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Summary

Neoagarobiose (NA2) derived from agar marine bio-
mass is a rare reagent that acts as an anti-
melanogenesis reagent and moisturizer. Here, for the
economical manufacturing of NA2, we developed the
co-secretory production system of endo-type b-
agarases (DagA) and exo-type b-agarases (EXB3) in
Corynebacterium glutamicum. For this purpose, we
first developed a secretory system of DagA via Tat
pathway. To improve the secretion efficiency, we
coexpressed two Tat pathway components (TatA and
TatC), and to improve the purity of secreted DagA in
the culture supernatant, two endogenous protein
genes (Cg2052 and Cg1514) were removed. Using
the engineered strain (C. glutamicum SP002), we
confirmed that DagA as high as 1.53 g l-1 was suc-
cessfully produced in the culture media with high
purity (72.7% in the supernatant protein fraction).
Next, we constructed the expression system (pHCP-
CgR-DagA-EXB3) for the simultaneous secretion of
EXB3 via Sec-pathway together with DagA, and it
was clearly confirmed that DagA and EXB3 were
successfully secreted as high as 54% and 24.5%,

respectively. Finally, using culture medium contain-
ing DagA and EXB3, we successfully demonstrated
the conversion of high-concentration agar (40 g l-1)
into NA2 via a two-stage hydrolysis process.

Introduction

Agar is a major cell wall component of red macroalgae
(Gracilaria, Gelidium, Pterocladia) and has recently
gained considerable interest as a potential and renew-
able raw material of carbohydrates because of its health
benefits (Rajapakse and Kim, 2011). Agar is composed
of neutral agarose and charged agaropectin, and agar-
ose is a linear polysaccharide composed of repeating dis-
accharide blocks of D-galactose and 3, 6-anhydro-L-
galactose (L-AHG), which are alternately linked by a-1, 3
and b-1, 4-glycosidic bonds (Lahaye et al.,1989; Knutsen
et al.,1994). Through the liquefaction process using
chemicals or agarolytic enzymes, agar can be hydrolysed
into agarooligosaccharides (AOSs) or neoagarooligosac-
charides (NAOSs), which consist of a series of even-
numbered monomers including neoagarobiose (NA2),
neoagarotetraose (NA4) and neoagarohexaose (NA6)
(Kim et al., 2017a; Yun et al., 2017; Jiang et al., 2020).
Following liquefaction, these oligosaccharides are further
hydrolysed to the monomers, L-AHG and D-galactose by
enzymatic reactions (Yun et al., 2017). Sugars and
oligosaccharides from agar exhibit biological activities
such as antioxidative activities and anti-inflammation
effects and have high potential for industrial applications
(Hong et al., 2017; Kim et al., 2017b; Park et al., 2020).
Among these sugars, NA2, an a-1, 3 glycosidic linkage of
L-AHG and D-galactose, is a rare reagent that acts as a
moisturizing, anti-melanogenesis reagent (Kobayashi
et al., 1997). Given that the demand for NA2 is steadily
increasing, there is an urgent need to explore the eco-
nomical bioprocess for NA2 production from agar bio-
mass. NA2 is usually produced by the combination of
exo-type and endo-type b-agarases that cleave b-1, 4-
glycosidic bonds of agarose (Temuujin et al., 2012; Yan
et al., 2020). For the industrial production of NA2, the
development of an economical b-agarase production sys-
tem with high purity is necessary. Heterologous produc-
tion of exo/endo-type b-agarases has been performed in
various hosts, including Escherichia coli (Ko et al., 2012;
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Seo et al., 2014; Yoon et al., 2017), Bacillus subtilis (Lee
et al., 2008) and Streptomyces lividans (Temuujin et al.,
2011; Gull�on et al., 2015); however, in most studies, the
production yields were not high enough and/or enzymes
needed to be purified, which makes it difficult to develop
an economic bioprocess.
Corynebacterium glutamicum is a generally recognized

as safe (GRAS) strain, and it has been traditionally used
as an industrial workhorse for the production of amino
acids including lysine, glutamate, arginine (Kr€amer,
1994; Hermann, 2003) and various commodities or bulk
chemicals, including cadaverine, putrescine and c-
aminobutyrate (GABA) (Woo and Park, 2014; Choi et al.,
2015; Kogure and Inui, 2018). Recently, many efforts
have been made to use C. glutamicum as a host for the
production of recombinant proteins, owing to several
beneficial characteristics (Becker and Wittmann, 2012;
Wieschalka et al., 2013; Liu et al., 2016; Freudl, 2017).
C. glutamicum is a Gram-positive bacteria that does not
possess an outer membrane, so the production of
recombinant proteins in C. glutamicum can be achieved
by the direct release of recombinant proteins into the cul-
ture medium (An et al., 2013; Lee and Kim, 2018).
Secretory production into the culture medium does not
require a cell lysis process during the purification pro-
cess, which facilitates the downstream process and sig-
nificantly reduces the production costs of a target protein
(Liu et al., 2016; Yim et al., 2016a). In addition, due to
the lack of detectable extracellular proteases (Suzuki
et al., 2009), proteolytic degradation of the secreted

