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Abstract A colorimetric whole-cell sensor for dimethyl
sulfide (DMS) was constructed based on the in vivo
conversion of intrinsic pigments in response to the analyte.
In a marine bacterium, Rhodovulum sulfidophilum, ca-
rotenoids are synthesized via the spheroidene pathway. In
this pathway, demethylspheroidene, a yellow carotenoid, is
converted to spheroidene under catalysis of O-methyl-
transferase. Spheroidene monooxygenase (CrtA) catalyzes
the terminal step of the pathway and converts spheroidene
to spheroidenone, a red carotenoid. Here, the CrtA gene
in R. sulfidophilum was removed and then reintroduced
downstream of the DMS dehydrogenase gene promoter.
Using this whole-cell sensor, 3 uM DMS or dimethyl
sulfoxide can be detected without adding any color-
forming reagent. The ratio of the red spheroidenone to
total carotenoids increased, as the DMS concentration
was raised to 0.3 mM. Comparison of the signal to the
background color indicated a shift in the color coordinate
from a yellow to a red hue. An intense signal was obtained
with 1-day incubation at a high cell density when sensor
cells at the exponential growth phase were used. These
results show that the genetically engineered R. sulfidophi-
lum cells can be used to monitor the quality of marine
aquacultural environments by the naked eye.
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Introduction

Carotenoid pigments accumulate in anoxygenic photosyn-
thetic bacteria and have functions for the light harvesting
and the protection of cells from photooxidative damage.
Among the purple photosynthetic bacteria, five genera,
Rhodobacter, Rhodovulum, Rhodobaca, Rubrivivax, and
Rhodoferax synthesize carotenoids through the spheroi-
dene pathway (Takaichi 1999; Takaichi et al. 2001). All
the carotenogenesis genes in Rhodobacter capsulatus and
Rhodobacter sphaeroides form a crt gene cluster, and the
characteristics of the carotenogenesis enzymes have been
investigated (Armstrong et al. 1989, 1990; Lang et al.
1995; Takaichi 1999). In Rhodobacter sphaeroides, sphe-
roidene is formed by O-methylation of the C-1 hydroxy
group of demethylspheroidene, catalyzed by O-methyl-
transferase (CrtF). Spheroidene monooxygenase (CrtA)
introduces a 2-keto function at the C-2 of spheroidene and
demethylspheroidene to form spheroidenone and demeth-
ylspheroidenone, respectively. CrtA is responsible for turn-
ing the color of carotenoids from a yellow hue derived
from spheroidene to a red hue derived from spheroidenone
(Yeliseev et al. 1996). Therefore, if expression of crt4 in
such photosynthetic bacteria can be modified to be under
regulation of different transcriptional switches, colorime-
try based on the catalytic conversion of carotenoids by
CrtA might be established using the bacterial whole cells
to detect analytes by the naked eye.

Dimethyl sulfide (DMS) is a volatile organo-sulfur
compound, much of which in the atmosphere is formed
from the enzymatic cleavage by marine algae and bacteria
of dimethylsulfoniopropionate accumulated in the marine
algae and plant halophytes (Hanlon et al. 1994; Vogt et al.
1997; Jonkers et al. 2000; Yoch 2002). DMS is also the
essential source of the smell of the sea, which determines
the quality of lavers as an Asian food. An easy method to
detect DMS in the nursery of lavers will enable aqua-
culturists to control the flavor of the products.

As members of the genus Rhodovulum are halophilic
bacteria found in tidal and seawater pools, application of
the bacteria from a marine biotechnological standpoint can
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be considered (Maeda et al. 1998). In Rhodovulum
sulfidophilum, it was shown that DMS acceptor oxidore-
ductase activity was induced by DMS or dimethyl sulfox-
ide (DMSO) (Hanlon et al. 1994). If the DMS acceptor
oxidoreductase activity might be regulated by transcrip-
tional regulator protein(s), genetic manipulation techniques
would enable the crz4 gene expression under regulation
of the DMS-responsible transcriptional switch in R.
sulfidophilum.

The purpose of this study is the construction of a simple
and cost-effective sensor independent from specific re-
agents and instruments for monitoring qualities of marine
aquacultural fields. A sensor strain consisting of a crtA-
deleted host strain of R. sulfidophilum, in which the CrtA
gene was reintroduced downstream of the promoter for the
DMS dehydrogenase (Ddh) gene cluster (McDevitt et al.
2002), was constructed to detect DMS in the nursery of
lavers based on the conversion of the carotenoid colors.

Materials and methods
Bacterial strains and growth conditions

Rhodovulum sulfidophilum W-1S (FERM P-15320, Na-
tional Institute of Advanced Industrial Science and Tech-
nology, Tsukuba, Japan) (Maeda et al. 1998) as a wild-type
(WT) strain and its crt4-deleted mutant (CDM) were used.

Modified Okamoto medium (Maeda et al. 2003) was
used throughout this study. Tetracycline, when necessary,
was added to cultures at the concentration of 2.5 ug ml ™.
Anaerobic light conditions were achieved in cultivation
vessels by sealing those with a rubber cap fitted with a
double stopper after ventilation with 99.99% argon through
a set of needles; 0.2% (w/v) sodium bicarbonate was added
to the medium. The light source was an incandescent lamp,
and the photon flux intensity at the position of cultivation
vessels was 40-45 pumol s~' m 2. Semiaerobic light con-
ditions were achieved in cultivation vessels by covering
those with a screw-on cap fitted with an inner gasket or the
rubber cap without agitation. Light source and intensity
were the same as those under anaerobic light conditions.
Medium at one third volume of cultivation vessels was
added, so that a ratio of culture to gas phase (v/v) was 0.5.
Headspace was filled with air. Cultures at the exponential
growth and stationary phases under semiaerobic light
conditions exhibited dissolved oxygen (DO) of 0.65 and
0.71 ppm, respectively. Aerobic dark conditions were
achieved in an Erlenmeyer flask by covering it with a
silicone cap and agitating it strongly in the dark. Cultures at
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the exponential growth and stationary phases under aerobic
dark conditions exhibited DO of 0.25 and 6.13 ppm,
respectively. Before inoculation, DO of medium was 5.5—
5.7 ppm.

Sensing conditions

Sensor cells were precultured under semiaerobic light
conditions until the stationary phase. In 16-ml test tubes,
4.5 ml modified Okamoto medium, containing DMS or
DMSO, was added, and then 0.5 ml of the preculture was
inoculated. The test tubes were covered with the screw-on
cap. Supposing a use of the sensor strain as immobilized
beads under daylight, cells were incubated under semi-
aerobic light conditions for 3 days for sensing, and the
culture finally reached the stationary phase.

For optimization of the sensing system, sensor cells at
the exponential growth or stationary phase, precultured
under anaerobic light, semiaerobic light, or aerobic dark
conditions, were resuspended in modified Okamoto medi-
um that does not contain ammonium chloride for sensing.
Through resuspension, the cells were concentrated to one-,
three-, and tenfold of the density in the precultures at
the exponential growth phase and to one fifth-, one-, and
fivefold of that in the precultures at the stationary phase. In
16-ml test tubes, 5 ml of the resuspended cells was added,
and the test tubes were covered with the screw-on cap.
Incubation for sensing was carried out under semiaerobic
light conditions for a period indicated beside each panel
figure.

