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Abstract

Purpose The anaerobic gut bacterium Phocaeicola vulgatus (formerly Bacteroides vulgatus) has a significant role

in the human gut microbiome. It can produce bioactive compounds with antimicrobial properties and industrially rel-
evant organic acids like succinate. However, there is a knowledge gap in understanding the metabolism of P vulgatus,
as cultivation of anaerobic gut bacteria is challenging and usually conducted with enriched microbiota cultures. We
aim to close this gap by characterizing this anaerobe bacterium in different cultivation conditions and scales.

Methods In this work, axenic cultures were studied in a shake flask and 2 L fermenter scale to characterize the influ-
ence of initial pH, buffer concentration, osmolality, and product inhibition on growth and organic acid production

by P vulgatus. Both cultivation systems had online gas measurements for total gas and CO, production. HPLC analysis
generated closed carbon balances, accounting for all produced acids.

Results Total gas transfer rates and CO, transfer rates revealed that 65% of produced gas was attributed to H,,

while just 35% was connected to CO, production. A minimum buffer concentration of 50 mM MOPS and an initial
pH of 7.3 were identified to mitigate pH inhibition in P vulgatus cultivations with a defined minimal medium and glu-
cose as substrate. The initial addition of lactate showed an inhibitory effect, starting at a concentration of 1 g L™

On the contrary, initial acetate addition was beneficial for organic acid production. A comparison of a pH-buffered
and a pH-controlled 2 L fermentation demonstrated a switch in acid production toward succinate under pH control.

Conclusion The study provides insight into improved cultivation conditions for the gut bacterium P vulgatus

and demonstrates a successful scale-up from the shake flask to the 2 L bioreactor. By applying pH control in the biore-
actor, growth was increased, and the organic acid production was switched from lactate to succinate. Even though P
vulgatus could serve as a production organism for interesting bioactive compounds and organic acids, further charac-
terization and improvement are necessary to improve titers.

Keywords Anaerobic gut bacteria, Phocaeicola (Bacteroides) vulgatus, Cultivation medium restrictions, Product
inhibition, Organic acids, AnaRAMOS, Online monitoring, Scale-up

Background

With circa 10"~!* organisms per milliliter of colonic
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Forckenbeckstrale 51, Aachen 52074, Germany Wexler 2007), achieves high yields of organic acids

(Macfarlane and Macfarlane 2003; Rios-Covidn et al.
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2016; Mayhew et al. 1975), and can be genetically mod-
ified (Lick and Deppenmeier 2022; Neff et al. 2023).
Moreover, there is evidence that Bacteroidota can pro-
duce antibiotic or bioactive compounds (Brinkmann
et al. 2022; Wexler 2007) and serve as probiotics (Tan
et al. 2019). Phocaeicola vulgatus, a species of the phy-
lum Bacteroidota and classified initially as Bacteroides
vulgatus (Garcia-Lépez et al. 2019), is one of the most
abundant and frequently isolated bacteria in human
feces (Salyers 1984). P. vulgatus can degrade a variety
of polysaccharides (Chung et al. 2017; Sonnenburg
et al. 2010), making it a suitable candidate for sustaina-
ble antibiotic or bioactive compound, short-chain fatty
acid (SCFA) production based on renewable materials
or as a probiotic. Despite its potential to produce valu-
able materials, P. vulgatus has not yet been used in bio-
technological processes (Liick and Deppenmeier 2022)
since the strain has not been sufficiently characterized
in axenic culture and for industrial processes. Strains
of the phylum Bacteroidota were primarily character-
ized in the 1970s and 80s, but the focus was mainly on
their pathological relevance (Cato and Johnson 1976;
Macy and Probst 1979; McCarthy et al. 1988; Salyers
1984; Onderdonk et al. 1983). Cultivating anaerobic
gut bacteria is complex due to the high degree of adap-
tation to the gastrointestinal ecosystem (Wexler 2007;
Savage 1977). Thus, this study aims to profoundly
characterize P. vulgatus in axenic culture and differ-
ent cultivation conditions and scales for future appli-
cations. To our knowledge, no scientific work to date
characterizes P vulgatus in axenic culture and opti-
mizes the process conditions.

One key aspect of characterizing P. vulgatus is its car-
bon metabolism. Reilly (1980) and Franke (2020) have
shown that P. vulgatus requires CO, or bicarbonate sup-
plementation for growth on agar plates and in the min-
eral medium. Related Bacteroides use one of the three
glycolytic pathways to obtain products, such as acetate,
propionate, succinate, lactate, formate, CO,, and H,
(Fischbach and Sonnenburg 2011), further explain that
during anaerobic respiration, Bacteroides produce suc-
cinate by CO, fixation. The bacterium can regenerate
CO, from succinate under CO,-limiting conditions and
produce propionate in the process. Furthermore, lactate
is formed by reducing pyruvate via lactate dehydrogenase
(Liick and Deppenmeier 2022). Prevotella copri, another
P. vulgatus-related strain, is known to convert pyruvate
to formate, CO,, Fd 4 (possible site for hydrogen forma-
tion), and acetyl-CoA (Franke and Deppenmeier 2018).
The acetyl-CoA is then converted to acetate. Franke and
Deppenmeier (2018) described the carbon metabolism
and SCFA production of P. copri. They found a more pro-
nounced CO, dependency of P. copri than P vulgatus.
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The different CO, dependency leads to variations in the
SCFA metabolism of both strains, as SCFA production
partly relies on CO, (Fischbach and Sonnenburg 2011).

As previously stated, among the products of P vulga-
tus are the SCFAs acetate, propionate, succinate, and for-
mate, as well as lactate, a short-chain hydroxy fatty acid,
denoted as SCFA in this study. These acids reach con-
centrations of 50-200 mM in the human intestine (Flint
et al. 2012; Louis and Flint 2017; Koh et al. 2016; Cum-
mings et al. 1987; Cummings and Macfarlane 1991) and
are essential for gut bacteria to regulate the production
of redox equivalents in the anaerobic environment of
the intestine (van Hoek and Merks 2012). Besides their
biological function, SCFAs are substrates in the chemi-
cal industry. Currently, most SCFAs are produced based
on fossil raw materials with a high energy demand, even
though, e.g., acetate and formate are part of the metab-
olism of various microbial species (Bulushev and Ross
2018; Lim et al. 2018). Only lactate is mainly produced
biotechnologically by anaerobic bacteria (Ghaffar et al.
2014). One way of biologically producing SCFAs, which
is still in its infancy, is using anaerobic sludge fermenta-
tion. The hereby produced SCFA yields and composi-
tion are depending on fermentation pH, temperature,
and retention time (Wang et al. 2019). Hence, the char-
acterization of the SCFA production by P vulgatus can
pave the way for a sustainable process optimally based on
organic waste streams.

Only limited process characterization of P vulgatus
on larger scales has been conducted so far. In compari-
son, the scale-up of the B. fragilis for succinate produc-
tion into a 10 L scale resulted in an increase of succinate
production from 0.7 to 12.5 g L™! (Isar et al. 2006) and a
further increase to 20.0 g L™! succinate using a statistical
approach response surface methodology (Isar et al. 2007).
More successful scale-ups were performed with enriched
mixed cultures of anaerobic gut bacteria (Adamberg and
Adamberg 2018; Adamberg et al. 2015), demonstrating
that Bacteroidota have potential in process optimization
and scale-up. Anaerobic mixed cultivation is a promis-
ing approach to improve production processes with P
vulgatus based on organic waste streams (Battista et al.
2022; Pau et al. 2022; Valentino et al. 2021). Kattel et al.
(2023) have shown that a mixed culture benefits P. vulga-
tus. This is to be expected, as P. vulgatus naturally coex-
ists in mixed culture in the gut. An enhanced growth rate
and positive cross-feeding interactions were the findings
of Kattel et al. (2023). After P vulgatus has been char-
acterized in axenic culture, mixed culture cultivations
could be the next step to further increase growth and the
production of valuable compounds and to utilize organic
residual streams, e.g., from agriculture or food industries
(Greses et al. 2022). A scale-up is a promising approach
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to increase the production of valuable compounds pro-
duced by P. vulgatus. However, potential product inhibi-
tion by SCFA, like acetate, lactate, and succinate, could
be challenging. Product inhibition of the model organ-
ism E. coli by acetate (Pinhal et al. 2019) and by acetate
combined with other acids (Landwall und Holme 1977)
is well-known and pH-dependent (Wolin 1969). Duncan
et al. 2009 also showed that for Bacteroides thetaiotaomi-
cron, inhibition of the organism by acids depends on the
cultivation pH. Wang et al. 2020 demonstrated that sev-
eral representatives of Bacteroidetes are sensitive to the
accumulation of lactate and are inhibited even stronger
by lactate in the presence of acetate.

This study aims to advance the characterization of
P. vulgatus in terms of growth and optimized cultiva-
tion conditions. The characterization is performed on a
small scale under anaerobic cultivation conditions and
then proceeds to an initial scale-up to a 2 L stirred tank
reactor. The influence of buffer, pH, osmolality, and ini-
tial acid concentration is investigated to identify optimal
growth conditions and investigate possible inhibition fac-
tors. The study uses the Anaerobic Respiration Activity
MOnitoring System (AnaRAMOS), a small-scale shaken
cultivation system that allows non-invasive online meas-
urement of CO, and pressure (Munch et al. 2020). This
system determines the microbial gas transfer rate (Ander-
lei and Biichs 2001; Anderlei et al. 2004), at which gases,
such as CO,, are exchanged between the microorganisms
and their surrounding environment. More precisely, the
gas transfer rates applied in this work quantify the molar
amount of gas produced by the microorganisms consid-
ering the liquid filling volume in the bioreactor and time
in [mmol L™! h™1]. The AnaRAMOS is an alternative to
traditional serum flasks that lack online measurement
options and is thus applied for all parallelized characteri-
zation experiments of P vulgatus in this study.

