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Editorial on the Research Topic

Biotechnological Production and Conversion of Aromatic Compounds and Natural Products

Building blocks of aromatic nature are among the most important bulk-feedstocks in the chemical
industry, the majority (by volume) serving as precursors for polymeric materials. As these
compounds are commonly derived from petrochemistry, obtaining them is increasingly becoming
a matter of costs and sustainability. Biochemistry gives rise to a wealth of compounds that
can potentially substitute or replace current petroleum-based chemicals or be used for novel
applications. This includes bio-replacements for commonly fossil fuel-derived aromatics, as well as
naturally produced secondary metabolites. Also, a great number of natural products and secondary
metabolites, which are valuable in food- and pharma-industry, are aromatics. Furthermore, for
fine chemicals and pharmaceuticals, which need to be produced with high purity or selectivity,
cost-competitiveness is much less of a critical factor. This is a particular chance for biotechnology,
especially for compounds, which are impossible or infeasible to produce via chemical synthesis.

Aromatics have great potential for bio-based production, as biochemical pathways like the
polyketide biosynthesis or the shikimate pathway give rise to a wealth of aromatics and aromatics-
derived compounds, with diverse applications in the chemical-, pharma-, cosmetic-, and food-
industry. To achieve commercial viability, processes need to be competitive, as determined by
the three factors: titer, yield, and rate (Averesch and Krömer, 2018). Therefore, in addition to
metabolic engineering, optimization of the process is also imperative, comprised of reactor-design
and -operation and has been included as subject in this Research Topic.

Aromatic compounds of interest may be produced microbially outgoing from sugar-based
carbon-sources, while many pharmaceutically utilized natural products are still plant-derived.
To supply the growing demand of many of these products while ensuring affordability, as well
as to uphold a constant supply chain (tolerant to environmental factors such as weather and
climate), heterologous production of natural products inmicrobes is sought after. For sustainability
reasons, as well as a potential cost advantage, biotechnology is also increasingly adapting non-
edible carbon-sources for production. This can be lignocellulosic biomass, of which the lignin
part is especially attractive for production of aromatics, as it can be de-polymerized to directly
obtain aromatic compounds. In this context, the degradation and recycling of spend materials,
like polyethylene terephthalate, is also of interest, not only to achieve sustainability but also for
environmental protection.
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This Research Topic was initiated to expand upon a
review on biotechnological aromatics production, which ranks
metabolic engineering strategies by establishing thresholds of
yields, titers and rates for commercial viability (Averesch and
Krömer, 2018). Collecting contributions from leaders in the
field, we strived to spotlight recent concepts and current
trends that shape the future for biotechnological production
of aromatic compounds. Deliberately also including research
from more peripheral areas, we intended to expand the
horizon and show where the field may be headed. Calls
for papers resulted in 10 accepted manuscripts, of which
eight are original research and two review articles. Topics
cover a broad research spectrum, from metabolic engineering
for production of compounds valuable in chemical-, food-,
and pharmaceutical-industry, including process development
and optimization, to studies on mechanisms of degradation,
conversion and valorization of aromatic bio-products. Especially
the diversity of approaches and deployed organisms, shows that
a paradigm shift beyond the established model organisms is
taking place.

Two articles review recent advances in microbial production
of aromatic compounds: one with a special emphasis on
metabolic engineering strategies, as well as bioprocess
optimization (Braga and Faria); the other putting special
emphasis on melanins (which have applications in the
pharmaceutical, cosmetic, optical, and electronic industries) and
strategies for their recombinant production (Martínez et al.).

Metabolic Engineering studies utilizing rational strain design
are most prominently featured in this Research Topic, three
of which are targeting chemical building-blocks for polyesters:
through genetic modification of Pseudomonas taiwanensis,
4-hydroxybenzoic acid is derived via tyrosine (Lenzen et al.)—an
interesting alternative to the more conspicuous pathway where
4-hydroxybenzoic acid is obtained directly from chorismate. In a
study more focused on optimization of physiological parameters
and process design, conversion of ferulic acid to vanillin is
investigated deploying whole-cell biocatalysts with growth
arrested E. coli (Luziatelli et al.). In another E. coli study, deep

strain engineering leads to significantly enhanced production of
the central shikimate-pathway intermediate 3-dehydroshikimate;
in combination with process design this allows downstream

conversion into significant amounts of muconic acid
(Choi et al.).

Microbial biotechnology has relevance beyond the common
carbon-biochemistry, as shown by the fermentative production
of natural product 7-bromo-L-tryptophan, a precursor for the
proteasome inhibitor and potential anti-cancer agent TMC-
95A, which is explored through engineering of Corynebacterium
glutamicum for the bromination of tryptophan (Veldmann et al.).

Besides bacteria, also fungi have their advantages for
production of aromatics: performing Metabolic Engineering
on the yeast Saccharomyces cerevisiae for production of
ergothioneine, an antioxidant, nutraceutical, non-proteinogenic
amino acid and not-so-usual aromatic compound (aromatic
heterocycle), highlights the diversity of interesting aromatics and
the emerging ability to produce these biotechnologically (van der
Hoek et al.).

Complementary to the de-novo production of aromatics from
sugars, two studies evolve around lignin as alternate substrate
and biochemically more direct source of aromatic compounds:
one study investigates the transcriptional response of the white-
rot fungus Dichomitus squalens expressing extracellular enzymes
during lignin degradation (Kowalczyk et al.). Another study
looks at the regulation of degradation of the lignin building-
block cinnamic acid in the filamentous fungus Aspergillus niger
(Lubbers et al.).

Finally, an economic evaluation of a process-model for
production of aromatic compounds, sheds light on potential
commercial competitiveness and environmental impact, with
unexpected and therefore likely often overlooked outcomes
(Krömer et al.).

Further reading includes another recent review on “Metabolic
engineering of microorganisms for production of aromatic
compounds” (Huccetogullari et al., 2019), as well as related
Research Topics:

1. Aromatic Amino Acid Metabolism
2. From Biomass-to-Advanced Bio-based Chemicals

and Materials.
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High-Yield Production of
4-Hydroxybenzoate From Glucose or
Glycerol by an Engineered
Pseudomonas taiwanensis VLB120

Christoph Lenzen 1, Benedikt Wynands 1,2, Maike Otto 1,2, Johanna Bolzenius 1,

Philip Mennicken 1, Lars M. Blank 1 and Nick Wierckx 1,2*

1 Institute of Applied Microbiology iAMB, RWTH Aachen University, Aachen, Germany, 2 Forschungszentrum Jülich, Institute

of Bio- and Geosciences IBG-1: Biotechnology, Jülich, Germany

Aromatic compounds such as 4-hydroxybenzoic acid are broadly applied in industry for a

myriad of applications used in everyday life. However, their industrial production currently

relies heavily on fossil resources and involves environmentally unfriendly production

conditions, thus creating the need for more sustainable biotechnological alternatives.

In this study, synthetic biology was applied to metabolically engineer Pseudomonas

taiwanensis VLB120 to produce 4-hydroxybenzoate from glucose, xylose, or glycerol as

sole carbon sources. Genes encoding a 4-hydroxybenzoate production pathway were

integrated into the host genome and the flux toward the central precursor tyrosine was

enhanced by overexpressing genes encoding key enzymes of the shikimate pathway.

The flux toward tryptophan biosynthesis was decreased by introducing a P290S

point mutation in the trpE gene, and degradation pathways for 4-hydroxybenzoate,

4-hydroxyphenylpyruvate and 3-dehydroshikimate were knocked out. The resulting

production strains were tailored for the utilization of glucose and glycerol through the

rational modification of central carbonmetabolism. In batch cultivations with a completely

mineral medium, the best strain produced 1.37mM 4-hydroxybenzoate from xylose with

a C-mol yield of 8% and 3.3mM from glucose with a C-mol yield of 19.0%. Using glycerol

as a sole carbon source, the C-mol yield increased to 29.6%. To our knowledge, this is

the highest yield achieved by any species in a fully mineral medium. In all, the efficient

conversion of bio-based substrates into 4-hydroxybenzoate by these deeply engineered

P. taiwanensis strains brings the renewable production of aromatics one step closer.

Keywords: 4-hydroxybenzoate, aromatics, metabolic engineering, Pseudomonas taiwanensis VLB120, shikimate

pathway, glycerol, synthetic biology

INTRODUCTION

Aromatic compounds are broadly applied in every-day life. Being the basic substance of the paraben
group, 4-hydroxybenzoate and its derivatives mainly serve as a preservative in cosmetic as well
pharmaceutical products, and beyond that, it is used for the manufacturing of Vectran fibers (Beers
and Ramirez, 1990; Menczel et al., 1997). Currently, 4-hydroxybenzoate is produced commercially
via the Kolbe-Schmitt-reaction from potassium phenoxide and carbon dioxide (Lindsey and Jeskey,
1957). This way of production, however, harbors major drawbacks in that fossil resources are used

6
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as substrates and that the reaction takes place under harsh
conditions. Due to relatively low and isomerically poor product
yields (Lindsey and Jeskey, 1957), improved production
strategies using toxic ionic liquids have been developed (Zhao
et al., 2007; Benaskar et al., 2009; Stark et al., 2009). In total,
these routes render the overall process non-sustainable and
the production conditions hazardous and environmentally
unfavorable. Biotechnological production of 4-hydroxybenzoate
using microbial cell factories, however, would overcome these
issues, since renewable substrates such as glucose, xylose, or
glycerol are converted under far milder conditions. Nature offers
a variety of candidates for the production of aromatics and other
bulk and fine chemicals. Among those, Pseudomonads recently
have gained great biotechnological interest (Sun et al., 2006;
Elbahloul and Steinbüchel, 2009; Loeschcke and Thies, 2015;
Tiso et al., 2016; Nikel and de Lorenzo, 2018). In comparison
to other bacteria, these Gram-negative soil bacteria exhibit
a high tolerance toward organic solvents (Kieboom et al.,
1998), and due to their versatile metabolism, they accept a
great variety of substrates (Dos Santos et al., 2004; Wierckx
et al., 2015). Furthermore, sophisticated tools for genetic
manipulation are available (Martínez-García and de Lorenzo,
2011; Silva-Rocha et al., 2013; Martínez-García et al., 2014; Nikel
et al., 2014b; Belda et al., 2016) and cultivation conditions are
undemanding. Different Pseudomonas strains have been used
for the production of a range of bio-based aromatics including
anthranilate, phenylalanine and derivatives, 4-coumarate,
phenazines, 4-hydroxystyrene, and phenol (Wierckx et al.,
2005; Nijkamp et al., 2007; Verhoef et al., 2009; Kuepper
et al., 2015; Schmitz et al., 2015; Molina-Santiago et al., 2016;
Wynands et al., 2018).

In microbes, 4-hydroxybenzoate can be produced in two
ways. On the one hand, chorismate, which is formed via the
shikimate pathway, can be converted into 4-hydroxybenzoate
and pyruvate by the chorismate-pyruvate-lyase (EC 4.1.3.40,
UbiC). This reaction was already exploited in Escherichia
coli, Corynebacterium glutamicum, Klebsiella pneumoniae, and
Pseudomonas putida KT2440 (Müller et al., 1995; Barker and
Frost, 2001; Yu et al., 2016; Kallscheuer and Marienhagen, 2018;
Kitade et al., 2018; Syukur Purwanto et al., 2018). However, in
order to assure sufficient flux toward product formation, shutting
down competing chorismate consuming pathways is often
required. This often results in auxotrophic production strains
which require co-feeding of aromatic amino acids or complex
medium components such as yeast extract. By overexpression of
an ubiC gene from E. coli, Müller et al. (1995) produced 0.12 g
l−1 4-hydroxybenzoate from 18 g l−1 glucose with a strain of K.
pneumoniae which was auxotrophic for all aromatic amino acids.
Likewise, Barker and Frost (2001) developed an E. coli production
strain deficient in biosynthesis of tyrosine, phenylalanine and
tryptophan and were able to accumulate 4-hydroxybenzoate
with a C-mol yield of 15.2% during fed-batch fermentation. A
P. putida KT2440 biocatalyst engineered by Yu et al. (2016)
achieved a 4-hydroxybenzoate titer of 1.7 g l−1 corresponding to
a C-mol yield of 18.1%. However, this strain lacked the ability
to natively produce tryptophan as well as phenylpyruvate, so
that, as in the case for the aforementioned hosts, additional

supplementation of intermediates was necessary. Recently,
Kallscheuer and Marienhagen (2018) metabolically engineered a
C. glutamicum strain and produced 3.3 g l−1 4-hydroxybenzoate
in shake flasks, which corresponds to a C-mol yield of
12.6%. Using the same species as a platform, Kitade et al.
(2018) conducted growth-arrested fermentations by which a 4-
hydroxybenzoate titer of 36.6 g l−1 and a C-mol yield of 47.8%
could be reached. Remarkably, this was achieved without the
introduction of auxotrophies by employing a novel UbiC variant
from Providencia rustigianii which is insensitive to product
inhibition. However, this very high yield was achieved in a 2-
step process where biomass was first grown on a rich medium,
followed by 4-hydroxybenzoate production in a mineral medium
using a high density (5% wet weight) of biomass from the rich
medium culture. The 1st-stage culture in rich medium, and
thus all biomass formation, was not accounted for in the yield
calculation. Syukur Purwanto et al. (2018) produced 137.6 mM
4-hydroxybenzoate with a C-mol yield of 9.65% during fed-
batch cultivations using an engineered C. glutamicum strain. Due
to the deletion of the trpE gene, however, supplementation of
tryptophanwas required, and high 4-hydroxybenzoate titers were
not reached in a fully mineral medium.

On the other hand, 4-hydroxybenzoate biosynthesis can
also be accomplished via tyrosine. The first step of this
pathway is deamination of tyrosine into 4-coumarate through
a tyrosine ammonia-lyase (EC 4.3.1.23, TAL). Subsequently,
4-coumarate is further processed by moonlight activities of
feruloyl-CoA synthetase (EC 6.2.1.34, Fcs), enoyl-CoA hydratase
(EC 4.2.1.17, Ech), and vanillin dehydrogenase (EC 1.2.1.67,
Vdh) to yield 4-hydroxybenzoate (Harwood and Parales, 1996;
Jiménez et al., 2002). Although this approach has a lower
maximum theoretical yield due to the loss of one C-atom
as CO2 in the conversion of chorismate to tyrosine, it has
the benefit of not requiring auxotrophies since tyrosine is
the endpoint of the metabolic pathway rather than a central
intermediate as in the case of chorismate. Also, chorismate was
shown to be non-enzymatically rearranged to phenylpyruvate in
engineered phenylalanine/tyrosine auxotrophic Saccharomyces
cerevisiae strains, thus lowering its availability as a substrate
for production (Winter et al., 2014). Further, both chorismate
and tyrosine are key precursors for the production of many
other aromatics, thus making it useful to have platform strains
that efficiently channel carbon flux toward both of these
metabolites. Following the route via tyrosine, Verhoef et al.
(2007) accomplished 4-hydroxybenzoate formation with a C-mol
yield of 19.3% during shake flask cultivations using glycerol as a
sole carbon source and 11.0% with glucose with a modified strain
of P. putida S12, whereas fed-batch cultivations using glycerol
as a sole carbon source lead to a C-mol yield of 8.5%. Further
improvement was achieved through the deletion of the hpd gene
coding for the 4-hydroxyphenylpyruvate dioxygenase, resulting
in a C-mol yield of 13.4% on glucose (Verhoef et al., 2010).
Implementation of a xylose-degrading pathway and subsequent
laboratory evolution resulted in a strain that was able to form
4-hydroxybenzoate with C-mol yield of 12.4% on xylose, 17.5%
on glucose, and 19.3% on glycerol in shake flask experiments,
whereas cultivation in fed-batch mode using a mixed-substrate
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FIGURE 1 | Metabolic overview of 4-hydroxybenzoate production by an engineered P. taiwanensis VLB120. Overexpressed genes are shown as green arrows,

deleted genes as red arrows with a cross. The dashed red arrow symbolizes a point mutation resulting in a flux decrease. 6PGL, 6-phosphogluconate; G6P,

glucose-6-phosphate; KDPG, 2-keto-3-deoxy-6-phosphogluconate; GA3P, glyceraldehyde-3-phosphate; F6P, fructose-6-phosphate; S7P,

sedoheptulose-7-phosphate; E4P, erythrose-4-phosphate; P5P, pentose-5-phosphate; 1,3bPG, 1,3-bisphosphoglycerate; 3PG, 3-phosphoglycerate; 2PG,

2-phosphoglycerate; PEP, phosphoenolpyruvate; Pyr, pyruvate; DAHP, 3-Deoxy-D-arabinoheptulosonate 7-phosphate; 3DQ, 3-dehydroquinate; 3DHS,

3-dehydroshikimate; S3P, shikimate-3-phosphate; 5O3PS, 5-O-(1-carboxyvinyl)-3-phosphoshikimate; 4HPP, 4-hydroxyphenylpyruvate; PP, phenylpyruvate; Aro,

arogenate; HG, homogentisate; HPHP-CoA, 4-Hydroxyphenyl-β-hydroxypropionyl-CoA; Genes: pgi, glucose-6-phosphate isomerase; ppsA, phosphoenolpyruvate

synthase; tktA, transketolase; aroG, DAHP synthase; tyrA, prephenate dehydrogenase; quiC, 3-dehydroshikimate dehydratase; trpE, anthranilate synthase; hpd,

4-hydroxyphenylpyruvate dioxygenase; tal, tyrosine ammonia-lyase; pal, phenylalanine ammonia-lyase; fcs, feruloyl-CoA synthetase; ech, enoyl-CoA dehydratase;

vdh, vanillin dehydrogenase; pobA, p-hydroxybenzoic acid hydroxylase.

feeding strategy with glycerol and xylose achieved a C-mol yield
of 16.3% 4-hydroxybenzoate (Meijnen et al., 2011).

In this study, Pseudomonas taiwanensis VLB120 was subject
to metabolic engineering in order to generate a whole-cell
biocatalyst for the production of 4-hydroxybenzoate via tyrosine
(Figure 1). This species is naturally capable of using xylose
as a sole carbon source (Köhler et al., 2015), rendering it a
superior candidate for conversion of lignocellulosic feedstock
compared to other Pseudomonads. For the generation of an
efficient 4-hydroxybenzoate production host, we downregulated
and disrupted competing pathways, and we overexpressed key
precursor-supplying genes through stable genomic integration.
Primary metabolic genes were also overexpressed, tailored for the
use of glucose or glycerol as sole carbon source, and the intrinsic

use of xylose as a substrate for 4-hydroxybenzoate production
was demonstrated.

MATERIALS AND METHODS

Chemicals
Unless indicated otherwise, all chemicals were purchased
from Sigma Aldrich (Taufkirchen, Germany) or Carl Roth
(Karlsruhe, Germany).

Bacterial Strains and Culture Conditions
All strains used in this work are listed in Table 1. E. coli
strains were cultivated in Lysogeny Broth (LB) medium (10 g
l−1 N-Z-Amine, 5 g l−1 yeast extract, 5 g l−1 NaCl). When
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TABLE 1 | Strains used or engineered in this study.

Strain Characteristics References

E. coli PIR1 F− 1lac169 rpoS(Am) robA1 creC510 hsdR514 endA recA1uidA(1MluI)::pir-116; host for oriV(R6K)

vectors in high copy number

Thermo Fisher Scientific

E. coli DH5α λpir λpir lysogeny of DH5α Glover and Hames, 1985

E. coli DH5α pTNS1 supE44 1lacU169 (ϕ80 lacZ1M15) hsdR17 (rk- mk+) recA1 endA1 gyrA96 thi-1 relA1 de Lorenzo lab

E. coli HB101 pRK2013 Helper strain carrying plasmid pRK2013; F− λ− hsdS20(rB− mB−) recA13 leuB6(Am) araC14

1(gpt-proA)62 lacY1 galK2(Oc) xyl-5 mtl-1 thiE1 rpsL20(SmR) glnX44(AS)

Figurski and Helinski, 1979

E. coli DH5α pBBFLP Strain used for excision of kanamycin resistance cassette

F− endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG purB20 ϕ80dlacZ1M15 1(lacZYA-argF )U169,

hsdR17(rK
− mK

+), λ−

de las Heras et al., 2008

P. taiwanensis VLB120 Wild type Panke et al., 1998

P. taiwanensis VLB120

CL1

Derived from P. taiwanensis VLB120;

Deficient for pobA, hpd; carrying genes ech, vdh and fcs randomly integrated via Tn5 transposon.

This study

P. taiwanensis VLB120

CL1 RtPAL

P. taiwanensis VLB120 CL1 carrying plasmid pJT’RtPAL This study

P. taiwanensis VLB120

CL1 FjTAL

P. taiwanensis VLB120 CL1 carrying plasmid pJT’FjTAL This study

P. taiwanensis VLB120

CL1 TcXAL

P. taiwanensis VLB120 CL1 carrying plasmid pJT’TcXAL This study

P. taiwanensis VLB120

CL1 RsTAL

P. taiwanensis VLB120 CL1 carrying plasmid pJT’RsTAL This study

P. taiwanensis VLB120

CL1.1 RtPAL

Derived from P. taiwanensis VLB120 CL1;

Deficient for quiC, quiC1, quiC2; carrying plasmid pJT’RtPAL

This study

P. taiwanensis VLB120

CL2

Derived from P. taiwanensis VLB120 CL1.1;

Point mutation in trpE resulting in P290S substitution

This study

P. taiwanensis VLB120

CL2 RtPAL

P. taiwanensis VLB120 CL2 carrying plasmid pJT’RtPAL This study

P. taiwanensis VLB120

CL2 RtPALa

P. taiwanensis VLB120 CL2 carrying plasmid pJT’RtPALa This study

P. taiwanensis VLB120

CL2 RtPALat

P. taiwanensis VLB120 CL2 carrying plasmid pJT’RtPALat This study

P. taiwanensis VLB120

CL2 RtPALatt

P. taiwanensis VLB120 CL2 carrying plasmid pJT’RtPALatt This study

P. taiwanensis VLB120

CL2 BG14a RtPALat

P. taiwanensis VLB120 CL2 carrying genes

RtPAL, aroGfbr , tyrAfbr at attTn7 site

under control of 14a promoter

This study

P. taiwanensis VLB120

CL2 BG14d RtPALat

P. taiwanensis VLB120 CL2 carrying genes

RtPAL, aroGfbr , tyrAfbr at attTn7 site

under control of 14d promoter

This study

P. taiwanensis VLB120

CL2 BG14e RtPALat

P. taiwanensis VLB120 CL2 carrying genes

RtPAL, aroGfbr , tyrAfbr at attTn7 site

under control of 14e promoter

This study

P. taiwanensis VLB120

CL3

P. taiwanensis VLB120 CL2 carrying genes

RtPAL, aroGfbr , tyrAfbr at attTn7 site

under control of 14g promoter

This study

P. taiwanensis VLB120

CL2 BG14fg RtPALat

P. taiwanensis VLB120 CL2 carrying genes

RtPAL, aroGfbr , tyrAfbr at attTn7 site

under control of 14fg promoter

This study

P. taiwanensis VLB120

CL2 BG14ffg RtPALat

P. taiwanensis VLB120 CL2 carrying genes

RtPAL, aroGfbr , tyrAfbr at attTn7 site

under control of 14ffg promoter

This study

P. taiwanensis VLB120

CL3.1

P. taiwanensis VLB120 CL3 carrying plasmid pBNT’ppsA This study

P. taiwanensis VLB120

CL3.2

P. taiwanensis VLB120 CL3 carrying plasmid pBNT’pgi This study

P. taiwanensis VLB120

CL3.3

P. taiwanensis VLB120 CL3 carrying plasmid pBNT’ppsA-pgi This study

P. taiwanensis VLB120

CL4

Derived from P. taiwanensis VLB120 CL4; Carrying genes RsTAL, aroGfbr , tyrAfbr at attTn7 site

under control of 14f promoter

This study

P. taiwanensis VLB120

CL4.3

P. taiwanensis VLB120 CL4 carrying plasmid pBNT’ppsA-pgi This study
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grown on plates, agar was added to a final concentration of
1.5% before autoclaving. When selection was necessary, the
medium was supplemented with the respective antibiotics: 50mg
l−1 kanamycin, 10mg l−1 gentamicin, 100mg l−1 ampicillin,
10mg l−1 tetracycline. Gentamicin concentration was raised
to 30mg l−1 during selection on agar plates. Shake flasks
were filled with 10% of the flask volume and incubated at
37◦C and 300 rpm. All Pseudomonas strains were grown
on LB plates or cetrimide agar plates and selected with the
respective antibiotics as described for E. coli, at a temperature
of 30◦C.

For production experiments in batch mode, two liquid
precultures were prepared. At first, 500ml flasks containing
50ml LB medium were inoculated with cells from a freshly
grown LB agar plate or glycerol stock and incubated overnight
at 30◦C and 300 rpm. The second preculture was conducted
in 500ml flasks containing 50ml mineral salts medium (MSM)
(Hartmans et al., 1989) (buffer: 11.64 g l−1 K2HPO4, 4.89 g l−1

NaH2PO4. Nitrogen source: 2 g l−1 (NH4)2SO4. Trace elements:
10mg l−1 EDTA, 100mg l−1 MgCl2 · 6 H2O, 2mg l−1 ZnSO4

· 7 H2O, 1mg l−1 CaCl2 · 2 H2O, 5mg l−1 FeSO4 · 7 H2O,
0.2mg l−1 Na2MoO4 · 2 H2O, 0.2mg l−1 CuSO4 · 5 H2O,
0.4mg l−1 CoCl2 · 6 H2O, 1mg l−1, MnCl2 · 2 H2O. The
medium contained either 20mM glucose, 40mM glycerol, or
24mM xylose as sole carbon source, unless stated otherwise.
When using glycerol as a sole carbon source in the main culture,
the preculture contained 40mM glycerol and 5mM glucose to
decrease the lag phase on glycerol. All MSM precultures were
incubated for 16–20 h at 300 rpm and 30◦C and inoculated into
the main culture to a final OD600 of 0.1. For the main culture,
cells from the MSM preculture were harvested via centrifugation
at 5,000 rpm and 4◦C for 10min and washed twice with 0.9%
NaCl. Subsequently, 24-well System Duetz plates (Duetz et al.,
2000) containing 1.5ml fresh MSM per well and 0.2mM IPTG
for induction of expression of the ferulic genes (ech, vdh, and
fcs) and, if necessary, 0.1mM salicylate for induction of pBNT
plasmids, were inoculated to a final OD600 of 0.1 and incubated
at 30◦C and 300 rpm. Unless indicated otherwise, all strains
were cultivated in biological triplicates, and the standard error
of the mean was used for indication of error bars. Pulsed fed-
batch cultivations using MSM with glycerol as a sole carbon
source were conducted with a Biostat R© A Plus system (Sartorius
Stedim, Göttingen, Germany) with a maximum volume of 2 l.
Initial batch phase took place in 1 l MSM containing 120mM
glycerol and twice the amount of mineral salts. Initial stirrer
speed was set to 480 rpm and aeration to 1 vvm. Dissolved
oxygen tension was regulated at >30% through a stirrer cascade
and continuously monitored using an InPro 6800 amperometric
oxygen sensor (Mettler Toledo, Columbus, USA). During the
course of cultivation, this value wasmaintained bymixing in pure
oxygen using manual control. Monitoring of the pH was carried
out with a 405-DPAS-SC-K8S/225 pH electrode (Mettler Toledo,
Columbus, USA) and maintained at pH 7 by titration of 4MHCl
and 2M NH4OH. During fed-batch phase, glycerol was pulsed
through a syringe to a final concentration of 200mM each time
dissolved oxygen tension increased and glycerol in the fermenter
was consumed.

DNA Techniques
All primers (see Table S1) were designed either with Clone
Manager Professional (Sci-Ed, Denver, USA) or NEBuilder R©

Assembly Tool (New England Biolabs, Ipswich, USA) and
purchased from eurofins Genomics (Ebersberg, Germany).
Codon-optimization for genes RsTAL (Rhodobacter sphaeroides
ATCC 17025), FjTAL (Flavobacterium johnsoniae ATCC
17061), and TcXAL (Trichosporon cutaneum ATCC 90039) for
P. taiwanensis VLB120 was carried out using the OPTIMIZER
online tool (Puigbò et al., 2007), whereas preferences were set
as follows: genetic code: eubacterial; method: guided random;
manual exclusion of undesired restriction sites and rare
codons exhibiting a usage of <6%. Optimized DNA fragments
were ordered and purchased from Thermo Fisher Scientific
(Thermo Fisher Scientific, Waltham, USA) or Integrated DNA
Technologies (Coralville, USA). Inserts for all plasmids were
amplified via PCR using Q5 R© High-Fidelity DNA polymerase
(New England Biolabs, Ipswich, USA). Likewise, this was done
for backbone plasmids, when cloning took place using the
NEBuilder R© HiFi DNA Assembly Master Mix (New England
Biolabs, Ipswich, USA). When vectors were assembled using
T4 DNA Ligase (Thermo Fisher Scientific, Waltham, USA),
backbone DNA was isolated from an E. coli overnight culture
using Monarch R© Plasmid Miniprep Kit (New England Biolabs,
Ipswich, USA). Subsequently, all DNA fragments were digested
with the respective restriction enzymes (New England Biolabs,
Ipswich, USA) and purified with the Monarch R© PCR & DNA
Cleanup Kit (New England Biolabs, Ipswich, USA). Assembled
and purified plasmids (Table 2) were transferred into E. coli
and Pseudomonas via transformation, whereas conjugation
was used for Pseudomonas as well. For E. coli, heat-shock
transformation was done according to a protocol by Sambrook
et al. (1989) Conjugation was performed through triparental
mating using a streamlined method as outlined by Wynands
et al. (2018). Selection of Pseudomonas took place on cetrimide
agar plates. When pEMG and pBELK plasmids were transferred,
helper strain E. coli HB101 pRK2013 was used, whereas this
strain as well as DH5α pTNS1 were taken for conjugation of
pBG14-based constructs.

Gene knockouts were carried out according to a protocol
developed by Martínez-García and de Lorenzo (2011). The
pEMG suicide vectors containing TS1 and TS2 flanking regions
of the gene to be eliminated were conjugated into the respective
recipient strain, whereas successful integration was verified via
colony PCR. Due to high ampicillin resistance of P. taiwanensis
VLB120, plasmid pSW-2 encoding enzyme I-SceI was used
instead of pSW-I. Induction of expression by addition of 3-
methylbenzoate was not required. Knockouts were confirmed
by colony PCR and DNA sequencing. Genes ech, vdh, and fcs,
were amplified from the genome of P. putida S12 (Hartmans
et al., 1989) and randomly integrated into the genome of
P. taiwanensis VLB120 via the pBELK Tn5 mini-transposon
system developed by Nikel and de Lorenzo (2013). Integration
sites were identified through arbitrary-primed PCR as described
byMartínez-García et al. (2014) using the Q5 R© DNA polymerase
and subsequent DNA sequencing and BLAST analysis against
the genome of P. taiwanensis VLB120. In order to excise the
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TABLE 2 | Plasmids used and constructed in this work.

Plasmid Characteristics References

pJT’mcs AmpR GmR, expression vector, under control of Ptac promoter Nijkamp et al., 2007

pTacPAL AmpR GmR, expression vector, harboring RtPAL under control of Ptac promoter Nijkamp et al., 2007

pBELK Mini-Tn5 delivery vector; tnpA oriV(R6Kγ) oriT(RK2) lacIQ Ptrc bla FRT-aphA-FRT, AmpR KmR Nikel and de Lorenzo, 2013

pBELK ferulic s Mini-Tn5 delivery vector harboring genes ech, vdh and fcs from P. putida S12 This study

pJT’RsTAL pJT expression vector harboring RsTAL This study

pJT’FjTAL pJT expression vector harboring FjTAL This study

pJT’TcXAL pJT expression vector harboring TcXAL This study

pJT RtPAL pJT expression vector harboring RtPAL This study

pBWatt pSEVA234 expression vector harboring genes aroGfbr , tyrAfbr , tktA; KmR, ori pBBR1, laqIq-Ptrc This study

pJT’RtPALa pJT expression vector harboring gene aroGfbr This study

pJT’RtPALat pJT expression vector harboring gene aroGfbr , tyrAfbr This study

pJT’RtPALatt pJT expression vector harboring gene aroGfbr , tyrAfbr , tktA This study

pBG14a Tn7 delivery vector; KmR GmR, ori R6K, Tn7L, and Tn7R flanks, BCD2–msfgfp fusion, promoter no. 28 Zobel et al., 2015

pBG14d Tn7 delivery vector; KmR GmR, ori R6K, Tn7L, and Tn7R flanks, BCD2–msfgfp fusion, promoter no. 51 Zobel et al., 2015

pBG14e Tn7 delivery vector; KmR GmR, ori R6K, Tn7L, and Tn7R flanks, BCD2–msfgfp fusion, promoter no. 17 Zobel et al., 2015

pBG14f Tn7 delivery vector; KmR GmR, ori R6K, Tn7L, and Tn7R flanks, BCD2–msfgfp fusion, promoter no. 25 Zobel et al., 2015

pBG14g Tn7 delivery vector; KmR GmR, ori R6K, Tn7L, and Tn7R flanks, BCD2–msfgfp fusion, promoter no. 42 Zobel et al., 2015

pBG14fg Tn7 delivery vector; KmR GmR, ori R6K, Tn7L, and Tn7R flanks, BCD2–msfgfp fusion, hybrid promoter

composed of No. 25 & No. 42

Köbbing et al. in preparation

pBG14ffg Tn7 delivery vector; KmR GmR, ori R6K, Tn7L, and Tn7R flanks, BCD2–msfgfp fusion, hybrid promoter 2 x No. 25

& No. 42

Köbbing et al. in preparation

pBG14a RtPALat Tn7 delivery vector harboring genes RtPAL, aroGfbr , tyrAfbr , promoter no. 28 This study

pBG14d RtPALat Tn7 delivery vector harboring genes RtPAL, aroGfbr , tyrAfbr , promoter no. 51 This study

pBG14e RtPALat Tn7 delivery vector harboring genes RtPAL, aroGfbr , tyrAfbr , promoter no. 17 This study

pBG14g RtPALat Tn7 delivery vector harboring genes RtPAL, aroGfbr , tyrAfbr , promoter no. 42 This study

pBG14fg RtPALat Tn7 delivery vector harboring genes RtPAL, aroGfbr , tyrAfbr , hybrid promoter no. 25 & no. 42 This study

pBG14ffg RtPALat Tn7 delivery vector harboring genes RtPAL, aroGfbr , tyrAfbr , hybrid promoter 2 × no. 25 & no. 42 This study

pBG14f RsTALat Tn7 delivery vector harboring genes RsTAL, aroGfbr , tyrAfbr , promoter no. 25 This study

pRK2013 Helper plasmid for conjugational transfer;

KmR, oriV (RK2/ColE1), mob+ tra+
Figurski and Helinski, 1979

pTNS1 Helper plasmid; AmpR, ori R6K, TnSABC+D operon Choi et al., 2005

pSW-2 GmR, oriRK2, xylS, Pm→ I-sceI (transcriptional fusion of I-sceI to Pm) Martínez-García and de

Lorenzo, 2011

pBBFLP Helper plasmid for excision of antibiotic markers, oriV (pBBR1), oriT (RK2) RK2 mob+ λPR::FLP λ(cI857) sacB tet,

TetR
de las Heras et al., 2008

pEMG pobA Knockout vector carrying TS1 and TS2 flanking regions of p-hydroxybenzoic acid hydroxylase (pobA) Wynands et al., 2018

pEMG hpd Knockout vector carrying TS1 and TS2 flanking regions of 4-hydroxyphenylpyruvate dioxygenase (hpd) Wynands et al., 2018

pEMG quiC Knockout vector carrying TS1 and TS2 flanking regions of dehydroshikimate dehydratase (quiC) Wynands et al., 2018

pEMG quiC1 Knockout vector carrying TS1 and TS2 flanking regions of dehydroshikimate dehydratase (quiC1) Wynands et al., 2018

pEMGu quiC2 Knockout vector carrying TS1 and TS2 flanking regions dehydroshikimate dehydratase (quiC2) Wynands et al., 2018

pEMGu trpEP290S Knockout vector carrying TS1 and TS2 flanking regions of the codon for the P290S substitution of trpE gene Wynands et al., 2018

pBNT’mcs Expression vector harboring salicylate-inducible nagR/PNagAa promoter, KmR Verhoef et al., 2010

pBNT’ppsA pBNT expression vector harboring gene encoding phosphoenolpyruvate synthase (ppsA) This study

pBNT’pgi pBNT expression vector harboring gene encoding glucose-6-phosphate isomerase (pgi) This study

pBNT’ppsA-pgi pBNT expression vector harboring gene encoding phosphoenolpyruvate synthase (ppsA), and

glucose-6-phosphate isomerase (pgi)

This study

kanamycin resistance cassette, plasmid pBBFLP harboring a
flippase gene was transformed into selected clones and loss of
resistance was confirmed via selection of Kms clones on LB agar
plates. Stable integration of key genes and modulated expression

was achieved by using the Tn7-based calibrated promoter system
developed by Zobel et al. (2015).

Cloning procedures were routinely verified via colony PCR
using OneTaq R© DNA polymerase (New England Biolabs,
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Ipswich, USA). Colonies were picked from transformation plates
and lysed in 30 µl PEG200 (pH 12) for 5–10min (Chomczynski
and Rymaszewski, 2006).

Analytical Methods
Optical densities of cell cultures were measured at a wavelength
of 600 nm using an Ultrospec 10 spectrophotometer (GE
Healthcare, Chicago, USA). Cell dry weight was determined
by multiplying OD600 values by the empirical factor 0.505.
Aromatics were analyzed by HPLC. Samples taken during
cultivations were centrifuged at 17,000 g for 2min and the
supernatant was filtered using syringe filters with a pore size
of 0.2µm. After addition of methanol (Th. Geyer, Renningen,
Germany) in a 1:1 ratio, samples were stored at 4◦C overnight
in order to precipitate any salts or proteins. After another
centrifugation at 13,000 rpm for 2min, the supernatant was
taken for analysis. HPLC was performed using a System Gold
168 diode array detector (Beckman Coulter, Brea, USA) and an
ISAspher 100-5 C18 BDS reversed phase HPLC column (ISERA,
Düren, Germany) at 30◦C and a flow rate of 0.8 ml min. Elution
took place with a gradient starting at 95% of 0.1% (v/v) TFA
and 5% methanol for 2min, followed by gradual increase to
100% methanol over 18min. After 2min at 100% methanol,
initial ratios were reached again within 2min. UV detection of
aromatics was conducted at a wavelength of 260 nm. Glycerol
concentrations were determined using the Glycerol GK Assay
Kit (Megazyme, Bray, Ireland). Glucose concentrations were
determined via HPLC using an Aminex Ion Exclusion HPX-87H
column (Bio-Rad, Hercules, USA) and a Smartline RI detector
2300 (Knauer, Berlin, Germany), whereas isocratic elution took
place in 5M H2SO4 at 1.2 ml/min and 70◦C. For calculation
of production rates, CDW was estimated by multiplying OD
values with the empirical factor 0.505. The increase of 4-
hydroxybenzoate concentration between two time points was
then divided by average biomass of those time points and the
period of time. Growth data of the 4-hydroxybenzoate pulse
experiment carried out in the Growth Profiler R© (Enzyscreen,
Heemstede, Netherlands) were normalized by subtracting the
initial offset values of each curve compared to that of the
cultivation with no 4-hydroxybenzoate pulse, thereby setting all
initial points to the same value.

RESULTS AND DISCUSSION

Establishing 4-Hydroxybenzoate

Production in P. taiwanensis
One important requirement for an efficient biocatalyst to be
functional is that degradation of the product itself, as well
as that of potential precursors, is prevented. Wierckx et al.
(2008) and Verhoef et al. (2010) showed that producers of
aromatic compounds had upregulated metabolic pathways
for the degradation of 4-hydroxybenzoate, protocatechuate,
and tyrosine. Therefore, the pobA gene (PVLB_11545)
responsible for the conversion of 4-hydroxybenzoate into
protocatechuate, and the hpd gene (PVLB_11760), encoding
the 4-hydroxyphenylpyruvate dioxygenase, were knocked out,

rendering the cells unable to use 4-hydroxybenzoate and tyrosine
as a sole carbon sources (Wynands et al., 2018). In doing so,
the strain P. taiwanensis VLB120 1pobA1hpd was constructed.
Unlike many Pseudomonads, the genome of P. taiwanensis
VLB120 does not contain genes encoding a ferulic acid
degradation pathway, and indeed this strain is unable to grow on
ferulate. Since this pathway is necessary to convert 4-coumarate
into 4-hydroxybenzoate, the operon containing ferulic genes
fcs, ech, and vdh was amplified from the genome of P. putida
S12 and cloned into the pBELK transposon vector (Nikel and
de Lorenzo, 2013) under the control of the IPTG-inducible Ptrc
promoter. Subsequently, this operon was randomly integrated
into the genome of P. taiwanensis VLB120 1pobA1hpd. Three
clones were randomly picked and cultivated in MSM containing
20mM glucose and 3mM 4-coumarate. Under these conditions,
all three strains produced 4-hydroxybenzoate at a rate of 0.45
mmol g−1

CDW h−1, proving the functionality of the pathway
encoded by the ferulic operon. Another variant of the ferulic
operon containing the additional genes encoding feruloyl-CoA
dehydrogenase (fcd) and β-ketothiolase (aat) was also tested, but
the addition of these two genes did not affect 4-hydroxybenzoate
production rates from 4-coumarate, and they were therefore
omitted in further strain engineering (data not shown). The
integration sites of the operon were identified by arbitrary PCR
and DNA sequencing as described in Martínez-García et al.
(2014). The transposons had integrated 1,049 bp downstream
from the start codon of the gene encoding the plug domain
of a TonB-dependent receptor (PVLB_16205, clone 1), 242 bp
downstream from the start codon of a radical SAM protein
(PVLB_20680, clone 2), and 1,696 bp downstream from the start
codon of a gene encoding a sensory box protein (PVLB_25350,
clone 3). A map depicting the integration sites can be found
in Figure S1. Since no detectable differences regarding growth
or production could be observed among the different clones,
a negative effect of disruption of these genes on production
performance can be excluded. All further experiments were
carried out with clone 1, which hereafter is named P. taiwanensis
VLB120 CL1.

This strain was subsequently equipped with different
ammonia-lyases which catalyze the conversion of tyrosine
into 4-coumarate, including a native pal from Rhodosporidium
toruloides (RtPAL; Verhoef et al., 2007) and codon-optimized
versions of a tal from Rhodobacter sphaeroides (RsTAL; Xue et al.,
2007), from Flavobacterium johnsoniae (FjTAL), and a xal from
Trichosporon cutaneum (TcXAL) (Jendresen et al., 2015), cloned
into plasmid pJT’mcs (Nijkamp et al., 2007) under the control of
the constitutive Ptac promoter. This setup of genomic integration
of the ferulic operon and plasmid-based expression of PAL/TAL-
encoding genes was chosen because the ammonia-lyase is
generally the rate-limiting step (Verhoef et al., 2007; Jendresen
et al., 2015), and expression from a multicopy plasmid was
expected to increase its activity. Co-feeding experiments with
20mM glucose and 3mM tyrosine confirmed the ammonia-lyase
reaction as the rate-limiting step of the pathway. Among the
four tested lyases, RtPAL enabled the highest 4-hydroxybenzoate
production rate (0.20 mmol g−1

CDW h−1), reaching 44% of the
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FIGURE 2 | Evaluation of the 4-hydroxybenzoate production pathway in P. taiwanensis VLB120 CL1 in co-feeding experiments. (A) Comparison of the conversion

rates of the two different pathway components (encoded by the ferulic operon and the ammonia-lyase genes). Cells were grown in biological triplicates in MSM with

5mM glucose in System Duetz plates at 30◦C and 300 rpm. After ∼6 h, 3mM 4-coumarate (ferulic operon) or tyrosine (PAL and TAL genes), and another 20mM

glucose were added. Highest measured rates are indicated. (B) 4-hydroxybenzoate production (squares) and growth (circles) of P. taiwanensis VLB120 CL1

(containing RtPAL). Cells were cultivated in triplicates in MSM supplemented with 20mM glucose as a sole carbon source at 30◦C and 300 rpm in System Duetz

plates. Expression of ferulic genes was induced with 0.2mM IPTG. Error bars indicate standard error of the mean.

conversion velocity of the downstream pathway encoded by
the ferulic operon (Figure 2A). The second best performance
was exhibited by the strain harboring the RsTAL construct with
a rate of 0.14 mmol g−1

CDW h−1. When cultivated with 20mM
glucose in mineral medium without precursor supplementation
(Figure 2B), the strain harboring the ferulic operon and
the RtPAL construct produced 0.20mM 4-hydroxybenzoate,
corresponding to a C-mol yield of 1.2% with a maximum
production rate of 0.004 mmol g−1

CDW h−1, which is only 2%
of the rate achieved with additional feed of tyrosine. However,
considerable accumulation of 4-hydroxybenzoate could only
be detected after cells had reached stationary phase, suggesting
that at least some of the pathway genes are catabolite-repressed.
Indeed, the recognition sequence motif (5′-AANAANAA-3′)
characteristic for catabolite-repressed expression (Moreno et al.,
2009b, 2015) could be found 37 base pairs downstream from
the start codon of fcs, encoding the first enzymatic step in
4-coumarate conversion, and 20 bp upstream from the start
codon of ech, which is the first gene downstream from the
promoter. These findings are in accordance to those described
by Verhoef et al. (2010). However, the latter site was deleted
during the cloning into the pBELK vector. Upon binding of
the Crc global regulator protein in conjunction with the Hfq
chaperone to this motif on the mRNA level, translation is

prevented (Wolff et al., 1991; MacGregor et al., 1996; Hester
et al., 2000a,b; Morales et al., 2004; Ruiz-Manzano et al., 2005;
Moreno et al., 2009a; Hernández-Arranz et al., 2016). Knockout
of crc or hfq in order to override catabolite-repression, however,
did not beneficially influence 4-hydroxybenzoate production
(Figure S2). In summary, an efficient 4-hydroxybenzoate
production pathway from tyrosine could be implemented
in P. taiwanensis VLB120 CL1, in which the selection of an
efficient ammonia-lyase was a key enabling factor. The fact

that feeding of precursors such as tyrosine results in a greatly
increased 4-hydroxybenzoate production rate suggests that,
as expected, the de novo formation of tyrosine is a bottleneck
for efficient 4-hydroxybenzoate production from glucose
or glycerol.

Enhancing Supply of Tyrosine
As in the case of pobA and hpd, upregulation of 3-
dehydroshikimate (3DHS) dehydratase (quiC1) (Peek et al.,
2017) was observed in the phenol producing strain P. putida S12
TPL3 (Wierckx et al., 2008), converting 3DHS, one of the upper
metabolites of the shikimate pathway, into protocatechuate.
Recently, investigations on quinate metabolism in P. taiwanensis
VLB120 revealed the presence of a total of three genes
encoding 3DHS dehydratase (Wynands et al., 2018). Therefore,
genes quiC (PVLB_18200), quiC1 (PVLB_10935), and quiC2
(PVLB_13075) were knocked out in P. taiwanensis VLB120
CL1 in order to prevent the degradation of aromatic pathway
intermediates, thus generating VLB120 CL1.1. Besides tyrosine,
tryptophan is also formed via the shikimate pathway. In P.
putida S12 TPL3, genome analysis revealed a mutation in the
gene encoding the anthranilate synthase (trpE), resulting in
a P290S amino acid exchange (Wierckx et al., 2008). This
mutation substantially increased the carbon flux toward tyrosine
in a P. taiwanensis-based phenol overproducer (Wynands et al.,
2018). Therefore, the same point mutation as described in
Wynands et al. (2018) resulting in a P290S substitution was
introduced in P. taiwanensis VLB120 CL1.1, thereby generating
P. taiwanensisVLB120 CL2. These genetic modifications together
with the pJT’RtPAL construct lead to an almost 2-fold increase
in 4-hydroxybenzoate titer for P. taiwanensis VLB120 CL1.1
and 6.9-fold for P. taiwanensis VLB120 CL2 compared to P.
taiwanensis VLB120 CL1, corresponding to C-mol yields of
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FIGURE 3 | Comparison of aromatics titers of P. taiwanensis VLB120 CL1, P.

taiwanensis CL1.1, and P. taiwanensis CL2 with overexpression of different

bottleneck genes. All strains were cultivated for 96 h in biological triplicates in

MSM containing 20mM glucose as a sole carbon source in System Duetz

plates at 30◦C and 300 rpm, expression of ferulic genes was induced with

0.2mM IPTG. Error bars indicate standard error of the mean.

2.4 and 8.1%, respectively (Figure 3). The large increase in
production obtained with CL2 confirms the importance of the
trpEP290S mutation. The difference between CL1 and CL1.1
indicates that indeed a substantial portion of the carbon flux into
the shikimate pathway is diverted into the 3DHS degradation
pathway, thereby creating a futile cycle. These strains also
produced 0.10 ± 0.01mM (CL1.1) and 0.30 ± 0.01mM (CL2)
of trans-cinnamate due to loose substrate specificity of the used
RtPAL enzyme which is capable of converting both tyrosine
and phenylalanine.

Former studies in E. coli revealed genes aroG, tyrA, and
tktA as key steps in increasing tyrosine supply (Kikuchi et al.,
1997; Li et al., 1999; Lütke-Eversloh and Stephanopoulos, 2007;
Kim et al., 2014). Therefore, along with the gene encoding
RtPAL, feedback-resistant versions of aroG and tyrA (aroGfbr,
with a D146N substitution, and tyrAfbr, with A354V and M53I
substitutions) as well as tktA, from E. coli, were codon-optimized
and cloned into the pJT’mcs vector. In the experiment shown in
Figure 3, synergistic effects of these genes on 4-hydroxybenzoate
production were investigated in MSM with 20mM glucose as
sole carbon source. When using the pJT’RtPALat construct
(overexpression of RtPAL, aroGfbr, and tyrAfbr) in VLB120 CL1,
the 4-hydroxybenzoate titer was raised to 0.51mM with a C-
mol yield of 3%. Strain P. taiwanensis VLB120 CL2 harboring
the same pJT’RtPALat plasmid produced 2.21 ± 0.01mM 4-
hydroxybenzoate with a C-mol yield of 12.9%, confirming
that a major contribution to enhanced production is made
by downregulation and elimination of competing pathways
(quiC, quiC1, quiC2, and trpEP290S), but also showing that the
additional expression of both aroGfbr and tyrAfbr significantly

enhances production. Compared to these strains, the inclusion of
aroGfbr alone shows an intermediate phenotype. The additional
overexpression of the tktA gene (pJT’RtPALatt) did not further
increase the product concentration. The highest trans-cinnamate
concentration of 0.40 ± 0.01mM was found for P. taiwanensis
VLB120 CL2 harboring pJT’RtPALat, making up 15.9% of the
total aromatics produced.

Stable Genomic Integration of

4-Hydroxybenzoate Production Modules
The use of plasmid-based expression systems in a bioprocess has
the disadvantage that selective pressure has to be maintained
throughout the entire cultivation, thus leading to increased
burden (Mi et al., 2016). Furthermore, plasmids inherently
vary in their copy number from cell to cell, which results in
greater variability and instability (Gao et al., 2014; Jahn et al.,
2014). To address these issues, a Tn7 transposon system with
a calibrated promoter library (Zobel et al., 2015) was used
in order to stably integrate one copy of RtPAL, aroGfbr, and
tyrAfbr into the genome of P. taiwanensis VLB120 CL2. Different
promoter strengths were tested in order to investigate optimal
constitutive expression levels (Figure 4). In addition, the 14fg
and 14ffg variants were included, which are stacked promoters
with activities higher than 14g (Sebastian Köbbing, RWTH
Aachen University, personal communication). The highest final
4-hydroxybenzoate concentration was achieved with the 14g
construct, which reached a titer equal to that of the plasmid-
based system. Unexpectedly, the strongest investigated promoter
14ffg resulted in a tyrosine titer of 2.4mM, but no accumulation
of 4-hydroxybenzoate or trans-cinnamate. Since this promoter
exhibits 80% more activity than the BG14g promoter, one
explanation for this may be that expression levels of RtPAL
were too high, leading to the selection of mutated constructs.
The strain harboring the P14g RtPALat construct exhibited the
best performance and is hereafter designated P. taiwanensis
VLB120 CL3.

Although the RtPAL enzyme enabled the highest production
rate of 4-hydroxybenzoate in co-feeding experiments, one major
disadvantage of this enzyme is its relaxed substrate specificity,
causing it to also convert phenylalanine into trans-cinnamate.
Thus, not only is a fraction of valuable precursor converted
into a byproduct, it also hampers the downstream purification
of 4-hydroxybenzoate. In an attempt to circumvent this issue,
RtPAL was replaced by a codon-optimized gene encoding the
tyrosine ammonia-lyase from Rhodobacter sphaeroides (RsTAL)
(Xue et al., 2007). Although this TAL supports a lower 4-
hydroxybenzoate production rate (Figure 2), it has a much
higher relative affinity for tyrosine, thus potentially generating
less byproduct. The gene was cloned along with aroGfbr and
tyrAfbr into the pBG14f transposon vector and integrated at
the attTn7 site into the genome of P. taiwanensis VLB120
CL2, thereby generating P. taiwanensis VLB120 CL4. The
construct containing the 14f promoter was chosen because
cloning attempts using stronger promoters failed. After 96 h
of cultivation in MSM containing 20mM glucose, a 4-
hydroxybenzoate titer of 2.62 ± 0.03mM was reached, with
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FIGURE 4 | Modulation of expression of genomically integrated RtPAL,

RsTAL, aroGfbr , and tyrAfbr . Increasing promoter strengths are listed from left

to right. Cells were cultivated in biological triplicates in MSM containing 20mM

glucose as a sole carbon source at 30◦C and 300 rpm in System Duetz

plates, expression of ferulic genes was induced with 0.2mM IPTG. Titers of

final samples (96 h) are shown. Error bars indicate standard error of the mean.

no detectable formation of trans-cinnamate. The increase of 4-
hydroxybenzoate corresponds to the amount of trans-cinnamate
produced by the same strain using RtPAL, indicating that
in this case the RsTAL enzyme efficiently redirected the flux
toward the main product, likely aided by the phenylalanine
hydroxylase PhhAB which converts phenylalanine into tyrosine
(Arias-Barrau et al., 2004).

Enhanced 4-Hydroxybenzoate Production

Through Overexpression of ppsA and pgi
Overall, the biosynthesis of one mole of tyrosine requires
one mole of erythrose-4-phosphate (E4P) and two moles of
phosphoenolpyruvate (PEP). In E. coli, glucose is taken up
through a phosphotransferase system which converts PEP into
pyruvate. This system poses a severe drain on PEP, and enhanced
production of tyrosine could be achieved by overexpression of
the ppsA gene encoding phosphoenolpyruvate synthase A, which
re-converts pyruvate into PEP (Yi et al., 2002; Lütke-Eversloh
and Stephanopoulos, 2007; Juminaga et al., 2012). Although
Pseudomonads do not take up glucose via a phosphotransferase
system (Romano et al., 1970), they mainly metabolize glucose via
the Entner-Doudoroff pathway (Nikel et al., 2015), which yields
one PEP and one pyruvate per glucose molecule. The Embden-
Meyerhof-Parnas pathway employed by E. coli yields two PEP
per mole of glucose, and thus both organisms theoretically
yield the same net production of one PEP and one pyruvate
per mole of transported glucose through their major metabolic
pathway. In order to increase the PEP precursor supply, we
overexpressed ppsA in the 4-hydroxybenzoate producing strains.
The gene was amplified from the genome of P. taiwanensis
VLB120 and cloned into the pBNT’mcs expression vector

(Verhoef et al., 2010) under the control of the salicylate-inducible
NagR/PnagAa-promoter system. The second precursor E4P is
formed by transketolase (tktA), the overexpression of which
did not increase 4-hydroxybenzoate production (Figure 3).
In Pseudomonads, the flux through the pentose phosphate
pathway (PPP) is generally low (Fuhrer et al., 2005; Wierckx
et al., 2009; Nikel et al., 2015), and enhancement of the flux
through the PPP through evolution on xylose also increased
4-hydroxybenzoate production in an engineered P. putida S12
(Meijnen et al., 2011), making it likely that this pathway
poses a bottleneck in the engineered P. taiwanensis strains
as well. Given that overexpression of tktA did not improve
production, phosphoglucose isomerase (pgi) was chosen as
upstream target, converting glucose-6-phosphate into fructose-
6-phosphate.

To investigate whether the overexpression of these two genes
has a beneficial effect on 4-hydroxybenzoate formation, they were
cloned separately and together into the pBNT’mcs plasmid and
transformed into P. taiwanensisVLB120 CL3, thereby generating
P. taiwanensisVLB120 CL3.1 overexpressing ppsA, P. taiwanensis
VLB120 CL3.2 overexpressing pgi and P. taiwanensis VLB120
CL3.3 overexpressing both genes. The strains were cultivated
in mineral medium containing 20mM glucose as a sole carbon
source (Figure 5). Overexpression of the individual genes did
not result in an increase of 4-hydroxybenzoate titer. However,
a synergistic effect of both genes could be observed, by
which a 4-hydroxybenzoate concentration of 2.62 ± 0.07mM
was produced from 20mM glucose, corresponding to a C-
mol yield of 15.3%, which is an increase of 18.6% compared
to the equivalent strain without ppsA-pgi overexpression. As
the best performance of 4-hydroxybenzoate production was
achieved upon combined overexpression of both ppsA and pgi,
the RsTAL-harboring strain P. taiwanensis VLB120 CL4 was
equipped with plasmid pBNT’ppsA-pgi and hereafter named
P. taiwanensis VLB120 CL4.3. Under the same conditions as
strain P. taiwanensis VLB120 CL3.3, this strain produced 3.26
± 0.05mM 4-hydroxybenzoate with a C-mol yield of 19.0%.
Compared to the reference strain, overexpression of ppsA and/or
pgi had a negative effect on growth. On the one hand, this
may be due to the additional plasmid-borne metabolic load.
However, since lowest biomass values can be observed in
strains harboring ppsA-pgi constructs, it can be assumed that
poorer growth may be due to reduced availability of PEP and
E4P which is now channeled into the shikimate pathway and
toward 4-hydroxybenzoate. In addition, PpsA phosphorylates
pyruvate through the conversion of ATP into AMP (Berman
and Cohn, 1970), and may thus constitute an ATP-wasting futile
cycle in conjunction with the reverse pyruvate kinase reaction
(Hädicke et al., 2015).

Production of 4-Hydroxybenzoate Is

Enhanced on Glycerol, but Not on Xylose
Former studies showed that glycerol represents a promising
alternative to glucose as a renewable biotechnological feedstock
(Murarka et al., 2008; Yang et al., 2012; West, 2013; Zambanini
et al., 2017; Wynands et al., 2018). Being a byproduct formed
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FIGURE 5 | Overexpression of ppsA and pgi in P. taiwanensis VLB120 CL3 and CL4. Cells were cultivated in biological triplicates in MSM with 20mM glucose as a

sole carbon source at 30◦C and 300 rpm in System Duetz plates. Expression of ppsA and pgi was induced with 0.1mM salicylate and expression of the ferulic genes

with 0.2mM IPTG. Concentrations of aromatics (A) and biomass (B) measured after 96 h. Error bars indicate standard error of the mean.

during biodiesel production, it is a cheap substrate, and
another advantage over glucose is that it can be applied
in higher concentrations for Pseudomonas batch cultivations,
since no gluconate is formed which acidifies the medium.
To evaluate the performance of P. taiwanensis VLB120 CL3
and P. taiwanensis VLB120 CL3.3 on this substrate, they
were cultivated in MSM containing glycerol as sole carbon
source. When grown on 40mM glycerol (Figure 6A), a final
titer of 4.72 ± 0.01mM 4-hydroxybenzoate was achieved,
corresponding to a C-mol yield of 27.5%. A maximum
production rate of 0.57 mmol g−1

CDW h−1 was reached after
16 h, which is a 1.8-fold increase compared to the same
strains on glucose, and a 2.6-fold increase compared to the
P. putida S12 strain of Verhoef et al. (2007) under similar
conditions. The overexpression of ppsA-pgi in P. taiwanensis
VLB120 CL3.3 further increased the titer to 5.1 ± 0.1mM of
4-hydroxybenzoate with a C-mol yield of 29.6% (Figure 6B).
Considering formation of trans-cinnamate as a byproduct
of RtPAL, P. taiwanensis VLB120 CL3 and P. taiwanensis
VLB120 CL3.3 reached a total aromatics C-mol yield of 32.3%
and 35.1%, respectively.

