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ABSTRACT

Iron (Fe) is an important micronutrient in soils, essential for bacterial growth and carbon
metabolism, serving as an enzymatic cofactor for many central carbon metabolic reactions. It has
limited bioavailability due to being embedded in Fe oxide and hydroxide minerals. Bacteria
secrete high-affinity metal-binding molecules, or siderophores, along with low-affinity organic
acids to cope with Fe limitation and facilitate mineral dissolution. In the research presented, I
investigated the role of available carbon sources (glucose, succinate, acetate, and citrate) on the
secretion of these molecules from the ubiquitous soil bacteria Pseudomonas putida and their
effectiveness in dissolving Fe from common soil minerals. Fe limited cells secreted the
siderophore pyoverdine in addition to secreting higher levels of small organic acids. Dissolution
experiments were carried out with bacterial secretions, substrates, and detected organic acids to
determine the amount of Fe released with each organic compound. Overall, bacterial secretions
were more effective in dissolving Fe than the individual substrates and organic acids.
Additionally, to elucidate the changes in metabolic flux with respect to Fe, kinetic and steadystate isotopic labeling experiments were performed with [U-13C] and [1,2-13C] glucose under Felimited and replete conditions. Steady-state experiments were also performed with [2,3-13C]
succinate under Fe-replete conditions to compare changes in metabolic flux between carbon
sources. Overall, most fluxes decreased under Fe-limited conditions with glucose as the sole
carbon source, but the flux to the amino acid precursor phosphoenolpyruvate increased. The
succinate flux model showed a decrease in flux through the citric acid cycle under Fe-replete
conditions, with a corresponding decrease in the amount of CO2 produced compared to Fereplete glucose. These findings indicate that the secretion of organic molecules is substrate and
Fe dependent, as are the carbon fluxes through the pathways of the central carbon metabolism.
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CHAPTER 1
INTRODUCTION

Iron (Fe) is a limiting micronutrient in soils due to its low solubility in Fe bearing minerals. To
facilitate acquisition of Fe, aerobic soil bacteria, as well as many fungi and plants, produce Fechelating compounds, or siderophores, in addition to low-affinity organic acids. Different genera
of bacteria produce a variety of structurally unique siderophores. Pseudomonas secrete the
siderophore pyoverdine, among others, under Fe-limited conditions. Siderophore biosynthesis
requires energy and rerouting of carbon from biomass production. The present research aims to
elucidate the difference in central carbon metabolic flux and secretions of organic acids in
Pseudomonas putida under Fe-replete and Fe-limited conditions, and to determine the extent to
which these organic ligands acquire metal from minerals.

Background
Fe is an essential micronutrient for all living systems (Lim, 2012). Though Fe is abundant
throughout soils, its bioavailability is low as it is embedded in Fe oxide and hydroxide minerals
of low solubility (Lindsay, 1982). To cope with the scarcity of bioavailable Fe, bacteria have
evolved ways to scavenge Fe through the secretion of high-affinity Fe-chelating molecules, or
siderophores (Andrews, 2003). High specificity for Fe over other metals facilitates selective
acquisition of Fe (Kraemer, 2006). Siderophores mediate Fe acquisition via a two-part process.
First, the siderophores chelate Fe in Fe-bearing minerals, thereby inducing mineral dissolution
and Fe release (Kraemer, 2006). Second, the Fe-siderophore complex is taken up by the bacteria,
the rate of which can be measured using labeled Fe (Royt, 1990). It has been observed that, in
1

many instances, siderophores can only be taken up by the uptake system of the bacteria that
produced them (Lim, 2012). This confers a competitive advantage for capturing the Fe chelated
by the corresponding siderophores.
Many bacteria produce siderophores including species of Pseudomonas, Streptomyces
and Azotobacter (Hider, 2010). Pseudomonas produce a fluorescent yellow-green siderophore,
pyoverdine. A relationship between pyoverdine biosynthesis and Fe-limitation was determined
decades ago (Meyers, 1978). The exact structure of pyoverdine varies between Pseudomonas
species, but they are all characterized by three parts: a dihydroxyquinoline chromophore, an acyl
group branched from the amino group of the chromophore, and a variable peptide chain that
links the carboxyl group of the chromophore with the N-terminus of the peptide chain (Meyer,
2000; Visca, 2010; Figure 1). The chromophoric group, formed from the amino acid tyrosine
(Stintzi, 1996), gives the molecule its fluorescence and characteristic yellow-green color in
solution. The acyl group can be either an amide or a dicarboxylic acid (Visca, 2007). The length
(6 to 12 amino acids) and composition of the peptide chain varies between strains, giving rise to
many possible pyoverdine structures, with over 100 configurations identified (Schalk, 2008).
However, the binding of Fe is similar among different pyoverdines: Fe(III) is complexed to the
chromophore and peptide chain via bonding with oxygen from carboxyl and hydroxyl groups
(Meyer, 2000). A multi-transport system, regulated via a cascade of gene signaling, mediates the
uptake of Fe-chelated pyoverdine (Schalk, 2007). An outer membrane transporter binds to
pyoverdine and transfers it to the perisplasm, wherein Fe dissociates from pyoverdine, is reduced
and subsequently bound to a periplasmic protein. A second transporter on the inner membrane
then transfers the Fe into the cytoplasm (Schalk, 2007).

2

Figure 1. Pyoverdine structure

Pseudomonads are known to secrete organic acids in addition to siderophores that are
important in metal acquisition and cycling. An abundance of glucose as the carbon source led to
secretions of large amounts of 2-ketoglutarate (Koepsell, 1952) and pyruvate (Asai, 1955) in a
strain of Pseudomonas fluorescens. Gluconate, oxalate, succinate, citrate and malate were
secreted by Pseudomonas in order to solubilize inorganic phosphate (Vyas, 2009). These organic
ligands are capable of facilitating mineral dissolution and biological uptake of metals in addition
to Fe, including Mn (Duckworth, 2005), Co (Bi, 2010), Al (Evers, 1989) and Cu (Hemlem,
1996), which contributes to the plant growth promoting capabilities of Pseudomonads. In
particular, citrate facilitates Cu and Fe dissolution in chalcopyrite (Goyne, 2006) and Fe
dissolution in goethite, a common Fe-bearing mineral (Reichard, 2007; Cheah, 2003). Succinate
and fumarate also enhance dissolution of goethite in solution with siderophore (Reichard, 2007;
Cheah, 2003).
Pseudomonas putida is a ubiquitous aerobic soil bacterium noted for its metabolic
diversity that has been extensively studied for environmental bioremediation and for human and
environmental health concerns (Poblete-Castro, 2012). It is amongst the rhizobacteria found near
plant roots and plays an important role in plant-bacteria symbiosis (Molina, 2000); it grows on
3

plant root exudates and, through siderophores and organic ligands secretions, increases the
availability of metals. P. putida is capable of degrading a wide variety of organic contaminants
(Poblete-Castro, 2012; Mansour, 2012; Mansour, 2012) and has been studied for its use in
bioremediation of various contaminants, including pharmaceuticals and aromatics (Mansour,
2012; Hinteregger, 1992), and its use in wastewater treatment facilities (Nigam, 2012). P. putida
has been exploited for biotechnological applications and synthesis of polymer precursors
(Poblete-Castro, 2012). The carbon metabolism of P. putida has been well studied, but the effect
of different environmental stressors on carbon metabolism remains unclear. As mentioned
previously, pyoverdine biosynthesis under Fe-limited conditions requires several amino acid
biosynthetic pathways. The research for this project is based on the hypothesis that P. putida will
reroute central carbon metabolism to favor biosynthesis of metabolic precursors to amino acids
when grown on different carbon substrates under Fe-limited conditions. Additionally, P. putida
will produce a different array of low-affinity organic ligands under these growth conditions that
will aid in mineral dissolution and metal uptake. Elucidating the changes in metabolic flux under
Fe-limited conditions will provide a better understanding of P. putida and broaden its use in
environmental engineering and biotechnological applications.
Genomics, proteomics, and most recently, metabolomics have been applied to study the
metabolism of P. putida (van der Werf, 2008; Sudarsan, 2014; Blank, 2008). P. putida is noted
for lacking the gene that codes for 6-phosphofructokinase, which is responsible for converting
fructose-6-phosphate to fructose-1,6-bisphosphate. Thus, the Embden-Meyerhof-Parnas (EMP)
pathway is not fully functional in Pseudomonads (Poblete-Castro, 2012). Consequently, glucose
is metabolized primarily via the Entner-Doudoroff (ED) pathway (Castillo, 2007; Wang, 1959;
Wood, 1954; Figure 2A). Once glucose is taken up by P. putida, it is either oxidized to gluconate
4

or phosphorylated to glucose-6-phosphate, both of which can be converted to 6phosphogluconate, an important intermediate that feeds both the ED pathway (Poblete-Castro,
2012) and the oxidative PP pathway (Blank, 2008; Figure 2A and 2B). The ED pathway feeds
into lower glycolysis via the formation of pyruvate and glyceraldehyde-3-phosphate. Lower
glycolysis eventually routes pyruvate to the tricarboxylic acid (TCA) cycle, which provides
metabolite precursors to several amino acid biosynthetic pathways (Figure 3). In the TCA cycle,
the glyoxylate shunt is also present in P. putida (Ebert, 2011), converting citrate to succinate and
glyoxylate, which then combines with acetyl-CoA to form malate (Figure 3). The pentose
phosphate (PP) pathway is also active, yielding DNA and RNA precursors (Figure 2B).

Figure 2. (A) Entner-Doudoroff pathway and (B) pentose-phosphate pathway

5

Figure 3. Glyoxylate shunt in the TCA cycle

The effects of Fe on the overall metabolism of microorganisms have been well studied
(Shakoury-Elizeh, 2010; Folsom, 2014; Filiatraut, 2010). However, the effect of carbon source
assimilation on metabolism under different Fe conditions in Pseudomonas has not been well
studied. A previous study with Saccharomyces cerevisiae looking at the effects of Fe deficiency
attributed the disruption in glucose metabolism, along with lipid and amino acid biosynthesis, to
the loss of Fe cofactors in enzymes with Fe-S clusters (Shakoury-Elizeh, 2010). Under Felimited conditions, the genes in S. cerevisiae involved in the cellular respiration process were
down regulated resulting in lower levels of glycolytic intermediates and increased levels of
pyruvate, favoring fermentation (Shakoury-Elizeh, 2010; Philpott, 2012). Fe limitation has been
shown to affect membrane lipid composition in algae (Urzica, 2013), to control the regulation of
virulence genes in the pathogenic bacterium Pseudomonas syringae (Kim, 2009), and to reduce
the degradation of polycyclic aromatic hydrocarbons in Pseudomonas citronellolis and
Pseudomonas aeruginosa, presumably by reducing the activity enzymes responsible for aromatic
6

