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Abstract: Clavulanic acid (CA) produced by Streptomyces clavuligerus is a clinically important β-lactamase inhibitor. It is known
that glycerol utilization can significantly improve cell growth and CA production of S. clavuligerus. We found that the industrial CA-
producing S. clavuligerus strain OR generated by random mutagenesis consumes less glycerol than the wild-type strain; we then
developed a mutant strain in which the glycerol utilization operon is overexpressed, as compared to the parent OR strain, through
iterative random mutagenesis and reporter-guided selection. The CA production of the resulting S. clavuligerus ORUN strain was in-
creased by approximately 31.3% (5.21 ± 0.26 g/l) in a flask culture and 17.4% (6.11 ± 0.36 g/l) in a fermenter culture, as compared to
that of the starting OR strain. These results confirmed the important role of glycerol utilization in CA production and demonstrated
that reporter-guided mutant selection is an efficient method for further improvement of randomly mutagenized industrial strains.

Keywords: Clavulanic acid, Streptomyces clavuligerus, Glycerol utilization, Reporter-guided selection

Introduction
β-Lactams, such as penicillin and cephalosporin, are useful an-
tibiotic therapies to combat bacterial infection (Hamed et al.,
2013). These antibiotics block enzymes called penicillin-binding
proteins that are essential for bacterial cell-wall synthesis. How-
ever, the widespread use of β-lactam antibiotics has reduced
their efficacy due to the emergence of resistance among invading
pathogens. One of the clinically effective ways to overcome resis-
tance to β-lactam antibiotics is the combined use of a β-lactam
antibiotic and a β-lactamase inhibitor such as clavulanic acid (CA)
(Tahlan & Jensen, 2013), although CA itself exhibits weak antibac-
terial activity against most bacteria. Commercial products such
as AugmentinTM and TimentinTM, which are mixtures of CA and
conventional β-lactam antibiotics, have been prescribed in many
countries (Elander, 2003).

CA biosynthesis begins with the condensation of l-arginine and
glyceraldehyde-3-phosphate (G3P) by carboxyethylarginine syn-
thase (CeaS), which is the first enzyme involved in CA biosyn-
thesis in Streptomyces clavuligerus (Hamed et al., 2013; Jensen,
2012) (Fig. 1A). G3P, a direct precursor of CA, is derived from ei-
ther glucose or glycerol. The importance of glycerol supply in CA
biosynthesis has been demonstrated in S. clavuligerus (Paradkar,
2013). For instance, glycerol feeding of cultures enhanced CA
production by approximately 2-fold (Chen et al., 2003). More-
over, the expression of additional copies of the glycerol utilization
operon increased the CA yield by ∼4.5-fold, and further glycerol
supplementation enhanced CA production by ∼7.5-fold (Baños

et al., 2009). In S. clavuligerus, the genes responsible for glycerol
utilization are organized in a glp operon consisting of gylR-glpF1-
glpK1-glpD1; the gylR gene encodes an IclR family transcriptional
regulator, and the glpF1, glpK1, and glpD1 genes code for a putative
glycerol transporter, glycerol kinase, and glycerol-3-phosphate
dehydrogenase, respectively (Guo et al., 2013). It is known that
gylR is transcribed as a single transcript, and glpF1-glpK1-glpD1 is
polycistronically expressed under the control of a putative pro-
moter located upstream of glpF1 (Baños et al., 2009) (Fig. 1B). The
glp operon is also essential for cell growth on glycerol (Baños
et al., 2009). For example, glycerol supplementation improved the
growth of a wild-type S. clavuligerus strain by approximately 2.5-
fold, but the deletion of glpK1 caused delayed cell growth that
corresponded to the growth of the wild-type strain in the ab-
sence of glycerol (Baños et al., 2009). In addition, transcriptome
analysis of an industrial CA-producing strain obtained through
iterative mutagenesis showed that the genes involved in glycerol
uptake and metabolism are upregulated in the industrial strain
(Medema et al., 2011). Taken together, improved utilization of glyc-
erol through overexpression of the glp operon in S. clavuligerus can
have significant effects on the enhancement of cell growth and
CA production.

