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Summary

Understanding metabolism is fundamental to access
and harness bacterial physiology. In most bacteria,
nutrient utilization is hierarchically optimized accord-
ing to their energetic potential and their availability
in the environment to maximise growth rates. Low-
throughput methods have been largely used to char-
acterize bacterial metabolic profiles. However, in-
depth analysis of large collections of strains across
several conditions is challenging since high-
throughput approaches are still limited – especially
for non-traditional hosts. Here, we developed a high-
throughput dilution-resolved cultivation method for
metabolic footprinting of Pseudomonas putida and
Pseudomonas aeruginosa. This method was bench-
marked against a conventional low-throughput time-
resolved cultivation approach using either a syn-
thetic culture medium (where a single carbon source
is present) for P. putida or a complex nutrient mix-
ture for P. aeruginosa. Dynamic metabolic footprint-
ing, either by sugar quantification or by targeted
exo-metabolomic analyses, revealed overlaps
between the bacterial metabolic profiles irrespective
of the cultivation strategy, suggesting a certain level
of robustness and flexibility of the high-throughput
dilution-resolved method. Cultivation of P. putida in

microtiter plates imposed a metabolic constraint,
dependent on oxygen availability, which altered the
pattern of secreted metabolites at the level of sugar
oxidation. Deep-well plates, however, constituted an
optimal cultivation set-up yielding consistent and
comparable metabolic profiles across conditions and
strains. Altogether, the results illustrate the useful-
ness of this technological advance for high-
throughput analyses of bacterial metabolism for both
biotechnological applications and automation pur-
poses.

Introduction

Bacterial metabolism comprises sets of biochemical
reactions that are tightly regulated spatio-temporally.
This complex network of reactions interacts dynamically
with the external environment. Thus, changes in the sur-
rounding conditions (e.g. nutrient availability) are propa-
gated to the intracellular metabolites’ fluxes to optimize
cellular physiology (Chubukov et al., 2014). Microbial
growth is, indeed, influenced by the availability of the
nutritional resources, which is often a matrix of several
different components (Sezonov et al., 2007; Molina
et al., 2019b).
Due to the tight relationship between exo- and endo-

metabolism, variations in exo-metabolites provide impor-
tant information on the intracellular metabolic status of
the cell (Mapelli et al., 2008). Metabolic footprinting anal-
ysis allows quantification of metabolite depletion and/or
synthesis as function of the cellular growth, which can
be further used as constraints for genome-scale meta-
bolic models for the computation of intracellular metabo-
lite distribution and fluxes (Mapelli et al., 2008; O’Brien
et al., 2015). For this reason, exo-metabolomic analyses
have been extensively used for a variety of both biotech-
nological applications and for basic research, such as
the functional characterization of uncharacterized genes,
selection of evolved strains, identification of relevant
bacterial mutants, and description of metabolic pathways
in several bacterial species (Kaderbhai et al., 2003;
Howell et al., 2006; Henriques et al., 2007; Paczia et al.,
2012; Deutschbauer et al., 2014).
In Pseudomonads, metabolic footprinting has been pri-

marily used to characterize regulatory processes such
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as Carbon Catabolite Repression (CCR), proteome com-
position changes as function of cellular growth, and to
identify links between metabolism and infection (Beh-
rends et al., 2009, 2013; La Rosa et al., 2016, 2018;
Yung et al., 2019; Arce-Rodr�ıguez et al., 2021; McGill
et al., 2021). Pseudomonads constitute a large group of
bacterial species of high interest, both from biotechno-
logical and clinical points of view (Weimer et al., 2020;
Rossi et al., 2021). Pseudomonas putida is a valuable
chassis organism due to its broad metabolic capability,
high tolerance to harsh conditions (oxidative stress and
toxic compounds), fast growth in multiple laboratory con-
ditions, and for the availability of a vast spectrum of
genetic tools to manipulate its genome (Nikel et al.,
2014). P. aeruginosa is a ubiquitous human opportunistic
pathogen present in different natural environments, and
associated with pulmonary infections in cystic fibrosis
(CF) patients, burn wounds, urinary tract infections and
hospital-acquired infections (Crone et al., 2020). In both
P. putida and P. aeruginosa, the utilization of essential
metabolites in simple or complex mixtures is a dynamic
process orchestrated by several regulators (Behrends
et al., 2013; Nikel et al., 2014, 2015; La Rosa et al.,
2016, 2019; Molina et al., 2019a, 2019b; Dolan et al.,
2020). Glucose assimilation occurs through oxidization in
the periplasm, first to gluconate (GA) and then to 2-
ketogluconate (2-KGA), which are subsequently phos-
phorylated to glucose-6-phosphate (G6P), 6-
phosphogluconate (6PG) or 2-keto-6-phosphogluconate
(2KG) to enter the cytoplasm (del Castillo et al., 2007;
Nikel et al., 2015, 2021). In rich complex media, the
CCR complex Crc/Hfq represses the assimilation of less
preferred carbon sources, such as glucose or branched-
chain amino acids, favouring the assimilation of other
more energetically preferred nutrients, such as glu-
tamine, asparagine, aspartate, alanine and glutamate
(Rojo, 2010; La Rosa et al., 2016).
Conventionally, to study exo-metabolite dynamics, cell