compound metabolism (Santos, 2007). Additionally, when toluene is the sole carbon source,
toluene degradation in P. putida decreases under Fe limiting conditions due to a reduction in
toluene-degrading enzymes (Dinkla, 2002). In sum, these studies show that Fe levels can control
the regulation of genes and enzymes involved in metabolic processes, but the changes in flux of
the corresponding metabolic pathways remain to be elucidated.
Metabolic flux analysis (MFA) is a mathematical approach which combines experimental
results with computer modeling to provide a quantitative understanding of the systems-level
metabolism in microorganisms. MFA is thus a useful tool in metabolic engineering to determine
how the metabolic network of organisms responds to environmental stresses and to reveal if any
pathways are favored, a necessary step when using P. putida and other bacteria in bioremediation
and other biotechnological applications. Specifically, MFA is used to estimate fluxes in different
biosynthetic pathways. Stable isotopes (13C typically) are used to track assimilation of labeled
carbon substrates whereby metabolic pathways produce distinct isotopic patterns of metabolite
labeling depending on the metabolic flux of the labeled substrate (Zamboni, 2009). Samples are
taken at steady-state (Yuan, 2008) or from kinetic (Amador-Noguez, 2010) isotopic experiments,
measured for metabolite abundances and then used in a computer model to determine fluxes. A
complete stoichiometric reaction network and a mass balance on carbon are needed to accurately
predict metabolic fluxes via computer modeling. In the past, gas chromatography-mass
spectrometry (GC-MS) was typically used to analyze labeling abundance in metabolites due to
its ability to detect a number of intracellular metabolites, especially amino acids and other
biomass precursors, with high accuracy (Blank, 2008; del Castillo, 2007; Fuhrer, 2005).
Accordingly, the labeling patterns of central carbon metabolites were primarily inferred from
amino acid labeling. Liquid chromatography-mass spectrometry (LC-MS) can measure
7

metabolites without the need for derivitization of non-volatile compounds, offering a greater
range of measurable metabolites and better detection capabilities (Wenyun, 2010). Different
modeling programs are used to conduct system-wide MFA, the program 13CFLUX2 is used in
the present study. 13CFLUX2 uses stoichiometric equations and mass isotopomer data, which
provides the number of labeled carbons present in each metabolite, to estimate intracellular
fluxes (Yuan, 2008; Weitzel, 2013).
The present research will build on previous studies of P. putida metabolism to investigate
the response of central carbon metabolic pathways to Fe while also elucidating to what extent the
siderophore pyoverdine and small organic acids facilitate metal release from mineral dissolution.
P. putida has been shown to produce pyoverdine under Fe-limited conditions but no studies have
been conducted to understand how metabolism is rerouted to meet the expensive carbon budget
required for pyoverdine biosynthesis. This research will provide a more mechanistic
understanding of the role of environmental stresses on carbon metabolism and organic carbon
cycling, which will ultimately lead to a better elucidation of the importance of rhizobacteria in
plant matter respiration and CO2 emissions. Determining how the metabolism of P. putida reacts
in response to changing environmental conditions is also essential to improving its use in
bioengineering and biotechnology.
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CHAPTER 2
METHODS

Organic acid secretions
P. putida KT2440 was obtained from ATCC and plated on solid agar Luri-Bertani (LB) medium,
stored at 4 °C. Individual colonies were selected from solid agar plates and cultured in liquid LB
medium to saturation prior to transfer to minimal media containing different organic substrates.
Liquid culturing was performed in 20-mL glass test tubes or 250-mL Erlenmeyer flasks in an
incubator set to 20 °C on an orbital shaker at 200 rpm (1 in orbit). The tubes and flasks were
capped with sponge caps to limit contamination and allow proper air circulation. Bacteria were
grown in pH-adjusted (7.0) and filter sterilized minimal growth media containing the following
salts: 20 mM KH2PO4, 5 mM NaH2PO4, 0.8 mM MgSO4·7H2O, 37 mM NH4Cl, 34 µM
CaCl2·2H2O, 13 µM CuSO4·5H2O, 0.97 µM H3BO3, 70µM ZnSO4·5H2O, 5.9 µM MnSO4·5H2O,
0.21 µM NiCl2·5H2O, 1.2 µM Na2MoO4·5H2O and 308 mM of carbon source (glucose,
succinate, citrate or acetate). Bacteria were grown on Fe-replete and Fe-limited conditions. Fereplete conditions consisted of minimal media with 20 µM of added Fe in the form of FeSO 4
7H2O. Fe-limited conditions consisted of minimal media with no added Fe. Growth was
monitored by measuring the optical density (OD600) of bacteria cells with an Agilent Cary UVvisible spectrophotometer. The initial OD600 of the cells in the first transfer of minimal media
was between 0.05 and 0.07. First bacterial transfer consisted of aliquots of saturated LB media
transferred to minimal media with carbon source and with or without Fe. When the cell growth
of the first transfer tubes reached late exponential phase, bacteria were transferred again to fresh
media. This guaranteed P. putida was fully adapted on the specific carbon source.
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Samples for extracellular excretions were taken at the onset of early stationary growth
phase. Samples (1-mL) were centrifuged (21,130g for 5 min) and filtered (0.22 µm nylon filters)
to remove cells. Samples were diluted (1:10 or 1:100) in LC-MS grade water, to prevent
oversaturation of metabolites, and spiked with benzoate as an internal standard. Metabolites were
analyzed by reversed-phase ion-pairing liquid chromatography (Thermo) coupled with
electrospray ionization (ESI) mass spectrometer (Q Exactive) operated in full scan negative
mode (m/z range 70 to 900) for the detection of metabolites based on accurate masses. A
Synergy Hydro-RP column (100 mm x 2 mm and 2.5 µm particle size, Phenomenex) was used.
Solvent A contained 97:3 (v/v) water/methanol with acetic acid (15 mM) and tributylamine (10
mM), which served as an ion-pairing reagent to enhance LC retention of metabolites. Solvent B
was 100% methanol. The flow rate was 200 µL/min with a solvent B gradient of 0%; 2.5 min,
0%; 5 min, 20%; 7.5 min, 20%; 10 min, 55%; 12 min, 55%; 14 min, 95%; 17 min, 95%; 18 min,
0%; 25 min, 0%. The sample injection volume was 10 µL and the column temperature was set to
25 °C. The Maven software package was used to process data. Metabolites were quantified using
individual standards at known concentrations. The following metabolites were quantified
extracellularly: citrate, gluconate, succinate, pyruvate, hydroxybenzoate, 2-ketoglutarate,
glutamate, fumarate, aspartate and malate. Organic acids were OD normalized before
comparison.

Mineral dissolution
Experiments were carried out in 50-mL polypropylene tubes that were washed with HNO3 (15%
v/v) twice to remove residual trace metals and sterilized in an autoclave to prevent bacterial
growth during the experiments. Mineral dissolution solutions contained Fe-minerals (1g/L),
10

goethite, magnetite or hematite in 10-mL of solution. Experiments were conducted with extracts
from stationary growth phase of Fe-limited P. putdia on citrate, succinate, glucose or acetate
grown in 250-mL Erlenmeyer flasks in an incubator shaker (New Brunswick I24R) set to 200
rpm (1 in orbit) and 20°C. Extracts were centrifuged (21,130g for 5 min) and filtered (0.22 µm
nylon filters) to remove cells. Solutions were then pH-adjusted (7.5) and filter sterilized. Control
experiments consisted of minimal media with each carbon source (100 mM: glucose, succinate,
citrate or acetate) and no added Fe, minimal media with detected secreted acids (gluconate,
pyruvate, citrate, 2-ketoglutarate, glutamate, succinate, fumarate, malate, or aspartate: 10 mM),
or pyoverdine standard (100 µM). The pyoverdine standard was obtained from Sigma Aldrich
and was isolated from a Pseudomonas fluorescens strain. Blanks were also performed for
minerals in minimal media and each carbon source in minimal media without the presence of
minerals. Sample vessels were wrapped in aluminum foil to prevent photochemistry and placed
in an incubator shaker set at 20°C and 200 rpm. Samples (6-mL) were taken after 100 hr,
centrifuged and filtered to remove minerals. Before storage and analysis, samples were pHadjusted to 4.5 using an acetate buffer to prevent bacterial growth and dissolve all Fe. Total Fe
was measured via inductively coupled plasma atomic emission spectroscopy (ICP-AES, Spectro
Analytical) analysis (detection limit = 36 nM). Fe concentrations were then blank corrected with
corresponding blanks. Samples from the extracts were also used to quantify pyoverdine in each
solution. Pyoverdine was quantified by adjusting the supernatant to 7.0 using KOH (2M) for
acidic solutions (glucose) and HCl (1M) for basic solutions (succinate, acetate, citrate). Because
pyoverdine concentrations were high, samples were diluted (from 1:20 to 1:100) in minimal
media. Fluorescence was then measured at excitation and emission wavelengths of 403 and 463
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nm, respectively, using an Agilent Cary Eclipse fluorescence spectrophotometer. Pyoverdine was
quantified using a P. fluorescens standard (Sigma Aldrich) to create a standard curve.

Kinetic isotopic labeling
Batch cultures were grown in minimal media containing unlabeled glucose (308 µM of C; with
added Fe or no added Fe) until an early exponential OD600 of 0.2 to 0.35 was reached. Aliquots
of 3-mL were filtered through nylon filters and transferred to solid agar minimal media plates
with glucose (308 µM of C). Growth was measured by washing parallel cultured plates with 3mL of growth media and measuring OD600. Samples were grown to allow for multiple doubling
times before harvesting. Once an optimal OD was reached (0.8-1.0), filters with bacteria were
then transferred to minimal media plates containing either [U-13C] glucose or [1,2-13C] glucose
as the sole carbon source. At increment time points after the initial transfer (0s, 30s, 1 min,
2min, 5 min, 15 min, 30 min, 60 min), metabolism was quenched using a 40:40:20 solvent
mixture and extracts were prepared and analyzed as mentioned above. The isotopomers of

13

C

labeling were measured using LC-MS and analyzed with the Maven software suite.

Steady-state isotopic labeling
Bacteria were cultured in 20-mL test tubes in an incubator set to 30 °C on an orbital shaker at
200 rpm (1 in orbit) with minimal media containing unlabeled glucose (with or without added
Fe) or succinate (with added Fe) until mid-exponential phase. Bacteria were then transferred to
20-mL tubes with minimal media with or without added Fe and either [1,2-13C] glucose or [2,313

C] succinate as the sole carbon source. Bacteria were grown until an OD600 of 0.6-0.8 was

reached. These ODs fell within the exponential growth phase of each condition and were taken
12

as pseudo steady-state condition. Aliquots of 2-mL were taken and filtered through 0.22 nylon
filters. Samples were immediately quenched with a solution (2-mL, 4 °C) of methanol,
acetonitrile and water (40:40:20, respectively). Cell mass was washed off the filters using a
pipette. The solution was then vortexed, centrifuged (21,130g for 5 min at 4 °C), and filtered to
remove lysed cells. 200 µL of sample were then transferred to LC-MS vials and analyzed for
isotopic labeling of intracellular metabolites with the same method mentioned above.

Intracellular metabolite quantification
To compare metabolite pools between Fe conditions, intracellular metabolites were quantified
using [U-13C] glucose. Bacteria were first cultured in minimal media with or without Fe and [U13

C] glucose as the sole carbon source (30°C, 200 rpm shaker). At late exponential phase,

bacteria were transferred to fresh medium with the same composition; this was to assure all
metabolites were fully labeled with 13C. Bacteria were harvested during early exponential phase
(OD600 0.6-0.8). LC-MS samples were prepared with the same method as steady state samples
mentioned previously. Before analyzing via LC-MS, samples were spiked with known
concentrations of metabolites (20 µM) and the internal standard benzoate (20 µM). Blanks of
extracellular media were analyzed to ensure quantified metabolites were intracellular.
Intracellular metabolite concentrations were calculated using the ratio of labeled metabolite to
the abundance of unlabeled metabolite.