Material and methods

Strain and media

Phocaeicola vulgatus DSM 1447 was kindly provided by
the research group of Prof. Deppenmeier from the Rhei-
nische Friedrich-Wilhelms University, Bonn, and was
obtained from the German Collection of Microorganisms
and Cell Cultures (DSMZ, Brunswick, Germany). The cul-
ture was revived in Brain Heart Infusion medium (BHI)
from BD Difco™ (Thermo Fisher, DE). When the BHI
medium powder was solved in water, it contained 7.7 g L™
calf brain, 9.8 g L™! beef heart, 10 g L™! protease peptone,
2 g L' dextrose, 5 g L™! sodium chloride, and 2.5 g L™!
disodium phosphate. Cryogenic stocks were made from
the active growing BHI culture after 24 h by mixing 50%
v/v culture broth with 50% v/v anaerobic sucrose solution
(500 g L™!) and freezing 1.8 mL aliquots at — 80 °C.
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The defined minimal medium with glucose (DMM-
G) was used for all cultivations. The medium compo-
sition was based on Varel and Bryant (1974) and Liick
and Deppenmeier (2022), with the deviation that MOPS
buffer (3-(N-morpholino)propanesulfonic acid) was used
instead of bicarbonate buffer. If not stated otherwise, the
DMM-G medium components were purchased from Carl
Roth (DE). The medium comprised 13 individual stock
solutions, as some medium components were light- and
temperature-sensitive, and premature mixing would have
caused precipitation. The following stock solutions were
prepared separately and mixed just before the experi-
ments: Base components (pH 7.4), glucose, calcium chlo-
ride, magnesium chloride, iron(II)sulphate, SL6-trace
elements, Wolin’s vitamin solution (Koblitz et al. 2023),
butyrate, vitamin K1, hemin, resazurin (Thermo Fisher,
DE), L-cysteine hydrochloride, and MOPS buffer (pH
7.4). The base components stock solution was set to pH
7.4 with 5 M sodium hydroxide (NaOH) and comprised
of ammonium chloride, dipotassium phosphate, monop-
otassium phosphate, and sodium chloride. The SL6-trace
elements included boric acid, cobalt(II)chloride hexahy-
drate, copper(Il)chloride dihydrate, manganese(II) chlo-
ride tetrahydrate (Merck, DE), nickel(II)chloride, sodium
molybdate dihydrate, and zinc sulfate heptahydrate
(Merck, DE). The Wolin vitamin stock solution contained
a-lipoic acid, biotin, folate (Sigma Aldrich, DE), nicotina-
mide, p-aminobenzoic acid (Sigma Aldrich, DE), panto-
thenic acid (AppliChem, DE), pyridoxine hydrochloride
(Sigma Aldrich, DE), riboflavin (Sigma Aldrich, DE),
thiamine hydrochloride, and vitamin B12. The final con-
centrations of all components in the DMM-G medium
are listed in Table S1. Base components, glucose, calcium
chloride, magnesium chloride, iron(II)sulphate, and SL6-
trace elements stocks were moist—heat sterilized at 121
°C for 20 min with a slow end-cooling phase to prevent
liquid loss due to boiling. Heat-sensitive stock solutions
were sterile-filtered with 0.22 um polyethersulfone filters
(Merck, DE). The reducing agent L-cysteine was sterile-
filtered and stored in a serum bottle with an anaerobic
nitrogen atmosphere to prevent premature oxidative
reactions. After sterilization, Wolin’s vitamin solution,
vitamin K1, hemin, and resazurin stock solutions were
stored light-protected at 4 °C. All other stock solutions
were stored at room temperature.

Cultivation conditions and online analysis methods

Precultures of P. vulgatus were grown in 250 mL serum
bottles. First, 50 or 150 mL of DMM-G medium was filled
into the serum bottle. The bottle was sealed gas-tight
with a rubber stopper and clamp and gassed with N, for
20 min to ensure anaerobic conditions. Then, CO, was
transferred into the bottle with a sterile syringe to reach



Keitel et al. Annals of Microbiology (2024) 74:7

Page 4 of 20

Piezo-membrane

\
gas pump “
Mass flow Capilaries for
controller v 54
equal gas m
N» distribution '
. m
\ Z —
Cco, Y
‘ Inlet vaive In-and outlet —* Outlet vave
- with sterile filters
¥
o"
»
B Shaker | Measurement phase Il High flow phase Il Low flow phase
o =51 D I 1} n I
— -
I g
" Sy o
| 1 o
L L Y
|| i i 2
1 1 ©
A Y-
[
e A L

Time

Fig. 1 Schematic overview of the AnaRAMOS setup and measurement principle. Based on Miebach et al. 2023. A Gas supply with mass flow
controllers (MFC) and capillaries for even gas distribution to all eight flasks. B Temperature-controlled shaker containing eight shake flasks. C
Measurement loop of one shake flask with in- and outlet valve, piezo-membrane gas pump, carbon dioxide sensor, and pressure sensor. D Gas
transfer rate measurement principle based on cyclically repeated phases. Dotted lines and Roman numerals (I to Ill) represent phase changes. Phase
I: 20 min measurement phase with closed valves, leading to gas accumulation and concentration increase in the headspace. Phase II: Valves open.
2.38 min high flow phase with increased gas flow (22.5 mL min") of the cultivation gas through the headspace. Phase lll: 40 min low flow phase

with low gas flow (10 mL min™") in the flask headspace with cultivation gas

a headspace concentration of 10 Vol.-% CO,. Before inoc-
ulation with 500 pL cryogenic culture, 0.1 or 0.3 mL of
L-cysteine (2 M) as a reducing agent was injected into the
50 or 150 mL medium, respectively. Serum bottles were
placed in a 37 °C temperature-controlled shaker with a
shaking diameter of 50 mm and shaken at 100 rpm for
20-24 h.

All shake flask cultivations were performed as dupli-
cates using the AnaRAMOS, designed by Munch et al.
(2020). The AnaRAMOS setup is based on the RAMOS,
originally established for aerobic cultivations (Anderlei
and Biichs 2001; Anderlei et al. 2004). The AnaRAMOS
enables non-invasive online measurement of total pres-
sure and CO, under anaerobic conditions for up to eight
shake flasks. A schematic overview of the setup is shown
in Fig. 1.

It applies three cyclically repeated phases to obtain
total gas transfer rates (TGTR) and carbon diox-
ide transfer rates (CTR). In the first phase, called the
measurement phase, valves close each shake flask gas-
tight, and microbially produced gases accumulate. The
increase of the produced gases in the headspace of
the flask over time is detected with pressure sensors
(26PCA, Honeywell, USA) and infrared carbon diox-
ide sensors (MSH-P — CO2, 126 Dynament, UK). Com-
pared to direct off-gas detection, the measurement
phase with closed valves in the AnaRAMOS increases

the measurement sensibility since gasses accumulate
in the headspace. The gas transfer rates are then cal-
culated by the following Eq. (1) and (2), adapted from
Munch et al. (2020).

TGTR|:WIWIOZ:| _ Ntotalgas,m _ Aptomlgus . Ve (1)

L-h Vi -ty At R-T- -V
mmol n A Vi

CTR _ hcoam _ BPco2 G )
L-h Vi -t At R-T-Vp

Where 7n,,=moles of total gas or CO, formed in the
measurement phase [mmol], V,=liquid filling volume
of the shake flask [L], ¢,,=duration of the measure-
ment phase [h], Ap=change of total gas or CO, partial
pressure in the measurement phase [bar], V;=gas vol-
ume in the shake flask [L], R=standard gas constant
[0.08314 bar L mol ! K™!], and T'=temperature [K].

In the second phase of the AnaRAMOS, called the
high-flow phase, cultivation gas is briefly purged through
the flask headspace at an elevated flow rate to flush out
produced gasses and quickly equilibrate the headspace
with the desired cultivation gas of 1 Vol.-% CO, and 99
Vol.-% N,. This phase is essential to minimize the possible
influence of the accumulated gasses from the measure-
ment phase. During the third phase, called the low-flow
phase, each flask is gassed with the desired cultivation
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gas at a low gas flow and for an extended time. Since the
three phases must be adapted to the specific microorgan-
ism’s metabolic activity, the time and gas flows per flask
in this work differed from Munch et al. (2020). They were
set to a 20-min measurement phase without gas flow,
a 2.38-min high gas flow rate at 22.5 mL min~', and a
40-min low gas flow rate at 10 mL min~'. Cultivations
were continuously gassed during the high- and low-flow
phases to avoid cross-influences of a changing gas com-
position when investigating other cultivation param-
eters, e.g., the initial pH. The shake flasks were filled with
45 mL sterile medium and then gassed overnight with
the cultivation gas of 1 Vol.-% CO, and 99 Vol.-% N, to
ensure anaerobic conditions. The shaker (ISF1-X, Adolf
Kithner AG, DE) was set to a temperature of 37 °C and
a shaking frequency of 100 rpm, with a shaking diameter
of 50 mm. Before inoculation, the system was tested for
gas tightness of each flask to ensure completely anaero-
bic conditions during cultivations. As a reducing agent,
0.1 mL L-cysteine was added to each flask by a sterile
syringe through the gas-tight rubber stopper before inoc-
ulation with 5 mL preculture. Initial and final samples
were drawn after inoculation and at the end of cultiva-
tion, respectively.