Many attempts to increase the production of high-value sec-
ondary metabolites for strain improvement in an industrial
environment have been dependent upon random mutagene-
sis and selection (Rowlands, 1984). Although this conventional
strain development method has been successful for decades
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Fig. 1. Schematic representation of glycerol utilization and CA biosynthesis in S. clavuligerus. (A) Overexpressed glycerol utilization pathway in this
study is indicated by bold arrows. GlpF1, glycerol transporter; GlpK1, glycerol kinase; GlpD1, glycerol-3-phosphate dehydrogenase; TpiA, triose
phosphate isomerase; CeaS, carboxyethylarginine synthase. (B) Organization of the glp operon. gylR, IclR family transcriptional regulator.

(Medema et al., 2011; Ünsaldı et al., 2017), it is a time-consuming
and laborious approach for the identification of improved mu-
tants that exist among an enormous mutagenized population. To
facilitate the mutant selection process, a semirational method
based on the coexpression of a reporter gene and a key biosyn-
thetic gene have been developed. For example, a kanamycin re-
sistance gene (neo) fused with the pathway-specific regulator claR
of CA biosynthesis in S. clavuligerus was used as an indicator
for high-level expression of claR, resulting in the selection of
a mutant that produces approximately 33% more CA than the
starting strain (Qin et al., 2017). In addition, CA production by a
mutant of S. clavuligerus generated from the double reporter strat-
egy, in which an xylE (a catechol 2,3-dioxygenase gene)-neo dou-
ble reporter system was used to monitor the expression of ccaR
(another pathway-specific regulator for CA biosynthesis), was in-
creased by approximately 4-fold (Xiang et al., 2009). However, the
application of such a reporter strategy to a randomlymutagenized
industrial strain of S. clavuligerus is limited by the difficulty in
the identification of the appropriate target genes among the vast
accumulation of unpredictable mutations (Medema et al., 2011;
Ünsaldı et al., 2017).

In this work, we first identified that the high-CA-producing
S. clavuligerus strain OR consumes less glycerol in culture than
the wild-type strain, and we subsequently increased glycerol uti-
lization through iterative random mutagenesis and selection us-
ing the neo gene as a reporter for the increased expression of
the glp operon. The resulting mutant strain S. clavuligerus ORUN
showed significantly enhanced expression of the glp operon, com-
pared to that of the starting strain (approximately 5.3-fold).
CA production by S. clavuligerus ORUN was increased by ap-
proximately 31.3% (5.21 ± 0.26 g/l) in flask culture and 17.4%
(6.11 ± 0.36 g/l) in fermenter culture, as compared to that of
the starting OR strain. These results confirmed the significant ef-
fect of glycerol utilization on CA production and demonstrated
that reporter-guided mutant selection can be a practical strat-
egy for further improvement of randomly mutagenized industrial
strains.

Materials and Methods

Bacterial Strains and Plasmids
All bacterial strains and plasmids used in this study are listed in
Table 1. The high-CA-producing S. clavuligerus strain OR (Cho et al.,
2019) was generated from S. clavuligerus NRRL 3585 (Kim et al.,
2009) through random mutagenesis using ultraviolet (UV) irradi-
ation. E. coli HST08 (Takara, Shiga, Japan) was used as the host
for general cloning, and non-methylating E. coli ET12567/pUZ8002
(Kieser et al., 2000) was used for conjugal transfer of the recombi-
nant plasmid between Streptomyces and E. coli. S. clavuligerus NRRL
3585 and its derivative mutants were maintained on ISP4 (Difco,
Sparks, MD, USA). The temperature-sensitive E. coli-Streptomyces
shuttle vector pKC1139 (Bierman et al., 1992) containing an
apramycin resistance marker was used for gene insertion. Au-
thentic CA was provided by CKD Bio Corporation (Ansan, Korea).

