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The increasing global demand for food and energy production encourages the
development of new production strategies focused on sustainability. Often, microbial
bioprocesses rely on food or feed competitive feedstocks; hence, there is a trending need
for green substrates. Here, we have proven the potential of brown seaweed biomass as
microbial feedstock on account of its content of mannitol and the glucose polymer
laminarin. Our host, Corynebacterium glutamicum, was engineered to enable access
to mannitol as a carbon source through the heterologous expression of the mannitol-
specific phosphotransferase system and the mannitol-1-phosphate-5-dehydrogenase
from Bacillus subtilis. Overproduction of riboflavin was coupled with mannitol and
glucose consumption via constitutive overexpression of the biosynthetic riboflavin
operon ribGCAH from C. glutamicum. Brown seaweed extract and brown seaweed
hydrolysate from Laminaria hyperborea, containing mannitol and glucose, were used
as a carbon source for flask and bioreactor fermentations. In a seaweed-based fed-batch
fermentation, the riboflavin final titer, yield, and volumetric productivity values of
1,291.2 mg L−1, 66.1 mg g−1, and 17.2 mg L−1 h−1, respectively, were achieved.

Keywords: seaweed, mannitol, phosphotransferase system, Corynebacterium glutamicum, riboflavin, fed-batch
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INTRODUCTION

Nowadays, there is a continuous and fast increment of the world´s population and, therefore, an
increase in the demand for food and energy production, which is commonly associated with
environmental, social, and ethical issues. To avoid the dependence on fossil-based fuels and
chemicals, the use of new and renewable sources of energy and industry feedstocks is in the
spotlight (Barbot et al., 2016). Brown seaweed is a promising feedstock for microbial bioprocesses
due to its high growth rates, great biomass production yields, abundance of fermentable
carbohydrates, lack of arable land needed, and no freshwater requirement for cultivation. Brown
macroalgal biomass, specifically from Laminaria, contains up to 60% of fermentable carbohydrates
from dry weight (Barbot et al., 2016), including the polysaccharide of glucose, laminarin, and the
sugar alcohol mannitol. The bacterium Corynebacterium glutamicum appears very suitable to be
engineered for the utilization of macroalgae biomass for several reasons. First, C. glutamicum is used
in amino acid fermentation industry at a million-ton-scale (Becker et al., 2018; Pérez-García and
Wendisch, 2018). Moreover, C. glutamicum has successfully been engineered for the utilization of
non-native carbon sources such as lignocellulosic sugars, glycerol as a by-product of the biodiesel
process, or amino sugars from the fishing industry wastes (Wendisch et al., 2016; Becker et al., 2018;
Zhang et al., 2020). Finally, C. glutamicum lacks a complex carbon catabolite repression system,
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hence it can consume many substrates in parallel, unlike other
biotechnology workhorses like Escherichia coli or Bacillus subtilis
(Görke and Stülke, 2008). Based on previous studies, C.
glutamicum can utilize mannitol under specific conditions
(Laslo et al., 2012). C. glutamicum possesses an arabitol/
mannitol catabolic operon (Laslo et al., 2012), which
comprises three genes (mtlTDR). In spite of this, wild-type C.
glutamicum lacks the ability to utilize mannitol as the sole carbon
source. Deletion of the transcriptional repressor gene mtlR or the
overexpression of the mannitol 2-dehydrogenase (mtlD) and the
arabitol/mannitol permease (mtlT) genes can enable
consumption of mannitol. Through this pathway mannitol, is
ingested and converted into fructose, which is non-optimal since
C. glutamicum cannot utilize unphosphorylated fructose.
Therefore, fructose has to be released to the medium and then
has to be assimilated and phosphorylated through the fructose-
specific phosphotransferase system (PTS) (Laslo et al., 2012). On
the other hand, the molecule laminarin is a storage linear
polysaccharide of glucose made up of β (1→3)-glucan with β
(1→6) branches (Becker et al., 2020). While some organisms like
Vibrio spp. can hydrolysate laminarin releasing glucoses
(Alderkamp et al., 2007), C. glutamicum lacks the enzymatic
machinery to hydrolyze laminarin and, hence, cannot use it as
carbon source. However, pretreatment of dissolved laminarin
with commercial enzymes containing cellulases, ß-glucosidases,
and hemicellulose can release glucose units (Hakvåg et al., 2020).
Therefore, it is required to develop tools to enable the utilization
of brown seaweed-derived carbohydrates by C. glutamicum and,

ultimately, the utilization of carbohydrates in seaweed
hydrolysate and seaweed extract.

Traditionally used for the million-ton-scale production of
amino acids, C. glutamicum has become a flexible and efficient
production host for various chemicals like non-proteogenic
amino acids, diamines, carotenoids, or biofuels (Becker et al.,
2018; Pérez-García and Wendisch, 2018). Riboflavin or vitamin
B2 is an essential nutrient for higher animals which is involved,
for instance, in lipid and energy metabolism and needs to be
obtained from the diet (Pinto and Zempleni, 2016; Revuelta et al.,
2017). Currently, B. subtilis and the filamentous fungus Ashbya
gossypii are two of the main hosts to produce riboflavin at large
scales (Averianova et al., 2020). Such organisms have been
extensively engineered to enhance riboflavin production
(Schwechheimer et al., 2016; Averianova et al., 2020), although
not from alternative and renewable feedstocks. Production of
riboflavin byC. glutamicumwas enabled via overexpression of the
sigma factor gene sigH (Taniguchi and Wendisch, 2015; Pérez-
García et al., 2021). However, the productivity values were not
competitive in comparison to those in the current large-scale
producers (Averianova et al., 2020).

Hence, we explored the use of mannitol-specific PTSs from
mannitol natural microbial consumers in C. glutamicum. In
combination with a laminarin pretreatment to release glucose,
two of the most abundant carbohydrates from brown seaweed
were accessible for use by C. glutamicum as carbon source.
Besides, competitive riboflavin production was achieved and
coupled with the synthetic consumption of seaweed substrates

FIGURE 1 | Schematic representation of C. glutamicum cell factory with the metabolic connection between the utilization of brown seaweed-derived
carbohydrates and the riboflavin biosynthetic pathway. Pathways: The pentose phosphate pathway (PPP) is depicted with a red-shadowed shape; the purine pathway
(PP) is depicted with a green-shadowed shape; and tricarboxylic acid (TCA) cycle is depicted with a purple shadowed shape. Enzymes: Endogenous enzymatic steps
are depicted in yellow boxes. G-PTS, glucose-specific PTS coded by ptsG; GCDBP, GTP cyclohydrolase II/3,4-dihydroxy-2-butanone-4-phosphatesynthase
coded by ribA; RDR, bifunctional riboflavin-specific deaminase/reductase coded by ribG; RSC, riboflavin synthase beta chain coded by ribH; and RS, riboflavin synthase
by ribC. Enzymatic steps implemented in C. glutamicum are depicted in blue boxes. M-PTS, mannitol-specific PTS coded by mtlA or mtlAF; MtlD, mannitol-1-
phosphate-5-dehydrogenase coded by mtlD. Pretreatment of laminarin with commercial enzymes containing cellulases, ß-glucosidases, and hemicellulose (CGH) is
depicted in grey box. Metabolites: M1P, mannitol 1-phosphate; G6P, glucose 6-phosphase; F6P, fructose 6-phosphate; Ribu5P, ribulose 5-phosphate; and GTP,
Guanosine 5-triphosphate.
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in C. glutamicum (Figure 1). Finally, scaling-up was achieved in
lab-scale bioreactors proving the feasibility of newly constructed
strains.