Metabolic flux analysis
To perform metabolic flux analysis on the steady-state data, metabolite excretion and substrate
consumption rates were required for a complete mass balance on carbon. Bacteria were cultured
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in minimal media with or without added Fe and either glucose or succinate (308 µM of C) as the
sole carbon source. Samples (1-mL) were taken during early exponential growth phase for
consumption measurements and for extracellular metabolites. Consumption was monitored using
high resolution 1H nuclear magnetic resonance (NMR). NMR samples were prepared using 440
µL of cell-solutions, 60 µL D2O, 50 µL 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) and 50 µL
Na-azide. D2O provided a field-frequency lock, DSS was used as a reference for chemical shift
and served as an internal standard, and Na-azide was used to prevent bacterial growth. NMR
spectra (relaxation delay of 5 s, recording of 16 scans per sample, receiver gain of 38 dB) were
recorded at 25 °C on a Varian Unity INOVA 600-MHz NMR spectrometer. The water signal
suppression was obtained by applying the presaturation (preset) pulse sequence. Spectra were
phased and baseline corrected using MestReNova (version 8.1.2).
Excretion rate samples were taken during early exponential growth phase corresponding
to the OD600 of each steady state experiment. Samples were prepared for LC-MS analysis as
mentioned above for organic acid secretions. Metabolites were quantified using known
concentration of metabolite standards. Excretion rates were calculated (uM/OD) and converted to
uM/gCDW/hr by using an OD to biomass conversion factor for P. putdia (Van Duuren, 2013).
Consumption rates (mM/OD) were converted to uptake rate using the growth constant and
biomass conversion factor. Excretion rates were normalized to the uptake rate before use in the
model. Biomass conversion rates were calculated for amino acid precursors and the nucleotide
precursor ribose-5-phosphate by using reported literature values for amino acids molar ratios
(Van Duuren, 2013) and normalizing to the uptake rate. Molar ratios of nucleotides were
calculated using the genome of P. putida KT2440 (PGD, 2014). To account for pyoverdine
biosynthesis under Fe-limited conditions, a value for the conversion of metabolites to pyoverdine
14

biomass was calculated using the amount of pyoverdine secreted over time when grown on
glucose (from mineral dissolution experiments) and converted to a fraction of the uptake rate.
This was then added to the precursors to compounds identified in the most abundant pyoverdine
produced by P. putida when grown on glucose under Fe-limited conditions (work done by Hua
Wei, post doc, Aristilde lab). Most of the excretion rates and biomass conversion rates were set
as constraints in the model, but some rates were determined as constrained variables. These
specific excretion rates or biomass conversion rates were constrained with inequalities, and any
excretion rate that fell below 6% of the uptake rate was considered valid. For the glucose (+)Fe
and (-)Fe models, aspartate LC-MS labeling data was used in place of oxaloacetate labeling data.
As aspartate only forms from oxaloacetate (Figure 4), it was assumed the labeling patterns in
aspartate would be consistent with those of oxaloacetate, which was not measurable via LC-MS.
Labeling data for 3-phosphoglycerate, phosphoenolpyruvate, pyruvate, citrate, 2-ketoglutarate,
fumarate, aspartate and glutamate were used to model the TCA cycle for P. putida grown on
succinate under Fe-replete conditions. To model P. putida grown on glucose under (+)Fe and
(-)Fe conditions, additional metabolites were used to model the complete central carbon
metabolism:

glucose-6-phosphate,

fructose-6-phosphate,

fructose-1,6-bisphosphate,

dihydroxyacetone phosphate, gluconate, 6-phosphogluconate, ribose-5-phosphate, xylulose-5phosphate, sedoheptulose-7-phosphate, sedoheptulose-1,7-phosphate, succinate, and octulose-8phosphate.
The software suite 13CFLUX2 was used to perform metabolic flux analysis. This
software uses a constructed metabolic network, LC-MS isotopomer labeling data, measured
excretion and uptake rates, and stoichiometric constraints to estimate a feasible stoichiometric
null space before calculating metabolic reaction rates using custom-made algorithms (Weitzel,
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2012). First, a set of initial flux values are determined by the program. Then, fluxes are
optimized based on constraints. During optimization, the model estimates labeling patterns based
on the calculated fluxes from the stoichiometric network. The quality of fit between experimental
and estimated labeling patterns is reported by the model as residuals, and based on these values,
the user determines an endpoint for the optimization (Zamboni, 2009). For the metabolic flux
analysis presented here, estimated labeling patterns were compared to the LC-MS steady-state
labeling patterns for each model to validate the fluxes.
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Figure 4. Metabolite map of central carbon metabolism in P. putida. Amino acids are highlighted in blue
next to their precursor compounds. Compounds in grey boxes represent the point of entry of different
carbon substrates (glucose, acetate, citrate, succinate). Abbreviations are as follows: glucose-6-phosphate,
G6P; fructose-6-phosphate, F6P; fructose-1,6-phosphate, FBP; dihydroxyacetone phosphate, DHAP;
glyceraldehyde-3-phosphate, GAP; 1,3-bisphosphoglycerate, 1,3-bisPG; 3-phosphoglycerate, 3PG;
phosphoenolpyruvate, PEP; pyruvate, Pyr; acetyl-coenzyme A, AcCoA; 6-phosphogluconate, 6-PG;
ribulose-5-phosphate, Ru5P; xylulose-5-phosphate, X5P; ribose-5-P, R5P; erythrose-4-phosphate, E4P;
sedoheptulose-7-phosphate, S7P; sedoheptulose-1,7-phosphate, SBP; octulose-8-phosphate, O8P;
octulose-1,8-phosphate, OBP. Metabolite map gathered from multiple sources (Blank, 2008; Sudarsan,
2014; Poblete-Castro, 2012; Fuhrer, 2005; del Castillo, 2007).
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CHAPTER 3
EXTRACELLULAR EXCRETIONS AND MINERAL DISSOLUTION

High- and low-affinity extracellular excretions
The fluorescent yellow-green siderophore, pyoverdine, is secreted by Pseudomonas bacteria,
among other siderophores, under Fe-limited conditions in order to facilitate Fe acquisition
(Cornelis, 2010; Meyer, 2000; Ravel, 2003; Visca, 2007). Pyoverdines produced by
Pseudomonas contain the same dihydroquinoline chromophore and fluorescence signature
(Ravel, 2003). Using this fluorescence signature, no detectable amount of pyoverdine was found
in the (+)Fe media, but pyoverdine was consistently present in (-)Fe media (Table 1).
Siderophore production by Pseudomonas has previously been shown to be carbon sourcedependent. Extracellular pyoverdine concentrations varied when P. syringae and P. viridiflava,
both pathogenic bacteria, were grown on different amino acids under Fe-limited conditions
(Bultreys, 2000). Pyochelin production, another type of Fe-chelating siderophore produced by
some Pseudomonas, was shown to vary when P. fluorescens was grown on fructose, mannitol,
sucrose, glycerol and glucose; the highest amounts of extracellular pyochelin were measured
with fructose, mannitol and glucose (Duffy, 1999). These findings suggest that along with
limited Fe, carbon source plays a significant role in siderophore production. In the experiments
presented, the amount of pyoverdine secreted was substrate dependent (Table 1), with the highest
amount of pyoverdine being found in the presence of citrate (405±118 µM) and acetate (145±3
µM), followed by succinate (93±14 µM) and glucose (69±10 µM). The difference in pyoverdine
secretion may be a result of different entry points in the metabolic network (Figure 4).
Pyoverdine structures have been characterized for different Pseudomonas strains, most notably
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the variable peptide backbone has been determined for a number of pyoverdines, ranging from 6
to 12 amino acids in length (Meyer, 2000). Certain amino acids are common throughout these
characterized pyoverdines, namely serine, glutamine, ornithine, alanine, aspartate, and threonine.
The position of these amino acids in relation to uptake of each substrate explains the variation in
pyoverdine excretion. Once citrate is taken up, it is converted to isocitrate and then 2ketoglutarate, which is the precursor to glutamine and ornithine, two amino acids commonly
found in pyoverdine. Although succinate and citrate metabolism begin in the TCA cycle, they
must go through gluconeogenesis to reach the PP pathway in order to form nucleotides. Sudarsan
et al. looked at the metabolism of benzoate, a compound that metabolizes by first splitting into
acetyl-CoA and succinate (Figure 3), and found half of the TCA cycle (from succinate to
pyruvate) had a significantly higher flux than the other half (oxaloacetate to succinate),
indicating a TCA cycle favoring flux into lower gluconeogenesis (Sudarsan, 2014). Glucose is
not the preferred carbon source of P. putida (Poblete-Castro, 2010), which may explain why the
extracellular media, when grown on glucose, contained the lowest levels of pyoverdine.
Table 1. Pyoverdine concentration in extracellular media at early stationary growth phase
Substrate
Glucose
Citrate
Succinate
Acetate

OD at early
stationary phase
1.36±0.15
3.66±.020
1.30±0.11
0.95±0.09

Pyoverdine Concentration(µM) ±
Standard Error (n=2)
69±10
405±118
93±14
145±3

In addition to high-affinity binding ligands, Pseudomonas can secrete small organic acids
capable of mediating metal acquisition (Vyas, 2009; Trivedi, 2008; Rodriguez, 1999; Illmer,
1992), thus, facilitating metal cycling and promoting plant growth. These small organic acids can
promote mineral dissolution (Goyne, 2006; Reichard, 2007; Cheah, 2003) and enhance
bioavailability of metals in the presence of high-affinity ligands (Aristilde, 2012). The TCA
19

cycle includes metabolic reactions which produce several organic acids known to be secreted by
rhizobacteria (Goyne, 2006; Reichard, 2007; Cheah, 2003). For instance, Pseudomonas have
been shown to secrete gluconate, pyruvate, 2-ketogluconate, oxalate, malate, succinate, 2ketoglutarate and citrate during inorganic phosphate solubilization (Vyas, 2009; Trivedi, 2008;
Otto, 2011). 2-ketoglutarate secretion has been observed in other bacteria and yeast (Otto, 2011).
To determine the effects of organic substrates and limited Fe on secreted organic acids, ten
organic acids present at high levels (>10 nM) were characterized and quantified (citrate,
succinate, 2-ketoglutarate, glutamate, fumarate, malate, aspartate, gluconate, pyruvate and
hydroxybenzoate) in the extracellular media of P. putida grown on citrate, succinate and acetate
under Fe-limited and Fe-replete conditions in addition to P. putida grown on glucose under Felimitation (Figures 5 and 6). Results were compared with the growth of P. putida on glucose
under Fe-replete condition, which was previously conducted (Hua Wei, postdoc, Aristilde lab).
Overall, Fe-limited media contained higher concentrations of secreted organic acids than
Fe-replete media, with the exception of glutamate (Figure 5) and aspartate (Figure 6), which
were higher in (+)Fe glucose media. Pyruvate, hydroxybenzoate, citrate, 2-ketoglutarate, and
succinate, on average, were higher in (-)Fe media when P. putida was grown on citrate, succinate
and acetate (Figure 5, Figure 6 and Table 2). Overall citrate, 2-ketoglutarate, glutamate and
pyruvate had the highest average secretions across both Fe conditions (Figure 5). The high
concentrations of these organic acids may be due to overflow metabolism, a mechanism that
occurs when feedback inhibition is ineffective and results from an imbalance between substrate
uptake fluxes and those for energy production and biomass growth (Cornish-Bowden, 2013;
Reaves, 2013). Metabolite concentrations can thus be regulated by demand, degradation, and
excretion (Cornish-Bowden, 2013). To conserve energy when carbon influx is high, bacteria
20

excrete metabolites instead of assimilating them into the metabolic network. This phenomenon
has been reported in E. coli and yeasts (Han, 1992; Vemuri, 2006; Vemuri, 2007), which excrete
growth-inhibiting side products like acetate and ethanol.

