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Glutamine (Gln) is a critical intermediate in nitrogen metabolism in all organisms. Here,
a whole cell biosensor (GlnLux) for Gln was constructed by transforming a bacterial Gln
auxotroph with a constitutive lux reporter. The biosensor was optimized for sensitivity,
linearity, efficiency, specificity and robustness to permit detection of Gln in vitro and in
vivo. The optimized GlnLux biosensor achieved nanomolar sensitivity with Gln
standards. Extracts from only 1 mg of maize (Zea mays L.) leaf tissue were sufficient for
Gln detection by GlnLux. Measurements of Gln in leaf extracts by GlnLux correlated with
quantification by high performance liquid chromatography (Spearman r = 0.95). GlnLux
permitted indirect in planta imaging of Gln using a CCD camera, enabling identification
of plants that had been fertilized with nitrogen. Imaging using GlnLux also resolved
predicted spatial differences in leaf Gln concentration. In a second application, it was
demonstrated that GlnLux embedded into agar permits non-destructive screening of coinoculated bacterial colonies for biological nitrogen fixation (BNF). GlnLux agar was
able to distinguish a Bradyrhizobium japonicum wild type strain (nif+) from a mutant
strain defective in nitrogenase (nif-) following ≥8 h of co-incubation. The technology was
used to screen a bacterial endophyte diversity library cultured from Zea mays (L.) seeds
for biological nitrogen fixation.
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CHAPTER 1: GENERAL INTRODUCTION

1

The amino acid glutamine (Gln) is a critical intermediate in nitrogen metabolism
in all species. Following its uptake by plants, nitrogen fertilizer is assimilated into Gln
(17, 64, 69) and subsequently glutamate. These two amino acids then serve as nitrogen
donors for critical reactions underlying primary metabolism, including the biosynthesis of
other amino acids (62, 64, 69). Gln, as well as other amino acids, is essential for longdistance transport of nitrogen in plants, including from roots to shoots (64, 88). Gln is
thus a key indicator of nitrogen status in plants. In the past, free Gln was primarily
quantified using high performance liquid chromatography (HPLC)-based analysis of
tissue extracts (2, 68, 75, 81), but this assay is expensive and laborious.
An important source of nitrogen for crops are nitrogen fixing bacteria in which N2
gas is converted to ammonium which is then reduced to Gln as well as other amino acids
(23). Biological nitrogen fixation in microbes is most commonly quantified, not by
measuring Gln levels, but by using the 50-year-old acetylene reduction assay (ARA), in
which gas from the headspace of a microbial culture is collected and analyzed for the
nitrogenase-mediated conversion of acetylene to ethylene using gas chromatography (25).
ARA is a labour-intensive and costly assay that can suffer from poor sensitivity (115).
Microbial whole cell biosensors have been used as inexpensive tools to quantify
analytes from biological extracts into which they are co-inoculated (31, 90). They have
also been used to visualize analytes in intact tissues of non-transgenic organisms. This
study used an Escherichia coli auxotroph for Gln to engineer a bacterial whole-cell
biosensor for glutamine (Gln). The biosensor, called GlnLux, was optimized for
sensitivity, linearity, specificity and efficiency for use in a 96-well plate reader. The
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GlnLux biosensor was validated for use with maize tissue extracts by comparison to
traditional quantification using HPLC. The GlnLux biosensor technology was adapted for
imaging of free Gln levels in intact maize organs. In parallel, the GlnLux biosensor
technology was adapted and optimized for rapid, high-throughput detection of biological
nitrogen fixation (BNF) from bacterial colonies growing on agar.
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CHAPTER 2: LITERATURE REVIEW
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CHAPTER 2: LITERATURE REVIEW

A. Importance of nitrogen in agriculture
Nitrogen is an essential element for living organisms. Though atmospheric
nitrogen makes up most of the atmosphere it is chemically very stable and thus must be
converted to a fixed form usable by organisms. The major biological process by which
this occurs is nitrogen fixation by various bacteria. In this process, gaseous nitrogen is
first reduced to form ammonium which is assimilated into organic nitrogen, or oxidized
to form nitrite and ultimately nitrate by nitrifying bacteria (91). Any of these forms of
fixed nitrogen can also be taken up and assimilated by plants and passed on through the
food chain. The amount of fixed nitrogen available is a major factor affecting plant
growth as nitrogen is often the limiting nutrient (34).
While plants are able to make use of nitrate, nitrite and ammonium to some
degree, the major form of available nitrogen in most agricultural soils is nitrate (18). This
is due to the usually rapid oxidation of ammonium that is either produced during the
mineralization of organic nitrogen sources in the soil or added as inorganic fertilizers
(61). Upon uptake by plant roots, nitrate is assimilated by conversion to nitrite, and then
ammonium, which, in turn, is incorporated into amino acids (17, 23, 64). The ability to
measure the concentrations of different amino acids in plant tissues is of importance to
agriculture. An inexpensive plant amino acid quantification test could be used to select
for plant varieties with better N-uptake, as an indicator of the nitrogen status/health of the
plant, as an indirect measure of soil N levels, and to test the effects of soil agronomic
practices such as the use of beneficial soil bacteria and fungi (e.g., microbial inoculants).
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B. Assimilation of nitrogen in plants
As noted above, inorganic nitrogen taken up by the plant is ultimately assimilated
into organic nitrogen in the form of amino acids nitrate taken up by plants is reduced to
nitrite and then ammonium by nitrate reductase and nitrite reductase respectively (17, 23,
64). Ammonium is then incorporated into glutamine and glutamate by the Glutamine
synthetase – glutamine: 2-oxoglutamate amino transferase (GS-GOGAT) cycle (62, 64,
85). Both the roots and shoots in plants have the capacity to assimilate nitrate, although
many non- N2-fixing herbaceous plants such as maze preferentially assimilate nitrate in
the shoot (86). The GS-GOGAT cycle is also crucial for assimilating ammonium
produced during photorespiration and in other ammonium-producing processes such as
lignin formation (69, 86). Glutamine and glutamate are also important nitrogen donors for
various reactions including the biosynthesis of aspartate and asparagine. Together these
amino acids make up the majority of the free amino acid pool in most legumes and other
plants (5, 54, 62, 64). These amino acids also play an important role in the regulation of
plant nitrogen status by regulating the expression of the genes involved in the transport of
nitrate and ammonium from the soil. When the level of these amino acids in the roots is
elevated, the expression of the genes responsible for transport of ammonium and nitrate is
repressed (55, 82). This can be demonstrated experimentally by the direct application of
exogenous glutamine and/or asparagine to plant roots (55), by feeding through
leaves/phloem (82) (41), or by feeding nitrate or ammonium to roots.
Following a period of nitrogen starvation, the application of ammonium to the
roots of maize plants can generate a large increase in the level of most amino acids in the
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root tissue within 30 minutes, while there is a 30 min-2 hour lag in the increase of amino
acid levels in the shoot. The greatest increase for most amino acids in the roots occurs
between 2- 6 hours after ammonium application (62). The magnitude of the initial
increase in amino acid levels in the root tissue is greater than in shoot tissues, and the
level of enrichment is more gradual in shoots than in roots. The final level of amino acids
in the root remains elevated relative to that of the shoots (62).

Both glutamine and asparagine are involved in the transport of nitrogen
throughout the plant (5, 64). Though it is a major amino acid in terms of quantity, the
pool size of asparagine does not increase as rapidly as glutamine or glutamate, following
application of ammonium (5, 62).

C. Current diagnostic tests for nitrogen in plants
The measurement of glutamine is likely to be made in the context of its
concentration as a free amino acid in plant tissues, performed either by extracting whole
plant tissues or by sampling vascular exudates, or both. Based on published studies, the
useful concentration range of glutamine required for detection will likely be between
0.06-1.1 µmol/g fresh weight (62). Given that the currently available methods for the
detection and quantification of these compounds are often expensive, time consuming,
and suffer from poor specificity or sensitivity, the development of inexpensive,
quantitative biosensors for these compounds would be of great value.
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The analysis of organic nitrogen in biological samples can be divided into assays
for total nitrogen, amino nitrogen, and specific amino acids.

Total Nitrogen:
The analysis of total nitrogen in a sample involves the organic nitrogen sources
(proteins, amino acids, and depending on the assay, nucleic acids), and possibly inorganic
sources such as nitrate/nitrite and ammonium. There are multiple methods commonly
used for the measurement of total nitrogen. The first method is based on the Dumas
technique and involves the oxidation of the sample followed by a reduction step to
produce N2 gas, the volume of which is then measured (51, 103, 114). The second
common method used is the Kjeldahl method. In this method, nitrogen-containing
molecules are digested with sulfuric acid in the presence of catalysts forming ammonium
sulfate, and then distillation is performed which liberates ammonia; this is then quantified
by titration or colorimetrically to calculate the nitrogen content (103, 114). The third
method is based on near infrared reflective spectroscopy (NIRS), whereby the light in the
near infrared spectrum that is absorbed/reflected from a sample is measured to determine
the content of a particular analyte (43, 114).
While all these methods are useful for different applications, each has its own
advantages and disadvantages. The Dumas method allows all sources of nitrogen, both
organic and in-organic, to be measured (51, 103), and the use of hazardous chemicals is
limited. However, this method can be time-consuming although automated analysis
systems can significantly reduce the analysis time per sample. The Kjeldahl method,
which is the standard method of analysis, is most useful when the nitrogen in the sample
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is mostly contained in proteins and amino acids. From a technical view point the Kjeldahl
method has the draw-backs of using corrosive/toxic chemicals, and it requires a longer
analysis time and multiple steps (51, 103). This method also does not accurately quantify
inorganic nitrogen including nitrate and nitrite unless the sample is pre-treated to reduce
these compounds to ammonium. The NIRS method does not require the input of any
chemicals for analysis and can be carried out fairly rapidly (43, 114). The down side to
the NIRS method is its non-specificity, and thus the system requires careful calibration
for a wide array of interfering compounds (43).