Construction of Neo Insertion Mutant Strain
To construct the plasmid for the insertion of the neo gene down-
stream of the glp operon, the promoterless neo gene (GenBank
accession no. V00618.1; 151 nt–945 nt) including the left flank-
ing region (GenBank accession no. CP027858.1; 5 645 566 nt–
5 646 065 nt) and right flanking region (GenBank accession no.
CP027858.1; 5 645 066 nt–5 645 565 nt) was synthesized by Macro-
gen Corporation (Seoul, Korea) (Fig. S1). The synthesized DNA
fragment was digested with HindIII and XbaI and cloned into
pKC1139, resulting in pKD04. The neo insertion plasmid pKD04
was introduced into S. clavuligerus OR by conjugation from E. coli
ET12567/pUZ8002 (Kieser et al., 2000), and neo was then inserted
into the genome by homologous recombination. The neo gene was
fused to glpD1 by overlapping its start codon with the stop codon
of glpD1 (Fig. 2A). The desired double-crossover mutant ORN was
selected by its apramycin sensitive phenotype as described pre-
viously (Mo et al., 2011) and verified by PCR using primers GK-
check-forward (5′-CCGCTGCCCGGTATAGCCAA-3′) and GK-check-
reverse (5′-CGCACATCCAGAATCCGGAT-3′).
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Table 1. Strains and Plasmids used in this Study

Strains/plasmids Descriptiona References

E. coli strains
HST08 Host for general cloning Takara
ET12567/pUZ8002 Donor strain for intergeneric conjugation between E. coli and

Streptomyces
Kieser et al. (2000)

Streptomyces strains
Streptomyces clavuligerus NRRL 3585 Wild-type clavulanic acid-producing strain Kim et al. (2009)
Streptomyces clavuligerus OR Industrial high-producing strain Cho et al. (2019)
Streptomyces clavuligerus ORN Streptomyces clavuligerus OR containing neo downstream of glpD1 This study
Streptomyces clavuligerus ORUN Mutant obtained from Streptomyces clavuligerus ORN with increased

co-transcription of glp operon with neo
This study

Plasmids
pKC1139 Temperature-sensitive E. coli-Streptomyces shuttle vector containing oriT

and aac(3)IV for gene insertion
Bierman et al. (1992)

pKD04 pKC1139-based plasmid containing neo and flanking region This study

aneo: kanamycin resistance gene; oriT: origin of transfer; aac(3)IV: apramycin resistance gene.

Fig. 2. Construction of neo-labeled S. clavuligerus ORN strain from S. clavuligerus OR via homologous recombination. (A) Schematic representation of
homologous recombination between glp operon and neo gene insertion plasmid pKD04. The promoterless kanamycin resistance gene neo is fused
downstream of glpD1. Partial sequences of glpD1 and neo are shown to indicate the overlapping TGA stop codon and ATG start codon. (B) PCR
verification of ORN strain. 1,Marker; 2, pKD04; 3, OR strain; 4, ORN strain.

Mutagenesis and Reporter-Guided Selection
A combination of UV irradiation and N-methyl-N′-nitro-N-
nitrosoguanidine (MNNG) was used in the two-step mutagen-
esis for the selection of a mutant with increased cotranscrip-
tion of the glp operon with neo from the ORN strain. The in-
tensity of UV light causing 99.9% lethality and the dosage
of MNNG treatment causing 90% lethality were chosen for
the mutagenesis. First, mature spores of ORN were mutage-
nized by UV irradiation. The mutagenized spore suspensions
were then diluted and spread onto minimal medium plates
containing 0.1% glycerol, 0.1% CaCO3, 0.01% (NH4)2SO4, 0.06%
K2HPO4, 0.01% MgSO4·7H2O, 0.03% NaCl, 0.0003% FeCl3·6H2O,
0.0005% MnSO4·H2O, 0.0005% CuCl2·2H2O, 0.0005% ZnCl2, 1%
agar, and 1.5 μg/ml kanamycin. Kanamycin-resistant mutant
colonies were randomly selected and directly inoculated into
sterile 96-well plates with a high-throughput screening (HTS)
medium containing 4% glycerol, 1.5% soy peptone, 1.05% 4-
morpholinepropanesulfonic acid (MOPS), 0.12% KH2PO4, 0.01%
CaCl2·2H2O, 0.01% MgSO4·7H2O, 0.003% FeCl3·6H2O, 0.0005%
MnSO4·H2O, 0.0005% CuCl2·2H2O, and 0.0005% ZnCl2 with the au-

