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A B S T R A C T

The genus Pseudomonas comprises approximately 200 species with numerous isolates that are common in-
habitants of soil, water, and vegetation and has been of particular interest for more than one hundred years.
Here, we present a novel approach for accurate, precise and convenient 13C metabolic flux analysis of these and
other microbes possessing periplasmic glucose oxidation and a cyclic hexose metabolism, which forms the re-
cently discovered EDEMP cycle. This complex cyclic architecture cannot be resolved by common metabolic flux
workflows, which rely on GC-MS-based labelling analysis of proteinogenic amino acids. Computational analyses
revealed that this limitation can be overcome by three parallel labelling experiments on specific tracers, i.e.,
[1–13C], [6–13C] and 50% [13C6] glucose, with additional consideration of labelling information from glucose
and glucosamine. Glucose and glucosamine display building blocks from cellular glycogen, peptidoglycan and
lipopolysaccharides, reflect the pools of glucose6-phosphate and fructose6-phosphate in the heart of the EDEMP
cycle and as we show, can be precisely assessed in biomass hydrolysates by GC-MS. The developed setup created
534 mass isotopomers and enabled high-resolution flux analysis of the cell factory Pseudomonas putida KT2440
and the human pathogen P. aeruginosa PAO1. The latter strain oxidized approximately 90% of its glucose into
gluconate via the periplasmic route, whereas only a small fraction of substrate was phosphorylated and con-
sumed via the cytoplasmic route. The oxidative pentose phosphate pathway was completely inactive, indicating
the essentiality of the Entner-Doudoroff pathway and recycling of triose units into anabolic precursors.

In addition to pseudomonads, many microbes operate a cyclic hexose metabolism, which becomes more
accessible to flux analysis with this approach. In this regard, the presented approach displays a valuable ex-
tension of the available set of flux methods for these types of bacteria.

1. Introduction

13C metabolic flux analysis (MFA) is a powerful technology used to
quantify intracellular fluxes in microbial systems, i.e., in vivo enzymatic
rates (Buescher et al., 2015). Over the years, this approach has provided
unique insights into important microorganisms, such as Escherichia coli
(Fischer and Sauer, 2003; He et al., 2017; Wada et al., 2017), Cor-
ynebacterium glutamicum (Bartek et al., 2011; Hoffmann et al., 2018),
Basfia succiniciproducens (Becker et al., 2013; Lange et al., 2017), Vibrio
natriegens (Long et al., 2017), and Bacillus subtilis (Kohlstedt et al., 2014;
Schilling et al., 2007).

State-of-the-art 13C MFA uses 13C isotope cultures of the cells of
interest, whose cellular metabolite 13C-labelling patterns are analysed
in terms of the isotopic substrates as input for a software-based flux
calculation (Zamboni et al., 2009). An essential part of a successful

workflow is a precise and informative 13C analysis. Different variants of
mass spectrometry (MS) (Heinzle et al., 2008; Nöh et al., 2007;
Wittmann and Heinzle, 2001a; Yang et al., 2006) and nuclear magnetic
resonance (NMR) spectroscopy (Boisseau et al., 2013; Choudhary et al.,
2011; Millard et al., 2017; Reardon and Isern, 2017) have been suc-
cessfully used in 13C MFA studies. Although each of these individual
techniques and sometimes their combinations have proven value, gas
chromatography-MS (GC-MS) is the most frequently used technology
for 13C flux measurements (Wittmann, 2007). A particularly attractive
feature of GC-MS is its analytical power to accurately and quickly
quantify the 13C-labelling pattern of various amino acids from the cell
protein (Christensen et al., 2000; Dauner and Sauer, 2000). Due to the
easy accessibility of protein in almost all studied cells and the in-
formation richness of the accessible amino acids, this type of analysis
has become routine in many laboratories, if not a “gold standard” for
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13C-labelling analysis in flux studies of microorganisms (Adler et al.,
2013; Barbier et al., 2014; Fischer and Sauer, 2003; Lee and Kim, 2005;
Price et al., 2006). When needed, parallel experiments with different
tracers can be conducted to enhance flux resolution (Becker et al., 2008;
Crown and Antoniewicz, 2013; Hayakawa et al., 2018; Kind et al.,
2013; Shirai et al., 2005; Wittmann and Heinzle, 2002; Wittmann et al.,
2007).

However, Pseudomonas bacteria and related microbes have not been
analysed in full detail using common GC-MS workflows and even dif-
ferent tracers (Blank et al., 2008; del Castillo et al., 2007; Fuhrer et al.,
2005; Klingner et al., 2015). To date, GC-MS-based flux studies of
pseudomonads have provided only partial insights and cannot resolve

important properties of cellular redox and energy metabolism (Berger
et al., 2014; Lassek et al., 2016; Opperman and Shachar-Hill, 2016).
This limitation is due to the fact that these bacteria possess a glycolytic
metabolism that is different from (and more complex than) that of most
other microbes (Entner and Doudoroff, 1952; Romano and Conway,
1996). Pseudomonads operate a cyclic metabolism, the so-called
EDEMP cycle (Fig. 1), which merges activities belonging to the
Embden-Meyerhof-Parnas (EMP) pathway, the Entner-Doudoroff (ED)
pathway, and the pentose phosphate (PP) pathway into a complex ar-
chitecture, as recently demonstrated for Pseudomonas putida KT2440
(Nikel et al., 2015). Interestingly, such a metabolism is also found in
other microbes (Gosselin et al., 2001; Portais et al., 1999). In contrast to

Fig. 1. Metabolic network of the central carbon metabolism of Pseudomonas putida KT2440. This microbe lacks a functional phosphofructokinase and does not
use the linear Embden-Meyerhof-Parnas (EMP) pathway for hexose degradation (Romano and Conway, 1996). Instead, it possesses the Entner-Doudoroff (ED)
pathway, the pentose phosphate (PP) pathway, and a rich set of cytoplasmic and periplasmic oxidation and phosphorylation reactions, while the available subset of
EMP pathway reactions allows operation in only the gluconeogenic direction. The reactions are merged into the EDEMP cycle, which assembles enzymes from the ED,
the EMP and the PP pathways into a unique metabolic architecture (Nikel et al., 2015). As a consequence, the substrate glucose can be either phosphorylated in the
cytoplasm or oxidized in the periplasm. The latter path forms gluconate and subsequently 2-ketogluconate, both of which can also be phosphorylated into 6-
phosphogluconate (6PG) and 6-phospho-2-ketogluconate (2K6PG), respectively, leading to three entry pathways into the core metabolism.
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other bacteria, which possess only the EMP and PP pathways, the cyclic
network in pseudomonads results in various additional connections
between metabolic nodes that have yet to be determined. Thus far, the
analysis of this type of metabolism cannot be achieved by GC-MS-based
flux studies, which appears to be a limitation despite the high relevance
of this microbial group in industry and health-related research (Nikel,
2016; Poblete-Castro et al., 2012). In fact, a sophisticated setup using
13C labelling information about intracellular phosphorylated sugars
from LC-MS analysis is required (Nikel et al., 2015; Sasnow et al.,
2016). Such approaches are, unfortunately, complex, expensive, and
experimentally difficult (Wiechert and Nöh, 2013).

Here, we present a completely GC-MS-based workflow that allows
us to study the carbon metabolism of pseudomonads in full detail. In
addition to considering proteinogenic amino acids, our approach con-
siders labelling of glucose and glucosamine from cellular carbohydrates
such as glycogen, peptidoglycan and lipopolysaccharides. These con-
stituents provide the following missing information: the labelling status
of glucose6-phosphate (G6P) and fructose6-phosphate (F6P), two in-
termediates at the heart of the EDEMP cycle that are not accessible from
amino acids. In combination with carefully selected tracer substrates,
our approach fully resolves the EDEMP cycle and the remaining central
carbon metabolism of pseudomonads, as demonstrated for two promi-
nent members of the group: the cell factory P. putida KT2440 (Nelson
et al., 2002) and the human pathogen Pseudomonas aeruginosa PAO1
(Bartell et al., 2017).

2. Materials and methods

2.1. Strains and plasmids

P. putida KT2440 (DSM 6125) and P. aeruginosa PAO1 (DSM 2264)
were obtained from the German Collection of Microorganisms and Cell
Cultures (DSMZ, Braunschweig, Germany). The strains were main-
tained as cryo stocks in 15% (v/v) glycerol at −80 °C.