Genetic manipulation

DNA and RNA isolation, enzymatic treatments for the
construction of plasmids, polymerase chain reaction
(PCR), and Escherichia coli transformation were carried
out according to standard protocols (Sambrook et al. 1989)
or the manufacturers’ instructions. PCR was performed
using LA Taqg with guanine and cytosine (GC) buffer
(Takara, Shiga, Japan). Oligonucleotides TTCCTCTAGA
CGGTTTAGGAGAGTCGCAAA and AAGGTACCAGA
AGGGAAAGGGTTGAGTC were used as a primer set for
amplification of the DNA fragment that includes the Shine—
Dalgarno (SD) sequence and the crt4 open reading frame
(ORF) (Fig. 1). Total RNA was extracted using an RNeasy
mini kit (Qiagen, Tokyo, Japan) supplemented with ly-
sozyme for cell lysis. To remove contaminated DNA, an
RNase-free DNase set (Qiagen) was used. Reverse tran-
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Fig. 1 DNA construct used for the colorimetric DMS sensor. The construct in pRK415 was introduced into CDM2 cells, resulting in the
sensor strain. Pry, indicates lactose promoter; Tr,yq, pufC terminator; Pryqan, the upstream region of ddhA; and SD, Shine-Dalgarno sequence



scription was performed using an RNA PCR kit (AMV)
ver. 2.1 (Takara) from 1 pg of the total RNA at 45°C for
28 min. For amplification of the DNA, 4 ul of the reaction
mixture after reverse transcription was used as a template
for PCR.

The CDM2 strain (Maeda et al. 2005), used as a host
strain in this study, was constructed using the homologous
recombination technique. Briefly, a DNA fragment, con-
sisting of the 600-bp upstream and 800-bp downstream
regions of crt4 ligated with a kanamycin resistance cas-
sette, was used to make a deletion of the crt4 ORF. The
genotype at the insertion region of the CDM2 strain was
confirmed by sequencing and Southern hybridization
(Maeda et al. 2005).

A DNA fragment consisting of the pufC terminator
(Masuda et al. 1999), the ddhA upstream region (Genbank-
EMBL-DDBJ accession number AB201470), the SD
sequence, and the crt4 ORF was constructed (Fig. 1). As
a negative control, the DNA fragment, from which the
ddhA upstream region was excised, was also constructed.
The DNA fragments with and without the ddhA upstream
region were ligated with HindIll and Kpnl sites of a
shuttle vector, pRK415 (Keen et al. 1988), resulting in
pSDMS and pRV5(), respectively. pSDMS and pRV5(2
were introduced into E. coli S17-1 (Simon et al. 1983) cells
by electroporation and then transferred to CDM2 cells by
conjugation, respectively, as described previously (Yun
et al. 1990). Transformants were selected by tetracycline
resistance. A CDM2 strain transformed with pSDMS was
designated as the sensor strain.

Quantification of carotenoids

The sensor strain was cultured under semiaerobic light
conditions for 3 days. Cells were collected by centrifuga-
tion, stored at —80°C overnight, and then lyophilized.
Pigments were extracted from the lyophilized cells with a
mixture of acetone and methanol (7:2, v/v) by vortexing for
2 min, and cell debris was removed by filtration. The
extract was analyzed by a high-performance liquid chro-
matography (HPLC) system equipped with a pBondapak
C,5 column (3.9x300 mm, 125-A pore size, Nihon Waters,
Tokyo, Japan) as described previously (Takaichi et al.
2001).

Colorimetry

The light spectrum transmitted through the culture was
measured with a spectrophotometer (CM-3500d, Konica
Minolta Sensing, Tokyo, Japan). The illuminant D65,
which was the Commission Internationale de 1'Eclairage
(CIE)- and International Organization for Standardization
(ISO)-standard light source, was used. The color of the
cultures was defined by converting the spectrum to the
L*a*b* coordinates (CIE, 1976) (Davis et al. 1992; Fortner
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Fig. 2 Changes in the levels of the ddhA mRNA of WT cells grown
under different conditions detected by reverse transcription-]%oly-
merase chain reaction. DMS or DMSO was added at 3x10 ~ M,
and cells were collected after 3 days’ cultivation for total RNA
extraction. A minus sign in parenthesis means the absence of DMS
and DMSO. After 40 and 20 thermal cycles for ddh4 and rDNA, the
DNA was fractionated by electrophoresis and stained with ethidium
bromide

and Meyer 1997). In the CIE LAB system, the L* coor-
dinate is a measure of lightness, and the a* and b* coor-
dinates determine chroma and hue (Davis et al. 1992). The
chroma and hue of the colors were calculated as the square
root of (a*)* plus (b*)? and tan™'(b*/a*), respectively.

Statistical analysis

Student’s 7 test was performed for statistical comparisons.

Results
Regulation of gene expression by the ddhA promoter

The quantity of ddhA mRNA in WT cells grown in the
presence and absence of DMS or DMSO was compared
(Fig. 2). Incubation with DMS under semiaerobic light and
aerobic dark conditions, and with DMSO under semi-
aerobic light conditions, resulted in an increase in ddhA
mRNA. Under anaerobic light conditions, there was a high
background of ddh4 mRNA.

log[analyte (M)/3]

(‘. £ 8 4 8 2

DMS

Fig. 3 Changes in the cultural color of the sensor strain in response
to various concentrations of DMS or DMSO. A minus sign in
parenthesis means the absence of DMS or DMSO
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Fig. 4 Changes in the carotenoid composition in the sensor strain in
response to various concentrations of DMS. The ratio of the specific
to total carotenoids is the mean of data from three independent
cultures and shown by a column with a bar showing the SD.
Asterisk indicates P<0.05 in the statistical comparison of the data,
with those in the absence of DMS indicated by (—)

Detection of DMS and DMSO by the colorimetric
sensor

When the carotenoid composition was analyzed in a
CDM2 strain transformed with pRVS5(2, the pufC termi-
nator was found to prevent transcription from the lactose
promoter of pRK415 (data not shown).

Sensor cells were inoculated at an optical density (OD)
at 660 nm (ODggo) of 0.21 and grown in the presence and
absence of either DMS or DMSO. After 1 day, at which an
ODggp of the culture incubated in the absence of DMS and

DMSO was 1.01, there was no difference in the color
between cultures incubated in the presence and absence of
DMS or DMSO. The signal color became distinguishable
from the background one after 2 days, at which the ODggq
was 2.03, and was redder after 3 days (ODggp 1.90) than
after 2 days. The colors of the cultures after 3 days were
compared (Fig, 3). At 3x10°° to 3x10~* M DMS and 3x
10°° to 3x10 * M DMSO, the sensor cells became red-
der compared with the background color obtained when
neither DMS nor DMSO was added in the medium. At
3x1072 M DMS and 3x10> M DMSO, the cells became
brownish.

Quantification of signal in sensing DMS

The carotenoid composition was analyzed in the sensor
strain after exposure to DMS for 3 days (Fig. 4). The
addition of 3x107® and 3x10* M DMS significantly
increased the ratio of spheroidenone to total carotenoids,
and 3x107* M DMS decreased the ratio of demethyl-
spheroidene. A decrease in the ratio of spheroidene at
DMS concentrations of 3x10 ® and 3x10* M was not
significant.

The color of the sensor strain was defined after exposure
to DMS using the CIE LAB L*, a*, and b* coordinates
(Table 1). With increased DMS concentration, the degree
of hue decreased, mainly because of an increase in the a*
coordinate, and the L* coordinate slightly decreased. The
b* coordinate and the chroma decreased at DMS concen-
trations of 3x10 % and 3x10° M.