cultures are established in Erlenmeyer flasks and super-
natant samples are continuously collected from the same
culture. This classical approach is called the ‘time-
resolved’ method (Fig. 1). Importantly, the higher the
number of data points to collect, the higher the volume
of cell culture needed. This reduces the effect of sam-
pling on the physiology of the cell as a consequence of
the shift in the culture volume/conditions over time (Beh-
rends et al., 2014). Although the conventional time-
resolved method provides detailed analyses of metabo-
lite uptake/secretion profiles, it is clearly a low-
throughput method when many samples are needed,
and many strains are analysed. High-throughput method-
ologies such as ‘dilution-resolved’ synchronized cell cul-
ture can, theoretically, be applied to multiple conditions
and several strains on 96-well plates, substantially

increasing the throughput (Govantes, 2018). This
method, first described by van Ditmarsch and colleagues
(van Ditmarsch and Xavier, 2011; L�opez-S�anchez et al.,
2013), takes advantage of the relationship between the
lag phase of growth and the cell density, and offers a
great potential for many biotechnological applications. In
practice, serial dilutions of bacterial cell cultures are
established to generate shifts in the growth curves
reflecting the differences in the initial biomass concentra-
tion. After incubation, all samples are simultaneously
harvested, and each end-point sample from the different
dilutions is synchronized to reconstruct the time-
dependent trajectory of a conventional time-resolved
growth curve (Fig. 1). A detailed description of the
method and a detailed protocol are available in REF
(Govantes, 2018). However, even though this method
appears to be very promising, only a limited number of
examples are available in literature (van Ditmarsch and
Xavier, 2011; L�opez-S�anchez et al., 2013, 2016;
Jim�enez-Fern�andez et al., 2015, 2016; Govantes, 2018).
Whether the dilution-resolved method for high-throughput
applications secures flexibility in terms of cultivation set-
ups which entails reconstruction of the time-dependent
trajectory of a conventional time-resolved growth curve,
and whether it is sufficiently robust in relation to the
degree of physiological and metabolic agreement of cell
cultures cultivated in separate wells with increasing dilu-
tions, is still under-described. Moreover, it is also not
clear whether reliable quantification of assimilation and
secretion profiles of compounds from simple and com-
plex mixtures of carbon sources can be made. Establish-
ing the dilution-resolved method as gold standard
platform for high-throughput metabolomic analyses
would, therefore, be a step forward in connection with
both biotechnological applications and automation pur-
poses.
Here, we applied both time-resolved and dilution-

resolved methods for metabolic footprinting analyses of
the model species P. putida KT2440 and P. aeruginosa
PAO1. Since most biotechnological applications rely on
inexpensive and simple carbon sources, we analysed P.
putida KT2440 when growing in the presence of glucose
as an archetypal sugar substrate. In contrast, P. aerugi-
nosa PAO1 was analysed when growing in the defined
rich Synthetic Cystic Fibrosis Medium (SCFM) that repro-
duces the CF lung milieu, thereby, representing the nutri-
ent composition relevant for an infection. Comparative
analyses demonstrated that the dilution-resolved method
produces metabolic footprinting data from both simple
and complex media, similar to those produced by the
conventional time-resolved method. Moreover, this
approach provides flexibility as it can fulfil diverse experi-
mental needs by merely changing the cultivation set-up,
therefore, supporting its use for high-throughput
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screening of large collections of strains and/or growth
conditions.

Results and discussion

Sampling by time-resolved and dilution-resolved
methods provide comparable sample distributions

Dilution-resolved growth curves in 96-well deep-well
plates and microtiter plates were compared with conven-
tional time-resolved growth curves from continuous sam-
pling over time from Erlenmeyer flasks to compare the
distribution of the collected samples. P. putida KT2440
was cultivated in de Bont minimal medium (Hartmans
et al., 1989) with glucose as sole carbon source and P.
aeruginosa PAO1 in the defined rich SCFM medium
containing amino acids, glucose and lactate as carbon
and nitrogen sources (Palmer et al., 2007). P. putida
was cultivated in Erlenmeyer flasks, 96-well deep-well
and microtiter plates, while P. aeruginosa was only culti-
vated in Erlenmeyer flasks and 96-well deep-well plates.
Many clinical isolates of P. aeruginosa create free-
floating bacterial aggregates in microtiter plates which
interfere with the optical density (OD) acquisition and,
therefore, producing unreliable measurements. More-
over, while production strains are routinely screened in
microtiter plates, few large-scale screenings have been
performed with clinical isolates in microtiter plates
(Wewetzer et al., 2015; Kragh et al., 2018; Bartell et al.,
2019). For these reasons, we excluded microtiter plates
for P. aeruginosa analyses and focussed only on deep-
well plates and flasks. Dilution-resolved plates were pre-
pared by serial dilutions of overnight cultures of P. putida
in fresh de Bont minimal medium and of P. aeruginosa

in fresh SCFM. To adequately cover the growth phases
of interest, the dilution factor, the number of dilutions,
the inoculum density and the incubation time must be
chosen appropriately. The dilution factor, together with
the number of dilutions, controls the growth time-shift
between the cultures, while the incubation time, together
with the inoculum density, controls the range of ODs at
which the cultures are sampled. Changing either the
dilution factor or the inoculum density makes it possible
to carry out the cultivations by the incubation time which
best suits the specific needs. To describe two very differ-
ent approaches and assess the adaptability of the
method, we selected a low inoculum density and a long
incubation time for P. putida and a high inoculum density
and a short incubation time for P. aeruginosa. It should
be noted that while quantification of sugars by HPLC is
inexpensive and widely accessible, amino acid quantifi-
cation is still more costly and requires an ad hoc set-up
due to the complexity of the amino acid chemistry. For
this reason, for P. putida we prioritized a high resolution
of the growth curve, whereas for P. aeruginosa, we
reduced the number of dilutions to a minimum, which
could provide full coverage of the growth curve.
For P. putida, a low inoculum density with OD600 val-

ues (OD at 600 nm) between 5.0 9 10�2 and
9.5 9 10�8 and an array of 20 serial dilutions was used
(Fig. 2A). For P. aeruginosa, a high inoculum density
with OD600 between 2.0 9 10�1 and 3.9 9 10�4 and an
array of 8 serial dilutions was used (Fig. 2B). A dilution
factor of 1:2 was applied for both strains (see Experi-
mental Procedures for a full description of the method).
To produce time-shifted cultures mirroring 12 and 9.5 h
of bacterial growth in conventional Erlenmeyer flasks, an

