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Bioluminescent Escherichia coli Strains
for the Quantitative Detection of Phosphate and Ammonia

in Coastal and Suburban Watersheds

Cristina V. Cardemil,1,* Dana R. Smulski,2 Robert A. LaRossa,2 and Amy Cheng Vollmer1

Accumulation of phosphate and ammonia in estuarine systems and subsequent dinoflagellate and algal blooms
has been implicated in fish kills and in health risks for fishermen. Analytic chemistry kits are used to measure
phosphate and ammonia levels in water samples, but their sensitivity is limited due to specificity for inorganic
forms of these moieties. An Escherichia coli bioluminescent reporter system measured the bioavailability of
inorganic nutrients through fusion of E. coli promoters ( phoA or glnAp2) to the luxCDABE operon of Vibrio
fischeri carried either on the chromosome or on a multicopy plasmid vector, resulting in emission of light in
response to phosphate or ammonia starvation. Responses were shown to be under the control of expected
physiological regulators, phoB and glnFG, respectively. Standard curves were used to determine the phosphate
and ammonia levels in water samples from diverse watersheds located in the northeastern United States.
Bioluminescence produced in response to nutrient starvation correlated with concentrations of phosphate
(1–24 ppm) and ammonia (0.1–1.6 ppm). While the ammonia biosensor measured nutrient concentrations in
tested water samples that were comparable to the amounts reported by a commercial kit, the phosphate bio-
sensor reported higher levels of phosphate in Chesapeake water samples than did the kit.

Introduction

Escherichia coli quickly responds to a wide range of
stressors in a variety of ways that include chemotactic

responses (Macnab, 1987) and adjustments of metabolic flux
(LaPorte et al., 1985). Other adaptations result from changes
in gene expression that can be monitored after the in vivo
(Casadaban and Cohen, 1979) or in vitro (Casadaban and
Cohen, 1980) construction of promoter fusions to easily as-
sayable structural genes such as lacZ, galK, cat, luxAB, and
luxCDABE (Miller, 1992). Strategies have used such fusions
to define the breadth of responses to a given damage (Ken-
yon and Walker, 1980) and to monitor the damage itself
(Quillardet et al., 1982). Many damage-inducible promoters
have been fused to the luxCDABE genes of Vibrio fischeri:
katG (Belkin et al., 1996); grpE and dnaK (Van Dyk et al., 1994,
1995a); recA, uvrA, and alkA (Vollmer et al., 1997); uspA (Van
Dyk et al., 1995b) fusions are useful for the detection and
typing of stress due to oxidation, heat shock, genotoxicants,
and a number of stresses, respectively. This induction of gene
expression in such fusions is indicated by in vivo biolumi-
nescent increases, which can be conveniently quantitated in a
near-continuous, nondestructive manner using microtiter
plate format luminometry (Belkin et al., 1994; Belkin et al.,
1997; LaRossa and Van Dyk, 2000). Expression of the five lux

polypeptides in E. coli produces a visual and quantifiable
phenotype, namely, light emission (Engebrecht, 1984). The
advantage of including luxCDE as well as the luxAB-encoded
luciferase is that the needed substrates are shunted from fatty
acid biosynthesis, converted to fatty aldehydes. Addition-
ally, the reactions require reduced flavin mononucleotide
(FMN) as well as oxygen. Depletion of the fatty acid pools or
redox carriers has the consequence of decreased light pro-
duction. The use of bacteria as environmental biosensors has
been recently reviewed (Belkin, 2003; Vollmer and Van Dyk,
2004).

Several global regulatory circuits monitor other aspects of
cellular health such as metabolic integrity (Neidhardt et al.,
1990). These metabolic responses could also be useful indi-
cators of deliberate or accidental stresses placed upon the
environment (Paerl, 1993). In the past three decades coastal
zones and estuaries, among the most productive ecosystems
on the Earth (Rayl, 2000), have seen major changes in these
areas due to nutrient accumulation. Eutrophication of bays
and estuaries by human industry and settlement contributes
to this increase of nutrients, which are biologically useful
forms of phosphorus and nitrogen (National Research
Council, 2000). Phosphorus and nitrogen enrichment can
beneficially affect primary productivity (Richardson and
Jorgensen, 1996; Nixon, 1988); however, abnormally high
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increases in nutrient concentrations have detrimental effects.
While bacterial and algal growth is stimulated by abnormally
high levels of nitrogen and phosphorus changes in the eco-
systems, decreased water clarity and oxygen deficits (hypoxia
and anoxia) result, causing habitat loss, food chain disrup-
tions, eutrophication, and threats to biodiversity. The threat
of eutrophication today is found along the edges of all
continents except Antarctica (Richardson and Jorgensen,
1996; Mallin, 2000; National Research Council, 2000). One
region of concern is the Chesapeake Bay, the largest estuary
in North America. This ecosystem has been subject to anoxic
conditions and eutrophication since European settlement
(Cooper and Brush, 1991). In the last two decades, the Che-
sapeake Bay has been adversely affected by additional
phosphorus and nitrogen inputs. Algal and microbial blooms
have repeatedly occurred exemplified by, but not limited to,
the toxic and persistent dinoflagellate Pfiesteria piscicida
(Mallin, 2000), and anoxia in the deeper portions of the
Chesapeake Bay have been observed (Officer et al., 1984).

To prevent the detrimental health and ecological impacts
of pathogens such as Pfiesteria on aquatic and terrestrial or-
ganisms, environmental monitoring of nutrient concentra-
tions in water systems is essential. By measuring phosphate
and ammonia concentrations at periodic intervals, the sour-
ces of nutrient upswings can be traced. (We use the term
‘‘ammonia’’ to represent biologically usable forms of nitro-
gen.) Chemical kits exist to measure phosphate and ammo-
nia levels in water, but their dynamic range and ability to
detect bioavailable sources of these compounds are limited,
due to reliance on inorganic ammonia or phosphate complex
formation and spectrophotometric detection of chromogenic
substrates. Thus, it would be extremely useful to develop a
more sensitive system to accurately assess the change in
bioavailable nutrients.