proteins is not frequently observed, which leads to an
increase in production yield (Li et al., 2004).
In this study, we sought to develop a bioprocess for

the production of NA2 from the enzymatic hydrolysis of
agar. For this purpose, we engineered C. glutamicum for
the co-secretory production of endo-type b-agarases
(DagA) and exo-type b-agarases (EXB3) into the culture
medium (Fig. 1). First, we developed a secretory produc-
tion system for DagA via twin arginine translocation (Tat)
pathway in C. glutamicum. To improve the secretion effi-
ciency, we coexpressed two Tat pathway components
(TatA and TatC) and engineered C. glutamicum to
improve the purity of secreted DagA in the culture med-
ium by eliminating two endogenous genes. Next, in order
to co-secrete DagA and EXB3, the DagA secretion sys-
tem was combined with a sec-pathway dependent EXB3
secretion system that we previously developed (Jeong
et al., 2019). Using the engineered C. glutamicum, fed-
batch cultivation was performed to produce both DagA
and EXB3 into culture medium, and using culture super-
natant containing both enzymes, we demonstrated the
conversion of high-concentration agar (40 g l-1) into NA2
via a two-stage hydrolysis process.

Results

Construction of DagA secretion system via Tat pathway

For hydrolysis of agar, C. glutamicum needs to produce
two enzymes including endo-type b-agarase and exo-
type b-agarase in the culture medium (Fig. 1).

Neoagarobiose (NA2)Agar

TAT 
pathway

SEC 
pathway

plasmid

Exo-type 
β-agarase

(EXB3)

Endo-type 
β-agarase

(DagA)

C. glutamicum

D-Gal

L-AHGDagA EXB3

Fig. 1. Overall scheme of production of neoagarobiose (NA2) from agar by secretory production of exo-type and endo-type b-agarases (EXB3
and DagA, respectively) in C. glutamicum. Arrows indicate the b-1,4-glycosidic bonds cleaved by b-agarases.
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Previously, we successfully developed the secretory pro-
duction of exo-type b-agarase (Jeong et al., 2019);
therefore, we first focussed on the development of
secretory production of endo-type b-agarase via Tat
pathway in C. glutamicum. DagA from S. coelicolor acts
as an endo-type b-agarase and hydrolyses agarose into
NA4 and NA6 (Temuujin et al., 2011). For the secretory
production of DagA via Tat pathway, we employed the
CgR0949 signal peptide, which has been preferably
used for Tat pathway dependent secretion (Teramoto
et al., 2011; Freudl, 2017). To increase the expression
level of the dagA gene, the expression system was con-
structed in a high-copy-number plasmid (pHCMS) (Choi
et al., 2018), yielding pHCP-CgR-DagA, in which dagA
gene expression was regulated under the strong syn-
thetic promoter (PH36) with CgR0949 signal peptide.
After flask cultivation with C. glutamicum harbouring
pHCP-CgR-DagA, the secretion of DagA into the culture
medium was analysed by SDS-PAGE. However, we
could not detect any production of DagA in the culture
medium (Fig. 2A). From the SDS-PAGE analysis of the
cytoplasmic fraction, it was confirmed that most DagA
was present in the cytoplasm (data not shown), indicat-
ing that DagA was successfully produced but could not
be secreted into the culture medium via Tat pathway.
Previously, it was reported that the coexpression of
major components (TatA, TatB and TatC) of Tat machin-
ery could assist in the secretion of recombinant proteins
via Tat pathway (De Keersmaeker et al., 2006; Kikuchi
et al., 2008; Chi et al., 2011). Therefore, to improve
secretion efficiency, we examined the coexpression of
two combinations – (i) TatA and TatC (TatAC) and (ii)
TatA, TatB and TatC (TatABC). In the flask cultivation,
secretory production of DagA into the culture medium
was successfully observed in both coexpression systems
(Fig. 2A). Western blotting showed that the levels of

