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Abstract. A broad-host range algD-lux bioluminescent reporter plasmid was 
developed to examine the role of exopolymer production in biofilm function. 
The algD-lux reporter plasmid will allow rapid on-line in situ detection of 
environmental factors that induce alginate biosynthesis. The algD promoter 
was stimulated by factors previously reported to induce alginate production, 
including ethanol and NaCl, and differences were observed with different 
nitrogen sources. With growth on minimal media with either glucose or succi- 
nate as a carbon source, succinate had a greater inductive effect on the algD 
promoter. An increase in light output of 1.3-fold and 1.7-fold was seen with 
cultures amended with 50 and 150 mM NaC1, respectively, compared to 
cultures with succinate alone. NaC1 induction of the algD promoter was con- 
firmed by algD RNA slot blots. Light output increased 2.0-fold and 1.7-fold 
with 0.25% and 0.5% ethanol, respectively, compared with controls grown 
with succinate only. While the rate of algD promoter response was initially 
similar when either NH 4 or NO 3 was used as a nitrogen source, NHa-grown 
cultures maintained a higher light output during late log phase compared to 
NO3-grown cultures. 

Introduction 

Exopolymers are known to be responsible for attachment of bacterial cells to 
surfaces [2]. The initial association to the surface by the bacteria is through 
bacterial exopolysaccharide. The cell then divides and the daughter cells are 
trapped within the exopolysaccharide layer, forming microcolonies. Eventually the 
surface is covered by a microbial biofilm that entraps other cells and macromole- 
cules [2]. The exopolymer alginate, a copolymer of D-mannuronic acid and L-gulu- 
ronic acid joined in [3-1,4 linkages [15], has been shown to be important in bacterial 
adhesion [4,27]. Alginate was recently shown to be more corrosive to copper than 
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gum arabic, culture supernatant from a marine bacteria, and Pseudomonas atlan- 
tica exopolymer [ 17]. 

Research pertaining to alginate biosynthesis has been dominated by studies with 
mucoid strains ofP.  aeruginosa isolated from the respiratory tract of cystic fibrosis 
patients [1,3,5,6,23,25], which has led to characterization of the alginate biosyn- 
thetic pathway and the genes encoding those enzymes in this organism 
[7,8,10,14,16,18]. There are numerous reports of documented environmental con- 
ditions such as osmolarity, nitrogen source, oxygen tension, and nutrient limitation 
(stress factors) which regulate transcription of the algD gene, the step at which 
precursors are committed to alginate synthesis [6,7,8,9,22,27]. The algR and algQ 
gene products (alternatively known as algR1 and algR2), located at 8 minutes on 
the P. aeruginosa chromosome, are homologous to the bacterial two-component 
response regulators and histidine kinases, respectively, which positively regulate 
transcription of the algD gene [22,28]. A third gene, algB, located at 13 min is also 
homologous to response regulator proteins and regulates algD transcription [33]. 
The regulatory genes algS, algT, and muc are located at 68 minutes and are 
involved in the switching between mucoid and nonmucoid phenotypes [14]. Al- 
though many details remain unclear, it appears that these diverse sensory and 
regulatory components may interact in a complex fashion that may explain the 
range of responses to varied environmental conditions reported with different 
strains [7,28]. 

While alginate production has been characterized in a small number of bacterial 
species, recent studies have shown that alginate genes are present throughout the 
genus Pseudomonas even though they are not normally expressed. Of 23 bacterial 
species probed for the presence of P. aeruginosa alginate genes, i.e., algA (phos- 
phomannose isomerase and GDP-mannose pyrophosphorylase), pmm (phos- 
phomannomutase), algD (GDP-mannose dehydrogenase), and algR (alginate regu- 
latory gene), all group I Pseudomonas species, except P. stutzeri, contain 
homologous sequences to all the alg probes [ 12]. Other bacterial species such as 
Xanthomonas campestris, Azomonas macrocytogenes, and Azotobc~'ter vinelandii 
demonstrated DNA homology to at least one of the alg genes [ 12]. In another DNA 
hybridization study with 120 bacterial isolates obtained from corroded metal sur- 
faces, 10 isolates showed homology to P. aeruginosa algD, algB (regulatory gene), 
algG (epimerase), and alg76 (polymerase) genes [32]. 

