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ABSTRACT: Muconic acid is a potential platform chemical for
the production of nylon, polyurethanes, and terephthalic acid. It is
also an attractive functional copolymer in plastics due to its two
double bonds. At this time, no economically viable process for the
production of muconic acid exists. To harness novel genetic targets
for improved production of cis,cis-muconic acid (CCM) in the
yeast Saccharomyces cerevisiae, we employed a CCM-biosensor
coupled to GFP expression with a broad dynamic response to
screen UV-mutagenesis libraries of CCM-producing yeast. Via
fluorescence activated cell sorting we identified a clone Mut131 with a 49.7% higher CCM titer and 164% higher titer of biosynthetic
intermediate−protocatechuic acid (PCA). Genome resequencing of the Mut131 and reverse engineering identified seven causal
missense mutations of the native genes (PWP2, EST2, ATG1, DIT1, CDC15, CTS2, and MNE1) and a duplication of two CCM
biosynthetic genes, encoding dehydroshikimate dehydratase and catechol 1,2-dioxygenase, which were not recognized as flux
controlling before. The Mut131 strain was further rationally engineered by overexpression of the genes encoding for PCA
decarboxylase and AROM protein without shikimate dehydrogenase domain (Aro1pΔE), and by restoring URA3 prototrophy. The
resulting engineered strain produced 20.8 g/L CCM in controlled fed-batch fermentation, with a yield of 66.2 mg/g glucose and a
productivity of 139 mg/L/h, representing the highest reported performance metrics in a yeast for de novo CCM production to date
and the highest production of an aromatic compound in yeast. The study illustrates the benefit of biosensor-based selection and
brings closer the prospect of biobased muconic acid.
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Muconic acid is a six-carbon dicarboxylic acid with two
conjugated double bonds. Depending on the geometry

of the double bonds, muconic acid exists in three
conformations, cis,cis-muconic acid (CCM), trans,trans-mu-
conic acid, and cis,trans-muconic acid. Muconic acid has
various potential applications in the manufacture of new
functional resins, plastics, nylon, agrochemicals, and pharma-
ceuticals.1,2 Currently, muconic acid is not in supply as a
commodity chemical in a commercially available manner
because there are no economically viable petrochemical or
microbial manufacturing processes for its production.
A few microbes can produce muconic acid naturally as a

degradation product of some aromatic compounds; for
example, Pseudomonas putida can produce CCM from
catechol3 via catechol 1,2-dioxygenase. When the gene
encoding catechol 1,2-dioxygenase was overexpressed in P.
putida KT2440, the strain could produce 64.2 g/L CCM from
catechol.4 The substrate spectrum was extended to the lignin
monomer, phenol, and p-coumaric acid, by implementation of
heterologous enzymes, phenol hydroxylase, and protocatechuic
acid (PCA) decarboxylase (AroY), respectively. The resulting
strains thereby produced 13 g/L CCM on hydrothermally

treated softwood lignin4 or 13.5 g/L CCM from glucose and p-
coumaric acid.5

The common microbial platforms Escherichia coli and
Saccharomyces cerevisiae have also been engineered to produce
CCM. Recombinant E. coli cells expressing catechol 1,2-
dioxygenase produced 59 g/L CCM from catechol through a
bioconversion process.6 The bioconversion processes rely on
the availability of the cheap aromatic precursors, where lignin
holds a great potential as the source. Another alternative is to
produce CCM de novo from abundant feedstocks, such as
glycerol7 or sugars.8−10

Toward the de novo CCM biosynthesis, several biochemical
routes were proposed, all relying on the conversion of
shikimate pathway intermediates into PCA or catechol, and
finally into CCM. The seven-step shikimate pathway starts
with the 3-deoxyarabinoheptulosonate 7-phosphate (DAHP)
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synthesis from phosphoenolpyruvate (PEP) and erythrose 4-
phosphate (E4P), and ends with chorismate, the direct
precursor of the three aromatic amino acids. Shikimate
pathway intermediates, 3-dehydroshikimate (3-DHS) and
chorismate, can serve as precursors for CCM biosynthesis
(Figure 1a). The route from 3-DHS to CCM comprises three
enzymes, DHS dehydratase, PCA decarboxylase, and catechol
1,2-dioxygenase.9,11 This is the route that has been most
investigated.12−15 The alternative routes that start from
chorismate, feature three to five enzymatic steps and can go
through 4-hydroxybenzoic acid, salicylic acid, or anthranilate as
intermediates.8,13,16−18 The highest CCM titer from glucose is
59 g/L, achieved through 88 h of fermentation of an
engineered E. coli strain with boosted 3-DHS supply and
expression of downstream pathway genes (DHS dehydratase
and PCA decarboxylase from Klebsiella pneumoniae, and
catechol 1,2-dioxygenase from Acinetobacter calcoaceticus)
inducible by IPTG.19 In comparison to CCM production in
E. coli, product titers in S. cerevisiae strains have so far been
significantly lower. Despite this, S. cerevisiae serves as a superior
CCM production host due to its robust fermentation
capabilities, resistance to phage infection, and high protein
expression without the need for induction with high-cost
inducing agents.
All the works published so far on CCM production in S.

cerevisiae employed the three-step pathway starting from 3-
DHS. After implementation of the pathway, the strains were
engineered to improve the precursor supply and optimize
pathway expression. In particular, the rate-limiting decarbox-
ylation of PCA was relieved by integration of multiple copies of

the genes coding for PCA decarboxylase.20 Klebsiella pneumo-
nia has three genes that are related to PCA decarboxylase
activity, KpAroY.Ciso, KpAroY.B, and KpAroY.D. The first of
the genes KpAroY.Ciso encodes the actual PCA decarboxylase,
and KpAroY.B encodes a flavin mononucleotide (FMN)
prenyltransferase that produces prenylated FMN (prFMN), a
cofactor required for the activity of AroY.Ciso. It is not known
what the role of KpAroY.D is, but its coexpression with
KpAroY.Ciso and KpAroY.B increased CCM production.21 S.
cerevisiae has an FMN prenyltransferase encoded by the PAD1
gene. However, in a widely used S. cerevisiae strains of CEN.PK
series, PAD1 gene contains a mutation that renders the enzyme
inactive, hence expression of PAD1 from another strain, for
example, S288c, or KpAroY.B is needed for PCA decarboxylase
activity.22 Enhanced precursor supply was achieved by rewiring
the pentose phosphate pathway23,24 or through tailored
regulation of the shikimate pathway, including overexpression
of feedback-resistant or truncated enzyme variants (Ar-
o4pK229L,14,23 Aro1pΔE9,14), and controlled Aro1p degrada-
tion.15 These efforts increased the CCM titer to ca. 1.2 g/L on
mineral medium or synthetic defined medium.15,25 When
amino acids were supplemented, up to 5.1 g/L CCM was
obtained.15