Fig. 1. Schematic representation of the time-resolved and dilution-resolved workflow for exo-metabolomic analyses. For the time-resolved
method, bacteria are cultivated in Erlenmeyer flasks and incubated in a flask shaker incubator. Samples are collected over time (t1 t2 t3 t4 t5 . . .
tn) for OD measurement to follow bacterial growth and supernatants are collected by centrifugation. For the dilution-resolved method, bacteria
are inoculated in 96-well plates in serial dilutions and incubated in a microtiter plate reader to follow the growth in real time. At the time of sam-
pling (tx), all supernatant samples are harvested simultaneously by centrifugation.

ª 2021 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd., Microbial
Biotechnology, 14, 2214–2226

2216 B. H. Pedersen et al.



incubation time of 22 h for P. putida and 5.5–6.5 h for P.
aeruginosa was required (Fig. 2). Independently of the
specific set-up and strain, the distribution of the OD val-
ues of the samples collected using the dilution-resolved
method showed coverage of ODs similar to the conven-
tional time-resolved growth curves (Z-score
range = 0.08–0.23) (Fig. 2).
These results suggest that the samples collected

using the high-throughput dilution-resolved method can
capture the same growth states as in the time-resolved
method. Moreover, they confirm the relationship between
lag phase and cell density at any given time for the
strains and laboratory conditions used in this study, indi-
cating robustness and simultaneous flexibility of the
dilution-resolved method in the presented experimental
set-up and with the specific analysed strains. Impor-
tantly, the relationships between inoculum density, dilu-
tion factor and incubation time should be specifically
explored for each combination of media condition, num-
bers of samples required, and specific bacterial strains
in order to identify the optimum conditions.

The dilution-resolved method captures the different
phases of initial glucose processing in P. putida

For applications of the dilution-resolved method, it is
important that the relationship between the metabolomes
of the different cultures growing in different wells, pro-
gressively diluted, is analogous to the relationship

between the metabolomes of a single culture sampled
continuously over time. The metabolite concentration in
supernatant samples from both time-resolved and
dilution-resolved methods should, therefore, change sim-
ilarly maintaining a linear relationship between the sam-
ples. To test this possibility, supernatant samples
collected from P. putida cultures, established using the
dilution-resolved method, were analysed by HPLC to
quantify glucose metabolism intermediates, and com-
pared to samples collected using the time-resolved
methods (Fig. 2A). Regardless of the method used and
the cultivation set-up (flask, deep-well or microtiter
plates), the relationship between the samples, that is the
relationship between the metabolites abundance and the
OD, was maintained, making it possible to determine
profiles of assimilation and secretion for glucose, GA
and 2-KGA (Fig. 3A and Table S1). In all cases, glucose
was assimilated during the entire cultivation while GA
and 2-KGA were initially secreted and catabolized by the
cells at later stages during late exponential and station-
ary phase. Interestingly, the cultivation set-up imposed a
specific metabolic constraint, resulting in slightly different
assimilation and secretion profiles. While the maximal
concentration of GA was comparable between the culti-
vation setups (~3.2 mM), the growth phase at which it
was secreted varied between flask and deep-well plate
(exponential phase) and microtiter plate (stationary
phase) (Fig. 3A). 2-KGA was detected only in flask cul-
tures and deep-well plates, although secretion occurred
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Fig. 2. Time-resolved and dilution-resolved growth curves of Pseudomonas putida and Pseudomonas aeruginosa.
A. Growth curve and distribution of samples of P. putida cultivated in de Bont minimal medium in the presence of glucose in Erlenmeyer flasks
(blue symbols and lines), deep-well plates (red symbols) and microtiter plates (green symbols).
B. Growth curve and distribution of samples P. aeruginosa cultivated in SCFM in Erlenmeyer flasks (blue symbols and lines) and deep-well (red
symbols) plates. Each symbol represents a sample collected during the growth using the time-resolved method (blue symbols) or at incubation
time using the dilution-resolved method (red and green symbols). Shades of colour represent three independent biological replicates. For com-
parison, the distribution of the samples collected using the dilution-resolved method is shown at the side of each graph. Time-resolved growth
curves were inferred by fitting a spline/LOWESS curve to the OD600 (OD at 600 nm) and time data.
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Fig. 3. Dynamics of sugar uptake and its conversion into oxidized products in P. putida.
A. The concentration of glucose, gluconate (GA) and 2-ketogluconate (2-KGA) in Erlenmeyer flasks (blue symbols and lines), deep-well plates
(red symbols and lines) and microtiter plates (green symbols and lines) is shown relative to the OD600 (OD at 600 nm) at which supernatant
samples were collected. The time-resolved method was used for cultivation of P. putida in Erlenmeyer flasks while the dilution-resolved method
for deep-well and microtiter plates in de Bont minimal medium in the presence of 27.7 mM of glucose as sole carbon source. Shades of colour
represent three independent biological replicates while shaded areas indicate the 95% confidence intervals of the curves (cubic spline fitting).
B. Concentration of glucose, gluconate and 2-ketogluconate in Erlenmeyer flasks in de Bont minimal medium in the presence of 27.7 mM of
glucose as sole carbon source at ratios of culture media to air volume of 1:5 (blue symbols and lines), 1:1 (red symbols and lines) and 2:1
(green symbols and lines) relative to the OD at which supernatant samples were collected. Shades of colour represent three independent bio-
logical replicates while shaded areas indicate the 95% confidence intervals of the curves (cubic spline fitting).
C. Maximal assimilation and secretion rate for glucose, gluconate and 2-ketogluconate in Erlenmeyer flasks (blue bars), deep-well plates (red
bars) and microtiter plates (green bars). Parameters were calculated by linear regression from the six samples that produced the highest rate.
For glucose, assimilation rate was calculated during both exponential and stationary phase. The error bar indicates the SEM (Standard Error of
the Mean). Differences between rates were evaluated by Unpaired Welch t-test with significance indicated as ‘ns’ where P > 0.05, and ‘***’
where P < 0.001.
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at later time points and at lower concentration (fivefold
reduction; Fig. 3A). No 2-KGA was identified in microtiter
plate cultures. We hypothesize that limited oxygen avail-
ability in multi-well plates, mostly due to the different
ratios between medium and air volume (1:5 for flasks,
1:1 for deep-well plates, and 2:1 for microtiter plates)
and the different oxygen-transfer rate (OTR) between
setups, led to reduced 2-KGA formation (Duetz and
Witholt, 2004; Wewetzer et al., 2015). Oxygen is an
important factor for glucose assimilation, and if limited
may cause rearrangement of the metabolite fluxes within
the glucose catabolic pathway (Davis et al., 2015). To
substantiate this hypothesis, we quantified the glucose,
GA and 2-KGA assimilation and secretion profiles in
flasks using a ratio of medium versus air of 1:1 and 2:1
and compared it with the 1:5 set-up (Fig. 3B). Glucose
assimilation pattern overlapped between conditions,
while GA showed a threefold reduction relative to the 1:5
set-up and it was secreted only during early exponential
phase in both 1:1 and 2:1 flasks (Fig. 3B). Moreover,
while in microtiter plates no 2-KGA was identified, in the
corresponding 2:1 flask set-up, 2-KGA was still secreted
albeit at lower concentration (twofold reduction)
(Fig. 3B). This indicates that in our experimental set-up,
oxygen availability is still higher in flasks relative to deep
wells and microtiter plates due to the different OTR
which ultimately depends on the shape and size of the
vessel, on the orbital diameter and on the rate of shak-
ing (Duetz and Witholt, 2004; Wewetzer et al., 2015).
Maximal rates of glucose consumption and secretion

