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Abstract
Numerous methoxylated flavonoids exhibit pronounced bioactivities. Their biotechnological production and diversification are
therefore of interest to pharmaceutical and nutraceutical industries. We used a set of enzymes from sweet basil (Ocimum
basilicum) to construct five strains of Saccharomyces cerevisiae producing 8- and/or 6-substituted, methoxylated flavones from
their natural precursor apigenin. After identifying several growth parameters affecting the overall yields and flux, we applied
optimized conditions and explored the ability of the generated strains to utilize alternative substrates. The yeast cells produced
substantial amounts of 6-hydroxylated, methylated derivatives of naringenin and luteolin while the corresponding derivatives of
flavonol kaempferol were only detected in trace amounts. Analysis of the intermediates and by-products of the different
bioconversions suggested that the substrate specificity of both the hydroxylases and the flavonoid O-methyltransferases is
imposing barriers on yields obtained with alternative substrates and highlighted steps that appear to represent bottlenecks en
route to increasing the strains’ efficiencies. Additionally, analysis of flavonoid localization during fermentation revealed unequal
distribution with strong intracellular accumulation of a number of methylated flavonoids and extracellular enrichment of several
pathway intermediates. This work establishes a platform for the production of complex methoxylated flavonoids and discusses
strategies for its improvement.
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Introduction

Efforts to engineer flavonoid metabolism in microorganisms
have been conducted for over a decade, and tremendous prog-
ress in process optimization and increases in yield including
de novo biosynthesis from simple and cheap carbon sources
have been achieved (Chouhan et al. 2017; Pandey et al. 2016;
Trantas et al. 2015). Among the target modifications and mol-
ecules, the production of lipophilic (poly)methoxylated

flavonoids has not been extensively addressed. These com-
pounds occur in numerous land plant families and often pos-
sess pronounced bioactivities (Berim and Gang 2016; Koirala
et al. 2016). Ready access to larger quantities of pure
(poly)methoxylated flavonoids would facilitate a better as-
sessment of their pharmacological potential as well as the
generation of novel chemical entities.

In the first experiments aimed at the production of
methoxylated flavonoids, six flavonoid O-methyltransferases
(FOMTs) from peppermint (Mentha × piperita) were
expressed in Escherichia coli and assayed in vitro with an
array of potential substrates (Willits et al. 2004). Their
biodiversification potential was then tested in vivo with quer-
cetin as fed substrate using single or mixed cultures of E. coli
cells expressing individual enzymes. These experiments re-
vealed low substrate selectivity and high regiospecificity of
the isolated FOMTs and enabled the production of several
mono- and dimethylated and one trimethylated derivative of
quercetin (Willits et al. 2004). Other studies employing one or
two FOMTs from a plant or a microorganism and E. coli as a
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host and feeding flavonoid precursors were published more
recently (Jeon et al. 2009; Kim et al. 2008; Kim et al. 2006a;
Kim et al. 2005; Kim et al. 2006b; Koirala et al. 2014; Lee
et al. 2017). In addition, successful production of several 7-O-
methylated flavonoids from phenylpropanoid acids (Leonard
et al. 2006a; Malla et al. 2012) or from tyrosine (Lee et al.
2015) in E. coli has been reported.

The structural diversity of (poly)methoxylated flavonoids
is significantly expanded by the Bdecorative^ hydroxylations
that are introduced after the formation of their 5,7,4′-hydrox-
ylated backbone (Anarat-Cappillino and Sattely 2014;
Ververidis et al. 2007). Most frequently, positions 3′ and 5′
of ring B and 6 and 8 of ring A carry such decorative hydroxyl
groups that can be subsequently methylated. The production
of 5′- and/or 3′-hydroxylated flavonoids has been achieved
using both de novo and precursor feeding strategies (Amor
et al. 2010; Cress et al. 2017; Leonard et al. 2006b;
Rodriguez et al. 2017; Trantas et al. 2009). In contrast, there
are just exploratory reports concerning the microbial produc-
tion of flavonoids with additional hydroxylations of ring A.
Using cytochrome P450 enzymes from Nocardia farcinica,
daidzein was converted into 6- or 8-hydroxydaidzein, albeit
at low rates (Choi et al. 2009). The caffeic acid 3-hydroxylase,
Sam5, from Saccharothrix espanaensis was expressed in
E. coli and found to catalyze the 3′-, 6-, and 8-hydroxylation
of select flavonoids, leading to production of 8-
hydroxyluteolin and 3′-hydroxygenistein (Lee et al. 2014).
Incubation with Rhodotorula glutinis strain KCh735 resulted
in 8-hydroxylation of luteolin (LUT), apigenin (API), and 5,7-
dihydroxyflavone chrysin and 6- and 8-hydroxylation of

naringenin (NAR) (Sordon et al. 2016). The enzyme(s) cata-
lyzing these conversions have not been isolated yet. Very re-
cently, an efficient 6-hydroxylation of chrysin by human
CYP1A1 expressed in yeast was reported (Williams et al.
2017).

In the past few years, we elucidated the biosynthesis of
methoxylated flavonoids in trichomes of sweet basil
(Ocimum basilicum). Flavones substituted at position 6 or
both 6 and 8, and carrying up to four methyl moieties at posi-
tions 6, 7, 8, and 4′, occur in this tissue (Grayer et al. 1996;
Grayer et al. 2001). We identified a set of regioselective
FOMTswith distinctive properties and regiospecific flavonoid
6- and 8-hydroxylases (Berim and Gang 2016). To obtain
commercially unavailable substrates for our biochemical in-
vestigation, we combined appropriate hydroxylase(s) and
FOMTs and constructed five Saccharomyces cerevisiae
strains that are designed to produce flavones found in basil
when fed API as substrate. The flavones produced (and the
corresponding strain designation) are the dimethylated cirsi-
maritin (CIRM) and ladanein (LAD), trimethylated salvigenin
(SALV), and 8-substituted derivatives of SALV, 8-
hydroxysalvigenin (8HS), and gardenin B (GB) (Fig. 1).
Initially, different growth conditions and periods were com-
pared using the SALV strain (designed to accumulate SALVas
the major end product; the same nomenclature is used to refer
to the other strains included in this investigation). We then
probed the utility of these yeast strains for biodiversification
by feeding the cells with three additional compounds
representing different flavonoid subclasses. These experi-
ments revealed that the constructed strains can be used to
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Fig. 1 a Steps of flavone biosynthesis in sweet basil used for flavonoid
production by constructed yeast strains. Bold arrows indicate major
pathways, thinner arrows indicate side reactions. Enzyme designations
have been published previously: ObFOMT1–6 (Berim et al. 2012),
flavone 6-hydroxylase CYP82D33 (Berim and Gang 2013b),