MATERIALS AND METHODS

Bacterial Strains, Plasmids, and Growth
Conditions
All plasmids and bacterial strains used in this work are listed in
Table 1 and Table 2, respectively. E. coli was cultivated in
lysogeny broth (LB) or on LB agar plates at 37°C. Pre-cultures
of C. glutamicum strains were cultivated in brain heart infusion
(BHI) medium or BHI agar plates at 30°C. Themain cultures of C.
glutamicum were done in CGXII minimal medium (Eggeling
et al., 2005), inoculated to an optical density at 600 nm (OD600) of
one approx. Optical densities were measured via the
spectrophotometer WPA CO 8000 Biowave Cell Density
Meter from Biochrom Ltd. All biomass calculations were done
by using the correlation factor 1 g L−1 biomass = 0.343 OD600.
When necessary, kanamycin 25 μg ml−1, spectinomycin
100 μg ml−1, and/or tetracycline 5 μg ml−1 were supplemented
to the medium. For the induction of genes cloned into the vectors

pVWEx6 (Henke et al., 2021) and pEKEx3 (Stansen et al., 2005),
the medium was supplemented with different concentrations of
isopropyl-β-D-1-thiogalactopyranoside (IPTG), which is
specified in Results. All chemicals were purchased from
Merck/Sigma. As carbon source, the sugars glucose, mannitol,
seaweed extract (SWE), or seaweed hydrolysate (SWH) were
added at the concentrations indicated in Results. For the
determination of the sugars, organic acids, and riboflavin,
samples were withdrawn from the cultures, centrifuged at
16,200 × G and 4°C to remove the cells and stored at −20°C
till used. All carbon sources, antibiotics, and biotin were sterilized
by filtration, while the rest of the components were sterilized by
autoclavation.

Molecular Genetics Techniques and Strain
Construction
Standard molecular genetics techniques were performed as
described elsewhere (Green and Sambrook, 2012). E. coli cells
were transformed by heat shock (Green and Sambrook, 2012) and
C. glutamicum cells were transformed by electroporation with a
single pulse at 2.5 kV, 200Ω, and 25 µF (Eggeling et al., 2005).
CloneAmp™ HiFi PCR Premix Protocol (Takara Bio Inc.) was

TABLE 1 | List of plasmids used in this work. KanR, kanamycin resistance; SpecR, spectinomycin resistance; TetR, tetracycline resistance.

Plasmid name Description Source

pVWEx6 KanR, C. glutamicum/E. coli shuttle plasmid (Psyn, lacI, pHM1519 OriVCg) Henke et al. (2021)
pEKEx3 SpecR, C. glutamicum/E. coli shuttle plasmid (Ptac, lacI, pBL1 OriVCg) Stansen et al. (2005)
pECXT-Psyn TetR, C. glutamicum/E. coli shuttle plasmid (Psyn, pGA1 oriVCg) Henke et al. (2021)
pVWEx6-mtlDEc KanR, pVWEx6 overexpressing mtlD from E. coli MG1655 This work
pVWEx6-mtlDBs KanR, pVWEx6 overexpressing mtlD from B. subtilis 168 This work
pVWEx6-mtlDBm KanR, pVWEx6 overexpressing mtlD from B. methanolicus MGA3 This work
pEKEx3-mtlAEc SpecR, pEKEx3 overexpressing mtlA from E. coli MG1655 This work
pEKEx3-mtlAFBs SpecR, pEKEx3 overexpressing mtlAF from B. subtilis 168 This work
pEKEx3-mtlAFBm SpecR, pEKEx3 overexpressing mtlAF from B. methanolicus MGA3 This work
pECXT-Psyn-ribGCAH TetR, pECXT-Psyn overexpressing the riboflavin biosynthetic operon from C. glutamicum This work

KanR, kanamycin resistance; SpecR, spectinomycin resistance; TetR, tetracycline resistance

TABLE 2 | List of strains used in this work.

Strain Name Description Source

Corynebacterium glutamicum Wild-type strain ATCC 13032, auxotrophic for biotin Abe et al. (1967)
Escherichia coli DH5α Strain:ΔlacU169 (φ80lacZ ΔM15), supE44, hsdR17, recA1, endA1, gyrA96, thi-1, relA1 Hanahan (1983)
CgSW1 C. glutamicum (pVWEx6) This work
CgSW2 C. glutamicum (pVWEx6-mtlDEc) This work
CgSW3 C. glutamicum (pVWEx6-mtlDBs) This work
CgSW4 C. glutamicum (pVWEx6-mtlDBm) This work
CgSW5 C. glutamicum (pEKEx3) This work
CgSW6 C. glutamicum (pEKEx3-mtlAEc) This work
CgSW7 C. glutamicum (pEKEx3-mtlAFBs) This work
CgSW8 C. glutamicum (pEKEx3-mtlAFBm) This work
CgSW9 C. glutamicum (pVWEx6) (pEKEx3) This work
CgSW10 C. glutamicum (pVWEx6-mtlDEc) (pEKEx3-mtlAEc) This work
CgSW11 C. glutamicum (pVWEx6-mtlDBs) (pEKEx3-mtlAFBs) This work
CgSW12 C. glutamicum (pVWEx6-mtlDBm) (pEKEx3-mtlAFBm) This work
CgRibo1 C. glutamicum (pECXT-Psyn) This work
CgRibo2 C. glutamicum (pECXT-Psyn-ribGCAH) This work
CgRibo3 CgSW9(pECXT-Psyn) This work
CgRibo4 CgSW9(pECXT-Psyn-ribGCAH) This work
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used for cloning PCR. GoTaq® DNA polymerase Protocol
(Promega) was used for colony PCR. The genes mtlDEc and
mtlAEc were amplified from genomic DNA from E. coliMG1655
with the primers mtlD-Ec-Fw, mtlD-Ec-Rv, mtlA-Ec-Fw, and
mtlA-Ec-Rv. The genesmtlDBs andmtlAFBswere amplified from
genomic DNA from B. subtilis str. 168 with the primers mtlD-Bs-
Fw, mtlD-Bs-Rv, mtlAF-Bs-Fw, and mtlAF-Bs-Rv. The genes
mtlDBm, mtlABm, and mtlFBm were amplified from genomic
DNA from Bacillus methanolicus MGA3 with the primers mtlD-
Bm-Fw, mtlD-Bm-Rv, mtlA-Bs-Fw, mtlA-Bs-Rv, mtlF-Bs-Fw,
and mtlF-Bs-Rv. The whole riboflavin biosynthetic operon
(ribGCAH) from C. glutamicum was amplified from genomic
DNA from C. glutamicum ATCC13021 with the primers RibCg-
Fw and RibCg-Rv. Colony PCRs for the pEKEx3-based cloning
were carried out with the primers X3Fw and X3Rv. Colony PCRs
for the pVWEx6-based cloning were carried out with the primers
X6Fw and X6Rv. Colony PCRs for the pECXT-Psyn-based
cloning were carried out with the primers SYFw and SYRv.
All primers were purchased from Sigma, and all primer
sequences are listed in Table 3. The plasmids pVWEx6
(Henke et al., 2021), pEKEx3 (Stansen et al., 2005), and
pECXT-Psyn (Henke et al., 2021) were restricted with BamHI
(New England Biolabs) and were combined with the amplified
PCR products in Gibson Assembly (Gibson et al., 2009) to
construct the plasmids listed in Table 1.

