five genes, vioA—vioE, aligned in a single operon. Balibar and
Carl cloned and expressed the enzymes VioA-VioE in vitro and reported that
L-tryptophan, not the 5-hydroxy-L-trptpohan, was the precursor of violacein [**). The

proposed biosynthetic pathway of violacein and deoxyviolacein is shown in Fig. 1.2.

COOH O0H
" HN 0. NH HN 0
2 VioA { VioB Ho oH
—_— N
b : 0
H H H

L-tryptophan indole-3-pyruvic acid imine  IPA imine dimer

(IPA imine) compound X

\ VioE

protodeoxyviolaceinic acid
(PVA)

) H ) H
proviolacein deoxyviolacein

Fig. 1.2 Biosynthetic pathway of violacein and deoxyviolacein in C. violaceum

(modified from Hirano et al., 2008)

VioA catalyzes the oxidation of tryptophan. VioB is supposed to be responsible for coupling two
molecules of IPA imine to form an unknown intermediate X. VioE, a new enzyme recently found,
produces protodeoxyviolaceinic acid. Subsequently, VioD and VioC catalyze the oxygenation at
the5 and 2 positions of indole rings to produce violacein. Deoxyviolacein, the by-product of
violacein, is produced by oxygenating at 2 position of indole ring with VioC from

protodeoxyviolaceinic acid.
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Following the first cloning of the gene cluster for violacein biosynthesis from the

[49]

cosmid library of C. violaceum ", several gene clusters for violacein biosynthesis

have been sequenced. These are the gene clusters from uncultured microorganisms

42]

(VioABCD, from an environmental DNA cosmid library) *¥ and some other

violacein-producing bacteria, including J. [lividum (genomic sequence) %,

Pseudoalteromonas tunicata D2 (whole genome shotgun sequence) !, and
Duganella sp. B2 (amplified from genomic DNA by polymerase chain reaction) *°.
The accumulated DNA sequences of violacein gene clusters from a variety of bacteria
collected from soil, water and ocean suggested that the gene clusters share the

evolutionary origin and expanded in Gram-negative bacteria through horizontal gene

transfer.

1.4 Quorum sensing regulation of secondary metabolites

Violacein is a typical secondary metabolite. In C. violaceum and
Pseudoalteromonas sp. 520P1, violacein production has been shown under the
regulation of quorum sensing mechanism through autoinducer molecules secreted by
the bacteria. Quorum sensing is a phenomenon that bacteria communicate with each
other via some certain signaling molecules called autoinducer (Fig. 1.3) "> Many
secondary metabolites production, such as the production of antibiotics, toxin,
pigment, biofilm formation and bioluminescence, are all regulated by this quorum

sensing system.
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‘ Low Population density High >
4 N z N
'. o« ol o° ® ‘.
. -
) ) °
- ey . -—
® - S
Singalling \ / l / /
molecules 17 |
Al receptor AI-receptor Expression of
QS regulated genes complex Target genes
Autoinducer (Al)

QS responses

(such as bioluminescence, biofilm formation,
conjugation, sporulation and pigment production)

Fig. 1.3 Quorum sensing in Gram-negative bacteria

Gram-negative bacteria constantly secrete some certain signaling molecules, called autoinducers
which are mostly acyl-homoserine-lactones (AHLs). At high cell densities, the high concentration
of accumulated AHL promotes the receptor protein to form a complex with its cognate AHL. Then

this complex actives the transcription of target genes.

Many Gram-negative bacteria use N-acyl homoserine lactone (AHL) as
autoinducers to conduct this process. The structures of AHLs were shown in Fig. 1.4.
Bacteria could produce a mixture of AHLs differing in the R group (the difference in

the length of acyl side chains and the oxidation or hydroxylation at C3 position).
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Structure 0>/ N

R groups AN

C4-HSL, P. aeruginosa

OH
3-OH-C4-HSL, V. harveyi
(@]
~_ A 3-0x0-C6-HSL, V. fischeri
0

/\/\/\/\)J\ 3-0x0-C12-HSL, P. aeruginosa

Fig. 1.4 Structures of AHLSs

The general structure of AHL is shown on the top of the figure. Following structures are examples
of R groups. The abbreviated names of the AHLs and the corresponding AHL-producing bacteria

are given.

1.5 Mechanism of quorum sensing in violacein biosynthesis

McClean % demonstrated that violacein biosynthesis in C. violaceum is under the
regulation of a quorum sensing mechanism via N-acyl homoserine lactones (AHLs)
(Fig. 1.5). It is supposed that the accumulated AHL binds to a receptor protein to
form a complex and this complex interacts with a transcriptional regulator site of the
violacein biosynthesis operon to activate the expression of the gene cluster, thereby

leading to the production of violacein.
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 Receptorgenes AHL synthase genes
‘) Complex
_LBinding
I___ ———1
I I

| 1 Activation

|
5’+~—P vioB -vioD vioE)— 3’
L — _
~

i <

- Violacein gene cluster

Fig. 1.5 Supposed mechanism of regulation of expression of

violacein gene cluster in C. violaceum

Three significant elements involved in the regulation of violacein biosynthesis are colored. 1,
AHL synthase gene and its product, AHL (in blue); 2, Receptor protein gene and AHL receptor
protein (in green); 3, upstream region of violacein gene cluster (in red), the supposed location of

the promoter and the regulatory site

The putative transcriptional promoter is located in an intermediate region between
the vioA gene and its upstream neighboring protein gene in C. violaceum "',
Although the regulatory site for quorum sensing is supposedly located in this
upstream region, little evidence for the location of the regulatory site has been
obtained. Moreover, in most violacein-producing strains other than C. violaceum, it

has not been clarified whether the production of violacein is regulated by a quorum

sensing mechanism or not.
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1.6 Pseudoalteromonas sp. 520P1
Pseudoalteromonas sp. 520P1 is a Gram-negative bacterium isolated by our group

(271 Strain 520P1 shows ability of producing

from seawater, Cap Muroto, Japan
violacein only under static culture conditions. The previous results suggest that the
production of violacein by Pseudoalteromonas sp. 520P1 was under the regulation of

71 Therefore, to clarify the detailed

a quorum sensing mechanism via AHLs
mechanisms of violacein biosynthesis and its regulation, we attempted to clone and
characterize a gene cluster for violacein biosynthesis from Pseudoalteromonas sp.
520P1, using a fosmid library that allows us to clone the gene cluster with its
upstream region. Additionally, a variant strain (No. 4-2-3) capable of producing
violacein under agitated culture conditions was isolated from the culture of strain

520P1 in this study. We investigated the mode of productions of violacein and AHLs

by strain No. 4-2-3.
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CHAPTER 2

Cloning and Heterologous Expression of a Gene Cluster for

Violacein Biosynthesis in Pseudoalteromonas sp. 520P1

2.1 Introduction

Fosmid is a plasmid similar to cosmid, but uses the F-plasmid origin for
replication. As the host cell can only contain a single fosmid cloning vector, the
fosmid library with low copy number offers much higher stability than cosmid library
with comparable high copy number. Fosmid vector can contain a 40 kb insert DNA
fragment from randomly sheared genomic DNA of the target organism. Compared
with the library containing insert DNA fragments resulting from partial restriction
digest, fosmid library is constituted of much more unbiased DNA fragments. Fosmid

58] and

system has been used for constructing stable libraries from complex genomes
isolating genes ! from the genomic DNA.

Five genes, responsible for violacein biosynthesis, are aligned together in a single
operon to form a cluster. The expression of the violacein gene cluster is under the
control of a single promoter. Several violacein gene clusters have been isolated and
cloned from the violacein-producing bacteria using different experimental methods
BSH9HSN - There are several cloning strategies to obtain the complete gene cluster

from Pseudoalteromonas sp. 520P1. The efficiency and stability of the plasmid

vectors are certainly essential for cloning. The selected plasmid vector should also

10
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meet the requirements for the desired application. We desired to obtain the complete
sequences of the violacein gene cluster as well as it upstream region where the
promoter and the regulatory site are supposed to be located. The expected size of the
violacein gene cluster in strain 520P1 is approximately 8 kbp. Moreover, little
information of the sequences of the violacein gene cluster as well as its upstream has
been known. Therefore, the fosmid system, which offers an unbiased library with
insert DNA fragments of 40 kb, is an exactly suitable candidate for cloning the
violacein gene cluster from strain 520P1.

The pET system is a fomous expression system and now widely used to produce
many copies of a desired protein in a host cell. The pET vector contains several
important elements: a /acl gene codes for the lac repressor protein; a T7 promoter,
only specific to T7 RNA polymerase (not bacterial RNA polymerase); a lac operator
blocks transcription; a polylinker; an f1 origin of replication resulting in producing a
single-stranded plasmid; an ampicillin resistance gene for easy selection; and a ColE1
origin of replication. To examine the ability to synthesize violacein in vivo, the cloned
gene cluster was subcloned in pET28a vector and then expressed in E. coli. We
believe that the recombinantly engineered strain presented here can be used to

produce violacein in industrial applications.

2.2 Materials and methods

2.2.1 Bacterial strains, growth conditions, plasmids

Pseudoalteromonas sp. 520P1 was cultured at 20°C in PPES-II culture mediumas

11
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described previously *7. Escherichia coli BL21 (DE3), DH5a and plasmid pET28a
were purchased from Novagen (Darmstadt, Germany). All the E. coli strains were
grown at 37°C on Luria-Bertani (LB) agar or in LB broth supplemented with the
appropriate antibiotics. E. coli DH5a was used as the host for transformation with the
recombinant plasmid pET28a-VGC containing the violacein gene cluster. E. coli
BL21 (DE3) was used as the host for heterologous expression of violacein genes.
Kanamycin (50 pg/ml) was used for selection of recombinants E. coli harboring the
violacein gene cluster. Chloramphenicol (12.5 pg/ml) was used for the construction of

fosmid library. All the relevant strains and plasmids used in this study were shown in

Table 2.1.

Table 2.1 Strains and plasmids used in this study
Name Description Comments
E. coli DH5a Transformation with recombinant plasmid Strain

pET28a-VGC

E. coli BL21 (DE3)  Heterologous expression of violacein genes Strain
E. coli EPI300-T1®  Construction of the genomic DNA library Strain
pET28a Cloning of the violacein gene cluster Plasmid
pET28a-VGC Recombinant plasmid with violacein genes Plasmid
pCC2FOS Construction of the genomic DNA library Fosmid vector

Ex Tag and LA Taq were purchased from Takara (Otsu, Japan) for PCR
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amplification. KOD plus DNA polymerase was purchased from Toyobo (Osaka,
Japan). DNA marker, A DNA mono cut mix, was purchased from New England
Biolabs (Ipswich, MA, USA). Restriction enzymes Ncol, Ndel and BamHI used in

this study were purchased from Takara (Otsu, Japan).

2.2.2 Construction of a genomic DNA library

A fosmid DNA library for Pseudoalteromonas sp. 520P1 was constructed using a
CopyControl Fosmid Library production kits (Epicentre Biotechnologies, Madison,
WI, USA) according to the manufacturer’s instructions. The schematic diagram of the

construction of the genomic DNA library was shown in Fig. 2.1.

pCC2FOS vector Lambda Packaging Extracts

u* %
@)%]>/¢//>
%

Purification Random Isolation Ligation to Packaging Screening
of genomic shearing & of DNA of pCC2FOS into of positive
DNA end-repairing correct vector lambda clones

of DNA size

Fig 2.1 Schematic diagram of the construction of the genomic DNA library

Modified from manufacturer’s instructions of CopyControl Fosmid Library production Kkits

(Epicentre Biotechnologies, Madison, WI, USA).

Strain 520P1 was incubated on PPES-II plate medium and a single colony was

picked and cultured in 5 ml PPES-II culture medium. After 16 h of incubation, the

13
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genomic DNA of strain 520P1 was obtained with a genomic DNA isolation kit
(Genomic-tip 100/G kit, Qiagen K.K., Tokyo, Japan) and then randomly sheared by
passing through a sterile hypodermic needle (0.40 x 19 mm, Terumo, Tokyo, Japan).
DNA fragments of 25-40 kb were isolated by pulse-field gel electrophoresis (PFGE)
(Pharmacia Biotech, Uppsala, Sweden) using 1.0% low melting point agarose gel
(SeaPlaque GTG Agarose, TaKaRa, Otsu, Japan) in 1 x Tris—acetate-EDTA (TAE)
buffer for 16 h under the conditions of 6 V/cm, 5-30 s switching of the pulse. DNA
fragments were treated according the manufacturer’s instruction so that they were
blunt-ended and cloned into the pCC2FOS fosmid vector linearized at the restriction
enzyme site Eco72l and dephosphorylated. After ligation, the fosmid vector was
packaged into lambda phages, and then the packaged DNA was transformed into F.
coli EPI300-T1X. The E. coli transformants were diluted and plated on LB agar
containing chloramphenicol (12.5 pg/ml). About 250-300 colonies were observed on
each plate after incubating at 37°C overnight. The genomic DNA library were divided

into several clone pools, approximately 500 clones per pool, and stored at -80°C.

2.2.3 Isolation of the violacein gene cluster from strain 520P1

A partial vioC sequence was employed to screen fosmid clones containing the
violacein gene cluster. Based on the sequence homology of violacein gene clusters
from J. lividum, C. violaceum and P. tunicata D2 (GenBank Accession No. EF063591,
AE016825 and AAOHO00000000, respectively), several pairs of primers were
designed (Table 2.2) and then employed to amplify the violacein genes using the

genomic DNA of strain 520P1 as a template using Ex 7ag DNA polymerase. The PCR

14
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conditions were shown in Table 2.3.

Only one pair of primers, vioC-Fw1 and vioC-Rv1 (Table 2.2), were successful in
amplifying a 1260 bp polymerase chain reaction (PCR) product using the genomic
DNA of strain 520P1 as a template. Then the PCR product was extracted and purified
using QIAquick Gel Extraction Kit (Qiagen K.K., Tokyo, Japan). The DNA sequence
of extracted PCR product was determined in Bio Matrix Research (Nagareyama,

Japan).

Table 2.2 Synthetic oligonucleotide primers used for PCR amplification of

violacein genes of strain 520P1

Primers Sequence
vioB-Fwl 5’-GGTAATAACCATTTTTCTTGGGAA-3’
vioB-Rv1 5’-TGCGTTCATTAAGCGCGAGCGTCG-3’
vioB-Fw2 5’-CTTTGGGGACACTACAACGACTA-3’
vioB-Rv2 5’-TAATGAATCATTTCTTCATGAGC-3’
vioC-Fwl 5’-ATTATCGTTGGTGGTGGCCTAGCAGG-3’
vioC-Rv1 5’-AATTTTGTACCAAACGTTTTGTTT-3’
vioC-Rv2 5’-TCAGCCATATCAGGGGGATAGA-3
vioD-Fw1 5’-ATTCTTGTCATCGGTGCAGGTCCTGCC-3’
vioD-Rv1 5’-CATGGTGGTGCCATGGCCGATAGAGAA-3’
vioD-Fw2 5’-GGTTGGGGTGTGGTGCTGCCAGGT-3’
vioD-Rv2 5’-ATGCCCAGATTGCAGTGCATCGCC-3’
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Table 2.3 PCR conditions for amplifying the violacein genes of strain 520P1

Temperature (°C) Time Cycles
95 I min 1
95 15 sec
43 15 sec 25
72 1 min
72 5 min 1
4 o0 1

Another pair of primers, vioC-Fw3 and vioC-Rv3 (Table 2.4), complementary to
the sequence of the PCR product were designed and used to screen clones from the
fosmid DNA library. The screening was performed according to the method of
Hrvatin V%, Briefly, approximately 2,000 fosmid clones were divided into 20 clone
pools (100 clones per pool). Each pool was examined by PCR using the primers
described above. Clones in the positive group were divided into subgroups and

examined by PCR until positive clones were obtained.