Increasing the initial glycerol concentration also increased
product titers. This did, however, affect production efficiency,
as C-mol yields of 23.9, 20.0, and 16.0% were reached using
80, 120, and 200mM glycerol, respectively (Figure 6C). The
relatively low yield achieved with 200mM glycerol is likely,
at least in part, caused by the fact that such a substrate
concentration will lead to a nitrogen limitation under the
conditions tested. Still, it is remarkable that 4-hydroxybenzoate
production is more than twice as efficient from glycerol as from
an equivalent concentration of glucose. For P. putida KT2440,
it was shown that growth on glycerol leads to metabolic and
regulatory rearrangements within the cell (Nikel et al., 2014a).
Genes belonging to the Entner-Doudoroff pathway as well as

stress-related genes are downregulated and enhanced expression
of genes of the glyoxylate shunt as well as pgi was detected. In
concert, these actions may result in increased availability of PEP
and E4P which, together with the lower growth rate, could lead to
a more efficient channeling of these central metabolites into the
shikimate pathway.

Production of 4-hydroxybenzoate from glycerol was also
investigated for strain P. taiwanensis VLB120 CL4 and P.
taiwanensis VLB120 CL4.3. Unexpectedly, these strains only
reached a final 4-hydroxybenzoate concentration of 0.44
± 0.01mM without and 0.43 ± 0.03mM with ppsA-pgi
overexpression, which is only 9.4% of the 4-hydroxybenzoate
concentrations produced by P. taiwanensis VLB120 CL3.
Additionally, for the strain P. taiwanensisVLB120 CL4, a residual
concentration of 0.81 ± 0.01mM tyrosine and 0.78 ± 0.01mM
for strain P. taiwanensis VLB120 CL4.3 was measured in the
supernatant. These low titers may be caused by the lack of
conversion of phenylalanine into trans-cinnamate, which could
lead to an increased intracellular phenylalanine concentration,
triggering feedback-inhibition mechanisms in the upstream
pathway. This may be exacerbated by a reduced expression of
phhAB, which is 20–30-fold less strongly induced on glycerol
than on glucose in the 4-hydroxybenzoate producing P. putida
S12palB1 (Verhoef et al., 2010). Indeed, the culture supernatant
of the RsTAL strains turned brownish during cultivation, hinting
toward the accumulation of shikimate pathway intermediates, as
described by Wynands et al. (2018).

Lignocellulosic biomass contains up to 25% pentose sugars
such as xylose (Lee, 1997), making it a relevant alternative
substrate especially on lignocellulosic hydrolysates. In contrast
to e.g., C. glutamicum and P. putida, P. taiwanensis VLB120 is
natively capable of assimilating xylose via theWeimberg pathway
(Köhler et al., 2015). To exploit this trait for 4-hydroxybenzoate
biosynthesis, production performance of strains P. taiwanensis
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FIGURE 6 | 4-hydroxybenzoate production from glycerol and xylose by

engineered P. taiwanensis VLB120 strains. Cells were grown in biological

triplicates in MSM containing glycerol or 24mM xylose as a sole carbon

source in 24-well System Duetz plates at 30◦C and 300 rpm. Expression of

ferulic genes was induced with 0.2mM IPTG. Cultivations of (A) strain CL3

and (B) CL3.3 Values of biomass (circles), glycerol (squares),

4-hydroxybenzoate (triangles), and trans-cinnamate (inverted triangles) are

shown. (C) Aromatics concentrations and biomass after 96 h. The used

substrate concentrations are indicated on the X-axis. For P. taiwanensis

VLB120 CL3.3 and CL4.3, expression of ppsA-pgi was induced with 0.1mM

salicylate. Error bars indicate standard error of the mean.

VLB120 CL3 harboring RtPAL and the ppsA-pgi overexpressing
variant CL3.3, as well as their RsTAL-harboring equivalents
P. taiwanensisVLB120 CL 4 and CL4.3, was investigated in MSM
containing 24mM of xylose (Figure 6C). Strain CL3 produced
1.37mM and strain CL3.3 (ppsA-pgi overexpression) 1.21mM
4-hydroxybenzoate, which is 38% and 54%, respectively, less
than on the equivalent amount of glucose. The counterparts
CL4 and CL4.3. containing RsTAL. reached similar titers of
1.0mM and 1.1mM. During its multi-step assimilation, xylose
is converted to α-ketoglutarate and thus enters the primary
metabolism at the level of the TCA cycle (Weimberg, 1961).
This sets it apart from glucose and glycerol in that PEP
and E4P as precursors for 4-hydroxybenzoate formation are
formed by gluconeogenic reactions at a higher energetic expense
compared to glycolysis. This is likely one explanation for the
lower production performance. In accordance with Köhler et al.
(2015), growth on xylose also resulted in decreased formation
of biomass compared to glucose, with 0.83 gCDW l−1 for strain
CL3, 0.47 gCDW l−1 for CL3.3, 0.8 gCDW l−1 for CL4, and
0.58 gCDW l−1 for strain CL4.3. In summary, the feasibility of
4-hydroxybenzoate production upon intrinsic use of xylose as
sustainable carbon source could be demonstrated. However, the
fact that neither the avoidance of trans-cinnamate formation
through the use of RsTAL, nor ppsA-pgi overexpression could
considerably enhance 4-hydroxybenzoate titers, underlines that,
as in the case of glucose and glycerol, production has to be
tailored to the respective substrate. To this end, the insertion
of a non-oxidative xylose metabolic pathway, likely coupled
to adaptive laboratory evolution, may be a promising strategy
(Meijnen et al., 2008, 2011).

Production of 4-Hydroxybenzoate From

Glycerol Via Pulsed Fed-Batch Cultivation
In order to increase final product titers beyond those enabled
by simple shake-flask cultivations, strain P. taiwanensis VLB120
CL3.3 was cultivated in 1 l MSM with glycerol as sole
carbon source in controlled bioreactors under pulsed fed-batch
conditions (Figure 7). After an initial batch phase on 120mM
glycerol, the cultures were pulsed multiple times with 200mM
glycerol when an increase in the dissolved oxygen tension was
observed, indicating a depletion of the carbon source. The
reactors were titrated with ammonium hydroxide to maintain
a neutral pH and to avoid a nitrogen limitation at higher cell
densities. With this system, a final 4-hydroxybenzoate titer of
72.0 ± 0.96mM (9.9 g l−1) was reached, and 11.2 ± 0.37mM
(1.7 g l−1) trans-cinnamate was produced, whereas no tyrosine
was detected in the culture supernatant. After 85 h of cultivation,
both growth and production ceased immediately, so that the last
pulse of glycerol had no more effect on biomass and product
formation and appeared to be only consumed for homeostasis.
Excluding this final pulse, a 4-hydroxybenzoate C-mol yield of
19.2% and total aromatics C-mol yield of 23.0% were reached,
with maximum production rate of 0.49 mmol g−1

CDW h −1.
The rather abrupt cessation of growth and product formation

is likely due to product toxicity, product inhibition, or both.
In order to test this, batch cultures of P. taiwanensis VLB120
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FIGURE 7 | Glycerol pulsed fed-batch cultivation of P. taiwanensis VLB120

CL3.3. Cultivation took place in MSM containing an initial glycerol

concentration of 120mM as a sole carbon source. Expression of the ferulic

operon and ppsA-pgi was induced by addition of 0.2mM IPTG and 0.1mM

salicylate. Two biological replicates were cultivated. (A) Mean values of

biomass (circles), 4-hydroxybenzoate (squares), trans-cinnamate (triangles) are

shown. (B) Dissolved oxygen tension (no symbols) and glycerol (triangles).

Dissolved oxygen tension values from one replicate are shown. Error bars

indicate the deviation from the mean.

CL3.3 on MSM with 120mM glycerol were pulsed with
different concentrations of 4-hydroxybenzoate in the exponential
growth phase after 23 h (Figure 8). At this point, the culture
had already produced 3.7 ± 0.11mM 4-hydroxybenzoate.
Growth was monitored using a Growth Profiler R© and 4-
hydroxybenzoate concentrations were measured immediately
after the pulse and at the end of the experiment. Compared
to the control (no addition) which continued growing as
expected and produced 14.4 ± 0.04mM 4-hydroxybenzoate,
a strong inhibition of growth was already observed at the
lowest added concentration of 50mM 4-hydroxybenzoate. Upon
addition of 50 and 60mM 4-hydroxybenzoate, a significant

additional 2.2 ± 0.08mM, respectively, 1.5 ± 0.33mM 4-
hydroxybenzoate were produced, which amounts to total titers
of 5.9 ± 0.19mM and 5.2 ± 0.33mM, respectively. No
significant increase in concentration was measured after a
pulse of 70mM 4-hydroxybenzoate and higher concentrations.
These results are in good accordance with the final titer
of 72mM reached in the pulsed fed-batch cultivation, and
indicate that both product toxicity and product inhibition
are severe at this concentration of 4-hydroxybenzoate, and
that product toxicity likely is the predominant factor. In
comparison, an impressive tolerance of C. glutamicum toward
up to 300mM 4-hydroxybenzoate was shown by Kitade et al.
(2018). During growth-arrested production, the engineered
C. glutamicum strains produced 4-hydroxybenzoate with a
remarkable titer of 37 g l−1 and a yield of 41% (mol/mol).
This was achieved in a two-step-process comprising formation
of biomass in a rich medium and subsequent high-cell density
production in minimal medium. The P. taiwanensis VLB120
strains developed in this study, however, were subject to 4-
hydroxybenzoate production using a fully mineral medium
combined with cell growth, which hence was included in all
yield calculations. The two-stage process reported by Kitade
et al. (2018) could provide a promising approach to reduce
product toxicity for Pseudomonas, given that the cells only
need to survive, rather than grow. Alternatively, in situ product
removal could be applied to circumvent the accumulation of
inhibiting concentrations of 4-hydroxybenzoate, and thereby
increase production performance of P. taiwanensis VLB120
hosts. Regarding this approach, strategies such as Calcium
salt precipitation (Zambanini et al., 2016), co-crystallization
(Urbanus et al., 2010) as well as reactive extraction (Schügerl and
Hubbuch, 2005; Kreyenschulte et al., 2018) have been proven to
be applicable for organic acids.

CONCLUSION

This study describes the rational metabolic engineering of
a P. taiwanensis VLB120 strain for high-yield microbial
catalysis of glucose or glycerol into 4-hydroxybenzoate via
the central metabolite L-tyrosine. This was achieved in a
completely minimal medium, without the use of auxotrophies
to force metabolic flux toward the product of interest.
The formation of trans-cinnamate as a byproduct could
be avoided through the use of the tyrosine-specific RsTAL,
but this only enabled efficient 4-hydroxybenzoate production
from glucose, and not from glycerol. Large differences in
product to substrate yields were achieved on these two carbon
sources, with glycerol being the preferred substrate with C-
mol yields up to 29.6% (= 0.19 g/g) as long as the less
specific RtPAL was used. To the best of our knowledge,
this is the highest reported 4-hydroxybenzoate yield on a
fully mineral medium. The unexpected interplay between the
up- and downstream pathways of tyrosine should be further
investigated, which would likely yield valuable insights into
the underlying mechanisms of the fundamental synthetic
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FIGURE 8 | Growth and production upon a 4-hydroxybenzoate pulse. P. taiwanensis VLB120 CL3.3 was cultivated in 24-well System Duetz plates in a Growth

Profiler in MSM containing 120mM glycerol as sole carbon source. Each well was filled with a culture volume of 1,350 µl. At an OD600 of ∼1, different concentrations

of 4-hydroxybenzoate were applied as indicated, using 150 µl of a 10x stock solution for each concentration adjusted to pH 7, whereas water was added to the wells

with no 4-hydroxybenzoate pulse. Growth (A) was monitored by image analysis and concentrations were measured immediately after addition and at the end of

experiment. (B) Difference between 4-hydroxybenzoate concentrations just after the pulse and after 96 h. Values of triplicate samples are shown, error bars indicate

standard error of the mean.

biology concept of chassis and modules. Production of 4-
hydroxybenzoate from xylose was also demonstrated, although
in this case the relatively low performance compared to
glucose or glycerol indicates that further improvement of
central precursor supply is needed. In all, this work provides
a significant advance in the efficiency of aromatics production
in non-pathogenic Pseudomonads, the fundamentals of which
can be applied to enable the sustainable production of 4-
hydroxybenzoate. In addition, the development of the solvent-
tolerant P. taiwanensis as aromatics platform can be further
exploited for the biosynthesis of a wide range of other more
toxic chemicals.
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Brominated compounds such as 7-bromo-L-tryptophan (7-Br-Trp) occur in Nature. Many

synthetic and natural brominated compounds have applications in the agriculture, food,

and pharmaceutical industries, for example, the 20S-proteasome inhibitor TMC-95A that

may be derived from 7-Br-Trp. Mild halogenation by cross-linked enzyme aggregates

containing FAD-dependent halogenase, NADH-dependent flavin reductase, and alcohol

dehydrogenase as well as by fermentation with recombinant Corynebacterium

glutamicum expressing the genes for the FAD-dependent halogenase RebH and

the NADH-dependent flavin reductase RebF from Lechevalieria aerocolonigenes have

recently been developed as green alternatives to more hazardous chemical routes. In

this study, the fermentative production of 7-Br-Trp was established. The fermentative

process employs an L-tryptophan producing C. glutamicum strain expressing rebH and

rebF from L. aerocolonigenes for halogenation and is based on glucose, ammonium and

sodium bromide. C. glutamicum tolerated high sodium bromide concentrations, but its

growth rate was reduced to half-maximal at 0.09 g L−1 7-bromo-L-tryptophan. This may

be, at least in part, due to inhibition of anthranilate phosphoribosyltransferase by 7-Br-Trp

since anthranilate phosphoribosyltransferase activity in crude extracts was half-maximal

at about 0.03 g L−1 7-Br-Trp. Fermentative production of 7-Br-Trp by recombinant C.

glutamicum was scaled up to a working volume of 2 L and operated in batch and

fed-batch mode. The titers were increased from batch fermentation in CGXII minimal

medium with 0.3 g L−1 7-Br-Trp to fed-batch fermentation in HSG complex medium,

where up to 1.2 g L−1 7-Br-Trp were obtained. The product isolated from the culture

broth was characterized by NMR and LC-MS and shown to be 7-Br-Trp.

Keywords: Corynebacterium, fermentation, halogenation, amino acids, 7-bromo-L-tryptophan

INTRODUCTION

Brominated tryptophan is typically not found in free form inNature, but as a biosynthetic precursor
in complex structures that for example occur in sponges and lower marine invertebrates (Bittner
et al., 2007). The brominated molecules often exhibit pharmaceutical and biological activities. For
example, TMC-95A which derives from 7-bromo-L-tryptophan (7-Br-Trp) is biologically active
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against the chymotrypsin-like, trypsin-like, and peptidyl-
glutamyl-peptide-hydrolyzing activities of the 20S proteasome
of eukaryotic cells (Koguchi et al., 2000). Protease inhibitors
may be promising candidates for tumor and inflammation
therapies (Adams, 2004; Vergnolle, 2016). Free unprotected
halotryptophans including 7-Br-Trp and 7-chloro-L-tryptophan
(7-Cl-Trp) can serve as substrates for Pd-catalyzed cross-
coupling reactions (Willemse et al., 2017) for example in the
Suzuki-Miyaura cross-coupling in order to attach an aryl,
heteroaryl, or alkenyl substituent to the indole ring (Roy et al.,
2008). For this reaction, 7-Br-Trp is preferred because it is
more reactive than 7-Cl-Trp (Corr et al., 2017). In addition,
7-Br-Trp can also be used in other transition metal-catalyzed
cross couplings such as the Mizoroki-Heck reaction (Gruß et al.,
2019) giving fluorescent styryl-tryptophans or the Sonogashira
cross-coupling reaction (Sonogashira, 2002) to generate
compounds such as the new-to-nature bromo-cystargamide
or to selectively modify bromo-tryptophan residues as a
component of a tripeptide (Corr et al., 2017). 7-Cl-Trp is not
useful for the Sonogashira cross coupling reaction since it is too
unreactive (Corr et al., 2017). Furthermore, 7-Br-Trp can easily
be converted to 7-bromoindole, which may give rise to many
indole derivates including the MOM-protected 7-bromoisatin,
which is the precursor of the antimitotic agent diazonamide A
(Nicolaou et al., 2002; Wang et al., 2007; Bartoli et al., 2014).
Halogenation of L-tryptophan (Trp) involves two enzymes
of the reb operon of Lechevalieria aerocolonigenes, the FAD-
dependent halogenase RebH and the NADH-dependent flavin
reductase RebF required for NADH-dependent redox cofactor
regeneration (Nishizawa et al., 2005). The halogenase RebH from
L. aerocolonigenes chlorinates Trp to 7-Cl-Trp, the precursor of
rebeccamycin. While this enzyme also accepts bromide, it prefers
chloride over bromide (Yeh et al., 2005). Purified cross-linked
enzyme aggregates comprising RebH, RebF, and an alcohol
dehydrogenase to regenerate NADH by oxidation of isopropanol
have successfully been applied to the enzymatic bromination
of Trp at the gram-scale (Frese and Sewald, 2015; Schnepel
and Sewald, 2017). Fermentative production of 7-Cl-Trp has
recently been established using recombinant Corynebacterium
glutamicum (Veldmann et al., 2019).

Fermentation processes with C. glutamicum that serves as
a work horse for the biotechnological production of different
amino acids are scalable and in the case of L-lysine and L-
glutamate applied at the million-ton scale (Wendisch, 2019).
Fermentative processes unlike chemical synthesis routes do not
require environmentally hazardous compounds (e.g., elemental
chlorine or bromine) or protecting/activating groups because of
the high stereo-and regioselectivities of the enzymes involved.
Biotransformations using purified enzymes may suffer from
low stability and low activity (e.g., of halogenases), especially
under non-native reaction conditions in the presence of high
substrate concentrations (Latham et al., 2017). Fermentative
processes start from sugars and the biocatalyst is (re)generated
during growth. Fermentative processes are excellent for synthesis
if export of the product out of the cell is efficient and
neither substrates nor products nor intermediates inhibit
cellular metabolism.

C. glutamicum typically shows higher tolerance to many
substances including organic acids, furan, and phenolic
inhibitors present in lignocellulose hydrolysates (Sakai et al.,
2007). Adaptive laboratory evolution led to increased tolerance
to methanol (Leßmeier and Wendisch, 2015) or lignocellulose
derived inhibitors (Wang et al., 2018). Thus, C. glutamicum was
engineered for production of carboxylic acids such as pyruvate
(Wieschalka et al., 2012) and succinate (Litsanov et al., 2012),
oxoacids such as 2-ketoisovalerate (Krause et al., 2010) and
2-ketoisocaproate (Bückle-Vallant et al., 2014), alcohols such as
ethanol (Inui et al., 2004a), isobutanol (Blombach et al., 2011),
and n-propanol (Siebert and Wendisch, 2015), polymers such as
polyhydroxyalkanoate (Ma et al., 2018). As industrial amino acid
producer C. glutamicum is ideal for fermentative production of
various other nitrogenous compounds such as the cyclic amino
acid pipecolic acid (Pérez-García et al., 2016), the ω-amino
acids γ-aminobutyrate (Kim et al., 2013; Jorge et al., 2016;
Pérez-García et al., 2016) and 5-aminovalerate (Rohles et al.,
2016; Jorge et al., 2017), the diamines putrescine (Schneider
and Wendisch, 2010) and cadaverine (Tateno et al., 2009; Kim
et al., 2018) and alkylated and hydroxylated amino acids such as
N-methylalanine (Mindt et al., 2018) and 5-hydroxy-isoleucine
(Wendisch, 2019). Noteworthy, several excellent C. glutamicum
producer strains have been developed for production of muconic
acid (Becker et al., 2018), phenylpropanoids (Kallscheuer and
Marienhagen, 2018), para-hydroxybenzoic acid (Purwanto et al.,
2018), and protocatechuate (Wendisch et al., 2016; Lee and
Wendisch, 2017).

Accordingly, the Trp overproducing strain Tp679 (Purwanto
et al., 2018) served as excellent base strain for halogenation of Trp
(Veldmann et al., 2019). In C. glutamicum wildtype mutant trpE
encoding a feedback resistant anthranilate synthase component
1 from C. glutamicum and trpD encoding an anthranilate
phosphoribosyltransferase from E. coli were overexpressed to
channel the flux from chorismate to Trp. The chorismate mutase
csm was deleted to prevent the formation of the by-products
L-phenylalanine and L-tyrosine. The precursor supply was
optimized with the overexpression of aroG encoding a feedback
resistant 3-deoxy-D-arabinoheptulosonate-7-phosphate synthase
from E. coli (Figure 1). The production of 7-Cl-Trp had already
been established with the Trp producing C. glutamicum strain
overexpressing rebH and rebF. The strain produced about 0.1 g
L−1 of 7-Cl-Trp (Veldmann et al., 2019). However, bromination
of Trp in vivo has not yet been described as basis of a fermentative
process leading 7-Br-Trp or other brominated tryptophans.
Here, we describe the production of 7-Br-Trp with the above
described Trp overproducing C. glutamicum strain expressing
rebH and rebF in media with low chloride, but high bromide
concentrations. The process was upscaled in bioreactors with a
volume of 2 L and 7-Br-Trp was isolated and characterized by
NMR and MS.

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions
Bacterial strains and plasmids used in this study are listed in
Table 1. Escherichia coli DH5α (Hanahan, 1983) was used for
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FIGURE 1 | Schematic representation of metabolic engineered C. glutamicum overproducing Trp and 7-Br-Trp. Genes names are shown next to reaction represented

by the arrows. Dashed arrows show several reactions. Heterologously expressed genes are marked by blue boxes, endogenously overexpressed genes are marked

by ↑ and deleted genes are showed by red crosses. FBR, feedback resistant.

TABLE 1 | Strains and plasmids used in this work.

Strains and plasmids Description Source

Strains

WT C. glutamicum wild type,

ATCC 13032

ATCC

Tp679 (pCES208-trpD) 1csm

1trpL::PilvCM1-trpE
FBR

1vdh::PilvCM1-aroG
FBR

with pCES208-trpD

Purwanto et al., 2018

HalT2 Tp679

(pCES208-trpD)(pEKEx3-

optimRBS-rebH-rebF )

Veldmann et al., 2019

Plasmids

(pCES208-trpD) KanR, pCES208

overexpressing trpD from E.

coli with PilvCM1

Purwanto et al., 2018

(pEKEx3-optimRBS-

rebH-rebF )

SpecR, pEKEx3

overexpressing rebH, rebF

from L. aerocolonigenes

with optimized RBS for rebH

Veldmann et al., 2019

cloning the plasmid constructs. E. coli and C. glutamicum were
regularly grown in lysogeny broth medium (LB medium) in
500mL baffled flasks at 120 rpm at 37◦C or 30◦C, respectively.
For growth and production experiments C. glutamicum was
inoculated in CGXII minimal medium (Eggeling and Bott, 2005)
in 500 or 100mL baffled flasks (filling volume 10%) to an optical
density (OD600) of 1 and incubated at 120 rpm. Growth was
monitored by measuring the optical density at 600 nm using
a V-1200 spectrophotometer (VWR, Radnor, PA, USA). For
toxicity test C. glutamicum was grown in the BioLector R© (M2P
Labs) in CGXII medium supplemented with the substance to
be tested. To produce 7-Br-Trp, CGXII minimal medium or
HSG rich medium (40.0 g L−1 glucose, 13.5 g L−1 soy peptone,
7 g L−1 yeast extract, 0.01 g L−1 NaCl, 2.3 g L−1 K2HPO4, 1.5 g

L−1 KH2PO4, 0.249 g L−1 MgSO4 × H2O) were used and
supplemented with 50mM NaBr. Strains derived from Tp679
were supplemented additionally with 1.37mM L-tyrosine and
1.5mM L-phenylalanine in minimal medium. If necessary, the
growth medium was supplemented with kanamycin (25 µg
mL−1) and/or spectinomycin (100 µg mL−1). Isopropyl-β-D-1-
thiogalactopyranoside (IPTG) (1mM) was added to induce the
gene expression from the vector pEKEx3 (Stansen et al., 2005).

Determination of the Specific Activity of
the Anthranilate
Phosphoribosyltransferase TrpD
The anthranilate phosphoribosyltransferase overproducing
strain Tp679 (pCES208-trpD) was inoculated from an overnight
culture and was cultivated for 24 h in LB medium at 30◦C
with 120 rpm before cells were centrifuged for 10min at 4◦C
and 4,000 rpm and stored at −20◦C. After resuspension in
100mM Tricine buffer (pH 7.0), the cells were sonicated for
9min at 55% amplitude and 0.5 cycles on ice in the UP200S
Ultrasonic Processor from Hielscher Ultrasound Technology.
The supernatant obtained after centrifugation (60min, 4◦C,
16,400 rpm) was used as crude extract for the enzyme assay.
The activity was assayed fluorometrically by monitoring the
decrease of anthranilate (Ant) at room temperature. The
reaction mixture with a final volume of 1mL contained 100mM
Tricine buffer (pH 7.0), 15µM Ant, 0.3mM PRPP, 10mM
MgCl2, and the crude extract and was filled in a quartz glass
cuvette (Hellma Analytics, High Precision cell, Light Path
10 × 4mm). Ant was detected by fluorescence at 325 nm
excitation and 400 nm emission wavelength with the Shimadzu
Spectrofluorophotometer RF-5301PC. Protein concentrations
were determined by the Bradford method (Bradford, 1976) with
bovine serum albumin as reference. Means and errors from
triplicates were calculated.
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Bioreactor Cultures Operated in Batch and
Fed-Batch Mode
A 3.7 L KLF Bioengineering AG stirred tank reactor was used
for the production of 7-Br-Trp. The fermentation was performed
at pH 7.0, 30◦C, and an aeration rate of 2 norm liter (NL)
min−1. pH was controlled by automatic addition of phosphoric
acid [10% (w/w)] and ammonium hydroxide [25% (w/w)].
Struktol R©J647 (Schill and Seilenbacher, Boeblingen, Germany)
serves as antifoam agent and was also added automatically.
Samples were taken automatically every 2 h and cooled to 4◦C
until analysis.

For the batch fermentations the relative dissolved oxygen
saturation (rDOS) of 15, 30, and 60%, respectively, was controlled
by enhancing the stirrer speed gradually in steps of 2%. Two
liter CGXII without MOPS but with 50mM NaBr, 1.37mM L-
tyrosine, 1.5mM L-phenylalanine, and 1mM IPTG (added at
timepoint 0 h) was used as culture medium.

For the fed-batch fermentation the initial volume was 2 L
and a constant overpressure of 0.2 bar was adjusted. Due to the
new findings (see Figure 6), the culture medium was changed to
HSG rich medium supplemented with 50mM NaBr and 1mM
IPTG (added at timepoint 0 h). The feeding medium contained
150 g L−1 ammonium sulfate, 400 g L−1 glucose, 5.14 g L−1 NaBr,
0.25 g L−1 L-tyrosine, and 0.25 g L−1 L-phenylalanine. Automatic
control of the stirrer speed kept the rDOS at 30%. The feeding
started automatically when rDOS exceeds 60% and stops when
rDOS felt again under the set-point. Here, a pH of 7.0 was
established and controlled by automatic addition of phosphoric
acid [10% (w/w)] and potassium hydroxide (4M). Instead of
using ammonium hydroxide as alkali to avoid nitrogen limitation
in batch cultures, potassium hydroxide was used in the fed-batch
fermentation, since the HSG complex medium is nitrogen rich
and, hence, a nitrogen limitation was excluded.

The titer and yield were calculated to the initial volume.

Analytical Procedures
For the quantification of the extracellular Trp, 7-Br-Trp
and anthranilate (Ant) a high-pressure liquid chromatography

(HPLC) system was used (1200 series, Agilent Technologies
Deutschland GmbH, Böblingen, Germany). The supernatants
of the cell culture were collected by centrifugation (14,680
rpm, 20min, RT) and further used for analysis. For detection
of Ant, Trp, and the derivatives, samples were reacted
with ortho-phthaldialdehyde (OPA) (Schneider and Wendisch,
2010). The amino acid separation was performed by a
precolumn (LiChrospher 100 RP18 EC-5µ (40 × 4mm), CS-
Chromatographie Service GmbH, Langerwehe, Germany) and
a column (Li-Chrospher 100 RP18 EC-5µ (125 × 4mm),
CS Chromatographie Service GmbH). The detection was
carried out with a fluorescence detector (FLD G1321 A, 1200
series, Agilent Technologies) with the excitation and emission
wavelengths of 230 and 450 nm, respectively. The quantification
of carbohydrates and organic acids was done using a column
for organic acids (300 × 8mm, 10mm particle size, 25 Å pore
diameter, CS Chromatographie Service GmbH) and detected by
a refractive index detector (RID G1362A, 1200 series, Agilent
Technologies) and a diode array detector (DAD G1315B, 1200
series, Agilent Technologies) (Schneider et al., 2011).

Analytical RP-HPLC and RP-HPLC-MS
Analytical HPLC was performed on a Shimadzu NexeraXR 20A
System with autosampler, degasser, column oven, diode array
detector, and a Phenomex Luna C18 column (2.9µm, 50 ×

2.1mm) with a gradient (in 5.5min from 5% B to 95% B, 0.5min
95% B and back to 5% B in 3min, total run time 9min) at a flow
rate of 650µL/min and column oven temperature of 40◦C. HPLC
solvent A consists of 99.9% water and 0.1% TFA, solvent B of
99.9% acetonitrile and 0.1% TFA.

Analytical LC-MS was performed on an Agilent 6220 TOF-
MSwith a Dual ESI-source, 1200HPLC systemwith autosampler,
degasser, binary pump, column oven, diode array detector, and
a Hypersil Gold C18 column (1.9µm, 50 × 2.1mm) with a
gradient (in 11min from 0% B to 98% B, back to 0% B in 0.5min,
total run time 15min) at a flow rate of 300 µL/min and column
oven temperature of 40◦C. HPLC solvent A consisted of 94.9%
water, 5% acetonitrile, and 0.1% formic acid, solvent B of 5%

FIGURE 2 | Response of C. glutamicum wild type to externally added NaBr (A) and 7-Br-Trp (B). To determine the K i for NaBr and 7-Br-Trp C. glutamicum wildtype

was grown in CGXII minimal medium with 40 g L−1 glucose and different concentration of the substances to be tested. A linear regression was done to determine the

half maximal specific growth rate with the substances to be tested. (A) NaBr concentrations between 0 and 500mM were tested with C. glutamicum. (B) 7-Br-Trp

concentrations between 0 and 0.5mM were tested.
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water, 94.9% acetonitrile and 0.1% formic acid. ESI mass spectra
were recorded after sample injection via 1200 HPLC system in
extended dynamic range mode equipped with a Dual-ESI source,
operating with a spray voltage of 2.5 kV.

NMR Spectroscopy
NMR spectra were recorded on a Bruker Avance III 500 HD (1H:
500MHz, 13C: 126MHz, 19F: 471MHz). Chemical shifts δ [ppm]
are reported relative to residual solvent signal (DMSO-d6,

1H:
2.50 ppm, 13C: 39.5 ppm). 2D spectra (COSY, HMQC, HMBC)
spectra were used for signal assignment.

High-Resolution MS
ESI mass spectra were recorded using an Agilent 6220 time-
of-flight mass spectrometer (Agilent Technologies, Santa Clara,
CA, USA) in extended dynamic range mode equipped with
a Dual-ESI source, operating with a spray voltage of 2.5 kV.
Nitrogen served both as the nebulizer gas and the dry gas.
Nitrogen was generated by a nitrogen generator NGM 11.
Samples are introduced with a 1200 HPLC system consisting
of an autosampler, degasser, binary pump, column oven, and
diode array detector (Agilent Technologies, Santa Clara, CA,
USA) using a C18 Hypersil Gold column (length: 50mm,
diameter: 2.1mm, particle size: 1.9µm) with a short isocratic
flow (60% B for 5min) at a flow rate of 250 µL/min and
column oven temperature of 40◦C. HPLC solvent A consisted
of 94.9% water, 5% acetonitrile, and 0.1% formic acid, solvent B
of 5% water, 94.9% acetonitrile, and 0.1% formic acid. The mass
axis was externally calibrated with ESI-L Tuning Mix (Agilent
Technologies, Santa Clara, CA, USA) as calibration standard. The
mass spectra were recorded in both profile and centroid mode
with the MassHunter Workstation Acquisition B.04.00 software
(Agilent Technologies, Santa Clara, CA, USA). MassHunter
Qualitative Analysis B.07.00 software (Agilent Technologies,
Santa Clara, CA, USA) was used for processing and averaging of
several single spectra.

Reversed-Phase Column Chromatography
(GP1)
Automated column chromatography was performed on a Büchi
Reveleris X2 with a binary pump and ELSD Detector using a
Biotage SnapUltra C18 columnwith a gradient (4min at 5%B, up
to 25% B in 14min, in 1min up to 100% B for 2min and flushing
with 80% B for 5min, total run time 27min) at a flow rate of
30 mL/min. Solvent A consisted of 99.9% water and 0.1% TFA,
solvent B of 99.9% acetonitrile and 0.1% TFA.

Isolation and Purification of
7-Bromo-L-tryptophan From HSG Rich
Medium
7-Br-Trp was isolated from 30mLHSG richmedium (3× 10mL)
(see chapter growth conditions) by an automated reversed phase
column chromatography. The crude medium was centrifuged
(10,000 rpm, 4◦C, 30min) and filtrated over a short plug of celite.
The crude filtrate was loaded on a 12 g C18-column and purified
according to GP1. The TFA salt of 7-Br-Trp was isolated as a
colorless solid (14.3mg, 36 µmol). RP-column chromatography:

tR = 11.5min; Anal. RP-HPLC: tR = 3.3min; LC-MS: tR =

5.1min; 1HNMR (500MHz, DMSO-d6) δ [ppm]= 11.28 (d, 3J=
2.7Hz, 1H, indole-NH), 8.16 (brs, 3H,NH+

3 ), 7.58 (d,
3J= 7.9Hz,

1H, C4-H), 7.32 (d, 3J = 7.5Hz, 1H, C6-H), 7.30 (d, 3J = 2.7Hz,
1H, C2-H), 6.97 (dd, 3J = 7.8Hz, 3J = 7.8Hz, 1H, C5-H), 4.15
(dd, 3J = 7.1Hz, 3J = 6.2Hz, 1H, Cα-H), 3.27 (dd, 2J = 15.0Hz,
3J = 5.7Hz, 1H, Cβ-H), 3.22 (dd, 2J = 14.8Hz, 3J = 6.9Hz,
1H, Cβ-H); low res. MS (ESI): found [m/z] = 265.9 [M(79Br)-
NH2]

+, 267.9 [M(81Br)-NH2]
+, 283.0 [M(79Br)+H]+, 285.0

[M(81Br)+H]+; calcd. [m/z] = 265.9 [M(79Br)-NH2]
+, 267.9

[M(81Br)-NH2]
+, 283.0 [M(79Br)+H]+, 285.0 [M(81Br)+H]+.

RESULTS

Production of 7-Bromo-L-tryptophan in
Flasks Culture
Fermentative processes are ideal if substrates, intermediates, and
products do not inhibit growth and production. The effect of
the substrate NaBr and the product 7-Br-Trp on growth of C.
glutamicum was assessed when various concentrations of these
compounds were added upon inoculation of C. glutamicum wild
type to CGXII minimal medium with 40 g L−1 glucose. NaBr
concentrations (0–500mM) had a negligible effect on growth
and it was estimated by extrapolation that the growth rate would
be reduced to 50% at about 1.2M NaBr (Figure 2A). Therefore,
the use of NaBr as a substrate was presumed to be possible.
By contrast, already low concentrations of the target product
7-Br-Trp inhibited growth in the BioLector R© (M2P Labs). The
half maximal specific growth rate of C. glutamicum was reached
already at a concentration of about 0.32mM or 0.091 g L−1

FIGURE 3 | Specific activities of anthranilate phosphoribosyltransferase TrpD

in the presence or absence of either 7-Br-Trp or 7-Cl-Trp. Crude extracts of C.

glutamicum Tp679 (pCES208-trpD) grown in LB rich media were assayed for

TrpD activity in the presence of different concentrations of either 7-Br-Trp or

7-Cl-Trp. Means and standard deviations of triplicates are shown.
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7-Br-Trp (Figure 2B). This inhibition is threefold lower than
previously observedwith 7-Cl-Trp (K i of about 0.1mMor 0.024 g
L−1 (Veldmann et al., 2019). We hypothesize that the difference
is due to the hydration shell of chlorine substituents being smaller
than that of a bromo substituent. Accordingly, we speculate that
due to its smaller size 7-Cl-Trp can enter catalytic active centers
and/or allosteric sites of enzymes easier than 7-Br-Trp and, thus,
inhibitory effects are expected to be more pronounced. This
may explain why the inhibitory effect of 7-Cl-Trp exceeds that
of 7-Br-Trp.

Since it is known that halogenated Ant competitively inhibits
Ant converting anthranilate phosphoribosyltransferase TrpD
(Lesic et al., 2007), it was tested whether 7-Br-Trp inhibits
anthranilate phosphoribosyltransferase in crude extracts of
C. glutamicum Tp679 (pCES208-trpD). This strain possesses
endogenous trpD on its chromosome and expresses E. coli
trpD from a plasmid. Crude extracts of C. glutamicum Tp679
(pCES208-trpD) grown in LB rich medium were assayed for
TrpD activity in the presence of different concentrations of
either 7-Br-Trp or 7-Cl-Trp (Figure 3). The specific activity
of anthranilate phosphoribosyltransferase was reduced to about
one third by either 0.15mM 7-Br-Trp or by 0.05mM 7-Cl-Trp
(Figure 3). Thus, inhibition by 7-Cl-Trp was more pronounced
than inhibition by 7-Br-Trp, which showed a K i value of
about 0.03 g L−1. At least in part, the growth inhibition by 7-
Br-Trp (Figure 2B) may be due to inhibition of anthranilate
phosphoribosyltransferase by 7-Br-Trp (Figure 3). Since 7-Br-
Trp exerts a lower inhibitory effect than 7-Cl-Trp and since
the latter could be produced to a titer of 0.108 g L−1, i.e., five

times as high as K i (Veldmann et al., 2019), it is expected that
C. glutamicum likely produces 7-Br-Trp only to relatively low
concentrations as well.

For the fermentative production of 7-Br-Trp, the C.
glutamicum strain HalT2 was used. This strain was derived from
the Trp overproducing strain Tp679 (pCES208-trpD), which
overexpresses additionally genes encoding FAD-dependent
halogenase RebH and NADH-dependent flavin reductase RebF
from the expression vector pEKEx3 (Veldmann et al., 2019).
In our previous study, we tried to optimize RebF and RebH
gene expression. On the one hand, a more active promoter
helped increase RebH and RebF activities, on the other hand,
production could be improved as consequence of optimizing the
ribosome binding site [and thus, translation initiation efficiency;
(Veldmann et al., 2019)]. Bioinformatics analysis revealed that
the codon usage of RebH fits to the codon usage of C. glutamicum
and hence was not further optimized. For RebF the codon
usage fits to C. glutamicum except one triplet. The ribosome
binding site was not optimized for RebF. HalT2 was inoculated
in CGXII minimal medium with 40 g L−1 glucose and 50mM
NaBr in 500mL baffled flasks (50mL culture) to an OD600 of
1. At inoculation, 1mM IPTG was added. The culture showed
a specific growth rate 0.12 ± 0.01 h−1. After 72 h 0.25 ± 0.01 g
L−1 7-Br-Trp, 0.81 ± 0.02 g L−1 Trp and 1.69 ± 0.03 g L−1 Ant
were measured (Figure 4). When the same strain was inoculated
in 500mL without baffles the specific growth rate was 0.11 ±

0.01 h−1 and the production of 7-Br-Trp increased by 38% to a
titer of 0.34 ± 0.02 g L−1. Production of Trp was decreased by
34% to 0.54 ± 0.02 g L−1, but production of Ant increased to

FIGURE 4 | Production of 7-Br-Trp, Trp, and Ant by C. glutamicum HalT2 under different shake flask conditions. HalT2 was grown in CGXII with 40 g L−1 glucose

after 72 h were measured the titers of 7-Br-Trp, Trp, and Ant. The filling volume was 10% of the flask volume. Means and standard deviations of three replicate

cultivations are shown.
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1.91 ± 0.03 g L−1. Using 100mL flasks with 10mL culture was
beneficial for production of 7-Br-Trp by C. glutamicum HalT2
as in baffled flasks 0.48 ± 0.03 g L−1 7-Br-Trp were produced
after 72 h and 0.81 ± 0.01 g L−1 Trp and 2.82 ± 0.06 g L−1 Ant
accumulated. In 100mL flasks without baffles 0.49 ± 0.02 g L−1

7-Br-Trp were produced after 72 h and 0.96 ± 0.03 g L−1 Trp
and 3.45 ± 0.13 g L−1 Ant accumulated (Figure 4). With the
assumption that the oxygen supply is lower in the 100ml than in
the 500ml flasks, the production was increased with less oxygen
supply. The specific growth rate was lower in 100mL flasks with
baffles (0.09 ± 0.01 h−1 as compared to 0.13 ± 0.01 h−1). These
results were unexpected since oxygen supply in 500mL baffled
flasks is considered higher than in 100mL unbaffled flasks we
expected higher 7-Br-Trp in 500ml baffled flasks. Halogenase
RebH requires FADH2 as cofactor, L-Trp, molecular oxygen and
a halide salt as substrates. RebH regioselectively chlorinates or
brominates L-Trp at the 7-position. FADH2 is regenerated by
RebF, which reduces FAD to FADH2 in an NADH-dependent
manner. NADH is provided by cellular metabolism (oxidation
of glucose). RebH and RebF derive from the host organism
Lechevalieria aerocolonigenes which has a growth optimum at
28◦C (Parte, 2012), which fits well with the optimal growth
temperature of C. glutamicum of 30◦C. Nonetheless, the highest
7-Br-Trp titer observed (about 0.49 g L−1; Figure 4) exceeded the
K i value (about 0.09 g L

−1; Figure 2B) about five-fold.

Batch Production of 7-Bromo-L-tryptophan
in a Bioreactor
To scale up the fermentation process and to test the influence
of pH control, optimal stirring and controlled oxygen supply,
strain HalT2 was cultivated in a 3.7 L baffled bioreactor with
a working volume of 2 L with three different rDOSs (rDOS =

15, 30, and 60%). Whereas, the maximal specific growth rate
was comparable and in a range between 0.07 and 0.08 h−1, C.
glutamicum HalT2 grew to a higher biomass concentration at
rDOS of 15% (OD600 of 27; Figure 5C) than with rDOS at either
30 or 60% (OD600 of 11 and 12, respectively; Figures 5A,B).
Glucose was utilized completely (with the exception of 3.6 g
L−1 glucose remaining in the rDOS 60% bioreactor condition).
Lactate accumulated transiently peaking at 32 h, 28 and 16 h
with maximal concentrations of 3.8, 3.8, and 0.5 g L−1 lactate
for the bioreactors operated at 15, 30, and 60%, respectively
(Figure 5). The byproducts Trp and Ant accumulated to higher
concentrations than 7-Br-Trp. Maximal 7-Br-Trp titers increased
slightly with decreasing rDOS, i.e., 0.26, 0.26, and 0.30 g L−1

7-Br-Trp for the bioreactors operated at 15, 30, and 60%,
respectively (Figure 5). The corresponding yields on glucose
were 6.6, 6.6, and 7.5mg g−1. The yields on biomass differed
to a larger extent since higher biomass concentrations were
observed at low rDOS. At 15% rDOS, for example, an OD600

21 (corresponding to 7.4 gCDW L−1) and a 7-Br-Trp titer of
0.26 g L−1 were observed at 56 h, which is equivalent to a 7-Br-
Trp yield on biomass of 36mg (gCDW)−1. At 30% rDOS, the
7-Br-Trp yield on biomass was almost two-fold higher [74mg
(gCDW)−1] and it was almost three-fold higher at 60% rDOS
[95mg (gCDW)−1]. This may indicate that less cells are required

FIGURE 5 | Batch fermentation of 7-Br-Trp by C. glutamicum HalT2 with three

different rDOS. The data given include the glucose consumption [blue triangle],

the OD600 [red squares], the production of 7-Br-Trp [green circles], Trp [gray

circles], Ant [black circles], and Lac [light purple circles]. The initial culture

volume was 2 L. (A) Batch fermentation with a rDOS set-point of 60%.

(B) Batch fermentation with a rDOS set-point of 30%. (C) Batch fermentation

with a rDOS set-point of 15%.

for 7-Br-Trp production at high rDOS and/or that growth
proceeds to higher biomass concentrations at low rDOS.

Fed-Batch Production of
7-Bromo-L-tryptophan in a Bioreactor
Stirred tank bioreactor cultivations operated in batch mode
yielded lower titers (0.26–0.30 g L−1; Figure 5) than shake flask
cultivation (up to about 0.49 g L−1; Figure 4). Under both
conditions CGXII glucose minimal medium was used. Since
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FIGURE 6 | Production of 7-Br-Trp by C. glutamicum HalT2 in different media.

HalT2 was grown in CGXII minimal medium and HSG rich medium with 40 g

L−1 glucose. The strain was cultivated in 100mL flasks with 10% filling

volume. After 24 h were determined the production of 7-Br-Trp, Trp, and Ant.

Means and standard deviations of three replicate cultivations are shown.

fermentations are often performed in media containing complex
sources such as yeast extract and/or protein hydrolysates,
production of 7-Br-Trp by C. glutamicum HalT2 was compared
in 100mL baffled flasks with either CGXII glucose minimal
medium or HSG rich medium containing yeast extract and soy
peptone. Growth in the HSG rich medium was faster (a specific
growth rate of 0.39 ± 0.02 h−1 as compared to 0.19 ± 0.01 h−1

in CGXII minimal medium). Within 24 h 0.36± 0.04 g L−1 7-Br-
Trp were produced in HSG rich medium, but only 0.10 ± 0.01 g
L−1 7-Br-Trp in the minimal medium (Figure 6). Moreover, the
7-Br-Trp yield on biomass in HSG rich medium [39 ± 5mg
g(CDW)−1] was higher than in CGXII minimal medium [6 ±

1mg g(CDW)−1]. Notably, neither Trp nor Ant accumulated as
byproducts in HSG rich medium, whereas 0.26 ± 0.01 g L−1 Trp
and 1.88 ± 0.05 g L−1 Ant were produced in CGXII minimal
medium (Figure 6).

The product formed by C. glutamicum HalT2 in 30 mL HSG
rich medium (3 × 10 mL) was isolated and purified in a single
step by an automated reversed phase column chromatography.
In total 14.3mg (36 µmol) of 7-Br-Trp as a TFA salt were
isolated. The product was identified as 7-Br-Trp by NMR studies.
The purity (>95%) was verified by both NMR (Figure 7A) and
LC-MS (Figure 7B) experiments.

Taken together, HSG rich medium was chosen for fed-batch
fermentation because the production occurred faster and the
precursors Trp and Ant did not accumulate as byproducts and
the specific growth rate in rich medium was two-fold higher
than in CGXII medium as mentioned above (0.39 h−1 for HSG
medium vs. 0.19 h−1 for CGXII medium). In Figure 6, the
concentrations of Trp, Ant, and 7-Br-Trp after 24 h of cultivation
in shake flasks are given. Most likely, in contrast to CGXII
medium product formation was finished at this time point using
rich medium. This was also confirmed by Figure 5, because
7-Br-Trp formation was not finished after 24 h of cultivation,
irrespective of whether rDOS level was used. At 30% rDOS,

the highest 7-Br-Trp yield on biomass of 74mg (gCDW)−1

was reached as mentioned above. Therefore, the same set point
was used for fed-batch fermentation. C. glutamicum HalT2 was
used for the fed-batch fermentation to inoculate 2 L HSG rich
medium containing 40 g L−1 glucose to an initial OD600 of 1.8
(Figure 8). The maximal specific growth rate was 0.32 h−1. A
total feed of 975mL was added in the whole process. Four major
phases of the fed-batch fermentation could be distinguished. In
the first (batch) phase C. glutamicum HalT2 grew to an OD600

of 37.3 within 18 h. Lactate accumulated transiently peaking at
7.0 g L−1 after 10 h. At 18 h, titers of 0.19 g L−1 7-Br-Trp and
0.1 g L−1 Trp were observed. In the next phase (until 30 h when
exponential feeding started), 7-Br-Trp was produced to a titer of
0.30 g L−1 with a yield on biomass of 0.7mg (gCDW)−1 and a
volumetric productivity of 10mg L−1 h−1. Neither Trp nor Ant
accumulated during this phase. The third phase is characterized
by an exponential increase of the feed volume (at 50 h about
293mL feed had been added and theOD600 reached 62), while the
7-Br-Trp concentration increased linearly to 0.66 g L−1. During
this phase the volumetric productivity was 18mg g−1 h−1 and
the specific productivity was 1mg gCDW−1 h−1. While Trp
accumulated to a titer of 0.17 g L−1, Ant was not produced in
the third phase. In the last phase that started at 50 h, the residual
feed (682mL) was added until 55 h. The 7-Br-Trp and Trp titers
increased in parallel to 1.2 g L−1 and about 0.25 g L−1. Only
in this last phase, Ant accumulated with Ant titers fluctuating
around 0.5 g L−1 from 57 h to 72 h (Figure 8).

DISCUSSION

Heterologous expression of the genes rebH for FAD-dependent
halogenase and rebF for NADH-dependent flavin reductase from
the reb cluster of L. aerocolonigenes to enable regioselective
chlorination of Trp at the 7 position (Nishizawa et al., 2005) in a
Trp overproducing C. glutamicum strain (Purwanto et al., 2018)
provided the basis for the development of fermentative processes
for chlorination (Veldmann et al., 2019) and bromination of
Trp (this study). Production of 7-Br-Trp by the engineered
C. glutamicum strain was possible in glucose minimal media
supplemented with sodium bromide.

C. glutamicum belongs to the group of bacteria that require
chloride for growth at high (sodium) salt concentrations since
growth was inhibited in the presence of high concentrations
of sodium sulfate and sodium gluconate, but not of sodium
chloride (Roeßler et al., 2003). It was postulated that chloride
may enhance excretion of cytotoxic sodium ions by salt-induced
Na+/H+ antiporters and/or simultaneous export of these anions
via the ClC-type sodium channels as observed for E. coli (Iyer
et al., 2002). The finding reported here that C. glutamicum can
withstand high sodium bromide concentrations (K i of about
1.2M; Figure 2A) indicates that bromide may substitute for
chloride to sustain growth of C. glutamicum at high sodium
salt concentrations.

The engineered C. glutamicum strain produced 7-Br-Trp
to higher titers (1.2 g L−1, Figure 8) than 7-Cl-Trp [0.1 g
L−1; (Veldmann et al., 2019)]. This was surprising since pure
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FIGURE 7 | Analysis of 7-Br-Trp isolated from HSG medium by (A) 1H NMR (500 MHz, 298K, DMSO-d6) and by (B) RP-HPLC-MS analysis. The ionization was

performed with a Dual-ESI with a voltage of 2.5 kV leading to an expected deamination during the ionization process. The characteristic isotopic pattern of a single

brominated species is clearly observable.

RebH prefers chlorination (kcat of 1.4 min−1) over bromination
(kcat of 0.4 min−1) (Yeh et al., 2005). Unlike in enzyme
catalysis with pure RebH (Yeh et al., 2005; Payne et al.,
2013), chloride could not be completely replaced by bromide
since chloride is required for growth of C. glutamicum (s.
above). However, at a low chloride concentration in the growth
medium a high bromide salt supply (277-fold excess) allowed
for bromination by the engineered C. glutamicum strain in vivo.
The purified product of this fermentative process was shown
to be 7-Br-Trp without detectable contamination by 7-Cl-Trp
(Figure 7). Brominated natural products and intermediates are
found predominantly in marine environments as ocean water
contains a relatively high bromide ion concentration (Gribble,
1996). Moreover, halogenases which prefer bromination are
more abundant in marine habitats, those preferring chlorination
are encountered more often in terrestrial habitats (Van Peè,
2001). Thus, future process improvement may make use of
halogenases preferring bromination over chlorination such as
BrvH from Brevundimonas BAL3 (Neubauer et al., 2018) or three

halogenases from Xanthomonas campestris pv. campestris strain
B10046 (Ismail et al., 2019).

FAD-dependent halogenases require molecular oxygen (Bitto
et al., 2008). In the reaction catalyzed by RebH, FADH2 binds to
the FAD binding pocket of the RebH and reacts with molecular
oxygen to flavin hydroperoxide (Andorfer et al., 2016). Flavin
peroxide in turn oxidizes the halide anion (X−, X = Cl, Br)
to hypohalous acid (HOX), which is channeled to the active
tryptophan binding pocket. The role of the conserved lysine
residue K79 in giving a haloamine intermediate (Yeh et al., 2007)
is still under debate (Flecks et al., 2008). The hypohalous acid
effects the regioselective electrophilic aromatic substitution of
Trp resulting in halogenation at the C7 position (Andorfer et al.,
2016). Thus, the supply of molecular oxygen to RebH within the
C. glutamicum cell may be a bottleneck for halogenation of Trp.
Since, of course, C. glutamicum requires oxygen for respiration,
the response to increased molecular oxygen supply during
growth-coupled fermentative production of 7-Br-Trp may be
complex. Production of 7-Br-Trp was found to be higher under
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FIGURE 8 | Fed-batch fermentation of 7-Br-Trp by C. glutamicum HalT2. The data given include rDOS [%] [light gray], the feed [blue], OD600 [red squares], 7-Br-Trp

[green circles], Trp [gray circles], Ant [black circles], and Lac [light purple circles]. The initial volume was 2 L and 975mL feed was added. The titer was calculated to

the initial volume.

low oxygen supply in shake flask (although these are relatively ill-
defined) or comparable under controlled conditions in bioreactor
fermentations with rDOS of 15, 30, and 60% (Figures 4, 5).
For different microorganisms the Monod constants for oxygen
are in a range between 3.0 · 10−4 mg L−1 and 0.1mg L−1

(Longmuir, 1954) Therefore, cell growth was not notably affected
by oxygen supply even at a rDOS level of 15%. Surprisingly,
biomass formation was declined with increasing rDOS set points
as shown by the courses of OD600 and glucose in Figure 5. While
glucose was depleted after 35 h for rDOS of 15% and 48 h for
rDOS of 30%, respectively, nearly 4 g L−1 glucose remained at the
end of cultivation (73 h) at a rDOS level of 60% also indicating
a reduced biomass formation. However, halogenation by RebH-
RebF requires molecular oxygen. Obviously, a better oxygen
supply improves RebH-RebF activity, which counteracts biomass
formation (see also max. OD600 mit tiefer gesetzten 600 values
as given in line 719–722). This conclusion is supported by lower
specific growth rates during stirred tank reactor cultivation (line
719) in contrast to shake flask cultivation (line 649–653, 694),
despite a poorer oxygen input in the latter case. In addition,
halogenation by RebH-RebF requires both molecular oxygen
and NADH at the same time. This is difficult to achieve in fast
growing cells as NADH is oxidized by the respiratory chain using
molecular oxygen to generate a trans-membrane pH gradient and
subsequently ATP. Moreover, if the oxygen supply is too high,
the flavin-hydroperoxide formed upon reaction of FADH2 with
molecular oxygen is hydrolyzed to yield H2O2. This is commonly
observed for flavin-dependent enzymes like monooxygenases
and halogenases (“oxygen dilemma”; Ismail et al., 2019). Thus,

all reactions in C. glutamicum requiring FADH2 [e.g., p-
hydroxybenzoate hydroxylase (Kwon et al., 2007) or flavin-
dependent thymidylate synthase; (Kan et al., 2010)] or containing
this flavin bound to the enzyme [e.g., membrane-associated
malate dehydrogenase (acceptor) (EC 1.1.99.16); (Molenaar et al.,
1998)] may be compromised at high oxygen levels in the presence
of flavin reductase RebF. Thus, an aeration protocol ensuring
optimal supply of oxygen for growth on the one hand and
for RebH catalyzed bromination on the other hand remains to
be developed.

Another optimization step for the fermentative production of
7-Br-Trp, would be the reduction of by-products, like L-lactate.
C. glutamicum produces L-lactate from pyruvate via the NAD-
dependent L-lactate dehydrogenase (encoded by ldhA) (Inui
et al., 2004b) and is able to utilize the L-lactate as carbon source
via the lactate dehydrogenase (encoded by lldD) (Stansen et al.,
2005). Transient L-lactate accumulation (formed by LdhA and
subsequently utilize by LldD) is often observed when glucose
uptake is higher than oxygen uptake. Once the glucose uptake
rate ceases, L-lactate is re-utilized. Transcription of ldhA is
regulated by transcriptional regulator SugR (Engels et al., 2008;
Toyoda et al., 2009). Under oxygen limitation glucose uptake
exceeds oxygen uptake and L-lactate is produced by LdhA to
regenerate NAD+ (Engels et al., 2008). Accordingly, transient L-
lactate was more pronounced with low (rDOS of 15%, 30%, and
fed-batch) as compared to high oxygen supply (rDOS of 60%).
We have discussed these facts along with a strategy to avoid
transient lactate formation, i.e., by deletion of ldhA as has been
shown before (Inui et al., 2004b).
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Inhibition by halogenated Trp appeared to be the major
bottleneck to achieve high product titers. Growth as well as
anthranilate phosphoribosyltransferase activity in crude extracts
from C. glutamicum Tp679 (pCES208-trpD) were inhibited
by 7-Br-Trp and 7-Cl-Trp (Figure 3 and Veldmann et al.,
2019). When comparing growth and 7-Br-Trp production in
CGXII and HSG media, the latter of which is a complex
medium and contains about 0.5mM Trp (data not shown),
the specific growth rate in rich medium was two-fold higher
than in CGXII medium (0.39 h−1 for HSG medium vs. 0.19
h−1 for CGXII medium, s. results section). Thus, addition of
Trp may alleviate the growth inhibition as consequence of
TrpD inhibition.

Previously, O’Gara and Dunican (1995) have shown that
purified anthranilate phosphoribosyltransferase TrpD from C.
glutamicum is inhibited by Trp (K i of 0.83mM) and by 5-
methyl-L-tryptophan (K i of 0.32mM). In this study, anthranilate
phosphoribosyltransferase activity in crude extracts was shown
to be inhibited by 7-Br-Trp (K i of about 0.1mM) and by 7-
Cl-Trp (K i of about 0.06mM). It should be noted that besides
endogenous trpD on the C. glutamicum chromosome E. coli trpD
was expressed from a plasmid. TrpD from E. coli is insensitive
to Trp in the absence of E. coli TrpE (Ito and Yanofsky, 1969).
Feedback resistant TrpD has been isolated from C. glutamicum,
which was isolated from a tyrosine and phenylalanine double
auxotrophic strain due to its resistance to analogs of Trp,
tyrosine, phenylalanine, and 5-methyl-L-tryptophan. Feedback
resistant TrpD from this C. glutamicum strain was shown
to confer resistance to 5-methyl-L-tryptophan and 6-fluoro-L-
tryptophan on E. coli (Herry and Dunican, 1993). Resistance to
Trp derivatives with modifications at the 7 position of Trp such
as 7-Br-Trp or 7-Cl-Trp has not been determined, thus, it cannot
be inferred that the feedback resistant TrpD from C. glutamicum
ATCC 21850 would alleviate the inhibition of C. glutamicum
growth and/or TrpD activity by 7-Br-Trp and 7-Cl-Trp. Likely,
other TrpD variants either from C. glutamicum or from E. coli
have to be isolated after mutation and screening or by rational
enzyme engineering. Alternatively, process intensification may
involve fermentation strategies including in situ product
removal (ISPR) to maintain sub-threshold concentrations of
7-Br-Trp as has been shown for L-phenylalanine separation
and concentration by reactive-extraction with liquid-liquid
centrifuges in a fed-batch fermentation process with recombinant
E. coli (Rüffer et al., 2004).

Halogenated amino acids such as 7-Br-Trp are relevant for
peptide synthesis, since they can be converted further by Pd-
catalyzed cross coupling and nucleophilic substitution reactions
(Diederich and Stang, 2008). Various halogenated forms of
tryptophan and its derivatives may have potential in the synthesis
of serotonin and melatonin agonists or antagonists (Frese et al.,
2014). As shown here, based on the insight from enzyme
catalysis using pure RebH, crude RebH preparations or CLEAs
containing RebH, a fermentative process based on RebH was
developed and adjusted to yield either 7-Cl-Trp or 7-Br-Trp by
C. glutamicum in vivo. Since halogenases such as RebH, PrnA,
or BrvH differ in their substrate spectra and regioselectivities,
the fermentative approach holds the potential to be extended
for various halogenation processes starting from glucose and
halide salts in vivo provided that the halogenated products do not
interfere with vital cellular functions and can be exported out of
the cell efficiently.
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Lignocellulosic plant biomass is an important feedstock for bio-based economy. In

particular, it is an abundant renewable source of aromatic compounds, which are

present as part of lignin, as side-groups of xylan and pectin, and in other forms, such

as tannins. As filamentous fungi are the main organisms that modify and degrade

lignocellulose, they have developed a versatile metabolism to convert the aromatic

compounds that are toxic at relatively low concentrations to less toxic ones. During this

process, fungi form metabolites some of which represent high-value platform chemicals

or important chemical building blocks, such as benzoic, vanillic, and protocatechuic acid.