When phosphate and ammonia (or other biologically
useful amine-containing compounds) are found in limited
quantities, cells respond greatly elevating the high affinity
binding and transport of these nutrients from the environ-
ment (Neidhardt, 2000). While there have been previous
studies detecting ammonia and phosphate levels by pro-
moter::lux fusions using fresh cultures of cyanobacteria for
water samples (Gillor et al., 2002, 2003) and Pseudomonas
fluorescens for soil nutrient measurements (Koch et al., 2001;
Standing et al., 2003), this investigation uses cells that have
been cultured and stored so that the lag in response time is
diminished. Freshly cultured bacteria display a prolonged
lag time as they scavenge all internal sources of phosphate
and=or ammonia before activating phoA and=or glnA, re-
spectively. (The responses of E. coli promoter–lux fusions to
nutritional deficiencies have been characterized in prelimi-
nary laboratory studies.) (Smulski et al., 1994, 1996). A pro-
tocol is presented for testing nutrient concentrations using
the phoA0::lux and glnA0::lux bioluminescent strains, as it was
used on the collected water samples, based on standard
curves of luminescence that report nutrient levels within a
calibration interval of 95% confidence.

Materials and Methods

Bacterial strains and plasmids

Strain construction and promoter cloning. Oligonucleo-
tides, E. coli strains, and plasmids (and their sources) used in

this study are listed in Table 1. The oligonucleotides (synthe-
sized at the DuPont Macromolecular Analysis Facility) were
designed to allow directional ligation of the polymerase chain
reaction (PCR) product to the pUCD615 (Rogowsky et al.,
1987) vector EcoRI and BamHI restriction sites digestion as
described previously (Van Dyk et al., 1994). Promoter regions
were amplified using the PCR using the following prim-
ers (which include restriction endonuclease recognition
regions)—for phoA: 50 ACTTAAGGATCCAGATTATCGTCA
CTGCAA 30 (italicized bases, preceded by a BamHI recognition
site, are �232 to �215, with respect to transcription start)
(Kikuchi et al., 1981) and 50 AGCAGCGAATTCGGCCAAT
CAGCAAAATAA 30 [italicized bases, preceded by an EcoRI
recognition site, are þ241 to þ257, with respect to transcrip-
tion start, as identified by Makino et al. (1986)]; for glnAp2: 50

ACTTTCGGATCCTTGGTGCAACATTCACAT 30 (italicized
bases, preceded by a BamHI recognition site, are�128 to�111,
with respect to transcription start) and 50 AGCAGCGAA
TTCTCAGCGGACATACTTAAC 30 (italicized bases, preceded
by an EcoRI recognition site, are þ65 to þ82, with respect to
transcription start). The regulatory region cloned from the
glnA upstream region contained only the promoter element
that is responsive to nitrogen starvation (glnAp2 and not
glnAp1) (Reitzer and Magasanik, 1985). The template for the
amplification of the promoters was genomic DNA from E. coli
strain W3110. Plasmid DNA was isolated (Qiagen) and, fol-
lowing ligation, transformed, initially into a DH5 recipient
for propagation (Davis et al., 1980) and subsequently of
global regulatory mutants or strains W3110 and RFM443
generally used for initial bioluminescent characterization
(see Table 1 for strain listings and sources). Kanamycin re-
sistance was used to select for transformants in all cases.
Single-copy integrants of phoA0::luxCDABE and glnAp20:
:luxCDABE were created as described previously (Elsemore,
1998).

Verification of fusion structures. The genomic structures of
the fusions were verified as previously described (Van Dyk
et al., 1995b, Belkin et al., 1996). The size of the fusions was
estimated by agarose gel electrophoresis of the PCR product
delineated by the upstream termini of the promoter seg-
ment and a sequence present in luxI, as previously described
(LaRossa et al., 1995). Full verification of cloned promoters was
confirmed by DNA sequencing (Vollmer, data not shown).

Bacterial cell preparation, storage, and viability

Growth media. Heavy metal MOPS (HMM) minimal me-
dium was used for phosphate limitation experiments (La-
Rossa et al., 1995). Complete 1� HMM medium contained
40 mM MOPS, 50 mM KCl, 10 mM NH4Cl, 0.5 mM MgSO4,
0.02 mM FeCl3, 0.4% glucose, 0.025% uridine, and 0.00005%
thiamine (LaRossa et al., 1995). A low concentration of
glycerol phosphate (5 mM) was supplied as the poor phos-
phate source, such that the viability of the cells was main-
tained without compromising the phoA induction. Inorganic
phosphate was added in the form of potassium phosphate
(pH 7.0). Bender’s minimal medium (BMM) was used for
ammonia starvation experiments (Bender et al., 1977). About
1� BMM consisted of 120 mM K2HPO4, 66 mM KH2PO4,
0.02% MgSO4, 3.4 mM sodium citrate, 0.2% glucose, and
0.005% thiamine. A low concentration of glutamine (0.04%)
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was added to the medium. This allowed for growth of the
cells and did not interfere with the induction of glnA. Am-
monia was supplied in the form of (NH4)2SO4.

Preparation of frozen cells. Single-colony isolates of each
strain were cultured in 5 mL Luria-Bertani containing
25 mg=L kanamycin with aeration for 24 h at 378C, and sub-
sequently transferred to a 200 mL culture containing the
same medium. Cells were then rapidly pelleted by centrifu-
gation and washed twice in 1� HMM or 1� BMM, and re-
suspended in half the culture volume in 2� HMM or 2�
BMM and 35% glycerol. Cells were stored as frozen aliquots
at �208C, and thawed to room temperature before use. The
viability of frozen stock cells was assessed each month. Cells
were serially diluted 10-fold in 0.8% NaCl, plated on Luria-
Bertani agar with 25 mg=L kanamycin, and incubated at 378C
overnight, and colony-forming units were enumerated sub-
sequently. Similarly, viability of cells in the duration of each
luminometer assay was measured at the beginning, end, and
at a few middle time points by serially dilution and plating.
(The luminometer did not have the capability of spectro-
photometric measurements of OD at 600.)