of GA and 2-KGA, computed at the six OD points that
produced the highest rates, deviated between the meth-
ods as a consequence of the different cultivation setups
(Fig. 3C and Table S1). While the specific glucose con-
sumption rate was similar in flasks and deep-well plates,
it was threefold lower in microtiter plates during expo-
nential phase (Unpaired Welch t-test) (Fig. 3C). For GA,
there was no significant difference between the assimila-
tion rates using the different methods, but its secretion
rate was 2.7-fold higher in deep-well plates (Unpaired
Welch t-test) (Fig. 3C). For 2-KGA, both assimilation and
secretion rates differed significantly between the meth-
ods (Unpaired Welch t-test) as also shown by the secre-
tion plot (Fig. 3A).
Regardless of the underlying regulatory mechanism, it

is worth noting that the cultivation set-up should be
taken into account while planning high-throughput exper-
iments using the dilution-resolved method. Indeed, OTR
should be specifically analysed to match the desired
oxygen availability for the specific cultivation (Duetz,
2007). Parameters such as cultivation volume, shape of
the vessel, orbital diameter and rate of orbital shaking
can be specifically selected to perfectly match the
desired final cultivation set-up. Nonetheless, these

results confirm the reliability of the method for analyses
of targeted metabolites assimilated or secreted during
bacterial cultivations in the presence of a single carbon
source.

P. aeruginosa’s complex metabolic behaviour in SCFM
is maintained irrespective of the cultivation method

To further test whether the dilution-resolved method can
be applied to assess complex metabolic patterns from a
rich defined complex medium such as SCFM, the super-
natant samples collected from P. aeruginosa cultivations
using both the dilution-resolved and time-resolved meth-
ods (Fig. 2B), were analysed by targeted exo-
metabolomics and compared with respect to changes in
metabolite composition over time and dilution.
Performing a Principal Component Analysis (PCA),

which explains 89% of the variance on PC1, shows how
the exo-metabolomes overlap between the two sampling
methods and follow the same trajectory as a function of
growth and metabolite assimilation (Fig. 4A). Similarly, a
hierarchical clustering analysis (HCA) of the variance of
each specific metabolite, summarizing the reduction in
concentration across all samples of a given experiment,
shows a mixed clustering of the experiments regardless
of the sampling method (Fig. 4B). Compounds such as
aspartic acid, glutamic acid, proline, alanine, arginine
and serine show the highest variance being assimilated
during the early stages of growth. The remaining com-
pounds, in contrast, show low variance since they were
not assimilated in the analysed growth window (Fig. 4B
and Fig. S1). It should be pointed out that for P. aerugi-
nosa, samples were collected mainly during exponential
and early stationary growth phase to maximize the reso-
lution of the most preferred carbon sources. Therefore,
to cover the assimilation profiles of the remaining com-
pounds, a higher number of dilutions or a higher dilution
factor should be selected. Similar to what was shown for
P. putida, assimilation curves overlapped using the two
methods, both for the fully (aspartic acid), partially (pro-
line) and not (tyrosine) assimilated compounds without
showing significant differences based on the cultivation
method (Fig. 4C, Fig. S1 and Table S1).
To further investigate whether the hierarchy and rates