Optimization of the sensing system

Sensor cells, precultured under the different conditions and
resuspended at the different cell densities, were incubated
in the presence of 3x10~> M DMS. Under anaerobic light
conditions, ODggo of the preculture reached a plateau
around 1.1. The intense signals, compared with the colors
of the cultures incubated in the absence of DMS, arose in
the sensor strain at the exponential growth phase, precul-
tured under semiaerobic light or aerobic dark conditions
(Fig. 5). The signal of the sensor strain at the exponential
growth phase, precultured under aerobic dark conditions,
became distinguishable within 26 h of incubation. The
ODggp value of 2.22 or more was needed to clearly rec-
ognize the signal.

Table 1 CIE LAB color coor-

*a *a *a o

dinates for cultures of the sensor log[DMS (M)/3] L a b Chroma Hue ()

strain after incubation in the b

presence and absence of DMS ©) 93.1 1.53 9.30 9.43 80.7
-6 93.0 1.51 9.39 9.51 80.9
=5 92.5 1.77 9.40 9.57 79.3

f’Values are the means of three -4 92.5 1.99 8.69 891 77.1

independent measurements -3 915 230 368 .98 752

°DMS was not added
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GROWTH PHASE exponential stationary
X1 X3 X10 X1/5 X1 X5
SENRITIONS (=) (4) () 3 (=) (+) =) () )+ )&
. . e e
semiaerobic- 0.43 ] '
light 37h
aerobic- 0.74
dark 26 h
anaerobic- 0.66
light 63 h

Fig. 5 Differences in the resolution of signal of the sensor strain
precultured under different conditions and adjusted at different cell
densities. The preculture conditions and the growth phase of cells,
used for sensing, are indicated on the lefi and upper sides of the
panels. An ODggo, at which preculture was completed, and an in-

Discussion

To our knowledge, a colorimetric whole-cell sensor, in
which the signal generates based on the conversion of
intrinsic pigments of a host strain, has not been developed
elsewhere. Compared to the DMSO-reductase-based am-
perometric DMSO sensor (Abo et al. 2003), the colori-
metric signal derived from the intrinsic pigments confer
unique properties on the sensor, including freedom from
the need for adding specific reagents and from devices and
instruments to discern the signal; it is easy even for un-
trained hands to assay. To test whether such a reporter event
can generate a signal in response to analytes, the gene for
CrtA, which converts a yellow carotenoid to a red one, was
ligated to the 320-bp upstream region of the ddhA SD
sequence.

It was confirmed by reverse transcription—PCR analyses
that the mRNA level of ddhA increased in the presence of
DMS or DMSO under semiaerobic light conditions.
Consistent with this result, the colorimetric DMS sensor,
consisting of the crtA-deleted host strain and crt4 under
regulation of the upstream region of ddhA, showed a
responsiveness to DMS or DMSO at concentrations above
3x10® M under the same conditions. Therefore, it is likely
that the upstream region of ddhA used in this study
contains the responsive element to DMS and DMSO and
crtA functions as a reporter gene of the colorimetric sensor.
R. sulfidophilum has been shown to contain the DMSO
reductase activity, which catalyzes the backward reaction
of Ddh (Hanlon et al. 1994). Therefore, the reductase
activity may confer the responsiveness to DMSO on ex-
pression of ddhA and interfere in precise sensing to DMS. It
might positively impact on the responsibility and spec-
ificity of the sensing system to DMS if the control of the
DMSO reductase activity would become possible.

The carotenoids in R. sulfidophilum W-1S (WT) were
identified as demethylspheroidenone, demethylspheroidene,
spheroidenone, and spheroidene (Maeda et al. 2005). The

cubation period of sensing are indicated on the /eff of each panel.
Cell densities for sensing are shown as the ODggq times the value
indicated above the panels. Minus and plus signs in parentheses
mean the absence and presence of DMS. DMS at 3x10 > M was
added

CDM2 strain, where crtA had been deleted, exhibited the
phenotype that demethylspheroidene is predominant and
none of demethylspheroidenone and spheroidenone accu-
mulates (Maeda et al. 2005). In WT cells cultivated in the
presence of oxygen, where the CrtA activity is supposed to
be high, the demethylspheroidene content was less than
10%, and the spheroidenone content was more than 80% of
the total carotenoids (Maeda et al. 2005). Evaluating these
knowledge together with the carotenoid composition in the
sensor strain, which is derived from the CDM2 strain, it is
conceivable that in the sensor strain, the CrtA activity
expresses even in the absence of DMS, enhances under the
regulation of the ddhA promoter by the addition of DMS,
and then facilitates the conversion of demethylspheroidene
to spheroidenone via spheroidene synthesis, which is
catalyzed by CrtF (Takaichi 1999). It has been shown in the
WT strain that the content of 2-keto carotenoids (spher-
oidenone and demethylspheroidenone) is more than 90%
under semiaerobic light conditions and about 50% even
under anaerobic light conditions (Maeda et al. 2005). On
the other hand, the spheroidenone content in the sensor
strain did not exceed 20% even in the presence of DMS.
Therefore, it seems likely that a shortage of oxygen source
(s), including molecular oxygen to the 2-keto group, might
not quantitatively limit the synthesis of spheroidenone in
the sensor strain under semiaerobic light conditions, the
sensing conditions to DMS.

In the color coordinates of the sensor defined by the CIE
LAB system, the L* coordinate is a measure of lightness,
and the a* and b* coordinates determine chroma and hue
(Davis et al. 1992). Changes in hue occur circumferentially
around the L* axis, and changes in chroma increase ra-
dially from the L* axis (Davis et al. 1992). The +a* and
+b* axes are set along red and yellow hues, respectively
(Davis et al. 1992). The difference between the signal and
background colors, discernible by the naked eye, can be
explained as differences in these color coordinates. It is
conceivable that the signal generated by crt4 expression is
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mediated through a shift of the color coordinate from the
yellow toward the red hue as well as through decreases in
the lightness and chroma. An intense signal can be obtained
with 1-day incubation at an ODggo of 4.3 or more under
semiaerobic light conditions using sensor cells at the ex-
ponential growth phase, precultured under aerobic dark
conditions.

Once spheroidenone was formed, it was rather stable for
several days at room temperature (data not shown). Al-
though oceanic dissolved DMS is found at nanomolar
levels (Anderson et al. 2001; Toole and Siegel 2004), it has
been shown that DMS concentration in the headspace of
test tubes containing the marine intertidal sediment reaches
more than 400 uM (Jonkers et al. 2000). By putting the
immobilized sensor cells within cultures, it will therefore
become possible for aquaculturists to monitor DMS levels
in the nursery of lavers by the naked eye for controlling the
intenseness of the flavor of the products. Apart from DMS,
sensor tools to monitor the various qualities of marine
aquacultural fields can be developed by combining crz4
with the kind of transcriptional switches in the marine
photosynthetic bacterium.

Acknowledgements This work was supported by a grant-in-aid
from the Japan Society for the Promotion of Science to L.M.
(13780423).