Especially basidiomycete white-rot fungi with unique ability to degrade the recalcitrant

lignin polymer are expected to perform highly efficient enzymatic conversions of aromatic

compounds, thus having huge potential for biotechnological exploitation. However, the

aromatic metabolism of basidiomycete fungi is poorly studied and knowledge on them

is based on the combined results of studies in variety of species, leaving the overall

picture in each organism unclear. Dichomitus squalens is an efficiently wood-degrading

white-rot basidiomycete that produces a diverse set of extracellular enzymes targeted

for lignocellulose degradation, including oxidative enzymes that act on lignin. Our

recent study showed that several intra- and extracellular aromatic compounds were

produced when D. squalens was cultivated on spruce wood, indicating also versatile

aromatic metabolic abilities for this species. In order to provide the first molecular level

systematic insight into the conversion of plant biomass derived aromatic compounds

by basidiomycete fungi, we analyzed the transcriptomes of D. squalens when grown

with 10 different lignocellulose-related aromatic monomers. Significant differences for

example with respect to the expression of lignocellulose degradation related genes, but

also putative genes encoding transporters and catabolic pathway genes were observed

between the cultivations supplemented with the different aromatic compounds. The
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results demonstrate that the transcriptional response of D. squalens is highly

dependent on the specific aromatic compounds present suggesting that

instead of a common regulatory system, fine-tuned regulation is needed for

aromatic metabolism.

Keywords: transcriptome, gene expression, basidiomycete, Dichomitus squalens, aromatic compounds,

lignocellulose, lignin, platform chemicals

INTRODUCTION

Non-edible lignocellulosic biomass is increasingly researched
as a sustainable alternative to fossil fuel-based energy sources,
biomaterials, and chemicals. Majority of lignocellulose waste
originates from forestry (e.g., bark, logging debris, and sawdust)
or agriculture (e.g., rice and wheat straw, corn stover and
sugar cane bagasse) and is mainly composed of cellulose,
hemicelluloses, and lignin. Lignin is an aromatic polymer and
the most recalcitrant constituent present in woody plant cell
walls, where it e.g., provides rigidity, resistance against microbial
invasion and facilitates water transportation (Tolbert et al., 2014).
In softwoods, the amount of lignin can be up to 32% of plant dry
weight (Sjöström, 1993), and it is the most abundant renewable
source of aromatic compounds on earth. Lower amounts of
aromatic compounds are also present in plant biomass as side-
groups of polysaccharides xylan and pectin, as well as in tannins
(McLeod, 1974; Mäkelä et al., 2015). Aromatics derived from
plant biomass have applications in various industrial sectors, e.g.,
as precursors for synthesis of biopolymers (Kawaguchi et al.,
2017; Feghali et al., 2018; Kohlstedt et al., 2018). Therefore,
lignocellulose holds a great potential as a source of chemical
building blocks for the sustainable production of valuable
compounds in biorefineries.

Despite huge prospects, lignin remains the least utilized
polymer in lignocellulose (Rinaldi et al., 2016). Degradation of
lignin is difficult due to its insolubility and complex, random
structure with various non-hydrolysable intramolecular C-C,
C-O, and β-aryl ether bonds (Hatakka and Hammel, 2011).
Therefore, the vast majority of lignin, which is formed as
major byproduct of the wood-related biorefineries as well as
pulp and paper industry, is currently being used for low-
value production of heat and electricity (Calvo-Flores and
Dobado, 2010). However, fragmentation of lignin can be achieved
by physical and/or chemical methods, and several phenolic
compounds, such as p-coumaric acid, p-hydroxybenzoic acid,
ferulic acid, vanillin, and vanillic acid, are already produced from
lignin via chemical oxidation or pyrolysis (Otto and Simpson,
2006; Li et al., 2015). Nowadays, with the global move toward the
bio-based economy, great attention is given to development of
environmentally friendly modification methods of lignocellulose,
such as enzymatic conversion (Den et al., 2018).

Basidiomycete white-rot fungi are the only organisms that are
able to degrade all polymers present in lignocellulose, including
high molecular weight native lignin molecules (Hatakka and
Hammel, 2011). During this process, fungi form metabolites
some of which represent high-value platform chemicals or

industrially important chemical building blocks, such as benzoic
and protocatechuic acid (Lubbers et al., 2019). While, the
extracellular plant biomass degrading enzyme systems of the
white-rot fungi have been extensively studied (Mäkelä et al., 2014;
Rytioja et al., 2014; Manavalan et al., 2015; An et al., 2019), the
knowledge on their metabolism converting the resulting small
aromatic compounds is still far from complete. For example,
instead of systematic characterization of full metabolic pathways,
mainly single conversions of specific compounds have been
studied (Mäkelä et al., 2015; Lubbers et al., 2019). It should also
be noted that many wood-degrading basidiomycetes have been
reported to synthesize aromatic compounds such as vanillin and
veratryl alcohol (Harper et al., 1990; Lomascolo et al., 1999).

Dichomitus squalens is an efficient wood-degrading white-
rot fungus that predominantly degrades softwood (Andrews
and Gill, 1943; Renvall et al., 1991), but can also grow on
hardwoods (Blanchette et al., 1987) in nature. D. squalens is
a promising reference species to investigate white-rot fungal
plant biomass degradation, as it has a flexible physiology to
utilize different types of biomass as sources of carbon and
energy (Rytioja et al., 2017; Daly et al., 2018). We recently
showed that D. squalens produces several intra- and extracellular
aromatic compounds during cultivation of on wood (Daly
et al., 2018) and characterized the first functional β-O-4 bond
cleaving fungal β-etherase (GST1) from this species (Marinović
et al., 2018). All these aspects higlight the suitability of D.
squalens for studies on fungal metabolism of lignocellulose-
related aromatic compounds.

In this study, we aimed to provide the first systematic,
molecular level insight into the white-rot fungal response to
plant biomass related aromatic monomers. For this, we used
RNA sequencing (RNA-seq) to identify all differentially expressed
transcripts in D. squalens when the fungus was exposed to
10 different monomeric aromatic compounds in comparison
with control conditions without aromatic compounds. The
aromatic compounds included cinnamic acid, which in lignin
biosynthesis can be converted to the three monolignol building
blocks of lignin, i.e., coniferyl, sinapyl, and p-coumaryl alcohol
(Humphreys and Chapple, 2002), coniferyl alcohol, which is one
of the monolignols (Vanholme et al., 2010), and eight putative
metabolic conversion products of lignin (ferulic acid, vanillin,
vanillyl alcohol, vanillic acid, protocatechuic acid, veratryl
alcohol, p-coumaric acid, p-hydroxybenzoic acid). Regulons
for each aromatic compound were defined as the number of
genes with differential expression when compared to control
conditions. Significant differences were observed between the
studied cultivations, i.e., with respect to the expression of
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genes with predicted intracellular oxidative activity including
oxidoreductases, alcohol dehydrogenases, and cytochrome P450
monooxygenases, showing that the transcriptional response
of D. squalens is highly dependent on the specific aromatic
compounds present.

MATERIALS AND METHODS

Fungal Strain and Growth Conditions
Dichomitus squalens dikaryotic strain FBCC312 was obtained
from the FBCC-HAMBI culture collection (www.helsinki.fi/
hambi/) and maintained on 2% (w/v) malt extract 2% (w/v)
agar (MEA) plates. All other cultivations were inoculated
with single mycelium-covered agar plug (0.5 cm in diameter)
from a freshly growing MEA plate. Stocks of ferulic acid
(Sigma), vanillyl alcohol (Fluka), vanillin (Merck), vanillic acid
(Fluka), p-coumaric acid (Sigma), protocatechuic acid (Sigma),
p-hydroxybenzoic acid (Fluka), cinnamic acid (Merck), veratryl
alcohol (Fluka), or coniferyl alcohol (gift from the Department of
Chemistry, University of Helsinki) were prepared by dissolving
in 40% (v/v) dimethyl sulfoxide (DMSO; VWR Chemicals) to
the final concentration of 40mM. The inhibiting effect of the
tested aromatics and/or DMSO on D. squalens was assessed by

growing the fungus on low-nitrogen asparagine-succinate (LN-
AS, pH 4.5) 1.5% (w/v) agar plates with 0.05% (v/v) glycerol
(Hatakka and Uusi-Rauva, 1983) and supplemented with 0.2, 0.5,
or 1mM aromatic compounds, which contained 0.2, 0.5, or 1%
DMSO, respectively. The duplicate plates were inoculated with a
centrally placed agar plug and incubated at 28◦C in the dark for
4 days. The toxicity was assessed by measuring the diameter of
the radial growth of fungal colony in comparison to the plates
without aromatic compounds.

For the gene expression analyses, the fungus was grown on
LN-AS agar plates containing 0.05% (v/v) glycerol and 0.5%
(v/v) DMSO (no aromatics control) or 0.05% (v/v) glycerol and
0.5mM of one of the mentioned aromatic compounds as the only
carbon sources. Before inoculation with an agar plug, each plate
was covered with a sterile polycarbonate membrane (GVS Life
Sciences) to facilitate the harvesting of the mycelia. After 4 days
of growth at 28◦C, mycelium from the outer ring (1.5 cm wide)
of the fungal colony was carefully scraped with an RNase-free
spatula and flash frozen in liquid nitrogen. For each condition,
three biological replicate cultures were performed.

Preparation and Sequencing of RNA
Dichomitus squalens RNA was extracted from the cultivations
supplemented with the 10 different aromatic compounds and
analyzed by RNA sequencing (RNA-seq). First, frozen mycelia
were transferred to a pre-chilled 2mL lysing matrix tube (MP
Biomedicals) with 1mL of TRIzol (Sigma) and ground in a tissue
homogenizer (FastPrep-24TM, MP Biomedicals) for 2 × 10 s at
maximum speed, with a cooling on ice between the grinding.
After 5min incubation at RT, 0.2mL chloroform was added,
the tubes were shaken vigorously and incubated for additional
3min at RT. Then, the samples were centrifuged for 10min,
13,000 × g, at 4◦C and the aqueous phase containing RNA was
carefully collected and processed using the NucleoSpin RNA II

purification kit (Macherey-Nagel) according to manufacturer’s
instructions. The quantity and integrity of RNA were measured
with NanoDrop One Microvolume UV-Vis Spectrophotometer
(Thermo Scientific) and RNA600 Nano Assay using the Agilent
2100 Bioanalyzer (Agilent Technologies, USA).

Purification of mRNA, synthesis of cDNA library and
sequencing on the Illumina HiSeq2500 platform were performed
at the Joint Genome Institute (JGI, Walnut Creek, USA) as
described previously (Daly et al., 2018). One sample from veratryl
alcohol cultivation did not pass the quality control and was
removed from the sequencing queue.

The monokaryotic D. squalens CBS464.89 strain derived from
the FBCC312 dikaryon (Pham et al., 1990; Casado López et al.,
2017) is currently the bestD. squalens reference genome available
(Casado López et al., 2019), and was therefore used to map the
filtered reads from each library. The reads from each of the
RNA-seq samples were deposited in the Sequence Read Archive
at NCBI with individual sample BioProject Accession numbers
(PRJNA500193 to PRJNA500234).

RNA-Seq Data Analysis
Gene expression levels were measured as Fragments Per Kilobase
of transcript per Million mapped reads or FPKM (Trapnell et al.,
2010). Genes with FPKM > 70 and FPKM < 10 were considered
highly and lowly expressed, respectively, and genes with 10–
70 FPKM moderately expressed. The correlation matrix and
principal component analysis (PCA) were performed using the
corrplot and FactoMineR package (Lê et al., 2008), respectively,
in R version 3.5.0.

Transcript levels of the samples cultivated with glycerol
and aromatic compounds (ferulic acid, vanillyl alcohol,
vanillin, vanillic acid, p-coumaric acid, protocatechuic acid, p-
hydroxybenzoic acid, cinnamic acid, veratryl alcohol, or coniferyl
alcohol) were compared to the control cultures without aromatics
using DESeq2 version 1.10.0 (Love et al., 2014). Between each
pair of conditions, differentially expressed genes with fold change
> 2, adjusted p < 0.01, and FPKM > 10 in at least one condition
were identified. Functional annotation of differentially expressed
genes was based on combined information from EuKaryotic
Orthologous Groups (KOG), Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway mapping, InterPro protein sequence
analysis & classification, and Carbohydrate-Active enZymes
(CAZy) classifications for D. squalens CBS464.89 (Dicsqu464_1)
retrieved from JGI MycoCosm database (https://genome.jgi.doe.
gov/cgi-bin/kogBrowser?db=Dicsqu464_1) and updated with
information from Daly et al. (2018). Genes with annotation in
more than one database were manually assigned into one of
the four main functional groups created based on KOG system:
“Carbohydrate-Active enzyme (CAZyme),” “Metabolism,”
“Cellular processes and signaling,” or “Information storage and
processing.” Genes lacking well-defined annotation or present in
only one database were collected in “General function prediction
only” and genes without any available annotation in “Not
annotated” groups, respectively.

The statistically overrepresented Gene Ontology (GO) terms
were analyzed using the Biological Networks Gene Ontology
(BiNGO) plugin in the Cytoscape v 3.6.0 software (Maere et al.,
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2005), with custom input Dicsqu464_1 GO annotation retrieved
from JGI MycoCosm database (https://genome.jgi.doe.gov/
cgi-bin/kogBrowser?db=Dicsqu464_1). Hierarchical clustering
heatmaps were made using gplots package in R, with the
complete-linkage clustering method and Euclidean distance.
Intersection groups, representing unique sets of gene identified
only between intersected elements, were visualized using UpSetR
package v1.3.3 in R. Protein sequences of previously identified
bacterial and fungal aromatic metabolic genes were retrieved
from National Center for Biotechnology Information (NCBI,
https://www.ncbi.nlm.nih.gov/) based on information collected
in Lubbers et al. (2019) and used as a query for homology search
in Dicsqu464_1 genome.

RESULTS

Growth of D. squalens on Different
Aromatic Monomers
In this study, we aimed to provide the first molecular level
systematic insight into the conversion of lignocellulose-related
aromatic monomers by the basidiomycete fungus D. squalens.
Ten compounds were chosen for the comparative analysis:
coniferyl alcohol, ferulic acid, vanillin, vanillyl alcohol, vanillic
acid, veratryl alcohol, protocatechuic acid, p-coumaric acid,
p-hydroxybenzoic acid, and cinnamic acid. Cinnamic acid
is a plant L-phenylalanine-derived compound that can be
converted via several biosynthetic steps into three different
phenylpropanoid precursors of lignin (monolignols), including
coniferyl alcohol (Leisola et al., 2012; Wang et al., 2013). The
remaining monomeric aromatic compounds are predicted to be
intermediate products of aromatic metabolism in filamentous
fungi (Mäkelä et al., 2015). Vanillin and p-coumaric acid were
previously reported to be formed during lignin degradation
by several bacterial species (Lubbers et al., 2019), and ferulic
acid was chosen because it is commonly present in biomass
as e.g., substituent of xylans. Additionally, p-hydroxybenzoic
acid, protocatechuic acid and vanillic acid were identified in the
metabolome of D. squalens grown on spruce wood for two and
four weeks (Daly et al., 2018), while p-hydroxybenzoic acid and
vanillic acid have also been formed during spruce degradation by
the white-rot fungus Phanerochaete chrysosporium (Chen et al.,
1982).

Many aromatic compounds have inhibitory effect on fungal
growth even at low concentrations (Adeboye et al., 2014; Lima
et al., 2018). Therefore, the influence of the selected aromatics
on the growth of D. squalens was tested in final concentrations
of 0.2, 0.5, and 1mM. The growth medium was additionally
supplemented with 0.05% glycerol due to previous reports
showing that many white-rot fungi metabolize lignin-related
aromatic compounds only in the presence of an alternate carbon
and energy source (Kirk and Farrel, 1987). None of the tested
aromatic compounds had inhibitory effect of the growth of
D. squalens determined as the diameter of the colony at final
concentration 0.2mM, while at 0.5mM small growth reduction
was observed on vanillin and cinnamic acid (Figure 1). In final
concentration of 1mM, all aromatics, except p-hydroxybenzoic

acid, inhibited the growth of D. squalens. Vanillin and cinnamic
acid restricted the growth most. All aromatic compounds were
dissolved in 40% DMSO, since DMSO was previously reported
as an optimal solvent for Kraft lignin without affecting activity
of the main lignin-degrading enzymes in the white-rot fungus
Coriolus (Trametes) versicolor (Brzonova et al., 2017). The radial
growth of D. squalens was not reduced by the presence of 0.2–
0.5% DMSO as observed from the control cultivations without
addition of aromatic compound (Figure 1). However, a small
reduction in the growth of the fungal colony was observed with
1%DMSO. Based on these results, an intermediate concentration
of aromatics, 0.5mM with 0.5% DMSO, was chosen for the
transcriptome induction in D. squalens.

D. squalens Showed Specific
Transcriptional Response to
Lignin-Related Aromatic Compounds
Gene expression in D. squalens exposed to the monomeric
aromatic compounds was analyzed by RNA-seq. Genes with
FPKM < 10 in all tested conditions were considered not
expressed and excluded from the analysis. Correlation matrix
and PCA analysis of the remaining set of 8,733 expressed
genes showed high correlation between the biological
triplicate cultivations, but also close similarity between
different aromatic compounds (correlation coefficient 0.95–
1; Supplementary Table 1), suggesting that the most differences
are in the subsets of genes. Regulons, i.e., the sets of the regulated
genes, were defined as the number of the differentially expressed
genes in D. squalens cultures supplemented with aromatic
compounds when compared to the control conditions using
the cutoff values described in Material and Methods. Control
cultivations were performed with 0.05% glycerol and 0.5%
DMSO without addition of aromatics. It is worth mentioning
that the sum of the genes identified in each aromatic regulon
was higher than the total number of the regulated genes due
to the fact that some genes were co-regulated by two or more
aromatic compounds. Expression of all genes identified as up-
and downregulated in D. squalens in the presence of aromatic
compounds can be found in the Supplementary Tables 1,
2. Regulons for each aromatic compound were compared
to identify sets of commonly and uniquely affected genes
(Figures 2, 3 and Table 1).

Among the upregulated genes, 268 (46.9%) were affected
by a single aromatic compound. Notably lower number of
upregulated genes was affected by more than one of the
tested aromatic compounds (Table 1). Vanillin upregulated
the largest set of genes (303) and also the largest number
of uniquely upregulated genes (74; Figure 2). Large number
of these genes was functionally associated with metabolism,
although genes with only general prediction available were
also abundant. Cinnamic acid upregulated the second largest
regulon (230 genes) and the second largest unique intersection
(60 genes). The third largest group of uniquely upregulated
genes (42) responded to both vanillin and cinnamic acid.
Similarly, aromatics that upregulated large regulons (coniferyl
alcohol, 140 genes; p-coumaric acid, 148 genes) are among the
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FIGURE 1 | D. squalens FBCC312 grown on LN-AS agar medium supplemented with 0.05% glycerol and increasing concentrations (0.2, 0.5, 1mM) of selected

aromatic compounds. Several tested aromatics had inhibitory effect on fungal growth at 1mM, and therefore the final concentration of 0.5mM was used for

transcriptome induction. Low concentrations of DMSO (0.2–0.5%) used as a solvent for the aromatic compounds did not affect fungal growth. Plates were incubated

for 4 days at 28◦C.
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FIGURE 2 | Comparative analysis of all upregulated genes in D. squalens grown in the presence of aromatic compounds. The horizontal bars represent the total

number of genes identified as upregulated on the individual aromatic compounds using criteria specified in the Materials and Methods. The vertical bars or

intersections represent the number of genes that were regulated by one or more aromatic compounds (intersecting conditions). The intersections were organized by

size and top 25 sets with the highest number of genes were presented. The genes in each intersection were color-coded according to their predicted functional

classification.

conditions with the highest uniquely upregulated intersections
(>20 genes). However, protocatechuic acid upregulated more
specific genes (30) than p-coumaric acid (21), despite much
smaller regulon (105). On vanillic acid, which upregulated one of
the largest sets of genes (120), only four genes were specifically
affected. It is also worth mentioning that out of the 10 largest
intersections, seven are upregulated specifically by a single
aromatic compound (Figure 2).

In total 197 (40.9%) of all, downregulated genes were affected
by a single aromatic compound (Table 1). Accordingly with
the upregulated genes, much lower number of the genes were
affected by two or more aromatic compounds. None of the genes
was downregulated in response to all 10 aromatic compounds.
Similarly to the upregulated regulons, vanillin downregulated
the largest set of genes (297) including 71 specifically affected
genes (Figure 3). In addition, the downregulated genes included
much lower number of putative metabolic genes and large set of
genes with poor or not existing annotation. Remarkably, out of
14 intersections containing two or more conditions, vanillin was
involved in co-regulation of 11 intersections of genes (Figure 3).
Coniferyl alcohol and cinnamic acid downregulated 46 and 28

unique genes, respectively, followed by another 28 genes, which
were downregulated by both vanillin and cinnamic acid.

Aromatic Monomers Induce Expression of
Genes Relevant for the Utilization of
Lignocellulose
Gene Ontology Enrichment Analysis
To identify cellular processes that are activated and repressed in
response to each aromatic compound, all functionally annotated
genes were subjected to the Gene Ontology (GO) enrichment
analysis. Many GO terms linked to aromatic metabolism
(oxidative activities) and lignocellulose utilization (hydrolytic
activities, carbohydrate binding and metabolism, and lignin-
modifying activities) were over-represented among upregulated
genes (Figure 4 and Supplementary Table 3). Several broad GO
terms related to oxidative activity were commonly enriched
among genes upregulated by tested aromatic compounds.
These included e.g., dioxygenase activity (GO:0051213) that
was enriched on ferulic acid, vanillyl alcohol, vanillin, vanillic
acid, protocatechuic acid, p-coumaric acid, p-hydroxybenzoic
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FIGURE 3 | Comparative analysis of all downregulated genes in D. squalens grown in the presence of aromatic compounds. The horizontal bars represent the total

number of genes identified as downregulated on the individual aromatic compounds. The vertical bars or intersections represent the number of genes that were

regulated by one or more aromatic compounds (intersecting conditions). The intersections were organized by size and top 25 sets with the highest number of genes

were presented. The genes in each intersection were color-coded according to their functional classification.

TABLE 1 | Number of genes differentially expressed by D. squalens in response to one or more aromatic compounds (intersecting conditions).

No. of intersecting conditions 1 2 3 4 5 6 7 8 9 All

Upregulated genes 268 (46.9%) 127 (22.2%) 60 (10.5%) 44 (7.7%) 24 (4.2%) 18 (3.2%) 10 (1.8%) 6 (1.1%) 9 (1.6%) 5 (0.9%)

Downregulated genes 197 (40.9%) 97 (20.1%) 66 (13.7%) 39 (8.1%) 22 (4.6%) 19 (3.9%) 15 (3.1%) 23 (4.8%) 4 (0.8%) 0 (0%)

Genes that were up- or downregulated in response to unique aromatic compound were considered to be part of specific transcriptional response in D. squalens. Total of 1,053 genes

were differentially expressed in response to aromatic compounds, of which 571 were upregulated and 482 downregulated.

acid and cinnamic acid, and oxidoreductase activity acting on
the CH-OH group of donors, NAD or NADP as acceptor
(GO:0016616) that was enriched on ferulic acid, vanillin,
vanillic acid, p-coumaric acid, and cinnamic acid (Figure 4).
Nonetheless, differences between aromatics were found at the
higher specificity level, for example direct descendants (child
terms) of GO:0016616, such as epoxide dehydrogenase activity
and phenylcoumaran benzylic ether reductase activity were only
enriched on vanillin and cinnamic acid, while 3-oxoacyl-[acyl-
carrier-protein] reductase activity was specifically enriched on
vanillic acid (Supplementary Table 3).

GO terms related to hydrolytic activity acting on glycosyl
bonds (GO:0004553) were commonly enriched among

upregulated genes, including mannosidase, fucosidase, and
amylase activities on coniferyl alcohol, ferulic acid, vanillyl
alcohol, vanillin and vanillic acid, and polygalacturonase
activity on ferulic acid and vanillyl alcohol (Figure 4 and
Supplementary Table 3). GO terms associated with lignin
oxidation, including laccase activity and copper ion binding,
were over-represented among genes upregulated by coniferyl
alcohol, veratryl alcohol, and p-coumaric acid. GO terms
linked to other metabolic processes were less abundant,
such as lipase activity uniquely enriched on veratryl alcohol
and peptidase activity on coniferyl alcohol. Interestingly,
two GO terms related to transcriptional regulation, i.e.,
regulation of nitrogen utilization and transcription repressor
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FIGURE 4 | Gene Ontology (GO) terms associated with the function of genes upregulated in the presence of aromatic compounds in D. squalens. The size and color

of the circles represent the number of genes and statistical significance of enriched GO terms, respectively. The GO terms with redundant biological role were manually

removed on the figure. The full list of enriched GO terms can be found in Supplementary Table 3.

activity, were enriched on ferulic acid, vanillic acid, and
p-coumaric acid.

Among the downregulated genes, notably lower number
of enriched GO terms was found. Several GO terms
related to structural elements of cell wall (GO:0005199)
were overrepresented among genes downregulated by
coniferyl alcohol, ferulic acid, vanillyl alcohol, and vanillin
(Supplementary Table 3). Vanillin, vanillic acid, and cinnamic
acid also downregulated genes enriched in metal ion
binding (iron, heme). Additionally, few GO terms related
to oxidoreductase activity (e.g., GO:0016491, GO:0016705)
with lower enrichment score were identified among genes
downregulated in the presence of cinnamic acid, vanillic acid,
vanillin, and ferulic acid.

Metabolic Genes Important for Conversion of

Aromatics
To facilitate the functional analysis, all differentially
expressed genes were tentatively assigned to groups using
the above-mentioned KOG-based classification system

(Supplementary Table 1; columns: assigned functional group
and class). The presence of lignocellulose-related aromatic
compounds, induced expression of 192 putative metabolic
genes (43% of all upregulated genes) in D. squalens, including
large set of putative cytochrome P450 (cytP450) and aldehyde
dehydrogenase encoding genes that may be involved in
aromatic metabolism (Supplementary Table 1). Additionally,
several differentially expressed genes were identified as best
hits in protein sequence homology search using previously
characterized bacterial and fungal aromatic enzymes as
query (Table 2, Supplementary Table 4). Expression-based
hierarchical clustering of 147 metabolic genes that were
considered relevant to lignin utilization led to the identification
of eight clusters of upregulated genes (Figure 5, Clusters A–
H). Upregulated metabolic genes associated with amino acid
(29), lipid (14), and nucleotide (2) transport and metabolism
(Supplementary Table 1) were omitted when drawing Figure 5,
as they are less likely to be related to aromatic metabolism and
lignin utilization. Cluster A contains genes with high expression
levels (>70 FPKM) only in the presence of aromatic compounds,
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TABLE 2 | Differentially expressed D. squalens genes with low to medium level of sequence homology to previously identified bacterial (Atu1415, BadA, BagX, BclA, BenD, CalA, CalB, CouL, Fcs, HapB, HbaA, PobA,

XlnD, SdgC, NahG) and fungal (BphA, CprA, Phhy, PcCYP1f, CYP53A15) aromatic enzymes.

Protein ID Best hit for (% hit coverage/

% hit identity)

Control Coniferyl

alcohol

Ferulic

acid

Vanillyl

alcohol

Vanillin Vanillic

acid

Veratryl

alcohol

Protocatechuic

acid

p-

coumaric

acid

p-hydroxy-

benzoic

acid

Cinnamic

acid

416914 p-Hydroxyphenoxy-β-hydroxyacyl-CoA

dehydrogenae Atu1415 (31.56%/40.86%),

Benzoate 1,2-dioxygenase BenD

(39.92%/40.28%)

38.80 35.12 49.66 49.84 32.28 26.44 59.61 35.56 38.69 22.33 77.62

974457 Benzoate-CoA ligase BadA

(16.84%/30.46%), Feruloyl-CoA synthase

Fcs (15.39%/43.4%),

4-Hydroxybenzoate-CoA ligase HbaA

(16.36%/33.73%), Salicylyl-AMP ligase SdgA

(15.2%/32.48%)

17.41 15.81 33.66 29.65 27.99 32.58 23.09 20.25 20.64 17.75 20.97

937941 3-Hydroxybenzoate 6-hydroxylase BagX

(38.8%/35.43%) and XlnD (38.14%/40.12%),

Salicylate hydroxylase NahG

(37.25%/40.48%)

6.20 5.64 5.92 3.96 65.26 8.88 6.12 6.44 14.87 5.82 36.33

941829 Benzoate 1,2-dioxygenase BenD

(54.98%/44.2%)

5.85 3.47 4.32 5.21 52.44 5.58 6.32 6.18 4.80 5.55 5.44

814004 Benzoate 4-monooxygenase BphA

(78.89%/56.57%) and BzuA

(82.78%/53.02%), high homology to

PcCYP1f and CYP53A15

120.15 105.00 93.75 84.17 172.24 127.83 112.43 172.44 293.26 215.09 672.43

933407 Coniferyl alcohol dehydrogenase CalA

(62.97%/32.41%)

6.47 18.94 10.42 3.18 21.72 26.00 3.56 4.29 8.10 32.53 33.80

944663 Coniferyl alcohol dehydrogenase CalA

(15.83%/40%)

254.71 293.32 403.89 401.00 395.35 377.30 499.35 476.23 373.26 271.77 252.50

931033 Coniferyl aldehyde dehydrogenase CalB

(68.48%/36.65%)

49.05 72.69 60.61 62.57 81.69 55.57 92.79 63.18 175.47 52.98 94.27

95238 Cytochrome P450 reductase CprA

(76.89%/50.27%)

255.90 276.98 263.57 257.70 399.19 270.07 241.24 225.57 295.19 271.23 490.25

826556 4-Hydroxyphenylacetate esterase HapB

(49.48%/40.14%)

36.04 41.89 52.28 52.36 65.83 54.86 73.38 44.51 59.65 48.04 50.72

485773 4-Hydroxyphenylacetate esterase HapB

(42.6%/36.81%)

57.59 94.48 137.58 113.06 259.10 89.72 128.15 71.71 165.76 70.93 228.08

919857 Phenol hydroxylase PhhY (77.48%/50.3%) 28.90 17.98 25.56 24.53 20.76 25.18 28.04 30.73 72.59 73.58 58.87

919904 Phenol hydroxylase PhhY (75.12%/46.49%) 4.20 9.98 5.03 4.14 14.94 10.37 5.67 5.65 46.25 17.25 38.02

351556 p-Hydroxybenzoate-m-hydroxylase PobA

(17.75%/45.07%)

1.92 4.08 2.33 1.64 30.34 2.66 2.80 2.95 4.98 3.75 2.53

834942 Salicylyl-CoA 5-hydroxylase SdgC

(57.87%/40.59%)

100.15 104.67 110.27 107.04 139.98 112.45 110.58 157.76 140.45 113.81 248.15

(Continued)
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including four genes encoding putative cytP450 oxidoreductases
(Dicsqu464_1_PID_810755, Dicsqu464_1_PID_43835, Dicsqu
464_1_PID_953386, Dicsqu464_1_PID_808449) and seven
genes encoding other oxidoreductases (Dicsqu464_1_PID_
816083, Dicsqu464_1_PID_930248, Dicsqu464_1_PID_80
2628, Dicsqu464_1_PID_131091, Dicsqu464_1_PID_966
453, Dicsqu464_1_PID_934340, Dicsqu464_1_PID_812913).
Interestingly, Dicsqu464_1_PID_816083 and Dicsqu464_1
_PID_812913 had low sequence homology to salicylyl-CoA
5-hydroxylase SdgC, which is involved in salicylic acid pathway
in Streptomyces sp. (Ishiyama et al., 2004). Majority of genes
in cluster A, 20 out of 29, were co-regulated by more than one
aromatic compound. These include two genes (Dicsqu464_1
_PID_914361 encoding putative UDP-glucosyl transferase and
Dicsqu464_1_PID_953386 encoding cytP450) that were induced
by all 10 compounds and another two genes (Dicsqu464_1
_PID_131091 encoding putative zinc-binding oxidoreductase
and Dicsqu464_1_PID_845669 encoding putative glutathione
S-transferase) that were affected by nine aromatics. Vanillin,
p-coumaric acid, and cinnamic acid had the strongest effect and
upregulated 22, 18, and 17 genes from cluster A, respectively.
Genes in clusters B, C, and E were moderately expressed in
the presence of the studied aromatic compounds. Vanillin and
cinnamic acid upregulated the highest number of genes: 19 and
18 in cluster B, 24 and 15 in cluster C, and 5 and 4 in cluster
E, respectively. Genes in cluster D were strongly upregulated
in the presence of cinnamic acid and contained six putative
NADP-dependent oxidoreductases (Dicsqu464_1_PID_9
10000, Dicsqu464_1_PID_1041364, Dicsqu464_1_PID_90
7982, Dicsqu464_1_PID_932020, Dicsqu464_1_PID_93513,
Dicsqu464_1_PID_914731) and two cytP450 encoding genes
(Dicsqu464_1_PID_821434, Dicsqu464_1_PID_978088).
Cluster F contains a single gene encoding zinc-binding
oxidoreductase that was very strongly upregulated in the
presence of p-coumaric acid (928-fold change when compared
to control). Clusters G and H contain genes, which were
highly expressed in the control samples. However, their
expression showed significant increase with some of the aromatic
compounds. Interestingly, 10 out of 19 genes in cluster G were
uniquely upregulated by a single aromatic compound.

Genes Encoding Plant Cell Wall Modifying Enzymes
In total 74 (13%) of all upregulated genes encoded putative
Carbohydrate-Active enZymes (CAZymes), including 53 and 13
that were related to plant polysaccharide and lignin degradation,
respectively. Vanillic acid, vanillin and ferulic acid upregulated
the largest sets of polysaccharide-related genes (> 22 each),
while veratryl alcohol, p-coumaric acid and p-hydroxybenzoic
acid induced the smallest sets (< five genes each). Majority
of induced genes related to lignin-degradation responded to
coniferyl alcohol (nine out of 13), while vanillyl alcohol did not
induce any lignin-degradation related genes. Induced CAZyme
encoding genes clustered based on their expression into seven
groups (Figure 6). Cluster I include four putative lignin-, eight
(hemi)cellulose-, and five pectin-related CAZyme encoding
genes. One laccase encoding gene (Dicsqu464_1_PID_928381)
was induced 3.5-fold by coniferyl alcohol, 2.8-fold by veratryl
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FIGURE 5 | Hierarchical clustering of metabolic genes that were upregulated in the presence of aromatic compounds in D. squalens. The color code represents

average and log2 expression values (FPKM+1) from biological triplicate cultures. Significantly upregulated genes are marked with a hashtag sign (#). The protein ID

and (putative) function are shown on the right. Genes that belong to “Amino acid transport and metabolism” (29), “Lipid transport and metabolism” (14), and

“Nucleotide transport and metabolism” (2) classes were omitted.
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FIGURE 6 | Hierarchical clustering of CAZy genes that were upregulated in the presence of aromatic compounds in D. squalens. The color code represents average

and log2 expression values (FPKM+1) from biological triplicate cultures. Significantly upregulated genes are marked with a hashtag sign (#). The protein ID and

(putative) function are shown on the right.

alcohol, and 2.5-fold by p-coumaric acid, while one manganese
peroxidase (MnP) encoding gene (Dicsqu464_1_PID_825018)

was 4.2-fold upregulated only in the presence of the monolignol
coniferyl alcohol. Cluster K includes lower expressed genes and
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genes putatively encoding enzymes involved in (hemi)cellulose
and pectin degradation, whereas majority of genes in clusters
L and M are predicted to be involved in lignin-degradation
(eight out of ten). Coniferyl alcohol induced the highest
number of genes (seven out of ten) in clusters L and M
when compared to other aromatic compounds. Despite low
expression in control conditions, cluster L contains interesting
expression patterns including one versatile peroxidase (VP)
encoding gene (Dicsqu464_1_PID_1042937), which was 6.7-fold
up-regulated by coniferyl alcohol, 7.6-fold by cinnamic acid,
and 4.0-fold by vanillin. Cluster M contains one mnp gene
(Dicsqu464_1_PID_808604) strongly up-regulated (>14-fold
increase) by coniferyl alcohol and protocatechuic acid, and one
laccase gene (Dicsqu464_1_PID_49524) strongly upregulated
(12.4-fold increase) by p-coumaric acid among others.

Clusters J and N included genes that were highly expressed
(>70 FPKM) only in the presence of aromatic compounds.
Vanillin induced the highest number of genes (11) in cluster
J, followed by ferulic and vanillic acid (8 genes both). One
laccase encoding gene (Dicsqu464_1_PID_59186) was strongly
upregulated in the presence of coniferyl alcohol showing 10.5-
fold increase, while vanillin caused 6.3-fold and p-coumaric acid
6.9-fold induction, and 3.3-, 3.5-, and 3.3-fold increase was
caused by vanillic acid, veratryl alcohol, and p-hydroxybenzoic
acid, respectively. The genes encoding putative pectin-acting
enzymes in cluster J were generally upregulated in the presence
of vanillin, vanillic acid and protocatechuic acid, with exception
of a feruloyl esterase encoding gene (Dicsqu464_1_PID_501043)
that was induced only by veratryl alcohol and p-coumaric acid.
Cluster O contain genes with the highest expression among
all CAZymes. These genes encoded mainly putative glycoside
hydrolase (GH) enzymes related to pectin degradation.

Other Differentially Expressed Genes
Beside metabolic enzymes and CAZymes encoding genes,
aromatic compounds induced expression of several other genes
that could be relevant for lignocellulose degradation in D.
squalens. Upregulated genes included 17 putative transporters
(three ABC and 14 Major Facilitator Superfamily transporters),
14 genes involved in defense mechanisms/metabolism (mainly
NAD-dependent epimerase/dehydratases), and four putative
hydrophobin encoding genes tentatively assigned to “cellular
processes and signaling” group (Supplementary Table 1).
Additionally, hierarchical clustering analysis of genes with
only partial annotation or not included in the traditional KOG
classification (here tentatively assigned to a group with “general
function prediction only”), showed interesting expression
patterns (Supplementary Figure 2). Genes from cluster P
and R were especially highly expressed in the presence of
aromatic compounds, and at least 20 had putative metabolic
function related to oxidoreductase activity and therefore
could be related to aromatic metabolism. Interestingly, one
putative intradiol ring-cleaving dioxygenase encoding gene,
Dicsqu464_1_PID_972012, clustered together with the highest
expressed genes in this group and was additionally upregulated
on vanillin, p-coumaric acid, p-hydroxybenzoic acid, and
cinnamic acid (Supplementary Figure 2, Cluster R). There

are two types of aromatic ring-cleaving enzymes, intradiol
dioxygenases, which cleave aromatic ring between the OH
groups and extradiol dioxygenases, which cut next to the OH
group (Lubbers et al., 2019). Besides Dicsqu464_1_PID_972012,
D. squalens expressed second putative intradiol dioxygenase,
Dicsqu464_1_PID_819116, and one putative extradiol
dioxygenase, Dicsqu464_1_PID_963638. While both genes
were not highly expressed, their expression was upregulated
by nearly all tested aromatic compounds (nine out of ten,
Supplementary Table 1). Another important group of genes
included three upregulated putative transcription factor
encoding genes (“information storage and processing”), while
additional three putative transcription factor candidates
were found in the group of genes with general function
prediction only (Supplementary Figure 2). Moreover, large
part of the transcriptome upregulated in D. squalens in
the presence of aromatic compounds was very poorly
annotated, including many gene models without any
annotation available (Figures 2, 3 and Supplementary Table 1).
Expression of these genes was analyzed using hierarchical
clustering and several highly expressed clusters strongly
affected by the aromatic compounds were identified
(Supplementary Figure 3).

DISCUSSION

Aromatic components present in lignocellulose, especially in the
aromatic lignin polymer hold a great potential for production
of renewable high-value products, e.g., multifunctional aromatic
compounds that could be used as alternative to fossil fuel-
derived chemicals or their precursors (Li et al., 2015; Feghali
et al., 2018). While many microbes can degrade lignocellulose,
white-rot basidiomycete fungi are the only organisms in nature
that break down all the polymeric components of lignocellulose,
including recalcitrant lignin (Rytioja et al., 2014;Manavalan et al.,
2015; Sista Kameshwar and Qin, 2018). Moreover, these fungi
have developed a complex metabolic system for conversion of
lignocellulose-related aromatic compounds (Mäkelä et al., 2015),
which makes them interesting candidates to study especially with
relation to lignin valorization.

In this study, we used genome-wide transcriptomic analysis
to provide the first systematic insight into conversion of various
lignocellulose-related aromatic compounds by the well-studied
white-rot fungus D. squalens (Dong et al., 2014; Rytioja et al.,
2015, 2017; Casado López et al., 2017; Daly et al., 2018). While
previous works have applied high-throughput RNA sequencing
(RNA-seq) to identify upregulated transcripts from D. squalens
cultivated on various lignocellulosic substrates (Rytioja et al.,
2017; Daly et al., 2018) and lignocellulose-derived monomeric
sugars (Casado López et al., 2018), providing novel insights
into plant biomass degrading machinery and transcriptional
response in this fungus, its molecular response to lignocellulose-
derived aromatic compounds has not been studied so far.
However, the potential of D. squalens for diverse aromatic
conversions has been indicated (Daly et al., 2018; Marinović
et al., 2018), but more detailed studies are needed to advance our
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understanding of these processes before assessing their potential
in biotechnological applications.

We selected 10 aromatic compounds, which were used
as inducing compounds in the D. squalens cultures, possibly
originating from fungal lignin degradation process (cinnamic
acid, coniferyl alcohol) and/or aromatic metabolism (ferulic
acid, vanillin, vanillyl alcohol, vanillic acid, veratryl alcohol,
protocatechuic acid, p-coumaric acid, p-hydroxybenzoic acid)
(Bugg et al., 2011; Mäkelä et al., 2015). Although, cinnamic acid
is an amino acid derived precursor for synthesis of monolignols
(Maeda and Dudareva, 2012), it has previously been identified
as one of the products of technical Kraft lignin degradation by
the bacteria Bacillus sp. and Cupriavidus basilensis B-8 (Raj et al.,
2007; Shi et al., 2013). Some of the tested aromatics, i.e., coniferyl
alcohol, ferulic acid and p-coumaric acid, also represent naturally
occurring p-hydroxyphenyl and guaiacyl units of lignin.

Generally, low molecular weight phenolic compounds are
toxic to fungi at relatively low concentrations, but differences
between compounds and fungal species have been reported
(Buswell and Eriksson, 1994; Guiraud et al., 1995; Neves et al.,
2005). None of the 10 aromatics tested in this study inhibited
growth of D. squalens at 0.2mM concentration. However,
higher concentrations (0.5 and 1mM) of cinnamic acid and
vanillin had clearly higher inhibitory effect than the other tested
compounds (Figure 1). This is in agreement with a previous
study, which showed that 1mM vanillin inhibited growth by
5–39% in eight white-rot fungi, while 1mM cinnamic acid
abolished growth of six out of the eight species (Buswell and
Eriksson, 1994). In the yeast Saccharomyces cerevisiae, degree
of toxicity was shown to be related to the functional groups
on the aromatic compounds, with aldehydes being the most
toxic (Ando et al., 1986; Klinke et al., 2003). However, other
studies have indicated that additional functional groups also
affect the overall toxicity (Adeboye et al., 2014). In D. squalens,
the particularly strong effect of vanillin (phenolic aldehyde) and
cinnamic acid (containing alkene and carboxylic acid groups)
when compared to the other aromatic compounds (phenolic
acids and alcohols) could be explained by their chemical
character and/or presence of functional groups. Nevertheless,
higher concentration (1mM) of all aromatic compounds, except
for p-hydroxybenzoic acid, inhibited the radial growth of D.
squalens when compared to lower concentrations of aromatics
(Figure 1). Although the amount of these aromatic compounds
under natural wood degrading conditions are not known, this
suggests that D. squalens has not been adapted to encounter very
high concentrations of the aromatic monomers in its biotope.
The fungus together with other microbes present in the natural
community may efficiently convert these compounds already
at lower concentrations, thus preventing accumulation of toxic
levels of aromatics. Interestingly, brown discoloration of the
media was observed in the presence of coniferyl alcohol, ferulic
acid, vanillyl alcohol, vanillin, vanillic acid, and protocatechuic
acid, suggesting a possible production of an unknown dark-
colored metabolite in those cultures (Figure 1). We hypothesize
that this phenomenon could be related to the formation
of quinones (e.g., methoxyhydroquinone, hydroxyquinol,
benzoquinone). Polymerized quinones, which are produced

from aromatic compounds naturally present in some fruits have
been linked to brown discoloration known as fruit browning
(Schieber, 2018). Conversion of vanillic acid, and thus also
vanillin, vanillyl alcohol, ferulic acid, and coniferyl alcohol, to
methoxyhydroquinone by decarboxylating vanillate hydroxylase
and further to hydroxyquinol has been reported in several
white-rot fungi, including Phanerochaete chrysosporium (Yajima
et al., 1979) and its anamorph Sporotrichum pulverulentum
(Buswell et al., 1981), suggesting it is a common pathway
among wood-degrading basidiomycetes. However, conversion
of protocatechuic acid to hydroxyquinone have been so far only
reported in the yeast Candida parapsilosis (Eppink et al., 1997;
Holesova et al., 2011).

The molecular responses of D. squalens to lignin-related
aromatic compounds were analyzed at transcriptome level after
induction with 0.5mM concentration of the selected aromatics.
While previous reports investigated the inducing effect of various
aromatic compounds on expression of several laccase-encoding
genes (Terrón et al., 2004; Piscitelli et al., 2011; Yang et al.,
2013, 2016; Moiseenko et al., 2018) in basidiomycete fungi,
this is, to the best of our knowledge, the first study that
addresses the genome-wide transcriptional response to aromatics
and therefore provides a new level of width and depth. The
Pearson correlation matrix of all expressed genes (8,733 genes
with FPKM >10 in at least one condition) demonstrated
high correlation between the biological triplicates, but also
between several different aromatics (Supplementary Figure 1),
suggesting that the genome-wide response toward different
aromatic compounds inD. squalens is relatively similar. This may
be due to the chemical character of the tested compounds that are
all small molecular weight phenylpropane derivatives. However,
the two-dimensional PCA highlighted differences between
the cultivations induced with the aromatics and the control
without aromatics (Supplementary Figure 1). Identification of
differentially expressed genes showed that the main differences
in mRNA levels were restricted to subsets of genes, and ∼6.5
and 5.5% of all expressed genes were identified as up- and
downregulated, respectively (Table 1). Moreover, comparative
analyses demonstrated that nearly half of these genes were
specifically triggered in response to a single aromatic compound
(46.9 and 40.9% of up- and downregulated genes, respectively;
Table 1) in D. squalens. Expression of much lower number of
genes was affected by two or more aromatics, and expression
of <1% of genes was affected by all the 10 tested compounds.
This was further visualized by plotting the top 25 intersections
with the highest number of differentially expressed genes and
analysing their respective regulating conditions (Figures 2, 3).
Respectively, seven and five out of 10 of the biggest intersections
were up- and downregulated by a single aromatic compound,
indicating very specific transcriptional response of D. squalens
to lignocellulose-related aromatics. Although, single aromatic
compounds affected the highest intersections of both up- and
downregulated genes, the specificity seems to be stronger among
upregulated genes.

Specifically regulated genes in D. squalens were tentatively
assigned to six main KOG-related groups based on their
functional annotation (Figures 2, 3), which highlighted
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functional distribution among intersecting conditions.
Unfortunately, it also pointed out that KOG categorization
is rather outdated in this species and the information between
KOG and other available databases has not been integrated.
While D. squalens is certainly not the poorest annotated
basidiomycete fungal genome (Casado López et al., 2019),
comparison of the available annotations (KOG, InterPro,
KEGG, CAZy) revealed large amount of gaps and a need for
careful manual curation and functional data integration, which,
however, was out of the scope of this study. It should be noted
that various functional categorisations may generate minor
mistakes, especially when based on partial gene annotation.
We focused our analyses on upregulated genes, as these could
be directly involved in aromatic metabolism and thus have
potential from the biotechnological point of view. Among
annotated genes, a large subset was functionally assigned to
metabolism (Figure 2) and many enriched GO terms related
to oxidative and hydrolytic activities were detected (Figure 4
and Supplementary Table 3), indicating that at least part of the
regulon induced in the presence of aromatic compounds in D.
squalens is involved in aromatic metabolism and lignocellulose
utilization. Additionally, genes upregulated in the presence
of aromatics were enriched in GO terms related to lipase and
endopeptidase activity (Figure 4). Upregulation of genes linked
to lipid and amino acid metabolism (Supplementary Table 1)
could indicate that the fungus is dealing with an increased lipid
and protein turnover e.g., due to aromatics-inflicted injuries on
cellular membranes (Fitzgerald et al., 2004; Gu et al., 2015; Wu
et al., 2016; Wang et al., 2017).

Fungal aromatic metabolism is not well-understood yet.
However, a schema of aromatic metabolism, based on combined
information from many bacterial and fungal species, have been
proposed including various known conversions of aromatic
compounds (Mäkelä et al., 2015; Lubbers et al., 2019). While
many enzymes involved in aromatic metabolism have been
characterized in bacteria, only a few of these are known
in fungi. A large sequence homology search in D. squalens
CBS464.89 genome sequence using known bacterial and fungal
aromatic enzymes as query identified 145 putative proteins.
However, due to low or medium homology, these should
not be directly treated as orthologs. Additionally, some D.
squalens genes had sequence homology to several characterized
proteins. Nonetheless, 33 of the corresponding genes were
upregulated in the presence of tested aromatic compounds
(Table 2), making those interesting candidates for further
studies. Dicsqu464_1_PID_814004 was identified with high
homology to ascomycete fungal cytP450 monooxygenases
(PcCYT1f in Penicillium chrysogenum and CYP53A15 in
Cochliobolus lunatus) and benzoate 4-monooxygenases (BphA
in Aspergillus niger and BzuA in Aspergillus nidulands) involved
in benzoic acid pathway e.g., hydroxylation of benzoic acid to p-
hydroxybenzoic acid (van Gorcom et al., 1990; Fraser et al., 2002;
Matsuzaki and Wariishi, 2005; Lah et al., 2011). Interestingly,
Dicsqu464_1_PID_814004 was upregulated by 6.1-, 2.5-, and
1.9-fold in the presence of cinnamic acid, p-coumaric acid, and
p-hydroxybenzoic acid, respectively (Table 2). According to
the aromatic metabolism schema, cinnamic acid can converted

to benzoic acid in three steps while p-coumaric acid cam
be converted to p-hydroxybenzoic acid in four steps, which
suggest that upregulation of Dicsqu464_1_PID_814004 could
indeed be related to benzoic acid metabolism in D. squalens.
Another cytP450 encoding gene, Dicsqu464_1_PID_95238,
which was identified by sequence homology to CprA involved
in benzoic acid pathway in A. niger, was 2.1-fold upregulated
on cinnamic acid. Two genes, Dicsqu464_1_PID_919857
and Dicsqu464_1_PID_919904, with homology to phenol
hydroxylase Phhy that catalyzes conversion of phenol to
catechol in yeast Trichosporon cutaneum, were upregulated on
p-coumaric acid, p-hydroxybenzoic acid and cinnamic acid
suggesting a possible link to (p-hydroxy) benzoic pathways.
Production of phenol by decarboxylation of p-hydroxybenzoic
acid have been observed in bacteria but not yet in fungi or
yeast (Lubbers et al., 2019). While the sequence homology was
certainly higher when comparing D. squalens with enzymes
characterized in ascomycete fungi, such as Aspergilli, it should be
remembered that basidiomycete and ascomycete fungi differ in
their abilities to degrade lignin and thus could have very different
aromatic metabolism. For example, the white-rot fungus
Lentinula edodes has been described to hydroxylate ferulic acid
to 2-hydroxyferulic acid and then to 2,3,4-trihydroxycinnamic
acid (Crestini and Sermanni, 1994). This is one example of many
basidiomycete-specific metabolic pathways that have not been
observed in ascomycetes.

Out of all differentially expressed genes, vanillin and
cinnamic acid upregulated the highest number of genes as
well as the highest specifically affected intersections (Figure 2),
including the largest subset of metabolic genes enriched in
several GO terms related to oxidoreductase activity acting
on the CH-CH and CH-OH group of donors with NAD or
NADP as an acceptor (Figure 4). These genes, annotated as
e.g., putative NADP-dependent oxidoreductases or short-chain
dehydrogenase/reductases (SDRs), catalyze electron transfer
and are involved in extremely vast range of reactions (Sellés
Vidal et al., 2018). Accordingly, GO analysis showed that
the genes upregulated by both vanillin and cinnamic acid
have diverse activities, such as epoxide dehydrogenase and
mevaldate reductase, and thus could be involved in several
processes (Supplementary Table 3). Other highly enriched
GO terms, oxidoreductase activity acting on paired donors
with incorporation or reduction of molecular oxygen and
monooxidase activities, included genes annotated as e.g., FAD-
binding monooxygenases and cytP450 monooxygenases.
CytP450 monooxygenases together with gluthatione S-
transferases (GSTs) are especially interesting since their
encoding genes are very abundant in the genomes of the white-
rot fungi and these enzymes are considered to be involved in
conversion of toxic aromatic compounds released from wood
degradation (Morel et al., 2013; An et al., 2019) and thus have
potential for biotechnological applications (Girvan and Munro,
2016). Interestingly, 22 cytP450 and 17 GST encoding genes were
induced in the presence of tested aromatic compounds (Figure 5,
Supplementary Table 1 and Supplementary Figure 2). Vanillin
upregulated the highest number of GSTs (11) on average by
6-fold change, while cinnamic acid upregulated the highest
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number of cytP450s (15) on average by 5.8-fold. Three of the
induced cytP450 encoding genes (Dicsqu464_1_PID_810755,
Dicsqu464_1_PID_808449 and Dicsqu464_1_PID_471653)
were previously shown to be upregulated in D. squalens
when grown on birch and spruce wood (Daly et al., 2018)
Additionally, vanillin and cinnamic acid were shown to have the
most inhibitory effect on D. squalens colony growth diameter
(Figure 1), thus suggesting that upregulated genes could catalyze
conversion of these specific compounds into less toxic ones.

White-rot fungi secrete an array of CAZymes to break large
lignocellulose polymers to smaller units that can be taken into
the fungal cells, where they are metabolized as sources of carbon
and energy or, in the case of aromatics, converted to less
toxic compounds. Several CAZyme encoding genes involved
in extracellular plant biomass degradation were upregulated in
D. squalens in response to aromatic compounds (Figures 2,
6). Vanillic acid, vanillin, and ferulic acid upregulated the
largest sets of polysaccharide-related genes, including those
encoding cellulose and hemicellulose-active enzymes, while
veratryl alcohol, p-coumaric acid, and p-hydroxybenzoic acid
induced the smallest sets. Interestingly, ferulic acid induced 22
genes involved in polysaccharide degradation. However, none
of these genes encode putative enzymes that cleave the bonds
between hemicellulose and lignin. Nonetheless, upregulation
of hydrolytic activities by ferulic acid could be linked to the
presence of this compound in plant cell wall polysaccharides. All
aromatic compounds induced expression of some pectinolytic
genes (Figure 6). Pectin, which is present in high concentrations
in the bordered pits in plant cell walls, has been suggested to
be degraded first in order of the fungus to be able to enter in
the plant cell. Previous transcriptome analysis from D. squalens
mono- and disaccharide cultures demonstrated that cellobiose
and L-rhamnose trigger expression of enzymes involved in
polysaccharide degradation in D. squalens (Casado López et al.,
2018), while induction of ligninolytic genes in D. squalens has
been shown to be specifically triggered in the presence of lignin-
rich substrates (Rytioja et al., 2017). However, our study indicated
that lignin-degrading enzymatic machinery of D. squalens was
only partially induced in the presence of themonomeric aromatic
compounds. In total 13 lignin-degradation related enzymes
encoding genes were upregulated in D. squalens exposed to
aromatic monomers, majority of which (nine) were induced by
coniferyl alcohol alone (two out of nine) or in combination
with other aromatics (seven out of nine). Partial induction of
laccase encoding genes by aromatic compounds was also shown
in other white-rot fungus, Trametes hirsuta (Moiseenko et al.,
2018). This suggests that lignin-degrading enzymes in the white-
rot fungi may not be similarly induced as the polysaccharide
degrading ones, i.e., by the monomeric building blocks of the
lignin polymer. However, differences between species are also
expected. For example, two laccase encoding genes, lcc3 and lcc1,
were highly expressed (>70 FPKM) in D. squalens grown with

p-coumaric acid when compared to the control conditions, while
in T. hirsuta the expression of homologous genes was strongly
repressed by p-coumaric acid (Moiseenko et al., 2018).

In summary, D. squalens showed a prominent ability
for conversion of aromatic compounds as indicated by the
number of upregulated genes under the studied conditions,
indicating a potential of this fungus for bio-based valorization
of lignocellulosic biomass. We showed that regulons induced
in the presence of aromatic compounds differ with respect
to both the number and function of the genes. For example,
cinnamic acid, vanillin, and p-coumaric acid upregulated the
most diverse array of GO terms associated with oxidoreductase
activities, while coniferyl alcohol, ferulic acid, and vanillyl
alcohol upregulated the highest number of GO terms associated
with lignocellulolytic activities. Additionally, we showed
that transcriptional response of D. squalens to aromatics is
largely compound-specific and indicated the set of highly
induced oxidative enzymes that are potentially involved in
aromatic metabolism.
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Cinnamic acid is an aromatic compound commonly found in plants and functions as a

central intermediate in lignin synthesis. Filamentous fungi are able to degrade cinnamic

acid through multiple metabolic pathways. One of the best studied pathways is the

non-oxidative decarboxylation of cinnamic acid to styrene. In Aspergillus niger, the

enzymes cinnamic acid decarboxylase (CdcA, formally ferulic acid decarboxylase) and

the flavin prenyltransferase (PadA) catalyze together the non-oxidative decarboxylation

of cinnamic acid and sorbic acid. The corresponding genes, cdcA and padA, are

clustered in the genome together with a putative transcription factor previously named

sorbic acid decarboxylase regulator (SdrA). While SdrA was predicted to be involved in

the regulation of the non-oxidative decarboxylation of cinnamic acid and sorbic acid,

this was never functionally analyzed. In this study, A. niger deletion mutants of sdrA,

cdcA, and padA were made to further investigate the role of SdrA in cinnamic acid

metabolism. Phenotypic analysis revealed that cdcA, sdrA and padA are exclusively

involved in the degradation of cinnamic acid and sorbic acid and not required for other

related aromatic compounds. Whole genome transcriptome analysis of 1sdrA grown

on different cinnamic acid related compounds, revealed additional target genes, which

were also clustered with cdcA, sdrA, and padA in the A. niger genome. Synteny analysis

using 30 Aspergillus genomes demonstrated a conserved cinnamic acid decarboxylation

gene cluster in most Aspergilli of the Nigri clade. Aspergilli lacking certain genes in

the cluster were unable to grow on cinnamic acid, but could still grow on related

aromatic compounds, confirming the specific role of these three genes for cinnamic acid

metabolism of A. niger.

Keywords: fungal aromatic metabolism, Aspergilli, synteny analysis, transcription factor, flavoprotein, cinnamic

acid decarboxylase
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INTRODUCTION

Cinnamic acid, an aromatic compound with a distinct aroma, is
naturally found as a free compound in several plants, such as
Cinnamomum verum, C. cassia, and C. zeylanicum (He et al.,
2005; Gruenwald et al., 2010). Cinnamic acid is also one of the
central intermediates for the biosynthesis of lignin, flavonoids
and coumarins in plants (Hoskins, 1984; Chemler and Koffas,
2008; Vargas-Tah and Gosset, 2015) and it is synthesized through
the deamination of phenylalanine (Yamada et al., 1981). High
concentrations of cinnamic acid can accumulate in soil, especially
in those soils that are continuously used for crop cultivation,
where it is released by root exudation and decaying plant
tissue (Xie and Dai, 2015; Latif et al., 2017). Cinnamic acid
has antioxidant and antimicrobial properties, it can be used as
a precursor for the synthesis of thermoplastics and flavoring
agents, and it is also widely used in cosmetic and health products
(Chemler and Koffas, 2008; Vargas-Tah and Gosset, 2015).
Hence, recent studies have focused on metabolic engineering of
the microbial shikimate pathway to produce cinnamic acid from
simple sugars and complex substrates (Thompson et al., 2015;
Vargas-Tah and Gosset, 2015; Averesch and Krömer, 2018).