ObF8OMT-1 (Berim and Gang 2013a), flavone 8-hydroxylase ObF8H-
1 (Berim et al. 2014). b Structures of flavonoids offered as alternative
substrates in this study. Flavonoid backbone nomenclature is shown on
the structure of apigenin
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produce a number of rare compounds not reported to occur in
basil and that the substrate specificity in both of the FOMTs
and the flavonoid hydroxylases restricts the product yields.

Materials and methods

Chemicals

All general chemicals used were of analytical grade and ob-
tained from common vendors (Fisher, VWR, Sigma).
Flavonoids fed as precursors were from Indofine except for
NAR which was from Sigma-Aldrich. Yeast nitrogen base
without amino acids and appropriate amino acid mixes for
the preparation of dropout media were purchased from
United States Biological.

Construction of expression plasmids

pESC vector series (Agilent) were used for the expression of
all plant genes, and S. cerevisiae strain INVSc-1 (Invitrogen)
was used as expression host. A summary of all cloning details
including all primer sequences, corresponding vectors, and
strains where they are used, is shown in Supplementary
Table S1. Vectors constructed previously for the functional
expression of basil FOMTs in bacteria (Berim and Gang
2013a; Berim et al. 2012) were used as templates for produc-
ing yeast expression plasmids. The pESC-URA plasmid har-
boring basil flavonoid 6-hydroxylase has been published pre-
viously (Berim and Gang 2013b). As described earlier, all
components of the basil flavonoid 8-hydroxylase system were
expressed as fusions with yeast Yah1p mitochondrial transit
peptide (Berim et al. 2014). All constructs were validated by
direct sequencing.

Yeast growth and cultivation conditions

Seed cultures were grown for 16–22 h at 29 °C and 210 rpm
(New Brunswick C25KC shaker) in 30 mL appropriate selec-
tion medium (SD minus histidine (HIS), tryptophan (TRP),
URA for CIRM, LAD, and SALV strains and SD minus HIS,
TRP, URA, LEU for strains 8HS and GB) with 2% glucose.
The main cultures were 10 mL-aliquots of either appropriate
selection or rich YP medium (10 g L−1 each yeast extract and
peptone) either in 125-mL Erlenmeyer flasks or in 50 mL ver-
tically positioned conical tubes, with 2% galactose in all cases,
and were inoculated with 1 mL of seed culture (OD600 at 1:20
dilution = 0.5). All substrates were supplied at the time of main
culture inoculation as 100 μL aliquots of 10 mM solutions in
DMSO per culture vessel, with a final concentration of
100 μM. Main cultures were grown at 29 °C and 210 rpm.
After removing the aliquots for analysis on days 2 and 4 of
growth, 500 μL of 20% galactose solution was added to

appropriate cultures. For the evaluation of alternative substrates,
yeast cells were grown in rich medium and flasks, with a single
harvest after 2 days of incubation with the fed precursor.

Cell densities were determined at 600 nm in 1:20 or 1:100
di lut ions using a Lambda 35 spectrophotometer
(PerkinElmer). Calculation of cell numbers was based on col-
ony counts after plating serial dilutions of a culture with
known cell density.

Extraction of fermentation products

Aliquots of 500 μL culture broth with cells were removed
from the culture vessels.When necessary, cells were separated
from the culture medium by centrifugation at 21,000×g for
1 min. The supernatants were then transferred to another plas-
tic tube while the cell pellet was suspended in 500 μL water.
All samples were acidified with 25 μL 6 N HCl and extracted
twice with 550 μL ethyl acetate. Combined organic fractions
were dried in a centrifugal vacuum concentrator. The residues
were dissolved in 200 μL 50% aqueous methanol with 0.1%
formic acid, containing 25 μM quercetagetin (Extrasynthese)
or 7,8,3′,4′-tetrahydroxyflavone (Indofine) as internal
standard.

Flavonoid analysis by LC-MS

A Synapt G2-S quadrupole-ion mobility spectrometry-time of
flight mass spectrometer system (Waters) equipped with an
Acquity UPLC system with a photodiode array detector was
used for LC-MS analysis of extracts. Extracted metabolites
were separated on an Acquity BEH C18 UPLC column
(50 mm length, 2.1 mm diameter, particle size 1.7 μm) using
acetonitrile with 0.1% formic acid as solvent B and water with
0.1% formic acid as solvent A at a flow rate of 400 μL min−1

and the following linear gradient extending over 14 min:
0 min, 3% B; 1.86 min, 5% B, 6.86 min: 35% B; 9.69 min,
100% B; 10.52 min, 100% B; 11.02 min, 3% B; and 14 min,
3% B. Mass spectra were collected in positive mode over a
range of m/z 50–1000 with a scan time of 0.2 s. The capillary
was set at 3 kV, the sampling cone at 40 V, the source at
120 °C, and the desolvation temperature at 250 °C. Cone
gas and desolvation gas flows were 0 and 850 L h−1, respec-
tively. The collision energy for MS/MS fragmentation was
30V. Calibration accuracy cutoff was 1 ppm. Leucine enkeph-
alin was used for post-acquisitionmass (lockmass) correction.
UV data were collected over a range of 210–500 nm.
Quantification of products was carried out using the UV data
and calibration curves for the corresponding fed substrate un-
der the previously validated assumption that the extinction
coefficient for band I does not change significantly with
methylations/6-hydroxylation (Grayer et al. 1996). The wave-
lengths used correspond to band I UVmaximum of individual
substrates (335, 345, 290, and 366 nm for API, LUT, NAR,
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and kaempferol (KAEM), respectively). All concentrations
were recalculated to milligram per liter of culture from the
10 mL batches. Quantitative analysis was conducted using
the TargetLynx module ofMassLynx v.4.1. Statistical analysis
was performed using Statistica 13 (TIBCO) and SPSS
Statistics 23 (IBM).