2.2. Batch cultivation in shake flasks

P. putida KT2440 was grown at 30 °C in minimal medium, which
contained the following per litre: 7.5 g glucose, 2 g (NH4)2SO4, 7.75 g
K2HPO4, 4.25 g NaH2PO4∙2H2O, 0.1 g MgCl2∙6H2O, 10mg EDTA, 5mg
FeSO4∙7H2O, 1mg CaCl2∙2H2O and 1mL of a trace element stock so-
lution, which contained 2 g ZnSO4∙7H2O, 1 g MnCl2∙2H2O, 0.4 g
CoCl2∙6H2O, 0.3 g Na2B4O7, 0.2 g Na2MoO4∙2H2O, 0.2 g CuSO4∙5H2O,
and 0.2 g NiCl2∙6H2O per litre. P. aeruginosa PAO1 was grown at 37 °C in
minimal MOPS medium (LaBauve and Wargo, 2012) supplemented
with 3.6 g glucose per litre as the sole carbon source. After mixing all
components, the pH value of the minimal medium was adjusted to pH
7.0. Prior to the flux experiments, cells from a cryo stock were grown
overnight on an agar plate using minimal medium with 15 g l−1 agar
(Becton Dickinson, Franklin Lakes, NJ, USA), inoculated into a liquid
pre-culture in baffled shake flasks filled to 10% with minimal medium,
and incubated on a rotary shaker (230 rpm Multifors, Infors AG, Swit-
zerland). During the exponential growth phase, cells were harvested by
centrifugation (5min, 4 °C, 8.000×g), washed once with fresh medium
without glucose and then used as inoculum for the main cultures, i.e.,
parallel isotopic tracer experiments using three different tracers instead
of normal glucose: (i) 99% [1–13C] glucose (Sigma-Aldrich, Steinheim,
Germany), (ii) 99% [6–13C] glucose (Omicron Biochemicals, South-
bend, IN, USA), and (iii) an equimolar mixture of naturally labelled and
99% [13C6] glucose (Eurisotop, Saarbrücken, Germany). The inoculum
for the tracer cultures was chosen to be small so that the initial optical
density (OD600) was below 0.02 and any interference of non-labelled
material from the pre-culture with the subsequent 13C-labelling analysis
could be neglected (Wittmann, 2007). All experiments comprised three
biological replicates.

2.3. Quantification of cells, substrates and products

The cell concentration was monitored spectrophotometrically at
600 nm (UV-1600 PC, VWR International, Darmstadt, Germany). For
the determination of the cell dry mass (CDM), cells were collected on
pre-weighed and dried membrane filters (0.2 μm, regenerated cellulose,
47mm, Sartorius, Germany) using vacuum filtration. Then, the filters
were washed with 0.9% NaCl and deionized water and dried at 80 °C
until a constant weight was achieved. From the measurements, corre-
lation factors of CDM [g L−1]= 0.54×OD600 and CDM [g
L−1]= 0.42×OD600 resulted for P. putida and P. aeruginosa, respec-
tively. Glucose was quantified enzymatically (R-Biopharm, Darmstadt,
Germany). Gluconate and 2-ketogluconate were quantified by high-
performance liquid chromatography (HPLC) (Agilent 1260 Infinity
Series, Agilent Technologies, Waldbronn, Germany), including separa-
tion on an Aminex HPX-87H column (Bio-Rad, Hercules, USA), isocratic
elution with 50mM H2SO4 at 65 °C, a flow rate of 0.5mLmin−1, and
UV detection at 210 nm.

2.4. Enzymatic assays

Spectrophotometric measurements of gluconokinase (GnuK, EC
2.7.1.12) and 2-ketogluconate kinase (KguK, EC 2.7.1.13) activity were
adapted from previous protocols (Nikel et al., 2015; Phibbs et al., 1974;
Tlemcani et al., 2008; Vicente and Canovas, 1973) After collection from
the cultures, cell pellets were washed twice with 100mM Tris-HCl
buffer (pH 8.0) and resuspended in 100mM Tris-HCl (pH 8.0) con-
taining 10mM 2-mercaptoethanol and 1% (v/v) protease inhibitor so-
lution (Protease Inhibitor Cocktail, Sigma-Aldrich, Taufkirchen, Ger-
many). The resuspended cells were then disrupted in a benchtop
homogenizer (Precellys, PeqLab, Erlangen, Germany) using 0.1mm si-
lica beads (Lysing Matrix B, MP Biomedicals, Santa Ana, CA, USA) and
3 disruption cycles of 30 s each at 6000 s−1 with a 1min incubation on
ice between cycles. Cell debris was separated via centrifugation
(10min, 4 °C, 21,100×g). Subsequently, the cytosolic fraction, which
contained the soluble kinases of interest, was separated from the
membrane fraction via ultracentrifugation (90min, 4 °C, 100,000×g).
The protein concentration in the cytosolic extract was determined using
a commercial assay (Pierce BCA Protein Assay Kit, Thermo Fisher,
Rockford, IL, USA). Gluconokinase activity was assayed in 1mL of a
reaction mixture containing 50mM Tris-HCl (pH 8.0), 10mM MgCl2,
6.5 mM ATP, 5mM NADP+, 0.6 U 6-phosphogluconate (6PG) dehy-
drogenase, 10mM sodium gluconate, and 100 μL cytosolic extract. The
specific enzyme activity was determined in μmole per min and milli-
gram total protein from a photometric measurement of NADPH for-
mation (calculated from absorption at 340 nm using an extinction
coefficient of 6.22mM−1 cm−1). The activity of 2-ketogluconate kinase
was measured photometrically using the coupling of 2-ketogluconate-
dependent ADP formation to the activities of externally added pyruvate
(PYR) kinase and lactate dehydrogenase, resulting in the oxidation of
NADH (340 nm) as a readout (Ornston and Ornston, 1969). Reaction
mixtures (1 mL) contained 50mM Tris-HCl, 100mM KCl, 10mM
MgCl2, 2.5 mM Na-PEP, 0.5mM ATP, 0.33mM KCN, 0.33mM
Na2EDTA, 0.25mM NADH, 1 U PYR kinase, 2.7 U lactate dehy-
drogenase, 15mM 2-ketogluconate hemicalcium salt monohydrate, and
100 μL cytosolic extract. The incubation temperatures were 30 °C
(KT2440) and 37 °C (PAO1). Negative controls were conducted without
cell extract and substrate, and corrections were made accordingly.

2.5. GC-MS labelling analysis of amino acids

For the analysis of proteinogenic amino acids, cells (2 mg CDM)
were collected by centrifugation (5min, 4 °C, 16,000×g), hydrolysed
by incubation in 100 μL 6M HCl for 24 h at 100 °C, and clarified from
cell debris by filtration (0.2 μm, Ultrafree-MC, Merck Millipore,
Darmstadt, Germany) (Kohlstedt et al., 2014). Subsequently, the
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hydrolysate was dried under a nitrogen flow. The obtained amino acids
were dissolved in 50 μLN,N-dimethylformamide containing 1% (v/v)
pyridine and derivatized at 80 °C for 30min with 50 μL N-methyl-t-
butyldimethylsilyl-trifluoroacetamide (MBDSTFA, Macherey-Nagel,
Düren, Germany) (Wittmann et al., 2002). Mass isotopomer distribu-
tions (MIDs) of the t-butyldimethylsilyl (TBDMS) amino acids were
analysed by GC-MS (Agilent 7890A, Quadrupole Mass Selective De-
tector 5975C, Agilent Technologies). Prior to MS analysis, analytes
(0.2 μL injection volume) were separated on an HP-5MS column (30m,
250 μm×0.25 μm, Agilent Technologies) using helium as the carrier
gas (1.7 mLmin−1) and the following temperature program: 120 °C
(0–2min), 8 °C min−1 increase (2–12min), 10 °C min−1 increase
(12–24.5min), and 325 °C (24.5–27min). Further settings controlled
the inlet (250 °C), transfer liner (280 °C), ion source (230 °C), and
quadrupole temperature (150 °C). Samples were first measured in scan
mode to exclude potential isobaric interference of the sample matrix
with ion clusters of interest. Subsequently, selective ion monitoring
(SIM) was used to quantify MIDs. Altogether, 17 amino acids yielded
ion clusters with clean MIDs, which were considered as inputs for flux
estimation: alanine (m/z 232, m/z 260), glycine (m/z 218, m/z 246),
valine (m/z 260, m/z 288), leucine (m/z 200, m/z 274), isoleucine (m/z
200, m/z 274), proline (m/z 258), serine (m/z 288, m/z 362, m/z 390),
threonine (m/z 376, m/z 404), phenylalanine (m/z 234, m/z 302, m/z
336), aspartate (m/z 316, m/z 390, m/z 418), glutamate (m/z 330, m/z
432), lysine (m/z 431), arginine (m/z 442), histidine (m/z 440), and
tyrosine (m/z 302, m/z 466). These fragments have proven suitable for
13C flux studies of pseudomonads previously (Blank et al., 2008; Ebert
et al., 2011; Fuhrer et al., 2005; Nikel et al., 2015; Opperman and
Shachar-Hill, 2016; Wierckx et al., 2009). Glutamate and aspartate also
reflected the pools of glutamine and asparagine, which underwent
deamination during protein hydrolysis. The remaining proteinogenic
amino acids (cysteine, methionine, and tryptophan) were not available
due to their degradation during hydrolysis (Wittmann, 2007).

