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NOTE

Measurement of Iron-dependence of pupA Promoter Activity
by a pup-lux Bioreporter
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The promoter region of the pupA gene of Pseudomonas putida WCS358 was fused with the structural
genes for bioluminescence (luxCDABFE) from Vibrio fischeri, and the resulting fusion plasmid harbored
by the WCS358 host. The pup-lux fusion gene was then used for quantitative analysis of the iron-de-
pendence of pupA promoter activity. Factors affecting bioluminescence produced by the pup-lux biore-
porter were found to be cell activity, iron-chelator concentrations, Fe(IIl) concentrations, and nutrient
components. Light production rates of the pup-lux bioreporter were inversely dependent upon iron molec-
ules when FeCl, concentrations were between 107 and 1 UM in nutrient-poor minimal media, and
between 0.1 and 10 mM in nutrient-rich complex media.

Iron is an essential mineral nutrient for micro-
organisms but is often in limited supply in natural en-
vironments. Microorganisms have developed specific
strategies to increase iron-uptake efficiency during star-
vation conditions (3), such as the synthesis of sidero-
phores (iron chelators). Siderophores are excreted by the
cell into the soil, where they bind tightly Fe(IlI) and are,
in this form, resorbed by the microorganism. This pro-
cess reduces the amount of iron that is available in the
immediate vicinity of plant roots, causing an effect that
induces iron starvation in pathogenic microorganisms
and prevents their accumulation. Thus, siderophores are
being examined to determine whether they can be used
to create more effective biocontrol inoculants (12).

When grown under iron-limited conditions, flu-
orescent Pseudomonas species produce large quantities
of yellow-green fluorescent siderophores and their re-
ceptor proteins (1, 7). In the P. putida WCS358 strain,
ferric pseudobactin 358 is a siderophore with high af-
finity for Fe(IIl). Its transport is initiated by binding of
this complex to a highly specific outer membrane protein,
pupA (pseudobactin uptake protein A) (2). The pupA pro-
moter region includes specific features that are re-
cognized by a regulatory protein and induced in the ab-
sence of iron (5, 8). Although many other uptake pro-
teins have been described, the pupA gene is specific for
WCS358 and has been used as a marker to monitor wild-
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type P. putida WCS358 in natural environments (10).
The control of pupA expression is a good model for min-
eral-regulated systems. For a better understanding of iron
regulation in bacterial physiology, it would be useful to
obtain more quantitative information about pupA pro-
moter activity under iron-limited conditions. Biolu-
minescence may be of great use for this purpose because
it provides a rapid and simple method of analyzing spec-
ific gene transcriptional activity without disturbing or
destroying the cells. In this report, the pupA promoter re-
gion was fused with the structural lux genes of Vibrio
fischeri in a promoter probe vector. The pup-lux fusion
gene was then integrated into the chromosomal DNA of
P. putida WCS358. This strain was used for analysis of
the iron-dependence of pupA promoter activity.

The Pseudomonas putida WCS358 strain and the
pupA gene in pAK21 were generously supplied by Dr. V.
Venturi, and have been described previously (12). The P.
putida WCS358 was grown at 30°C in modified King's
medium B (KB) (4) containing (per liter): protease pep-
tone #3 (Difco), 20 g; K,;HPO,, 1.5 g; glycerol, 15 ml.
Tetracycline (25 pg/ml) was used as a selection an-
tibiotic. For the preparation of iron-limited KB medium,
a non-metabolizable iron chelator, 2,2'-dipyridyl (DPR),
was added to a final concentration of 1 mM. Minimal
medium contained (per liter): NH,Cl, 1 g; K.HPO,, 6 g;
KH,PO,, 3 g; MgSO,7H,0, 0.2 g; and 4 g of a carbon
source (succinate, glucose, or glycerol).

As shown in Fig. 1, a 1.4-kb Sall-EcoRI fragment of
pAK21 containing the pupA promoter region was fused
with the promoterless luxCDABE genes of Vibrio
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Fig. 1. Cloning scheme for the construction of a pupA-lux
vector.

fischeri, derived from plasmid pUCD®615 (11). The result-
ing plasmid (pZKYS50) was linearized with Kpnl and the
terminal were modified with Notl polylinker. A digestion
with Notl was followed by isolation of the 9.7-kb frag-
ment. This fragment was substituted for the /uxAB genes
of a mini-Tn5 promoter-probe transposon to eliminate
the supply of aldehyde substrates and to facilitate in-
troduction of the pup-lux fusion into the parent strain.
This fusion transposon was named pZKY60 and
transformed into E. coli SM10 (6). An aliquot of E. coli
SM10 harboring pZKY60 was mixed with P. putida
WCS358 in 10 mM MgSO, solution and mated as des-
cribed previously (6). P. putida WCS358 clones that re-
ceived pZKY60 and in which transposition events had
occurred were selected with tetracycline (25 pg/ml) and
renamed P. putida ZKY60.

In order to determine whether the pup-lux construction
was responsive to induction by iron-starvation, P. putida
ZKY6( was subjected to iron starvation conditions using
a strong iron chelator, DPR. Cells were grown at 30°C in
the modified KB medium with tetracycline selection un-
til the mid-exponential range of growth (ODgyp,,=0.8)
was reached. Aliquots of the culture were exposed to
concentrations of DPR ranging from 0 to 1 mM (final
concentration), and incubated at 30°C. Bioluminescence
was measured by use of a luminometer (Turner Design
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Fig. 2. The effect of 2,2-dipyridyl in a complex KB medium
on pupA promoter activity.