DagA in both systems were very similar. However, the
assay of b–agarase activity with culture supernatant
samples confirmed that the coexpression of TatAC gave
more positive effects on the secretory production of
DagA, that is, the activity in TatAC coexpression
(16.1 � 0.74 U ml-1) was 2.8-fold higher than that in
TatABC coexpression (5.7 � 1.16 U ml-1) (Fig. 2B).
These results indicate that the coexpression of TatA and
TatC was sufficient for the secretory production of DagA
via Tat pathway.
Next, to validate the feasibility of the DagA secretion

system in large-scale cultivation, we performed fed-batch
cultivation with C. glutamicum harbouring pHCP-CgR-
DagA-TatAC in a lab-scale (5 l) bioreactor. At 28 h, cells
grew up to 262.5 � 7.8 of OD600 with a specific growth
rate of 0.126 h-1 (Fig. S1A). The culture supernatant
samples were collected during fed-batch cultivation and
analysed by SDS-PAGE. At 12 h, DagA was produced
and its content gradually increased (Fig. 3A). Densito-
metric analysis confirmed that the maximum content of
DagA reached 33.1% of the total secreted proteins,
which corresponds to 0.48 g l-1. Interestingly, in this
SDS-PAGE analysis, we also found another major pro-
tein band with a slightly lower molecular weight
(~ 27 kDa) than that of DagA (36 kDa) (Fig. 3A). The
content of this unknown protein accounted for 34.9% of
the total secreted proteins. Although DagA was success-
fully produced in the culture medium, the purity of DagA
was not high enough because of the contamination by
this unknown protein.

Deletion of Cg2052 and Cg1514 for enhanced
production of DagA

In secretory production, the purity and production titre of
target proteins may be improved by reducing the

Fig. 2. Analysis of DagA secretion level in C. glutamicum ATCC13032 and activity.
A. SDS-PAGE (left panel) and Western blotting (right panel) analysis of culture supernatant. Lane M represent protein size markers (kDa). Lane
1 to 4 represent a protein sample of cells harbouring pCES-PLPV as a negative control, pHCP-CgR-DagA, pHCP-CgR-DagA-TatAC and
pHCP-CgR-DagA-TatACB. DagA is indicated as arrowhead (◀). B. DagA activity from the extracellular medium of C. glutamicum harbouring
pHCP-CgR-DagA-TatAC (black bar) and C. glutamicum harbouring pHCP-CgR-DagA-TatACB (white bar).
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secretion of competitive proteins, which can be achieved
by deletion of genes encoding competitive proteins in
the chromosome if the competitive proteins are not
essential for cell viability. To identify the unknown protein
in the culture medium, the protein was purified from the
culture supernatant by fast protein liquid chromatography
(FPLC), and the N-terminal sequence was determined.
The first five amino acids were determined as EEVSG,
and this sequence corresponds to the N-terminal
sequence of Cg2052 which is a hypothetical secretory
protein (Taniguchi et al., 2017). To prevent the contami-
nation of endogenous Cg2052 in the culture medium,

the gene encoding Cg2052 was deleted, and the strain
was named C. glutamicum SP001. The secretory pro-
duction of DagA in this engineered strain (C. glutamicum
SP001 harbouring pHCP-CgR-DagA-TatAC) was evalu-
ated by fed-batch cultivation. In this cultivation, DagA
was produced well, and its content was slightly
increased; however, surprisingly, we also found another
major protein band with a similar molecular weight
(Fig. S2). After purification and N-terminal amino acid
sequence analysis, the second unknown protein was
identified as Cg1514 which is also hypothetical secretory
protein (Yim et al., 2016a). To further improve the purity

Fig. 3. SDS-PAGE analysis of culture supernatant fraction in fed-batch cultivation.
A. Fed-batch cultivation with C. glutamicum ATCC13032 harbouring pHCP-CgR-DagA-TatAC.
B. Fed-batch cultivation with C. glutamicum SP002 harbouring pHCP-CgR-DagA-TatAC. Lane M represents protein size markers (kDa), and
each lane represents culture times (0–48 h). DagA (◀) and unknown protein (◁) are indicated as arrowheads.
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of DagA in the culture medium, the coding sequence of
Cg1514 was also deleted from the chromosome of the
C. glutamicum SP001 strain, which was named C. glu-
tamicum SP002. The secretory production of DagA in
this engineered strain (C. glutamicum SP002 harbouring
pHCP-CgR-DagA-TatAC) was evaluated by fed-batch
cultivation. In this cultivation, cells grew up to 251 � 9.9
of OD600 with a specific growth rate of 0.124 h-1

(Fig. S1B). The culture supernatant samples were col-
lected during fed-batch cultivation and analysed by SDS-
PAGE. DagA was clearly observed as a single major
protein in the culture medium; its purity was improved by
as much as 73% in the total supernatants, which was
approximately 2.2-fold higher than that of wild-type cells
(Fig. 3B). In this cultivation, the titre of DagA in the cul-
ture medium was 1.53 g l-1.

Purification and activity analysis of DagA

From 30 ml of culture supernatant, DagA was purified by
filtration, followed by ion-exchange column chromatogra-
phy (Fig. 4A), and b-agarase activity was analysed using
agarose as a substrate. It was clearly confirmed that
NA4 and NA6 were produced as major products
(Fig. 4B), indicating that DagA produced from C. glutam-
icum SP002 has endo-type b–agarase activity.