Amino-N (ninhydrin method)
Another parameter of interest is amino-nitrogen. The ninhydrin method uses the
ninhydrin reagent (indane-1,2,3-trione-2-hydrate) which reacts with amino groups to
produce a blue-purple pigment called Ruhemann’s purple (RP) (39). The RP produced is
then quantified using absorbance spectrometry at 570-575 nm. This method is useful as it
is suitable for use in microwell plate assay systems, it allows for the analysis of numerous
samples, and it can be performed using small sample volumes (1, 106). While this
method is useful, it suffers from the disadvantage that differential absorbance by different
amino groups can occur including different amino acids. The assay responds, to varying
degrees, to free amino acids, protein-bound amino acids, and ammonium (39). With
protein-bound amino acids not all amino groups necessarily react with RP and thus it is
best to hydrolyze the proteins to free amino acids first. This works in principle but
requires the sample to be free of reactive or interfering compounds such as ammonium,
free amino acids, amines, nucleic acids and carbohydrates.
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Analysis of specific amino acids
The analysis of specific amino acids is another goal of nitrogen analysis. The
analysis can be performed on free amino acids, protein-bound amino acids, or both. To
analyze the amino acids bound in proteins, acid hydrolysis is typically used to release
free amino acids. With free amino acids there is no need for further modification
although acid hydrolysis converts glutamine and asparagine to glutamate and aspartate,
respectively, and thus special precautions are required to analyze glutamine and
asparagine in protein (89). In plant tissues free Gln, as well as the other amino acids, is
primarily quantified using high performance liquid chromatography (HPLC)-based
analysis of tissue extracts (2, 68, 75, 81). Though not used as frequently, there are also
enzymatic and binding-protein – based assays for the analysis of free glutamine. One of
the enzyme-based methods uses the enzymatic activity of GOGAT, whereby the amount
of NADPH oxidized to NAPP+ is quantified by absorbance spectrometry at 340 nm (72).
Another enzymatic assay for glutamine uses glutaminase and glutamate oxidase, which
are co-immobilized on an electrode. The measurement of glutamine is made based on the
anodic oxidation of hydrogen peroxide that is produced as an end product of the
enzymatic reactions carried out on glutamine (77).
The use of binding proteins has been used to create sensors for free glutamine for
both in vivo and in vitro analysis. For analysis of samples in vitro, a glutamine-binding
protein, which is fluorophore-labeled, has been generated, which produces a change in
fluorescence when the glutamine-binding protein binds glutamine (119). For analysis of
glutamine in vivo and in vitro, a Förster resonance energy transfer (FRET)-reporter
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system has been created which also uses a glutamine-binding protein. In this case the
glutamine-binding protein has two chromophores attached, and following the glutamineinduced conformational change on the glutamine-binding protein, the changes in
fluorescence ratios from the chromophores is used to quantify glutamine. This FRETreporter system can be expressed transgenically in intact cells and tissues to visualize
glutamine in vivo, or the fusion protein can be purified and used for in vitro analysis
(125).
While there are multiple methods that can be used for the analysis of free
glutamine, there are various disadvantages associated with each method. While HPLC
provides a sensitive assay, it requires extensive sample preparation, it is time-consuming
and expensive, and it requires specialized training to perform. The enzyme-based
analytical methods are potentially less expensive than HPLC, but they require the
production and purification, or purchase of the required enzymes, and they require the
careful use of many reagents which increases the probability of error. Neither of these
methods allows for in vivo measurements of free glutamine. Finally, the glutaminebinding protein-based assays while reagentless and relatively simple to perform, require
protein purification for use in vitro, the creation of a new transgenic organism every time
a new species or strain is used for in vivo analysis, and the assays are not very sensitive to
low concentrations of glutamine. Thus, given the draw-backs to all these methods a new
technology is needed which is sensitive, simple to perform, inexpensive, and if used for
in vivo studies, can be used across genotypes without requiring the creation of a new
transgenic organism.
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D. Definition and importance of biological nitrogen fixation (BNF)
Atmospheric nitrogen is made biologically available either by the industrial
Haber-Bosch method, or by nitrogen-fixing bacteria. In the absence of nitrogen added as
chemical fertilizer, a critical source of nitrogen for many crops is nitrogen-fixing bacteria
(diazotrophs), which use a specialized enzymatic reaction whereby atmospheric N2 gas is
converted to ammonia (reaction: N2 + 6H+ + 6e– = 2NH3) (115). This process is termed
biological nitrogen fixation (BNF). Prior to the introduction of chemical fertilizers in
agriculture, the addition of nitrogen to soil and agricultural systems was mainly the result
of BNF, and introduction of organic matter including manure (94). The use of chemical
fertilizers has reduced the dependence of agriculture on BNF to supply the nitrogen
needed for plant growth and crop production (20). However, the industrial production of
fixed nitrogen relies largely on the usage of fossil fuels, mainly natural gas, and it does
not offer a sustainable source of nitrogen for the long term future. Additionally, the use of
chemical fertilizers in developing nations requires a cost input that many producers in
those locations cannot afford.
Given the need for fixed nitrogen in agriculture will increase along with the need
for increased crop production in the future, a long-term, sustainable source of plantavailable nitrogen is needed. This sets BNF as a key to the sustainability of agriculture
and increased crop production world-wide. At present the amount of nitrogen supplied by
BNF does not meet the total need for nitrogen (94). If BNF is to supply the ever-growing
demand for nitrogen, then significant improvements in BNF will be required, including:
the quantity of fixed nitrogen that is produced by a particular microbe; identifying the
optimal conditions for BNF; the use/identification of new or different microbes; and
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breeding for improved symbiosis between plants and microbes.
In agriculture the most significant source of BNF currently comes from the
symbiosis of legumes and various Rhizobia (94). In this symbiosis, nodules, which house
the bacteria, form in the roots or the stems of suitable host plant species and serve as a
suitable environment for the bacteria to carry out BNF. Among the various bacteria that
form a symbiotic association with a suitable plant host and form nodules are certain
members of various genera including: Allorhizobium; Azorhizobium; Bradyrhizobium;
Mesorhizobium; Methylobacterium; Rhizobium; and Sinorhizobium. Added to this group
are members of the genus Frankia, which while they do form nodule structures, do not
form symbiotic relationships with legumes (20, 99, 113). BNF is also carried out by
bacteria that are not in a tight symbiotic relationship with plants. This may be performed
by bacteria that are completely free-living, that grow in close proximity to plants in the
rhizosphere or phylosphere, or that live entirely within a plant as an endophyte. The large
assortment of bacteria that makes up this collection of nitrogen fixers includes Azoarcus
sp., Gluconacetobacter diazotrophicus, Herbaspirillium sp.,Azotobacter sp., Alcaligenes,
Achromobacter, Acetobacter, Al.cal.igenes, Arthrobacter, Azospirillum, Azomonas,
Bacillus, Beijerinckia, Clostridium, Corynebacterium, Derxia, Enterobacter, Klebsiella,
Pseudomonas, Rhodospirillum, Rhodopseudomonas and Xanthobacter (20, 99)

E. Current assays for measuring biological nitrogen fixation
There are a limited number of assays for the detection and quantification of BNF
from microbes. For plus/minus detection of BNF, PCR amplification of nitrogen fixing
(nif) genes (107) and/or plating colonies on nitrogen-free media (29) have both been
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used. The former assay is expensive and laborious, and it only identifies the potential for
BNF, while plating on nitrogen-free media has low resolution and sensitivity. For
quantification of BNF, the most widely used method is the acetylene reduction assay
(ARA) developed in the 1960’s, whereby gas from the headspace of a microbial culture is
harvested and analyzed for the nitrogenase-mediated conversion of C2H2 (acetylene) to
C2H4 (ethylene) using gas chromatography (25). ARA relies on the observation that the
nitrogenase enzyme will accept acetylene as a substrate. Unfortunately, ARA is labourintensive, expensive, and time consuming (115). A high-throughput agar colony-based
screen would be very beneficial for the discovery and improvement of free living and
symbiotic N2-fixing bacteria.

F. General overview of biosensors
A biosensor is defined as a device composed of a biological sensor component
combined with a signal transducer which conveys the presence or concentration of an
analyte as a measurable response (95, 117).Biosensors can be classified into different
groups according to their bio-recognition system or their method of signal transduction
(117).
There are many biological systems that can be incorporated into a biosensor to
serve as the sensor component. These include enzyme and substrate, antibody and
antigen, nucleic acid and complementary sequences, entire microbial, plant or animal
cells, and tissue slices (21, 78, 117). Biosensors can also utilize many different forms of
signal transduction, including biological, electrochemical, optical, thermometric,
piezoelectric and magnetic (95, 117).
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There are some biosensors currently in routine use today, particularly in the
medical field such as the blood glucose meter (74). There are also many potential uses for
biosensors in other fields (78), and in particular biosensors remain under-utilized in
agriculture. In general biosensors have the potential to offer a detection system which is
less expensive and more portable than other biochemical equipment (e.g. HPLC),
allowing measurements to be made on site (95). Biosensors also have the advantage of
measuring the bioavailability, and not simply the gross level of the analyte (45).
Biosensors also have the benefit of requiring simpler sample preparation compared to
other biochemical methods which require chemical extraction and/or purification. One of
the current trends in biosensor engineering is the creation of single-use biosensors, which
also has the benefit of not requiring continual calibration as compared to other methods
(117).

G. Microbial-based biosensors
Whole cell biosensors employ entire cells to detect the analyte or stimulant of
interest (45). In most cases microbial cells, rather than plant or animal cells, are used as
biosensors due to their rapid growth, ease of in vitro culture and maintenance, the diverse
environments in which they can be found and used, and their amiability to transformation
and genetic modification (21). Microbial whole-cell biosensors have been used to detect a
wide range of chemicals, stresses, and conditions (21). As noted above, they also have the
advantage of only detecting the bioavailable portion of the compounds or conditions of
interest, and so only the useable or biologically important levels are measured (45). This
is particularly useful for environmental and agricultural research.
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There are three general classes of whole-cell biosensors, including specific, nonspecific, and stress-induced. Specific whole-cell biosensors respond to specific analytes
or conditions and are usually created by fusing a reporter gene to a promoter, which in
turn is regulated by a specific analyte or condition (45, 91). Non-specific whole-cell
biosensors are often used to indicate the presence of a toxin. This type of whole-cell
biosensor utilizes a constitutively-active reporter which is regulated by metabolic rate.
When the cell experiences a toxic environment, its metabolic rate decreases and hence so
does the output (reporter) signal (e.g., Green Fluorescent Protein). This gives an
indication of the presence of toxins but does not give an indication as to the toxin class
(45, 91). Stress-induced whole-cell biosensors are usually created by the fusion of a
reporter gene to a promoter that is regulated by some form of stress (e.g., oxidative,
genotoxins, gamma-radiation). Since the general type of stress is known based on the
activation of the promoter:reporter fusion, this type of whole-cell biosensor is also called
semi-specific (45, 91).
There are numerous ways in which a whole-cell biosensor can convey the
information about the compound or condition it is sensing. These include electrical
responses, enzymatic activity, growth rate, rate of mutation, colour change and
bioluminescence. A common theme in whole-cell biosensors in the use of promoter/gene
fusions or synthetic cassettes which may employ various reporter genes including
antibiotic resistance, catabolic enzymes, fluorescent proteins, and environment-modifying
enzymes like ice nucleation (91). Whole-cell biosensors may also employ auxotrophic
microbes which convey the presence of the compounds they are unable to synthesize by a
change in their rate of growth (90). The most commonly used reporter genes are lacZ,
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luxCDABE, and gfp. In particular, the use of GFP, and other fluorescent proteins such as
dsRed (RFP) is becoming increasingly common (91). Many GFP mutants have been
developed with altered excitation and emission spectra, and with differing half-lives. In
addition to the wide range of fluorescent proteins available, the lack of a requirement for
a substrate or co-factor, and the ability to use single-cell detection, have made fluorescent
proteins a good choice for use in whole-cell biosensors (91, 101).

Biosensors for Gln have been reported. The Gln-binding protein (QBP) (59),
normally expressed in the bacterial periplasmic space, was used to construct reagentless
sensors for Gln for use with aqueous extracts (19, 22). More recently, a Förster resonance
energy transfer (FRET) QBP-based biosensor was engineered in transgenic Arabidopsis
plants to measure Gln uptake by root tips using a fluorescent microscope (125). The
FRET-based biosensor achieved millimolar sensitivity, excellent sub-cellular resolution,
and high specificity for Gln, but requires engineering transgenic plants. Furthermore,
because of a technically difficult protocol requiring a fluorescent microscope, the FRETbased biosensor is not amenable for high throughput applications, including
quantification of plant nitrogen status.

H. Auxotroph-based biosensors
Microbial biosensors based on auxotrophic mutants have been created for a
number of metabolites. In these biosensors the presence or quantity of the analyte is
indicated by a change in the rate of growth or cellular metabolism of the biosensor cells,
and this can be conveyed as a change in the culture density of the biosensor (OD600) (32,
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33, 87), or as a change in the expression of a reporter such as β-galactosidase (48, 112),
GFP (11, 12, 31), or luciferase (31).
The use of amino acid auxotrophs for the quantification of bioavailable essential
amino acids goes back decades (48), with the most common example being the
measurement of lysine bioavailability in human and animal foodstuffs (11, 12, 31, 87,
112).Various techniques have been employed to determine the quantity of the amino acid
in question, including cell turbidity (OD600) (32, 33, 87), β-galactosidase assays (48,
112), and more recently GFP fluorescence (11, 12, 31).
Protocols that made sole use of the optical density have disadvantages including
background turbidity of the sample which can cause an underestimation of the optical
density. Since the samples cannot be heat-sterilized, the optical density could also be
affected by the growth of bacterial and fungal contaminants in the sample (11, 33). The
problem of background microbial growth can be countered by amendment with antibiotic
and antifungal additives (33).
The use of GFP-expressing biosensor strains has allowed for more accurate
quantification of lysine compared to optical density since background fluorescence can
be less of a problem. This also permits non-sterile samples to be analysed, and the
fluorescence can still be detected even with background turbidity (11, 31). The
fluorescence method does have the potential drawback that there can be background
fluorescence from other components in a sample (11).
The above biosensors for amino acids, and lysine in particular, can be accurate in
determining the bioavailability of the amino acid in question (11, 12), and they could be
used to replace some of the traditional bioavailability assay methods.
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While many of the auxotroph-based biosensors created to date detect amino acids,
other biosensors have been created using strains which are auxotrophic for other
metabolites. An example is the mevalonate biosensor created by the Keasling Lab (UCBerkeley) using an auxotrophic E. coli strain (90). In this case an auxotroph for
mevalonate harbouring a plasmid encoding GFP was used to measure the level of
mevalonate, a central metabolite in the terpenoid biosynthetic pathway. The level of
mevalonate was determined using the cell growth rate. A standard curve was created by
plotting OD600 against GFP fluorescence at different concentrations of external
mevalonate. The standard curve was then used as a reference to quantify unknown
samples. The concentration was also determined using GC-MS which confirmed the data
for the biosensor. This analysis demonstrates that the growth of an auxotroph can be
used to determine the concentration of the substance it is unable to synthesize.
The use of an auxotroph-based biosensor to visualize relative and spatial
differences in quantity of an analyte has also been demonstrated. The biosensor was an E.
coli strain auxotrophic for tryptophan carrying a constitutive lux operon (105). The
biosensor was used to visualize the spatial difference in tryptophan in the senescing
leaves of barley plants. In this protocol the leaves were frozen in liquid nitrogen and
thawed just prior to laying them into an agar slab embedded with the biosensor bacteria.
The freeze-thaw process damaged the cells of the leaves and allowed for the leakage of
the cellular fluids onto the biosensor-embedded agar. The differences in the amount of
tryptophan in the different regions of the leaves were visualized as a change in the
luminescence of the biosensor cells in the agar.
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These auxotrophic biosensors have shown that the presence and concentration of
different metabolites can be measured using the growth, fluorescence, or luminescence of
an auxotrophic biosensor strain in either a liquid or solid-phase assay system.
Objectives and Hypotheses

Based on this background, the following hypotheses were developed:

Hypothesis 1: A whole cell biosensor for glutamine can be generated using an E.coli Gln
auxotroph.

