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ARTICLE INFO ABSTRACT

Keywords: Utilization of lignin, an abundant renewable resource, is limited by its heterogenous composition and complex

Acinetobacter baylyi ADP1 structure. Biological valorization of lignin provides advantages over traditional chemical processing as it occurs

i/ign“l‘ at ambient temperature and pressure and does not use harsh chemicals. Furthermore, the ability to biologically
evalonate

funnel heterogenous substrates to products eliminates the need for costly downstream processing and separation
of feedstocks. However, lack of relevant metabolic networks and low tolerance to degradation products of lignin
limits the application of traditional engineered model organisms. To circumvent this obstacle, we employed
Acinetobacter baylyi ADP1, which natively catabolizes lignin-derived aromatic substrates through the p-ketoa-
dipate pathway, to produce mevalonate from lignin-derived compounds. We enabled expression of the meval-
onate pathway in ADP1 and validated activity in the presence of multiple lignin-derived aromatic substrates.
Furthermore, by knocking out wax ester synthesis and utilizing fed-batch cultivation, we improved mevalonate
titers 7.5-fold to 1014 mg/L (6.8 mM). This work establishes a foundation and provides groundwork for future
efforts to engineer improved production of mevalonate and derivatives from lignin-derived aromatics using
ADP1.

Metabolic engineering
Renewable chemistry

1. Introduction of substrates found in processed lignin (Salvachtia et al., 2015). The

substrate funneling characteristic of microbial lignin-derived aromatics

Lignin is the second most abundant biomass-derived carbon source
on Earth and represents a renewable reservoir of energy-dense substrate
to perform green chemistry (Ragauskas et al., 2014). Annual worldwide
production is approximately fifty-million tons, and this production is
projected to increase significantly as it is a byproduct of biofuel pro-
duction technology (Norgren and Edlund, 2014). Due to the variability
in both composition and bonding structure of lignin, processing is
challenging (Linger et al., 2014; Schutyser et al., 2018). Furthermore,
utilization of processed lignin is difficult due to the inherent composi-
tional heterogeneity of lignin degradation products. Currently, most
lignin is treated either as a waste stream or is burned as a solid fuel in
biorefinement processes (Schutyser et al., 2018). However, biological
upgrading, or valorization of lignin provides advantages over traditional
chemical processing or combustion by enabling conversion of diverse
lignin-derived substrates to high value products (Linger et al., 2014).

Aromatics-degrading microorganisms can catabolize the broad range
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metabolism allows for the utilization of diverse lignin-derived com-
pounds without prior separation. Several microorganisms, including
Rhodococcus and Pseudomonas species, can synthesize a range of prod-
ucts like triacylglycerols (TAGs) and polyhydroxyalkanoate (PHA) from
lignin derivatives (Linger et al., 2014; MacEachran and Sinskey, 2013).
Acinetobacter baylyi ADP1 represents a promising candidate for biolog-
ical valorization of lignin-derived compounds (Beckham et al., 2016). In
addition to its versatile metabolism, it possesses natural competence and
native homologous recombination machinery that enable rapid and
targeted genomic manipulations (Barbe et al., 2004; Elliott and Neidle,
2011). Emerging tools for ADP1 have further broadened the feasible
scope of engineering and enabled rapid iteration through
design-build-test-learn cycles (Biggs et al., 2020; Suarez et al., 2019).
Leveraging the advantageous characteristics of ADP1, we engineered
a strain capable of expressing the mevalonate pathway during growth on
lignin-related aromatic substrates. Mevalonate is a small molecule with

Received 15 May 2020; Received in revised form 4 May 2021; Accepted 5 May 2021

Available online 24 May 2021

2214-0301/© 2021 The Authors. Published by Elsevier B.V. on behalf of International Metabolic Engineering Society. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:k-tyo@northwestern.edu
www.sciencedirect.com/science/journal/22140301
https://www.elsevier.com/locate/mec
https://doi.org/10.1016/j.mec.2021.e00173
https://doi.org/10.1016/j.mec.2021.e00173
https://doi.org/10.1016/j.mec.2021.e00173
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mec.2021.e00173&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