The primary objectives of this research were to create a bioluminescent (lux) 
transcriptional fusion of the alginate biosynthetic genes to facilitate analysis of 
environmental factors controlling exopolymer gene expression and to permit on- 
line bioluminescent sensing of alginate production during the establishment of 
biofilms associated with microbially influenced corrosion. Recent results have 
demonstrated the potential for correlating reporter gene light emission with micro- 
bial biomass and activity in biofilm colonization by a naphthalene degrading 
Pseudomonasfluorescens containing a nahG-lux transcriptional fusion [21 ]. 

DNA sequence data of the algD gene and deletion studies determining upstream 
regions necessary for regulation of the algD gene allowed us to mobilize the 1.2 kb 
promoter region containing the far upstream sequences (FUS) region of the algD 
gene in front of the bioluminescent gene cassette [22]. Fusion of this environmen- 
tally responsive promoter to the bioluminescent genes of Vibriofischeri will allow 
nondisruptive in situ quantitative analysis [30] of environmental factors that induce 
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Table 1. Bacterial strains and plasmids 
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Strain Genotype and phenotype Source 

Bacteria E. coli 
DH5 

HB 101 
P. aeruginosa 

FRD1 
Plasmids 
pUCD615 
pRK2013 
pCC27 

pUTK50 
pDJW126 

F-, endA1 hsdRl7 supE44 thi-1 h-recA1 gyrA96 relA1 
(argF-lacZYA) U169 80dlac AMI5 

proA2 leuB6 thi-1 hsdR hsdM recA13 supE44 rpsL20 

Prototrophic, Alg+ cystic fibrosis isolate 

IncW, Promoterless lux probe vector 
ColE1-Tra (RK2)+ Km r 
IncP1 cos oriT Tc r with 23 kb P. aeruginosa DNA 

containing algD 
algD promoter linked to lux genes in plasmid pUCD615 
algD structural gene is pBluescript 

Gibco BRL 

P. Phibbs 

D. Ohman 

C. Kado 

D. Ohman 

This study 
D. Ohman 

algD transcription. The algD-lux bioluminescent reporter plasmid can be trans- 
ferred to environmental strains containing the requisite alginate structural and 
regulatory genes to determine what environmental factors induce alginate biosyn- 
thesis in these bacteria. 

Materials and Methods 

Bacterial Strains and Plasmids 

The bacterial strains and plasmids used in this study are listed in Table 1. All 
Escherichia coli and Pseudomonas strains were grown on Luria broth [10 g Bacto- 
Tryptone (Difco Laboratories, Detroit, Mich.), 5 g Difco Yeast Extract, 5 g NaC1 
per liter]. Antibiotics were prepared as sterile stocks and used at the following 
concentrations for E. coli: tetracycline, 10 txg/ml; kanamycin, 25 p~g/ml; ampicil- 
lin, 50 Ixg/ml; concentrations for P. aeruginosa were: kanamycin, 300 p,g/ml; 
carbenicillin, 200 txg/ml. 

Plasmid DNA Isolation and Genetic Manipulations 

Plasmid DNA was isolated as previously described [26]. DNA modifications were 
performed by conventional procedures [29] and as recommended by the suppliers 
of the enzymes (Bethesda Research Laboratories, Rockville, Md.; New England 
Biolabs, Beverly, Mass.). 