Figure 5. Concentration (µmol L-1) of excreted organic acids (with highest abundance) in the early
stationary phase of growth on each substrate (glucose, citrate, succinate and acetate) under Fe-replete
(black bars) and Fe-limited (grey bars) conditions. Data shown are mean values ± standard error (n=2).
Glucose (+)Fe data was performed by Hua Wei (post doc, Aristilde lab) and are used as a comparison to
other carbon substrates and glucose (-)Fe data. Asterisks (*) indicate a statistically significant (p value <
0.05) difference between the two Fe conditions.
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Figure 6. Concentration (µmol L-1) of excreted organic acids (with lowest abundance) in the stationary
phase of growth on each substrate (glucose, citrate, succinate and acetate) under Fe-replete (black bars)
and Fe-limited (grey bars) conditions. Data shown are mean values ± standard error (n=2). Glucose (+)Fe
data was performed by Hua Wei (post doc, Aristilde lab) and are used as a comparison to other carbon
substrates and glucose (-)Fe data. Asterisks (*) indicate a statistically significant (p value < 0.05)
difference between the two Fe conditions.
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Table 2. Extracellular metabolites (µM) at early stationary growth phase reported with standard
error (n=2).
Metabolite

citrate

Citrate

Citrate

Succinate

Succinate

Acetate

Acetate

Glucose

Glucose

(+)Fe

(-)Fe

(+)Fe

(-)Fe

(+ Fe)

(-)Fe

(+)Fe

(-)Fe

--

--

0.390±

263±6

0.26±

321±30

12±3

260±30

0.004

0.03

succinate

0.7±0.2

33±7

--

--

1.1±0.8

2±1

0.0±0.0

7±5

gluconate

0.071±

0.27±0.04

0.04±

0.0±0.0

0.02±

0.7±0.1

14.8±0.8

60±10

7.5±0.8

1.4±0.5

0.02±0.0

0.004
2-

0.22±

ketoglutarate

0.08

aspartate

0.54±

0.02
100.7±0.1

0.95±

1.0±0.4

0.04±

benzoate

0.01

fumarate

0.0±0.0

0.20±

8.42±0.02

0.50±

0.21±0.03

0.043±

0.21±0.01

0.08±

0.13±0.01

0.086±

1.36±0.04

0.004
pyruvate

0.0±0.0

0.28±

1.21±0.08

0.03±

0.4±0.1

0.148±

0.9±0.1

110±30

1.2±0.3

0.060±

0.38±0.06

0.0±0.0

0.0±0.0

0.64±

0.0±0.0

0.059±

0.1±0.2

0.05
4.5±0.1

0.08
1197.2±0.1

4±1

0.001

0.09
malate

0.45±0.03

0.009

0.006
0.0±0.0

0.146±

1

0.009

0.03
0.3±2

0.041±
0.005

0.04

0.01
hydroxy-

2.33±0.09

0.04

0.01
glutamate

0.05±

0.01

0.18±

0.003
1.2±0.2

0.25±0.04

0.7±0.1

7±1

0.0±0.0

5.0±0.9

0.03
10±1

0.3±0.2

0.03

In the results presented, overflow metabolism was more pronounced when P. putida was
grown under Fe-limited conditions, which may be due to a decreased expression of Fecontaining enzymes involved in carbon metabolism and energy conservation as a result of
decreased carbon consumption. Fe-containing enzymes involved in carbon metabolism are found
in the TCA cycle, most notably aconitase which contains a Fe-S catalytic cluster and converts
citrate to aconitate (Shakoury-Elizeh, 2010). Additionally, succinate dehydrogenase, which
catalyzes the oxidation of succinate to fumarate, also contains a Fe-S cluster (Shakoury-Elizeh,
23

2010). Shakoury-Elizeh et al. found a decrease in Fe-containing enzyme activities in the yeast
Saccharomyces cerevisiae, but surprisingly did not see a consistent disruption of metabolism,
especially in amino acid synthesis. That is to say, Fe-S enzymes had lower activity under Felimited conditions but still provided enough activity to meet the required demand for amino acid
biosynthesis and subsequent metabolism (Shakoury-Elizeh, 2010).
Secreted metabolites appear to correspond with the point of entry of growth substrate in
the carbon metabolic network (Figure 4). High levels of gluconate were found in both (+)Fe and
(-)Fe media, which are consistent with glucose oxidation to gluconate in the periplasm, or space
between the inner and outer membrane, of P. putida, before it is transported into the cell (del
Castillo, 2007; Schleissner, 1997; Table 2). Additionally, 2-ketoglutarate concentrations were
high in citrate, succinate and acetate (-)Fe media (100.7±0.1 µM, 2.33±0.09 µM and 7.5±0.8 µM,
respectively), which correspond to the entry points of these metabolites in the TCA cycle (Figure
4). Malate and fumarate in the (-)Fe succinate media were relatively high (4.5±0.1 µM and
1.21±0.08 µM, respectively). This is consistent with the point of entry of succinate in the TCA
cycle, the first reactions of which involve forming fumarate and malate (Figure 4). Little
pyruvate was found in (+)Fe conditions, but significant amounts were measured in (-)Fe media.
Pyruvate secreted in (-)Fe citrate growth media (1197.2±0.1µM ) was more than two orders of
magnitude higher than in (-)Fe media with glucose, succinate or acetate (5.0±0.9 µM, 10±1 µM
and 7±1 µM, respectively; Figure 5). Secreting pyruvate under Fe limitation may be more
energetically favorable than routing pyruvate through gluconeogenesis, which requires energy
through ATP-consuming reactions (Figure 4).
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Mineral dissolution by secreted high- and low-affinity molecules
To elucidate the extent to which the secreted compounds promote mineral dissolution, (-)Fe
bacterial secretions were reacted with three different Fe-containing minerals common in soils
(Sposito, 1989): hematite, magnetite and goethite. Hematite and magnetite are Fe oxides, while
goethite is a Fe oxyhydroxide (Sposito, 1989; Figure 7). A set of control mineral dissolution
experiments were first performed with the secreted organic acids mentioned above (10 mM of
gluconate, pyruvate, citrate, 2-ketoglutarate, glutamate, succinate, fumarate, malate, aspartate,
and citrate), because they have been shown previously to chelate metals from minerals
(Duckworth, 2001; Goyne, 2006; Reichard, 2007; Figure 8A), in addition to pyoverdine (100
µM) controls (Figure 8B). Control experiments performed with glucose, succinate and acetate at
100 mM did not dissolve an appreciable amount of Fe from the Fe-bearing minerals (Figure 9).
These results suggest that the dissolution of Fe-minerals in glucose-, succinate- or acetate- grown
bacterial secretions would be a result of mainly pyoverdine or organic acid secretions, and have
little contribution from any substrate remaining in solution.

Figure 7. Mineral structure for the three Fe-minerals used in the mineral dissolution experiments
(hematite, goethite, and magnetite). Red sticks represent oxygen bonds, purple sticks represent Fe bonds,
and white represent hydroxyl groups. Mineral structures obtained from Material Studios.
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Figure 8. Amount of Fe released (µM) from (A) organic acids found in the extracellular media or from
(B) a pyoverdine stock standard (100 µM), with the pyoverdine structure shown (C). Three different Feminerals were used: hematite (red), magnetite (grey), goethite (orange). Average values shown with
standard error bars (n=2 to 5). An asterisk (*) indicates a statistically significant difference between
minerals. For pyoverdine dissolution data, there was a statistically significant difference between Fe
dissolved from magnetite and the other two minerals (p value < 0.05), but there was not a significant
different between the Fe dissolved between hematite and goethite (p value > 0.05).
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Figure 9. Dissolved Fe (µM) from mineral dissolution experiments with bacterial secretions (dark grey) or
100 mM of substrates (light grey). Substrates used in experiments and for growth to prepare bacterial
secretions were glucose, succinate, citrate and acetate. The average is reported with standard error bars
(n=2 to 5). An asterisk (*) indicates a statistically significant difference between Fe dissolved in substrate
and bacteria secretions (p value <0.05).

Gluconate (10 mM) was able to extract Fe from magnetite and goethite, while all other
10 mM substrates (pyruvate, 2-ketoglutarate, glutamate, succinate, fumarate, malate and
aspartate), with the exception of citrate, dissolved negligible to no Fe from each Fe mineral
(Figure 8A). Citrate alone was able to dissolve Fe from goethite and magnetite at 10 mM
(2.1±1.4 µM and 9.1±0.1 µM, respectively; Figure 8A) and dissolve Fe from hematite, goethite
and magnetite at 100 mM concentrations (2.4±0.7 µM, 9.4±2.7 µM and 18.1±2.3 µM,
respectively; Figure 9), with magnetite releasing the highest amount of Fe, followed by goethite
and hematite (Figure 8A and Figure 9). Citrate has been shown to dissolve Fe from goethite
(Reichard, 2007; Cheah, 2003) and other metals, like Cu from chalcopyrite (Goyne, 2006). Also,
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citrate at 500 µM,was able to dissolve goethite (2.5 g/L) in the presence of siderophore,
desferrioxamine-B (DFO-B; 40 µM). However, goethite dissolution in the presence of only
DFO-B was higher than when present with citrate, which may be explained by adsorption
competition between organic ligands and siderophore (Reichard, 2007). Citrate is a strong
chelator, containing three carboxylate groups which may facilitate dissolution (Ryan, 2001), as
may the hydroxyl groups in gluconate. The binding stability of metal complexation by carboxylic
acids is increased by the presence of multiple carboxylate groups and their structural
arrangement relative to each other and hydroxyl groups in the molecule (Ryan, 2001). Fe(III)
complexed with tricarboxylated citrate, dicarboxylated fumarate and monocarboxylated acetate
exhibited decreasing binding stability constants (1010, 107.1, and 103.4, respectively), significantly
less stable than the stability constant for Fe-pyoverdine complexes (1032; Albrecht-Gary, 1994).
Fe-pyoverdine complexes are more stable than organic ligands complexed with Fe because of the
three oxygen containing bidentate groups present in pyoverdine that bind Fe3+ (Xiao, 1998).
Bacterial secretions during growth on each substrate were able to dissolve all three Fe
minerals. Out of the three minerals, hematite released the least amount of Fe in glucose-,
succinate-, citrate- and acetate-grown bacterial secretions (0.12±0.08 µM, 0.37±0.15 µM,
2.42±0.71 µM and 0.12±0.07 µM, respectively; Figure 9). The pyoverdine standard (100 µM)
released a comparable amount of Fe from hematite (2.09±0.29 µM; Figure 8B), indicating that
the dissolution of hematite in bacterial secretions is mostly, if not entirely, due to pyoverdine.
Secretions from glucose-, succinate-, and acetate-grown P. putida dissolved the highest amount
of Fe from magnetite (0.26±0.13 µM, 0.39±0.27 µM and 0.60±0.39 µM, respectively; Figure 9).
Furthermore, secretions from succinate-, citrate-, and acetate-grown P. putida dissolved similar
amounts of Fe (6.95±1.63 µM, 8.46±0.41 µM, and 7.87±1.23 µM, respectively; Figure 9) to Fe
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released by the pyoverdine standard (8.73±0.16 µM; Figure 8B). The glucose-grown bacterial
secretion dissolved more Fe from magnetite (13.10±0.93 µM; Figure 9) than the pyoverdine
standard (8.73±0.16 µM; Figure 8B), indicating the levels of secreted organic acids in (-)Fe
glucose media (mainly gluconate and citrate) may act in concert with pyoverdine to augment
magnetite dissolution. In terms of goethite dissolution, glucose-, succinate- and acetate-grown
bacterial secretions led to higher dissolved Fe (0.35±0.22 µM, 0.57±0.19 µM and 0.10±0.07
µM, respectively; Figure 9) than pyoverdine alone (3.66±0.26 µM; Figure 8B). This indicates the
participation of extracellular media components in the dissolution of goethite in addition to
pyoverdine. More Fe was released from goethite in the citrate-grown bacterial secretion
(9.42±2.68 µM; Figure 9) than in the presence of the other three bacterial secretions. The
dissimilarities in dissolution between minerals may be a result of structural differences.
Magnetite contains both Fe(II) and Fe(III) (Sposito, 1989) resulting in more open spaces, which
may facilitate greater accessibility of ligand binding to Fe metal centers, and thus, making Fe
more readily released (Figure 7). Hematite and goethite both contain Fe(III) (Sposito, 1989), but
goethite is an Fe oxyhydroxide with hydroxyl groups, which may support hydrogen bonding to
organic acids. Accordingly, more goethite dissolution was measured than hematite dissolution
(Figure 8 and Figure 9).
The results presented in this section demonstrated that the production of pyoverdine and
organic acids is dependent both on growth substrate and Fe conditions. The extracellular
metabolite pools for citrate, succinate, glucose and acetate are likely a response to reduced
activity of Fe-containing enzymes and a coping strategy to conserve energy until Fe availability
is favorable for carbon uptake, metabolism and biomass production. Citrate was able to dissolve
more Fe from each Fe-mineral, which is consistent with its tricarboxylic acid structure,
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facilitating a high affinity for metal ions. The organic secretions outlined here contribute to
metal-acquisition strategies of P. putida, the composition of which are closely associated with
the point of entry of the growth substrate in the central carbon metabolism. These results advance
our understanding of the differing metabolic responses of P. putida in environmental habitats of
differing carbon sources and Fe availability.
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CHAPTER 4
IRON-DEPENDENT METABOLISM OF GLUCOSE