Bioluminescent techniques. Several of these techniques
such as detection of bioluminescent transformants by expo-

sure of X-ray film to Petri dishes and near-continuous mea-
surement of bioluminescence with a microtiter plate
luminometer in black opaque microtiter plates have been
detailed in a previous communication (Van Dyk et al., 1994).

Creating and using standard curves

For phosphate limitation, 2� HMM with 0.5 mM potas-
sium phosphate was serially diluted in 1�HMM to a final
volume of 50mL in each well of a 96-well opaque black mi-
crotiter plate, in duplicate rows of wells. The same procedure
was followed for ammonia limitation using 2� BMM with
30.4 mM (NH4)2SO4. Fifty microliters of E. coli phoA0::lux and
glnA0::lux cells, as prepared above, was thawed at room
temperature and added to each well. The microplate was
then read every 30 min in the Topcount luminometer
(Packard) for 30 h at 258C to determine bioluminescence
(relative light units [RLU]) as a function of time.

Next, bioluminescent values from the kinetic curves were
then taken at the same time point during the most responsive
portion of the curve, at all nutrient concentrations. A stan-
dard curve of luminescence was created as a function of
nutrient concentration. Phosphate and ammonia concentra-
tions of unknown titers were interpolated within a calibra-
tion interval, defined to be the linear portion of the curve.
Intervals of nutrient concentrations with 95% confidence

Table 1. Plasmids and Escherichia coli Strains

Plasmids Description and=or source Reference

pUCD615 Plasmid with promoterless luxCDABE operon Rogowsky et al. (1987)
pGlnALux3 Contains nucleotides 144–334 of the Escherichia coli

glnALG operon: glnA gene coding for glutamine synthetase,
promoter region—denoted in GenBank accession number
M10421 inserted into pUCD615 between BamHI and EcoRI sites

This work

pPhoALux5 Contains nucleotides 10–498 of the E. coli alkaline
phosphatase ( phoA) gene, 50 end denoted in GenBank
accession number M33536 inserted into pUCD615
between BamHI and EcoRI sites

This work

General strains Genotype Reference

DH5 F� f80dlacZDM15 D(lacZYA-argF) Hanahan (1983)
U169 deoR recA1 endA1 hsdR17(rk

�, mk
þ)

gal-phoA suppE44 l- thi-1 gyrA96 relA1
(host for initial transformations)

RFM443 galK2 lac74 rpsL200 Menzel (1989)
W3110 F� Bachmann (1996),

Ernsting et al. (1992)
BW13711 phoBþ D(lacIZYA) X74 Metcalf et al. (1990)
BW14087 BW13711 phoB23 Metcalf et al. (1990)
YMC10 glnGþ glnFþendA thi-1 hsdR17 supE44 Chen et al. (1982)

DlacU169 hutCþ(Klebsiella)
YMC17 YMC10 glnG::Tn5 Chen et al. (1982)
TH1 YMC10 glnF::Tn10 Chen et al. (1982)
DPD1524 pPhoALux5 in W3110 This work
DPD1528 pPhoALux5 in RFM443 This work
DPD1704 pPhoALux5 in BW13711 This work
DPD1705 pPhoALux5 in BW14087 This work
DPD2828 pGlnALux3 in W3110 This work
DPD2832 pGlnALux3 in RFM443 This work
DPD1699 pGlnALux3 in YMC10 This work
DPD1700 pGlnALux3 in YMC17 This work
DPD1701 pGlnALux3 in TH1 This work
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were predicted. The calibration intervals were calculated
using the standard error of prediction (Ramsey and Schafer,
1997). Nutrient concentrations that fell below and above the
linear portion of the standard curve were not included (see
Appendix for additional statistical calculations.)

Water sample collection and testing

Water was collected from the edge of rivers and water-
ways in 50 mL Falcon tubes, transported to the lab, and
filtered via a 0.22 mm Millipore Express filter. Standard
curves were created each time a sample was tested, and
used to test nutrient levels in water samples. In a microplate,
water samples were serially diluted 10-fold in 2�HMM or
2�BMM to a final concentration of 1�HMM or 1�BMM, in
duplicate rows of wells. E. coli phoA0::lux and glnA0::lux cells
were added, and bioluminescence read in the Topcount
luminometer as described above. Bioluminescence for the
water samples was recorded at the same time point used to
graph the standard curve. Bioluminescent values were then
substituted into the equations for the calibration intervals on
the standard curve to determine the lower and upper
bounds of nutrient concentration. For each experiment test-
ing water samples of unknown concentrations, one previ-
ously tested water sample was included and served as an
internal standard.

Comparison with known standards
and commercial kits

The standard curves created by the biological sensors
were tested for accuracy by using water samples with known
nutrient concentrations. Such standards were created by di-
luting measured concentrations of ammonia and phosphate
in distilled water and added to the bacterial samples such
that the overall pH was not changed. Standard curves were
created as above, water samples of known inorganic phos-
phate and ammonia concentrations were incubated in the
luminometer with the strains, bioluminescence was recorded
at the same peak time point as the standard curve, and nu-
trient concentrations were calculated according to the stan-
dard curves. In addition, water samples were tested for
phosphate concentrations (orthophosphates) using LaMotte
model VM-12 phosphate test kit (code 4408) and ammonia
concentrations using LaMotte ammonia–nitrogen test kit
(code 5864) as per manufacturer’s instructions, and com-
pared to the nutrient concentrations reported by the biolog-
ical sensors. Finally, the chemical kits were tested against
water samples of known inorganic phosphate and ammonia
concentrations.