E. Arvay et al.

applications in cosmetics and as a monomer precursor to some classes of
polyesters (Wang, 2017). It is also a precursor to terpenoids that have
applications in industries ranging from biofuels production to flavorings
and fragrances (Ajikumar et al., 2008; Belcher et al., 2020; Zhang et al.,
2017). The dedicated pathway for mevalonate synthesis requires three
acetyl-CoA and two NADPH molecules, which at high flux can strain
native metabolism. Thus, expression of this pathway in ADP1 provides
an opportunity to study the impact of acetyl-CoA and NADPH siphoning
in ADP1 as well as to identify potential obstacles to be overcome towards
utilization of ADP1 as a production host. We show mevalonate pathway
activity in the presence of various lignin-derived aromatic compounds
and improved productivity by eliminating the resource competitive wax
ester pathway. In addition, we conducted fed-batch cultures to evaluate
productivity over time. This work demonstrates ADP1 as a host for
biological valorization of lignin-derived substrates to mevalonate and
adds to the body of previous efforts (Ishige et al., 2002; Luo et al., 2019;
Santala et al., 2011, 2014) to synthesize industrially important products
using ADP1’s potential as an metabolic engineering host and indicates
targets for future engineering.

2. Materials and methods
2.1. Strains and media

In this study wild type (WT) ADP1 was obtained from the Ellen
Neidle lab (U. Georgia) and used for cloning (Juni and Janik, 1969;
Vaneechoutte et al., 2006). The mevalonate plasmid was constructed
using pPBWB162 (Addgene #140634) (Biggs et al., 2020) vector and
pJBEI-6410 (Addgene #47049) (Alonso-Gutierrez et al., 2013) meval-
onate pathway. The plasmid pBWB290 was used to perform genomic
knock-out via SacB/Kan®. Genomic DNA used to amplify genome ho-
mology for the genomic knock-out was isolated using a Wizard Genomic
DNA Purification kit (Promega).

Initial precultures for mevalonate production were grown in LB
Broth (Fisher Scientific). M9 minimal medium (1L) was prepared in
sterile filtered water with 2 mM MgSO4 (heptahydrate, Sigma Aldrich),
0.1 mM CaCl; (dihydrate, Sigma Aldrich), 0.18% (w/v) (10 mM) glucose
solution (unless otherwise noted) (monohydrate, Acros Organics), and
M9 Minimal Salts (BD Difco) (239 pM disodium phosphate, 110 pM
monopotassium phosphate, 43 pM sodium chloride, 93 pM ammonium
chloride). Aromatic carbon sources were supplied at 20 mM, 10 mM,
5 mM, or 2 mM as noted from 0.5M protocatechuate (PCA) (pH 7,
adjusted with 10N NaOH) (Sigma Aldrich), 0.5M p-hydroxybenzoate
(POB) (pH 7, adjusted with 10 N NaOH) (Sigma Aldrich), 0.25 M fer-
ulate (pH 7, adjusted with 10 N NaOH) (Sigma Aldrich), 0.5 M benzoate
(pH 7, adjusted with 10 N sodium hydroxide) (Sigma Aldrich), or 0.5 M
anthranilate (pH 7, adjusted with 10 N NaOH) (Sigma Aldrich). Kana-
mycin was used at a working concentration of 25 mg/L for ADP1 cul-
tures requiring antibiotic for plasmid maintenance.

2.2.1. General cloning

Plasmids were purified using a GeneJet Plasmid Miniprep kit
(Thermo Scientific). All PCRs were performed with DNA oligomer
primers (10 pM) (IDT DNA) and 2X PrimeSTAR Max DNA polymerase
(Takura Bio). PCR products were purified from agarose gel using a
GeneJet Gel Extraction kit (Thermo Scientific). Plasmid assembly was
performed via Gibson assembly using 2X Gibson Assembly Master Mix
(NEB) (Gibson et al., 2009).

2.2.2. Construction of plasmids

The mevalonate pathway was cloned into pBWB162, which is
derived from the broad host range vector pBAV1k and is capable of E.
coli and ADP1 replication (Bryksin and Matsumura, 2010). The upper
mevalonate pathway (AtoB, ERG1, and HMG1) was amplified from the
pJBEI-6410 (Addgene #47049) (Alonso-Gutierrez et al., 2013) plasmid
using primers ECA01/02 (Supplemental Table 1). The vector backbone
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containing an ADP1-compatible origin, kanamycin resistance marker,
lacl, lacO, and the IPTG-inducible p;. promoter region was amplified
from pBWB162 (Addgene #140634) (Biggs et al., 2020) using primers
ECA03/04. Gibson assembly was used to piece together the mevalonate
pathway insert with the pPBWB162 backbone to create pMev-Lacl-trc
(pECAO03). This plasmid was sequenced then transformed into WT
ADP1, as previously described (Biggs et al., 2020) to generate strain
ADP1 pMev-Lacl-trc (ECA10).