Genetic biosensors are DNA-based units that, in response to
in vivo metabolite level (input), generate an output, such as
fluorescence, luminescence or controlled gene expression in
biological cells.26,27 Therefore, these biosensors can be
employed for selection of improved microbial metabolite
producers through high-throughput screening28 or for cell
population control.29,30 Semirational biosensor-assisted direc-

Figure 1. Biosensor-controlled GFP responds to in vivo cis,cis-muconic acid (CCM) production and enables fluorescence-based selection of
improved CCM producing strains. (a) Metabolic pathway for muconic acid biosynthesis in S. cerevisiae. Native enzymes are in blue, heterologous in
red. PaAroZ, DHS dehydratase from Podospora anserina; KpAroY.B, KpAroY.Ciso, subunits of functional PCA decarboxylase from Klebsiella
pneumoniae; CaCatA, catechol 1,2-dioxygenase from Candida albicans; (b) CCM production and fluorescence output of BenM variant MP02_D04
biosensor response in strains that produce CCM at different levels on YPD medium; (c) flow cytometric analysis of yeast CCM-producing strains
implemented with a biosensor on YPD medium. Data shown are mean values ± SDs of triplicates (b) and one representative of each strains (c).
Glu, glucose; G6P, glucose 6-phosphate; GL6P, gluconolactone-6-phosphate; 6PG, gluconate-6-phosphate; Ru5P, ribulose 5-phosphate; X5P,
xylulose 5-phosphate; R5P, ribose 5-phosphate; G3P, glyceraldehyde 3-phosphate; S7P, sedoheptulose 7-phosphate; E4P, erythrose 4-phosphate;
F6P, fructose 6-phosphate; PEP, phosphoenolpyruvate; PYR, pyruvate; DAHP, 3-deoxyarabinoheptulosonate 7-phosphate; 3-DHQ, 3-
dehydroquinic acid; 3-DHS, 3-dehydroshikimate; PCA, protocatechuic acid; CCM, cis,cis-muconic acid; AA, amino acid.
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ted evolution has been leveraged to obtain strains with
optimized heterologous pathways and increased precursor
availability. By using a CCM-responsive transcriptional
regulator BenM to drive expression of an antibiotic resistance
gene, which renders growth outperformance in the selective
condition to the superior CCM producer cells, Snoek et al.
were able to isolate S. cerevisiae strains with optimized
multicopy integration of AroY.B−AroY.Ciso genes. The selected
strain produced ∼2 g/L CCM on mineral medium under fed-
batch fermentation.31 In another study, Leavitt et al. employed
an Aro9p-based biosensor driving expression of antibiotic
resistance gene to isolate mutants with improved flux to
tyrosine following a two-round adaptive laboratory evolution
(750 h + 575 h) under Geneticin-containing conditions, and
obtained a strain producing 2.1 g/L CCM by redirecting the
enhanced flux to the CCM.14

Although significant progress has been made in engineering
S. cerevisiae for CCM production, the titer, yield, and
productivity are still far from commercially relevant levels.
Further exploration of S. cerevisiae capacity for the production
of CCM (and aromatic compounds in general) is therefore
needed. To address this goal, we employed a CCM-biosensor
variant with a broad response range to screen for improved
CCM producing mutants. Through a time-saving screening
process via direct fluorescence activated cell sorting (FACS),
we identified a mutant that carries multiple mutations for
improved CCM and PCA production. This improved strain
was then further rationally engineered, resulting in a yeast
strain with the highest reported CCM titer, yield, and
productivity to date in controlled fed-batch fermentations.

■ RESULTS

Validation of Biosensor Response to CCM Produc-
tion. To identify novel genetic targets for improved CCM
production by S. cerevisiae, we applied biosensor-based FACS
to screen UV-mutagenized producer strains. CCM-producing
yeast strains carried a CCM-responsive BenM biosensor20,32 to
generate fluorescence from single cells directly proportional to
the production of CCM. The single cells with higher
fluorescence levels (and supposedly higher CCM production)
can be selected by FACS.
We started with validating the correlation between the CCM

production and fluorescence. The basal strain ST237720 was
based on CEN.PK102-5B and harbored PaAroZ from
Podospora anserina encoding DHS dehydratase, KpAroY.D
from K. pneumoniae encoding a protein that may improve PCA
decarboxylase activity, and CaCatA from Candida albicans
encoding catechol 1,2-dioxygenase (Figure 1a). The basal
strain did not carry KpAroY.Ciso and KpAroY.B genes from K.
pneumonia encoding PCA decarboxylase and FMN prenyl-
transferase, respectively, and without these genes, it could
produce PCA, but not catechol or CCM (Figure 1a). ST2377’s
derivative strains were generated by introducing one, two, or
three copies of KpAroY.B and KpAroY.Ciso, genes for the
limiting biosynthetic reaction (Figure 1a). The resulting strains
were then implemented with a BenM variant MP02_D04,32

which shows a broader CCM-sensing range than the original
BenM,20 to enable a wider detection range and higher
resolution for strain screening. By doing so, three strains
implemented with the same CCM-biosensor but different copy
numbers of KpAroY.B and KpAroY.Ciso, ST8424, ST8425 and

Figure 2. A S. cerevisiae mutant with improved CCM production was identified via biosensor-aided fluorescence-based selection. Ultraviolet (UV)
light-treated ST8424 cells were subjected to two rounds of fluorescence activated cell sorting to select the single cells (defined with P1 gate) with
the lowest (Min, defined with P2 gate) or highest (Max, defined with P3 gate) fluorescence output (a). CCM production of the sorted cell
population (b) and individual cells (c) on YPD medium are evaluated, and potential improved CCM producer strains (marked as triangle) are
validated on mineral medium (MM) (d), a mineral medium, and mimicked fed-batch/feed-in-time (FIT) medium (d) with uracil supplementation.
All cultivations were performed in batch, and the mimicked glucose-limited fed-batch was realized via an enzymatic digestion of a polysaccharide
source, therefore ensuring a continuous glucose feed. Data shown are from single replicates of mutants in panel c, and mean values ± SDs of
triplicates for panel b and d and control strains in panel c.
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ST8426, were generated and produced 18.2 ± 0.3, 29.3 ± 0.7
and 33.3 ± 1.1 mg/L CCM respectively, on complex YPD
medium (Figure 1b).
The producing strains had a higher fluorescence than the

nonproducing controls in the microplate reader test (Figure
1b) and on flow cytometry (Figure 1c), and the strain with two
copies of the pathway (ST8425) could be discriminated from
the single-copy strain (ST8424) (Figure 1c). However, two-
(ST8425) and three-copy strains (ST8426) could not be
resolved by flow cytometry. The sensitive response range
between ST8424 and ST8425 can be clearly detected with flow
cytometry (Figure 1c). In contrast to this, the higher CCM
concentration of ST8426 cannot be distinguished from the
fluorescence. It is then expected that the improvement in
CCM production in ST8424 would result in an easily
detectable signal increase, allowing for the subsequent cell
sorting. We therefore selected the single-copy strain ST8424
for the UV mutagenesis.
Library Generation and FACS Screening. The strain