References

Abo M, Ogasawara Y, Tanaka Y, Okubo A, Yamazaki S (2003)
Amperometric dimethyl sulfoxide sensor using dimethyl sulfox-
ide reductase from Rhodobacter sphaeroides. Biosens Bio-
electron 18:735-739

Anderson TR, Spall SA, Yool A, Cipollini P, Challenor PG, Fasham
MIR (2001) Global fields of sea surface dimethylsulfide pre-
dicted from chlorophyll, nutrients and light. J Mar Syst 30:1-20

Armstrong GA, Alberti M, Leach F, Hearst JE (1989) Nucleotide
sequence, organization, and nature of the protein products
of the carotenoid biosynthesis gene cluster of Rhodobacter
capsulatus. Mol Gen Genet 216:254-268

Armstrong GA, Schmidt A, Sandmann G, Hearst JE (1990) Genetic
and biochemical characterization of carotenoid biosynthesis
mutants of Rhodobacter capsulatus. J Biol Chem 265:8329—
8338

Davis BK, Aquilino SA, Lund PS, Diaz-Amold AM, Denchy GE
(1992) Colorimetric evaluation of the effect of porcelain op-
acity on the resultant color of porcelain veneers. Int J Pros-
thodont 5:130-136

Fortner B, Meyer TE (1997) Number by colors: a guide to using
color to understand technical data. Telos, Santa Clara, CA

Hanlon SP, Holt RA, Moore GR, McEwan AG (1994) Isolation and
characterization of a strain of Rhodobacter sulfidophilus: a
bacterium which grows autotrophically with dimethylsulphide
as electron donor. Microbiology 140:1953-1958

Jonkers HM, van Bergeijk SA, van Gemerden H (2000) Microbial
production and consumption of dimethyl sulfide (DMS) in a sea
grass (Zostera noltii)-dominated marine intertidal sediment
ecosystem (Bassin d’Arcachon, France). FEMS Microbiol Ecol
31:163-172

Keen NT, Tamaki S, Kobayashi D, Trollinger D (1988) Improved
broad-host-range plasmids for DNA cloning in gram-negative
bacteria. Gene 70:191-197

Lang HP, Cogdell RJ, Takaichi S, Hunter CN (1995) Complete
DNA sequence, specific TnS insertion map, and gene assign-
ment of the carotenoid biosynthesis pathway of Rhodobacter
sphaeroides. J Bacteriol 177:2064-2073

Maeda I, Chowdhury WQ, Idehara K, Yagi K, Mizoguchi T, Akano
T, Miyasaka H, Furutani T, Ikuta Y, Shioji N, Miura Y (1998)
Improvement of substrate conversion to molecular hydrogen by
three-stage cultivation of a photosynthetic bacterium, RAiodo-
vulum sulfidophilum. Appl Biochem Biotechnol 70-72:301—
310

Maeda I, Miyasaka H, Umeda F, Kawase M, Yagi K (2003)
Maximization of hydrogen production ability in high-density
suspension of Rhodovulum sulfidophilum cells using intracel-
lular poly(3-hydroxybutyrate) as sole substrate. Biotechnol
Bioeng 81:474-481

Maeda I, Yamashiro H, Yoshioka D, Onodera M, Ueda S, Miyasaka
H, Umeda F, Kawase M, Takaichi S, Yagi K (2005) Unusual
accumulation of demethylspheroidene in anaerobic-phototro-
phic growth of crt4-deleted mutants of Rhodovulum sulfi-
dophilum. Curr Microbiol (in press)

Masuda S, Yoshida M, Nagashima KV, Shimada K, Matsuura K
(1999) A new cytochrome subunit bound to the photosynthetic
reaction center in the purple bacterium, Rhodovulum sulfido-
philum. J Biol Chem 274:10795-10801

McDevitt CA, Hugenholtz P, Hanson GR, McEwan AG (2002)
Molecular analysis of dimethyl sulphide dehydrogenase from
Rhodovulum sulfidophilum: its place in the dimethyl sulphoxide
reductase family of microbial molybdopterin-containing en-
zymes. Mol Microbiol 44:1575-1587

Sambrook J, Fritsch EF, Maniatis T (1989) Molecular cloning: a
laboratory manual, 2nd edn. Cold Spring Harbor Laboratory
Press, New York

Simon R, Priefer U, Piihler A (1983) A broad host range mobilization
system for in vivo genetic engineering: transposon mutagenesis
in gram negative bacteria. Bio/technology 1:784-791

Takaichi S (1999) Carotenoids and carotenogenesis in anoxygenic
photosynthetic bacteria. In: Frank HA, Young AJ, Britton G,
Cogdell RJ (eds) The photochemistry of carotenoids. Kluwer,
Dordrecht, the Netherlands, pp 39-69

Takaichi S, Jung DO, Madigan MT (2001) Accumulation of unusual
carotenoids in the spheroidene pathway, demethylspheroidene
and demethylspheroidenone, in an alkaliphilic purple nonsulfur
bacterium Rhodobaca bogoriensis. Photosynth Res 67:207-214

Toole DA, Siegel DA (2004) Light-driven cycling of dimethylsul-
fide (DMS) in the Sargasso Sea: closing the loop. Geophys Res
Lett 31(L09308):1-4

Vogt C, Rabenstein A, Rethmeier J, Fischer U (1997) Dimethyl
sulphoxide reduction with reduced sulphur compounds as elec-
tron donors by anoxygenic phototrophic bacteria. Microbiology
143:767-773

Yeliseev AA, Eraso JM, Kaplan S (1996) Differential carotenoid
composition of the B875 and B800—850 photosynthetic antenna
complexes in Rhodobacter sphaeroides 2.4.1: involvement of
spheroidene and spheroidenone in adaptation to changes in
light intensity and oxygen availability. J Bacteriol 178:5877—
5883

Yoch DC (2002) Dimethylsulfoniopropionate: its sources, role in the
marine food web, and biological degradation to dimethylsul-
fide. Appl Environ Microbiol 68:5804-5815

Yun CH, Beci R, Crofts AR, Kaplan S, Gennis RB (1990) Cloning
and DNA sequencing of the fbc operon encoding the cyto-
chrome bc; complex from Rhodobacter sphaeroides. Char-
acterization of fbc deletion mutants and complementation by a
site-specific mutational variant. Eur J Biochem 194:399-411



	Colorimetric dimethyl sulfide sensor using Rhodovulum sulfidophilum cells based on intrinsic pigment conversion by CrtA
	Abstract
	Introduction
	Materials and methods
	Bacterial strains and growth conditions
	Sensing conditions
	Genetic manipulation
	Quantification of carotenoids
	Colorimetry
	Statistical analysis

	Results
	Regulation of gene expression by the ddhA promoter
	Detection of DMS and DMSO by the colorimetric sensor
	Quantification of signal in sensing DMS
	Optimization of the sensing system