Cloning Strategy 

A 1.2 kb HindlII-EcoR I algD promoter fragment was obtained by restriction from 
pCC27 which contains the algD promoter and structural gene cloned from P. 
aeruginosa [3]. This HindIII-EcoR1 fragment was inserted in the multicloning site 
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of pBluescript (Stratagene, La Jolla, Calif.) and the resultant plasmid was used to 
transform competent E. coli cells. The insertion of cloned fragments interrupt the 
lacZ gene in pBluescript, permitting transformants with inserts to be chosen as 
white colonies on X-gal petri plates with selection by ampicillin. This promoter 
fragment was in turn excised from pBluescript by restriction using EcoR1 and 
HincII, and gel purified by agarose electrophoresis. The addition of a HincII 
restriction site permitted directional insertion of the algD promoter fragment into 
the EcoR1 and SmaI sites of the promoterless lux reporter plasmid pUCD615. The 
resultant construction of pUTK50 was used to transform E. coli cells under selec- 
tion by ampicillin. The presence of the algD insert and orientation was determined 
by restriction analysis of mini-prep DNA. 

Bacterial Mating 

Mobilization of plasmid constructs into Pseudomonas hosts was by triparental 
matings using helper plasmid pRK2013 by methods previously described [13]. 

Bioluminescent Measurements in Batch Cultures 

Starter cultures containing 25 ml Vogel-Bonner (VB) liquid media containing 0.8 
mM MgSO4.7H20,  1 mM citric acid H20, 57 mM K2HPO4, 16.8 mM 
NaNH4HPO 4 • 4H20 [31], with 25 mM glucose and 50 txg/ml kanamycin were 
grown overnight at 28°C. A 5% inoculum was added to 30 ml experimental liquid 
media with 50 pg/ml kanamycin in 250-ml Nephlo flasks (Baxter, Atlanta, GA) 
and grown at 28°C. Experimental cultures were monitored for light and growth for 
36 h or until bioluminescence ceased. Bioluminescence was measured with an Oriel 
digital display (model 7070) with a photomultiplier tube (model 77340) (Milton, 
Roy, Rochester, NY) in conjunction with a fiber optic cable. Bioluminescence was 
standardized for cell density by dividing the photomultiplier amperage by the 
absorbance of the culture (namps/OD units). Absorbance was determined using a 
Bausch and Lomb spectrophotometer model Spectronic 70. Absorbance readings 
were taken at 420 nm for all experimental trials except for the nitrogen source 
experiments. Absorbance was determined at 550 nm for the nitrogen source exper- 
iments because excessive background absorbance at 420 nm was encountered with 
the nitrogen source media. 

Effect of Environmental Stimuli on algD-lux Reporter Activity 

To test the effect of osmolarity on the algD-lux reporter, cultures that had been 
grown in 30 ml of VB liquid medium with 30 mM succinate were amended with 50 
mM or 150 mM NaC1. To test the effect of ethanol, cultures grown in 30 ml of VB 
liquid medium with 30 mM succinate were amended with 0.25% or 0.5% ethanol. 
To test the effect of the nitrogen source on algD promoter activity, cultures were 
grown in minimal medium containing 100 mM potassium phosphate buffer, pH 
7.4, 10 mM potassium sulfate, 2 txM FeSO4, 1.5 mM MgC12, 1.5 mM CaC12, 8 ~14 
Na2MoO 4, and 5 p~M MnC12, 55mM glucose, and either 20 mM KNO3 or 15 mM 
(NH4)2SO 4 as the nitrogen source [7]. 
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Messenger RNA Isolation 