Results

phoA0::luxCDABE induction by phosphate limitation

Preliminary data (Smulski et al., 1996) indicated that
phosphate concentrations ranging from 30 to 2000mM re-
pressed specific light emission, apparently due to prevention
of transcription initiation at the phoA promoter. Figure 1A
shows the kinetic response of the phoA0::lux fusion to limiting
phosphate concentrations, between 0 and 30mM. While weak
level light expression was maintained by 30 mM phosphate,
lower concentrations resulted in increased production. After
a lag of over 200 min, bioluminescence increased >1000-fold

over the level seen when a parallel culture was resuspended
in high phosphate medium. The highest concentration that
elicited a starvation response was 15mM phosphate. The
lowest concentration that yielded a response that was dis-
tinguishable from totally starved (no phosphate) growth
conditions was 1.8 mM. A direct correlation between induc-
tion time and initial phosphate concentration is apparent.
That is, increasing amounts of exogenous phosphate resulted
in greater delays in the time at which increased luminescence
was detected. This correlation is shown in another way in
Figure 2: the time at which each kinetic curve intersects 10
RLU. There is no correlation between the peak height (am-
plitude) of the response and the concentration of phosphate.
Further, peak height does not correlate with the severity of
limitation.

0

0.2

0.4

0.6

0.8

1

1.2

0 50 100 150 200 250 300 350

B
io

lu
m

in
es

ce
n

ce
 (

re
la

ti
ve

 li
g

h
t 

u
n

it
s)

 

Time (minutes) 

0

0.2

0.4

0.6

0.8

1

1.2

0 50 100 150 200 250 300

B
io

lu
m

in
es

ce
n

ce
 (

R
el

at
iv

e 
L

ig
h

t 
U

n
it

s)

Time (minutes)

0 µm PO4
3-

3.75 µm PO4
3-

7.5 µm PO4
3-

>15 µm PO4
3-

A

B

FIG. 1. (A) Shown is the kinetic response of the DPD1524 to
decreasing phosphate concentrations 30, 15, 7.5, 3.75, and
0 mM. (B) Comparison of the response of phoA0::luxCDABE
biosensor to decreasing levels of phosphate in wild-type
(DPD1704; solid symbols) and phoB-backgrounds (DPD1705;
open symbols); circle, no phosphate; triangle, 3.75 mM.
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Dependence of phoA induction on pho
regulatory genes

It is expected that transcriptional regulation of this fusion
would be controlled by the pho regulon (Wanner, 1987). The
phoB gene product is activated when the external inorganic
phosphate concentration is low. In its activated form it
stimulates transcription of the pho regulon genes, including
phoA, which encodes a periplasmic alkaline phosphatase.
Figure 1B shows that light emission from phoA0::luxCDABE
was dependent on phoB function.

glnAp20::luxCDABE induction by nitrogen limitation

The glnAp20::lux fusion was constructed as a tool to detect
stress in response to nitrogen limitation. The glnA gene is
part of the glnALG operon, which codes for the nitrogen-
regulated (NTR) proteins, namely, glutamine synthetase
(GS), nitrogen regulator II (NRII), and nitrogen regulator I
(NRI). Nitrogen limitation induces the synthesis of GS, the
primary enzyme of ammonia assimilation (Magasanik and
Neidhardt, 1987; Reitzer and Magasanik, 1987). The reaction
catalyzed by GS, converting glutamate to glutamine, is key
because the latter is the sole nitrogen source for the synthesis
of amino acids, proteins, purines, and pyrimidines. The
levels of glutamine=glutamate=a-ketoglutarate serve to
maintain a ready level of ammonia buffered to physiological
conditions. To test the inducibility of the fusions, the cells
(DPD1635) were subjected to a medium that was limiting for
or devoid of any inorganic source of ammonia. The test
medium included glutamine (0.27 mM) so that there would
be some nitrogen available for the synthesis of the proteins
necessary for bioluminescence. As this nitrogen reserve be-
came depleted, the gln (NTR) regulon would be activated. As
shown in Figure 3A, cells grown in the absence of ammonia

exhibited the greatest increase in luminescence, which was
170-fold over that of the uninduced control cells. The second
greatest induction response was elicited by the cells grown in
the absence of ammonia, but in the presence of 0.24 mM
glutamine. Concentrations >0.48 mM ammonia did not show
any increase in light production, mimicking the basal light
emission of the uninduced cells grown in high concentrations
of ammonia. As the concentration of ammonia increased, the
amplitude of the light response decreased, and more time
was required before observing the induction. Therefore, the
degree of starvation correlates with the peak height and in-
duction time. The lowest detectable concentration tested that
elicited a response that was distinguishable from the no
ammonia control was 0.038 nM ammonia (Smulski et al.,
1996).

FIG. 2. Correlation between concentrations of phosphate
and time at which kinetic curves reach the level of 10 relative
light units (RLU). Equation for the line y¼ 1.3eþ 02þ 8.9x;
R¼ 0.99. If 15 mM sample is left out, the equation becomes
y¼ 1.3eþ 2þ 11x; R¼ 0.99.
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FIG. 3. (A) Shown is the kinetic response of the DPD2828
to decreasing ammonia concentrations 3.8, 0.48, 0.24, 0.12,
and 0mM; 1.9 and 0.96 mM data were omitted for clarity.
(B) Comparison of the response of the glnAp20::luxCDABE
biosensor to ammonia starvation in wild type (DPD1699;
solid circles), glnF� (DPD1700; open diamonds), and glnG�

(DPD1701; open squares).
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Dependence of glnA induction on gln regulatory genes

Physiological control of the nitrogen regulon is very
complex, involving many regulators and effectors that
control the activity and synthesis of GS. Since the nitrogen-
limiting biosensor relies solely on the initiation of transcrip-
tion of the glnAp2 promoter, we were only concerned with
the subset of the regulon’s regulatory machinery involved in
glnAp2 control. The glnA induction occurs in response to
depletion of nitrogen from the medium. Transcription from
glnAp2 requires the phosphorylated form of NRI and RNA
polymerase complexed with the minor factor, sigma 54. The
glnG (ntrC) and the glnF (rpoN and ntrA) genes encode the
NRI and the sigma 54 proteins, respectively (Magasanik and
Neidhardt, 1987; Reitzer and Magasanik, 1987). Figure 3B
shows that host cells (DPD1700 and DPD1701) mutated in
these two genes were not able to respond to nitrogen star-
vation growth conditions. Instead, they exhibited a light re-
sponse that was indistinguishable from wild-type cells
grown in a high-ammonium medium.