Secretory production of exo- and endo-type b-agarases
in C. glutamicum SP002

In addition to endo-type b-agarase (DagA), cells need to
produce exo-type b-agarase for further degradation of

agar to NA2. Previously, we isolated a novel exo-type b-
agarase (EXB3) from Gilvimarinus chinensis, and its
secretory production system via the Sec-pathway with
the Cg1514 signal peptide was successfully developed
in C. glutamicum (Jeong et al., 2019). In that work, we
clearly confirmed that NA2 was produced as a major
product directly from agarose by reaction with EXB3
alone. For the hydrolysis of agar into NA2, both secre-
tory systems of DagA and EXB3 were combined, yield-
ing pHCP-CgR-DagA-EXB3 in which DagA and EXB3
were secreted via Tat- and Sec-pathways, respectively
(Fig. 5A). During the fed-batch fermentation with C. glu-
tamicum SP002 harbouring pHCP-CgR-DagA-EXB3,
both enzymes (DagA and EXB3) were successfully pro-
duced in the culture medium: the contents of DagA and
EXB3 in culture medium were 54% and 24.5%, respec-
tively (Fig. 5B).

Hydrolysis of agar into NA2 in two-stage process

After fed-batch fermentation, culture supernatants con-
taining DagA and EXB3 were collected and mixed with
agar to confirm the hydrolysis of agar to NA2 in the two-
stage hydrolysis process. Below 40°C, agar is solidified
and cannot be hydrolysed by enzymes. However, after
hydrolysis of agar, NAOSs are not solidified and can be
further hydrolysed below 40°C. Therefore, hydrolysis
reactions were conducted in two stages: (i) at 40°C for
hydrolysis of agar (40 g l-1) into NAOSs by endo-type
DagA and (ii) at 30°C for further hydrolysis of NAOSs to
NA2 by exo-type EXB3. In the first stage (40°C), NA4
and NA6 or higher oligosaccharides were generated

Fig. 4. Purification of DagA and analysis of its hydrolysis activity.
A. SDS-PAGE analysis of DagA purification. Lane M represents protein size markers (kDa), and lane 1 represents purified DagA. DagA (◀) is
indicated as arrowheads.
B. NA4 and NA6 were determined in the enzyme reaction mixture by time profiles (10–120 min). White and black bars represent NA4 and NA6,
respectively.
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from the hydrolysis of agar in the reaction, but NA2 was
not detected (Fig. 6). Next, in the second stage (30°C),
NA2 was produced as a major product, and a negligible
amount of NA4 and NA6 was observed at 8 h (Fig. 6).
During the two-stage process, the solidification of agar
was not observed, which also indicates that most of agar
used for reaction were successfully hydrolysed to NA2.

Discussion

Despite the steady increase in the demand for NA2, its
industrial application has been hampered mainly
because of the absence of efficient processes for NA2
production from agar biomass. In the present work, to
develop an efficient bioprocess, we engineered C. glu-
tamicum which possesses enormous potential as an
alternative platform organism for the secretory production

(A)

(B)

pHCP-CgR-DagA-EXB3

dagA tatA tatC exb3

PH36

CgR0949
Signal pep�de

PCg1514

Cg1514
Signal pep�de

KmR
p15A oripCG1 ori

Fig. 5. Coexpression of DagA and EXB3 in C. glutamicum SP002.
A. Coexpression system of pHCP-CgR-DagA-EXB3. pCG1 ori and p15A ori indicate the origin of replication for C. glutamicum and E. coli,
respectively.
B. SDS-PAGE analysis of the culture supernatant by fed-batch cultivation. Each lane represents protein size markers (M) and culture times (0–
48 h). EXB3 (◀) and DagA (◁) are indicated as arrowheads.

Stage 1 at 40oC Stage 2 at 30oC

M 0.5 1 1.5 2 2.5 3 4 6 8

NA2

NA4

NA6

Reac�on �me (h)

Fig. 6. Analysis of the two-stage hydrolysis of agar with crude fer-
mentation samples by thin-layer chromatography. Lane M repre-
sents NAOSs standard. NA2, Neoagarobiose; NA4,
Neoagarotetraose; NA6, Neoagarohexaose. Each number of lane
represents the hydrolysis reaction time (h).
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of heterologous proteins, and as demonstrated, both
exo-type and endo-type b-agarases (DagA and EXB3)
were efficiently produced in culture medium. After culti-
vation of the engineered strain, culture medium contain-
ing both enzymes was directly applied for two-stage
hydrolysis without any purification process, and NA2
was successfully produced by the hydrolysis of agar.
Very recently, Yan et al. reported the production of NA2
from agar through two novel b-agarases (AgaA and
AgaB) and a two-stage hydrolysis process (Yan et al.,
2020). Although NA2 was successfully produced from
agar (10 g l-1), both enzymes were produced in the cyto-
plasm of E. coli, and the hydrolysis reaction could be
conducted with purified enzymes that require a multi-
step purification process, including cell disruption and
separation using magnetic beads. In general (particularly
at the industrial scale), these purifications are highly
expensive and laborious, and they also cause the loss
of enzymes during purification (Lichty et al., 2005). In
contrast, the use of C. glutamicum allowed the secretory
production of both enzymes into the culture medium, so
enzymes could be directly used for the hydrolysis reac-
tion without further purification and loss of enzymes. A
simple and cost-effective production process can be
developed through the elimination of expensive and
laborious purification steps.
For the secretory production of DagA in C. glutam-