of assimilation were similar between methods, we fitted
mechanistic growth models and linear regression models
to the data of the seven metabolites, which were either
completely or partially assimilated during the exponential
growth phase (Fig. 4D and E and Table S1). The mecha-
nistic growth model allows quantifying important parame-
ters such as the metabolite half-life (OD50 value), which
represents the OD at which 50% of a compound has
been assimilated. When metabolites are ordered by their
OD50 value, the hierarchy of assimilation can be defined
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based on the cellular metabolic preference (Behrends
et al., 2014). When comparing the OD50 values between
methods, no statistical differences (Unpaired Welch t-test)
were shown for the four most preferred carbon sources.

Although the latter three showed some small differences
between methods, the hierarchy is clearly preserved, sup-
porting the constancy of the hierarchy of assimilation in
SCFM (Fig. 4D and Table S1). Similarly, the assimilation
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Fig. 4. Metabolism dynamics of Pseudomonas aeruginosa cultivated in SCFM rich medium.
A. Principal Component Analysis (PCA) of the exo-metabolomes of P. aeruginosa collected using the time-resolved (triangles) and dilution-
resolved methods (circles). Dots represent the metabolome of each supernatant sample at a given OD. The OD is represented by a colour gra-
dient and the black dashed arrow indicates the trajectory of the metabolome during growth.
B. Two-way hierarchical cluster analysis (HCA) of the quantified metabolites grouped by cultivation methods and metabolite dynamics. The heat
map shows the variance of the concentration of each compound which is a proxy of the shift in metabolite concentration within the samples of
a specific method. Compounds with higher variance are assimilated earlier than those with lower variance. Compounds not assimilated show
null variance.
C. Assimilation of aspartate (red lines and symbols), proline (green lines and symbols) and tyrosine (blue lines and symbols) during cultivation
using either the time-resolved (triangles) or the dilution-resolved (circles) method in Erlenmeyer flasks and deep-well plates respectively. The
plot shows examples of metabolites completely assimilated (aspartate), partially assimilated (proline) and not assimilated (tyrosine) by P. aerugi-
nosa when growing in SCFM respectively. Shaded areas indicate the 95% confidence intervals of the curves (cubic spline fitting).
D and E. Assimilation parameters of the compound uptaken during exponential growth. The maximal assimilation rate was calculated by fitting
a linear regression model to the five data points which showed the highest reduction in concentration. The hierarchy of assimilation was defined
by ordering the assimilated metabolites by their half-life (OD50), which represents the OD at which the concentration of each compound halved.
The OD50 were calculated by fitting a mechanistic growth model to the metabolite’s concentration relative to the OD. The error bar indicates the
SEM (Standard Error of the Mean). Differences between rates were evaluated by Unpaired Welch t-test with significance indicated as ‘ns’ where
P > 0.05, ‘*’ where P < 0.05, ‘**’ where P < 0.01 and ‘***’ where P < 0.001.
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rates were comparable between methods confirming the
reliability of the dilution-resolved method for the character-
ization of complex metabolic behaviours (Fig. 4E and
Table S1). Interestingly, even using only the data of two
biological replicates, the hierarchy and the rates of assimi-
lation were comparable, irrespective of the method, con-
firming the robustness and the potential of the dilution-
resolved method (Fig. S2 and Table S1).
Opposite to what was shown for P. putida, no consid-

erable difference in assimilation profiles was observed
when using the two cultivation methods (flask versus
deep-well). The OD50 assimilation hierarchy of PAO1
has been previously described in LB medium (La Rosa
et al., 2018). Arginine was not identified in that study,
but the order of assimilation for the remaining six pre-
ferred metabolites is identical between studies, indicating
a common metabolic preference of P. aeruginosa PAO1,
independent of the growth medium.
Altogether, these results show that metabolism is con-

served in individual wells in the high-throughput dilution-
resolved method, reflecting changes in the metabolome
composition during growth, as accurately as in the time-
resolved method. Moreover, it suggests that complex
patterns of metabolic behaviour are maintained indepen-
dent of the cultivation set-up and/or sampling method.

Discussion

Metabolic characterization of bacterial strains is usually
carried out in a low-throughput manner, which is time
and resource consuming. Only a limited number of high-
throughput methods are available (Zampieri et al., 2017),
mostly devoted to strain characterization towards
biotechnological applications. Here, we have shown that
a dilution-resolved method for dynamic sugars quantifi-
cation and targeted exo-metabolomic analysis is both
robust and flexible. Indeed, independently of the specific
species and cultivation set-up, the relationship between
the metabolic and physiological status of cell cultures
progressively diluted cultivated accordingly to the
dilution-resolved method is maintained. Parameters such
as cultivation set-up, dilution factor, number of dilutions,
inoculation density and incubation time can be tuned to
the specific metabolic dynamics of the cells or to specific
needs of the operator, providing flexibility and optimal
solutions for customization. This method can easily
become integrated in automated workflows using liquid-
handling robots with applications that include biotechnol-
ogy platform strains such as P. putida but also clinically
relevant isolates as P. aeruginosa. The method can be
used for both high-resolution investigations by increasing
the number of dilutions per strain/condition, and for
large-scale high-throughput investigations by increasing
the dilution factor and reducing the number of dilutions