2.6. GC-MS labelling analysis of sugars

For the analysis of cellular sugars, cells (5 mg CDM) were pelleted
by centrifugation, washed twice in deionized water and hydrolysed in
250 μL 2M HCl for 2 h at 100 °C (Kiefer et al., 2004). Afterwards, cell
debris was removed by filtration (0.2 μm, Ultrafree-MC, Merck Milli-
pore). Subsequently, the hydrolysate was dried under nitrogen. Ana-
lytes contained in the dried residue were incubated in 100 μL methox-
ylamine (2% in pyridine) at 80 °C for 1 h. The obtained O-methyl oxime
forms of the analytes were silylated at 80 °C for 30min into tri-
methylsilyl (TMS) derivatives in a second step using N,O-bis-tri-
methylsilyl-trifluoroacetamide (BSTFA, Macherey-Nagel). The deriva-
tized analytes were quantified by GC-MS (Agilent 7890A, Quadrupole
Mass Selective Detector 5975C, Agilent Technologies). In the same way,
purified biopolymers (glycogen from oysters, peptidoglycan from B.
subtilis, and lipopolysaccharides from P. aeruginosa, all from Sigma-Al-
drich, Taufkirchen, Germany) and pure glucose, glucosamine, N-acetyl-
glucosamine, and mannose were treated as controls for GC-MS analysis.
Prior to MS analysis, the analytes (0.2 μL injection volume) were se-
parated on an HP-5MS column (30m, 250 μm×0.25 μm, Agilent
Technologies) using helium as the carrier gas (1.7 mLmin−1) and the
following temperature program: 150 °C (0–3min), 8 °C min−1 increase
(2–12min), 25 °C min−1 increase (12–15.8min), and 325 °C
(15.8–19min). Further settings controlled the inlet (250 °C), transfer
liner (280 °C), ion source (230 °C), and quadrupole temperature
(150 °C). Again, samples were first measured in scan mode to exclude
isobaric interference of the matrix with signals from ion clusters of
interest. Subsequently, SIM was used for quantitative analysis. The
fragments finally considered for flux estimation are listed in Table 1.

2.7. Metabolic reaction networks

The network of P. putida KT2440 (Fig. 1) was taken from recent
work (Nikel et al., 2015). It contains the EDEMP cycle in full detail:
glucose uptake (v1), subsequent phosphorylation into G6P (v2), cyto-
plasmic G6P oxidation by G6P dehydrogenase (v16), periplasmic glu-
cose oxidation into gluconate (Gnt) (v3) and further into 2-keto-glu-
conate (2KG) (v6), secretion of both acids (v4, v7), their
phosphorylation into 6PG (v5) and 2-keto-6-phosphogluconate (2K6PG)
(v8), and reduction of 2K6PG into 6PG (v9). The network also com-
prised the ED pathway (v10, v11), an incomplete EMP pathway lacking
phosphofructokinase (v12 to v15, v21 to v23), the PP pathway (v17 to
v20), reactions around the PYR node (v24 to v27), the tricarboxylic acid
(TCA) cycle (v28 to v34), the glyoxylate shunt (v35 to v36), and anabolic
pathways from 11 precursors to biomass (indicated as green triangles in
Fig. 1). According to previous work, the ATP-dependent phosphoe-
nolpyruvate (PEP) carboxykinase-coding gene pckA is a functionless
pseudogene; thus, its reaction was not included (Belda et al., 2016).
Instead, the PEP carboxylase step was considered reversible, as previous
studies have shown that there is a small but significant fraction of PEP
originating from oxaloacetate (OAA) (Fuhrer et al., 2005; Chavarría
et al., 2012; Sudarsan et al., 2014; Sasnow et al., 2016). The cellular
composition of P. putida KT2440 was taken from a recent reconciliation
study (van Duuren et al., 2013). The complete list of biochemical re-
actions is given in the supplemental material (Table S1).

The network of P. aeruginosa PAO1 was adapted from that of a
previous flux study (Berger et al., 2014). To account for most recent
discoveries, the network was carefully validated against an updated and
expanded genome-scale network reconstruction of P. aeruginosa PAO1
in terms of the presence of reactions as well as their stoichiometry and
directionality (Bartell et al., 2017). An EDEMP cycle annotated in the
genome-scale reconstruction was added accordingly. The network dif-
fered from that of P. putida KT2440 in two major ways (Belda et al.,
2016): (i) P. aeruginosa PAO1 possesses a PEP carboxykinase (pckA) and
(ii) operates a membrane-bound, irreversible malate:quinone oxidor-
eductase (mqoA, mqoB) instead of a soluble, reversible malate dehy-
drogenase (mdh). The chemical composition of P. aeruginosa PAO1 cells
was taken from a previous analysis (Berger et al., 2014). The full re-
action list is provided in the supplemental material (Table S2).

In contrast to a simplified network of pseudomonads with a lumped
glucose metabolism (Sudarsan et al., 2014), the fully detailed network
with the EDEMP cycle included four additional free flux parameters
(Eqs. (1)–(4)): the flux partitioning ratios at the periplasmic nodes of (i)
glucose (ΦGlc) and (ii) gluconate (ΦGnt) and at the cytosolic nodes of
(iii) 6PG (Φ6PG) and (iv) glyceraldehyde3-phosphate (G3P) (ΦG3P)
(Fig. 1).

=
+

v
v v

ΦGlc
2

2 3 (1)

=
+

v
v v

ΦGnt
8

5 8 (2)

=
+

v
v v

Φ6PG
17

10 17 (3)

=
+

v
v v

ΦG3P
12

12 21 (4)

The two branches at the periplasmic gluconate node, whose reac-
tions are catalyzed by gluconokinase (v5) and 2-ketogluconate kinase
(v8), possess identical stoichiometry and carbon atom transitions, ex-
cluding their discrimination by steady-state 13C MFA (Fig. 1). Accord-
ingly, the flux partitioning ratio at the gluconate node (ΦGnt) was in-
ferred from activity measurements of the two key enzymes involved, as
done previously (Nikel et al., 2015; Tlemcani et al., 2008). The iden-
tifiability of the other flux parameters of the EDEMP cycle by 13C-la-
belling data was investigated in this work (see below).
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In addition, free fluxes around the TCA cycle (Eqs. (5)–(7)) were
included and tested in the simulations: the flux partitioning ratios at the
cytoplasmic nodes of (i) PYR (ΦPYR), (ii) OAA (ΦOAA), and (iii) iso-
citrate (ICT) (ΦICT) (Fig. 1).

=
+

v
v v

ΦPYR
25

24 25 (5)

=
+

v
v v

ΦOAA
26

26 28 (6)

=
+

v
v v

ΦICT
35

30 35 (7)

2.8. Computational design of flux experiments: sensitivity analysis

Model-based design of flux experiments was performed using
OpenFLUX (Quek et al., 2009). For this purpose, the metabolic reaction
networks were implemented with their corresponding carbon trans-
formations into the software. To enable simulations with parallel la-
belling data sets, a recently developed, extended version of OpenFLUX
was used (Lange et al., 2017).

In the first stage, the suitability of different tracer substrates for the
estimation of flux parameters was studied by sensitivity analysis
(Wittmann and Heinzle, 2001b). In a series of simulations, individual
flux parameters were varied while the other fluxes in the network were
kept constant (Nikel et al., 2015), and the effect of the flux variation on

13C-labelling data was studied. This procedure unravelled (sensitive and
therefore) potentially suitable tracers and analyte fragments for a given
flux analysis problem.