A recent review summarized the various metabolic pathways
used by microorganisms to degrade cinnamic acid, and its role
as a carbon source (Figure 1) (Lubbers et al., 2019). One of the
most studied pathways of cinnamic acid metabolism is the non-
oxidative decarboxylation of cinnamic acid to styrene, which
was reported to occur in several fungi, such as Aspergillus,
Penicillium, Saccharomyces, and Trichoderma (Marth et al., 1966;
Clifford et al., 1969; Milstein et al., 1983; Pinches and Apps,
2007; Lafeuille et al., 2009; Plumridge et al., 2010; Richard
et al., 2015; Liewen and Marth, 2016). Two genes were identified
in Aspergillus niger and Saccharomyces cerevisiae, that are
involved in the non-oxidative decarboxylation of cinnamic acid
using prenylated flavin mononucleotide (FMN) as a cofactor
to convert cinnamic acid to styrene (Plumridge et al., 2010;
Payne et al., 2015). These genes are clustered in the genome
and encode a putative 3-octaprenyl-4-hydroxybenzoate carboxy-
lyase, referred to as cinnamic acid decarboxylase (cdcA, formerly
ferulic acid decarboxylase (fdcA), see Discussion), and a flavin
prenyltransferase (padA) (Figure 1) (Plumridge et al., 2010;
Payne et al., 2015). In addition, CdcA and PadA also catalyze
the decarboxylation of the food preservative sorbic acid to 1,3-
pentadiene. An additional pathway was suggested in A. niger in
which cinnamic acid is para-hydroxylated to p-coumaric acid
(Bocks, 1966), but this seems to play a minor role in A. niger
since only small amounts of p-coumaric acid were detected. In
Aspergillus japonicus, cinnamic acid was suggested to be reduced
to cinnamaldehyde and cinnamyl alcohol (Milstein et al., 1983).
Better understanding of the cinnamic acid metabolic pathway in
A. niger can aid in the creation of cell factories or unlock new
strategies to make valuable aromatic building blocks.

Transcriptional regulation is important in controlling the
metabolic flux and energy usage in metabolic processes in
microorganisms. Many transcription regulators involved in
carbohydrate metabolism of filamentous fungi have been
identified (Benocci et al., 2017), but less is known about the

transcriptional regulation of aromatic metabolic pathways. It has
been shown that a Zn2Cys6-finger transcription factor named
sorbic acid decarboxylase regulator (SdrA), is involved in the
regulation of cdcA and padA (Plumridge et al., 2010). The
corresponding gene (sdrA) is located between cdcA and padA in a
gene cluster.While deletion of sdrA revealed that it is essential for
the non-oxidative decarboxylation of cinnamic acid, until now its
regulatory targets are still unknown. In S. cerevisiae, orthologs of
cdcA and padA are also clustered, but no transcription factor has
been found between these genes (Mukai et al., 2010; Plumridge
et al., 2010).

In this paper, we studied SdrA in more detail in order
to identify its regulatory targets using transcriptomic data of
the A. niger deletion strain 1sdrA cultivated in cinnamic acid
and sorbic acid. We used whole genome transcriptome analysis
of 1sdrA to identify new regulatory targets and performed a
phenotypic analysis of cdcA, padA and sdrA deletion strains to
determine the role of CdcA, PadA, and SdrA in other aromatic
metabolic pathways. Finally, synteny analysis of the cinnamic
acid decarboxylation gene cluster using the genomes of 30
Aspergilli was performed to analyze the conservation of the gene
cluster. Growth tests on cinnamic acid were performed on a
subset of these species to confirm predictions made on the basis
of the synteny analysis.

MATERIALS AND METHODS

Strains, Media, and Culture Conditions
All strains used in this study are shown in Tables 1, 2, and were
grown on complete medium for Aspergillus (CM, de Vries et al.,
2004) containing 1.5% (w/v) agar supplemented with 1% fructose
and 1.22 g L−1 uridine at 30◦C for 4 days. Spores were harvested
with 10mL N-(2-acetamido)-2-aminoethanesulfonic acid buffer.
Phenotypic experiments were performed using minimal medium
for Aspergillus (MM, de Vries et al., 2004) containing aromatic
compounds as sole carbon source, supplemented with 1.22 g L−1

uridine and inoculated with 103 spores in 2 µl. Due to variable
toxicity of the aromatic compounds different concentrations
were used for the growth profile, i.e., 2mM for ferulic acid,
3mM for benzoic acid, benzaldehyde, styrene and 5mM for the
remaining compounds. All aromatic compounds were purchased
from Sigma Aldrich.

Construction of Gene Deletion Cassettes
and Transformation of A. niger
The gene deletion cassettes were constructed using 1,000 bp
upstream and downstreamDNA fragment of the gene containing
an overlap of the selection marker hygromycin B (hph) from
Escherichia coli. The hph selection marker was amplified from
plasmid pAN7.1 (Punt et al., 1987). These three fragments were
fused in a PCR reaction using the GoTaq Long PCR Master
Mix (Promega, Madison, WI, USA). The fusion PCR mixture
contained 0.4 µl of each amplified product, 0.6 µl of 10µM
upstream and downstream primers (Supplementary Table 1),
12.5 µl GoTaq Long PCR Master Mix in a total volume of 25
µl. The following PCR conditions were used: 94◦C for 2min,
35 cycles of 94◦C for 30 s, 60◦C for 30 s, 72◦C for 5min, and
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FIGURE 1 | Suggested cinnamic acid metabolic pathways in Aspergillus niger. Arrows in black are observed metabolic conversions in literature and in gray are

suggested conversions. Boxed in blue are characterized enzymes of A. niger involved in this metabolic pathway. Cinnamic acid decarboxylase (CdcA), Flavin

prenyltransferase (PadA), sorbic acid decarboxylase regulator (SdrA), benzoate 4-monooxygenase (BphA), cytochrome P450 reductase (CprA). *FdcA is renamed to

CdcA, see Discussion.

TABLE 1 | A. niger strains used in this study.

Strain CBS

number

Genotype References

N402 141247 cspA1 Bos et al., 1988

N593

1kusA

138852 cspA1, pyrG, kusA::amdS Meyer et al., 2007

1cdcA 145475 cspA1, pyrG, kusA::amdS,

1cdcA::hph

This study

1sdrA 145476 cspA1, pyrG, kusA::amdS,

1sdrA::hph

This study

1padA 145477 cspA1, pyrG, kusA::amdS,

1padA::hph

This study

a final extension at 72◦C for 10min. A. niger N593 1kusA
was transformed through protoplast-mediated transformation as
described in Kowalczyk et al. (2017).

Transfer Conditions, RNA Extraction, and
Transcriptome Analysis
The transcriptomes of the reference strain A. niger N593
and 1sdrA induced for 2 h in cinnamic acid and sorbic
acid were analyzed with RNAseq by DOE Joint Genome
Institute (JGI, Walnut Creek, CA, USA). Transfer experiments
and subsequent RNA-sequencing were performed in biological
triplicates. A. niger strains were pre-grown in 200mL CM
with 2% fructose inoculated with 1 x 106 spores/mL and
incubated overnight on rotary shakers at 30◦C, 250 rpm.

TABLE 2 | Aspergilli used in this study.

Aspergilli Strain Section Growth

temperature

(◦C)

References

A. aculeatus CBS 106.47 Nigri 25 de Vries et al., 2017

A. brasiliensis CBS 101740 Nigri 30 de Vries et al., 2017

A. carbonarius CBS 141172 Nigri 30 de Vries et al., 2017

A. clavatus NRRL 1 Clavati 25 Fedorova et al., 2008

A. flavus NRRL 3357 Flavi 37 Payne et al., 2006

A. fumigatus Af293 Fumigati 25 Nierman et al., 2005

A. nidulans FGSCA4 Nidulantes 37 Galagan et al., 2005

A. niger NRRL 3 Nigri 30 Aguilar-Pontes et al.,

2018

A. oryzae Rib40 Flavi 37 Machida et al., 2005

A. sydowii CBS 141172 Versicolores 30 de Vries et al., 2017

A. terreus NIH2624 Terrei 37 Arnaud et al., 2012

A. tubingensis CBS 134.48 Nigri 30 de Vries et al., 2017

A. wentii CBS 141173 Cremei 25 de Vries et al., 2017

Freshly germinated mycelia were harvested on Miracloth and
washed with MM. Equal portions of mycelia were transferred to
250mL flasks containing 50mL MM and 0.02% (w/v) cinnamic
acid, sorbic acid, benzoic acid, cinnamyl alcohol and salicylic
acid. The cultures were incubated on rotary shakers for 2 h
at 30◦C, 250 rpm. Mycelia were harvested, dried between
tissue paper to remove excess liquid and frozen in liquid
nitrogen. Frozen mycelia were ground using the tissue lyser
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FIGURE 2 | Phenotypic analysis of the cinnamic acid decarboxylase mutants. Strains were grown for 10 days at 30◦C. The reference strain is A. niger N593 1kusA.

Due to variable toxicity of the aromatic compounds different concentrations were used for the growth profile, i.e., 2mM for ferulic acid, 3mM for benzoic acid,

benzaldehyde, styrene and 5mM for the remaining compounds. Fructose and the no carbon source were used as growth controls.

(QIAGEN, Hilden, Germany) and total RNA was extracted using
TRIzol reagent (Invitrogen, Life Technologies, Carlsbad, CA,
USA) and RNA isolation kit (NucleoSpin RNA, MACHEREY-
NAGEL GmbH & Co. KG, Düren, Germany) according the
manufacturer’s recommendation. The quality and quantity of
RNA was determined by gel electrophoresis and RNA6000 Nano
Assay using the Agilent 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, CA, USA). Purification of mRNA, synthesis of
cDNA library and sequencing were conducted at the JGI. Data
was processed as described in Kowalczyk et al. (2017). The
transcriptome data was stored at the NCBI Sequence Read
Archive (SRA) (Supplementary Table 2).

Synteny Analysis
BLAST analyses were performed using the amino acid sequence
of cdcA, sdrA, padA, NRRL3_8293, NRRL3_8294, NRRL3_8295,
NRRL3_8299, NRRL3_8300, and NRRL3_8301 as a query on
30 Aspergillus genomes. All genomes used in this analysis
were downloaded from JGI Mycocosm (Grigoriev et al.,
2014). Synteny analysis was performed on the cinnamic acid
decarboxylation core cluster (cdcA, sdrA, padA) with 20.000 bp
on each side. BLAST hits and protein IDs used for the synteny
analysis are mentioned in Supplementary Table 3.

RESULTS

CdcA, SdrA, and PadA Are Essential for
Cinnamic Acid and Sorbic Acid Utilization
To understand the role of CdcA (NRRL3_8296), SdrA
(NRRL3_8297), and PadA (NRRL3_8298) for aromatic
metabolism in A. niger, deletion mutants (1cdcA, 1sdrA,
and 1padA) were made and tested on a set of related aromatic
compounds as a sole carbon source. 1cdcA and 1padA resulted
in abolished growth on cinnamic acid and reduced growth on
sorbic acid, while deletion of 1sdrA resulted in reduced growth
on both cinnamic acid and sorbic acid. This demonstrated
that all three genes, cdcA, sdrA, and padA, are important for

the metabolism of cinnamic acid and sorbic acid. No growth
reduction was observed on other tested aromatic compounds
(Figure 2), indicating that cdcA and padA are not essential for
the conversion of these related compounds (Figure 2).

Cinnamic Acid and Sorbic Acid Both
Induce the Cinnamic Acid and Sorbic Acid
Decarboxylation Cluster and Neighboring
Genes
A. niger N593 was pre-grown in CM with fructose and
transferred to MM containing cinnamic acid, sorbic acid,
cinnamyl alcohol, benzoic acid, 2-hydroxybenzoic acid (salicylic
acid), or a no carbon source condition and were incubated for 2 h.
Cinnamyl alcohol and benzoic acid are both related to cinnamic
acid as they are among conversion products of cinnamic acid
(Figure 1). The cultivation without any carbon source was used
as a reference control to remove background noise between the
conditions. Salicylic acid has not been observed to have any
connection with cinnamic acid metabolic pathways (Martins
et al., 2015). Therefore, it was used as a control representing an
aromatic compound, which does not induce the expression of the
cinnamic acid decarboxylase cluster.

Genome-wide gene expression analysis of the samples
was performed using RNA-seq. A total of 3,921 genes were
upregulated in all five conditions by A. niger N593 compared
to the no carbon source control (Figure 3). Two thousand
four hundred and ninety and two thousand one hundred and
fourty eight genes were upregulated on cinnamic acid and
sorbic acid, respectively, compared to the no carbon source
control, while 211 of these genes were upregulated in both
conditions (Figure 3). Upregulation of cdcA, sdrA, and padA
was observed on cinnamic acid, cinnamyl alcohol, sorbic acid,
and benzoic acid (Table 3). The three genes (NRRL3_8293,
NRRL3_8294, and NRRL3_8295) located next to cdcA and one
gene (NRRL3_8299) located next to padA were induced by
both cinnamic acid and sorbic acid (Table 3). On cinnamyl
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FIGURE 3 | Venn diagram of upregulated genes in five conditions compared to a non-carbon source control. Genes were considered upregulated when the fold

change ≥2, p-value ≤ 0.05 and FPKM ≥10. Significance was calculated using DESeq2 (Love et al., 2014).

alcohol, cdcA, padA, NRRL3_8293, and NRRL3_8295 were also
upregulated, but this was not the case for sdrA, NRRL3_8294, and

NRRL3_8299. Two other genes, NRRL3_8300 and NRRL3_8301
were specifically induced by cinnamic acid. The lowest overlap

in upregulated transcripts was found between salicylic acid and

cinnamic acid/sorbic acid suggesting that the genes involved
in the cinnamic acid/sorbic acid pathway are not involved

in the conversion of salicylic acid. This was also supported
by the fact that cdcA, sdrA and padA and their neighboring

genes were not induced on salicylic acid (Table 3). The
eukaryotic protein subcellular localization predictor software

DeepLoc-1.0 was used to predict the cellular localization of the

cinnamic acid and sorbic acid decarboxylation cluster genes

(Table 3).

Deletion of sdrA Reveals Tight Regulation
of the Cinnamic Acid and Sorbic Acid
Decarboxylation Cluster
To further study the regulatory targets of SdrA, genome-wide
transcriptome profiles of 1sdrA was performed. The expression
of 420 genes was reduced in 1sdrA compared to A. niger
N593 on cinnamic acid and 362 genes were reduced on sorbic
acid, with only 50 genes that were reduced in both conditions
(Supplementary Table 4). Transcript levels of cdcA and padA
were significantly reduced in 1sdrA confirming that cdcA and
padA are both regulated by SdrA (Table 4). Interestingly, the
transcript levels of cdcA were less affected by the deletion
of sdrA on cinnamic acid than those of padA, which could
indicate involvement of an additional regulator. The transcript
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TABLE 3 | Fold change and schematic presentationa of the cinnamic acid and sorbic acid decarboxylation gene cluster and neighboring genes.

Gene ID

NRRL3

Prediction according to JGI Deeploc localization

predictionc
Fold changeb

Cinnamic acid Sorbic acid Cinnamyl

alcohol

Benzoic acid Salicylic acid

8293 Flavin reductase-like

domain-containing protein

Cytoplasm 17.8 38.1 72.5 5.2 1.2

8294 Hypothetical protein Cell membrane 645.8 1014.7 126.8 35.8 0.6

8295 BTB/POZ domain-containing

protein

Cytoplasm 102.1 195.3 34.5 1.7 0.3

8296

(cdcA)

3-octaprenyl-4-

hydroxybenzoate

carboxy-lyase

Cytoplasm 311.4 525.9 465.3 10.4 0.1

8297

(sdrA)

Fungal-specific transcription

factor

Nucleus 123.0 88.2 16.8 27.4 3.0

8298

(padA)

Flavin prenyltransferase Mitochondrion 330.6 230.8 203.0 4.0 0.6

8299 Carboxylesterase Extracellular 5.1 3.7 1.2 0.1 0.1

8300 Glucoamylase Gla15A Extracellular 2.8 0.7 0.3 0.4 0.5

8301 Sulphatase Extracellular 5.7 1.5 1.0 0.7 0.6

aFor schematic representation, the arrow indicates the transcription direction, gaps in the arrow represent introns, and colors represent domains corresponding with Pfam 32.0

domain signatures. NRRL3_8293, FMN-split barrel domain (light blue), NRRL3_8294, no predicted domains (no color), NRRL3_8295, BTB/POZ domain (pink), cdcA, 3-octaprenyl-

4-hydroxybenzoate carboxy-lyase domain (purple), sdrA, Zn-finger (green) and fungal specific transcription factor (light blue) domains, padA, flavoprotein domain (red), NRRL3_8299,

carboxylesterase family domain (red), NRRL3_8300, glycosyl hydrolases family 15 (green) and starch binding (pink) domains, NRRL3_8301, sulphatase domain (dark blue).
bNumbers in bold are significantly upregulated genes compared to the no carbon source control (fold change ≥ 2, P-value ≤ 0.05, FPKM ≥ 10).
cCellular locations of the genes were predicted using DeepLoc-1.0: Eukaryotic protein subcellular localization predictor (Almagro Armenteros et al., 2017).

levels of the four clustered genes (NRRL3_8293, NRRL3_8294,
NRRL3_8295, and NRRL3_8299) were also reduced in 1sdrA
and therefore likely regulated by SdrA (Table 4). Transcription
levels of NRRL3_8300 and NRRL3_8301 were reduced in 1sdrA
on cinnamic acid compared to A. niger N593, but not on sorbic
acid. Therefore, we speculate that these genes are not part of the
cinnamic acid and sorbic acid decarboxylation cluster. Similar
expression profiles were observed in cinnamyl alcohol with
high fold changes, but on this compound the FPKM values of
NRRL3_8294 and sdrA were below 10 (Table 4) which makes it
difficult to draw conclusions.

The Cinnamic Acid and Sorbic Acid
Decarboxylation Cluster Is Conserved in
Aspergilli From the Nigri-Biseriates Clade
To study whether the cinnamic acid and sorbic acid
decarboxylation cluster is conserved in Aspergilli, a
synteny study using 30 Aspergillus genomes was performed
(Supplementary Figure 1). In A. niger, two homologs of
cdcA (NRRL3_3 and NRRL3_3023, 51.5 and 47.7% identity,
respectively) and two homologs of padA (NRRL3_2 and

NRRL3_3024, 74.6 and 55.8% identity, respectively) were
observed and both of these are also clustered but in a different
genomic location. However, they are not separated by a
transcription factor. In addition, the expression of these genes
was not induced by any of the tested compounds. BLAST
analyses with the amino acid sequence of cdcA and padA
revealed that most Aspergilli had on average two homologs of
cdcA and padA in their genomes (Table 5). To identify the true
orthologs of the cinnamic acid decarboxylation cluster we used
the following criteria. First, either cdcA or padA is located next to
a transcription factor. If no transcription factor is found next to
one of the orthologs, the cdcA or padA ortholog with the highest
E-value is used. From the 30 Aspergilli genomes, 27 genomes
had a transcription factor next to the homolog of padA while
the remaining three genomes did not have cdcA, sdrA, and padA
orthologs in their genome (Table 5).

Most Aspergilli from the Nigri-Biserates clade had a
conserved cinnamic/sorbic acid gene cluster, except A. ibericus,
A. sclerotiicarbonarius (no ortholog of NRRL3_8293), and
A. carbonarius and A. sclerotioniger (no ortholog of cdcA
and NRRL3_8293) (Figure 3, Table 5). However, orthologs of
NRRL3_8293 and cdcA that were located elsewhere in their
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TABLE 4 | Transcriptome data of the cinnamic acid and sorbic acid decarboxylation cluster genes of A. niger N593 compared to 1sdrA in both cinnamic acid, sorbic

acid, cinnamyl alcohol, benzoic acid, and sorbic acid.

Gene ID NRRL3 Gene name Fold change (N593/1sdrA)a

Cinnamic acid Sorbic acid Cinnamyl alcohol Benzoic acid Salicylic acid

8293 – 3.4 15.6 21.1 0.7 2.6

8294 – 5.7 6.7 11.5 0.2 0.8

8295 – 12.8 8.0 6.1 0.2 0.2

8296 cdcA 4.3 17.0 131.6 0.2 0.4

8297 sdrA 51.2 33.8 71.8 27.9 73.7

8298 padA 18.5 9.0 72.5 0.7 0.5

8299 – 15.4 6.0 1.1 0.2 0.7

8300 – 2.3 1.6 0.7 0.8 0.6

8301 – 5.7 0.8 0.6 0.5 0.5

The fold changes and significance calculated using DESeq2 (Love et al., 2014).
aNumbers in bold are significantly upregulated genes compared to 1sdrA (fold change ≥2, P-value ≤ 0.05, FPKM ≥ 10).

genomes were found for these species. NRRL3_8294 is only
present in Aspergilli that are closely related to A. niger
(Supplementary Figure 1). Species from the Nigri-Uniseriates
clade do not have cdcA homolog ortholog in their cluster or
were missing cdcA and NRRL3_8300 orthologs in their cluster.
The cinnamic/sorbic acid cluster of A. japonicus and A. sydowii
only contained orthologs of NRRL3_8293, cdcA, sdrA, and
padA, while orthologs of the remaining genes were scattered
over different chromosomes. Similar observations were found
for A. nidulans, however the padA homolog appears to be
truncated (Figure 3). Two species from the section Flavi,A. flavus
and A. oryzea, had orthologs of cdcA, sdrA, and padA, while
NRRL3_8293 was separated by multiple genes from the core
cluster (Figure 4). The orthologs of NRRL3_8299, NRRL3_8300,
and NRRL3_8301 were clustered, but located on a different
scaffold. It appeared that the sdrA and padA orthologs of A.
terreus are fused and the zinc finger domain of sdrA is missing
(Figure 4). A. fumigatus, A. clavatus, and A. campestris do not
have an ortholog of cdcA, sdrA, and padA. In addition, only low
e-value BLAST hits of sdrA were found in these Aspergilli.

Correlation Between the Ability to Grow on
Cinnamic Acid and the Occurrence of an
Intact Cinnamic Acid and Sorbic Acid
Decarboxylation Gene Cluster
To confirm our findings and the correlation between the
cinnamic acid and sorbic acid decarboxylation gene cluster and
the ability to convert cinnamic acid, a growth test was performed
with selected Aspergillus species based on the following criteria:

1. Species having an intact cinnamic acid and sorbic acid
decarboxylation gene cluster containing cdcA, sdrA and padA
homologs (A. brasiliensis, A. niger, and A. tubengensis).

2. Species containing a gene cluster without a cdcA homolog, but
the homolog is present on a different scaffold (A. aculeatus
and A. carbonarius).

3. Species containing no cdcA homolog (A. clavatus and
A. fumigatus).

4. Species with miscellaneous gene clusters. A. oryzae and A.
flavus were chosen since the location of cdcA and sdrA are
swapped. A. terreus was selected because of the fused sdrA
and padA genes. A. nidulans has a truncated padA. A. sydowii
lacks an ortholog of NRRL3_8293 in its cluster. A. wentii lacks
NRRL3_8295 and NRRL3_8301 orthologs in its cluster.

The Aspergilli of criteria one (A. niger A. brasiliensis, A.
tubengensis, and A. wentii) and two (A. carbonarius and A.
aculeatus) were all able to grow on cinnamic acid and the distinct
smell of styrene was present. This indicates that A. carbonarius
and A. aculeatus both have a functional cdcA despite its different
genomic location. The Aspergilli of criteria three (A. fumigatus
and A. clavatus) were not able to grow on cinnamic acid, which
corresponds to the absence of cdcA, sdrA and padA homologs.
Three Aspergilli of criteria four, A. flavus, A. oryzae, and A.
wentii, were able to grow on cinnamic acid, while A. nidulans,
A. sydowii, and A. terreus were not. In addition, all strains tested
were able to grow on ferulic acid, p-coumaric acid and caffeic
acid indicating that the cinnamic acid decarboxylation cluster
in not required for ferulic acid, p-coumaric acid and caffeic
acid utilization.

DISCUSSION

This paper provides new insights into the regulation by the
transcription factor SdrA of the cinnamic acid and sorbic acid
decarboxylation cluster in Aspergilli and its regulatory targets,
which also determines their ability to grow on cinnamic acid.
Based on phenotypic screening of the deletion mutants of cdcA,
sdrA, and padA, it is clear that the decarboxylation of cinnamic
acid and sorbic acid represents a relevant step in the metabolic
pathway forA. niger to utilize these compounds since the deletion
of cdcA or padA resulted in abolished or reduced growth on
cinnamic acid and sorbic acid (Figure 2). This also indicates
that the suggested alternative cinnamic acid pathway toward
p-coumaric acid is not sufficient to counteract the toxicity
of cinnamic acid. Growth was not completely abolished on
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TABLE 5 | Number of BLAST hits of the cinnamic acid decarboxylation cluster.

Gene ID NRRL3_

Aspergilli Section cdcA sdrA padA

8293 8294 8295 8296 8297a 8298 8299a 8300 8301

A. niger NB 5 1 3 3 1 3 1 2 7

A. luchuensis NB 3 1 8 3 1 2 2 2 6

A. kawachii NB 3 1 4 2 1 2 2 2 6

A. tubingensis NB 4 1 2 3 1 2 2 2 7

A. neoniger NB 3 1 2 3 1 2 2 2 6

A. vadensis NB 3 1 6 3 1 2 1 2 6

A. piperis NB 3 1 4 2 1 2 2 2 6

A. brasiliensis NB 3 0 7 3 1 3 1 2 9

A. sclerotiicarbonarius NB 4 1 3 2 1 2 2 2 7

A. ibericus NB 3 0 7 1 1 2 2 2 7

A. carbonarius NB 3 0 6 2 1 2 2 2 7

A. sclerotioniger NB 3 0 4 1 1 1 2 2 4

A. ellipticus NB 3 0 1 7 1 5 1 4 6

A. heteromorphus NB 3 0 1 2 1 2 1 3 7

A. aculeatus NU 4 0 2 3 1 2 1 4 5

A. japonicus NU 4 0 3 3 1 2 1 4 6

A. violaceofuscus NU 4 0 2 2 1 2 1 4 7

A. nidulans Nidulantes 2 0 1 1 1 1 0 4 6

A. sydowii Versicolores 3 0 4 3 1 3 2 4 9

A. versicolor Versicolores 4 0 6 1 1 1 4 4 11

A. steynii Circumdati 3 0 3 3 1 3 1 4 3

A. wentii Cremei 3 0 6 2 1 2 1 4 8

A. terreus Terrei 3 0 2 2 1 2 2 5 5

A. glaucus Aspergillus 4 0 5 3 1 2 1 1 3

A. flavus Flavi 3 0 2 2 1 2 1 2 9

A. oryzea Flavi 3 0 0 2 1 2 1 2 9

A. campestris Candidi 1 0 3 0 0 0 1 2 4

A. novofumigatus Fumigati 2 0 3 2 1 2 2 5 6

A. fumigatus Fumigati 1 0 1 0 0 0 1 4 3

A. clavatus Clavati 1 0 3 0 0 0 1 7 3

The amino acid sequence of the A. niger genes were used as queries against Aspergillus genomes downloaded from JGI Mycocosm. Numbers represent the number of BLAST hits.

Highlighted in green are genes clustered with cdcA or padA and with sdrA. Highlighted in white are genes not clustered with cdcA, sdrA, or padA and in yellow are genes that are

clustered but not together with cdcA, sdrA, or padA.
aAmino acid sequence BLASTS resulted in ≥15 hits, therefore an E-value cut-off of 10−60 was used.

NB, Nigri-Biseriates; NU, Nigri-Uniseriates.

cinnamic acid when sdrA was deleted, which could be explained
by the fact that cdcA and padA were still lowly expressed
(Table 3). Deletion of either cdcA, sdrA, or padA did not affect
the growth on ferulic and p-coumaric acid, which supports the
outcome of a previous study showing that cdcA and padA were
not induced by ferulic acid or p-coumaric acid (Stratford et al.,
2012). This indicates that cdcA, sdrA, and padA are exclusively
involved in cinnamic acid and sorbic acid metabolism.

Transcriptome analysis of A. niger revealed that sdrA was
lowly expressed by cinnamic acid, cinnamyl alcohol and sorbic
acid (Supplementary Table 4), which is in agreement with a
previous study which showed this by qRT-PCR (Plumridge et al.,
2010). However, its expression was significantly upregulated
during growth on cinnamic acid and sorbic acid (Table 3),

which indicates that low levels of SdrA are sufficient for the
regulation of the cinnamic acid and sorbic acid decarboxylation
cluster. Deletion of sdrA revealed a significant reduction of
the expression of 50 genes in both cinnamic acid and sorbic
acid. These 50 genes included cdcA and padA, revealing that
SdrA regulates these two genes either directly or indirectly
(Supplementary Table 4). It was reported earlier that the genes,
flanking either side of the cluster, are not induced by sorbic
acid (Plumridge et al., 2010). However, our transcriptome data
revealed that SdrA tightly regulates six of these genes. It remains
unknown which function the corresponding enzymes have in
the cinnamic/sorbic acid decarboxylation pathway. NRRL3_8293
encode a flavin reductase and could be involved in the reduction
of prenylated FMN. NRRL3_8295 contains a BTB/POZ domain
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FIGURE 4 | Synteny analysis and growth test of 13 Aspergilli. No orthologs of cdcA or padA were found in A. fumigatus and A. clavatus, therefore no cluster was

added. Genes clustered on another scaffold are marked with a double dash.

which are known to be involved in transcriptional regulation
(Zollman et al., 1994; Daniel and Reynolds, 1999; Li et al.,
1999). NRRL3_8299 encode a carboxylesterase which could be
involved in the hydrolysis of cinnamyl esters. Several genes of
the cinnamic acid and sorbic acid decarboxylation cluster were
also affected by cinnamyl alcohol with the exception of sdrA,
NRRL3_8294, and NRRL3_8299. Both sdrA and NRRL3_8294
have a high fold change and were significantly different but
the FPKM value were below 10 and therefore we cannot state
with certainty that these genes are affected (Tables 3, 4). The
deletion of sdrA resulted in reduced expression of cdcA, padA,
NRRL3_8293, and NRRL3_8295 on cinnamyl alcohol, indicating
that cinnamyl alcohol is part of the cinnamic acid metabolic
pathway. The remaining 43 down-regulated genes are currently
not connected to the cinnamic acid metabolic pathway. However,
the expression of three putative transporters was reduced, which
could be important for cinnamic acid or styrene transport
(Supplementary Table 4).

Deletion of sdrA did not result in abolished growth on
cinnamic acid or sorbic acid. In addition, cdcA and padA were
still expressed in 1sdrA indicating that a second transcription
factor is likely involved. One candidate for regulation of cdcA
and padA is NRRL3_8295, present in the cluster, but also three
putative fungal-specific transcription factors (NRRL3_7314,
NRRL3_9846, and NRRL3_7351) were upregulated by cinnamic
acid, sorbic acid and cinnamyl alcohol in N593 and were not
affected by the deletion of sdrA (data not shown). Fungal specific
transcription factors containing Zinc fingers are known to bind

directly to regulatory motifs in promoters. Such regulatory
motifs have been suggested in the promoters of cdcA and
padA (Plumridge et al., 2010), but these did not occur in the
neighboring genes.

Synteny analysis of the cinnamic acid and sorbic acid
decarboxylation cluster in 30 Aspergillus genomes revealed that
the cluster is highly conserved in Aspergilli of the Nigri-Biseriates
clade. Other Aspergilli, such as A. fumigatus and A. clavatus
that lack orthologs of cdcA and padA were unable to grow on
cinnamic acid (Figure 4, Table 5). It has been reported that A.
nidulans is unable to decarboxylate cinnamic acid, which could
be caused by the truncated PadA protein (Plumridge et al., 2010).
In addition, analysis of RNAseq data of A. nidulans revealed that
the predicted intron and exon boundaries of A. nidulans cdcA
were incorrect (Supplementary Figure 1). Ahen comparing the
corrected genemodel toA. niger cdcA, two internal deletions, one
insertion and one substitution were identified in the sequence of
A. nidulans cdcA. The second deletion results in a premature stop
codon. This could be an alternative explanation why A. nidulans
is unable to grow on cinnamic acid. A. flavus, A. oryzae, and A.
wentii were able to grow on cinnamic acid and all had orthologs
of cdcA, sdrA, padA, and NRRL3_8293 in their genome. In
agreement with this, two A. oryzae strains were able to grow on
cinnamic acid in a previous study (Plumridge et al., 2010).

Transcriptome analysis also revealed that an enzyme
converting benzoic acid to p-hydroxybenzoic acid (Figure 1),
benzoate 4-monooxygenase A (BphA, Van Gorcom et al., 1990),
is highly upregulated (170.6 fold) by benzoic acid compared
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to no carbon source control. In addition, bphA is 24.7- and
59.6-fold upregulated by cinnamic acid and cinnamyl alcohol,
respectively, while it was not induced by sorbic acid and salicylic
acid, confirming that cinnamic acid and cinnamyl alcohol
are converted toward benzoic acid. Our results suggest that
SdrA is specifically involved in cinnamic acid conversion and
not in the downstream regulation of this pathway since no
phenotypic effect was observed on styrene, benzoic acid or
p-hydroxybenzoic acid (Figure 2). In addition, there is strong
induction of bphA by benzoic acid, cinnamic acid and cinnamyl
alcohol in both A. niger N593 and 1sdrA, supporting the finding
that SdrA is not involved in the expression of genes of the
downstream pathway. This induction of bphA by cinnamic acid
and benzoic acid corresponds with a previous study (de Vries
et al., 2002). It is clear that the decarboxylation of cinnamic
acid to styrene is the main pathway in A. niger. Styrene, styrene
glycol and two unidentified compounds have been detected
from A. niger grown on cinnamic acid (Clifford et al., 1969).
In the basidiomycete Pleurotus ostreatus, styrene is converted
to phenyl-1,2-ethanediol (styrene glycol) and benzoic acid and
it has been suggested that styrene oxide and mandelic acid are
intermediates in this metabolic pathway (Braun-Lüllemann et al.,
1997). Another pathway has been observed in the ascomycete
Phomopsis liquidambari, where cinnamic acid is decarboxylated
to styrene after which it is oxidized to benzaldehyde followed by
the oxidation to benzoic acid (Xie and Dai, 2015).

Recently, an extensive substrate analysis of CdcA from A.
niger showed that the main substrates for CdcA are cinnamic
acid and sorbic acid since ≥99% was decarboxylated, while
≤70% of the ferulic acid or p-coumaric acid was decarboxylated
(Aleku et al., 2018). No phenotypic difference on ferulic acid,
p-coumaric acid and caffeic acid were observed (Figure 1). In
addition, Aspergilli that were unable to grow on cinnamic acid
could grow on ferulic acid, p-coumaric acid and caffeic acid.
This indicates that the biological function of CdcA is not the
decarboxylation of ferulic acid since no induction or phenotype
was observed by ferulic acid (Figure 4).We propose, based on the
substrate preference, the induction pattern and the phenotypic
and transcriptomic analysis, to change the name of ferulic acid
decarboxylase (FdcA) to cinnamic acid decarboxylase (CdcA)
which fits with its biological function. In addition, CdcA also
corresponds better with its enzymatic function since ferulic
acid (3-methoxy-4-hydroxycinnamic acid) and p-coumaric acid
(4-hydroxycinnamic acid) both have a cinnamic acid-based
chemical structure. In Aspergillus luchuensis, which is closely
related to A. niger, a phenolic acid decarboxylase (AlPad) has
been characterized which is able to decarboxylate ferulic acid, p-
coumaric acid and caffeic acid (Maeda et al., 2018). In A. niger, a
99% identical ortholog of this gene is present and therefore it is
more likely that this enzyme is the ferulic acid decarboxylase.

CONCLUSION

In summary, we identified new regulatory targets of SdrA
through the whole genome transcriptome analysis. These genes
are clustered in the A. niger genome and highly conserved in

Aspergilli closely related to A. niger. In addition, phenotypic
analysis revealed that CdcA (formerly FdcA) and PadA are
required exclusively for the decarboxylation of cinnamic acid and
sorbic acid, but not for the decarboxylation of other aromatic
compounds. Our results provide a better understanding of the
aromatic metabolic pathways and their regulation in filamentous
fungi. This can unlock strategies to design new fungal cell
factories, e.g., to obtain higher yields of cinnamic acid by blocking
the degradation pathway, or to increase the synthesis of styrene
by overexpressing cdcA.
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Ji-yeon Kim 1, Ji-Hoon Park 1, Sangyong Kim 4,5, Sang Joung Lee 2, Gie-Taek Chun 3* and

Eung-Soo Kim 1*

1Department of Biological Engineering, Inha University, Incheon, South Korea, 2 STR Biotech Co., Ltd., Chuncheon-si,

South Korea, 3Department of Molecular Bio-Science, Kangwon National University, Chuncheon-si, South Korea, 4Green

Chemistry and Materials Group, Korea Institute of Industrial Technology, Cheonan-si, South Korea, 5Green Process and

System Engineering Major, Korea University of Science and Technology (UST), Daejeon, South Korea

3-Dehydroshikimate (DHS) is a useful starting metabolite for the biosynthesis of muconic

acid (MA) and shikimic acid (SA), which are precursors of various valuable polymers and

drugs. Although DHS biosynthesis has been previously reported in several bacteria, the

engineered strains were far from satisfactory, due to their lowDHS titers. Here, we created

an engineered Escherichia coli cell factory to produce a high titer of DHS as well as

an efficient system for the conversion DHS into MA. First, the genes showing negative

effects on DHS accumulation in E. coli, such as tyrR (tyrosine dependent transcriptional

regulator), ptsG (glucose specific sugar: phosphoenolpyruvate phosphotransferase),

and pykA (pyruvate kinase 2), were disrupted. In addition, the genes involved in

DHS biosynthesis, such as aroB (DHQ synthase), aroD (DHQ dehydratase), ppsA

(phosphoenolpyruvate synthase), galP (D-galactose transporter), aroG (DAHP synthase),

and aroF (DAHP synthase), were overexpressed to increase the glucose uptake and

flux of intermediates. The redesigned DHS-overproducing E. coli strain grown in an

optimized medium produced ∼117 g/L DHS in 7-L fed-batch fermentation, which is the

highest level of DHS production demonstrated in E. coli. To accomplish the DHS-to-MA

conversion, which is originally absent in E. coli, a codon-optimized heterologous gene

cassette containing asbF, aroY, and catA was expressed as a single operon under a

strong promoter in a DHS-overproducing E. coli strain. This redesigned E. coli grown

in an optimized medium produced about 64.5 g/L MA in 7-L fed-batch fermentation,

suggesting that the rational cell factory design of DHS and MA biosynthesis could be a

feasible way to complement petrochemical-based chemical processes.

Keywords: dehydroshikimate, cell factory design, Escherichia coli, culture process, production optimization

67

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2019.00241
http://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2019.00241&domain=pdf&date_stamp=2019-10-09
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:gtchun8547@gmail.com
mailto:eungsoo@inha.ac.kr
https://doi.org/10.3389/fbioe.2019.00241
https://www.frontiersin.org/articles/10.3389/fbioe.2019.00241/full
http://loop.frontiersin.org/people/578258/overview
http://loop.frontiersin.org/people/764311/overview
http://loop.frontiersin.org/people/403044/overview


Choi et al. E. coli Cell Factory Design for DHS

INTRODUCTION

Aromatic amino acid biosynthetic pathways have long been
a potential source for commercially relevant chemicals with
diverse industrial applications (Tzin and Galili, 2010). One of
the core metabolites that facilitate the production of useful
intermediates in aromatic amino acid biosynthetic pathways is 3-
dehydroshikimate (DHS), a key intermediate in the biosynthesis
of shikimic acid (SA), muconic acid (MA), vanillin, and
protocatechuate (PCA) (Li et al., 2019). This group of chemicals
has drawnmuch attention for the major feedstock for food, drugs
and commodity chemicals (Chen and Nielsen, 2013; Becker and
Wittmann, 2015). Bio-based production of these compounds
is a promising alternative to the current petrochemical-based
production routes that are a cause of environment and energy
concerns (Jan and Cavallaro, 2015). MA is easily converted
into adipic acid and terephthalic acid, which find universal
application in the synthesized nylons and polymer polyethylene
terephthalate (PET) industries (Draths and Frost, 1994; Kruyer
and Peralta-Yahya, 2017). In addition, SA is an initial precursor
for the production of a well-known anti-virial compound named
oseltamivir phosphate, also known as Tamiflu R©.

FIGURE 1 | Schematic overview of metabolic pathway for DHS biosynthesis in E. coli. Red crosses denote disrupted genes and bold blue arrows denote steps that

are overexpressed. Dashed arrows represent two or more steps. G6P, glucose-6-phosphate; PEP, phosphoenolpyruvate; PYR, pyruvate; AcCoA, acetyl-coenzyme A;

OAA, oxaloacetate; CIT, citrate; E4P, erythrose4-phosphate; DAHP, 3-deoxy-D-arabinoheptulosonate-7-phosphate; DHQ, 3-de-hydroquinate; DHS,

3-dehydroshikimate; SA, shikimic acid; PCA, protocatechuate; CA, catechol, MA, muconic acid. ptsG, glucose specific sugar: phosphoenolpyruvate

phosphotransferase; galP, D-galactose transporter; zwf, glucose-6-phosphate 1-dehydrogenase; tktA, transketolase; tyrR, tyrosine dependent transcriptional

regulator; pykF, pyruvate kinase 1; pykA, pyruvate kinase 2; ppsA, phosphoenolpyruvate synthase; pckA, phosphoenolpyruvate carboxykinase; aroG,

DAHP synthase; aroF, DAHP synthase; aroB, DHQ synthase; aroD, DHQ dehydratase; aroE, shikimate dehydrogenase: asbFEopt, 3-dehydroshikimate(DHS)

dehydratase; pcaG/H, codon-optimized PCA deoxygenase; aroYEopt, codon-optimized PCA decarboxylase; catAEopt, codon-optimized CA 1,2 -dioxygenase.

DHS has a six-member carbon ring with two asymmetric
carbons, which is difficult and costly to synthesize chemically
(Richman et al., 1996; Nishikura-Imamura et al., 2014). On
the other hand, DHS is a natural metabolite found in the
shikimate pathway in plants, fungi, and bacteria, making
its production feasible through microbial fermentation (Li
et al., 1999). DHS biosynthesis in E. coli starts from glucose,
via the glycolysis pathway, a central carbon metabolism
(Figure 1). Two intermediates, phosphoenolpyruvate (PEP)
and erythrose-4-phosphate (E4P), are converted to DHS
via 3-deoxy-D-arabino-heptulosonate-7-phosphate (DAHP) and
dehydroquinate (DHQ) by DAHP synthase (aroG, aroF, and
aroH), DHQ synthase (aroB), and DHQ dehydratase (aroD).

For several decades, many approaches have been applied
to increase the carbon flux toward shikimate biosynthetic
pathway for the production of several aromatic compounds.
For example, there was an attempt to solve the feedback
inhibition issue of DAHP synthase to improve the production
of aromatic compounds (Pittard and Yang, 2008; Wang et al.,
2013). Another strategy involved the inactivation of the PEP-
consuming PTS system and use of another PEP-independent
glucose uptake pathway, as PEP is an important precursor of an
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aromatic compound (Patnaik et al., 1995; Chandran et al., 2003;
Johansson et al., 2005). Yet another approach was to eliminate
the pyruvate kinases involved in PEP conversion to pyruvate,
thereby enhancing the pathway that converts pyruvate to PEP
(Patnaik et al., 1995; Chandran et al., 2003; Johansson et al.,
2005; Meza et al., 2012; Rodriguez et al., 2013). Combinations of
these strategies are typically used to improve the productivity of
aromatic compounds (Yi et al., 2002;Wang et al., 2013; Rodriguez
et al., 2014; Martínez et al., 2015; Lee et al., 2018).

Recently, we engineered a Corynebacterum glutamicum strain
to overproduce MA from glucose, through redesign of the
aromatic amino acid biosynthetic pathway (Lee et al., 2018).
Through heterologous expression of a codon-optimized PCA
decarboxylase gene cluster under a strong promoter, and
deletions of several key genes involved in MA intermediate
bypass routes, an optimized pathway for DHS-PCA-CA-MA
was successfully constructed in C. glutamicum. Optimization
of culture media and processes using the MA-producing C.
glutamicum strain were performed to achieve a significantly
increased titer of MA (Lee et al., 2018).

In this study, we generated engineered E. coli strains to
overproduce both DHS and MA, through manipulation of
several key genes involved in DHS biosynthesis and heterologous
expression of codon-optimized foreign genes involved in DHS-
to-MA conversion. These redesigned DHS-overproducing and
MA-overproducing E. coli strains, grown in optimized media,
produced the highest levels of both DHS and MA production
in 7L fed-batch fermentations, indicating that the rational
microbial cell factory design of DHS and MA biosynthesis
could be an alternative way to complement petrochemical-based
chemical processes.

MATERIALS AND METHODS

Bacterial Strains, Media, and Culture

Conditions
The bacterial strains and plasmids used in this study are listed
in Table 1. E. coli DH5a was used as the cloning host, and E.
coli K12 & AB2834 were used as parent strains. E. coli strains
for genetic manipulations were grown in Luria-Bertani (LB)
medium at 37 or 30◦C. For DHS production in small-scale
culture, a single colony was inoculated in LB medium at 30◦C
for 15 h, and secondary culture was inoculated with 1% (v/v) in
the same medium at 30◦C for 6 h. The miniature culture was
grown using 1.3mL of E. coli production medium (EPM) in a
24-well cell culture plate, at 220 rpm under 30◦C, for 4 days.
The composition of the EPM for DHS and MA production was:
glucose (5 g/L), glycerol (10 g/L), yeast extract (2.5 g/L), tryptone
(2.5 g/L), KH2PO4 (7.5 g/L), MgSO4 (0.5 g/L), (NH4)2SO4 (3.5
g/L), NH4Cl (2.7 g/L), Na2SO4 (0.7 g/L), Na2HPO4•12H2O (9
g/L), and a trace metal solution (1 mL/L). The trace metal
solution contained FeSO4•7H2O (10 g/L), CaCl2•2H2O (2 g/L),
ZnSO4•7H2O (2.2 g/L), MnSO4•4H2O (0.5 g/L), CuSO4•5H2O
(1 g/L), (NH4)6Mo7O24•4H2O (0.1 g/L), and Na2B4O7•10H2O
(0.02 g/L).

Construction of Plasmids and Strains
All constructed plasmids for integration and disruption are
listed in Table 1. Plasmid DNA extraction and purification were
performed using a commercial kit (TIANGEN). For PCR, the
Pfu DNA polymerase and HIFI DNA polymerase (TransGen)
were used. For disruption and substitution of chromosomal
genes, suicide vector pKOV (Addgene, USA) was used, which
has the sacB gene for providing a markerless system. The
constructed plasmids were transformed into E. coli AB2834
by electroporation.

For disruption of tyrR, ptsG, pykA, and lacI genes,
homologous DNA fragments were PCR-amplified with
primer sets R1-R4, G1-G4, A1-A4, and I1-I4, respectively,
which were then inserted into the pKOV vector, generating
pKOV-R, pKOV-G, pKOV-A, and pKOV-I, respectively.
For overexpression of several genes, T-lac was generated
by inserting the lac promoter and RBS into T-vector. The
lac promoter and RBS were amplified with primer sets
Plac1-Plac2 and RBS1-RBS2 from pUC18 and the pET-
21b(+) vector. DNA fragments containing E. coli aroB,
aroD, galP, ppsA, aroG, and aroF genes were amplified with
primer sets B1-B2, D1-D2, P1-P2, A3-A4, G3-G4, and F1-
F2, respectively, and the amplified DNA fragments were
inserted into the T-lac vector, generating T-BD, T-PA, and
T-GF. Subsequently, Plac_aroB_aroD cassette was amplified
with primer sets BD1-BD2 and T-BD as a template, and
the amplified cassette was inserted into pKOV-I, generating
pKOV-BD. The Plac_aroB_aroD and Plac_galP_ppsA cassettes
were amplified with primer sets BD1-BD3 and PA1-PA2,
using T-BD and T-PA as a template, respectively, and the
amplified cassettes were inserted into pKOV-I, generating
pKOV-PABD. The Plac_aroG_aroF cassette was amplified
with primer sets GF1-GF2, using T-GF as a template,
and the amplified cassette was inserted into pKOV-PABD,
generating pKOV-PAGFBD (Supplementary Table 1).

A series of E. coli DHS-producing strains were constructed
using the host strain AB2834, which was constructed by the
markerless disruption of the aroE gene. The tyrR gene in
AB2834 was disrupted using plasmid pKOV-R, generating the
Inha 24 strain. Subsequently, the ptsG and pykA genes were
disrupted from Inha 24 using plasmids pKOV-G and pKOV-A,
generating strains Inha 29 and Inha 52, respectively. Markerless
integration of aroB and aroD genes, under the control of the
lac promoter, were integrated at LacI gene locus into strain
Inha 52 using plasmid pKOV-BD, generating the strain Inha 99
(Figure 2A). Using the plasmid pKOV-PABD, the aroB, aroD,
ppsA, and galP genes, under the control of the lac promoter,
were integrated into strain Inha 52, generating strain Inha 95.
The aroB, aroD, ppsA, galP, aroG, and aroF genes, under the
control of the lac promoter, were chromosome-integrated using
plasmid pKOV-PAGFBD in Inha 52 strain, generating strain
Inha 103.

RNA Sequencing
For RNA sequencing, E. coli strains AB2834 and Inha52 were
cultured in LB media for seeding, and in 500mL of EPM
media for the main production. Growth curves were generated,
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TABLE 1 | Plasmids and strains used in the study.

Strains Relevant characteristics References

E. coli AB2834 K12 ∆aroE YALE univ.

E. coli Inha24 E. coli 1tyrR This study

E. coli Inha29 E. coli Inha24 ∆ptsG This study

E. coli Inha52 E. coli Inha29 ∆pykA This study

E. coli Inha95 E. coli Inha52 ∆lacI:: Plac_aroB_aroD_Plac_ppsA_galP This study

E. coli Inha99 E. coli Inha52 ∆lacI:: Plac_aroB_ aroD This study

E. coli Inha103 E. coli Inha52 ∆lacI:: Plac_aroB_aroD_Plac_aroG_aroFPlac_ppsA_galP This study

E. coli InhaM101 E. coli Inha103/pMESK1 This study

E. coli InhaM104 E. coli Inha103/pMESK4 This study

E. coli InhaM105 E. coli Inha103/pMESK5 This study

E. coli InhaM106 E. coli Inha103/pMESK6 This study

E. coli InhaM107 E. coli Inha103/pMESK7 This study

E. coli InhaM108 E. coli 4 Inha103/pMESK8 This study

Plasmids

T-vector T&A cloning vector RBC

Real biotech.

pUC18 Standard backborn vector for MA expression Clontech

pET21b(+) Protein expression vector for E. coli Novagen

pKOV The suicide vector containing the Bacillus subtilis sacB gene and temperature sensitive pSC101 replication origin Addgene

pKOV_tyrR pKOV containing a PCR fragment for the markerless disruption of the tyrR gene This study

pKOV_ptsG pKOV containing a PCR fragment for the markerless disruption of the ptsG gene This study

pKOV_pykA pKOV containing a PCR fragment for the markerless disruption of the pykA gene This study

pKOV_lacI pKOV containing a PCR fragment for the markerless disruption of the lacI gene This study

pKOV_BD pKOV_lacI derivative for Plac_aroB_aroD integration into lacI region This study

pKOV_PABD pKOV_lacI derivative for Plac_ppsA_galP_Plac_aroB_aroD integration into lacI region This study

pKOV_PAGFBD pKOV_lacI derivative for Plac_ppsA_galP_Plac_aroG_aroF_Plac_aroB_aroD integration into lacI region This study

pMESK1 pUC18 modification vector including Lac promoter asbFEopt- aroYEopt- catAEopt This study

pMESK4 pUC18 modification vector including oppA promoter asbFEopt- aroYEopt- catAEopt This study

pMESK5 pUC18 modification vector including dps promoter asbFEopt- aroYEopt- catAEopt This study

pMESK6 pUC18 modification vector including rmf promoter asbFEopt- aroYEopt- catAEopt This study

pMESK7 pUC18 modification vector including fusA promoter asbFEopt- aroYEopt- catAEopt This study

pMESK8 pUC18 modification vector including rnpB promoter asbFEopt- aroYEopt- catAEopt This study

and each strain was sampled at the early stage of exponential
phase (AB2834, 4 h; Inha52, 7 h) as well as the early stage
of stationary phase (AB2834, 9 h; Inha52, 12 h). RNeasy mini
prep kit (Qiagen, CA) was used for total RNA isolation,
according to the manufacturer’s instructions. DNaseI (TaKaRa,
Japan) was used to eliminate any potential chromosomal
DNA contamination. RNA-Seq was performed by ChunLab
Inc., Korea.

Metabolite Analysis
The E. coli cells were removed from cultures by centrifugation
and culture supernatant was filtered using a membrane
filter. The metabolites were separated by HPLC using an
Aminex HPX-87H column (Bio-rad, Japan). The mobile phase
was 2.5mM H2SO4, and a flow rate of 0.6 mL/min was
used for metabolites. The column had to be heated at a
temperature of 65◦C for detection of metabolites. MA and
DHS were analyzed at wavelengths of 262 and 236 nm,
respectively. Organic acids, including succinic acid, acetic acid,

formic acid, and lactic acid, were detected at wavelengths
of 210 nm.

Fed-Batch Fermentation
The first growth culture was carried out in a conical tube
containing 5mL of LBGmedium (30◦C and 200 rpm). After 12 h
of culture, 0.2mL of the culture broth was inoculated in a 250-mL
baffled flask containing 20mL of culture medium, and cultured at
30◦C and 200 rpm in an incubator. After 6 h, the second culture
broth was inoculated into a 7-L fermenter (1% v/v inoculum).
Production culture was carried out using the PB4-md5 medium
in a 7-L fermenter (working volume: 2 L). The PB4-md5 medium
includes: 30 g/L glucose, 10 g/L glycerol, 15.75 g/L yeast extract,
21.375 g/L tryptone, 5.25 g/L KH2PO4, 1 g/L MgSO4 · 7H2O,
0.8 g/L citric acid, 1 mL/L trace metals, and 200 µg/L thiamine
hydrochloride. The feeding medium includes: 600 g/L glucose,
100 g/L yeast extract, 20 g/L MgSO4 · 7H2O, and 5 mL/L trace
metal. Phosphate was not added to the feeding medium, to allow
for the regulation of cell growth. The pH levels were 7.0 in each
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FIGURE 2 | (A) Construction of E. coli mutants for overproduction of DHS. (B) HPLC analysis of DHS production yields in DHS-producing E. coli strains. E. coli cells

were cultured in 1.3mL of EPM at 30◦C for 96 h. Data represent averages and standard deviations from two independent experiments.

culture (10N NaOH, 3M HCl), and the DO level was maintained
above at 30% by controlling the agitation, aeration, and feeding
rates. The configuration of the fermenter was as follows: two
impellers with turbine and marine impeller, ring-type sparger
with 12 holes, top-driven, and 160mm tank diameter. The
feeding mediumwas supplied when glucose was depleted, using a
peristaltic pump.

Construction of a Gene Cassette Involved

in DHS-to-MA Conversion
E. coli Inha M101 was prepared by transformation of a plasmid
pMESK1 into Inha M103. pMESK1 was prepared by ligation
of an AsbFEopt -aroYEopt -catAEopt cassette to pUC18. Codon-
optimized gene versions for increased protein expression in E.
coli were synthesized from Cosmo Genetech, Korea. Digestion of
pUC57_M1 with XbaI and HindIII liberated a 3.3-kb asbFEopt -
aroYEopt -catAEopt fragment. Plasmid pUC18 was digested at the
same restriction site. Subsequent ligation of asbFEopt -aroYEopt

-catAEopt to pUC18 resulted in pMESK1. The ligation of the
asbFEopt -aroYEopt -catAEopt cassette was verified by restriction
enzyme digestion analysis. To select the promoter for expression
of heterologous gene cluster, the intergenic region of rnpB, fusA,

oppA, dps, and rmf genes (upstream region of the start codon)
was amplified by PCR and cloned into pMESK1 digested by EcoRI
and XbaI.

RESULTS

Redesign of 3-Dehydroshikimate

Biosynthetic Pathway in Escherichia coli
We used the E. coli AB2834 strain as a parental host for DHS
accumulation, which is an aroE mutant strain lacking shikimate
dehydrogenase (Draths and Frost, 1994). To further improve
DHS accumulation, we first disrupted the key genes involved
in DHS accumulation in E. coli AB2834. The tyrR repressor,
which exerts negative control on the transcription of aroG and
aroF genes with two aromatic amino acids (L-phenylalanine and
L-tyrosine), was disrupted (Bongaerts et al., 2001). The tyrR-
disruption mutant strain (named Inha 24) accumulated 4.92
g/L of DHS in the culture medium after 96 h, whereas the
parental strain produced 3.54 g/L of DHS under the same culture
condition. Next, the ptsG gene, one of the phosphotransferase
system genes that consume PEP for glucose uptake, was disrupted
in the Inha 24 strain (named Inha 29) to increase the availability
of PEP, a DHS precursor. The Inha 29 strain produced 5.82 g/L of
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DHS under the same culture condition. Finally, the pykA gene,
encoding a pyruvate kinase, was also disrupted in the Inha 29
strain (named Inha 52), leading to a production of 7.72 g/L of
DHS, signifying a more than 2-fold improvement in production
yield relative to the parental strain (Figure 2B).

RNA sequencing-based comparative transcriptome analysis
between the parental strain and Inha52 revealed that the
transcription levels of the DHS biosynthetic pathway genes such
as aroB (encoding DHQ synthease) and aroD (encoding DHQ
dehydratase) were significantly reduced in the Inha52 strain
(data not shown). To overcome this limitation, both aroB and
aroD genes were overexpressed under the control of the lac
promoter via an integration plasmid pKOV-BD, generating the
strain Inha 99 (Figure 2A). The Inha 99 strain, harboring an
extra copy of aroB and aroD genes, produced 8.06 g/L of DHS
(Figure 2B). In addition, Inha 95 was constructed using pKOV-
PABD to overexpress the galP and ppsA genes as well as aroB
and aroD genes in the Inha 52 strain (Figure 2A). The galP
gene, encoding D-galactose transporter, was overexpressed to
improve the level of glucose uptake. The ppsA gene, encoding
a phosphoenolpyruvate synthase, was also overexpressed to
increase the availability of PEP. Inha 95, overexpressing the
aroB, aroD, galP, and ppsA genes, produced 9.20 g/L of DHS
(Figure 2B). Subsequently, aroG and aroF genes, encoding
DAHP synthase, were additionally overexpressed in strain Inha
95, generating the Inha 103 strain (Figure 2A). The Inha 103
strain, harboring extra copies of aroB, aroD, galP, ppsA, aroG,
and aroF genes under the control of the lac promoter, produced
9.28 g/L of DHS, which is 20% higher DHS yield than that of
strain Inha 52, and 2.6-fold higher than that of the parental strain
(Figure 2B; Supplementary Table 2). Thus, the DHS production
yield of our recombinant strains increased gradually through
serial disruptions and overexpression of the genes involved in
DHS synthesis.

Fed-Batch Fermentation for DHS

Production
During the statistical medium optimization process in shake-
flask cultures using the metabolically engineered E. coli cells,
composition of the production medium was found to be a
very important factor for enhanced DHS production. Sufficient
supply of dissolved oxygen during the entire fermentation
period was also observed to be crucial, as revealed by higher
DHS production yield according to increase in oxygen mass
transfer rate (kLa) through increment of agitation speed (rpm).
Therefore, we intended to develop a fed-batch operation
process that could efficiently control the producers’ fermentation
physiology, simultaneously overcoming the oxygen-limited
culture conditions caused by high cell density in bioreactor
fermentations. The fed-batch culture was carried out using the
abovementioned four strains, i.e., Inha 24, Inha 29, Inha 52,
and Inha 103. The optimized medium from flask culture was
again optimized for the C/N ratio in the fermenter. The DHS
production yield was confirmed by fed-batch culture based
on this medium. Scaled-up operations from shake flasks to
fermenters are largely affected by the operating conditions such

as gas-liquid mass transfer, shear stress, mixing time, antifoam,
pH regulation, and power input. A phosphate-limited fed-batch
culture was performed to regulate cell growth. After the glucose
level were almost depleted in the fermentation broth, feeding
medium was continuously injected using a peristaltic pump to
maintain below 10 g/L to prevent the production of organic
acids by residual glucose. As shown in Figure 3, DO levels
could be successfully maintained above 30% during the whole
fermentation time in the respective fed-batch fermentation,
thereby leading to overcoming the undesirable oxygen-limited

conditions due to relatively high cell density. It is well-known that

when E. coli cells become oxygen-limited, cellular metabolism
rapidly changes, producing proteases that can degrade foreign

proteins, thus lowering the production ability of the transformed
E. coli cells.

All four strains consumed glucose for 17 h and started feeding

from this time onwards. As a result, in the Inha 24 strain, the
cells showed steady growth, and the DCW (Dry cell weight) and
production yield declined 48 h after the incubation; the DCW

was about 42 g/L and the DHS was about 45 g/L. In the same
culture condition, the Inha 29 strain exhibited the maximum
cell dry weight of about 37 g/L and a DHS level of 74 g/L. In
the Inha 52 strain, DCW was lower than that of the Inha 29
strain, but DHS production yield was as high as 81 g/L, implying
that there is a competitive relationship between cell growth and
DHS production. Although DHS is a primary metabolite, its
production in the engineered strains exhibited typical secondary
metabolite patterns (Figure 3). In aromatic amino acid processes,
E. coli and C. glutamicum have characteristic metabolites that
suppress cell density at certain concentrations (Cheng et al., 2012;
Rodriguez et al., 2014; Lee et al., 2018). Finally, in the Inha 103
strain with enhanced flux to DHS, the DCW was about 35 g/L,
slightly lower than that of Inha 52, while the production yield of
DHS had increased by 44% to 117 g/L. The specific production
yield (Yp/x) was 1.07 g DHS/g DCW for the Inha 24 strain, 2 g
DHS/g DCW for the Inha 29 strain, 2.25 g DHS/g DCW for the
Inha 52 strain, and 3.34 g DHS/g DCW for the Inha 103 strain.
The specific production yield of the Inha 103 strain was 3.1-times
higher than that of Inha 24 (Table 2; Supplementary Figure 3).