Preparation of Seaweed Substrates
As study material for this work, brown seaweed biomass and
brown SWH from Laminaria hyperborea was kindly provided by
the company Alginor in Norway. For the preparation of SWE,
frozen and milled Laminaria hyperborea leaf biomass was thawed
overnight at 4°C. Hot water (70°C approx.) was added to the

biomass with the proportion of 1:1 (grams biomass: grams water).
The pH was then adjusted to 3.5 by the addition of sulfuric acid.
Next, the mixture was incubated at 70°C for 2 to 3 h. When still
hot, the mixture was centrifuged at 47,800 × G for 20 min. The
supernatant was collected, and the biomass was discarded. For the
enzymatic digestion of laminarin, the pH was adjusted to 5.0, and
1 ml of the enzyme blend Cellic CTect2 (Merck/Sigma) was
added per 100 ml of supernatant, followed by incubation at
50°C and the mixture was shaken at 200 rpm for 24 h. The pH
of the enzyme-treated supernatant was adjusted to 7.0 and the
substrate was sterile-filtered before use. The L. hyperborea
hydrolysate (SWH) provided by the company Alginor was also
treated with the enzyme blend Cellic CTect2 as described
previously (Hakvåg et al., 2020).

Analytical Procedures
For the quantification of extracellular sugars, furans (furfural and
5-hydroxymethylfurfural), and riboflavin, a high-pressure liquid
chromatography (HPLC) system was used (Waters Alliance
e2695 Separations Module). Supernatants of culture broth
were diluted in a proportion of 1:10 before analyzing and
storing at −20°C. The quantification of sugars and furans was
performed using a 300 mm × 7.7 mmHi-Plex H column (Agilent
Technologies) prewarmed at 45°C and detected by a refractive
index detector (2414 RI Detector, Waters). Sulfuric acid of 5 mM
was used as mobile phase at a flow rate of 0.6 ml min−1 . The
quantification of riboflavin was performed using a 75 mm ×
4.6 mm Symmetry C18 Column 3.5 µm column (Waters)
prewarmed at 25°C, and detected by a fluorescence detector
(2475 FLR Detector, Waters) with the excitation and emission
wavelengths of 370 and 520 nm, respectively. Ammonium acetate
of 5 mM with a pH of 6.0 and methanol (3:1) was used as mobile

TABLE 3 | List of primers used in this work.

Primer Name Sequence (5’ - 39)

X3Fw CATCATAACGGTTCTGGC
X3Rv ATCTTCTCTCATCCGCCA
X6Fw ATGCCGCTTCGCCTTCGTTG
X6Rv CGACGGCCAGTGAATTCGAG
SYFw ACGCATCTGTGCGGTATTTC
SYRv TACGGCGTTTCACTTCTGAG
mtlD-Ec-Fw GGAATTCGAGCTCGGTACCCGGGGAAAGGAGGCCCTTCAGATGAAAGCATTACATTTTGGC
mtlD-Ec-Rv CTGCAGGTCGACTCTAGAGGATCTTATTGCATTGCTTTATAAGCG
mtlD-Bs-Fw GGAATTCGAGCTCGGTACCCGGGGAAAGGAGGCCCTTCAGATGATCGCCTTACATTTCGG
mtlD-Bs-Rv CTGCAGGTCGACTCTAGAGGATCTTATTGATTAAGTTTCTTTAAAATG
mtlD-Bm-Fw GGAATTCGAGCTCGGTACCCGGGGAAAGGAGGCCCTTCAGATGCTAGCTGTGCATTTCGG
mtlD-Bm-Rv CTGCAGGTCGACTCTAGAGGATCTTATAATTTCCCGCCCTTAAATG
mtlA-Ec-Fw CATGCCTGCAGGTCGACTCTAGAGGAAAGGAGGCCCTTCAGATGTCATCCGATATTAAGATC
mtlA-Ec-Rv CGAGCTCGGTACCCGGGGATCTTACTTACGACCTGCCAGCAG
mtlAF-Bs-Fw CATGCCTGCAGGTCGACTCTAGAGGAAAGGAGGCCCTTCAGATGCAGCAGCAAGAACAGCAG
mtlAF-Bs-Rv CGAGCTCGGTACCCGGGGATCTCAGTTCACCTCGTTGAAAATGG
mtlAF-Bm-Fw CATGCCTGCAGGTCGACTCTAGAGGAAAGGAGGCCCTTCAGATGACGAATACGAATCAGTC
mtlA-Bm-Rv CTTTCGGGGCGTTCGAAAGCCTCGCCTCCAAAACG
mtlF-Bm-Fw GAGGCTTTCGAACGCCCCGAAAGGAGGCCCTTCAGATGGCTTTACCAATCTTATC
mtlAF-Bm-Rv CGAGCTCGGTACCCGGGGATCTTAGTTCACTCCTTCAAAG
RibCg-Fw CATGGAATTCGAGCTCGGTACCCGGGGAAAGGAGGCCCTTCAGATGGATGTTGCGCACGCG
RibCg-Rv GCCTGCAGGTCGACTCTAGAGGATCCTAACCCTCAGTTGCACG

Bold letters: overlapping region. Underlined letters: ribosomal biding site plus spacer. Italic letters: link sequence.
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phase at a flow rate of 0.8 ml min−1 . Sample preparation for
riboflavin quantification was carried out as described in a
previous study (Petteys and Frank, 2011).

Bioreactor Conditions
Baffled glass autoclavable bioreactors with a total volume of 2 L
(working volume of 1.7 L) were used (Applikon Biotechnology).
Two four-bladed Rushton impellers with outer diameters of
45 mm were placed in the stirrer axis with a distance from the
bottom of the reactor of 6 and 12 cm. The relative dissolved
oxygen saturation (rDOS) was automatically controlled and
maintained via the stirring rpm. The rDOS levels were
monitored with 12 mm polarographic DO2 sensors
(AppliSens). A pH of 7.0 was established and controlled by
the automatic addition of phosphoric acid (10 % (w/w)) and
potassium hydroxide (4 M). The pH values were monitored with
12 mm pH sensors (AppliSens). Antifoam 204 (Sigma) was added
manually when needed. The cultivation temperature was
maintained at a constant temperature of 30°C using a heating
jacket via a bioreactor wall. A constant aeration rate of 0.75 vvm
of air was applied from the bottom of the bioreactor with a L-type
sparger.