GenBank accession numbers

The GenBank nucleotide sequence accession numbers of the
proteins used in this study are as follows: ObFOMT1,
JQ653275; ObFOMT3, JQ653277; ObFOMT4, JQ653278;
ObFOMT5, JQ653279; ObF8OMT-1, KC354402; basil fla-
vonoid 6-hydroxylase ObF6H-1, JX162212; basil flavonoid
8-hydroxylase ObF8H-1: KJ765356; basil ferredoxin ObFdx,
KJ765361; and basil ferredoxin NADPH-reductase ObFNR,
KJ765362.

Results

Strains producing CIRM, LAD, SALV, 8HS, and GB
from API

Combinations of previously characterized regioselective
FOMTs with flavonoid ring A hydroxylases were used for
strain construction. All strains harbored basil ObFOMT1, a
flavonoid 7-O-methyltransferase (F7OMT) that very efficient-
ly converts API into genkwanin (GENK; Fig. 1) (Berim et al.

2012). All strains also expressed the basil flavonoid 6-
hydroxylase (F6H) encoded by CYP82D33 (ObF6H-1;
Berim and Gang 2013b). It converts its preferred substrate
GENK into scutellarein-7-methyl ether (S7Me; Fig. 1). The
other components varied between strains.

The strain producing CIRM additionally harbored
ObFOMT4, which catalyzes the 6-O-methylation of S7Me
(Berim et al. 2012). After 2 days of growth under preferred
conditions described below the titer of CIRM was 12.1 ±
1.7 mg L−1 (Supplementary Table S2). ObFOMT4 only ex-
hibits very low flavonoid 4′-O-methyltransferase (F4′OMT)
activity when incubated with appropriate substrates such as
GENK or CIRM for an extended amount of time. Therefore,
the formation of by-products apigenin-7,4′-dimethyl ether
(AdM) and SALV is minimal in this strain (Fig. 2;
Supplementary Fig. S1). One readily detectable by-product
is GENK (Supplementary Fig. S1), the product of the initial
API 7-O-methylation that has not been completely 6-
hydroxylated.

Instead of ObFOMT4, the strain-producing LAD
expressed ObFOMT5, an enzyme whose preferred substrate
is S7Me and which is strongly selective for the 4′-OH moiety
as acceptor (Berim et al. 2012). The concentration of LAD
was 6.2 ± 0.2 mg L−1 under applied growth conditions
(Supplementary Table S2). ObFOMT5 is active with GENK
and also shows some F6OMT activity with LAD. The accu-
mulation of the by-product AdM (and a small signal for
SALV) is therefore readily detectable at UV335 (Fig. 2;
Supplementary Fig. S1).
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The strain-producing trimethylated SALV expressed
ObFOMT3 (Berim et al. 2012) as the only FOMT other than
ObFOMT1. This enzyme shares 92% identity with
ObFOMT5 and acts primarily as the F4′OMT of S7Me in
planta. However, in contrast to ObFOMT5, ObFOMT3 has
significant 6-O-methylating activity with LAD (17.06% rela-
tive to turnover with S7Me; Berim et al. 2012). By taking
advantage of this bifunctional F6/4′OMT, we aimed to cir-
cumvent the need of using a separate F6OMT such as
ObFOMT4. The concentration of SALV reached 5.0 ±
0.9 mg L−1 after 2 days of growth (Supplementary
Table S2). As is the case with ObFOMT5, ObFOMT3 dis-
plays F4′OMT activity with GENK, leading to accumulation
of AdM as by-product (Fig. 2; Supplementary Fig. S1).

The strains producing 8HS and GB were derived from the
SALV strain. They both additionally harbored three enzymes
necessary for the 8-hydroxylation of SALV. Basil flavone 8-
hydroxylase (F8H) is a Rieske-type oxygenase that requires
reduced ferredoxin (Fdx) as an electron donor (Berim et al.
2014). In turn, Fdx is reduced by Fdx-NADP+ reductase
(FNR). Constructs encoding all three plant enzymes had to
be introduced into yeast cells as the activity of ObF8H-1 in
this host is extremely low in the absence of its native redox
partners (Berim et al. 2014). The 8HS strain accumulated 8HS
at a titer of 0.81 ± 0.04 mg L−1. In comparison to the 8HS
strain, the strain producing GB additionally harbored the basil
flavonoid 8-O-methyltransferase (F8OMT) designated
ObF8OMT-1 (Berim and Gang 2013a). The yield of GB
was 0.44 ± 0.12 mg L−1 (Supplementary Table S2). Both
strains accumulated AdM and SALV as by-products (Fig. 2;
Supplementary Fig. S1).