per strain/condition. Moreover, by modifying either the
dilution factor or the inoculum density, the cultivation can
be carried out using both short and long incubation times
which allows even more flexibility. While scalability using
the time-resolved method depends on the availability of
the laboratory resources (flasks, incubators, etc.), the
dilution-resolved method can be easily scaled up to 96
samples using multi-well plates and a single laboratory
set-up. Since the set-up of bacterial cultivation has an
impact on the exo-metabolite dynamics as a conse-
quence of the different cellular physiology, it should be
considered when planning high-throughput experiments
using the dilution-resolved method. OTR, indeed, varies
between cultivation vessels and setups and it should,
therefore, be specifically selected in relationship to the
oxygen requirement for the cultivation. Matching the
metabolic profiles of bacteria growing in microtiter plates
in simple carbon sources to the flask condition, there-
fore, requires further optimization. Scalability of microtiter
plates to larger fermenters indeed poses several chal-
lenges which have been previously investigated (Duetz,
2007). However, overall in our experiments with Pseu-
domonads, deep-well plates provided the best cultivation
conditions which are comparable to Erlenmeyer flasks
and which permit analysis of large numbers of strains
and/or culture conditions in a high-throughput manner.
Further validation and optimization are required for other
industrially or biologically relevant species. Although the
dilution-resolved method in the present study was only
applied for high-throughput sampling for dynamic sugar
quantification and for targeted exo-metabolomic analy-
ses, it can also be optimized for endo-metabolomic anal-
ysis and for transcriptomic, fluxomic or proteomic
analyses with relatively few adjustments. Whether the
dilution-resolved data are in agreement with the time-
resolved data, however, merits further investigations.
Still, the method has been successfully used for quantifi-
cation of rhamnolipids in P. aeruginosa and production
of biofilm in P. putida (van Ditmarsch and Xavier, 2011;
L�opez-S�anchez et al., 2013). Importantly, the relationship
between the diluted cell cultures is linear between differ-
ent wells, indicating that the metabolic processes, con-
trolled by several global and local regulators, are
maintained independent of the initial inoculum. In conclu-
sion, the dilution-resolved method can be combined with
exo-metabolomics as a powerful tool for high-resolution
and/or high-throughput metabolic footprinting investiga-
tions of bacteria with complex metabolic dynamics.

Experimental procedures

Bacterial strains and media composition

Pseudomonas putida KT2440 was cultivated in de Bont
minimal medium (containing, per litre of final medium,
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1.55 g K2HPO4, 0.85 g NaH2PO4, 2.0 g (NH4)2SO4,
0.1 g MgCl2, 10 mg EDTA, 2 mg ZnSO4, 1 mg CaCl2,
5 mg FeSO4, 0.2 mg Na2MoO4, 0.2 mg CuSO4, 0.4 mg
CoCl2, and 1 mg MnCl2) containing 5 g/L (27.7 mM) of
glucose as sole carbon source. de Bont minimal medium
was prepared according to (Hartmans et al., 1989) and a
single medium batch was used for all the experiments to
avoid any differences that could arise from medium com-
position. Pseudomonas aeruginosa PAO1 was cultivated
in the defined rich medium Synthetic Cystic Fibrosis
Medium (SCFM), designed to mimic the conditions of
the airways in patients with cystic fibrosis and containing
amino acids, glucose and lactate as carbon sources
(Turner et al., 2015). We excluded DNA and mucins to
reduce viscosity and allow HPLC analysis of the sam-
ples (Deschamps et al., 2021). Two different batches of
SCFM were used for the cultivation experiments in
deep-well plates and Erlenmeyer flasks, respectively,
and some variation in the concentration of specific
metabolites was determined by HPLC analysis. These
differences are listed in Table S1. P. putida was culti-
vated in baffled Erlenmeyer flasks, 96-well deep plates
(Cat. No. 0030502302; Eppendorf, Hamburg, Germany)
and 96-well clear bottom microtiter plates (Cat. No.
650001; Greiner Bio-One, Kremsm€unster, Austria) while
P. aeruginosa in baffled Erlenmeyer flasks and 96-well
deep plates. In all cases, both precultures and cultures
were incubated in the same culture medium to avoid
changes in media composition and extended lag phase.
P. putida precultures were carried out overnight in 50-ml
Falcon tubes containing 10 ml of de Bont medium con-
taining 5 g/L (27.7 mM) of glucose as sole carbon
source at 250 rpm at 30°C. P. aeruginosa precultures
were carried out overnight in 15-ml Falcon tubes contain-
ing 6 ml of SCFM at 250 rpm and at 37°C. For both spe-
cies, a shaker incubator with an orbit diameter of 2.5 cm
(1 in) was used.

Time-resolved cultivation method

For the time-resolved method, bacteria were cultivated in
Erlenmeyer flasks in three independent biological repli-
cates. Precultures of P. putida were grown for 18 h, cen-
trifuged at 10 000g for 5 min, washed twice in 1-ml de
Bont medium without glucose and used to inoculate at
OD600 of 0.05, 250-ml Erlenmeyer flasks containing
50 ml (1:5 media to air volume ratio), 125 ml (1:1 media
to air volume ratio) or 166.7 ml (2:1 media to air volume
ratio) of glucose de Bont medium. During cultivation at
30°C and 200 rpm, 0.5 ml of bacterial culture was har-
vested after 2, 3, 4, 5, 6, 7, 8, 9, 10 and 12 h, the OD600

recorded, and the supernatant collected by centrifugation
at 21 000g for 5 min at 4°C. Samples were stored at
�20°C until further analysis. Precultures of P.

aeruginosa were grown overnight and directly used,
without washing, to inoculate at 0.05 of OD600, 100-ml
Erlenmeyer flasks containing 50 ml of SCFM. During cul-
tivation at 37°C and 250 rpm, 1 ml of bacterial culture
was harvested after 2, 3, 4, 4.75, 5.75, 7.5 and 9.5 h of
incubation, the OD600 recorded, and the supernatant col-
lected by centrifugation at 21 000g for 7 min at 4°C.
Samples were stored at �80°C until further analysis. For
both species, a shaker incubator with an orbit diameter
of 2.5 cm (1 in) was used.