Hypothesis 2: The Gln biosensor can be used to quantify free Gln in plant tissues in vitro
and in vivo.

Hypothesis 3: The Gln biosensor can be used to detect biological nitrogen fixation in
microbes.

The following experiments were used to test these hypotheses:

Objective 1: Engineer a bacterial whole-cell biosensor for glutamine (Gln) and optimize
it for sensitivity, linearity, specificity and efficiency for use in a 96-well plate reader.

Objective 2: Validate the Gln biosensor for use with plant tissue extracts by comparison
to traditional quantification using HPLC.
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Objective 3: Develop and optimize a biosensor technology for imaging of free Gln levels
in intact plant organs.

Objective 4: Develop and optimize a biosensor technology for rapid, high-throughput
detection of biological nitrogen fixation (BNF) from bacterial colonies growing on agar.
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CHAPTER 3
A Bacterial Whole Cell Biosensor for Glutamine with Applications for Quantifying
and Visualizing Glutamine in Plants

A shorter version of this manuscript, with the same title, has been accepted for
publication:
Tessaro, M. J., S. M. S. Soliman, and M. N. Raizada. 2012. A bacterial whole cell
biosensor for glutamine with applications for quantifying and visualizing glutamine
in plants. Applied & Environmental Microbiology 78: 604‐606.
All experiments and analysis in this chapter were performed by me, with the exception of
the HPLC assays which were performed by Sameh Soliman.
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Abstract
Glutamine (Gln) is a critical intermediate in nitrogen metabolism in all organisms.
Here, a whole cell biosensor (GlnLux) for Gln was constructed by transforming a
bacterial Gln auxotroph with a constitutive lux reporter. The biosensor was optimized for
sensitivity, linearity, efficiency, specificity and robustness to permit detection of Gln in
vitro and in vivo. The optimized GlnLux biosensor achieved nanomolar sensitivity with
Gln standards. Extracts from only 1 mg of maize (Zea mays L.) leaf tissue were sufficient
for Gln detection by GlnLux. Measurements of Gln in leaf extracts by GlnLux correlated
with quantification by high performance liquid chromatography (Spearman r = 0.95).
GlnLux permitted indirect in planta imaging of Gln using a CCD camera, enabling
identification of plants that had been fertilized with nitrogen. Imaging using GlnLux also
resolved predicted spatial differences in leaf Gln concentration. Applications and
limitations of this novel technology are discussed.
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Introduction
The amino acid glutamine (Gln) is a critical intermediate in nitrogen metabolism
for all organisms. In plants, nitrogen fertilizer is assimilated into Gln (17, 64, 69) and
subsequently glutamate; together, these amino acids serve as nitrogen donors for various
reactions, including the biosynthesis of other amino acids (62, 64, 69). These amino acids
further regulate uptake and assimilation of soil nitrate and ammonium (18, 44, 55, 70,
118). Gln, as well as asparagine, are important forms of nitrogen used for long-distance
transport in the plant, including from root to shoot (88). In fact, the application of
nitrogen fertilizer to the roots of maize (Zea mays L.) plants can generate a large increase
in the levels of Gln and other amino acids within 30-120 min in the root and shoot,
respectively (62). Gln is thus a key indicator of nitrogen status in plants. Unfortunately,
only indirect or delayed assays currently exist to quantify plant nitrogen status, in spite of
the importance of nitrogen as the most limiting soil nutrient in global agriculture (104).
Free Gln is primarily quantified using high performance liquid chromatography
(HPLC)-based analysis of tissue extracts (2, 68, 75, 81). There has been limited use of
biosensors for Gln quantification. The Gln-binding protein (QBP) (59), originating from
the periplasmic space of bacteria, has been used to construct reagentless sensors for Gln
for use with aqueous extracts (19, 22). For cell biology applications, a Förster resonance
energy transfer (FRET) QBP-based biosensor has been engineered in transgenic
Arabidopsis plants to monitor Gln uptake by root tips under a fluorescent microscope
(125). This biosensor achieves millimolar sensitivity with superb sub-cellular resolution
and good specificity for Gln, but requires the creation of transgenic plants which may be
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less suited for high throughput applications, including determination of plant nitrogen
status.
Microbial whole cell biosensors have been used as inexpensive tools to quantify
analytes from biological extracts into which they are co-inoculated (31, 90). They have
also been used to visualize analytes in intact tissues of non-transgenic organisms. For
example, the leakage of sucrose, tryptophan, or iron can be sensed in plants using nearby
microbial biosensor cells and then imaged (49, 60).
A subset of microbial biosensors has been based on auxotrophs expressing a
constitutive reporter (e.g. green fluorescent protein, GFP, lux). An auxotroph is an
organism that cannot grow in the absence of a particular metabolite. The use of amino
acid auxotrophs for the quantification of bioavailable essential amino acids such as lysine
in human and animal foodstuffs originated decades ago (11, 12, 31, 48, 87, 112). A Gln
auxotroph of Escherichia coli has been generated by down-regulation of the gene
encoding glutamine synthetase (GlnA) (65).
In this report, a microbial biosensor for Gln was constructed based on the E. coli
GlnA auxotroph, transformed with a constitutive lux reporter (designated hereinafter as
GlnLux). Following systematic improvement of biosensor sensitivity, linearity,
efficiency, specificity and robustness, GlnLux was demonstrated to be effective in
quantifying Gln levels in plant tissue extracts, and for direct visualization of Gln in plant
organs.
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MATERIALS AND METHODS
Plasmid and bacterial strains. Gln-auxotrophic E.coli strain (JW3841-1, KanR) was
obtained from the E. coli Genetic Resource Center (CGSC#10775, Yale University,
USA); it was generated by inserting a kanamycin cassette into GlnA [glnA732(del)::kan]
(3).The strain was transformed with Ampicillin-resistant plasmid pT7-lux (67) containing
a constitutive T7 promoter from Xenorhabdus luminescens driving the luxCDABE operon
from Vibrio fischeri to create strain GlnLux.

General bacterial growth media. LB medium consisted of 5 g/liter NaCl (Fisher
BP358-212), 5 g/liter yeast extract (Fisher DF0127179) and 10 g/liter tryptone (Fisher
BP1421-500), with or without 12 g/liter Bacto-Agar (BD, DF0140010), pH 7.2. M9
minimal medium consisted of 22.2 mM D-(+)-glucose (Sigma G5767), 0.1 mM CaCl2
(Fisher C-79), 2 mM MgSO4 (Sigma 230391), and 1X M9 Salts, pH 7.0. A 5X M9 salt
mix contained 0.24 M Na2HPO4 (Fisher S374B), 0.11 M KH2PO4 (Fisher P-284), 0.04 M
KH2PO4 (Fisher BP358-212) and 0.09 M NH4Cl (Sigma A-0171). All liquid and solid
plate media, including visualization agar, was supplemented with 50 µg/ml kanamycin
monosulfate (PhytoTech K378) and 100 µg/ml carbenicillin disodium salt (PhytoTech
C346).

96-well luminometer assays - starter culture (Phase 1). Biosensor strain GlnLux was
inoculated into 15 ml of LB in a 50 ml Falcon tube, and grown overnight at 37ºC with
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shaking at 250 rpm. The culture was spun down at 700 x g at 21ºC for 10 min. The
supernatant was decanted and the culture was washed 3X in sterile M9 minimal medium
with centrifugation as above, then resuspended in 15 ml sterile M9 minimal medium to
the desired optical density (OD595nm range = 0.25 to 0.025). In the optimized protocol, the
OD595nm used was 0.025 or dilutions thereof.

96-well luminometer assays - Gln-depletion phase (Phase 2). Following Phase I, the
resuspended GlnLux culture in M9 minimal medium (15 ml in a 50 ml Falcon tube) was
incubated at 37ºC with shaking at 250 rpm for 0-24 h (as noted) to deplete any
endogenous Gln. The culture was diluted up to 100-fold in M9 minimal medium either
before or after the 14-h depletion (as noted in each figure). In the optimized protocol, the
starter culture (OD595nm = 0.025) was depleted for 14 h, and then diluted 10-fold prior to
Phase 3. Carbenicillin and kanamycin were added at all stages.

96-well luminometer assays - Gln incubation phase (Phase 3). To test the biosensor
response to exogenous Gln or other compounds, the depleted GlnLux culture from Phase
2 was aliquoted initially into 96-well deep plates (Corning 3960) as follows: 180 µl of
culture was added to 1620 µl of M9 minimal medium containing Gln standards (Lglutamine, PhytoTech G229) and any additional supplements (amino acids, sucrose,
nitrate, nitrite; see below). To generate Gln standard curves, 0.2 M Gln stocks in ddH2O
were aliquoted and frozen until just before use. The stocks were serially diluted 500-fold
in minimal M9 medium to 5 µg/ml Gln, which was further serially diluted to generate
standard curves. Every 96-well plate had at least one standard curve row (single
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replicate), with four replicates distributed across all assay plates. The deep-well plates
were covered with a sterile breathable film (Sigma A9224) and incubated at 37ºC with
shaking at 250 rpm. For Phase 4, aliquots were removed into 96-well shallow lux reader
plates hourly as noted.
In the optimized protocol deep well plates were not used; instead, the incubation
was performed in 96-well lux reader plates directly (Figure 3.1) using 10 µl of GlnLux
culture added to 90 µl of M9 minimal medium containing Gln standards. The plates were
incubated at 37˚C without shaking.

96-well luminometer assays - luminescence quantification (Phase 4). For lux
quantification, initially 110 μl aliquots from each Phase 3 deep well plate were removed
from each well and transferred to an opaque white 96-well plate (Fisher CS003912) and
read in a MicoLumatPlus LB96V luminometer with WinGlow Software (Berthold
Technologies, Germany). Samples were read for 1 s with a chamber temperature of 37˚C
in an endpoint assay set to Integrate function. In the optimized protocol in which the
same opaque reader plates were used both for incubation (Phase 3) and lux quantification,
there was no need to remove aliquots for hourly reads; instead, the plates were transferred
back and forth from a 37˚C incubator, and the breathable film was replaced following
each read. The assay medium blank was subtracted for pre-assay optimizations.
Subsequently, readings of the zero-Gln standard in wells containing GlnLux cells were
subtracted from all lux values shown. Shown is the mean value of three to four replicates
consisting of parallel incubations of Gln/extract with GlnLux cells randomized onto three
to four incubation/reader plates.
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Phase 1: Starter culture phase
Inoculate
Re-suspend

Pellet

in 5ml M9
Culture O/N
(saturate)

Phase 2: Gln depletion phase
Aliquot re-suspended
culture into M9
Dilution

14hr Depletion
OR
Dilution

14hr Depletion

Phase 3: Incubation phase
Incubate biosensor with Gln standard/sample
in M9 minimal media at 37ºC

Phase 4: Reader phase
Measure lux from 100-110μl of
assay media

Figure 3.1. Overview of the methodology used for quantification of free Gln using
GlnLux in liquid assays. In Phase 1, GlnLux cells were multiplied in rich medium (LB)
overnight (O/N), washed and resuspended in Gln-free M9 minimal medium. In Phase 2,
GlnLux cells were diluted and then incubated in M9 minimal medium to deplete
endogenous free Gln. In Phase 3, GlnLux cells were incubated with Gln standards or
tissue extracts containing free Gln. In Phase 4, lux output was read hourly in a 96-well
luminometer in replicates of 3-4, randomized across 3-4 plates.
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Testing of biosensor specificity in luminometer assays. To test for the specificity of the
GlnLux biosensor, concentrations of nitrogenous compounds present in plants were first
determined from the literature. Nitrate levels in maize and related grasses range from 175 mM in stems, roots and leaves (57, 71, 79, 109). Nitrite levels in plant tissues have
been reported to range from 0.36 – 1.39 μg/ml in stem sap (109). Each of the 19 other
major amino acids range in concentration among different plant species and tissues (5,
13, 62, 97, 102, 111) (Table 3.1). Based on these values, the following concentrations of
standards were chosen to represent an undiluted maize leaf extract: nitrate (1X = 20 mM
KNO3)(Fisher ICN19142805); nitrite (1X = 0.03 mM NaNO2)(Sigma S-3421); 19-amino
acid cocktail (1X, see Table 3.1). These standards were added to the M9 assay medium in
Phase 3, at the dilutions indicated. Each standard was first dissolved in ddH2O and then
in 1X M9 medium.