Use of the promoter::lux fusions
as environmental biosensors

Table 2 showed the lag time in the response of phoA from
exponentially growing cells. With higher concentrations of
phosphate, the lag times also increased. Kinetic curves
showed the lag times in bioluminescence of samples of
known phosphate or ammonia concentration over a period
of 20 h. The response is dose dependent for phosphate star-
vation (Fig. 1A) as well as ammonia starvation (Fig. 3A); that
is, the biosensors respond to increasing nutrient starvation
with increasing amounts of light. Each of the kinetic graphs
shown is representative of the kinetic curves created for each
experiment that tested water samples (five independent ex-
periments for phosphate and four for ammonia).

Standard curves show bioluminescence (log of RLU) as a
function of nutrient concentration at a time point of peak or
increasing luminescence (in these graphs, at 14 h for phos-
phate and 10.9 h for ammonia limitation), taken from the
kinetic curves. A linear response is observed in response to
phosphate limitation, reporting values in between 0.4 and
15.8 ppm (Fig. 4), and in response to ammonia limitation,
reporting values between 0.2 and 1.5 ppm (Fig. 5). Each de-
picted standard curve shown is representative of the stan-
dard curves created for each experiment. Most standard
curves were created between 1 and 24 ppm phosphate, and
0.6 and 1.6 ppm ammonia. Calibration intervals indicate with
95% confidence a range of nutrient values when given a

sample of known bioluminescence. These values were cal-
culated for each water sample collected and tested to report
nutrient concentrations (Tables 3 and 4).

To assess the accuracy of the biological sensor, and to be
able to compare water sample nutrient values reported by
the biosensor to the LaMotte kits, both systems were tested
with water samples of known inorganic phosphate and
ammonia concentrations, and the results were compared.

FIG. 4. Dose–response curve of DPD1524. Time points were
taken at 14.5 h of incubation. The equation for the line shown
is y¼ 6.202� 0.041x. The equations for the lines indicating
95% confidence range: lower limit, y¼ 6.243� 0.041x; upper
limit, y¼ 6.162� 0.041x.

Table 2. Phosphate Concentration and Delay

of phoA::lux Induction

[PO4]3� nM Induction time (min)

0 210
470 211
940 222
1870 231
3750 254
7500 288
15,000 335
30,000 384

FIG. 5. Dose–response curve of DPD2828. Time points were
taken at 14.7 h of incubation. The equation for the line shown
is y¼ 4.746� 0.188x. The equations for the lines indicating
95% confidence range: lower limit, y¼ 4.778� 0.183x; upper
limit, y¼ 4.713� 0.189x.
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The LaMotte kits always reported the correct value within a
given range (data not shown). The biological sensors reported
95% calibration intervals that included known phosphate
concentrations �7.04 ppm, and ammonia concentrations
�1.01 ppm. Known nutrient concentrations greater than
these values (10.56 and 15.83 ppm phosphate and 1.52 ppm
ammonia) were close to, but not within, the 95% calibration
intervals.

To compare the reported nutrient concentration intervals
of the biological sensor to commercial kits, each water sam-
ple was tested using both the LaMotte phosphate and
ammonia–nitrogen test kits, typical of kits used by small
farmers in the Chesapeake area (Tables 5 and 6). The com-
mercial kit reported phosphate concentrations in water
samples of �1 ppm. Most of the phosphate concentrations
reported by the biological sensor included values above
1 ppm and below 10 ppm. Notable exceptions included the
Crum Creek, Naaman’s Creek in Delaware, and the Atlantic
shore in Virginia—as well as several samples collected in
Maine—which all reported calibration intervals above
10 ppm phosphate. The ammonia commercial kit reported
fairly comparable ammonia concentrations to the biological
sensor. Thirteen samples were tested by both the kit and the
ammonia biosensor; seven of these samples tested by the
ammonia–nitrogen kit reported ammonia concentrations
within the 95% confidence interval of the biological sensor.
The other six samples were assigned kit nutrient concentra-
tions lower than those ppm values reported by the ammonia
biosensor.

Single-copy integrants of phoA0::luxCDABE and
glnAp20::luxCDABE into the lacZ site of the E. coli chromo-
some did not differ from the multicopy plasmid versions in
the range or regulation of their response. The only distinction
was that the amount of light at all time points was pro-
portionately lower than in the plasmid-borne counterparts
(data not shown.) Finally, once each month for a period of 24
months, viability tests of frozen stock cells confirmed that the
cells were viable (>90% viability as compared to freshly
cultured) and suitable for testing (data not shown).