Characterization of flavone accumulation in the SALV
strain

Prior to testing alternative substrates, we evaluated the
effect of several basic growth parameters on product
yields. These tests were conducted using the SALV strain.
In an initial test, we compared four possible combinations
of rich versus selection media and conical tubes (50 mL)
versus unbaffled Erlenmeyer flasks (125 mL, with 10 mL
medium in all conditions) in a bioconversion that lasted
48 h. Cells growing in rich medium and shake flasks
(treatment designated RF) accumulated the highest
amounts of the desired product SALV and moderate
amounts of the major by-product AdM (Supplementary
Fig. S2) as compared to the other three treatments desig-
nated SF (selection medium/flask), RT (rich medium/
tube), and ST (selection medium/tube). The product spec-
ificity was estimated by the molar ratio between the de-
sired 6-hydroxylated product SALV and the by-product
AdM, and it was highest in SF cultures (Supplementary
Fig. S2). For the subsequent tests, the cultivation time was

extended up to 6 days, and RF growth conditions were
compared to SF and RT while ST treatments were not
continued based on data shown in Supplementary Fig.
S2. To maintain the activity of the GAL promoters driving
the expression of all heterologous genes (Hovland et al.
1989), all cells except for the cultures designated RF-G
(grown in rich medium and flasks) were fed with galac-
tose on days 2 and 4 of incubation. After 2 days of
growth, RF and RF-G cultures, which were treated iden-
tically to this time point, accumulated the highest amounts
of SALV after 2 days of growth (Fig. 3a). SALV
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abundance increased by about 30% to day 4 in RF cul-
tures and did not increase significantly after an additional
48 h of incubation. SALV yield was significantly lower in
SF and RT cultures in comparison to RF treatment. The
accumulation of SALV increased significantly throughout
the monitored time course in RT cultures grown in conical
tubes (Fig. 3a). The main by-product, AdM, was accumu-
lated at highest levels in RT cultures (Fig. 3b). In RF
cultures, its abundance was highest on day 2 and de-
creased with longer incubation. The apparent consump-
tion of AdM confirms the ability of ObF6H-1 to hydrox-
ylate this flavone, as observed in vitro (Berim and Gang
2013b). Analysis of biosynthesis intermediates revealed
that LAD and S7Me were most abundant in SF cultures
(Supplementary Fig. S3a,b) while GENK was most abun-
dant in RT cultures (Supplementary Fig. S3c).

The SALV/AdM ratio was highest in SF cultures on day 2.
However, it increased significantly with extended growth time
in RF cultures (Fig. 3c). The lowest SALV/AdM ratios were
measured in RT cultures. The periodic addition of the expres-
sion inducer galactose seems to support SALV production and
improve the SALV/AdM ratio, as suggested by a comparison
between RF and RF-G cultures (Fig. 3a–c).

The cell growth was not equal under the different treat-
ments (Fig. 3d). It was significantly slower in RT cultures as
compared to RF cultures, and the cell numbers increased
steadily throughout the incubation. It is possible that the cell
growth in tightly capped tubes is restricted by oxygen supply,
and the amount of nutrients suffices to sustain the cell growth
at a lower rate but over a longer period of time. Notably,
overall Bper cell^ yields of SALV together with AdM were
similar between RF and RT cultures (Supplementary Fig.
S3d,e). The cell growth was also slow in SF cultures, and no
increase in cell numbers was observed over the monitored
time period. The selection medium might thus be depleted
after 2 days of growth.

Localization of flavones during bioconversion of API

To analyze the localization of the flavones during
biofermentation, yeast cells were separated from the spent
medium by centrifugation, and the two fractions were extract-
ed individually. SALV strain cells grown under RF, SF, and
RT conditions were compared in this study. Approximately
90% (of the total amount extracted from whole cell suspen-
sion) of the main products SALV and AdM were found in
yeast cells in RF cultures on day 2 after inoculation (Fig. 4).
The fed substrate API also accumulated in yeast cells.
Remarkably, the proportion of intracellularly accumulated
AdM and SALV was significantly lower in cells of SF cul-
tures. Analysis of pathway intermediates revealed that GENK
was also strongly enriched in cells. By contrast, the relative
abundances of LAD and S7Me in the medium were signifi-
cantly higher than those of SALV, GENK, and AdM in RF
cultures. LAD content in the medium amounted to 30–40% of
its abundance in whole cell suspension; S7Me content ranged
at 30–50%. Notably, the content of LAD and S7Me in cells
was conspicuously low, ranging 22–60% of the total (and as a
result, the relative abundances do not add up to 100% of the
amount found in fermentation broth with cells; Fig. 4).
Currently, we do not have an explanation for this observation,
which has been made in a number of independent experi-
ments. Overall, the high relative abundance of LAD and
S7Me in spent medium suggests that partitioning and translo-
cation of flavones involves certain selectivity, as both of these
compounds accumulate at only low levels.

In a separate test, we analyzed the distribution of the main
products in the SALV, CIRM, and LAD strains grown in par-
allel under RF conditions. The distribution of the fed substrate
API was comparable across strains (overall 10–19% in the
medium and 74–85% in cells). By contrast, CIRM partitioned
nearly equally (40.5% medium/55.1% cells). As the main
product of the LAD strain, LAD was more abundant in spent
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medium (60.2% medium/29.0% cells), consistently with its
location when monitored as a low-abundance intermediate
of SALV biosynthesis in the SALV strain (Fig. 4). As expect-
ed based on the above results, SALV was enriched in cells
(16.6% medium/77.4% cells).

Biofermentation using flavanone NAR as fed
substrate

NAR differs from API by having a saturated C2-C3 bond
(Fig. 1). As a result, the molecule has a chiral carbon (C2).
Natural flavanones typically have the S configuration at this
position. The substrate that we fed to yeast cells was an un-
specified mixture of the two enantiomers.

In the yeast fermentation system, all of the target
dihydrogenated (abbreviated as dh) products, i.e.,
dhCIRM, dhLAD, dhSALV, dh8HS, and dhGB, were
formed by their respective strains, but in differing
amounts (Fig. 5; Supplementary Figs. S4 and S5;
Supplementary Table S2). The accumulation of dhCIRM
reached a final level of 1.85 ± 0.34 mg L−1. The titer of
dhLAD reached 1.56 ± 0.54 mg L−1 in the LAD strain. In
the SALV, 8HS and GB strains, residual dhLAD accumu-
lated at levels ranging from 0.57 to 0.74 mg L−1

(Supplementary Fig. S5). The dihydro-derivative of
SALV accumulated at 0.60 ± 0.07 mg L−1 in the SALV
strain. Notably, its abundance in the 8HS and GB strains
was only about 20% of the concentration in SALV strain,
even though its downstream conversion to 8-hydroxylated
products was quantitatively insignificant.

