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Abstract: The biotechnological production of methyl ketones is a sustainable alternative to fossil-derived chemical production. 
To date, the best host for microbial production of methyl ketones is a genetically engineered Pseudomonas taiwanensis VLB120 �6 
pProd strain, achieving yields of 101 mgg −1 on glucose in batch cultivations. For competitiveness with the petrochemical production 

pathway, however, higher yields are necessary. Co-feeding can improve the yield by fitting the carbon-to-energy ratio to the organism 

and the target product. In this work, we developed co-feeding strategies for P. taiwanensis VLB120 �6 pProd by combined metabolic 
modeling and experimental work. In a first step, we conducted flux balance analysis with an expanded genome-scale metabolic model 
of i JN1463 and found ethanol as the most promising among five cosubstrates. Next, we performed cultivations with ethanol and 
found the highest reported yield in batch production of methyl ketones with P. taiwanensis VLB120 to date, namely, 154 mg g −1 methyl 
ketones. However, ethanol is toxic to the cell, which reflects in a lower substrate consumption and lower product concentrations when 

compared to production on glucose. Hence, we propose cofeeding ethanol with glucose and find that, indeed, higher concentrations 
than in ethanol-fed cultivation (0.84 g L aq −1 with glucose and ethanol as opposed to 0.48 g L aq −1 with only ethanol) were achieved, 
with a yield of 85 mg g −1 . In a last step, comparing experimental with computational results suggested the potential for improving 
the methyl ketone yield by fed-batch cultivation, in which cell growth and methyl ketone production are separated into two phases 
employing optimal ethanol to glucose ratios. 

One-Sentence Summary: By combining computational and experimental work, we demonstrate that feeding ethanol in addition to 
glucose improves the yield of biotechnologically produced methyl ketones. 

Keywords: Methyl ketones, Co-feeding, Pseudomonas , Constraint-based modeling 

Graphical abstract 

Workflow for in silico and experimentally guided co-feeding strategies. 

 

 

 

 

 

 

 

 

duction of medium-chain-length methyl ketones (C12–C15), as 
diesel replacement, was introduced by Goh et al. ( 2012 ) in Es- 
cherichia coli strain DH1. The genetic engineering efforts that par- 
ticularly involved altering the fatty acid metabolism led to the 
overproduction of saturated and monounsaturated methyl ke- 
tones with a chain length of C11–C15 at a titer of 0 .38 g L −1 . 
Since then, methyl ketone production has been achieved in var- 
ious Gram-negative microorganisms such as Cupriavidus necator 
and Pseudomonas putida by means of genetic engineering (Dong et 
al., 2019 ; Müller et al., 2013 ). Gram-negative Pseudomonas taiwanen- 
sis VLB120 has many characteristics that make it interesting for 
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Introduction 

Methyl ketones are a versatile class of platform chemicals that are
currently produced by the oxidation of hydrocarbons. Aliphatic,
medium-chain-length methyl ketones are used in the flavor and
fragrance industry (Goh et al., 2012 ). 

In the last decade, applications for sustainable production of
lubricants (Balakrishnan et al., 2016 ) and diesel fuel replacements
(Harrison & Harvey, 2018 ) have been discussed. In order to provide
a sustainable route for methyl ketone production, extensive re-
search has been carried out to enable microbial production from

renewable resources. A first recombinant pathway for the pro- 
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ndustrial application in bioprocesses. They are nonpathogenic,
how high tolerance to organic solvents, can utilize a broad
ariety of substrates, and are easily genetically engineered. Ad-
itionally, P. taiwanensis VLB120 shows a high tolerance to lignin-
erived aromatic compounds that have an inhibitory effect on
any other microorganisms (Lenzen et al., 2019 ; Wordofa & Kris-

ensen, 2018 ). Nies et al. ( 2020 ) engineered P. taiwanensis VLB120
or the production of medium-chain-length methyl ketones. They
stablished the truncated β-oxidation pathway from Goh et al.
 2012 ) to Goh et al. ( 2014 ). The strain P. taiwanensis VLB120 �6
Prod additionally had deletions of fadA2 , tesB , and the pha operon.
n a fed-batch bioprocess with glucose as a carbon source, a prod-
ct titer of 9.8 g L aq −1 at 53% of the theoretical maximum yield
as achieved. This is the highest recombinantly produced methyl
etone yield to date (Nies et al., 2020 ). 
Independent of the microorganism, strategies for methyl ke-

one production aim for increased availability of fatty acid precur-
ors malonyl-CoA and acetyl-CoA (AcCoA) or the improvement
f the conversion rate of fatty acids in the beta-oxidation path-
ay. Increased availability of ATP and NAD(P)H was shown to
ave a positive impact as well, since the fatty acid metabolism
n general has a high demand for energy carriers and redox cofac-
ors (Hollinshead et al., 2014 ). In order to be competitive with the
etrochemical industry, high methyl ketone yields are required
hen applying microbial production hosts. Similarly, to other fatty
cid-derived products, the main challenge is the high demand for
TP along with a complex redox balancing. Herein, the difficulty
ies in a net NADH consumption and a net NADPH production
Goh et al., 2018 ; Hollinshead et al., 2014 ). Often, these challenges
re tackled by means of genetic engineering; however, redox bal-
ncing can be cumbersome (Zu et al., 2021 ). 
An alternative strategy to improve product formation is the