Dilution-resolved cultivation method

For P. putida, three independent overnight cultures were
washed as for the time-resolved method and inoculated
at OD600 of 0.05 in a 96-well deep plate containing 1 ml
of de Bont medium in rows B, C and D of column 2 and
diluted sequentially 1:2 until column 11, and again from
rows E, F and G of columns 2 till column 11. This way
an array of 20 dilutions was established for each biologi-
cal replicate. Columns 1 and 12 were used as contami-
nation control and contained de Bont medium with
glucose. 96-well microtiter plates were set up similarly to
the deep-well plates with few differences. The volume of
cultivation was set to 200 ll and since growth was per-
formed without the plate lid to avoid condensation, the
remaining external wells were filled with 280 ll of water
to reduce evaporation which in all cases was on average
9.7 � 3.7%. For P. aeruginosa, a different approach was
used. Three independent overnight cultures were used
directly without washing to prepare two master culture
dilutions at the OD600 of 0.25 and 0.00625 and used to
inoculate wells from columns 1 to 6 and 7 to 11 respec-
tively. In this way, specific volumes of each master dilu-
tion (960, 480, 240, 120, 60 and 30 ll from dilution 1
and 600, 300, 150, 75 and 38 ll from dilution 2 respec-
tively) were used to inoculate each well of a deep-well
plate, after which the corresponding volume of SCFM
was added to reach a final volume of 1.2 ml. On aver-
age, the amount of carry-over of preculture medium was
1.7% � 3.4%. However, no amino acids, sugars or
organic acids were identified in the overnight precultures.
Column 1 was inoculated at an initial OD600 of 0.2 and
the following columns corresponded to 1:2 dilutions. Col-
umn 12 was used as contamination control and con-
tained pure SCFM. In both cases, deep-well plates were
incubated at 30°C (P. putida) or 37°C (P. aeruginosa) in
an orbital shaker with an orbital diameter of 2.5 cm (1 in)
at 250 rpm. After 22 h (P. putida) and 5.5-6.5 h (P.
aeruginosa), when the wells of the second-lowest dilu-
tion showed signs of growth, 40 ll of cell suspensions
were transferred to a new 96-well microtiter plate to
measure the OD600 in a SynergyTM MX microtiter plate
reader (BioTek Instruments Inc., Winooski, VT, USA).
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The remaining volume was centrifuged at 1740g at 4°C
for 30 min to separate the biomass from the supernatant
(250 ll) which was stored at �20°C (P. putida) or
�80°C (P. aeruginosa) until further analysis. 96-well
microtiter plates for P. putida cultivation were incubated
at 30°C in a BioTek� ELx808 Absorbance Microtiter
Reader (BioTek Instruments Inc., Winooski, VT, USA)
where the shake movement is a repeated 0.021 inch
(0.05334 cm) movement from the shake position and
back. The shaking mode was set to ‘medium’ mode
which corresponds to 18 Hz or approximately 1080 rpm.
The bacterial growth was followed by measuring the
OD630 every 15 min. After 22 h of growth, 150 ll of each
well was transferred to a 96-filter plate (MultiScreenHTS,
HV Filter Plate 0.45 lm, hydrophilic, clear, non-sterile,
Millipore, Catalogue number MSHVN45) to filter out the
bacteria and collect the supernatants. Plates were cen-
trifuged at 1000g for 3 min and the supernatants stored
at �20°C until further analysis. For each experiment, 16
to 20 samples/time points for P. putida and 6 to 8 sam-
ples/time points for P. aeruginosa were selected for
HPLC analysis based on the following criteria: (i) the OD
reflected the dilution relative to the other samples; and
(ii) the total samples provided the highest variance of
ODs.

High-performance liquid chromatography for sugars
quantification and targeted exo-metabolomic analysis

For sugars analyses and targeted exo-metabolomic anal-
yses, frozen samples were thawed at 4°C and further
processed for high-performance liquid chromatography
(HPLC). Glucose, gluconate and 2-ketogluconate con-
centration, for the P. putida experiments, were quantified
on a Dionex Ultimate 3000 system (Thermo Scientific,
Waltham, USA) with a HPx87H ion exclusion column
(125-0140, Aminex, Dublin, Ireland), equipped with a
guard column (125-0129, Bio-Rad, Hercules, California,
USA) and guard column holder (125-0131, Bio-Rad, Her-
cules, California, USA) and eluted with 5 mM H2SO4 at
an isocratic flow of 0.6 ml min�1 at 30°C for 30 min. Glu-
cose and 2-ketogluconate were analysed by RI detection
using a Smartline RI detector 2300 (KNAUER Wis-
senschaftliche Ger€ate, Berlin, Germany), whereas glu-
conate was analysed by UV detection at a wavelength
of 210 nm using a System Gold 166 UV detector (Beck-
man Coulter, Brea, USA). Metabolites for the P. aerugi-
nosa experiments were quantified using two separate
HPLC methods. Organic acids and sugars (glucose, glu-
conate, succinate, lactate, formate, acetate and pyru-
vate) were analysed by the same methodology and
instrument as for P. putida, but at 45°C instead of 30°C.
Pyruvate was analysed by UV detection while all other
organic acids and sugars were analysed by RI detection.