No signals for the 8-hydroxylated derivatives of NARwere
visible in UV290 traces. However, candidate peaks for both
dh8HS and dhGB could be easily identified in selected ion
chromatograms from the MS data (Fig. 5b). The accurate
masses and isotope models matched the predictions for the
specific compounds (Supplementary Fig. S4d,e), with only
one plausible candidate signal being detected for each
compound.

The first biosynthetic intermediate, 7-methylnaringenin
(sakuranetin, SAK), was readily detectable in all five strains.
Its level was lower in the CIRM strain and about equal in the
other four strains (Supplementary Fig. S5). Remarkably, the
flavanone analog of S7Me, carthamidin-7-methyl ether
(C7Me), accumulated in high relative abundance (0.32–
0.38 mg L−1) in all but the CIRM strain, where only traces
of this intermediate were present (ca. 0.02 mg L−1).
Naringenin-7,4′-dimethyl ether (NdM) also accumulated in
all strains (with the CIRM strain only containing trace
amounts; Supplementary Fig. S5).

We analyzed the distribution of NAR and its fermentation
products in the SALV strain and found that over 80% of NAR
was present in the culture media (Supplementary Table S3).
By contrast, NdM and SAK were enriched in cells. Like their

flavone analogs, C7Me and dhLAD were predominantly lo-
cated in spent medium. Surprisingly, over 50% of dhSALV
was also present in spent medium.

Biofermentation using 3′-hydroxylated flavone LUT
as fed substrate

LUT differs from API by a hydroxyl residue at the 3′ position
of the ring B (Fig. 1). Some methoxylated derivatives of LUT
occur in O. basilicum (Grayer et al. 1996). Notably, these
compounds are substituted at position 6, but not at position
8 of the backbone (Grayer et al. 2001).

The first pathway intermediate, 7-methylluteolin
(L7Me), was readily detectable in UV345 traces of all five
strains (Fig. 6; Supplementary Figs. S6 and S7). The
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7,4′-dimethylated LUT also accumulated in considerable
amounts in all but the CIRM strain. All five strains accu-
mulated high amounts of pedalitin (PED), the 3′-hydroxyl-
ated derivative of S7Me (Fig. 6; Supplementary Figs. S6
and S7), suggesting that the downstream conversion of this
intermediate is slower than its production. Its titers reached
2.76–4.08 mg L−1 in the CIRM, LAD, and SALV strains
and were lower in the 8HS and GB strains. In the CIRM
strain, accumulation of cirsiliol (CIRL, 3′-OH-CIRM)
reached 1.74 ± 0.15 mg L−1. Nuchensin (NUCH), the 3′-
hydroxylated analog of LAD, not only reached a final titer
of 0.74 ± 0.04 mg L−1 in the LAD strain but was also in-
completely converted in the SALV, 8HS, and GB strains,
where it was present at 0.22–0.40 mg L−1. In the SALV
strain, eupatorin (EUP, 3′-OH-SALV) accumulated at a fi-
nal concentration of 0.40 ± 0.22 mg L−1. The concentration
of EUP in the 8HS and GB strains was lower in compari-
son to the SALV strain even though the downstream con-
version to 8-hydroxylated derivatives was negligible
(Supplementary Fig. S7). Signals with accurate masses
and isotope models matching those predicted for 3′-OH-
8HS and 3′-OH-GB were detectable in selected ion chro-
matograms (Supplementary Fig. S8). While there was only
one plausible candidate peak for 3′-OH-GB, two candidate
3′-OH-8HS signals with very similar retention times and
accurate masses matching the expected formula were de-
tected. As those signals were specific to this strain and
substrate, it is possible that more than one product is
formed. Further analysis is therefore required for unambig-
uous identity assignment.

The distribution of LUT and its fermentation products was
analyzed in the SALV strain. Approximately equal propor-
tions of LUT were present in the cells and the culture media
(Supplementary Table S3). Similar distribution was observed
for L7Me and EUP. Luteolin-7,4′-dimethyl ether (LdM) was
enriched in cells. Both PED and NUCH were enriched in the
culture medium.

Biofermentation using flavonol KAEM as fed
substrate

In comparison to flavones, flavonols carry an additional hy-
droxyl moiety at position 3 (Fig. 1). Flavonols have not been
reported to accumulate in sweet basil’s trichomes. In our fer-
mentation system utilizing KAEM as fed substrate, the two
abundant and easily detectable products were kaempferol-7-
methyl ether (K7Me), which was present in all strains and
most abundant in the CIRM strain, and kaempferol-7,4′-
dimethyl ether (KdM), which was present in considerable
amounts in all but the CIRM strain (Supplementary Figs. S9
and S10). Evaluation using the MS data revealed that a signal
with the accurate mass corresponding to that of hydroxylated
CIRM was present in the CIRM strain (Fig. 7a, d, e). A signal
with the same accurate mass but a different retention time (and
thus likely representing 3-OH-LAD) was present in LAD
strain (Fig. 7b, d, f). Its intensity was lower than that of puta-
tive 3-OH-CIRM. An even weaker signal with the accurate
mass corresponding to 3-OH-SALV was present in the SALV
strain (Fig. 7c, g, h). Under the applied cell growth and flavo-
noid analysis conditions, no promising signals with accurate
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masses corresponding to hydroxylated 8HS and GB were
detected.

The localization of KAEM and its bioconversion products
was analyzed in the SALV strain. Similarly to other mono-
and dimethylated, 6-unsubstituted derivatives of fed substrates
in our study, KdM and K7Me were enriched in cells
(Supplementary Table S3). About 50% of KAEM found in
extracts from whole cell suspension was recovered from yeast
cells.