tomated colony picking device Qpix2 (Genetix, San Jose, CA, USA)
(Song et al., 2010). All mutant strains were cultivated at 28°C with
shaking at 1200 rpm for 6 days prior to CA titer testing.The relative
CA productionwasmeasured using amodified procedure of a sim-
ple spectrophotometric assay, as described previously (Bird et al.,
1982). The culture broth in each well was diluted by adding 500 μl
of acetate buffer (pH 6.6).After centrifugation of the 96-well plates
at 3000 rpm for 15 min, 10 μl of the supernatant from each well
was transferred to a new 96-well plate and diluted by the addi-
tion of 40 μl of acetate buffer. After adding 2% imidazole solution
(pH 6.8), the relative CA titers of 1056 mutants were determined
at 313 nm (Bird et al., 1982). The top 20 mutant strains show-
ing high CA yield were selected and additionally mutagenized
by MNNG (Rowlands, 1984). The mutagenized spores were plated
onto a minimal medium agar containing 2.0 μg/ml of kanamycin,
and the ability of the 1,056 randomly selectedmutants to produce
CA was evaluated on HTS plates by the spectrophotometric assay
as described above. The mutant strain that displayed the high-
est CA titer was selected and designated as strain S. clavuligerus
ORUN.
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RNA Extraction and Gene Expression Analysis
by qRT-PCR
In order to confirm the gene expression change of the glp
operon by reporter-guided mutation, total RNA was isolated
from S. clavuligerus strains ORN and ORUN grown in produc-
tion medium (3% glycerol, 4.7% soy flour, 1.05% MOPS, 0.16%
NaH2PO4, 0.01% NaCl, 0.01% MgSO4·7H2O, 0.004% FeCl3·6H2O,
0.0005% MnSO4·H2O, 0.0005% CuCl2·2H2O, 0.0005% ZnCl2) for 16
and 72 h, respectively, as described elsewhere (Jung et al., 2011).
The harvested cells were suspended in 1 ml of TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) and incubated at room temper-
ature for 5 min. The mixture was vortexed with 200 μl of chloro-
form and centrifuged at 13 000 × g for 15 min. The supernatant
was collected in a new tube and mixed with one volume of 70%
ethyl alcohol. The mixture was transferred to an RNeasy Mini
spin column (Qiagen, Hilden, NRW, Germany) and centrifuged at
8,000 × g for 15 s at room temperature. The spin column was
washed with RPE washing buffer (Qiagen, Hilden, NRW,Germany),
and the resulting total RNA was dissolved in 50 μl of RNase-free
water. The nucleic acid preparations were treated with DNase I
(New England Biolabs, Ipswich, MA, USA) as recommended by the
manufacturer.

The first-strand cDNA was synthesized using a Prime Script
1st strand cDNA Synthesis Kit (Takara, Shiga, Japan). The reac-
tion parameters were as follows: 95°C for 10 min, followed by 35
three-step amplification cycles consisting of denaturation at 95°C
for 30 s, annealing at 58°C for 30 s, and extension at 72°C for
30 s. The amplification specificity of each assay was confirmed
by melting curve analysis carried out at 60–95°C. After the reac-
tion was run on an Applied Biosystems 7500 Real-Time PCR in-
strument (Thermo Fisher Scientific, Waltham, MA, USA), the re-
sults were analyzed using the supporting 7500 software (v2.0.4).
The primers designed for the glpF1, glpK1, glpD1, and neo are sum-
marized in Table S1, and the primers designed for hrdB were used
to normalize all transcription values to the internal control as
described previously (Li et al., 2015). The experiments were car-
ried out in triplicate using RNA samples from three independent
cultures.

Kanamycin Susceptibility Test
LiofilchemTM MTSTM kanamycin test strips (Liofilchem, Abruzzo,
TE, Italy) were used to determine the minimum inhibitory con-
centrations (MICs) of kanamycin against OR, ORN, and ORUN
strains as described previously in order to confirm the in-
creased kanamycin resistance of the mutant strains (Baker
et al., 1991). The test was performed according to the manu-
facturer’s instructions. A spore suspension containing 2 × 108

CFU/ml was spread onto a minimal medium agar plate for lawn
growth, and the strip with a predefined concentration gradient
of kanamycin (256 μg/ml at the top of the strip) was placed
on the agar surface. The test plates were cultivated at 28°C
for 7 days, and the MICs were determined from the inhibi-
tion zone ellipses that intersected the scale indicated on the
strips.