The initial working volume of 0.7 L was inoculated to an
OD600 of five from the overnight shake flask pre-culture in a
complex medium 2 YT (16 g of tryptone 10 g yeast extract and
5 g of NaCl per liter). Samples were collected manually using
Super Safe Samplers (Infors HT) and used for OD600

measurements and for the preparation of HPLC samples.
Per liter of batch medium, it contained: 10 g (NH4)2SO4, 5 g
Urea, 0.5 g KH2PO4, 0.5 g K2HPO4, 0.01325 g CaCl2 x 2H2O,
0.25 g MgSO4 x 7H2O, 0.2 mg biotin, and the trace elements
1 mg FeSO4 x 7H2O, 1 mg MnSO4 x H2O, 0.1 mg ZnSO4 x
7H2O, 0.02 mg CuSO4, and 0.002 mg NiCl2 x 6H2O. The batch
medium contained 80% (v/v) of SWE or SWH. The feed
medium contained 100% (v/v) of SWE or SWH. Linear
feeding rates of 2.5 ml min−1 were manually initiated when
the rDOS values increased from 30% to 65% for the first time.

The processes were completed, which was indicated by the
increase of the rDOS values from 30 to 65 % during the
feeding phase.

RESULTS

Establishing Mannitol Consumption in C.
glutamicum via Mannitol-Specific PTS
Mannitol, a type of sugar alcohol, is one of the most abundant
energy and carbon storage molecules in nature, which is also
present in brown seaweed biomass (Song and Vieille, 2009;
Barbot et al., 2016). However, mannitol is not a natural
substrate for C. glutamicum. When growing C. glutamicum
(pVWEx6) (pEKEx3) (named CgSW9) in minimal medium
supplemented with 1% of glucose along with gradually
increasing concentrations of mannitol (Figure 2), we observed
that the growth rates of C. glutamicum slightly increased with
mannitol concentrations from 0 to 1%, having a negative impact
in growth rate and biomass formation at 4% of mannitol. HPLC
data indicated that only glucose was depleted. C. glutamicum can
utilize mannitol under certain conditions (Laslo et al., 2012).
However, the utilization of mannitol by C. glutamicum via
mannitol-specific PTS remains unexplored. C. glutamicum
lacks a mannitol-specific PTS (Laslo et al., 2012), hence we
assessed mannitol-specific PTS from different microorganisms
that were able to consume mannitol through a PTS. The genes for
the mannitol-1-phosphate-5-dehydrogenase (mtlD) and the
mannitol-specific PTS genes mtlAF from E. coli, B. subtilis,
and B. methanolicus were tested and evaluated in C.
glutamicum wild-type. While MtlD is a cytosolic protein that
converts mannitol-1-phosphate in fructose 1-phosphate, MtlAF
are membrane proteins that participate in the uptake of mannitol
and its phosphorylation to mannitol 1-phosphate. The mtlD
genes were cloned into the IPTG-inducible expression vector
pVWEx6 [Henke et al., 2021). Transformation of C. glutamicum
with the mtlD carrying vectors and the empty vector yielded the
strains CgSW1 (C. glutamicum (pVWEx6)], CgSW2 [C.
glutamicum (pVWEx6-mtlDEc)], CgSW3 [C. glutamicum
(pVWEx6-mtlDBs)], and CgSW4 [C. glutamicum (pVWEx6-
mtlDBm)] (Table 2). On the other hand, the mtlAF genes
were cloned into the IPTG-inducible expression vector
pEKEx3 (Stansen et al., 2005). Transformation of C.
glutamicum with the mtlAF carrying vectors and the empty
vector yielded the strains CgSW5 [C. glutamicum (pEKEx3)],
CgSW6 [C. glutamicum (pEKEx3-mtlAEc)], CgSW7 [C.
glutamicum (pEKEx3-mtlAFBs)], and CgSW8 [C. glutamicum
(pEKEx3-mtlAFBm)] (Table 2). Finally, the combination of the
pVWEx6- and pEKEx3-derived vectors in C. glutamicum yielded
the strains CgSW9 [C. glutamicum (pVWEx6) (pEKEx3)],
CgSW10 [C. glutamicum (pVWEx6-mtlDEc) (pEKEx3-
mtlAEc)], CgSW11 [C. glutamicum (pVWEx6-mtlDBs)
(pEKEx3-mtlAFBs)], and CgSW12 [C. glutamicum (pVWEx6-
mtlDBm) (pEKEx3-mtlAFBm)] (Table 2). All the strains were
tested under fermentation conditions for 48 h with minimal
medium inoculated from the BHI pre-cultures to an OD600 of
around one and supplemented with 0.5% of mannitol as sole

FIGURE 2 | Growth behavior of strain CgSW9 in the presence of
mannitol. Glucose-based minimal medium was supplemented with gradually
increasing concentrations of mannitol. Growth rate values are depicted in
grey. Biomass values are depicted in black. Means and standard
deviations of triplicates are shown.
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carbon source and different IPTG concentrations (ranging from 0
to 600 µM). However, the single vector strains did not grow and,
hence, native mannitol-1-phosphate-5-dehydrogenase and
mannitol-specific PTS activities were not detected under the
conditions tested (data not shown). Instead, the double vector
strains carrying the genes from B. subtilis and B. methanolicus
showed growth (Figures 3A,C). Under the conditions assayed, the
growth rate of CgSW11 and CgSW12 peaked at 0.07 ± 0.00 h−1 and
0.06 ± 0.00 h−1 when using 100 µM of IPTG. Higher IPTG
concentrations showed negative impact in the growth rates of
CgSW11 and CgSW12 (Figure 3A). The control strain CgSW10
and the strain overexpressing the PTS genes from E. coli did not
grow. As for the biomass formed, CgSW11 and CgSW12 were able
to reach concentrations of about 1.6 g L−1. A negative impact in the
biomass formation was observed from 200 µM of IPTG for
CgSW11 and from 400 µM of IPTG for CgSW12 (Figure 3C).
The genes from B. subtilis are more harmful than those from B.
methanolicus for C. glutamicum since high induction via IPTG
causes an important drop in the growth rate and biomass
formation (Figures 3A,C).

CgSW11 and CgSW12 strains were further tested in minimal
medium supplemented with increasing concentrations of
mannitol as sole carbon source and 100 µM of IPTG (Figures
3B,D). Under those conditions, CgSW11 grew faster at 1 and 2 %
of mannitol with growth rates of 0.09 ± 0.00 h−1and 0.10 ±
0.00 h−1, respectively. CgSW12 grew faster at 2 and 4% of
mannitol with growth rates of 0.07 ± 0.00 h−1 and 0.07 ±
0.01 h−1, respectively (Figure 3B). When using 2 and 4% of
mannitol, CgSW11 reached a biomass of 5.2 g L−1, while under
the same mannitol concentrations, CgSW12 reached a slightly
lower biomass of 4.6 g L−1 (Figure 3D). The strain CgSW11
seems to perform better at lower mannitol concentrations,
although it grew faster than CgSW12 under all mannitol
concentrations tested here (Figures 3B,D).