Discussion

Faster cell growth outweighs the benefits of selection
medium

Previous work with baker’s yeast often used dropout media
for the fermentation stage to avoid recombination or plasmid
loss over time (Chemler et al. 2007; Eichenberger et al. 2017;
Leonard et al. 2005; Wang et al. 2011; Yan et al. 2005). To the
best of our knowledge, the only study directly comparing rich
to selection media for flavonoid production was the analysis

of NAR conversion into eriodictyol by a flavonoid 3′-hydrox-
ylase by Amor et al. (2010). Cells grown in selection medium
returned better yields in that study, with full consumption of
NAR being reached within 30 h of incubation as compared to
71% conversion in rich medium. After this growth period,
only 58% of cells grown without selection contained plasmid
(Amor et al. 2010). Our results indicate that use of rich medi-
um both affords higher overall flavonoid yield and is suitable
for obtaining acceptable flavonoid composition, especially
with extended cultivation time (Fig. 3a–c). Plasmid retention
was not monitored, and it is to assume that plasmid loss occurs
as reported previously (Amor et al. 2010; Jiang and Morgan
2004). However, the benefits of the higher cell growth rate
seem to outweigh the reduction in biosynthesis rate due to
plasmid loss. The comparison between the shake flasks
and conical tubes as growth vessel showed that both the
cell growth (Fig. 3d) and the performance of the oxygen-
dependent ObF6H-1 are reduced in cells growing in tubes.
The latter conclusion is based on high relative abundance
of 6-unsubstituted by-products GENK and AdM in RT
cultures of the SALV strain (Fig. 3b; Supplementary
Fig. S3c). The use of conical tubes would enable an
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increase in throughput (replicates/conditions) in our labo-
ratory setting which might be beneficial in future experi-
ments. As limited aeration is likely to be the reason for
the restricted growth and ObF6H-1 activity, modification
of growth conditions, e.g., shaking under angle or use of
air-permeable caps, could be tested as an approach to
alleviating the observed drawbacks.

Remarkably, the levels of the intermediates S7Me and
LAD, though overall low, were highest in selection medium
(Supplementary Fig. S3a,b). In the constructed pathway,
S7Me is the direct precursor of LAD, which is then converted
into SALV by the same enzyme, ObFOMT3. The most obvi-
ous speculation would therefore be that this enzyme is not
performing at sufficiently high levels in SF cultures.
Corresponding expression data are necessary to help interpret
the observations made at the metabolite level.

Analysis of flavonoid production over 6 days revealed that
the yeast cells maintained biosynthetic activity during this
time period (Fig. 3). This finding is in line with earlier studies
where an increase of flavonoid concentration was still ob-
served after 144–200 h (Koopman et al. 2012; Trantas et al.
2009) but overall hardly comparable because different growth
conditions and inoculation densities were used.

While the results obtained here in a small-scale laboratory
setting do not directly apply to engineering of flavonoid pro-
duction on an industrial scale, they are encouraging for similar
research endeavors and may help increase the yields and de-
tectability of products.

Flavone production using API as fed precursor:
enzymes perform well and in accordance
with biochemical properties with their native
substrate

The product profiles obtained with API as fed precursor
largely reflected the in vitro biochemical properties of the
employed enzymes. The small amounts of by-products ob-
served with the CIRM strain are due to the regiospecificity
of ObFOMT4, which is a highly specialized F6OMT and
which therefore had only one substrate it could be active
with (S7Me) (Berim et al. 2012). In the LAD, SALV, and
derived strains, the permissive F4′OMTs, ObFOMT3, and
ObFOMT5 could act upon an additional substrate (GENK)
yielding the by-product AdM (Figs. 1 and 2). Notably, just
as the plasticity of the F4′OMTs led to undesired side re-
actions, the relaxed substrate specificity of ObF6H-1 was
beneficial for the product profile as it allowed for the 6-
hydroxylation and thus partial redirection of the formed
AdM in those strains.

The SALV strain and its derivatives (8HS and GB strains)
were constructed using ObFOMT3 as a bifunctional F6/4′
OMT. Based on substrate specificities (Berim et al. 2012), a
better enzyme combination might comprise ObFOMT4 and

ObFOMT3, where LAD formed from S7Me by ObFOMT3
would be 6-O-methylated by ObFOMT4, and CIRM formed
by ObFOMT4 would be converted to SALV by ObFOMT3.
At the time of strain construction, yield increase was not an
objective; hence, this hypothesis has not been tested experi-
mentally. On the one hand, the intermediate LAD does not
accumulate in the SALV strain at high levels, suggesting that
it is efficiently converted into SALV. On the other hand, the
presence of two FOMTs consuming S7Me may create a pull
effect on the ObF6H-1 and increase the overall flux into this
branch of biosynthesis.

The 8-substituted flavones 8HS and GB only accumulated
at very low levels. There are multiple possible reasons. The
expression levels of ObF8H-1 and the redox partners FNR and
Fdx may be insufficient. It is relevant to mention that the
in vitro turnover rates of ObF8H-1 were rather low, yet these
values may not accurately reflect its physiological properties
as it is a membrane protein that had to be solubilized during
purification (Berim et al. 2014). Secondly, the localization of
ObF8H-1 in yeast mitochondria as compared to cytosolic
FOMTs entails a necessity for the substrate SALV to be
transported across compartments. Importantly, 8HS did not
accumulate in the GB strain, suggesting that its export back
into the cytosol is not limiting but leaving open the question of
SALV import.

