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Abstract
lysA gene encoding meso-diaminopimelic acid (DAP) decarboxylase enzyme that catalyzes L-lysine biosynthesis in the
aspartate pathway in Streptomyces clavuligerus was overexpressed, and its effects on cephamycin C (CephC), clavulanic
acid (CA), and tunicamycin productions were investigated. Multicopy expression of lysA gene under the control of glpF
promoter (glpFp) in S. clavuligerus pCOlysA led to higher expression levels ranging from 2- to 6-fold increase at both
lysA gene and CephC biosynthetic gene cluster at T36 and T48 of TSBG fermentation. These results accorded well with
CephC production. Thus, 1.86- and 3.14-fold higher volumetric as well as 1.26- and 1.71-fold increased specific CephC
yields were recorded in S. clavuligerus pCOlysA in comparison with the wild-type and its control strain, respectively, at
48th h. Increasing the expression of lysA provided 4.3 times more tunicamycin yields in the recombinant strain. These
findings suggested that lysA overexpression in S. clavuligerus made the strain more productive for CephC and
tunicamycin. The results also supported the presence of complex interactions among antibiotic biosynthesis pathways in
S. clavuligerus.
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Introduction

Streptomyces clavuligerus produces several medically impor-
tant secondary metabolites such as the highly potent β-lactam
antibiotic cephamycin C (CephC); clavulanic acid (CA), a β-
lactamase inhibitor; and tunicamycin, a glycosylation inhibi-
tor. Of these secondary metabolites, CephC is a naturally oc-
curring cephamycin antibiotic and potent against penicillin-
resistant bacteria via a methoxyl group at the C-7 position of
the cephalosporin core. CephC is highly stable at neutral pH
and used as a raw material to synthesize semisynthetic antibi-
otics such as cefoxitin, cefmetazole, temocillin, and cefotetan
[1, 2]. CA is a β-lactamase inhibitor used in combination with

β-lactam antibiotics such as amoxicillin (Augmentin™) and
ticarcillin (Timentin™) against β-lactamase-producing bacte-
ria [3]. Non-β-lactam compounds such as holomycin with
pyrrolidine structure and tunicamycin with a glucosamine-
containing structure are also produced by S. clavuligerus [2,
4]. Tunicamycin is a fatty acyl nucleoside-type antibiotic and
composed of a 14-membered gene cluster lacking cluster-
situated regulator (CSR) [5].

CephC biosynthesis pathway starts with the non-ribosomal
condensation of L-α-aminoadipic acid (α-AAA), L-cysteine,
and L-valine precursors to form delta-(L-alpha-aminoadipyl)-
L-cysteinyl-D-valine (LLD-ACV).α-AAA is a catabolic prod-
uct of L-lysine produced from the lysine branch of the aspar-
tate metabolic pathway (Fig. 1) [7, 8]. L-Lysine is produced
through decarboxylation of the cell wall precursor meso-
diaminopimelate, catalyzed by the diaminopimelate (DAP)
decarboxylase (E.C.4.1.1.20). This enzyme is encoded by
lysA gene in the aspartate pathway. Then, L-lysine is converted
toα-AAA in two steps of the CephC pathway by the enzymes
encoded by lat and pcd genes [9, 10]. Therefore, availability
of α-AAA is a limiting step for precursor flux from the aspar-
tate pathway and for β-lactam biosynthesis [8, 11].
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Fermentation optimization or metabolic engineering ap-
proaches, or both, were used to overproduce CephC in the
cell. The addition of L-lysine, its product, i.e., α-AAA, or
its precursor, i.e., diaminopimelate, stimulated the produc-
tion of CephC in S. clavuligerus [2, 11, 12]. Similarly,
supplementation of the fermentation medium with L-lysine
or diamines putrescine, cadaverine, and diaminopropane
also enhanced cephamycin production in Nocardia
lactamdurans, another cephamycin producer actinomycete
[13, 14].

In addition to precursor supply to increase CephC yield in
S. clavuligerus, there are some genetic engineering studies
targeting biosynthetic or regulatory genes to improve the
CephC production. For instance, Özcengiz et al. [15] intro-
duced multicopy ask (aspartokinase) gene in the aspartate
pathway into S. clavuligerus, leading to 3.3-fold higher spe-
cific CephC production in the recombinant strain. In addition,
ccaR overproduction in S. clavuligerus resulted in 6.1-fold
higher production of specific CephC [16]. Recently, it has
been reported that overexpression of pimM gene from
Streptomyces natalensis in S. clavuligerus resulted in a

remarkable increase in CephC as well as CA and tunicamycin
yields [17].

In S. clavuligerus, CephC and CA are synthesized si-
multaneously through different metabolic pathways [18].
Several reports indicated the positive impact of inducers
and precursors as well as carbon or nitrogen sources in the
fermentation media for the production of either com-
pound, CephC or CA [19]. For instance, the culture sup-
plemented with soluble starch as carbon source or cotton-
seed extract as complex nitrogen source enhanced CephC
production while the glycerol feeding did not cause an
increase in maximum CephC production [20]. In contrast,
the glycerol feeding strongly enhanced CA as previously
reported [21]. Interestingly, the variable concentration of
1,3-diaminopropane in the culture changes that connected
production in the favor of either compound [13, 22].