Discussion

We have described bioengineered E. coli strains carrying
plasmid-borne phoA0::luxCDABE or glnAp20::luxCDABE
promoter–reporter fusions. These fusions respond to in-
creasing phosphate or ammonia starvation, respectively, by
producing a proportionate, quantifiable amount of light via
the lux operon. Further, the response is controlled by the
respective regulatory systems sensitive to phosphate:
phoB (Wanner, 1987) or ammonia: glnFG (Magasanik and
Neidhardt, 1987; Reitzer and Magasanik, 1987) limitation.
Some investigators have used nitrogen and phosphate-
sensitive luxAB reporters in P. fluorescens (Kragelund et al.,
1995; Jensen et al., 1998), but this required exogenous sub-
strate addition (fatty aldehydes) and does not have the
benefit of reflecting the redox or fatty acid pools. In addition,
the use of an E. coli host system allowed the testing of the
physiological basis of the responses due to the availability of
well-characterized mutants in the phosphate- and ammonia-
responsive regulons.

The biological sensors report known concentrations of
nutrients with comparable sensitivity to commercial kits.
In addition, the viability of long-term storage of frozen,
stationary-phase cells used in these measurements was mea-
sured. Whether the phoA and glnAp2 promoter::lux fusions
were on multicopy plasmids or in chromosomal integrations
did not affect their utility. Ideally, specific light units
(RLU=OD at 600 nm) would have indicated that the light
produced by the reporter strains was normalized for growth.
Due to instrumentation limitations, those data were not able
to be measured simultaneously, However OD readings made
at the beginning, middle, and end of each experiment—as
well as actually serial dilutions and plating for viability—
indicated that cells had grown steadily during the experi-
ment (data not shown).

Dependence of fusion function on appropriate
global regulatory circuitry

Bioluminescence is a complicated readout integrating al-
terations of gene expression with the physiological status of
the cell since light production depends upon the intercellular
energy and redox states. The bioluminescent alterations as a
function of nutritional supply documented above suggested
that the biosensors were specific indicators of transcription.
This hypothesis was supported by the analyses of fusion
function in isogenic strains defective in global regulatory
circuitry. Phosphate-limited induction of phoA0::luxCDABE
expression depended upon phoB function, while ammonia-
limited induction of glnAp20::luxCDABE was dependent
upon glnF and glnG function. Interestingly, peak height does

Table 3. Comparison of Calculated Phosphate

Concentrations to Known Concentrations

of Phosphate in Water

Determined [PO4
3�] (ppm)

95% Confidence
interval (ppm)

15.83 14.46, 18.82
10.56 9.38, 14.65
7.04 5.58, 7.71
4.69 3.40, 5.49
3.13 1.52, 3.57
2.09 0.48, 2.50
1.39 0.00a, 1.33
0.93 0.00a, 1.10
0.62 0.00a, 0.92
0.41 0.00a, 0.86

aQuantity lower than limits of standard curve.

Table 4. Comparison of Calculated Ammonia

Concentrations to Known Concentrations

of Ammonia in Water

Determined [NH3] (ppm)
95% Confidence
interval (ppm)

1.52 1.32, 20.2
1.01 0.92, 1.31
0.68 0.59, 0.96
0.45 0.36, 0.73
0.30 0.16a, 0.52
0.20 0.04 a, 0.39

aValue extrapolated from standard curve.
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not correlate with the severity of starvation. This may signify
that the cell is metabolically compromised. Since expression
of the lux reporter is dependent on robust intermediary me-
tabolism (supplying the necessary fatty acids and reduced
flavin mononucleotide and oxygen), growth limitations can
lead to diminished light output (Vollmer and Van Dyk, 2004).

Table 2 shows the relative lag times for induction of the
phoA response from exponentially growing cells. In addition,
a comparison of RLU reported in Table 2 contrasts with those
shown in Figure 1A and B by an order of magnitude. While
the linear dynamic range of luminometers is between 7 and 9
orders of magnitude, we wished to minimize the variations
due to stochasticity and the actually time of harvest during
exponential growth. Hence, the use of frozen, single-use al-
iquots of stationary phase cells was adopted.

Kinetic and standard curves

Based on previous work with the phoA0::lux and glnA0::lux
strains (Smulski et al., 1994, 1996), these biosensors were

expected to respond to increasing nutrient starvation with
proportionate, increasing amounts of light. It was also ex-
pected that the light values from the kinetic curves could be
taken at one time point, from all nutrient concentrations, and
graphed as a function of nutrient concentration, again based
on preliminary studies (C. Woodrell, pers. comm.). As ex-
pected, the kinetic curves show the dose-dependent response
of phoA0::lux to phosphate limitation, and glnA0::lux to am-
monia limitation, over time, and the standard curves show
bioluminescence as an inverse function of nutrient concen-
tration. By creating standard curves we are able to quantify
previously unknown phosphate and ammonia concentra-
tions in water samples within a 95% confidence interval of
values.

However, although the biosensors responded to nutrient
starvation as expected, the standard curves showed that re-
liability appeared to be limited to the linear portion of the
graph, and thus a given range of values, usually between 1
and 24 ppm phosphate, and 0.6 and 1.6 ppm ammonia. At
phosphate concentrations lower than 1 ppm, it appeared that

Table 5. Phosphate and Ammonia Concentrations in Chesapeake Water Samples,

Within 95% Confidence Intervals, and Compared to LaMotte Kit

Environmental biosensor LaMotte VM-12 kit

[PO4] (ppm) [NH3] (ppm) [PO4] (ppm) [NH3] (ppm)

Southeastern Crum Creek 0.00a, 2.43 0.47, 1.01 <1 0.1
Pennsylvania Swarthmore well (A4) 16.67, 20.62 0.92, 1.54 <1 <0.1
Delaware River Naamans C. 11.80, 14.67 0.00a, 0.46 <1 <0.1
Chesapeake Bay Choptank R. (Easton) (C1) 5.63, 9.52 0.00a, 0.14 <1 <0.1
Watershed (Maryland) Choptank R. (Cambridge) (C2) 3.12b, 6.95 0.00a, 0.19 <1 <0.1

Nanticoke R. (C3) 4.11b, 7.96 0.00a, 0.20 <1 0.1
Wicomico R. (C4) 2.85b, 6.68 0.00a, 0.21 <1 <0.1
Aberdeen (A1) 4.54, 7.92 0.06b, 0.64 <1 <0.1
Salisbury (A3) 5.42, 8.85 0.00a, 0.12b NT 0.1
Spa Creek=Severn R. (A5) 5.00, 8.40 0.00a, 0.36 NT NT
Potomac R.=Leonardtown (A6) 6.12, 9.57 0.28b, 0.86 NT NT
St. Mary’s (A7) 5.60, 9.03 0.23b, 0.82 NT NT
Patuxent R. (A8) 4.48, 7.86 0.23b, 0.81 NT NT

Atlantic shore (Virginia) (A2) 16.54, 20.47 0.74, 1.35 NT NT

aQuantity lower than limits of standard curve.
bValue extrapolated from standard curve.
NT, not tested.

