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Abstract: The effect of initial pH on bacterial cell-growth and its change over time was studied
under aerobic heterotrophic conditions by using three bacterial strains: Escherichia coli ATCC 25922,
Pseudomonas putida KT2440, and Pseudomonas pseudoalcaligenes CECT 5344. In Luria-Bertani (LB)
media, pH evolved by converging to a certain value that is specific for each bacterium. By contrast,
in the buffered Minimal Medium (MM), pH was generally more stable along the growth curve. In MM
with glucose as carbon source, a slight acidification of the medium was observed for all strains. In the
case of E. coli, a sudden drop in pH was observed during exponential cell growth that was later
recovered at initial pH 7 or 8, but was irreversible below pH 6, thus arresting further cell-growth.
When using other carbon sources in MM at a fixed initial pH, pH changes depended mainly on
the carbon source itself. While glucose, glycerol, or octanoate slightly decreased extracellular pH,
more oxidized carbon sources, such as citrate, 2-furoate, 2-oxoglutarate, and fumarate, ended up with
the alkalinization of the medium. These observations are in accordance with pH change predictions
using genome-scale metabolic models for the three strains, thus revealing the metabolic reasons
behind pH change. Therefore, we conclude that the composition of the medium, specifically the
carbon source, determines pH change during bacterial growth to a great extent and unravel the main
molecular mechanism behind this phenotype. These findings pave the way for predicting pH changes
in a given bacterial culture and may anticipate the interspecies interactions and fitness of bacteria in
their environment.
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1. Introduction

Maintaining the intracellular concentration of protons within a certain range is very important in
all biological systems because the structure/function of proteins and other macromolecules depends on
pH. Moreover, pH affects the kinetic and thermodynamic parameters of all biochemical reactions in
which protons are involved as reactants. Especially important is respiration, where the proton motive
force (PMF) couples the electron transport chain to ATP synthesis [1] (oxidative phosphorylation).
In eukaryotes, mitochondria and chloroplasts are surrounded by the cytoplasm, which exhibits strict
pH homeostasis [2]. The scenario is quite different in bacteria, where PMF is produced in the inner
membrane that separates the cytosol and the periplasm in Gram-negative bacteria. In this sense,
bacteria are more exposed to extracellular pH changes than eukaryotes.

Genes 2020, 11, 1292; doi:10.3390/genes11111292 www.mdpi.com/journal/genes


http://www.mdpi.com/journal/genes
http://www.mdpi.com
https://orcid.org/0000-0001-5324-1711
https://orcid.org/0000-0003-3921-1553
http://dx.doi.org/10.3390/genes11111292
http://www.mdpi.com/journal/genes
https://www.mdpi.com/2073-4425/11/11/1292?type=check_update&version=2

Genes 2020, 11, 1292 20f17

Bacteria thrive in different habitats and display different levels of tolerance to environmental
pH. In fact, this is the basis for classifying bacteria into acidophiles (pH 1-3), alkalophiles (pH 10-13),
and neutrophiles (pH 5.5-9). However, as in Eukarya, the intracellular pH of bacteria is close to
neutrality and remains almost constant in order to preserve metabolic capacity and cellular integrity.
Bacterial pH homeostasis includes diverse mechanisms for direct sensing and adapting to extracellular
pH [3]. In addition to ATP synthesis, bacterial PMF can be utilized to actively transport metabolites
through the inner membrane (i.e., MSF [4]), as well as macromolecules through the outer membrane
using the TonB-dependent transport systems [5]. PMF also provides energy for driving the bacterial
flagellar motor [6].

The extracellular pH may change due to several factors. Growing E. coli cells in LB-medium were
shown to cause progressive changes in pH and sugar availability, which in turn influence both the
cellular heterogeneity within the microbial community and the microbial population’s gene-expression
profile [7]. The variation of pH has been shown to regulate genes involved in catabolism and metabolite
transport, including multidrug transporters [8]. Therefore, pH changes affect bacterial susceptibility
to antibiotics for two reasons, the presence of a transporter in the membrane, and, in some cases,
the permeability of the antibiotic as a function of pH [9,10]. The chemical composition of the culture
medium defines its initial pH, but metabolic reactions during growth phase and adaptation to the
medium trigger changes in extracellular pH.