Bioreactor experiments were conducted in a double-
wall glass bioreactor (Getinge Applikon, NL) with a
total volume of 2.2 L and a filling volume of 1.5 L. A suf-
ficient gas recirculation and consistent volume-specific
gas flow (vvm) were chosen as scale-up parameters
from shake flasks to the bioreactor. The gas recircula-
tion was tested by slow-motion videos of gas bubbles
in the filled bioreactor at 400, 500, and 600 min~" stir-
ring rates with two six-blade stirrers (Rushton turbine)
installed at the same distance from each other, the
reactor bottom, and the liquid surface. Screenshots of
the slow-motion videos at 400 and 600 min~"! are pro-
vided in Supplement Fig. S1. Based on this test, a stir-
ring rate of 600 min~' was identified for complete gas
recirculation. To evaluate the potential influence of
shear stress on P, vulgatus at 600 min~! in the bioreac-
tor, the volume-specific power input was calculated for
the applied shake flask and bioreactor cultivation con-
ditions. Parameters and formulas for calculations are
given in Supplement Table 2 and 3. A volume-specific
power input of 0.034 kW/m® was calculated for shake
flasks experiments, and 0.537 kW/m? was calculated
for the bioreactor cultivation conditions. Typically, gas-
sparged and stirred bioreactors have a volume-specific
power input of around 1 kW/m? (Bredwell et al. 1999),
while, for example, pressurized gas fermentations have a
volume-specific power input<0.3 kW/m? (Takors et al.
2018). The bioreactor conditions applied in this work
with a volume-specific power input of 0.537 kW/m?
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were considered tolerable for P. vulgatus, and a biologi-
cal scale-up comparison experiment was performed to
confirm this assumption. The vvm in shake flasks was
calculated by dividing 10 mL min™ gas flow by 50 mL
liquid medium, resulting in a vvm of 0.2 min~!. Applied
to the bioreactor, the gas flow had to be set at 300
mL min~! when the filling volume was 1.5 L. The 300
mL min~! gas was continuously supplied to the bioreac-
tor to (i) maintain anoxic growth conditions for P vulg-
atus, (ii) provide necessary CO, to the cultivation, and
(iii) enable online gas analysis. The pH value of biore-
actor cultivations was monitored continuously with
an Easyferm plus PHI K8 200 (Hamilton, USA) probe.
The exhaust gas was led through an X-Stream XEK ana-
lyzer (Emerson Electric Company, USA) with an infra-
red CO, sensor. Liquid samples were collected using a
sterile sampling setup. Since the DMM-G medium is
temperature sensitive, the medium and bioreactor were
autoclaved independently at 121 °C for 20 min. The
bioreactor was filled with water for sterilization. After
sterilization, the water was drained from the bioreactor,
and 1.35 L of sterile DMM-G medium was filled into the
bioreactor. For pH-controlled cultivations, the buffer
was omitted from the DMM-G medium. Instead, the
pH was controlled at pH 7 using sterile NaOH (3 M).
For pH-buffered cultivations, 50 mM MOPS buffer
was included in the DMM-G medium, and pH control
was deactivated. Before inoculation, the bioreactor was
gassed for a minimum of 12 h with the cultivation gas
of 1 Vol.-% CO, and 99 Vol.-% N, at a gas flow rate of
300 mL min~!. Before inoculation, the bioreactor was
heated to 37 °C, and 3 mL L-cysteine (2 M) was added
as a reducing agent. To start the cultivation, the biore-
actor was inoculated with 150 mL P. vulgatus precul-
ture, grown in a serum bottle with DMM-G medium. To
prevent foaming in the bioreactor, 0.5 mL sterile anti-
foam (Pluraflac® LF 1300, BASF SE, DE) was manually
added through the septum after 6 h cultivation time.
Experiments were ended after TGTR and CTR declined,
indicating the termination of the growth phase and acid
production. Afterwards, no biological activity occurs.

Offline analysis

Liquid samples of biological duplicates were centrifuged
at 18,000 rpm for 5 min. The supernatant was used for
High-performance liquid chromatography (HPLC),
offline pH, and osmolality analysis. Non-centrifuged
samples were used for optical density (ODgypnm)
measurement. In the pH-controlled fermentation,
the remaining cell pellet was used for cell dry weight
(CDW) determination to generate an ODg,,,,/CDW
correlation (Fig. S2).
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During ongoing experiments, sample supernatant
was collected and stored at—80 °C for later analysis.
For HPLC, samples were then thawed, diluted 1:10
(bioreactor experiments) or 1:5 (shake flasks experi-
ments) with DI water, and filtered with 0.2 um cellu-
lose acetate filters (Merck, DE). For measurement of
glucose, acetate, succinate, lactate, propionate, and for-
mate concentrations, the HPLC device (Dionex, USA)
was equipped with an organic acid resin column of
300 x 8 mm dimensions (CS-chromatography, DE) and
set to 60 °C. 5 mM H,SO, at a flow rate of 0.8 mL min~!
was used as eluent. As HPLC detectors, a UV/VIS, and
a refractive index detector (RID) were applied. For
offline pH measurement, the sample supernatant was
measured with a pH electrode (Mettler-Toledo, USA).
Medium osmolality was analyzed with a freezing point
Osmomat 3000 (Gonotec, DE). The ODg,,, was deter-
mined at 600 nm using a 20 Genesys spectrophotom-
eter (Thermo Scientific, DE). Samples were diluted
with 0.9 Vol.-% NaCl. For CDW determination during
the pH-controlled fermentation, 2 mL of culture broth
was filled in previously dried and weighted 2 mL safe
lock tubes and centrifuged at 18,000 rpm for 5 min. The
supernatant was removed, and the remaining cell pel-
let was dried at 80 °C. After cooling to room tempera-
ture in a desiccator, the tubes were weighed again, and
the weight difference with and without the cell pellet
was used to determine the CDW in g L™!. By correlat-
ing ODgypnm and CDW of the pH-controlled fermenta-
tion (Fig. S2), the equation CDW = 0.563 - ODggopm Was
derived and applied to calculate the CDW in all other
experiments.

Gas samples were analyzed by a Trace GC Ultra gas
chromatograph (Thermo Fisher, DE) to identify the gases
produced by P vulgatus. The gas chromatograph had a
thermal conductivity and a flame ionization detector. Gas
samples were drawn with a syringe from a closed serum
bottle cultivation of P vulgatus, grown in BHI medium
for 24 h at 37 °C and 100 rpm.

Carbon balances
Carbon balances were calculated for all experiments
with the following Eq. 3:

mmol Carbon molecules i, x[—]
Carboni,, X I =

Mx 5]

mol

Cex [%] -1000

3)
Where X is the specific compound, c is the concentration
[g L7!], M, is the molar mass of the specific compound
(g mol'], carbon molecules,, y is the number of carbon
molecules in the specific compound [-], and carbon,, y is
the volumetric molar carbon in the specific compound
[mmol L71].
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The compounds glucose, acetate, lactate, succinate,
propionate, formate, CO, and biomass of every sample
were considered. Concentrations of glucose, acetate, lac-
tate, succinate, propionate, and formate were obtained
by HPLC measurement. The molar carbon calculation of
P vulgatus cells was based on data for related Prevotella
copri with a carbon content of 48.5% (Franke 2020). Molar
carbon from CO, was calculated from the CO, transfer
rate (CTR) integral based on Munch et al. (2020) by Eq. 4

t
I
CO, [WL’") } - / CTRdt ()
0

After calculating each compound’s volumetric molar
carbon [mmol L7!], the values were summed up to
obtain every sample’s total volumetric molar carbon
content. To get relative values for the compounds, their
molar carbon value was divided by the total carbon of
the same sample, as shown in Eq. 5:

/
Carbon;y, x, Sample n {mano }

CarbonSample n[%] = !
Total Carbonsgpie {%}

(5)
Where sample n is designated to a specific sample num-
ber in a specific experiment, carbon;, x iyl » is the volu-
metric molar carbon of the specific compound in sample
n [mmol L™, and total carbonsmlp,e ., is the sum of all
carbon in this sample n [mmol L™]. The first sample of
each cultivation was defined as 100% molar carbon to
evaluate the deviation in molar carbon of every sample
during the cultivation.

Software
Graphics were created with OriginPro® version 2019, 2020,
or 2021 from OriginLab Corporation (Massachusetts, USA).

Results

Reference cultivation

As a first step, a reference culture was analyzed to char-
acterize P. vulgatus growth and acid production. Figure 2
shows the online gas transfer rates, offline pH value,
OD600nm, osmolality, and HPLC analytics.

The total gas transfer rate (TGTR) in Fig. 2a shows a
value of 1.4 mmol L™' h™! after 1 h of cultivation and
peaks at 6.8 h with a value of 2.2 mmol L™! h™!. Hereaf-
ter, it decreases until it reaches a value close to 0 mmol
L' h! at 13.8 h. The TGTR has a wide peak. The same
wide curve progression is visible for the carbon dioxide
transfer rate (CTR) in Fig. 2b, with a CTR maximum of
0.8 mmol L™! h™. The CTR peak is significantly lower
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Fig. 2 Cultivation of P vulgatus with online data and offline sampling in shake flasks. Online and offline profiles of a P vulgatus cultivation

in duplicates, Medium=DMMG, €50 =6 9 L, Cpyirer=50 MM MOPS, T=37 °C, n=100 rpm, V, =50 mL, initial OD=0.3, initial pH

after inoculation=7.23, wm=0.2 min.”, gas mix=1% CO, and 99% N,. a Total gas transfer rate (TGTR) and b carbon dioxide transfer rate
(CTR), shadows indicate maximum and minimum values of duplicates (error bars). Offline data was obtained from the fermentation. ¢ ODgypm,
pH, osmolality, and total organic acids as mean values of biological duplicates. d Molar carbon balance in % of initial total carbon, calculated

with Egs. 3-5

than the TGTR peak. CO, only contributes about 35% to
the total gas.