Table 6. Phosphate and Ammonia Concentrations in Maine Water Samples,

Within 95% Confidence Intervals, and Compared to LaMotte Kit

Environmental biosensor LaMotte VM-12 kit

[PO4] (ppm) [NH3] (ppm) [PO4] (ppm) [NH3] (ppm)

Southern Maine 1706 Rt. 129 (M1) 1.30, 3.61 0.30a, 0.83 <1 0.1–0.25
Pemaquid (M2) 0.00b, 0.60 NA <1 0.1–0.25
Stream by lab (M3) 1.98, 4.35 NA <1 <0.1
Cemetary Pond Rt. 129 (M4) 1.55, 3.89 0.11a, 0.63 <1 <0.1
Clarks Love Rd. (M5) 4.05, 6.58 0.00b, 0.00b <1 <0.1
Parking Lot (M6) 1.21, 3.51 0.79, 1.33 <1 <0.1
Musk Ln. (M7) 5.57, 8.23 0.22a, 0.75 1 0.1

aValue extrapolated from standard curve.
bQuantity lower than limits of standard curve.
NA, not available for testing.
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sometimes the nutrient levels were too low to sustain a linear
bacterial stress response. The bacteria were most likely so
severely starved for nutrients that they were no longer pro-
ducing proportionate amounts of light. When limited for
nutrients beyond a certain point, the bacteria divert re-
sources such as ATP and O2 to carry out basic metabolic
processes; thus, the reporter ceases to be reliable since the lux
pathway requires ATP and O2. At high phosphate levels,
usually above 24 ppm, the bacteria were no longer starved
for phosphate, and thus produced very low amounts of light
(Fig. 1A and Table 2). The same pattern is seen with the
ammonia biosensor (Fig. 3A). That the time of induction
varies inversely with the inorganic nutrient concentration
may suggest that growth occurs, depleting the nutrient.

Since calibration intervals could only be calculated from
the linear portion of the standard curve, the biosensor was
not able to accurately report phosphate and ammonia con-
centrations in any water sample that contained very low
levels of these nutrients. In the future, if one were able to fit
the entire standard curve, not just the linear portion, with an
equation of best-fit, perhaps smaller amounts of nutrients
could be accurately reported. However, for the purposes of
this study, high nutrient levels are of primary ecological
concern since nutrient overenrichment can lead to algal
blooms, oxygen depletion, fish kills, and other environmen-
tal and health hazards (Burkholder and Glasgow, 1997;
Mallin, 2000). Water samples with high nutrient values, past
the linear portion of the curve, are possible to test for nutrient
concentration since dilutions of each water sample will lead
to a nutrient level that falls within the linear portion of the
standard curve.

Comparison between biological sensors
and commercial kits

In addition to expecting the biological sensors to respond
to nutrient deprivation in a dose-dependent fashion, it was
also expected that the biosensors would be of comparable
sensitivity, and accuracy, to commercial kits. Since the pro-
moter-lux system uses real-time in vivo analysis of gene ex-
pression, there is no need to add exogenous substrates or to
lyse the cells. Thus, the biosensors should be able to report
small, accurate amounts of nutrients in water samples of
comparable concentrations to commercial nutrient kits. In
general, the LaMotte phosphate test kit reported smaller
phosphate concentrations (<1 ppm) than the biological sen-
sor (most values were between 1 and 10 ppm) for the water
samples collected and tested. Since both the phosphate and
ammonia commercial kits, as well as the biological sensors,
generally responded to known nutrient concentrations within
either the kit’s range of values or the biosensors’ 95% confi-
dence intervals, the difference in the phosphate concentra-
tions of collected water samples reported by the two systems
cannot be attributed simply to erroneous values determined
by the kit and or the biosensors.

Instead, the phosphate biosensor may be reporting higher
nutrient levels in the water than the commercial kit due to its
ability to detect readily bioavailable nutrient load. We note
that more recalcitrant sources of nutrients that are not lib-
erated by E. coli enzymes during the incubation will not be
measured by our system; however, pretreatment of the water
samples with sonication, heating to 508C for 30 min, or

agitation overnight (350 rpm) at room temperature did not
liberate any apparent sources of relevant nutrients (data not
shown). The biosensor should be able to access all phosphate
sources, organic and inorganic, in water, because it is a bi-
ological system that utilizes alkaline phosphatase and other
proteins to access a range of phosphate and nitrogen sources,
while the commercial kit tests only for orthophosphates. A
test of mixtures containing both inorganic and organic
sources of phosphate, in known concentrations, reported
accurate concentrations of nutrients in both organic and in-
organic phosphate water sources, but the commercial kit
reported lower amounts of nutrients for the organic phos-
phate samples (data not shown).

There were also several water samples that reported
significantly higher phosphate nutrient values via the bio-
sensor (from 11.80 to 20.62 ppm) than the commercial La-
Motte kits (<1 ppm). These water sources are all in areas of
possibly higher nutrient concentration: wildlife habitats, as
well as sources of agricultural and residential fertilizer
runoff. Thus, it is possible that most of these phosphate
sources are organic, and therefore not detectable by the
LaMotte kit.