icum, we used the CgR0949 signal peptide which medi-
ates the secretion of folded proteins via Tat pathway,
and to improve the secretion efficiency, we introduced
the coexpression of TatA and TatC, which are the major
and essential components of the Tat secretion machin-
ery (Pop et al., 2002; Jongbloed et al., 2004). It is known
that TatA forms an active pore in the membrane, and
the target protein translocates across the pore formed by
TatA and TatC, which acts as the motor for translocation
and proceeds protein secretion into the culture medium
(Hou and Br€user, 2011; Palmer and Berks, 2012). In this
regard, overproduction of TatAC could increase the
secretory efficiency of DagA in C. glutamicum. In addi-
tion to TatA and TatC, it is also known that TatB helps
to improve translocation efficiency although it is not an
essential component for Tat function (Hou and Br€user,
2011). Kikuchi et al. reported that the overproduction of
all components (TatA-TatB-TatC) increased the expres-
sion of pro-PG by more than 10-fold in C. glutamicum
(Kikuchi et al., 2008). In the present study, we also
found that the coexpression of all components could
improve the translocation efficiency of DagA, but the effi-
ciency was lower than that of TatAC coexpression
(Fig. 2). We do not know the exact reason for the lower
efficiency of TatABC coexpression, but we think that
high expression levels of all genes might result in exces-
sive metabolic loads on cells (particularly on the

cytoplasmic membranes). In Gram-positive bacteria such
as Bacillus subtilis, it is known that TatA has TatA-TatB
functionalities in the absence of TatB, and bifunctional
TatA interacts with TatC to form a two-component Tat
system or a minimal Tat system (Hou and Br€user, 2011).
In this regard, the overexpression of two components
(TatA and TatC) is sufficient for Tat-dependent secretion.
In addition, the ratio of each component in the mem-
brane is critical for the translocation efficiency via Tat
machinery (Kikuchi et al., 2008), which means that the
tuning of each gene expression level can provide a more
positive effect on the function of Tat machinery than the
simple overexpression of all components under the sin-
gle strong promoter. For this purpose, we think it is nec-
essary to find the optimal expression levels of each
component, which may be achieved using promoters of
different strengths (Yim et al., 2016b).
In the enzymatic process, the purity of the enzyme in

solution is also an important parameter, and the use of a
solution with high enzyme content and purity makes the
reaction more reliable and efficient (Santos et al., 2015;
Ronghua et al., 2020). To improve the purity of enzymes
in culture medium, we deleted two endogenous genes
(Cg2052 and Cg1514) which were contaminated in the
culture supernatant fractions, and with the engineered C.
glutamicum SP002, it was clearly confirmed that the pur-
ity of DagA significantly improved as high as 73%, and
the production titre was also increased up to 1.5 g l-1

(Fig. 3). Co-production of DagA and EXB3 in the C. glu-
tamicum SP002 strain also showed similar contents and
purity (Fig. 5), which consequently resulted in the effi-
cient hydrolysis of high-concentration of agar (40 g l-1)
without any further purification. In addition, we believe
that our engineered C. glutamicum SP002 strain has
high potential for the secretory production of various
recombinant proteins. Teramoto et al. reported the
secretory production of green fluorescent protein (GFP)
via Tat pathway in C. glutamicum, and although GFP
was successfully produced as high as 1.8 g l-1, this
result could be achieved by adding a high-concentration
of calcium ions (Ca2+) during cultivation (Teramoto et al.,
2011). The addition of Ca2+ also affected the transcrip-
tion of the gfp gene and cellular accumulation of the
GFP protein in the cytoplasm. Using the C. glutamicum
SP002 strain, we could produce DagA as high as
1.5 g l-1 without Ca2+ addition, and cellular accumulation
of DagA was not observed, which means that highly effi-
cient secretion of recombinant protein with high purity
can be achieved in the C. glutamicum SP002 strain with
coexpression of TatAC.
In this study, we engineered C. glutamicum for the effi-

cient secretory production of b-agarases (DagA and
EXB3) and successfully developed an efficient biopro-
cess for the production of NA2 from agar biomass. By
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engineering of C. glutamicum, both enzymes could be
produced into culture medium with high contents, so
without further purification, the culture medium was
directly used for the hydrolysis process, and to the end,
a cost-effective and highly efficient process could be
developed. As shown here, a high-concentration of agar
(40 g l-1) was successfully hydrolysed into NA2 in the
two-stage process, and to the best of our knowledge,
this is the highest concentration of agar in the enzymatic
hydrolysis of agar (Yan et al., 2020). We also believe
that the engineered C. glutamicum SP002 strain can be
a potential host for the secretory production of various
recombinant proteins with high purity, and our efforts in
the engineering of C. glutamicum will provide new insight
for the economic and industrial production of recombi-
nant proteins as well as high-value biochemicals.