Establishing Brown Seaweed as Microbial
Feedstock for C. glutamicum
Apart from mannitol, brown seaweed also contains large
reserves of laminarin (Barbot et al., 2016). C. glutamicum

FIGURE 3 | Growth behavior of the strains CgSW10, CgSW11, and CgSW12 with mannitol as sole carbon source. (A) Growth rates of CgSW10 (grey columns),
CgSW11 (blue columns), and CgSW12 (red columns) strains grown in 0.5% mannitol minimal medium supplemented with different concentrations of IPTG. (B) Growth
rates of CgSW11 and CgSW12 strains grown in minimal medium supplemented with different concentrations mannitol and 100 µM of IPTG. (C) Final biomass of
CgSW10, CgSW11, and CgSW12 strains grown in 0.5% mannitol minimal medium supplemented with different concentrations of IPTG. (D) Final biomass of
CgSW11 and CgSW12 strains grown in minimal medium supplementedwith 100 µM of IPTG and different concentrations of mannitol. Means and standard deviations of
triplicates are shown.
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lacks the laminarin-degrading enzyme systems and hence,
cannot utilize laminarin as carbon source. Therefore, in this
work, laminarin was enzymatically predigested to release
glucose.

The strains CgSW9, CgSW11, and CgSW12 were tested under
fermentation for 48 h with minimal medium with glucose,
mannitol, and glucose along with mannitol as sole carbon
source. Data for the growth rate, biomass formation, and
biomass yield were collected and depicted in Table 4. The
control strain CgSW9 only grew when glucose was
supplemented in the medium, independently of the presence
of mannitol. The growth rate of CgSW9 with only glucose was
0.25 ± 0.02 h−1 and with glucose plus mannitol was 0.26 ±
0.00 h−1. The strains CgSW11 and CgSW12 could grow with
mannitol, glucose, and with the combination of both sugars
(Table 4). The growth rate, biomass, and biomass yield
values for both strains with glucose as sole carbon source
were similar to those of the control strain CgSW9 (Table 4).
As shown previously (Figures 3A,B), CgSW11 could grow
faster on mannitol than CgSW12 (Table 4). The main
differences observed were from the cultures with the
combined carbon sources glucose and mannitol. CgSW11
grew slightly at a slower rate (0.23 ± 0.01 h−1) combined with
both sugars together than only with glucose (0.26 ±
0.00 h−1). However, CgSW12 showed a more dramatic
drop in the growth rate when growing on mannitol and
glucose (0.18 ± 0.01 h−1) as compared to its growth only with
glucose (0.25 ± 0.01 h−1) (Table 4). The biomass and yield
values from the CgSW12 as compared to those from CgSW9
and CgSW11 indicated the possibility that not all sugars
were fully depleted. This was confirmed via HPLC analysis,

since more than 9 g L−1 of mannitol were detected in the
supernatants of CgSW12 when the growth was completed.
The fact that the proteins from B. methanolicus
showed some sort of competition for glucose and
mannitol made the strain CgSW12 not suitable for the
purpose of this study. Therefore, the CgSW11 strain was
chosen for further steps.

For laminarin hydrolysis, the enzyme blend Cellic CTect2,
which contains cellulases, ß-glucosidases, and hemicellulose was
applied to the SWE and the SWH. The content of mannitol and
glucose in the SWE and SWH was quantified via HPLC before
and after the laminarin hydrolysis treatment, and the results can
be seen in Table 5.

Next, the strains CgSW9 and CgSW11were grown onminimal
medium supplemented with different % of SWE or SWH as
carbon source (Figure 4). Both strains were able to grow
using SWH and SWE. While CgSW9 and CgSW11 grew faster
with SWE than with SWH (Figures 4A,D), the biomass yields
were higher with SWH than with SWE (Figures 4B,E).
Hence, even though SWH may contain additional
substrates apart from glucose and mannitol, SWE seems
less harmful for the cells. When measuring furans as
growth inhibitors via HPLC, 0.42 ± 0.04 mM of furfural
was detected only in SWH. A growth rate of 0.16 ±
0.01 h−1 and a biomass of 5.8 0.1 g L−1 were achieved
when using the strain CgSW11 and 80% of SWE as carbon
source; the highest growth rate and biomass values were
attained under the conditions tested here (Figures 4D,E).
In addition, CgSW9 and CgSW11 were also tested with 100 %
of SWE or SWH, with and without the addition of trace
elements and biotin. However, the growth rate and biomass
values were, in general, lower in comparison with the values
obtained from the cultivations with SWE or SWH combined
with minimal medium CGXII, especially with SWE and when
no trace elements and biotin were supplemented (Figures
4A–E). Hence, SWH seems to cope with (Figures 4A–E) the
lack of micronutrients needed for the cultivation of C.
glutamicum strains to a certain extent.

Concluding this block, CgSW11 proved to be a suitable strain
for the consumption of brown seaweed-based substrates, better
growth values can be achieved via a combination of minimal
medium together with SWE or SWH. It is also noteworthy that

TABLE 4 | Growth values of the strains CgSW9, SgSW11, and CgSW12 when using mannitol, glucose, or mannitol plus glucose as sole carbon sources.

Strain % Mannitol % Glucose Growth rate Biomass Yield

(h−1) (g L−1) (g g−1)

CgSW9 1 0 0.00 ± 0.00 0.0 ± 0.0 0.00 ± 0.00
0 1 0.25 ± 0.02 4.0 ± 0.2 0.40 ± 0.02
1 1 0.26 ± 0.00 3.9 ± 0.3 0.20 ± 0.03

CgSW11 1 0 0.09 ± 0.01 3.5 ± 0.1 0.35 ± 0.01
0 1 0.26 ± 0.00 4.0 ± 0.4 0.40 ± 0.04
1 1 0.23 ± 0.01 6.8 ± 0.5 0.34 ± 0.05

CgSW12 1 0 0.06 ± 0.01 3.0 ± 0.2 0.30 ± 0.02
0 1 0.25 ± 0.01 4.3 ± 0.2 0.43 ± 0.02
1 1 0.18 ± 0.01 4.1 ± 0.4 0.21 ± 0.04

TABLE 5 |Mannitol and glucose concentrations in the seaweed extract (SWE) and
seaweed hydrolysate (SWH) used in this work.

Mannitol (g L−1) Glucose (g L−1)

Seaweed extract (SWE)* 4.73 ± 0.25 -
Seaweed extract (SWE) 4.55 ± 0.15 12.53 ± 0.33
Seaweed hydrolysate (SWH)* 7.32 ± 0.15 -
Seaweed hydrolysate (SWH) 7.02 ± 0.42 6.22 ± 0.47

*Data obtained before the hydrolysis of laminarin.
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SWH is a richer medium than SWE, but more harmful for C.
glutamicum.