Cultivation for CA Production
A volume of 0.5 ml of spore suspension was inoculated into
20 ml of seed medium containing 3.1% corn starch, 3.2%
soy flour, 3% glycerol, 0.5% yeast extract, 0.1% K2HPO4, 0.05%
MgSO4·7H2O, 0.025% FeSO4·7H2O, and 0.006% ZnCl2 in a 500 ml
baffled Erlenmeyer flask that was then cultivated on an or-
bital shaker at 210 rpm and 25°C for 48 h. A volume of 1 ml

of the seed culture was transferred to 50 ml of the produc-
tion medium described above in a 500 ml baffled Erlenmeyer
flask. The main culture was cultivated at 210 rpm and 25°C for
5 days.

For large scale fermentation, the seed culture was incubated
at 220 rpm and 28°C for 32 h as described above. The main cul-
tivation was carried out in a 7 l jar fermenter (Korea Fermenter,
Incheon, Korea) as described previously (Cho et al., 2019). After
a 24 h incubation, the main culture was continuously supple-
mented with additional glycerol (10 g/l/day).

Analysis of CA Production
The CA titer in the sample was estimated using high-performance
liquid chromatography (HPLC) as reported previously (Cho et al.,
2019). The culture broth (0.1 ml) from the main culture was
transferred to a 100 ml flask and diluted with 20 mM ac-
etate buffer (pH 6.6), followed by injection with a mixture
of 16.6 mM NaH2PO4 and methanol (86:14, vol/vol) into the
HPLC machine equipped with a SUPERCOSILTM LC-18 HPLC col-
umn (5 μm, 150 × 4.6 mm, Sigma-Aldrich, Saint Louis, MO,
USA). The flow rate was 1 ml/min, and CA was detected by
UV absorbance at 238 nm. Standard solutions of CA at differ-
ent concentrations were used to generate a calibration curve.
The CA production levels were averaged based on five separate
cultivations.

Analysis of Glycerol Consumption
The concentration of glycerol in the sample was analyzed using
HPLC. The sample was prepared as described above and injected
into the HPLC apparatus according to a modified procedure de-
scribed previously ( Daskalaki & Kondarides, 2009). HPLC analysis
was performedwith a SUPERCOGELTM H,6% crosslinkedHPLC col-
umn (9 μm, 250 × 4.6 mm, Sigma-Aldrich, Saint Louis, MO, USA)
by the isocratic method using 0.1% H3PO4 as the solvent. The flow
rate was 0.5 ml/min and a refractive index detector was used for
glycerol detection. Glycerol standards were used to obtain a cali-
bration curve. The residue levels of glycerol in the cultures were
averaged from five separate cultivations.

Viscosity Measurement
The apparent viscosity of the culturewas estimated using a Brook-
field viscometer equippedwith a small sample adaptor (Model DV-
E, Middleboro, MA, USA). Readings were taken using 16 ml of the
sample at 30 rpm, 25°C, and spindle number 25. The viscosity was
used as a biomass parameter for calculating cell growth (Neves
et al., 2000).

Fig. 3. Time course for glycerol consumption in S. clavuligerus NRRL 3585
and OR strain. WT, S. clavuligerus NRRL 3585.
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Fig. 4. Clavulanic acid production and residual glycerol from S. clavuligerus ORN and ORUN after 120 h cultivation in the flask. (A) Clavulanic acid
production; (B) residual glycerol.

Fig. 5. Relative expression level of glp operon in S. clavuligerus ORUN and OR at 16 and 72 h. The result is shown as fold-change of expression level in
ORUN relative to the level of ORN, which was given the value of 1 for each gene.

Results and Discussion
Glycerol Consumption of S. clavuligerus OR
Mutant
Our previous study reported that the strain S. clavuligerus OR de-
veloped through random mutagenesis produces 3.97 ± 0.10 g/l of
CA in the flask culture, whereas the wild-type NRRL 3585 strain
produces 0.53 ± 0.11 g/l of CA (Cho et al., 2019). The residual
amounts of glycerol in the cultures of thewild-type andOR strains
were monitored over a 120 h period to investigate whether en-
hanced glycerol utilization is one of the primary causes for the
high CA titer of the OR strain, as has been reported for another
randomlymutagenized industrial strain of S. clavuligerus (Medema
et al., 2011) (Fig. 3). The residual glycerol in the culture of the
wild-type strain was notably decreased between 8 and 24 h and
exhausted at 48 h. On the other hand, high-CA-producing strain
S. clavuligerus OR consumed approximately 7.52 g/l of glycerol
within 24 h (∼30.2% of the wild-type strain), and the glycerol
consumption by this mutant strain was markedly decreased af-
ter 24 h; more than half of the glycerol remained in the culture
medium after 120 h. This suggested that the improved CA pro-
duction in the OR strain is not related to the improved glycerol

utilization, and the CA production by the OR strain can be further
enhanced through overexpression of the glp operon responsible
for glycerol utilization.