To enable strong expression of levansucrase, sacB was placed under
control of the p;. promoter on the pBWB162 vector. The vector
pBWB162 was amplified using primers BWB645/646, and sacB was
amplified using primers BWB647/648. The gel-extracted DNA frag-
ments were assembled using Gibson assembly to generate pBWB290.

2.2.3. Construction of acrl knock-out strains ADP1 Aacrl (ECA14) and
ADP1 Aacrl pMev-Lacl-trc (ECA15)

This knock-out was performed using SacB/Kan® counterselection
adapted from Metzgar et al. (2004). Genome homology of 500 bp
flanking acrl was amplified from ADP1 genomic DNA using primers
ECA05/06 (forward homology) and ECA09/10 (back homology). The
SacB/Kan® cassette, containing SacB downstream of the p; promoter
and Kan®, was amplified from pBWB290 using primers ECA07/08. The
parts were assembled into the trc-SacB/KanR selection cassette using
overlap extension PCR (Anton V. Bryksin and Ichiro Matsumura, 2010)
with primers ECA05/10. The trc-SacB/KanR selection cassette was gel
extracted and transformed into WT ADP1 to create ADPlAacrl:
tre-SacB/Kan®. Transformants were plated on kanamycin LB agar plates
and incubated at 30 °C overnight. The next day, 32 transformant col-
onies were patched onto kanamycin LB agar plates and sucrose LB agar
plates to confirm sucrose sensitivity. These plates were incubated at
ambient (~22 °C) temperature for 24-48 hours (Blomfield et al., 1991),
and colonies that displayed kanamycin resistance and sucrose sensitivity
were selected from the kanamycin LB agar plate. These colonies were
clonally purified by streaking again on kanamycin LB agar and on su-
crose LB agar and growing for 24-48 hours at ambient temperature.
Clonally pure colonies were validated for integration of the SacB/Kan
cassette at the acrl locus using colony PCR and primers ECA15/16.

To delete trc-SacB/Kan® from the ADP1 genome, a counterselection
cassette was constructed. First, the forward and back homologies
flanking acrl on the ADP1 genome were amplified from the ADP1
genome using primers ECA11/12 (forward homology) and ECA13/14
(back homology). Then the acrl counterselection cassette comprising
the forward and back homologies was created using overlap extension
PCR with primers ECA11/14. ADP1 Aacrl::tre-SacB/Kan® was trans-
formed with the acrl counterselection cassette, and transformants were
incubated for 24-48 hours at ambient temperature. Subsequent colonies
were screened for loss of the SacB/Kan® cassette by patching onto su-
crose LB agar and kanamycin LB agar plates and incubating for 24-48
hours at ambient temperature. Colonies that displayed no growth inhi-
bition on sucrose LB agar and did not grow on kanamycin LB agar were
clonally purified by patching onto kanamycin LB agar and sucrose LB
agar again and incubating overnight at ambient temperature. Colonies
that grew only on sucrose LB agar were screened for loss of the original
acrl gene via colony PCR with primers ECA15/16. Colonies with
apparent deletion were sequence validated to generate ADP1 Aacrl
(ECA14). pMev-Lacl-trc (pECA03) was transformed into ADP1 Aacrl
(ECA14) to generate ADP1 Aacrl pMev-Lacl-trc (ECA15).

2.3. Culture conditions

2.3.1. General culture conditions

All ADP1 mevalonate production cultures were grown at 30 °C and
250 rpm with 25 mg/L kanamycin for plasmid maintenance in 125 mL
unbaffled Erlenmeyer flasks unless otherwise noted. Precultures were
started by inoculating 5 mL LB medium from glycerol stocks and grown
for 12-16 hours. Cells were then transferred to 25 mL M9 minimal
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medium supplemented with aromatic acids and glucose as carbon
sources and grown for an additional 12-16 hours prior to inoculation
into cultures. To inoculate M9 minimal medium cultures, a sample of
preculture was centrifuged at 4000xg and 4 °C for 10 minutes. Spent
supernatant was removed, cell pellets were resuspended in M9 minimal
medium to an optical density of 5 and inoculated into 25 mL M9 minimal
medium at a 1:100 dilution. Following growth to OD 0.6, the expression
of the mevalonate pathway was induced with 1 mM IPTG.