Inc., Model TD-20e, Mt. View, CA). Fig. 2 demon-
strates that bioluminescence increased steadily as DPR
concentrations increased up to 0.5 mM. A small increase
in light production was observed even without the ad-
dition of DPR. This was probably caused by the use of
KB medium, which is iron-poor. Clearly, the iron star-
vation conditions were exacerbated by the addition of
DPR at any concentration. Light production increased
slightly after 0.5 mM, indicating that the required max-
imum concentration of DPR was close to 1 mM.

1t was assumed that the pup-lux gene expression level
would vary with the growth rate of a batch culture. To
determine whether this was true, P. putida ZKY60 was
grown in KB medium at 30°C, and aliquots were taken
at various time-points along the growth curve. These ali-
quots were amended with 1 mM DPR, and light readings
were taken over the induction period. Optical density of
the aliquots was measured at 600 nm. Fig. 3 shows the
correlation of light production rate (LPR) and cell
growth phase in a batch culture. The maximum LPR ap-
peared in the mid-log growth phase, when the cell opt-
ical density was about 1.2 at 600 nm, indicating that
cells were very responsive during exponential growth.
To further refine our understanding of the induction of
pup-lux fusion, we incubated the P. putida ZKY60 strain
with DPR and added increasing amounts of iron (III) in
the form of FeCl,. It was anticipated that a threshold con-
centration of iron would be sufficient to saturate the
DPR and to repress the pup-lux fusion, eliminating light
production. Mid-exponential phase cells were grown in
KB medium and then amended with DPR at 1 mM (final
concentration). Various concentrations of FeCl, were
then added, and incubation continued at 30°C with con-
stant shaking. Monitoring of bioluminescence was per-
formed throughout. Fig. 4 shows the effect of added
FeCl; on light production rates. As expected, cultures
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Fig. 3. Measurement of cell transcriptional activity during
cell growth.
Cell growth (open circle) was measured at 600 nm and light production
rate (closed circle) was determined from the initial slope of the light
output. —O—, Cell; —@—, LPR.

without added iron (III) were induced to produce light,
and a general pattern emerged in which the more iron
(Ill) was added, the less bioluminescnce was observed
over the course of the experiment. However, biolu-
minescence could be detected even in a very high con-
centration of FeCl; such as 6400 puM. The reason why
LPR increased at lower concentrations is not known. It is
possible that a confounding effect for this assay is the
presence of some nutrient components in the modified
KB medium that also stimulate lux gene expression und-
er these conditions. To remove possible nutrient effects
on the pup-lux bioreporter, it was necessary to develop a
minimal medium that contained little iron.

A minimal defined medium based on the standard suc-
cinate medium (9) was tested to find a proper carbon
source among succinate, glucose, and glycerol. To test
the viability of cells growing in iron-limited conditions,
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Fig. 4. Effect of FeCl; on light production rate in a complex
KB medium containing 1 mM 2,2'-dipyridyl.
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a colony of P. putida ZKY60 was directly inoculated in
media containing one of three different carbon sources,
and grown overnight at 30°C. The overnight cultures
were transferred to fresh minimal medium. Cell growth
and light output were monitored without the addition of
DPR. As shown in Fig. 5a, cells growing in glycerol
medium showed poor cell growth, while cell growth was
rapid in either succinate- or glucose-containing medium.
Light outputs were very poor when glycerol and suc-
cinate were used as the carbon sources, even after nor-
malizing results for the lower growth rate (Fig. 5b).
Light production on a cell basis was the highest when
glucose was used, indicating that glucose may provide
more metabolic energy to cells than the other two carbon
sources. Consequently, glucose was selected as a proper
carbon source in a minimal medium. Iron-dependence of
the pup-lux bioreporter in the minimal medium was then
measured in the absence of DPR with varying con-
centrations of FeCl,. Fig. 6 shows that the Fe(IIl) con-
centration in this minimal medium was required to be at
least 107 UM to inhibit pupA promoter activity. In lower
concentrations than this, the differences among LPRs
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Fig. 5. Effect of carbon sources in minimal medium on (a)
cell growth and (b) light output.
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Fig. 6. Effect of FeCl, on the light production rate in a glu-
cose-based minimal medium.

were not statistically significant (p=0.05). Biolumine-
scence in 10" uM FeCl, was first inhibited but increased
later (data not shown). This may indicate that cells
utilized all bioavailable irons in an hour, resulting in an
iron-deficiency condition. Light output was completely
inhibited by more than 1.0 uM FeCl,.

In conclusion, our experiments show that light pro-
duction rates of the pup-lux bioreporter were inversely de-
pendent upon FeCl, concentrations between about 10° uM
and 1 UM in minimal media, and between 0.1 mM and 10
mM in complex media. Requirement of higher ferric ions
in complex media indicates that there is the possibility of
another cellular process affecting light production.

The amount of Fe(Ill) ions in scil may provide a re-
liable indication of the microbial conditions in sub-
surface systems, which is essential to be known for a
bioremediation of underground contaminants, because
many microorganisms utilize Fe(Ill) as an electron ac-
ceptor that provides free energy during respiration. This
pup-lux bioreporter therefore could be used as a tool for
the simple and rapid detection of bioavailable Fe(lll)
ions in subsurface systems.
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