ST8424 was subjected to UV mutagenesis to create a strain
library for screening. The mutants were cultivated and sorted
on FACS to select the populations with the high and the low
fluorescence output. The high and low-fluorescing populations
were cultivated again and sorted on FACS (Figure 2a) to
further enrich for correspondingly high- or low-fluorescing
cells. The resulting populations were named Mut_max and
Mut_min. The populations and individual isolates were
cultivated and the fluorescence and CCM production were
measured. The mean specific fluorescence was 5-fold higher in
culture of Mut_max population than Mut_min population
(Figure 2b). The CCM production correlated with fluo-
rescence intensity, with Mut_max pooled cells showing a much
higher CCM production (2-fold) compared to the Mut_min
pool (Figure 2b).
The fluorescence of 109 out of 270 individual isolates from

the Mut_max population was higher than the control ST8424,
while that of 81 out of 90 isolates from Mut_min was lower
(Figure S1a,b). A sampling of 42 isolates from Mut_max
showing >25% increase in the specific fluorescence and four
isolates from Mut_min showing >70% reduction in the specific
fluorescence (Figure S1c) were selected for the CCM
production. Twenty-six of the 42 Mut_max strains produced
more CCM on YPD medium than the control ST8424 (up to a
96.3% improvement) (Figure 2c and Figure S2), whereas all
four Mut_min strains produced less CCM (Figure 2c). These
results demonstrated that the BenM variant MP02_D04 can be
reliably utilized using FACS to isolate improved yeast CCM
producing variants.
To test the robustness of the improved CCM producing

mutants, we further tested CCM production on alternative
media, mineral medium (MM), and simulated fed-batch
medium (Feed-In-Time, FIT). The MM support the cell
growth through de novo synthesis of the metabolites and may
therefore supply more precursors for biosynthesis of aromatic
metabolites in comparison to that on YPD, which contains
compounds that feedback-inhibit the biosynthetic pathway for
aromatics. The FIT medium is a modified MM, in which the
glucose is continuously released from a polysaccharide source
at a low level. The use of FIT medium therefore limits the
overflow metabolism and allows a mimicking of a glucose-
limited fed-batch cultivation in the small scale cultivation. By
using this setup, the potential of the strain for the CCM
production in the large scale fermentation can be evaluated.

Nine out of forty-two Mut_max strains, with a greater than
30% increase in both CCM titer and CCM yield (mg/L/
OD600) on YPD medium (Figure 2c and Figure S2) were
selected for analysis. The strains showed improvement in
CCM production up to 49.7% on MM or FIT medium (Figure
2d and Figure S3), with the best producer Mut131 showing a
74.4%, 49.3%, and 49.7% improvement in CCM production
compared to the control strain on YPD, MM, and FIT
medium, respectively (Figure 2c,d). The highest titer of 470.6
mg/L was achieved on FIT medium (Figure 2d). Interestingly,
the Mut131 also produced more PCA, the precursor of CCM,
than the control strain ST8424, showing a 164% and 170%
increase on MM and FIT medium, respectively (Figure 2d).
These results suggested that the Mut131 strain, identified
through the BenM variant MP02_D04-mediated FACS, was a
variant strain robust in improved CCM production.

Identification of Causal Mutations by Reverse
Engineering. To decipher the genetic determinants for
improved CCM and PCA production in Mut131, we
resequenced the genome and identified 25 and 9 mutations
in native gene coding sequences (CDS) (Table 1) and in

intergenic regions (Table S1), respectively. Of the 25
mutations, 15 were missense mutations, 1 was a nonsense
mutation, and 9 were silent mutations (Table 1). No
duplications of the native genome regions were detected, but
a duplication of the heterologous genes PaAroZ-CaCatA-
KlLEU2 (Table 1) was found (Figure S4).
We first sought to experimentally validate the effect of the

single mutations on the CCM production. All missense and
nonsense mutations, except IMA3, were reintroduced into the
ST8424 parental strain individually. IMA3 was excluded from

Table 1. Mutations Identified in Mut131 through Genome
Resequencing

mutation type mutated gene specific mutation

missense PWP2 Ser388Phe
missense EST2 Val182Met
missense RET2 Pro15Ser
missense IMA3 Asp242Asn
missense ATG1 Glu382Lys
missense PET54 Gly19Glu
missense OCA5 Ala649Val
missense DIT1 Glu526Gly
missense SAP1 Pro20Leu
missense PUT3 Ser615Phe
missense NUD1 Arg819Trp
missense KNS1 Ser227Leu
missense CDC15 Pro429Phe
missense CTS2 Gly497Glu
missense MNE1 Lys450Glu
nonsense NUP53 Ser69*
silent RPP2B Ser29Ser
silent MRPS18 Ser52Ser
silent SIP2 Leu381Leu
silent MLP1 Leu661Leu
silent YLR050C Leu112Leu
silent DUG1 Phe342Phe
silent VAC14 Gly474Gly
silent MET22 Asp342Asp
silent BUB1 Leu274Leu
duplication PaAroZ-CaCatA-KlLEU2 NA
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the reverse engineering as it is functionally redundant to
multiple genes of the isomaltase family (IMA1, IMA2, IMA4).
All the mutations were generated via the CRISPR-Cas9
method, using a URA3 plasmid harboring both a guide RNA
cassette and the donor fragment for mutation introduction.
Both CCM yield (mg/L/OD600) and CCM titer were