2.3.2. Varied aromatic growth rate culture conditions

For growth rate measurements of ADP1 in varied aromatic media,
optical density was measured using a Synergy H1 microplate reader
(BioTek) and Flat Bottom Clear Non-sterile 96-well plates (Fisherbrand).
Precultures were grown initially in 5 mL LB overnight, then diluted
1:100 into 5 mL of M9 minimal medium containing 10 mM (0.18% w/v)
glucose and either POB, ferulate, benzoate, or anthranilate at either
20 mM or 5 mM and allowed to grow for an additional 16 hours in 5 mL
precultures. Precultures were then spun down to pellet cells and resus-
pended at an OD of 0.05 in fresh medium and pipetted into wells. Each
well contained 300 pL of culture. Blank wells containing sterile media
were placed alongside culture wells to control for contamination as well
as measure blank absorbance. Unmeasured wells were filled with water
to minimize evaporation. The plate reader was held at 30 °C and
250 rpm shaking for 14 hours with absorbance readings every 15
minutes.

2.3.3. Fed-batch culture conditions

All fed-batch cultures were precultured in LB then M9 medium and
inoculated at an OD of 0.05 as described above. All strains and condi-
tions started with M9 minimal medium initially containing 20 mM POB
and 10 mM glucose. After 24 hours of growth, 20 mM POB was added to
the POB-fed culture, 20 mM glucose was added to the glucose-fed cul-
ture, and sterile water was added to the non-fed culture to control for
dilution. An equal volume was added to each culture to prevent dilution
affects from influencing observed trends. Every 24 hours cultures were
sampled and analyzed for mevalonate concentration and substrate
concentration before and after carbon addition. After 168 hours of
growth, final samples were collected, and cell pellets were analyzed for
truncation of the mevalonate pathway via colony PCR.

2.4. Analytical methods

2.4.1. Sampling

For fed-batch cultures, optical density readings were taken every 24
hours. All optical density readings were taken using a Synergy H1
microplate reader (BioTek) and Flat Bottom Clear Non-sterile 96-well
plates (Fisherbrand). 300 pL of total volume was pipetted into each
well with appropriate dilution by fresh M9 medium.

Prior to addition of the desired carbon source to fed-batch cultures,
250 pL samples were collected. These samples were centrifuged imme-
diately at maximum speed (17,000xg) and 4 °C for 10 minutes. Culture
supernatant was transferred to clean tubes and stored at 4 °C until
analysis by HPLC or GC-MS (below). The mevalonate pathway cassette
from the final timepoint cell pellet was amplified by colony PCR (cPCR)
using primers ECA17/18 to screen for large pathway deletions. The
cPCR amplified mevalonate pathway DNA was purified via gel extrac-
tion and sequenced to identify mutations.

2.4.2. High pressure liquid chromatography (HPLC) sample analysis
After centrifugation, 80 pL of supernatant sample was pipetted into
250 pL polyspring glass inserts placed into glass screw top vials then
sealed with PTFE/silicone caps (Filtrous). Samples were analyzed using
an Agilent 1200 Series HPLC equipped with a BioRad HPX-87H chro-
matography column, an Agilent G1315C Diode Array Detector (DAD),
and an Agilent G1362A Refractive Index Detector (RID). The mobile
phase was 10% (v/v) acetonitrile, 90% (v/v) 5 mM sulfuric acid
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(Thermo). The column was equilibrated for 1 hour at a flow rate of
0.600 mL/min and a column temperature of 60 °C. Following equili-
bration at 0.600 mL/min at 60 °C, the following method was used to run
samples. The injection volume was 5.00 pL. Run time was 30 minutes
with post-time of 1 minute. The autosampler was maintained at a tem-
perature of 4 °C and the RID at a temperature of 35 °C. The DAD signal at
194 nm was used to quantify aromatic acids and gluconate, and the RID
signal was used to quantify glucose. Standards were run for each aro-
matic acid, for gluconate, (Sigma-Aldrich) and for glucose to determine
retention times and to generate standard curves.