For amino acids quantification (aspartic acid, glutamic
acid, cysteine, asparagine, serine, glutamine, histidine,
glycine, threonine, arginine, alanine, tyrosine, valine,
methionine, tryptophan, phenylalanine, isoleucine, leu-
cine, lysine and proline), 20 ll of supernatant sample
was diluted 1:10 in Ultrapure MilliQ water and mixed with
100 ll of internal standard (20 lg/ml 2-aminobutyric acid
and sarcosine). Derivatization was performed directly in
the HPLC-instrument prior to injection by automatic mix-
ing with the following eluents: (i) 0.5% (v/v) 3-
mercaptopropionic acid in borate buffer 0.4 M at pH
10.2; (ii) 120 mM iodoacetic acid in 140 mM NaOH; (iii)
OPA reagent (10 mg/mL o-phthalaldehyde and 3-
mercaptopropionic acid in 0.4 M borate buffer); (iv)
FMOC reagent (2.5 mg/ml 9-fluorenylmethyl chlorofor-
mate in acetonitrile); and (v) buffer A (40 mM Na2HPO4,
0.02% (w/v) NaN3 at pH 7). After derivatization, samples
were separated isocratically on a Dionex UltiMate 3000
HPLC with fluorescence detector (Thermo Scientific,
Waltham, USA) through a Gemini C18 column (00F-
4439-E0, Phenomenex, Værløse, Denmark) equipped
with a SecurityGuard Gemini C18 guard column (AJ0-
7597, Phenomenex, Værløse, Denmark) with a flowrate
of 1 ml/min at 37°C using a 5 mM sulfuric acid mobile
phase. Metabolites were detected using an UltiMateTM

3000 Fluorescence variable wavelength UV detector
(FLD-3400RS, Waltham, Massachusetts, USA). Stan-
dard curves for each metabolite were used for absolute
quantification. All chromatograms were analysed using
the software Chromeleon v7.2.9.

Data analysis

Compounds which signal was undetectable (pyruvate,
gluconate, formate, succinate and acetate), near the
detection limit in all samples (asparagine and glutamine),
if a reliable calibration was not possible due to instability
of the metabolite (cysteine) or if signal appeared in
blanks (tryptophan and methionine) were excluded from
the analysis. Missing values were replaced with 20% of
lowest detected concentration (mM). Since different
batches of SCFM were used for cultivation in flasks and
deep-well plates with slight variations in the specific
metabolites concentration, they were normalized to per-
centage and then recalculated setting as 100% of the
metabolite concentration of the SCFM standard formula-
tion (see Table S1). For principal component analysis
(PCA) and hierarchical clustering analysis (HCA), the
metabolite concentration was normalized by log10 trans-
formation. PCA was calculated on the covariance of
each metabolome (sample/time point). HCA was calcu-
lated using Ward’s method on the variance of the con-
centration of each metabolite, which shows how much
the concentration of each metabolite varies across
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samples. To calculate the metabolites OD50, which rep-
resent the OD at which 50% of the metabolite has been
assimilated (metabolite half-life), the concentrations were
plotted against the log10(OD) and several sigmoidal
models (Gompertz 3P and 4P, Logistic 4P, 4P Hill and
5P, Probit 4P and Mechanistic Growth) and exponential
models were fit to the assimilation profiles. The mecha-
nistic growth model (Equation: a(1�bExp(�cx)) where
a = asymptote, b = scale and c = rate) was selected
because it provided the best fit across AICc, AICc
Weight, BIC, SSE, MSE, RMSE and R2 parameters, as
well as producing the lowest standard error for OD50

across metabolites. The hierarchy of assimilation for P.
aeruginosa was identified by ordering the assimilated
compounds by their OD50. The assimilation rate was cal-
culated from a minimum of five points by linear regres-
sion, and it was limited to samples in the OD range that
produced the highest rate. Statistical significance
between OD50 values and assimilation rates was deter-
mined by Unpaired Welch t-test. Data analyses were
carried out using the software JMP� version 15, except
for Welch t-test, which was computed in GraphPad
Prism 9.0. Time-resolved growth curves were inferred by
fitting a spline/LOWESS curve with 9 knots for P. putida
and 8 knots for P. aeruginosa to the OD and time data
using GraphPad Prism 9.0. Bar charts were created in
GraphPad Prism 9.0 and the schematic in Fig. 1 was
drawn in Biorender (https://biorender.com/). Assimilation
plots, PCA and HCA were created in JMP� version 15.
All figures were finalized in Adobe Illustrator.
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Fig. S1. Assimilation plots of all quantified metabolites for
Pseudomonas aeruginosa PAO1 cultivated in SCFM. The
concentration of each metabolite in Erlenmeyer flasks (blue
symbols and lines), and deep-well plates (red symbols and
lines) is shown relative to the OD at which supernatant sam-
ples were collected. Shaded areas indicate the 95% confi-
dence intervals of the curves (cubic spline fitting).
Fig. S2. Assimilation hierarchy (A and B) and assimilation
rate (C and D) determined using the data from three (blue
bars) or two (red bars) biological replicates for the dilution-
resolved (A and C) and time-resolved (B and D) methods.
The error bar indicates the SEM (Standard Error of the
Mean). Differences between rates were evaluated by
Unpaired Welch t-test with significance indicated as ‘ns’
where P > 0.05 and ‘**’ where P < 0.01.
Table S1. Data tables of metabolomics data for Pseu-
domonas putida and Pseudomonas aeruginosa; hierarchy
and rate of assimilation; SCFM composition.
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