hoice of substrate. The utilized carbon source is a lever to rear-
ange the metabolic fluxes and improve product yields indepen-
ent of genetic engineering. Different substrates are metabolized
y different metabolic pathways, resulting in specific carbon-to-
nergy ratios. The application of multiple carbon sources in a co-
eeding approach has been shown to be advantageous in several
pplications (Dong et al., 2019 ; Ullmann et al., 2021 ). Especially
or the production of highly reduced products such as methyl ke-
ones, co-feeding was beneficial (Park et al., 2019 ). Also, from an
cological perspective, the use of additional, alternative carbon
ources can be beneficial. For example, ethanol can be produced
rom greenhouse gases in syngas fermentations and from for-
ate by electrochemical reduction of CO 2 (Bengelsdorf & Dürre,
017 ; Cotton et al., 2020 ). Pseudomonas spp. are described as being
ble to metabolize a broad variety of carbon sources, including
entose and hexose sugars, carboxylic acids, and aromatic com-
ounds (Lang et al., 2014 ; Sivapuratharasan et al., 2022 ; Sudarsan
t al., 2014 ; Wordofa & Kristensen, 2018 ). We have preselected five
ifferent potential carbon sources as a potential cofeeding com-
ound. Glycerol, ethylene glycol, ethanol, acetate, and formate
ere chosen because it was previously demonstrated that these
ubstances can have a positive impact on a bioprocess when they
re used as a (co-)substrate. Additionally, all applied co-substrates
an either be derived from industrial side streams (glycerol, ethy-
ene glycol) or from sustainable resources such as lignocellulosic
iomass or CO 2 (ethanol, acetate, and formate) (Li et al., 2019 ;
ikel & de Lorenzo, 2014 ; Sun et al., 2020 ; Ullmann et al., 2021 ;
u et al., 2021 ). 
When evaluating co-substrates, metabolic modeling is a pow-

rful tool to support and reduce the effort of laboratory experi-
ents. Metabolic modeling is based on genome-scale metabolic
odels (GEMs), which are reconstructions of metabolic networks,
hat is, of all reaction pathways existing in an organism. GEMs
ontain the stoichiometry of the reactions as well as their asso-
iated genes. GEMs serve to predict the phenotypical response of
n organism to different environmental conditions, for example,
hen co-feeding, as well as to predict the inner-cellular fluxes by
pplying metabolic modeling formulations, such as flux balance
nalysis (FBA) (Orth et al., 2010 ; Varma & Palsson, 1994 ). With the
ssumption of steady-state, FBA defines a cellular objective and
dditional constraints on the reaction fluxes and calculates the
esulting flux distribution by means of linear programming. 
Herein, we applied FBA to preassess which co-substrate is the
ost promising candidate to improve the yield of methyl ke-

ones. Next, we conducted growth experiments with P. taiwanensis
LB120 �6 pProd on the most promising substrate to measure the
roduct titer and yield under different cofeeding conditions. With
hese experimental results, we redid the FBA prediction with the
xperimental uptake rates as input to furnish consistent results
nd compute potentials for further improvement of the methyl
etone yield. To conclude, we used metabolic modeling to reduce
aboratory work to develop the co-feeding strategies for improved
ethyl ketone yield. 

aterials and Methods 

trains, Media, and Culture Conditions 
he chemicals used in this work were obtained from Carl Roth
Karlsruhe, Germany), Sigma-Aldrich (St. Louis, MO, USA), or
erck (Darmstadt, Germany) unless stated otherwise. P. taiwa-
ensis �6 pProd was propagated in Lysogeny Broth (LB) contain-
ng 10 g L −1 peptone, 5 g L −1 sodium chloride, and 5 g L −1 yeast
xtract. Solid LB was prepared by adding 1.5% (w/v) agar to the
iquid medium. Gentamycin and kanamycin were added at con-
entrations of 25 m gL −1 and 50 m gL −1 , respectively. Main cul-
ures for biomass formation and methyl ketone production were
erformed in 500 mL shake flasks with 10% (v/v) of mineral salt
edium (MSM; Hartmans et al., 1989 ) with 7 .76 g L −1 K 2 HPO 4 ,
 .26 g L −1 NaH 2 PO 4 , 2 .0 g L −1 (NH 4 2SO 4 ), 0 .1 g L −1 MgCl 2 · 6 H 2 O,
0 .0 mg L −1 EDTA, 2 .0 mg L −1 ZnSO 4 ·7 H 2 O, 1 .0 mg L −1 CaCl 2 ·2 H 2 O,
 .0 mg L −1 FeSO 4 ·7 H 2 O, 0 .2 mg L −1 Na 2 MoO 4 ·2 H 2 O, 0 .2 mg L −1