Plant growth conditions. Zea mays L. (hybrid CG102 X CG108) seed was used for all
experiments. Seeds were germinated on wet Kimwipes for 3 d then transplanted into
individual flat inserts (6 x 8 x 5 cm) containing a clay substrate (Turface MVP, Profile
Products, USA) and watered with ddH2O only. Growth chamber (Model PGR15,
Conviron) conditions were set to 28ºC/20ºC (day/night) with a 16 h photoperiod with
cool white Supersaver CW/VHO/SS (Sylvania) and enhanced spectrum fluorescent bulbs
[(Gro Lite WS GL/WS/VHO (Gro Lite Industrial) and VitaLux Ultra-High Output (DuroTest)] at 120-150 µmol m-2 s-1 at pot level. At the 13th day after transplanting, plants
were watered with a modified Hoagland’s nutrient solution that either contained all
nutrients required for growth including nitrogen (+N solution containing 20 mM total N),
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Table 3.1. Amino acid concentrations of different plant tissues used to determine the composition of the amino acid
cocktail. This represented an undiluted maize leaf extract for Figure 3.6.

1X AA Cocktail

Plant

Garden pea

Pinto bean

Chickpea

Kamut

Adzuki bean

Soybean

Pea plant

Maize

Maize

Barley

Species

Pisum
sativum L.

Phaseolus
vulgaris L.

Cicer
arietinum L.

Triticum
polonicum L.

Vigna
angularis L.

Glycine
max

Pisum
sativum L.

Zea mays
L.

Zea mays L.

Hordeum
vulgare

Tissue/fluid

seedling
axes

seedling
axes

seedling
axes

seedling axes

seedling axes

Xylem
sap

Leaves

Shoot

Leaf aqueous
volume

Leaf

Units

mg/g fw

mg/g fw

mg/g fw

mg/g fw

mg/g fw

µmol/ml

nmol/g fw

µmol/g fw

mM

μmol/g fw

6.88

1.46

1.382

mM

Supplier
number

Amino Acid

10

Sigma A3534

Alanine
Ala

0.4

0.3

0.3

0.75

0.5

0.04

1120

10

Sigma A3784

Arginine
Arg

0.05

0.6

0.1

0.35

1.43

0.11

270

15

Sigma A4159

Asparagine
Asn

1.95

0.6

3

1.45

1.65

0.59

2510

3.56

4.77

0.08

10

Sigma
11189

Aspartic
acid
Asp

0.9

0.51

0.3

0.7

0.95

0.34

1420

1.75

2.2

1.682

5.02

Sigma C7755

Cysteine
Cys

0

PhytoTech
G229

Glutamine
Gln

0.52

0.3

0.2

2.6

0.7

0.36

1710

0.24

0.1

1.738

10

Fluka
49449

Glutamic
acid
Glu

0.27

0.25

0.18

0.51

0.35

0.05

780

4.96

1.47

4.573

5.01

Sigma G8790

Glycine
Gly

0.02

0.05

0.01

300

2.98

1.42

2.393

5

Sigma H8776

Histidine
His

0.45

0.35

0.22

0.348

4.75

Sigma I7383

Isoleucine
Ile

0.19

0.3

0.12

0.074

0.288

0.2

0.07

0.03

60
0.52

0.02

60

0.06
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Sigma
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Leucine
Leu
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0.07
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0.1
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0.102

11.3

Sigma
L9037

Lysine
Lys

0.6

0.05

0.08

0.03

0.85

0.06

110

0.04

0.12

0.373

5.01

Fluka
64319

Methionine
Met

0.06

7.99

Sigma
P5482

Phenylalanine
Phe

0.17

0.6

0.02

0.13

0.42

0.06

0.08
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5
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Proline
Pro

0.4
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0.1
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0.15
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Serine
Ser

0.385

0.16

0.2
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0.4
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0.8

0.2
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1

1.2
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0.12
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Sigma
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Tyrosine
Tyr
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0.1
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2.023
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or all nutrients excluding nitrogen (-N). Both nutrient solutions were at pH 5.7 and
contained: 0.1 mM K2SO4 (Fisher P-304), 1 mM KCl (Sigma P9333), 2 mM KH2PO4
(Sigma P0662), 1 mM MgSO4.7H2O (Sigma 230391) and 0.03 g/liter Plant-Prod
Chelated Micronutrient Mix (Plant Products). The +N nutrient solution also contained 6
mM Ca(NO3)2.4H2O (Sigma 237124) and 4 mM NH4NO3 (Sigma A3795), whereas the –
N nutrient solution contained 6 mM CaCl2.2H2O (Sigma C-79). Plants were each watered
with a single 20 ml dose of nutrient solution at 40 h before sampling and another 25 ml
dose at 25 h before sampling. At 17, 10 and 1 h before sampling the excess nutrient
solution was poured from each pot and re-watered with 15 ml of fresh nutrient solution
per plant. There were 4-5 pots/treatment and the positions of the pots were randomized
within a treatment block (randomized block design) and changed every other day to
minimize positional effects in the growth chamber.
For root imaging (Fig. 3.10 A, B), plants were germinated and grown in vertical
germination bags (16 x 16 cm) to allow roots to grow flat for easier lux imaging. The
seedlings were treated with ddH2O only for 14 d using the above growth chamber
conditions. At 14 h before sampling, the plants were watered with a single dose of 10
mM NO3¯or water.

Plant sampling for GlnLux versus HPLC comparisons. At the 15th day after
transplanting, leaf tissue was collected at various time points from + N and – N
treatments, frozen in liquid nitrogen, and stored at -80˚C. After grinding to a powder,
each homogenized sample was divided into two for parallel HPLC and biosensor
analysis.

GlnLux luminometer measurements of plant Gln. In the final assay, 1-10 mg of frozen
homogenized plant samples were re-ground with silica sand in liquid nitrogen, suspended
in 9 µl of ddH2O (pH 7.0) per mg with 1% final v/v protease inhibitor cocktail (PIC) for
plant cell extracts (100% stock, #P9599, Sigma), vortexed, centrifuged for 20 min at 4˚C
at 16,000 x g to remove tissue debris, and the supernatant was transferred to a new tube
placed on ice. The plant extracts were diluted 1000-fold in ddH2O (pH 7.0) with 1% PIC.
Plant extracts were used immediately in luminometer assays.
For luminometer assays, white opaque 96-well reader plates were loaded with 80
µl/well concentrated M9 minimal medium. To each well, 10 µl of the plant extract were
added. Finally, a 14 h-Gln-depleted GlnLux culture (pre-depletion OD595=0.025) was
diluted 10-fold in M9 minimal medium, and 10 µl were added to each well. The 0 µg/ml
Gln standard reading was subtracted from all lux values, which were read in randomized
replicates of four using luminometer settings as above (see Phase 4).

HPLC measurements of plant Gln. Fifteen to two hundred milligrams of weighed
frozen homogenized samples were re-ground using a chilled mortar and pestle with silica
sand and 0.6-2.0 ml of sulphosalicylic acid (30 mg/ml) (68). The homogenate was
centrifuged for 20 min at 16,000 x g, the supernatant was collected and the pH adjusted to
7.0 using 4 N NaOH. The sample was stored at -20ºC for up to 24 h. For HPLC analysis,
the amino acid samples were separated by reverse-phase HPLC following automatic
derivatization with o-phthalaldehyde (2).
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Preparation of GlnLux-agar and imaging using a photon capture camera. GlnLux
bacteria were prepared by growth at 37ºC with shaking at 250 rpm overnight in 200 ml
LB in a 500 ml flask, supplemented with 400 μl of 2.0 M glucose and 200 μl of each of
50 mg/ml kanamycin, 100 mg/ml carbenicillin and 0.2 M Gln. After overnight growth
(16 h) the culture was spun down at 1100 x g at 25ºC for 10-20 min. The supernatant was
decanted and the culture was washed 3X in 0.01 M potassium phosphate buffer (pH 7.0)
with centrifugation as above. Finally, the culture was resuspended in sterile M9 minimal
medium to OD595=1.0.
For agar plates or slabs, following optimization (see Results), concentrated M9
minimal medium prepared from sterile stock solutions (described above) was mixed with
autoclaved molten bacto-agar (10 g/liter final concentration), cooled, supplemented with
sterilized casamino acid solution (5 g/liter final concentration), further cooled to 42˚C,
and mixed with 10% (v/v) of the OD595=1.0 GlnLux culture before pouring. This is
referred to as M9 GlnLux-agar.
For all lux imaging, a ChemiProHT Luminescence Imaging System (Roper, USA)
was used with Winview 32 software (15). Dark noise was reduced by pre-chilling the
CCD chip to -80˚C (16).
In the final, optimized plant imaging protocol, maize seedling tissues were frozen
in liquid nitrogen and thawed at room temperature for 30 s. Roots and adaxial leaf
surfaces were placed in contact with room temperature M9 GlnLux-agar. Tissues were
pressed down. Plates were inverted, imaged at the zero time point, and then placed at
37˚C for 1-6 h with hourly imaging with 200-600 s exposure times.
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Statistical analyses. To test for the linearity of the biosensor response, linear regression
analysis was performed using a Goodness of Fit (R2) test. To test for biosensor
sensitivity, the slope (m) of the biosensor response (RLU) was measured between 0
µg/ml Gln and a low Gln standard as noted; the biosensor was deemed to be sensitive to
the low Gln standard if the slope value was significantly different from zero (P=0.05). To
test for specificity the response of the biosensor to nitrite, nitrate, and an amino acid
cocktail was compared to the standard using the Kruskall-Wallis Test. HPLC versus
GlnLux correlation analysis was performed using the Spearman rank test for nonparametric data. All statistical analyses were performed using InStat Prism Software (v5,
GraphPad Software, USA).