	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AardvarkPSMT
    /AceBinghamSH
    /AddisonLibbySH
    /AGaramond-Italic
    /AGaramond-Regular
    /AkbarPlain
    /Albertus-Bold
    /AlbertusExtraBold-Regular
    /AlbertusMedium-Italic
    /AlbertusMedium-Regular
    /AlfonsoWhiteheadSH
    /Algerian
    /AllegroBT-Regular
    /AmarilloUSAF
    /AmazoneBT-Regular
    /AmeliaBT-Regular
    /AmerigoBT-BoldA
    /AmerTypewriterITCbyBT-Medium
    /AndaleMono
    /AndyMacarthurSH
    /Animals
    /AnneBoleynSH
    /Annifont
    /AntiqueOlive-Bold
    /AntiqueOliveCompact-Regular
    /AntiqueOlive-Italic
    /AntiqueOlive-Regular
    /AntonioMountbattenSH
    /ArabiaPSMT
    /AradLevelVI
    /ArchitecturePlain
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialMTBlack-Regular
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeLight
    /ArialUnicodeLight-Bold
    /ArialUnicodeLight-BoldItalic
    /ArialUnicodeLight-Italic
    /ArrowsAPlentySH
    /ArrusBT-Bold
    /ArrusBT-BoldItalic
    /ArrusBT-Italic
    /ArrusBT-Roman
    /Asiana
    /AssadSadatSH
    /AvalonPSMT
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /AvantGardeITCbyBT-Demi
    /AvantGardeITCbyBT-DemiOblique
    /AvantGardeITCbyBT-Medium
    /AvantGardeITCbyBT-MediumOblique
    /BankGothicBT-Light
    /BankGothicBT-Medium
    /Baskerville-Bold
    /Baskerville-Normal
    /Baskerville-Normal-Italic
    /BaskOldFace
    /Bauhaus93
    /Bavand
    /BazookaRegular
    /BeauTerrySH
    /BECROSS
    /BedrockPlain
    /BeeskneesITC
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BenguiatITCbyBT-Bold
    /BenguiatITCbyBT-BoldItalic
    /BenguiatITCbyBT-Book
    /BenguiatITCbyBT-BookItalic
    /BennieGoetheSH
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BernhardBoldCondensedBT-Regular
    /BernhardFashionBT-Regular
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BernhardModernBT-Italic
    /BernhardModernBT-Roman
    /Bethel
    /BibiGodivaSH
    /BibiNehruSH
    /BKenwood-Regular
    /BlackadderITC-Regular
    /BlondieBurtonSH
    /BodoniBlack-Regular
    /Bodoni-Bold
    /Bodoni-BoldItalic
    /BodoniBT-Bold
    /BodoniBT-BoldItalic
    /BodoniBT-Italic
    /BodoniBT-Roman
    /Bodoni-Italic
    /BodoniMTPosterCompressed
    /Bodoni-Regular
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolFive
    /BookshelfSymbolFour
    /BookshelfSymbolOne-Regular
    /BookshelfSymbolThree-Regular
    /BookshelfSymbolTwo-Regular
    /BookwomanDemiItalicSH
    /BookwomanDemiSH
    /BookwomanExptLightSH
    /BookwomanLightItalicSH
    /BookwomanLightSH
    /BookwomanMonoLightSH
    /BookwomanSwashDemiSH
    /BookwomanSwashLightSH
    /BoulderRegular
    /BradleyHandITC
    /Braggadocio
    /BrailleSH
    /BRectangular
    /BremenBT-Bold
    /BritannicBold
    /Broadview
    /Broadway
    /BroadwayBT-Regular
    /BRubber
    /Brush445BT-Regular
    /BrushScriptMT
    /BSorbonna
    /BStranger
    /BTriumph
    /BuckyMerlinSH
    /BusoramaITCbyBT-Medium
    /Caesar
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-Italic
    /CalligrapherRegular
    /CameronStendahlSH
    /Candy
    /CandyCaneUnregistered
    /CankerSore
    /CarlTellerSH
    /CarrieCattSH
    /CaslonOpenfaceBT-Regular
    /CassTaylorSH
    /CDOT
    /Centaur
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturyOldStyle-BoldItalic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Cezanne
    /CGOmega-Bold
    /CGOmega-BoldItalic
    /CGOmega-Italic
    /CGOmega-Regular
    /CGTimes-Bold
    /CGTimes-BoldItalic
    /CGTimes-Italic
    /CGTimes-Regular
    /Charting
    /ChartreuseParsonsSH
    /ChaseCallasSH
    /ChasThirdSH
    /ChaucerRegular
    /CheltenhamITCbyBT-Bold
    /CheltenhamITCbyBT-BoldItalic
    /CheltenhamITCbyBT-Book
    /CheltenhamITCbyBT-BookItalic
    /ChildBonaparteSH
    /Chiller-Regular
    /ChuckWarrenChiselSH
    /ChuckWarrenDesignSH
    /CityBlueprint
    /Clarendon-Bold
    /Clarendon-Book
    /ClarendonCondensedBold
    /ClarendonCondensed-Bold
    /ClarendonExtended-Bold
    /ClassicalGaramondBT-Bold
    /ClassicalGaramondBT-BoldItalic
    /ClassicalGaramondBT-Italic
    /ClassicalGaramondBT-Roman
    /ClaudeCaesarSH
    /CLI
    /Clocks
    /ClosetoMe
    /CluKennedySH
    /CMBX10
    /CMBX5
    /CMBX7
    /CMEX10
    /CMMI10
    /CMMI5
    /CMMI7
    /CMMIB10
    /CMR10
    /CMR5
    /CMR7
    /CMSL10
    /CMSY10
    /CMSY5
    /CMSY7
    /CMTI10
    /CMTT10
    /CoffeeCamusInitialsSH
    /ColetteColeridgeSH
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CommercialPiBT-Regular
    /CommercialScriptBT-Regular
    /Complex
    /CooperBlack
    /CooperBT-BlackHeadline
    /CooperBT-BlackItalic
    /CooperBT-Bold
    /CooperBT-BoldItalic
    /CooperBT-Medium
    /CooperBT-MediumItalic
    /CooperPlanck2LightSH
    /CooperPlanck4SH
    /CooperPlanck6BoldSH
    /CopperplateGothicBT-Bold
    /CopperplateGothicBT-Roman
    /CopperplateGothicBT-RomanCond
    /CopticLS
    /Cornerstone
    /Coronet
    /CoronetItalic
    /Cotillion
    /CountryBlueprint
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /CSSubscript
    /CSSubscriptBold
    /CSSubscriptItalic
    /CSSuperscript
    /CSSuperscriptBold
    /Cuckoo
    /CurlzMT
    /CybilListzSH
    /CzarBold
    /CzarBoldItalic
    /CzarItalic
    /CzarNormal
    /DauphinPlain
    /DawnCastleBold
    /DawnCastlePlain
    /Dekker
    /DellaRobbiaBT-Bold
    /DellaRobbiaBT-Roman
    /Denmark
    /Desdemona
    /Diploma
    /DizzyDomingoSH
    /DizzyFeiningerSH
    /DocTermanBoldSH
    /DodgenburnA
    /DodoCasalsSH
    /DodoDiogenesSH
    /DomCasualBT-Regular
    /Durian-Republik
    /Dutch801BT-Bold
    /Dutch801BT-BoldItalic
    /Dutch801BT-ExtraBold
    /Dutch801BT-Italic
    /Dutch801BT-Roman