uSO 4 ·5 H 2 O, 0 .4 mg L −1 CoCl 2 ·6 H 2 O and 1 .0 mg L −1 MnCl 2 ·2 H 2 O
upplemented with the respective carbon source and antibiotics.
n contrast to the standard MSM medium, the concentration of
he phosphate buffer was doubled in order to minimize the drop
f the pH value that can occur due to gluconate production. All
ultivations were performed at 30°C, and shaken cultures had a
haking diameter of 50 mm. Before inoculation of the preculture,
rozen glycerol stocks were streaked on LB agar plates with antibi-
tics and incubated for 24 hr. Next, 5 mL of LB media with antibi-
tics were inoculated from a single colony in a 15 mL glass tube
nd cultivated overnight at 200 min −1 . The second preculture was
erformed in MSM with 10 g L −1 glucose in a 500-mL shake flask
nd a filling volume of 10% at 300 min −1 . This preculture was inoc-
lated to an optical density at 600 nm (OD 600 ) of 0.1 in mineral salt
edia until the late exponential phase for inoculation of the main
ulture. The starting OD 600 of main cultures was 0.1–0.3. Main cul-
ures in shake flasks were performed in 500-mL shake flasks at 300
in −1 using MSM with the respective carbon source and a filling
olume of 10%. In the case of methyl ketone production, 1 mM
rabinose and 2 mM isopropyl β- d -1-thiogalactopyranoside (IPTG)
ere added before inoculation to induce product formation, and
2 .5 mL of n -decane were added for in situ product extraction.
or online measurement of scattered light during growth in 96-
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well microtiter plates (MTPs), the BioLector (Beckman Coulter Life
Sciences, USA) was used. Each experimental condition had three
additional blank wells without microorganisms to determine the
baseline signal for light scattering. The scattered light signal was
measured with a gain of 30 and 50 at a wavelength of 620 nm.
The measurement interval was set to 13 min. The temperature
was set to 30°C, and the humidity was kept at 85%. The culture
was shaken at 900 min −1 with a shaking diameter of 3 mm. 

Analysis of Cell Growth, Carbon Sources, and 

Product Formation 

Biomass concentration of P. taiwanensis �6 pProd was measured
in aqueous phases and determined as cell dry weight (CDW) in
predried glass vials and (OD 600 ) values. Prior to the cultivations,
the correlation of these two units was measured. In the case that
only the (OD 600 ) value was measured using an Ultrospec TM 10 Cell
Density Meter (Harvard Bioscience, Holliston, MA, USA), CDW val-
ues were determined by 

CDW 

[
g L −1 ] = 0 . 44 OD 600 . 

Aqueous phases were centrifuged for 120 s at 13 000 min −1 , fil-
tered through a 0 .2 μm membrane, and stored at −20°C until fur-
ther high-pressure liquid chromatography (HPLC-UV-RI) analysis.
Supernatants were analyzed in a DIONEX UltiMate 3000 HPLC Sys-
tem (Thermo Scientific, Waltham, MA, USA) with a Metab-AAC
column (300 × 7.8 mm column, ISERA). Elution was performed
with 5 mM H 2 SO 4 at a flow rate of 0 .6 mL min −1 and a column
temperature of 40°C. For detection, a SHODEX RI-101 detector
(Showa Denko Europe GmbH, Munich, Germany) and a DIONEX
UltiMate 3000 Variable Wavelength Detector set to 210 nm were
used. The substrates were identified and quantified via reten-
tion time and UV/RI quotient compared to corresponding exter-
nal standards. In the case that an organic phase was present for
in situ extraction of methyl ketones, the phases were separated
by centrifugation for 120 s at 13 000 min −1 . Analysis of methyl
ketones in the organic phase was performed using a Trace GC
Ultra (Thermo Scientific, Waltham, MA, USA) gas chromatogra-
phy with a flame ionization detector (FID) and a polar ZB-WAX
column (30 m length, 0 .25 mm inner diameter, and 0 .25 μm film
thickness, Zebron, Phenomenex, UK). The measurements were
performed at a constant helium flow rate of 2 mL min −1 and a
split ratio of 1:10. The initial oven temperature of 80°C was held
for 2 .5 min, increased to 250°C at 20°C min −1 , and then held con-
stant at 250°C for 10 min. The injector temperature was set to
250°C and the injection volume was 1 μL, while the temperature of
the FID was 290°C. Methyl ketones were quantified using external
standards of 2-undecanone, 2-tridecanone, 2-pentadecanone, and
2-heptadecanone (Tokyo Chemical Industry Co., Tokyo, Japan). In
the case of simultaneous measurement of CDW and product con-
centration, six equal shake flasks were run under the same con-
ditions. This was necessary since the n -decane overlay hinders
reproducible biomass quantification due to emulsion formation.
Three shake flasks had an overlay of n -decane for methyl ketone
measurement, while three shake flasks did not include an organic
phase and were used for CDW quantification. 