Intracellular quantification of metabolites
The difference in the bacterial secretions in (+)Fe and (-)Fe growth conditions presented in the
previous section indicated a rerouting of consumed organic substrates to promote the secretion of
high affinity pyoverdine in addition to small organic acids under Fe limitation. Fe-limited
glucose-grown P. putida secreted less pyoverdine and organic acids, indicating a greater
substrate to biomass conversion when glucose was the sole carbon source.
As a first look at the metabolite consequences of Fe conditions, intracellular metabolites
were quantified to determine the relative pools of metabolites under (-) and (+)Fe conditions.
Concentrations of 6-phosphogluconate, citrate and glutamate were elevated under Fe-limited
conditions (0.54±0.03 µM, 1.89±0.16 µM and 5.48±0.79 µM, respectively; Figure 10). The
initial metabolism of citrate is catalyzed by Fe-S cluster containing enzymes (aconitase), which
may account for the accumulation of this metabolite (Shakoury-Elizeh, 2010). Glutamate
accumulation may be as a result of pooling for siderophore formation, as both glutamate and
glutamine, an amino acid formed from glutamate, have been shown in the structure of
pyoverdines from P. putida (Meyer, 2008). 6-Phosphogluconate also had an increased
intracellular concentration under Fe-limited conditions, indicating a possible direct or indirect Fe
regulation of the reactions that metabolize 6-phosphogluconate further. The accumulation of both
6-phosphogluconate and citrate when P. putida had limited Fe indicates a possible bottleneck in
the central carbon metabolism at the ED and PP pathways and at the beginning of the TCA cycle,
which may be a result of altered carbon fluxes through the central carbon metabolism.
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Figure 10. Intracellular concentrations (µM) of target central carbon metabolites under (+)Fe (grey) and
(-)Fe (black) conditions. Data shown are averages with standard error (n=3). Red triangles mark reactions
with enzymes containing Fe-S clusters. An asterisk (*) indicates a statistically significant difference
between the intracellular concentrations in (+)Fe and (-)Fe conditions (p value < 0.05). Abbreviations are
as follows: glucose-6-phosphate, G6P; fructose-6-phosphate, F6P; fructose-1,6-bisphosphate, FBP; 6phosphogluconate,
6PG;
glyceraldehyde-3-phosphate,
GAP;
3-phosphoglycerate,
3PG;
phosphoenolpyruvate, PEP; 2-ketoglutarate, 2KG; pentose phosphate pathway, PPP.

Kinetic and steady-state isotopic labeling experiments
To understand the significance of these elevated metabolites in the central carbon metabolism,
kinetic isotopic tracer experiments with fully labeled [U-13C] glucose were performed to
elucidate further the changes in the intracellular incorporation of glucose under (+)Fe and (-)Fe
growth conditions. This technique has been used previously to decipher the metabolic pathways
in bacteria whereby unique labeling profiles can reveal pathways involved in glucose metabolism
(Amador-Noguez, 2010; Crown, 2012; Antoniewicz, 2013). Under both Fe conditions, the ED
pathway was favored for glucose metabolism (Figure 11). Due to the absence of the EMP
pathway, P. putida utilizes the ED pathway to metabolize glucose to pyruvate and
glyceraldehyde-3-phosphate. The ED pathway was first noted in Pseudomonads decades ago,
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and has been verified through genomics and metabolomics (Blank, 2008; Puchalka, 2008; del
Castillo, 2007). There are three ways that P. putida can metabolize glucose to 6phosphogluconate, the key metabolite in the ED pathway: glucose kinase phosphorylates glucose
to glucose-6 phosphate, which can then be converted to 6-phosphogluconate; following oxidation
of glucose to gluconate, gluconokinase phosphorylates gluconate to 6-phosphogluconate;
gluconate can be oxidized further to 2-ketogluconate, which goes on to form 6-phosphogluconate
(del Castillo, 2007; Figure 4). The subsequent step in the ED pathway entails the conversion of
6-phosphogluconate to 2-keto-3-deoxy-6-phosphogluconate, which breaks into pyruvate and
glyceraldehyde-3 phosphate, an important branching metabolite that feeds into the PP pathway
(del Castillo, 2007; Figure 4). Similar rates of incorporation of [U-13C] glucose (Figure 11) were
measured

for

6-phosphogluconate,

gluconate,

glucose-6-phosphate,

dihydroxyacetone-

phosphate, 3-phosphoglycerate, and pyruvate. Whereas the rate of complete labeling of
phosphoenolpyruvate,

fructose-1,6-bisphosphate,

and

fructose-6-phosphate

was

slower,

indicating a smaller flux towards these metabolites (Figure 11). A smaller flux to
phosphoenolpyruvate, fructose-1,6-bisphosphate, and fructose-6-phosphate has been noted
previously in flux analyses of P. putida grown on glucose with sufficient Fe (Blank, 2008; del
Castillo, 2007; Puchalka, 2008).
Kinetics for TCA cycle intermediates were also measured for both Fe conditions (Figure
12). All measured metabolites (acetyl-CoA, aspartate, citrate, glutamate, 2-ketoglutarate,
fumarate, and succinate) became fully labeled over the sixty minute measuring period. At the end
of an hour, metabolites in the (+)Fe condition contained less 0-labeled glucose than in the (-)Fe
condition. Succinate, fumarate and 2-ketoglutarate contained 20%, on average, of 0-labeled
compound after one hour under Fe limited conditions (Figure 12) compared to the nearly 5%, on
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average, of 0-labeled compound when grown with sufficient Fe (Figure 12). This labeling pattern
agrees with the metabolic bottleneck intracellular citrate observed when P. putida was grown
under Fe limitation (Figure 10). Since citrate labeling is similar under both Fe conditions,
metabolism to citrate does not appear to be disrupted when Fe is limited, but the reactions
following the formation of citrate appear to be reduced. This may be due to the Fe-dependent
enzymes, mentioned earlier, responsible for metabolizing citrate to 2-ketoglutarate and succinate
to fumarate (Shakoury-Elizeh, 2010). Labeling incorporation into PP pathway metabolites was
also monitored under both Fe conditions (Figure 13). No significant difference was noted
between xylulose-5-phosphate, ribose-5-phosphate or sedoheptulose-7-phosphate in the Fe
conditions.
Kinetic labeling experiments using [1,2-13C] labeled glucose were also performed to
elucidate any changes in labeling patterns that were indistinguishable with fully labeled glucose.
Again, labeling patterns support the ED pathway as the primary route of carbon metabolism
(Figure 14) under (+)Fe and (-)Fe growth conditions. Gluconate (90%) incorporates the 2-labeled
glucose at a higher rate than G6P (65%), while F6P contains a high amount of 0-labeled carbons
(more than 70%) at the end of one hour (Figure 14). Figure 15 shows a schematic for the
possible labeling patterns of glycolytic and ED pathway metabolites when P. putida is grown on
[1,2-13C] glucose. 6-PG splits into GAP and pyruvate which accounts for the high amount of 0labeled GAP (in equilibrium with DHAP) and the elevated levels of 2-labeled pyruvate (Figure
15). Consistent with the downstream catabolism of 0-labeled GAP through the remaining steps
of glycolysis to form pyruvate, 0-labeled pyruvate was also measured.
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Figure 11. Fully labeled glucose kinetics data for glycolytic and Entner-Doudoroff pathway metabolites
under (+)Fe and (-)Fe growth conditions over the span of one hour with standard deviation error bars
(n=3). Only kinetics of 0- and fully-labeled carbons are shown. Abbreviations are as follows: glucose-6phosphate, G6P; 6-phosphogluconate, 6P-gluconate; fructose-6-phosphate, F6P; fructose-1,6bisphosphate,
FBP;
dihydroxyacetone
phosphate,
DHAP;
3-phosphoglycerate,
3PG;
phosphoenolpyruvate, PEP.
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Figure 12. Fully labeled glucose kinetics data for TCA cycle metabolites, in addition to the amino acids
aspartate and glutamate, under (+)Fe and (-)Fe growth conditions over the span of one hour with standard
deviation error bars (n=3). Only kinetics of 0- and fully-labeled carbons are shown. Abbreviations are as
follows: acetyl coenzyme A, AcCoA; 2-ketoglutarate, 2KG.
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Figure 13. Fully labeled glucose kinetics data for pentose phosphate pathway metabolites under (+)Fe and
(-)Fe growth conditions over the span of one hour with standard deviation error bars (n=3). Only kinetics
of 0- and fully-labeled carbons are shown. Abbreviations are as follows: xylulose-5-phosphate, X5P;
ribose-5-phosphate, R5P; sedoheptulose-7-phosphate, S7P.
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Figure 14. [1,2-13C] glucose kinetics data for glycolytic and Entner-Doudoroff pathway metabolites under
(+)Fe and (-)Fe growth condition. Only kinetics of 0-, 1- and 2- labeled carbons are shown. Averages
shown with standard deviation bars (n=2). Abbreviations are as follows: glucose-6-phosphate, G6P; 6phosphogluconate, 6P-gluconate; fructose-6-phosphate, F6P; fructose-1,6-bisphosphate, FBP;
dihydroxyacetone phosphate, DHAP; 3-phosphoglycerate, 3PG; phosphoenolpyruvate, PEP.
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Figure 15. Labeling schematic for glycolytic and Entner-Doudoroff pathway metabolites from one cycle
of [1,2-13C] glucose through each pathway. The solid yellow circles indicate a labeled carbon while the
white circles represent unlabeled carbons. Abbreviations are as follows: glucose-6-phosphate, G6P;
fructose-6-phosphate, F6P; fructose-1,6-bisphosphate, FBP; dihydroxyacetone phosphate, DHAP;
glyceraldehyde-3-phosphate, GAP; 3-phosphoglycerate, 3PG; phosphoenolpyruvate, PEP; pyruvate, Pyr;
6-phosphogluconate, 6P-gluconate.