Generation of ORUN Strain by Reporter-Guided
Selection Strategy
The reporter-guided mutant selection approach was designed us-
ing neo as a reporter gene to improve glycerol utilization in S.
clavuligerus strain OR. The promoterless neo gene was fused to
glpD1 by overlapping its start codon with the stop codon of glpD1
(Fig. 2A) by double-crossover homologous recombination of the in-
sertion plasmid pKD04. The specific ribosome binding site for neo
is not required because translational coupling from the upstream
genemay reinitiate translation of the downstream neo gene, as de-
scribed previously (Tian & Salis, 2015). The genotype of the result-
ing S. clavuligerus ORN strain was confirmed by colony PCR using
the primers GK-check-forward and GK-check-reverse described
above (Fig. 2B).

A two-step mutagenic screening approach was conducted to
enhance the expression of the glp operon of S. clavuligerusORN.Af-
ter two-step mutagenic screening, the mutant that produced the
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maximum CA titer (5.21 ± 0.26 g/l) in a flask culture was selected
and designated S. clavuligerusORUN (Fig. 4A). The CA production of
the mutant strain ORUN was enhanced by approximately 39.1%,
compared to that of the ORN strain. This is comparable to find-
ings of a previous study; the CA titer of S. clavuligerus M3–19 was
increased by approximately 33% over the starting strain in which
the pathway-specific regulator claR for CA biosynthesis was over-
expressed using neo as an indicator (Qin et al., 2017).

In addition, the residual glycerol level in the culture of ORUN
(13.5 ± 0.8 g/l) was lower than that in the culture of ORN
(18.9 ± 1.31 g/l) after 120 h cultivation. Considering the initial
glycerol concentration (30 g/l) in the culture, the consumption of
glycerol by S. clavuligerus ORUN was increased by approximately
17.9%, as compared to that of the ORN strain (Fig. 4B). Accordingly,
these results showed that the CA titer of S. clavuligerus ORUN gen-
erated through two-step mutagenesis using a reporter neo gene
was improved with enhanced glycerol utilization.

Gene Expression Analysis of glp Operon
in ORUN Strain
Gene expression analysis was performed to investigate whether
the increased CA production and glycerol utilization of the ORUN
strain were caused by overexpression of the glp operon. The rela-
tive expression levels of the glp operon in the ORUN strain at 16
and 72 h of incubation time, respectively, were compared to those
of the ORN strain (Fig. 5). Significant increases (approximately 5-
to 7-fold) in the expressions of the glp operon in the ORUN strain
at 16 hwere observed, as compared to those of the ORN strain.The
expression levels of the glp operon in the ORUN strain decreased
at 72 h, as compared to those at 16 h, but they still showed re-
markable increases (∼4- to 5-fold) as compared to those in the
ORN strain. The degree of fold-change of glpK1 expression of the
ORUN strain was the highest over the entire incubation time: 7.5-
fold and 5.7-fold at 16 and 72 h, respectively. The fold changes of
both glpF1 and glpD1 expression in the ORUN strain were approx-
imately 5.2- and 3.9-fold at 16 and 72 h, respectively, as compared
to those of the ORN strain. Moreover, it was observed that the ex-
pression of neo fused downstream of glpD1 in the ORUN strain in-
creased at 16 and 72 h by approximately 5.3- and 4.7-fold, respec-
tively, compared to that of the ORN strain. Because the glp operon
and neo share an overlapping nucleotide at the TGA stop codon
of glpD1 and ATG start codon of neo, it can be expected that the
promoterless neo is coordinately expressed under the control of a
promoter upstream of glpF1 (Fig. 2A) as reported previously (Wang
et al., 2016).