Experimental procedures

Bacterial strains, culture media and growth conditions

The bacterial strains used in this study are listed in
Table 1. E. coli XL1-Blue was used for DNA manipula-
tion and plasmid maintenance. C. glutamicum ATCC
13032 and its engineered strains were used to produce
recombinant proteins. E. coli was cultivated in Luria-
Bertani (LB) medium (BD, Franklin Lakes, NJ, USA) at
37°C with shaking (200 rpm). To produce recombinant
proteins, C. glutamicum was inoculated in brain heart
infusion (BHI) medium (BD). After the overnight

cultivation of C. glutamicum at 30°C, the cells were
transferred into a 250 ml baffled flask containing 50 ml
of fresh semi-defined medium for 24 h with shaking
(200 rpm). The semi-defined medium contained 20 g
glucose, 7 g casamino acid, 15 g yeast extract, 3 g
K2HPO4, 1 g KH2PO4, 2 g urea, 10 g (NH4)2SO4, 2 g
MgSO4, 200 lg biotin, 5 mg thiamine, 10 mg calcium
pantothenate, 10 mg FeSO4, 1 mg MnSO4, 1 mg
ZnSO4, 200 lg CuSO4 and 10 mg of CaCl2 in 1 l. In all
cultivations, kanamycin (Km, 25 lg ml-1) was added to
the culture medium as the sole antibiotic.

DNA manipulation

All restriction enzymes used for gene manipulation were
purchased from Enzynomics (Daejeon, Korea). Poly-
merase chain reaction (PCR) was performed in a
C1000TM Thermal Cycler (Bio-Rad, Hercules, CA, USA)
using Prime STAR HS polymerase (Takara Bio Inc.,
Shiga, Japan). All primers used for the PCR are listed in
Table S1. The CgR0949 signal peptide was amplified
from pXD5 as a template (Yim et al., 2017) by PCR with
CgR0949-F and CgR0949-R primers using pXD5. The
PCR product was digested with BamHI and XbaI and
cloned into high-copy number plasmid (pHCMS) (Choi
et al., 2018), yielding pHCP-CgR. To express the endo-
type b-agarase, Streptomyces coelicolor A3(2) b-
agarase (dagA) gene was amplified from pUWL201PW-
DagA (Temuujin et al., 2011) by PCR with DagA-F and

Table 1. Bacterial strains and plasmids used in this study.

Relevant characteristics Reference or Source

Strains
E. coli

XL1-blue recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F0 proABlacIq ZDM15 Tn10 (Tetr)] Stratagenea

C. glutamicum
ATCC 13032 Biotin-auxotrophic wild type ATCC
SP001 ATCC 13032 with in frame deletion of Cg2052 This study
SP002 SP001 with in frame deletion of Cg1514 This study

Plasmids
pCES-PLPV pCES208 derivative; MCS and rrn terminator,Kmr Yim et al. (2016a)
pXD5 pCES208 derivative; Cg1514 signal peptide with xlnA and CgR0949 signal peptide with

xynB
Yim et al. (2017)

pUWL201PW-DagA dagA expression plasmid in Streptomyces cells Temuujin et al.
(2011)

pHCMS pCES-PLPV derivative; parB nonsense mutation,Kmr Choi et al. (2018)
pHCP-CgR pCES-PLPV derivative; CgR0949 signal peptide from pXD5 This study
pHCP-CgR-DagA pHCMS derivative; CgR0949 signal peptide fused with dagA FLAG tag This study
pHCP-CgR-DagA-TatAC pHCP-CgR-DagA derivative; tatAC This study
pHCP-CgR-DagA-