One of the main components of the culture medium is the carbon source. Heterotrophic bacteria
can use a great variety of organic compounds as carbon source, either natural or xenobiotic [11].
Some bacterial groups, including strains from the Pseudomonaceae genus, are able to use a plethora of
carbon sources ranging from highly reduced, such as alkanes or alcohols, to more oxidized carbon
sources, such as di- and tri-carboxylic acids of the Krebs cycle, or even the more oxidized formic
acid [12]. Through a series of peripheral reactions, these compounds are converted into others included
in the core network, which includes a small part of the metabolic network that is strongly connected
to the central routes [13]. Therefore, growth of a given bacterial strain may disturb the growth of
neighboring strains sharing the same ecological niche and these changes may decide the fate of the
entire bacterial population [14]. From this point of view, understanding pH homeostasis may have
implications and applications in such diverse fields as bioremediation [15], metabolite production [16],
and the behavior of pathogenic bacteria in terms of their direct interaction with the host and the
development of methods to control food-borne pathogens [17,18]. Moreover, although strictly speaking,
ageing is an intrinsic process, external perturbations such as drastic changes in external pH associated
to a given carbon source could definitely guide more evident ageing phenotypes [19].

The change of extracellular pH can be predicted “in silico” using genome-scale metabolic models
(GEMs) because, ultimately, the extent of the metabolic network is limited by the reactions encoded
in its genome and the composition of the medium. GEMs contain detailed information on the target
organism and the exact reaction stoichiometry (including protons), the relationships between genes,
proteins, and reactions (GPR), as well as the biochemical and physiological data available subject to
specific nutritional scenarios. The aim of this work was to study the influence of the carbon source on
pH-change during aerobic growth of some model heterotrophic bacteria. Consequently, the results
obtained using GEM models of Pseudomonas putida KT2440 [20], Escherichia coli K-12 MG1655 [21],
and Pseudomonas pseudoalcaligenes CECT 5344 (submitted for publication) were confronted with
experimental results. The predicted results strongly agree with pH variations observed in vivo, giving
insights on the molecular mechanisms behind pH change. These data could be useful for optimizing
media composition for biotechnological applications such as the production of chemicals and predicting
biological fitness of bacteria in their ecological niches.

2. Materials and Methods

Liquid Culture media: Luria—Bertani media (LB) [22] was adjusted to pH 6, 7, 7.5, 8, 8.25,
and 9 with NaOH before autoclaving. M63 minimal media [23] supplemented with glucose, citrate,
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propionate, octanoate, fumarate, 2-oxoglutarate, 2-furoate, or glycerol as carbon source, at a final
concentration of 4.0 g/L, were adjusted to the desired pH with KOH before autoclaving. The cells
were cultured aerobically in a rotary shaker at 200 rpm and 30 °C for Pseudomonas, and 37 °C for
Escherichia coli. Bacterial cell growth was followed turbidimetrically by measuring the absorbance
of 1 mL culture samples in 1 cm path plastic cuvettes at 600 nm, using a Helios Epsilon colorimeter
(Thermo Scientific, Waltham, MA, USA). The growth curves were run in triplicate, giving similar
results. Therefore, in order to clarify the graphs, they show the results from a single representative
experiment. The pH of the culture media was measured with a conventional pH electrode (CRISON,
Madrid, Spain).

Genome-scale metabolic reconstruction for P. pseudoalcaligenes was performed using a defined
protocol [24], which resulted in model iRS1006 (unpublished). The genome-scale models we used for
Escherichia coli and Pseudomonas putida were previously published as {JO1366 [21] and iJN1411 [20,25],
respectively. The “in silico” assessment of proton exchange as a function of the carbon source using
GEMs was done as previously described [26]. To study the reactions involved in the pH changes using
different carbon sources for a defined bacterial strain, the fluxes were normalized against the biomass
reaction using glucose as carbon source. The flows were ordered following the absolute difference of
the expected normalized flow against the predicted flow (Supplementary Table S1). The exchange
fluxes for the carbon source, CO,, pH (H"), H,O, and O, were obtained directly from the table.

3. Results

Among the many factors affecting changes in extracellular pH with bacterial growth, this work
focused on the influence of the carbon source. Therefore, a set of experiments was designed to
separately determine how initial pH and the bacterial strains themselves influence changes in pH.
The influence of bacterial strain was tested using either complex media or minimal medium with
glucose as carbon source for each of the bacterial strains. The influence of pH was assessed using
the same medium and modifying the initial pH. On the other hand, the influence of the media was
assessed by changing the carbon source in defined minimal media for a single strain.

3.1. Influence of the Initial pH

To test the influence of initial pH and bacterial strain it was necessary to choose culture media in
which all bacterial strains could thrive. The Luria-Bertani (LB) medium was the complex medium
of choice, whereas the M63 medium, with glucose as carbon source, was used to test pH changes in
minimal medium. Since both E. coli and P. putida are neutrophilic organisms, the initial pH of the media
was set to 6, 7, or 8. By contrast, since P. pseudoalcaligenes is able to grow under alkaline conditions [27],
the initial pH for this strain was set to 7.5, 8.25, and 9.

3.1.1. Change of Extracellular pH in Complex (LB) Media

First, we monitored cell growth and pH changes along the growth curve at different initial pH in
Luria—Bertani medium. Since this is not a defined medium, it was not possible to simulate bacterial
metabolism and the change of pH by using genome-scale metabolic models (GEM). Therefore, it was
not possible to confront the experimental results with those obtained theoretically.