    /EBT's-cmbx10
    /EBT's-cmex10
    /EBT's-cmmi10
    /EBT's-cmmi5
    /EBT's-cmmi7
    /EBT's-cmr10
    /EBT's-cmr5
    /EBT's-cmr7
    /EBT's-cmsy10
    /EBT's-cmsy5
    /EBT's-cmsy7
    /EdithDaySH
    /Elephant-Italic
    /Elephant-Regular
    /EmGravesSH
    /EngelEinsteinSH
    /English111VivaceBT-Regular
    /English157BT-Regular
    /EngraversGothicBT-Regular
    /EngraversOldEnglishBT-Bold
    /EngraversOldEnglishBT-Regular
    /EngraversRomanBT-Bold
    /EngraversRomanBT-Regular
    /EnviroD
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /ErasITC-Ultra
    /ErnestBlochSH
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /EuroRoman
    /EuroRomanOblique
    /ExxPresleySH
    /FencesPlain
    /Fences-Regular
    /FifthAvenue
    /FigurineCrrCB
    /FigurineCrrCBBold
    /FigurineCrrCBBoldItalic
    /FigurineCrrCBItalic
    /FigurineTmsCB
    /FigurineTmsCBBold
    /FigurineTmsCBBoldItalic
    /FigurineTmsCBItalic
    /FillmoreRegular
    /Fitzgerald
    /Flareserif821BT-Roman
    /FleurFordSH
    /Fontdinerdotcom
    /FontdinerdotcomSparkly
    /FootlightMTLight
    /ForefrontBookObliqueSH
    /ForefrontBookSH
    /ForefrontDemiObliqueSH
    /ForefrontDemiSH
    /Fortress
    /FractionsAPlentySH
    /FrakturPlain
    /Franciscan
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /FranklinUnic
    /FredFlahertySH
    /Freehand575BT-RegularB
    /Freehand591BT-RegularA
    /FreestyleScript-Regular
    /Frutiger-Roman
    /FTPMultinational
    /FTPMultinational-Bold
    /FujiyamaPSMT
    /FuturaBlackBT-Regular
    /FuturaBT-Bold
    /FuturaBT-BoldCondensed
    /FuturaBT-BoldItalic
    /FuturaBT-Book
    /FuturaBT-BookItalic
    /FuturaBT-ExtraBlack
    /FuturaBT-ExtraBlackCondensed
    /FuturaBT-ExtraBlackCondItalic
    /FuturaBT-ExtraBlackItalic
    /FuturaBT-Light
    /FuturaBT-LightItalic
    /FuturaBT-Medium
    /FuturaBT-MediumCondensed
    /FuturaBT-MediumItalic
    /GabbyGauguinSH
    /GalliardITCbyBT-Bold
    /GalliardITCbyBT-BoldItalic
    /GalliardITCbyBT-Italic
    /GalliardITCbyBT-Roman
    /Garamond
    /Garamond-Antiqua
    /Garamond-Bold
    /Garamond-Halbfett
    /Garamond-Italic
    /Garamond-Kursiv
    /Garamond-KursivHalbfett
    /Garcia
    /GarryMondrian3LightItalicSH
    /GarryMondrian3LightSH
    /GarryMondrian4BookItalicSH
    /GarryMondrian4BookSH
    /GarryMondrian5SBldItalicSH
    /GarryMondrian5SBldSH
    /GarryMondrian6BoldItalicSH
    /GarryMondrian6BoldSH
    /GarryMondrian7ExtraBoldSH
    /GarryMondrian8UltraSH
    /GarryMondrianCond3LightSH
    /GarryMondrianCond4BookSH
    /GarryMondrianCond5SBldSH
    /GarryMondrianCond6BoldSH
    /GarryMondrianCond7ExtraBoldSH
    /GarryMondrianCond8UltraSH
    /GarryMondrianExpt3LightSH
    /GarryMondrianExpt4BookSH
    /GarryMondrianExpt5SBldSH
    /GarryMondrianExpt6BoldSH
    /GarryMondrianSwashSH
    /Gaslight
    /GatineauPSMT
    /Gautami
    /GDT
    /Geometric231BT-BoldC
    /Geometric231BT-LightC
    /Geometric231BT-RomanC
    /GeometricSlab703BT-Bold
    /GeometricSlab703BT-BoldCond
    /GeometricSlab703BT-BoldItalic
    /GeometricSlab703BT-Light
    /GeometricSlab703BT-LightItalic
    /GeometricSlab703BT-Medium
    /GeometricSlab703BT-MediumCond
    /GeometricSlab703BT-MediumItalic
    /GeometricSlab703BT-XtraBold
    /GeorgeMelvilleSH
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Gigi-Regular
    /GillSansBC
    /GillSans-Bold
    /GillSans-BoldItalic
    /GillSansCondensed-Bold
    /GillSansCondensed-Regular
    /GillSansExtraBold-Regular
    /GillSans-Italic
    /GillSansLight-Italic
    /GillSansLight-Regular
    /GillSans-Regular
    /GoldMinePlain
    /Gonzo
    /GothicE
    /GothicG
    /GothicI
    /GoudyHandtooledBT-Regular
    /GoudyOldStyle-Bold
    /GoudyOldStyle-BoldItalic
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudyOldStyleExtrabold-Regular
    /GoudyOldStyle-Italic
    /GoudyOldStyle-Regular
    /GoudySansITCbyBT-Bold
    /GoudySansITCbyBT-BoldItalic
    /GoudySansITCbyBT-Medium
    /GoudySansITCbyBT-MediumItalic
    /GraceAdonisSH
    /Graeca
    /Graeca-Bold
    /Graeca-BoldItalic
    /Graeca-Italic
    /Graphos-Bold
    /Graphos-BoldItalic
    /Graphos-Italic
    /Graphos-Regular
    /GreekC
    /GreekS
    /GreekSans
    /GreekSans-Bold
    /GreekSans-BoldOblique
    /GreekSans-Oblique
    /Griffin
    /GrungeUpdate
    /Haettenschweiler
    /HankKhrushchevSH
    /HarlowSolid
    /HarpoonPlain
    /Harrington
    /HeatherRegular
    /Hebraica
    /HeleneHissBlackSH
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /Helvetica-Oblique
    /HenryPatrickSH
    /Herald
    /HighTowerText-Italic
    /HighTowerText-Reg
    /HogBold-HMK
    /HogBook-HMK
    /HomePlanning
    /HomePlanning2
    /HomewardBoundPSMT
    /Humanist521BT-Bold
    /Humanist521BT-BoldCondensed
    /Humanist521BT-BoldItalic
    /Humanist521BT-Italic
    /Humanist521BT-Light
    /Humanist521BT-LightItalic
    /Humanist521BT-Roman
    /Humanist521BT-RomanCondensed
    /IBMPCDOS
    /IceAgeD
    /Impact
    /Incised901BT-Bold
    /Incised901BT-Light
    /Incised901BT-Roman
    /Industrial736BT-Italic
    /Informal011BT-Roman
    /InformalRoman-Regular
    /Intrepid
    /IntrepidBold
    /IntrepidOblique
    /Invitation
    /IPAExtras
    /IPAExtras-Bold
    /IPAHighLow
    /IPAHighLow-Bold
    /IPAKiel
    /IPAKiel-Bold
    /IPAKielSeven
    /IPAKielSeven-Bold
    /IPAsans
    /ISOCP
    /ISOCP2
    /ISOCP3
    /ISOCT
    /ISOCT2
    /ISOCT3
    /Italic
    /ItalicC
    /ItalicT
    /JesterRegular
    /Jokerman-Regular
    /JotMedium-HMK
    /JuiceITC-Regular
    /JupiterPSMT
    /KabelITCbyBT-Book
    /KabelITCbyBT-Ultra
    /KarlaJohnson5CursiveSH
    /KarlaJohnson5RegularSH
    /KarlaJohnson6BoldCursiveSH
    /KarlaJohnson6BoldSH