Table 2.4 Synthetic oligonucleotide primers used for PCR amplification

Primers Sequence’ Comments
vioC-Fwl 5’-ATTATCGTTGGTGGTGGCCTAGCAGG-3° Amplification of vioC
vioC-Rvl1 5-AATTTTGTACCAAACGTTTTGTTT-3’ Amplification of vioC
vioC-Fw3 5’-TCAAGGGCAATAGGTGTCAGTATG-3’ Screening of vioC
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vioC-Rv3 5’-GTCTTCAAGAGCCATATTCATGCC-3’ Screening of vioC
pET28a-VGC-Fw 5’-CATGCCATGGGCTCGAATCAAGAAAATAC-3’ Subcloning into pET28a

pET28a-VGC-Rv 5’-GGGAATTCCATATGTTATTTATTTAAGGG-3’ Subcloning into pET28a

*Restriction enzyme sites are underlined.

2.2.4 Sequencing and analysis of the violacein gene cluster

The positive clones were cultured in LB liquid medium with 12.5 pg/ml of
chloramphenicol for 16 h. The recombinant plasmids were extracted and purified
using Qiaprep Spin Miniprep Plasmid Kit (Qiagen K.K., Tokyo, Japan). The extracted
plasmids from the positive colonies were digested by restriction enzyme BamHI. To
determine the size of the insert DNA, the plasmids and the digested DNA fragments
were performed on PFGE as described in 2.2.2. The longest insert DNA from one of
the positive clones was sequenced using vioC-Fw3, vioC-Rv3 along with the other
primers listed in Table 2.5. DNA sequencing was carried out using the dye-terminator
method in Bio Matrix Research (Nagareyama, Japan). The determined sequence of
the violacein gene cluster with its upstream and downstream regions was deposited in
the DDBJ under the accession number AB573101. Homology of the violacein gene
cluster in strain 520P1 was compared with those of other bacterial strains using
Genetyx version 8 software (Genetyx Corporation, Tokyo, Japan). The phylogenetic
tree was constructed with the distance matrix using the neighbor-joining method %,
The upstream sequence of the violacein gene cluster from Pseudoalteromonas sp.

710P1, a violacein-producing bacteria isolated by our group in a previous study 7,
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was obtained by PCR with primers, 520P1-before-vioA-Fw2 and 520P1-vioA-Rvl
(Table 2.5). Promoter prediction was performed with BPROM software (SoftBerry,

Mount Kisco, NY, USA).

Table 2.5 Synthetic oligonucleotide primers for sequencing the violacein genes

Primers Sequence

520P1-before-vioA-Fwlb 5 —GAAGCTAATAGCTACATTACCCCTATC—3'

520P1-before-vioA-Fw2 S —ACTATTTCAAGGTTTAGGTCGAGCTTTAC—3’

520P1-before-vioA-Fw3 5'—CGATGTAACATTAATATTAATTCAGGATAG—3’

520P1-vioA-Fwl S'—TATATCCATTGTAGGGGCTGGAGTTTC—3’
520P1-vioA-Fw2 5'—ACCAACAGCAATGAGCAGGCTCAATTG—3'
520P1-vioB-Fwl S—TTTGATTTAAAACAACACCCAAGTAAATG—3’
520P1-vioB-Fw2 5'—ACAACCAGATGATACCTCTCAATTTTCACC—3’
520P1-vioB-Fw3 5S'—GCTGACAAAGTATTTAGTATGGCCGATAAG—3'
520P1-vioB-Fw4 S'—TATTTTTAAACGAAATAATAAACCGTGC—3'
520P1-vioB-Fw5 5 —CGATCTCGATTAATGAATGCCGCTATAG—3’
520P1-vioC-Fw4 5'—AAGCCCAGTAATGATCTTATTAATGTGCG—3’
520P1-vioD-Fwl 5S'—CATCATAATGACTCAGCCTTAACTAAAAC—3’
520P1-vioD-Fw2 5'—AAGCCTATAGCGATAATATTGTTTTACTAG—3’
520P1-vioE-Fw1 S —TGAAGCTGCAGTATTAAATGATGAAATAG—3’

520P1-before-vioA-Rvl 5'—GTACATCAATGGTAAAAGTAATACATAG—3’

520P1-vioA-Rv1 S—CTGTTCTTGAACTTTAATTGCATGCGCTC—3’
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520P1-vioA-Rvlc S —TGTAATAAGCTCATAATCAAAATGAAACTC—3’
520P1-vioA-Rv1b S—TTCTTCAGCTTCAATCCGTTTTAGAAG—3'
520P1-vioB-Rvla S—CTTATTAACAATGTACCCTGGGTTTAGCC—3’
520P1-vioB-Rv3 5'—CATAACTTTGATATGGAATGCTAATGGGC—3’
520P1-vioB-Rv2a 5S'—CTTATCGGCCATACTAAATACTTTGTCAGC—3’
520P1-vioB-Rv2 5 —AAATTGTGGAGAATCAGCACTAGCGCCTTC—3’
520P1-vioC-Rv4 5'—CAGCCTCTATGCCACGGACAGTCATAC—3’
520P1-vioD-Rvl 5'—CCATTTGAAACAACAACTAAATCATATTTG—3'
520P1-vioD-Rv2 5S'—TAGAGGAGGTAATTGGTTTCTGCGCG—3’
520P1-vioE-Rvl 5S—TTACTGACGCCTGTACTTTTGGATCTCC—3'
520P1-after-vioE-Rv1 5'—CCGGGTGTAGATGGTAAAGCTAAAATGTC—3’

2.2.5 Cloning and expression of the violacein gene cluster

The plasmid containing the violacein gene cluster was extracted and purified from
the positive fosmid clone (No. 3) as previously described. Based on the sequences of
the violacein gene cluster in strain 520P1, two primers, pET28a-VGC-Fw and
pET28a-VGC-Rv (Table 2.4), were designed and employed to amplify the violacein
gene cluster using LA Tag DNA polymerase. The PCR product containing restriction
enzyme sites on both ends was cloned into the multiple cloning site of pET28a
linearized with the restriction enzymes Ncol and Ndel. The schematic diagram of
construction of recombinant vector was shown in Fig. 2.2. The recombinant vector

was transformed into E. coli DHS5a by electroporation and recombinant E. coli was
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selected on an agar plate containing 50 pg/ml of kanamycin.

The positive colonies containing violacein gene cluster were selected by PCR
using vioC-Fw3 and vioC-Rv3 as primers and then cultured in 5 ml of LB with 50
pg/ml of kanamycin at 37°C for 16 h. The recombinant plasmid was extracted and
purified as previously described and then transformed into E. coli BL21 (DE3) by
electroporation. A single colony BL21 (DE3) harboring the recombinant plasmid was
picked up from the medium plate with 50 pg/ml of kanamycin, and then incubated in
5 ml of LB (50 pg/ml of kanamycin) at 37°C, overnight. Subsequently, 0.5 ml of the
culture was transferred into 50 ml of fresh LB containing 50 pg/ml of kanamycin.
After the ODggg of the culture reached 1.0 by incubation at 37°C for 2 h, 0.1 mM of
isopropyl B-D-1-thiogalactopyranoside (IPTG) was added to induce the expression of
the violacein gene(s). An aliquot of 1.0 ml of the broth was sampled after the
incubation with IPTG (0.1 mM) at 20°C for 24 h and then sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed to confirm
the protein expression. The samples for SDS-PAGE were prepared as follows.
Bacterial cells were pelleted by centrifugation at 12,000 rpm (T15A11, Hitachi, Japan)
for 5 min at 4°C and resuspended in 100 pl of ultrapure water. A 100 pl aliquot of 2 x
SDS-PAGE sample buffer was added into the suspensions. The mixed suspensions
were heated for 5 min at 90°C. After the suspensions were cooled to room

temperature, 20 pl of the mixture were subjected to SDS-PAGE.
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Fig. 2.2 Schematic diagram of construction of recombinant vector harboring the

violacein gene cluster
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2.2.6 Extraction of violacein

Violacein was extracted with ethanol from the recombinant E. coli as described
previously ). In brief, 20 ml of the bacterial cultures was centrifuged at 8,000 rpm
(11,800xg) for 15 min to harvest the bacterial cells. The obtained cell pellets were
suspended in 2 ml ethanol and then centrifuged at 8,000 rpm (11,800%g) for 15 min to
remove the cells. The supernatant containing violacein was recovered. The extraction
procedure was repeated until the cells were completely whitened. All the extracted
supernatants were mixed together and the amount of violacein in the extract was
determined by measuring the absorbance at 575 nm (As7s, € = 2.8 X 10* M'lcm'l)[‘m]

using UV-visible spectrophotometer (Hitachi U-3010, Japan).

2.2.7 HPLC analysis of violacein produced by the recombinant E. coli

Violacein was diluted with methanol to A575 = 1.0 and then analyzed by HPLC
equipped with an ODS column (Capcell Pak C-18 MGII, 150 x 1.5 mm internal
diameter, 5 pm particle, Shiseido) which was run isocratically at a flow rate of 100
ul/min using the mobile phase of 40% (v/v) acetonitrile (AcCN) aqueous solution and

a temperature of 40°C. The monitoring wavelength was 575 nm.

2.2.8 Analysis of the expression conditions

E. coli BL21 (DE3) harboring the recombinant vector was inoculated into 200 ml
flasks containing 50 ml fresh LB medium. The flasks were incubated on a shaker at
37°C until the optical density at 600 nm (OD600) of the cultures reached 1.0. Then,

violacein production was carried out at different temperatures (37°C, 20°C and 4°C)
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and different rotation speeds (180 rpm and 50 rpm) in the presence and absence of 0.1
mM IPTG. Violacein was extracted and measured every 24 h as described below.

Experiments were performed in duplicate.

2.3 Results

2.3.1 Construction of a genomic DNA library

To obtain the violacein gene cluster as well as its upstream and downstream regions,
genomic DNA library of strain 520P1 was constructed using a fosmid vector. The
genomic DNA was isolated and randomly sheared by a sterile hypodermic needle
(0.40 x 19 mm). Due to the differences in concentration and purity of the prepared
genomic DNA, the best sheared times by the needle used in this study varied from 30
to 50 times (Fig 2.3). The insert DNA fragments ranging from 25 kb to 40 kb were
extracted and cloned into the fosmid vector. The library that consisted of 12,815

clones was constructed and screened to select the violacein gene cluster.
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36 kb
23 kb

Fig. 2.3 Analysis of the randomly sheared genomic DNA of strain 520P1 by

PFGE

Lane 1, Lambda DNA/ Hind Il marker; Lane 2, fomid control DNA (36 Kb); Lane 3, genomic
DNA of strain 520P1; Lanes 4-8, genomic DNA of strain 520P1 randomly sheared for 10, 20, 30,
40 and 50 times.

2.3.2 Identification of partial violacein genes

To prepare the probe for screening clones containing the violacein genes, partial
vioC sequence was determined by sequencing a 1260 bp PCR product amplified from
the genomic DNA of strain 520P1 using vioC-Fwl and vioC-Rv1 as primers (Fig.

2.4). The sequence of partial vioC was shown in Fig. 2.5.
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L 1260 bp
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Fig. 2.4 Electrophoretic analysis of PCR product of partial vioC gene

vioC-Fw1 and vioC-Rv1 primers were employed for amplification of partial vioC gene using the
genomic DNA of strain 520P1 as a template. Lane M, 200 bp DNA ladder; Lane 1, partial vioC
gene amplified by PCR.

ATTGAAAAGCGAGGAAATCCTTTACTCGATCAAAGTGATTACATAGACCA
AGTTAGCTCAAGGCAATAGGTGTCAGTATGACTGTCCGTGGCATAGAGGC
TGTTGTTGAAGCTGGCATTCCACTTAAAGAGCTTCAAGCCTGTGGTATAG
AAGTATCAGGTATGTCTTTATTTGTTGCCGGTAAAAATAAAATAAGAGAA
CTCCCTCCATTAGATAAGTTAAAACCATTGTCTCTTAGTCGCAGTGCTTTT
CAGTTATTACTCAATAAATATGCAGAAAAAGCAGGCGTTAATTACCATTA
CAACCAGCGCTGCATTGAAGTTAATTTAAATAAATGTCACCTGTTAACTA
AAGATTTAAATGATAATTTTATTGAGCACTCAGGTGACTTATTAATTGGTG
CGGATGGCGCACGCTCTTGTGTAAGAGATGCCATGCAAACTCACTGTCGA
CGATTTGAATTTGAGCAAACATTTTTTAAACATGGGTATAAAACCTTAGTT
ATTCCAGATGCTAAAAAAGTCGGCTTAAGGCCTGATCTTTTACACTTTTTT

GGCATGGACTCTCATGGTCAATTTGCAGGTAGGGCAGCAACGATCCCTGA
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TGGCAGTATCAGCTTCGCGGTTTGCCTACCCTTTAAAGGAAAAGTAAGTC
TACATACAGATGATAAAGTCGCCATGCGAGAATTTTTTGACCGATATTAC
TCTATGGTACCTAAACATATTCGCCAAGAGTTACTAGAACAATTTATGGTT
AAGCCGAGTAATGATCTTATTAATGTGCGCTCATCTACTTTTCACTATAAA
GATAAAGCCTTACTGATTGGCGACTCTGCGCATGCAACAGCGCCATTTTT
AGGTCAAGGCATGAATATGGCTCTTGAAGACGCTTATGTTTTATCATGCTT
ATTTGATAAATATGATGCTAATTTAAGTAAAATTTTACCTGACTT

Fig. 2.5 Nucleotide sequence of partial vioC gene

The sequences in red were used to prepare the new primers vioC-Fw3 and vioC-Rv3. The primers
were used to screen the clones containing the violacein gene cluster from fosmid library of strain

520P1.

2.3.3 Screening of the clones containing violacein genes from fosmid library of
strain 520P1

A fosmid library that consisted of approximately 13,000 clones was constructed
from the genomic DNA of strain 520P1. After screening of clones by PCR
amplification of the partial vioC sequence, five clones containing the violacein gene

cluster were isolated (Fig. 2.6).
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2000 bp

1000 bp

Fig. 2.6 Electrophoretic analysis of PCR product from positive fosmid clones

Amplification of partial vioC gene in fosmid clones was performed using vioC-Fw3 and
vioC-Rv3 primers. Lane 1, 200 bp DNA ladder; Lane 2-6, positive clones contain partial vioC;
Lane 7, positive control (genomic DNA of strain 520P1 as a template); Lane 8, negative control

(no template DNA).