2.9. Metabolic flux calculation and statistical evaluation

Flux calculations were performed using OpenFLUX (Quek et al.,
2009). To handle parallel labelling data sets, the extended version of
OpenFLUX was used (Lange et al., 2017). Quantitative estimation of
intracellular fluxes utilized 13C-labelling data and directly measured
fluxes. Experimental MIDs were automatically corrected for the natural
abundance of isotopes (van Winden et al., 2002) using an algorithm in
OpenFLUX (Quek et al., 2009) and a measurement error of 0.3mol% for
the GC-MS measurements (Long et al., 2016; Quek and Nielsen, 2014).
The metabolic model was constrained (Quek and Nielsen, 2014) with
measured secretion rates for gluconate and 2-ketogluconate (Table 2)
and anabolic fluxes into biomass (Table 3) that were inferred from cell
composition and measured biomass yields (Table 2). Lower and upper
bounds for these fluxes were defined using the preSolver function of
OpenFLUX (Lehnen et al., 2017). The set of free fluxes that resulted in
the minimum deviation between the experimental and simulated la-
belling data was taken as the best estimate for the in vivo fluxes
(Wittmann and Heinzle, 2002). Fragments were inspected for the
quality of fit to eventually identify unsuitable signals. Because the non-
linear structure of isotopomer models may potentially lead to local

Table 1
GC-MS analysis of glucose and glucosamine in hydrolysed biomass of Pseudomonas putida KT2440. Sugars were analysed as TMS-methoxime derivatives. For
comparison, data from the analysis of pure standards (glucose, glucosamine) and hydrolysed polymers (glycogen, peptidoglycan) are shown. In addition, the
theoretical mass isotopomer distribution for each fragment is given. The monoisotopic mass is denoted m+0, while m+1 and m+2 indicate mass isotopomers of
higher mass. The labelling pattern of the glucose fragment at m/z 160, highlighted in dark grey, differed from the theoretical expectations, so it was not considered
further. n=3.

Table 2
Kinetics and stoichiometry of glucose-grown Pseudomonas putida KT2440 and Pseudomonas aeruginosa PAO1. The data comprise specific rates for growth
(μmax), glucose uptake (qGlc), gluconate formation (qGnt), and 2-ketogluconate formation (q2KG). In addition, the yields for biomass (YX/Glc), gluconate (YGnt/Glc) and
2-ketogluconate (Y2KG/Glc) are displayed. n= 3.

Strain μmax [h−1] qGlc [mmol g−1 h−1] qGnt [mmol g−1 h−1] q2KG [mmol g−1 h−1] YX/Glc [g mol−1] YGnt/Glc [mol mol−1] Y2KG/Glc [mol mol−1]

KT2440 0.55 ± 0.02 6.8 ± 0.2 0.6 ± 0.0 0.1 ± 0.0 81.6 ± 7.8 0.09 ± 0.02 0.02 ± 0.00
PAO1 0.90 ± 0.02 9.7 ± 0.2 0.2 ± 0.1 0.2 ± 0.0 92.6 ± 2.6 0.03 ± 0.01 0.03 ± 0.02
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minima, multiple parameter initialization (250 simulations per strain)
with randomly chosen starting values was used to investigate whether
the obtained flux distribution represented the global optimum. Statis-
tical analysis of the obtained fluxes was conducted by Monte-Carlo
analysis and yielded 95% confidence intervals for the flux parameters
(Becker et al., 2005).

2.10. Computational evaluation of flux experiments: flux identifiability,
precision and accuracy

Different setups were evaluated for their capability to successfully
assess the flux distribution, which was determined in this study for P.
putida KT2440 and P. aeruginosa PAO1 from all available data, i.e.,
values of 534 mass isotopomers from three parallel experiments (see
below). The test setups included different sets of labelling data from
single-tracer studies, double-tracer studies on two different combina-
tions of tracers and a complete data set from a triple study on all three
different tracers. The evaluation was conducted by Monte-Carlo ana-
lysis. For each setup, the labelling data were (i) randomly varied within
the experimental noise and then (ii) used as input in repeated flux es-
timations to investigate the capability of these estimations to re-de-
termine the flux values. In this regard, such a Monte-Carlo analysis
mimicked 25 repetitions of the same flux experiment while taking ex-
perimental errors into account, and in this way, it allowed the overall
precision and accuracy expected from this particular setup to be stu-
died. In addition, a precision score (ϑ) that summarized the deviation of
the fluxes from the optimum values for each setup was calculated (Eq.
(8)).

∑ ∑=
−v v

ϑ 1i j

j j opt1 1 , (8)

For this purpose, the deviation of all net fluxes (υj) in the network
(j=44) from their corresponding optimum values (υj, opt) was summed
for all flux distributions (i=25) obtained by the Monte-Carlo analysis.
The use of the reciprocal value turned the total deviation into a preci-
sion score. For comparison, precision scores were given as relative va-
lues normalized to the highest precision score obtained, i.e., that of the
best setup.

3. Results

3.1. GC-MS analysis of glucose and glucosamine from hydrolysed cell
carbohydrates provides direct access to the 13C-labelling pattern of G6P and
F6P

First, we identified biomass-derived metabolites in P. putida
KT2440, which could provide useful labelling information for flux re-
solution. P. putida cells grown on naturally labelled glucose were har-
vested and subjected to mild hydrolysis. After a two-step derivatization,
the obtained biomass hydrolysate was analysed by GC-MS. Its total ion
chromatogram showed several prominent signals (Fig. 2A). Comparing
the elution time and mass spectra of this sample with those of pure
standards revealed that the hydrolysate contained significant amounts
of glucose and glucosamine and a minor share of mannose (Fig. 2 BCD).

Table 3
Anabolic precursor demand of glucose-grown Pseudomonas putida KT2440
and Pseudomonas aeruginosa PAO1. The data are derived from biomass yield
(Table 2) and the cellular composition of each strain and are given in mmol
(mol glucose)−1. Normalized to the glucose uptake rate (100%), the demand
equals the relative anabolic flux in the corresponding flux maps (Figs. 6 and 7).
The relative anabolic fluxes (%) can be obtained by dividing the values given in
the table by a factor of 10. n=3.

Precursor KT2440 PAO1

G6P 14.2 ± 1.4 19.0 ± 0.4
F6P 5.6 ± 0.6 6.6 ± 0.1
R5P 54.7 ± 0.5 83.2 ± 1.8
E4P 27.7 ± 0.3 33.4 ± 0.7
G3P 8.8 ± 0.9 11.9 ± 0.3
3PG 88.6 ± 8.9 138.3 ± 3.1
PEP 58.4 ± 5.8 66.6 ± 1.5
PYR 143.5 ± 14.3 262.3 ± 5.8
AcCoA 204.9 ± 20.5 271.1 ± 6.0
AKG 78.3 ± 7.8 97.2 ± 2.2
OAA 110.4 ± 11.0 165.5 ± 3.7

Fig. 2. GC-MS analysis of glucose and glucosamine monomers in biomass
hydrolysates of Pseudomonas putida KT2440. In addition to biomass (A), the
data show total ion current (TIC) chromatograms of glucose (B), glucosamine
(C), mannose (D), hydrolysed glycogen (E), hydrolysed peptidoglycan (F), and
hydrolysed lipopolysaccharides (G). All compounds were analysed as methy-
loxime-trimethylsilyl derivatives after two-step derivatization with methox-
ylamine and N,O-bis-trimethylsilyl-trifluoroacetamide (BSTFA).
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Additional studies with pre-purified cellular polymers revealed that
glucose in the biomass originated from glycogen and lipopolysacchar-
ides (Fig. 2 EG). Cellular glucosamine could be related to peptidoglycan
and lipopolysaccharides (Fig. 2 FG) and typically occurs as an N-acetyl-
glucosamine derivative in these polymers (Michal, 1999). Additional
studies revealed that N-acetyl-glucosamine underwent deacetylation to
glucosamine during hydrolysis, explaining the presence of the latter in
the analysis. Mannose was found to a low extent in the lipopoly-
saccharides (Fig. 2 G). Each compound resulted in two peaks due to the
occurrence of syn and anti isomers.

Then, assessing whether the signals contained unbiased labelling
patterns of the sugars was interesting. The second peak of glucose (at
10 min) was used to extract mass spectra to avoid potential interference
with signals from mannose. Two prominent ion cluster mass spectra
represented a C1–C6 fragment (m/z 554–560) and a C3–C6 fragment (m/
z 319–323) of glucose (Fig. 3A). The MIDs of both clusters from the
biomass sample were identical to that of a glucose standard and that of
glucose obtained from hydrolysed glycogen (Table 1). Furthermore, all
values showed excellent agreement with the theoretical MIDs of the
derivatized sugar fragments inferred from the natural abundance of
isotopes (van Winden et al., 2002). The labelling pattern of the glucose
fragment at m/z 160–162, however, differed from the expected pattern,
obviously due to isobaric interference with the sample matrix, and was
therefore not considered further (Table 1). Cellular glucosamine yielded
three fragments with clean spectra: a C1–C6 fragment at m/z 553–559, a
C3–C6 fragment at m/z 319–323, and a C1–C2 fragment at m/z 159–161
(Fig. 3B). The MIDs of all three fragments in the biomass hydrolysate
matched those of a pure glucosamine standard, cellular peptidoglycan
and theoretical MIDs (Table 1). Biomass samples taken from P. aerugi-
nosa PAO1 provided access to the same fragments and exhibited equal
analytical quality. In metabolism, glucose and glucosamine in biomass
each have one exclusive metabolic precursor: G6P (glucose) and F6P
(glucosamine), respectively (Michal, 1999). Accordingly, the analytical
approach accurately provided the labelling patterns of G6P and F6P.
This discovery appeared promising because G6P and F6P are central
hubs of the EDEMP cycle, and neither is accessible in 13C labelling via
analysis of the proteinogenic amino acids (Wittmann, 2007). Mannose,
also potentially accessible, was not considered further. Its signals were
generally weaker, and since it is also formed from F6P, it would not
have added novel information to the data set.