Starter cultures containing 25 mM glucose were prepared as described above and 
used to inoculate three 250-ml flasks containing 30 mM succinate in Vogel and 
Bonner minimal media supplemented with kanamycin (50 ~g/ml). NaC1 was added 
to two of the flasks to bring the concentrations to 50 and 150 raM, respectively. At 
periodic intervals 2-ml aliquots were taken for light readings, and cell densities 
were determined by checking the absorbance at 600 nm. At each time point 0.6 ml 
of each culture was chilled on ice, the cells were pelleted and immediately frozen at 
-80°C. Total bacterial RNA was isolated by the hot phenol method. Bacterial cell 
pellets kept on ice were vortexed in 1.5-ml eppendorf tubes with 400 ~1 50 mM 
sodium acetate, 50 mM sodium chloride, 5raM EDTA, pH 5.2, 200 ~1 phenol 
equilibrated with the same buffer, and 200 ~1 chloroform/isoamyl alcohol (24:1) 
preheated to 60°C for 1 rain. The solution was then warmed at 60°C for 5 rain, 
vortexed for 1 min, and immediately put on ice. The solutions were then centri- 
fuged, the supernatants reextracted with phenol/chloroform, and precipitated after 
the addition of 0.3 M sodium acetate with 2.5 volumes of ethanol. The pellets were 
washed with 70% ethanol, air dried, resuspended in 50 ~1 10 M Tris-HCl, 1 mM 
EDTA, pH 8.0 (TE), DNase treated, extracted again with phenol/chloroform, 
reprecipitated, resuspended in diethylpyrocarbonate (DEPC)-treated water [29], 
and the optical density determined at 260 nm. 

Messenger RNA Slot Blots 

Plasmid pDJW126 contains a 1.4kb HindIII-EcoRI fragment of the algD structural 
gene and promoter cloned into the multicloning site of the pBluescript (KS), which 
permits both sense and anti-sense strands to be transcribed in vitro from the T7 and 
T3 promoters, respectively, that border the multicloning site. Sense strand algD 
RNA was synthesized in vitro from the T7 promoter using T7 RNA polymerase and 
transcription kit components according to the manufacturer's recommendations 
(Stratagene, La Jolla, Calif.). The absolute amount of sense RNA synthesized was 
calculated by the percent incorporation of 32p-labeled UTP (ICN, Costa Mesa, 
Calif.) during the transcription reaction, as determined by trichloroacetic acid 
precipitation on glass fiber filters as described in the Ribonuclease Protection Assay 
(RPA)II manual (Ambion, Austin, Texas). This permitted an algD RNA sense 
strand standard curve to be constructed using known amounts of algD RNA. 
Aliquots (5 p~g) of each RNA sample were denatured in a solution with a final 
concentration of 50% formamide, 7% formaldehyde, 0.15 M NaCl, 15 mM sodium 
citrate, pH 7.0 (! x SSC) at 68°C for 15 min, after which they were cooled on ice 
and two volumes of 3.0 M NaC1, 0.3 M sodium citrate, pH 7.0 (20 × SSC) were 
added. The denatured RNA samples were applied to Biotrans (0.2~) nylon mem- 
branes (ICN, Costa Mesa, Calif.) using a (Bio-Rad, Melville, NY) slot blot appa- 
ratus with a 30 cm H20 vacuum followed by washing of the slot wells with 500 ~1 
1.5 M NaC1, 0.15 M sodium citrate (10 x SSC). The blot was air dried, fixed by 
UV light from a transilluminator, and baked at 80°C for 30 min. The blot was 
prehybridized for 2 h with 30 ml of solution containing 50% deionized formamide, 
0.0375 M NaC1, 2.5 mM NaHPO4, 0.25 mM EDTA, pH 7.4 (5 × SSPE), 0.1% 
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Ficol, 0.1% polyvinylpyrrolidone, 0.1% BSA (5 x Denhardt's) (100 p~g/ml). A 
3zp-labeled algD anti-sense RNA probe with a specific activity of 109 cpm/t~g was 
generated from the T3 promoter of pDJW126 by the incorporation of [32p]UTP 
using the transcription kit described above. The labeled algD anti-sense probe so 
constructed was added to the prehybridization mixture and hybridized for 18 h at 
65°C. The blot was then washed with 0.3 M NaC1, 0.03 M sodium citrate, pH 7.0 
(2 x SSC), and 0.1% sodium dodecyl sulfate (SDS) vigorously at room temp for 
2 x 15 rain followed by washing with 0.1 x SSC, 0.1% SDS at 65°C for 2 x 15 
min, and placed on X-ray film (Eastman Kodak, New Haven, CT, X-treat  RP) 
with intensifying screens at -80°C. After development the autoradiogram was 
scanned with a Visage 110 computer assisted imager (Millipore, Bedford, Mass.) 
and the amount of algD RNA determined for each sample on the basis of the algD 
sense strand standard curve. 