evaluated to account for the potential growth defect of
mutations. The Mut131 strain harboring a URA3 empty vector
showed 29.4 ± 9.1% and 12.1 ± 3.7% increase in the CCM
yield and CCM titer, respectively, compared to the ST8424
control strain harboring a URA3 empty vector (Figure 3a).
While most reintroduced single mutations resulted in a higher
CCM titer (up to 13.7 ± 2.6% in MNE1 mutated strain
(MNE1-dis)), only seven mutations (PWP2, EST2, ATG1,
DIT1, CDC15, CTS2, and MNE1) significantly improved the
CCM yield, with a maximum improvement of 39.5 ± 2.4% and
20.1 ± 6.8% for EST2-dis and CDC15-dis strains (Figure 3a).
However, none of the single mutations resulted in improved
CCM production equivalent to the Mut131 strain. Further-
more, some mutations resulted in significantly lower biomass
formation, with EST2-dis and CDC15-dis strains showing a
63.0 ± 0.6% decrease and 4.6 ± 0.7% increase in CCM titer,
respectively. A combinatorial effect of all the mutations was
thus speculated as associated with the improvement in
Mut131.
To verify the cumulative effect of the mutations, we made

double mutants, by introducing mutations in CTS2, ATG1,
CDC15, or DIT1 into the MNE1-dis strain. While CTS2- and
ATG1-dis strains did not show any improvement in
combination with MNE1-pm (point mutation), CDC15-pm

and DIT1-pm combined with MNE1-pm enhanced both CCM
yield and CCM titer, with a 20.5 ± 2.7% (CCM yield) and
21.5 ± 3.0% (CCM titer) increase (compared to control
strain) (Figure 3a). This combination of two mutations,
CDC15−MNE1-pm or DIT1−MNE1-pm, completely restored
the CCM production phenotype of Mut131 in both CCM titer
and yield; however, the increase in the PCA production (9.8 ±
0.9%) was still smaller than that of Mut131 (76.9 ± 4.6%)
(Figure 3a). These results suggested that individual and
cumulative beneficial mutations were partially characterized for
the improvement of PCA and CCM production in the
Mut131.
We further tested the contribution of the duplication of

PaAroZ and CaCatA, by introducing an additional copy of the
expression cassettes into the ST8424 parental strain.
Surprisingly, the overexpression of these two genes responsible
for the biosynthetic steps that were not recognized as flux-
controlling before, increased the yield and titer of both CCM
and PCA to that of the mutant (RC1 vs Mut131) (Figure 3b).
Moreover, the combination of the gene duplication and
beneficial double mutations gave a much higher PCA
production and a comparable CCM production (Figure 3b),
with a 49.0 ± 3.1% higher titer (RC2 that harbors MNE1−
CDC15-pm vs RC1) and a 37.6 ± 1.7% higher PCA yield
(RC3 that harbors MNE1−DIT1-pm vs RC1) achieved
(Figure 3b). RC2 and RC3 also produced up to 34.7% more
PCA (titer) than Mut131 (Figure 3b), even though no
improvement in the PCA yield was observed. These results
indicated that the improved CCM and PCA in Mut131 derived
from the duplication of PaAroZ and CaCatA (main factor) as

Figure 3. Reverse engineering of identified mutations for improved CCM production. All tests were performed on 72 h culture on mineral medium
without uracil (a) or supplemented with 20 mg/L uracil (b). The specific yield (mg/L/OD600) and titer are shown. The CCM and PCA values for
mutants, are all shown as fold changes in relation to the CCM values of the control strains. Data shown are mean values ± SDs of triplicate.
Statistical difference between control and indicated strains (a and b), as well as that between the indicated strains (b) was determined by two-tailed
Student’s t test (*p < 0.05). Gene-dis, strain carrying indicated gene(s) with a designed point mutation; pm, point mutation.
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well as the mutations, where both beneficial and detrimental
mutations take effect together.
Rational Metabolic Engineering of the Mutant Strain.

In parallel to the reverse engineering work, we implemented
several rational metabolic engineering strategies into the
Mut131 strain (further named as ST8918) for higher CCM
production. Specifically, we introduced additional copies of the
CCM biosynthetic enzymes, restored URA3 prototrophy, and
improved the precursor supply. Introduction of the second and
third copies of the expression cassettes for KpAroY.B and
KpAroY.Ciso improved the conversion of PCA to CCM. In
strain ST8920, with three copies of KpAroY.B and KpAroY.Ciso
genes, the titer of CCM was 908 mg/L and PCA 139 mg/L
(Figure 4a). This represents an improvement in the CCM titer
of 30.7% to ST8918. The total amount of CCM and PCA
produced remained unchanged, ca. 1 g/L (Table S2). The
restoration of uracil prototrophy resulted in further 61.2%
increase in CCM titer of 1.46 g/L (Figure 4a). The combined
PCA and CCM titer increased to 1.76 g/L (Table S2). To
validate the involvement of URA3 and uracil metabolism in
CCM production, a uracil supplementation test was performed
on two ura3- strains with distinct CCM production
capabilities, the original strain ST8424 and mutated-
engineered strain ST8920 (Figure S5). Results showed that
CCM was produced in a uracil-dependent pattern in both
strains (Figure S5), which verified the contribution of uracil
metabolism to CCM aside from an improvement in cell
growth. Finally, precursor supply was increased by additionally
expressing an AROM protein without shikimate dehydrogen-
ase domain Aro1pΔE and DAHP synthase Aro4p under strong
constitutive promoters PGK 1p and TEF 1p, respectively. The
resulting strain ST8943 produced up to 1.59 g/L CCM and
0.42 g/L PCA in a deep-well plate assay on FIT medium
(Figure 4a).
High-level production of CCM may result in toxic effects to

the cell and could retard cell growth thereby resulting in lower
overall CCM production. Indeed, we observed a decrease in
the biomass accumulation in strains with increased CCM
production (ST8918, ST8919, and ST8920) (Figure S6). To

investigate whether CCM was toxic to S. cerevisiae cells
particularly at high concentrations, the reference strain
CEN.PK 113-7D was exposed to increasing CCM levels, and
the growth was monitored. Since CCM exists in either
protonated or unprotonated forms, depending on the pH, we
tested the toxicity with or without adjustment of the initial pH
of the medium. When pH was not adjusted after the addition
of CCM, a 43% reduction in the maximum specific growth rate
was observed in the presence of 5 g/L CCM, and cell growth
was completely abolished at 10 g/L (Figure 4b and Figure
S7a). When the initial pH adjusted to 6.0 after the addition to
CCM, the cells could tolerate much higher CCM concen-
trations. The growth inhibition, indicated by a significant
decrease in both maximum specific growth rate (78%, Figure
4b) and biomass accumulation (69%, Figure S7b) was only
observed with 50 g/L CCM, even though a 17−42% reduction
in the final biomass accumulation occurred at 5 g/L and 10 g/
L CCM (Figure S7b). In addition, the intracellular CCM
concentration of cells exposed to these conditions (showing
growth inhibition) was comparable to the intracellular
concentration measured in the engineered CCM producer
strains (ST8424 and ST8920) (Figure S8), indicating that
CCM is produced at a high enough level to cause cellular
toxicity. Furthermore, the pH of the culture showing over 43%
growth inhibition was still relatively high (3.43) at the end of
the cultivation (Figure S7c), verifying that the main inhibitory
effect on cell growth is from CCM toxicity instead of the low
pH. These data altogether indicate that CCM toxicity is pH/
protonated form dependent and without pH control, 5g/L
CCM is sufficiently toxic to S. cerevisiae.