3.2. Cellular carbohydrate sugars provide sensitive 13C-labelling
information for inferring EDEMP cycle fluxes

In a series of simulations, the sensitivity of the estimation of the
EDEMP cycle fluxes to the labelling data (amino acids plus sugars) was
systematically studied. In each run, one flux parameter of interest was
varied while the other free fluxes were kept constant. The tested tracers

comprised the most widely used, commercially available variants:
[1–13C], [2–13C], [3–13C], [4–13C], [5–13C], and [6–13C] glucose plus
an equimolar mixture of [13C6] and naturally labelled glucose. First, the
ΦGlc was varied between 0% (exclusive oxidation into periplasmic
gluconate) and 100% (exclusive phosphorylation into cytosolic G6P).
The labelling pattern of different fragments of glucose and glucosamine
significantly changed upon the flux variation. This effect was prominent
for [1–13C] glucose, [6–13C] glucose, and the mixture of [13C6] and non-
labelled glucose (Fig. 4A) and occurred for other tracers (Fig. S3). Si-
milarly, the two sugar derivatives reflected changes in Φ6PG, and ΦG3P,
the other free flux partitioning ratios of the EDEMP cycle (Fig. 4 BC and
S3). The sensitivity was generally high. For example, the non-labelled
fraction of derivatized glucosamine (m/z 159) increased by more than
400% over the tested ΦG3P range. The specific changes in labelling for
each flux parameter tested appeared beneficial. For example, a varia-
tion in ΦGlc for the [6–13C] tracer changed the labelling in the cellular
glucose pool (Fig. 4A), whereas that in the glucosamine pool did not
change. Changes in Φ6PG had the opposite effect on the same tracer:
glucosamine labelling responded, but glucose labelling did not
(Fig. 4C). Accordingly, the sugars, i.e., the two pools G6P and F6P
delivered complementary labelling information.

In contrast, the labelling status of proteinogenic amino acids re-
mained relatively constant and independent of the type of tracer ap-
plied when the EDEMP fluxes were varied (Figs. 4A and S3). The glu-
cose split (ΦGlc) had practically no sensitivity. Weak sensitivity to
histidine and glutamate (and to a lower extent aspartate and threonine)
was found for triose recycling (ΦG3P) and the 6PG split (Φ6PG). Taking
these results together, the newly introduced sugars appeared particu-
larly valuable for accessing EDEMP cycle fluxes. In contrast, the amino
acid patterns alone seemed insufficient to fully resolve this part of the
network. However, the resolution of fluxes at important branch points
of the lower carbon metabolism was substantially sensitive to amino
acids (Fig. S4).

3.3. The novel approach provides metabolic fluxes in P. putida KT2440 at
high resolution and high accuracy

Three parallel labelling experiments, one on [1–13C] glucose, one on
[6–13C] glucose, and one on a mixture of [13C6] and non-labelled glu-
cose, were conducted for P. putida KT2440. The cells consumed glucose
at a specific rate of 6.8mmol g−1 h−1 and formed small amounts of
gluconate and 2-ketogluconate as by-products in addition to biomass
(Table 2). The two enzymes of the gluconate by-pass and the 2-ke-
togluconate loop, i.e., gluconokinase and 2-ketogluconate kinase, were
both expressed, and they exhibited an activity ratio of 20:1 (Table 4).
MFA, as applied here, requires a metabolic and isotopic steady state of
the investigated culture (Becker et al., 2008). Both were ensured from
further analysis of the cultures, i.e., a metabolic steady state was

Fig. 3. Chemical structure of glucose (A) and glucosamine (B) after two-step derivatization with methoxylamine and N,O-bis-trimethylsilyl-tri-
fluoroacetamide (BSTFA). The structure of prominent analyte fragments formed during GC-MS analysis is also displayed.
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ensured by constant growth and production behaviour (Fig. S1), and an
isotopic steady state was ensured by constant 13C-labelling patterns
over time (Fig. S2). A labelling analysis of all three isotope experiments
provided 534 mass isotopomers to be explored (Table S3). The corre-
sponding flux calculation, which considered all data, was carried out by
minimizing the deviation between the experimental and calculated
mass isotopomer fractions. Identical flux distributions were obtained in
250 estimations with randomly varied starting values for the free fluxes,
which showed that the acquired data were indeed fully descriptive and
that the determined flux distribution displayed the global flux
minimum. Furthermore, excellent agreement between experimentally
determined and calculated mass isotopomer ratios was achieved
(Fig. 5A, Table S3).

The approach delivered the full flux distribution for P. putida
KT2440 and precisely determined all fine structures of the network
(Fig. 6). The microbe operated the entire EDEMP cycle and revealed a
pronounced periplasmic metabolism. Only 33% of glucose entered the
central glycolytic routes via direct phosphorylation. The major fraction
of glucose was oxidized into gluconate, which was then phosphorylated
into 6PG. The by-pass via 2-ketogluconate (2KG) and 2K6PG carried a
small but significant flux. Furthermore, 6PG was mainly channelled
into the ED pathway (108%). A small but significant flux (2%) supplied
carbon into the PP pathway via 6PG dehydrogenase and generated
NADPH. The cells recycled G3P back to F6P and G6P, which completed
the EDEMP cycle and contributed to the formation of erythrose4-
phosphate (E4P) and ribose5-phosphate (R5P) for anabolism via the
reversible steps of the PP pathway. The major fraction of G3P was

channelled downstream of the EMP pathway, where it merged with the
ED pathway flux at the PYR node. In addition, P. putida operated a
highly active TCA cycle, whereas the glyoxylate shunt was inactive. The
concerted action of malic enzyme, PYR carboxylase, and PEP carbox-
ylase formed another cyclic pathway. Thus, the contribution of malic
enzymes was particularly high. The enzyme supplied almost one-
quarter of the total influx into the PYR pool. Statistical evaluation re-
vealed that fluxes were determined at high precision (Fig. 6).

3.4. The glucose metabolism in P. aeruginosa PAO1 is dominated by strong
periplasmic glucose oxidation and involves the EDEMP cycle

The fluxes of P. aeruginosa PAO1 were analysed by the same ap-
proach. Slight amounts of gluconate and 2KG were secreted, while the
cells consumed glucose at a high uptake rate of almost 10mmol g−1

h−1 (Table 2). Gluconokinase was approximately 18-fold more active
than 2-ketogluconate kinase (Table 4). The microbe exhibited a meta-
bolic (Fig. S1B) and an isotopic steady state (Fig. S2B) as P. putida
KT2440 did. GC-MS labelling analysis again provided 534 accurate
mass isotopomer fractions (Table S3), which delivered identical flux
estimates in 250 independent runs with varied initialization values and
yielded an excellent fit (Fig. 5B, Table S3). The microbe used the full
EDEMP cycle (Fig. 7), and its periplasmic metabolism was the dominant
route for the catabolization of glucose. The fraction of glucose oxidized
into gluconate in the periplasm was even 20% higher than that in P.
putida KT2440. The alternative route of glucose metabolization via G6P
was relatively weak (14%). Periplasmic gluconate and 2 KG, formed
from glucose through oxidation, were largely kept inside of the cells
and merged downstream at the 6PG pool. Only a small fraction of the
compounds was excreted.

Interestingly, zero flux was measured through 6PG dehydrogenase
at the entry into the PP pathway. In fact, 6PG was completely chan-
nelled into the ED pathway. The absence of flux through 6PG dehy-
drogenase resulted in the exclusive supply of E4P and R5P via the re-
cycling of triose units so that the EDEMP cycle appeared essential for
growth. The upper glycolysis operated in the gluconeogenic direction.

Fig. 4. Computational design of labelling experiments for 13C metabolic flux analysis of P. putida KT2440 and P. aeruginosa PAO1. The data show the
sensitivity of mass isotopomer distributions of amino acids and sugars from hydrolysed cells accessible by GC-MS analysis towards flux changes at key branch points
of the EDEMP cycle: ΦGlc (at the periplasmic glucose pool) (A), ΦG3P (at the cytoplasmic G3P pool) (B), and Φ6PG (at the cytoplasmic 6PG pool) (C). In each scenario,
one flux parameter of interest was varied while the other fluxes in the network were kept constant. The results display the simulations on [1–13C], [6–13C], and a
[13C6] and naturally labelled glucose mixture. The results for [2–13C], [3–13C], [4–13C], and [5–13C] glucose are given in the supplemental material (Fig. S3).