    /KarlaJohnson7ExtraBoldCursiveSH
    /KarlaJohnson7ExtraBoldSH
    /KarlKhayyamSH
    /Karnack
    /Kartika
    /Kashmir
    /KaufmannBT-Bold
    /KaufmannBT-Regular
    /KeplerStd-Black
    /KeplerStd-BlackIt
    /KeplerStd-Bold
    /KeplerStd-BoldIt
    /KeplerStd-Italic
    /KeplerStd-Light
    /KeplerStd-LightIt
    /KeplerStd-Medium
    /KeplerStd-MediumIt
    /KeplerStd-Regular
    /KeplerStd-Semibold
    /KeplerStd-SemiboldIt
    /KeystrokeNormal
    /Kidnap
    /KidsPlain
    /Kindergarten
    /KinoMT
    /KissMeKissMeKissMe
    /KoalaPSMT
    /KorinnaITCbyBT-Bold
    /KorinnaITCbyBT-KursivBold
    /KorinnaITCbyBT-KursivRegular
    /KorinnaITCbyBT-Regular
    /KristenITC-Regular
    /Kristin
    /KunstlerScript
    /KyotoSong
    /LainieDaySH
    /LandscapePlanning
    /Lapidary333BT-Bold
    /Lapidary333BT-BoldItalic
    /Lapidary333BT-Italic
    /Lapidary333BT-Roman
    /Latha
    /LatinoPal3LightItalicSH
    /LatinoPal3LightSH
    /LatinoPal4ItalicSH
    /LatinoPal4RomanSH
    /LatinoPal5DemiItalicSH
    /LatinoPal5DemiSH
    /LatinoPal6BoldItalicSH
    /LatinoPal6BoldSH
    /LatinoPal7ExtraBoldSH
    /LatinoPal8BlackSH
    /LatinoPalCond4RomanSH
    /LatinoPalCond5DemiSH
    /LatinoPalCond6BoldSH
    /LatinoPalExptRomanSH
    /LatinoPalSwashSH
    /LatinWidD
    /LatinWide
    /LeeToscanini3LightSH
    /LeeToscanini5RegularSH
    /LeeToscanini7BoldSH
    /LeeToscanini9BlackSH
    /LeeToscaniniInlineSH
    /LetterGothic12PitchBT-Bold
    /LetterGothic12PitchBT-BoldItal
    /LetterGothic12PitchBT-Italic
    /LetterGothic12PitchBT-Roman
    /LetterGothic-Bold
    /LetterGothic-BoldItalic
    /LetterGothic-Italic
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LetterGothic-Regular
    /LibrarianRegular
    /LinusPSMT
    /Lithograph-Bold
    /LithographLight
    /LongIsland
    /LubalinGraphMdITCTT
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /LydianCursiveBT-Regular
    /Magneto-Bold
    /Mangal-Regular
    /Map-Symbols
    /MarcusHobbesSH
    /Mariah
    /Marigold
    /MaritaMedium-HMK
    /MaritaScript-HMK
    /Market
    /MartinMaxxieSH
    /MathTypeMed
    /MatisseITC-Regular
    /MaturaMTScriptCapitals
    /MaudeMeadSH
    /MemorandumPSMT
    /Metro
    /Metrostyle-Bold
    /MetrostyleExtended-Bold
    /MetrostyleExtended-Regular
    /Metrostyle-Regular
    /MicrogrammaD-BoldExte
    /MicrosoftSansSerif
    /MikePicassoSH
    /MiniPicsLilEdibles
    /MiniPicsLilFolks
    /MiniPicsLilStuff
    /MischstabPopanz
    /MisterEarlBT-Regular
    /Mistral
    /ModerneDemi
    /ModerneDemiOblique
    /ModerneOblique
    /ModerneRegular
    /Modern-Regular
    /MonaLisaRecutITC-Normal
    /Monospace821BT-Bold
    /Monospace821BT-BoldItalic
    /Monospace821BT-Italic
    /Monospace821BT-Roman
    /Monotxt
    /MonotypeCorsiva
    /MonotypeSorts
    /MorrisonMedium
    /MorseCode
    /MotorPSMT
    /MSAM10
    /MSLineDrawPSMT
    /MS-Mincho
    /MSOutlook
    /MSReference1
    /MSReference2
    /MTEX
    /MTEXB
    /MTEXH
    /MT-Extra
    /MTGU
    /MTGUB
    /MTLS
    /MTLSB
    /MTMI
    /MTMIB
    /MTMIH
    /MTMS
    /MTMSB
    /MTMUB
    /MTMUH
    /MTSY
    /MTSYB
    /MTSYH
    /MT-Symbol
    /MTSYN
    /Music
    /MVBoli
    /MysticalPSMT
    /NagHammadiLS
    /NealCurieRuledSH
    /NealCurieSH
    /NebraskaPSMT
    /Neuropol-Medium
    /NevisonCasD
    /NewMilleniumSchlbkBoldItalicSH
    /NewMilleniumSchlbkBoldSH
    /NewMilleniumSchlbkExptSH
    /NewMilleniumSchlbkItalicSH
    /NewMilleniumSchlbkRomanSH
    /News702BT-Bold
    /News702BT-Italic
    /News702BT-Roman
    /Newton
    /NewZuricaBold
    /NewZuricaItalic
    /NewZuricaRegular
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NigelSadeSH
    /Nirvana
    /NuptialBT-Regular
    /OCRAbyBT-Regular
    /OfficePlanning
    /OldCentury
    /OldEnglishTextMT
    /Onyx
    /OnyxBT-Regular
    /OpenSymbol
    /OttawaPSMT
    /OttoMasonSH
    /OzHandicraftBT-Roman
    /OzzieBlack-Italic
    /OzzieBlack-Regular
    /PalatiaBold
    /PalatiaItalic
    /PalatiaRegular
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /PalmSpringsPSMT
    /Pamela
    /PanRoman
    /ParadisePSMT
    /ParagonPSMT
    /ParamountBold
    /ParamountItalic
    /ParamountRegular
    /Parchment-Regular
    /ParisianBT-Regular
    /ParkAvenueBT-Regular
    /Patrick
    /Patriot
    /PaulPutnamSH
    /PcEncodingLowerSH
    /PcEncodingSH
    /Pegasus
    /PenguinLightPSMT
    /PennSilvaSH
    /Percival
    /PerfectRegular
    /Pfn2BlackItalic
    /Phantom
    /PhilSimmonsSH
    /Pickwick
    /PipelinePlain
    /Playbill
    /PoorRichard-Regular
    /Poster
    /PosterBodoniBT-Italic
    /PosterBodoniBT-Roman
    /Pristina-Regular
    /Proxy1
    /Proxy2
    /Proxy3
    /Proxy4
    /Proxy5
    /Proxy6
    /Proxy7
    /Proxy8
    /Proxy9
    /Prx1
    /Prx2
    /Prx3
    /Prx4
    /Prx5
    /Prx6
    /Prx7
    /Prx8
    /Prx9
    /Pythagoras
    /Raavi
    /Ranegund
    /Ravie
    /Ribbon131BT-Bold
    /RMTMI
    /RMTMIB
    /RMTMIH
    /RMTMUB
    /RMTMUH
    /RobWebsterExtraBoldSH
    /Rockwell
    /Rockwell-Bold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /RomanC
    /RomanD
    /RomanS
    /RomanT
    /Romantic
    /RomanticBold
    /RomanticItalic
    /Sahara
    /SalTintorettoSH
    /SamBarberInitialsSH
    /SamPlimsollSH
    /SansSerif
    /SansSerifBold
    /SansSerifBoldOblique
    /SansSerifOblique
    /Sceptre
    /ScribbleRegular
    /ScriptC
    /ScriptHebrew
    /ScriptS
    /Semaphore
    /SerifaBT-Black
    /SerifaBT-Bold
    /SerifaBT-Italic
    /SerifaBT-Roman
    /SerifaBT-Thin
    /Sfn2Bold
    /Sfn3Italic
    /ShelleyAllegroBT-Regular
    /ShelleyVolanteBT-Regular
    /ShellyMarisSH
    /SherwoodRegular
    /ShlomoAleichemSH