The rates of overall API conversion differed consider-
ably across strains. For example, the CIRM strain pro-
duced 12 mg CIRM and over 0.5 mg GENK, while the
SALV strain only yielded 5 mg SALV and 1.5 mg AdM
(Supplementary Fig. S1; Supplementary Table S2).
Changes in the system’s productivity upon component ex-
change or addition are not unusual and can have multiple
reasons (Rodriguez et al. 2017; Santos et al. 2011). For a
better evaluation, an assessment of the individual enzymes’
transcripts and/or peptides in different strains is necessary.
To pinpoint the rate-limiting reactions in the different
strains, it would be instructive to attempt balancing the flux
(Jones et al. 2015; Santos et al. 2011), e.g., by fine-tuning
the expression of the individual genes/enzymes. One prime
candidate for overexpression is ObF6H-1, as a higher 6-
hydroxylation rate would capture the nascent GENK and
reduce the formation of AdM. Another important optimi-
zation point not addressed in this study and highly relevant
and specific to the production of methylated flavonoids in
a heterologous host is the availability of the endogenous
co-substrate, S-adenosyl-L-methionine. For E. coli, its sup-
ply has been shown to be limiting for the efficiency of
anthocyanidin methylation (Cress et al. 2017). Upon opti-
mizing the conversions downstream of API, our system
can be grafted within the yeast strains optimized for the
production of NAR (Koopman et al. 2012; Rodriguez
et al. 2017), which can be converted into API in a single
enzymatic step.
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Production of diverse compounds using alternative
substrates is limited by the substrate specificities
of both FOMTs and hydroxylases

One of the goals of the present study was to establish whether
and how the enzymes isolated from basil act upon alternative
substrates. Such precursor-directed biosynthesis is a success-
ful approach for the biotechnological production of novel
compounds (Chemler et al. 2007; Eudes et al. 2015), which
critically depends on the plasticity of the employed enzymes.
Basil FOMTs methylate a variety of flavonoids in vitro while
showing strong preference for their physiological substrates
(Berim et al. 2012). The basil F6H is active with several fla-
vonoid classes including flavanones and flavonols (Berim and
Gang 2013b). The basil F8H was only tested with basil fla-
vones and exhibited significant activity only with SALV
(Berim et al. 2014). Based on these biochemical studies, the
strains would be able to produce at least some amounts of 6-
hydroxylated, methoxylated derivatives of LUT, NAR, and
KAEM.

As expected from data collected earlier in vitro, the accu-
mulation of 7- and 7,4′-O-methylated derivatives was readily
detectable with all fed precursors and in all relevant strains.
ObFOMT1 is only moderately active with NAR in vitro
(Berim et al. 2012). This appears to be relevant for the
whole-cell setup as the overall flavonoid flux (estimated as
the sum of product abundances) is considerably lower for
NAR (Supplementary Fig. S5) than for API (Supplementary
Fig. S1) and LUT (Supplementary Fig. S7) for each strain.
KAEM was not previously evaluated but appears to be a
good substrate for ObFOMT1 (Supplementary Fig. S9).
With NAR and LUT as fed precursors, the abundance of the
dimethylated by-products NdM and LdM is lower than that of
the 7-monomethylated derivatives SAK and L7Me, respec-
tively. This pattern is due to the low activity of basil F4′OMTs
ObFOMT3/5 with NAR and LUT (Berim et al. 2012). The
sensitivity of these FOMTs to the 3′-OH residue and the non-
planar flavanone backbone also leads to accumulation of
C7Me and PED. The high accumulation of 7-O-methylated
derivatives with alternative substrates is also indicative of
insufficient 6-hydroxylation rates by basil F6H. This high
abundance of intermediates suggests that either pathway
balancing or, more likely, alternative catalysts should be
employed to increase the yields of the target products with
precursors other than API. An alternative F7OMT could be
SaOMT-2 from Streptomyces avermitilis with high relative
activity with NAR, KAEM, and quercetin (Kim et al.
2006a). It would also be instructive to test the stereoselective
NAR 7OMT from rice (Shimizu et al. 2012). Only one enan-
tiomer of SAK would circulate in the cells, and its further
conversion may reveal if the basil F6H and F4′OMTs also
possess stereoselectivity. An alternative F4′OMT would be
ShOMT2 from Solanum lycopersicum (Schmidt et al.

2011). This enzyme is highly active with quercetin-7-
methyl ether and is thus a good candidate for conversion of
the derivatives of both LUT and KAEM. SOMT-2 from soy-
bean (Kim et al. 2005) may be tested for 4′-O-methylation of
NAR derivatives. An alternative F6H might be CYP82D66
from peppermint, which possesses somewhat broader sub-
strate specificity compared to ObF6H-1 (Berim and Gang
2013b). The F6H from soybean is most active with NAR
but is sensitive to 7-O-methylation of the substrate
(Latunde-Dada et al. 2001). For the choice of alternative cat-
alysts, it is necessary to consider how they may alter the
pathway intermediate landscape and fit into the existing cat-
alytic modules. For example, the F6H from Scutellaria
baicalensis was reported to be active with API (Zhao et al.
2018). However, the resulting scutellarein would be an unfa-
vorable pathway intermediate as all of the employed basil
FOMTs are only moderately active with this substrate.

The experiments presented here did not lead to production
of significant amounts of 8-hydroxylated flavonoids other
than 8HS and GB. Taking into account the low yields of
8HS and GB in cultures fed with API, tests with alternative
precursors should be repeated after optimizing the perfor-
mance of ObF8H-1. Alternative F8Hs are currently scarce.
The F8H from S. baicalensis is very specific for chrysin
(Zhao et al. 2018). The few other enzymes reported to catalyze
flavonoid 8-hydroxylations are equally unlikely to fit the con-
structed strains and the pathway employed (Lee et al. 2014;
Sordon et al. 2016).

The total yields with the same fed flavonoid can vary be-
tween strains, such as the outputs of the CIRM strain versus
other strains with KAEM as substrate (Supplementary Fig.
S10). As concluded above for the bioconversions with API,
data regarding the abundance of individual transcripts and/or
proteins are needed to begin to discuss this phenomenon.