In the case of E. coli (Figure 1A), pH did not change during the lag phase in LB medium, but it
suddenly dropped during the exponential growth phase. The higher the initial pH, the more dramatic
was the pH drop. However due to further alkalinization of the media, pH converged to 8 at the
end of the exponential phase, and finally to around 8.5, irrespective of the initial pH. Interestingly,
these different pH-change paths did not impact on final cell density, which was almost the same in
all cases.
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Figure 1. Influence of the initial pH on pH change in different bacterial strains. Cells were inoculated
in either Luria-Bertani (LB) complex medium (panels (A-C)) or defined minimal M63 medium with
glucose as C-source (panels (D-F)). The pH of the medium (discontinuous lines) and cell-growth
(Aggo nm, continuous lines) were measured at the indicated times for E. coli ATCC 25,922 (panels (A,D)),
Pseudomonas putida KT2440 (panels (B,E)), and Pseudomonas pseudoalcaligenes CECT 5344 (panels (C,F)).

When cell-growth (Agoonm) and pH change was monitored for P. putida in LB media at different
initial pH, we found that, as with E. coli, pH did not change during the latency phase. However, the pH
of the culture media increased during the exponential phase, with alkalinization inversely proportional
to initial pH and converging to around 7.5 (Figure 1B). Alkalinization continued during the stationary
phase until a peak was reached at around 8. As for E. coli, the final Aggonm Were very similar in the
three-culture media.

When the behavior of P. pseudoalcaligenes was analyzed, we observed that while pH did not change
during the latency phase, it decreased slowly during the exponential growth phase when the initial
pH was 8.25 or 9, and it increased slowly when the initial pH was 7.5 (Figure 1C). pH converged to
a narrow range towards the end of the exponential phase. Alkalinization of the medium continued
during the stationary phase, reaching a peak around 8.5-9. The final Agyonm Were similar irrespective
of the initial pH, although it was slightly higher at pH 9.

3.1.2. pH Change and Cell-Growth in MM with Glucose as Carbon Source

Glucose can be used by many microorganisms as carbon source. When E. coli was cultured in
glucose, the pH did not change during the latency phase, which was a bit longer at pH 8. At the
beginning of the exponential phase, the pH suddenly dropped. At pH 7 and 8 the pH drop was around
one unit, but further cell growth restored the pH up to pH 6.5 and 7, respectively. Nevertheless, the pH
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drops in the culture media with initial pH 6 was close to two pH units, thus inhibiting further bacterial
growth and re-alkalinization of the medium (Figure 1D).

In the case of P. putida and P. pseudoalcaligenes, the pH-change paths were much more stable
than in E. coli. In addition, we found that the duration of the latency phase was much longer in
P. pseudoalcaligenes (Figure 1C,E). In any case, the pH did not change during this phase, but the pH
of the culture media decreased slightly for both strains along the exponential phase with glucose as
carbon source. During the stationary phase, the pH did not change and the Agoonm Were very similar
for all cultures.

3.2. Influence of the Carbon Source on pH Change

The type of carbon sources utilized by a certain bacterial strain is fundamentally limited by its
genotype, which determines the metabolic routes available for their assimilation. Glucose is a reliable
carbon source for many bacteria, including all strains utilized in this work, whereas other carbon
sources are species-specific. Table 1 contains a summary of the carbon sources used in this study,
classified according to their oxidation number (ON). The ON of the carbon source is its theoretical
valence, which is obtained by assigning a value of -2 to oxygen and +1 to hydrogen. The standard
enthalpy of combustion per carbon atom decreases as the oxidation number increases. The table also
contains the adjusted oxidation reactions that can be used to estimate the expected O, consumption,
and H,O and CO; production, per carbon atom.

3.2.1. Growth Curve and pH Change of E. coli ATCC 25,922 with Different Carbon Sources

According to previous sections, pH changes could be a consequence of the oxidation state of the
carbon source. Therefore, we tested this hypothesis by using the available GEMs for the three bacteria
above. GEMs can be used to estimate pH change during bacterial growth by monitoring the flux
through proton exchange reaction while maximizing growth. A negative flux through this reaction is
indicative of active proton uptake, thus resulting in external media alkalinization and vice versa [26].
The carbon sources for each assay were selected on the basis of their ON. Considering that in nature,
carbon’s ON range from —4 to +4, carbon sources with an oxidation number equal to or lower than
zero can be arbitrarily considered reduced. In the case of E. coli, the selected carbon sources were,
in addition to glucose (oxidation number 0), glycerol, which is more reduced than glucose (ON —0.66),
and two oxidized carbon sources: 2-oxoglutarate and fumarate (ON 0.8 and 1, respectively) (Table 1).
At maximum growth rates, the E. coli ({fO1366) model predicted a significant acidification of the
external medium when using reduced carbon sources (Figure 2B). By contrast, maximum growth rate
using oxidized carbon sources requires the alkalinization of the medium (Figure 2C). As a matter of
fact, the higher proton uptake flux (alkalinization) was predicted using fumarate (the most oxidized
carbon source tested) as the sole carbon source. The reader should note that the “in silico” predictions
(Figure 2B,D) compute growth rate (Y axis) as a function of fixed proton exchange values (X-axis),
where positive and negative values indicate proton secretion and uptake, respectively. On de contrary,
Panels A and B are time-course experimental results.