2.4.3. Gas chromatography Mass spectrometry (GCMS) sample analysis

Samples were extracted into ethyl acetate for GCMS analysis using a
method adapted from previous work (Dueber et al., 2009). For each
extraction, 20 pL of culture supernatant was placed into a 1.2 mL
Eppendorf tube. To this, an extraction standard of 2 pL of 10 g/L
B-carophyllene in ethyl acetate was added. To catalyze the lactonization
of mevalonate to mevalonolactone, 10 pL of 0.5 N hydrochloric acid was
added. The sample was vortexed briefly prior to the addition of 190 pL of
ethyl acetate. The sample was then sealed and shaken at 1400 rpm for 5
minutes, then centrifuged at maximum speed (17,000xg) at 4 °C for 5
minutes. The organic (lower density) fraction was pipetted into a 250 pL
glass polyspring insert in a glass screw top vial and then sealed with a
PTFE/silicone cap (Filtrous). Samples were analyzed immediately after
extraction. The following method was used to analyze samples using an
Agilent 7890 GC equipped with an Agilent HP-5ms Ultra Inert column
(30 m x 250 pm x 0.25 pm) and an Agilent 7000 MS. The injection
volume was 1 pL. Helium was used as the carrier gas. The front inlet was
run on splitless mode at a temperature of 150 °C and a pressure of 12.5
psi with a total flow rate of 54 mL/min and a septum purge flow of
3 mL/min. The MSD transfer line was held at 290 °C. The oven was set to
an initial temperature of 60 °C with a ramp rate of 15 °C/min to 200 °C
with a hold time of 1 minute. Post-run was held at 300 °C for 5 minutes.

Standards of 100 mg/L B-caryophyllene were run alongside samples
to normalize for extraction. 0.13% (w/v) (10 mM) mevalonolactone
standards in ethyl acetate were also run alongside samples. Mevalono-
lactone concentration was calculated from a standard curve of meva-
lonolactone in ethyl acetate. Yields were calculated from the mevalonate
titer and substrate consumption as calculated from initial and final
substrate concentrations. Carbon yields were calculated based upon the
carbon atoms present in mevalonate and the respective substrates. For
mixed substrate cultivations, c-mmol/c-mol yields were calculated
based on the carbon yield for the combined substrates.

3. Results and discussion

3.1. Mevalonate pathway is functionally expressed in ADP1, but not
genetically stable in protocatechuate-only medium

Initial validation of pathway functionality was performed by
culturing ADP1 pMev-Lacl-trc (ECA10) in minimal M9 medium under
three conditions. One condition was supplied with 1.54 g/L (10 mM)
PCA, a metabolic intermediate in the catabolism of lignin-derived aro-
matic compounds, as the sole carbon source. A second condition was
supplied with 0.31 g/L (2 mM) PCA and 0.2% (w/v) (11.1 mM) glucose.
The last condition was supplied with 1.54 g/L (10 mM) PCA and 0.2%
(w/v) (11.1 mM) glucose. Mevalonate and cell density was measured
after 24 hours of cultivation in all conditions [Fig. 1 B]. These data
indicate that the mevalonate pathway can be expressed functionally in
ADP1, and based on the PCA-only condition, can produce mevalonate
solely from an aromatic, lignin-related carbon source (p < 0.01 relative
to no mevalonate control). Notably, cultures containing PCA as the sole
carbon source accumulated very little mevalonate and grew to a lower
OD in comparison to cultures supplemented with glucose (Fig. 1 B).
pMev-Lacl-trc (pECAO03) plasmids were isolated at 24 hours and
sequenced for each culture. Sequencing revealed partial deletions of the
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Fig. 1. ADP1 produces mevalonate, but plasmid instability reduces production in PCA-only condition. ADP1 was cultured in batch mode for 24 hours with
expression of the mevalonate pathway. (A) The mevalonate pathway comprising atoB, ERG13, and HMG1, catalyzes the conversion of three molecules of acetyl-CoA
into mevalonate. (B) Mevalonate was detected in all conditions, including in medium containing solely 10 mM PCA (p = 0.01, t-test, 2-tailed). The primary vertical
axis shows mevalonate production. The secondary vertical axis shows ODggo. Data is mean and error bars represent S.E.M. (n = 2). (C) Plasmid instability in the
10 mM PCA condition occurred for glucose-free medium. The top band represents the full pathway, with the second, third, and fourth bands being distinct mutants

found in the 10 mM PCA-only condition cultures.

mevalonate pathway present in PCA-only cultures [Fig. 1 C]. These
deletions occurred at various loci and impacted multiple genes in the
mevalonate pathway. PCA is known as a poor substrate due to its ten-
dency to chelate iron, which may have caused significant cellular stress
(Garner et al., 2004). Glucose appears to obviate this stress and stabilize
the plasmid.