Heterologous Expression of the Genes

Involved in DHS-to-MA Conversion
We tried to produce muconic acid, another valuable compound,
through heterologous expression of the genes involved in DHS-
to-MA conversion in the DHS-overproducing E. coli strain.
Previously, three foreign genes (aroZ, aroY, and catA) were
reported to be responsible for the DHS-to-MA conversion in E.
coli (Draths and Frost, 1994, Figure 1). Similarly, we generated a
codon-optimized single operon construct containing three genes,
asbF from Bacillus thuringiensis (encoding DHS dehydratase for
DHS-to-PCA), aroY from Klebsiella pneumoniae (encoding PCA
decarboxylase for PCA-to-CA), and catA from Acinetobacter
calcoaceticus (encoding catechol 1,2-dioxygenase for CA-to-
MA). Genes asbFEopt , aroYEopt , and catAEopt were cloned into
modified pUC18 under the control of the lac promoter, thus
generating pMESK1. To optimize the heterologous foreign

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 6 October 2019 | Volume 7 | Article 24172

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Choi et al. E. coli Cell Factory Design for DHS

FIGURE 3 | Time-course profiles of cell growth (DCW), glucose, organic acid, and metabolite production by strains in the 7-L fermenter. (A) Inha 24: The feeding

medium was sequentially injected at culture periods of 17, 19, 24, 27, 42, 47, and 54 h, at a rate of 0.1176, 0.1568, 0.1176, 0.1568, 0.0784, 0.0522, and 0.1176

mL/min, respectively. (B) Inha 29: The feeding medium was sequentially injected at culture periods of 17, 19, 24, 42, 47, 54, and 89 h, at a rate of 0.0392, 0.1176,

0.1568, 0.0784, 0.0522, 0.1176, and 0.0784 mL/min, respectively. (C) Inha 52: The feeding medium was sequentially injected at culture periods of 17, 19, 42, 47, 54,

65, and 89 h, at a rate of 0.0392, 0.1176, 0.0784, 0.0522, 0.1568, 0.1176, and 0.0522 mL/min, respectively. (D) Inha 103: The feeding medium was sequentially

injected at culture periods of 18, 24, 42, and 66 h at a rate of 0.1306, 0.1568, 0.1306, and 0.1045 mL/min, respectively.

TABLE 2 | A, 7-L lab-scale fermentation; B, 50-L pilot-scale fermentation; Pf ,

maximum DHS production (g IA/L); Xf , maximum dry cell weight (g DCW/L); Sf ,

final residual glucose concentration (g glucose/L); Qp, average volumetric DHS

production rate (g DHS/L/h); qp, average specific DHS production rate (g DHS/g

DCW/h); Yp/x , specific DHS production (g DHS/g DCW); Yp/s, DHS production

yield based on glucose (g DHS/g glucose); Yx/s, DCW yield based on glucose (g

DCW/g glucose).

Pf Xf Sf Qp qp Yp/x Yp/s Yx/s

Inha 24 45 42 2 0.375 0.009 1.07 0.21 0.19

Inha 29 74 37 2 0.616 0.017 2.0 0.27 0.14

Inha 52 81 36 5 0.675 0.019 2.25 0.34 0.15

Inha 103 117 35 2 0.975 0.028 3.34 0.39 0.12

genes expression in a DHS-overproducing E. coli strain, we
searched for a naturally-suitable promoter via comparative
transcriptome analysis between the parental strain and Inha 52
(Supplementary Figure 1). Among the gene expression profiles

during the culture duration, five promoters were selected
according to their transcription strength, and each selected
promoter was cloned to control the foreign gene cassette

(Supplementary Figure 2A). The E. coli strains expressing each
promoter from pMESK4 to pMESK8 were named E. coli
Inha M104–M108, respectively, and were tested to determine

whetherMA accumulated in their culture broths. The production
level of MA varied, depending on the promoter, as shown in
Supplementary Figures 2B and 4. The highest MA titer was

observed in strain Inha 103, expressing oppA gene promoter,

which encodes periplasmic oligopeptides-binding protein in E.
coli. It yielded up to 1,789 mg/L of MA, an 8-fold increase
compared with strain Inha M101 (Plac_ asbFEopt -aroYEopt -
catAEopt), which showed an MA titer of 223 mg/L. DHS was
accumulated in relatively large amounts in two strains (Plac and
Pdps), and only a small amount of MA was produced in the other
two strains (Prmf and PrmpB). In the 7-L fermenter, the Inha 103
strain containing the asbFEopt -aroYEopt -catAEopt operon cassette
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FIGURE 4 | Time-course profiles of cell growth (DCW, pink closed diamond),

glucose (cyan closed diamond), organic acid, and metabolite production by

the engineered E. coli InhaM104 in the 7-L fermenter. The feeding medium

was sequentially injected at culture periods of 18, 24, and 46 h, at a rate of

0.0392, 0.0784, and 0.0653 mL/min, respectively. Closed gray square, total

metabolite; red closed diamond, DHS (3-dehydroshikimic acid); green closed

diamond, PCA (protocatechuate); yellow closed triangle, CA (catechol); blue

closed diamond, MA (cis-cis muconic acid).

under the control of oppA promoter produced 64.5 g/L MA with
little accumulation of other intermediates (Figure 4).

DISCUSSION

In general, strategies to redesign metabolic pathways constitute
the primary goal of metabolic engineering, which is a prerequisite
to produce certain valuable compounds. This strategy has been
used to engineer the shikimate pathway for producing a number
of useful aromatic products in E. coli. For example, Chandran
et al. reported an engineered E. coli strain that achieved 84 g/L
of shikimate with a yield of 0.33 mol/mol glucose (Chandran
et al., 2003). In addition, Wang et al. reported a 48 g/L
yield of L-tryptophan, with a conversion ratio of 21.87% from
glucose (Wang et al., 2013). It was previously reported that
the introduction of heterologous biosynthetic genes such as
aroZ, aroY, and catA into the aroE-deleted E. coli led to the
accumulation of MA up to 36 g/L via benzene-independent
pathway (Niu et al., 2002). In addition, various microbial cell
factory strategies were also purposed to enhance production of
MA or shikimic acid (Table 3) (Noda and Kondo, 2017; Bilal
et al., 2018a).

In this study, a phosphate-limited fed-batch fermentation
process was successfully developed for enhanced production of
DHS using a DHS-overproducing E. coli strain constructed by
redesigning its biosynthetic pathway. The phosphate-limited fed-
batch operation in the 7 L bioreactor level was observed to
strictly regulate the specific growth rate (µ) and the glucose
consumption rate and suppresses the production of undesirable
byproducts by effectively controlling DO levels. Notably, under
this culture conditions, DHS was biosynthesized in a non-
growth-associated mode during the later stage of the fed-
batch operations, efficiently utilizing higher portion of the
supplied nutrients into the DHS biosynthesis rather than cellular
growth. As a result, the Inha 103 strain showed significantly
high level of DHS production amounting to 117 g/L (at a
production yield (Yp/s) of 0.39 g/g glucose) in the 7-L fed-
batch bioreactor culture, ∼13-fold increase as compared to the
parallel flask culture (9 g/L) performed under the identical
culture conditions.

It was observed that sufficient amount of dissolved oxygen
(DO) should be supplied in the cultivation of the metabolically
engineered E. coli cells for enhanced production of DHS:
Increase in oxygen mass transfer rate (kLa) through increment
of agitation speed (rpm), and expansion of the diameter ratio
of the impeller to the fermenter vessel up to 0.46 resulted in
higher productivity of DHS. In addition, as described in this
paper, by installing a turbine impeller just above the ring-
type sparger for efficient break-down of the sparged air, and
a marine impeller above the turbine impeller for proficient
mixing of the dissolved oxygen, DO levels could be successfully
maintained above 50% during the whole fermentation period,
thereby leading to overcoming the undesirable oxygen-limited
conditions due to relatively high cell density. Notably, with
almost the same configuration of this fermenter system, higher
production levels of MA (muconic acid) had been observed,
maintaining DO levels above 40% during the entire fermentation
time, leading to facilitated transfer of DO to the producing cells,
and thereby improving MA production (Figure 4). In addition,
by carefully controlling the composition and feeding rate of
the supplied medium during the fed-batch operation, it was
possible to overcome DO-limited conditions, simultaneously
minimizing the production of the byproducts caused by high
levels of residual glucose in the fermentation broth. Notably,
under the phosphate-limited fed-batch fermentations, DHS was
observed to be biosynthesized almost in a growth-associated
mode, thus resulting in the remarkable enhancement in
DHS productivity (i.e., ∼6-fold increase as compared to the
parallel batch bioreactor fermentation performed under the
identical environments).

Such a remarkable production yield could be achieved
by applying a combination of several metabolic engineering
strategies for DHS production to E. coli strains.We demonstrated
that engineering of key genes for DHS production using
the host strain E. coli AB2834, in which the aroE-encoded
shikimate dehydrogenase is inactivated, gradually increased
the DHS production. We inactivated the tyrR-encoded
tyrosine-dependent transcriptional regulator, which is a
feedback repressor of aroG- and aroF-encoding DAHP synthase,
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TABLE 3 | Recent overview of engineered microbial strains for enhanced shikimate and MA biosynthesis.

Product Organism/strain Feedstock Culture style Titer Fermentation

duration (h)

References

Shikimate Escherichia coli Glycerol + glucose Batch 1.78 g/L 36 Bilal et al., 2018b

Shikimate E. coli Glycerol Batch 5.33 g/L 24 Lee et al., 2017

Shikimate E. coli Glucose Batch and fed-batch 1.73 g/L (Batch)

13.15g/L (Fed batch)

54 Gu et al., 2016

Shikimate E. coli Glycerol + glucose Fed-batch 4.14 g/L (Batch)

27.41 g/L (Fed-batch)

48 Liu et al., 2016

Shikimate E. coli Glucose Batch 3.12 g/L – Cui et al., 2014

Shikimate E. coli Glucose Batch and fed-batch 1.12 g/L (Batch)

14.6 g/L (Fed-batch)

– Chen et al., 2014

Shikimate E. coli Glycerol Fed-batch 1.85 g/L 44 Chen et al., 2012

Shikimate Pichia stipites Glucose Batch 3.11 g/L 120 Gao et al., 2017

Shikimate Corynebacterium

glutamicum

Glucose Fed-batch 141 g/L 48 Kogure et al., 2016

MA E. coli Glucose, xylose Fed-batch 4.7 g/L 72 Zhang et al., 2015

MA E. coli Glucose, glycerol Batch 390 mg/L 32 Sun et al., 2013

MA E. coli Glucose, glycerol Batch 1.5 g/L 48 Lin et al., 2014

MA E. coli Glucose Batch 170 mg/L 72 Sengupta et al., 2015

MA Saccharomyces

cerevisiae

Glucose Batch 1.56 mg/L 170 Weber et al., 2012

MA S. cerevisiae Glucose Batch 141 mg/L 108 Curran et al., 2013

DHS E. coli Glucose Batch 25.48 g/L 62 Yuan et al., 2014

DHS E. coli Glucose Fed-batch 69g/L – Li et al., 1999

for improving the transcription levels. Among the several
approaches to improve PEP availability for promoting DHS
production, we generated PTS-inactivated strain by disrupting
ptsG, which is a PEP-dependent glucose transporter. Instead,
we overexpressed galP-encoding D-galactose transporter,
which is another glucose-uptake route. In addition, pykA-
encoding pyruvate kinase 2 was removed and ppsA-encoded
PEP synthase was overexpressed for reconversion of pyruvate
to PEP. Furthermore, we overexpressed the genes on the
biosynthetic pathway to complete the DHS-overproducing
strain. Construction of an MA-producing E. coli cell factory was
carried out by the introduction of a single operon containing

asbFEopt -aroYEopt -catAEopt gene cluster, as well as applying

a promoter engineering strategy through the transcriptome
analysis. Although the current heterologous gene cluster

converts MA to about 50% of DHS, strengthening and
optimization of the DHS-PCA-CA-MA route in further studies

could result in better performing strains with higher DHS-to-MA

bioconversion efficiency.
In summary, we report the construction of E. coli strains

capable of producing DHS at high concentrations from D-

glucose. To accumulate high concentrations of DHS, tyrR,
ptsG, and pykA gene were sequentially deleted from E. coli
AB2834, in which the aroE gene was mutated to prevent the
conversion of DHS to SA. Extra copies of aroB, aroD, galP,
ppsA, aroG, and aroF genes involved in DHS biosynthesis were
additionally inserted to maximize DHS accumulation. MA was
also successfully produced by a heterologous expression pathway
for DHS-to-MA bioconversion. A controlled fed-batch operation
was performed with a statistically optimized production medium

in a 7L bioreactor and the redesigned E. coli strain could convert
DHS to MA efficiently, thereby producing about 64.5 g/L MA
with almost no accumulation of metabolic intermediates such
as PCA, CA, and DHS. This study demonstrates the potential
value of E. coli host to produce high level of an intermediate
metabolite of aromatic pathways and the rational cell factory
design approach to possibly complement petrochemical-based
chemical processes.
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L-(+)-Ergothioneine (ERG) is an unusual, naturally occurring antioxidant nutraceutical that

has been shown to help reduce cellular oxidative damage. Humans do not biosynthesise

ERG, but acquire it from their diet; it exploits a specific transporter (SLC22A4) for its

uptake. ERG is considered to be a nutraceutical and possible vitamin that is involved in

themaintenance of health, and seems to be at too low a concentration in several diseases

in vivo. Ergothioneine is thus a potentially useful dietary supplement. Present methods of

commercial production rely on extraction from natural sources or on chemical synthesis.

Here we describe the engineering of the baker’s yeast Saccharomyces cerevisiae to

produce ergothioneine by fermentation in defined media. After integrating combinations

of ERG biosynthetic pathways from different organisms, we screened yeast strains for

their production of ERG. The highest-producing strain was also engineered with known

ergothioneine transporters. The effect of amino acid supplementation of the medium

was investigated and the nitrogen metabolism of S. cerevisiae was altered by knock-out

of TOR1 or YIH1. We also optimized the media composition using fractional factorial

methods. Our optimal strategy led to a titer of 598 ± 18 mg/L ergothioneine in fed-batch

culture in 1 L bioreactors. Because S. cerevisiae is a GRAS (“generally recognized as

safe”) organism that is widely used for nutraceutical production, this work provides a

promising process for the biosynthetic production of ERG.

Keywords: ergothioneine, metabolic engineering, medium optimization, Saccharomyces cerevisiae, yeast,

nutraceutical

INTRODUCTION

Ergothioneine (ERG) (2-mercaptohistidine trimethylbetaine, IUPAC name (2S)-3-(2-Thioxo-
2,3-dihydro-1H-imidazol-4-yl)-2-(trimethylammonio)propanoate) is a naturally occurring
antioxidant that can be found universally in plants and mammals (Melville, 1959); it possesses
a tautomeric structure, but is mainly present in the thione form at physiological pH (Figure 1).
Ergothioneine was discovered in 1909 in the ergot fungus Claviceps purpurea (Tanret, 1909),
and its structure was determined 2 years later (Barger and Ewins, 1911). Subsequently, several
other organisms were found to produce ergothioneine, including the filamentous fungus
Neurospora crassa (Genghof et al., 1956), the yeast Schizosaccharomyces pombe (Pluskal et al.,
2014), various actinobacteria (Genghof, 1970) includingMycobacterum smegmatis (Seebeck, 2010),
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FIGURE 1 | Pathways toward ergothioneine biosynthesis in bacteria and fungi.

and in particular various basidiomycetes (mushrooms)
(Genghof, 1970). Higher eukaryotes have been shown to
contain ergothioneine (Melville, 1959; Halliwell et al., 2018), but
to date no higher eukaryotes have been reported to biosynthesize
ergothioneine. Plants are thought to take ergothioneine excreted
by fungi up from the soil (Audley and Tan, 1968; Tan and Audley,
1968) or through symbiotic relationships (Park et al., 2010; Guo
et al., 2016).

Ergothioneine is synthesized from onemolecule of L-histidine
(1), one molecule of L-cysteine (2), and 3 methyl groups donated
by S-adenosyl-L-methionine (SAM, Figure 1). In M. smegmatis,
the reaction sequence is catalyzed by five enzymes, encoded
by egtA-E genes arranged in an operon (Sao Emani et al., 2018).

Abbreviations: ERG, L-(+)-ergothioneine; HCO, S-(hercyn-2-yl)-L-cysteine S-

oxide; PBS, phosphate-buffered saline; PI, propidium iodide; PLP, pyridoxal 5′-

phosphate; SAM, S-adenosyl-L-methionine.

Four enzymes of the cluster EgtA, EgtB, EgtC, and EgtD catalyze
four individual reactions that methylate L-histidine to form
hercynine (3), convert L-cysteine to γ-L-glutamyl-L-cysteine (4),
combine hercynine and γ-L-glutamyl-L-cysteine to generate γ-
L-glutamyl-S-(hercyn-2-yl)-L-cysteine S-oxide (5) and produce
the S-(hercyn-2-yl)-L-cysteine S-oxide (6, HCO). In fungi, the
biosynthetic pathway is different, as a single enzyme Egt1
catalyzes the methylation of L-histidine (1) to give hercynine
(3), which in turn is sulfoxidized with cysteine, producing HCO
(6). HCO is converted into 2-(hydroxysulfanyl)hercynine (7)
by a β-lyase, encoded by egtE in M. smegmatis and by the

EGT2 gene in fungi. This compound is spontaneously reduced
to ergothioneine (8, thiol form and 9, thione form). Comparing

the bacterial and fungal pathway, it is important to note that

the utilization of glutamate in the ergothioneine biosynthesis
pathway also requires ATP. Recently, enzymes for the anaerobic

production of ergothioneine were found in Chlorobium limicola
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(Burn et al., 2017), where sulfur is directly transferred to the
imidazole ring of hercynine to form ergothioneine (Leisinger
et al., 2019). However, it is suggested that the anaerobic C-S bond
formation is less efficient than it’s aerobic counterpart (Burn et al.,
2017).

The antioxidant properties of ERG include the scavenging
of free radicals and reactive oxygen species (Akanmu et al.,
1991; Park et al., 2010; Ta et al., 2011) and the chelation of
divalent metal ions (Hanlon, 1971). ERG has been shown to
reduce oxidative damage in a variety of mammals (Deiana
et al., 2004; Cheah and Halliwell, 2012). In humans, ERG is
mainly accumulated in the liver, the kidneys, in erythrocytes,
the eye lens, and in seminal fluid (Leone and Mann, 1951;
Melville et al., 1954; Shires et al., 1997). It is transported by
a specific transporter SLC22A4 (previously known as OCTN1)
(Grundemann et al., 2005; Tschirka et al., 2018). The natural
selection of such a transporter implies that ergothioneine is
involved in the maintenance of health or the mitigation of
disease, and it may even be a vitamin (Paul and Snyder, 2010).
ERG has demonstrated effects in in vivo models of several
neurodegenerative diseases (Link, 1995; Yang et al., 2012; Song
et al., 2014), in ischemia reperfusion injury (Bedirli et al., 2004;
Sakrak et al., 2008a,b), and in a variety of other diseases (Halliwell
et al., 2018). Ergothioneine accumulates at sites of injury through
the upregulation of SLC22A4/OCTN1 (Cheah et al., 2016; Tang
et al., 2016). It is only slowly metabolized and excreted in humans
(Cheah et al., 2017).

Because humans cannot produce ERG, they must obtain it
through their diet. Although plants and animals also accumulate
it to some degree, the main natural dietary source of ERG is
basidiomycete mushrooms, where some species contain up to
7mg of ERG per gram dry weight (Ey et al., 2007; Pfeiffer et al.,
2011; Kalaras et al., 2017; Halliwell et al., 2018). Because of the
beneficial effects and possible involvement of ERG in disease,
ergothioneinemay potentially prove its value in the global dietary
supplement market, which was estimated at some $241.1 billion
in 2019 (Wang et al., 2016). Currently, commercial ergothioneine
is extracted from mushrooms or synthesized chemically.

Production of ergothioneine in microbial cell factories
would provide a sustainable low-cost alternative to its current
manufacturing processes. So far, fermentative ERG production
has been reported in bacteria and filamentous fungi, including
Methylobacterium aquaticum strain 22A (Alamgir et al., 2015),
Aureobasidium pullulans (Fujitani et al., 2018), Rhodotorula
mucilaginosa (Fujitani et al., 2018), cyanobacteria (Pfeiffer
et al., 2011), Aspergillus oryzae (Takusagawa et al., 2019),
and Escherichia coli (Osawa et al., 2018; Tanaka et al., 2019).
Engineering of M. aquaticum with an extra copy of egtBD and
the deletion of hutH (histidine-ammonia-lyase gene) lead to
a strain that produced 7.0mg ERG/g dry cell weight and 100
µg ERG/5 mL/7 days (Fujitani et al., 2018). In another study,
multiple copies of EGT1 and EGT2 genes from N. crassa were
integrated into the genome of the filamentous fungi A. oryzae.
The engineered strain produced 231mg ergothioneine per kg
solid media (Takusagawa et al., 2019). In E. coli, at first 24 mg/L
of secreted ERG was produced by expression of egtBCDE genes
fromM. smegmatis and optimization of themedium composition

(Osawa et al., 2018). This was followed up by a study, in which
the authors also expressed egtA and improved the strain by
enhancing the cysteine and S-adenosyl methionine biosynthesis,
as well as optimizing their medium further, to produce 1.3
g/L of ergothioneine in 216 h by fermentation (Tanaka et al.,
2019). To the best of our knowledge, there are no reports on
ergothioneine production in baker’s yeast, which is the preferred
host for the production of nutraceuticals (Huang et al., 2008; Li
and Borodina, 2014; Yuan and Alper, 2019). In this study we
describe the metabolic engineering of the yeast Saccharomyces
cerevisiae for the production of ergothioneine, reaching a titer of
0.6 g/L in fed-batch fermentation for 84 h.

MATERIALS AND METHODS

Strains and Chemicals
S. cerevisiae strain CEN.PK113-7D (MATa URA3 HIS3 LEU2
TRP1 MAL2-8c SUC2) was a gift from Peter Kötter (Goethe
University, Frankfurt/Main, Germany). S. pombe strain
DSM 70572, obtained from Leibniz-Institut DSMZ-Deutsche
Sammlung von Mikroorganismen und Zeilkulturen GmbH
(Germany) was used for genomic DNA extraction. E. coli DH5α
was used for cloning. Ergothioneine (catalog #E7521, ≥98%
purity) was from Sigma-Aldrich, hercynine (catalog # H288900,
≥95% purity) was from Toronto Research Chemicals Inc.
Simulated fed-batch medium components (EnPump 200) were
from EnPresso GmbH (Germany). These components consist of
a polysaccharide, in powder form, to add to the medium and an
enzyme to release glucose from the polysaccharide. The rate of

release is dependent on the enzyme concentration and allows for
simulated carbon-limited fermentation.

Cloning
CpEgt1, MsEgtA, and MsEgtE were codon-optimized for S.
cerevisiae using GeneGenie (Swainston et al., 2014), while
the other genes were codon-optimized for S. cerevisiae using
the codon-optimization tool provided by GeneArt. The genes
were then ordered as synthetic gene strings from IDT DNA
(MsEgtA) or GeneArt (all other synthetic gene strings). The
only exceptions were two genes from S. pombe, which were
isolated from genomic DNA. The DNA sequences of the genes
are in Supplementary Table 1. All yeast strain construction
was done using CRISPR/Cas9 and EasyClone-MarkerFree
methods (Stovicek et al., 2015; Jessop-Fabre et al., 2016). Correct
cloning was validated by sequencing (Eurofins Genomics).
Correct genome modification of yeasts was validated by colony
PCR. The details on primers (Supplementary Tables 2, 3),
biobricks (Supplementary Table 4), plasmids
(Supplementary Tables 5, 6), and strains
(Supplementary Table 7) are in Supplementary Materials.

Media and Small-Scale Cultivation

Conditions
For E. coli selection, we used Lysogeny Broth (LB) with 100
mg/L ampicillin. For the selection of yeast strains, we used Yeast-
Peptone-Dextrose (YPD) agar supplemented with 200 mg/L
G418 for selection of Cas9 vector and 100 mg/L nourseothricin
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for selection of the gRNA vector. Synthetic Complete (SC)
medium was prepared using 6.7 g/L Yeast Nitrogen Base
without amino acids from Sigma-Aldrich, 1.92 g/L Synthetic
Drop-out supplement without histidine from Sigma-Aldrich and
76 mg/L histidine. For ERG production, yeast strains were
cultivated in SC medium with 20 or 40 g/L glucose or with 60
g/L EnPump substrate (and 0.6% enzyme reagent) as carbon
source. Precultures for cultivation experiments were prepared by
inoculating a single colony of a strain into 5mL of the medium
used in the cultivation experiment and incubating at 30◦C and
250 rpm for 24 h. The cultivations were performed in 24-deep-
well plates from EnzyScreen, 3mL of medium was used per well
and the startingOD600 was 0.5. The plates were incubated at 30

◦C
with 250 rpm agitation.

HPLC Analyses
To determine the extracellular ergothioneine concentration, a
1mL sample of fermentation broth was centrifuged at 3,000 ×

g for 5min, the supernatant was moved into an HPLC vial and
stored at −20◦C until the analysis. The remaining cell pellet
was washed twice with 1mL MilliQ water and resuspended in
1mL water. The extraction of intracellular ERG was performed
according to Alamgir et al. (2015) as following. The mixture
was heated at 94◦C for 10min, vortexed at 1,600 rpm for
30min using a DVX-2500 Multi-Tube Vortexer from VWR,
and centrifuged at 10,000 × g for 5min. The supernatant was
transferred into an HPLC vial and stored at +4◦C until analysis.
The ERG concentrations were measured using a Dionex Ultimate
3000 HPLC system. Quantification was done based on standard
curves using Chromeleon software. Five microliter of sample
was injected on a Cortects UPLC T3 reversed-phase column
(particle size 1.6µm, pore size 120 Å, 2.1 × 150mm). The flow
rate was 0.3 mL/min, starting with 2.5min of 0.1% formic acid,
going up to 70% acetonitrile, 30% 0.1% formic acid at 3min for
0.5min, after which 100% 0.1% formic acid was run from min
4 to 9. Ergothioneine was detected at a wavelength of 254 nm.
For analysis of bioreactor samples, we additionally quantified
glucose, ethanol, pyruvate, and acetate concentrations by HPLC
as described (Borodina et al., 2015).

Fed-Batch Fermentation in Bioreactors
A single colony from a YPD plate with ST8927 colonies (see
below) was used to inoculate 5mL of minimal media in 14mL
tube. The tube was incubated at 30◦C and 250 rpm overnight.
This overnight culture was transferred into 95mL mineral
medium in 500mL baffled shake flask. The shake flask was then
incubated overnight at 30◦C and 250 rpm. Forty milliliters of this
dense culture was used to inoculate 60mL mineral medium in a
new 500mL baffled shake flask. Two shake flasks were prepared
this way. These shake flasks were incubated at 30◦C and 250
rpm for 4 h, the content of both shake flasks was combined,
then centrifuged at 3,000 × g for 5min. The supernatant
was discarded, the pellet was washed with 25mL sterile water,
resuspended and centrifuged as before. The supernatant was
discarded and the pellet resuspended in 10mL mineral medium.
This was then used to inoculate 0.5 L mineral medium in a 1 L
Sartorius bioreactor. The starting OD600 was 0.85. The stirring

rate was set at 500 rpm, the temperature was kept at 30◦C, and
pH was maintained at pH 5.0 using 2M KOH and 2M H2SO4.
The feeding was started as soon as CO2 in the off-gas decreased
by 50%. The initial feed rate was set at 0.6 g glucose h−1, linearly
increasing to 2.5 g glucose h−1 over the span of 25.5 h. After that,
the feed was set at a constant 1.4 g glucose h−1 and 17.8 h later,
the feeding rate was set to a constant 2.9 g glucose h−1. The feed
was stopped at 84 h. At 60.5 and 75.5 h, 2 g (NH4)2SO4 was added
as a sterile 100 g/L solution. At 60.5 and 73.5 h, 0.5 g MgSO4 was
added as a sterile 50 g/L solution, while 4mL sterile trace metals
solution and 2mL sterile vitamin solution were added.

Propidium Iodide Staining and Flow

Cytometry Analysis
Precultures were prepared by inoculating a single colony of
strain ST7574, ST8461, and ST8654 into separate 14-mL tubes
containing 5ml of SC+ 40 g/L glucose+ 1 g/L His/Cys/Met and
incubating at 30◦C and 250 rpm for 24 h. Precultures were used
to inoculate 25mL SC+ 40 g/L glucose+ 1 g/L His/Cys/Met at a
starting OD600 of 0.5, which was incubated at 30◦C and 250 rpm
for 72 h. Every 24 h, a 1mL sample of cell culture was taken from
the yeast cultivation. This sample was washed two times with
1mL phosphate-buffered saline (PBS), subsequently resuspended
in 0.5µg/mL propidium iodide (PI) in PBS and incubated for
20min at room temperature in the dark. After incubation,
the cells were washed two times with PBS and the percentage
of PI stained cells was determined using a MACSQuant VYB
system (Miltenyi Biotec). Data analysis was performed using the
FlowJo software.

Fluorescent Microscopy
Precultures were prepared by inoculating a single colony into
a 14mL tube containing 5mL YPD medium and incubating at
30◦C and 250 rpm overnight. Overnight precultures of strains
containing transporters linked to GFP and the control strain were
used to inoculate 5mL YPD medium in 14mL tubes at OD600 =

2 and were cultured at 30◦C and 250 rpm for 5 h. One milliliter
of the culture was harvested at 3,000 × g for 5min. The cells
were washed two times with PBS and subsequently pictures of
the cells were taken using a Leica DM 400 B system, using Leica
Application Suite V4 as image software.

Medium Optimization
A two-level fractional factorial based on the components of SC
medium, with the levels high (+1, component 5-folds higher
than original SCmedium) and low (−1, component 5-folds lower
than original SC medium), was used to determine the impact
of individual components on the yield of ergothioneine. Two
different stocks of all the individual components were prepared,
one each for high and low concentrations and these were mixed
together for all components to yield 64 different designed media.
The design matrix for the fractional factorial grid has been
attached (Supplementary Table 8). Precultures were prepared by
inoculating a single colony of strain ST8461 into a 14mL tube
containing 5mL SC medium and incubating at 30◦C and 250
rpm overnight. Precultures were then used to inoculate 300 µL
media in 96-deep-well plates from EnzyScreen at OD600 = 0.1 in
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duplicate for each different medium and incubated at 30◦C and
225 rpm for 48 h. Samples for analysis were taken at 24 and 48 h.

LC-MS Analysis for Medium Optimization
Amounts of total ergothioneine were analyzed my LC-MS in
MRM mode. The analysis was performed on a Bruker EVOQ

(QqQ) coupled to UPLC. The LC part of the LC-MS/MS system
consisted of a CTC autosampler module, a high pressure mixing
pump and a column module (Advance, Bruker, Fremont, CA,
USA). The injection volume was 1 µL. The chromatography
was performed on a ZIC-cHILIC column, 150 × 2.1mm, 3µm
particle size (SeQuant, Merck Millipore), equipped with a 0.5µ

FIGURE 2 | Ergothioneine production in strains with different ERG pathway combinations on three variations of synthetic complete medium: (A) AA: 20 g/l glucose

and 1 g/l of each L-His, L-Met, and L-Cys, (B) Glu: 40 g/l glucose, (C) FiT: 60 g/l EnPump substrate for slow glucose release to simulate fed-batch conditions.
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FIGURE 3 | Ergothioneine production by yeast strains expressing human ERG transporter SLC22A4X or a putative ERG transporter from M. smegmatis on three

variations of synthetic complete medium: (A) AA: 20 g/l glucose and 1 g/l of each L-His, L-Met, and L-Cys, (B) Glu: 40 g/l glucose, (C) FiT: 60 g/l EnPump substrate

for slow glucose release to simulate fed-batch conditions, (D) Microscope images of yeast cells with ergothioneine transporters linked to GFP. To the left are Brightfield

images and to the right GFP images. Top panels; ST8461, ergothioneine producing strain without transporter. Middle-top panels, ST8921, ergothioneine producing

strain with a putative transporter from Mycobacterium smegmatis linked to GFP at the N-terminus. Middle panels, ST8922, ergothioneine producing strain with a

putative transporter from Mycobacterium smegmatis linked to GFP at the C-terminus. Middle-bottom panels, ST8923, ergothioneine producing strain with a

transporter from Homo sapiens linked to GFP at the C-terminus. Bottom panels, ST8924, ergothioneine producing strain with a transporter from Homo sapiens linked

to GFP at the N-terminus.

depth filter (KrudKatcher Classic, Phenomenex). Eluent A was
20mM ammonium acetate, pH adjusted to 3.5 with formic acid
in MilliQ water. Eluent B was acetonitrile. The total flow rate

of eluent A and B was 0.4 mL/min. The isocratic elution was
30% A, and the total run time was 5min. Retention time was
1.8min for ergothioneine. The mass spectrometer was operated
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with electrospray in the positive ion mode (ESI+). The spray
voltage was set to 4,500V. The cone gas flow was 20 L/h, and the
cone temperature was set at 350◦C. The heated probe gas flowwas
set at 50 L/h with a temperature of 350◦C. Nebulizer flow was set
at 50 L/h, and the exhaust gas was turned on. Argon was used as
collision gas at a pressure of 1.5 mTorr. Detection was performed
in multiple reacting monitoring (MRM) mode. The quantitative
transition was 198 → 95 for ergothioneine and the qualitative
transition was 198 → 154. The collision energy was optimized
to 15 and 7 eV, respectively. The xms files were converted into cdf
files and were analyzed using Mzmine 2.33.

RESULTS

Expression of Bacterial, Fungal, and

Chimeric Biosynthetic Pathways Toward

Ergothioneine in S. cerevisiae
The biosynthetic genes for ERG production were of both bacterial
origin (M. smegmatis) and of fungal origin (C. purpurea, N.
crassa, S. pombe). The Egt1 homologs in C. purpurea and S.
pombe were identified by BLASTp using the sequence of Egt1
for N. crassa (Genbank accession: XP_956324.3). Similarly, Egt2
from S. pombe (Genbank accession: NP_595091.1) was used to
find the Egt2 homologs in N. crassa and C. purpurea. Genbank
accession numbers are provided in Supplementary Table 1. The
genes were combined into sixteen pathway variants, where nine
pathway variants were made of fungal genes, one pathway variant
comprised bacterial genes only, and six variants contained both
fungal and bacterial genes. The 16 yeast strains with different
pathway variants were cultivated in three different media and
the intra- and extracellular concentrations of ergothioneine were
measured (Figure 2).

ERG titers were the highest in simulated fed-batch medium
(up to 60 mg/L as compared to a maximum of 20 mg/L under
batch conditions). Of the five best-performing pathway variants,
four contained Egt1 from N. crassa and any other of the four
enzymes catalyzing the 2nd enzymatic step (MsEgtE, NcEgt2,
SpEgt2, or CpEgt2). The fifth contained CpEgt1 and MsEgtE.
Curiously, CpEgt1 combined with any fungal Egt2 variants only
produced ERG on the medium that contained high levels of
histidine, cysteine and methionine (Figure 2A). We speculate
that C. purpurea enzyme CpEgt1 has a lower affinity to one
or several of the substrate(s) (histidine, SAM, cysteine) than
the enzyme from N. crassa and hence ERG production was
only feasible when the intracellular levels of the substrates was
increased through supplementation in the medium. Overall, only
5–30% of the total ERG was secreted, while the rest was retained
intracellularly. The strain ST8461, combining Egt1 fromN. crassa
and Egt2 from C. purpurea, was selected for further engineering.

Engineering Ergothioneine Transport
The concentration of ERG inside the cells can be estimated
to be ∼3.5mM (for strain ST8461 on simulated fed-batch
medium), which is 80-fold higher than in the broth. As M.
smegmatis is known to secrete ergothioneine to levels up
to 4 times the intracellular concentration (Sao Emani et al.,

2013), we speculated that it may contain an equilibrative or
effluxing ERG transporter. On the M. smegmatis genome,
adjacent to the egtA-E operon, there is an open reading
frame MSMEI_6084, encoding a protein annotated as a
chloramphenicol exporter (Supplementary Figure 1). The
protein has 12 transmembrane domains as predicted by Phyre2
(Kelley et al., 2015) (Supplementary Figure 2). We expressed
codon-optimized variants of this gene and of the (normally
concentrative) human ERG transporter SLC22A4 in strain
ST8461 (Figure 3). However, there was no significant increase of
intracellular or extracellular ERG production. To determine why
neither transporter had an effect, we investigated their cellular
localization by green fluorescent protein (GFP) tagging on the

FIGURE 4 | The effect of gene knock-outs linked to nitrogen metabolism on

the production of ergothioneine in the production strain with the MsErgT

transporter in different media. Genomic alterations are shown as well. (A) Glu:

SC + 40 g/l glucose (B) FiT: SC + 60 g/l EnPump substrate, 0.6% reagent A.
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C- or N-termini (Figure 3). Interestingly, MsMEI_6084 mainly
localized to the vacuolar membrane of S. cerevisiae, while human
SLC22A4X was only weakly expressed and its localization could
not be determined. Since neither of the transporters localized to
the plasma membrane specifically, it can explain the lack of effect
on ERG secretion.

Engineering of Nitrogen Metabolism
Both Tor1 (Hinnebusch, 2005; Ljungdahl and Daignan-Fornier,
2012) and Yih1 (Hinnebusch, 2005) inhibit Gcn2p, a positive
regulator of GCN4. Deletion of either of these enzymes could
lead to increased ERG production by increasing the amino acid
pools in yeast. In Figure 4, we show the results of these alterations
in the nitrogen metabolism of S. cerevisiae in different media.
Yih1 deletion does not have an effect on the production of

ergothioneine, while Tor1 only seems to lead to an increase in
ERG under batch conditions. Since eventual ERG production is
likely to be carried out under fed-batch conditions and neither of
the deletions gave a positive effect under fed-batch conditions, we
decided not to proceed with these genetic modifications.

Supplementation of the Medium With

Precursor Amino Acids
To determine whether the supply of the three amino acids (L-
histidine, L-cysteine, and L-methionine) that serve as precursors
for ERG biosynthesis is limited, we cultivated several yeast strains
with supplementation of 1 or 2 g/L of each of L-methionine,
L-cysteine, and L-histidine. We chose two producing strains,
ST8461 and ST8654, the latter containing the MsMEI_8064 gene.

FIGURE 5 | Production of ergothioneine over time in the production strain with or without transporter in different media compositions. (A,D) Glu: SC + 40 g/l glucose,

(B,E) AA: SC + 40 g/l glucoe + 1 g/l His/Met/Cys, (C,F) AA2: SC + 40 g/l glucose + 2 g/l His/Cys/Met.
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A non-producing strain ST7574 was used as a control. The
experiments were performed in shake flasks and growth and ERG
production were monitored over the course of 3 days (Figure 5).
ERG accumulated primarily in the first 24 h of cultivation, which
would correspond to the exponential growth on glucose, reaching
ca. 16 mg/L in both producing strains, independent of any amino
acid supplementation. The supplementation, however, affected
the cellular growth, with the final OD being ∼46 and 52% lower
when 1 or 2 g/L, respectively, of the amino acids were added.
No degradation of ERG was observed; however surprisingly,
there was a large variation in the intracellular vs. extracellular
distribution of ERG depending on the addition of amino acids.
Specifically, the addition of amino acids promoted the excretion
of ERG in the stationary phase. We hypothesized that this was
due to cell death because of the toxic effects of the added amino
acids, in particular histidine (Watanabe et al., 2014) and cysteine
(Kumar et al., 2006). Indeed propidium iodide staining of cells
sampled every 24 h for 72 h, showed an increase in the fraction
of dead cells from 9 to 70%, when amino acids were added at
concentrations of 1 g/L (Supplementary Figure 3). Clearly, the
concentrations of amino acids used were too high and hence we
decided to undertake a more systematic medium optimization
approach as described in the next section.

Medium Optimization
To perform optimization of medium composition, we chose a
two-level fractional factorial design, where the concentrations
each of the components of the synthetic complete medium
were varied 5-fold (Figure 6, Supplementary Table 8). Strain
ST8461 was cultured in SC medium (medium 65 in Figure 6) to
provide a baseline for the ergothioneine production during the

experiment with which to compare the performance of the other
media. After 48 h, 63% of the designed media outperformed SC
medium with regard to ERG titers. To be able to identify the best
contributing components, the analysis was narrowed down to the
eight top-performing media. Higher levels of arginine, histidine,
methionine, and pyridoxine were present in these media, while
we could find no compound that had its concentration reduced
across most or all of these media. Even though cysteine is a
precursor for ergothioneine, it is not universally increased across
the different media. However, as methionine can be converted
into both S-adenosyl methionine and cysteine by yeast, increased
levels of methionine in the medium by itself could be enough for
increasing ERG titers. Pyridoxine is a precursor for pyridoxal 5′-
phosphate (PLP), which binds to EgtE to facilitate the conversion
of HCO to 2-(hydroxysulfanyl)hercynine in a PLP-dependent
manner (Song et al., 2015). Since CpEgt2 is the fungal equivalent
of EgtE, it is likely that pyridoxine has a positive effect on ERG
production through CpEgt2. Interestingly, higher concentrations
of arginine also increased ergothioneine production. The amino
acid metabolism of S. cerevisiae contains many degradation
and bioconversion pathways for arginine to be converted into
other amino acids (Ljungdahl andDaignan-Fornier, 2012), which
might contribute to the increased ERG titers.

Enhancing the Expression of Ergothioneine

Biosynthetic Genes
We recognized that the ERG-producing strain could be improved
by increasing the expression of the ERG biosynthetic genes.
We integrated an additional copy of NcEgt1 and/or CpEgt2
expression cosseted into ST8461 (Figure 7). An additional copy
of NcEgt1 increased the titer by 80 and 20% for batch and

FIGURE 6 | Median concentration of ergothionine produced after 24 and 48 h. The values are additive. Open bars represent values obtained after 24 h while the

closed bars represent values obtained after 48 h.
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FIGURE 7 | The effect of the integration of a second copy of Egt enzymes on

the production of ergothioneine in the high producing strain in different media.

Genomic alterations are shown as well. (A) Glu: SC + 40 g/l glucose (B) FiT:

SC + 60 g/l EnPump substrate, 0.6% reagent A.

simulated fed-batch medium, respectively, while an additional
copy of Egt2 did not increase the ergothioneine titer and
even caused a decrease in simulated fed-batch medium. When
additional copies of both genes were integrated, the total titer
was increased by 25% on simulated fed-batch medium (ST8927).
The marginal increase in titer indicates that the flux control of
the pathway mainly resides elsewhere, either with the precursor
supply or NcEgt1 and CpEgt2 may experience inhibition from

ERG or its intermediates; this needs to be addressed through
further strain engineering.

Ergothioneine Production in Controlled

Fed-Batch Fermentation
Finally, the engineered ERG-producing ST8927 strain was
cultivated in bioreactors under glucose-limited fed-batch
conditions. Based on the medium optimization results from
section Medium Optimization, we supplemented the fed-batch
fermentation medium with arginine, histidine, methionine and
pyridoxine. During the 84-h cultivation, 598 ± 18 mg/L erg
was produced, of which 59% was extracellular, from 175.0 ±

3.5 g/L glucose (Figure 8). Next to that, a total of 3.2 g arginine,
histidine, and methionine, as well as 192mg pyridoxine was
added through the starting medium and the feeding medium.
The final dry weight of biomass was 55 ± 1 g/L, and as baker’s
yeast has a cell density of ∼1.103 g/mL (Bryan et al., 2010),
this brings the intracellular concentration of ERG to 17.7mM,
which is 11-fold higher than the extracellular concentration of
1.6mM at the end of the fermentation. During the fermentation,
at two points (after 48 and 72 h), the growth of the cells started
stagnating. However, when we added extra (NH4)2SO4, MgSO4,
trace metal solution, and vitamins, the cells began growing
again. Most likely, the strain has an extra requirement for one or
more of these components that was not found via the medium
optimization, as the medium optimization was run under batch
conditions, rather than fed-batch conditions in which yeast
can reach much higher cell densities. Between 48 and 60 h,
biomass concentration declined slightly and the ratio between
the extra- and the intra-cellular ERG increased, which could be
caused by increased cell death, similar as we observed upon the
supplementation of high concentrations of amino acids (section
Medium Optimization). The process performance could be
improved by optimization of the medium composition, process
physical parameters, and the feeding profile.

DISCUSSION

Ergothioneine is an antioxidant with many potential health
benefits (Cheah and Halliwell, 2012; Ames, 2018; Halliwell et al.,
2018). Furthermore, the interaction of ERG with metal ions
(Hanlon, 1971) could conceivably play a role in the intracellular
chaperoning of trace elements. Fermentation could provide an
alternative and sustainable way for ergothioneine production
compared to the current commercial processes. To this end, we
have engineered S. cerevisiae for the production of ergothioneine,
reaching levels of 0.6 g/L. As there are many different organisms
that produce ergothioneine (Tanret, 1909; Genghof et al., 1956;
Genghof and Vandamme, 1964; Genghof, 1970; Seebeck, 2010;
Pfeiffer et al., 2011; Pluskal et al., 2014; Sheridan et al., 2016;
Kalaras et al., 2017) (Supplementary Tables 9, 10), we have
focused on the organisms in which genes for ergothioneine
production were identified. Other heterologous or from different
organisms could therefore also be tested in S. cerevisiae to
potentially find better performing combinations than those
described here.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 10 October 2019 | Volume 7 | Article 26287

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


van der Hoek et al. Engineering Yeast for Ergothioneine Production

FIGURE 8 | Fed-batch cultivation of ERG-producing strain ST8927. The cultivations were performed in duplicate, the average values are shown. The error bars show

standard deviations. The additions of minerals, trace metals, and/or vitamins are indicated by black arrows. At 60.5 h, we added 2 g (NH4)2SO4, 0.5 g MgSO4, 4ml

trace metals solution, and 2ml vitamin solution, at 73.5 h we added 0.5 g MgSO4, 4ml trace metals solution 2ml vitamin solution and at 75.5 h we added 2 g

(NH4)2SO4. At 60.5 and 75.5 h, 2 g (NH4)2SO4 was added as a sterile 100 g/l solution. At 60.5 and 73.5 h, 0.5 g MgSO4 was added as a sterile 50 g/l solution, while

4ml sterile trace metals solution and 2ml sterile vitamin solution were added.

In our ERG-producing strain, as much as 59% of the
ergothioneine was detected extracellularly during fermentation,
even though no ERG-specific transporter has been found in
yeast so far. High intracellular concentrations of a product may
inhibit its own biosynthesis or lead to product degradation
(Kell et al., 2015; Borodina, 2019; Kell, 2019). We speculated
that expressing an ERG-specific transporter might improve the
secretion of ERG from the yeast cells. Expression of heterologous
human ergothioneine transporter or a potential ergothioneine
transporter from M. smegmatis did not improve the secretion,
however the transporters were not well-expressed in the plasma
membrane of S. cerevisiae.

The amino acid metabolism of S. cerevisiae is tightly regulated
and its networks highly intertwined (Hinnebusch, 1988, 2005;
Hinnebusch and Natarajan, 2002; Ljungdahl and Daignan-
Fornier, 2012). Therefore, it would be easier to increase the total
amino acid pool rather than increasing the individual amino
acid pools. The general amino acid control of yeast is mainly
regulated by GCN4 (Hinnebusch, 1988; Ljungdahl and Daignan-
Fornier, 2012) and upregulation of GCN4 leads to transcription
of the biosynthetic genes of various amino acids. As knock-
out of Tor1 and Yih1 did not yield higher ERG titers, more
difficult metabolic engineering of yeast for higher production of
individual amino acids pools could lead to higher ERG titers.
This is similar to the approach taken in E. coli, where use
was made of a strain that was already overproducing cysteine
(Osawa et al., 2018). In yeast, it is also possible to adopt
several strategies that increase the amount of available SAM
and/or methionine (Chen et al., 2016) to potentially improve
ergothioneine production.

Additional to genetic manipulation, medium optimization
has the benefit that it does not require extensive engineering
of the strain to increase its production capabilities, while it
gives a wealth of information on multiple components in
the system that the strain might need for better production
(Link and Weuster-Botz, 2011). However, supplementation of
certain compounds can be expensive in an industrial setting and
therefore the information gained can be used to lead further
engineering efforts.

Ergothioneine production was only increased by a small
amount following the integration of a second copy of both Egt
genes. There are a number of potential explanations for this, such
as a lack of precursors or [as is common (Cornishbowden et al.,
1995)] possible feedback inhibition by pathway intermediates
or products. Interestingly, integrating a second copy of NcEgt1
by itself, but not CpEgt2, did lead to an increase in ERG
production. Indeed, in engineering A. oryzae (Takusagawa et al.,
2019), it has been shown that hercynine accumulated following
the integration of multiple copies of Egt1. This suggests that
the second reaction catalyzed by the Egt1 enzyme, converting
hercynine into HCO, tends to contribute more significantly to
flux control.

Recently, another group managed to produce 1.3 g/L
ergothioneine in using E. coli as a production organism (Tanaka
et al., 2019). They used a cysteine hyperproducing strain,
which was also engineered for increased methionine production.
Additionally, their ERG production genes are on a plasmid
which is present in the cells with 15–20 copy numbers. During
fermentation, they supplemented the medium with histidine,
methionine, thiosulfate, and pyridoxine, supporting the results
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found in our medium optimization experiment. While the titer
obtained in E. coliwas higher than in our fed-batch fermentation,
the duration of the fermentation with E. coli was much longer at
216 h vs. the 84 h-fermentation using S. cerevisae presented here.

The fungal pathway for the biosynthesis of ERG only
encompasses two enzymes compared to the five of the bacterial
pathway, and eliminates the need for the use of glutamate and
energy in the form of ATP.While NcEgt1 has been produced in E.
coli for in vitro studies of the enzyme (Hu et al., 2014), to the best
of our knowledge, the fungal pathway has to date not been used
for ERG production in E. coli. As we have shown S. cerevisiae is
able to produce ergothioneine using the fungal pathway, themore
energetically efficient biosynthesis pathway of fungi could lead to
better product yield.

In conclusion, we produced ERGwith a titer of 598± 18mg/L
in S. cerevisiae expressing fungal ERG biosynthesis pathway. As
the first report of ergothioneine production in S. cerevisiae, our
investigation into the impact of amino acid supplementation and
the flux in the ERG pathway will help further ERG production
efforts by yeast fermentation.
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The rising demand of bio-vanillin and the possibility to use microbial biotransformation

to produce this compound from agroindustrial byproducts are economically attractive.

However, there are still several bottlenecks, including substrate and product toxicity,

formation of undesired products and genetic stability of the recombinant strains, that

impede an efficient use of recombinant Escherichia coli strains to make the whole

process cost effective. To overcome these problems, we developed a new E. coli strain,

named FR13, carrying the Pseudomonas genes encoding feruloyl-CoA synthetase and

feruloyl-CoA hydratase/aldolase integrated into the chromosome and, using resting cells,

we demonstrated that the vanillin yield and selectivity were strongly affected by the

physiological state of the cells, the temperature used for the growth and the recovery

of the biomass and the composition and pH of the bioconversion buffer. The substrate

consumption rate and the vanillin yield increased using a sodium/potassium phosphate

buffer at pH 9.0 as bioconversion medium. Optimization of the bioprocess variables,

using response surface methodology, together with the use of a two-phase (solid-liquid)

system for the controlled release of ferulic acid allowed us to increase the vanillin yield

up to 28.10 ± 0.05mM. These findings showed that recombinant plasmid-free E. coli

strains are promising candidates for the production of vanillin at industrial scale and that

a reduction of the cost of the bioconversion process requires approaches that minimize

the toxicity of both ferulic acid and vanillin.

Keywords: vanillin biosynthesis, ferulic acid, bioconversion, metabolic engineering, Escherichia coli, resting cells,

alkaline conditions

INTRODUCTION

Vanilla is one of the most used flavors in foods, beverages, sodas, pharmaceutics, cosmetics,
tobacco, and traditional crafts industries. Natural vanilla is a complex mixture of more than
200 molecules extracted from the cured pods of plants belonging to selected species of
the Vanilla genus: Vanilla planifolia Jacks ex Andrews and Vanilla tahitensis J.W. Moore
(Ramachandra Rao and Ravishankar, 2000).

The characteristic flavor of vanilla is mainly due to vanillin (cas n. 121-33-5), a phenolic aldehyde
present in cured vanilla pods in a concentration ranging from 1.0 to 2.0% (w/w; Sinha et al., 2008).
As the extraction process from cured beans is relatively expensive, vanilla represents about 5% of
the global vanilla and vanillin market (IMARC Group, 2019).
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Even though synthetic vanillin is available at a very low
price, the increasing consumer awareness for natural ingredients,
which are considered “healthy,” has led many companies to
find new strategies for the production of natural flavors such
as bio-vanillin. According to recent industry research reports,
the global bio-vanillin market is expected to rise with a strong
CAGR of 7.4% within the forecast period from 2017 to 2025
(Transparency Market Research, 2017), which is expected to
be a great opportunity for the production of bio-vanillin
from natural substrates by biotechnological tools (Banerjee and
Chattopadhyay, 2019; Galadima et al., 2019).

The Flavoring Regulation (EC) No 1334/2008 (December
16th 2008) established that natural vanillin can be produced
combining biotechnology-based approaches, which use lignin,
ferulic acid, eugenol or isoeugenol as natural precursors (Gallage
and Møller, 2015) and microorganisms as production hosts
(Lesage-Meessen et al., 1996; Overhage et al., 1999b; Plaggenborg
et al., 2006; Di Gioia et al., 2007, 2011a; Hansen et al., 2009; Tilay
et al., 2010; Fleige et al., 2013).

Ferulic acid is a phenylpropanoic acid, naturally occurring in
plants, which confers rigidity to the cell wall by cross-linking
with polysaccharides and lignin (Ou and Kwok, 2004; Boz, 2015;
Oliveira et al., 2015). In a large number of microorganisms,
vanillin is a transient intermediate of ferulic acid catabolism
(Masai et al., 2007; Kumar and Pruthi, 2014; Brink et al., 2019)
and it is either rapidly converted to other products or utilized as
a carbon source and energy.

Microorganisms naturally capable of converting ferulic acid to
vanillin mainly belong to the generaAmycolatopsis, Streptomyces,
Pseudomonas, and Delftia (Sutherland et al., 1983; Barghini et al.,
1998; Muheim and Lerch, 1999; Oddou et al., 1999; Achterholt
et al., 2000; Plaggenborg et al., 2003; Brunati et al., 2004; Hua
et al., 2007; Di Gioia et al., 2011a; Fleige et al., 2013; Simon et al.,
2014). Moreover, several authors have reported the feasibility
to use agroindustrial wastes rich in ferulic acid as valuable
renewable sources for bio-vanillin production (Di Gioia et al.,
2009, 2011b; Fava et al., 2013; Zamzuri and Abd-Aziz, 2013;
Banerjee and Chattopadhyay, 2019; Galadima et al., 2019).

In bacteria, five ferulate catabolic pathways can be
distinguished based on the reactions involved in ferulic
acid activation (reviewed by Gallage and Møller, 2015). In
Pseudomonas and related species, the conversion of ferulic acid
into vanillin is a two-step process that involves the formation of a
high-energy thioester as a key intermediate (Narbad and Gasson,
1998; Overhage et al., 1999a; Calisti et al., 2008). As shown in
Figure 1, this reaction is catalyzed by a feruloyl-CoA synthetase
(EC 6.2.1.34) and requires a carrier of acyl groups (such as
acetyl-CoA), MgCl2 and ATP, as cofactors. The feruloyl-CoA is
subsequently hydrated and cleaved to vanillin and acetyl-CoA
by a lyase, enoyl-CoA hydratase/aldolase (EC 4.2.1.101), that
combines hydratase and aldolase activity (Narbad and Gasson,
1998; Figure 1).

Due to its toxicity, vanillin is quickly oxidized or reduced to
vanillic acid and vanillyl alcohol respectively, using enzymes that
are specific for this substrate (i.e., vanillin dehydrogenase; EC
1.2.1.67) or have a broad substrate specificity. In bacterial strains
able to grow on ferulic acid as a sole carbon source, inactivation

of vanillin dehydrogenase-encoding gene (vdh) is a valuable tool
to obtain mutants that accumulate vanillin (Table 1). However,
as reported for Amycolatopsis sp. ATCC39116 (Fleige et al.,
2016) and Pseudomonas putida KT2440 (Graf and Altenbuchner,
2014), inactivation of vdh gene is not sufficient to reduce
the formation of toxic byproducts (i.e., vanillyl alcohol) when
prolonged bioconversion times are required.

Over the last decades, the increase of knowledge about
the catabolic genes and the corresponding enzymes involved
in the conversion of ferulic acid into vanillin gave new
opportunity to bioengineering microorganisms for vanillin
biosynthesis and now recombinant strains represent an efficient
alternative to the use of wild-type strains (Table 1). In fact,
recombinant Escherichia coli strains harboring heterologous
genes for coenzyme A-dependent or coenzyme A-independent
conversion of ferulic acid to vanillin have been used as alternative
platforms for vanillin production (Yoon et al., 2005; Barghini
et al., 2007; Furuya et al., 2014). Nevertheless, the vanillin
yield obtained using these biocatalysts was affected by the
genetic instability of the recombinant strains and the toxicity
of the vanillin that, during the growth, can be converted
to less inhibitory compounds, such as vanillyl alcohol, using
endogenous aldo-keto reductases and aldehyde dehydrogenases
(Pugh et al., 2015).

In this study, we have investigated the possibility to obtain
a more stable recombinant E. coli strain, integrating the
Pseudomonas genes encoding feruloyl-CoA synthetase (Fcs) and
enoyl-CoA hydratase/aldolase (Ech) into the chromosome, and
to establish a bioconversion process with resting cells in which we
could apply environmental conditions (notably pH) adverse to E.
coli growth cells, but favoring the entrance of the substrate in the
cell, enhancing the catalytic activity of Fcs, inhibiting endogenous
enzymes responsible for the reduction of vanillin to vanillyl
alcohol. Finally, to better understand the relationship between the
variables (initial ferulic acid concentration and agitation speed)
and the response (vanillin yield and selectivity) and obtain the
optimum conditions for vanillin production we used response
surface methodology and, at the same time, incorporating the
substrate in a gel matrix we could evaluate the cellular response
to ferulic acid.

MATERIALS AND METHODS

Bacterial Strains, Plasmids, and Growth
Conditions
Bacterial strains and plasmids used in this study are listed
in Table 2. E. coli was routinely grown on LB broth
Lennox (Acumedia, Baltimore, MD, USA; Miller, 1992).
For selection, antibiotics were added at the following
concentrations: kanamycin, 50µg/mL; ampicillin, 100µg/mL;
and chloramphenicol, 30µg/mL. E. coli was routinely grown
at 37◦C; recombinant strains containing plasmids with a
temperature-sensitive origin were grown at 30◦C for episomal
maintenance of the plasmid and at 44◦C (non-permissive
temperature) for plasmid curing (integration). Growth
was monitored by measuring the turbidity of the cultures
at 600 nm (OD600).
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FIGURE 1 | Schematic representation of the non-β-oxidative pathway for conversion of ferulic acid into vanillin.

TABLE 1 | Bacteria capable of producing vanillin from ferulic acid.

Microorganism Yield (mM) References

Amycolatopsis sp. HR167 75.58* Rabenhorst and Hopp, 2002

Amycolatopsis sp.

ATCC 39116

146.57* Fleige et al., 2016

Streptomyces sp. V-1 126.19* Hua et al., 2007

Streptomyces

sannanensis MTCC 6637

4.65 Chattopadhyay et al., 2018

Pseudomonas putida

GN442

8.61* Graf and Altenbuchner, 2014

Pseudomonas fluorescens

BF13-1p4(pBB1)

8.41* Di Gioia et al., 2011a

Recombinant Escherichia

coli JM109

16.56 Barghini et al., 2007

Recombinant Escherichia

coli BW25113

33.78 Lee et al., 2009

Recombinant Escherichia

coli BL21(DE3)

51.26 Furuya et al., 2015

*Data referred to mutants lacking a functional vdh gene.