Efficient Riboflavin Production From
Glucose and Seaweed-Based Substrates
With C. glutamicum
To reinforce the concept of circular bioeconomy, a newly added
value chain from brown seaweed was created here. Riboflavin and
its active forms have been extensively used in the food, feed, and
pharmaceutical industries (Liu et al., 2020). To overproduce
riboflavin with C. glutamicum, the whole riboflavin
biosynthetic operon (ribGCAH, Figure 1) from C. glutamicum
was cloned into the vector pECXT-Psyn under the control of the
constitutive promoter Psyn (Henke et al., 2021). The vectors
pECXT-Psyn and pECXT-Psyn-ribGCAH were transferred to
C. glutamicum wild-type yielding the strains CgRibo1 and
CgRibo2 (Table 2). Growth and production of CgRibo1 and
CgRibo2 were tested in minimal medium supplemented with
different concentrations of glucose as sole carbon source

(Figure 5). The highest riboflavin titer achieved by the strain
CgRibo2 was 944.6 ± 87.1 mg L−1 using 4% of glucose and within
50 h, meaning a volumetric productivity of 18.9 ± 1.7 mg L−1 h−1

(Figures 5D–F). However, biomass and riboflavin yields were
affected when supplementing 2 and 4% of glucose (Figures
5C–E). Growth rates of CgRibo2 were also impaired as
compared to those from CgRibo1 when the strain was fed
with high glucose concentrations (Figure 5A). Nevertheless,
the vector pECXT-Psyn-ribGCAH proved to be an excellent
tool to establish riboflavin production in C. glutamicum
strains. Therefore, the vector pECXT-Psyn was transferred to
the strain CgSW9 and the vector pECXT-Psyn-ribGCAH was
transferred to the strain CgSW11, yielding the strains CgRibo3
and CgRibo4, respectively (Table 2). Afterward, growth and
production of CgRibo3 and CgRibo4 were tested in minimal
medium supplemented with 1% mannitol, 1% glucose, or 1%
mannitol and 1% glucose (Figure 6). In general, CgRibo4 grew at
a slower rate and reached lower biomass yields than CgRibo3
under all conditions tested here. Particularly, when using glucose
and mannitol as carbon source, the biomass formation was

FIGURE 4 |Growth of the strains CgSW9 and CgSW11 in brown seaweed-based substrates. Concentrations of SWE or SWH that ranged from 10 to 100% were
used as carbon source. The condition 100* means 100% seaweed-based substrate supplemented with trace elements and biotin. (A)Growth rates (h−1) of CgSW9. (B)
Final biomasses formed (g L−1) of CgSW9. (C) Biomass yields (g g−1) of CgSW9. (D) Growth rates (h−1) of CgSW11. (E) Final biomasses formed (g L−1) of CgSW11. (F)
Biomass yields (g g−1) of CgSW11. Values from CgSW9 grown on SWE are depicted with light green columns. Values from CgSW9 grown on SWH are depicted
with light orange columns. Values from CgSW11 grown on SWE are depicted with dark green columns. Values from CgSW11 grown on SWH are depicted with dark
orange columns. Means and standard deviations of triplicates are shown.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org April 2022 | Volume 10 | Article 8636908

Pérez-García et al. From Seaweed to Riboflavin

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


FIGURE 5 | Growth and riboflavin production from glucose of the strains CgRibo1 and CgRibo2. Concentrations of glucose ranged from 0.25 to 4 g L−1 were
tested. Growth rates (h−1) (A), final biomasses formed (g L−1) (B), and biomass yields (g g−1) (C) of CgRibo1 (grey) and CgRibo2 (blue) are depicted. Production values of
final riboflavin titers (mg L−1) (D), riboflavin yields (mg g−1) (E), and riboflavin volumetric productivities (mg L−1 h−1) (F) of CgRibo2 are depicted with yellow columns.
Means and standard deviations of triplicates are shown.

FIGURE 6 |Growth and riboflavin production from brown seaweed sugars of the strains CgRibo3 and CgRibo4. 1% of glucose, 1% of mannitol, and 1%of glucose
and 1% of mannitol were assayed. (A) Growth rates (h−1) of CgRibo3 and CgRibo4. (B) Final biomasses of formed (g L−1) CgRibo3 and CgRibo4. (C) Biomass yields (g
g−1) of CgRibo3 and CgRibo4. (D) Final riboflavin titers (mg L−1) of CgRibo4. (E)Riboflavin yields (mg g−1) of CgRibo4. (F)Riboflavin volumetric productivities (mg L−1 h−1)
of CgRibo4. Growth values of CgRibo3 are depicted with grey columns. Growth values of CgRibo4 are depicted with blue columns. Production values of CgRibo4
are depicted with yellow columns. Means and standard deviations of triplicates are shown.
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drastically lower for CgRibo4 than for CgRibo3 (Figures 6A–C).
The riboflavin titer of CgRibo4 with 1% glucose as sole carbon
source was 387.1 ± 32.7 mg L−1, which is 41.6% lower titer as
compared with the riboflavin titer achieved by CgRibo2 with 1%
glucose as sole carbon source. Hence, the riboflavin production is
impaired by the metabolic modifications implemented in
CgRibo4. When using 1% mannitol as sole carbon source,
CgRibo4 produced 467.3 ± 45.7 mg L−1 of riboflavin, which
is17.2% higher titer than the one obtained from 1% glucose
(Figure 6D). Finally, when using 1% glucose together with 1%
mannitol as carbon source, the CgRibo4 strain produced 607.3 ±
33.1 mg L−1 of riboflavin, implying a riboflavin yield of 30.4 ±
3.3 mg g−1 (Figures 6D–F).

The riboflavin producer CgRibo4 was also cultivated with
SWE and SWH as carbon sources to prove the establishment of a
newly added value chain from seaweed-based substrates. The
concentrations of 80 and 100% of SWE or SWH were chosen as
the most relevant conditions for the purpose of this study
(Figure 7). As previously, when using 80% of SWE or SWH
the medium contained all the components of the minimal
medium as well. Similar to earlier results, the CgRibo4 strain
grew faster on SWE, but the biomass yields were higher with
SWH, especially when 100% SWH was used (Figures 7A–C).

With regard to riboflavin, the best productivity values were
achieved with 80% SWE. Under such conditions, a riboflavin
titer of 635.0 ± 40.0 mg L−1 peaked after 40 h, indicating a
volumetric productivity of 15.9 ± 1.0 mg L−1 h−1. However, the
best riboflavin yield of 57.8 ± 6.6 mg g−1 was achieved from 80%
SWH (Figures 7D–F). Mannitol and glucose were fully depleted
by the end of the growth experiment.

Here, we have successfully established competitive riboflavin
production in C. glutamicum strains from glucose and seaweed-
based substrates. Production values up to this point are
summarized in Table 6. Subsequently, the feasibility of using
seaweed-based substrates as alternative microbial substrate was
evaluated in bioreactor fermentations.

Brown Seaweed-Based Fed-Batch
Fermentations With C. glutamicum
Overproducing Riboflavin
To fully test the performance of CgRibo4, such strain was grown
in lab-scale bioreactors following a fed-batch fermentation
approach. SWE or SWH were used as carbon source in the
concentrations of 80 and 100% for the batch and feed phases,
respectively. According to HPLC measurements, the SWE-based

FIGURE 7 |Growth and riboflavin production from brown seaweed-based substrates of the strain CgRibo4. SWE (green columns) or SWH (orange columns) were
assayed in the concentrations of 80 and 100%. (A)Growth rates (h−1) of CgRibo4. (B) Final biomasses of formed (g L−1) CgRibo4. (C)Biomass yields (g g−1) of CgRibo4.
(D) Final riboflavin titers (mg L−1) of CgRibo4. (E) Riboflavin yields (mg g−1) of CgRibo4. (F) Riboflavin volumetric productivities (mg L−1 h−1) of CgRibo4. Means and
standard deviations of triplicates are shown.
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fermentation media contained 3.5 g L−1 of mannitol and
10.6 g L−1 of glucose in the batch medium and 4.2 g L−1 of
mannitol and 12.5 g L−1 of glucose in the feed medium. While
the SWH-based fermentation contained 5.9 g L−1 of mannitol and
5.3 g L−1 of glucose in the batch medium and 6.9 g L−1 of

mannitol and 6.2 g L−1 of glucose in the feed medium. A
linear feeding rate of 2.5 ml min−1 was applied in both
fermentations when the relative dissolved oxygen saturation
(rDOS) value increased from 30% to 65% and above (after
30 h). The fermentation processes were considered completed

TABLE 6 | Riboflavin production values from flask fermentations.