Degree of Reduction 

The degree of reduction (DoR) describes the number of electrons
that can be derived from the complete oxidation of a specific
molecule. The DoR can be used as an estimate of the energy that
is yielded from a carbon substrate by microorganisms. A higher
DoR corresponds to a more highly reduced compound, from which 
more redox cofactors can be produced and, thus, more energy can 
be generated. It is determined by Stephanopoulos et al. ( 1998 ) and
Heijnen and Roels ( 1981 ): 

C a H b O c 

DoR = 

4 · a + 1 · b − 2 · c 
a 

, (1) 

where a , b , and c are the number of C-atoms, H-atoms, and O-
atoms, respectively. 

GEM of P. taiwanensis �6 Pprod 

For the reconstruction of the metabolic network of P. taiwanen- 
sis VLB120 �6 pProd, the most current and complete network 
of the closely related organism P. putida KT2440 was used, that 
is, i JN1463 (Nogales et al., 2020 ). The network i JN1463 contains
2 153 metabolites, 2 927 reactions, and 1 463 genes. Herein, the
network i JN1463 was adjusted mainly according to the modifica- 
tions introduced by Nies et al. ( 2020 ). In their GEM for P. taiwanensis
VLB120, named i JN1411_MK, they took the metabolic network re- 
construction i JN1411 for P. putida KT2440 (Nogales et al., 2017 ) as
a basis. They adapted i JN1411 by removing and adding reactions 
and metabolites to switch from P. putida to P. taiwanensis VLB120.
The GEM i JN1463 was modified according to i JN1411_MK, with the
following differences: The reactions DABAAT2 and AHSERL2 were 
not relevant for biomass production in i JN1411 but are relevant 
for biomass production in i JN1463 and were therefore not deleted.
Moreover, the reaction SHSL2r instead of SHSL2 was deleted be- 
cause SHSL2 does not exist in i JN1463. 

In the model i JN1411_MK, Nies et al. ( 2020 ) added a methyl ke-
tone pooling reaction for methyl ketone congeners. Contrary to 
their suggestion, in this work, we accounted for the C17-congener 
10-heptadecen-2-one. The new pooling reaction reads: 

1 . 00 · 2 - pentadecanone _ e + 14 . 92 · 8 - pentadecen - 2 - one _ e 

+1 . 34 · 10 - heptadecen 2 - one _ e + 15 . 46 

·2 - tridecanone _ e + 24 . 04 · 6 - tridecen - 2 - one _ e 

+ 20 . 08 · 2 - undecanone _ e → , 

where e indicates that the metabolites are extracellular and 
where the stoichiometry corresponds to the molar ratio of the 
methyl ketone congeners that was determined experimentally by 
Nies et al. ( 2020 ). Note that, as the reaction is a so-called ex-
change reaction, only reactants and no products are assigned to 
this reaction. Additionally, two reactions, that is, one producing 2- 
undecanone and one transporting 2-undecanone to the extracel- 
lular space, were added in alignment with the other congener re- 
actions. With the aforementioned adaptations implemented, the 
adapted GEM was named i JN1463_MK. 

The genetically modified strain �6 pProd was implemented in 
the model according to Nies et al. ( 2020 ) by constraining the cor-
responding reactions in the GEM i JN1463_MK to zero. An overview 

of the genes can be found in Supplementary Section A1 . Knocking
out the genes fadE and fadE2 , however, made the production of
methyl ketones computationally impossible as certain metabo- 
lites that are important for the production of methyl ketones 
could not be synthesized anymore. The reason for this is that the
gene co_aco is not implemented in i JN1463_MK but is present in
the mutant strain. The gene co_aco originates from M. luteus and 
encodes the enzyme acyl-CoA dehydrogenase that catalyzes the 
synthesis of the needed metabolite, just as fadE and fadE2 , but with

https://academic.oup.com/jimb/article-lookup/doi/10.1093/jimb/kuad029#supplementary-data
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Fig. 1. Evaluation of five co-substrates using flux balance analysis as a 
function of glucose and co-substrate carbon uptake. The methyl ketone 
exchange reaction flux was set as objective function. This exchange 
reaction is normalized for 2-pentadecanone. A threshold on biomass of 
10% of the maximal theoretical growth at each point was imposed. 

Table 1. Degree of Reduction (DoR) for Glucose and Five Co- 
Substrates, Calculated Using Equation ( 1 ) 

Name Chemical formula DoR 

Ethanol C 2 H 6 O 6 
Ethylene glycol C 2 H 6 O 2 5 
Glycerol C 3 H 8 O 3 4.67
Glucose C 6 H 12 O 6 4
Acetate C 2 H 4 O 2 4
Formate CH 2 O 2 2
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ifferent reaction partners. Equation ( 2 ) shows the reaction orig-
nating from the genes fadE and fadE2 , while Equation ( 3 ) shows
he heterologous equivalent from M. luteus with the gene co_aco . 

acyl - CoA + FAD � trans - 2 , 3 - dehydroaycl - CoA + FAD H 2 , (2) 

acyl - CoA + O 2 � trans - 2 , 3 - dehydroacyl - CoA + H 2 O 2 . (3) 