DNA Manipulations
Standard protocols were used for DNA manipulations and
recombinant DNA techniques (Sambrook et al., 1989). QIAquick
Gel Extraction kit (QIAGEN, Germany) was used for recovery of
DNA fragments from agarose gels. Plasmids were prepared using
a QIAprep spin miniprep kit (QIAGEN, Germany). Restriction
enzymes and T4 DNA ligase were purchased from Invitrogen
(Carlsbad, CA). Taq Polymerase was from QIAGEN (Germany).

Chemicals
All chemicals were of the highest purity commercially available
and were purchased from Sigma-Aldrich (Italy).

Construction of Recombinant Plasmids
Plasmid pFR2 was used for integrating the ferulic acid catabolic
genes onto the E. coli genome. To construct this plasmid,
pBB1 was cut with HindIII and SstI to generate a 5036-bp
DNA fragment which contains the promoter region (Pfer) and
the genes encoding feruloyl-CoA synthetase (fcs) and enoyl-
CoA hydratase/aldolase (ech) from Pseudomonas fluorescens
BF13 (GenBank accession number AJ536325). This fragment

was subcloned in the corresponding sites of pPR9TT to obtain
pFF0. Then, pFF0 was linearized by EcoRI and ligated with a
3016-bp EcoRI fragment containing the entire lacZ gene and
the rrnBT1T2 transcriptional terminator to construct pFR1.
Finally, to generate pFR2, a 7715-bp SstI fragment from pFR1,
containing ech and fcs genes under the control of Pfer promoter
and the 3′-terminal portion of lacZ, was subcloned in the
corresponding site of pLOI2227, an integration vector with a
low-copy temperature-sensitive pSC101 origin of replication.
Integration of the ferulic acid catabolic cassette into the E. coli
genome was confirmed by PCR using a junction site and a
donor-specific primer pair:

FFZ_F (5′-CTTCTACTGCTCGGGGGATG-3′)
FFZ_R (5′-AATGGCTTTCGCTACCTGGA-3′).

Determination of Integrants’ Stability
Cells were picked from LB plates containing kanamycin and
cultivated for 15 generations in order to allow excision
of the plasmid and loss of pFR2 from the population.
Aliquots of these cultures were diluted and plated on LB
plates to form single colonies. After 24 h of incubation
at 30◦C, colonies were picked on agar plates containing
kanamycin and X-Gal to screen for antibiotic resistance and
β-galactosidase activity.

Bioconversion Experiments in Shake Flask
Using Resting Cells
Experiments were carried out in shake-flasks, each experiment
was performed in duplicate or triplicate and results were
presented as mean and standard deviation. For bioconversion
experiments, cells were cultivated, up to the desired optical
density, in LB medium, collected by centrifugation and washed
twice in saline-phosphate buffer before use (Barghini et al., 2007).
Biotransformation was carried out in saline phosphate buffer
(15mL) containing 4.5–7.5 g of cells (wet weight)/L and 5.0–
23.2mM of ferulic acid, and flasks were shaken 120–180 rpm,
at 30◦C, for 24 h. Substrate and metabolites occurring in the
bioconversion medium were analyzed by liquid chromatography
as reported before (Barghini et al., 2007). Compounds were
identified and quantified by comparison of retention time and
peak area with standard solutions of authentic standards.
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TABLE 2 | Strains and plasmids used in this study.

Strain or plasmid Description Source or reference

Strains

P. fluorescens

BF13 Wild type, ferulate-positive Ruzzi et al., 1997

E. coli

B Wild type CGCS 5365

JM109 recA1 endA1 gyrA96 thi-1 hsdR17 r−K m+
K supE44 relA1 λ- 1lac-proAB F’ traD36 proAB+ lacIq Z1M15 Promega

DH5α F− φ80lacZ1M15 1(lacZYA-argF)U169 recA1 endA1 hsdR17(r−K , m
+
K ) phoA supE44 λ- thi-1 gyrA96 relA1

FR12 E. coli B derivate carrying plasmid pFR2 integrated into lacZ locus This study

FR13 E. coli JM109 derivate carrying plasmid pFR2 integrated into lacZ locus This study

FR14 E. coli DH5α derivate carrying plasmid pFR2 integrated into lacZ locus This study

FR13 (pJBA27) E. coli FR13 carrying plasmid pJBA27 Andersen et al., 1998

Plasmids

pPR9TT Broad-host range plasmid carrying promoter-less lacZ; Apr; Cmr; 9.3 kb Santos et al., 2001

pLOI2227 Integration vector containing FRT-Kmr-FRT fragment, pSC101 origin, Kmr, 3443 kb Martinez-Morales et al., 1999

pE0 pPR9TT derivate containing a 423-bp KpnI-BamHI fragment with the ech upstream region and the first 36

ech codons fused in frame with the lacZ gene; Apr; Cmr; 9810 kb

Calisti et al., 2008

pFR0 pPR9TT derivative containing a 5036-bp HindIII-SstI fragment from plasmid pBB1; Apr; Cmr; 11290 kb This study

pFR1 pFR0 derivative containing a 3016 EcoRI fragment from plasmid pPR9TT; Apr; Cmr; 14306 kb This study

pFR2 Integration vector; pFR1 derivative containing a 7715-bp SstI fragment from plasmid pFR1; Kmr; 10034 kb This study

pJBA27 Apr; pUC18Not-PA1/04/03-RBSII-gfpmut3*-T0-T1 Andersen et al., 1998

Apr , ampicillin resistance; Tcr , tetracycline resistance; Cmr , chloramphenicol resistance; Kmr , kanamycin resistance.

Preparation of Cell Extract and Enzyme
Assays
Crude extracts of P. fluorescens BF13 were prepared from
cells grown at 30◦C on M9 medium (Sambrook et al., 1989)
supplemented with ferulic acid (0.2% wt/vol) as the sole
carbon source. Feruloyl-CoA synthetase activity was assayed
spectrophotometrically, measuring the increase in absorbance at
345 nm due to the formation of feruloyl-CoA (Calisti et al., 2008).
Experiments were carried out at two temperatures (30 and 44◦C)
using phosphate buffers of different pH (7.0 to 10.0).

Effect of growth temperature and temperature shift (from 44
to 30◦C) on Pfer promoter-driven expression in E. coli cells were
evaluated using a recombinant strain carrying a plasmid, named
pE0, which contains the ech upstream region and the first 36 ech
codons fused in frame with the lacZ gene (Calisti et al., 2008). β-
Galactosidase activity in E. coli JM109(pE0) cells grown at 30 and
44◦C was measured as described by Calisti et al. (2008), using
the β-Galactosidase Assay Kit (Stratagene, USA). One unit of β-
galactosidase activity was equal to 1 nmol of o-nitrophenyl-ß-D-
galactopyranoside hydrolyzed per min per mg of protein under
assay conditions.

The amount of soluble protein was determined using the
BCA Protein Assay Kit (Pierce, Rockford IL), with bovine serum
albumin as a standard.

Fluorescence Spectroscopy
For quantification of green fluorescence, F13 cells carrying
pJBA27 (Table 2) were cultured under aerobic conditions (at
30◦C) on LB medium containing ampicillin and kanamycin
until the OD600 reached 1.0. Cells were then harvested by

centrifugation and resuspended in sterile water at an OD600 of
0.5. For cytoplasmic pHmeasurement, aliquots of FR13(pJBA27)
cell suspension were transferred in 96-well plates and emended
with an equal volume of saline phosphate buffer (2x) adjusted
to pH values in the range of 6.5–9.0. The plate was incubated
at 30◦C for 2 h, and excitation spectra were recorded using a
Beckman Coulter DTX 880 Multimode Detector. GFPmut3∗

excitation was measured at 485 nm using an emission wavelength
of 535 nm. Spectra were measured for three biological replicates
at each pH.

Intracellular inorganic polyphosphate (polyP) in LB grown
cells and in cells incubated for 2 h in phosphate buffer
amended with ferulic acid was measured using the DAPI
(4′,6-diamidino-2-phenylindole)-based approach described by
Aschar-Sobbi et al. (2008). In this test, fluorescence (in
arbitrary units) of the DAPI-polyP complex at 550 nm is
used to estimate the intracellular polyP pool. Fluorescence
intensities were measured by using a Perkin-Elmer FS-55
spectrofluorometer with excitation at 415 nm and emission
between 445 and 650 nm.

Intracellular ATP was quantified using the BacTiter-GloTM

Microbial Cell Viability Assay (Promega, Madison, WI, USA).

Buffer Composition
Reaction conditions for vanillin production were optimized
using saline phosphate buffers with different phosphate molarity,
sodium-to-potassium ratio and pH. In brief, the following
saline phosphate buffers were used: 70mM sodium-potassium
phosphate buffers at different pH values (between 7.0 and 9.0); 40,
100, and 200mM sodium-potassium phosphate buffer at pH 9.0.
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TABLE 3 | Dimensionless, coded independent variable used for optimization of

vanillin production.

Variable Nomenclature Definition Variation range

Dimensionless

stirring

X1 Stirring sped

180–120 (rpm)

(−1.1)

Dimensionless

ferulic acid

concentration

X2 Ferulic acid

23.1–7.7 (mM)

(−1.1)

Experimental Design for Optimization of
Bioconversion Parameters
Central Composite Design (CCD) and Response Surface
Methodology (RSM) (Biles, 1975; Bezerra et al., 2008) were used
to evaluate the interactive effects of agitation speed and substrate
concentration on vanillin and vanillyl alcohol production. All
data were treated with the aid of Modde 5.0 (Umetrics AB, Umea,
Sweden) as reported elsewhere (Brunetti, 2013).

The design and levels of each variable are shown in
Table 3. The behavior of the system was explained by the
following equation:

Y = β0 + 6βiXi + 6βiiX
2
i + 6βijXiXj

where Y is the predicted response variable, β0 is the intercept,
β i and β ii the linear coefficient and quadratic coefficients,
respectively, β ij the interaction coefficient and Xi and Xj the
coded forms of the input variables.

The impact of single independent variables on the responses
(maximum vanillin concentration [Y1] and minimum
vanillyl alcohol production [Y2]) was calculated by the
following equation:

Y = β0 + βiXi + βiiX
2
i

All bioconversion experiments were carried out in a final
bioconversion volume of 15mL using cells suspended in 70mM
phosphate saline M9 buffer (pH 9.0). Duplicates were performed
at all design points in randomized order.

Preparation and Use of Ferulic Acid
Loaded Agarose Rods
Ferulic acid (1.5% w/vol) was entrapped into agarose (1.75%
w/vol) gel cylinders of 1 ± 0.001 cm height and 0.6 ± 0.001 cm
diameter. Each cylinder contained 0.034± 0.02mmoles of ferulic
acid. Bioconversions were carried out in shaken flasks, and the
ferulic acid-loaded gel cylinders were immersed in 15mL volume
of cell suspension in 70mM saline phosphate buffer (pH 9.0).

RESULTS

Effects of Incubation Conditions on
Feruloyl-CoA Synthetase Activity and
Expression of Ferulic Catabolic Genes
Genes and enzymes from P. fluorescens BF13, a bacterial strain
known for its ability to degrade ferulic acid and produce high

FIGURE 2 | Effect of pH on feruloyl-CoA synthetase activity (fcs) from P.

fluorescens BF13. Fcs activity was measured at 30◦C in phosphate buffer at

pH range from 7.0 to 10.0. Enzymatic activity was determined on crude

extract from cells grown to mid-exponential phase on minimal medium

containing ferulic acid as the sole carbon source. Data are representative of

three independent experiments and values are expressed in units per milligram

of total proteins. Standard deviations were <10% unless noted.

levels of feruloyl CoA-synthetase (Fcs) activity (Calisti et al.,
2008), were used as a model system to evaluate the effect of
pH and temperature on Fcs activity and expression of the
ferulic catabolic genes. In standard conditions (buffer at pH 7.0;
Overhage et al., 1999a), using crude extracts from ferulic-acid-
induced cells, we observed a 97% decrease in Fcs activity, from
0.375 ± 0.009 up to 0.01 ± 0.002U/mg protein, increasing the
incubation temperature from 30 to 44◦C. At 30◦C, the highest
Fcs activity (0.69± 0.02 U/mg protein) was measured increasing
the pH up to 8.0-8.5 (Figure 2).

In consideration of the inability of P. fluorescens cells to
grow at 44◦C, the effect of incubation temperature on the
expression of ferulic catabolic genes was evaluated using an
E. coli derivative, JM109(pE0) (Table 2), which contains the
lacZ reporter gene under the control of BF13 Pfer promoter.
The β-galactosidase assay was performed with cell extracts
from stationary phase cultures grown at 30 and 44◦C. Results
indicated that the production of β-galactosidase activity was not
significantly affected by growth temperature and was comprised
between 2.23± 0.22 (44◦C) and 2.74± 0.35 U/109 CFU (30◦C).

Insertion of Ferulic Catabolic Genes From
P. fluorescens BF13 Into E. coli

Chromosome
In a previous work, we demonstrated (Barghini et al., 2007) that
the ability of recombinant E. coli cells to convert ferulic acid to
vanillin inversely correlates with the gene copy number and the
strength of the promoter used to drive expression of feruloyl-
CoA synthetase (fcs) and feruloyl-CoA hydratase/aldolase (ech)
encoding genes. To generate single copy insertions of ferulic
catabolic genes into different E. coli strains and evaluate the best
host strain/gene combination, we constructed a temperature-
sensitive suicide plasmid, named pFR2, carrying a 5.098-bp
fragment encompassing ech, fcs and the Pfer promoter region
from P. fluorescens BF13 and the 3′-terminal part of E. coli
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lacZ gene. This plasmid enabled targeted integration of the
sequences into the E. coli lacZ locus and rapid white/blue
selection of integrants.

In a typical experiment, pFR2 plasmid DNA was introduced
into E. coli B-type strain by electroporation, and transformants
were selected at 30◦C (permissive temperature) on LB plates
supplemented with kanamycin and X-Gal (see Materials and
Methods). On this medium, cells carrying the plasmid in the
episomal form gave blue colonies, and integrants obtained after
prolonged cultivation (16–24 h) at non-permissive temperature
(44◦C) gave white colonies. The genetic stability of the integrants
was tested at permissive temperature (30◦C) in the presence or
absence of kanamycin, as reported in Material and Methods. All
clones examined retained the ability to grow in the presence of
kanamycin and exhibited a white phenotype on X-gal-containing
plate indicating that pFR2 was stably integrated in the lacZ
locus. One of these integrants, designated FR12, was chosen
for further analysis. The same strategy was used to integrate
the catabolic genes in the E. coli K-12 derivatives JM109 and
DH5α strain, and the corresponding integrants were designated
FR13 and FR14, respectively. Additional PCR amplification of
the integration-junction sequences with specific primer sets for
right and left junctions confirmed that integration occurred at
the correct site (data not shown). Moreover, to exclude the
possibility that ech and fcs genes have undergone mutational
inactivation after stable integration into the E. coli chromosome,
the coding region of each gene was amplified as PCR product,
cloned and sequenced. This analysis allowed us to demonstrate
that all reported recombinant strains had no alteration in the
ferulic catabolic genes and could produce enzymatic activities
required for conversion of ferulic acid to vanillin.

Comparison Between K-12 and B-type
E. coli Derivatives as Platforms for Vanillin
Production
In preliminary experiments, integrants of different E. coli cell
lines were tested for their ability to convert ferulic acid into
vanillin. Experiments were carried out using a resting cell system
(with cells grown at 44◦C and harvested from early stationary-
phase cultures), performing the bioconversion assay at two
temperatures: 30 and 44◦C. In agreement with our results on
the effect of temperature on fcs activity, no degradation of ferulic
acid was detected when bioconversion experiments were carried
out at 44◦C. In contrast, vanillin accumulated in the medium,
albeit at different levels, when ferulic acid was provided to resting
cells incubated at 30◦C (Table 4). With the integrative vector,
higher vanillin production (3.51 ± 0.14mM) was obtained using
E. coli K-12 derivatives, in particular with JM109 as a parental
strain (FR13; Table 4). With the latter strain, the amount of
vanillin was 1.45–2.18-fold higher than that obtained with DH5α
(FR14 strain; 2.42 ± 0.09mM) or CGCS (FR12 strain; 1.61 ±

0.04mM) derivatives. Data reported in Table 4 also indicated
that, with JM109 as recipient strain, the use of a single copy
integrative vector allowed us to obtain a 52% increase in the
maximum amount of vanillin (from 2.31 ± 0.21 to 3.51 ±

0.14mM) compared to the low copy pBB1vector.

TABLE 4 | Vanillin yield obtained at 30◦C from different E. coli cell line and cloning

vector.

Wild type Strain Vector Vanillin yield*

(mM)
Parental Derivate

E. coli K12 JM109 JM109(pBB1) Replicative 2.31 ± 0.21a

FR13 Integrative 3.51 ± 0.14b

DH5α FR14 Integrative 2.42 ± 0.09a

E. coli B CGCS FR12 Integrative 1.61 ± 0.04c

*Values calculated after 24 h of bioconversion. The superscript letters indicate similarities

or significant differences between the values. Values with no letter in common significantly

differ at p ≤ 0.05 (Tukey HSD test).

Optimization of Cultivation Conditions
To evaluate the dependence of vanillin production on incubation
temperature and growth phase, bioconversion experiments
were carried out using cells collected from exponentially and
stationary cultures. Results reported in Table 5 indicated that
vanillin production yield and specific productivity acid were
higher when cells, grown up to stationary culture phase at 44◦C
(condition 1), were transferred to fresh medium and allowed to
do one cell duplication (condition 2–4). Better results (4.5/5-fold
increase in the vanillin specific productivity) were obtained with
cells from cultures shifted from 44 to 30◦C (condition 2; Table 5).
These variations seem to be imputable to different ferulic acid
consumption rates that increased from 0.41 to 0.46 mmole/h
(condition 3 and 4) up to 2.15± 0.02 mmole/h (condition 2).

Optimization of the Bioconversion Buffer
Data presented in Figure 3 indicated that no bioconversion was
observed when cells were incubated in saline phosphate buffer
at pH 10. The results also indicated that a pH increase from 7.0
to 9.0 had a positive effect on ferulic acid consumption rate (from
0.40± 0.01 to 0.94± 0.01mmoles/h) and determined an increase
in vanillin production yield (from 62.8 to 77.9%) and product
selectivity (from 67.2 to 83.3%), as well as a decrease in vanillyl
alcohol production yield (from 30.7 to 15.6%). Interestingly,
the incubation in phosphate buffer at pH 7 and 9 resulted in
differences in intracellular ATP concentration which varied from
15± 0.02 (pH 7) to 20± 0.01 (pH 9) µM/1010 cells.

Data reported in Figure 4A indicated that ferulic acid
consumption rate was affected by phosphate concentration. The
substrate consumption rate increased from 0.86± 0.01 to 0.94±
0.01 mmoles/h as phosphate concentration increased from 40 to
70mM. A further increase in phosphate concentration hadminor
effects on ferulic acid consumption rate (Figure 4A).

Measuring the formation of DAPI-poly-P complex, we
observed an increase of fluorescence at 550 nm (from 60,710
± 1,150AU to 130,000 ± 900AU) when exponentially growing
cells in LB were transferred in saline phosphate buffer at pH
9 and incubated at 30◦C for 15min. As shown in Figure 4A

(white bars), this increase was independent from phosphate
concentration and no significant difference was observed
comparing the fluorescence intensity of all tested samples.

Measuring intracellular poly-P during bioconversion (2 h
after the addition of ferulic acid), we observed a significant
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TABLE 5 | Effect of physiological state and temperature of growth on vanillin production by FR13 cells.

Condition1 Growth

recovery2
Recovery

temperature (◦C)

Vanillin yield

(mM)

Specific Productivity

(mmol vanillin/Kg

biomass/h)

Ferulic acid

consumption rate

(mmol/h)

1 None - 3.51 ± 0.21a 43.35 ± 1.14a 0.40 ± 0.01a

2 Yes 30 5.62 ± 0.11b 312.35 ± 6.35b 2.15 ± 0.05b

3 Yes 37 5.47 ± 0.09b 67.52 ± 2.29c 0.46 ± 0.01a

4 Yes 44 4.84 ± 0.14c 59.81 ± 3.50c 0.41 ± 0.01a

1Main culture was grown at 44◦C until stationary phase.
2One cell duplication.

The superscript letters indicate similarities or significant differences between the values.

Values with no letter in common significantly differ at p ≤ 0.05 (Tukey HSD test).

FIGURE 3 | Effect of pH on the bioconversion performance of E. coli FR13

cells. All experiments were carried out in triplicate at 30◦C. Product yield and

selectivity were calculated after 24 h of bioconversion. Average of substrate

consumption rates was calculated measuring the amount of ferulic acid that

was consumed between the second and the fifth hour. Values in each series

with no letter in common significantly differ at p ≤ 0.05 (Tukey HSD test).

reduction in DAPI-poly-P associated fluorescence at phosphate
concentrations ≥70mM (black bars). Interestingly, this
reduction, indicating hydrolysis of intracellular poly-P, was
enhanced in samples in which the ferulic consumption rate was
higher (Figure 4A). At pH 9, independently from the phosphate
concentration and the ferulic acid consumption rate, ATP
concentration within the cells remained constant (20 ± 0.01
µM/1010 cells) during the first 2 h of bioconversion.

Results reported in Figure 4B, indicated that changes in
phosphate concentration affected the bioconversion process.
The increase from 40 to 70mM determined an increase in
vanillin yield (from 70.4 to 77.9%) and product selectivity
(from 79 to 83.3%) and a 1.2-fold reduction in vanillyl alcohol
production (from 18.7 to 15.6%). A further increase of phosphate
concentration, from 70 to 200mM, had an opposite effect on both
vanillin yield and product selectivity, which decreased up to 61.1
and 70.1%, respectively. Differences in product selectivity were
correlated with vanillyl alcohol production, whose yield increased
from 15.6 to 26% (Figure 4B).

Interaction Between Extracellular and
Intracellular pH
In vitro spectral properties of Green Fluorescent Protein
(GFP) may be influenced by several parameters, including pH
(Campbell and Choy, 2001). The latter characteristic has led to
the developments of different GFP variants with different pH
sensitivities that can be used, as a pH indicator, to study processes
in either alkaline or acidic environments (Kneen et al., 1998;
Bizzarri et al., 2009).

In order to measure the effect of the bioconversion buffer on
the intracellular pH, FR13 cells were tagged using a pH-sensitive
GFP-derivative, named GFPmut3∗ (Andersen et al., 1998), and
incubated in a saline phosphate buffer adjusted to pH values in
the range of 6.5–9.0. The excitation spectra at 485 nm showed
a two-fold increase in the fluorescence signal when cells were
incubated in buffer at pH 9.0 rather than 6.5 (Figure 5). These
results clearly indicated that the intracellular pH significantly
increased when FR13 cells were incubated in buffered medium
in alkaline conditions.

Optimization of Bioconversion Conditions
Using the RSM Methodology
Optimization of the bioconversion parameters was analyzed
by RSM. Table 6 represents the design matrix of the variables
(stirring speed [X1] and initial substrate concentration [X2]) in
coded units along with vanillin (Y1) and vanillyl alcohol (Y2)
yield in mM. The equations with the best fit coefficients are
given below:

Y1 = 7.7956− 0.9302X2
1 − 0.8095 X2

2

Y2 = 0.8952− 0.1900X1 − 0.2383X2 + 0.1519 X2

The 3D response surface graphs (Figures 6A,B) that fit to the
following equations were plotted to better visualize the significant
interaction effects of independent variables on the production of
vanillin (Y1) and vanillyl alcohol (Y2) after 24 h of incubation.
The highest vanillin production was 8.11± 0.25mM (with
15.4mM ferulic acid and 150 rpm), whereas the lowest vanillyl
alcohol yield was 0.68± 0.03mM (with 23.1mM ferulic acid and
180 rpm). Table 7 shows the analysis of variance (ANOVA) for
the quadratic model of vanillin (Panel A) and vanillyl alcohol
(Panel B) production. The regression analysis demonstrates that
the quadratic parameters for these compounds were significant
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FIGURE 4 | Effect of phosphate concentration on the bioconversion

performance and intracellular poly-P level of E. coli FR13 cells. All experiments

were carried out at 30◦C with phosphate solutions buffered at pH 9. Data are

representative of three independent experiments. (A) Average of substrate

consumption rates was calculated measuring the amount of ferulic acid that

was consumed between the second and the fifth hour; DAPI-poly-P

fluorescence was measured in cells incubated for 15min in buffered solution

without ferulic acid (white bars) and after 2 h of bioconversion (black bars).

(B) Product yield and selectivity were calculated after 24 h of bioconversion.

Values in each series with no letter in common significantly differ at p ≤ 0.05

(Tukey HSD test).

at the level of p < 0.0001 and that linear and interaction terms
were insignificant at the level of p > 0.1 (Table 7). F-test and
probability value for the model and the lack of fit showed that
both models were statistically significant and fitted well the
experimental data (Table 7).

Experiments carried out in triplicate in the conditions
favoring higher vanillin yield and lower vanillyl alcohol
accumulation (ferulic acid concentration of 14.94mM and
stirring speed of 151 rpm) allowed us to obtain vanillin and
vanillyl alcohol concentration of 8.51 ± 0.02mM and 1.15 ±

0.02mM, respectively (in agreement with the model predicted
concentration values of 8.24mM for vanillin and 0.90mM
for vanillyl alcohol). Under the same conditions, using a
70mM phosphate buffer (pH 9.0) with low Na/K ratio (0.013;

FIGURE 5 | Fluorescence of GFPmut3* as a function of medium pH. GFP was

used as an indicator to evaluate the effect of saline phosphate solutions with

different pH values on the intracellular pH of FR13 cells. Fluorescence was

measured at 485 nm on cells incubated in buffered solution for 2 h at 30◦C.

The error bars represent standard errors of the means (n = 3). Values with no

letter in common significantly differ at p ≤ 0.05 (Tukey HSD test).

sodium and potassium ion concentration of 1.75 and 140mM,
respectively), we observed an increase in vanillin yield (from
8.51 ± 0.02 to 11.63 ± 0.10mM) and a 9% decrease in product
selectivity due to a concurrent increase in vanillyl alcohol
concentration (from 1.15± 0.01 to 1.73± 0.08 mM).

Comparison Between Batch and
Fed-Batch Experiments
To evaluate, in more detail, the effect of the initial substrate
concentration on vanillin production, we carried out time
course experiments at ferulic acid concentrations of 14 and
20mM (batch mode) or using a fixed volume fed-batch
approach in which ferulic acid was entrapped and released from
an agarose-gel matrix.

Results reported in Figure 7 showed that, during the first
6 h of incubation, the increase in the initial ferulic acid
concentration (from 14 to 20mM) had no significant effect
on ferulic acid consumption and vanillin accumulation rate in
batch mode, whereas, in agreement with RSM data presented
before, a significant difference in the vanillin concentration was
detected after 24 h incubation. Increasing the initial ferulic acid
concentration from 14 to 20mM, the maximal level of vanillin
decreased from 8.15 ± 0.04 to 6.24 ± 0.06mM. In contrast,
significant differences in the bioconversion rates and vanillin
accumulation profile were observed comparing experiments
carried out in batch and fed-batch mode. The use of the sol-
gel technology to encapsulate ferulic acid and modulate its
release in the liquid phase delayed the exposure of the cells
to high substrate concentrations and allowed their adaptation
to ferulic acid burden. The diffusion kinetics of ferulic acid in
agarose gels revealed that, in the absence of cells, 60–70% of
the compound was released during the first hour, 80% at the
third hour, and almost 100% at the sixth hour of incubation
(data not shown). Interestingly, using ferulic acid-adapted cells in
fed-batch operation mode, ferulic acid consumption and vanillin
production rate increased between 2 and 6 h of incubation and
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TABLE 6 | 32 full factorial design matrix and responses of the two independent variables showing observed vanillin and vanillyl alcohol yield.

Run n◦ x1 x2 Stirring speed

(rpm)

Ferulic acid

(mM)

Vanillin (Y1) Vanillyl alcohol (Y2)

Exp. Pred. Exp. Pred.

1 −1 −1 120 7.7 4.34 4.48 1.56 1.58

2 0 −1 150 7.7 6.51 6.44 1.36 1.29

3 1 −1 180 7.7 4.73 4.84 1.10 1.12

4 −1 0 120 15.4 5.72 5.84 1.23 1.15

5 0 0 150 15.4 7.00 7.80 1.04 0.90

6 1 0 180 15.4 5.90 6.19 0.84 0.77

7 −1 1 120 23.1 4.30 4.09 0.97 1.02

8 0 1 150 23.1 5.98 6.05 0.91 0.81

9 1 1 180 23.1 4.60 4.44 0.65 0.73

10 0 0 150 15.4 7.82 7.80 0.78 0.90

11 0 0 150 15.4 8.54 7.80 0.84 0.90

12 0 0 150 15.4 8.22 7.80 0.78 0.90

13 −1 −1 120 7.7 4.50 4.48 1.56 1.58

14 0 −1 150 7.7 6.51 6.44 1.30 1.29

15 1 −1 180 7.7 4.93 4.84 1.10 1.12

16 −1 0 120 15.4 5.85 5.84 1.23 1.15

17 0 0 150 15.4 7.20 7.80 0.97 0.90

18 1 0 180 15.4 6.10 6.19 0.84 0.77

19 −1 1 120 23.1 4.10 4.09 0.97 1.02

20 0 1 150 23.1 5.63 6.05 0.91 0.81

21 1 1 180 23.1 4.60 4.44 0.71 0.73

22 0 0 150 15.4 7.80 7.80 0.84 0.90

23 0 0 150 15.4 8.15 7.80 0.84 0.90

24 0 0 150 15.4 8.10 7.80 0.78 0.90

Bioconversions were carried out in phosphate saline M9 buffer (pH 9.0) using E. coli FR13 as biocatalyst. Experimental values are average of duplicate within ± 5% standard error.

x1 = coded value of stirring speed (X1 ); x2 = coded value for ferulic acid initial concentration (X2 ).

the total amount of vanillin that accumulated in themedium after
24 h increased 2.5–3.3 fold (up to 20.6 ± 0.11mM) compared
to the batch mode of operation (Figure 7). Using the 70mM
phosphate buffer (pH 9.0) with low Na/K ratio (0.013), the
vanillin yield increased up to 28.10± 0.05 mM.

DISCUSSION

Although feruloyl-CoA synthetase (Fcs) is a key enzyme for the
coenzyme-A-dependent conversion of ferulic acid into vanillin,
the effect of temperature and pH on this enzyme activity has not
been described before. Analyzing the catalytic activity profile of
the enzyme produced by the ferulic acid-degrader P. fluorescens
strain BF13, we showed that Fcs activity is affected by both
temperature and pH, and almost 97% of its initial activity is lost,
increasing the temperature from 30 to 44◦C or pH from 7 to 10
(Figure 2). In parallel, gene expression experiments carried out
using the β-galactosidase reporter gene under the control of Pfer ,
the promoter that allows inducible expression of ferulic catabolic
genes in strain BF13 (Calisti et al., 2008), revealed that incubation
temperature and culture broth initial pH had no effect on the
transcriptional activity of this promoter in E. coli JM109 cells. E.
coli is a non-native vanillin producer that can grow over a wide

range of temperatures (up to 44◦C; Van Derlinden et al., 2008)
and external pH values (from 4.5 to 9.0; de Jonge et al., 2003) and
it is widely used in industrial fermentation processes (Lee and
Kim, 2015). Pseudomonas genes responsible for the conversion
of ferulic acid to vanillin can be constitutively expressed in E.
coli under the control of their native Pfer promoter, but the
biocatalytic activity of the recombinant cells is negatively affected
by overexpression of these genes (Barghini et al., 2007) and by
accumulation of vanillin, whose toxicity against E. coli is well
documented (Fitzgerald et al., 2004). Fcs activity is dependent
on the size and composition of the intracellular CoA pool and
might compete with the major E. coli metabolic pathways for
unbound acyl-CoA esters (de la Peña Mattozzi et al., 2010). In
this regard, the growth of recombinant E. coli cells at 44◦C,
which allows the production of feruloyl-CoA synthetase in an
almost inactive form, can be a valuable strategy to relieve the
stress induced by over-production of this enzyme. An alternative
strategy that could be pursued to reduce problems associated to

accumulation of this enzyme activity is the modulation of fcs
transcript levels by decreasing the copy number of the ferulic
catabolic operon. Single-copy integration of ech-fcs gene cassette
into E. coli JM109 chromosome allowed us to obtain an increase
of about 52% in vanillin production yield (from 2.31 ± 0.21 to
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FIGURE 6 | Response surface plot showing the effect of stirring speed and

initial ferulic acid concentration on vanillin (A) and vanillyl alcohol (B) yield.

3.51 ± 0.14mM) compared to the isogenic strain in which the
genes were placed on a low-copy plasmid (Table 4). The same
strategy was successfully applied to integrate the ferulic catabolic
operon in different E. coli strains, and a comparative analysis of
their biocatalytic performances allowed us to demonstrate that
B-type derivatives were less suitable than K12-type strains for
conversion of ferulic acid into vanillin (Table 4). These results
may reflect differences in cellular metabolism and physiology

TABLE 7 | ANOVA table for the quadratic model for vanillin (A) and vanillyl alcohol

production (B).

Source Sum of

square

Degree of

freedom

Mean

square

F-value p-value

(A)

Model 45.42 5 9.08 69.88 <0.0001

Residual 2.34 18 0.13

Lack of fit 0.31 3 0.10 0.76 0.53

Pure error 2.03 15 0.13

Total 949.13 24

(B)

Model 1.33 5 0.27 35.02 <0.0001

Residual 0.14 18 0.01

Lack of fit 0.07 3 0.02 5.02 0.01

Pure error 0.07 15 0.01

Total 25.69 24 1.071

between E. coli B and K12 strains (Yoon et al., 2012; Marisch
et al., 2013), including the ability of B-type strains to produce
higher amounts of recombinant proteins compared to K-12
derivatives (Shiloach et al., 1996), whichmay lead to an undesired
accumulation of Fcs in the host cell.

Results reported in Table 5 indicated that the use of E.
coli cells from actively growing rather than stationary cultures
had a significant positive effect on product yield and specific
productivity. In contrast, an increase in the ferulic acid
consumption rate was observed only in cells grown at 30◦C. The
latter result is in agreement with our previous observations that
vanillin production in E. coli JM109 (pBB1) could be enhanced
growing cells at sub-optimal temperature (Barghini et al., 2007).
The shift in the growth recovery temperature from 44 to 30◦C
determined a five-fold increase in ferulic acid consumption rate
and vanillin productivity compared to overnight growth at 44◦C
(Table 5, condition 1 and 2). This result is consistent with the
negative correlation between Fcs activity and temperature and
supports the hypothesis that a temperature-mediated reactivation
of Fcs during the cell recovery at 30◦C can enhance the
catalytic performances of FR12 cells under non-proliferating
conditions. Interestingly, the same observations were obtained
shifting the growth temperature from 44 to 30◦C with a JM109
derivative carrying ferulic catabolic genes on RK2-based low-
copy or ColE1-based high-copy plasmids (data not shown),
which indicated that temperature-dependent modulation of the
intracellular activity of Fcs can be a valuable strategy to increase
vanillin productivity in recombinant E. coli.

Another remarkable result that was achieved through the
use of non-proliferating cells was the demonstration that
bioconversion of ferulic acid to vanillin is strongly affected
by extracellular and intracellular pH. Mitra et al. (1999)
reported that the highest activity for 4-hydroxycinnamoyl-CoA
hydratase/aldolase, the enzyme responsible for the conversion of
feruloyl-CoA to vanillin, is obtained at pH 8.5–9.5 and that the
activity of this enzyme declines to ca. 50% of its maximum value
when the pH is decreased up to 6.5. Combining this information
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FIGURE 7 | Effect of the initial ferulic acid concentration on the production of vanillin. Experiments were carried out in triplicate in saline phosphate buffer at pH 9.0

(15mL), using E. coli FR13 cells. Bioconversions were carried out in batch mode, in the presence of 14 (circle) or 20mM (square) ferulic acid, or in fed-batch mode

(triangle), using 12 agarose-ferulic acid cylinders (0.0348 mmoles of ferulic acid per cylinder). Ferulic acid: filled symbols; vanillin: empty symbols.

with our evidence that Fcs activity can be enhanced, about 1.8-
fold, by increasing the pH from 7.0 to 9.0, it was predictable
that the coenzyme-A-dependent conversion of ferulic acid to
vanillin could be favored under moderate alkaline conditions.
Using resting cells of recombinant E. coli F12 strain expressing
GFPmut3∗, we showed that incubation in a phosphate buffer
at pH values from 8.0 to 9.0, determined an increase in the
intracellular pH of E. coli cells (Figure 5). It can be predicted
that extracellular acid-base disturbance of intracellular pH can
influence transport and reactivity of specific compounds such as
phenolic acids. At pH 9.0, due to its pKa values, ferulic acid occurs
in its anionic phenolate form, which is expected to be transported
more easily inside the cell (Biała and Jasinski, 2018), increasing
its availability for the bioconversion process, and determine a
lower damage on cell membrane (Borges et al., 2013). At the same
time, as reported for ketosteroid isomerase, the model system
used for enzymatic proton-transfer chemistry (Kraut et al., 2006),
an increase in the pH determines an increase in the negative
charge density at the phenolate oxygen that can favor substrate-
enzyme binding as well as positively affect catalytic activity. An
additional factor that can positively impact vanillin production is
ATP availability. ATP is an essential cofactor for the activation
of ferulic acid to the corresponding CoA thioester (Figure 1)
and, as demonstrated by Padan et al. (2005), ATP availability
increases in E. coli cells exposed to alkaline pH. In agreement with
this hypothesis, we observed that the pH-dependent increase
in ferulic acid consumption rate (Figure 3) was consistent with
changes in the level of intracellular ATP, which increased 1.33-
fold changing the pH value from 7 to 9.

It can also be postulated that deprotonation of vanillin could
negatively affect its reduction to the corresponding alcohol by
E. coli reductases, which could result in an increase in product
selectivity. Combining the information on the effect of pH on
enzymatic activities involved in the conversion of ferulic acid to
vanillin, on protonation of the substrate and the final product
and on intracellular pH of E. coli resting cells, we demonstrated

that modifying operating conditions and increasing the pH of
the bioconversion buffer from 7.0 to 9.0, we could achieve
simultaneous improvement in ferulic acid consumption rate,
vanillin yield and product selectivity (Figure 3). Similar results
were reported by Gunnarsson and Palmqvist (2006), which
demonstrated that conversion of vanillin to vanillic acid and
vanillyl alcohol in Streptomyces setonii ATCC 39116 is strongly
influenced by the intracellular pH and that this effect is related to
the protonation/deprotonation ratio of these compounds.

Therefore, incubation temperature and pH affect the efficacy
of the whole ferulic acid to vanillin biotransformation process
through different mechanisms, which include modulation of
Fcs activity, availability of the substrate (ferulic acid), impact
of the protonation state of the substrate on the enzyme-
substrate interaction and inhibitory effects on enzymes involved
in byproduct (vanillyl alcohol) formation.

Bioconversion experiments carried out at pH 9.0 also
demonstrated a significant effect of phosphate on product
yield and selectivity, with the highest vanillin yield and
vanillin-to-vanillyl alcohol ratio achieved at a phosphate
concentration of 70mM. In agreement with Gray and Jakob
(2015), which demonstrated that, in E. coli, intracellular Poly-P
level is influenced by extracellular phosphate, we observed that
incubation at pH 9, in a buffer with a phosphate concentration
higher than 40mM, resulted in a 2-fold increase in intracellular
Poly-P compared to LB-grown cells. Interestingly, the partial
hydrolysis of Poly-P pool, which occurred in actively vanillin
producing cells, was enhanced when the rate of ferulic acid
consumption was higher (at a phosphate concentration ≥ of
70mM; Figure 4A). As reviewed by Korneberg (1995), inorganic
polyphosphate can act as a substitute for ATP, which is required
for the activity of feruloyl-CoA synthetase (Figure 1) and
can be a buffer against alkali ions. In our experiments with
resting cells, these properties of polyphosphates can explain the
direct correlation that was observed between Poly-P hydrolysis
and consumption rates of the substrate. Schurig-Briccio et al.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 11 October 2019 | Volume 7 | Article 279102

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Luziatelli et al. Enhanced Biosynthesis of Vanillin

(2009) demonstrated that the intracellular Poly-P level is also
important in cell fitness and in the regulation of several
stress response pathways in E. coli cells. Vanillin is toxic to
microorganisms (Fitzgerald et al., 2004), and to withstand
to its deleterious effects S. cerevisiae and E. coli convert it
in less toxic compounds, such as vanillic alcohol (Liu, 2011;
Kunjapur et al., 2014). It should be noted that, under our
experimental conditions, vanillin yield and product selectivity
decreased independently by Poly-P level (Figures 4A,B). Based
on these observations we can conclude that Poly-P level can
have a positive effect on Fcs activity and, probably, as a buffer
against alkali ions, but the response elicited by Poly-P is not
sufficient to alleviate vanillin-induced stress and stimulation of
detoxifying enzymes responsible for the conversion of vanillin to
vanillyl alcohol.

In order to determine the optimal operating conditions of
the bioconversion process, maximization of the vanillin yield
and product selectivity is required. By using response surface
methodology, we demonstrated that the catalytic activity of
E. coli FR13 is affected by both stirring speed and initial
substrate concentration. The elliptical contour of the response
surface (Figure 6A) indicated that there was a perfect interaction
between both independent variables. At the extreme values of
stirring speed and initial ferulic acid concentration, vanillin
yield was low. These observations indicated that bioconversion
of ferulic acid into vanillin is affected by several parameters:
dissolved oxygen (DO) level that regulates the oxidation-
reduction potential (ORP) and activity of enzymes involved
in conversion of vanillin to vanillyl alcohol (stirring speed);
substrate toxicity (ferulic acid concentration); shortage of acetyl-
CoA and ATP (both variables). The highest predicted vanillin
concentration (7.8mM) was obtained decreasing the stirring
speed from 180 to 150 rpm and increasing the initial ferulic acid
concentration from 7.7 to 15.5mM (Table 6). A further decrease
in the stirring speed from 150 to 120 rpm, which resulted in a
reduction of ORP and DO levels, had a negative effect on vanillin
yield and led to an increase in vanillyl alcohol concentration,
determining a reduction in the product selectivity (Table 6).
The experimental results indicated a minimum vanillyl alcohol
concentration of 0.71mM, which is in good agreement with the
model prediction (0.73mM;Table 6, run 21) and a negative effect
of the increase of both independent variables on the production
of this unwanted compound (Figure 6B). The verification
experiments carried out under the optimum conditions obtained
from RSM studies (ferulic acid concentration of 14.94mM and
stirring speed of 151 rpm) confirmed a good agreement between

experimental (8.51 ± 0.02mM) and predicted data (8.21 ±

0.01mM) for vanillin production. Moreover, these results clearly
indicated that in the bioconversion process of ferulic acid into
vanillin with E. coli cells, there is a dependency among ORP,
substrate toxicity, vanillin yield and product selectivity.

Interestingly, the sol-gel technology allowed us to demonstrate
that the catalytic activity of E. coli FR13 can be enhanced
adapting cells to a low concentration of ferulic acid during the
first hour of incubation (Figure 7). In the fed-batch operation
mode, the vanillin production rate referred to the first 6 h,
increased significantly and remained high up to 24 h (2.5–3.3-
fold increase). Interestingly, the use of saline phosphate buffer
with a high concentration of potassium ions (140m), which
reduces the alkaline stress on E. coli cells, allowed us to obtain
a 36% increase in vanillin yield, up to 28.10± 0.05 mM.

CONCLUSION

To the best of our knowledge, this is the first report in which
vanillin is produced from ferulic acid using a plasmid-free E. coli
strain. The use of this strain under resting cell conditions allowed
us to improve the vanillin yield and selectivity minimize the toxic
effect of ferulic acid and vanillin.

By using the two-phase system, it was possible to increase the
productivity of 68% compared to the isogenic strain containing
the genes responsible for conversion of ferulic acid into vanillin
on a plasmid, reduce the bioconversion time from 4 to 1 day,
and increase the final vanillin concentration in the liquid phase
sevenfold. The maximum amount of vanillin that accumulated
in the liquid phase under optimized conditions was 28.02
± 0.05mM, one of the highest found in the literature for
recombinant E. coli strains. FR13 can be used as a platform
strain to test metabolic engineering strategies to further improve
vanillin production in E. coli.
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The melanins constitute a diverse group of natural products found in most organisms,

having functions related to protection against chemical and physical stresses. These

products originate from the enzyme-catalyzed oxidation of phenolic and indolic

substrates that polymerize to yield melanins, which include eumelanin, pheomelanin,

pyomelanin, and the allomelanins. The enzymes involved in melanin formation belong

mainly to the tyrosinase and laccase protein families. The melanins are polymeric

materials having applications in the pharmaceutical, cosmetic, optical, and electronic

industries. The biotechnological production of these polymers is an attractive alternative

to obtaining them by extraction from plant or animal material, where they are present

at low concentrations. Several species of microorganisms have been identified as

having a natural melanogenic capacity. The development and optimization of culture

conditions with these organisms has resulted in processes for generating melanins.

These processes are based on the conversion of melanin precursors present in

the culture medium to the corresponding polymers. With the application of genetic

engineering techniques, it has become possible to overexpress genes encoding enzymes

involved in melanin formation, mostly tyrosinases, leading to an improvement in the

productivity of melanogenic organisms, as well as allowing the generation of novel

recombinant microbial strains that can produce diverse types of melanins. Furthermore,

the metabolic engineering of microbial hosts by modifying pathways related to the supply

of melanogenic precursors has resulted in strains with the capacity of performing the total

synthesis of melanins from simple carbon sources in the scale of grams. In this review,

the latest advances toward the generation of recombinant melanin production strains

and production processes are summarized and discussed.

Keywords: melanin, metabolic engineering, aromatics, tyrosinase, process engineering

INTRODUCTION

The melanins comprise a group of polymeric pigments that are widely found in nature (d’Ischia
et al., 2015). These are the result of the enzyme-catalyzed oxidation of phenolic or indolic substrates.
The melanins are considered one of the most ancient pigments found in nature. These pigments
have been detected in fossils of birds and dinosaurs (Zhang et al., 2010). Remarkably, preserved
melanin was found in cephalopod ink sacs from the Jurassic period (Glass et al., 2012). Thus,
melanin is proposed as a biomarker to study evolution (Wogelius et al., 2011).
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The main types of melanin are eumelanin, pheomelanin,
the allomelanins and pyomelanin. Eumelanin is the product
of the oxidation of the amino acid L-tyrosine and/or L-
dihydroxyphenylalanine (L-DOPA). The resulting polymer
displays a brown or black color. Pheomelanin is produced when
L-tyrosine and/or L-DOPA are oxidized in the presence of L-
cysteine, resulting in pigment with a red-yellow color. The
allomelanins are the result of oxidation of either one of the
following compounds: 4-hydroxyphenylacetic acid, catechols,
dihydroxynaphthalene (DHN), γ-glutaminyl-4-hydroxybenzene
or tetrahydroxynaphthalene, protocatechualdehyde, and caffeic
acid. Pyomelanin is a type of melanin resulting from the
oxidation of homogentisic acid (HGA) (Figure 1) (Lindgren
et al., 2015).

In humans and many mammals, eumelanin and pheomelanin
are the prevalent skin pigment. Skin pigmentation has been a
subject of interest since ancient times. There are references to
diseases affecting skin color, such as vitiligo, dating back to the
year 2200 BC. It was until the year 1819 that pigment cells, called
chromatophores, were described in studies with the squid. A few
years later, similar structures were recognized in human skin and
eyes. The term melanin was used for the first time by C. P. Robin
in 1873 and later, the specialized cells responsible for melanin
synthesis in the skin, the melanocytes, were identified. Further
studies in the following years established the existence of melanin
grains in the melanocytes and the process for the transfer of these
structures to the epithelial cells (Westerhof, 2006).

As a result of their chemical composition, themelanins display
distinct physicochemical properties. Thus, these polymers can act
as ultraviolet light, X-ray and γ-ray absorbers, cation exchangers
and amorphous semiconductors (Sarna et al., 1976; della-Cioppa
et al., 1990; Krol and Liebler, 1998; Rózanowska et al., 1999;
Ambrico et al., 2014). Melanins have also been shown to have
antioxidant and antiviral activities (Montefiori and Zhou, 1991;
Nofsinger et al., 2002). Diverse applications and products derived
from melanins are dependent on obtaining these polymers at
a relatively low cost and in a large quantity. Melanins can be
extracted from plant and animal tissues, or generated by chemical
synthesis. However, these processes are relatively expensive
and in some cases, not sustainable (Saini and Melo, 2015). A
potentially viable alternative to obtain melanins is based on
the culture of melanogenic microorganisms. This method has
the advantage of being scalable and providing a good yield of
melanins. This approach can be improved by applying genetic
engineering techniques to increase the natural melanogenic
capacity of some organisms or generating novel melanin-
producing strains. The most common genetic modification to
enhance/generate a production strain involves the expression
of genes encoding the enzymes involved in the oxidation of
melanin precursors.

ENZYMES INVOLVED IN MELANIN

FORMATION

The enzyme-dependent oxidation of phenolic or indolic
compounds is the first step leading to the generation of the

melanins. Melanogenic enzymes belong mainly to the tyrosinase
and laccase protein families. The tyrosinases are the most
common type of enzyme associated with melanogenesis. These
enzymes can employ both mono and diphenolic compounds
as substrates. Examples of these substrates are L-tyrosine, L-
DOPA, and catechols. The tyrosinases are mono-oxygenases
having a dinuclear copper catalytic center. These enzymes
catalyze the ortho-hydroxylation of monophenols (cresolase
activity) and also the oxidation of catechols (catecholase
activity), generating ortho-quinone products (Garcia-Molina
et al., 2007) (Figure 1). The enzyme tyrosinase catalyzes the
hydroxylation of L-tyrosine to L-DOPA using molecular oxygen
and then oxidizes this compound to dopachrome, which non-
enzymatically polymerizes to yield melanin (Ito, 2003). Based
on their amino acid sequence and functional features, microbial
tyrosinases can be divided into five main groups (Fairhead and
Thöny-Meyer, 2012). The tyrosinase from Streptomyces sp. is
included in one of these groups. They have in common the
requirement of a chaperone protein that inserts copper atoms
into the active site of the tyrosinase. In contrast, the tyrosinases
from bacteria, such as Rhizobium etli, Bacillus megaterium, and
Bacillus thuringiensis, do not require a chaperone for copper
insertion into the active site. The lacasses are another group
of enzymes involved in melanogenesis. These enzymes are
not related to the tyrosinases but are also copper-dependent
oxidoreductases. The laccases have been found in bacteria,
fungi, and plants (Valderrama et al., 2003). The enzyme 4-
hydroxyphenylacetic acid (4-HPA) hydroxylase is involved in
the catabolism of 4-HPA in bacteria. This group of enzymes
displays a broad substrate range, they can hydroxylate various
monohydric and dihydric phenols (Prieto et al., 1993). 4-HPA
hydroxylase is a two-component flavin adenine dinucleotide
(FAD)-dependent monooxygenase (Gibello et al., 1995).

BIOLOGICAL FUNCTIONS OF MELANINS

The melanins are found in species of the three domains of life:
Archaea, Bacteria, and Eukarya. These pigments have diverse
functions related to the survival of many species in their
natural environment (Figure 2). In humans, eumelanin and
pheomelanin are involved in protection against UV radiation
(Coelho et al., 2009). Another important protective activity of
these pigments includes their functions as free radical scavengers.
This activity reduces the production of reactive oxygen species
(Meredith and Sarna, 2006). Melanin is also found in the eyes
and brain of humans and other vertebrates. However, the role
of the pigment in these organs is not completely understood.
In birds, melanin is involved in feather coloring. This function
is related to signaling, having an impact on reproductive fitness
(McGraw, 2008). The dark color imparted by melanin serves
a function in thermoregulation by absorbing radiant energy in
organisms, such as amphibians and reptiles (Clusella-Trullas
et al., 2007). In some species of the molluscs octopus and squid,
the production and secretion of ink is a distinctive defense
mechanism. The main constituent of this product is eumelanin,
which is synthesized by an ink gland in these organisms
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FIGURE 1 | Biochemical reactions leading to the synthesis of eumelanin, pheomelanin, allomelanins, and pyomelanin.

(Palumbo, 2003). In insects, melanin formation is related to
cuticle sclerotization. The cuticle is the outer component of the
exoskeleton of insects. Melanogenesis leads to the hardening
of the cuticle, providing protection against physical damage.
In addition, melanization functions as a defense mechanism
against pathogens in insects. Upon infection, melanin formation
around a pathogen blocks its proliferation (Vavricka et al.,
2014). In fungi, melanization is a common trait that is
related to pathogenesis. In these organisms, melanin precursors
include DHN, HGA, γ-glutaminyl-4-hydroxybenzene, catechol
and tyrosine. In addition to photoprotection and antioxidant
activities, in fungi, melanins are also involved in providing
resistance against chemical andmechanical stresses (Cordero and
Casadevall, 2017). Furthermore, melanin has been proposed as
an energy harvesting pigment in fungi. In has been determined
that sub-lethal doses of gamma rays cause an enhanced increase
in NADPH levels and rate of growth in several fungi species
(Dadachova et al., 2007). Melanin production by bacteria
has been identified in species from Rhizobium, Streptomyces,
Marinomonas, Pseudomonas, Serratia, and Bacillus. In these
organisms, melanin is involved in virulence, as well as protection
against ultraviolet light and oxidation agents (Trias et al., 1989;
Patel et al., 1996; López-Serrano et al., 2004; Piñero et al., 2007;
Manivasagan et al., 2013).

APPLICATIONS OF MELANINS

The melanins have a very complex polymeric structure,
resulting in diverse chemical and physical properties. In

addition to blocking UV light, they can also absorb X and
γ-rays (Hill, 1992). These polymers also have the capacity of
scavenging reactive oxygen species and free radicals, as well
as exhibiting redox behavior (Liu et al., 2015). Melanin is an
amorphous semiconductor, as such, it is being evaluated as a
component of electronic circuits, batteries as well as solar cells
(Bothma et al., 2008; Kim et al., 2013; Ambrico et al., 2014).
Inorganic semiconductors are currently being employed for these
applications. However, they have a high environmental impact
and relatively high cost. In contrast, organic semiconductors,
such as melanins, do not have the same drawbacks and are easier
to process. An additional advantage of melanin over traditional
semiconductors is its biocompatibility, making it suitable to be
used in implantable devices.

In another type of application, melanin has been employed
as a template to synthesize silver or gold nanostructures and
nanoparticles, having potential uses in the food and health
industries (Apte et al., 2013; Patil et al., 2018). Melanin has also
been evaluated as an additive of a synthetic polymer. The addition
of eumelanin to poly(methyl methacrylate) (PMMA) was
observed to cause a significant increase in thermal stabilization
(Shanmuganathan et al., 2011). Further studies will be required
to show if melanins can be employed to enhance the properties of
other synthetic polymers. In a related study, it was demonstrated
that allomelanin could be incorporated as a dye to hydrogel
of soft contact lenses (Ahn et al., 2019). As compared to
synthetic dyes, the use of allomelanin offers the advantage of
antibacterial and antioxidant activity. In the medical field, it
has been reported that Escherichia coli cells expressing the melA
gene encoding tyrosinase from Rhizobium etli can be employed
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FIGURE 2 | The main biological functions of melanins.

for photoacoustic imaging, a method with improved depth-to-
resolution ratio when compared to optical imaging (Paproski
et al., 2015). This approach holds the potential of improving
the understanding of bacterial pathogenic processes. In another
imaging application, melanin has been employed as a contrast
agent in magnetic resonance imaging probes (Williams, 1994).
Dermal and cosmetic applications of melanin include its use for
hair dyeing. The widely used synthetic oxidative dyes cause hair
damage and are not easy to handle. In contrast, a process based
on the use of melanin precursors that can bind to hair after air
oxidation has the advantage of not causing damage and being
safer (Koike and Ebato, 2013).

The melanins can act as metal chelators and this capacity
can be employed in environmental applications. The binding of
metals to melanin involves multiple coordination bonds between
the hydroxyl, amine and carboxyl functional groups in this
polymer. In a soil bioremediation study, melanin from fungi has
been shown to efficiently bind heavy metals, such as zinc and
lead (Fogarty and Tobin, 1996). In another study, melanin was
synthesized by employing a tyrosinase extracted from the plant
Amorphophallus campanulatus and L-DOPA as substrate. It was
determined that melanin could efficiently remove uranium from
an aqueous solution (Saini and Melo, 2013).

It should be noted that the previous cases are still in the

development stage and have not yet been commercialized.

However, there are a few examples of melanin-containing
products that are commercially available. At present, the main
commercial application of melanin is as a dye in lenses
of sunglasses. In this case, it is not known which are the
chemical dyes replaced by melanin, but the natural origin of
the pigment and the capacity to reduce high energy visible light
are highlighted as an advantage (https://espeyewear.com/). A
commercial product related to dermatology is a sunscreen for

dry skin containing squid ink as an antioxidant. An advantage of
this product over competing sunscreens is the expected reduced
irritation on the skin when compared to synthetic dyes (https://
chicet.com/product/melanin-sunscreen-for-dry-skin/).

PRODUCTION OF MELANINS WITH

NATURAL MELANOGENIC ORGANISMS

The current and potential applications with melanins are
dependent on the possibility of obtaining these pigments from
abundant and relatively inexpensive sources. These products
can be extracted from natural sources, such as animal or plant
tissues by following relatively inexpensive methods. However,
these sources usually contain a mixture of different types of
melanins and related substances, which complicate purification
procedures and might yield a product of variable composition.
These polymers can also be obtained by either the chemical or
enzymatic oxidation of phenolic or indolic substrates (Saini and
Melo, 2015). These methodologies can generate melanins with
a high degree of purity but at a relatively high cost. Another
option for obtaining these polymers is based on the culture of
natural melanin-producing microbes or microbes that have been
genetically engineered to produce melanins. This approach has
the potential for generating this class of products with a relatively
low cost and high yield.

Although this review focuses mainly on engineered
microorganisms, a brief description of efforts toward the
development of melanin production processes with natural
melanogenic organisms is included. The production of melanin
has been observed in several species of microorganisms and fungi
both in their natural environment an under laboratory growth
conditions. Species of organisms with melanogenic capacity that
have been employed for developing production processes include
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Pseudomonas stutzeri, Gliocephalotrichum simplex, Rhizobium
sp., Brevundimonas sp., Aspergillus fumigatus, Bacillus safensis,
Streptomyces lusitanus, and Streptomyces kathirae (Jalmi et al.,
2012; Zhao and Tong-Suo, 2012; Ganesh Kumar et al., 2013;
Surwase et al., 2013; Guo et al., 2014; Madhusudhan et al., 2014;
Tarangini and Mishra, 2014; Raman et al., 2015). Processes
for obtaining melanin with these organisms usually involves
statistical experimental methods aimed at identifying culture
conditions and media components that positively impact
the productivity (Zhao and Tong-Suo, 2012; Tarangini and
Mishra, 2014). Culture parameters, such as temperature, pH,
oxygen, and melanin precursors concentrations have been
found to contribute to productivity. The developed processes
have enabled the production of melanin at titers that span
0.01–13.7 g/L (Guo et al., 2014; Raman et al., 2015). In
most of these processes, a positive correlation with polymer
production was observed by increasing in culture media the
amount of L-tyrosine or components that contain it. Thus, the
polymer produced is likely eumelanin. However, in most cases,
culture media includes yeast extract or protein hydrolysates.
Therefore, during the melanin formation process, some media
components in addition to L-tyrosine can be incorporated into
the polymer, yielding a pigment that is not pure eumelanin. This
is an important drawback of most processes developed with
melanogenic organisms that require complex media for growth
and production.

PRODUCTION OF MELANINS WITH

GENETICALLY ENGINEERED

MICROORGANISMS

The experimental methodologies collectively known as genetic
engineering techniques allow the modification of the genetic
material of microbes with the purpose of enhancing or generating
the capacity to produce specific molecules. It is possible currently
to genetically engineering diverse microorganisms and this
number is continuously growing. The application of DNA
sequencing technology combined with biochemical analyses has
permitted the elucidation of pathways and specific genes related
to the production of melanins. This knowledge and technologies
are the basis for generating recombinant microbes for enhanced
melanin production and for transferring this capacity to non-
melanogenic microorganisms.