The plasmids from these five positive clones containing partial vioC gene were
extracted and then analyzed on PFGE. The result of PFGE analysis was shown in Fig
2.7. The positive clone (No. 3) was shown to have the longest insert DNA fragments

(approximately 30 kb).
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Fig. 2.7 Analysis of the positive clones containing partial vioC by PFGE

Lane M, A DNA-Mono Cut Mix; Lanes 1-5, the positive clones contain partial vioC; Lane 6-10,
the digested products by a restriction enzyme BamHI. No. 3 positive clone (lane 3) containing the

longest insert DNA was used for sequencing.

2.3.4 Sequence analysis of the violacein gene cluster from strain 520P1

The complete sequence of the violacein gene cluster with its upstream (1448 bp)
and downstream (665 bp) were determined using the positive clone, No.3. vioC-Fw3,
vioC-Rv3 along with other twenty seven primers were used for sequencing. The
nucleotide sequence of the violacein gene cluster with its upstream and downstream
regions was deposited in DDBJ (accession number AB573101) (Appendix 1). The
sequence analysis demonstrated a cluster of five open reading frames (ORFs),
vioABCDE, with a total length of 7383 bp presumably involved in the violacein

biosynthesis of strain 520P1 (Fig. 2.8).
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Fig. 2.8 Schematic diagram of the violacein gene cluster from strain 520P1

The violacein gene cluster sequenced from strain 520P1 is indicated by the arrows, which also
denote the direction of transcription. The lengths of genes are shown above the arrows. The
upstream (~1500 bp) and downstream (~700 bp) sequences encoding two putative proteins are

shown on both sides of the violacein gene cluster.

The violacein genes were aligned in a single operon with 79.3% and 52.8%
homology to those of P. tunicata D2 and C. violaceum, respectively. The homology of
nucleotide and amino acid sequences of violacein genes in strain 520P1 were
compared with those in C. violaceum, J. lividum and P. tunicata (Table 2.6).

The five ORFs encoded five proteins of 428, 1,010, 429, 377 and 199 amino acids
with predicted molecular weights of approximately 49, 114, 48, 42 and 23 kDa,
respectively. Amino acid sequences of VioA—VioE from strain 520P1 were compared
with those from other reported strains (Appendix 2a-2f). As shown in Appendix 2,
the proportions of fully conserved amino acids were 30.1% in VioA, 41.2% in VioB,

51.7% in VioC, 47.5% in VioD and 37.2% in VioE.
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Table 2.6 Comparison of nucleotide and amino acid sequences of the violacein

genes in strain 520P1 and other reported strains

Homology to

C. violaceum (% )

Homology to

J. lividum (%)

Homology to

P. tunicata D2 (% )

Nucleotide @ Amino Nucleotide @ Amino Nucleotide Amino
acid acid acid
VioA 45.2 40.5 46.6 413 83.1 89.4
vioB 50.5 50.6 51.8 52.2 76.1 80.4
vioC 56.4 63.6 55.5 59.2 82.8 90.4
vioD 53.1 55.4 56.6 56.2 81.3 85.4
vioE 48.3 45.2 52.5 46.2 77.3 76.4

Phylogenetic analysis of the nucleotide sequences in the violacein gene clusters

from strain 520P1 and other violacein-producing strains was performed. As shown in

Fig. 2.9, the phylogenetic tree suggests that the violacein genes in different strains

might share the same evolutionary history. The violacein genes in these five strains

could be divided into three groups: the first group would consist of J. lividum

(EF063591) and Duganella sp. B2 (GQ266676), the second group would contain C.

violaceum (AE016825) and the third group of P. tunicata D2 (AAOH00000000) and

strain 520P1 (AB573101).
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Fig. 2.9 Phylogenetic analysis of the nucleotide sequences of the violacein gene

cluster from strain 520P1

Analysis was performed using the sequences of violacein gene clusters in violacein-producing
bacteria obtained from DDBJ and GenBank. The tree was drawn with 1000 bootstrap trials. The
bar shows the rate of nucleotide substitution. Accession numbers for the sequences are given in

parentheses.

2.3.5 Sequences analysis of the upstream of the violacein gene cluster from strain
520P1

There was a non-coding region of 485 bp between vioA and its upstream
neighboring protein gene. The corresponding upstream regions in strain 520P1 and P,

tunicata D2 (379 bp) demonstrated 57.3% homology (Fig. 2.10).
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strain 520P1 (393 bp) IWVACIACC] TEICTTINNACAACCHMICINT T GTHRAYA CCGHpA TCA 50
P.tunicata D2 (379 bp) TAARARK TGCRYRAA . . . . j§ C ARCGINAVAT AleClelodnii 45
strain 520P1 (393 bp) meccC AATINAAKYANEC . INGAAUNAL | AAVAVAC A CIAAIWAVA A AIA @A T@IC 98
P.tunicata D2 (379 bp) INGTATINAT®GT AT GIAVAE T TING G THWA T TIAVAVAVA T T TIA TUNAVA T TIAGOIAGC] 95
strain 520P1 (393 bp) AMATAAATATTTAAAAICOENNETAA IAAIATERAARE CMG AT 147
P.tunicata D2 (379 bp) ACATAAATATTTAAALRCEVASSNT AL CINTI@AAMA TIAAA TEA ACH 142
strain 520P1 (393 bp) TTIRA . ATENACT T ITCACCCINAATAAACHHS 196
P.tunicata D2 (379 bp) T ACINT CEVARYAA CGCIRTR AGIICINAATAAACIAG TENTHN. . 190
strain 520P1 (393 bp) MAMAAGTACCTTAGTITT CTCRYAT ‘TCTCTTTTATNT MAGATA 246
P.tunicata D2 (379 bp) ) B GGCCGTTAACACHCCTRNNAA A AINAG Acceccccﬁc 7 J 235
strain 520P1 (393 bp) [@AAAARTAGHNA ATINACACCC AMTTCCCTATTABAGGAACIKTAT 295
P.tunicata D2 (379 bp) TRVAVAVAGIRAA G AAINATCTTT AINTTCCCTATTAGAGGAACETAT 285
strain 520P1 (393 bp) GTTAATTTACATTOGTTTACINGEAGTACCT{®HY TTEgATTINT 345
P.tunicata D2 (379 bp) GTTAATTTACATTIGTTTACICIMAGTACCTEA T GAGH . 333
strain 520P1 (393 bp) ACMGG GTAAACAINGAMNGCCATTTARN TCAGGGA‘C‘TG‘CMT 393
P.tunicata D2 (379 bp) ..ET“GTAZ—\AC‘TTA GCCATTTARN CCAGGGA‘T‘TG‘A&G 379

Fig. 2.10 Comparison of nucleotide sequences of the upstream of violacein gene

clsuters in strain 520P1 (393 bp) and P. tunicata D2 (379 bp)

Fully conserved nucleotides are indicated in black and the gap was indicated with “e”.

Under the same comparison conditions, an even lower level of homology (29.4%)

was observed between strain 520P1 and C. violaceum (Fig. 2.11).
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strain 520P1 (393 bp) TAACACCTTCATTTCIRATACAASCIENCARTGT TENAACGCEGT 50
c. violaceum (312 bp)  ...iiiiian.. GGGAIMIGCTTGES THRNTGIATCCRYATTC TOC . . NG 37
strain 520P1 (393 bp) AC AAAﬁGc AT ARYAR N2 WA CAA TRV 100
c. violaceum (312 bp) T CHCRSCCHTCCRY . . . [@RGINATTRGC AT GTCRGNGNNIATGG 84
strain 520P1 (393 bp) T TT 2EAATCC TRAACATAATATH. . INATRCAGGATNEATA 148
c. violaceum (312 bp) THN G RGTCE AECTE GTGGCHT TEC i CAT 134
strain 520P1 (393 bp) TITHK NVAC T TINVNAG TIR&A GG T ARA AACTIATTTA HCIYN 198
c. violaceum (312 bp) TENTIA THREIN T A A AT GIR®AA AGGI TN T TT TGIGCCCCENITEA®CG 184
strain 520P1 (393 bp) ar2RcAdS TTARTTTTARTRACTEAATAA TR TC TR TA TITAAAGATACA 248
c. violaceum (312 bp) GGCR . WGABGAGEAAACHNARNGGOAGCIRTCOCG CCAEGGCGCGAGTG 233
strain 520P1 (393 bp) AAAAT CBAATT CCCTTANTECOTAIENA TARGAACATATETT 298
c. violaceum (312 bp) CCGTAGETTICGCC ATGCIOCGINCI8 G CGIMIGCCl@CGCGGCGGECG 283
strain 520P1 (393 bp) AATTIACATICERN T TAA GG TA@ TR T T TTGGGGTCTTGTAT TTTACA 348
c. violaceum (312 bp) TGA TGEC CAE INGEINCATT®CO®G . . . ..o o e e et e e eeen 312

strain 520P1 (393 bp) GGGGTAAACAACAAGCCATTTAAAATTTTTCAGGGAACATGACAT 393
C. violaceum (312 DP) ittt ittt i e e et et e e e e e 312

Fig. 2.11 Comparison of nucleotide sequences of the upstream of violacein gene
clsuters in strain 520P1 (393 bp) and C. violaceum (312 bp)

Fully conserved nucleotides are indicated in black and the gap was indicated with “e”.

An approximate 120 bp sequence near the start codon of vio4 was highly
conserved in P. tunicata D2, and strains 520P1 and 710P1 (Fig. 2.12). The upstream
sequence of the violacien gene cluster in strain 710P1 were obtained by PCR method
using 520P1-before-vioA-Fw2 and 520P1-vioA-Rvl1 as primers and deposited in the
DDBJ under the accession number AB583751. The determined upstream sequence in

strain 710P1 was shown in Appendix 3.
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strain 520P1

CHAPTER 2

L 1 ATCGTCATAAAAGATTCATATICCCACATTTATARRARATACGCCTTTTCTCGATTGTCTT 60
stralnlxlﬂpl 1 -TTGTCATARAARATTCATA-TAATTTARAACTTCRABATATTTCCCTGCGTGACTGCTTT 58
P. tunicata 0 mmmmmmm e 0
strain 520P1 61 TTGITTRAAGGCARTCGAGATCTTTTAATGAAATARCACCTT CTTA-WACRRCCTT 119
strain 710P1 59 ATGTATAAAGCAGTCRCATTACTCTATCGATTARGCRARACT TTTACWTATTTCTC 118
P. tunicata 1l - ~TAR TCATAWTGGATAAT 22

strain 520P1
strain 710P1
P. tunicata

strain 520P1
strain 710P1
P. tunicata

strain 520P1
strain 710P1
P. tunicata

strain 520P1
strain 710P1

P. tunicata

strain 520P1
strain 710P1
P. tunicata

strain 520P1
strain 710P1
P. tunicata

C TCARCCCAT 2
N ATGTGTARC
TAA GCITACTATTRTEOGCTGE
TATT TCCGAT ART)
BT TGTTAGAT AANTCTT
-153-152
[ TARATRACTTT
CCTAGHETATTA
ACATICA

eTAC GTTTIWAATEC TOTTTTANATAREA
GG CTTR§TE -2 COTTTT T
ecCC CACINCCTHE gy \MCCGCTICC
2

—8RCCCCTOTHYRN
—SATCTC
TOTTTTTClerm

GT®TTGTATTITA
TCATACHTA
AGGTGA

strain 520P1 485
strain 710P1 ATG 485
P. tunicata S Start codon of vioA 379

Fig. 2.12 Comparison of predicted promoter regions in strains 520P1, 710P1 and

P, tunicate D2

Fully conserved nucleotides are indicated in black and nucleotides conserved in two strains are
indicated in blue. The predicted starting site of transcription is marked by an asterisk (*). The
direction of transcription is indicated by the arrow. Predicted -35 and -10 promoter sequences are
boxed and the start codon of vio4 is in boldface type. The putative ribosomal binding site (RBS)

is double underlined. Palindromic sequences are marked by bars in boldface type.
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In this region, putative promoter sequences, -10 and -35 boxes were predicted.
Furthermore, in a region approximately 16 bp upstream from the predicted starting
site of transcription, two contiguous palindromic sequences were found. The
sequences were conserved in the upstream regions of P. funicata D2 and strain 710P1
(Fig. 2.13). Those sequences were probably involved in the regulation of violacein

gene expression.

strain 520P1
strain 710P1
P. tunicata

Fig. 2.13 Palindromic sequences in the predicted promoter region of the violacein

gene cluster from strain 5S20P1

Palindromic sequences of strain 520P1 in the predicted promoter region were compared with
those of strain 710P1 (DDBJ accession number: AB583751) and P. tunicata D2. Conserved
nucleotides are indicated in gray. The positions of nucleotides from the predicted starting site of

transcription of the gene cluster are shown above the sequence of strain 520P1.

2.3.6 Expression of the violacein gene cluster from strain 520P1 in E. coli

To examine the ability of the gene cluster to synthesize violacein in vivo,
heterologous expression of the cluster was performed in E. coli using a recombinant
pET vector. Figure 2.14 outlines the structure of the recombinant vector, designated
pET28a-VGC containing the violacein gene cluster. The pET28a-VGC did not

contain the upstream sequence of violacein genes.
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T7 promoter Llj
5 T S— ioA vioB > vioC> vioD >‘ﬂ>1_ 3

CCATGGGCTCG------------ violacein genes------—-------- AAATAACATATG
Neol Ndel

o

Fig. 2.14 Structure of the recombinant vector, designated pET28a-VGC

The cloning sites for the recombinant vector pET28a-VGC are marked with arrows. The
restriction enzyme sites, Ncol and Ndel, were underlined and incorporated into the PCR primers.

The start coden of vio4 and stop coden of vioE are shown in red.

The violacein genes were expected to be expressed under the control of the T7
promoter contained in the pET vector. However, violet colonies formed on an agar
plate in the absence of IPTG when the recombinant E. coli transformants (E. coli
BL21 (DE3) harboring the recombinant vector pET28a-VGC) were incubated at 37°C
for 16 h and subsequently placed at 4°C for 24 h, indicating the successful expression
of violacein gene cluster of strain 520P1 in E. coli (Fig. 2.15).Violet colonies did not
appear when the recombinant E. coli transformants were continuously incubated at
37°C. No violet pigment appeared when E. coli DH5a harvoring pET28a-VGC was
incubated on a plate at 37°C for 16 h then at 4°C for 24 h.

Interestingly, when the recombinant E. coli BL21 (DE3) harboring with
pET28a-VGC was incubated on an agar plate at 20°C for 24 h, violet color appeared
both in the presence and absence of IPTG. The number of violet colonies on the agar
plate in the presence of IPTG was less than that in the absence of IPTG, probably due
to the toxic effect of IPTG to E. coli cells. Only the band of VioE could be observed

by SDS-PAGE when IPTG was added as the inducer (Fig. 2.16).
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Recombinant transformants E. coli BL21 (DE3)
harboring the recombinant vector pET28a-VGC
were incubated at 37°C for 16 h and subsequently
placed at 4°C for 24 h. The violet colonies appeared
on the agar plate in the absence of IPTG.