In Fig. 2c, the offline analytics of the cultivation are
shown. The pH (green circles) decreases throughout the
cultivation, with a particularly strong decrease after 11 h.
The final pH reaches a value of 5.0, and biomass produc-
tion stops at 12 h at an ODy,,,, (red squares) of 2.5. The
osmolality (purple pentagons) remains constant during
the cultivation at around 220 mOsmol kg~*. HPLC meas-
urement was performed for the key metabolites propion-
ate, formate, succinate, acetate, and lactate (total organic
acids, blue stars). Total organic acids increase during the

whole course of the cultivation, even after 12 h, when
the biomass production stops. A total of 4.3 g L™! acids
is reached. The molar carbon balance (Fig. 2d, calculated
according to Egs. 3-5) is closed with a maximum devi-
ation of 9.1%, and the biomass accounts for 29% of the
total carbon at the experiment’s end. Little CO, is formed,
reaching a maximum of 3.3% of the total carbon. How-
ever, as P. vulgatus produces and consumes CO,, the CO,
fraction of the total carbon must be regarded as a cumu-
lative value. In the first 6 h of the cultivation, acetate and
succinate are the most produced acids. After 9 h, lactate
production increases strongly. Overall, little propionate
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and formate are produced, and a small amount of glucose
is still present. Growth inhibition of P. vulgatus is visible
in the data of ODy,,,, and by the fact that glucose is still
present at the end of the cultivation. Therefore, the next
step was to test possible cultivation parameters that could
lead to inhibition. These parameters were the buffer con-
centration, the initial osmolality, the initial pH, and the
addition of the acids formed by P vulgatus. The buffer
concentration was chosen to prevent pH inhibition. As
higher buffer concentrations also increase the osmolality,
higher initial osmolalities were tested to exclude negative
effects caused by the high osmolalities of high buffer con-
centrations. Higher initial pH values were examined to
obtain a higher pH value during the cultivation and pre-
vent pH inhibition. The influence of the produced acids
lactate, acetate, and succinate was also examined, as they
might be another cause for inhibition.

Characterization of cultivation process conditions

The buffer concentration was varied as a next step to dis-
tinguish the process. During the experiment shown in
Fig. 3, media with concentrations ranging from 0 to 150
mM MOPS were tested.

Figure 3a shows that the TGTR for a MOPS concen-
tration of 0 mM (red circles) has a distinct peak. Com-
pared to the TGTR peaks of other MOPS concentrations,
there is a decreasing TGTR peak with increasing MOPS
concentrations. The TGTR curves for 100 and 150 mM
MOPS (green triangles and blue pentagons) are compa-
rable. It is observed that higher MOPS concentrations
prolong the production of gasses. The same trends can be
seen for the CTR (Fig. 3b). Thus, the total CO, produc-
tion throughout the cultivation remains constant for all
MOPS concentrations. Comparing the TGTR and CTR
peaks, a notable difference between 0 and 50 mM MOPS
(red circles and black squares) can be seen. Differences
between the CTR peaks of these conditions are higher
than those of the TGTR peaks, and only the gas transfer
rates for 0 mM MOPS show a distinct peak.

In Fig. 3¢, the total organic acids increase with increas-
ing MOPS concentration until a buffer concentration of
100 mM and stagnate hereafter. The total organic acid
production doubled by increasing the buffer concentra-
tion from 0 to 50 mM MOPS. Formate is only produced
with MOPS concentrations of 50 mM or higher. The pro-
portions observed for propionate, succinate, and acetate
production do not indicate a dependence on the MOPS
concentration. However, lactate production increases
with increasing MOPS concentrations until 100 mM
MOPS. Overall, propionate and formate production is
low compared to the other acids. The residual glucose is
2.9 ¢ L' for 0 mM MOPS, 0.8 g L™! for 50 mM MOPS,
and 0 g L™! for 100 and 150 mM MOPS. The final pH
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Fig. 3 Effect of different MOPS concentrations on P, vulgatus

shake flask cultivations in duplicates. Medium =DMMG, Cgjycose =6

g L™, MOPS buffer (0, 50, 100, 150 mM), T=37 °C, n=100 rpm,
V=50 mL, initial OD=0.3, initial pH after inoculation =6.95-7.14,
vwm=0.2 min~', gas mix=1% CO, and 99% N,. a Online data of total
gas transfer rate (TGTR) and b carbon dioxide transfer rate (CTR).
Shadows indicate maximum and minimum values of duplicates (error
bars). ¢ Offline data of produced organic acids including propionate,
formate, succinate, acetate, and lactate and remaining glucose;

d initial osmolality, final ODgy,, and final pH as mean values

of biological duplicates. Samples to measure initial osmolality

were drawn immediately after inoculation. Samples to measure

final ODgygpm, final pH, and HPLC analysis were drawn immediately
after termination of the experiment, indicated by the last online data
point in a and b. e Molar carbon balance in % of the initial carbon,
calculated with Egs. 3-5. Initial values include acids from preculture
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increases with increasing MOPS concentrations from 4.8 35
to 6.3, as shown in Fig. 3d. The final ODy,,, increases
from 0 to 50 mM MOPS and reaches about the same val-
ues between 50 and 150 mM MOPS. The initial osmo-
lality increases with increasing MOPS concentrations.
The molar carbon balance is closed with a maximum
deviation of 5.7% (Fig. 3e). Figure 3e supports the results 0
from Fig. 3c and 3d and shows that the carbon flow goes
toward lactate with increased MOPS concentration. Even
though a MOPS concentration of 100 mM leads to higher
organic acid concentrations, 50 mM MOPS was used for
the following experiments, as the same final ODg,,., was
reached, and the gas transfer rates were more distinct
with 50 mM MOPS. The more pronounced online gas
signal facilitates the interpretation of the other cultiva-
tion parameters. For future applications, when additional
information about the gas transfer rates is not necessary,
the authors would recommend using a MOPS concentra-
tion of 100 mM.

Figure 4 presents the effect of increasing osmolality on

a Osmolalities adjusted by NaCl

—=— 220 mOsmol kg"'
254 (Reference,
2 50 mM MOPS)
—4— 301 mOsmol kg™
(2100 mM MOPS)
—&— 349 mOsmol kg*!
(£150 mM MOPS)
—0— 396 mOsmol kg!

Total gas transfer rate (TGTR)
[mmol L' hY]

Carbon dioxide transfer rate (CTR)
[mmol L™ ]

[ Glucose

- Propionate I
Bl succinate | 3
- Acetate F2
- Lactate L1

Residual glucose [gL™"]
o
Produced organic acids [g L]
(Final - initial values)

P vulgatus growth and metabolic activity. The NaCl con- o] ———o a0 _
centration in the medium was varied to achieve different B oemotamy |, o 2
osmolality levels. . a0 L, = Lo g

The TGTR (Fig. 4a) of the reference osmolality, 220 3 Wl Finalpn | né i
mOsmol kg™' (no added NaCl, black squares), reaches g 3 _m%
the highest maximum of 1.9 mmol L™! h™ with a pla- s &
teau over 4 h. Higher osmolality levels significantly lower | F
the TGTR and CTR maximum (Fig. 4b) and simultane- E@_ ::zw
ously extend the gas production. The CTR of the refer- 8 17 S
ence osmolality also shows the highest maximum but EGO_ ElFomate
without the plateau of the TGTR. Figure 4c shows that g w0l -::“.‘
organic acid production decreases with an increasing 5 20 ;L:m
osmolality level. Hereof, succinate and acetate show a g | / e
slight decrease with increasing osmolalities, and lac- @ aw  ws o we
tate increases with increasing osmolality. Formate is not e T T e
detected in this experiment. Glucose is never fully con- Fig..4 EﬁecF ofdifferent osmglalities on P vulgatus shake ﬂ7a1$k

. . . . . cultivations in duplicates. Medium=DMMG, Cgjyc0e =69 L,

sumed under the investigated conditions, while residual Coyter=50 MM MOPS, T=37 °C, n =100 rpm, V, = 50 mL, initial
glucose concentrations increase with increasing osmolal- OD=0.21, initial pH after inoculation=7.03-7.08, wm=0.2 min™', gas
ity levels. The final pH (Fig. 4d) increases from 4.8 to 5.2 mix=1% CO,, and 99% N,, 220 mOsmol kg~ as reference osmolality,
with increasing osmolality. The final ODy,,, increases osmolalities of 301, 349, and 396 mOsmol kg™ adjusted by addition

of NaCl. Online data of a total gas transfer rate (TGTR) and b carbon
dioxide transfer rate (CTR), shadows indicate maximum and minimum
values of duplicates (error bars). Offline data of ¢ produced

from 1.7 to 2.2 with increasing osmolality, except for
301 mOsmol kg™!, where the final ODg,, is 1.5 and,

therefore, lower than the final ODgq,,,, for 220 mOsmol organic acids including propionate, succinate, acetate and lactate,
kg™ and 349 mOsmol kg~". Initial osmolalities are shown and remaining glucose; d initial osmolality, final ODgyonm, and final
in Fig. 4d and have been measured after inoculation. The pH as mean values of biological duplicates. Samples to measure
carbon balance (Fig. 4e) is closed for all cultivations with initial osmolality were drawn immediately after inoculation. .