Fed-Batch Fermentation in Bioreactors. To evaluate
the CCM production by the engineered strain ST8943, we
performed fed-batch fermentations in controlled bioreactors.
The fermentation was carried out on a mineral medium with
the vitamin composites substituted by yeast extract. In
industrial-scale fermentations, it is preferably to use yeast
extract as a vitamin source instead of a defined vitamin mix
because of lower cost and a simpler handing as yeast extract
can be autoclaved. Throughout the fed-batch phase, glucose

Figure 4. CCM production of rationally engineered strains (a) and CCM toxicity to S. cerevisiae strain CEN.PK113−7D (b). (a) CCM production
of engineered strains on FIT medium with (ST8424, ST8918, ST8919, ST8920) or without uracil supplementation (ST8942, ST8943) for 72h. (b)
Maximum specific growth rate of CEN.PK113-7D on mineral medium with CCM supplementation and initial pH unadjusted or adjusted. In tests
with ≥5 g/L CCM supplementation and initial pH unadjusted, CCM is largely in the insoluble form, whereas, it is all soluble in the remainder of
the tests. Data shown are mean values ± SDs of triplicates.
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concentration was maintained below 1 g/L (mostly 0 g/L) to
avoid the Crabtree effect and overflow metabolism (Figure 5
and Figure S9). The pH was maintained at 6.0 ± 0.1 to
minimize the toxicity of CCM (Figures S10 and S11).
A first set of two short fermentations (54.6 h) were

performed (BD1 and BD2), both comprising an initial batch
phase followed by a fed-batch phase. The feed solution

contained 800 g/L glucose. The feed solution for BD2
additionally contained 4 g/L KH2PO4. A growth-coupled
production pattern was observed for CCM and PCA
production (Figure S9). BD1 fermentation resulted in 38.3
g/L dry cell weight and in product concentrations of 6.18 g/L
for CCM and 4.05 g/L for PCA (Figure S9a). In the
fermentation BD2 with KH2PO4 supplementation, the biomass

Figure 5. Controlled fed-batch fermentation for CCM production. Fermentations BD3 (a), BD4 (b), and BD5 (c) of ST8943 strain were
performed with different feed solutions. The feed solution for BD4 contained additional salt, yeast extract, and trace metal compared to that of
BD3. Feed solution for BD5 contained all components for BD4 except yeast extract. CCM titers (g/L), yields (mg/g glucose (Glu)), and
productivities (mg/L/h) indicated were for 72 h (a), 72 h (b), 73 h (c), and 143 h (c), respectively. Data shown are from a single replicate.

Table 2. Comparison of Titer, Yield, and Productivity of Reported S. cerevisiae CCM Cell Factories

titer
(g/L)

yield
(mg/g sugar)

volumetric productivity
(mg/L/h) medium cultivation ref

0.00156 0.078 0.0092 synthetic complex medium shake flask/batch 9
0.141 3.53 2.94 synthetic complex medium shake flask/batch 23
0.32 8 4.45 mineral medium shake flask/batch 24
2.1 12.9 8.75 synthetic complex medium bioreactor/fed-

batch
14

1.244 31 10.37 synthetic complex medium shake flask/batch 25
1.927 11.4 23.8 synthetic complex medium bioreactor/fed-

batch
31

2.008 13.4 19.9 synthetic complex medium bioreactor/fed-
batch

31

1.2 NA 7.14 mineral medium bioreactor/fed-
batch

15

5.1 58 30.36 mineral medium supplemented with amino acid bioreactor/fed-
batch

15

7.55 45.8 138 mineral medium with vitamin substituted by yeast
extract

bioreactor/fed-
batch

this study (BD2a)

9.98 70.1 69.8 mineral medium with vitamin substituted by yeast
extract

bioreactor/fed-
batch

this study (BD5a)

20.8 66.2 139 mineral medium with vitamin substituted by yeast
extract

bioreactor/fed-
batch

this study (BD6b)

aIn fermentation BD5, glucose feeding rate was lower, nutrient supplemented in feed solution was more abundant, and fermentation was performed
longer (143 h vs 54.6 h) compared to BD2. bIn fermentation BD6, glucose feeding rate was even lower in the first 24 h compared to BD5. Data
shown is from 149.5 h. Yeast extract was only present in the starting medium instead of the feed solution in fermentation BD2, BD5 and BD6.
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concentration was higher (51.2 g/L dry cell weight) and
product titers were slightly higher, 7.55 g/L CCM and 4.25 g/
L PCA (Figure S9b). In these processes, up to 6.45 g/L
(Figure S9a) and 5.76 g/L (Figure S9b) ethanol was
accumulated at the early stage, and limited salt concentration
(Mg2+ and PO4

3−) was observed at the late stage (Figure S10).
To optimize the fermentation process with the purpose of

lowering the overflow metabolism and ensure sufficient
nutrients for the cell growth, we sought to start the cultivation
with glucose-free medium in the bioreactor and to reduce the
glucose feeding rate (Figure 5) using a solution with 200 g/L
glucose (the concentration was reduced in order to allow for
the low glucose feed rate with the available pumps, with
minimum feed rates of about 3 mL/h), 15 g/L KH2PO4, and 8
g/L MgSO4 (BD3, Figure 5a, Figure S11). Two additional
fermentation runs (BD4 and BD5) were similarly designed,
with the exception of the feed composition. The feed solutions
for BD4 and BD5 contained additional amounts of
(NH4)2SO4, yeast extract, CaCl2, and trace metals (BD4,
Figure 5b, Figure S11) or (NH4)2SO4, CaCl2, and trace metals
(BD5, Figure 5c, Figure S11), respectively. With the
optimization, the high ethanol accumulation in the early
fermentation stage (up to 6.45 g/L, BD1, Figure S9a) was
reduced to up to 1.41 (BD3, Figure 5a), 1.83 (BD4, Figure
5b), and 1.56 g/L (BD5, Figure 5c), respectively. As well, the
CCM yield (mg/g glucose) was improved significantly when
ca. 200 g of glucose was fed, from 39.4 (47 h in BD1, Figure
S9a), 43.4 (47 h in BD2, Figure S9b) to 53.7 (72 h in BD3,
Figure 5a), 52.7 (72 h in BD4, Figure 5b), and 55.1 mg/g
glucose (67 h in BD5, Figure 5c). Since the use of feed
solution with lower glucose concentration (200 vs 800 g/L)
gave a ca. 40% higher broth volume, a relatively lower final titer
was achieved, resulting in 5.22 g/L CCM and 2.49 g/L PCA
(BD3, Figure 5a), 5.44 g/L CCM and 3.52 g/L PCA (BD4,
Figure 5b), and 7.30 g/L CCM and 3.40 g/L PCA (BD5,
Figure 5c) after 72 h (BD3 and BD4) or 73 h (BD5)
cultivation. However, after 143 h fermentation in BD5, a high
titer of 9.98 g/L CCM and 1.38 g/L PCA was realized, with
the yield of 70.1 mg/g glucose and the productivity of 69.8
mg/L/h (Figure 5c and Table 2).
Despite the high CCM production in BD5, the biomass