Results 

Effect of Carbon Source 

Construction of the algD promoter region with the bioluminescence (lux) genes of 
Vibrio'sfischeri is depicted in Fig. 1. The far upstream sequences (FUS) from the 
mRNA start site were included to ensure the proper regulation of the algD promoter 
by the host cell's response to environmental signals. This genetic construction 
produced very little light response in transformed E. coli cells even when chal- 
lenged with 300 mM NaC1. However, when pUTK50 was transferred to P. aerugi- 
nosa FRD1 and grown on Pseudomonas isolation agar plates, a medium known to 
induce alginate production [7], bioluminescence was visible to the dark adapted 
eye. When grown in shake flasks on VB minimal media, light production from the 
algD promoter differed when host cells were grown on either succinate or glucose 
as the sole source of carbon and energy (Fig. 2a). While growth on both succinate 
and glucose was exponential (Fig. 2b), the succinate-grown culture produced 
approximately 25% more light at most points during the 25 h time period. Light did 
not resume after the 25-h period as the cells reached stationary phase of growth 
(data not shown). 

Effect of Environmental Stimuli 

Sodium Chloride Effect. The bioluminescent response of bacteria containing the 
algD-lux construction was examined in the presence of 50 mM and 150 mM NaC1 
(Fig. 3a). Cultures containing the 50 mM NaCI concentration demonstrated a rapid 
induction and produced approximately a 1.3-fold increase in the amount of light 
over succinate-grown cultures throughout the entire growth period. Cultures con- 
taining 150 mM NaC1 were rapidly induced to high levels and demonstrated a 
similar pattern of bioluminescence as cultures containing no NaC1 (succinate- 
grown control) or cultures with 50 mM NaCI, but yielded a 1.7-fold increase in 
light production throughout the experiment. Bacterial cultures containing 50 mM 
and 150 mM NaC1 produced light for a longer time period compared to control 
cultures with only succinate (Fig. 3a). Compared to the succinate-grown cultures, 
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Fig. 1. Genetic arrangement of regulatory and structural genes for alginate biosynthesis on P. 
aeruginosa chromosome and construction of algD promoter with the bioluminescence genes in plasmid 
pUCD615. 

the cultures containing 50 and 150 mM NaC1 resulted in slower growth rates 
(Fig. 3b). Induction of algD mRNA mirrored the results observed with the lux 
reporter; an increase in AlgD expression was observed with 50 and 150 mM NaC1 
compared to the succinate control (Fig. 3c). A significant difference was observed 
in the time course of algD mRNA expression by 150 mM NaCI compared to the 
bioluminescence output of the lux reporter. The algD mRNA displayed a peak at 5 
h, corresponding to a lux reporter luminescence peak at approximately the same 
time point. A second, higher luminescent peak at 24 h had no corresponding algD 
mRNA peak; at 24 h the mRNA levels for the 50 mM and 150 mM NaCl-induced 
cultures were only 25% and 33% of their earlier peak values. 
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Fig. 2. a Bioluminescent response of P. aeruginosa strain FRD1 grown in 30-ml batch cultures 
on Vogel and Bonner (VB) minimal media with 30 mM glucose (m) or 30 mM succinate (A) as the 
sole source of carbon and energy. Bioluminescence was standardized for cell density by dividing 
the photomultiplier amperage by the absorbance of the culture (namps/OD). Each point represents the 
mean from 3 independent experiments, b Absorbance at 420 nm of P. aeruginosa strain FRD 1 over 
the period of bioluminescent measurements. 