. deviation of 5.4%. Fieure 4e supports the Samp\gs to measure final OD690nmrﬁnaI pH, and HELC anglygls were
a maximum devia : g pp drawn immediately after termination of the experiment, indicated
results from Fig. 4c and 4d and clearly shows, as in Fig. 3, by the last online data point in a and b. e Molar carbon balance in %
that with increased osmolality, the carbon flow goes of the initial carbon, calculated with Egs. 3-5. Initial values include
toward lactate. acids from preculture

In the experiment displayed in Fig. 5, the influence of
the initial pH value on the growth and acid production
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Fig. 5 Effect of changing the initial pH-value on P vulgatus shake
flask cultivations in duplicates. Medium =DMMG, Cgjycose =6 9
L™, Coutter=>50 MM MOPS, T=37 °C, n=100 rpm, V| =50 mL, initial
0D=0.3, different initial pH, vwm=0.2 min.”, gas mix=1% CO,
and 99% N, tested initial pH values after inoculation: 6.98, 7.07,
7.22,7.29,733,745,7.61,7.73,7.80,and 7.93. a Online data of total
gas transfer rate (TGTR) and b carbon dioxide transfer rate (CTR).
Symbols in brackets indicate different experiments. ¢ Offline data
of produced organic acids including propionate, formate, succinate,
acetate, and lactate and remaining glucose, d initial osmolality,
final ODgygnm, @and final pH as mean values of biological duplicates.
Samples to measure initial osmolality were drawn immediately
after inoculation. Samples to measure final ODg g, final pH,
and HPLC analysis were drawn immediately after termination
of the experiment, indicated by the last online data pointin a
and b. e Molar carbon balance in % of the initial carbon, calculated
with Egs. 3-5. Initial values include acids from preculture. The
corresponding maximum and minimum of duplicates (error bars) can
be found in Supplementary Fig. S3
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of P, vulgatus, with initial pH values ranging from 6.98 to
7.93, was determined.

The TGTR curves (Fig. 5a) of the different initial pH
values show significant differences after 1 h. The high-
est TGTR maximum was reached with an initial pH
value of 7.93 (purple hexagons). The TGTR maximum
decreases with decreasing initial pH, except in the pH
range between 7.29 and 7.45, which does not follow
this trend. Only for the higher initial pH values does the
TGTR show a distinct peak. For the CTR (Fig. 5b), the
same trends as for the TGTR are visible, with higher ini-
tial deviations for varying pH values. The corresponding
maximum and minimum of TGTR and CTR duplicates
are presented in Fig. S3a and b.

Figure 5c¢ shows that acetate and formate production
does not change for different initial pH values. Succi-
nate production is highest with an initial pH of 7.22 and
lactate production with an initial pH of 7.45. Propion-
ate production is higher for initial pH values below 7.45.
However, no strong trend concerning the initial pH’s
influence on each acid’s production is visible. The high-
est total organic acid production is reached, with an ini-
tial pH of 7.33. Glucose is not fully consumed for initial
pH values between 6.98 and 7.22. The final pH (Fig. 5d)
increases with increasing initial pH. The ODg,,, is high-
est for an initial pH of 7.29 and 7.33. The initial osmolality
is lowest for the reference cultivation with an initial pH of
7.22. The carbon balance (Fig. 5e) is closed with a maxi-
mum deviation of 7.3%. Figure 5e supports the results of
Fig. 5¢ and 5d and shows that the carbon flux also moves
toward different acids as the initial pH changes.

Influence of initial acid addition

As the main products of P. vulgatus are acids, an experi-
ment was conducted to distinguish between the effects of
pH and product inhibition. To do so, increasing concen-
trations of the main produced acids: lactate (Fig. 6), ace-
tate (Fig. 7), succinate (Fig. S6 and Fig. S7), and mixtures
thereof (Fig. S8-S10) were added to the medium, while
the initial pH was set to 7.2 in all cultivations.

In Fig. 6a, no difference in the TGTR is visible between
the reference (black squares) and the cultivation with
1.0 g L™! lactate (red circles). However, the TGTR maxi-
mum decreases with increasing lactate addition. After
10 h cultivation, the progression of all TGTR curves,
including the reference, is identical. A similar progres-
sion can be observed for the CTR, as displayed in Fig. 6b.
Contrary to the TGTR, a lower CTR is already visible
at a concentration of 1.0 g L™! lactate compared to the
reference. The CTR during the first 10 h decreases with
increasing lactate addition, and CTR peaks can barely be
identified. After 10 h cultivation time, the CTR curves
align again. Comparing the reference and the cultivation
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with 1.0 g L™" lactate addition in Fig. 6c, the total acid
production is the same, but less succinate and more lac-
tate are produced in the reference. For cultivations with
the addition of 1.5 g L™! lactate (green triangle) and 2.0
g L7! lactate, the total acid production decreases slightly
from 3.5 to 3.2 g L™, Less lactate is produced in culti-
vations with lactate addition compared to the reference.
No production of the acid formate was detected in this
experiment. The final ODy,, in Fig. 6d declines from
2.5 to 2.0 with increasing lactate addition, while the final
pH varies around 5.2 in all cultures. The initial osmolal-
ity values are higher with lactate addition and reach 290
mOsmol kg™! with the addition of 2.0 g L™! lactate. Glu-
cose is still available at the end of all cultures and concen-
trations range from 0.5 to 0.9 g L', Figure 6e confirms
that the percentage of lactate in the produced acids fur-
ther increased with increasing initial lactate addition.

In Fig. 7a, the TGTR maximum slightly decreases with
1.5 g L7! (green triangle) and 2.0 g L™! acetate addition
(blue pentagon). Furthermore, the TGTR drop is less
sharp in all cultures with acetate addition. As shown in
Fig. 7b, all cultures with acetate addition show a lower
CTR peak than the reference (black squares). Moreover,
the CO, production of cultures with acetate addition
occurs later and lower than in the reference. The pro-
duction of acids, shown in Fig. 7c, increases with acetate
addition. However, the ratio of produced acids remains
constant at 1.8:1:1.2 for lactate to acetate to succinate.
The acid formate is not detected in this experiment. The
final ODg,, in Fig. 7d is around 2.7, without a clear
trend for cultivations with or without acetate addition.
In contrast, Fig. 6e shows a decreasing percentage of the
biomass (CDW) in the final carbon balance with increas-
ing acetate addition. The final pH increases with increas-
ing acetate addition, ranging from 5.0 to 5.3. The initial
osmolality is higher with increasing acetate addition and
reaches the highest initial value of 310 mOsmol kg~! with
2.0 g L™! acetate addition. Glucose is still available in all
cultures, but the residual glucose decreases with increas-
ing initial acetate addition. In the culture with 2.0 g L™}
acetate, the residual glucose concentration is detected at
01gL™%

Succinate addition (Fig. S6 and Fig. S7) to DMM-G
medium slightly increased the ODy,,, while increas-
ing concentrations of the acid mixtures led to decreasing
ODggonmy Organic acid, and CO, formation (Fig. S8-S10).

Scale-up from shake flask to 2 L fermenter and effect of pH
control

Cultivation with pH control is necessary to distinguish
the possible effects of acid production and the associated
pH reduction on cultivation behavior. Since pH control
is best implemented in benchtop fermenters, a scale-up
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Fig. 8 Comparison of P vulgatus cultivations in shake flask

in duplicates and benchtop bioreactor. Offline samples ODg,, (red
squares), pH (green circles), and glucose (pink diamonds) of shake
flask (filled symbols) and bioreactor cultivations (open symbols).
Medium=DMMG, Cgjose =6 9 L, Couter =50 MM MOPS, T=37 °C,
Ntermenter =000 TPM, Ngpate ask =100 rpm/\/L,fermenter: 1500 mL, \/L,shake
fasc=>50 mL, vwwm=0.2 min™", gas mix=1% CO, in 99% N,. After 6 h,
0.5 mL antifoam was added to the fermenter

from the shake flask to the 2 L fermenter scale was con-
ducted with a pH-buffered DMM-G medium (Fig. 8).

The increase of the OD,, (red squares) and decrease
of pH (green circles) and glucose concentration (pink
diamonds) align in the shake flask and fermenter until
6 h cultivation time. Subsequently, a strong increase
of ODgypnm to @ maximum value of 2.9 is shown in the
fermenter, while the shake flask reaches a maximum
ODgponm Of 2.6. The ODg,,, increases linearly between 6
and 12 h in both cultivation scales. Corresponding to the
higher final ODg,,,,, glucose is consumed faster in the
fermenter, and the final glucose concentration is at a very
low concentration of 0.1 g L™*. The final glucose concen-
tration in the shake flask is 0.4 g L™!. The pH shows the
same course for both scales, except the final pH in the
shake flask is 0.2 lower than in the fermenter.

After comparing the shake flask and 2 L fermenter with
pH-buffered medium, a pH-controlled fermentation was
conducted at pH 7.0. The results are displayed in Fig. 9
compared to the 2 L fermenter cultivation with a pH-
buffered medium.