Fig. 2.15 Phenotype of the constructed recombinant E. coli containing

the violacein gene cluster on the LB agar plate

Predicted molecular

pET28a pET28a-VGC

—_— f\;\;\{)V(KD) weights:
et S ' dao Vio A: 49 kDa
. - _—»70
55 VioB: 114 kDa
43
36.5 VioC: 48 kDa
—-28 VioD: 42 kDa
19.3 VioE: 23 kDa
16.2

Fig. 2.16 SDS-PAGE analysis of the expressed proteins

from the violacein gene cluster

The cultures were incubated at 37°C for 2 h until the ODgg reached at 1.0. After adding 0.1 mM
IPTG, the cultures were incubated at 20°C, 180 rpm, for 24 h. E. coli BL21 (DE3) harboring
pET28a in the presence of IPTG (Lane 1) and absence of IPTG (Lane 2); E. coli BL21 (DE3)
harboring pET28a-VGC in the presence of IPTG (Lane 3) and absence of IPTG (Lane 4).
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2.3.7 Characterization of the violet pigment produced by recombinant E. coli
Figure 2.17a shows the UV-visible spectrum of the violet pigment produced by
recombinant E. coli. The maximum wavelength of absorbance was approximately 576
nm and the profile of the spectrum was identical to that of violacein. Strain 520P1
usually produces a mixture of violacein and deoxyviolacein. As shown in Figure
2.17b, peaks 1 and 2 represent violacein and deoxyviolacein, respectively, produced
by strain 520P1. HPLC analysis demonstrated that the elution time of the violet
pigment produced by the recombinant E. coli was identical to that of violacein (peak
1) produced by strain 520P1 (Fig. 2.17¢). The absence of the second peak
corresponding to deoxyviolacein indicated that no or little deoxyviolacein was

produced by the recombinant E. coli.
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Fig. 2.17 Analysis of violacein produced by recombinant E. coli

(a) UV-visible spectrum of the violet pigment produced by the recombinant E. coli.
(b) HPLC analysis of the culture extracts of strain 520P1. Peak 1: violacein. Peak 2:
deoxyviolacein.

(c) HPLC analysis of the culture extracts of the recombinant E. coli.
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2.3.8 Analysis of the expression conditions

Violet colonies formed on an agar plate in the absence of IPTG when the
recombinant E. coli transformants were incubated at 37°C for 16 h and subsequently
placed at 4°C for 24 h. Therefore, to examine detailed conditions for violacein gene
expression, we cultured the recombinant E. coli at different temperatures and shaking
speeds in the presence and absence of IPTG. We observed a violet pigment at 20°C
and 4°C, 50 rpm (Fig. 2.18a). No violet pigment was observed at 37°C both in the
presence and absence of IPTG. As shown in Fig. 2.18b, violet pigment was produced
in the presence of IPTG at 20°C/180 rpm, but only a small amount of the pigment
was produced in the absence of IPTG. A considerable amount of violet pigment
appeared when the recombinant E. coli was incubated in the absence of IPTG at
20°C/50 rpm (Fig. 2.18b). Production of the pigment with IPTG at 20°C/180 rpm and
20°C/50 rpm reached a plateau after 24 h and 48 h respectively, but the cultures
grown without IPTG at 20°C/50 rpm continued to produce the pigment over 70 h (Fig.
2.18b). At 4°C/50 rpm, some amount of violet pigment was produced both in the
presence and absence of IPTG (Fig. 2.18a). However, the time required for the

production of this pigment was much longer compared with 20°C/50 rpm.
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(a). Violacein production at 37°C/50 rpm, 20°C/ 50 rpm and 4°C/50 rpm for 72 h
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(b). Violacein production at 20°C/180 rpm and 20°C/50 rpm

Fig. 2.18 Violacein production by the recombinant E. coli

under different culture conditions

(a): Violacein was produced by the recombinant E. coli in the absence and presence of IPTG at
37°C/50 rpm, 20°C/ 50 rpm (stripes) and 4°C/50 rpm (cycles) for 72 h. (b): Violacein was
produced at 20°C by the recombinant E. coli harboring the violacein gene cluster. The
recombinant E. coli were cultured up to 72 h at 180 rpm in the presence (closed circles) or
absence (open circles) of IPTG, and at 50 rpm in the presence (closed triangles) or absence (open

triangles) of IPTG. Each point represents the mean value of duplicate cultures.
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2.4 Conclusions and discussion

To characterize the violacein biosynthetic pathway and its regulation
mechanism(s), it is essential to identify three significant components: the violacein
gene cluster including the upstream region where the promoter and quorum sensing
regulatory site are thought to be located; the /ux/ gene homolog (AHL synthesizing
enzyme gene); and the /uxR gene homolog (AHL receptor protein gene). These
homologs are critical in regulating the whole process of violacein biosynthesis. In this
part, we characterized the violacein gene cluster and its upstream region. The DNA
sequence of the violacein gene cluster was obtained from a fosmid library of strain
520P1 and demonstrated highest homology to the gene cluster from P. tunicata D2,
and lower levels of homology to C. violaceum, J. lividum and Duganella sp. B2.
Therefore, it is believed that violacein gene clusters from strain 520P1 and P. tunicata
D2 belong to the same group and possibly share a similar evolutionary history.
Amongst the five enzymes in strain 520P1, VioC demonstrated the highest homology
with other four strains (Appendix 2d). The high level of homology of VioC could be
the reason why only one pair of primers succeeded in amplifying the vioC gene from
the genomic DNA of strain 520P1.

The upstream regions of the violacein gene cluster are supposed to contain the
promoter and the regulatory binding site for the LuxR homolog-AHL complex.
However, the upstream regions of strain 520P1 and P. tunicata D2 showed a low level
of homology (57.3%) (Fig. 2.10). An even lower level of homology (29.4%) was
observed between strain 520P1 and C. violaceum (Fig. 2.11). Our data indicate that

the binding site of the LuxR homologue-AHL complex in strain 520P1 might be
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significantly different from that in C. violaceum. In Vibrio fischeri, which is the most
studied bacterium in the quorum sensing field, the DNA binding site for the
LuxR-AHL complex has been identified. It is a 20 bp palindromic sequence,
designated the /ux box, and positioned approximately 40 bp upstream from the start

(6061 Therefore, palindromic

site of transcription in the operon for bioluminescence
sequences in the upstream region might be possible quorum sensing regulatory sites.
In strain 520P1, we discovered a palindromic sequence, 5’-AAC ATA TGT T-3 (10
bp) centered approximately 16 bp upstream (-21 to -12) from the putative start site of
transcription (Fig. 2.12). Moreover, another palindromic structure (5’-CCT ATT ATA
GG-3’, -32 to -22) was contiguous to this palindromic sequence. These features were
shared by the corresponding sequences of strain 710P1 and P. funicata D2 (Fig. 2.13).
Therefore, it is likely that these sequences are involved in the regulation of violacein
gene expression, although further study is necessary to confirm this. Furthermore,
another two adjacent palindromic sequences (5’-ATT TAA AT-3°, -160 to -153;
5’-AAC TTT AAA GTT-3’, -152 to -141) were found in the upstream region.
However, no sequence homology was found in strain 710P1 and P. tunicata D2. In
the /ux box of V. fischeri (5’-ACC TGT AGG ATC GTA CAG GT-3’), the CTG and
CAG sequences (underlined) flanking 10 nucleotides were critical for regulation by
LuxR-AHL Y. A similar structure (5’-CTGN(CAG-3’) was also found in C.
violaceum (5’-CTG ACC CTT GGA ACA G-3’) (Fig. 2.19). However, we did not
find a homologous structure for the putative receptor binding site in strain 520P1. In a

previous study, we failed to identify the /ux/ and /uxR gene homologs from strain

520P1 by PCR, based on the homology of the reported genes. This is probably due to
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the low homology of these two genes between strain 520P1 and other reported strains.
Taken together, we have supposed that the LuxR family and its regulatory site on the
DNA in strain 520P1 might be different from other reported ones. This study should
open the way to further detailed studies of the interactions of the LuxR transcriptional
family with their target site of DNA. Although we obtained the putative -10 and -35
promoter sequences based on the highly conserved sequences, further study is still

needed to characterize the promoter and the regulatory sites.

10 nucleotides

A
L IR

Vfischeri  $-ACCTGTAGGATCGTACAGHT-
, | .
C. violaceum — 5-CGCTGACCCTTGGAACAUTA-3

=

CTGNCAG

Fig. 2.19 The lux box and a similar structure in the upstream sequences of
V. fischeri and C. violaceum

Heterologous expression is considered to be a tool to identify the particular gene(s)
encoding functional proteins, understanding the exact synthetic pathway or improving
the amount of desired metabolites. However, the most serious problem regarding the
heterologous expression of the gene cluster is that biosynthetic enzymes may have no
function or only weak activity due to the absence of the essential promoter, co-factors
and/or regulatory factors. Our data demonstrated that the violacein gene cluster from

strain 520P1 could be functionally expressed in E. coli BL21 (DE3). Violacein was
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produced at 20°C and 4°C but not at 37°C, as lower temperatures were likely
beneficial for protein folding and maintaining the activities of the expressed enzymes.
It should be also noted that strain 520P1 does not survive at 37°C *"!, Interestingly,
stable production of violacein occurred even in the absence of IPTG, when the
recombinant E. coli was cultured at 20°C/50 rpm (Fig. 2.18b). No violacein was
produced at 20°C/50 rpm in the presence and absence of IPTG when E. coli DH5a
which does not contain T7 RNA polymerase gene was used as host cells. Therefore,
the expression of violacein genes in E. coli BL21 (DE3) without IPTG is likely to be
dependent on T7 promoter as well as the expression with IPTG. Lower temperatures
and lower oxygen supply may have changed the metabolism of the host cells and
finally suppressed the inhibitory action of the lac repressor on the expression of the
gene cluster. Studier suggested that sporadic and unintended expression of genes
under the control of T7 promoter was mostly caused by small amounts of lactose **.
However, it remains elucidated why the expression of violacein genes occurred
without any exogenously added inducer in this study.

We were able to obtain violacein using recombinant E. coli in a short time after
induction. One of the features of the recombinant E. coli studied here is that it
produced no or little deoxyviolacein. This property will make purification procedures
of violacein much easier. However, the amount of violacein produced by the
recombinant E. coli was similar to that produced by strain 520P1. To satisfy the
requirements for industrial applications using recombinant E. coli, studies to optimize

the culture conditions, such as incubation temperature, shaking speed and culture

medium, as well as the development of efficient expression methods are still needed.
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CHAPTER 3

Isolation of a Variant of Pseudoalteromonas sp. 520P1

Producing Violacein under Agitated Culture Conditions

3.1 Introduction

Pseudoalteromonas sp. 520P1, a Gram-negative marine bacterium, shows an
ability of producing violacein only under static culture conditions. In the previous
study, we reported that the production of violacein by strain 520P1 was regulated by
quorum sensing and activated by N-(3-oxooctanoyl)-homoserine lactone (3-oxo-C8
HSL) P7. However, we have not identified the genes for AHL synthesis and AHL
receptor protein in strain 520P1. Identification of these genes is pivotal for
understanding of regulatory mechanisms of quorum sensing and the nature of AHL(s)
involved in the violacein production. In this part of study, we isolated a variant strain
(No. 4-2-3), capable of producing violacein under agitated culture conditions, from
the culture of strain 520P1. We suppose that there may be one or some mutation(s) in
the variant No. 4-2-3. Therefore, the productions of violacein and AHLs by the
variant No. 4-2-3 under both static and agitated culture conditions were investigated.

AHLs as signaling molecules play an important role in the quorum sensing
system. The presence of AHL is detected by several bacterial biosensors, which do

not produce AHLs by theirselves but respond to exogenous AHLs (Fig. 3.1).
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Fig. 3.1 Principle of detection of AHL by reporter strains

In some cases, a single bacterium produces multiple AHLs differing in the R group (including the
length of the acyl side chain or the substitution at position C3 carrying an oxo- or hydroxyl group).
The exogenously added AHL to the reporter strain interacts with a cognate receptor protein which
is constitutively expressed from the promoter (closed triangle) inside of the cells. An
AHL-receptor protein complex then activates the promoter (open triangle) of the reporter genes.
The response to AHL can be detected in a variety of ways such as bioluminescence, development

of blue color by p-galactosidase, green-flurescent protein and violacein pigment production.

Different biosensors respond to different AHLs in different sensitivities. Table 3.1
shows representative AHL receptor strains. In TLC analysis, the AHLs migrate with
specific mobility and form a spot detected by reporter strains. TLC analysis with
corresponding reporter strain is considered to be a rapid and visual method of
detecting the AHLs '®1®* Some AHL biosensors could be used for quantifying AHL
by measuring the level of the reporter signal. To quantify the concentration of the
tested AHL, it is necessary to determine the minimum concentration of the AHL

required by the reporter strain. Therefore, it is very important to choose a reporter
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strain sensitive to the tested AHL.

CHAPTER 3

Table 3.1 AHL reporter strains

Best
Plasmid Host Phenotype Good response Ref.
response
3-0x0-C6 HSL
C. violaceum Violacein pigment C8-HSL Mcclean et al.
None ] C6 HSL [56]
CV026 (lacks Cvil) 3-0x0-C8 HSL 1997
C4 HSL
Bioluminescence C6 HSL )
Winson et al.
pSB401 E. coli (LuxI/R  from V. 3-oxo0-C6 HSL.  3-oxo-C8 HSL 908 165
1
fisheri) C8-HSL
All 3-ox0 HSLs
[-galactosidase C6,8,10,12,14 HSL
A. tumefaciens Farrand et al.
pZLR4 (Tral/R from A. 3-oxo-C8 HSL  3-OH-C6 HSL 66
NTI 2002 10!
tumefaciens) 3-OH-C8 HSL
3-OH-C10 HSL
Green fluorescence ]
Broad host Riedel et al,
pAS-C8 (Cepl/R from B. C8HSL C10 HSL [67]
range 2001

cepacia)

In this part, we employed Agrobacterium tumefaciens NTL4 (pZLR4) to respond

to AHLs produced by strain No. 4-2-3. The variant strain reported here may help

further understanding of the regulation of violacein production and also provides a

rapid and efficient method of violacein production.
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3.2 Materials and Methods

3.2.1 Isolation of a variant strain

Pseudoalteromonas sp. 520P1 was cultured at 20°C in PPES-II liquid culture
medium under shaking culture conditions. From the culture which showed purple
color, cultivation liquid was obtained and incubated at 20°C on a PPES-II agar plate
for 4 days. Colonies of dark violet color were inoculated on agar plates separately for
further incubation. Successive isolation of a single colony and the following
incubation on an agar plate was repeated five times. A colony isolated from the final
incubation on an agar plate was designated No. 4-2-3. Violet colonies with white edge,
which were similar to original strain 520P1, were isolated from the same liquid
culture and subjected to successive culture on agar plates. This strain was designated

No. 4-1-2 and used as a control in the following experiments.