Ethanol Effect. To examine the effects of ethanol on the stimulation of algD 
promoter activity, cultures were grown in the presence of 0.25% and 0.5% ethanol. 
Cultures containing 0.25% and 0.5% ethanol showed a stimulatory effect of  the 
algD promoter over control cultures grown on succinate alone, though light produc- 
tion was greater in the 0.25% ethanol (2-fold) cultures compared to the 0.5% 
(1.7-fold) (Fig. 4a). Bacterial growth rate was only slightly inhibited with the 
addition of 0.25% and 0.5% ethanol (Fig. 4b). 

Nitrogen Source Effect. The effect of  altering nitrogen source on the algD-reporter 
was investigated by providing cultures with either KNO 3 or (NH4) 2 SO 4 as their 
sole source of nitrogen (Fig. 5a). For the first 9 h, the algD reporter responded 
similarly with either nitrogen source. However,  after 9 h a significant and immedi- 
ate decrease in light production was observed for cultures containing KNO 3 as the 
sole nitrogen source, which correlates to an inflection in the growth curve at the 
same time point (Fig. 5b). Light production was approximately four-fold less for 
the cultures grown with KNO 3 compared to those grown with (NH4) 2 SO 4 at the 15 
h time point. Following the rapid decrease of  bioluminescence at 15 h, the KNO 3- 
grown culture produced light at a moderate level for an additional 12 h before a 
sharp decline and complete loss in light production. The bacterial culture contain- 
ing (NH4) 2 S O  4 had a bioluminescence peak at 15 h and then rapidly declined, 
while at the 27 h time point the  KNO 3 culture was producing approximately 10 
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big. 3, a Bioluminescent response of P. aeruginosa strain FRD1 grown in 30-ml cultures on VB 
minimal media, 30 mM succinate (A); VB, 30 mM succinate, 50 mM NaC1 (m); VB, 30mM succinate, 
150 mM NaC1 (t~). Biolumineseence was standardized for cell density by dividing the photomultiplier 
amperage by the absorbance of the culture (narnps/OD). Each point represents the mean from 3 
independent experiments, b Absorbance at 420 nm of P. aeruginosa strain FRD 1 over the period of 
bioluminescent measurements, e Induction of algD mRNA in P. aeruginosa strain FRD1 grown in 
30-ml batch cultures on VB minimal media, 30 mM succinate (zx); VB, 30 mM succinate, 50 mM 
NaC1 (m); VB, 30 mM succinate, 150 mM NaC1 (n). Plotted mRNA values were obtained by quantify- 
ing algD mRNA slot blots against a standard curve of in vitro transcribed algD sense strand RNA. Each 
point represents data obtained from one experiment. 
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Fig. 4. a Bioluminescent response of P. aeruginosa strain FRD1 grown in 30-ml batch cultures on 
VB minimal media, 30 mM succinate (A); VB, 30 mM succinate, 0.25% ethanol (1); VB, 30 mM 
succinate, 0.5% ethanol (D). Bioluminescence was standardized for cell density by dividing the 
photomultiplier amperage by the absorbance of the culture (namps/OD). Each point represents the 
mean from 3 independent experiments, b Absorbance at 420 nm ofP. aeruginosa strain FRD1 over the 
period of bioluminescent measurements. 

times more light than the NH 4 culture. While early growth rates were similar for 
cultures grown with either nitrogen source, the NO3 cultures demonstrated a 20% 
lower cell density compared to the NH4-grown cultures at the 28 h time point 
(Fig. 5b). The fact that absorbance readings for the nitrogen source experiments 
were taken at 420 nm comparedto 550 nm for the other experiments did not result 
in significantly different cell density readings for the nitrogen experiments com- 
pared to other experiments over similar time periods (Figs. 4b and 5b). 