The fermenter with pH control shows an over-
all higher CTR (black lines), also in later cultivation
phases after 12 h. The osmolality (purple pentagons)
is lower in the non-buffered fermentation and starts
at 152 mOsmol kg~!, compared to 216 mOsmol kg™
in the buffered fermentation. During the cultivation,
the osmolality of the medium increases in the pH-
controlled fermentation until both fermentations reach
final values of 203-219 mOsmol kg™'. The ODgyy,m
(red squares, Fig. 9b) increases comparably during the
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Fig. 9 Influence of pH control versus pH buffer on P vulgatus
in benchtop fermenter cultivations. Online and offline profiles
of P vulgatus cultivations with pH control at pH 7.0 (solid lines
and filled symbols) or with 50 mM MOPS buffer (dashed lines
and blank symbols, data from Fig. 8). Medium =DMMG, C¢cose =6
g L', T=37°C,n=600 rom, V, =1500 mL, vwm=0.2 min~’, gas
mix=1% CO,, and 99% N,. After 6 h, 0.5 mL of antifoam was added
to the bioreactors. Online and offline data of a carbon dioxide
transfer rate (CTR) and osmolality; b online pH (green lines), ODg
am (red squares), total acids (blue stars), and base consumption
(turquoise line); € glucose (pink diamonds) and lactate (orange
triangles) concentrations; d succinate (brown triangles), acetate
(purple triangles), formate (light blue triangles), and propionate
(dark blue pentagons) concentrations. The vertical dotted line refer
to the pH-controlled fermentation and marks the time of the glucose
depletion. e—f Molar carbon balance in % of the initial carbon,
calculated with Egs. 3-5. Initial values include acids from preculture
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first 6 h in both fermentations. Then, the ODg,, in
the pH-controlled fermenter rises to a maximum value
of 3.4, compared to the maximum ODg,,,, of 2.9 in
the buffered fermentation. The pH (green line) in the
pH-controlled fermentation is maintained at pH 7.0.
In comparison, the pH in the buffered fermentation
decreases from pH 7.1 to pH 5.0 over 25 h cultivation
time. The total acid (blue stars) production is identi-
cal in both fermentations and reaches 4.2 g L% In
the pH-controlled fermentation, the trend of the base
consumption (turquoise line) is equivalent to the acid
production and results in a total of 36 mL 3 M NaOH
used to maintain the set pH 7.0. Glucose consumption
(pink diamonds, Fig. 9¢) is comparable until a cultiva-
tion time of 6 h. Afterward, glucose is consumed faster
in the fermentation with pH control and depleted
after approximately 13 h (vertical dotted line). A glu-
cose concentration of 0.1 g L-1 is measured after 25 h
in the pH-buffered fermentation. The individual acids
are produced at different ratios in the pH-controlled
and buffered fermentation. During the first 6 h, suc-
cinate (brown triangles) and acetate (purple triangles)
are produced at the same rate in both fermentations,
whereas lactate (orange triangles) production is higher
in the pH-buffered fermentation. After 6 h, the acetate
and succinate production rates in the pH-controlled
fermentation exceed those in the pH-buffered fermen-
tation. Lactate is the main acid produced in the pH-
buffered fermentation with a final concentration of 1.7
g L%, while in the pH control fermentation, lactate
concentrations are below 0.4 g L™!. In comparison, the
succinate concentrations reach 1.3 g L™ or 2.0 g L™},
and acetate concentrations reach 0.9 g L™ or 1.5 g L
(light blue' in the pH-buffered and pH control fermen-
tation, respectively. Formate (light blue triangles) and
propionate (dark blue pentagons) production start after
6 h in both fermentations and concentrations reach
maxima of 0.25 g L! formate and 0.1 g L™! propionate.
The carbon balances in Fig. 9e—f confirm the switch in
acid production.

Discussion

Reference cultivation

P vulgatus’ maximum total gas transfer rate of 2.2 mmol
L™' h™! is very low compared to other gas-producing
anaerobes like, for example, C. pasteurianum, with more
than 20 mmol L™} h™! (Miebach et al. 2023). This is also
illustrated in the pressure raw data for the reference cul-
tivation, presented in Supplement Fig. S11. Neverthe-
less, the significantly higher TGTR than CTR (Fig. 2)
suggests that, besides CO,, other gases were produced.
A gas chromatography measurement (data not shown)
confirmed the H, production for P vulgatus, as already
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stated in earlier studies (Traore et al. 2019; Kazimierow-
icz et al. 2022; McKay et al. 1982). Hence, H, production
in all experiments was determined by subtracting the
CTR from the TGTR to compare the influence of cultiva-
tion conditions on the ratio of produced gasses.

Growth inhibition or limitation of the reference culti-
vation is visible, as biomass production ceases after 13 h,
although 2 g L™ glucose is still present. This observation
is likely attributable to pH inhibition because the pH value
decreases strongly throughout the cultivation (Fig. 2).
Literature shows growth inhibition of Bacteroides spp. at
pH values below 6 and that growth is stopped completely
below pH 5.3 (Flint et al. 2012; Duncan et al. 2009). Besides
the low pH, the metabolic activity could be decreased by
product inhibition by the organic acids (4.3 g L ™). A prod-
uct inhibition was shown for P. vulgatus-related B. thetaio-
taomicron (Duncan et al. 2009) and other Bacteroidetes
strains (Wang et al. 2020) by the acids lactate and acetate.
Furthermore, biomass production could be limited by
media components apart from glucose.

When biomass and CO, production terminates, the
acid production continues, leading to the assumption
that CO, is mainly formed during biomass production.
The increased lactate production in the second half of the
cultivation may be the easiest way for P vulgatus to bal-
ance the production of redox equivalents (van Hoek and
Merks 2012). Lactate production is the most straightfor-
ward metabolic pathway, requiring only one enzyme—
lactate dehydrogenase (Liick and Deppenmeier 2022).
The increase of succinate production in the second half
of the cultivation may occur because P. vulgatus accu-
mulated enough CO, for succinate production in the
first half (Fischbach and Sonnenburg 2011). Only mini-
mal amounts of CO, were released during fermentation,
as the bacterium has a profound system for CO, fixation
with succinate production.

The pH value decreases linearly, corresponding to the
linear synthesis of SCFA and P. vulgatus converted 77%
of carbon from consumed glucose into organic acids. The
molar fluxes to CO,, however, are very low. The carbon
balance is closed for this experiment, showing that all
gasses and acids contributing carbon to the balance have
been successfully evaluated.

To ensure comparability between experiments and
account for the difficult handling of anaerobic micro-
organisms, the offline data of all reference cultivations,
including the pH-buffered fermentation, were combined
in a box-plot diagram in Fig. 10.

Apart from two outliners in the final ODg,,, and final
pH, all values are within the 1.5 interquartile range (IQR).
In conclusion, the reference cultivations are reliable
despite the challenging cultivation of anaerobes and pro-
vide valuable insights into the metabolism of P. vuigatus.
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Fig. 10 Box-plot diagram with final offline values of all P vulgatus
reference cultivations including the pH-buffered bioreactor
cultivation. Medium=DMMG, Cqjc0se=6 9 L, Cpter= 50 MM MOPS,
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The evaluation is based on 11 shake flask cultures and one bioreactor
culture

Characterization of cultivation process conditions
After the reference cultivation, process conditions con-
cerning the buffer concentration were investigated. A pH
inhibition is observed when 0 mM or only 50 mM MOPS
is added (Fig. 3), as the final pH drops below 5.3, result-
ing in residual glucose (Duncan et al. 2009). Increasing
the MOPS concentration to 100 mM leads to full glucose
consumption. A further increase to 150 mM results in
delayed growth, as an increased osmolality is known to
influence the lag phase of microorganisms (Wucherpfen-
nig et al. 2011). The decreasing TGTR and CTR peaks
with increasing MOPS concentrations do not correlate
with the metabolic activity. More specifically, the acid
and biomass production increase with increasing MOPS
concentration. The influence of increasing MOPS con-
centrations is stronger on the CTR than on the TGTR.
Therefore, the influence of MOPS seems to be more
assertive on CO, production than H, production. Since
the metabolic pathways of P. vuigatus are not yet conclu-
sively understood, it is unclear what causes this shift in
the CO, to H, ratio. A pH effect could also cause the dif-
ference due to the chemical CO,/HCO™; balance. CO,
gasses out of the medium when the pH drops and the pH
drop is stronger at lower MOPS concentrations.

The proportions of acids were not affected by MOPS,
except for lactate production. The higher the MOPS
concentration, the higher the lactate production. The
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increased osmotic stress at higher MOPS concentrations
can lead to a balancing of redox equivalents most easily
via lactate production. Formate production only starts
at 50 mM MOPS or higher. In the reference cultivation,
formate production took place from 9 h onwards. The
shorter cultivation time may not be conducive to formate
production. Another reason could be the lower final pH
with 0 mM MOPS inhibiting the formate production.

A MOPS concentration of 100 mM is the most suit-
able for acid and biomass production. However, it led to
a longer cultivation time and less gas production, which
is why a concentration of 50 mM MOPS was chosen as a
good compromise between inhibition by pH and osmo-
lality and the applicability of online measurement.

With increasing osmolality due to NaCl, decreasing gas
transfer rate maxima and longer cultivation times were
obtained (Fig. 4), similar to the addition of MOPS. How-
ever, the decrease is even more pronounced with osmo-
lality than with MOPS. The more pronounced decrease is
presumably caused by the positive effect of MOPS buffer
on pH being absent, leaving only the negative effect of
higher osmolality.

Offline measurements show increasing final pH and
ODgponm With increasing NaCl concentrations. The
increasing final pH can be explained by the decrease in
overall organic acid production with increasing osmolal-
ity. Similar to increasing MOPS concentrations, higher
NaCl concentrations increase lactate production. Lactate
production seems to be a sound strategy for microorgan-
isms under stressful conditions, such as elevated osmo-
lality or low pH. Correspondingly, succinate and acetate
production decrease under osmotic stress.

Wetzstein and Gottschalk (1985) showed that for
related B. amylophilus, increased NaCl concentrations
up to 90 mM increased growth. This study used a simi-
lar range of 60—90 mM NaCl, and P. vulgatus could also
profit from increasing Na* concentrations (Mulkidjanian
et al. 2008; Deusch et al. 2019). On the one hand, inhi-
bition by osmolality is visible. On the other hand, higher
NaCl concentrations seem to improve biomass growth.
Since acid production is decreased with higher NaCl,
more carbon goes into biomass.