3.2. Mevalonate production is affected by the aromatic acid species
present

After seeing mevalonate titers were very sensitive to carbon source,
we examined the productivity in the presence of various lignin-derived
aromatic acids (Salvachta et al., 2015). Aromatic acid substrates were
chosen to represent both branches of the p-ketoadipate pathway,
funneling either to PCA (POB and ferulate) or catechol (benzoate and
anthranilate) (Salvachta et al., 2015). To reduce growth-inhibition ef-
fects, ferulate, benzoate, and anthranilate were supplied at 5 mM
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concentration, while POB was supplied at 20 mM concentration (Fischer
et al., 2008) [Suppl. Fig. 2]. All culture medium contained either POB,
ferulate, benzoate, or anthranilate and 0.18% (w/v) (10 mM) glucose as
a supplemental carbon source. The glucose was added to ensure plasmid
stability. At 48 hours, cultures were harvested and analyzed for
mevalonate production [Fig. 2]. Ferulate/glucose cultures resulted in
the lowest average titer of mevalonate, which may be due to lower
tolerance of ferulate by ADP1 relative to other monomers (Luo et al.,
2019). Cultures grown with POB/glucose had 4.6-fold higher titer
relative to the other carbon source cultures tested [Fig. 2A]. To inter-
rogate whether this was an artifact of the abundance of POB relative to
other carbon sources, the carbon utilization, as c-mmoles of mevalonate
per c-mole of substrate (for both POB and glucose), was calculated.
Analysis of carbon utilization revealed a statistically significant increase
in carbon yield for POB cultures over ferulate, benzoate, and anthrani-
late [Fig. 2B]. Due to its higher production per OD and low toxicity,
POB/glucose was chosen as the carbon source mixture for future
cultivations.
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3.3. Mevalonate is efficiently produced from p-hydroxybenzoate as sole
carbon source

Because POB performed well when glucose was supplemented, we
conducted batch cultivation of ADP1 pMev-Lacl-trc (ECA10) with M9
minimal medium containing 20 mM POB as the sole carbon source and
observed increased mevalonate production relative to the PCA-
containing cultures [Suppl. Fig. 1]. For cultures containing solely
20 mM POB, solely 10 mM glucose, or a mixture of 20 mM POB and
10 mM glucose as carbon sources, no mutations to the mevalonate
plasmid were observed. Mixed carbon substrates led to the highest titers
and are more representative of the native growth conditions of ADP1
(Linger et al., 2014). Accordingly, glucose was included as a secondary
carbon source in subsequent experiments.

3.4. Removing wax ester synthesis and culturing in fed-batch enables
higher production of mevalonate from aromatic carbon

Next, we studied the impact of competition for acetyl-CoA on
mevalonate production. The wax ester pathway competes for acetyl-CoA
through fatty acid synthesis and is known to be highly active in ADP1
under carbon-rich and nutrient-limited, particularly nitrogen-limited,

- 2.0 Fig. 2. Aromatic substrates affect growth, titer,
and yield. As PCA only condition resulted in low

- 1.8 titers and mutations, we screened four aromatics to
determine which was best tolerated. Glucose was
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only experiments. (A) Mevalonate titers (left axis)
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conditions (Alvarez and Steinbiichel, 2002). Fed-batch cultivation was
utilized to enable conditions that were carbon-rich and nutrient-limited.

ADP1Aacrl pMev-Lacl-trc (ECA15) was evaluated alongside ADP1
pMev-Lacl-trc (ECA10) for long-term mevalonate production in 168
hour fed-batch cultivations [Fig. 3A]. Three conditions were evaluated
for mevalonate production — one with addition of POB boli, one with
glucose boli, and a non-fed culture with no additional carbon subse-
quently added. The data show a significant 7.5-fold increase in meval-
onate production in the wax ester knock-out strain compared to WT in
the POB fed-batch. For the wax ester knock-out strain expressing the
mevalonate pathway, cultures reached a titer of 1014 + 379 mg/L
(6.8 mM + 2.6 mM) with a yield of 41.4 + 17.6 c-mmol/c-mol of all
substrate consumed at 168 h. Glucose fed-batch also compared
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favorably in the wax ester knock-out compared to WT, although to a
lesser extent than POB. Cultures not supplied with additional non-
carbon nutrients exhibited slow or insignificant growth rate after
initial exponential phase growth [Suppl. Fig. 3].