Unequal distribution of products and intermediates
poses numerous questions to be addressed
in the future

Our study revealed unequal distribution of the flavonoid path-
way intermediates and products in the various strains, with
strong intracellular enrichment of a number of compounds
(Fig. 4; Supplementary Table S3). S7Me and LAD as well
as their dihydro- and 3′-OH analogs presented a notable devi-
ation from the norm with their medium-localized fraction be-
ing substantially higher compared to other methylated flavo-
noids. Indeed, while it is too early to draw conclusions, our
data suggest that the free 6-hydroxyl residue might be the
structural feature shifting the equilibrium towards the extra-
cellular enrichment. Data concerning flavonoid localization
during fermentation are limited. NAR was enriched in medi-
um both when produced by S. cerevisiae (Jiang et al. 2005;
Koopman et al. 2012; Leonard et al. 2005) and when fed to
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S. cerevisiae, as were its glycosides and 2′-hydroxylated de-
rivative (Brazier-Hicks and Edwards 2013; Werner and
Morgan 2009). By contrast, pinocembrin (NAR lacking the
4′-OH residue) was stored in the yeast cells (Jiang et al. 2005).
In E. coli, 25% of produced API and GENK (Leonard et al.
2006a) and 50% of anthocyanidins (Yan et al. 2008) were
retained in cells. Over 95% of methylated flavonoids were
retrieved fromE. coli cells while glycosylated flavonoids were
found in the spent medium (Willits et al. 2004). Notably,
methylated and glycosylated anthocyanidin peonidin-3-O-
glucoside appears to be secreted into the medium by E. coli
(Cress et al. 2017). Unfortunately, studies aimed at production
of several other flavonoids did not address product localiza-
tion (Trantas et al. 2009). The method often used for product
retrieval involves mixing the cell suspension with solvent and
subsequent cell removal by centrifugation (Eichenberger et al.
2017; Koopman et al. 2012; Rodriguez et al. 2017). In our
hands, this procedure retrieves both intra- and extracellular
flavonoids and hence does not allow conclusions regarding
their distribution.

Incorporating the distribution of involved compounds
into the reaction scheme may improve our interpretation
of the observed outcomes. The predominantly extracellular
localization of the biosynthesis intermediates such as PED
and C7Me poses the question of whether the rates of their
export and re-import have an immediate effect upon the
flux and the yields of downstream products. The high ex-
tracellular proportion of SALVand AdM in SF as compared
to RF cultures might indicate that cell death and lysis, and
consequently product release into medium, are occurring
under SF conditions with limited nutrient supply.
Alternatively, it is possible that translocation activities
are, to some degree, medium- or cell density-dependent.
To answer these questions, it is necessary to shed light on
the mechanisms of the underlying translocation processes,
which are currently entirely unknown. In general, secretion
of xenobiotics by yeast is catalyzed by a family of multi-
drug ATP-binding cassette (ABC) transporters (Ernst et al.
2010; Rogers et al. 2001). While the lack of pronounced
specificity is an intrinsic feature of these proteins, their
substrate spectra are not identical. In a study examining
the effect of several flavonoids on yeast strains lacking
three transporters, individually or in combinations, the
ΔYOR1 mutant displayed the highest susceptibility to all
tested compounds as compared to other mutants, suggest-
ing that YOR1p is responsible for their export out of the
cells (Rogers et al. 2001). In another study, the Pdr5p trans-
porter was differentially inhibited by certain prenylated fla-
vonoids (Conseil et al. 2000). The uptake of flavonoids by
yeast also remains to be studied. Additionally, the localiza-
tion of the substrate and the (by)products is relevant for the
process optimization. On the one hand, extracellularly ac-
cumulated products can be collected with the spent medium

during nutrient replenishment. On the other hand, intracel-
lular accumulation of products and intermediates might
pose an impediment for the application of a modular
polyculture approach to our system. The use of co- and
polycultures is one of the most promising developments
in metabolic engineering (Jones et al. 2017; Zhang and
Wang 2016), and it would be a very useful tool for optimi-
zation of the strains presented here. Given the nature of the
proteins involved in the pathway, developing two-species
consortia (e.g., baker’s yeast—E. coli) may be of benefit
(Jia et al. 2016; Johns et al. 2016), as shown in a study
where plant terpenes were the target products (Zhou et al.
2015). Whether a single- or a two-species consortium is
to be employed, this approach depends on efficient trans-
location of appropriate intermediates between cells ex-
pressing different catalytic modules (Jones et al. 2017;
Zhang and Wang 2016). There is good evidence that at
least some flavonoids are continuously translocated be-
tween the medium and the cells. Despite the predomi-
nantly intracellular storage of methylated products, co-
culture of E. coli cells expressing individual FOMTs
led to successful production of di- and tri-methylated
flavonoids (Willits et al. 2004). Overexpression of the
E. coli transporter, yadH, increased the extracellular ac-
cumulation of the anthocyanin cyanidin-3-O-glucoside,
whereas another efflux pump, tolC, was tentatively iden-
tified as being responsible for the secretion of the fed
substrate catechin (Lim et al. 2015). Exogenously ap-
plied and predominantly extracellularly localized NAR
is taken up and re-exported by S. cerevisiae as it is rap-
idly and, in some cases, completely converted by intra-
cellular enzymes (Amor et al. 2010; Brazier-Hicks and
Edwards 2013; Werner and Morgan 2009). An immediate
way to test the polyculture suitability for the strains pre-
sented in this work will be to co-culture any of them
with the yeast cells expressing just basil F6H (Berim
and Gang 2013b) and evaluate the absolute or relative
increase in the abundance of 6-substituted products.
Moreover, identification and inclusion of relevant plant
transporter proteins, e.g., from sweet basil peltate glan-
dular trichomes, will enable incorporation of an addition-
al layer of engineering effort that can be optimized for
enhanced production of specific compounds or (re-)direc-
tion of flux through the flavonoid network in a fermen-
tation system. Those transporter proteins are yet to be
discovered, but once identified will play important roles
in future engineering efforts.
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