Increased initial pH values lead to increased CTRs after
1 h (Fig. 5). An explanation for this might be the pH-
dependent chemical CO,/HCO™; balance. With an ele-
vated, basic pH in the medium (pH of up to 11.0, data not
shown), CO, remains primarily in solution as HCO™,/
CO32’ ions (Tresguerres et al. 2010). With the addition
of preculture, which has an acidic pH of 5.0 due to the
organic acids that were produced (data not shown), the
pH in the medium is strongly decreased. This drop causes
the equilibrium to shift towards free CO,, which gasses
out. The increased CO, maxima with increased initial pH
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during cultivation do not correlate with increased meta-
bolic activity regarding ODg,, and acid production. At
initial pH values below 7.3, pH inhibition is present as
the final pH drops to 5.3 or lower. The trend for the gas
transfer rates does not fit in the pH range of 7.29-7.45.
These differences are probably because not all pH values
could be tested in one experiment, as indicated by differ-
ent symbols.

The increased osmolality can explain the decreased
acid and biomass production at a pH above 7.3. The ini-
tial pH had little effect on the organic acid profile, but an
optimal pH for growth and acid production is 7.3. The
optimal pH corresponds to the natural pH in the gut, as
it increases from 6.6 in the small intestine to a mean pH
of 7.5 in the terminal ileum (Evans et al. 1988), depending
on the exact anatomical site, diet, and microbial fermen-
tation (Duncan et al. 2009).

Influence of initial acid addition

The initial addition of an acid mix with lactate, acetate,
and succinate to the DMM-G medium demonstrates
inhibition of P vulgatus, compared to the reference (Fig.
$8-510). Experiments with single acid addition show dif-
ferent impacts on the microorganism. An inhibitory effect
is confirmed for lactate addition, starting at 1 g L™" lactate
and increasing with higher lactate concentrations (Fig. 6).
For Bacteroides thetaiotaomicron, a concentration greater
than 0.9 g L™! lactate was identified as growth-inhibiting
(Wang et al. 2020). Increasing lactate concentrations also
led to a shift in the H,/CO, production ratio of P vulga-
tus. Especially for 1.0 g L™! lactate, the lowered CO, pro-
duction is not reflected in the TGTR. As discussed for
the reference culture, P vulgatus only produces CO, and
H,, which account for the total gas production. Conclu-
sively, lactate addition lowers CO, production, while H,
production is less affected. Besides the observed shift in
gas formation, the product ratio shifts from lactate to suc-
cinate production due to increased initial lactate addition.
Presumably, P vulgatus channels carbon towards other
acids once inhibiting lactate concentrations are reached.
Acetate, on the other hand, improves glucose utilization,
increases acid production, and delays the growth phase
(Fig. 7). The delayed growth phase can be explained by the
increased osmolality, or acetate itself, as it is as an over-
flow metabolite mostly considered as inhibiting (Pinhal
et al. 2019). It can be suspected that high acetate concen-
trations inhibit P vulgatus in the first cultivation hours.
Still, as glycolytic flux decreases due to the pH drop,
acetate becomes beneficial for growth, leading to higher
final ODyg,, and final acid concentrations. In contrast
to the lactate addition experiment, acetate addition does
not influence the ratio of produced acids. Interestingly,
the same tendency can be seen in the acid mix addition
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experiments (Fig. S8-S10), where the product ratio is simi-
lar in all cultures, regardless of the amount of added acids.
The succinate addition increases growth slightly, com-
pared to the reference (Fig. S6). Succinate is known as a
virulence factor in infections containing Bacteroides (Rot-
stein et al. 1987; Rotstein et al. 1985), but also for its role
as a beneficial growth factor for rumen bacteria and other
gram-negative anaerobes (Lev et al. 1971). For example,
Lev et al. (1971) increased the growth rate of the related
Bacteroides melaninogenicus by succinate addition. They
observed that succinate addition functioned as an addi-
tional growth factor in the presence of heme and vita-
min K. Since vitamin K1 is also present in the DMM-G
medium, this could explain the increased growth of
P. vulgatus by succinate addition. Moreover, succinate as
a polyprotic acid with two buffer ranges (pK,=5.62 and
4.16) could support P. vulgatus cultivations by a pH buft-
ering effect. Even though the SCFA succinate and acetate
benefit growth and product formation, the mixture of all
acids decreases growth, product formation, and gas trans-
fer rates. Presumably, the negative effect of lactate in the
acid mix is dominant over the beneficial effect of acetate
and succinate.

Scale-up from shake flask to 2 L fermenter and effect of pH
control

The progression of ODg,,,, PH, and glucose consumption
align well between shake flask and fermenter cultivation
with the pH-buffered medium in the first 6 h (Fig. 8). The
higher ODy,, in the bioreactor confirms that 600 min™"
stirring does not exert higher shear stress on the P, vulgatus
cells, while the culture broth was well mixed. Thus, it can
be concluded that the volume-specific gas flow of 0.2 min™
and stirring rate of 600 min~! were chosen adequately for
scale-up. The lower initial glucose concentration in the
pH-buffered fermenter is one deviation between the two
scales. However, as no glucose was added after inoculation,
this is likely due to an HPLC inaccuracy of the first sample.
The other difference is the addition of antifoam to the fer-
menter after 6 h cultivation. Antifoams are surface-active
agents that favor gas bubble coalescence and reduce the
volumetric mass transfer coefficient k;a through changes in
the interfacial area a (Al-Masry 1999; Prins and van't Riet
1987). This could decrease the CO, availability, which is
necessary at a certain level for gut bacteria (Fischbach and
Sonnenburg 2011), or change the power input. It is also
noticeable that between 6 and 12 h, the ODg,,, increases
linearly and not exponentially. Because of the faster bio-
mass production in the pH-buffered fermenter, the acid
formation (blue stars) is also faster than in the shake
flask. For example, the total acid concentration reaches
3 g L™ after 12 h in the shake flask (Fig. 2), while 4 g L™ is
obtained at the same time in the pH-buffered fermentation
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(Fig. 9). However, the final total acid formation is 4.3 g L™
in both scales. Glucose is neither depleted in the shake flask
nor in the pH-buffered fermenter. This, and a pH below the
optimal range of P. vulgatus (Flint et al. 2012; Duncan et al.
2009), confirms the pH-inhibiting effect.

The pH-buffered and pH-controlled cultivations in
the 2 L benchtop fermenter are compared to distinguish
between pH and organic acids’ effects and determine
if medium components other than glucose are limit-
ing. The total acid production (blue stars) is shown to
be independent of pH buffer or control. Still, biomass
growth, glucose conversion, and CO, release are higher
with pH control set at pH 7.0. This beneficial effect of a
pH set point around 7.0 is to be expected since the mean
pH in the natural environment of the gut bacterium
P vulgatus is in the range of pH 6.0-7.5 (Evans et al.
1988; Fallingborg 1999). A pH control around pH 7.0 by
base addition was already successfully applied for axenic
cultures or enriched mixed cultures of gut bacteria
(Berg et al. 1978; Allison and Macfarlane 1989; Adam-
berg et al. 2020; Adamberg and Adamberg 2018; Dal-
land and Hofstad 1974; Isar et al. 2006). Due to glucose
depletion after 13 h in the pH-controlled fermentation
(vertical, dotted line), a secondary substrate limitation
can finally be ruled out for P vulgatus in the DMM-G
medium. However, CO, production starts to decline in
the pH-controlled fermentation already after 9 h, while
glucose is still present until 13 h. P vulgatus also stops
the production of lactate and formate, producing more
acetate and succinate after 9 h in pH-controlled fermen-
tation. Thus, there seems to be a switch in acid forma-
tion and corresponding CO, release, independently of
the pH value. This switch also becomes apparent in the
carbon balances. As already discussed for the reference
cultivation in Fig. 2, acetate, and biomass production
of P. vulgatus often correlate with CO, release, which
matches the data from the pH-controlled fermentation.

Conclusions
Summarizing the experiments, a buffer concentration of
50 mM MOPS and an initial pH of 7.3 benefit P vuiga-
tus shake flask cultivations with 6 g L™! glucose. How-
ever, the pH, end products, or a combination of both
still inhibit the strain. Very low gas transfer rates were
visible, and lactate, succinate, and acetate are the most
abundantly produced acids under the tested conditions.
An inhibitory effect of lactate on P vulgatus was dem-
onstrated in shake flask experiments. A secondary sub-
strate limitation can be excluded for the applied minimal
medium based on stronger growth and glucose depletion
in a pH-controlled fermentation.