All 35 reactions catalyzed by acyl-CoA dehydrogenase were ad-
usted in the metabolic network such that FAD and FADH 2 were
eplaced with O 2 and H 2 O 2 , respectively. With the knockouts im-
lemented, we refer to the modulated network as i JN1463_MK �6
Prod in the following. All adaptations in this section were con-
ucted in Python TM version 3.9.12, and i JN1463_MK �6 pProd is
penly available at Ziegler et al. ( 2023 ). 

lux Balance Analysis 
BA is mathematically formulated as a linear optimization pro-
ram: 

max 
v εR n 

c T v 

s.t. S v = 0 

v lb i ≤ v i ≤ v ub i ∀ i ∈ { 1 , . . . , n } , 

here v is the vector of reaction fluxes, n is the number of re-
ctions in the GEM, and c is a parameter vector that indicates
hich reaction flux shall be optimized in the objective func-
ion. The matrix S denotes the stoichiometric matrix of the GEM,
nd the equality constraint ensures a closed mass balance, cor-
esponding to the assumption of steady-state. The parameters
 i 
lb and v i ub impose lower and upper bounds on the fluxes, re-
pectively, with v i lb ≥ 0. In this work, the maximization of the
ethyl ketone exchange reaction, or the biomass exchange reac-

ion BIOMASS_KT2440_WT3 was chosen as cellular objective. The
ower bound on the adenosine triphosphate maintenance (ATPM)
eaction, which corresponds to the nongrowth-associated ATP
aintenance requirement (NGAM), was set to 0 .52 mmol g CDW 

−1 

r −1 (Nies et al., 2020 ), according to experimental data from Ebert
t al. ( 2011 ). The computations were performed using the software
OBRApy (Ebrahim et al., 2013 ) and the optimization software
urobi 9.5.1 (Gurobi Optimization, LLC, 2023 ). For comparison of
xperimental results with computational results, time-resolved 
oncentrations from HPLC UV RI measurements in the exponen-
ial growth phase were used to calculate flux rates (Chmiel et al.,
018 ; Varma & Palsson, 1994 ). The conversion equations can be
ound in the Supplementary Information. The code for the FBA
omputations is openly available at Ziegler et al. ( 2023 ). 

esults and Discussion 

ase Study: Metabolic Modeling Detects Ethanol 
s the Most Promising Co-Substrate 

o represent co-feeding, different uptake fluxes were set as in-
uts to the FBA. Within a range of 0 C-mmol / g CDW 

/ hr to 18 C-
mol / g CDW 

/ hr, the substrate was varied as glucose plus each de-
ominated co-substrate. The 18 C-mmol / g CDW 

/ hr corresponds to
 mmol g CDW 

−1 hr −1 glucose, in alignment with the experimen-
ally measured uptake rate by Nies et al. ( 2020 ). Each input square
as covered by 20 times 20 FBA predictions. The methyl ketone
xchange reaction flux was maximized to calculate the maximal
heoretical methyl ketone production. The resulting ranking of
ubstrates indicates the performance of the substrates, implic-
tly assuming that the actual production is proportional to the
aximal theoretical production. Each FBA is subject to 10% of the
aximal theoretical biomass at the respective point, represent-

ng the standard growth maintenance. In this parametric linear
ptimization program, the input space can be seen as a square
nd the results form planes, as seen in Fig. 1 . No kinks are visible,
hich means that the optimal basis does not change but rather
he active reaction pathways within the metabolic network stay
he same. 
Figure 1 shows that the highest methyl ketone flux of

 .026 mmol g CDW 

−1 hr −1 is reached with the co-substrate ethanol
nd at maximal glucose and ethanol input. The second-best-
erforming co-substrate is glycerol, followed by acetate and ethy-
ene glycol. With the co-substrate formate, the maximum reach-
ble methyl ketone flux is 0 .015 mmol g CDW 

−1 hr −1 . 
The slope of the planes corresponds to the yield of methyl

etones. When only varying glucose, the yield stays constant
t 0 .67 mmol C-mol −1 for all co-substrates, which was to be
xpected. When varying the co-substrate, the steepest descent
s visible with ethanol, which achieves a yield of 0 .85 mmol
-mol −1 , which is higher than the yield on glucose. In other
ords, more carbon atoms are required with glucose as a car-
on source to form the same amount of methyl ketones than on
thanol. Similarly, glycerol exhibits a higher yield than pure glu-
ose, whereas the other co-substrates have a lower yield than pure
lucose. 
The results from Fig. 1 were compared to the DoR of glucose

nd the five co-substrates. Table 1 displays the DoR calculated
ith Equation ( 1 ). 
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The DoR is a first estimation of how many electrons the mi-
croorganism can derive from a certain substrate. The higher the
DoR, the more energy the substrate carries. Interestingly, the DoR
displays a different order compared to the aforementioned FBA
results. Namely, the DoR suggests that ethylene glycol should per-
form better than it did in the FBA. Moreover, the DoR indicates
that acetate should perform as good as pure glucose. 