    /ShotgunBT-Regular
    /ShowcardGothic-Reg
    /Shruti
    /SignatureRegular
    /Signboard
    /SignetRoundhandATT-Italic
    /SignetRoundhand-Italic
    /SignLanguage
    /Signs
    /Simplex
    /SissyRomeoSH
    /SlimStravinskySH
    /SnapITC-Regular
    /SnellBT-Bold
    /Socket
    /Sonate
    /SouvenirITCbyBT-Demi
    /SouvenirITCbyBT-DemiItalic
    /SouvenirITCbyBT-Light
    /SouvenirITCbyBT-LightItalic
    /SpruceByingtonSH
    /SPSFont1Medium
    /SPSFont2Medium
    /SPSFont3Medium
    /SpsFont4Medium
    /SPSFont4Medium
    /SPSFont5Normal
    /SPSScript
    /SRegular
    /Staccato222BT-Regular
    /StageCoachRegular
    /StandoutRegular
    /StarTrekNextBT-ExtraBold
    /StarTrekNextPiBT-Regular
    /SteamerRegular
    /Stencil
    /StencilBT-Regular
    /Stewardson
    /Stonehenge
    /StopD
    /Storybook
    /Strict
    /Strider-Regular
    /StuyvesantBT-Regular
    /StylusBT
    /StylusRegular
    /SubwayRegular
    /SueVermeer4LightItalicSH
    /SueVermeer4LightSH
    /SueVermeer5MedItalicSH
    /SueVermeer5MediumSH
    /SueVermeer6DemiItalicSH
    /SueVermeer6DemiSH
    /SueVermeer7BoldItalicSH
    /SueVermeer7BoldSH
    /SunYatsenSH
    /SuperFrench
    /SuzanneQuillSH
    /Swiss721-BlackObliqueSWA
    /Swiss721-BlackSWA
    /Swiss721BT-Black
    /Swiss721BT-BlackCondensed
    /Swiss721BT-BlackCondensedItalic
    /Swiss721BT-BlackExtended
    /Swiss721BT-BlackItalic
    /Swiss721BT-BlackOutline
    /Swiss721BT-Bold
    /Swiss721BT-BoldCondensed
    /Swiss721BT-BoldCondensedItalic
    /Swiss721BT-BoldCondensedOutline
    /Swiss721BT-BoldExtended
    /Swiss721BT-BoldItalic
    /Swiss721BT-BoldOutline
    /Swiss721BT-Italic
    /Swiss721BT-ItalicCondensed
    /Swiss721BT-Light
    /Swiss721BT-LightCondensed
    /Swiss721BT-LightCondensedItalic
    /Swiss721BT-LightExtended
    /Swiss721BT-LightItalic
    /Swiss721BT-Roman
    /Swiss721BT-RomanCondensed
    /Swiss721BT-RomanExtended
    /Swiss721BT-Thin
    /Swiss721-LightObliqueSWA
    /Swiss721-LightSWA
    /Swiss911BT-ExtraCompressed
    /Swiss921BT-RegularA
    /Syastro
    /Sylfaen
    /Symap
    /Symath
    /SymbolGreek
    /SymbolGreek-Bold
    /SymbolGreek-BoldItalic
    /SymbolGreek-Italic
    /SymbolGreekP
    /SymbolGreekP-Bold
    /SymbolGreekP-BoldItalic
    /SymbolGreekP-Italic
    /SymbolGreekPMono
    /SymbolMT
    /SymbolProportionalBT-Regular
    /SymbolsAPlentySH
    /Symeteo
    /Symusic
    /Tahoma
    /Tahoma-Bold
    /TahomaItalic
    /TamFlanahanSH
    /Technic
    /TechnicalItalic
    /TechnicalPlain
    /TechnicBold
    /TechnicLite
    /Tekton-Bold
    /Teletype
    /TempsExptBoldSH
    /TempsExptItalicSH
    /TempsExptRomanSH
    /TempsSwashSH
    /TempusSansITC
    /TessHoustonSH
    /TexCatlinObliqueSH
    /TexCatlinSH
    /Thrust
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldOblique
    /Times-ExtraBold
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Oblique
    /Times-Roman
    /Times-Semibold
    /Times-SemiboldItalic
    /TimesUnic-Bold
    /TimesUnic-BoldItalic
    /TimesUnic-Italic
    /TimesUnic-Regular
    /TonyWhiteSH
    /TransCyrillic
    /TransCyrillic-Bold
    /TransCyrillic-BoldItalic
    /TransCyrillic-Italic
    /Transistor
    /Transitional521BT-BoldA
    /Transitional521BT-CursiveA
    /Transitional521BT-RomanA
    /TranslitLS
    /TranslitLS-Bold
    /TranslitLS-BoldItalic
    /TranslitLS-Italic
    /TransRoman
    /TransRoman-Bold
    /TransRoman-BoldItalic
    /TransRoman-Italic
    /TransSlavic
    /TransSlavic-Bold
    /TransSlavic-BoldItalic
    /TransSlavic-Italic
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /TribuneBold
    /TribuneItalic
    /TribuneRegular
    /Tristan
    /TrotsLight-HMK
    /TrotsMedium-HMK
    /TubularRegular
    /Tunga-Regular
    /Txt
    /TypoUprightBT-Regular
    /UmbraBT-Regular
    /UmbrellaPSMT
    /UncialLS
    /Unicorn
    /UnicornPSMT
    /Univers
    /UniversalMath1BT-Regular
    /Univers-Bold
    /Univers-BoldItalic
    /UniversCondensed
    /UniversCondensed-Bold
    /UniversCondensed-BoldItalic
    /UniversCondensed-Italic
    /UniversCondensed-Medium
    /UniversCondensed-MediumItalic
    /Univers-CondensedOblique
    /UniversExtended-Bold
    /UniversExtended-BoldItalic
    /UniversExtended-Medium
    /UniversExtended-MediumItalic
    /Univers-Italic
    /UniversityRomanBT-Regular
    /UniversLightCondensed-Italic
    /UniversLightCondensed-Regular
    /Univers-Medium
    /Univers-MediumItalic
    /URWWoodTypD
    /USABlackPSMT
    /USALightPSMT
    /Vagabond
    /Venetian301BT-Demi
    /Venetian301BT-DemiItalic
    /Venetian301BT-Italic
    /Venetian301BT-Roman
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /VinetaBT-Regular
    /Vivaldii
    /VladimirScript
    /VoguePSMT
    /Vrinda
    /WaldoIconsNormalA
    /WaltHarringtonSH
    /Webdings
    /Weiland
    /WesHollidaySH
    /Wingdings-Regular
    /WP-HebrewDavid
    /XavierPlatoSH
    /YuriKaySH
    /ZapfChanceryITCbyBT-Bold
    /ZapfChanceryITCbyBT-Medium
    /ZapfDingbatsITCbyBT-Regular
    /ZapfElliptical711BT-Bold
    /ZapfElliptical711BT-BoldItalic
    /ZapfElliptical711BT-Italic
    /ZapfElliptical711BT-Roman
    /ZapfHumanist601BT-Bold
    /ZapfHumanist601BT-BoldItalic
    /ZapfHumanist601BT-Italic
    /ZapfHumanist601BT-Roman
    /ZappedChancellorMedItalicSH
    /ZurichBT-BlackExtended
    /ZurichBT-Bold
    /ZurichBT-BoldCondensed
    /ZurichBT-BoldCondensedItalic
    /ZurichBT-BoldItalic
    /ZurichBT-ExtraCondensed
    /ZurichBT-Italic
    /ZurichBT-ItalicCondensed
    /ZurichBT-Light
    /ZurichBT-LightCondensed
    /ZurichBT-Roman
    /ZurichBT-RomanCondensed
    /ZurichBT-RomanExtended
    /ZurichBT-UltraBlackExtended
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