The results of “in vivo” laboratory experiments and GEM predictions were in good agreement.
Initial pH was always 7 for this set of experiments. As expected, bacterial growth with reduced
carbon sources (glucose and glycerol) resulted in the final acidification of the medium (Figure 2A).
As previously shown, growth with glucose proceeded with a reversible drop during the exponential
growth phase that simulates peak growth rate in the exponential phase. This was not predicted
using GEM. By contrast, growth at the expense of fumarate and 2-oxoglutarate resulted in a strong
alkalinization of the medium (Figure 2C). The highest alkalinization (up to pH 9) was recorded with
the most oxidized carbon source—fumarate (Figure 2C), as predicted by the model (Figure 2D), the lag
phase was also longest with fumarate (almost 35 h, Figure 2C). Final optical density was similar for all
carbon sources. However, it is remarkable that the final optical density was a bit higher with reduced
carbon sources, and was highest with glycerol, followed by glucose, fumarate, and 2-oxoglutarate.
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Table 1. Properties of the chemical compounds used as carbon sources in the present manuscript.

Standard Enthalpy of Combustion ?

Carbon Source Formula ON 2 Adjusted Oxidation Reaction
AH® (kJmol-1) ¢ AH? (kJ-Carbon~1) 4
Octanoic acid CsH1607 -1.5 CgH160; + 11 O, — 8 CO, + 8 H,O -798 —-600
Glycerol C3HgO3 —0.66 C3HgO3 +3.50, - 3 CO;, +4 H,O -1654 =551
Glucose CeH120¢ 0 CeH1206 + 6 O, — 6 CO, + 6 H,O -3165 -528
2-Furoic acid C5H403 0.4 C5H403 +4.5 02 -5 C02 +2 HQO -2041 -408
2-oxoglutaric acid CsHgOs5 0.8 C5HgO5 +4 O, — 5CO; + 3H,0 -1822 -364
Fumaric acid C4H404 1 C4H404 +3 02 — 4 C02 +2 Hzo -1334 -333
Citric acid C6H807 1 C6H8O7 +4.5 02 —6 C02 +4 HQO -1960 -327

2 Oxidation number (ON). ® Data from Haynes et al. (2017) [28]. ¢ Combustion enthalpy per mol. ¢ Combustion enthalpy per carbon atom.

60f17
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Figure 2. Influence of the carbon source on the pH change in E. coli ATCC 25,922 cultures. Cells were
inoculated in M63 media containing different carbon sources. Cell-growth (solid lines-A(600 nm)) and
pH change (dashed lines) were measured at the indicated times. Glucose and glycerol, which are
considered reduced carbon sources, are plotted together (panel (A)), whereas panel (C) shows the
results obtained using the more oxidized carbon source fumarate and 2-oxoglutarate. Panels (B,D)
represent the predicted influence of proton flux (negative implies uptake and therefore alkalinilization
of the medium) on the growth rate using the genome scale metabolic model of this strain as indicated
in the Materials and methods section.

3.2.2. Growth Curve and pH Change of P. putida KT2440 with Different Carbon Sources

The metabolic model of P. putida KT2440 ({J]N1411) was used to predict the optimum pH for growth
with octanoate (ON = —1.5), glycerol (ON = —0.66), glucose (ON = 0), 2-oxoglutarate (ON = +0.8),
and citrate (ON = +1). Glucose, glycerol, and 2-oxoglutarate were used as carbon sources to compare
the results with those previously obtained for E. coli. Nevertheless, citrate was used instead of fumarate
because, although both have the same oxidation state, citrate is a preferable carbon source for P. putida.
Finally, octanoate was also used because it is even more reduced than glycerol and both can be used by
P. putida and P. pseudoalcaligenes CECT 5344 for bioplastic production [29-31]. The model predicted the
acidification of the medium with the reduced carbon sources octanoate, glycerol, and glucose (Figure 3B)
and alkalinization of the cultures with 2-oxoglutate and citrate (Figure 3C). Moreover, the model
predicted that the most alkalinizing carbon source is citrate (Figure 3D).
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Figure 3. Influence of the carbon source on the pH change in P. putida KT2440 cultures. Cells were
inoculated in M63 media containing different carbon sources. Cell-growth (solid lines, Agpp nm) and pH
values (dashed lines) were measured at the indicated times. Glucose, glycerol, and octanoate, which are
considered reduced carbon sources, are plotted together in panel (A), whereas panel (C) shows the
results obtained using more oxidized carbon sources (citrate and 2-oxoglutarate). Panels (B,D) represent
the predicted influence of proton flux (negative implies uptake and therefore alkalinization of the
medium) on the growth rate using the genome scale metabolic model of this strain as indicated in the
Materials and Methods and Material section.