accumulation at the late stage (85.3−143 h) stopped, while
CCM concentration only slowly increased. We then sought to
further optimize the fermentation process of BD5 by increasing
the feeding rate for the late stage (after 73.5 h) to support
more biomass accumulation for CCM production. This
optimization enabled a much higher biomass accumulation,
from 36.8 g/L (BD5 at 143 h) to 69 g/L dry cell weight (BD6
at 143.5 h) (Figure 6), requiring agitation at the maximum
speed (1200 rpm) from 121.5 h (Figure S12). A high titer of
20.8 g/L CCM and 1.91 g/L PCA was achieved after 149.5 h
fermentation in BD6, with the yield of 66.2 mg/g glucose and
the productivity of 139 mg/L/h (Figure 6). The titer, yield,
and productivity represent a significant improvement com-
pared to the previous reports (Table 2).

■ DISCUSSION
In this work, we leveraged the power of a biosensor-based
selection to discover new nonintuitive metabolic engineering
targets for improvement of CCM production in S. cerevisiae
(Figure 1). An improved mutant strain Mut131, which
harbored duplication of genes for CCM biosynthesis and
novel causal mutations unrelated to the known pathways to

CCM (including glycolysis, pentose phosphate pathway, and
shikimate pathway) (Table 1 and Figure 3), was isolated, with
49% higher CCM and 164% higher PCA titers (Figure 2). This
mutant strain was then further rationally engineered (Figure 4)
resulting in the production of up to 20.8 g/L CCM (Figure 6),
in controlled fed-batch fermentations, where CCM toxicity was
minimized.
FACS was employed in this work, instead of biosensor-

assisted strain evolution, as the screening methodology is more
direct and significantly shorter in time. In contrast to
cultivations lasting up to 1324 h,14,31 only two short rounds
of cultivation (24 h each) were performed to propagate the
cells for the strain screening process that takes hours.
Furthermore, a BenM biosensor variant with a broader CCM
response range32 was employed to avoid fluorescence signal
saturation at low in vivo CCM levels, which more likely allowed
for the identification of a larger number of high CCM
producers.
The identified mutant strain demonstrated significantly

improved PCA and CCM production. The improvement
mainly resulted from the duplication of genes for DHS
dehydratase and catechol 1,2-dioxygenase, indicating that these
reactions are also flux-controlling along with the PCA
decarboxylation step.20

Several missense mutations identified also increase the
production of PCA and/or CCM; however, none of these
mutations were related to the known precursor supply
pathways. This highlights the complexity of the S. cerevisiae
cellular machinery associated to the shikimate pathway, as well
as the possibility to engineer other nonintuitive targets for
further increasing CCM precursor supply, and possibly also for
other shikimate pathway associated compounds.
The identified mutations in Mut131 likely impact CCM

production in a combinatorial way, as some individual
mutations (EST2 and CDC15) significantly reduced the cell
growth while the Mut131 strain with all mutations showed no
growth defect, as well as the cumulative effect from the
combination of mutations (Figure 3a) (and gene duplication
(Figure 3b)). The nonintuitive beneficial single mutations
resulting in an improvement in CCM production are involved
in diverse biological processes. PWP2 encodes a 90S pre-

Figure 6. Controlled fed-batch fermentation for CCM production.
Fermentation BD6 of ST8943 strain was performed by feeding with
465.32 mL of 1× feed solution (200 g/L glucose, 15 g/L KH2PO4, 8
g/L MgSO4, 10 g/L (NH4)2SO4, 0.4 g/L CaCl2, and trace metal) and
1399 mL of 3× feed solution into 1.3 L starting fermentation broth
during 0−48 h and 48−151 h, respectively. CCM titers (g/L), yields
(mg/g glucose (Glu)) and productivities (mg/L/h) indicated were
for 123.5 and 149.5 h, respectively. These two time-points correspond
to the highest yield/productivity and titer achieved in this run. Data
shown are from a single replicate.
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ribosomal component,33 EST2 is a reverse transcriptase
subunit of the telomerase holoenzyme,34 CTS2 is a putative
chitinase,35 andMNE1 participates in COX1 mRNA splicing.36

Although the reported functions of these genes fail to account
for the improved CCM production, additional as yet unknown
cellular functions may be explored further for the purpose of
deeply understanding cellular machinery. This is supported by
a previous report on MNE1, in which an MNE1 mutant strain
grew substantially better anaerobically and had a higher
specific ethanol production under aerobic conditions.37

Beneficial mutations in ATG1 and CDC15, two protein kinases
required for autophagy induction/cell cycle progression38,39

and mitotic exit network40 respectively, indicate a possible
connection to cellular metabolite turnover and cell division.
The mutation observed in DIT1, an enzyme catalyzing the
conversion of L-tyrosine to LL-dityrosine for spore wall
formation,41 may be related to regulation of the shikimate
pathway. These mutations, as well as the beneficial effect of
restoring the uracil metabolism, outline promising new
directions for further rational strain engineering for CCM
production, which could be aided by multi-omics analysis,42,43

providing more information to improve the prediction and
identification of favorable targets for iterative engineering.
The CCM toxicity in S. cerevisiae was characterized as both