The ammonia commercial kit also reported fairly low
concentrations of ammonia in the water samples tested, and
the biosensor reported somewhat comparable ammonia
concentrations. Seven samples tested by the commercial kit
reported ammonia concentrations within the calibration in-
tervals of the biosensor, and six samples reported lower
ammonia values than the biological sensor. As with the
water samples that reported higher phosphate concentra-
tions, it is possible that there are some amine-containing
compounds that are not reported by the commercial kit
(which tests for nonionized ammonia), and thus a lower total
ammonia concentration is reported. For example, the bacte-
ria could hydrolyze organic amines that the commercial kit
would not recognize and report.

These kits were chosen for the ease of use, sensitivity
range, and familiarity to regional farmers. Other more sen-
sitive and sophisticated methods may be used to determine
nutrient concentration, but one aim of this study was to
determine if engineered bacteria and their light output could
be a simple alternative for the colorimetric analysis.

Evaluation of nutrient concentrations reported
in the Chesapeake Bay area and in Maine

Typical phosphate levels in water systems range from
0.005 to 0.150 ppm, and ammonia from 0.01 to 0.30 ppm,
while ammonia toxicity to marine organisms is usually seen
at 40 ppm and above (Mallin, 2000). From an environmental
health and safety perspective, it was interpreted as a positive
sign that the commercial kits reported low nutrient concen-
trations (<1 ppm phosphate and <0.25 ppm ammonia) in the
Chesapeake Bay area and Maine samples. Due to policy
initiatives by federal, state, and other agencies, nitrogen and
phosphorus concentrations have decreased significantly
from the mid-1980s through 1998 in some of the rivers
leading to the Chesapeake. Belval and Sprague (1999) report
ammonia concentrations of <7 ppm and phosphate concen-
trations of <1 ppm in the Bay and its tributaries for 1999.
Both commercial kits corroborate these findings, as does the
ammonia biosensor.
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It would also prove fruitful to test the same sites period-
ically to account for seasonal and weather variations. A
Pfiesteria outbreak occurred in the Chesapeake Bay in August
1997, while the Chesapeake Bay Foundation reports algal
blooms from spring to late summer every year (Chesapeake
Bay Foundation, 2001). Also, the dead zone found in the
mid-Atlantic Coast and the Gulf of Mexico forms every
spring (Rayl, 2000). Thus, nutrient accumulation could have
occurred in the fall, winter, and spring seasons. It would be
worthwhile to collect and test samples at intervals year
round, and to monitor fluctuations, including stormwater
runoff and stream flow, which can affect nutrient concen-
trations (Belval and Sprague, 1999). Gillor et al. (2003) mea-
sured seasonal fluctuations in total dissolved nitrogen.

Conclusions

This study reports the construction of bacterial strains for
the testing of readily bioavailable phosphate and ammonia
levels in freshwater samples. We believe that these strains
report levels of these nutrients that are physiologically per-
tinent, since the transcriptional activation is governed by
relevant regulators, thus providing a more accurate report of
biologically meaningful phosphate and ammonia. Further,
we report a protocol for storage and use of bacteria as reli-
able reagents, which allow the phosphate and ammonia bi-
ological sensors in E. coli to report comparable nutrient loads
in water systems as phosphate and ammonia analytical
chemistry kits. Improving nutrient testing methods can only
add to the growing database of environmental monitoring
and research for nutrient overenrichment. Periodic moni-
toring and management will help to reduce and hopefully
prevent problematic phosphate and ammonia over-
enrichment. This environmental monitoring should include
an assessment of all possible bioavailable nutrient sources.
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Appendix

Calibration Interval Calculation

When it is desired to predict an X-value that produces a
specific response, Y, inverse prediction, or calibration, is in-
voked. In this case, we wanted to predict nutrient concen-
trations (X) that produce a specific log RLU value (Y).
Calibration, or 95% confidence intervals, was calculated as
follows.

Pred {X=Y0}¼ (Y0�B0)=B1

From standard curve, y¼ 4.745� 0.018354x

n¼ 6
x¼ 6.932 (mean of all x-values)

sx
2¼ 24.86 (sample variance of all x-values)

s2¼ 8.46�10�4

t*¼ n� 2 for p< 0.05¼ 2.132

For n¼ 1, SE(s=x0)2¼s2(1=nþ [(x0� x)2=([n� 1]*sx
2)])

¼ (0.000846)(1=6þ [(15.20� 6.93)2=([6� 1][24.86])])
¼ 6.065�10�4

and SE[pred {X=Y0}]¼ square root (s2þ SEu
2)

¼ square root (8.46�10�4þ 6.065�10�4)
¼ 0.0381

Upper limit: yþ t*(SE pred)¼ 4.466þ 2.132(0.0381)¼ 4.547

Lower limit: y� t*(SE pred)¼ 4.466� 2.132(0.0381)¼ 4.385

This calculation is repeated for each x-value in the data set;
the new points are plotted together with the original stan-
dard curve, and fit to a line as calibration intervals. For more
details, see Ramsey and Schafer (1997).

Once calibration intervals are calculated, these equations
for these two new lines can be used to determine a range
of nutrient concentrations in a given water sample. The
log RLU value of a water sample is plugged into both the
lower and upper limit equations, and the resulting values
are reported as a calibration interval. RLU, relative light
units.

n

x (from
standard
curve)

y (from
standard
curve)

y^(plug
x-value

into standard
curve)

Upper
calibration

limits

Lower
calibration

limits

1 15.20 4.45 4.466 4.547 4.385
2 10.13 4.58 4.559 4.628 4.489
3 6.76 4.62 4.621 4.688 4.554
4 4.5 4.66 4.662 4.731 4.594
5 3.00 4.68 4.689 4.760 4.619
6 2.00 4.71 4.659 4.781 4.636
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