Steady-state experiments were carried out with [1,2-13C] glucose for use in MFA. P.
putida was harvested during early exponential phase (OD600 0.6-0.8). At this point, the system
was taken to be in pseudo steady-state; that is the change in metabolite concentration and fluxes
remained constant. Phosphoenolpyruvate (PEP) and pyruvate showed slightly different labeling
signatures in the two Fe conditions (Figure 16). With limited Fe, PEP contained 75% 0-labeled
carbons compared to about 80% in sufficient Fe. Additionally, there was more 2-labeled PEP
(20%) under Fe-limited conditions than Fe-replete conditions (15%). The slight difference in
PEP labeling at steady-state suggests different fluxes to PEP in (-)Fe conditions compared to
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(+)Fe conditions. Most of the metabolites (G6P, gluconate, 6-PG, F6P, 3PG, FBP, DHAP and
pyruvate) did not show a significant change in steady-state labeling profiles across the two Fe
conditions (Figure 16). There was a significant change in the labeling profile of PEP in (-)Fe
conditions compared to (+)Fe conditions. With limited Fe, PEP had more 2-labeling and less 0labeling. This indicates a different route of carbon flux to PEP under Fe-limited conditions,
which is interesting given that PEP is a precursor to aromatic amino acids. The aromatic amino
acid tyrosine is a known precursor to the chromophoric section of pyoverdine (Stintzi, 1996).
PEP can be synthesized from 3-phosphoglycerate (3PG) or oxaloacetate (OAA) (Figure 17). It
appears under (+)Fe, PEP is mainly formed from 3PG. 3PG and PEP are both 3-carbon
compounds, so no loss of carbon would result in a high amount of 0-labeled PEP forming from
3PG (Figure 17). Under (-)Fe, it is likely that the flux from OAA to PEP is higher than in (+)Fe
conditions. Depending on where the carbons are labeled in OAA, a 3-labeled OAA could result
in a 2-labeled PEP, as OAA loses a carbon to form PEP (Figure 17). Previous research looking at
the flux of glucose in P. putida showed a high flux of PEP forming from 3-PG, with little
contribution from OAA (del Castillo, 2007; Puchalka, 2008; Blank, 2008).
[1,2-13C] labeled glucose kinetics data for TCA cycle intermediates reveal an active TCA
cycle flowing in the oxidative direction, from citrate to OAA. Aspartate (used as a stand in for
OAA labeling because aspartate and OAA were assumed to be in equilibrium), citrate, 2ketoglutarate and glutamate have consistent labeling patterns with what is predicted with [1,213

C] glucose incorporation (Figure 18). Succinate has a higher amount of 0-labeled carbon in

both (+)Fe and (-)Fe conditions (40% on average), as does fumarate, but to a greater extent (60%
on average). This indicates a decreased flux around the TCA cycle, with OAA primarily being
formed from PEP or pyruvate, more so than fumarate. The presence of higher levels of 1-labeled
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fumarate may indicate an active glyoxylate shunt under both conditions, the labeling pattern
from the glyoxylate shunt would primarily produce 1-labeled malate (Figure 19), which could
then form fumarate. Under sufficient Fe conditions, the glyoxylate shunt is typically inactive (del
Castillo, 2007; Puchalka, 2008; Blank, 2008), but may become active under Fe-limited
conditions or different environmental stresses. The higher amount of 0-labeled fumarate and
succinate were also present in (+) and (-)Fe steady-state measurements (Figure 20). Citrate
contained an average of 10% 3-labeled carbons and an average of 5% 4-labeled carbons, which
would form from 3-labeled OAA and 1-labeled acetyl-CoA (Figure 20).

Figure 16. Steady-state labeling data for (+) and (-)Fe conditions with P. putida grown on [1,2-13C]
glucose to early exponential stage. Values shown are averages between two biological duplicates with
standard deviation error bars. Labeled signifies simply amount of carbons labeled, but does not designate
which carbons are labeled in each metabolites. Abbreviations are as follows: glucose-6-phosphate, G6P;
fructose-6-phosphate, F6P; fructose-1,6-bisphosphate, FBP; dihydroxyacetone phosphate, DHAP;
glyceraldehyde-3-phosphate, GAP; 3-phosphoglycerate, 3PG; phosphoenolpyruvate, PEP; 6phosphogluconate, 6P-gluconate.
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Figure 17. Schematic and labeling patterns for the formation of PEP. Steady state labeling data shown for
(+)Fe and (-)Fe growth conditions on [1,2-13C] glucose. Aspartate labeling is shown as a stand in for
oxaloacetate labeling, which was not measurable via LC-MS. Abbreviations are as follows: 3phosphoglycerate, 3PG; phosphoenolpyruvate, PEP; pyruvate, Pyr; oxaloacetate, OAA.
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Figure 18. [1,2-13C] glucose kinetics data from (+)Fe and (-)Fe growth conditions of TCA cycle
metabolites. Only kinetics of 0-, 1- and 2- labeled carbons are shown. Averages are shown with standard
deviations (n=2). Abbreviations are as follows: acetyl coenzyme A, AcCoA; 2-ketoglutarate, AKG.
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Figure 19. Schematic for labeling possibilities for one cycle of metabolized [1,2-13C] glucose around the
TCA cycle. Yellow represents carbon labeled from one cycle of the TCA cycle, while blue represents
labeled carbons from the glyoxylate shunt. The dashed line between glucose and 3PG represents a
truncated glycolysis, which produces 0-labeld PEP. The ED pathway produces 2-labeled pyruvate.
Abbreviations are as follows: 3-phosphoglycerate, 3PG; phosphoenolpyruvate, PEP; pyruvate, Pyr; 2ketoglutarate, 2KG; glutamate, Glu; aspartate, Asp; oxaloacetate, OAA; glyoxylate, Glyx; acetyl
coenzyme A, AcCoA.
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Figure 20. Steady state labeling for TCA cycle compounds during early exponential growth phase for
(+)Fe and (-)Fe growth conditions on [1,2-13C] glucose. Samples are averages of two biological replicates
with standard deviation error bars. Abbreviations are as follows: 2-ketoglutarate, 2KG.

Pentose phosphate pathway compounds contained similar labeling patterns in both Fe
conditions (Figure 21). X5P, R5P, and S7P all contained mostly 0-lableled carbons (average of
80%) after one hour. This indicates a small flux to the PP pathway compared to other pathways
in the central carbon metabolism. The PP pathway, responsible for forming nucleotides and
generating NADPH, an important anabolic cofactor and regulator of oxidative stress (Chavarria,
2012), has been shown to have a very small flux of carbon in P. putida when grown on glucose
and other carbon sources (del Castillo, 2007; Puchalka, 2008; Blank, 2008; Fuhrer, 2005). The
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amount of 2-labeled carbons quickly increases in X5P and R5P (Figure 21), in both Fe
conditions, initially, but was then surpassed by 1-labeled carbons after 30 minutes. This indicates
that initially, X5P and R5P were formed from the PP pathway, fed by glycolytic metabolites, and
then later, these two compounds formed from 6-phosphogluconate (Figure 22). The schematic in
Figure 22 shows the labeling that would occur if X5P and R5P were formed from 6phosphogluconate, forming from the PP pathway would consist of a 2-labeled F6P (from 2labeled G6P) combining with a 0-labeled GAP to form 2-labeled X5P. At steady-state (Figure
23), there is more 1-labeled X5P and R5P than 0-labeled, matching the kinetics data. There was a
small amount of 3-labeled S7P present at steady-state, which may form from a 2-labeled X5P
combining with a 1-labeled R5P or a 2-labeled R5P combining with a 1-labeled X5P (Figure 22).

Figure 21. [1,2-13C] glucose kinetics data for (+)Fe and (-)Fe conditions of pentose phosphate pathway
metabolites. Only kinetics of 0-, 1- and 2- labeled carbons are shown. Averages are shown with standard
deviation error bars (n=2). Abbreviations are as follows: xylulose-5-phosphate, X5P; ribose-5-phosphate,
R5P; sedoheptulose-7-phosphate, S7P; sedoheptulose-1,7-bisphosphate, SBP; octulose-8-phosphate, O8P.
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Figure 22. Labeling schematic for the pentose phosphate pathway of metabolized [1,2-13C] glucose.
Labeled carbons are highlighted in yellow while unlabeled carbons are white. Abbreviations are as
follows: xylulose-5-phosphate, X5P; ribose-5-phosphate, R5P; sedoheptulose-7-phosphate, S7P;
sedoheptulose-1,7-bisphosphate, SBP; octulose-8-phosphate, O8P; octulose-1,8-bisphosphate, OBP;
dihydroxyacetone phosphate, DHAP; glyceraldehyde-3-phosphate, GAP; fructose-6-phosphate, F6P, 6phosphogluconate, 6P-gluconate.

Figure 23. [1,2-13C] glucose steady state data for (+)Fe conditions of pentose phosphate pathway
metabolites. Averages are shown with standard deviation error bars (n=2). Abbreviations are as follows:
xylulose-5-phosphate, X5P; ribose-5-phosphate, R5P; sedoheptulose-7-phosphate, S7P; sedoheptulose1,7-bisphosphate, SBP; octulose-8-phosphate, O8P.
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Identification of untargeted metabolites
The untargeted method used to analyze the kinetic and steady-state data is capable of detecting
unknown compounds in addition to known metabolites, a useful tool when performing
intracellular metabolomics (Mapelli, 2008; Clasquin, 2011). While the central carbon
metabolism of P. putida KT2440 has been well studied, there remains the possibility for
discovering new metabolic pathways or metabolites (Winsor, 2011). Two compounds
(sedheptulose-1,7-bisphosphate and octulose-8-phosphate) shown to be present in eukaryotic
cells (Clasquin, 2011) were found intracellularly in P. putida in both kinetics and steady-state
experiments (Figure 24A, 24B and 25). These compounds are involved in riboneogenesis, a
thermodynamically favored synthesis of ribose that does not require NADPH formation
(Clasquin, 2011).
There are two potential pathways for the formation of octulose-8-phosphate (O8P) and
sedoheptulose-1,7-bisphosphate (SBP). O8P may be formed from fructose-6-phosphate (F6P)
combining with ribose-5-phosphate (R5P) to form glycerdaldehyde-3-phosphate (GAP) and
O8P, or from the dephosphorylation of octulose-1,8-bisphosphate (OBP), which is formed from
dihydroxyacetone-phosphate (DHAP) combining with R5P (Clasquin, 2011). SBP may be
synthesized from the phosphorylation of sedoheptulose-7-phosphate (S7P) or DHAP combining
with erythrose-4-phosphate (E4P) (Clasquin, 2011). Fructose bisphosphate aldolase and
sedoheptulose bisphosphatase were reported by Clasquin et al. to be involved in the formation of
SBP and OBP in Saccharomyces cerevisiae. P. putida does contain fructose bisphosphate
aldolase, responsible for converting DHAP and GAP to FBP, but sedoheptulose bisphosphatase
has not yet been reported (PGD, 2014). Under (+)Fe growth conditions, SBP labeling matches
the rate of S7P labeling (Figures 13 and 24A). O8P contains a high amount of 0-labeled carbons
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after one hour, indicating a very small flux of carbon to this compound (Figure 24A). (-)Fe
growth conditions saw the same trend for O8P labeling, that is mostly 0-labeled carbons
remained after one hour (Figure 24A). SBP had a slower incorporation rate when Fe was limited.
The trend of less fully labeled SBP than S7P under Fe-limited conditions indicates SBP is most
likely being formed from S7P, but this conclusion is hard to support given that there is no
distinct labeling pattern distinguishing either pathway as dominant (Figure 26).
In both Fe conditions for 1,2-13C glucose kinetics, O8P contained more 2-labeled carbons
than 1-labeled, which is most likely formed from 2-labeled F6P and 0-labeled R5P (Figure 24B).
S7P can form three distinct ways (Figure 4): X5P combining with R5P to form GAP and S7P,
F6P and E4P combining to form GAP and S7P, and the dephosphorylation of SBP (Clasquin,
2011). The presence of 1- and 2-labeled S7P can be explained by the labeling patterns of R5P,
F6P and DHAP, all measurable metabolites. Figure 25 shows a schematic of the possible
labeling combinations to get 2-labeled S7P. E4P cannot be measured via LC-MS, but is
presumed to be 0-labeled based on its formation in the PP pathway (Figure 22). SBP contains
mostly 0-labeled carbon, indicating the flux to this compound is relatively small in P. putida
under (+) and (-)Fe conditions (Figure 25). To further support the presence of riboneogenesis in
P. putida, genomics would be necessary to confirm the presence of sedoheptulose
bisphosphatase and to confirm the role of fructose bisphosphate aldolase, in combining DHAP
and E4P to make SBP, which was outside the scope of this project. The presence of these two
compounds indicates the ability of P. putida to create energy storing compounds previously
thought to be present in only photosynthetic organisms, and more recently yeasts (Clasquin,
2011). The comparable levels of labeling under each Fe condition suggest that limited Fe as an
environmental stress does not affect their formation significantly.
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Figure 24. Kinetics for sedoheptulose-1,7-bisphosphate (SBP) and octulose-8-phosphate (O8P) under Fereplete and Fe-limited conditions when grown on (A) [U-13C] glucose or (B) [1,2-13C] glucose. Values
shown are averages of biological triplicates (A) or duplicates (B) with standard deviation error bars.