RESULTS

Lux versus optical density. The KanR E.coli strain auxotrophic for Gln (3) failed to
grow in M9 minimal medium but grew in M9 medium supplemented with Gln (overnight
OD595=0.0003 without Gln versus 0.1417 with 1 mM Gln and 0.345 with 10 mM Gln).
The strain was transformed with ApR-resistant plasmid pT7-lux (67) containing a
constitutive promoter driving the luxCDABE operon to create strain GlnLux. Overnight
cultures were grown to OD595=0.3 in LB medium to permit growth (Phase I), then
resuspended and grown for 14 h in M9 minimal medium lacking Gln to deplete
endogenous free Gln (33) (Phase 2). GlnLux cells were then incubated with different
concentrations of Gln in deep well plates (Phase 3), and samples taken hourly for
measurements of OD595 and lux in shallow plates (Phase 4). The results showed that
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luminescence, but not the OD595,, changed proportionately to increasing Gln (Fig. 3.2).
Thus, the luxCDABE strain (GlnLux) was used for all further experiments.
Pre-assay optimization for improved sensitivity. To optimize luminometer-based
quantification of Gln using GlnLux, GlnLux cultures were diluted prior to the assay; the
goal was to reduce background noise and increase the amount of exogenous Gln available
per GlnLux cell thus improving assay sensitivity. As GlnLux cultures were diluted, the
background noise decreased (Fig. 3.3 A-F). Assay sensitivity was quantified by
measuring the slope (m) of the GlnLux response at zero Gln versus low concentrations of
Gln. The greatest assay sensitivity occurred at the 1/10th and 1/100th dilutions of
OD595=0.025 GlnLux, allowing ≥0.001 µg/ml (6.8 nM) of Gln to be detected (Fig. 3.3
E,F). For all further experiments, only the 1/10th dilution was used since it required a
shorter incubation time with Gln to achieve a linear response (Fig. 3.3 E,F and Suppl.
Fig. 3.2). When using the 1/10th dilution, a 14 h pre-incubation in M9 minimal medium
was confirmed to be the optimal duration to deplete endogenous Gln from GlnLux cells
(Phase 2), though incubations ranging from 7-24 h were beneficial (Appendix 1).
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Figure 3.2. Comparison of GlnLux culture responses to exogenous Gln using (A) lux
output compared to (B) OD595 quantification at different times following Gln exposure.
For lux quantification, GlnLux cells were diluted to OD595 0.25 at the onset of Phase 2,
and then incubated in Gln-free M9 minimal medium for 14 h to deplete endogenous free
Gln, prior to incubation with Gln standards (Phase 3) and lux quantification (Phase 4, 1-s
luminometer reads). RLU, relative light units
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Figure 3.3. Pre-assay optimization: effect of diluting GlnLux cultures on background
noise and sensitivity of the luminometer assay. GlnLux cell cultures were diluted in Phase
2 to the following optical densities (OD595) prior to depletion of endogenous Gln: (A)
0.25; (B) 0.025; (C) 0.025; (D) 1/10th dilution of 0.025; (E) 1/10th of 0.025; (F) 1/100th of
0.025. As assay sensitivity improved, lower concentration ranges of Gln were tested.
Plotted are the means of 3 replicates along with the SEM. Bgrd is the background lux
output from GlnLux at 0 µg/ml Gln. Max m is the slope at the low Gln concentration
range of the curve with the greatest slope over that range. P is the probability that Max m
significantly deviates from zero. RLU, relative light units.

39

1/10th OD 0.025

1.0

0.1

0.5
0.5

1.0

7hr

1.0

0.5

0.1

0.1

0.05

R2 = 0.001
m = 9.963 ± 108.7

1.0

0.5

0.1

0.1

9hr

R2 = 0.233
m = 465.8 ± 267.2

12hr

T
1500
1000
500
0

R2 = 0.882
m = 1386 ± 160.7

1.0

R2 = 0.821
m = 640.0 ± 74.73

0.1

300
200
100
0

0.05

1.0

0.5

0.1

0.1

1000
0

1500
1000
500
0

S
R2 = 0.893
m = 1087 ± 93.83

0
0.01

2000

1500
1000
500
0

P
R2 = 0.739
m = 1486 ± 220.7

0.05

1.0

0.5

0.1

0.1

0

R2 = 0.001
m = -5.974 ± 62.65

L
R2 = 0.888
m = 2824 ± 251.1

0
0.01

2000

300
200
100
0

R

0.05

1500
1000
500
0

O
R2 = 0.873
m = 1427 ± 172.2

5hr

H

= 0.679

0
0.01

N

0.05

0
0.01

300
200
100
0

3hr

R2 = 0.003
m = -5.272 ± 31.99

0.5

1.0
1.0

0.5

0.1

0.1

0.05

0
0.01

0

1000

0
0.01

0.05

1.0

0.5
0.5

R2 = 0.968
m = 2577 ± 148.0

1000

R2 = 0.214
m = 5596 ± 2977

1500
1000
500
0

K

2000

R2 = 0.625
m = 1135 ± 220.1

2

300 m = 2316 ± 397.9
200
100
0

J
R2 = 0.945
m = 980.2 ± 58.96

Q
300
200
100
0

0.1

0.1

0.05

0
0.01

1000

M
300
200
100
0

GR

R2 = 0.759
m = 2300 ± 409.9

0

R2 = 0.494
m = 734.2 ± 186.0

0.1

2000

300
200
100
0

0.05

F

R2 = 0.942
m = 1550 ± 96.13

I
300
200
100
0

0

0.1

0.1

0.05

0
0.01

1000

E
300
200
100
0

R2 = 0.199
m = 703.0 ± 446.8

0
0.01

2000

0
0.01

R2 = 0.942
m = 2485 ± 153.8

High Gln range

D

C

0.1

B

0.1

A

Low Gln range

0.1

High Gln range

300
200
100
0

GlnLux Output (RLU)

1/100th OD 0.025

Low Gln range

Gln Concentration (μg/ml)
Figure. 3.4. Effect of diluting GlnLux cultures on the incubation time required to achieve
a linear response in the luminometer assay. GlnLux cell cultures were diluted as indicated
(1/10th or 1/100th dilutions of OD595=0.025) in Phase 2 prior to depletion of endogenous
Gln and then incubated for the following durations with free Gln standards: (A-D) 3 h,
(E-H) 5 h, (I-L) 7 h, (M-P) 9 h, (Q-T) 12 h. The linearity of the GlnLux response was
quantified using Goodness of Fit (R2) and measured along with the mean slope (m). The
best linear responses are boxed or circled at the low and high concentration ranges of
Gln, respectively. RLU, relative light units.
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Luminometer assay linearity. The linearity of the luminometer assay was optimized by
incubating exogenous Gln with GlnLux cells for different incubation times (Phase 3).
Using the above culture dilution, GlnLux output was observed to peak at 0.1-0.5 µg/ml
Gln (Fig. 3.5 A). An incubation time of 3 h maximized linearity (Goodness of Fit
R2=0.91); the linear concentration range of the assay extended across three orders of
magnitude from 0.0001 - 0.1 µg/ml Gln (Fig. 3.5 B-I). Assay linearity was found to be
robust against shorter and longer incubations (2-4 h: R2 = 0.88-0.91) (Fig. 3.5 B-I), while
an extended incubation time (7 h) shifted the linear range of the assay 10-fold to 1 µg/ml
(Fig. 3.4 J).

Luminometer assay efficiency. The efficiency of the luminometer assay was improved
by determining that sample incubations (Phase 3) and luminometer readings (Phase 4)
could both be performed in the same shallow plates without altering lux output
(Appendix 2), rather than switching from deep-well plates to 96-shallow-well plates,.
This improvement reduced the need for hourly aliquoting.
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Figure 3.5. Effect of incubating GlnLux cells with Gln for different durations on
luminometer assay linearity (Phase 3). (A) Initial determination of the linear
concentration range of Gln using the GlnLux assay (1/10 OD595 0.025). (B-I) Statistical
measurements of linearity for the following incubation times: (B,C) 2 h, (D,E) 3 h, (F,G)
4 h, and (H,I) 5 h. Linearity of the GlnLux response was quantified using Goodness of Fit
(R2) and measured along with the mean slope (m). RLU, relative light units.
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Figure 3.5

GlnLux specificity. An anticipated challenge of using GlnLux to quantify Gln in tissue
extracts, including plants, was the presence of other nitrogenous compounds that might
interfere with the assay. The specificity of GlnLux to Gln was tested. Nitrite, nitrate and
19 other amino acids were added to the assay medium (Phase 3) at concentrations
equivalent to 1/100-1/10,000 of their expected concentrations in plants (see Materials
and Methods). These dilutions were chosen as we calculated that 1/1000 dilution of a
plant extract would be in the linear range of the GlnLux assay (Table 3.1, Figs. 3.3, 3.5).
Neither diluted nitrite, nitrate, nor a cocktail of 19 amino acids had any significant effect
on GlnLux output (Kruskall-Wallis Tests: nitrite: p=0.97-1.0; nitrate: p=0.92-0.95; amino
acids: p=0.57-0.76) (Fig. 3.6). Undiluted nitrate and the amino acid cocktail could,
however, significantly alter GlnLux output (data not shown). It was unnecessary to test
ammonium as it was already present at a high concentration in M9 minimal medium; M9
alone did not elicit significant GlnLux expression (see 0 µg/ml Gln, Fig. 3.3 F).

Luminometer assay robustness. There was concern that endogenous proteases in plant
extracts would cause protein breakdown during the extended incubation of extracts with
GlnLux cells, leading to sporadic increases in free Gln levels. We tested the effect of
adding a protease inhibitor cocktail (PIC) designed for plant cell extracts to either the
plant tissue extraction buffer (EB+), the incubation buffer (IB+, Phase 3) or both (Table
3.2). Improved correlation between measurements of plant extracts using GlnLux versus
HPLC was used to indicate improved robustness of the biosensor assay. PIC addition to
both the extraction and incubation buffers improved the robustness of the
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Figure 3.6. Measurements of the specificity of GlnLux cells for Gln. GlnLux cells (1/10
OD595 0.025) were incubated for 3 h with Gln standards (Phase 3) along with dilutions of
: (A) NO2-, (B) NO3- or (C) an amino acid cocktail (AA) (Table 3.1). The 1/1000th
dilutions of nitrite, nitrate and the 19 amino acids mimic the expected concentrations of
these compounds in plant extracts similarly diluted to be in the linear range of the GlnLux
assay (see Methods and Table 3.1). RLU, relative light units.
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Table 3.2. Effect of protease inhibitor cocktail (PIC) on the linearity and signal of the GlnLux assay.

EB - / IB -

Plant Extracts *
EB + / IB EB - / IB +

EB + / IB +

EB - / IB -

Gln Standards 0 - 0.05
EB + / IB EB - / IB +

EB + / IB +

3hr
Slope (m)
Spearman
r

137779

39415

6063

6322

0.1

0.7

0.9

0.9

Slope (m)
Spearman
r

912156

204150

5096

8047

0.1

0.6

0.7

0.9

Slope (m)
Spearman
r

2880

3940

316.6

351.4

1

0.9

1

1

Slope (m)
Spearman
r

1736

2013

82.74

97.93

1

0.9

0.9

1

5hr

*n=5
Protease inhibitors were added in either the plant tissue extraction buffer (EB) or later in the incubation buffer (IB) (Phase 3)

GlnLux assay dramatically (Spearman r increased from 0.1 to 0.9), but it caused lux
output to decline by >99% (measured by lux output slope, m) (Table 3.2). When PIC was
added to the extraction buffer alone, assay robustness improved (r=0.7) without dramatic
losses in GlnLux output (Table 3.2). The negative impact of PIC in the incubation buffer
was due to its direct inhibitory effect on GlnLux cells as shown by addition of PIC to an
extract-free assay containing only Gln standards (Table 3.2). PIC was added to the
extraction buffer only for all subsequent experiments.

Luminometer assay validation. The accuracy of the optimized GlnLux luminometer
assay for quantifying Gln in plant tissue extracts was determined by comparison to
standard HPLC (2). Using split tissue extracts from maize seedlings, an excellent
correlation was found between measurements made using GlnLux compared to HPLC
[Spearman r = 0.95, with no outliers removed (p<0.0001, d.f. = 39)] (Fig. 3.7). The
seedlings had been exposed to fertilizer solution with or without ammonium/nitrate
which was expected to be assimilated into Gln and transported to leaves (70). GlnLux
measurements of leaves could distinguish plants that had been fertilized with
ammonium/nitrate or not (Fig. 3.7).
The final GlnLux assay required only small amounts of biological material (1 mg of leaf
tissue, diluted a further 1000-fold), used only buffered water for the tissue extract, and
required only a 1-s read time in the luminometer. The GlnLux luminometer assay is thus a
highly sensitive and accurate tool for quantifying biologically relevant concentrations of
Gln in plant tissue extracts.
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Spearman r = 0.95
P < 0.0001
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2000