Strain Carbon source Titer Yield Vol. prod

(mg L−1) (mg g−1) (mg L−1 h−1)

CgRibo2 0.25% glucose 165.7 ± 12.6 66.3 ± 5.0 4.1 ± 0.3
CgRibo2 0.5% glucose 381.0 ± 46.5 76.2 ± 9.3 9.5 ± 1.2
CgRibo2 1% glucose 613.1 ± 86.0 61.3 ± 8.6 12.3 ± 1.7
CgRibo2 2% glucose 746.9 ± 133.3 37.3 ± 6.7 14.9 ± 2.7
CgRibo2 4% glucose 944.6 ± 87.1 23.6 ± 2.2 18.9 ± 1.7
CgRibo4 1% mannitol 467.3 ± 45.7 46.7 ± 4.6 7.8 ± 0.8
CgRibo4 1% glucose 387.1 ± 32.7 38.7 ± 3.3 6.5 ± 0.5
CgRibo4 1% mannitol plus 1% glucose 607.3 ± 33.1 30.4 ± 3.3 10.1 ± 0.6
CgRibo4 80% SWE 635.0 ± 40.0 46.7 ± 2.9 15.9 ± 1.0
CgRibo4 100% SWE 339.5 ± 63.7 20.0 ± 3.7 8.5 ± 1.6
CgRibo4 80% SWH 606.8 ± 69.7 57.8 ± 6.6 15.2 ± 1.7
CgRibo4 100% SWH 508.5 ± 39.9 38.4 ± 7.5 12.7 ± 1.0

FIGURE 8 | Fed-batch fermentations of the strain CgRibo4 using brown seaweed-based substrates. Glucose and mannitol concentrations are depicted with blue
and red lines, respectively. Biomass concentrations are depicted with black circles. Riboflavin concentrations are depictedwith yellow lines. The rDOS levels are depicted
with black lines. Feed supplementations are depicted with dashed black lines. (A) SWE-based process. (B) SWH-based process.
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when the rDOS value increased from 30% to 65% and above,
during the feeding phase (after 75 h). By the end of the SWE-
based fermentation, 0.1 g L−1 of mannitol was left, and 0.8 g L−1 of
mannitol and 0.2 g L−1 of glucose were not used in the SWH-based
fermentation. The riboflavin final titer, yield, and volumetric values of
1,291.2 mg L−1, 66.1 mg g−1, and 17.2 mg L−1 h−1, respectively, were
achieved when using SWE (Figure 8A). On the other hand,
1,108.9 mg L−1, 75.8 mg g−1, and 14.8mg L−1 h−1 values were
achieved when using SWH (Figure 8B). While the highest
riboflavin titer and volumetric productivity were achieved with
SWE as carbon source, the highest riboflavin yield was reached
when using SWH as carbon source. Differences were also observed in
the new biomasses formed, since 4.8 g L−1 of biomass was produced
from the SWE sugars while 5.5 g L−1 were produced from the SWH
sugars, exhibiting biomass yields of 0.25 g g−1 and 0.38 g g−1,
respectively. Interestingly, in both fermentations, the biomass
reached steady state during the feeding phases, but riboflavin
continued to be accumulated until the end of the processes.

Our bioreactor fermentations proved that the production of
riboflavin can be based on seaweed substrates up to 100%, being
also scalable to higher working volumes.

DISCUSSION

Nowadays, alternative feedstocks like wood-related residual
biomass, crop residues, wastewater, or agri-food co-products
are in the spotlight (Javourez et al., 2021). Biomass is a key
sustainable feedstock for the transition toward circular and low
fossil carbon economies. In particular, seaweed biomass is a
promising candidate due to the lack of need for arable land,
freshwater requirement for cultivation, and the presence of
fermentable carbohydrates in their composition (Barbot et al.,
2016). The total carbohydrate content among seaweed species
varies from 24% to 65% in some brown seaweeds like Laminaria
digitata, being comparable with the carbohydrate content of
65–75% in lignocellulosic biomass (Olsson et al., 2020).
Mannitol, laminarin, alginate, and fucoidan in brown seaweeds are
promising substrates for the utilization in biorefinery processes. In
comparison, red seaweed varieties consist of different typical
carbohydrates kinds including water-soluble sulfur-containing
galactans like agar and carrageenan (Jiménez-Escrig and Sánchez-
Muniz, 2000). Some seaweed species have been investigated as
fermentation substrate previously. For instance, the red seaweed
Gracilaria sp. was used as substrate for Lactobacillus acidophilus
and Lactobacillus plantarum for lactic acid production (Monteiro
et al., 2021). Regarding brown seaweeds, the species Saccharina
japonica was fermented by Monascus purpureus to produce
lovastatin (Suraiya et al., 2018). In another example, the S. japonica
extracts containingmannitol and glucose were used to produce value-
added chemicals like cadaverine and C30 terpenoids by B.
methanolicus (Hakvåg et al., 2020). In this study, the brown
seaweed L. hyperborea from the Norwegian coasts was shown to
be a promising alternative microbial substrate for bioprocesses with
the microbial workhorse C. glutamicum. Seaweed extract and
hydrolysate contained mannitol and glucose from laminarin, which
were targeted as fermentable sugars here. For most of the common