D i s c u s s i o n  

In order to investigate the role of the exopolysaccharide alginate in bacterial 
adherence and biofilm formation we have constructed a bioluminescent reporter 
gene fusion with the algD gene (GDP-mannose dehydrogenase), which is a key 
step in the production of alginate by P. aeruginosa. Regulation by environmental 
factors such as osmolarity, nitrogen source, ethanol dehydration of membranes, 
carbohydrate metabolism, and other general stress factors appear to induce alginate 
biosynthesis through regulation of algD gene transcription. 

Other researchers using either algD-cat or algD-xylE fusions have studied the 
induction of algD by parameters such as increase in NaC1 concentrations, nitrogen 
source, and carbohydrate source [1,7,10]. However the algD-cat or algD-xylE 
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a Bioluminescent response of P. aeruginosa strain FRD1 grown in 30-ml batch cultures on 
minimal media [7], 55 mM glucose, 20 nvl//KNO 3 (lI); minimal media, 55 mM glucose, 15 mM (NH4) 2 
SO 4 (El). Bioluminescence was standardized for cell density by dividing the photomultiplier amperage 
by the absorbance of the culture (namps/OD). Each point represents the mean from 3 independent 
experiments, b Absorbance at 420 nm of P. aeruginosa strain FRD 1 over the period of bioluminescent 
measurements. 

reporter system requires that cells grown under conditions for alginate induction be 
harvested and ruptured in order to assay for enzymatic activity of the fusion protein, 
thus precluding in situ analysis. In contrast the algD-lux reporter allows in situ, 
nondestructive, real time analysis of environmental conditions that affect algD 
gene expression. 

To determine if the algD-lux fusion was a valid gene reporter system, we 
analyzed P. aeruginosa strain FRD 1 containing pUTK50 under conditions previ- 
ously shown to induce the algD gene. A high solute concentration is known to 
stimulate the biosynthesis of alginate through induction of the algD promoter [1]. 
In this regard the response of the algD-lux reporter to changes in osmolarity was 
similar to that of previous studies [1,7]. The algD-lux fusion showed a 30% 
increase in gene expression in the presence of 50 mM NaCI compared to control 
cells grown without added NaC1. NaC1 concentrations of 150 mM gave an addi- 
tional stimulatory effect of approximately 40% over the 50 mM NaC1 cultures. 
AlgD promoter induction as indicated by increased bioluminescence was verified 
by algD mRNA slot blots. The algD mRNA peak appears to correlate with the light 
output peak at 6 h. If this observation is reproducible in other transformed strains 
under similar inducing conditions the early light peak may be used to accurately 
estimate transcript levels. The second light peak at 20 h most probably correlates 
with maximum lux activity, and the decrease as the cells enter stationary phase to 
either stability of the enzyme or an inhibitory effect on the lux pathway. Attempts to 
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correlate alginate production with light output have been inconclusive. However, 
preliminary results suggest that bioluminescence does not necessarily coincide with 
alginate production (data not shown). This is not particularly surprising in that 
nonmucoid as well as mucoid strains ofP. aeruginosa can display algD inducibility 
[1]. 

Previous studies have demonstrated a stimulation of alginate biosynthesis in the 
presence of ethanol [10]. While ethanol also stimulated algD gene transcription, a 
0.5% ethanol concentration produced less light compared with cultures grown at 
0.25% ethanol. It may be possible that ethanol has a detrimental effect on the lux 
enzymes, therefore reducing light output, but there have been no studies that 
specifically examine this issue. 