GENERATION OF MELANOGENIC

MICROORGANISMS BY EXPRESSION OF

GENES ENCODING TYROSINASES

What follows is a review and analysis of advances related to
the generation of recombinant microbial strains and production
processes for the synthesis of melanins. The first example of
a recombinant melanogenic microbe was reported with the
bacterium E. coli. This organism was modified to express
genes from the actinomycete Streptomyces antibioticus. In S.
antibioticus, the mel locus includes two genes, mel, and ORF438,
that are required for melanin production. The recombinant E.

coli strain was shown to produce eumelanin from L-tyrosine in
agar plates and liquid cultures but the titers were not reported.
Interestingly, it was also demonstrated that synthetic non-
natural amino acids, such as N-acetyl-L-tyrosine and L-tyrosine
ethyl ester could be taken as substrates by the S. antibioticus
tyrosinase, yielding syntheticmelanins (della-Cioppa et al., 1990).
In another report, the mel locus from S. antibioticus was also
employed to generate a recombinant E. coli strain derived from
JM109. The gene mel was placed under transcriptional control
of the phage T5 promoter and two lac operators. Culturing this
recombinant strain in LB medium resulted in the recovery of
0.4 g/L of eumelanin (Table 1). The recovery of eumelanin from
the culture medium was based on precipitation by adjusting
pH to 3.0, followed by dissolving it in distilled water at pH
8.0. This procedure was followed by liquid chromatography on
Sephadex LH-20. The purified eumelanin was employed to study
the effect of the presence of this polymer on the antimicrobial
activity of several antibiotics. It was determined that eumelanin
reduced the antibiotic effect on E. coli of ampicillin, kanamycin,
polymyxin B, and tetracycline in a dose-dependent manner
(Lin et al., 2005). In addition to the clinical importance of
such results, the observed response could be employed to
select higher melanin-producing recombinant strains, based on
antibiotic resistance.

In another early example, the Bacillus thuringiensis strain
4D11 was shown to produce melanin when cultured for several
hours with L-tyrosine at 42◦C (Ruan et al., 2004). These results
indicated that this organism should contain a gene encoding a
tyrosinase in its genome. Since the sequence of the genome of
B. thuringiensis 4D11 was not known, a cloning strategy was
devised based on expected sequence similarity with a tyrosinase
gene from Bacillus cereus 10987. A pair of PCR primers were
designed based on the tyrosinase gene sequence from B. cereus
10987 and employed to amplify an 1,179 bp DNA fragment
from B. thuringiensis 4D11 purified DNA. Sequence analysis
showed this DNA fragment displayed 99% amino acid sequence
similarity with the tyrosinase from B. cereus 10987. The PCR
product was cloned in plasmid pGEM-7zf under the control of
the lac promoter. Strain E. coli DH5α was transformed with
this plasmid and the recombinant strain was shown to produce
eumelanin at a titer of 5.6 g/L when grown in casein liquid
medium (Table 1). Interestingly, it was also determined that
this recombinant strain displayed a significantly higher survival
rate when compared to DH5α, in experiments of exposure to
UV-radiation (Ruan et al., 2005). These results show how in
addition to conferring the capacity of producing melanin as a
biotechnological product, the heterologous expression of a gene
encoding a tyrosinase can increase the host’s capacity to resist
UV-radiation. This is the consequence of melanin production,
a trait that can be beneficial in the case of microorganisms that
are employed in the field, such as B. thuringiensis. The possibility
of engineering microbes to survive in high-UV environments
is also relevant for future space applications. Microbes are
considered essential for helping to support human life by
providing food, useful chemicals and recycling waste in long-
range space missions and planet-colonization projects (Horneck
et al., 2010; https://blogs.scientificamerican.com/observations/
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TABLE 1 | Engineered microbial strains for the production of melanins.

Promoter Inducer Expressed

gene(s)

Expression

vectors

Genes origin Production

organism

Melanin

precursor

Carbon

source

Process

temperature

Volumetric

productivity

(mg/L/h)

Titer

(g/L)

References

lac Not reported mel pGEM-7Zf Bacillus thuringiensis 4D11 Escherichia coli Casein Casein Not reported 155.5 5.6 Ruan et al., 2005

T5 IPTG 0.36mM mel pQE32 Streptomyces antibioticus Escherichia coli L-tyrosine LB medium 37◦C 8.3 0.4 Lin et al., 2005

trc IPTG 0.1mM MutmelA pTrc99A Rhizobium etli Escherichia coli L-tyrosine Glucose 30◦C 75 6 Lagunas-Muñoz et al., 2006

None None None None Pseudomonas putida strain F6 Pseudomonas

putida strain

F6-HDO

L-tyrosine Citrate 30◦C 17.5 0.35 Nikodinovic-Runic et al., 2009

Pskmel Constitutive melC pIJ86 Streptomyces kathirae Streptomyces

kathirae

L-tyrosine Amylodextrine,

yeast extract

28◦C 225 28.8 Guo et al., 2015

None None Not identified None Escherichia coli Escherichia coli Caffeic

acid

Glucose 30◦C 16.7 0.15 Jang et al., 2018

T7 IPTG 1mM fcs pRSF duet-1

pET duet-1

Burkholderia glumae BGR1 Escherichia coli Caffeic

acid

Glucose 30◦C 0.20 Jang et al., 2018

T7 IPTG 1mM ech Burkholderia glumae BGR1 Jang et al., 2018

lac IPTG 0.1mM aroGfbr pTrc99A Escherichia coli Escherichia coli None Glucose 30◦C 26.8 3.2 Chávez-Béjar et al., 2013

trc IPTG 0.1mM tyrC Zymomonas mobilis Chávez-Béjar et al., 2013

trc IPTG 0.1mM pheACM Escherichia coli Chávez-Béjar et al., 2013

trc IPTG 0.1mM MutmelA Rhizobium etli Chávez-Béjar et al., 2013

lac IPTG 0.1mM aroGfbr pTrc99A Escherichia coli Escherichia coli None Glycerol 30◦C 16.8 1.21 Mejía-Caballero et al., 2016

PtktA None tktA Escherichia coli Mejía-Caballero et al., 2016

trc IPTG 0.1mM antABC Pseudomonas aeruginosa PAO1 Mejía-Caballero et al., 2016

trc IPTG 0.1mM MutmelA Rhizobium etli Mejía-Caballero et al., 2016
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microbes-might-be-key-to-a-mars-mission/). Melanin can also
absorb X and γ-rays, a characteristic that could increase
the survival of engineered microbes in environments outside
our planet.

Among soil bacteria, Rhizobium etli is especially important for
agriculture since it can fix nitrogen when it forms nodules in the
root of the plant Phaseolus vulgaris. It has been determined that
this bacterium can producemelanin in the symbiotic nodules and
a gene encoding a tyrosinase has been identified in a symbiotic
plasmid (melA) (González et al., 2003; Piñero et al., 2007). The
gene melA was cloned in the expression vector pTrc99A under
control of the strong trc promoter and the resulting plasmid
pTrcmelA was transformed in E. coli. The recombinant E. coli
strain produced eumelanin when L-tyrosine was provided as
a substrate at 30◦C and at a much lower quantity at 37◦C
(Cabrera-Valladares et al., 2006). It was also noted that melanin
synthesis occurred only during the stationary culture phase.
During cloning of the melA gene, a colony of recombinant
E. coli in medium containing L-tyrosine was found to display
a darker color when compared to the rest of the colonies.
After DNA sequencing of the melA gene in this clone, it was
determined that it had a spontaneous mutation of a single
nucleotide change where the Asp535 residue was changed to
a Gly residue in the MelA tyrosinase enzyme. This mutant
version of MelA was named MutMelA. Further characterization
revealed that eumelanin production in liquid cultures starts
earlier in cultures of E. coli expressing MutmelA when compared
to a strain expressing the wild type version of this enzyme.
To develop and optimize a process for eumelanin production,
a study was conducted to determine optimal condition for
pigment synthesis in liquid cultures with a recombinant E.
coli strain expressing MutmelA. The effect of the concentration
of antibiotic for plasmid selection pressure, isopropyl-d-thio-
galactopyranoside (IPTG) as gene inducer, culture temperature
and pH on eumelanin concentration were determined. The best
conditions for production in bioreactor consisted on the use of
0.1 mmol/L of IPTG, a culture temperature of 30◦C and changing
the pH of themedium from 7.0 to 7.5 at the start of the eumelanin
production phase. A total of 6 g/L of L-tyrosine was added to the
culture medium as eumelanin precursor. Under these conditions,
a 100% conversion yield of L-tyrosine to eumelanin was observed
with a final titer of 6 g/L (Table 1) (Lagunas-Muñoz et al., 2006).
These results highlight the importance of culture conditions
optimization as a factor for reaching the maximum yield and
productivity with a recombinant melanogenic strain.

In a bioprospecting study, microorganisms with the capacity
of producing melanin were isolated from soil samples in China.
One of such microbes was identified as Streptomyces kathirae SC-
1, it displayed the highest capacity formelanin production among
all isolates. A surface response method was employed to optimize
medium and growth conditions, allowing the production of 13.7
g/L of melanin (Guo et al., 2014). It is important to point
out that the culture medium employed in this study included
yeast extract, which provided a mixture of melanin precursors.
Therefore, the resulting polymer should be characterized to
determine its chemical composition to define the type of melanin
produced. To better understand melanogenesis in this organism,

a novel tyrosinase was purified to homogeneity. This is a 30-
kDa enzyme, displaying Km for L-DOPA and L-tyrosine of 0.42
and 0.25mM, respectively. The partial amino acid sequence of
this tyrosinase was employed to design primers that allowed
the amplification of the encoding melC gene and its promoter
region. Sequence analysis of the promoter region identified two
putative promoters: Pskmel and P135. The gene melC was cloned
under the transcriptional control of either putative promoter
and the constitutive promoter PermE∗ in the replicative plasmid
pIJ86 and the resulting constructs transformed in S. lividans
and S. kathirae. The recombinant strains of S. lividans were
characterized, and it was determined that Pskmel is the functional
promoter for melC. The recombinant strains of S. kathirae
were cultured under melanin production conditions. It was
determined that strains expressing melC from PermE∗ or Pskmel

produced 24.9 and 28.8 g/L of melanin, respectively (Table 1)
(Guo et al., 2015). It should be noted that these are the highest
melanin titers reported to date, highlighting the potential of
applying genetic engineering techniques to further enhance the
production capacity of a melanogenic organism (Table 1). This
production system has the potential for further optimization, in
particular regarding culture medium composition. The medium
contains a relatively high amount of yeast extract (37 g/L),
which is a costly component. Yeast extract could complicate
melanin purification procedures and some of its components can
react with melanin precursors, yielding a polymer not composed
entirely of the L-tyrosine precursor. For these reasons, the search
for a culture medium containing only salts and a simple carbon
source should be a future research objective to improve the
current production scheme.

The phenolic aldehydes are compounds having applications
in the chemical and food industries. The microbial production
of this class of chemicals in E. coli involves the expression of
heterologous genes and other modifications to the metabolic
network. As part of a study to generate an E. coli strain for the
synthesis of phenolic aldehydes, this organism was modified to
produce caffeic acid from L-tyrosine. This involves the expression
of tyrosine ammonia-lyase (TAL) to transform L-tyrosine to
coumaric acid and p-coumarate 3-hydroxylase (C3H) to produce
caffeic acid (Figure 3). In these experiments, a dark pigment
was observed, having the characteristics of melanin. This caffeic
acid melanin is likely produced by oxidation of the catechol
moiety by some of the oxidases encoded in the genome of E.
coli. It was also observed that protocatechualdehyde added to
the culture medium and incubated with E. coli yielded a melanin
pigment with a brown color, whereas caffeic acid melanin was
black. As part of this work, the genes encoding feruloyl-CoA
synthetase (FCS) and enoyl-CoA hydratase/aldolase (ECH) from
Burkholderia glumae BGR1 were expressed in E. coli (Figure 3).
The recombinant strain acquired the capacity to convert caffeic
acid to protocatechualdehyde. As part of this study, it was
observed that in the presence of 5mM caffeic acid, wild type E.
coli BL21(DE3) produced 0.15 g/L of melanin (Table 1). When
the same amount of caffeic acid was added to a culture with a
recombinant strain expressing fcs and ech, melanin was produced
at a faster rate, reaching a titer of 0.2 g/L (Jang et al., 2018).
This melanin product was not chemically characterized, it is
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FIGURE 3 | Metabolic pathways and expressed genes related to the synthesis of melanins with engineered microorganisms. Dashed arrows indicate two or more

enzyme reactions. Underlined genes were overexpressed from plasmids. PTS, phosphotransferase system glucose transport protein; Gly, glycerol; Gly3P,

glycerol-3-phosphate; G6P, glucose-6-phosphate; E4P, D-erythrose 4-phosphate; PEP, phosphoenolpyruvate; DAHP, 3-deoxy-D-arabino-heptulosonate

7-phosphate; HPP, 4-hydroxyphenylpyruvate; CHA, chorismate; ANT, anthranilate; PPA, phenylpyruvate; HPPD, hydroxyphenylpyruvate dehydrogenase; HGO,

homogentisate 1,2-dioxygenase; L-Tyr, L-tyrosine; L-Phe, L-phenylalanine; L-Trp, L-tryptophan; tktA, gene encoding transketolase; aroGfbr , gene encoding feedback

inhibition resistant DAHP synthase; trpEG, genes encoding anthranilate synthase component I; trpD9923 is a mutant version of trpD causing the loss of anthranilate

phosphoribosyl transferase activity and retaining anthranilate synthase activity; tyrC, gene encoding cyclohexadienyl dehydrogenase; C3H, gene encoding

p-coumarate 3-hydroxylase; TAL, gene encoding tyrosine ammonia-lyase; FCS, gene encoding feruloyl-CoA synthetase form B. glumae BGR1; ECH, gene encoding

enoyl-CoA hydratase/aldolase from B. glumae BGR1; antABC, encodes the terminal oxygenase and the reductase components of anthranilate 1,2-dioxygenase from

P. aeruginosa PAO1; pheACM, gene encoding chorismate mutase domain from chorismate mutase-prephenate dehydratase; MutmelA, gene encoding a mutant

version of the tyrosinase from R. etli.

likely a polymer composed of a mixture of caffeic acid and

protocatechualdehyde moieties. These results demonstrate the

production of caffeic acid and protocatechualdehyde melanins

with recombinant E. coli. It evident that FCS and ECH activities
have an influence on the synthesis of melanin and/or melanin
precursors in this strain, however, the mechanisms for the
observed results are not yet completely understood. The chemical
characterization of the produced melanin should provide further
insight into the chemical precursors involved in its formation.
It should also be of interest to identify the native enzyme

from E. coli that is involved in the oxidation of caffeic acid

and protocatechualdehyde, leading to their polymerization into

melanin. The cloning and overexpression of the gene encoding

this yet unidentified oxidase should enable improvement of
melanin-producing strains. In a subsequent report, it was
demonstrated that the protocatechualdehyde-based melanin
could be employed to dye soft contact lenses (Ahn et al., 2019).
The antibacterial and antioxidant activity of melanins should
be advantageous in such an application when compared to
chemically synthesized dyes.

RANDOM MUTAGENESIS FOR THE

SELECTION OF A MELANOGENIC STRAIN

Strain F6 of the soil bacterium Pseudomonas putida was found
to display the capacity of producing melanin when grown in
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media containing L-tyrosine. To gain insight into the role of
genes involved in melanogenesis, transposon mutagenesis was
performed. This process yielded two mutants with increased
melanin production capacity. One of such mutants (F6-HDO)
produced 0.35 g/L of melanin, which corresponds to a 6-fold
increase when compared to P. putida F6 (Table 1). Interestingly,
this mutant displayed higher resistance to UV light and H2O2

when compared to the wild type. Genetic analysis indicated
that transposon mutagenesis disrupted a gene encoding HGA
1,2-dioxygenase (HGO). This enzyme converts HGA into 4-
maleylacetoacetate as part of a degradation pathway. Therefore,
this mutation is expected to reduce HGA consumption by HGO.
This result indicates that HGA is the allomelanin precursor in
this mutant strain (Figure 3) (Nikodinovic-Runic et al., 2009).
The synthesis of HGA originates from the L-tyrosine biosynthetic
pathway. The intermediate 4-hydroxyphenylpyruvate (HPP)
is transformed into HGA by enzyme hydroxyphenylpyruvate
dehydrogenase (HPPD) (Figure 3). This is an example where
random mutagenesis was employed to isolate mutants with
improved melanogenesis. An important advantage of working
with melanogenic organisms is the simplicity in the process for
identifying mutants since they can be detected visually. Studies,
such as this one are essential for identifying novel genes involved
in the melanogenesis process. Once the melanogenic pathways
are identified, a rational strategy can be applied to enhance the
native melanogenic capacity or transfer it to another organism.

Random mutagenesis is a relatively simple method for strain
improvement but it is limited to organisms that already have
a native melanin production capacity. Usually, the site and
type of mutation in the improved melanogenic organism are
not known, thus limiting the use of rational strategies for
further strain improvement. In addition, the genetic changes
produced by random mutagenenis can be unstable so the
strain could revert to a low producer phenotype. A solution
to these issues can be based on genome sequencing of the
improved strain, yielding information about the type of mutation
as well as the genes and pathways involved in the observed
phenotype. This information can be employed to “reverse-
engineer” the melanogenic organism by employing genetic
engineering techniques to reintroduce the identified mutations.
This strategy can be employed to separate the genetic changes
that are related to the improved phenotype from those that could
be deleterious or resulting from genetic instability.

The previous examples described recombinant strains and
processes for the conversion of diverse aromatic compounds into
melanins. By adding various melanin precursors into the culture
medium, they can be employed by tyrosinases as substrates
to generate specific pigments (Table 1). Such processes have
the potential for displaying high productivity. Furthermore,
by employing diverse aromatic precursors, various types of
melanins can be produced. In spite of these advantages, a few
drawbacks can be considered. One of them is the relatively high
cost of employing pure melanin precursors. However, another
problem is created when non-pure and relatively inexpensive
melanin precursors are employed, such as yeast extract or
protein hydrolysates. The use of complex media can result in
variability in the composition of produced melanins, since these

culture media can contain diverse and variable amounts of
compounds that can be substrates of tyrosinases or that can
react with melanin precursor molecules. Furthermore, the use of
non-defined media makes melanin purification processes more
difficult and expensive.

The genetic modifications employed to generate the
previously described production strains are mostly based
on the cloning of the genes encoding a tyrosinase on a
multicopy expression plasmid (Table 1). This approach proved
to be effective for achieving titers in the scale of grams in
several examples. However, it remains to be determined if the
chromosomal expression of these genes could lead to efficient
production strains, having the advantage of not requiring the
use of antibiotics for plasmid selection. It should be noted that
E. coli has been chosen frequently as a production host for
melanins. This is likely a result of the extensive set of genetic
and metabolic engineering tools available for this organism
(Table 1). However, potential advantages of engineering natural
melanogenic organisms should be taken into consideration. The
highest melanin titer reported to date was generated in a process
with a recombinant strain of S. kathirae. It could be expected that
melanogenic organisms have physiological traits that make them
more suitable as production strains. For example, specialized
metabolic pathways for the generation of melanin precursors,
enhanced transport processes for the internalization of tyrosinase
substrates or for the excretion of melanin.

METABOLIC ENGINEERING APPLIED FOR

THE PRODUCTION OF MELANINS FROM

SIMPLE CARBON SOURCES BY

INCREASING PRECURSOR SUPPLY

One potential solution to the issues mentioned above involves
the generation of microbial strains for the total synthesis of
melanins from simple carbon sources. This approach is based on
applying metabolic engineering strategies to increase flux into
the shikimate pathway which provides the precursors for the
aromatic amino acids. In one example, metabolic engineering
methods were applied to generate an E. coli strain with the
capacity of producing the eumelanin precursor L-tyrosine from
glucose (Chávez-Béjar et al., 2008). This strain was modified to
increase carbon flow to the L-tyrosine biosynthetic pathway by
overexpressing the genes encoding a feedback-insensitive version
of the enzyme 3-deoxy-D-arabino-heptulosonate 7-phosphate
(DAHP) synthase (aroGfbr), cyclohexadienyl dehydrogenase
(TyrC) from Zymomonas mobilis and the chorismate mutase
domain from the native enzyme chorismate mutase-prephenate
dehydratase. In addition, this strain expressed the gene MutmelA
encoding the tyrosinase MutMelA (Figure 3). This strain had
the potential for synthesizing eumelanin from glucose. However,
it was determined that MutMelA activity depleted the L-
tyrosine pool, causing a defect in cell growth. The enzyme
tyrosinase requires Cu as a cofactor for activity. Therefore, this
element was left out of the medium during the first half of
the culture to avoid L-tyrosine depletion by MutMelA. The
eumelanin production phase was started by adding CuSO4 to
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the medium, causing the activation of tyrosinase. This strategy
was employed in bioreactor cultures with medium containing
60 g/L of glucose as the sole carbon source. In 120 h, 3.2 g/L
of eumelanin were produced (Table 1) (Chávez-Béjar et al.,
2013). These results were the first example where metabolic
engineering was applied to generate a strain for the total
synthesis of eumelanin. This study provided useful information
regarding the potential negative consequences in cell physiology
resulting from the high-level expression of tyrosinase. This
problem was alleviated by adopting a delayed activation of the
heterologous enzyme. An alternate solution might be based
on fine control of gene induction at a specific phase in the
production culture.

During the characterization of enzyme MutMelA it was
determined that in addition to L-tyrosine, it can also employ
catechol as a substrate. Thus, this enzyme could be employed
for the synthesis of catechol melanin. To test this idea, a
bioconversion process was developed with an E. coli strain
expressing MutMelA and growing in medium containing
glycerol 40 g/L as the carbon source and catechol 0.85 g/L as
tyrosinase substrate. After 54 h, 0.29 g/L of catechol melanin
were produced. To further improve this process, metabolic
engineering was evaluated to generate a strain with the capacity
of generating catechol melanin from a simple carbon source. The
strategy that was followed is based on employing an engineered
E. coli strain that can produce catechol from a simple carbon
source (Balderas-Hernández et al., 2014). Strain E. coli W3110
trpD9923 is a mutant in the L-tryptophan biosynthetic pathway
that overproduces the intermediate anthranilate (Yanofsky et al.,
1971). This strain was modified to increase carbon flow
to anthranilate by overexpressing genes aroGfbr and tktA,
encoding a feedback-insensitive version of DAHP synthase
and transketolase, respectively (Figure 3). These modifications
caused a 2-fold increase in anthranilate titer in flask cultures
(Balderas-Hernández et al., 2009). This strain was further
modified by the expression of the genes antABC encoding
anthranilate 1,2-dioxygenase from Pseudomonas aeruginosa
PAO1. This enzyme catalyzes the conversion of anthranilate to
catechol (Figure 3). In the final step of strain construction, the
gene MutmelA was integrated into the chromosome at the site
of the lacZ gene. The resulting strain was evaluated in bioreactor
cultures at 1-liter scale. The culture media contained glycerol 40
g/L as the carbon source. Glycerol was chosen over glucose as
the carbon source since the former does not consume aromatics
precursor PEP during its internalization and phosphorylation.
In addition, glycerol is a relatively inexpensive, abundant and
renewable carbon and energy source that is obtained mainly
as a byproduct of biodiesel and soap production (Tan et al.,
2013). Culture media also contained 2 g/L yeast extract since
the strain is an L-tryptophan auxotroph. Under these conditions,
the engineered strain displayed growth for 17 h then it entered
the stationary phase that ended after 72 h of total culture
time. The accumulation of catechol melanin was observed to
begin at 18 h, very close to the start of the stationary phase.
At the end of the culture, 1.21 g/L of catechol melanin were
recuperated from the culture medium (Table 1) (Mejía-Caballero
et al., 2016). The accumulation of 0.73 g/L of catechol was

observed at the end of the culture. This result indicates that
the rate of synthesis of this precursor surpasses the capacity
of MutMelA to consume it. Therefore, in this case, increasing
the activity of the tyrosinase should be a target to improve
strain performance.

Metabolic engineering efforts to increase melanin production
have so far focused on E. coli. This is the result of the
accumulated knowledge related to the engineering of central
metabolism and the shikimate pathway in this organism. For
the yeast Saccharomyces cerevisiae, there is also a large body of
work related to the rational modification of metabolic pathways
for the production of aromatic compounds. Some of these
modifications have been directed to increase the supply of
L-DOPA since this compound is an early intermediate for
the synthesis of benzylisoquinoline alkaloids (BIAs). In one
report, with the aim of improving an S. cerevisiae strain for
the production of BIAs, a strategy based on the use of an
enzyme-coupled biosensor and mutagenesis was employed. The
cytochrome P450 L-DOPA oxidase CYP76AD1 from the sugar
beet Beta vulgaris was found to display tyrosine hydroxylase
activity, leading to the synthesis of L-DOPA. To improve this
activity, error-prone PCR was employed to generate a mutant
library of CYP76AD1. The identification of mutants with higher
activity was based on the visual detection of colonies displaying
the highest fluorescence since the cells express an enzyme
that converts L-DOPA to betaxanthin. In a second step, DNA
shuffling was employed with the genes of the six isolated
improved variants of CYP76AD1 to combine the mutations.
This procedure allowed the isolation of a mutant version of
CYP76AD1 that displayed a 2.8-fold increase in L-DOPA titer
when compared to wild type enzyme (DeLoache et al., 2015).
In another example, S. cerevisiae strains were engineered for
the synthesis of natural and novel BIAs. The simultaneous
deletion of zwf1, encoding glucose-6-phosphate dehydrogenase,
upregulation of TKL1, encoding transketolase and the expression
of ARO4Q166K , encoding a feedback-inhibition-resistant mutant
version of the tyrosine-inhibited DAHP synthase, improved
the endogenous supply of L-tyrosine, leading to a 60-fold
increase in the synthesis of the benzylisoquinoline scaffold. In an
effort to generate a strain for the production of norcoclaurine,
further modifications were introduced to enable the synthesis
of L-DOPA. The BH4-dependent tyrosine hydroxylase from
Rattus norvegicus was chosen. Codon-optimized genes encoding
enzymes involved in BH4 biosynthesis and tyrosine-hydroxylase
were expressed, resulting in the synthesis of 94.5 ug/L
of L-DOPA.

It should be noted that these efforts were not aimed
exclusively at generating S. cerevisiae strains for L-tyrosine or
L-DOPA production. Thus, further performance improvement
should be possible. It is expected that expression of an
enzyme with tyrosinase activity in these strains should
yield eumelanin producers. It is interesting to note the
similarities and differences regarding metabolic engineering
targets when comparing E. coli and S. cerevisiae L-tyrosine or
L-DOPA-production strains. One clear similarity is the need
to express feedback-inhibition-resistant mutant versions of
enzymes in key points of the aromatic biosynthetic pathways.
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CONCLUSIONS AND PERSPECTIVES

The melanins are a class of natural products that can
be considered functional polymers with multiple potential
applications in industry. Obtaining these products at a large scale,
with a chemically defined composition, and at a relatively low
cost is a major technical challenge. As discussed in this review,
one approach in this direction can be based on the isolation
and use of natural melanogenic microorganisms. This scheme
has some advantages, such as the possibility of developing a
production process in a relatively short time. However, the use
of natural melanogenic organisms can have some drawbacks,
such as the frequent requirement to use complex media, which
is required to induce melanin production. The use of complex
media complicates purification procedures and also can result in
the synthesis of melanin with non-desired chemical components.
One solution to these problems has been based on the use of
genetic engineering to modify the expression of native genes
involved in melanogenesis, as well as the generation of novel
melanogenic organisms. The accumulated knowledge on the
biochemistry and genetics of melanin production in various
organisms has enabled the possibility of directly manipulating
components in this pathway. By employing genetic andmetabolic
engineering techniques, it has become possible to enhance
the synthetic capacity of natural melanogenic organisms.
Furthermore, novel melanogenic organisms have been generated
with the capacity of synthesizing melanins from simple carbon
sources. These efforts have resulted in the generation of strains
and processes for obtaining these polymers at the scale of grams
(Table 1).

The main genetic modification employed to generate or
improve melanogenic organisms involves the overexpression
of genes encoding tyrosinases. This is frequently based on
placing the tyrosinase gene under control of an inducible
promoter in a replicative plasmid vector. This strategy
enables the precise control of the magnitude and time of
gene expression by the addition of inducers, thus allowing
production process optimization. However, the use of
expression plasmids like those employed in the examples
reviewed here requires the addition of antibiotics as a

selective pressure to avoid the growth of plasmid-less cells.
Another drawback is the requirement for the inclusion of
a chemical inducer in culture media. The use of antibiotics
and inducers increase production costs and complicates
purification procedures. These issues can be avoided by
the use of alternative plasmid selection methods that
are not based on antibiotics, as well as gene induction
methods not dependent on the addition of chemicals
(Vidal et al., 2008).

It can be observed in several of the reports reviewed here,

that melanin titers and volumetric productivities are lower in

processes where the production strain was modified by metabolic

engineering to convert the carbon sources to melanins when
compared to the strains that transform melanin precursors
provided in the culture medium (Table 1). The reported titers
and productivities for eumelanin fall short of those observed for
the production of its precursor L-tyrosine (Santos et al., 2012).

This suggests that there is still a potential margin for strain
and production process improvement. Further development
of the engineered strains will be required to make them
more competitive.

The application of synthetic biology, adaptive laboratory
evolution (ALE) and mutagenesis strategies should be evaluated
for improving the current melanin production strains (Bassalo
et al., 2016). The use of ALE can allow the engineering
of complex phenotypes. In one report, a synthetic biosensor
module that responds to aromatic amino acids intracellular
concentration was combined with ALE to allow the generation
of an improved S. cerevisiae strain for muconic acid production
(Leavitt et al., 2017). This strain displays enhanced flux in
the common aromatic amino acid pathway, thus, it could
be modified to increase L-tyrosine synthesis by following
established methods. With such modification, the S. cerevisiae
strain developed in this study could be a suitable platform
for eumelanin synthesis. In another report, a high-throughput
screen for L-tyrosine production was developed by coupling
the synthesis of this amino acid to the production of melanin
in an E. coli strain expressing the MelA tyrosinase from
R. etli (Santos and Stephanopoulos, 2008). This method
was applied to identify E. coli strains with improved L-
tyrosine production capacity. In this study, E. coli was
engineered by applying rational metabolic engineering strategies
that cause L-tyrosine overproduction. To further improve L-
tyrosine synthesis capacity, this strain was subjected to global
transcription machinery engineering (gTME) (Alper et al.,
2006). This method was implemented in E. coli by expressing
in the engineered strain two separate gTME libraries of the
RNA polymerase rpoA and rpoD subunits. Improved L-tyrosine
producers from these two libraries were identified in agar plates
based on colony melanin pigmentation. Three mutant isolates
were characterized, showing a 2-fold increase in L-tyrosine
titer when compared to the engineered parent strain (Santos
et al., 2012). It should be noted that in this case, these strains
could be employed directly in a process for melanin production
from glucose.

As part of the characterization of strains modified to
synthesize melanin from a simple carbon source, it has
been determined that tyrosinase activity is a factor limiting
productivity (Chávez-Béjar et al., 2013; Mejía-Caballero
et al., 2016). It is possible that tyrosinase activity could
also be limiting melanin production in other engineered
strains. It is, therefore, of importance, to evaluate tyrosinase
enzymes from diverse biological sources, to identify those
with desired properties for biotechnological application. The
vast genome and metagenome data that is currently available
should provide a large number of genes encoding putative
tyrosinases that can be evaluated experimentally. In addition,
the application of protein engineering is a viable option to
improve this class of enzymes. This methodology has not
yet been applied as part of a strategy to improve a melanin
production strain. One important advantage of working with
tyrosinases is the simple activity assay based on melanin
production, which allows high-throughput selection methods
(Santos and Stephanopoulos, 2008).
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In spite of the technical advances regarding the development
of strains and processes for melanin production, many basic
questions still remain to be answered. One important issue is
related to the dynamics of melanin polymerization. It is assumed
that melanin precursors are synthesized in the cytosol, these
molecules then exit the cell and start to polymerize in the culture
medium. The polymer progressively increases in size, generating
a large diversity of melanin molecules. It is interesting that
melanin isolated at different times in production cultures, display
diverse colors ranging from yellow to black (Chávez-Béjar et al.,
2013). It can be expected that these macromolecules will also
have distinct physicochemical properties. Performing studies on
the dynamics of melanin polymerization in production cultures
and the properties of polymers of particular sizes is of great
importance since they could yield useful information leading to
the isolation of products with defined characteristics.

To be used as a biotechnological product, melanins must be
extracted from culture media and purified. A general method
for extracting and partially purifying these products is based
on the low solubility displayed by these polymers at low pH
values. The extraction method followed by most authors starts
by removing cells from the culture medium by centrifugation
and then precipitation of melanin by adjusting pH to 2.0–
3.0 with HCl for 4–16 h at 4–25◦C. Precipitated melanin is
centrifuged and it can be either dried in an oven at 45–70◦C
for 24 h or freeze-dried and stored at 4◦C. Alternatively, the
precipitated melanin can be re-dissolved in water at pH 8.0–
9.0 and the cycle of precipitation and re-dissolving is repeated
several times with drying as a final step. Liquid chromatography
by Pharmacia Sephadex LH-20 has been reported as an additional
purification step for eumelanin (Lin et al., 2005). These extraction
and purification methods are expected to yield melanins with
varying degrees of purity. It is likely that melanin obtained
with the previously mentioned procedures could contain varying

amounts of protein and other cellular components. However,

there is still not a general standard to define melanin purity for
specific applications.

As it is evident from the manuscripts reviewed here, most
of the published works on microbial melanin production have
focused on eumelanin. This is understandable since this polymer
has been characterized extensively and it is the most common
type of melanin found in humans. Therefore, eumelanin
availability could lead to applications in the cosmetic and health
industries as well as other technological areas. However, it should
be noted that melanins comprise a chemically-diverse group
of polymers. So far, only a small fraction of this chemical
diversity has been explored. In addition to eumelanin, production
processes for catechol, caffeic acid, and protocatechualdehyde
melanins have been reported. For specific applications, it can
be assumed that different types of melanins would display
distinct performances. Indeed, in a recent study, it was shown
that protocatechualdehyde-based melanin displayed a better
performance as a dye in soft contact lenses, when compared
to eumelanin or caffeic acid melanin (Ahn et al., 2019). It
should also be noted that non-natural melanins can be generated
by employing synthetic non-natural amino acids and other
compounds that can be employed as substrates by tyrosinases
(della-Cioppa et al., 1990). Therefore, the expected diversity
of this type of polymers is very large. The development of
strains and processes for generating novel natural and synthetic
melanins should vastly increase the number of applications with
these aromatic polymers.
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The most common route to produce aromatic chemicals – organic compounds
containing at least one benzene ring in their structure – is chemical synthesis. These
processes, usually starting from an extracted fossil oil molecule such as benzene,
toluene, or xylene, are highly environmentally unfriendly due to the use of non-
renewable raw materials, high energy consumption and the usual production of toxic
by-products. An alternative way to produce aromatic compounds is extraction from
plants. These extractions typically have a low yield and a high purification cost.
This motivates the search for alternative platforms to produce aromatic compounds
through low-cost and environmentally friendly processes. Microorganisms are able to
synthesize aromatic amino acids through the shikimate pathway. The construction of
microbial cell factories able to produce the desired molecule from renewable feedstock
becomes a promising alternative. This review article focuses on the recent advances
in microbial production of aromatic products, with a special emphasis on metabolic
engineering strategies, as well as bioprocess optimization. The recent combination of
these two techniques has resulted in the development of several alternative processes
to produce phenylpropanoids, aromatic alcohols, phenolic aldehydes, and others.
Chemical species that were unavailable for human consumption due to the high cost
and/or high environmental impact of their production, have now become accessible.

Keywords: aromatic compounds, metabolic engineering, microorganisms, process optimization, synthetic
biology, shikimate pathway

INTRODUCTION

The increasing demand for “natural” labeled products, the adoption of a healthy life style associated
with growing concerns about global warming and limited supplies of fossil fuels, promote the
development of alternative ways for producing fuels and commodity chemicals using renewable
feedstocks in eco-friendly processes. In this scenario, the use of biotechnological platforms for
their production is becoming a promising alternative (Sun et al., 2015; Braga et al., 2018a;
Milke et al., 2018; Park et al., 2018).
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An important class of petrochemical compounds that have
been considered as promising targets for biotechnological
production are aromatic compounds (Knaggs, 2003; Lee and
Wendisch, 2017; Noda and Kondo, 2017). They are typically
produced employing fossil feedstocks as raw materials and have a
wide range of industrial and commercial applications as building
blocks for the synthesis of polymer materials like functional
plastics and fibers, food and feed additives, nutraceuticals and
pharmaceuticals (Krömer et al., 2013; Averesch and Krömer,
2018). The economic importance of these compounds is quite
significant; in 2017 their global market size was USD185.9 billion
and it is expected that, in 2025, their global production volume
will reach 168,733.35 thousand tons (Averesch and Kayser,
2014), with the demand for aromatic compounds for gasoline,
pharmaceuticals and detergents as main driving force.

In the last decades, microorganisms have emerged as attractive
platforms for producing former petroleum-derived compounds
from renewable starting materials (Borodina and Nielsen, 2014;
Krivoruchko and Nielsen, 2015; Noda and Kondo, 2017). Until
now, several derivatives of BTX (benzene, toluene, and the three
isomers of xylene), such as styrene, hydroxystyrene, phenol and
vanillin, have been produced using microbial hosts by direct
bioconversion of precursors or via de novo synthesis (Wierckx
et al., 2005; Vannelli et al., 2007; Mckenna and Nielsen, 2011; Ni
et al., 2015). However, only a few compounds, such as vanillin and
resveratrol, have reached bio-based production at commercial
scale (Nakamura and Whited, 2003; Yim et al., 2011; Paddon
et al., 2013; Van Dien, 2013). Nevertheless, despite the efforts that
have been made until now, the production of benzene, toluene or
xylene in a renewable way has not been reported.

Microorganisms can grow with high growth rates and achieve
high biomass yields, in scalable cultivation and production
processes. They are also able to grow in diverse media, from
abundant and inexpensive feedstocks. However, they do not
naturally (over-)produce these compounds or, if they do, the
yields are very low. In order to enable production, it is necessary
to functionally integrate heterologous pathways or genetically
modify the microbial hosts (Rodrigues et al., 2015; Chouhan et al.,
2017; Gottardi et al., 2017; Milke et al., 2018; Wang J. et al., 2018).
Aromatic compounds are produced by microbial hosts via the
shikimate pathway, which leads to the production of aromatic
amino acids as well as other aromatic precursors (Herrmann,
1995; Maeda and Dudareva, 2012; Averesch and Krömer, 2018).
This can be achieved by the functional reconstruction of
naturally occurring pathways or by de novo pathway engineering
(Dhamankar and Prather, 2011; Wu et al., 2018). Escherichia coli
and Saccharomyces cerevisiae are the most commonly employed
microorganisms for aromatic compound production. However,
more recently, other hosts have also been explored due to their
peculiarities, such as Corynebacterium glutamicum, Lactococcus
lactis, Pseudomonas putida, and Streptomyces lividans (Sachan
et al., 2006; Gosset, 2009; Verhoef et al., 2009; Gaspar et al., 2016;
Kallscheuer et al., 2016, 2019; Dudnik et al., 2017, 2018; Braga
et al., 2018a; Tilburg et al., 2019).

This review presents an overview of recent advances in
microbial production of the most relevant aromatic compounds,
including vanillin, salicylic acid, p-hydroxybenzoic acid and

others strategies for strain design are compared with an emphasis
on the development of biosynthetic pathways, the application of
protein engineering, carbon flux redirection, use of alternative
substrates, engineering substrate uptake and optimization of
culture conditions. We present and explain some of the current
challenges and gaps that in our knowledge, must be overcome
in order to render the biotechnological production of aromatic
compounds, in an attractive and feasible way for the commercial
scale. Table 1 presents a summary of the recent reports (last
4 years) regarding the production of aromatic compounds in
engineered microbial hosts, comparing the used carbon source,
organism and strain, (over-)expressed and/or knocked out genes.

THE SHIKIMATE PATHWAY: A PATH FOR
AROMATIC COMPOUNDS PRODUCTION

In microorganisms, the production of aromatic compounds
is almost always obtained via the shikimate (SKM) pathway.
This route leads to the biosynthesis of aromatic amino acids,
L-tyrosine (L-Tyr), L-tryptophan (L-Trp) and L-phenylalanine
(L-Phe), and a wide range of aromatic precursors (Knaggs,
2003; Noda et al., 2016; Lai et al., 2017). The first reaction
in the shikimate pathway is the condensation of the central
carbon metabolism intermediates, phosphoenolpyruvate (PEP)
and erythrose-4-phosphate (E4P), to yield 3-deoxy-D-arabino-
heptulosonate-7-phosphate (DAHP). After that, six successive
enzymatic reactions lead to the production of chorismate (CHO),
the end product of the SKM pathway (Figure 1) and the
starter unit for the production of aromatic amino acids as well
as different aromatic compounds (phenylpropanoids, salicylic
acid, p-hydroxybenzoic acid, aromatic alcohols, vanillin, among
others) (Noda et al., 2016).

The first step for L-Phe and L-Tyr production is catalyzed by
chorismate mutase (CM), which converts CHO to prephenate
(PHA). After that, PHA undergoes decarboxylation and
dehydration yielding phenylpyruvate (PPY) or is oxidatively
decarboxylated to 4-hydroxyphenylpyruvate (4-HPP). The
reactions are catalyzed by prephenate dehydratase (PDT) and
prephenate dehydrogenase (PDH), respectively. The last step
comprises the transamination of PPY to L-Phe and of 4-HPP
to L-Tyr that is catalyzed by an aminotransferase (AT) (Tzin
et al., 2001; Figure 1). The pathway for L-Trp production from
CHO requires six steps. The first one is catalyzed by anthranilate
synthase (AS) that converts CHO to anthranilate (ANTH),
which is further converted to phosphoribosylanthranilate
(PA) by anthranilate phosphoribosyl transferase (PAT). The
third step in this pathway leads to the production of l-(O-
carboxyphenylamino)-l-deoxyribulose-5–phosphate (CDRP)
by phosphoribosylanthranilate isomerase (PAI). The fourth
enzyme of L-Trp biosynthesis is indole-3-glycerol phosphate
synthase (IGPS), which catalyzes the conversion of CDRP to
indole-3-glycerol phosphate (IGP). In the last two steps, IGP
is cleaved by tryptophan synthase (TS) into indole (ID) that is
ligated to L-serine to yield L-Trp (Figure 1; Priya et al., 2014).

One of the main bottlenecks in the microbial production of
aromatic compounds is the availability of the precursors PEP
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TABLE 1 | Summary of the literature on the production titer of some aromatic compounds obtained through metabolic engineering in microorganisms, in the last 4 years.

Compound Microorganism Heterologous enzymes (source) Substrate/precursor Titer (mg L−1) References

Salicylic acid Escherichia coli pykF, pykA pheA, tyrA deleted
menF (E. coli)
pchB (Pseudomonas aeruginosa)

Glucose 11500 Noda et al., 2016

p-Hydroxybenzoate Corynebacterium
glutamicum

xylA, xylB, bglF, bglA, aroA, aroD, aroE, aroCKB,
araBAD, araE, tkt, tal overexpressed
aroG (E. coli)
ubiC (Providencia rustigianii)
ldhA, qsuB, qsuD, pobA, poxF, pyk, hdpA deleted

Glucose 36600 Kitade et al., 2018

Pseudomonas
putida

UbiC (E. coli)
aroGfbr

pobA, phA, trpE, hexR deleted

Glucose 1730 Krömer, 2016

S. cerevisiae Overexpression ARO4K229L

aroL, ubiC (E. coli)
ARO4fbr

ARO7, TRP3 deleted

Glucose 2900 Averesch et al., 2017

P. taiwanensis
VLB120

pobA and hpd deleted
fcs, ech and vhd (P. putida S12)
PAL (Rhodosporidium toruloides)
aroGfbr and tryfbr

overexpression ppsA and pgi

Glycerol 9900 Lenzen et al., 2019

p-Coumaric acid E. coli C4H (Lycoris aurea)
PAL (Arabidopsis thaliana)
overexpression pntAB

Glucose 25.6 Li et al., 2018

S. cerevisiae Aro10, pdc5 deleted
TAL (Flavobacterium johnsoniaeu)
Aro7fbr and Aro4fbr

aroL (E. coli)

Xylose 242 Borja et al., 2019

E. coli BL21 (DE3) TAL (Saccharothrix espanaensis)
tyrR and pheA deleted
aroGfbr and tyrAfbr

Glucose 100.1 Gyuun et al., 2016

S. cerevisiae Aro10, pdc5 deleted
TAL (Flavobacterium johnsoniaeu)
Aro7G141 and Aro4K229

aroL (E. coli)

Glucose 2400 Rodriguez et al., 2017

Caffeic acid E. coli BL21 (DE3) tyrR and tyrA deleted
TAL (Saccharothrix espanaensis)
aroGfbr and tyrAfbr

sam5 (S. espanaensis)

Glucose 138.2 Gyuun et al., 2016

S. cerevisiae Codon optimized hpaB (P. aeruginosa)
Codon optimized hpaC (Salmonella entérica)
TAL (Rhodosporidium toruloides)

L-Tyr 289.4 Liu et al., 2019a

E. coli tryR deleted
tyrAfbr aroGfbr

tktA and ppsA overexpressed
hpaBC (P. aeruginosa)
fevV (Streptomyces sp. WK-5344)

Kraft pulp 233 Kawaguchi et al., 2017

2-Phenylethanol E. coli aroGfbr and pheAfbr

kdc (S. cerevisiae)
overexpression yigB
Aro8 (S. cerevisiae)

Glucose 1016 Liu et al., 2018

S. cerevisiae YS58 ARO8 and ARO10 overexpressed L-Phe 3200 Wang et al., 2017

E. coli aroGfbr and pheAfbr

kdc (S. cerevisiae YPH499)
yigB overexpressed
aro8 (S. cerevisiae)

Glucose 1000 Guo et al., 2018

S. cerevisiae Gap1, ARO8, ARO10, Adh2, Gdh2 overexpressed Glucose 6300 Wang Z. et al., 2018

Vanillin E. coli top 10 fcs and ech (Amycolatopsis sp. HR) Ferulic acid 68 Chakraborty et al., 2016

E. coli fcs and ech (P. fluorescens BF13) Ferulic acid 4258.8 Luziatelli et al., 2019

frb, feedback-resistant; TAL, tyrosine ammonia lyase; PAL, phenylalanine ammonia lyase.
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FIGURE 1 | Pathway of aromatic amino acid biosynthesis. PPP, pentose
phosphate pathway; E4P, erythrose 4-phosphate; PEP, phosphoenolpyruvate;
DAHPS, DAHP synthase; DAHP, 3-Deoxy-D-arabinoheptulosonate
7-phosphate; DHQS, 3-dehydroquinate synthase; DHQ, 3-dehydroquinate;
DHQD, 3-dehydroquinate dehydratase; 3-DHS, 3-dehydroshikimate; SDH,
shikimate 5-dehydrogenase; SKM, shikimate; SK, shikimate kinase; S3P,
shikimate 3-phosphate; EPSPS, 5-enolpyruvylshikimate 3-phosphate
synthase; EPSP, 5-enolpyruvylshikimate-3-phosphate; CS, chorismate
synthase; CHO, chorismate; CM, chorismate mutase; PHA, prephenate; PDH,
prephenate dehydrogenase; 4-HPP, 4-hydroxyphenylpyruvate; AT,
aminotransferase; PDT, prephenate dehydratase; PPY, phenylpyruvate; AS,
anthranilate synthase; ANTH, anthranilate; PAT, phosphoribosylanthranilate
transferase; PA, phosphoribosylanthranilate; PAI, phosphoribosylanthranilate
isomerase; CDRP, l-(O-carboxyphenylamino)-l-deoxyribulose-5-phosphate;
IGPS, indole-3-glycerol phosphate synthase; IGP, indole-3-glycerol
phosphate; TS, tryptophan synthase; ID, indole. Solid lines indicate a single
step; dotted lines indicate multiple steps.

(produced during glycolysis) and E4P (derived from the pentose
phosphate pathway – PPP) (Suástegui et al., 2016; Noda and
Kondo, 2017; Averesch and Krömer, 2018; Wu et al., 2018).
Different strategies have been described in order to engineer the
central carbon metabolism into this direction (Leonard et al.,
2005; Papagianni, 2012; Nielsen and Keasling, 2016). In fact, the
available fluxes of both precursors differ considerably. Suástegui
et al. (2016) studied the E4P and PEP flux in S. cerevisiae using
metabolic flux analysis and observed that E4P was clearly the
limiting precursor. Therefore, establishing a balance between the
ratio of both precursors and increasing their availability appeared
to be the two main strategies to follow in order to increase
aromatic compounds production.

E4P can be produced from PPP or from sedoheptulose-1,7-
bisphosphate in a reaction that is probably favored when the
intracellular levels of sedoheptulose-7-phosphate (S7P)are high
(Nagy and Haschemi, 2013). S7P is an intermediate in non-
oxidative part of PPP, that is produced from xylulose 5-phosphate
and ribose 5-phosphate by transketolase. The most common
approaches to increase E4P production are the overexpression of
transaldolase and transketolase genes, to promote the conversion
of S7P and glyceraldehyde-3-phosphate (G3P) to E4P and
fructose 6-phosphate (F6P) (Bongaerts et al., 2001; Noda and

Kondo, 2017; Averesch and Krömer, 2018) and to enhance the
supply of E4P (Lütke-Eversloh and Stephanopoulos, 2007; Bulter
et al., 2003). Following this strategy, Knop et al. (2001) observed
an increase in the shikimic acid titer, an intermediate of the
SMK pathway, from 38 to 52 g L−1, after overexpression of
transketolase gene (tktA) in E. coli. The role of transaldolase
for the production of the PPP was analyzed by Lu and Liao
(1997) and Sprenger et al. (1998). They observed that the
overexpression of talB increases the production of DAHP
from glucose. Moreover, Lu and Liao (1997) concluded that
transketolase is more effective in directing the carbon flux to the
aromatic pathway than transaldolase. In fact, the overexpression
of the transaldolase gene in strains which already overexpress
the transketolase gene did not show a further increase in
production of aromatic compounds. This result may be related
with the saturation of E4P supply when tktA was overexpressed
(Lu and Liao, 1997). Nevertheless, the overexpression of the
transketolase gene proved to have a limited impact in the E4P
poll which can be correlated with the preference of this enzyme
for catalyzing the E4P consuming reaction (Curran et al., 2013).
Other efforts to increase the carbon flux in the PPP include
the overexpression of the gene coding for glucose-6-phosphate
dehydrogenase, that has been shown to increase the availability of
ribulose-5-phosphate (R5P) and E4P (Yakandawala et al., 2008;
Rodriguez et al., 2013) or the deletion of genes that encode
the phosphoglucose isomerase, that forces the cell to metabolize
the substrate completely via PPP (Mascarenhas et al., 1991).
However, the later approach blocks the oxidative shunt of the
PPP, which is the main source of the redox cofactor NADPH,
required by the shikimate dehydrogenase as well as by many
enzymes in downstream pathways (Zhang J. et al., 2015). The
use of other carbon sources that have different transporters,
such as hexoses (as sucrose and gluconate), pentoses (xylose
and arabinose) and glycerol (Kai Li and Frost, 1999; Ahn
et al., 2008; Martínez et al., 2008; Chen et al., 2012), is also
an alternative way to increase the E4P poll. In the last year,
Liu et al. (2019b) proposed a different strategy to increase the
scarcity of E4P in S. cerevisiae. They investigated a heterologous
phosphoketolase (PHK) pathway, including a phosphoketolase
from Bifidobacterium breve (Bbxfpk) and a phosphotransacetylase
from Clostridium kluyveri (Ckpta). Phosphoketolase is able to
split fructose-6-phosphate into E4P and acetyl-phosphate, and
the introduction of this pathway could, theoretically, divert
part of the carbon flux from glycolysis directly toward E4P.
The authors observed a 5.4-fold enhance in E4P concentration
in the BbXfpk-expressing strain. When compared with the
overexpression of the transketolase-encoding gene, this approach
resulted in a lower E4P availability (Liu et al., 2019b). However,
none of these strategies were able to efficiently divert carbon flux
from glycolysis toward E4P, to provide sufficient levels for the
biosynthesis of aromatic compounds.

The availability of the other precursor, PEP, is also an
important factor that needs to be considered when designing
a strategy to construct a strain able to produce aromatic
compounds (Rodriguez et al., 2013; Noda and Kondo, 2017).
PEP is required for the simultaneous uptake and phosphorylation
of glucose (PEP:glucose phosphotransferase system – PTS)
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and it is also involved in reactions catalyzed by the enzymes
phosphoenolpyruvate carboxylase and pyruvate kinase that
catalyzes the ATP-producing conversion of PEP to pyruvate. The
glucose transport by PTS is the main PEP consuming activity
and for this reason the construction of PTS-deficient strains is
one of the most common approaches to increase PEP availability
and therefore, aromatic compounds yield from glucose (Gu et al.,
2012, 2013). However, the main problem of this strategy is the
low cellular growth rate. The use of a non-PTS system which
does not consume PEP is an alternative way to allow high
PEP availability (Sprenger et al., 1998; Chandran et al., 2003).
For example, glucose can be transported by galactose permease
(encoded by galP) and further phosphorylated by glucokinase
(encoded by glk) (Yi et al., 2003; Balderas-hernández et al.,
2009). Additionally, Yi et al. (2003) described the utilization of
a glucose facilitator from Zymomonas mobilis (encoded by glf ),
that transports glucose by facilitated diffusion, in combination
with plasmid-localized Z. mobilis glk (encoded glucokinase),
attaining a 3-dehydroshikimic acid (a key intermediate for
aromatic compounds production) production of 60 g L−1, in
E. coli. In 2011, Ikeda et al. (2011) identified a new non-PTS
system, a myo-inositol-induced transporter (encoded by iolT1) in
C. glutamicum. Furthermore, an increase in the PEP availability
has been achieved by modulation of the carbon flux from PEP
to the tricarboxylic acid cycle (TCA) by inactivation of pyruvate
kinase genes (Gosset et al., 1996; Chandran et al., 2003; Escalante
et al., 2010) and PEP carboxylase (Tan et al., 2013). On the
other hand, the overexpression of the genes that encode PEP
synthetase which catalyzes the conversion of pyruvate into PEP,
enhanced its level (Patnaik and Liao, 1994; Tatarko and Romeo,
2001). PEP carboxykinase catalyzes the formation of PEP from
oxaloacetate. The overexpression of the gene that encodes it –
pckA – has also been proposed as a strategy to increase the yield
of aromatic amino acids (Gulevich et al., 2006). An interesting
approach to enhance the PEP availability is the attenuation of
CsrA, a protein that regulates transcription of genes involved
in carbon metabolism and energy metabolism (Wang et al.,
2013). It was found that the absence of CsrA could enhance
the metabolic flow of gluconeogenesis, contributing to the
accumulation of PEP. Tatarko and Romeo (2001) knocked out the
csraA gene and observed an increase in the PEP concentration.
The overexpression of csrB, a small untranslated RNA from the
carbon storage regulator, also improves the availability of PEP in
E. coli (Yakandawala et al., 2008).

Notwithstanding the progress achieved, the industrial
application of these strategies still poses some problems. The
redirection of the carbon flux into a desired pathway usually
results in a reduced cell growth rate and/or production of
unwanted by-products (Patnaik et al., 1992) which usually ruins
the economic viability of an eventual industrial process as will be
further discussed (section “Discussion”).

After the establishment of an adequate supply of precursors
it is essential to redirect this carbon toward the SKM pathway
and remove limiting steps to increase the production of target
compounds. The SKM pathway is highly complex. It is mainly
regulated at the transcription and enzymatic activity level. As
previously described, the first step of the SKM pathway is the
DAHP production, catalyzed by DAHP synthases. This is one

of the most strictly regulated steps in this route (Figure 1). In
fact, DAHP synthase activity is regulated by the concentration
of the downstream reaction products of the SKM pathway,
the aromatic amino acids. This mechanism is a clever way
for cells to make just the right amount of product. When the
concentration of aromatic amino acids is high, they will block
the DAHP synthase activity, preventing its production until
the existing supply has been used up (Bongaerts et al., 2001;
Gosset, 2009; Gottardi et al., 2017). In S. cerevisiae, two DAHP
synthase isozymes (encoded by ARO3 and ARO4 genes) are
feedback inhibited by L-Phe and L-Tyr, respectively (Paravicini
et al., 1989). E. coli has three different DAHP synthase isozymes
(encoded by aroF, aroG, aroH), and each one is vulnerable to
inhibition by an aromatic amino acids: L-Phe, L-Tyr and L-Trp,
respectively (Hu et al., 2003; Gu et al., 2012). In addition to
the allosteric inhibition, it is also necessary to take into account
the transcriptional repression mediated by the protein TyrR
(tyrosine repressor). This can repress aroF and aroG, whereas
the transcription of aroH is controlled by the protein TrpP
(tryptophan repressor) (Pittard et al., 2005; Keseler et al., 2013).
In C. glutamicum, the DAHP synthase isozymes are encoded by
aroG and aroF. AroG is feedback inhibited by L-Phe, chorismate
and prephenate, whereas aroF is feedback inhibited by L-Tyr and
L-Trp (Lee et al., 2009).

To overcome this natural limitation, different strategies have
been described, such as the use of DAHP synthase which is
not sensitive to feedback-inhibition (feedback-resistant – fbr)
(Frost and Draths, 1995). Shumilin et al. (1999) determined
a 3D structure of DAHP synthase co-crystallized with PEP,
demonstrating the possible nine binding sites of L-Phe for
feedback-inhibition. Random or directed mutagenesis at these
specific amino acids residues, such as Asp146Asn, and Pro150Leu
(Kikuchi et al., 1997), is the most common approach used
to generate feedback-resistant variants of DAHP synthase.
Hartmann et al. (2003) determined the crystal structure of
Aro4p and demonstrated that with a single lysine-to-leucine
substitution at position 229, the protein is L-Phe and L-Tyr
insensitive. In combination with the deletion of ARO3, this
strategy led to a 4-fold increase in the flux through the
aromatic amino acid-forming pathway (Luttik et al., 2008).
Similarly, the introduction of a tyrosine-insensitive ARO4 allele
(ARO4 G226S) was also reported by Schnappauf et al. (1998).
In E. coli a similar approach was also described with the
introduction of feedback-resistant derivatives of aroFfbr and
aroGfbr, using either plasmids or chromosomal integration for
expression of the modified encoding genes (Ger et al., 1994;
Jossek et al., 2001). In this context, the reactions catalyzed by
3-dehydroquinate synthase, shikimate kinase and shikimate 5-
dehydrogenase are also considered rate-limiting (Dell and Frost,
1993; Kramer et al., 2003; Oldiges et al., 2004; Juminaga et al.,
2012). Different strategies have been applied to overcome these
limitations, such as: the overexpression of the genes that encode
these enzymes by plasmid-cloned genes, their chromosomal
integration, promoter engineering by chromosomal evolution, or
co-expression of the genes in a modular operon under control
of diverse promoters (Chandran et al., 2003; Lütke-Eversloh and
Stephanopoulos, 2005; Escalante et al., 2010; Rodriguez et al.,
2013; Cui et al., 2014).
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Another regulatory point is present at the chorismate branch,
at which the chorismate mutase and prephenate dehydratase
are feedback regulated by the end products, L-Phe and L-Try
(Lütke-Eversloh and Stephanopoulos, 2005; Reifenrath et al.,
2018). The most common strategies to overcome this bottleneck
are the application of mutations that confer feedback resistance
to chorismate mutase-prephenate dehydratase or the utilization
of evolved genes (pheAev) (Báez-Viveros et al., 2004; Lütke-
Eversloh and Stephanopoulos, 2005; Ikeda, 2006; Sprenger,
2007; Luttik et al., 2008). Backman et al. (1990) used a
recombinant E. coli strain carrying pheAfbr and aroFfbr for L-Phe
production and achieved a titer of 50 g L−1 with a yield of
0.25 (mol L-Phe mol glucose−1) after 36 h. This is the highest
titer reported so far. Furthermore, Báez-Viveros et al. (2004)
observed that the overexpression of evolved genes (pheAev)
had a positive and significant impact on L-Phe production
in E. coli, showing a 3–4-fold improvement, when compared
with equivalent strains expressing pheAfbr. The use of L-Tyr-
or L-Phe-overproducing strains for the production of some
aromatic compounds, derived from aromatic amino acids, has
been reported by many authors. For their construction, the
most common approaches include overexpression of aroGfbr and
tyrAfbr and in some cases ppsA, tktA and the deletion of tyrR
(Kang et al., 2012; Lin and Yan, 2012; Santos et al., 2012; Huang
et al., 2013), achieving L-Phe and L-Try titers of 50 and 55 g
L−1, respectively (Patnaik and Liao, 1994; Ikeda, 2006; Sprenger,
2007). However, most of the studies that have been performed,
reported the expression and/or regulation of key genes, under
the control of constitutively expressed or inducible promoters in
plasmid-cloned operons. Nevertheless, this approach has several
drawbacks, ranging from structural and segregational instability
to metabolic burden of plasmid replication (Noack et al., 1981;
Bentley et al., 1990). To overcome these drawbacks, Cui et al.
(2014) developed a plasmid free methodology for shikimic acid
production, an important intermediate of the SKM pathway, in
E. coli. AroGfbr, aroB, aroE, and tktA genes were chromosomally
integrated by tuning the copy number and expression using
chemically induced chromosomal evolution with triclosan. They
also overexpressed the ppsA and csrB genes to enhance the
PEP/pyruvate pool. Finally, pntAB or nadK genes were also
chromosomally overexpressed in order to increase the NADPH
pull. The final strain was able to produce 3.12 g L−1 of
shikimic acid with a glucose yield of 0.33 mol mol−1. They also
demonstrated that the overexpression of pntAB or nadK genes
increase the NADPH availability. This is the first report of an
engineered shikimic acid producing strain of E. coli that lacks
both a plasmid and an antibiotic marker.