To further understand the differences, the metabolism of the
different substrates was investigated in the literature. Figure 2
shows the main metabolization pathways of glucose and the five
co-substrates in a metabolic map. 
The metabolization of glucose to glucose 6-phosphate goes 
along with the investment of one ATP molecule. Glycerol is 
converted to dihydroxyacetone phosphate (DHAP; Poblete-Castro 
et al., 2020 ), which further goes into the Embden–Meyerhof–
Parnas pathway. Ethylene glycol is transformed into glyoxylate 
(GLX). GLX can further be transformed via the GLX shunt, pro- 
ducing 2CO 2 and redox cofactors. Alternatively, GLX can be con- 
verted to tatronate semialdehyde and CO 2 , and further to pyru-
vate. Hence, in this pathway, a lot of carbon is lost. The first op-
tion makes ethylene glycol an energy carrier rather than a car- 
bon source, while in the second option, it is an inefficient carbon
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Fig. 4. Methyl ketone yield of (co-fed) shake flask cultivation after 24 hr 
and corresponding concentration of the carbon source. Glucose and 
ethanol were added in C-molar ratios of two parts glucose to one part 
ethanol (downward facing triangle) and one part glucose to two parts 
ethanol (upward facing triangle). Data are shown as the average and 
standard deviation of three biological replicates. 
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ource ( Li et al., 2019 ; Tiso et al., 2021 ). Ethanol is metabolized via
cetaldehyde (ACAH) and acetate to AcCoA without carbon losses,
hat is, CO 2 production (Bator et al., 2020 ). Acetate can directly be
onverted to AcCoA by acetyl-CoA synthetase with ATP as a co-
actor (Bator et al., 2020 ). Formate is not a carbon source as such
or the microorganism. Instead, its metabolization into CO 2 pro-
uces NADH and, thus, can balance the energy demand of the cell
Zobel et al., 2017 ). 
Methyl ketones are synthesized in the fatty acid metabolism,

nd the main precursor for this pathway is AcCoA. Hence, gen-
rally, the closer one substrate is in the map to the metabolite
cCoA, the easier the conversion to methyl ketones. In other
ords, less conversion steps with potential carbon or energy
osses are necessary to form methyl ketones. Following this rule
f thumb, ethanol and especially acetate are the most promising
o-substrates. The FBA and the DoR results, however, ranked ac-
tate lower. For ethylene glycol, despite its high DoR, the metabolic
ap supports the FBA results by showing that ethylene glycol can
nter the GLX shunt instead of producing AcCoA. 
We conclude that co-feeding can contribute to improving the

ield of methyl ketones. Therein, ethanol is the most promising
o-substrate, followed by glycerol. Ethylene glycol was shown to
mprove the methyl ketone yield less than expected from its high
oR. To finally evaluate the performance of acetate, laboratory
xperiments are necessary. 

thanol Achieves the Highest Reported Yield in 

hake Flask Cultivation 

rior to more detailed shake flask cultivations, the growth be-
avior of P. taiwanensis �6 pProd with the different co-fed car-
on sources was investigated in vivo by online measurement
f biomass formation in BioLector experiments. This cultivation
howed substrate inhibition in the case of formate and acetate
s a co-substrate ( Supplementary Fig. A1 ). According to the FBA-
ased assessment of the co-substrates, ethanol was considered to
e the most promising candidate for further evaluation in shake
ask cultivations. The applied MSM media was developed to sup-
ort cultivations with 10 g L −1 of glucose as a carbon source in
hake flasks. To have the co-fed cultivations comparable to that,
he same total molar amount of carbon was applied. A carbon
atio of two C-mol ethanol (2 .4 g L −1 ) to one C-mol glucose (8 g
 

−1 ) was tested, and biomass growth, carbon source uptake, and
ethyl ketone formation was measured. Note that P. taiwanen-

is VLB120 produces minor amounts of gluconate as the only by-
roduct. After glucose depletion, it also takes up gluconate. Ac-
ordingly, there are no side products to be taken into account for
he overall assessment of these cultivations. Figure 3 shows the
esult of the shake flask cultivation. 
Glucose and ethanol were taken up simultaneously, while the

ate of glucose uptake occurred to be 1 .44 ± 0 .13 mmol g CDW 

−1 

r −1 , higher than the rate of ethanol uptake of 1 .05 ± 0 .02 mmol
 CDW 

−1 hr −1 . After complete carbon source depletion after 24 hr,
 .84 ± 0 .004 g L aq −1 of methyl ketones were produced, correspond-
ng to a yield of 84 mg MK g substrate −1 . Opposed to that, cultiva-
ions under the same conditions with only glucose as a carbon
ource had an average yield of 58 mg MK g substrate −1 . These culti-
ations show that glucose and ethanol are co-consumed without
ny diauxic behavior, with a higher uptake rate for ethanol. This
ndicates that, regarding biomass growth, glucose is the preferred
ubstrate of the production host. However, by applying ethanol as
 co-substrate, increased product concentrations and yields com-
ared to glucose as a single substrate can be achieved. Biomass
oncentration increases exponentially and appears to stop after
round 10 hr, which might, however, be due to nonoptimal sam-
ling time points. Presumably, the strain was still in the exponen-
ial phase after 10 hr and grew around 1 or 2 hr more. According to
ur experimental experience, after reaching the stationary phase,
he biomass decreases slightly. Presumably, the biomass concen-
ration was higher than 3 .6 g L −1 in the time when no sample was
aken from the shake flask. The majority of product formation
appened in the second half of the cultivation, presumably af-
er substrate depletion. This was also observed earlier in cultiva-
ions with P. taiwanensis �6 pProd for methyl ketone production.
his can occur due to the rate-limiting spontaneous decarboxyla-
ion observed before (Goh et al., 2014 ; Nies et al., 2020 ). Potentially,
he product concentration could have increased further after the
4 hr that were investigated. 
After confirming the simultaneous consumption of ethanol

nd glucose using P. taiwanensis �6 pProd as a production host,
ifferent combinations of glucose and ethanol were tested and
ompared regarding product yield and final product titer (Fig. 4 ). 