0
0.0001
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Figure. 3.7. Validation of the GlnLux luminometer assay to quantify free Gln in plant
tissue extracts by comparison to standard HPLC. Leaf extracts of maize seedlings
previously treated with fertilizer solution +/- nitrogen, were quantified using HPLC, and
independently tested using the GlnLux luminometer assay, the latter using 1/1000
dilutions of maize extract. Each value is an extract from one leaf of one seedling. The
coefficient of correlation (Spearman r) between GlnLux and HPLC assays is indicated.
HPLC and GlnLux readings segregated based on the prior nitrogen fertilizer treatment
(vertical dotted line) with the exception of two outliers noted (open circles). GlnLux
measurements were generated using the following conditions: 1/10 OD595 0.025 culture
dilution (Phase 2), 14 h depletion of endogenous Gln in M9 minimal medium (Phase 2), 4
h sample incubation (Phase 3), 1-s read time (Phase 4). See Materials and Methods for
details. RLU, relative light units.
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Optimization of GlnLux-agar for direct imaging of Gln. In addition to the
luminometer assay, another objective was to use GlnLux cells to visualize Gln directly in
intact plant tissues. In a previous study, an auxotrophic Trp biosensor was used to
visualize Trp leakage from plant tissues onto agar embedded with lux-expressing bacteria
that were imaged using a photon capture camera and/or X-ray film (105). We embedded
GlnLux cells in agar (hereafter known as GlnLux-agar) to develop a similar technology.
To perform optimizations, cellulose paper filters containing pure Gln were placed on top
of GlnLux-agar and then visualized using a CCD camera.
To reduce background noise from GlnLux-agar, an attempt was made to reduce
endogenous Gln in GlnLux cells by pre-incubating them in M9 minimal medium agar
(containing 10% v/v OD595=1.0 GlnLux) for 14 h prior to adding the Gln-filter standards.
This treatment resulted in higher background and was not used further (Fig. 3.8 A, B). To
improve lux signal, increasing densities (10-50% v/v) of the bacterial culture in the
GlnLux-agar were tested: higher densities increased signal output but also background
noise (Fig. 3.8 C-E); thus, the original 10% v/v cell density was used for all subsequent
experiments. To boost GlnLux metabolism and thus signal, increasing concentrations (02%) of casamino acids were added into M9 GlnLux-agar using the 10% (v/v) cell density.
The addition of casamino acids improved both sensitivity and signal (Fig. 3.8 F-I); 0.5%
casamino acids was chosen for further experiments. Finally, to improve signal strength
the effect of increasing the incubation time of GlnLux-agar with Gln standards at 37˚C
prior to imaging was tested (at 10% v/v density, and 0.5% casamino acids). A 2-3 h preincubation gave the highest signal:noise ratio (Fig. 3.8 J-L) and was
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used for all subsequent experiments. The optimized GlnLux-agar imaging assay achieved
a sensitivity ranging from 10-4-10-5 M Gln.

Pre-treatments required to image Gln in intact plants. To further optimize the
GlnLux-agar imaging assay, we attempted to maximize Gln leakage from plant tissues.
Previously, freeze-thawing of plant tissues was shown to cause leakage of plant
tryptophan for detection by a Trp biosensor (105). Similarly, we found that freezethawing maize seedlings prior to their placement on GlnLux-agar was required for
imaging (Fig 3.9 A) compared to the room-temperature control (Fig. 3.9 B). Mechanical
abrasion before freeze-thawing reduced the spatial resolution of the signal and was not
used further (Fig. 3.9 A,B). No difference was observed in the lux signal when maize root
tissues were placed on the GlnLux-agar surface compared to embedding plant tissue
within GlnLux-agar (Fig. 3.9 C,D).

Imaging of fertilized versus unfertilized plants using GlnLux-agar. As noted earlier,
nitrogen (e.g., nitrate, ammonium) are taken up by plant roots, and assimilated into Gln
and other amino acids (70). We attempted to use CCD imaging of freeze-thawed plant
tissues on GlnLux-agar to distinguish fertilized from unfertilized roots (Fig. 3.10 A-H).
Two-week old seedlings were fed with nitrate once at 14 h prior to freeze/thawing. In the
absence of nitrate feeding, the signal from GlnLux biosensor cells adjacent to roots was
low (Fig. 3.10 A), whereas with nitrate feeding a large increase in lux signal was
observed (Fig. 3.10 B). Leaves were also imaged after feeding their roots with fertilizer
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Figure 3.9. Optimization of plant tissue treatments to enable visual screening of Gln in
planta using a photon capture camera. Shown are the effects of (A) freeze-thawing a
maize leaf immediately before application onto GlnLux-agar, versus (B) the room
temperature control, combined with abrasive treatments using different grades of
sandpaper or the rough side of a sponge. (C,D) Comparison of the response of GlnLuxagar when plant root tissues were (C) embedded in the agar versus (D) being laid on the
GlnLux-agar surface. Shown are 600 s exposures.
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solution with or without ammonium/nitrate five times between ~50 to ~10 h prior to
freeze/thawing.
The GlnLux-agar exposed to leaves from nitrogen-deficient seedlings emitted low
signal (Fig. 3.10 C-E), whereas there was a dramatic increase in light emission from
nitrogen-treated seedlings (Fig. 3.10 F-H). We conclude that GlnLux-agar may be used as
an above-ground visual test for below-ground nitrogen fertilization or soil mineral
nitrogen availability.

The spatial resolution of the GlnLux-agar imaging assay. Apart from nitrogen uptake
from the soil, nitrogen is also internally scavenged from a senescing leaf via protein
degradation and then re-assimilated into Gln at the base of the leaf from where it is
exported to growing organs via the vascular tissues (35). In previous studies using maize
leaf 2, Gln levels were shown to be highest in the base of the leaf, decreasing by 50% in
the middle and by >90% in the most apical two-fifths of the leaf towards the tip (13).
This is consistent with recent studies showing highest accumulation of glutamine
synthetase mRNA and protein at the base of leaf 3 in maize seedlings (56, 63). It was
hypothesized the spatial pattern could be resolved using GlnLux-agar. As predicted, in
fertilized leaves, the highest lux expression was consistently at the base to middle zones
along the midvein, which contains a large quantity of vascular tissues, and lowest at the
tip (Fig. 3.10 I). This result suggests that GlnLux-agar can resolve spatial differences in
plant Gln concentrations.
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Figure 3.10. Luminescence in vivo imaging of Gln in plant organs using GlnLux-agar.
(A-H) Maize seedlings were either treated with nitrogen fertilizer or not, harvested plant
organs were freeze-thawed to cause Gln leakage, and then the organs were placed on
GlnLux-agar; the opposite agar surface was then imaged using a photon capture CCD
camera. Shown are representative pictures of: (A) a root system not previously exposed
to nitrate; (B) a root system previously exposed to nitrate; (C-E) leaves from unfertilized
plants; (F-H) leaves from ammonium/nitrate-fertilized plants; (I) leaf number 2 from
different nitrate-fertilized plants showing consistent spatial distribution of Gln. For (CH), the leaf tip numbers from left to right were 1,2 and 4. Shown are the (C,F) light
images, (D,G) white lux images, and (A,B,E,H,I) false-coloured lux images. All images
employed a 600 s CCD camera exposure time.
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Figure 7

DISCUSSION
Gln is a critical intermediate for nitrogen metabolism. Systematic optimization of
a lux-expressing Gln auxotroph resulted in a sensitive whole cell biosensor for Gln,
allowing both liquid extract quantification and visualization of free Gln in plants.
Five criteria are critical for a biosensor to be effective, including linearity,
sensitivity, specificity, robustness and efficiency (96, 108). The GlnLux biosensor was
linear over four orders of magnitude (Fig. 3.5), and the linear range could be shifted by
altering its incubation time with Gln (Fig. 3.4). With respect to sensitivity, a problem for
whole cell biosensors is background noise when the analyte of interest is also an
endogenous compound (e.g., Gln). Similar to a previous strategy (33), here native Gln
was pre-depleted in GlnLux cells by incubating in M9 minimal medium. However, assay
sensitivity (signal:noise ratio) was also improved by diluting the GlnLux culture with the
hypothesis that with reduced cell counts, there would be more exogenous Gln available
per cell, increasing the ratio of exogenous to endogenous Gln (Fig. 3.3). Using these
strategies, the GlnLux biosensor achieved a sensitivity of 0.0001 µg/ml (0.68 nM) using a
pure Gln standard (Fig. 3.5), which is in a similar range to the most sensitive HPLCMS/MS (30, 36). A typical disadvantage of biosensors is lack of specificity when
measuring biological samples (e.g., other amino acids). Focusing on improved sensitivity
allowed us to dilute tissue extracts 1000-fold, thus reducing levels of potential interfering
compounds, while still inducing sufficient lux signal (Fig. 3.6). Apart from specificity, a
challenge of using a whole cell biosensor to measure biological samples is the presence
of endogenous biological agents (e.g., enzymes) that vary unpredictably and that
potentially interfere with assay reproducibility. Here, since our goal was to measure free
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Gln only, protease inhibitor was added to counter the effects of amino acid-liberating
native proteases, increasing the robustness of the assay (Table 3.2). This systematic
optimization allowed the GlnLux biosensor to be more linear, sensitive, specific and
robust when using tissue extracts. These strategies should be applicable to other
auxotroph-based biosensors.
GlnLux is a novel tool for plant scientists. Levels of free Gln can be an early
indicator of whether a plant is receiving sufficient nitrogen fertilizer for optimal growth
(80). Specifically, the concentration of shoot Gln can correlate with the availability of
nitrogen around roots as well as a plant’s ability to uptake, assimilate and transport
nitrogen (38). The most common methods to quantify plant Gln often involve HPLC
analysis of tissue extracts (75, 81) or chlorophyll-based assays (e.g., SPAD meter) for use
in intact plants as an indication of plant nitrogen and so an indirect indicator of Gln (7,
40, 42, 98). Though the former method is accurate, it requires analytical chemistry
expertise; the latter method is indirect and examines a later symptom of nitrogen
deficiency. Neither HPLC nor chlorophyll measurements permit real time plant imaging.
By systematic optimization, the GlnLux luminometer assay was able to quantify Gln in
plant tissue extracts using a rapid aqueous extraction procedure from as little as 1 mg of
tissue. GlnLux output was observed to highly correlate with traditional HPLC-based
quantification of Gln in plant tissue extracts (Fig. 3.7). Furthermore, GlnLux embedded in
agar (GlnLux-agar) permitted CCD imaging of Gln in intact plant organs (Fig. 3.10), at a
sensitivity threshold of 0.01-0.1 mM Gln (Fig. 3.8). Both assays were sufficient to
distinguish whether seedlings had been fertilized with nitrogen (Figs. 3.7, 3.10).
Furthermore, spatial imaging of mature leaves using GlnLux-agar suggested that the
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highest Gln concentration was at the leaf base, in the midvein region (Fig. 3.10 I),
consistent with Gln being scavenged for export to growing organs (metabolic sinks), and
in agreement with both spatial HPLC analysis (13) and expression of Glutamine
Synthetase mRNA and protein (56, 63). Microbial biosensors have previously been used
for in planta imaging, including tryptophan (105), sucrose (73) and the plant hormone
salicylic acid (24).
One possible concern is that the increase in GlnLux-agar signal from nitrogenfertilized plant organs (Fig. 3.10) was not due to Gln but due to elevated levels of tissue
nitrate and other amino acids, which accumulate following fertilization (18, 57).
However, in stem and leaf xylem sap nitrate levels have been shown to range from 1-6
mM in maize (57, 79), and up to 20 mM in wheat following nitrate treatment (52). The
maize extracts used in the luminometer assay were diluted 1000-fold (Fig. 3.7), and
hence contained extremely low nitrate concentrations that would not be expected to
significantly affect GlnLux output (Fig. 3.6). However, nitrate might have contributed to
the high GlnLux-agar signal in CCD imaged fertilized seedlings (Fig. 3.10) because the
metabolite leakage from these tissues was undiluted. Of greater concern might be that
GlnLux-agar responded to changes in amino acids other than Gln from leaky organs, but
this was less of a concern in the luminometer assay with diluted extracts (Fig. 3.6). Being
cautious, GlnLux-agar may be a useful indicator of total plant free nitrogen status
(inorganic and organic fractions) rather than Gln alone. Until further optimization, an
ideal use of GlnLux would be for plus/minus type assays, when the plant tissue extract
can be diluted 1000-fold and when total plant nitrogen status is of interest.
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With the above caveats, future applications of GlnLux may be to indicate nitrogen
uptake and ability to produce high-protein grain, as both have been shown to correlate
with total plant nitrogen status (10, 14, 76, 121). Placement of leaf discs on GlnLux agar
could be used in non-destructive, high throughput assays for real time detection of root
nitrogen uptake, assimilation, transport and remobilization (38, 69), and as an
inexpensive tool to facilitate crop breeding and production.
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CHAPTER 4
A Rapid, High Throughput Assay for the Detection of Biological Nitrogen Fixation
in Microbes Using an E.coli Glutamine Auxotroph Biosensor

A manuscript with the same title is in preparation. All work was performed by Michael
Tessaro, except for replicates 2 and 3 in Figure 4.2 which were performed by Hanan
Shehata following training by M. Tessaro.
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Abstract