Figure 25. Labeling schematic of the pentose phosphate pathway with octulose-8-phosphate (O8P),
sedoheptulose-1,7-phosphate (SBP) and octulose-1,8-bisphosphate (OBP) included for P. putida grown
on [1,2-13C] glucose. Yellow circles represent labeled carbons while white circles represent unlabeled
carbons. Abbreviations are as follows: fructose-6-phosphate, F6P; xylulose-5-phosphate; ribose-5phosphate, R5P; glyceraldehyde-3-phosphate, GAP; sedoheptulose-7-phosphate, S7P; erythrose-4phsophate, E4P; octulose-8-phosphate, O8P; dihydroxyacetone phosphate, DHAP.
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Figure 26. Relative abundance of steady-state labeling for sedoheptulose-1,7-bisphosphate (SBP) for P.
putida grown on [1,2-13C] glucose under Fe-replete and Fe-limited conditions. Values shown are averages
of independent biological duplicates with standard deviation error bars.

Metabolic flux analysis for glucose grown cells
The labeling profiles gathered from the steady-state experiments were used as inputs in the
metabolic flux model. To perform a complete mass balance on the central carbon metabolism of
P. putida, excretion rates for extracellular metabolites and glucose consumption rates were
needed. A number of metabolites were excreted under both Fe conditions (Table 3), but (-)Fe
media contained more extracellular metabolites than (+)Fe media (11 and 9 metabolites,
respectively; Table 3). Overall, (+)Fe P. putida excreted more glycolytic metabolites (mainly
3PG and pyruvate) while (-)Fe P. putida excreted more TCA cycle metabolites (mainly citrate,
2-ketoglutarate and malate; Table 3), which may be due to the insufficient expression of Feenzymes in the TCA cycle, as mentioned earlier. These results were consistent with the trend of
more extracellular metabolites found in the early stationary growth phase of (-)Fe media (Table
2). Notably, excretion of gluconate was considerably higher in (-)Fe media (1780±370
µM/gCDW/hr) than (+)Fe media (157±23 µM/gCDW/hr; Table 3), which matched the high level
of intracellular gluconate found in (-)Fe cells (Figure 10). Glucose is converted to gluconate and
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2-ketogluconate in the periplasm before being transported inside the cell (del Castillo, 2007).
Previously, P. putida was shown to release low levels of gluconate and 2-ketogluconate under
Fe-replete conditions, but these metabolites were eventually consumed from the media (del
Castillo, 2007). The uptake rates of glucose along with the growth constants for each condition
were used to calculate efflux to biomass (Table 3); the uptake rates varied considerably from
(+)Fe media (22.2±4.8 mM/gCDW/hr) to (-)Fe media (4.1±0.3 mM/gCDW/hr; Table 3).
The reaction network was compiled based on previously reported flux analysis of P.
putida (del Castillo, 2007; Puchalka, 2008; Blank, 2008; Fuhrer, 2005). The model, in addition to
estimating fluxes, also provided predictions for labeling profiles of the metabolites in the flux
model which LC-MS data was provided as an input. A comparison between the experimentally
determined steady-state labeling patterns and the predicted patterns serve as a way to validate the
model; a good fit between the two patterns indicates an accurate prediction of flux values from
the model. For both Fe conditions, the fit between the model predictions and experimentally
determined labeling patterns matched well (Figures 27 and 28).
Fluxes to the PP pathway for both (+) and (-)Fe conditions were small (less than 5% of
the uptake) compared to the fluxes through the rest of the central carbon metabolism (Figure 29).
Puchalka et al. found the flux to the PP pathway was about 6% of the uptake rate, and the
reactions in the PP pathway had flux values close to zero (Puchalka, 2008). Since almost half of
the glucose taken up in (-)Fe media was excreted by the cell as gluconate (43.7%, Table 3), the
resulting fluxes for (-)Fe condition should be at least half of those for (+)Fe. The ED pathway
flux in (-)Fe was about half of that in (+)Fe (115.2±2.9 and 62.0±1.2, respectively), which
follows the predicted trend. The flux from glucose to gluconate was higher under Fe-limited
conditions, compared to Fe-replete conditions (93.3±3.1 and 61.3±0.1, respectively). The flux
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from PEP to pyruvate was comparable in (-)Fe and (+)Fe conditions (62.1±15.1 and 64.9±0.9,
respectively; Figure 29) and agreed with previously reported flux values (Puchalka, 2008;
Sudarsan, 2014; Blank, 2008; Fuhrer, 2004). This corresponds to the high levels of intracellular
pyruvate noted under (-)Fe conditions in Figure 10. As predicted with the steady state labeling of
PEP, the flux from OAA to PEP was higher under (-)Fe than (+)Fe (21.3±14.1 and 9.5±0.0,
respectively). The pyruvate shunt, which consists of the conversion from malate to pyruvate to
OAA and is catalyzed by malic enzyme and pyruvate carboxylase, is favored over malate
dehydrogenase (malate to OAA) under Fe-replete conditions (Fuhrer, 2005; Puchalka, 2008).
This does not appear to be the favored route under Fe-limited conditions, where the pyruvate
shunt and malate dehydrogenase reaction are close in magnitude (Figure 29). Overall, the fluxes
between PEP, pyruvate and OAA appear to be elevated under Fe limited conditions, which may
be due to the increased demand for amino acids to form pyoverdine.
The TCA cycle was less active when Fe was limited, which may be a function of the Fe-S
containing TCA cycle enzymes, and may also explain why the glyoxylate shunt is active under
Fe-limited conditions, but not Fe-replete conditions. The glyoxylate shunt has previously been
shown to be inactive under Fe-replete conditions for glucose grown P. putida (Puchalka, 2008;
Sudarsan, 2014; Fuhrer, 2004), and to be inactive in other bacteria species due to catabolite
repression from glucose (Cozzone, 1998). The glyoxylate shunt bypasses both aconitase and
succinate dehydrogenase, two Fe-S containing enzymes, to form malate, possibly making it a
more favorable pathway to malate formation under Fe-limited conditions. It is interesting to note
that the most dramatic decreases in flux occurred in the TCA cycle, which is mostly regulated by
post-transcriptional and post-translational modifications, compared to the ED pathway which is
transcriptionally regulated in P. putida (Sudarsan, 2014).
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Table 3. Data used in metabolic flux analysis: excretion, growth, consumption, uptake and
biomass conversion rates.
Excretion rates (µM/gCDW/hr) ± standard deviation
Metabolite

Glucose (+)Fe

Glucose (-)Fe

Succinate (+)Fe

3-phosphoglycerate

4.45±0.86

0±0

1.20±0.11

phosphoenolpyruvate

0.0040±0.0022

0±0

0.042±0.029

fumarate

0.039±0.013

0.0060±0.0006

1.09±0.32

malate

0.0078±0.0025

0.059±0.028

2.47±0.43

aspartate

0±0

0±0

0.30±0.02

ribose-5-phosphate

0.00649±0.0017

0.065±0.015

0.00156±0.00024

gluconate

157±23

1780±370

0±0

2-ketoglutarate

0±0

0.0302±0.044

0.61±0.19

glutamate

0±0

0.039±0.016

2.17±0.10

pyruvate

7.74±2.76

0.1130±0.0006

0.416±0.022

succinate

0±0

0±0

0±0

glucose-6-phosphate

0.0395±0.0033

0.0392±0.005

0.0066±0.0013

fructose-6-phosphate

0.0715±0.0095

0.083±0.012

0.019±0.004

6-phosphogluconate

0±0

0.19±0.15

0±0

citrate

0±0

7.85±3.48

0±0

Growth and Consumption rates ± standard deviation
-1

growth rate (hr )

0.60±0.08

0.08±0.01

0.54±0.04

consumption rate
(mM/OD)
uptake rate
(mM/gCDW/hr)

12.90±0.68

18.54±0.05

11.11±0.67

22.2±4.8

4.08±0.33

17.1±5.5

Biomass (µM/gCDW) ± standard deviation
erythrose-4-phosphate

10.8±1.9

7.5±0.6

12.5±3.0

ribose-5-phosphate

7.4±1.3

5.18±0.4

8.6±2.1

3-phosphoglycerate

22.9±4.1

15.9±1.2

26.5±6.5

phosphoenolpyruvate

10.8±1.2

7.5±0.8

12.5±1.4

2-ketoglutarate

29.6±6.7

20.6±4.7

34.4±7.8

oxaloacetate

36.3±1.4

25.3±9.4

42.4±15.0

pyruvate

39.0±1.6

27.1±1.2

45.3±18.0
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Figure 27. Model predictions (grey) of labeling abundances in the metabolites included in the flux model
for glucose (+)Fe compared to the experimental LC-MS values at steady-state (blue). Data shown are
averages of two model simulations and two replicate steady-state experiments with standard deviation
error bars. Abbreviations are as follows: phosphoenolpyruvate, PEP; 3-phosphoglycerate, 3PG; 2ketoglutarate, 2KG; fructose-1,6-bisphosphate, FBP; dihydroxyacetone phosphate, DHAP; fructose-6phosphate, F6P; glucose-6-phosphate, G6P; sedoheptulose-7-phosphate, S7P; ribose-5-phosphate;
xylulose-5-phosphate.
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Figure 28. Model predictions (grey) of labeling abundances in the metabolites included in the flux model
for glucose (-)Fe compared to the experimental LC-MS values at steady-state (blue). Data shown are
averages of two model simulations and two replicate steady-state experiments with standard deviation
error bars. Abbreviations are as follows: phosphoenolpyruvate, PEP; 3-phosphoglycerate, 3PG; 2ketoglutarate, 2KG; fructose-1,6-bisphosphate, FBP; dihydroxyacetone phosphate, DHAP; fructose-6phosphate, F6P; glucose-6-phosphate, G6P; sedoheptulose-7-phosphate, S7P; ribose-5-phosphate;
xylulose-5-phosphate.
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Figure 29. Comparison of fluxes between (+)Fe (red) and (-)Fe (blue) growth conditions. Values shown
are averages between two biological replicates ± standard error and are normalized to the uptake rate, set
to 100. Dashed lines in the pentose phosphate pathway indicate reversible reactions. Reversible reactions
in glycolysis or the TCA cycle are not marked; arrows simply indicate the direction of flux. Fluxes are a
fraction of the uptake rate (set to 100) and biomass (BM) and excretion rates are fractions of the uptake
rate, with actual values reported in Table 3.