A time-course analysis of mevalonate concentration revealed that
mevalonate production continued via POB catabolism even after the
initial glucose was depleted [Fig. 3B, Suppl. Fig. 4 A and D]. No other Cg
compound was detected by HPLC. These data indicate that mevalonate
was being produced directly from lignin-derived carbon sources over an
extended timeframe. Active synthesis of mevalonate after early sta-
tionary phase and improved mevalonate synthesis in the wax ester
knockout strain supports the hypothesis that the wax ester pathway
competes with the mevalonate pathway for acetyl-CoA flux under
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Fig. 3. Mevalonate production is improved by wax ester knock-out and fed-batch cultivation. A. baylyi ADP1 pMev-Lacl-trc (ECA10) and the wax ester knock-
out, ADP1Aacrl pMev-Lacl-trc (ECA15) were cultivated in fed-batch. Cultures initially contained 20 mM POB and 10 mM glucose. Cultures were fed every 24 hours
one bolus of 20 mM substrate, either p-hydroxybenzoate (POB) or glucose, or not fed, as indicated. (A) Mevalonate titers after 168 h of POB fed-batch. (B) Mevalonate
titers over culture time for in ADP1Aacrl pMev-Lacl-trc (ECA15) with POB feeding. Data reflect mean and error bars represent S.E.M. (n = 6 for ADP1 pMev-Lacl-trc
POB, glucose, not fed, and for ADP1Aacrl pMev-Lacl-trc POB, and n = 2 for ADP1Aacrl pMev-Lacl-trc glucose and not fed).
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carbon-rich, nutrient depleted conditions (Alvarez and Steinbiichel,
2002; Salmela et al., 2019). Amplification of the mevalonate pathway in
the 168-h cell pellets revealed truncation of the mevalonate pathway for
four of twelve POB-fed cultures and for six of eight glucose-fed cultures
[Suppl. Table 4; Suppl. Fig. 5]. This is consistent with the large spread in
mevalonate titers late in the POB culture [Fig. 3B]. Glucose-fed cultures
exhibited significant accumulation of glucose-derived gluconate that
contributed to decreased pH [Suppl. Table 5] and may have led to
mutations to the mevalonate pathway, both of which may have reduced
or eliminated mevalonate production [Suppl. Fig. 4 B and E; Suppl. Fig.
5]. Therefore, we postulate that mutations are likely driven by poor cell
fitness due to non-optimal pH or high substrate accumulation [Suppl.
Fig. 4 B and E; Suppl. Fig. 5]. Taken together, these data indicate that
mevalonate production was significantly improved by eliminating the
wax ester pathway and that implementing fed-batch cultivation led to
continued production of mevalonate from POB after glucose was
depleted, although long-term stability remains a challenge.

4. Conclusions

By utilizing the diverse metabolism and genetic maleability of ADP1,
we engineered a strain capable of producing titers of mevalonate up to
1014 mg/L (6.8 mM) from mixed glucose and lignin-derived aromatic
carbon sources. The strain showed functional expression of a heterolo-
gous pathway in the presence of multiple lignin-derived aromatic
compounds, and production capability was significantly improved by a
genetic knock-out targeting wax ester synthesis. In the future, our work
will address the long-term stability of the mevalonate pathway. Genetic
instability that gradually eliminates mevalonate production poses an
obstacle to industrial applications of this strain. Chromosomal integra-
tion may enable expression while limiting plasmid-based metabolic
burden, but it is unlikely to completely alleviate pathway burden. Based
on our data, culture medium containing a mixture of aromatic and
sugar-based carbon sources may reduce mutational frequency, indi-
cating promise for future lignin-based medium optimization. In all, this
work lays a foundation for lignin-based metabolic engineering to pro-
duce mevalonate pathway products in Acinetobacter baylyi ADP1 and
provides a case study for exploring the impact of the expression of a
burdensome heterologous pathway on native ADP1 metabolism.
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