dosage- and form-dependent. CCM toxicity was clearly more
pronounced when the extracellular pH was near the strongest
acidic pKa of CCM, 3.64, where the molecule is in a
protonated form. This highlighted the necessity of performing
fermentations at a constantly optimal pH condition, for
instance pH 6.0, where CCM is deprotonated. Moreover,
even though S. cerevisiae cells can tolerate up to 50 g/L CCM
in the feeding test, the lethal dosage in the producer strain may
be much lower considering that the intracellular CCM
concentration may be higher when the strain continuously
produces CCM. Adaptive laboratory evolution44 or improved
CCM export45 may be implemented for the isolation of strains
that can tolerate >50 g/L CCM, which would be required for a
commercial process.
The rational engineering of the Mut131 strain resulted in a

strain that could produce 20.8 g/L CCM in a fed-batch
fermentation (Figure 5). The improvement through the
fermentation process optimization was not only on the CCM
titer (1.59 g/L to 5.22−20.8 g/L), but also on the yield (less
than 35 to 39.4−70.1 mg/g glucose) and productivity (<21 to
69.8−139 mg/L/h). The strain’s performance was largely
affected by the medium composition (Figure 5, Figures S9−
S11) and/or the glucose feeding rate (Figures 5 and 6 and
Figure S9), highlighting the potential of lowering the glucose
feed rate in improving the production of aromatic compounds.
The CCM/PCA ratio after 72 h of fermentation was lower

in bioreactors (2.1 and 1.5, Figure S9a,b) than in deep-well
plates (4.1, Figure 4a). This discrepancy may be related to the
different cultivation conditions46 and/or medium composition,
and the residual PCA could be largely converted to CCM by
performing a longer cultivation time (Figures 5c and 6), and
complete conversion may likely be realized via further strain
engineering (for instance retaining the PCA in the cell) and
fermentation optimization.
In summary, we constructed a S. cerevisiae strain with the

highest CCM titer reported to date through biosensor-aided
mutant selection and subsequent rational metabolic engineer-
ing. The identified causal mutations expand our understanding
of the cellular machinery involved in CCM production. The

characterization on these mutations, the associated uracil
metabolism, CCM toxicity, and fermentation optimization
suggest directions for the further process improvement.

■ MATERIAL AND METHODS
Strain Construction. Escherichia coli DH5α was used as a

host for plasmid construction and propagation. Yeast strains
(Table S3) derived from CEN.PK 113-7D47 were used
throughout this study. The yeast strain construction was
performed with either marker based selection48 or a Cas9-
assisted approach.49 Plasmids (Table S4) were constructed
using the EasyClone method48 or Gibson assembly with
Gibson Assembly Master Mix (New England BioLabs). The
plasmids containing both guide RNA cassettes and the donor
fragments (Table S5) for mutation introduction were used to
construct the strains with point mutations for reverse
engineering. DNA fragments for genome integration or gene
deletion were constructed by overlap PCR50 (Table S6) or by
restriction digestion of EasyClone plasmids.
Yeast transformation was performed using the standard

lithium acetate method.51 For gene knockout, mutation and
genome integration, transformants were subjected to two hour
outgrowth on synthetic defined (SD) complete medium before
plating onto selective plates. Correct transformants were
identified by either genomic PCR validation (knockout and
integration) or sequencing of the genomic PCR product
(mutation).

Medium and Strain Cultivation. E. coli strains were
grown at 37 °C on Luria−Bertani (LB) medium containing
100 mg/L ampicillin. Yeast strains were maintained on YPD
(10 g/L yeast extract, 20 g/L peptone, 20 g/L glucose). For
strain construction, yeast transformants were selected on either
synthetic medium with acetamide as nitrogen source (SM-
Ac52), YPD with 100 mg/L nourseothricin, or SD-Ura (20 g/L
glucose, 6.7 g/L yeast nitrogen base, complete supplement
mixture lacking uracil) plates.
Liquid medium was used for yeast cell cultivation for

product quantification and strain characterization, including
YPD, mineral/DELFT medium48 (pH 6.0) without or with 20
mg/L uracil supplementation, SD-Ura, and FIT medium
(mineral medium where 20 g/L glucose is substituted with 60
g/L Enpresso EnPump 200 substrate and 0.3% (v/v) Enpresso
Reagent A) without or with 20 mg/L uracil supplementation.
Yeast strains were cultured at 30 °C throughout this study,

in a 96-deep-well plate at 300 rpm in a New Brunswick Innova
44 shaker or a 24-well plate at 250 rpm in Growth Profiler 960
(EnzyScreen). An overnight preculture of fresh single colonies
was subinoculated into 600 μL (96-deep well plate) or 1 mL
(24-well plate) medium for subcultivation.

Optical Density and Fluorescence Measurements.
Optical density at 600 nm and fluorescence (λexcitation 485 nm,
λemission 515 nm) of the biosensor output, was measured with a
200 μL yeast culture with an appropriate (2−10×) dilution
using a microtiter plate reader BioTek Synergy MX (BioTek),
with the diluted medium as a blank. Since the readouts for cell
culture of ST8420 and ST8427 in YPD medium were negative,
the data related (Figure 1b) was further processed by
calibration with the value for ST8420. Data shown for
fluorescence were specific fluorescence, which was normalized
by dividing the measured fluorescence value by the measured
OD600.

UV Treatment for Mutagenesis Library Generation. A
fresh ST8424 colony was inoculated into 2.5 mL of YPD
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medium in 14 mL cultivation tube and cultured overnight at
250 rpm at 30 °C. The overnight culture was then washed with
sterile water, and the suspension was plated onto a YPD plate
for UV treatment. The treatment was performed with a
benchtop UV transilluminator (UVP Inc., USA) with 8 W of
light at 302 nm for 10−20 s. Plates were then placed at 30 °C
under darkness for 2 days before being subject to FACS.
Flow Cytometric Analysis and FACS. Single-cell

fluorescence analysis was performed with flow cytometry
using the MACSQuant VYB (Miltenyi), on 24 h subcultures
diluted 10-times with water in 96-well microtiter plate. GFP
fluorescence from the biosensor was measured after excitation
by 488 nm laser and detected in the 525/50 nm channel. Data
on 30 000 cells were collected for each sample. Data processing
was performed using the FlowJo software.
After two-day growth at 30 °C, UV mutant colonies on the

YPD plates were collected by scraping and resuspension in
fresh YPD medium. The cell suspension was then inoculated
into YPD medium at an initial OD600 of 0.05, and cultured for
24 h. The 24 h culture was analyzed and sorted for the first
round screening using the BD Biosciences Aria II (Becton
Dickinson) with a blue laser (488 nm). The data for 10 000
cells was recorded for mutant and control samples to set up
gates for single cells (forward cell scatter, FSC) with maximum
and minimum fluorescence output (FITC response). A
sampling of 40 000 cells were sorted for each group and
cultured on YPD medium for 24 h for a second round of
screening following the procedures described above. The
sorted cells from the second round were then plated onto a
YPD plate to isolate single colonies for subsequent evaluation.
Genome Resequencing and Data Processing. Cells of