Despite the efforts that have been made, it is also important to
study different strategies to minimize carbon loss to competing
pathways. Gu et al. (2012) reported an increase in L-Trp
concentration after a knock out in the gene tnaA, which codes
for a tryptophanase to avoid product degradation. On the
other hand, the modification of aromatic compounds transport
system, as the inactivation of permease genes aroP, mtr and
tnaB to avoid product re-internalization, or the overexpression
of genes that encodes exporter proteins (e.g., yddG), can also
be used as interesting approaches to increase its production

(Liu et al., 2012; Wang et al., 2013). Rodriguez et al. (2013)
demonstrated that the inactivation of ydiB (coding for shikimate
dehydrogenase/quinate dehydrogenase) leads to a decrease in
byproduct formation, improving the carbon flux toward the
desired aromatic compound production.

STRATEGIES FOR PRODUCTION OF
AROMATIC COMPOUNDS

In the last decade, several attempts to implement the production
of aromatic compounds in cells have been reported (Bongaerts
et al., 2001; Dias et al., 2017; Lee and Wendisch, 2017; Beata
et al., 2019). The first studies focused on the identification of
the microorganisms that are able to produce, natively, aromatic
compounds, such as 2-phenylethanol, and/or metabolites that are
biosynthetic precursors or derivatives of aromatic compounds,
such as SKM, chorismate (CHO), and aromatic amino acids
(L-Phe, L-Tyr and Trp), with high efficiency. Then, engineered
strains were developed and the production processes optimized
in order to raise the product titer to g L−1-scale. Nowadays,
microbial hosts are able to produce a large spectrum of target
products, including chemicals they do not naturally produce
(Pandey et al., 2016; Wang et al., 2016).

In this section, we will focus on illustrating the current
strategies described for producing aromatic compounds,
beginning with the products that are considered industrial
building blocks, as salicylic acid, p-hydroxybenzoic acid,
p-coumaric acid, cinnamic acid, ferulic acid and 2-phenylethanol.
A brief overview of some relevant aromatic compounds that
are widely used as fine chemicals, such as vanillin, will be
further presented.

Salicylic acid (SLA) (2-hydroxybenzoic acid) is a valuable
aromatic compound that can be obtained from CHO (Lin
et al., 2014; Jiang and Zhang, 2016). SLA is an important
drug precursor mainly used to produce acetylsalicylic acid,
widely applied as a non-steroidal anti-inflammatory drug, in
the treatment of fever, pain, aches and inflammations (Vane
and Botting, 2003). Isochorismate synthase (ICS) converts CHO
to isochorismate and then isochorismate pyruvate lyase (IPL)
converts isochorismate into SLA (Serino et al., 1997; Figure 2).
Lin et al. (2013) attained an SLA titer of 158 mg L−1 in
E. coli after the expression of entC from E. coli (ICS step)
and pfpchB from P. fluorescens (IPL step), as an operon. Lin
et al. (2014) further improved the metabolic flux toward SLA
using a medium copy number plasmid, pCA-APTA, to express
aroL, ppsA, tktA and aroGfbr, under the control of an IPTG-
inducible promoter (PLlacO1), attaining an SLA titer of 1.2 g
L−1, using glycerol as carbon source. Noda et al. (2016) reported
the highest SLA titer to the date, 11.5 g L−1 (Table 1), with a
yield of 41.1 % from glucose, after enhancing the availability of
PEP in E. coli. They removed the endogenous PEP consuming
PTS, that was replaced by GalP/Glk system, as well as the
genes responsible for the conversion of PEP to pyruvate (pykF
and pykA). Finally, the strain was further modified by the
introduction of menF from E. coli (ICS step) and pchB from
P. aeruginosa (IPL step). In that report, an 8-fold increase in SLA
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FIGURE 2 | Biosynthesis of different aromatic compounds derived from the extended shikimate pathway. DHQS, 3-dehydroquinate synthase; DHQD,
3-dehydroquinate dehydratase; 3-DHSD, 3-dehydroshikimate dehydratase; CAR, carboxylic acid reductase; PCAD, protocatechuic acid decarboxylase; O-MT,
O-methyltransferase; ICS, isochorismate synthase; CHOPL, chorismate pyruvate lyase; IPL, isochorismate pyruvate lyase; 4-HBAH, 4-hydroxybenzoic acid
hydroxylase; CM, chorismate mutase; KDC, phenylpyruvate decarboxylase; ADH, alcohol dehydrogenase; PAL, phenylalanine ammonia lyase; C4H, cinnamate
4-hydroxylase; TAL, tyrosine ammonia lyase; FCS, feruloyl-CoA synthetase; ECH, feruloyl-CoA hydratase/lyase; C3H, p-coumarate 3-hydroxylase; AT,
aminotransaminase. Solid lines indicate a single step; dotted lines indicate multiple steps.

concentration (from 1.4 to 11. 5 g L−1) was attained after the
process scale up to 1-L jar fermenter. These findings demonstrate
the importance of balancing the plasmid copy number and the
impact of deleting the genes from SKM pathway in cell growth
and production titers. However, the SA toxicity toward the
producing cell remains a challenge, and it is necessary to develop
more resistant strains or explore alternative chassis that naturally

exhibit high tolerance toward toxic compounds, as Pseudomonas
aeruginosa (Jiménez et al., 2002; Nikel and de Lorenzo, 2018).
The microbial production of p-hydroxybenzoic acid (PHBA)
can also be achieved from CHO by chorismate pyruvate lyase
(Figure 2). This aromatic compound is used as a building block
for liquid crystal polymers and for antibacterial parabens – a
key group of compounds used as food preservatives (Barker and
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Frost, 2001), with an estimated market value of $150 million
per year (Krömer et al., 2013). Nowadays, PHBA is chemically
synthesized from benzene via cumene and phenol (Heinz-
Gerhard and Jurgen, 2012). The biotechnological production
of PHBA has already been described in plants, like tobacco
(Nicotiana tabacum L.) and potato (Solanum tuberosum L.)
(Köhle et al., 2003), in E. coli (Barker and Frost, 2001), Klebsiella
pneumoniae (Müller et al., 1995), C. glutamicum (Kallscheuer
and Marienhagen, 2018), and P. putida (Verhoef et al., 2007),
using glucose as carbon source or with complex mixtures such
as sugar cane (Mcqualter et al., 2005). Barker and Frost (2001)
reported PHBA production in E. coli after overexpression of
aroFfbr (feedback-inhibition resistant DAHP synthase), as well
as the genes involved in the SKM pathway (tktA, aroA, aroL,
aroC, and aroB) and encoding chorismate pyruvate lyase (ubiC,
that was expressed in a plasmid under the control of a tac
promoter). A PHBA yield of 12 g L−1 was obtained in a fed-batch
fermentation. The application of an E. coli–E. coli co-culture
system was recently reported by Zhang H. et al. (2015) for
PHBA production from glucose and xylose, a sugar mixture that
can be derived from lignocellulose. The authors reported a 8.6-
fold improvement in PHBA production when its biosynthesis
was switched from the monoculture strategy to the co-culture
strategy. Finally, a fed-batch bioreactor was used to scale up
the PHBA production and under this new condition its titer
was improved to 2.3 g L−1. The production of this aromatic
compound in yeast was described for the first time by Krömer
et al. (2013). The authors reported a PHBA titer of 90 mg L−1

in S. cerevisiae after overexpression of an ubiC from E. coli
and deletion of ARO7 and TRPp3, avoiding the biosynthesis
of aromatic amino acids. To increase the flux to chorismate,
they expressed ARO4K229L and aroL. This strain was then used
and allowed a PHBA formation from CHO, with a titer of
2.9 g L−1 and yield of 3.1 mg gglucose

−1, in a fed-batch process
(Averesch et al., 2017). To date, the highest PHBA titer was
reported by Kitade et al. (2018) in C. glutamicum (Table 1).
This was achieved by chromosomal integration of aroG from
E. coli and wild-type aroCKB from C. glutamicum, encoding
chorismate synthase, shikimate kinase, and 3-dehydroquinate
synthase. In order to convert CHO to HPBA a highly HPBA-
resistant chorismate pyruvate lyase (encoded by ubiC) from the
intestinal bacterium Providencia rustigianii was used. In order
to increase product formation, the synthesis of by-products was
also reduced by deleting hdpA and pyk. The final strain produced
36.6 g L−1 of PHBA from glucose after 24 h, with a glucose
yield of 40 % (mol mol−1). Despite the efforts that have been
made to increase the production yields and concentration of
PHBA, the obtained results still fall behind those benchmarks
from an industrial perspective. In fact, PHBA itself could also
be toxic to the cells at high concentrations and the application
of in situ product removal (ISPR) strategies will lead to a
continuous PHBA removal from the fermentation broth. An
interesting approach was presented by Johnson et al. (2000)
that applied an in situ product removal technique for PHBA
production with E. coli using Amberlite IRA-400 as adsorbent,
and observed an increase in the PHBA titer from 6 to 22.9 g
L−1. In the future, further improvements in the biotechnological

process will be necessary, such as the utilization of low-cost
substrates, as residues and wastes, as well as the development of
a “green” downstream process, to pique the industry interest in
these processes.

Hydroxycinnamic acids are an important class of
hydroxylated aromatic acids that contain a phenol ring and
at least one organic carboxylic acid group. This group of
compounds includes p-coumaric acid, caffeic acid and ferulic
acid, among others. p-Coumaric acid is an important platform
chemical used as monomer of liquid crystal polymers for
electronics (Kaneko et al., 2006), as well as precursor for the
synthesis of polyphenols (Rodriguez et al., 2015). The route
for their production starts with L-Phe and L-Tyr deamination
to further produce the phenylpropanoid cinnamic acid and
p-coumaric acid, respectively, by the activity of phenylalanine
ammonia lyase (PAL) (MacDonald and D’Cunha, 2007) and
tyrosine ammonia lyase (TAL) (Nishiyama et al., 2010; Figure 2).
The enzyme P450 monooxygenase cinnamate 4-hydroxylase
(C4H) can further oxidize the cinnamic acid yielding the
p-coumaric acid (Rasmussen et al., 1999; Achnine et al., 2004).
The heterologous expression of TAL and PAL/TAL encoding
genes allowed the p-coumaric acid production in E. coli,
S. cerevisiae, Streptomyces lividans and P. putida (Table 1;
Nijkamp et al., 2007; Trotman et al., 2007; Vannelli et al., 2007;
Kawai et al., 2013; Rodriguez et al., 2015; Vargas-Tah and Gosset,
2015). However, due to their low activity, first studies reported
its production from culture medium supplemented with L-Phe
or L-Tyr (Ro and Douglas, 2004; Hwang et al., 2003; Watts et al.,
2004; Jendresen et al., 2015; Mao et al., 2017). Efforts have also
been made to find enzymes from different sources with higher
PAL or TAL activity (Nijkamp et al., 2005, 2007; Vannelli et al.,
2007; Kang et al., 2012; Jendresen et al., 2015). p-Coumaric acid
production from a simple carbon source, such as glucose, is
desirable. In order to achieve this, S. cerevisiae was genetically
modified (Vannelli et al., 2007). The encoding PAL/TAL gene
from Rhodotorula glutinis (expressed under the control of the
galactose promoter) was used due to its higher affinity toward
L-Tyr compared to L-Phe. The heterologous expression of a
C4H gene from Helianthus tuberosus allowed its production
via the PAL route. More recently, Li et al. (2018) proposed the
p-coumaric acid production from glucose via phenylalanine in
E. coli. They expressed the C4H-encoding gene from Lycoris
aurea and PAL1 of Arabidopsis thaliana, under a trc promoter
induced by IPTG, attaining a titer of 25.6 mg L−1 in shake flasks,
after the regulation of the intracellular level of NADPH. The
authors observed that the level of intracellular NADPH has a
strong impact on the conversion of trans-cinnamic acid into
p-coumaric acid and different strategies were tested in order to
increase the level of intracellular NADPH. When pntAB, that
encodes a membrane-bound transhydrogenase that catalyzes the
NADH to NADPH conversion, was overexpressed under the
control of a T7 constitutive promoter and the synthetic small
regulatory RNA (srRNA) anti(SthA) was used to specifically
repress the translation of the soluble transhydrogenase SthA, a
synergetic positive effect was observed on the de novo production
of p-coumaric acid. To date, the highest p-coumaric acid titer,
2.4 g L−1, has been achieved in S. cerevisiae after overexpression
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of the encoding TAL gene from Flavobacterium johnsoniae;
overexpression of aroL from E. coli, under control of the P-TEF
promoter; overexpression of Aro7G141S and Aro4K229L from
S. cerevisiae under control of the promoters P-TEF and P-PGK1,
respectively and deletion of Aro10 and Pdc5 genes (Rodriguez
et al., 2017; Table 1). However, it is also important to explore
the application of other raw materials derived from biomass as
carbon sources – see section “Discussion.” Vargas-Tah and Gosset
(2015) managed to produce cinnamic acid and p-coumaric acid
in E. coli using lignocellulosic hydrolysates as complex carbon
source. However, other strains that grow naturally on complex
carbon sources were also used in the production of these
hydroxycinnamic acids, such as Streptomyces lividans (Noda
et al., 2011, 2012; Kawai et al., 2013) with product concentrations
ranging from 130 to 736 mg L−1. In the last year, Borja et al.
(2019) constructed a S. cerevisiae strain that uses xylose as sole
carbon source for p-coumaric acid production, attaining a titer
of 242 mg L−1, that represents a 45-fold increase over their
condition with glucose (5.25 mg L−1) (Table 1). To construct
this strain, they knocked out Aro10 and Pdc5 genes, in order to
reduce the byproduct formation, and overexpressed the encoding
TAL gene from F. johnsoniae and aroL from E. coli. To increase
the carbon flux through the aromatic amino acid pathway
they overexpress Aro7fbr (feedback-inhibition resistant DAHP
synthase) and Aro4fbr (feedback-inhibition resistant chorismite
mutase). Another important issue detected in these studies is
the toxic effect of p-coumaric acid to the producing cells. An
alternative strategy was proposed by Huang et al. (2013), that
involves pulse feeding to avoid the accumulation of p-coumaric
acid to a toxic level. The resistance to toxic compounds can
also be increased using membrane transport engineering as a
method to decrease the intracellular concentration of a toxic
compound. In E. coli, the overexpression of aaeXAB gene,
that encodes an efflux pump for several aromatic compounds,
resulted in a twofold increase in tolerance to p-coumaric acid
(Dyk et al., 2004; Sariaslani, 2007). Caffeic acid is another
important intermediate of the phenylpropanoid metabolism. It
serves as a precursor for the synthesis of caffeoyl alcohol and
3,4-dihydroxystyrene (monomer for plastic synthesis) (Zhang
and Stephanopoulos, 2013). Caffeic acid is biosynthesized
by hydroxylation of p-coumaric acid through p-coumarate
3-hydroxylase (C3H) (Berner et al., 2006; Figure 2). First
studies have reported microbial caffeic acid production with
medium supplementation of the precursors such as L-Tyr and
p-coumaric acid (Sachan et al., 2006; Choi et al., 2011). In order
to produce it directly from p-coumaric acid, it is necessary
to express the genes that encode enzymes with suitable ring
3-hydroxylation activity (Berner et al., 2006; Furuya et al.,
2012). In fact, one of the major difficulties in the heterologous
expression of genes of the plant phenylpropanoid pathway in
E. coli is the lack of cytochrome P450 reductase activity making
the search for alternative strategies essential. Choi et al. (2011)
identified that the sam5 gene from Saccharothrix espanaensis
encodes C3H, that is a FAD-dependent enzyme. This enzyme
was then used to produce caffeic acid in E. coli, demonstrating
the feasibility of this two-step pathway to produce caffeic acid
using alternative enzymes. It was also demonstrated that a

bacterial cytochrome P450 CYP199A2, from Rhodopseudomonas
palustris, was able to efficiently convert p-coumaric acid to caffeic
acid (Hernández-Chávez et al., 2019). Some microorganisms,
harboring genes encoding the two sub-units of the enzyme
4-hydroxyphenylacetate 3-hydroxylase (4HPA3H), have proved
to be able to act on aromatic compounds (Galán et al., 2000). It
was also observed that 4HPA3H is able to convert p-coumaric
acid into caffeic acid. Based on this Furuya and Kino (2014)
expressed the 4HPA3H gene from Pseudomonas aeruginosa in
E. coli and a caffeic acid production of 10.2 g L−1 was obtained
after repeated additions of p-coumaric acid (20 mM each pulse),
in a medium with glycerol as carbon source. For caffeic acid
biosynthesis from L-Tyr an additional step of non-oxidative
deamination, catalyzed by TAL (Rodrigues et al., 2015) is needed,
and the first approach is the search for alternative enzymes from
different sources. TAL from R. glutinis proved to be the most
active TAL identified (Vannelli et al., 2007; Santos et al., 2011).
However, the production of this compound from simple carbon
sources is much more desirable and the production of caffeic acid
from glucose and xylose was described (Lin and Yan, 2012; Zhang
and Stephanopoulos, 2013). The use of renewable feedstocks,
such as lignocellulosic biomass, was also evaluated using E. coli
as producing host (Kawaguchi et al., 2017). A maximum caffeic
acid concentration of 233 mg L−1 (Table 1) was produced
from kraft pulp using a tyrosine-overproducing E. coli strain
harboring the hpaBC gene from P. aeruginosa and fevV gene
from Streptomyces sp. WK-5344. Ferulic acid is a component
of lignocellulose (De Oliveira et al., 2015). This O-methylated
hydroxycinnamic acid is biosynthesized from caffeic acid by
caffeic acid O-methyltransferase (COMT) (Figure 2). However,
there are few reports about the heterologous production of
ferulic acid in microbial hosts. Choi et al. (2011) reported the
production of ferulic acid in E. coli by expression of sam5, a TAL
gene from S. espanaensis and a COMT gene from A. thaliana,
under the control of a T7 promoter, attaining a titer of 0.1 mg
L−1 from L-Tyr. Later, Kang et al. (2012) engineered an E. coli
strain capable of producing 196 mg L−1 of ferulic acid from
glucose, after introduction of COMT from A. thaliana in a caffeic
acid-over-producing strain, containing a codon optimized tal
gene, under the control of a T7 promoter. This aromatic acid
can also be used as substrate for vanillin and coniferyl alcohol
biosynthesis (Hua et al., 2007; Lee et al., 2009; Chen et al., 2017).
Research efforts have been made in order to make the microbial
production of hydroxycinnamic acids a competitive process.

Another important class of aromatic compounds is the
aromatic flavors class. The two most popular benzenoid flavors
are 2-phenylethanol (2-PE) and vanillin. 2-PE is an aromatic
alcohol with a delicate fragrance of rose petals widely used
in flavor and fragrances industries (Burdock, 2010; Carlquist
et al., 2015). It was recently identified as a potent next
generation biofuel (Keasling and Chou, 2008). Furthermore, 2-
PE can also be used as raw material to produce other flavor
compounds (2-phenylethyl acetate and phenylacetaldehyde)
and styrene (Etschmann et al., 2002). Microorganisms can
naturally produce 2-PE as part of their amino acid metabolism
(Etschmann et al., 2002). This benzoid flavor can be produced
through the SKM pathway or via Ehrlich pathway from L-Phe
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(Albertazzi et al., 1994; Carlquist et al., 2015; Figure 2).
Through the Ehrlich pathway, L-Phe is firstly converted to
phenylpyruvate by transamination, which is then transformed
to phenylacetaldehyde by decarboxylation. Then, the derivative
aldehyde is reduced to 2-PE by an alcohol dehydrogenase
(Etschmann et al., 2002; Figure 2). This is the fastest pathway
to produce 2-PE, however cheaper precursors than L-Phe should
be used to achieve a more competitive process (ÄYräpää,
1965; Kim T.Y. et al., 2014; Zhang et al., 2014). Thus, de
novo production of 2-PE has been described in different
microorganisms: Kluyveromyces marxianus (Kim T.Y. et al.,
2014), E. coli (Guo et al., 2018; Liu et al., 2018), and Enterobacter
sp. (Zhang et al., 2014; Table 1). The 2-PE production from the
SKM pathway is achieved from its end product phenylpyruvate,
that is decarboxylated to phenylacetaldehyde, followed by a
dehydrogenation that leads to 2-PE production (Etschmann et al.,
2002; Carlquist et al., 2015; Figure 2).

Nonetheless, the de novo synthesis is inefficient since glycolysis
and PPP are mainly used for cell growth, producing very low
2-PE concentrations. The most common strategies employed
for strain constructions focus on increasing phenylpyruvate
decarboxylase and alcohol dehydrogenase activities, which
are the rate-limiting enzymes in de novo synthesis pathway,
in combination with feedback-resistant DAHP synthase and
chorismate mutase. Kim B. et al. (2014) overexpressed the Aro10,
that encodes a transaminated amino acid decarboxylase and
Adh2, encoding an alcohol dehydrogenase, from S. cerevisiae in
K. marxianus BY25569, under the control of the constitutive
promoter ScPGK1/ScTEF1. Then, serial subcultures with an
L-Phe analog, p-fluorophenylalanine, were conducted in order
to obtain an evolved strain resistant to the L-Phe analog.
Finally, the expression of aroGfbr from Klebsiella pneumoniae,
that encodes a feedback-resistant mutant of DAHP synthase,
was also performed. This genetically modified strain was able
to produce 1.3 g L−1 of 2-PE from glucose without addition of
L-Phe. More recently, Liu et al. (2018) constructed a heterologous
pathway from Proteus mirabilis in E. coli and the recombinant
strain was able to produce 1.2 g L−1 of 2-PE without L-Phe
supplementation (Table 1).

Another challenge in the biosynthesis of 2-PE is its toxicity.
Different strategies were investigated in order to improve the
process yield and productivity, being the most common the
optimization of medium composition, operational conditions
and application of ISPR techniques (Chung et al., 2000; Hua
et al., 2010; Cui et al., 2011; Celińska et al., 2013; Mihal’
et al., 2014). 2-PE production is highly dependent on media
composition and culture conditions (Garavaglia et al., 2007).
The utilization of an interesting alternative carbon source
was reported by Celińska et al. (2013). They use glycerol
as carbon source in bioconversion of L-Phe to 2-PE by
Yarrowia lipolytica NCYC3825, reaching a 2-PE production
of 0.77 g L−1 after 54 h. Another recent approach for this
flavor production was reported by Martínez-Avila et al. (2018).
In the proposed system, K. marxianus ATCC10022 used the
available nutrients from a residue-substrate (sugarcane bagasse)
supplemented with L-Phe, achieving a 2-PE production of
10.21 mg g−1 (mass of product per mass of solid) in a

fed-batch system. The application of alternative modes of
operation, such as fed-batch and continuous, that allow the
possible removal or dilution of 2-PE in the medium, are also
interesting approaches recently reported. Last year, de novo
production of 2-PE by Metschnikowia pulcherrima NCYC373
reached higher titers in continuous mode operation, than in
batch and fed-batch cultures (Chantasuban et al., 2018). In
continuous fermentation, 2-PE concentration levels reached 1.5 g
L−1, before it became too toxic and caused the flush out
(Table 1). Even with the efforts to optimize the culture medium
and cultivation conditions, and choose the most producing
microorganism, product inhibition is still the major problem of
2-PE biosynthesis (Carlquist et al., 2015). Some strategies, such
as ISPR techniques, have been developed to reduce the 2-PE
toxicity in the fermentation medium, increasing its production
(Carlquist et al., 2015). Recently, Chantasuban et al. (2018)
reported the application of oleyl alcohol as an extraction phase
in the 2-PE production by M. pulcherrima NCYC373. The
production levels were enhanced with the application of this
ISPR technique, achieving a 2-PE concentration of 1.96 g L−1

in the aqueous phase and an overall production of 3.13 g
L−1. Gao and Daugulis (2009) reported a highly significant
enhancement in the 2-PE production, using a solid-liquid two-
phase partition bioreactor with polymer beads as the sequestering
immiscible phase. The batch mode system reached a final 2-
PE concentration of 13.7 g L−1 (88.74 g L−1 in the polymer
phase and 1.2 g L−1 in the aqueous phase), whereas the fed-
batch achieved an overall titer of 20.4 g L−1 (97.0 g L−1

in the polymer phase and 1.4 g L−1 in the aqueous phase).
During the last years, great improvements have been achieved
in the bioproduction of 2-PE leaving its industrial application
closer. In fact, 2-PE concentrations of 21 g L−1 were reached
(Mihal’ et al., 2014), in an hybrid system that consists of a
fed-batch stirred tank bioreactor and a hollow fiber membrane
module immersed at the bottom of the bioreactor, where 2-
PE is continuously extracted from the fermentation broth using
pentane as the organic phase.

Vanillin (4-hydroxy-3-methoxybenzaldehyde), a widely used
flavor compound in different industries, is the primary
component of the extract of the vanilla bean. The economic
importance of this plant natural product is quite significant; it
was reported that synthetic vanillin has a price of around US$
11 kg−1, while biotech vanillin is sold for a price of around
US$ 1000 kg−1 (Schrader et al., 2004). Over the last years,
vanillin production through biotransformation of ferulic acid,
isoeugenol, lignin, was reported, with vanillin titers that range
from 0.13 to 32.5 g L−1 (Huang et al., 1993; Priefert et al.,
2001; Zhao et al., 2005; Kaur and Chakraborty, 2013). Furuya
et al. (2015) reported a vanillin concentration of 7.8 g L−1 from
ferulic acid in a two-stage process with an E. coli carrying two
expression plasmids harboring fdc from Bacillus pumilus and
cso2 from Caulobacter segnis. However, the vanillin production
through these pathways has several bottlenecks that include the
price of precursors, the formation of undesired side-products and
the cytotoxicity of the precursors (Gallage and Møller, 2015).
Based on this, its production by de novo biosynthesis from cheap
and more available carbon sources is much more attractive.
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In the pathway from 3-dehydroshikimate (3-DHS) to
vanillin, the first step is the dehydration of 3-DHS to
protocatechuic acid, catalyzed by 3-dehydroshikimate
dehydratase, that is further converted to protocatechuic
aldehyde, by carboxylic acid reductase; and, the final step
is catalyzed by an O-methyltransferase leading to vanillin
(Hansen et al., 2009; Figure 2). Li and Frost (1998) were the
first to report an engineered pathway for vanillin production
in E. coli. Here, protocatechuic acid was converted to vanillic
acid by catechol-O-methyltransferase, and further reduced
to vanillin by an aryl aldehyde dehydrogenase. Hansen et al.
(2009) explored for the first time the vanillin production in
the yeasts Schizosaccharomyces pombe and S. cerevisiae. The
authors introduced a DHS dehydratase (3DSD) from Podospora
pausiceta, an aromatic carboxylic acid reductase (ACAR) from
Nocardia sp., a phosphopantetheinyl transferase (PPTase) from
C. glutamicum to activate ACAR, and an O-methyl transferase
(OMT) from Homo sapiens, allowing a vanillin production
of 45 mg L−1. More recently, Kunjapur et al. (2014) used an
E. coli strain with decreased aromatic aldehyde reduction activity
as a host for the biosynthesis of vanillin. A vanillin titer of
119 mg L−1 was achieved using an E. coli strain expressing a
Bacillus thuringiensis 3-dehydroshikimate dehydrogenase gene
(asbF), a H. sapiens O-methyltransferase gene (Hs-S-COMT)
and Nocardia iowensis carboxylic acid reductase gene (car),
that are codon optimized and expressed in a plasmid. They also
introduced a feedback-resistant DAHP synthase (encoded by
aroG) and a phosphopantetheinyl transferase (encoded by sfp)
from B. subtilis, which have been shown to activate CAR.

However, de novo vanillin production in recombinant bacteria
and yeasts still has challenges that are not only related with
product formation itself but also the product toxicity. The major
hurdle in the biotechnological production of vanillin is the
strong inhibitory effect that this flavor has on microorganism
growth (Gallage et al., 2014; Ma and Daugulis, 2014). An
interesting approach was proposed by Brochado et al. (2010),
in which the natural pathway for vanillin production in plants
was mimicked and assembled in S. cerevisiae. To overcome the
toxicity of vanillin, a gene encoding an uridine diphosphate–
glucose glycosyltransferase (UGT) from Arabidopsis thaliana was
expressed in S. cerevisiae. This UGT catalyzes the glycosylation
of vanillin and produces a less toxic final product, vanillin-β-
d-glucoside (VG). The same strategy was implemented by Ni
et al. (2015) allowing a VG production of 500 mg L−1, with a
yield of 32 mg gglucose

−1, that is 5-fold higher than the 45 mg
L−1 reported by Hansen et al. (2009). A different strategy was
presented by Yoon et al. (2007) for vanillin production from
ferulic acid using an E. coli strain harboring a plasmid with fcs
(feruloyl-CoA synthase) and ech (enoyl-CoA hydratase/aldolase)
genes from Amycolatopsis sp. strain. To reduce the vanillin
toxicity, they improved the vanillin-resistance of this strain
using NTG mutagenesis as well as a XAD-2 resin to remove
the vanillin from the medium. When 50 % (w/v) of XAD-
2 resin was used with 10 g L−1 of ferulic acid, the vanillin
production with the NTG-VR1 mutant strain was 2.9 g L−1,
which was 2-fold higher than that obtained without resin.
Recently, Luziatelli et al. (2019) reported, for the first time, the

vanillin production from ferulic acid using a plasmid free E. coli
strain, after chromosomal integration of fcs and ech genes from
Pseudomonas. In addition, they also performed an optimization
of the bioconversion conditions (namely stirring speed and initial
substrate concentration) using a response surface methodology.
At the same time, the authors used a two-phase (solid-liquid)
system where the substrate was incorporated in a gel matrix
(agarose-gel) in order to perform a fixed volume fed-batch
approach, for controlled release of ferulic acid. Using this two-
phase system, a vanillin titer of 4.3 g L−1 was attained in the liquid
phase – one of the highest found in the literature for recombinant
E. coli strains (Table 1).

DISCUSSION

The production of aromatic compounds through plant extraction
or chemical synthesis is a profitable business that’s been in place
for quite a few years, now. In order to replace these industrial
processes by fermentation based biotechnological processes,
these must have clear economic, environmental and/or product
wise advantages. From an economic point of view, the advantages
have to be significant enough to justify the investment on new
industrial equipment.

In general, these processes have a lower environment impact
and are able to produce high quality final products when
compared to their plant extraction and/or chemical synthesis
counterparts (Thompson et al., 2015; Dudnik et al., 2017;
Kallscheuer et al., 2019).

One of the advantages of fermentation based processes is the
low-cost and abundance of the raw materials – low added value
sugars. However, in order to achieve this advantage, the processes
must not consider the supply of expensive precursors, antibiotics,
inducers, etc... The optimization of the microorganisms in order
to produce the desired aromatic compound directly form the
substrate is usually a requirement to achieve economic feasibility.
This is supported by Li et al. (2018) and Liu et al. (2018)
studies – among other examples previously presented (Table 1) –
showing that the strain engineering toward deregulation of the
aromatic amino acids metabolism and an optimal connection
of the heterologous pathways to the host metabolism enable
aromatic compounds production starting from glucose without
any need for supplementation of precursor metabolites.

In recent years, some research effort has been put into
replacing the hydrocarbon source for these fermentation
processes by residues and waste materials (Vargas-Tah and
Gosset, 2015; Martínez-Avila et al., 2018; Borja et al., 2019).
Sugars like glucose are abundant low-cost raw materials. On
the other the use of waste materials in large scale industrial
processes implies assuring a reliable constant supply and usually
a pre-treatment step that may add a significant cost to the
process. Nevertheless, whenever there is a need to process these
wastes in order avoid their environmental impact, a fermentation
process that converts them to higher added value products is an
alternative worth considering.

Another possible bottleneck for the industrialization of these
processes is the cost of the purification step. Microorganisms tend
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to produce a mixture of by-products where the compound of
interest may be in higher or lower concentration. Although the
amount of research put into this field is not always as significant
as one would expect, the search for higher titers and the use of
ISPR techniques has direct impact on the economic sustainability
of these processes (Van Hecke et al., 2014). Moreover, it will also
be interesting to study the synergetic application of engineered
strains, able to use wastes and residues as substrates, in systems
using ISPR techniques, as well as the product recovery and
purification (Braga et al., 2018b; Kallscheuer et al., 2019).

Different microorganisms have been used to produce
aromatic compounds. The most commonly used hosts are
E. coli, S. cerevisiae and C. glutamicum. However, tolerant and
thermotolerant microorganisms, as well as a broad spectrum of
bacteria were also employed as aromatic compound producers
(Table 1). The choice of the microorganism employed is always
a determinant factor for the outcome of any research project in
this field. The exploitation of well established platform organisms,
for which metabolic engineering tools are available, is the most
common approach. However, it is also important to explore
non-model organisms that can naturally produce the desired
compounds, even though the available genetic tools are still
scarce. For example, the metabolic versatility of Pseudomonas
as well as it inherent tolerance to toxic compounds, offers an
excellent starting point for suppressing the hurdles of using and
producing toxic compounds of natural or heterogeneous origin
(Krömer, 2016; Lenzen et al., 2019; Table 1).

Some aromatic compounds are toxic for the producing host.
In order to tackle this obstacle, several alternative strategies
have been proposed such as: starting the fermentation with a
lower substrate concentration and further additions following its
consumption rate (step-wise fed-batch); the use of in situ product
removal strategies and the application of adaptive evolution to
obtain strains with enhanced resistance to toxic products. Aiming
at industrial scale operation, the reduction of the production
costs is always crucial. In order to reduce the medium cost,
chromosomal integration of heterologous genes avoid the use of
expensive antibiotics and inducers for plasmid maintenance and
inducible expression (Cui et al., 2014).

Nowadays, the microbial production of aromatic compounds
is already implemented at industrial scale in economically
viable process. Evolva, for instance, has launched a process for
vanillin production from glucose with a genetically modified
Schizosaccharomyces pombe (Vanilla, 2014). Similarly, Solvay has
a process for vanillin production with Streptomyces setonii from
ferulic acid (Muheim et al., 2001). In these cases, the product
titers attained are in the order of a hundred g per L, and
the methodologies for product separation and purification are
well established. However, despite the efforts that have been
made to increase the production titers with microbial hosts,
the concentrations obtained for more complex compounds are
still too low (mg and µg per L) for an industrial process
(Table 1), and these molecules are still produced by extraction
from natural sources or by chemical synthesis. In fact, it has
been predicted that the market value of a bulk chemical is less
than $10 kg−1. On the other hand, fine chemicals are produced
in limited volumes (<1000 tons per year) but at relatively

high prices (>$10kg−1) (Joshi and Ranade, 2016). Based on
this, at least for now, the commercialization of fine aromatic
compounds will emerge with more successes (Cao et al., 2019).
The current challenges that still need to be addressed are the
metabolic imbalances in the producer strain, the availability of
the metabolites required for biomass formation and the product
extraction and purification. In a near future it can be expected
that with the application of novel synthetic biology approaches,
such as CRISPR/Cas9, rational strain engineering, adaptive
laboratory evolution and high-throughput screening approaches,
it will be possible to render the microbial production of additional
aromatic compounds and its derivatives economically viable.

FINAL REMARKS

Production cost is, by far, the main obstacle to overcome in
order to industrialize the production of aromatic compounds
through fermentation. This explains the two main research
goals mentioned throughout this review: the maximization
of product titers and the removal of expensive fermentation
media ingredients.

The main challenges to address are still the low availability
of precursor molecules by the microbial metabolism, the
elimination of complex pathway regulations, disruption of
competing pathways and the low activity of heterologous
enzymes in the microbial hosts. It is expected that with recent
technological innovations the engineering of microbial host
strains will be faster providing more precursor molecules to
increase aromatic compound synthesis. Identification of the most
suitable enzymes and their further improvement will also be
an important step toward the production of different aromatic
chemicals, avoiding the accumulation of undesired intermediates
that can be toxic to the microbial host and leading to an increase
in the final product titer. Metabolic engineering, system and
synthetic biology tools for strain design, together with process
engineering strategies have been and will continue to be the
main resources applied. In addition, the identification of novel
enzymes that catalyze non-natural reactions, or novel synthetic
pathways not found in nature, allow the production of the desired
molecule with a high yield or a non-natural compound with
possibly superior or new therapeutic properties.

Overall, the paradigm moves toward the development of better
microbial chassis and new metabolic pathways that allow the
shift from producing aromatic compounds from fossil resources
to a bio-based production. The authors consider that now, the
biotechnological production of aromatics is not a question of
whether or not it is theoretically possible, but of when will it
become technically and economically feasible.
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The bio-based production of aromatics is experiencing a renaissance with systems and
synthetic biology approaches promising to deliver bio-catalysts that will reach yields,
rates, and titers comparable to already existing bulk bio-processes for the production of
amino acids for instance. However, aromatic building blocks derived from petrochemical
routes have a huge economic advantage, they are cheap, and very cheap in fact. In this
article, we are trying to shed light on an important aspect of biocatalyst development
that is frequently overlooked when working on strain development: economic and
environmental impact of the production process. We estimate the production cost and
environmental impact of a microbial fermentation process depending on culture pH,
carbon source and process scale. As a model molecule we use para-hydroxybenzoic
acid (pHBA), but the results are readily transferrable to other shikimate derived aromatics
with similar carbon yields and production rates.

Keywords: life-cycle assessment, process development, aromatics, fermentation, pHBA

INTRODUCTION

Aromatic chemicals are very important building blocks for the fiber, coating, resin, and packaging
industries as well as precursors for the pharmaceutical and cosmetic industries (Krömer et al., 2013;
Averesch and Krömer, 2018). Currently aromatics are almost exclusively derived from fossil fuels,
despite the fact that biology potentially offers greener and more sustainable alternatives (Averesch
and Krömer, 2018).

Despite initial work on the metabolic engineering of microbes for the production of aromatics
starting in the mid 1990s (Barker and Frost, 2001), bio-production of aromatics has not yet been
commercialized to the best of our knowledge. However, in recent years the interest in strain
development for aromatics production has surged for a large variety of molecules (Averesch and
Krömer, 2018) and one can only assume that this is also driven by revived commercial interest.
The scope of molecules currently in focus can be clearly distinguished into high-value low-volume
and low-value high-volume applications. A common assumption is that competitive production
of lower volume higher price chemicals is easier to accomplish biotechnologically. This ignores
the fact that a higher price also benefits the chemical synthesis for such molecules and in the end
biotechnology always has to compete on production costs, no matter how expensive the molecule is.
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In addition, the unit production costs (UPC) will also sharply
increase as the production volume decreases. So margins could
be limited. A high price may not only be a reflection of the
production cost but also a question of supply and demand. In
general, only for molecules that cannot be chemically synthesized
due to their complexity (monoclonal antibodies, proteins, and
antibiotics, etc.) do biotechnological processes find a niche,
without chemical competition, and here usually very high prices
can be achieved. But for most aromatics chemical competition
has to be faced with the low end of the price range probably
covered by purified terephthalic acid (PTA) that has an estimated
market volume of over 60 million metric tons globally and a price
of around 0.65 $ per kg (09/2019).

Another common assumption is that a biotechnological
process is greener and more sustainable (Mojsov, 2015),
because the carbon sources are usually considered renewable
(Harding, 2008). This assumption has to be carefully evaluated,
since the production of renewable carbon sources for biotech
processes has an ecological footprint as well. In addition, the
biotechnological production of chemicals usually happens in
very dilute aqueous solutions requiring energy, and/or resource
intensive downstream processing, which quite often produces
considerable waste streams (Stottmeister et al., 2005).

When looking at the biotechnological production of
aromatics, the key metabolic pathway is the shikimate pathway
(Averesch and Krömer, 2018), which is responsible in bacteria,
fungi and plants for providing the precursors for the synthesis of
aromatic amino acids, folate, and quinones. But, as demonstrated
in the articles of this special issue, this pathway is a central
step toward many interesting compounds such as cinnamic
acid, dehydroshikimate, melanin, vanillin, and para-hydroxy
benzoic acid (pHBA). The latter can be considered a mid-range
molecule, which currently has an estimated world market of
50,000 t p.a. at a price of around 2,600 US$/t. pHBA is an
essential component in liquid crystal polymers which find
widespread use in electronics. pHBA is also a precursor for
parabens, a class of preservatives in the pharma (Ma et al.,
2016) and cosmetics industries (Matwiejczuk et al., 2020).
For our early-stage process and sustainability assessment,
we use pHBA as a model molecule. This molecule has been
produced in lab scale in microbial systems from sugars,
achieving titers (T) of 37 g/L, productivities (R) of over
1.5 g/l/h, and carbon yields (Y) of 66% (Kitade et al., 2018).
While this is still too low for commercialization, the necessary
TRY parameters could be achieved with further strain and
process optimization.

In principle, higher value aromatics can also be derived from
chemical synthesis and unless a cost benefit compared to the
existing technology can be realized with a biological route, the
bio-process cannot be implemented. The problem at this point
is two-fold: On the one hand, researchers usually do not know
the true production costs of existing processes and in the case of
specialty molecules also do not easily get access to real market
prices. On the other hand, researchers also lack information
about the anticipated production costs of a newly developed bio-
based building block and the impact on market price, if additional
(bio-based) product volume is added to the market.

To the best of our knowledge, the bio-production of pHBA
has not been realized commercially at large scale, and hence the
presented model rests on a range of assumptions. Nevertheless,
we hope to provide a starting point for researchers and bio-
process developers placing their research agenda for developing
bio-based aromatics on a firmer footing. At the same time, we
strive to define some cost boundaries for the production of one
of the simplest bio-based aromatics molecule and also provide
an environmental impact assessment. We compare this to a
reference scenario, which is the Kolbe–Schmitt carboxylation of
potassium phenolate to pHBA. The model should be transferrable
to other aromatic building blocks derived from the microbial
shikimate pathway when adjusting to the respective theoretical
carbon yields and assuming similar downstream processing.

PROCESS MODELING

We established a fermentation process in SuperPro Designer
v10 (Intelligen Inc., Scotch Plains, NJ, United States). Due to
the absence of a current commercial operation for pHBA bio-
production, we developed the model under the core assumption
that comparable production rates, yields, and downstream
processing options that have been described for amino acids
and organic acids could be achieved in the future (explained
in detail below). The environmental impact assessment was
done using the material and energy streams from SuperPro
Designer as inputs into the life-cycle assessment (LCA) model.
The SuperPro Designer models can be found online under
“Resources”1. All inputs and detailed results are provided in the
Supplementary Material.

Our LCA model is based on the ISO 14040:2006 standard
(Finnveden et al., 2009; Guinee et al., 2011; Gargalo et al., 2016),
and applies a cradle-to-gate LCA approach to capture the input
material and energy flows from the cultivation and down-stream
process. The production of 1 kg pHBA was determined to be
the functional unit, and all necessary inputs were referenced to
it. Using the CML2001–January 2016 characterization model, all
the environmental impacts in this model were considered. The
calculation was made using the LCA software, GaBi8© with GaBi
Professional, GaBi Construction Materials, GaBi Food and Feed,
and Ecoinvent databases.

We gained the economic indicator of UPC from the SuperPro
Designer model which was calculated for all scenarios.

As the final step, the environmental and economic results
were aggregated. Since the indicators fall into different categories,
their aggregation is only possible when they are converted to the
same dimension. In our case, we used a ratio scale approach; the
simple internal normalization method where the highest number
of categories was used as the normalization factor (Tugnoli et al.,
2008; Patel et al., 2012). Then, the normalized value of the
three sustainability dimensions is totaled and the alternatives
ranked according to their overall value. The alternative with the
lowest overall value is the most sustainable option relative to
all other options.

1https://www.ufz.de/index.php?en=42204
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In order to perform the simulations, a range of assumptions
had to be made:

Substrates
The carbon source assessed in this example is sucrose, which
is a readily available carbon source that can be obtained at
various purities, which helps with down-stream processing. For
our environmental analysis we used two possible sources of sugar:
from sugar beet and from sugar cane. This way we could capture
the differences of the two production lines. Adapting the model
to other carbon sources could be easily done. For the economic
evaluation we assumed the average May 2019 spot price for white
sugar of about 0.12 US$ per lb or 0.264 US$ per kg.2 For all other
required media components and process chemicals we assume
the prices given in the Supplementary Material. We sourced
the prices from US-import statistics.3 These prices indicate the
dutiable value on the US border prior to applying tariffs and in
our opinion reflect the bulk prices for chemicals robustly. We
assume that a mineral medium is based on a previously published
yeast-based process (Averesch et al., 2017). For the bacterial
process, it is assumed that sucrose metabolism is as active as
glucose metabolism, which was previously demonstrated for
certain strains of Escherichia coli (Arifin et al., 2014), for instance.

Biocatalysts
For this simulation we assume a production either with a
recombinant strain of baker’s yeast as described previously
(Averesch et al., 2017) or an optimized strain of Corynebacterium
glutamicum (Kitade et al., 2018). The yeast-based process could
be run in an acidic pH range and potentially under anaerobic
conditions, while the bacterial process needs to be controlled
around pH 7.0 with sufficient aeration. The reported yields, rates,
and titers are still sub-optimal (especially for the yeast scenario),
therefore we assumed that we can achieve 90% of the theoretical
maximum carbon yield as predicted with elementary flux mode
analysis previously (Krömer et al., 2013). Another essential
assumption is a minimum productivity of 4 ggCDW

−1 h−1.
The productivity will determine the fermentation time, which
directly determines the number of batches per year and hence
the required fermentation vessels for a given annual production.
It will also determine running costs (energy etc.) per kg
product produced. This assumed productivity is realistic, as it
has been demonstrated for example for lysine production in
C. glutamicum (Becker et al., 2011). Since the shikimate pathway
also provides the essential amino acids Phenylalanine, Tyrosine,
and Tryptophan and their combined anabolic demand exceeds
the demand for Lysine (Stephanopoulos et al., 1998), it is a
reasonable assumption that at least a comparable flux capacity
exists in both the lysine and the shikimate pathways.

Fermentation Section
The Fermentation section encompasses the mixing and
sterilization of media components, seed fermentation steps to
generate a sizable inoculum, and the main fermentation process

2https://www.isosugar.org
3dataweb.usitc.gov

that actually produces pHBA. Solutions of sucrose (50% w/w),
sodium di-hydrogen phosphate (34.3 g/L), di-ammonium sulfate
(3.14 g/L), and ammonium chloride (129.9 g/L) are prepared,
heat-sterilized and stored in separate tanks. Each tank feeds
the corresponding nutrient to the seed fermenters and to the
main fermenter. The seed train is composed of three seed
fermenters of increasing size: 40 L, 1 m3, and 10 m3; the latter
is connected to the main fermenter, of 196 m3. In the first seed
reactor biomass was expanded to 50 g/L, while we assumed that
the subsequent larger reactors would reach 30 g/L of biomass.
The whole broth was transferred as inoculum to the next stage.
The seed fermenters operate in batch mode; the microbial
growth in each one of them is represented by the following
stoichiometric equation:

0.05 (NH4)2O4 + 1.99 NH4Cl+ 0.54 NaH2PO4

+ 17.42 Sucrose → 7.84 Biomass+ 12.16CO2

Note that these coefficients are mass-based.
The main fermenter operates in fed-batch mode, in order to

obtain a high level of pHBA. The cells first go through a growth
phase, reaching a biomass concentration of 30 g/L, followed by a
production phase which is triggered by the feed of carbon source
under nitrogen limitation. The biosynthesis of pHBA is modeled
by the following equation:

250.86 (NH4)2SO4 + 9951.81 NH4Cl+ 2695.02 NaH2PO4

+204172.62 Sucrose → 22912.16 Biomass

+114158.15 CO2 + 80000 pHBA (aq)

Again, these coefficients are mass-based. It is worth noting
that the solubility of pHBA in pure water is rather low, equal to
5.79 g/L at 25◦C (Nordstrom and Rasmuson, 2006). However,
buffering pH around 7 will allow for higher concentrations of
the deprotonated (anionic) form of pHBA in the solution; in
fact, this is likely the reason why titers of over 36 g/L pHBA
in C. glutamicum cultivation have been reported (Kitade et al.,
2018). For this reason, in the bacterial case, calcium hydroxide
is continuously added to the broth, in order to neutralize pHBA
and therefore stabilize the pH. In the yeast case, however, no base
is added; instead, an in situ product crystallization system was
implemented. This strategy is described in further detail in the
next section. Moreover, in both cases we assumed that a final
titer of 100 g/L of pHBA, or the equivalent of pHBA calcium salt,
could be achieved.

Downstream Section
In the bacterial scenario, we assumed that cells are first separated
by microfiltration, and then the broth is concentrated threefold
by ultrafiltration. Next, the pHBA salt is converted into the
acid (uncharged) form by neutralization with nitric acid (70%),
and the resulting product, which is highly insoluble in water, is
isolated by crystallization at 5◦C in an appropriate vessel. After
that, the pHBA crystals are separated from the mother liquor with
the aid of a basket centrifuge. Finally, the crystals are dried in a
fluid-bed dryer with air in order to obtain a pHBA product with
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FIGURE 1 | Simplified bacterial bioprocess where pH regulation is included (note that aeration is not detailed). The first part of the process contains the cultivation
phase, where the biomass is produced in consecutive three seed reactors and then the fermentation is done. The second part presents the DSP with filtrations,
crystallization, and centrifugation and drying. In the DSP of the yeast-based alternative no microfiltration is made.

a purity of 99.5%. The complete bacterial process is schematically
presented in Figure 1.

In the yeast scenario, on the other hand, we assume an
in situ product removal system as described by Buque-Taboada
et al. (2006). In this system, the broth is continuously removed
from the fermenter; firstly, it passes through an ultrafilter that
separates the cells and large contaminants from the pHBA
solution, and those are recycled to the fermenter (approximately
15% in volume). Then, the clarified solution is cooled to 5◦C
in a crystallizer, and the resulting pHBA crystals are separated
from the mother liquor using a basket centrifuge, similarly to the
bacterial case. However, in the yeast case the liquid phase from
the basket centrifuge is returned to the fermenter, while the pHBA
crystals are dried in a fluid-bed dryer to 99.5% purity.

Scenarios
In total we have considered 17 scenarios: As a reference chemical
scenario (i) we use the LCA model for potassium phenolate
production followed by the Kolbe–Schmitt carboxylation (5 atm
CO2, 220; Markovic et al., 2006; Elvers, 2014). We assume a total
conversion yield of 50% for the phenolate (Iijima and Yamaguchi,
2007; Elvers, 2014). The ratio of ortho-hydroxy benzoic acid to
pHBA is at best 1:2.3 meaning that around a third of the product
is salicylic acid (Markovic et al., 2006; Iijima and Yamaguchi,
2007), but for simplicity reasons we here assume that pHBA

is exclusively made. Due to the lack of knowledge about the
chemical downstream processing, we assume the same energy,
and environmental footprint as we have for the biotech system.

The base scenarios are the aforementioned bacterial process
(ii) and the yeast process (viii), based on sucrose derived from
sugar beet. For the bacterial case we then developed scenarios in
which it would be possible to recycle 90% of the water (iv) or to
recycle 75% of the biomass as active catalyst (iii). In an optimized
scenario both recycling strategies are combined and the sucrose
is sourced from cane sugar (v). With this best case scenario of
the bacterial process, the impact of scale-up was investigated. In
the case of scale-up the plant produced 50,000 t p.a. instead of
10,000 t p.a. Both production with cane sugar (vi) and beet sugar
(vii) was analyzed for the bacterial case. In the case of cane sugar
based scenarios, labor costs were also adjusted to the average
in Brazil (about 20% of the salaries assumed in SuperPro for
US-based production). Finally, the respective scaled-up processes
with cane and beet sugar were also analyzed for the yeast case
(ix and x, respectively). While the recycling of biomass as active
catalyst might be questionable in the real world, this provided an
easy way to explore the economic impact of such a process. In
reality maybe cell extracts could be recycled back into the seed
reactors, but here many additional assumptions would have to
be taken, especially around the problems in DSP arising from
feeding bacterial or yeast extracts in the seed reactors.
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Based on published titers, rates, and yields (TRY) in
C. glutamicum (Kitade et al., 2018) one needs to achieve
approximate improvements of 2.7, 43.6, and 1.3 fold, respectively,
showing that production rate is still the most limiting factor
amongst TRY parameters. We therefore performed a sensitivity
analysis by also developing additional scenarios with longer
fermentation durations. Fermentation time is determined by
the time we need to achieve the target concentration and
hence extended time equals a decreased production rate. All
time dependent costs in the process will scale accordingly. We
assumed a fermentation time of 54 and 72 h, equaling production
rates of 2.67 ggCDW

−1 h−1 and 2 ggCDW
−1 h−1, respectively. To

analyze the impact of fermentation duration and with this the
impacts of productivity we developed 7 scenarios in addition. For
the bacterial process this was a base case with 54 h (xi) and two
best cases with cane sugar lasting for 54 and 72 h (xii and xiii,
respectively). For the yeast process two base cases with 54 and
72 h duration (xiv and xv) and two best cases with cane sugar for

54 and 72 h (xvi and xvii) were developed. Inventory tables for
scenarios are given in the Supplementary Material.

The environmental impact of electricity generation in our
analysis assumes the current electricity mix in the US for
the sugar beet cases and the electricity mix of Brazil for the
cane sugar cases.

RESULTS

Generating a process model and then performing a LCA allowed
us to study the largest drivers in price and environmental impact
of a sugar based bio-production for aromatics.

Economic Impact
The production cost for pHBA was assessed for our 17 scenarios
(for details please refer to the Supplementary Information).
This includes operating costs (incl. depreciation over 10 years)

FIGURE 2 | Overall ranking of the different scenarios based on their economic and environmental impacts.
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and investment costs (payback-time of around 6 years). For
the reference case of petrochemical production (scenario i), we
assume 2 $/kg. The implemented bio-process models predicted
prices of between 1.61 and 3.59 $/kg, which is well above current
world prices and most likely due to weak assumptions around
the used equipment, rather than the raw material streams, and
which are defined through the stoichiometry. The bio-production
in the bacterial (ii) and the yeast base (viii) scenarios differed
significantly, with 3.25 $/kg, and 2.65 $/kg. The reasons for this
difference are the lower material costs, for the yeast case, since
pH regulation is not required and the downstream processing
is simpler. However, the yeast case employed downstream
processing steps, which involved more labor dampening the
impact on product cost. In both cases we assume a production
scale of 10,000 t p.a., which is a significant share (20%) of the
current world market. One of the largest by-products is biomass
and the most important process stream besides sugar is water.
In scenarios iii and iv we therefore explored the impact of the
theoretical possibilities of recycling 75% of the biomass as active
catalyst and of recycling 90% of the water. We found that water
recycling only had a minor impact on cost (3.24 $/kg) while
biomass recycling caused a drop to 3.07 $/kg. In a best-case
scenario for the bacterial process (scenario v), we combined
both recycling loops, and moved production to Brazil. Here
the raw material would be sucrose from cane [same raw sugar
price, but different environmental impact, and compared to
sugar beet (scenario vii)] and labor costs would be significantly

lower (∼20% of the default US labor costs assigned in SuperPro
Designer). This lowered the production cost to 2.55 $/kg in
the bacterial case and when upscaling this plant to 50,000 t
p.a., which would be feasible under the parameters assumed
for the bioprocess, the cost will drop to 2.01 $/kg. Making
the same assumptions for the yeast process (scenario ix) will
reduce the production cost even further to 1.61 $/kg. Ranking
the first ten scenarios in terms of economic impact showed
that based on our assumption a production based on yeast in
large scale would be price competitive with the current chemical
process (Figure 2).

Among the seven additional scenarios with different
fermentation durations base cases for bacterial (xi–3.59 $/kg)
and yeast (xv–3.4 $/kg) are obviously worse than their more
effective counterparts (ii and viii). On the other hand it is
important to underline that changes in fermentation duration
have only minor effect on the economic performance, in this
case, however, more main fermenters are needed which will
drive investment costs up. Much more important are scale and
substrate which are able to outperform the adverse effects of
longer durations. For example in scenarios xvi and xvii, where
upscaling, and switching to cane sugar considerably dropped the
costs to 1.94 and 2.14 $/kg, respectively.

Environmental Impact
Overall, the scenarios were also ranked based on their total
environmental impact (Figure 2). Biomass recycling had a much

FIGURE 3 | Contribution of different impact factors to the total impact of the different scenarios.
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higher impact than the impact of water recycling (scenarios
ii, iii, and iv). However, the highest impact was induced by
switching the substrates (scenarios vi, vii, ix, and x): the overall
trend for the bio-tech scenarios was that the cane-sugar based
scenarios had a worse environmental impact than the processes
based on sugar beet. In addition, upscaling induced some
further environmental improvements. Consequently, a large scale
production based on bacteria, and sugar from beets being the
overall best process. When analyzing the patterns within the
eleven different ecological criteria, a more complex pattern
emerged (Figure 3). The processes based on sugar cane were in
fact better than the scenarios based on sugar beet in the observed
global warming potential (GWP) expressed as CO2 equivalents
per kg product, ecotoxicology potential, and the fossil abiotic
depletion potential, while the sugar-beet processes achieved

similar or better values in the remaining criteria. Interestingly,
the yeast and bacterial base cases were almost identical (e.g.,
scenarios ii and viii in Figure 3), highlighting that the alternative
down-stream processing has minor impact on the ecology, but
more on the economy.

The chemical production as our reference case (scenario
i) here showed an overall comparable performance to the
biotechnological processes, but it ranked only 15th in the overall
ranking (Figure 2). Individual criteria are worse in the chemical
case, while others are surprisingly good (e.g., abiotic depletion
potential, acidification, and eutrophication potential, GWP)
given in Figure 3. This is because the bioprocesses use chemicals
such as nitric acid and sodium hydroxide that have a high GWP.
In addition, the estimated electricity demand of the reference
scenario is an order of magnitude less than of the bioprocesses

FIGURE 4 | Global warming potential of the different scenarios given in kg CO2-equivalent per kg pHBA produced.
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which is the third most important factor producing greenhouse
gases in the bioprocess.

When looking at GWP only, the petrochemical route is
actually amongst the better options (Figure 4). When comparing
the ii–x biological scenarios amongst themselves, the two up-
scaled processes (scenario vi and ix) lead to a reduction of GWP.
In addition, shifting from sugar beets to sugar cane as substrate
is highly beneficial (scenarios vi–vii and ix–x) as sugar cane
has a much better yield per hectare and invested materials and
hence has a smaller environmental footprint than sugar beet. In
GWP the acidic yeast process slightly outcompetes the bacterial
process. This is because increasing batch time raised GWP, e.g.,
for scenarios ii and viii, but again, differences are rather minor
compared to changes in substrate.

An increase of fermentation time from 36 h to 54 h and
72 h obviously deteriorates environmental performance shown
by scenarios xi–xvii in Figures 2, 3. Interestingly, up-scaled
scenarios with fermentation time of 54 h (xii and xvi) are
still better than the reference scenario (i), however, scenarios
with longer fermentation time (xiii and xvii) are worse or
equal (Figure 3).

DISCUSSION

The economic analysis clearly shows that the bio-based
production of aromatics could be competitive with the current
petrochemical route. As with most processes, the scale will have
a dramatic impact on price and similar to the production of
other weak acids, such as lactic acid for instance (Miller et al.,
2017), a production at acidic pH is also a key target for pHBA
production. It is obvious that producing 50,000 t p.a. of pHBA
in a single fermentation facility would supply the entire current
world demand in one location and this seems as such not a
viable option from a market perspective. But the advantage of
the bio-process would be that the same large-scale facility could
sequentially produce different aromatic molecules for different
markets, as long as the down-stream processing could be adapted.
Upstream processes, such as inoculum preparation and substrate
supply would be easily adjusted for the production of different
aromatics with different strains of the same organism. That
way, the beneficial economy of scale can be achieved, without
flooding the market.

We assume here that the production cost in the petrochemical
route is around the 2 $/kg mark. Obviously, this is an estimate,
but considering the current market price of 2.6 $/kg, and the
interest of a pHBA manufacturer (personal communication) in

bio-based production around the benchmark of 1.5 $/kg suggests
that this is a reasonable guess. This means that production of bio-
based aromatics is within reach from a commercial perspective, if
the titers, rates, and yields assumed above can be achieved.

From an environmental perspective it is clear that the
chemical reference process does not seem to be generally
performing worse than bio-based production. One has to weigh
up the different criteria which will also depend on the location
of a production facility and the available resources. It is obvious
that the source for the sugar has a major impact. Here beet
sugar or cane sugar have different advantages and disadvantages.
Depending on the location, these impacts would weigh in
differently. For instance, cane sugar will be better from resource
depletion and global warming perspective, while beet-sugar is
much better in terms of eutrophication, acidification, and toxicity
potentials. A careful analysis for the respective location of the
plant is needed. The choice of production host and hence
DSP seems to be first of all an economic decision. Overall
the production in yeast with beet sugar seems to perform best
(scenario x – second both in economic and environmental terms).
Finally, moving to biotechnology might become more of an
economic than an environmental decision, especially when a
reduction in oil production due to decarbonization of the energy
markets might lead to increased barrel prices and hence an
increase in chemical prices, long before we actually run out of oil.
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