Table 4
Activity of gluconokinase and 2-ketogluconate kinase in glucose-grown
Pseudomonas putida KT2440 and Pseudomonas aeruginosa PAO1.

Enzyme activity KT2440 PAO1

Gluconokinase [mU mg−1] 85.0 ± 3.2 193.1 ± 22.4
2-Ketogluconate kinase [mU mg−1] 4.2 ± 1.4 10.8 ± 1.9
Enzyme activity ratio 20.3 ± 7.1 17.8 ± 3.8

Fig. 5. Goodness of fit for 13C metabolic flux analysis of Pseudomonas putida KT2440 (A) and Pseudomonas aeruginosa PAO1 (B). The data show the
correlation between the abundances of 534 mass isotopomers of amino acids and sugars experimentally measured by GC-MS and the corresponding simulated values,
which reflected the optimum fit and the global minimum in the flux estimation. The experimental data for each strain were collected from three parallel tracer
experiments ([1–13C], [6–13C], and a 1:1 mixture of [13C6] plus naturally labelled glucose) (Table S3).
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At the level of G6P, approximately half of the carbon resulted from the
recycling pathway. In contrast to P. putida, P. aeruginosa PAO1 utilized
the glyoxylate shunt. Approximately 6% of the flux was directed into
this pathway, while the remaining flux at the isocitrate node (72%) was
converted by isocitrate dehydrogenase through the TCA cycle. The
fluxes between the EMP pathway and the TCA cycle were substantial,
and large amounts of C3 and C4 building blocks were exchanged be-
tween the pathways. The differences between the two microbes were
pronounced in terms of absolute flux and related to the growth and
glucose uptake of P. aeruginosa PAO1 being much faster than that of P.
putida. The absolute flux through the periplasmic glucose pathway was
twice as high in the P. aeruginosa strain (8.2 mmol g−1 h−1) than in P.
putida KT2440 (4.1 mmol g−1 h−1). Likewise, the ED pathway and the
TCA cycle carried 50% more absolute flux.

3.5. Computational analysis reveals that cellular carbohydrates are crucial
for accurate flux estimation

As demonstrated, the combined data set of amino acid and sugar

labelling from the three parallel tracer experiments enabled a precise
and accurate estimation of flux (Figs. 6 and 7). We then evaluated the
developed approach in more detail and compared it to different alter-
native groupings of data. In particular, we were interested in answering
the following important questions: Is the labelling of glucose and glu-
cosamine required for successful flux analysis in pseudomonads or
would the labelling patterns of the amino acids alone be sufficient? Is a
set of three parallel tracer studies truly needed to resolve the fluxes or
would fewer experiments suffice?

For this purpose, we used a Monte-Carlo approach. Put simply, this
approach allowed the simulation of twenty-five repetitions of a parti-
cular flux experiment while network details and experimental errors
were fully considered. The outcome of such a simulation was 25 rea-
listic flux distributions. An inspection of these flux distributions then
showed how precisely individual flux values, e.g., ratios at branch
points, were determinable by the given flux experiment, i.e., a specific
tracer and labelling data set. Performing these simulations and in-
spections for different setups, i.e., different tracers and different label-
ling data sets, allowed comparison (Fig. 8). We compared different

Fig. 6. Intracellular carbon fluxes of glucose-grown Pseudomonas putida KT2440 as determined by 13C metabolic flux analysis. All fluxes are given as a molar
percentage of the mean specific glucose uptake rate of qGlc= 6.8mmol g−1 h−1, which was set to 100%. Reactions generating biomass are indicated as green
triangles. Their flux values are not shown here but can be inferred from Table 3. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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tracer combinations (shown in rows A – G) and labelling data sets
(columns I – IV). We then visualized the suitability of a particular setup
by its capability to estimate key branch points in upper carbon meta-
bolism (around the EDEMP cycle) and lower carbon metabolism (PYR
node, TCA cycle, and glyoxylate shunt). The data shown in Fig. 8 and
presented below refer to P. putida KT2440, but notably, the outcome
was the same for P. aeruginosa PAO1 (see supplemental material, Fig.
S5).

The numbers of parallel studies, the choice of the tracer and the type
of labelling had strong effects on the quality of the flux estimation. Most
importantly, the information from glucose and glucosamine labelling
was crucial to accurately determine the EDEMP cycle fluxes (Fig. 8 A-II,
C-II, and D-II). In contrast, none of the scenarios that considered only
amino acid labelling appeared suitable (Fig. 8, column I). Most cases
resulted in unresolvable fluxes, as indicated by the substantial scat-
tering of solutions from repeated experiments (Fig. 8 E-I, F-I, and G-I).
In other cases, the flux values grouped more closely together. At first
glance, this behaviour indicated apparently better precision, but the
solutions were inaccurate and sometimes far away from the correct flux
values (Fig. 8 B-I and C-I). This problem was even observed when amino

acids involving all three tracers were considered (Fig. 8 A-I). Likewise,
key branch points in the lower carbon metabolism could not be exactly
determined from the amino acid labelling information alone (Fig. 8,
column III). In contrast, the additional consideration of the sugar-based
labelling data gave completely different results and allowed a precise
and accurate quantification of the fluxes (Fig. 8 A-II, and A-IV).

3.6. Precision scoring highlights the most suitable setups for flux analysis

To make a quantitative comparison, the obtained simulation results
for P. putida KT2440 and P. aeruginosa PAO1 were converted into pre-
cision scores (Fig. 9) that represented a quantitative measure of the
precision of a particular setup in determining the fluxes. The results
clearly showed that for both microbes, the highest precision was by far
most clearly observed for the triple tracer combination, i.e., parallel
studies on [1–13C], [6–13C], and an equimolar mixture of [13C6] and
naturally labelled glucose, and the consideration of amino acids and
sugars. With regard to practicality, this approach appeared as the only
suitable setup. Lower precision, i.e., a relative score between 20 and
50%, resulted from the two double tracer combinations with amino

Fig. 7. Intracellular carbon fluxes of glucose-grown Pseudomonas aeruginosa PAO1 as determined by 13C metabolic flux analysis. All fluxes are given as a
molar percentage of the mean specific glucose uptake rate of qGlc= 9.7mmol g−1 h−1, which was set to 100%. The reactions generating biomass are indicated as
green triangles. Their flux values are not shown here but can be taken from Table 3. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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acids and sugars, which included one experiment with [6–13C] glucose.
All other scenarios failed to provide satisfying precision, as indicated by
their low scores.

4. Discussion

4.1. The developed approach enables GC-MS-based metabolic flux analysis
of pseudomonads with high resolution and accuracy

Without doubt, 13C MFA is a key technology in metabolic en-
gineering and industrial biotechnology (Schwechheimer et al., 2018),
and it has also greatly contributed to systems biology studies of medi-
cally (Beste et al., 2011; Bücker et al., 2014) and environmentally re-
levant microbes (Tang et al., 2007, 2009).

As shown, our approach enables high-resolution flux analysis of P.
putida KT2440 and P. aeruginosa PAO1 from GC-MS cell constituent
data (Figs. 6 and 7). The key to success is the additional analysis of

glucose (G6P) formed from glycogen and lipopolysaccharides and of
glucosamine (F6P) formed from peptidoglycan and lipopolysacchar-
ides. These two analytes provide complementary information that is
accessible from neither one of them alone nor from amino acids, and
combining their assessment with that of amino acids is crucial to re-
solving the flux network of the microbes in this study (Figs. 4 and 8). As
shown, the combination of three tracers, i.e., [1–13C], [6–13C] and 50%
[13C6] glucose, in parallel cultures provides maximum accuracy and
precision and seems a method of choice for highly quantitative studies
(Fig. 9). We recommend this combination for the following reasons.
First, each of the three substrates greatly influences the assessment of
EDEMP fluxes via novel sugar labelling (Figs. 4, 8 and 9). Second,
[1–13C] glucose and [13C6] glucose additionally provide resolution
power to infer fluxes around the oxidative PP pathway, at the PYR node
and around the TCA cycle via amino acid labelling (Wittmann and
Heinzle, 2001b). Third, all substrates are commercially accessible at a
reasonable price. However, the sensitivity observed in sugars is