biotechnological workhorses like E. coli, B. subtilis, or C. glutamicum,
glucose is a native carbon source (Fujita, 2009; Lindner et al., 2011;
Bren et al., 2016) andmany efforts have been taken to fully understand
and improve glucose utilization by thesemicrobial workhorses (Fujita,
2009; Pérez-García et al., 2016; Alva et al., 2020). Regarding mannitol,
some microorganisms have specific systems for the uptake and
phosphorylation of mannitol, as it is the case for E. coli, B. subtilis,
and B. methanolicus, which possess mannitol-specific PTSs (Figge
et al., 1994; Heravi and Altenbuchner, 2014; López et al., 2019). The
wild-type C. glutamicum grows on arabitol, but not on other sugar
alcohols (Laslo et al., 2012). However, growth of C. glutamicum in the
presence of arabitol allows subsequent growth on mannitol.
Utilization of mannitol by C. glutamicum can be triggered by the
overexpression of the arabitol/mannitol catabolic operonmtlTD (Peng
et al., 2011).In addition, the deletion of the transcriptional repressor
genemtlR also led to the overexpression ofmtlTD and, hence allowing
mannitol utilization by C. glutamicum (Laslo et al., 2012). These
approaches have been used to establish C. glutamicum mannitol-
consuming strains (Laslo et al., 2012;Hoffmann et al., 2018).However,
mannitol is not directly included in the central metabolism, but it is
rather oxidized to fructose, which escapes the cells to be further
assimilated and phosphorylated via the fructose-specific PTS (Laslo
et al., 2012). In this study, the mannitol-specific PTSs from E. coli, B.
subtilis, and B. methanolicus were tested in C. glutamicum.Mannitol-
based growthwas achieved by using the systems fromB. subtilis andB.
methanolicus. However, the system from E. coli could not enable
mannitol-based growth in C. glutamicum. In a PTS system, the
mannitol-specific components (EII) include three domains, the
mannitol permease IIC (EIIC) component, the mannitol-specific
phosphotransferase enzyme IIB (EIIB) component, and the
mannitol-specific phosphotransferase enzyme IIA (EIIA)
component (Clore and Venditti, 2013). While in E. coli, the
EIICBA components are coded by mtlA, and in B. subtilis and B.
methanolicus, the EIICB components are coded bymtlA and the EIIA
component is coded by mtlF as independent protein (Heravi and
Altenbuchner, 2014; López et al., 2019). This gene distribution may
affect the interaction between the PTS components, and ultimately
may disturb the final function of those proteins. The EIIA component
is the direct phosphoryl group acceptor which is donated by the
phosphocarrier HPr protein (Lindner et al., 2011). C. glutamicum
ATCC 13032 has PTS genes encoding four different EII permeases,
specific for glucose (PtsG), fructose (PtsF), sucrose (PtsS), and one
unknown substrate (Moon et al., 2007). The C. glutamicum deletion
mutant lacking the general PTS component HPr is unable to use the
PTS systems for growth (Lindner et al., 2011). Therefore, it is
important that HPr can interact with the EIIA component.
Aligning protein sequences via BLASTP (Altschul et al., 1990), we
observed that the EIIA components from E. coli, B. subtilis, and B.
methanolicus present similarities in their protein sequences with PtsF
from C. glutamicum. Query covers and identities for E. coli’s EIIA
component were, 68 and 29% , 88 and 27% for B. subtilis’s EIIA
component, and 72 and 36% for B. methanolicus’s EIIA component,
respectively. According to these values, the EIIA component sequence
from B. subtilis and B. methanolicus are closer to the sequence of PtsF
from C. glutamicum. B. methanolicus is a thermotolerant
microorganism with an optimum growth temperature of
50—53°C (Irla et al., 2014), hence the folding of MtlAF and
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MtlD may have been negatively affected when using 30°C during
growth experiments with C. glutamicum, which supports the fact
that the MtlAFD from B. subtilis performed best in C. glutamicum,
since both are mesophilic microorganism (Droffner and
Yamamoto, 1985; Eggeling et al., 2005). Nevertheless, C.
glutamicum growth was shown from the seaweed-based
substrates SWE and SWH. According to our results, SWE seems
to be a less harmful substrate for the C. glutamicum cells in
comparison to SWH. The presence of the furfural only
in SWH might have contributed to growth inhibition even
though C. glutamicum showed recalcitrance against growth
inhibitors from some hydrolysates, such as methylfurfural and
hydroxymethylfurfural (Gopinath et al., 2011; Mindt et al., 2019).

Industrial riboflavin production is traditionally carried out
using the organisms B. subtilis and the filamentous fungusAshbya
gossypii (Schwechheimer et al., 2016; Averianova et al., 2020)
reaching values up to 26.8 g L−1 of riboflavin B. subtilis strain
KCCM 10445 (Lee et al., 2004). Some of the genetic modifications
used for the development of riboflavin-producing strains include
the overexpression of the riboflavin biosynthetic genes, increasing
the metabolic flux towards the pentose phosphate pathway, or
activation of the glycine and the purine pathways (Averianova
et al., 2020). In C. glutamicum, a differential gene expression
analysis revealed that the overexpression of sigma factor gene
sigH upregulates the riboflavin biosynthesis genes ribH, ribA, and
ribC, increasing the formation of riboflavin (Taniguchi and
Wendisch, 2015). By overexpressing sigH and following a
dynamic co-cultivation approach in bioreactors with a mixture
of sugars, a riboflavin titer of 27 mg L−1 was achieved (Pérez-
García et al., 2021). In this work, the riboflavin biosynthetic genes
from C. glutamicum were constitutively overexpressed under the
control of the synthetic Psyn promoter (Henke et al., 2021). The
best production values were obtained with the strain CgRibo2
when using 4% of glucose as sole carbon source, peaking at
944.6 ± 87.1 mg L−1 of riboflavin in flask fermentations, showing
a 35-fold higher titer than the previously reported by Pérez-García
et al., in 2021. In a similar approach, a B. subtilis strain containing
multiple copies of the endogenous riboflavin biosynthetic operon
expressed constitutively from strong phage promoters produced
14 g L−1 after 48 h in fed-batch operating bioreactors (Perkins et al.,
1999). However, the production values of the strain CgRibo4
decreased significantly compared to those of CgRibo2 using
glucose. This may be explained by the metabolic burden of
carrying three vectors in CgRibo4 instead of one vector in
CgRibo2 (Wein et al., 2019). Yet, riboflavin production was also
shown from seaweed-based substrates for the first time here. The
best riboflavin titer of 1,291.2 mg L−1 was achieved after 75 h using
SWE as sole carbon source in a fed-batch fermentation. The fed-
batch method is a common approach that has been applied to
riboflavin industrial strains (Averianova et al., 2020). For instance,
production of riboflavin with A. gossypii is carried out in fed-batch
fermentations with aerobic conditions during 6–8 days (Stahmann
et al., 2000). In another example, the process of fermentation
for riboflavin production with the B. subtilis strain RB 50 is carried
out on carbon-limited fed-batch cultivations during 48–56 h (Bretzel
et al., 1999). Nevertheless, the feasibility of the newly generated

riboflavin producer was successfully tested in seaweed-based fed-
batch fermentations proving to be a promising process. In this
regard, de novo production via microbial fermentations offers the
flexibility for using broad natural substrates or non-natural carbon
sources prior microbial engineering (Wendisch et al., 2016).
Moreover, alternative renewable feedstocks or carbon containing
waste streams have the potential to become more attractive within
these processes (Gopinath et al., 2011; Buschke et al., 2013;
Meiswinkel et al., 2013; Mindt et al., 2019).

In conclusion, we have established C. glutamicum as a
promising riboflavin production host that utilizes brown
seaweed-derived carbohydrates as feedstock. Heterologous
expression of the mannitol-specific PTS together with mannitol-
1-phosphate 5-dehydrogenase from B. subtilis enabled efficient
utilization of mannitol by C. glutamicum. Combined with the
constitutive overexpression of the endogenous riboflavin
biosynthetic operon from C. glutamicum, we generated the C.
glutamicum strain with the highest riboflavin production values
regarding titer, yield, and productivity from glucose. Moreover, we
have shown the production of riboflavin from seaweed-based
substrates in flask and bioreactor fermentations.
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