TatACB
pHCP-CgR-DagA derivative; tatACB This study

pCG-S-EXB3 pCG-S derivatives; EXB3 from G. chinensis, Kmr Jeong et al. (2019)
pHCP-CgR-DagA-EXB3 pHCP-CgR-DagA-TatAC derivative; CG-S-EXB3 This study
pK19mobSacB Mobilizable vector, Kmr Sch€afer et al. (1994)
pK19-ΔCg2052ss pK19mobsacB derivative; flanking region of Cg2052 signal peptide This study
pK19-ΔCg1514ss pK19mobsacB derivative; flanking region of Cg1514 signal peptide This study

a. New England Biolabs, Beverly, MA, USA.
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DagA-R primers. The PCR product was digested with
SfiI and cloned into pHCP-CgR, yielding pHCP-CgR-
DagA. For coexpression of Tat pathway proteins, tatA
and tatC genes were amplified from the chromosomal
DNA of C. glutamicum ATCC13032 by PCR with two pri-
mers, TatAC-F and TatAC-R. The PCR product was
digested with NotI and cloned into pHCP-CgR-DagA,
yielding pHCP-CgR-DagA-TatAC. In addition, the tatB
gene was amplified from the chromosomal DNA of C.
glutamicum by PCR using TatB-F and TatB-R. After
digestion with BglII and SpeI, the PCR product was
cloned into the same restriction enzyme site of pHCP-
CgR-DagA-TatAC, yielding pHCP-CgR-DagA-TatACB.
For the coexpression of DagA and EXB3 genes, pHCP-
CgR-DagA-EXB3 was constructed using Gibson assem-
bly (Thomas et al., 2015). DNA fragments consisting of
the EXB3 gene expression cassette with Cg1514 pro-
moter (PCg1514) and Cg1514 signal peptide were
obtained from pCG-S-EXB3 (Jeong et al., 2019) by PCR
with DagB Gib-F and DagB Gib-R. After digestion of
pHCP-CgR-DagA-TatAC with BglII and SpeI, the PCR
product and pHCP-CgR-DagA-TatAC were assembled
by Gibson assembly, yielding pHCP-CgR-DagA-EXB3.

Deletion of Cg2052 and Cg1514 genes in chromosome

For gene deletion, we mainly used the double crossover
method using pK19mobSacB (Sch€afer et al., 1994). For
the deletion of the Cg2052 gene, 500 bp DNA fragment
A upstream of Cg2052 was amplified by PCR with
Cg2052-A-F and Cg2052-A-R primers, and the other
500 bp DNA fragment B downstream of Cg2052 was
amplified by PCR with Cg2052-B-F and Cg2052-B-R.
Both the PCR products were used as templates for over-
lap PCR with Cg2052-A-F and Cg2052-B-R. The result-
ing PCR products were digested with SalI and BamHI
and cloned into pK19mobsacB with the same restriction
enzyme sites to yield pK19-ΔCg2052ss. C. glutamicum
ATCC13032 was transformed with pK19-ΔCg2052ss,
and the plasmid-integrated cells were screened in BHIS
(BHI with 30 g l-1 sorbitol) plates containing kanamycin.
The isolated cells were inoculated in BHI media and
spread on a 10% (w/v) sucrose LB plate to pop out the
integrated plasmid. With the isolated clones, the deletion
of the Cg2052 gene was confirmed by colony PCR with
the two primers Cg2052-A-F and Cg2052-B-R. The
Cg2052 gene deleted strain was C. glutamicum SP001.
The same method was used to delete the Cg1514 gene.
Cg1514-A-F, Cg1514-A-R, Cg1514-B-F and Cg1514-B-R
primers were used in Cg1514 gene deletion. The
digested PCR product was cloned into pK19mobsacB to
yield pK19-ΔCg1514ss. C. glutamicum SP001 was trans-
formed with pK19-ΔCg1514ss and plasmid-integrated
cells to yield C. glutamicum SP002.

Fed-batch cultivation

After overnight cultivation in BHI media, the cells were
inoculated into four flasks containing 50 ml of semi-
defined medium in each baffled flask. After cultivation at
30°C for 24 h with shaking (200 rpm), the cells were
transferred into 2 l semi-defined medium in a 5 l jar
bioreactor (BioCNS, Daejeon, Korea). The culture tem-
perature was maintained at 30°C throughout cultivation,
and the pH was controlled at pH 7.0 by adding a 20%
ammonia solution. The dissolved oxygen (DO) concen-
tration was maintained at 30% (v/v) by online monitoring
and automatically increasing the agitation speed up to
1200 rpm. Cell growth was determined by measuring
optical density at 600 nm (OD600) using a spectropho-
tometer (Mecasys, Daejeon, Korea).

Protein sample preparation and analysis

After flask cultivation, cells were precipitated by centrifu-
gation (13 000 rpm, 10 min and 4°C), and the extracellu-
lar proteins were collected from the culture supernatant
using the acetone precipitation method (Jiang et al.,
2004). The culture supernatant was mixed with the same
volume of cold acetone and incubated at �20°C for 2 h.
After centrifugation (13 000 rpm, 10 min and 4°C), the
pellet was resuspended in protein sampling buffer
(50 mM Tris–HCl, pH 10, 10% glycerol, 4% SDS, 8 M
urea, 2% b-mercaptoethanol and 0.02% bromophenol
blue). For the fed-batch cultivation samples, the culture
supernatant (5 ll) was mixed with protein sampling buf-
fer without any concentration.
Protein samples were analysed using SDS-PAGE and