GEM predictions were validated in the laboratory. Since this bacterium is neutrophilic, the initial
pH was always 7, as described above for E. coli. Culture media supplemented with glucose and glycerol
became a little bit acidified during the exponential phase, whereas pH remained virtually constant
in culture media with octanoate (Figure 3A). By contrast, culture media containing 2-oxoglutarate or
citrate as carbon sources underwent a clear alkalinization that began during the exponential phase
and continued until the end of the stationary phase (Figure 3C). As observed for E. coli (Figure 2),
alkalinization was greater with citrate than with 2-oxoglutarate, which is fully compliant with the “in
silico” results (Figure 3D). The highest absorbance was reached with octanoate, followed by glycerol,
glucose, 2-oxoglutarate, and citrate.

3.2.3. Growth Curve and pH Change of P. pseudoalcaligenes CECT 5344 with Different Carbon Sources

Simulation of the growth rate vs. proton exchange by means of iR51006 predicts the acidification
of the medium with glucose and octanoate (Figure 4B) and its alkalinization with furoate and citrate
(Figure 4D). The same carbon sources as for P. pudida KT24440 were used, replacing 2-oxoglutarate
with furoate just to expand the validity of this study using different carbon sources that have been
found to be used by this strain [32]. Both furoic acid and 2-oxoglutarate are more oxidized than glucose
(Table 1). Nevertheless, whilst 2-oxoglutarate is a metabolite directly involved in the Krebs cycle,
the metabolism of furoic acid in P. pseudoalcaligenes is much more complex [32].
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Figure 4. Influence of the carbon source on pH change in P. peudoalcaligenes CECT 5344 cultures. Cells
were inoculated in M63 media containing different carbon sources. Cell-growth (solid lines, Aggp nm)
and pH change (dashed lines) were measured at the indicated times. Glucose and octanoate, which are
considered reduced carbon sources, are plotted together (panel (A)), whereas panel (C) shows the
results obtained using more oxidized carbon sources (citrate and 2-furoate). Panels (B,D) represent
the predicted influence of proton flux (negative implies uptake and therefore alkalinization of the
medium) on the growth rate using the genome scale metabolic model of this strain as indicated in the
M&M section.

Considering the physiology of the P. pseudoalcaligenes strain, the starting pH for the “in vivo”
experiments was set to 8 instead of 7. The metabolism of both citrate and furoate by P. pseudoalcaligenes
resulted in the alkalinization of the medium (Figure 4C). This alkalinization was higher with citrate
than with furoate, reaching a final pH of 9.5. Meanwhile, the metabolism of the more reduced
metabolites glucose and octanoate ended up with the acidification of the cultures (Figure 4A). The same
occurred with glycerol, but after a longer lag period (not shown). The carbon source that returned
peak absorbance was octanoate, followed by glucose, furoate, and citrate.

Overall, the experiment described above strongly suggests that the ON of the carbon source is a
key factor in determining the final pH of the medium after bacterial growth. As indicated, pH changes
in the medium can be predicted using GEMs. Therefore, the next goal in this work was to examine
the main metabolic fluxes in order to understand the metabolic basis of this fact. Only three carbon
sources were utilized for this purpose, and P. putida as model organism.

3.3. Analysis of pH Change and Detailed Metabolic Flux Balance Analysis of P. putida KT2440 with Different
Carbon Sources

The catabolism of a certain carbon source depends on the genotype of the bacterium, but it usually
converges to central metabolic routes. Under aerobic conditions, the main central oxidative pathway is
the Krebs cycle, rendering CO, and reducing power. The reducing power can be used both as “fuel” for
ATP synthesis through oxidative phosphorylation or as a source of electrons for biosynthetic reactions
(mainly as NAD(P)H). The aerobic oxidation of the carbon sources always renders CO, (ON +4).
Therefore, an organic compound’s reducing power can be theoretically calculated by adjusting its
hydration reaction to render CO; and reducing power (H,), as reflected in the following table (Table 2).
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Table 2. Reducing power, expressed as H, of the different carbon sources used in this work.