Additionally, the model was able to predict carbon dioxide flux, calculated by summing
all CO2 producing reactions (Table 4). Not surprisingly, glucose consumption under Fe-replete
conditions produced more CO2 (94.75±1.38 mM/gCDW/hr) than under Fe-limited conditions
(8.45±0.10 mM/gCDW/hr; Table 4), but the CO2 released under Fe-limited conditions is nearly
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proportional to the difference in uptake rates between the two Fe conditions (Table 3). The
smaller carbon dioxide flux is a function of decreased uptake when Fe is limited (Table 3),
decreased flux to CO2 producing TCA cycle reactions, and the excretion of a large portion of
glucose through gluconate, preventing it from being metabolized further. Carbon dioxide
produced from soil respiration is a large terrestrial source of carbon into the atmosphere,
estimated at 7.5x1015 g C/yr (Schlesinger, 2000; Sullivan, 2008). Increasing temperatures are
expected to affect microbial respiration in soils, and thus the efflux of CO2 to the atmosphere, but
available organic substrates and other environmental stresses, like nutrient availability, will also
affect respiration and CO2 flux.
Table 4. CO2 generated from flux models (mM/gCDW/hr) with standard deviation
Glucose (+)Fe

Glucose (-)Fe

Succinate (+)Fe

94.75±1.38

8.45±0.10

10.44±0.46

The results presented in this section highlight the importance of MFA in understanding
the adaptability of bacterial metabolisms to different environmental stresses and the mechanisms
which regulate metabolism by routing carbon towards relevant biomass precursors. MFA also
serves as a useful complementary tool to transcriptomics and genomics which cannot convey the
changes in metabolite fluxes in pathways that are not directly regulated by genes. The results
presented in this section demonstrate the robustness of P. putida under Fe stress. P. putida is able
to reroute carbon under Fe-limited conditions to amino acid precursors, like PEP, while
maintaining fluxes in central carbon metabolic pathways. Understanding the adaptability of P.
putida to different environmental stresses is important for its use in biotechnological applications
as a means to produce biofuels and chemicals, in addition to environmental engineering
applications such as bioremediation of contaminated soils.
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CHAPTER 5
METABOLISM OF SUCCINATE

To compare central carbon metabolic fluxes across different substrates, [2,3-13C] succinate
incorporation into the TCA cycle was investigated. Succinate is one of the most common root
exudates found in soils (Lipton, 1987), and its incorporation into the central carbon metabolism
in P. putida has not been extensively studied. Excretion rates were first measured in early
exponential phase to account for carbon flux out of P. putida cells (Table 3). Higher levels of
TCA cycle intermediates were secreted on (+)Fe succinate grown bacteria compared to (+)Fe
and (-)Fe glucose grown bacteria (Table 3), mainly fumarate, malate, aspartate, glutamate, and 2ketoglutarate. Other metabolites from glycolysis and the PP pathway were comparable or lower
than (+)Fe glucose grown bacteria (Table 3). Higher amounts of excreted TCA cycle compounds
were mentioned previously in Chapter 2 and were hypothesized to be a result of overflow
metabolism.
The steady-state labeling patterns for TCA cycle intermediates (Figure 30) showed
consistent labeling patterns in succinate, fumarate and malate, all containing mostly (more than
80%) 2-labeled carbons. Aspartate contained mostly 2-labeled carbon (more than 60%), but
contained more 4-labeled carbons (more than 20%) than malate (5 %). If aspartate was formed
primarily via the malate dehydrogenase route, there would be less 4-labeled and more 2-labled
aspartate. Additionally, if the TCA cycle were making more complete turns, there would be an
enrichment in 4-labeled succinate, fumarate and malate (Figure 31A), but the elevation of 2labeled carbons in these metabolites suggest this is not occurring. The glyoxylate shunt appears
to be active (Figure 31B), which would produce mostly 3-labeled malate and succinate, and
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subsequently 3-labeled aspartate. There is 4% 3-labeled malate, 10% 3-labeled aspartate, but 0%
3-labeled succinate. One explanation to the surprisingly lack of 3- and 4-labeled succinate is that
the labeling may be skewed due to the rapid uptake of [2,3-13C] succinate (17.1±5.5
mM/gCDW/hr; Table 3), essentially saturating the pool of intracellular metabolites close to
succinate. For this reason, succinate labeling was not included in the succinate flux model.

Figure 30. Steady state labeling data for TCA cycle intermediates for P. putida grown on [2,3-13C]
succinate. Samples are averages with standard deviation error bars (n=2). Abbreviations are as follows: 3phosphoglycerate, 3PG; phosphoenolpyruvate, PEP; 2-ketoglutarate, 2KG.
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Figure 31. Labeling pattern schematic the TCA cycle of P. putida grown on [2,3-13C] succinate. The TCA
cycle and the first two reactions of gluconeogenesis are shown in (A) while (B) shows the glyoxylate
shunt of the TCA cycle. Yellow and blue circles represent labeled carbons. Yellow circles represent one
round of the TCA cycle, beginning with succinate and ending with 2-ketoglutarate. The blue circles
represent the labeling of succinate at the beginning of a second round of the TCA cycle. Abbreviations are
as follows: 3-phosphoglycerate, 3PG; phosphoenolpyruvate, PEP; pyruvate, pyr; acetyl-CoA, AcCoA;
oxaloacetate, OAA; 2-ketoglutarate, 2KG; glutamate, glu; glyoxylate, glyx; aspartate, asp.
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The labeling patterns predicted by the succinate flux model match with the experimental
carbon labeling patterns (Figure 32). The match between the two patterns indicates the fluxes
predicted from the model are of good quality. The flux model for succinate shown in Figure 33
reveals a decreased flux from OAA and acetyl-CoA to citrate, citrate to 2-ketoglutarate, and 2ketoglutarate to succinate (29.0±1.2, 26.2±0.8, and 19.0±1.0, respectively), compared to the high
flux from succinate to fumarate, and fumarate to malate (121.8±4.8, 121.0±4.9, respectively). In
contrast to the favored pyruvate shunt found with (+)Fe and (-)Fe growth on glucose, (+)Fe
succinate metabolism favors the malate dehydrogenase reaction (Figure 33). Additionally more
OAA is routed to pyruvate than PEP, which is in agreement with the fluxes reported by Sudarsan
et al. of benzoate grown P. putida (Sudarsan, 2014). Benzoate is split into acetyl-CoA and
succinate, so it is likely the metabolism of succinate would follow that of benzoate. Sudarsan et
al. also reported the glyoxylate shunt to be very active, routing four times more carbon than the
flux from citrate to 2-ketoglutarate to succinate (Sudarsan, 2014). The model presented here
determined the glyoxylate shunt to have a flux of 2.8±0.4 (Figure 33), which is in contrast to the
inactive glyoxylate shunt from the (+)Fe glucose model. Catabolite repression does not occur
when P. putida grows on TCA cycle intermediates like succinate and acetate (Cozzone, 1998).
Sudarsan et al. reported a high glyoxylate shunt flux, equivalent to the uptake rate of benzoate;
the discrepancy between this reported flux and the flux determined by the succinate model can
be partially explained by benzoate splitting into equal amounts of acetyl-CoA and succinate, both
of which are routed toward the glyoxylate shunt (Sudarsan, 2014). The labeling data presented in
Figure 30 do not support a highly active glyoxylate shunt, so the discrepancy cannot be
completely resolved.
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The carbon dioxide flux from the succinate (+)Fe model was determined to be
10.44±0.46 mM/gCDW/hr (Table 4). This is comparable to the CO2 released in the (-) Fe
glucose model, and less than half of the CO2 release in the (+)Fe glucose model (Table 4). The
lower carbon dioxide flux from the succinate model is a result of the decreased flux of the CO 2
generating reactions of the TCA cycle (citrate to 2-ketoglutarate, 2-ketoglutarate to succinate),
and the smaller flux of pyruvate to acetyl-CoA (Figure 33). This indicates that P. putida releases
less carbon dioxide, and conserves more carbon converting substrate to biomass when grown on
succinate compared to glucose, which is a significant finding consider succinate is a preferred
substrate to glucose.

Figure 32. Model predictions (grey) of labeling abundances in the metabolites included in the flux model
for succinate (+)Fe compared to the experimental LCMS values at steady-state (blue). Data shown are
averages of two model simulations or two replicate steady-state experiments with standard deviation error
bars. Abbreviations are as follows: 2-ketoglutarate, 2KG; 3-phosphoglycerate, 3PG;
phosphoenolpyruvate, PEP.
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Figure 33. Flux of succinate through the TCA cycle under (+)Fe conditions. Flux values (in blue) are
averages of two biological replicates with standard error. Flux values are normalized to the uptake rates
(set to 100). Compounds that are precursors to biomass are marked (BM). Abbreviations are as follows:
3-phosphoglycerate, 3PG; phosphoenolpyruvate, PEP; pyruvate, Pyr; acetyl-CoA, AcCoA; glyoxylate,
glyx.

It is important to compare fluxes of carbon substrates with different entry points in the
carbon metabolism. As hypothesized earlier, the metabolism of substrates with different entry
points in the carbon metabolism results in different metabolite excretions. Carbon fluxes in the
central carbon metabolic pathways change based on the entry point of growth substrates,
typically experiencing higher fluxes closer to the point of entry. This was observed in the
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excretion rates at stationary phase on all four growth substrates (glucose, citrate, succinate, and
acetate) and was also detected at early exponential phase between Fe-replete glucose and
succinate grown P. putida. Elucidating the intracellular carbon flux as a response to succinate
uptake is an important contribution to understanding the versatility of P. putida’s metabolism.
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CHAPTER 6
FUTURE DIRECTIONS

P. putida is noted for having a resilient and versatile metabolism. This research presented a flux
analysis of two separate carbon sources. Flux analyses of mixed carbon substrates have not yet
been performed, modeling the simultaneous incorporation of glucose and succinate into the
central carbon metabolism would provide more insights into the metabolism of P. putida in
environmental soil conditions. Additionally, since the response of Pseudomonad metabolism to
Fe stress has not been well studied, there are a number of follow up experiments to the work
presented in here that would contribute to this topic. Concentrations of key intracellular
metabolites were presented in Chapter 2, but monitoring the change in the entire intracellular
metabolome under Fe-replete and Fe-limited conditions would provide a complete picture of the
enrichment or depletion of intracellular metabolites. Additionally, quantifying levels of
intracellular amino acids would provide a better understanding of the amino acids affected under
Fe-limited conditions (Shakoury-Elizeh, 2010) and may reveal trends in the pooling of certain
amino acids to form pyoverdine. One question raised by the flux modeling of different Fe
conditions was why gluconate excretion levels were so much higher in (-) Fe-grown glucose
conditions. This increased excretion may be caused by direct or indirect regulation of
gluconokinase or the gluconate transporter by Fe. Transcriptomic analysis would be necessary to
elucidate the cause of gluconate pooling and excretion under Fe-limited conditions. Although, it
is important to note that many of the reactions in the central carbon metabolism of P. putida are
not transcriptionally regulated, but may be controlled by post-translational mechanisms or
allosteric inhibition (Sudarsan, 2014).
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Two untargeted compounds, O8P and SBP, previously thought to only exist in
photosynthetic organisms were found in the intracellular media of P. putida when grown on
glucose. To determine if the pathways forming these compounds are similar to the yeast S.
cerevisaea genomics would be necessary to test for the two enzymes (sedoheptulose
bisphosphatase and fructose bisphosphate aldolase) responsible for their anabolic pathways
(Clasquin, 2011). Additional labeling experiments with [1-13C] or [1,6-13C] labeled glucose
could provide distinct labeling patterns to determine which formation pathway is favored. This
would also allow the central carbon metabolism flux model presented in the previous section to
be expanded, providing a more accurate representation of carbon routing in P. putida
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