3.2.2 Production of violacein under static culture conditions

Overnight pre-cultures of strains No. 4-1-2 and No. 4-2-3 were inoculated to a
300 ml-flask containing 100 ml of PPES-II culture medium, respectively. The flasks
were incubated at 20°C under static culture conditions for 10 days. To monitor the
relative amount of violacein production, the incubated cultures were sampled every

24 h and violacein was extracted with ethanol as described in Chapter 2.

3.2.3 Production of violacein under agitated culture conditions

Strains No. 4-1-2 and No. 4-2-3 was cultivated for 36 h as described in 3.2.2,
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except that the cultivation were performed under agitated culture conditions at a
rotary speed at 160 rpm. The bacterial growth and violacein production was
monitored every 3 h by measuring the absorbance at 700 nm and 575 nm,

respectively.

3.2.4 Sequencing of the upstream region of the violacein gene cluster in strain No.
4-2-3

The genomic DNA of strain No. 4-2-3 was isolated and purified as described in
Chapter 2.2.2. Upstream sequence of strain No. 4-2-3 was amplified by PCR using
primers 520P1-vioA-Fwl and 520P1-vioA-Rvl (Table 2.5 in Chapter 2). The
upstream sequence from strain No. 4-2-3 was determined and deposited in DDBJ

under the accession number AB583752.

3.2.5 Extraction of AHLs

Overnight cultures of strains No. 4-1-2 and No. 4-2-3 were inoculated in 200 ml
of PPES-II culture medium in 500 ml flasks, respectively. After 12h, 24h, 36h, and
48h of incubation at 20°C with shaking (180 rpm), the culture supernatants were
harvested by centrifugation at 8,000 rpm (11,800%g) for 15 min and filtered using a
0.22-um-pore size membrane filter (Advantec, Tokyo), respectively. The filtered
supernatants were extracted with the equal volume of ethyl acetate (AcCN) for three
times. Then, the combined extracts were evaporated to dryness and dissolved in 0.5

ml of ethanol. The extracts were stored at -20°C until use (Fig. 3.2).

50



B TR R A G CHAPTER 3

Liguid culture medium (200 ml)
Centrifuged at 8000 rpm, 4° C for 15 min
Supernatants

Filtered

Extracted with an equal volume of AcCN
for three times

Concentrated and dissolved

Extracts

| l

Bio-assay TLC analysis

Fig. 3.2 Extraction of AHLs from strain No. 4-1-2 and No. 4-2-3

PPES-II culture medium was employed as negative control.

3.2.6 Bio-assay of AHLs

Reporter strain Agrobacterium tumefaciens NTL4 (pZLR4) was incubated in AB
minimal medium (see Appendix 5) with gentamicin (5 pug/ml). AHL plate assay was
performed according to the method of Shaw et al. with some modifications !, Soft
agar containing 40 pg/ml 5-bromo-4-chloro-3-indolyl-p-D-galactopyranoside (X-gal)
and A. tumefaciens NTL4 (pZLR4) was overlaid on an AB minimal agar plate. Paper
disks (8mm in diameter) containing AHL samples were placed on the plate. Assay
plates were incubated overnight at 28°C, and the zone of blue pigment was measured.
Standard synthetic AHLs, C6 HSL and 3-ox0-C8 HSL (Sigma-Aldrich K.K., Tokyo,

Japan) were used as positive control as described above.
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3.2.7 TLC assay of AHLs

AHL extracts and standard AHLs were spotted on reversed-phase ODS TLC plate
(Darmstadt, Germany) and developed with 60% (v/v) methanol in water. AB minimal
glucose medium containing 40 pg/ml X-gal and A. tumefaciens NTL4 (pZLR4) was
overlaid on the air-dried plate and incubated at 28°C for 18 h. Standard synthetic C6

HSL and 3-0x0-C8 HSL were used as authentic standards.

3.3 Results and discussion

3.3.1 Isolation and observation of strain No. 4-2-3

Colonies of strain No. 4-1-2 and strain No. 4-2-3 differed in their morphology.
Strain No. 4-2-3 formed a circular, smooth, raised and dark violet-black colonies on a
agar plate (Fig. 3.3b), while colonies of strain No. 4-1-2 showed similar shape but
dark violet color with white edges (Fig. 3.3a). During five successive subcultures,
neither the shape nor color of colonies of strain No. 4-2-3 changed, indicating that the
characteristic properties of producing violacein was maintained stably from

generation to generation (Fig. 3.3¢).
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a: strain No. 4-1-2 b: strain No. 4-2-3

c: fifth subculture of strain No. 4-2-3

Fig. 3.3 Morphology of strain No. 4-1-2 and No. 4-2-3

Strain No. 4-1-2 and No. 4-2-3 were isolated from the culture of original culture of strain 520P1.
A single colony was inoculated and incubated at 20°C for 7 days on an agar plate. (a): Strain
No. 4-1-2, similar to original strain 520P1; (b): Strain No. 4-2-3, the variant strain; (c): The fifth
subculture of strain No. 4-2-3.

3.3.2 Violacein production by strain No. 4-1-2 and No. 4-2-3 under static culture
conditions

When strains No. 4-1-2 and No. 4-2-3 were incubated at 20°C without shaking,
both of them produced violacein (Fig 3.4). The time courses of violacein production
by strain No. 4-1-2 and No. 4-2-3 were almost the same and there was no appreciable

difference.
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Fig. 3.4 Time courses of the violacein production by strains No. 4-1-2 and No.
4-2-3

under static culture conditions

Strain No. 4-1-2 (square) and No. 4-2-3 (triangle) were cultured at 20°C without shaking for 10

days. Each point represents the mean value of duplicate cultures.

3.3.3 Violacein production by strain No. 4-1-2 and No. 4-2-3 under agitated
culture conditions

When strains No. 4-1-2 and No. 4-2-3 were incubated at 20°C under shaking
conditions (160 rpm), there was no significant difference of the bacterial growth
between these strains (Fig. 3.5a). However, only strain No. 4-2-3 showed ability of
producing violacein under agitated culture conditions (Fig. 3.5b). The violacein
production by strain No. 4-2-3 started at around 6 h of cultivation and reached the

maximum after 24 h of cultivation.
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Fig. 3.5 Time courses of the bacterial growth and violacein production by strains

No. 4-1-2 and No. 4-2-3 under agitated culture conditions

Strains No. 4-1-2 and No. 4-2-3 were cultured at 20°C/160 rpm for 36 h. Each point represents the
mean value of duplicate cultures. (a): bacterial growth curves of strains No. 4-1-2 (square) and No.

4-2-3 (triangle); (b): violacein production of strains No. 4-1-2 (square) and No. 4-2-3 (triangle).
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3.3.4 Analysis of upstream sequence of strain No. 4-2-3

We can consider several possible reasons for the violacein production by strain
No. 4-2-3 under agitated culture conditions. One of them is a mutation in the
upstream region of violacein gene cluster of strain No. 4-2-3. Therefore, we analyzed
the upstream sequence in strain No. 4-2-3. The upstream sequence of the violacein
gene cluster of strain No. 4-2-3 was obtained by PCR method as described in 3.2.7
and deposited in the DDBJ under the accession number AB583752 (Appendix 4).
The nucleotide comparison of the upstream sequences between strain No. 4-2-3 and
strain 520P1 is shown in Fig. 3.6. The upstream sequence of strain No. 4-2-3 was
identical to that of strain 520P1, demonstrating that no mutation occurred in the

upstream region of strain No. 4-2-3.
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Strain No. 4-2-3 TTTACCATTGATGTACTTTTTACCAAGTCTGATTGGCGAACAAGGCGTTTGGTTT) 55
Strain 520P1 TTTACCATTGATGTACTTTTTACCAAGTCTGATTGGCGAACAAGGCGTTTGGTTT] 55

Strain No. 4-2-3 GCATTTCCTATCGCCGATTTAGCAGGAGGACTATTTGCAGTTTCTTTTTCTTTAT) 110
Strain 520P1 GCATTTCCTATCGCCGATTTAGCAGGAGGACTATTTGCAGTTTCTTTTTCTTTAT) 110

Strain No. 4-2-3 TTCATTTAAATAAACTAACAAAAGAAACGAAATACTACATCGTCATAAAAGATTC 165
Strain 520P1 TTCATTTAAATAAACTAACAAAAGAAACGAAATACTAGATCGTCATAAAAGATTC 165

Strain No. 4-2-3 3 CATTTATAAAAATACGCCTTTTCTCGATTGTCTTTTGTTTAAGGCA 220
Strain 520P1 IATATTCCCACATTTATAAAAATACGCCTTTTCTCGATTGTCTTTTGTTTAAGGCA| 220

Strain No. 4-2-3 IATCGAGATCTTTTAATGAAATAACACCTTCATTTCTTATACAACCTTCATTGTTA) 275
Strain 520P1 IATCGAGATCTTTTAATGAAATAACACCTTCATTTCTTATACAACCTTCATTGTTA 275

Strain No. 4-2-3 330
Strain 520P1 330
Strain No. 4-2-3 [ AACAATGCAATAAATATTTAAAATCCGATGTAACATTAATATTAATTCAGGATAG 385
Strain 520P1 IAACAATGCAATAAATATTTAAAATCCGATGTAACATTAATATTAATTCAGGATAG 385
Strain No. 4-2-3 ATATATTTAAATAACTTTAAAGTTCAGGCTAATAAACTTATTTATATAGTCAAARA 440
Strain 520P1 ATATATTTAAATAACTTTAAAGTTCAGGCTAATAAACTTATTTATATAGTCAAAA] 440

Strain No. 4-2-3 IAAGTACCTTAGTTTTAATACTCAATAATCTCTTTTATATAAAGATACAAAAATAG 495
Strain 520P1 IAAGTACCTTAGTTTTAATACTCAATAATCTCTTTTATATAAAGATACAAAAATAG 495

Strain No. 4-2-3 TACTAATTACACCCCTCTATTCCCTATTATAGGAACATATGTTAATTTACATTCG] 550
Strain 520P1 TACTAATTACACCCCTCTATTCCCTATTATAGGAACATATGTTAATTTACATTCG] 550

Strain No. 4-2-3 TTTACACGAGTACCTCTTTTGGGGTCTTGTATTTTACAGGGGTAAACAACAAGCC 605
Strain 520P1 TTTACACGAGTACCTCTTTTGGGGTCTTGTATTTTACAGGGGTAAACAACAAGCC 605

Strain No. 4-2-3 IATTTAAAATTTTTCAGGGAACATGACATATGTCGAATCAAGAAAATACTATATCC 660
Strain 520P1 IATTTAAAATTTTTCAGGGAACATGACATATGTCGAATCAAGAAAATACTATATCC 660
%k .
— Start codon of vioA4
Strain No. 4-2-3 IATTGTAGGGGCTGGAGTTTCAGGGATTATGTGCGCGCTTACGCTCGCTAATTTCC] 715
Strain 520P1 IATTGTAGGGGCTGGAGTTTCAGGGATTATGTGCGCGCTTACGCTCGCTAATTTCC 715

Strain No. 4-2-3 IATCTAGGTAGCAAAAAAGTAATTAAAGTTTT] 746
Strain 520P1 IATCTAGGTAGCAAAAAAGTAATTAAAGTTTT] 746

Fig. 3.6 Nucleotide comparison of the upstream sequences

between strain 520P1 and strain No. 4-2-3

Upper and lower lines show the upstream sequences of strain No. 4-2-3 and strain 520P1,
respectively. The sequences between vioA gene and the upstream protein gene are bracketed. The
start codon of vio4 and the stop codon of upstream protein gene are marked by asterisks (*) and

triangle (A), respectively.
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3.3.5 Analysis of AHLs produced by strains No. 4-1-2 and No. 4-2-3 under

agitated culture conditions

Before measuring the activities of AHLs produced by strain No. 4-2-3, we
constructed standard curves of synthetic AHLs, 3-oxo-C8 HSL (Fig. 3.7a) and C6
HSL (Fig. 3.7b), using the reporter strain A. tumefaciens NTL4 (pZLR4). The
logarithm of the amount of the synthetic AHLs and the radii of the pigmented spots

showed a good linearity. Therefore, we can assume the relative amount of AHLs by

measuring the radius of the blue pigmented spots.

CHAPTER 3
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Fig. 3.7 Standard curves of synthetic 3-oxo-C8 HSL (a) and C6 HSL (b)

logm: logarithm of the amount of the synthetic AHL; r: radius of the blue pigmented spot. (a):
Amounts of 3-oxo-C8 HSL (ug): 0.00015, 0.0003, 0.00045, 0.0006, 0.00075 and 0.0009; (b):

r [rmm)

Amounts of C6 HSL (pg): 0.5, 1,2, 3,4 and 7.
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The reporter strain Agrobacterium tumefaciens NTL4 (pZLR4) showed different
sensitivity to different synthetic AHLs. Compared with C6 HSL, this reporter strain
responded to much smaller amounts of 3-oxo-C8 HSL. Therefore, 3-oxo-C8 HSL was
used as the positive control in the following AHLs assays (bio-assay on agar plate and
TLC analysis).

In the previous study, we found that the violacein production by strain 520P1 was
regulated by quorum sensing 1. 3-ox0-C8 HSL could activate the production of
violacein in strain 520P1. Therefore, we supposed that there might be mutation(s) in
AHL synthase gene and/or AHL receptor protein gene of strain No. 4-2-3. Since we
have not yet identified the genes for these two molecules, we examined the activities

of AHLs in strain No. 4-2-3 (Fig. 3.8).
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Fig. 3.8 Time courses of the bacterial growth, the production of violacein and

N-acyl homoserine lactones (AHLS) in strain No. 4-2-3

The growth of the bacteria (square) was monitored by the turbidity of the incubation culture at
700 nm. The production of violacein (rhombus) was evaluated by measuring the absorbance of the
extract at 575 nm. The AHL bioassay (triangle) was performed using a reporter strain,
Agrobacterium tumefaciens NTL4 (pZLR4). The radii of the pigmented spots on assay plates

were measured. All the points represent the mean values in duplicate.
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The violacein production started at approximately 6 h of cultivation and reached
the maximum after 18 h of cultivation. The production of AHL increased rapidly
during the first 6 h of cultivation and reached the maximum after 12 h. It seemed that
the production of violacein by strain No. 4-2-3 was also under the regulation of
quorum sensing.

Fig. 3.9 shows the comparison of the activities of AHL extracts from strains No.
4-2-3 and No. 4-1-2. The AHL extract from strain No.4-2-3 obviously developed
larger blue zone than that from strain No. 4-1-2. The results suggested a higher
amount of AHL production by strain No. 4-2-3. However, we could not calculate the
amounts of AHLs produced by strain No. 4-1-2 and No. 4-2-3 because we do not
know the types of AHLs in the extracts and the reporter strain shows different

sensitivity to different types of AHLs.
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Fig. 3.9 Bio-assay of NV-acyl homoserine lactones (AHLs) produced by

strain No. 4-1-2 and No. 4-2-3

Spot 1: AHLs produced by strain No. 4-2-3 (100 pl of extract); Spot 2: AHLs produced by strain
No. 4-1-2 (100 pl of extract); Spot 3: Standard 3-0x0-C8 (0.1 ng); Spot 4: Standard 3-ox0-C8
(0.01 ng); Spot N: DMSO (negative control, 100 pl).