Carbon Source Formula ON? Adjusted Hypothetical Hydration Reaction =~ Normalized Reducing Power(H,/Carbon)
Octanoic acid CgH160; -1.5 CgH160, + 14 H,O - 8 CO, + 22 H) 2.75
Glycerol C3H803 -0.66 C3H803 +3 H2O -3 C02 +7H, 2.33
Glucose CeH1204 0 CeH1206 + 6 H O — 6 CO, + 12 Hy 2

2-Furoic acid C5H4O3 0.4 C5H403 +7 H2O -5 COZ +9 H2 1.8
2-oxoglutaric acid CsHgOs5 0.8 Cs5HgOs5 + 5 H,O —» 5CO, + 8 Hy 1.6
Fumaric acid C4H404 1 C4H404 +4H,0O - 4CO, + 6 Hy 1.5
Citric acid CeHgO7 1 C¢HgO7 + 5 H,O — 6 CO»+ 9 Hy 1.5

@ Oxidation number.
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Obviously, H; is not metabolically produced by aerobic heterotrophic bacteria, but it is chemically
equivalent to NAD(P)H. If coupled to the oxidative phosphorylation, the reducing power drives
ATP synthesis powered by the highly exergonic reaction 1 O, + NADH + H* — H,O. This reaction
coupled to the hydrolytic dehydrogenation of the carbon source (Table 2) are processes equivalent to
the combustion of each compound (Table 1). For example, in the case of glucose:

CgH1206 + 6 HO — 6 CO, + 12 Hy

12H, + 6 O, —» 12 H,O
CeH1206 + 6 O —» 6 CO, + 6 H,O

Given that the majority of the oxygen consumed under aerobic conditions is due to respiration
(see below), the amount of CO, produced per consumed O, can be anticipated considering the
stoichiometry of the reactions represented in Table 1. In order to understand the flux distribution of
carbon as a function of the carbon source, the predicted metabolic fluxes for P. putida were calculated
using iJN1411 [25] (Supplementary Table S1). The carbon sources employed were glucose (ON 0),
citrate (ON +1), and glycerol (ON —0.66). The results obtained are schematized in Figure 5. Fluxes were
normalized according to the biomass reaction (BiomassKT2440) with glucose as carbon source and
sorted according to the difference between the normalized and the predicted flow for each carbon source
(Supplementary Table S1). Since glucose was selected as the reference carbon source, it is represented
in the central panel (Figure 5B). The model was adjusted for an intake of glucose of 6.3 mmol g~! h™!
(37.8 glucose carbons per dry gram of biomass and hour) (Figure 5B). The predicted uptake of oxygen
(EX_o2(e)) was 11.99 mmol g~! h~!, while the flux through terminal oxidase (cytochrome bo terminal
oxidase-CYTBO3_4pp) was almost double (23.96). Considering that the flux through the terminal
oxidase is adjusted per electron pair, and that one molecule of oxygen is equivalent to two electron
pairs, this result reflects, as expected, that under these conditions respiration is the main oxygen sink.
Therefore, and taking into account the stoichiometry shown in Table 1, the expected CO, produced is
12 carbons (one CO; per Oy in the case of glucose). Nevertheless, the normalized exchange of CO,
was 13 mmol g~! h~! (Supplementary Table S1). Thus, we must assume that the reducing power of an
extra glucose carbon was used in anabolic reactions and/or cell maintenance. Provided that ON is zero
for glucose, this is equivalent to two electron pairs (Table 2, Figure 5B). In total, 34.4% of the consumed
glucose is converted into CO,, and the rest (65.6%) into biomass (Figure 5B).

The normalized exchange of citrate was 8.2 (EX_cit(e) = —8.2). This means that the number of
carbons needed to obtain the same biomass from citrate or glucose was 49.14, i.e., 30% more (Figure 5A).
By contrast, the same biomass can be obtained with 30.7 carbons of glycerol (EX_glyc(e)) = —10.2),
i.e.,, 81% less than that what is required with glucose (Figure 5C). In the case of citrate, oxygen
consumption during respiration was 11.1 mmol g~! h™!, equivalent to 14.8 mmol g~' h™! of
CO; according to Table 1. Since the exchange of CO, predicted in the model was much higher
(EX_co2(e) = 24.4), this means that 9.7 mmol g_l h~! of CO, are metabolically generated by reactions
equivalent to its hydration (Table 2). In the case of citrate, 9.7 CO, will generate 14.7 electron pairs (Hp)
(Table 2) that are utilized in the transformation of citrate into biomass, as schematized in Figure 5A.
By contrast, the production of CO, with glycerol as carbon source was less than expected given the
level of oxygen consumption (Figure 5C, Table 1). Specifically, consumption of 9.9 mmol g~! h~! of O,
should generate 8.6 mmol g~! h™! of CO, during the oxidation of glycerol (Table 1). Since only 5.9 are
produced (EX_co2(e)= 5.9), we must assume that 2.7 mmol g_l h™! of CO, became re-assimilated as
biomass (Figure 5C).
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0, (222) H,0 EX_CO,(e) = 24.4