Compared to induction by EtOH or NaC1, induced light output from strain FRDl 
pUTK50 was six-fold greater when grown on a minimal medium described by 
Deretic et al. [7] (Fig. 5a). This increase in induction was most likely not due to the 
stress of nitrogen limitation; compared to VB medium which contains 16.8 mM 
NH 4, the medium used in this experiment contained 30 mM NH 4 and 20 mM NO 3. 
The increase in light output is most probably due to the presence of additional 
glucose or trace metals in the second medium, though experiments to study the 
different effects of the individual medium components on algD promoter activity 
were not performed. However, attributing an inductive effect to glucose conflicts 
with initial experiments that suggested that glucose actually represses the expres- 
sion of the algD gene approximately 25% compared to the number of cells grown 
on succinate (Fig. 2a), confirming previous reports of a glucose inhibitory effect on 
alginate production (A.M. Chakrabarty, personal communication). The differences 
between glucose- and succinate-grown cells cannot be attributed to differences in 
growth rate on the two substrates, because the growth curves are almost identical 
(Fig. 2b). The increase in light output from succinate-grown cells may, therefore, 
be due to the buffering effect of succinate in the growth medium rather than an 
inhibitory effect of glucose. 

While both NO3 and NH 4 resulted in induction of the algD, NH 4 had a longer 
lasting stimulatory effect. Previous studies have reported an opposite effect; the 
algD gene was expressed at significantly reduced levels during growth on NH 4 
compared with NO3, presumably because NO 3 is a poorer nitrogen source [7]. 
Several explanations may account for this discrepancy. If one were to consider only 
the 9-h time point, one would interpret the data differently suggesting the NO3 
cultures induced algD and the NH 4 cultures did not. In addition, several major 
differences exist between previous nitrogen source studies and those reported here. 
In the experiments of Deretic et al. [7] cultures were sampled once from agar plates 
as opposed to continuous readings from batch cultures as reported in this manu- 
script. If the early part of the luminescence curve at 6 h is taken to correlate with the 
actual algD mRNA levels, as suggested by the NaC1 induction experiment, then a 
25% increase in light output occurred with NO 3 as the nitrogen source as compared 
to NH 4. Finally, considering the great regulatory complexity of alginate produc- 
tion, differences in the genetic background of the host strain used in these exper- 
ments, FRD1, from that of the strain used by Deretic and coworkers may account 
for differences in response to different nitrogen sources. KN03 and (NH4) 2 SO 4 
were used as the source of NO 3 and NH4, respectively, in both this study and 
Deretic's, the only other published study on the effect of nitrogen source on algD 



A Plasmid to Monitor Alginate Production 237 

induction. The correlation of a decrease in light output from the NO3-treated cells at 
9 h corresponding to an inflection in the growth rate at the same time might be 
explained on this basis. Conceivably, the K + and SO4 -2 ions from the salts used 
here may affect the bioluminescence response, but no experiments were performed 
to investigate their specific role. 

Under all conditions tested, pUTK50 in the host strain FRD1 exhibited a de- 
crease in light output in late log phase. The drop in light output was mirrored by a 
decrease in algD mRNA, which actually preceded the drop in bioluminescence 
output. Compared to other alginate producing strains, a decrease in algD promoter 
activity may be idiosyncratic to FRDI, because many strains are reported to 
produce copious amounts of alginate in late log or early stationary phase. We have 
transferred pUTK50 to several environmental bacterial isolates, and preliminary 
results indicate significant algD promoter activity in early stationary phase. In 
addition, bacterial physiology is an important factor to consider when measuring 
bioluminescence because of the effect factors such as energy state, aldehyde sub- 
strate availability, reducing equivalents, and oxygen have on the lux reaction 
[20,24]. For Vibrio species, stationary phase cultures emit less light per cell than 
those in log phase [11,24]. In addition, various strains of bacteria with identical lux 
genes bioluminesce differently, presumably because of the influence of cell physi- 
ology [19]. Considering these factors, reports of strain specific variability in lux 
reporter bioluminescence may not be unexpected. 

Having characterized the response of pUTK50 in P. aeruginosa FRD1 both in 
liquid media and biofilms, we intend, in future work, to move this algD-lux 
construction into several environmental bacterial isolates, thus allowing the study 
of algD gene expression in environmentally relevant bacteria, particularly those 
associated with microbial biofilms and corrosion. The algD-lux reporter, as a 
nondestructive technique, will facilitate study of the genetic mechanisms activated 
when bacteria attach to surfaces. 
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