To examine the types of AHLs in the extracts, AHL extracts from strains No.
4-1-2 and No. 4-2-3 were analyzed by TLC on C,g reversed phase plate. After
chromatography, the TLC plate was overlaid with soft-agar containing the reporter
strain and X-gal. Two spots were observed in the extract from strain No. 4-1-2 as

1' [57]

previously shown by Wang et a , while only one spot was detected in the extract

from strain No. 4-2-3 (Fig. 3.10).
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Lane 1: extract of strain No. 4-1-2 (100 pl)
. Lane 2: extract of strain No. 4-2-3 (100 pl)
/ \ ! ! Lane 3: synthetic 3-oxo-C8-HSL (0.03 pg)

TLC plate: RP-18 F254
Mobile phase: CH3OH/H20 (60:40)
Reporter

strain: Agrobacterium tumefaciens NTL4 (pZLR4)

1 2 3

Fig. 3.10 TLC analysis of N-acyl homoserine lactones (AHLs) produced by

strain No. 4-1-2 and No. 4-2-3

The mobility of the spot in the extract from strain No. 4-2-3 (Rf about 0.4) was
similar to one of two spots in the extract from strain No. 4-1-2. The mobility of
another spot in extract of strain No. 4-1-2 (Rf about 0.6) was similar to that of
synthetic 3-0x0-C8 HSL. The results suggest that strain No. 4-2-3 produced at least

one type of AHL, while strain No. 4-1-2 produced at least two kinds of AHL.

3.4 Conclusions and discussion
In this part of study, we isolated a variant strain No. 4-2-3 from the culture of the
strain 520P1, which is capable of producing violacein under agitated culture

conditions. Strain No. 4-2-3 showed stable and efficient ability of producing violacein
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both under static and agitated culture conditions (Fig. 3.3, 3.4, 3.5). The property of
violacein production under agitated culture conditions offers a rapid and efficient
method to produce violacein.

As mentioned previously (in Chapter 2), there are three critical elements for
violacein biosynthesis and its regulation mechanism: the upstream region of the
violacein gene cluster, the AHL synthase gene and the AHL receptor protein gene.
Here, we supposed the occurrence of mutation(s) in one or three of them. The
identical upstream sequences between strains 520P1 and No. 4-2-3 demonstrated no
mutation in the upstream region where the promoter and the quorum sensing
regulatory site located (Fig. 3.6). Because we have not determined the AHL synthase
gene and the receptor protein gene, we examined the activities of AHLs produced by
the variant strain No. 4-2-3 using a reporter strain Agrobacterium tumefaciens NTL4
(pZLR4). The changes of the amount and the type of AHL produced by strain No.
4-2-3 might be one of reasons for the violacein production under agitated culture
conditions (Fig. 3.9, 3.10). These differences of AHLs production may be caused by
the mutation of the AHL synthase gene. AHL synthase is responsible for the AHL
production. Therefore, the change of properties of the enzyme reaction may lead to
the increased production of AHL(s) and/or the production of different kind of AHL(s).
Similarly, the mutation in receptor protein gene might change the specificity of the
receptor protein for AHLs, leading to the binding of different type of AHL(s).
Correspondingly, it may change the specificity of the binding to the regulatory site on
the target DNA. The mutation(s) mentioned above might ultimately affect the

expression of the violacein gene cluster, leading to a different mode of violacein
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production.

Considering the non-specificity and insensitivity of the reporter strain, we used
another two reporter strains, Chromobacterium violaceum CV026 P® and Violacein
Inducible Reporter no. 24 (VIR24) 1 to substitute for 4. tumefaciens NTL4 (pZLR4).
However, reporter strains CV026 and VIR24 showed low levels of response to the
AHLs produced by strain No. 4-2-3 and No. 4-1-2. We could not obtain desired
results with those two reporter strains.

TLC analysis has been used to assume the putative structure of AHL, based on the
comparison with authentic AHLs. However, AHL structure should be eventually
determined by analyzing their spectroscopic characteristics such as analysis by MS
and NMR [“4. In the previous study, we could not determine the structure of AHLs
produced by original strain 520P1. One of the reasons of failure is that the amount of
AHL was too low to identify their structures. Hence, high AHL production by strain
No. 4-2-3 may provide a possibility to determine the AHL structure.

We also analyzed the AHL extract by HPLC. (The conditions of HPLC are shown
in appendix 6). We found that a new peak (about 8.5 min) appeared when the extract
from strain No. 4-2-3 was subjected to HPLC analysis. Standard synthetic 3-0x0-C8
HSL (0.001 pg) could not be detected by HPLC. At a high concentration (1.0 pg), the
elution time of 3-oxo-C8 HSL was around 6.5 min. We could not observe the
corresponding peak in the elution profiles of strains No. 4-1-2 and No. 4-2-3,
probably due to the low concentration of 3-0x0-C8 in the extracts.

It should be noted that both strains No. 4-1-2 and No. 4-2-3 formed the biofilm

when incubated under static culture conditions. In C. violaceum, the production of
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violacein as well as the formation of the biofilm are all under the control of AHLs ¢!,

However, under agitated culture conditions, the biofilm was destroyed by shaking. It
seemed that biofilm formation is not necessary condition for violacein production in
strain No. 4-2-3 but it is an indispensable condition for strain No. 4-1-2.

One of the critical factors for violacein production is oxygen. In C. violaceum,
aerobic conditions are necessary for violacein production '), but high oxygen levels
inhibited the violacein production (Oliveira et al, unpublished data). In P
luteoviolacea, the highest amount of violacein was obtained by culture under stagnant
conditions ¥, Strain No. 4-2-3 is capable of producing violacein both under high or
low oxygen concentrations. Our data indicate that the speed of violacein production
by strain No. 4-2-3 but not the amount of violacein was affected by the concentrations
of oxygen (Fig. 3.4, 3.5). We suppose that this effect of oxygen is achieved by
regulating the speed of bacterial growth. In Pseudomonas aeruginosa, it seems that in
addition to the dependency on cell density, iron and oxygen concentrations also
strongly affect the expression of the regulatory protein LasR ). Strain No. 4-2-3
might share a similar regulatory mode as Pseudomonas aeruginosa. However, it
remains elucidated why violacein production by strain No. 4-2-3 occurred under
agitated culture conditions.

We believed that the study of variant strain No. 4-2-3 provides a short, convenient
and efficient method to produce violacein as well as makes a contribution to further
understanding of quorum sensing regulation of the expression of the violacein cluster

genes.
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APPENDIXES

Appendix 1

1

61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961
1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801

GAAGCTAATA GCTACATTAC CCCTATCATT ATATTTTGGG TGATTGGTTT CATTAGCAAC
CAAATAACCG AGGGATTTCG TGCTTCAGGA AATCCAAAAG CGATGATGCA GGTACTATCA
ACAGCTTCAA TTCTCAACAT CATTTTAGAT GCGTTGTTTA TATTTGTATT TGAATGGGGC
ATAGCTGGTG CTGCTTGGGC AACGATAATT GCAATTACAC TAGGTTTATT AATGGCTATG
CAATTACAGA AAAAAGGGGA AAGCGCGGTA AGATTTAGCT GGTGTAAGCT TATTAGCCCA
ATAAAGTTTC ACCTAAAAAT ATTAGGTTTA GGATTGCCTG TATTATTATC CCACGGTGGT
TTTTCAGTGA CGCTTGCAGT AACCGTTTAT TCTATTTCAA CTGTATTTAT AGGTGTATCA
GAGCCGTTAA TCGCTGCACA TGGCATATTA ATAAGGTGCT TTATGTTCTT GTTTTTACCA
ATAATAGGCA TGATGGTTGC CCTGCAAACC TTATCTGGAT ATAACTATGG CGCAGGTAAA
TACCATAGGG TAAAACAGGC TTACTTTGTC GCTATTGCAA CGAGTACTAT TTGGGGCGCA
ATTGTAACAT TCATTTTATG CTTCAATTCA GACTGGTTAC TTACCATGTT TACAGATGAT
ATAGAGGTTA TTGAACTTGG TAGTGAGCTA GCACCAATTT GTTTTGCTGG ATTCATTACA
GCGAGTTTTT GTATGATGTC TAGTGGACTA TTTCAAGGTT TAGGTCGAGC TTTACCGGCA
ACATTATTAG ATGCAGCTAG AACCTATGTA TTACTTTTAC CATTGATGTA CTTTTTACCA
AGTCTGATTG GCGAACAAGG CGTTTGGTTT GCATTTCCTA TCGCCGATTT AGCAGGAGGA
CTATTTGCAG TTTCTTTTTC TTTATTTCAT TTAAATAAAC TAACAAAAGA AACGAAATAC
TAGATCGTCA TAAAAGATTC ATATTCCCAC ATTTATAAAA ATACGCCTTT TCTCGATTGT
CTTTTGTTTA AGGCAATCGA GATCTTTTAA TGAAATAACA CCTTCATTTC TTATACAACC
TTCATTGTTA AACGCCGTAA CATCAACCCA TAACAATAAA AAGCACAATA AAAAACACAA
TAAAAAACAA TGCAATAAAT ATTTAAAATC CGATGTAACA TTAATATTAA TTCAGGATAG
ATATATTTAA ATAACTTTAA AGTTCAGGCT AATAAACTTA TTTATATAGT CAAAAAAGTA
CCTTAGTTTT AATACTCAAT AATCTCTTTT ATATAAAGAT ACAAAAATAG TACTAATTAC
ACCCCTCTAT TCCCTATTAT AGGAACATAT GTTAATTTAC ATTCGTTTAC ACGAGTACCT
CTTTTGGGGT CTTGTATTTT ACAGGGGTAA ACAACAAGCC ATTTAAAATT TTTCAGGGAA
CATGACATAT GTCGAATCAA GAAAATACTA TATCCATTGT AGGGGCTGGA GTTTCAGGGA
TTATGTGCGC GCTTACGCTC GCTAATTTCC ATCTAGGTAG CAAAAAAGTA ATTAAAGTTT
TTGAACATAA AAAACGTGTC GGCGGCAGAG CGCATGCAAT TAAAGTTCAA GAACAGTTTA
TTGATCTTGG GGCTGGTCGA TTTTCACCAC AACTTCATAA AAATATTAAT GAATTGATAG
CACATTTTAA TATTGAACAT GAAAGTTTTC CTTTTACACA ATTAACACGA CCACAAGAAC
TTCATAGTGA ATTAAAGGAG ATTTTAAACA AATTAAAGCC TTTGTGTGCT GAACACAAAG

ATGAATCCTT TTTGGATTTT TTAACCTCTT ATTTAGGTGA AGAACAAAGT AAAGATATTA
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1861
1921
1981
2041
2101
2161
2221
2281
2341
2401
2461
2521
2581
2641
2701
2761
2821
2881
2941
3001
3061
3121
3181
3241
3301
3361
3421
3481
3541
3601
3661
3721
3781
3841

TCAATGCGCT TGGATATGAT TCTTTATCCT TGCCATTTAT CACCCCCAAT ATTGCTTACG
ATATTATTGA AAAGCACCCT GAGATCCAAG GGTTCTCTGA TAACGCGGGA TATACATGGC
GAAACCTTAA GGCCGGATTT TGCACTTTAC CTCAAATCTT ATATAAAAAA GCAGTTGAAT
TAGGTGTTGA GTTTCATTTT GATTATGAGC TTATTACAAT TGATACCCAT ATAAAAAAAC
CGGCTTTAAC TTTAAAAAAT AGTGATGATG AGATTATTCG AATAACCCAA GGGGATATGA
TCGTCACATT GCCACCAACA GCAATGAGCA GGCTCAATTG TAACTTTCCG CAAGATTGGA
CCCATTATAC TTATGGTTCT ATTCCTCTCT TCAAAGGTTT TCTTTTCTAC GATACATCAT
GGTGGCAAGA ATTATCATTA ACAGATCATG TCATCATCAC CAATAACCCA ATACGAAAGC
TGTACTTTAA AGATAATAGA TACATCTTTT TTTACACTGA TAGTGAATAC GCTAATTTCT
GGCAAGAAAC CAGTCAACAT GGCGAAGAAC ATTACTTAAA AACAGTAAAA GAATTGATGG
CTGAAGCAAT TCAGTGCCAC ATAGATCAAA TTCCAGATCC AATTGAACAG ACTCATAAAT
ATTGGATACA TGGTGTTGAA TTTTCCAAAG AGTGTAGTCC AACCCACCCT CTGAGTTTTG
TACACAAAAA AAGTAAAATA ATTTCCGCTT CTGATGCTTA TACACCCCAC TGTGGTTGGA
TGGAAGGAGG CATTATGGCT GGTAAAAGTG CGGCCTTAAA ACTTCTAAAA CGGATTGAAG
CTGAAGAAGA AAGCATGACC GATAGTCATG AATAAAAGTT AAAGAAAATG ACAAAAATAG
GAAATTACAT AAAATGAGTA TTCTCGATTT TCCACGAGTT CATTTTAAAG GTGTGGCGCG
TGTTAACGTG CCAACAGCAA ACAGAAATAT CAATAATACA CTCGATATAA CAACAAATAC
TGTTTTACAA AATGGTGCAG CTTTTGATTT AAAACAACAC CCAAGTAAAT GTCATGAATA
TTTAAAAGCT TTTGAACCTA AATTCAATGC GCAAGGCCAA GAAGATAAAG CAGGACAATT
TAATCATGTT ACTGGTTATA ACATGATAGG TAATAACCAT TTTTCTTGGG AGAATACTTT
TGTCACATCG GTTCAATTAA AACATGGCAG TTACCAAACA GATGATCCGC TGGTAGGTAG
TAAATTGGCA TTATGGGGTC ATTATAATGA GTATTTAAGG ACATCTTTTA ATCGTGCTCG
GTGGGTTGAT AACGATCCAA CTCGACGAGA TTCGGCATTA ATATATGCTG GGCAATTAAC
TATTAGTGAT GGAGATGCGA GTGCGAATAC CGCTCATATA TTATCTTCAG ATATAGATTG
CACTCACGGT GTGCGCTGGC TAAACCCAGG GTACATTGTT AATAAGCCAA AACATTTCAT
GCAAGATGAA ATGGCTGAAG CAAGGTTATT TCAATTTTCA GTGAGTAAAG ACAATGAAAA
CTTTATATTT AATCAGCTTA ATATTGATTC AGCATTCTTA GAGCAGTTAA AGATTACACT
TGAAGATCCT GAGGTACTAG GCTTAACAGT TCAGTACTGT ATTTCTAATT TATCTCCCCC
CAGCCAACCA GATACCCCTG TATTTTGTGA TTTACAAGGC ACTATCAGTG TGTGGCGTAA
ACAAGATATG GCAACCAGCC CTACTGGCAG GATCCTACAA CCAGATGATA CCTCTCAATT
TTCACCAATA GCGGTAAAAA TAAAAGATAA TTGGGTCAGT TTTAATATGC CCATTAGCAT
TCCATATCAA AGTTATGCTG AGGTGTTGCC AGTTCAAAGC GGTCTGCCGC CAAAACTAAC
CCACAAAGCC GCTCTTGGTG ATTTAATATT AAAATCAGAT TCAGGAAAAA CGCTCGCTGT