Previously an engineered E. coli-based whole cell biosensor designated GlnLux
for the detection of glutamine (Gln, an assimilation product of nitrogen uptake). It was
demonstrated that GlnLux embedded into agar permits non-destructive screening of coinoculated bacterial colonies for biological nitrogen fixation (BNF). GlnLux agar was
able to distinguish a Bradyrhizobium japonicum wild type strain (nif+) from a mutant
strain defective in nitrogenase (nif-) following ≥8 h of co-incubation. The technology was
used to screen a bacterial endophyte diversity library cultured from Zea mays (L.) seeds
for BNF. Applications and limitations of this novel technology are discussed.
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Introduction

An important source of nitrogen for crops are nitrogen fixing bacteria in which N2
gas is converted to ammonium (reaction: N2 + 8H+ + 6e– → 2NH4+) which is then
reduced to Gln as well as other amino acids (122). Following root uptake, nitrogen
fertilizer is assimilated into Gln (17, 64, 69), and together with glutamate serve as
nitrogen donors for various reactions including the biosynthesis of other amino acids such
as aspartate and asparagine (62, 64, 85). Biological nitrogen fixation in microbes is most
commonly quantified by using the 60-year-old acetylene reduction assay (ARA), in
which gas from the headspace of a microbial culture is collected and analyzed for the
nitrogenase-mediated conversion of C2H2 (acetylene) to C2H4 (ethylene) using gas
chromatography (25). ARA relies on the promiscuity of the nitrogenase enzyme to accept
acetylene as a substrate. ARA is a labour-intensive and costly assay which suffers from
poor sensitivity (115). A high-throughput agar colony-based screen is needed to discover
and improve N-fixing bacteria.
Previously, we engineered and validated a bacterial whole cell biosensor for Gln
called GlnLux (Chapter 3; (110)). GlnLux is an E.coli Gln auxotroph consisting of a
knock-out of GlnA which encodes Glutamine Synthetase (3, 65), that was transformed
with a constitutively-expressing luxCDABE operon. In the presence of exogenous Gln,
the biosensor emits luminescence. We showed that biosensor cells embedded in modified
M9 agar (M9-GlnLux agar) could be used to detect Gln leaking from plant tissues by
induction of luminescence from GlnLux cells, which was imaged using a CCD photon
capture camera (Chapter 3; (110)).
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Here we describe the use of GlnLux agar for rapid detection of biological nitrogen
fixation from intact bacterial colonies.

MATERIALS AND METHODS

Plasmid and bacterial strains. The E. coli strain used in this study is described in
Chapter 3 (Materials and Methods). A nod+ nif+ Bradyrhizobium japonicum strain
(USDA110, synonym USDA I-110ARS) and its nod+ nif- derivative (USDA510,
synonyms MC617, UW 510), were obtained from the National Rhizobium Germplasm
Collection at USDA/ARS (Beltsville, MD, USA) and are previously described (6).

Bacterial growth media. LB medium consisted of 5 g/liter NaCl (Fisher BP358-212), 5
g/liter yeast extract (Fisher DF0127179) and 10 g/liter tryptone (Fisher BP1421-500), +/12 g/liter Bacto-Agar (BD, DF0140010), pH 7.2. M9 minimal medium consisted of 22.2
mM D-(+)-glucose (Sigma G5767), 0.1 mM CaCl2 (Fisher C-79), 2 mM MgSO4 (Sigma
230391), and 1X M9 Salts, pH 7.0. A 5X M9 salt mix contained 0.24 M Na2HPO4
(Fisher S374B), 0.11 M KH2PO4 (Fisher P-284), 0.04 M KH2PO4 (Fisher BP358-212)
and 0.09 M NH4Cl (Sigma A-0171). Liquid medium for growth of GlnLux contained 50
µg/ml kanamycin monosulfate (PhytoTech K378) and 100 µg/ml carbenicillin disodium
salt (PhytoTech C346). Modified Arabinose Gluconate (MAG) medium consisted of 1.3
g/L HEPES (Sigma H4034), 1.1 g/L MES (PhytoTech M825), 1 g/L yeast extract (Fisher
DF0127179), 1g/L arabinose (Fluka 10850), 4.6 mM gluconic acid (Sigma G9005), 1.6
mM KH2PO4 (Sigma P8416), 1.8 mM Na2SO4 (Sigma 238597), 6 mM NH4Cl (Sigma A-
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0171), 0.025 mM FeCl3 (Sigma F-2877), 0.14 mM CaCl2 (Sigma C3881), and 0.73 mM
MgSO4 (Sigma 230391), +/- 18g/L Bacto-Agar (BD, DF0140010), adjusted to pH 6.6
with KOH followed by sterilization.

Preparation of GlnLux-agar and imaging of bacterial colonies
Preparation of M9-GlnLux-agar was described in Chapter 3 (Materials and Methods). A
ChemiProHT Luminescence Imaging System (Roper, USA), in which the CCD chip was
pre-cooled to -80˚C using liquid nitrogen (16), was used for lux imaging with Winview
32 software (15). For imaging of B. japonicum nif+/nif- colonies, freshly streaked
colonies were inoculated into MAG liquid medium at 30˚C with shaking at 250 rpm for 3
days or until good growth was observed. Each culture was centrifuged and the
supernatant was decanted. Cells were washed 3X in 0.01 M potassium phosphate buffer
(pH 7). Cells of different samples were resuspended in sterile M9 minimal medium to the
same OD. Ten microliters of each suspension were applied to M9 GlnLux-agar plates,
allowed to dry, and then the plates were incubated for 8-22 h at 37˚C at atmospheric
oxygen (21 kPa). Inverted plates were imaged for 10 min. For imaging of the maize
endophyte library, a 96-floating pin replicator immersed in 96-well glycerol stocks was
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Photon emission

CCD Camera

GlnLux‐agar

Gln

Gln

Figure 4.1. Methodology to use GlnLux agar for direct screening of bacterial colonies.
Gln (arrows) produced by the bacterial colonies is released into the GlnLux-agar where it
induced an increase in the light output from the GlnLux cells.
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used to inoculate the M9-GlnLux agar. Plates were inverted, incubated at 37˚C until
visible colony growth was apparent (12-18 h), and the inverted plates were imaged for 10
min.

RESULTS
A co-inoculation system for GlnLux imaging of bacterial colonies
A high-throughput system was designed for imaging free Gln in bacterial colonies
(Fig. 4.1 and see Methods). Briefly, bacteria were inoculated onto the surface of M9GlnLux agar. In the absence of any freeze/thawing, bacterial Gln leaked into the M9GlnLux agar where it activated GlnLux biosensor cells. The resulting photons were
imaged using a CCD photon capture camera.
GlnLux can detect biological nitrogen fixation from colonies on agar
We tested whether the GlnLux biosensor imbedded in agar could be used to
screen for biological nitrogen fixation. A nif+ Bradyzobium japonicum strain (110) was
used as it is known to reduce N2 on agar plates in the absence of plant nodules (53, 123).
A nif- mutant of strain 110 (strain 510) was used as the negative control (6). Following
inoculation onto M9-GlnLux agar, B. japonicum nif+ colonies caused surrounding
GlnLux cells to luminesce much more than the nif- controls (Fig. 4.2 A). When the
experiment was replicated and optimized, the differences became more defined (Fig. 4.2
B,C). These data suggest that M9-GlnLux agar is effective in detecting biological
nitrogen fixation from bacterial colonies on agar plates.
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Figure 4.2. GlnLux agar imaging of Bradyrhizobium japonicum wild-type nitrogenfixing strain 110 (nif+) and mutant strain 510 (nif-). B.japonicum colonies were
incubated on GlnLux agar for 8-22 h. Photon capture CCD images shown used 10 min
exposure times. Shown are all colonies from three independent experiments, performed
on separate days, and arrayed from highest to least lux expression.

67

GlnLux can be used as a high throughput screen for maize endophytes
The M9-GlnLux agar system was then used to screen for candidate N-fixing
endophytes isolated from a diverse collection of corn seeds (50). In a blind test, the
endophyte collection, which consisted of 96 bacterial strains, was inoculated onto M9GlnLux agar (Fig. 4.3 A). Multiple time points between 10-36 h after inoculation were
imaged in triplicate. Out of 96 bacterial isolates, 67 grew, and of these 17 caused GlnLux
luminescence at more than one time-point. No auto-luminescence was observed (Fig. 4.3
B). Though a subset of the 17 colonies continually induced GlnLux during co-culture
(e.g. D11), there were an additional 9 colonies which induced GlnLux at only one time
point (e.g. G2, A2)(Fig. 4.3 C). Of the positive isolates that had ≥95% identity to
previously reported bacterial strains based on 16S rRNA homology, 16/17 belonged to
genera containing N-fixing species, including Arthrobacter (D5)(9), Bacillus (H1)(B.
megaterium) (124), Bradyrhizobium (H10) (123), Burkholderia (A12) (4, 66),
Enterobacter (G11)(E. cloacae)(126), Klebsiella (G10)(K. pneumoniae 342) (37),
Pantoea [D2, D11, F7 (slow grower E12)] (58), Paenibacillus (G2)(26),
Stenotrophomonas (E2, G3, G6)(84), Pseudomonas (F2, slow grower)(96% match to P.
pseudocaligenes)(92, 124) and Methylobacterium (B2, narrow time point)(93). The only
exception was a colony where the best match was to E. coli NBRI1707 (B7)(100%
identity), a species capable of secreting amino acids into its environment (116). These
results suggest that GlnLux may be used as a high-throughput primary screening tool for
the discovery of nitrogen fixing bacteria.
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Figure 4.3. GlnLux agar screening of a maize seed endophyte library for detection of
biological nitrogen fixation. (A) GlnLux-agar inoculated with the maize endophyte
library at 18 h after inoculation; (B) auto-luminescent control using GlnLux-free M9 agar;
(C) change in induction of GlnLux luminescence by four select colonies over a coincubation time course on GlnLux agar. Photon capture CCD images shown used 10 min
exposure times.
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DISCUSSION
There are a limited number of assays for the detection and quantification of biological
nitrogen fixation (BNF) from microbial isolates. For simple detection of BNF, PCR
amplification of nitrogen fixing (nif) genes (107) and/or plating colonies on nitrogen-free
media (29) are used. The first assay is time-consuming and only identifies the potential
capacity for BNF, while plating on nitrogen-free media has low sensitivity. The most
widely used assay to quantify BNF is the acetylene reduction assay (25), which itself is
labour intensive and low throughput.
Here we took advantage of the fact that following the reduction of N2 gas, NH4+is
then assimilated into Gln (23), which could be detected by co-inoculation onto agar
embedded with a whole cell bacterial biosensor for Gln (GlnLux) (Chapter 3; (110)).
Imaging of the resulting GlnLux agar appeared to permit non-destructive screening of
living colonies on agar for biological nitrogen fixation inexpensively and rapidly.
Possible future uses of this technology include discovery of novel N-fixing microbes,
high-throughput screening of mutagenized isolates for improvement of N-fixation, and
better characterization of nitrogenase and associated enzymes and signalling, including
responses to chemicals, environmental stimuli, and endogenous metabolites. For
example, chemical inhibitors for nitrogenase have been very helpful in elucidating
structure-function relationships and mechanisms for that enzyme (100); GlnLux agar
could assist with screening entire chemical libraries to discover new candidate inhibitors
and elicitors of N-fixation.
Several interesting mechanistic questions are posed by the results of this study. For
some microbes in the maize endophyte library (Fig. 4.3 A), there may also be alternative
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mechanistic explanations for the increased GlnLux expression observed. These include
secretion of amino acids, to facilitate biofilm formation (116), secretion of proteases
(120), and secretion of glutamine synthetase into the periplasmic space (46, 47). Even if
candidate nitrogen fixing colonies are actively reducing N2, it is not clear how Gln, or
possibly other nitrogen metabolites, exit the cells to elicit surrounding GlnLux, given that
the cell membranes are not intentionally ruptured (Fig. 4.2). Finally, we were surprised to
have detected BNF from colonies growing on GlnLux agar in as few as 8 h following
inoculation at atmospheric oxygen (21 kPa) (Fig. 4.2 C). Studies using colonies of
Bradyrhizobium japonicum and Gluconacetobacter diazotrophicus have shown that
colonies only start to fix sufficient N2 for detection by ARA at 2-4 days after inoculation
(28, 123). The underlying reason for this delay may be that the activity of nitrogenase is
repressed by oxygen (100). Several decades ago, it was suggested that mucilage produced
by a colony growing on agar may reduce O2 diffusion to N-fixing cells within the colony
(8, 28, 123). Using G. diazotrophicus, it was shown that colonies adapt their nitrogenase
activity to atmospheric oxygen over time (83). Subsequently, Dong et al. (1995) (27, 28)
showed that while G. diazotrophicus colonies growing under both high O2 (20 kPa) and
low O2 (2 kPa) could fix nitrogen on agar, those growing under high O2 produced a
thicker layer of mucilage, and that the thick mucilage required 5 d to fully form (28). It
may be that the B. japonicum colonies imaged in this study growing under high O2 only
required an 8 h incubation time for BNF for three reasons. First, in this study colonies
were formed artificially using high density overnight cultures. Second, as the colonies
were inverted for imaging, it may be that positive GlnLux expression was due to BNF
from the bottom layer of each colony which would have been shielded from atmospheric
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oxygen. Finally, we previously showed that GlnLux is a highly sensitive assay, able to
detect Gln at nanomolar sensitivities in liquid assays (Chapter 3; (110)). The short
incubation time required for BNF detection using GlnLux agar should help to make this
technology more attractive to researchers.
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CHAPTER 5: GENERAL CONCLUSIONS
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A. Summary of Major Conclusions and Hypotheses
Here I summarize the progress I made in addressing the four objectives of this
thesis:

Objective 1: To engineer a bacterial whole-cell biosensor for glutamine (Gln) and
optimize it for sensitivity, linearity, specificity, and efficiency for use in a 96-well plate
reader.
Conclusion 1: A whole-cell biosensor for Gln was engineered by transforming an E.coli
auxotroph for Gln with a constitutive luxCDABE operon. The resulting biosensor is
called GlnLux. Pure Gln standards were used to optimize the biosensor. The GlnLux
biosensor was linear over four orders of magnitude and this range could be shifted by
altering its duration of incubation with Gln. To improve sensitivity, native Gln was predepleted in GlnLux cells by incubating in M9 minimal medium. Assay sensitivity
(signal:noise ratio) was also improved by diluting the GlnLux culture to increase the Gln
available per cell. By employing these strategies, the GlnLux biosensor achieved a
sensitivity of 0.0001 µg/ml (0.68 nM) using pure Gln standards, in a similar range as the
most sensitive HPLC-MS/MS. The biosensor was tested for specificity in comparison to
other nitrogenous compounds at concentrations expected to be found in plant tissue
extracts. Finally, the protocol used for Gln detection using the biosensor was made more
efficient by combining/eliminating labour intensive and/or unnecessary steps.

Objective 2: Validate the Gln biosensor for use with plant tissue extracts by comparison
to traditional quantification using HPLC.
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Conclusion 2: The GlnLux luminometer assay was able to quantify Gln in plant tissue
extracts using a simple aqueous extraction from as little as 1 mg of tissue. Improved
biosensor sensitivity allowed me to dilute maize tissue extracts 1000-fold, thus reducing
potential interference from endogenous plant compounds. Since endogenous biological
factors present in plant extracts (e.g., enzymes) may vary unpredictably and interfere with
assay reproducibility, and since my goal was to measure free Gln only, protease inhibitor
was added to reduce the effects of amino acid-liberating native proteases. This strategy
increased the robustness of the plant assay. The output of the optimized GlnLux assay
highly correlated (Pearson coefficient, r=0.95) with HPLC-based quantification of Gln
from maize leaf extracts.

Objective 3: Develop and optimize a biosensor technology for imaging of free Gln levels
in intact plant organs.
Conclusion 3: GlnLux embedded in agar (GlnLux-agar) permitted CCD imaging of Gln
in intact plant leaves and roots, at a sensitivity threshold of 0.01-0.1 mM Gln. The assay
was sufficient to distinguish whether or not seedlings had been previously fertilized with
nitrogen. Results from spatial imaging of mature leaves using GlnLux-agar was in
agreement with both spatial HPLC analysis and expression of Glutamine Synthetase
mRNA and protein.

Objective 4: Develop and optimize a biosensor technology for rapid, high-throughput
detection of biological nitrogen fixation (BNF) from bacterial colonies growing on agar.
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Conclusion 4: I took advantage of the fact that following the reduction of N2 gas, NH4+
is then assimilated into Gln which could be detected by co-inoculation onto agar
embedded with a whole cell bacterial biosensor for Gln (GlnLux). Imaging of the
resulting GlnLux agar permitted non-destructive screening of living colonies on agar for
biological nitrogen fixation inexpensively and rapidly.

Based on the above results, I can now determine whether my initial hypotheses can be
refuted or have gained support:

Hypothesis 1: A whole cell biosensor for Glutamine can be generated using an E.coli
Gln auxotroph.
Conclusion 1: My engineering and optimization of GlnLux support this hypothesis.

Hypothesis 2: The Gln biosensor can be used to quantify free Gln in plant tissues.
Conclusion 2: My application of GlnLux for quantification of maize leaf extracts and
imaging of intact maize roots and organs support this hypothesis.

Hypothesis 3: The Gln biosensor can be used to detect biological nitrogen fixation in
microbes.
Conclusion 3: My application of GlnLux for screening N-fixing microbes on agar
support this hypothesis.
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B. Limitations of this Thesis
Despite the progress made in this thesis, the technologies and protocols I have
developed have a number of limitations as discussed below.
B.1 Use of GlnLux to quantify free Gln in plant tissue extracts – At this time, the GlnLux
luminometer assay cannot precisely quantify the free Gln concentration. It has been
difficult to calibrate lux output values with a standard curve using pure Gln standards.
Another limitation of the assay is that the results were less reproducible when extracts
were used from roots or other tissues; thus at this time, the assay is only optimized for
juvenile maize leaves. Other endogenous plant metabolites may interfere with the
GlnLux assay, including other nitrogenous compounds such as nucleic acids, vitamins,
trace elements and primary metabolites. Thus, it is recommended that the GlnLux
luminometer assay currently be viewed as a relative, semi-quantitative assay ideal for
high throughput screens that require a plus/minus result.
B.2 Use of GlnLux to visualize free Gln in intact plant organs – A limitation of the visual
assay is that it assumes a reproducible and equal rate of Gln leakage from tissues, an
assumption that seems unlikely. Thus, extrapolating a GlnLux visual image of a tissue to
making conclusions about the spatial resolution of free Gln in that tissue should be
verified independently. Finally, unlike the extract-based luminometer assay in which the
plant extract was diluted 1000-fold along with potentially interfering endogenous
metabolites, the visual assay uses intact plant organs and hence these interfering
metabolites would be full-strength and may reduce the reliability of the assay.
B.3 Use of GlnLux to detect biological nitrogen fixation from microbes on agar– In
addition to detecting authentic BNF, the GlnLux biosensor may be responding to non-
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BNF microbes that can secrete amino acids, such as for biofilm formation, or microbes
that secrete glutamine synthetases or peptidases. A practical limitation of the assay is that
not all test strains may be able to grow on the modified M9 agar or temperature required
for the GlnLux imaging assay. Of those test strains that can grow under the required
GlnLux conditions, a balance must be achieved between the low oxygen requirements of
nitrogenase versus the high oxygen required for biosensor activity. The time required for
co-incubation on GlnLux agar appears to vary for each bacterial strain, and hence
assaying a microbial library may require time-lapse imaging over an extended interval.
Furthermore, many N-fixing microbes may not be able to fix nitrogen on agar, but may
instead require a plant signal or intact nodule; thus the GlnLux assay may have a high
false-negative rate. Another challenge is that test strains of bacteria may repress or kill
GlnLux E.coli cells. Finally, the ability of the GlnLux assay to distinguish small
differences in BNF is not clear, which may limit its application for strain improvement
via mutagenesis and selection.

C. Future Experiments

C.1 Use of GlnLux to quantify free Gln in plant tissue extracts – As the GlnLux
luminometer assay is currently only optimized for maize leaves, it will need to be
optimized for maize roots and stems, and tissues of other species. Since it has not been
possible to calibrate lux output with a standard curve using pure Gln standards,
considerable effort is recommended to design a synthetic plant extract for use as an
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incubation buffer for the Gln standards to normalize the standard curve. Such a synthetic
extract may contain vitamins, trace elements, amino acids, and/or sugars to mimic the
effects of endogenous plant compounds in the tissue extracts. With respect to future
applications, it would be interesting to undertake a dose-response curve of plants treated
with different nitrogen sources including nitrate, ammonium, and urea, and to test
different tissues at different time points to optimize sampling procedure. Once optimized,
the GlnLux assay could be evaluated for use as a diagnostic field test alongside different
soil fertilizer application rates to determine whether the biosensor could be used to
quantify relative bioavailable soil nitrogen.
C.2 Use of GlnLux to visualize free Gln in intact plant organs – It would be useful to
develop non-destructive plant assays, such as the use of leaf punches instead of whole
leaves as a diagnostic tool for assessment of free Gln levels in planta. If successful, the
GlnLux visualization assay could then be extended for high throughput applications such
as a screening tool for breeders for improved nitrogen use efficiency (i.e. Gln
remobilization), to screen for mutants or as a diagnostic test of microbial or synthetic
fertilization.
C.3 Use of GlnLux to detect biological nitrogen fixation from microbes on agar– The
most important priority is to validate the GlnLux assay for screening microbes for BNF
activity using the acetylene reduction assay and independently by determining the
presence or absence of nitrogenase genes using PCR or a Southern dot blot. These
validation assays will help to determine rates of false positives and false negatives. The
validation phase could include determining directly whether Gln is being excreted into
the agar by microbes that elicit lux output, using sensitive HPLC methods. Use of
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chemicals that inhibit amino acid transport may also be helpful. The next phase would be
to measure and optimize the resolution of the GlnLux BNF assay; nitrogenase inhibitors
or elicitors could be added, lux output images taken and compared to simultaneous
measurements of nif mRNA using quantitative real-time RT-PCR. The assay could be
optimized by altering the agar composition. A two-layer agar system could be developed
whereby GlnLux cells are embedded in one layer and test bacteria on an overlay layer, to
solve temperature, oxygen and other incompatibility issues involved in co-incubation.
Following confirmation and optimization, the GlnLux microbial assay could be used for a
variety of applications, including to study the effects of potential elicitors or inhibitors on
nitrogenase for mechanistic/structure-function studies, to screen mutants altered in BNF
to discover new genes and regulators of the process, and to conduct high throughput
screens for microbial variants with improved BNF.
C.4. Engineering of new biosensors – Finally, I recommend the engineering of additional
biosensors for the above applications. Though whole cell biosensors already exist for
nitrate, I recommend engineering more sensitive versions of a nitrate biosensor. An
improved nitrate biosensor may be a better indicator of bioavailable soil nitrogen than
GlnLux. I undertook construct building and mutagenesis to improve a nitrate biosensor
based on the bacterial narG and frdA promoters, and the results are promising.
Furthermore, a whole cell biosensor for ammonia may be better than GlnLux for BNF
detection. I have undertaken preliminary work with an ammonium-dependent microbe
from Finland called Ammoniphilus oxalaticus that may be promising.
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Appendix 1. Depletion of endogenous Gln for optimal durations improves biosensor sensitivity. Shown are Gln incubation time
courses at the high (0 – 5.0 µg/ml) and low (0 – 0.01 µg/ml) Gln concentration ranges following Gln-depletion durations of 0 hours (A
and E), 7 hours (B and F), 14 hours (C and G) and 24 hours (D and H). The use of a depletion period does increase the sensitivity of
the biosensor as seen by the elevated maximal slopes (m) of the different Gln concentration ranges for the non-0-hour depletion
treatments. For each set, the read time was 1.0 seconds and 100 μl of assay mix was used in each well.
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Appendix 2. Comparison of the GlnLux responses when the Phase 3 incubation is
performed in Deep – Well vs. Reader plates. In the Phase 3 incubation the assay mix was
incubated in either deep-well plates with shaking with sub-samples taken for RLU
measurement in Phase 4 using a reader plate (○), reader plates with shaking used directly
for Phase 4 RLU measurements and then returned to incubation until the next
measurement (□), or reader plates without shaking used directly for Phase 4 RLU
measurements and then returned to incubation until the next measurement (∆). Graphs for
measurements for 5 and 7 hrs at 0 – 3.0, 0 – 0.25, and 0 – 0.05 μg/ml Gln. All RLU
measurements were made using 100 μl of assay medium and a 1.0 second read time.