https://academic.oup.com/jimb/article-lookup/doi/10.1093/jimb/kuad029#supplementary-data
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Fig. 5. Comparison of experimental biomass production and methyl 
ketone production with flux balance analysis (FBA) results. FBA 
conditions: The methyl ketone exchange reaction was set as objective 
function. The biomass threshold was varied from 85% to 100% of the 
maximal theoretical biomass production, that is, the flux of the biomass 
reaction v Biomass . Glucose uptake was set to 1 .44 mmol g CDW 

−1 hr −1 , 
ethanol uptake was set to 1 .05 mmol g CDW 

−1 hr −1 . Cultivation 
conditions: 1 part C-mol glucose, 2 parts C-mol ethanol, n = 300 min −1 ; 
T = 30°C; V l , aq = 50 mL; V l , org = 12 .5 mL; t = 24 hr; N = 3; c carbon = 0 .33 
C-mol. Errors were calculated with the jackknife method by Harris 
( 1998 ). 
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All samples were taken 24.0 or 25 .5 hr after inoculation, pre-
sumably not corresponding to the highest product yield since
product concentrations were still increasing at that time point.
The highest yield was obtained by using pure ethanol as a sub-
strate. In the cultivation with ethanol as the only substrate, 2 .82 g
L −1 of ethanol were converted to methyl ketones with a prod-
uct yield of 115 mg MK g substrate −1 . By applying ethanol and glu-
cose in C-molar ratios of 2:1 and 1:2, yields of 84.56 and 74 mg MK

g substrate −1 were observed. When only glucose was used, the yield
varied between 54 and 66 mg MK g substrate −1 . Presumably, these vari-
ations derive from slightly different sampling time points. The
higher the supplied amount of ethanol, the higher the yield of
methyl ketones. This suits the findings of the FBA study. After
48 hr of cultivation, a methyl ketone yield of 154 mg MK g substrate −1

was observed in a shake flask cultivation with single-fed ethanol
( Supplementary Fig. A2 ). To our knowledge, this is the highest re-
ported yield of methyl ketones in batch cultivations with P. tai-
wanensis VLB120 to date. Using genetically engineered P. putida
KT2440, a methyl ketone yield of 169 mg MK g substrate −1 was ob-
served in batch cultivations with glucose and high-value amino
acids as co-substrates (Dong et al., 2019 ). On glucose as a single
carbon source, P. taiwanensis VLB120 �6 pProd was able to produce
101 ± 2 mg L −1 in batch cultivations (Nies et al., 2020 ). Approaches
to produce methyl ketones from carbon sources other than glu-
cose and glycerol (Yan et al., 2020 ) are, to the best of our knowl-
edge, not published. However, ethanol conversion takes place at a
reduced rate compared to glucose, and no high ethanol concentra-
tions can be applied due to product toxicity. Thus, the final prod-
uct concentration of 0.48 g L aq −1 in the cultivation with ethanol is
also lower than 0.84 g L aq −1 that was achieved with glucose and
ethanol. 

The Comparison of Experimental Data and 

Simulations Furnishes Consistent Results 
We compared the experimental results from the shake flask culti-
vation with FBA results. From the experiments, we concluded that
FBA with the assumption of simultaneous metabolization of the
substrates is a valid tool, as no diauxic growth was visible during
cultivation. The aim of this comparison was threefold. First, the
validity of the GEM i JN1463_MK �6 pProd should be investigated.
Second, the laboratory analysis of biomass should be analyzed.
Third, we wanted to see whether there was potential for further
improvement of the methyl ketone yield. 

In order to compare the results, experimental values were
transformed into fluxes. The input to the FBA was set to the up-
takes that were measured in the experiments. 

In a first step, we conducted an FBA, where we set an input
of 2 .77 mmol g CDW 

−1 hr −1 glucose, corresponding to the mea-
sured value. In the corresponding batch cultivation experiment,
no methyl ketone production was induced. Hence, in the FBA,
biomass production was set as objective function. The FBA returns
a production of 0 .27 hr −1 , which fits the measured value of 0 .28
hr −1 . We conclude that the GEM i JN1463_MK �6 pProd is able to
simulate the biomass production. 