TTTACCTGAA TCCGTATACC AACAAGCCAA TAACAGTACT GGTGTATTTG ATGTGCCTTT
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3901
3961
4021
4081
4141
4201
4261
4321
4381
4441
4501
4561
4621
4681
4741
4801
4861
4921
4981
5041
5101
5161
5221
5281
5341
5401
5461
5521
5581
5641
5701
5761
5821
5881

ACTCGTTAAT GATGCGCAAC TAGAAACGCA ATCACTCAGT TTACAGTCAA ATCAGCATAA
CTGGCATGAA ACTGATTGGC ACATACAAGC TGAACAGCAC ATCATCGCAA TTGAATCGGC
AAATCCTAAA TCTGATTATA AAAGTACACA CGCTATCGAT GTATTTAGTT ATTTCAGAGG
TAAACCCCAC CCTATTAATA AATTAATTCC TAATATAACA ACGCCTAACA ATTTACGGTG
TGATGTTTAT ATCGAAACTG ATAAAAGTGG TAGAGGTCAA CTCAATATTG AAAGCTTAGC
GCCTGGTAGC GGTGAATTGT TTTTAGGTGA GCACCATAGC CCAGTACAAG TTCGCATACT
CAGTGATGAT TGGTCTTTAC TCGATGTCGC AGATGAAAAT GTAGATTATG ATTTCCTTTA
TCATAATGTA ATGGGCTATT ACGAACTACT TTATCCTTTT ATGGCTGACA AAGTATTTAG
TATGGCCGAT AAGTGTAAAT GTGAGACTTA TGCCCGTTTA ATGTGGCAAA TGTGCGACCC
TAAAAACCGC GACAAAAGTT ATTACATGCC TAGTACTCGA GAAATGTCCT CGGTTAAGTC
ACATTTATTT CTGAAATATT TAAGTAATGT TGAGCAATCA GCAATGCCTA AAGAGCTACC
GCCATTAGAG CCCCAGTTTA CTGCGCAAGG TAGTATTAAA ACTAAAGCTC AGTTAATAAG
CAAGCTACGT GATGCGGTAG ATTTAGAGTT ATCGATTATG TTGCAATATC TTTATAGCGC
CTATTCGTTA CCTACCTATG CTGCAGGGGA GCAATATGTA GAGTCAGAAC GTTGGACACA
AGCTCAGTTA GAGTTAGTTA ACGGTTCCAA GGAAAGGCGA AAAAACAGTG GTTGGCGAGG
TGCTATTTTA GAGATCGCCC ATGAAGAAAT GATACATTAT TTGGTCATCA ATAATATCTT
GATGTCTCTA GGTGAGCCTT TCTACCCTGG AGAGCCTGTT TTTGCACAAG CCGCCAAAGA
GAAGTTTGGC TTAGATACTG AATTTTCTTT TGAGCCTTTT TCTGAGCATA TTATTGCTAA
GTTTGTCCGC TTTGAATGGC CTCATTTCTT TCCTTCTGTT GGTAAGTCGA TAGCCGATTT
TTATAACGAA ATTCGTATTG CTATCAACGA AATACCCGAC TTATATACCC AAGACATGAA
TAAGCAAGGT GGTGAACATC ACTTATTTTT AAACGAAATA ATAAACCGTG CTTATCCTAA
TTATCAGTTT GAAGTTTATG ATAAAGAAAC TGCATTATTT GCTATCGACT TTGTTACCGA
GCAAGGTGAA GGCGCTAGTG CTGATTCTCC ACAATTTGAA CATAGCCATT TTAACCGCTT
AAGATCTATA TCTAAAAACC TCACTCTTAG CGACATTCCT TTTGAACCTG CTTATCCCGT
TTTAAAAAAT CCAGTGATAA GTCAGCGAGC AGGGTGCAAT GTTGTTACAA ACCCGAATGC
CAGAGCTTTA ATGACGCTTT ATCAAGGTTG TCATGAACTG ATGTTTAAAA TGATGATGCA
ACATTTTGCA CAAACTTCAA AAGGGAGTAT GCGTCGATCT CGATTAATGA ATGCCGCTAT
AGATTTAATG ACAGGTATTT TAAGGCCTTT ATCAGTGCAC CTTATGACTT TACCGTCTGG
AACTGCAGGT CGAAATGCAG GTCCCCCACT ACCTCAAGCT ATTAAATTTA AAGCGACATC
AAATTACGAA AAAGGCTGCC TTGCATTAGC GCAAGCGTGT AAAGAACTTG CTGAAACAGC
CAAAGAAATA AAAGCAACCC CACCAGAAAC ACAAATAGAA TTACTTGAGT TTTATCAAAA
ACAAATGACT GAACTCGCAA CAAATAAATT ATCAAGGGAA GGTTAATAAT GAAAAAAATA
ATCCTTGTTG GCGGCGGTCT AGCTGGCAGT CTTACAGCAA TATTTTTAGC GAGAAAAGGA

CTCGAAATTC ATGTTATTGA AAAGCGAGGA AATCCTTTAC TCGATCAAAG TGATTACATA
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5941
6001
6061
6121
6181
6241
6301
6361
6421
6481
6541
6601
6661
6721
6781
6841
6901
6961
7021
7081
7141
7201
7261
7321
7381
7441
7501
7561
7621
7681
7741
7801
7861
7921

GACCAAGTTA GCTCAAGGGC AATAGGTGTC AGTATGACTG TCCGTGGCAT AGAGGCTGTT
GTTGAAGCTG GCATTCCACT TAAAGAGCTT CAAGCCTGTG GTATAGAAGT ATCAGGTATG
TCTTTATTTG TTGCCGGTAA AAATAAAATA AGAGAACTCC CTCCATTAGA TAAGTTAAAA
CCATTGTCTC TTAGTCGCAG TGCTTTTCAG TTATTACTCA ATAAATATGC AGAAAAAGCA
GGCGTTAATT ACCATTACAA CCAGCGCTGC ATTGAAGTTA ATTTAAATAA ATGTCACCTG
TTAACTAAAG ATTTAAATGA TAATTTTATT GAGCACTCAG GTGACTTATT AATTGGTGCG
GATGGCGCAC GCTCTTGTGT AAGAGATGCC ATGCAAACTC ACTGTCGACG ATTTGAATTT
GAGCAAACAT TTTTTAAACA TGGGTATAAA ACCTTAGTTA TTCCAGATGC TAAAAAAGTC
GGCTTAAGGC CTGATCTTTT ACACTTTTTT GGCATGGACT CTCATGGTCA ATTTGCAGGT
AGGGCAGCAA CGATCCCTGA TGGCAGTATC AGCTTCGCGG TTTGCCTACC CTTTAAAGGA
AAAGTAAGTC TACATACAGA TGATAAAGTC GCCATGCGAG AATTTTTTGA CCGATATTAC
TCTATGGTAC CTAAACATAT TCGCCAAGAG TTACTAGAAC AATTTATGGT TAAGCCGAGT
AATGATCTTA TTAATGTGCG CTCATCTACT TTTCACTATA AAGATAAAGC CTTACTGATT
GGCGACTCTG CGCATGCAAC AGCGCCATTT TTAGGTCAAG GCATGAATAT GGCTCTTGAA
GACGCTTATG TTTTATCATG CTTATTTGAT AAATATGATG CTAATTTAAG TAAAATTTTA
CCTGACTTTA CAACCTTACG AAAAGTAGAA GCCGATGCAA TGCAAGACAT GGCAAGAGCA
AATTATGAAG TATTAAGTTG TTCAAACCCT ATTTTCTTCC TAAGAGCCAG ATACTTACGT
TATATGGGTC AAAAACTTCC AAAGCTTTAC CCGCCAGATA TGGCAGAGAA ATTATATTTC
ACTTCAATGA AATACAGCAA AATTAGACAC TTTCAACAAA AACAAAATGT TTGGTACAAA
ATAGGGAGAT TAAATTAATG AATATTCTTG TGATCGGTGC AGGTCCAGCA GGTCTTATGT
TTTCTAGTCA AATCAAAAAA CTAAACCCTG ATTGGCATAT CAATATTATA GAAAAAAATA
ATCAAGATGA AAGTGTTGGT TGGGGTGTTG TGTTGCCAGG TAGAGCACCA CATCATCCTG
CGAATCCGCT GTCATATTTA TCTAATCATG AATCATTAGA TGCGCAATAC ATAGAAGAGT
TTAAGCTTAC ACATCATAAT GACTCAGCCT TAACTAAAAC CGGCGTCACT TTATGTGGTG
CCGAGCGTAA ATCTATGGTG CATGAACTTC GTCAATTATG TATTGGTTTA GGTATTTCGA
TTGAATATGA AAAACCGGCA TCAAAACTCG TTGACCTACA ATGTAACAAA TATGATTTAG
TTGTTGTTTC AAATGGTATT AATCATACAT CAACGTACTA TAAAGAAGCA TTAAAGCCTA
AAGTTGAATT CGGTAAAAAT CGTTATATGT GGTACGGGAC GACTAAAAAG TTTGATGAAA
TGAATTTAAT TTTCAAAACG AAAGCTAAAG GTATTTTTGT TGCTCACTGT TATAAATATT
CCAGTAATAT GAGTACTTTT GTTGTTGAAT GTAGTGAAGA AACGTATATA AATTCAGGTC
TTGATGAAAT GTCGACTCAA AATGCCGAAG CCTTTATTGC TTCAGTATTT GAAGAAGAGT
TAGACGGTCA AACGGTTATA TCACCAAAAG GGCTCAAATG GCGTAACTTC ATGACATTGA
GTCATGAACA AGCCTATAGC GATAATATTG TTTTACTAGG TGATGCACTG CAATCAGGAC

ATTTTTCTAT TGGTCACGGT ACGACTATGG CTGTAGTTGG CGCACAAATG TTAGTTAAAT
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7981
8041
8101
8lo6l
8221
8281
8341
8401
8461
8521
8581
8641
8701
8761
8821
8881
8941
9001
9061
9121
9181
9241
9301
9361
9421
9481

CGGTTTACGA TCATAGTGAT AATATTGCTA CGGCGTTAGA AGATTTTAAC CAAAATGTGA
TGCCTGTCAT GCAATTGTTT GATCAACATG CAAGTACTAG CCGATTATGG TTTGAAAGCG
TAGAAGACCG CATGCATTTA TCAACTCCTG AGCTAGCACA AAGCTTTGCG ACGCGCAGAA
ACCAATTACC TCCTCTACCG CCAGCGTTAG GACAAGCACT TGAAAAAGCT TTAGCGCGAG
GAGAAAAGTA AATGCAGTTT AATAAAATAA CAAAAGTCGC TCCTTTATTA CCTGAACAAT
GGAGTAGCAG TTACATTTCA TATTGGATTC CTATGCAGCC TGACGATGAT ATTACTTCAG
GGTACTGTTG GTTCGATTAT AAAAAAAATG TTTGTCGCAT TGATGGTTTA TTTAACCCTT
GGTCTGAGAA AAAAAAGGGT CACAGATTAT GGATGTCTGA AATCATGTAC CCCAGTACTG
ATGAATCATT TAAATCTAAA GTGTCATATA CGCGGAACGA TATGACAAAG ACTTCTGCAT
TTGAAGCTGC AGTATTAAAT GATGAAATAG ACCCTTGTCA TGAACTGATA CTTACGCAAG
ATGTATTAAT AACATGCAAT GCACAATATA TTGGTACATC TAATATTCTA GGTCATGAAG
TTGATGAATG GTTTTTTCAA CGTCCTAATG GCAAAGGACC TGCTACTTAT TACTTTATAA
GTGATACCAA TCACTTAGTA CGTATGATAA CCGGAGATCC AAAAGTACAG GCGTCAGTAA
GAGACTTTCC AAACTTCAAT ACTTATAAAA TTTCTCAAAA AACATTTCAA CCTGAACCCT
TAAATAAATA AGGTGGCATG TGACAGCCAT TAAGTTTAAT AATGGCTGTT TTTAAACGTA
AAAGCAAAGT TGTATTTCAG AATAAATTTA ATCCAAAAGC TGATTTAACA CGCTGAGAGA
CGGCCTGAGT TTGTTGGTTT GCCAGCTCAG TTCCAGATTT AAGAATAGAA ATGAGTTCTG
CTTTATCAGC TAAGTAACGC TCTCTCTTAG CTCTGATCGG TGTGATTAGA TTAATTAAAC
AATCACTTAA AATACCTTTT AATTTACTGT CCCCTAACCC ACCAGATGCA TAATGGTTTT
TAAGTTGTGC GATATAGGTT TTATCTTCAT GAAAAGCATC TAAATAAGTA AATACAACAT
TACCTTCTAC TTGCCCAGGA TCGTCTACTC TTAAGTGATT TGAATCGGTA TACATAGCGC
GAACAGCTTT TACTATCATG TCATCACTAC TACCAAAAGT AATCACATTA CCCAGTGATT
TAGACATTTT AGCTTTACCA TCTACACCCG GTAATCTAGG TGTATCACTC AATAATGGTT
TCGCTTCAAT TAAAACAGGC TGCTGTGCAA TATTGTTTAA TTTTCTTACT ATTTCATTGG
TAATTTCTAT CATAGGTAAC TGATCATCGC CAACAGGAAC TAAAGTCGCA TCAAAAGCTG

TAATATCGGC AGCTTG

Appendix 1 Nucleotide sequences of the violacein gene cluster with its upstream

and downstream regions (DDBJ accession number AB573101)

1449...2735: gene vioA, product: tryptophan 2-monooxygenase VioA

2774...5806: gene vioB, product: polyketide synthase VioB

5809...7098: gene vioC, product: monooxygenase VioC
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7098...8231: gene vioD, product: hydroxylase VioD

8232...8831: gene vioE, product prodeoxyviolacein synthase VioE,

VioA

strain 520P1 VioR

P, tunicata VioR

C. viclaceum VioR

J. lividum Viok
Duganella sp. B2 Viok

strain 520P1 VioR

P, tunicata VioR

C. viclaceum VioR

J. lividum VioA
Duganella sp. B2 Viok

strain 520P1 VioR

P, tunicata VioR

C. vioclaceum VioRh

J. lividum Viok
Duganella sp. B2 Viok

strain 520P1 VioR

P. tunicata VioR

C. viclaceum VioR

J. lividum VioA
Duganella sp. B2 VioA

strain 520P1 VioA

P. tunicata VioRA

C. violaceum Viok

J. lividum VioA
Duganella sp. B2 VioA

strain 520P1 VioR

P. tunicata VioA

C. viclaceum VioRh

J, lividum VioA
Duganella sp. B2 VioA

strain 520P1 VioRh
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C. viclaceum VioR