Fig. 8. Computational evaluation of different setups for GC-MS-based 13C metabolic flux analysis of P. putida KT2440. The aim of the simulations was to
identify optimum strategies for flux analysis in the microbe. Different setups were analysed for their flux precision and accuracy. Key fluxes of upper and lower
carbon metabolism, i.e., the flux partitioning ratios in the EDEMP cycle (ΦGlc, Φ6PG, ΦG3P) and around the pyruvate node and the TCA cycle (ΦPYR, ΦOAA, ΦICT) were
thereby taken as indicators. Each setup was evaluated by a Monte-Carlo approach that mimicked 25 repetitions of the corresponding flux study while taking
experimental errors into account. The investigated cases included setups with three parallel tracer experiments ([1–13C] glucose, [6–13C] glucose, and a mixture of
[13C6] and naturally labelled glucose) (A), two parallel experiments on two different tracers (B, C, D), and one single-tracer experiment (E, F, G). Moreover, different
metabolites were tested as experimental inputs, i.e., amino acid labelling patterns alone (columns I and III) and amino acid plus sugar labelling patterns (columns II
and IV). The outcome (and suitability) of each test case is visualized as follows. The individual fluxes from the 25 Monte-Carlo estimations are given as small green
balls. In addition, their mean value is shown as a small red ball. Furthermore, the correct (optimum) flux values obtained from the full approach are shown as large
purple balls. The corresponding data for P. aeruginosa are given in the supplemental material (Fig. S5). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

Fig. 9. Precision scores of different setups using GC-MS-based 13C metabolic flux analysis of Pseudomonas putida KT2440 and Pseudomonas aeruginosa PAO1.
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relatively independent from the chosen tracers (Figs. 4, S3, and S4),
indicating that other combinations of tracers might also work.

P. aeruginosa PAO1 fluxes have not been previously analysed with
such detail and accuracy, and they are discussed below in more detail.
Regarding P. putida KT2440, the observed flux distribution exhibits
high similarity to that of recent LC-MS-based flux studies (Nikel et al.,
2015; Sasnow et al., 2016). This observation holds, e.g., for the strong
preference of periplasmic oxidation over cytoplasmic phosphorylation
at the entry of glucose into metabolism, the extremely low flux through
the oxidative PP pathway, the high flux through the ED pathway, the
active operation of the EDEMP cycle for triose recycling from G3P, the
cyclic interconversion of carbon between C3 units of the glycolysis and
C4 units of the TCA cycle, and the absence of the glyoxylate shunt
(Fig. 6). Small differences in some of the fluxes can be attributed to
differences in culture conditions and growth physiology. The overall
high agreement together with the excellent goodness of fit (Fig. 5) can
be taken as solid evidence that our developed strategy provides accu-
rate flux values.

Approximately 200 species belong to the Pseudomonas genus.
Among them are members of particular relevance and impact. For ex-
ample, P. putida KT2440 and related strains are cell factories widely
used for the production of various value-added products from renew-
ables and even waste (Beckers et al., 2016; Belda et al., 2016; Borrero-
de Acuña et al., 2017; Johnson et al., 2016; Kohlstedt et al., 2018;
Kuepper et al., 2015; Martinez-Garcia et al., 2014; Nikel and de
Lorenzo, 2013; Nikel and de Lorenzo, 2014; Poblete-Castro et al., 2013;
Schmitz et al., 2015). P. fluorescens has found applications for bio-
conversions (Brunner et al., 2018) and as a plant-growth promoting
bacterium (;Park et al., 2015; Prabhukarthikeyan et al., 2018). Pseu-
domonas stutzeri can be applied to degrade environmental pollutants
(Saikia et al., 2005) and has recently received increasing interest for the
production of membrane proteins (Sommer et al., 2017). Moreover, the
genus comprises important human pathogens, such as P. aeruginosa,
responsible for urinary-tract infections, cystic fibrosis, meningitis, and
pneumonia (Gellatly and Hancock, 2013), and Pseudomonas syringae, a
very important plant pathogen (Xin et al., 2018), both of which pose
severe health threats to our society. Our novel approach renders all
these interesting microbes more easily accessible on the flux level.

4.2. The novel approach overcomes the limitations of previous workflows
for metabolic flux analysis of pseudomonads

Conventional flux analysis of pseudomonads uses GC-MS analysis of
proteinogenic amino acids, as exemplified for P. putida (Blank et al.,
2008; Ebert et al., 2011; Zobel et al., 2017), Pseudomonas fluorescens
(Fuhrer et al., 2005), and P. aeruginosa (Berger et al., 2014; Lassek et al.,
2016; Opperman and Shachar-Hill, 2016). While such studies provide a
basic understanding of the investigated microbes, they fail to resolve a
key part of metabolism, i.e., the EDEMP cycle, which merges activities
belonging to the EMP pathway, the ED pathway, and the PP pathway
into a complex architecture (Fig. 1). This failure is because the circular
operation of these pathways does not cause sufficiently observable
changes in the labelling pattern of the proteinogenic amino acids (Blank
et al., 2008), as shown systematically in this work (Fig. 3). This in-
herent lack of sensitivity allows us to study glucose catabolism in
pseudomonads via common workflows in only a simplified form: the
different catabolic routes for glucose have to be lumped, and the total
influx of the substrate is assigned to enter the G6P node (Berger et al.,
2014; Ebert et al., 2011). This simplification, unfortunately, cannot
address important questions about redox and energy metabolism (Blank
et al., 2008; Ebert et al., 2011). The impact becomes obvious when the
flux distributions around the glucose split in the resolved form and the
unresolved form are compared (Fig. 10): both differ substantially. The
simplified network provides a quite unrealistic picture regarding energy
and redox: it overestimates ATP consumption and NADPH formation by
a factor of two. In other cases, simplified approaches have even led to a

severe misinterpretation of data, an example being the wrongly de-
termined high flux through the oxidative PP pathway in glucose-grown
P. aeruginosa PAO1 (Opperman and Shachar-Hill, 2016), which, in fact,
is practically absent (Fig. 7). Such limitations can be easily avoided and
overcome using the described setup.

The approach presented in this study offers direct quantification of
labelling patterns of the analytes of interest from complex biomass
hydrolysates (Table 1 and Fig. 2). As shown, all labelling measurements
can be performed on one single GC-MS instrument without any change
in instrumental settings (e.g., injector, liner, GC separation column, and
carrier gas) except for the temperature gradient, whose settings can be
easily adapted (Table 1). Favourably, GC-MS instruments are robust,
particularly easy to operate and maintain, and significantly less costly
than other types of mass spectrometers or NMR instruments (Wittmann,
2007). Moreover, the amino acids and the sugars in the hydrolysates, as
measured here, are very stable, indicating that the storage and shipping
of samples would be straightforward. Due to these advantages, we
conclude that our approach will stimulate and intensify future analysis
of pseudomonad fluxes. In comparison, LC-MS-based flux studies based
on intracellular metabolites are linked to a significant increase in ex-
perimental difficulty (Wiechert and Nöh, 2013). In particular, they re-
quire sophisticated cultivation protocols because even small changes in
culture conditions, which are difficult to fully control in routine ex-
periments, can immediately impact the labelling status of the in-
tracellular pools and thus the outcome of such studies (Krömer et al.,
2004; Nöh et al., 2007). Moreover, elaborate quenching and extraction
protocols are needed to conserve the labelling patterns of the free
metabolites in their in vivo state, which are rapidly changing, present at
low concentrations, and partly unstable (Bolten et al., 2007; Long et al.,
2016; Wittmann et al., 2005). We would, however, like to emphasize
that we still regard the established LC-MS-based approaches as valuable
and informative. As an example, they are superior in investigating flux
dynamics (Wiechert and Nöh, 2013). Both types of studies will be useful
in the future, and it will be up to the researcher to choose the most
suitable method to address his or her specific question.