In a second step, we compared the results from the best
performing methyl ketone production cultivation, as presented
in Fig. 3 , to FBA results. In the FBA, the uptake of ethanol
was set to 1 .05 mmol g CDW 

−1 hr −1 and the uptake of glucose
was set to 1 .44 mmol g CDW 

−1 hr −1 . We set the methyl ke-
tone exchange reaction as objective function, with the following
stoichiometry: 
1 . 00 · 2 - pentadecanone _ e + 9 . 18 · 8 - pentadecen - 2 - one _ e 
+1 . 25 · 10 - heptadecen - 2 - one _ e + 7 . 80 · 2 - tridecanone _ e 
+6 . 43 · 6 - tridecen - 2 - one _ e + 5 . 66 · 2 - undecanone _ e → 

that was determined from the measured ratio of con- 
geners. The experimental methyl ketone production rate is 
0 .041 ± 0 .004 mmol g CDW 

−1 hr −1 . This value corresponds to 7 .48%
of the theoretical flux of methyl ketones when no threshold 
on biomass is set in the FBA. Next, in four different FBAs, we
constrained biomass formation to find out which simulation fits 
the measured results. Figure 5 shows the comparison. 

The methyl ketone production rate is a sum of all congener re-
action fluxes. The experimental biomass growth is 0 .208 ± 0 .008
hr −1 . The simulated growth ranges from 0 .162 hr −1 to 0 .190 hr −1 ,
which corresponds to 85% to 100% of the theoretical biomass pro- 
duction. Hence, even the maximal theoretical biomass production 
does not reach the measured level of biomass. With the valida- 
tion of the GEM beforehand, we conclude an experimental mea- 
surement error. When producing methyl ketones, the biomass was 
measured in a second, parallel flask, as the added organic sol- 
vent for in situ product extraction made simultaneous measure- 
ment of biomass and products in the same shake flask infeasible.
We conclude that this laboratory analysis procedure needs to be 
revised. 

When setting a threshold of 85% of the maximal theoretical 
biomass production, the simulated methyl ketone production is 
0 .082 mmol g CDW 

−1 hr −1 . The production declines to zero when
only biomass is produced at 100% of the theoretical biomass pro- 
duction. The intersection point with the experimental value is at 
92 .5% biomass threshold. In other words, the FBA predicts the 
same methyl ketone production as the experimental value when 
setting a threshold on biomass of 92 .5% of the maximal theoret-
ical biomass production. The threshold corresponds to a growth 
rate of 0 .18 hr −1 . 

We conclude from the comparative study that the FBA with 
the GEM i JN1463_MK �6 pProd was able to correctly predict the
biomass production. Moreover, we found the potential to improve 

https://academic.oup.com/jimb/article-lookup/doi/10.1093/jimb/kuad029#supplementary-data
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he laboratory analysis of biomass measurement during methyl
etone production as the measured value was too high. Lastly,
e conclude from the high threshold of 92 .5% of the maximal
iomass production that there is still room for improvement in
he methyl ketone production. More carbon atoms could be used
or methyl ketone production instead of being incorporated into
iomass formation. 

onclusion 

e investigated a co-feeding strategy for the production of methyl
etones with P. taiwanensis VLB120 �6 pProd. We presented an
pdated GEM, namely, i JN1463_MK, for metabolic modeling of
. taiwanensis VLB120 and performed FBA for five different co-
ubstrates. Together with information on the DoR of the substrate
s well as the uptake metabolism of each substrate from litera-
ure, ethanol was ranked highest. Ethanol has the additional ad-
antage that it is a low-cost, high-volume product of many in-
ustrial processes. Sustainable industrial-scale production is en-
bled by the conversion of side and waste streams such as ligno-
ellulosic biomass or biogas (Broda et al., 2022 ). Finetuning of the
EM, that is, revising the uptake metabolism of the co-substrates,
ight further increase its predictive potential. In batch cultiva-

ion, methyl ketone yields were highest on ethanol as sole car-
on source. However, high concentrations of ethanol are toxic to
he cell (Heipieper & Bont, 1994 ). Consequently, co-feeding with
lucose has achieved higher product concentrations, while no di-
uxic metabolism was observed. In order to further increase the
roduct concentrations, the cellular tolerance to ethanol should
e increased by adaptive laboratory evolution (ALE) approaches.
oreover, fed-batch fermentation can help exploiting the full po-

ential. A first growth phase makes the cells more robust to high
thanol concentrations, which makes it possible to increase the
oncentration of the carbon source. Alternatively, methyl ketone
roduction in resting cells may be attractive, thereby uncoupling
rowth and product synthesis. Furthermore, the optimal ethanol-
o-glucose ratio should be investigated next. When comparing the
xperimental with computational results, we have observed that
here is still potential for improvement in the product yield be-
ause many of the carbon atoms are still metabolized to biomass.
enetic modification might further increase the yield. Again, a
ombined approach of metabolic modeling and experimental data
s helpful. Gene knockouts can be predicted in silico by suitable
ilevel optimization formulations (Burgard et al., 2003 ; Tepper and
hlomi, 2010 ) and can reduce the effort of subsequent in vitro ex-
eriments. 

upplementary Material 
upplementary material is available online at JIMB ( www.academic.
up.com/jimb ). 
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