J. lividum Viok
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P, tunicata VioA

C. violaceum Viok

J. lividum VioA
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Appendix 2a Comparison of the amino acid sequences of VioA from strain 520P1

and other violacein-producing bacteria
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VicB

strain 520P1 VioB

P, tunicata VioB

C. viplaceum VioB

J. lividum VioB
Duganella sp. BZ VioB

strain 5Z0P1 VioB

P. tunicata VioB

C. violaceum VioB

J. lividum VioB
Duganella sp. BZ VioB

strain 520P1 VioB

P. tunicata VioB

C. viclaceum VioB

J, lividum VioB
Duganella sp. BZ VioB

strain 520P1 VioB

P. tunicata VioB

C. violaceum VioB

J. lividum VioB
Duganella sp. B2 VioB

strain 520P1 VioB

P. tunicata VioB

C. violaceum VioB

J. lividum VioB
Duganella sp. B2 VicB

strain 520P1 VioB

P, tunicata VioB

C. viplaceum VioB

J. lividum VioB
Duganella sp. BZ VioB

strain 52Z20P1 VioB

P, tunicata VioB

C. violaceum VioB

J. lividum VioB
Duganella sp. BZ VioB

strain 520P1 VioB

P. tunicata VioB

C. viclaceum VioB

J, lividum VioB
Duganella sp. BZ VioB

strain 520P1 VioB

P. tunicata VioB

C. viclaceum VioB

J. lividum VioB
Duganella sp. B2 VioB

strain 520P1 VioB

P. tunicata VioB

C. viclaceum VioB

J. lividum VioB
Duganella sp. B2 VicB
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Appendix 2b Comparison of the amino acid sequences of VioB from strain 520P1

and other violacein-producing bacteria
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VioB (continued)

strain 520P1 VioB 548
P.tunicata VioB 547
C. viplaceum VioB 540
J. lividum VioB 547
Duganella sp. B2 ViaoB 547
strain 520P1 VioB 598
P.tunicata VioB 597
C. violaceum VioB 589
J, lividum VioB 596
Duganella sp. B2 VioB 596

*EEE HF K #

strain 520P1 VioB 599 EPQFTAQGSHNKT/ER 648
P.tunicata VioB 598 QQPITIKEGDMEN|SAOT,TLK|ERD) 647
C. vioclaceum VioB 590 AGP----ARMES|@SAOLALEMRE] 635
J. lividum VioB 597 AAP----HANMGCIENELIDERKEK] 642
Duganella sp. B2 VioB 597 VAP----HVIGC 642

strain 520P1 VioB 698
P.tunicata VioB 607
C. viplaceum VioB 685
J. lividum VioB 692
Duganella sp. B2 ViaoB 692

strain 520P1 VioB
P.tunicata VioB

C. vioclaceum VioR

J. lividum VioB
Duganella sp. B2 VioB

strain 520P1 VioB h SR T O DM
P.tunicata VioB V S 7 4O SSETS
C. violaceum VioB 736 B Y LD CGEAG
J. 1ividum VioB ] z b, I FESGGG
Duganella sp. BZ VioB 743 P8 A ¥ .. F dDME DA DGE

§
ISENLTLSDI 848
ISKKLTLSDI 847
MSARIMAQSA 835
IAGKFSARDE B42
LAGRFSAREK 842

strain 520P1 VioR
P.tunicata VioB
olaceum VioRB

J. lividum VioB
Duganella sp. B2 VioB

strain 520P1 VioB
.tunicata VioB
viclaceum VioR

J. lividum VioB
Duganella sp. B2 VioB

gl E' It G H F
il R IG e |

[oN-]
S
)
eT)
=
0 o0 00 0o 0
> W

WOOWD DD
[AS TN SIS R e s

*
strain 520FP1 VioBE 0 248
P.tunicata VioB R 247
C. vieclaceum VioB G 235
J. lividum VioB E 242
Duganella sp. B2 ViaoB G 942
# % de ok
strain 520P1 VioB 94% AIKFEATSH 997
P.tunicata VioB 4948 BRLNFELMD 996
C. vioclaceum VioB 93¢ PVDTRSYD 985
J. lividum ViaoB 943 PVSSRVSS 992
Duganella sp. BZ VioB 943 PRADTAISS 992
strain 520P1 VioB 998 1010
P.tunicata VioB 997 1008
C. vielaceum VioB ag8eé 998
J. lividum VioB 993 1008
Duganella sp. BZ VioB 993 1005

Appendix 2¢ Comparison of the amino acid sequences of VioB (continued) from

strain 520P1 and other violacein-producing bacteria
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VioC

strain 5Z0P1 VioC
tunicata VioC

. violaceum VioC

J. lividum VioC
Duganella sp. BZ VioC

'

strain 5Z0P1 VioC

P. tunicata VioC

C. wioclaceum VioC

J. lividum VioC
Duganella sp. BZ VioC

train 520P1 VioC

. tunicata VioC

. violaceum VioC

. lividum VioC
uganella sp. BZ VioC

s
r
c
u7
D
strain 5Z0P1 VioC

P. tunicata VioC

C. vioclaceum VioC

J. lividum VioC
Duganella sp. BZ VioC

strain 520P1 VioC

P, tunicata VioC

C. violaceum VioC

J. lividum VioC
Duganella sp. BZ VioC

strain 520P1 VioC

P, tunicata VioC

C. violaceum VioC

J. lividum VioC
Duganella sp. BZ VioC

strain 520P1 VioC

P, tunicata VioC

C. violaceum VioC

J. lividum VioC
Duganella sp. BZ VioC

strain 520P1 VioC

P, tunicata VioC

C. violaceum VioC

J. lividum VioC
Duganella sp. BZ VioC

strain 520P1 VioC

P. tunicata VioC
violaceum VioC
lividum VioC
uganella sp. B2 VioC

(w e

Appendix 2d Comparison of the amino acid sequences of VioC from strain 520P1

401
401
401
401
401

DNFIEHS
NNFIDHY]
GOPORLQ
GALQHLH]
GALRHLQ

SME
TME
SE P
S TP
SV P

and other violacein-producing bacteria

SKIRH
STIRH
DRLQQ
DELQQ

DVLQQTI®
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VieD

strain 520P1 VieD

P, tunicata VioD
violaceum VioD

7. 'ividum VioD
Duganella sp. B2 VioD

Ty

strain 520P1 VioD

P, tunicata VioD

C. wviclaceum VioD

J. lividum ViecD
Duganella sp. BZ VioD

n 520FP1 VicD
unicata VieoD
iolaceum VioD

um VicD

a2 sp. BZ VioD

+
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b = OF !ll
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Do mn
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d
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ivi

o
W
=
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s

ALL

520P1 VioD
icata VioD
laceum VioD
idum VioD

la sp. BZ VioD
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o
W
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4]

s

train 520P1 VicD
tunicata VioD
violaceum VioD
lividum VioD
uganella sp. BZ VioD

w

=T

strain 5Z0F1 VioD
P. tunicata VioD
C. viclaceum VioD

strain 520P1 VioD

P, tunicata VioD

C. vioclaceum VioD

J. lividum VioD
Duganella sp. B2 VioD

el el i
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101
101
101
101
101

DGOTVISPT
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STP
STP
SSA
SIS A
GITA

Appendix 2e Comparison of the amino acid sequences of VioD from strain 520P1

and other violacein-producing bacteria
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VioE

strain 520P1 VioE

P. tunicata VioE

C. wviclaceum ViocE

J. lividum VioE
Duganella sp. BZ VioE

strain 520P1 VioE

P. tunicata VioE

C. violaceum VioE

J. lividum VioE
Duganella sp. BZ VioE

strain 520P1 VioE

P. tunicata VioE

C. violaceum VioE

J. lividum VioE
Duganella sp. BZ VioE

strain 520P1 VioE

P. tunicata VioE

C. violaceum VioE

J. lividum VioE
Duganella sp. BZ VioE

APPENDIXES

I DMTETSAFEAR
EDCMEKSISEEFSAQ
ERTALGEQLCER
AGATGEQLQGT
QEAEPAGVELYER

HIMYPSTDES
§IMYPNTDES
BV GINARS GRTWRC

EET # %
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OAADARY V EIE - GIA A

% ELET ] *
151 FISDTNHLV|S I TY KIS OK TR0 PEPLIE
151 z ' INGTHNHLY FNTYEMDNE K PEPLEE
146 LDARSGTP JSEAEMPDAVIALKER - -~
147 LEAGGNRL LEVGDMPDEVIATSCHNT -—
147 LOAGGNHLI S FLAGDMARSVIVSE——--—
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145
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199
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Appendix 2f Comparison of the amino acid sequences of VioE from strain 520P1 and

other violacein-producing bacteria

Appendix 2 Comparison of the amino acid sequences of violacein synthetic

enzymes from strain 520P1 and other violacein-producing bacteria

Amino acid sequences of VioA (a), VioB (b, c), VioC (d), VioD (e) and VioE (f) of

strain 520P1 were compared with those of other strains. Fully conserved amino acids

are indicated in black and amino acids with homology greater than or equal to 75%

are indicated in pink. Different amino acids between strain 520P1 and P. tunicata are

marked with an asterisk (*). Amino acid sequences were deduced from the DNA

sequences of strain 520P1 (DDBJ Accession number AB573101), P. tunicata D2

(AAOHO00000000), C. violaceum (AE016825), J. lividum (EF063591) and Duganella

sp. B2 (GQ266676).
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61

121

181

241

301

361

421

481

541

601

661

721

CCTATGTTTT ACTATTACCC CTTATGTATT TTTTACCAGA TCATATTGGT AACCAAGGTA

TATGGTACGC CTTCCCTATT TCAGATTTAG CCGGGGGTCT ATTTGCACTG ACATTTTCTT

TATTGCAATT AAACAAACTT AAAAAGAAGA TGACAGCATA ATTGTCATAA AAAATTCATA

TAATTTAAAA CTTCAAATAT TTCCCTGCGT GACTGCTTTA TGTATAAAGC AGTCACATTA

CTCTATCGAT TAAGCAAAAC TATTTTTTAC TTATTTCTCC CTATTCAAAC TCAGTTACAA

TGTGTAACAA CAATAAAAAA ACAATGAAAA AAACCAATAA AAAACAATGC TATGATTATT

AATTGTTAGA TATAAAATTC TTACCTAAAT AAATCAGGTT TATTCCTAGA TATTAAAAAT

AATCATGCGA ATAACCCTGC CTAAAAGTCA ACCAAAGTGG CTTAACTTTT AAATTAATAA

TCCCTTTTAT ATCACAATAC GAAAAAAGGA CTAATTACAT CTCTCTATTC CCATTTTTGG

GTACATGTGT TAATTTACAT TCGTTTACAC TTGTACCCAC TAAAGGTCCT TCATACTTAG

AGGGGTAAAC AATAAGCCAT TTAAAATTTT TCAGGGAACA TGACATATGT CGAATCAAGA

AAATACGATA TCAATTGTAG GGGCTGGAGT TTCAGGAATT ATGTGTGCAC TCACGCTCGC

AAATTTCCAT TTAGGAAGTA AGAAAACCAT AAGAGTT

Appendix 3 Nucleotide sequences of upstream of violacein gene cluster in

strain 710P1 (DDBJ accession number AB583751)

1...757 bp: upstream region of violacein biosynthetic gene cluster

162...646 bp: upstream region containing a putative promoter

647...>757 bp: tryptophan 2-monooxygenase VioA

Translation = “MSNQENTISIVGAGVSGIMCALTLANFHLGSKKTIRV”
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61

121

181

241

301

361

421

481

541

601

661

721

TTTACCATTG ATGTACTTTT TACCAAGTCT GATTGGCGAA CAAGGCGTTT GGTTTGCATT

TCCTATCGCC GATTTAGCAG GAGGACTATT TGCAGTTTCT TTTTCTTTAT TTCATTTAAA

TAAACTAACA AAAGAAACGA AATACTAGAT CGTCATAAAA GATTCATATT CCCACATTTA

TAAAAATACG CCTTTTCTCG ATTGTCTTTT GTTTAAGGCA ATCGAGATCT TTTAATGAAA

TAACACCTTC ATTTCTTATA CAACCTTCAT TGTTAAACGC CGTAACATCA ACCCATAACA

ATAAAAAGCA CAATAAAAAA CACAATAAAA AACAATGCAA TAAATATTTA AAATCCGATG

TAACATTAAT ATTAATTCAG GATAGATATA TTTAAATAAC TTTAAAGTTC AGGCTAATAA

ACTTATTTAT ATAGTCAAAA AAGTACCTTA GTTTTAATAC TCAATAATCT CTTTTATATA

AAGATACAAA AATAGTACTA ATTACACCCC TCTATTCCCT ATTATAGGAA CATATGTTAA

TTTACATTCG TTTACACGAG TACCTCTTTT GGGGTCTTGT ATTTTACAGG GGTAAACAAC

AAGCCATTTA AAATTTTTCA GGGAACATGA CATATGTCGA ATCAAGAAAA TACTATATCC

ATTGTAGGGG CTGGAGTTTC AGGGATTATG TGCGCGCTTA CGCTCGCTAA TTTCCATCTA

GGTAGCAAAA AAGTAATTAA AGTTTT

Appendix 4 Nucleotide sequences of upstream of violacein gene cluster in variant

strain No. 4-2-3 (DDBJ accession number AB583752)

1...746 bp: upstream region of violacein biosynthetic gene cluster

149...633 bp: upstream region containing a putative promoter

634...>746 bp: tryptophan 2-monooxygenase VioA

Translation = “MSNQENTISIVGAGVSGIMCALTLANFHLGSKKVIKV”
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Appendix 5 Media used in this study

Name of medium Composition
Tryptone 10.0 g/L
Luria-Bertani medium (LB)
Yeast Extract 50¢g/L
(pH 7.0)
NaCl 10.0 g/L
Polypeptone 2.0 g/L
PPES-II medium
Proteose Peptone No.3 1.0 g/L
(pH 7.8)
Soytone Peptone 1.0 g/lL
Yeast Extract 1.0 g/L
(Filtered seawater)
Ferric Citrate 0.1 g/L
Solution 1  K,HPO4 60.0 g/L
AB minimal
(S1) NaH,PO,4 20.0 g/L
medium *
NH4CI 20.0 g/L
S1  50ml MgSO, - 7TH,0O 6.0 g/L
Solution 2
S2  50ml KCl 3.0 ¢g/L
(82)
S3 10 ml CaCl, - 2H,0 0.2 g/L
H,O 890 ml FeSO,4 - 7TH,O 0.05 g/L
*: S1, S2 and S3
Glucose
are autoclaved Glucose 20%
(83)
separately.
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Appendix 6 Analysis of AHLs extracts by HPLC

APPENDIXES

Extracts were analyzed by HPLC equipped with an ODS column (Capcell Pak

C-18 MGII, 150 x 1.5 mm, 5 pum, Shiseido) which was run at a flow rate of 100

ul/min using the mobile phase of 45% (v/v) methanol (MeOH) aqueous solution and

a temperature of 40°C. The monitoring wavelength was 220 nm.

Extracts of PPES-11

e - 8.5 min

(a): Elution profiles of extracts of PPES-II (dark blue), strain No. 4-1-2 (green) and

mAl

strain No. 4-2-3 (light blue).
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4-1-2 (green) and strain No. 4-2-3 (light blue).
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(b): Elution profiles of extracts of synthetic 3-oxo-C8 HSL (1.0pg) (dark blue), strain No.

mAl