ST8424 and Mut131 for genome extraction were inoculated
from glycerol stock and cultured overnight in 2.5 mL of YPD
in a 14 mL culture tube. Genome extraction was performed
with Quick-DNA Fungal/Bacterial Kit (Zymo research), and
the resulting genome samples were further purified with
Agencourt AMpure XP magnetic beads (Beckman Coulter).
The purified genome samples were subjected to sequencing on
NextSeq 500 (Illumina), with NextSeq Mid Output v2 Kit
(300 Cycles) (Illumina). Reads of 150 base pair paired-end (2
× 150 bp) were collected for a 100-fold coverage of the S.
cerevisiae genome size (12 Mb). The raw sequencing data was
deposited in the European Nucleotide Archive (accession no.
PRJEB32987).
The genome sequence in fastq format was then analyzed

with Breseq 0.33.253 and Bowtie2 version 2.3.4.354 to identify
mutations in the mutant strain. The genome of S. cerevisiae
CEN.PK 113-7D was used as a reference for analysis, and the
genome of ST8424 was used as the control to remove false-
positives from the mutant Mut131. In this step, the mutations
in the control strain ST8424 were dispatched into the
reference genome, and used for the following analysis of
Mut131. Furthermore, the predicted mutations in both
ST8424 (output to its dispatched genome) and Mut131
were considered as false positives and therefore discarded.
Large-scale chromosome duplication or deletion were
evaluated by analyzing the coverage maps generated by breseq
for each chromosome. To validate the candidate mutations,
BLASTn was performed on the mutated genes/intergenic
region with reads containing the detected mutations. Only
mutations occurring in coding sequences were considered for
the reverse engineering. The duplication of heterologous genes
for strain engineering was evaluated by checking the read

coverage of these genes using breseq. This special breseq
analysis was performed on both genome sequence of ST8424
and Mut131. The artificial reference sequence used contains all
heterologous genes in ST8424 as well as native S. cerevisiae
TKL1 which serves as an indicator for two-copy genes.

Metabolite Quantification. For the quantification of
CCM and PCA production, 72 h subcultures were diluted 5- or
10-times with water and centrifuged at 4000 rpm for 5 min.
The supernatant was then analyzed using HPLC with Aminex
HPX-87H ion exclusion column kept at 60 °C. The analysis
was run with 20 μL samples with eluent 1 mM H2SO4 at a flow
of 0.6 mL/min for 45 min. The UV detector (Dionex) was
used for detection of CCM and PCA at 250 and 220 nm,
respectively. The concentrations were quantified by compar-
ison with reference standards.

Fed-Batch Fermentation. Controlled fed-batch fermenta-
tions were carried out in 2 L controlled bioreactors (BioFlo115
from New Brunswick Scientific/Eppendorf) at a controlled
temperature of 30 °C using an electrical heat blanket and an
internal cooling coil. The medium for the starting the batch
fermentation stage (1.3 L including the inoculum) (BD1 and
BD2) contained 10 g/L glucose, 10 g/L yeast extract, 10 g/L
(NH4)2SO4, 4 g/L KH2PO4, 0.2 g/L NaCl, 1.5 g/L MgSO4·
7H2O, 0.265 g/L CaCl2·2H2O and trace metal (10 mg/L
Na2EDTA, 2 mg/L ZnSO4·7H2O, 1 mg/L CaCl2·2H2O, 5 mg/
L FeSO4·7H2O, 0.2 mg/L Na2MoO4·2H2O, 0.2 mg/L CuSO4·
5H2O, 0.7 mg/L Co(NO3)2·6H2O, 1.3 mg/L MnSO4·H2O
and 91 mg/L MgSO4·7H2O). For BD3, BD4, BD5, and BD6,
the above medium without glucose was used. An overnight
culture of ST8943 in 125 mL of YPD medium in a 500 mL
shake flask was used for the inoculation. Six different feed
compositions were used respectively, (i) solution of 800 g/L
glucose (BD1), (ii) feed solution containing 800 g/L glucose,
and 4 g/L of KH2PO4, (iii) feed solution containing 200 g/L
glucose, 15 g/L KH2PO4 and 8 g/L MgSO4 (BD3), (iv) feed
solution consisting of 200 g/L glucose, 15 g/L KH2PO4, 8 g/L
MgSO4, 10 g/L (NH4)2SO4, 20 g/L yeast extract, 0.4 g/L
CaCl2 and 5× trace metal (BD4), (v) feed solution containing
200 g/L glucose, 15 g/L KH2PO4, 8 g/L MgSO4, 10 g/L
(NH4)2SO4, 0.4 g/L CaCl2 and 5× trace metal (BD5), or (vi)
1× feed solution (0−48 h of BD6) with the same composition
as BD5, and 3× concentrated feed solution (48−151 h of
BD6). In the BD3, BD4, and BD5 runs, 600 mL of broth was
removed from the bioreactor at 56 h, and 250 mL of broth was
additionally removed at 74.2 h from fermentation BD5. In the
BD6 run, 300 mL of broth was individually removed from the
bioreactor at 79.5, 103.5, 123.5, and 143.5 h. Filter-sterilized
air was fed at 1 vvm through an air sparger. The dissolved
oxygen was measured using a polarographic electrode and
controlled automatically at 20% saturation by adjusting the
stirring speed. The bioreactors were equipped with two 6-blade
Rushton turbines and four baffles. The pH was controlled at
6.0 ± 0.1 by the automatic addition of H2SO4 2 N or NH4OH
14%. A foam sensor was installed, and antifoam (Simethicone
30%, Dow Corning) was added automatically whenever foam
was detected. An external pump (Multiflow from Lambda
Instruments) was used to add the feed solution. On-line data
acquisition and control was performed through dedicated
software (Biocommand from New Brunswick Scientific/
Eppendorf) which was interfaced to the feeding pump.
The dry cell weight of all samples was determined by drying

a known volume of culture in a weighed dry microtube at 70
°C for at least 48 h, after a two-time washing with water.
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Metabolites were quantified by HPLC in sample supernatants,
using a Shimadzu LC-20AD instrument, equipped with a
refractive index and UV (210 nm) detectors, serially
connected. The analysis was performed on a 20 μL sample
with eluent 5 mM H2SO4 at a flow of 0.6 mL/min, using a
Shodex SH1011 column (8.0 × 300 mm) kept at 50 °C.
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