EX_O,(e)=-11.1 CYTBO3_4pp =22

Respiration (14.7C = 30%)
Oxidation (9.7C = 19.7

Citrate (49.1C) 81)H,0 ~(146)H,

EX_cit(e)=-8.2

Biomass
EX_h(e)=-18.8 BiomassKT2440 = 0.62
10 H,0 I
H* A e
Alkalinization
B 2 il 1 EX_CO,(e) = 13

Glucose (37.8 C)

EX_glc(e)=-6.3

EX_h(e)=5.8 1 BiomassKT2440 = 0.62
H +
Acidification

(19.9) H,0
CYTBO3_4pp =19.9

EX_CO,(e) =5.9
EX_O,(e)=-9,9

ration (8,5 C = 27.7 %)

EX_glyc(e)=-10.2

—

BiomassKT2440 = 0.62

l EX_h(e)=5.8 |
12H,0 H*
Acidification

Figure 5. Carbon-flow distribution in P. putida 2440 (i]N1411) as a function of the carbon source. Cell
growth (biomassKT2440) was normalized as indicated in M&M. The white rectangles represent the
normalized flow through the indicated reactions. The total amount of citrate (A), glucose (B), or glycerol
(C) is divided into two main streams, one rendering biomass (anabolism, lower part of each scheme)
or CO; (catabolism, upper part). The percentage and number of carbons through respiration was
calculated from the consumed O, (ex_o2(e)) according to Table 1. The difference between the produced
CO; (ex_co2(e)) and that expected from respiration (Table 1) is re-assimilated in the case of glycerol
(C) or oxidized according to Table 2, rendering reducing power. CYBO3_4pp: Cytochrome c oxidases,
bo3-type).
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It is also interesting to note that, under normalized flow through the ATP synthase is almost
equal for glucose and glycerol (32 mmol g~! h™!), whereas it is approximately 35 mmol g~! h~! for
citrate (Supplementary Table S1). This result indicates that synthesis of biomass from citrate requires
extra ATP. Since respiration is similar for glucose and citrate, the extra flow through the ATP synthase
will take place with protons derived from the medium, thus contributing to its alkalization. Figure 5
shows total exchange of protons during this process and the one discussed below. The amount of
carbon needed to obtain the same biomass increases with ON, which is reflected as an increase of CO,
production and intake of protons, whereas the flow through respiration does not change significantly
(Figure 5). Remarkably, predicted CO, produced from the most reduced carbon source is less than that
expected by oxygen uptake.

The exchange reactions represented in Figure 5, including protons, are those estimated by FBA to
maximize the biomass reaction at a fixed intake of the corresponding carbon source, under stationary
conditions. Therefore, a negative exchange of protons (Figure 5A) is represented by a converging
arrow associated to biomass production, thus causing an acidification of the medium. By contrast,
a positive value of the exchange reaction of protons means production of protons associated to biomass
generation, which in turn acidifies the medium. In this scheme, the proton exchange reaction is
associated to biomass production, not to specific reactions as will be discussed below.

4. Discussion

There are many studies describing how the pH of the medium affects bacterial growth,
the production of certain metabolites and their ecological fitness [3,14]. Motile bacteria migrate
to areas where pH is optimal by means of a mechanism recently described in Bacillus [33,34]. In fact,
bacterial pH homeostasis has been monographically treated in some instances [35], but the change
of the pH of the medium during microbial growth has been studied to a lesser extent [36]. Early
papers demonstrated that a change in external pH was followed by an alteration in the enzymatic
constitution of the cells attempting to counter the external change [37]. Later on, it has been shown
that pH changes affect the expression of specific genes [7], and that some bactericidal antibiotics kill
via an increase in cytoplasmic pH [38]. Therefore, controlling pH homeostasis may protect against
stresses, including some bactericidal antibiotics [39]. These findings open a new mechanism to fight
against some pathogens showing continuous rise in antibiotic resistance [40]. In this manuscript the
predicted change in pH was studied taking advantage of well-curated bacterial GEMs and the results
were confronted with empirical data of pH-change in different culture media. Metabolic models
stoichiometrically adjust the metabolic flux required for balanced cell growth. Since the application
of GEMs requires defined culture media with well-known composition, its extrapolation to complex
media, such as LB, is challenging [41]. Nevertheless, the utilization of LB allows checking the influence
of the phenotype of many bacteria. In general, pH changes in LB media were higher than in M63 media
(Figure 1), probably because the LB medium is not buffered. LB is essentially a carbohydrate-free
mixture of amino acids and small peptides routinely used in many microbiology laboratories. In E. coli,
the initial pH did not impact on final cell density in LB media (Figure 1A), despite having shown
that small changes in pH and sugar availability have an effect on both cellular heterogeneity and the
gene-expression profile [7]. In defined media it was shown that the level of pH change depends on
the amount of some nutrients (glucose and urea) [14]. The transient acidification of the medium by
E. coli, either in complex or defined medium, has been extensively studied and can be explained in the
context of the acetate switch [42], a process that occurs even under unlimited-oxygen conditions [43].
This behavior was also experimentally observed in this work, demonstrating that when the initial
pH was 6 in glucose-minimal medium, the acidification of the media irreversibly prevents further
cell-growth and, consequently, the re-alkalinization of the cultures. Nevertheless, the model cannot
predict transient accumulation of metabolites because the nature of Flux Balance Analysis in which
steady state assumption is assumed. Therefore, pH changes due single charged molecules other than
protons is out of the scope of our "in silico’” analysis.
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The genome-scale metabolic reconstruction collects all known metabolic capabilities of an organism
as defined by its genome. These models can be transformed into a mathematical format, thus enabling
phenotype computing under specific environmental conditions [44]. Environmental and internal
parameters can be changed over a finite range of numerical values to study their influence on the
system. P. putida has been utilized as a model and functional chassis for industrial biocatalysis [45],
and a well-curated model of its metabolism is available [25]. For these reasons, it was used here
to acquire a deeper understanding of the molecular mechanisms behind the pH changes, which is
summarized in Figure 5. Nevertheless, the same conclusions were obtained by using the other two
bacterial strains (not shown).