In order to confirm that the overexpression of the neo gene
in the ORUN strain actually increases the resistance against
kanamycin, kanamycin resistance was evaluated in S. clavuligerus
OR,ORN, and ORUN strains. The kanamycin strip test showed that
the ORN strain produced a similar inhibition zone compared with
the starting OR strain, but the ORUN strain showed a significantly
smaller inhibition zone than those of the other mutant strains
(Fig. S2). The MICs of kanamycin against OR, ORN, and ORUN
strains by a kanamycin strip test were 0.38, 0.5, and 3 μg/ml, re-
spectively. This indicated that the kanamycin resistance of ORUN
strain was increased due to the increased expression of the neo
gene. Taken together, these results demonstrate that a reporter
strategy remains an effective approach for further improvement
of high CA production in an industrial strain of S. clavuligerus, and
the enhancement of CA titer and glycerol utilization of the ORUN
strain resulted from increased co-transcription of the glp operon
with a neo gene.

Fig. 6. Time course of viscosity, clavulanic acid production, and residual
glycerol from S. clavuligerus OR, ORN, and ORUN in 7 l fermenter. After
24 h incubation, 10 g/l/day of glycerol was fed continuously. The arrow
indicates starting point (24 h) of continuous glycerol supplementation.
(A) Viscosity; (B) clavulanic acid production; (C) residual glycerol.

Large-scale Production of CA by OR, ORN, and
ORUN Strains
The production of CA, the residual amount of glycerol, and the
growth of the OR, ORN, and ORUN strains were monitored in a 7 l
fermenter over a 136 h incubation period (Fig. 6). The growth of the
OR and ORN strains substantially increased between 16 and 40 h
and reached stationary phase after 64−88 h (Fig. 6A). CA produc-
tion was increased in the late exponential and stationary growth
phases, and the maximum CA titer was observed at 112 h in both
of the OR and ORN mutant strains (Fig. 6B). The residual glycerol
in the culture of the OR and ORN strains was notably decreased at
early exponential phase and increased over the initial level (30 g/l)
at 64 h with additional glycerol supplementation; 10 g/l/day of
glycerol was fed continuously after 24 h of incubation (Fig. 6C).

In the case of ORUN, cell growth was slightly delayed between
16 and 40 h, as compared to the othermutants but reached growth
levels greater than those of the other mutants after 64 h (Fig. 6A).
The residual glycerol in the culture of the ORUN strain was
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remarkably lower after 136 h of incubation time, as compared to
those of other mutant strains (Fig. 6C), which suggests that the
ORUN strain utilized more glycerol than other mutant strains.
The glycerol consumption of the ORUN strain was consistently in-
creased between 0 and 64 h and moderately decreased after 64 h.
It was observed that CA production was moderately increased be-
tween 40 and 64 h and increased rapidly after 64 h in the ORUN
strain. The maximum CA titer in ORUN was increased by approx-
imately 17.4% (6.11 ± 0.36 g/l) at 112 h, as compared to that of the
OR strain (Fig. 6B). Based on these results, we confirmed the cru-
cial effect of glycerol utilization of S. clavuligerus on CA production
and cell growth in large-scale fermentation.

While the CA production by the ORUN strain in a flask culture
was increased by approximately 39.1% (Fig. 4A), the maximum
CA production of this mutant in the fermenter was enhanced by
approximately 15.1% over that of the ORN strain (Fig. 6B). The
conditions for fermenter culture need to be optimized for further
improvement of CA titer in the mutant strains. Nevertheless, the
resultingORUN strain displayed a 9.8-fold (5.21± 0.26 g/l) increase
in CA production in flask culture, as compared to that of wild-
type reported in our previous study (Cho et al., 2019). The CA titer
(6.11 ± 0.36 g/l) by the ORUN strain in the fermenter culture is one
of the highest CA titers produced by S. clavuligerus that has been
recently reported (Cho et al., 2019; Kizildoğan et al., 2017).

These results demonstrate that further enhancement of CA
titer in randomly mutagenized industrial strains of S. clavuligerus
can be achieved by overexpression of the glp operon and con-
firmed an important role of glycerol on the high production of
CA and cell growth of S. clavuligerus. Our results also showed that
reporter-guided mutant selection can be an efficient method for
further enhanced production of secondary metabolites through
random mutagenesis of an industrial strain.
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