4.3. The glucosamine moiety of cellular carbohydrates refines flux
resolution

Similar to our work, flux studies in other microbes have benefited
from using labelling measurements in addition to common amino acid
profiles. For example, the resolution of net and exchange fluxes in the
oxidative PP pathway of C. glutamicum is improved by additional ana-
lysis of the G6P pool (Wittmann and Heinzle, 2001b), and this im-
proved resolution was obtained in different flux studies of the microbe
via GC-MS analysis of extracellular trehalose (Becker et al., 2007;
Buschke et al., 2013; Wittmann and Heinzle, 2001a). In different su-
crose-grown microbes, the G6P labelling is important for identifying
and accurately observing fluxes due to the highly complex network
reactions involved in sucrose catabolism and has been obtained from
cellular glycogen (Lange et al., 2017) and secreted trehalose (Wittmann
et al., 2004). Further refinement of PP pathway flux resolution in E. coli
and in mammalian cells was achieved by combining information from
the glucose moiety of glycogen and the ribose moiety of DNA (Long
et al., 2016). Here, we propose the glucosamine moiety from pepti-
doglycan and lipopolysaccharides, representing F6P, as a novel frag-
ment to be considered in flux analysis. Added together with the label-
ling of glucose to that of the amino acids, it enables high precision flux
analysis of P. putida and P. aeruginosa. As shown, two clean glucose
fragments (m/z 554 and m/z 319) and three clean glucosamine frag-
ments (m/z 553, m/z 319, and m/z 159) contribute 81 mass isotopomer
fractions to a total of 534 mass isotopomer fractions in a triple tracer
set-up for flux estimation. The F6P pool is of specific importance in
pseudomonads, where it is simultaneously supplied from three in-
flowing reactions, whose are catalyzed by phosphoglucoisomerase,
fructose 1,6-bisphosphatase (triose recycling), and transaldolase (from
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the reversible non-oxidative PP pathway) (Fig. 1). As we show (Table
S3), the F6P labelling differs significantly from that of G6P and (due to
its prominent position in the network) responds differently in the sen-
sitivity analysis (Fig. 4). Parameter estimations, which consider the
F6P, G6P and amino acid labelling, result in significantly lower flux
errors (Fig. S6), as compared to estimations without F6P. This ob-
servation underlines the importance of the newly introduced fragment
to study microbes, which operate the EDEMP cycle.

It is difficult to predict the general impact of the glucosamine la-
belling on the outcome of flux analysis in other cells, which operate a
functional EMP pathway. Eventually, the consideration of the G6P and
the F6P labelling together could increase the accuracy to determine the
reversibility of G6P isomerase, which interconverts these two metabo-
lites at the entry into the EMP pathway. This in turn would help to even
more precisely estimate the oxidative PP pathway flux, which depends
on a solid estimate of the flux reversibility of G6P isomerase (Wittmann
and Heinzle, 2001b). In this regard, it could be worth adding this la-
belling to recently developed workflows, although they offer a certain
precision already (Long et al., 2016). Similarly, flux studies in sucrose-
grown microbes, which form differently labelled units of F6P and G6P
from the substrate, could likely benefit from additional glucosamine
labelling analysis (Lange et al., 2017).

4.4. Glucose-grown P. putida generates a significant surplus of ATP

The obtained fluxes allow a closer inspection of the redox and en-
ergy metabolism of P. putida KT2440, providing a quantitative picture
of NADPH as a central redox cofactor. When setting up a balance for
NADPH, the supply results from the corresponding NADPH-dependent
fluxes (Fig. 6), corrected for cofactor specificity under in vivo conditions
(Nikel et al., 2015) (Fig. 11A). Anabolic NADPH consumption results
from biomass-related demand (Nikel et al., 2015; van Duuren et al.,
2013) and the measured specific growth rate (Table 1). In line with
recent observations (Nikel et al., 2015), P. putida generates a slight
catabolic excess of NADPH. The enzyme mainly supplying NADPH in
this organism is isocitrate dehydrogenase, which is different from the
situation in other microbes (Becker et al., 2011). The apparent surplus
of NADPH is obviously converted into NADH via the activities of so-
luble (SthA) and membrane-bound, proton-translocating (PntAB) pyr-
idine nucleotide transhydrogenases (Nikel et al., 2016).

Regarding energy metabolism, the ATP synthesized from NADH,

FADH2 and PQQH2 via oxidative phosphorylation in the respiratory
chain is inferred from the formation of the reduced cofactors, con-
sidering the estimated fluxes (Fig. 6), cofactor specificity (Nikel et al.,
2015) and the conversion of these three molecules into ATP assuming a
P/O ratio of 1.875 for NADH and PQQH2 (Hardy et al., 1993; Oberhardt
et al., 2011) and 1.0 for FADH2 (Yuan et al., 2017). In addition, ATP
production results from substrate-level phosphorylation, i.e., ATP-pro-
ducing and ATP-consuming fluxes (Fig. 6). On the other hand, the ATP
demand is obtained by adding up the requirements for anabolism and
non-growth-associated maintenance (NGAM) (Oberhardt et al., 2011;
van Duuren et al., 2013; Yuan et al., 2017). P. putida supplies most ATP
via oxidation of NADH (Fig. 11B). In addition, periplasmic metabolism
contributes significantly to the organism's energy supply, whereas
substrate-level phosphorylation is of minor relevance. Most energy is
withdrawn for anabolism. In comparison, uptake of the substrate re-
quires less energy, which is enabled by the fact that P. putida channels
most glucose into metabolism through the periplasm, which costs only
1 ATP per glucose (Fig. 1). In this way the cell avoids the costly two-
step route of glucose uptake into the cytoplasm via an ABC transporter
and subsequent phosphorylation, which requires two molecules of ATP
per molecule of glucose (Fig. 6). Taking these results together, P. putida
KT2440 generates a large apparent surplus of ATP. This surplus is
available to cover the ATP demand for growth-associated maintenance
(GAM), which can vary substantially depending on growth conditions
(Yuan et al., 2017). Moreover, it could be beneficial under stress and
contribute to the excellent survival and robustness of the microbe
(Belda et al., 2016; Kohlstedt et al., 2018; Nikel and de Lorenzo, 2014).

4.5. Glucose-grown P. aeruginosa PAO1 does not operate a functional
oxidative pentose phosphate pathway in vivo

The central hub of glucose catabolism in P. aeruginosa PAO1 is 6PG
(Fig. 7). The cells exclusively convert 6PG via the ED pathway. Strik-
ingly, they do not use the alternative route via 6PG dehydrogenase and
therefore obviously do not operate an active oxidative PP pathway
under the conditions examined here. In contrast, a recent study inferred
a strong flux through 6PG dehydrogenase and described the oxidative
PP pathway as an important route of glucose catabolism in P. aeruginosa
PAO1 (Opperman and Shachar-Hill, 2016). An inspection of the pre-
vious setup together with the simulation data of our work (Fig. 4) re-
vealed that the measured amino acid labelling was likely not suitable in

Fig. 10. Metabolic flux resolution of glucose catabolism in Pseudomonas putida KT2440 and its impact on physiological conclusions. Fluxes obtained from
the high-resolution approach with consideration of amino acid and sugar labelling (A) and fluxes obtained from the low-resolution approach with consideration of
amino acid and sugar labelling and lumped glucose catabolism (B).
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resolving the fluxes. Moreover, the previous study obviously considered
G6P and F6P as a single pool in the isotopomer network. On basis of our
findings, this simplification was unfortunate. The two pools differ sig-
nificantly in labelling (Table S3) and respond differently in the sensi-
tivity simulations (Fig. 3), which results from their different positions
within the network, and they should therefore be kept separate to avoid
miscalculations.

Accordingly, the previous picture should be revised: the ED pathway
is the major and perhaps even exclusive pathway for glucose break-
down in P. aeruginosa PAO1. Importantly, 6PG dehydrogenase activity
has never been reported in fractionated extracts of P. aeruginosa, as
would be expected were an authentic 6PG dehydrogenase present,
suggesting the absence of this enzymatic activity; this absence is further
supported by the data we present here (Lessie and Phibbs, 1984). In
fact, a serine dehydrogenase that has no proven activity on 6PG was
recently associated with this function (Bartell et al., 2017). Generally,
the lack of a functional oxidative PP pathway, as shown here, would

have strong implications for our understanding of the cellular phy-
siology of P. aeruginosa PAO1, particularly its fight against oxidative
stress imposed by the infected host (Opperman and Shachar-Hill, 2016):
other pathways would have to supply the antioxidant redox power
(NADPH) in the absence of an active oxidative PP pathway. More work
will be needed to completely address this question, particularly in
clinical isolates that might differ in their genomic repertoire and exhibit
a certain flexibility in pathway usage (Berger et al., 2014).

5. Conclusions

The approach presented here allows accurate, precise and con-
venient 13C MFA of pseudomonads and related microbes possessing a
parallel and convergent glucose intake and a cyclic organization of the
hexose metabolism. The use of a single analytical platform (GC-MS)
with only one chromatographic column and simple, robust protocols for
sample preparation and processing opens the possibility to easily and

Fig. 11. Quantitative analysis of the redox and energy metabolism in glucose-grown Pseudomonas putida KT2440. Reactions linked to NADPH (A) and ATP
(B) metabolism are calculated from the obtained fluxes (Fig. 6). They are given as absolute fluxes (mmol gDCW−1 h−1) and are related to the specific glucose uptake
rate (Table 1).
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successfully conduct such studies in different laboratories. Flux analysis
of Pseudomonas, as well as a surprisingly large number of microbes that
likely utilize the EDEMP cycle during hexose metabolism (Flamholz
et al., 2013; Fürch et al., 2009; Klingner et al., 2015), becomes more
accessible using the presented approach, representing a valuable ex-
tension of the available set of flux methods for these types of bacteria.
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