Western blotting (Jeong et al., 2019). After SDS-PAGE
scanning, protein densitometry was performed using the
GelAnalyzer2010 software (http://www.gelanalyzer.com).
For Western blotting, the polyvinyl difluoride (PVDF)
membrane was incubated with a blocking solution con-
taining horseradish peroxidase (HRP)-conjugated mono-
clonal anti-FLAG M2 antibody (Sigma Aldrich, St. Louis,
MO, USA) for the detection of FLAG-tagged proteins.
After incubation, the membrane was washed with TBS-T
(four times, 10 min each), and the signal was developed
using an ECL kit (GE Healthcare Bio-Science AB, Buck-
inghamshire, UK).

Purification of DagA

For the purification of DagA, culture broth, after fed-
batch cultivation, was centrifuged at 13 000 rpm for
30 min at 4°C. The supernatant sample was collected
and dialysed with 50 mM Tris-HCl buffer (pH 7.0) as an
equilibrium buffer for 24 h. The residual insoluble mat-
ters were removed by filtration using a 0.45 lm syringe
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filter (Sartorius, Goettingen, Germany). After filtration,
the sample was applied to a HiTrap Q HP column (GE
Healthcare Life Sciences, Uppsala, Sweden) mounted
on an €AKTA pure anion exchange chromatography (GE
Healthcare Life Sciences). After washing with equilibrium
buffer (50 mM Tris-HCl, 1 M NaCl, and pH 7.0), proteins
were eluted with a NaCl concentration gradient (0 to 1 M
NaCl) using a UV detector.

b-agarase activity assay

The DagA activity assay was performed using the 3, 5-
dinitrosalicylic acid (DNS) method (Park et al., 2014).
After cultivation, the culture supernatant (2 ml) was col-
lected by centrifugation at 13,000 rpm for 10 min. The
supernatant (25 ll) was mixed with 975 lL of 0.2%
agarose (Higel-Agarose ClearTM, E&S, Daejeon, Korea)
in 50 mM Tris-HCl buffer (pH 7.0). The mixture reacted
at 40°C for 10 min. After the reaction, 1 ml of DNS
reagent was added and boiled at 100°C for 10 min.
After cooling, the absorbance of the sample was mea-
sured at 540 nm by UV spectrometry (Mecasys, Korea).
One unit (U) of endo-type b-agarase activity was
defined as the amount of enzyme required to liberate
1 lmol of reducing galactose per minute, at pH 7.0 and
40°C.

Two-stage hydrolysis of agar

For the hydrolysis of agar (Difco, Detroit, MI, USA), 1 l
of semi-defined media containing 40 g agar was auto-
claved for sterilization and solubilization of agar, after
which the agar medium was cooled to 40°C. In the first
stage, 20 ml of filtered crude fermentation samples con-
taining DagA and EXB3 was added, and the hydrolysis
reaction was conducted at 40°C for 2 h. Next, in the sec-
ond stage, the reaction mixture was cooled to 30°C and
20 ml of the fermentation sample was added. The sec-
ond hydrolysis reaction was conducted at 30°C for 6 h.
The reaction products in each stage were analysed by
thin-layer chromatography (TLC) method (Jeong et al.,
2019).

Analysis of NAOSs

The content of NAOSs in the hydrolysis reaction with
purified DagA was determined by high-performance liq-
uid chromatography (HPLC) (Park et al., 2014). The
same method of the b-agarase activity assay was used.
The reaction sample was centrifuged at 13 000 rpm for
10 min, and the supernatant was analysed using a
Waters 2960 HPLC system (Waters, Milford, MA, USA).
Asahipak NH2P-50 4E column (Shodex, Tokyo, Japan)
was used, and 80% CH3CN was used as the mobile

phase. The flow rate was 1.0 ml min-1. Detection was
performed using an evaporative light scattering detector
(ELSD).

Protein identification

The endogenous proteins (Cg1514 and Cg2052) were
identified by N-terminal amino acid sequencing or
MALDI-TOF-MS. After SDS-PAGE analysis of the super-
natant, a major secreted protein band was extracted and
the following analytical method was performed in
EMASS Co. (Seoul, Korea).
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Fig. S1. Time profile of fed-batch cultivation. A. Time profile
of cell growth (⬤), glucose concentration (◇) and dry cell
weight (■) of C. glutamicum ATCC13032. B. Time profile of
cell growth (⬤), glucose concentration (M) and dry cell
weight (■) of C. glutamicum SP002.
Fig. S2. Production of DagA in engineered C. glutamicum
SP001 by fed-batch cultivation. DagA (◀), second unknown
protein (◁). Each lane represents protein size marker (M)
and culture times (0–49 h).
Table S1. List of oligonucleotides used in the PCR experi-
ment.
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