This work characterizes cultivation process conditions
for P vulgatus and explores its fundamental potential as
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an SCFA producer. The obtained absolute SCFA values are
far from those observed in GMO processes using common
industrial producer strains. For example, succinate pro-
ductivity with Bacteroides fragilis in a complex medium
was increased to 5.4 g L™! succinate with pH control at 7.0
by Isar et al. (2006). Ultimately, they reached 12.5 g L™
in 30 h with B. fragilis by additional control of CO, sup-
ply and impeller speed (Isar et al. 2006) and mentioned
the potential to increase the succinate production even
further to 20 g L™! in a theoretical approach (Isar et al.
2007). Therefore, P. vulgatus cannot compete with indus-
trial producer strains, as it produces SCFAs like succinate
at a maximum of 2.0 g L™! under the used conditions and
in axenic culture. However, pH-controlled fermentations
could achieve higher succinate titers with P vulgatus in
an optimized medium. Another step is applying genetic
modifications to enhance the succinate yield and shift
acid production from acetate and lactate to succinate. On
the fermenter scale, actively controlling CO, supply and
impeller speed could improve the succinate production, as
in Isar et al. 2006 and Isar et al. 2007. The total acid pro-
ductivity of P vulgatus could also be improved by in-situ
product removal during continuous cultivation. Another
promising approach to produce bio-based SCFA from
organic waste streams, e.g., food waste, are anaerobic
mixed culture cultivations. Using renewable substrates will
make the production process even more sustainable. This
has been shown to be successful by several research groups
(Battista et al. 2022; Greses et al. 2022; Pau et al. 2022; Val-
entino et al. 2021). Further research concerning carbon
sources other than glucose, e.g., fructose, xylose, or pectin,
as substrates for P vulgatus is currently being conducted.
Besides SCFA production, P vulgatus produces bioactive
or antimicrobial compounds and can serve as a probiotic
(Brinkmann et al. 2022; Wexler 2007; Tan et al. 2019). The
potential of P vulgatus to produce the bioactive or antimi-
crobial compounds and its ability to serve as a probiotic
have not been examined in this paper but are interesting
approaches for future research. Thus, the characterization
of this microorganism concerning SCFA production can
benefit future production processes for bioactive or anti-
microbial compounds.

Characterizing the key cultivation parameters for
P. vulgatus in axenic culture and a successful scale-up
assesses the potential of P vulgatus for application in
biotechnological production processes. As a take-home
message, it should be noted that processes with P vulg-
atus require further cultivation conditions or genetic
optimization since P vulgatus cannot compete with
established industrial acid producers so far. Nevertheless,
the presented results and the application of online meas-
urement techniques contribute to a faster optimization of
anaerobic cultivations, paving the way for P vulgatus and
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related gut microbiota as producers of SCFAs, bioactive
or antimicrobial compounds.

Abbreviations

AnaRAMOS  Anaerobic Respiration Activity MOnitoring System
BHI Brain heart infusion medium

CDW Cell dry weight

CTR Carbon dioxide transfer rate

DI water Deionized water

DMM-G Defined minimal medium glucose

HPLC High-performance liquid chromatography

IQR Interquartile range

ka Volumetric mass transfer coefficient

ODggonm Optical density measured at 600 nm wavelength
P Phosphoenolpyruvate

SCFA Short-chain fatty acids

STY Space-time-yield

TGTR Total gas transfer rate

Vi Liquid filling volume

Wwm Volume-specific gas flow
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Additional file 1: Table S1. Final concentrations of DMM-G medium
components used in this work in alphabetical order. The concentra-

tions are based on weighed-in and subsequently completely dissolved
amounts before heat-sterilization or filtration. Table S2. Parameters and
formula for power input calculations of shake flask cultivations. Constants
and formula are adapted from Biichs et al. (2000). Table S3. Parameters
and formula for power input calculations of bioreactor cultivations. Fig.
S1. Screenshots of slow-motion videos at 400 and 600 rpm in the stirred
tank bioreactor. Medium = DMM-G, n = 400 or 600 min",VL = 1500 mL,
vwm = 0.2 min!, gas = N,. Fig. S2. Optical density and cell dry weight
correlation. P vulgatus, V, = 1500 mL, n = 500 rpm, V,q,c1or = 2000 mL,
T=37°C, DMMG medium w/o bicarbonate, ¢y = 6 9/L, pHg, of a pH-
controlled fermentation = 7.0 (3 M NaOH), vwm = 0.2 min™, gasmix =1
9% CO, and 99 % N,, N = 3. Fig. S3. Effect of changing the initial pH-value
on P vulgatus shake flask cultivations. Medium = DMMG, Cgjycoe =6 9 L,
Coufer= 50 MM MOPS, T = 37 °C, n = 100 rpm, V| = 50 mL, initial OD = 0.3,
different initial pH, vwvm = 0.2 min™, gas mix = 1% CO, and 99 % N,, N =
2, tested initial pH-values: 6.98,7.07,7.22,7.29,7.33,7.45,7.61,7.73,7.80,
7.93. Online data of a Total gas transfer rate (TGTR) and b Carbon dioxide
transfer rate (CTR), shadows indicate maximum and minimum values of
duplicates. Corresponding to Fig. 5. Fig. S4. Carbon balance of P vulgatus
cultivations in shake flasks with increasing initial lactate addition. Medium
= DMMG, Cgjyeose = 6 9 L, Cpuier = 50 MM MOPS, T = 37 °C, n = 100 rpm,
V=50 mL, initial OD = 0.35, initial pH after inoculation = 7.23, wwm = 0.2
min, gas mix=1% CO, and 99 % N,, N = 2.a Carbon balance in %.The
start of the fermentation was set to 100 %. b Carbon balance in mmolc L.
Corresponding to Fig. 6. Fig. S5. Carbon balance of P vulgatus cultivations
in shake flasks with increasing initial acetate addition. Medium = DMMG,
Catucose = 6 9 L, Cufrer = 50 MM MOPS, T = 37 °C, n = 100 rpm, V= 50
mL, initial OD = 0.40, initial pH after inoculation = 7.20, vwm = 0.2 min™,
gas mix=19% CO, and 99 % N,, N = 2. a Carbon balance in %. The start of
the fermentation was set to 100 %. b Carbon balance in mmolc L. Corre-
sponding to Fig. 7. Fig. S6. Effect of initial succinate addition to P vulgatus
shake flask cultivations. Medium= DMMG, Cgycose =6 9 L, Cpyiier = 50
mM MOPS, T =37 °C,n =100 rpm, V; = 50 mL, initial OD = 0.33, initial pH
after inoculation = 6.95, vwm = 0.2 min™', gas mix = 1 % CO, and 99 % N,,
N = 2. Online data of a TGTR and b CTR. Shadows indicate maximum and
minimum values of duplicates. Offline data of ¢ produced organic acids
including propionate, succinate, acetate and lactate and remaining glu-
cose, d initial osmolality, final ODgy,,, and final pH. Corresponding molar
carbon balance in % of the initial carbon can be found in Supplementary
Figure S7. Fig. S7. Carbon balance of P. vulgatus cultivations in shake flasks
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with increasing initial succinate addition. Medium = DMMG, Cgjc050= 6 9
L, Coufer = 50 MM MOPS, T = 37 °C, n = 100 rpm, V| = 50 mL, initial OD =
0.33, initial pH after inoculation = 6.95, vwwm = 0.2 min™, gas mix = 1 % CO,
and 99 % N,, N = 2.a Carbon balance in %. The start of the fermentation
was set to 100%. b Carbon balance in mmolc L. Corresponding to Fig.
Sé. Fig. S8. Effect of a low initial acid mix addition to P vulgatus shake flask
cultivations. Medium= DMMG, Cgjcose = 6 9 L™, Coier = 50 MM MOPS, T
=37°C,n=100rpm,V, =50 mL, initial OD = 0.27, initial pH after inocula-
tion = 6.91, vwm = 0.2 min"', gas mix = 1 % CO, and 99 % N, N = 2. The
ratio of added organic acids was 1.5:1.75:1 for acetate:lactate:succinate.
Online data of a TGTR and b CTR. Shadows indicate maximum and
minimum values of duplicates. Offline data of ¢ produced organic acids
including propionate, succinate, acetate and lactate and remaining glu-
cose, d initial osmolality, final ODgy,,, and final pH. Results of a high initial
acid mix can be found in Fig. S9. Corresponding molar carbon balance

in % of the initial carbon can be found in Supplementary Figure S10. Fig.
S9. Effect of a high initial acid mix addition to P vulgatus shake flask culti-
vations. Medium = DMMG, Cgycose = 6 9 L, Cpufrer = 50 MM MOPS, T = 37
°C,n =100 rpm, V= 50 mL, initial OD = 0.21, initial pH after inoculation
=694, vwwm =02 min™, gas mix = 19% CO, and 99 % N,, N = 2. The ratio
of added organic acids was 1.5:1.75:1 for acetate:lactate:succinate. Online
data of a TGTR and b CTR. Shadows indicate maximum and minimum
values of duplicates. Offline data of ¢ produced organic acids including
propionate, succinate, acetate and lactate and remaining glucose, d initial
osmolality, final ODggo,m and final pH. Results of a low initial acid mix can
be found in Fig. S8. Corresponding molar carbon balance in % of the initial
carbon can be found in Supplementary Figure S10. Fig. S10. Molar carbon
balance of P vulgatus cultivations in shake flasks with increasing initial acid
mix addition. Medium = DMMG, Cqjcoee = 6 9 L, Cpyire= 50 MM MOPS,
T=37°C,n=100rpm,V_ =50 mL, initial OD* = 0.21, initial pH after
inoculation* = 6.94, initial OD** = 0.27, initial pH after inoculation** =
6.91,vwm =02 min™, gas mix = 1 % CO, and 99 % N,, N = 2. The ratio of
added organic acids was 1.5:1.75:1 for acetate:lactate:succinate. Asterisks
indicate experiment number one (*) and two (**). a Molar carbon balance
in % of initial total carbon. Molar carbon from CO, was calculated from the
CTRintegral. b Carbon balance in mmolc L. Corresponding to Fig. S8 and
Fig. S9. Fig. S11. Pressure raw data of the P vulgatus cultivation from Fig. 1
between 6.5 h to 13.5 h. Medium = DMMG, Cgjycoe = 6 9 L™, Coyiier = 50
mM MOPS, T =37 °C, n = 100 rpm, V, = 50 mL, initial OD = 0.3, initial pH
after inoculation = 7.23, vwm = 02 min™', gas mix = 1% CO, and 99% N..
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