Carbon sources serve as carbon and energy source for heterotrophic bacteria. Upon entering
the cell, part of the carbon source is transformed into biomass (anabolism) at the expense of the
energy obtained from another fraction that is transformed into CO; (catabolism). The more reduced a
compound is, the more energy can be obtained from its oxidation (Table 1), and more proliferation
can be achieved (Figures 2—4). The stoichiometry and the composition of living organisms [46] give
rise to a molecular formula for the biomass in which the carbon will have a specific oxidation number.
The composition of biomass has been studied in many microorganisms, and the oxidation number of
carbon in bacteria is close to zero in the negative range (—0.27 in average) [47,48]. The same conclusion
can be obtained from Figure 5B because the produced CO, is almost the same as what might be
expected form oxygen exchange. Therefore, in order to simplify the stoichiometric numbers, we can
consider the transformation of a certain carbon source into glucose as its transformation into biomass.
For example, the adjusted transformation of citrate into glucose can be adjusted as:

4CeH505™ + 3H" + 2H,0 — 3CsH1,06 + 6CO,

The stoichiometry of this reaction reveals that the biochemical transformation of a certain oxidized
carbon source such as di- or tri-carboxylic acids, into biomass can only occur with its partial oxidation
to CO; to obtain reducing power for the conversion of citrate into biomass. Moreover, alkalinization
of the medium due to proton consumption became evident. The production of CO, is associated
to the generation of reducing power because the analysis of the predicted flows shows that the
reducing power does not take the respiration “wire”, as shown in Figure 5. The generation of
biomass needs both reducing power and chemical energy in the form of ATP. As a matter of fact,
the predicted flow through ATP synthase is more than double with citrate as carbon source if compared
to glucose (Supplementary Table S1). Since this reaction consumes four protons, presumably it
is partially responsible for the alkalinization of the medium. Other reactions contributing to the
consumption of protons are the formation of biomass itself, the symport of the negatively charged
carbon source with protons (or sodium), the increase of flow through proton-consuming reactions,
such as the oxaloacetate decarboxylase, and the decrease of flow through proton-releasing reactions,
such as the phosphoenolpyruvate carboxylase (Supplementary Table S1). In photosynthetic organisms,
which utilize HCOj3™ as carbon source, alkalinization of the medium has also been described [26].

On the contrary, the generation of biomass using reduced carbon sources, such as glycerol,
consumes CO,; according to the following adjusted reaction:

12C3HgO3 + 6CO; — 7CgH120g + 6H,0O

The required reducing power for assimilating CO, is obtained from the reduced carbon source
itself, but not affecting the extracellular pH, as experimentally demonstrated in this work. Since glycerol
is a by-product of the production of biodiesel, it is a value-added resource for biomass and bioplastics
production. The production of biomass from glycerol seems to contribute to lower the levels of CO; in
the atmosphere if compared to its combustion (Table 1).

In conclusion, the results obtained in this work indicate that pH change along bacterial
cell-growth strongly depends on the composition of the medium; oxidized carbon sources will
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favor the alkalinization of the medium, whilst reduced substrates will drive a slight acidification.
These conclusions may have great impact in clinical, industrial, and environmental biotechnology,
as well as food technology.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/11/11/1292/s1,
Table S1: Normalized flows.
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