The lysA gene of S. clavuligerusNRRL 3585 was previously
PCR-amplified and characterized, and its sequence was deposit-
ed to the GenBank with the accession number of DQ078790.1
[6]. This study aimed at homologous multicopy expression of
lysA gene in S. clavuligerus to determine its effect in the
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expression of CephC gene cluster and in the CephC yield. In
order to see the effect of this manipulation more extensively,
CA and tunicamycin productions were also evaluated in the
lysA-overexpressed S. clavuligerus cells.

Materials and methods

Bacterial strains, plasmids, media, and culture
conditions

Bacterial strains and plasmids used are given in Table 1. S.
clavuligerus strains were grown in tryptic soy broth (TSB) me-
dium at 28 °C and 220 rpm until the 1/10 diluted culture reached
an optical density (OD600) of approximately 0.6. These seed
cultures were used to inoculate (5%, v/v) 500-ml triple-baffled
flasks containing 100 ml of TSB medium supplemented with
0.5% glycerol (to induce the pSPG glpF promoter, glpFp). The
cultures were grown in triplicate, and duplicate samples were
taken to quantify growth and antibiotic concentration. Cultures
of S. clavuligerus pCOlysA and S. clavuligerus pSPG were sup-
plemented with apramycin (50 μg/ml) to maintain the multicopy
plasmids. To propagate Escherichia coli (E. coli), Luria broth
(LB) or agar plates (LA) were used, and the strains were incu-
bated at 37 °C. Antibiotics (ampicillin [100 μg/ml], kanamycin
[25 μg/ml], chloramphenicol [25 μg/ml]) were added when
needed. E. coli ESS 3235, Klebsiella pneumoniae ATCC
29665, and Bacillus subtilis ATCC 6633 strains were grown in
LB at 30 °C and 200 rpm to an OD600 value of 0.9–1.0 before
use in the CephC, CA, and tunicamycin bioassays, respectively.

Mannitol soy flour (MS) agar [27] was used to grow
exconjugants after conjugation.

Construction of S. clavuligerus pCOlysA and S.
clavuligerus pSPG

The promoterless lysA gene was isolated by PCR as 1400-bp
fragment from S. clavuligerus genomic DNA using the spe-
cific primers listed in Table 2. The lysA amplicon was
subcloned to pGEM-T® Easy to give pCO5. Next, the lysA
gene was released from pCO5 with NdeI-SpeI and ligated to
downstream of glpF promoter in pSPG. The constructions
were verified by restriction digestion, PCR, and sequencing
of the PCR-amplified fragment. pSPG and pCOlysA were
introduced by transformation into the methylation-deficient
E. coli ET12567/pUZ8002 to bypass Streptomyces restriction
barrier. Intergeneric conjugation between Streptomyces and E.
coli was carried out as described by Flett et al. [28].
Exconjugants grown on MS agar were transferred to TSA
containing appropriate antibiotics, and they were allowed to
grow for up to 4 days at 28 °C. The presence of pSPG and
pCOlysA in S. clavuligerus exconjugants was confirmed by
PCR using Apr primers (Table 2) designed to amplify the
apramycin resistance gene. The strain S. clavuligerus carrying
the empty plasmid pSPG was the control strain in this work.

Nucleotide sequencing

The DNA sequencing was provided by BGI (Europe) through
the Genoks Company using BigDye Cycle Sequencing Kit

Table 1 Bacterial strains and plasmids used in this study

Strains and plasmids Description Source or reference

Strains

S. clavuligerus

NRRL 3585 Wild type, CephC, and CA producer Agricultural Research Service (ARS)

S. clavuligerus pCOlysA Recombinant strain of S. clavuligerus containing the recombinant
pSPG expression vector carrying the lysA gene

This study

S. clavuligerus pSPG S. clavuligerus NRRL 3585carrying pSPG (control strain) This study

E. coli

DH5α F′/dlacZD (lacZY A-argF) U169 supE44k-thi-1 gyrA recA1
relA1 endA1 hsdR17

E. coli Genetic Stock Center

ET12567/pUZ8002 F dam 13::Tn9 dcm-6 hsdM hsdR lacYI/oriT− plasmid Kieser et al. [23]

ESS 22-35 β-lactam supersensitive strain Hu et al. [24]

Bacillus subtilis ATCC 6633 Tunicamycin indicator Bignell et al. [25]

Klebsiella pneumoniae ATCC 29665 CA indicator Romero et al. [26]

Plasmids

pGEM-T® Easy AmpR, lacZ Promega Inc. (Madison, WI, ABD)

pCO5 lysA gene carrying recombinant pGEM-T® Easy This study

pSPG AmpR, ApR, glpFp Kurt et al. [16]

pCOlysA lysA gene carrying pSPG expression vector This study
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V3.1 (Applied Biosystems) of the Applied Biosystem and the
chain termination method.

Fermentation and growth determination

Fermentation experiments were performed by growing three
biological replicates of S. clavuligerus pSPG, S. clavuligerus
pCOlysA, and S. clavuligerus NRRL3585 in the TSBG me-
dium for 72 h. Two milliliters of samples taken from cultures

with 12-h intervals was used for DNA quantification [29] and
CephC and CA bioassays [16]. In the case of tunicamycin,
5 ml of the cultures were taken at every 12 h.

Antibiotic bioassays

CephC and CA concentrations were determined using culture
supernatants while tunicamycin was extracted directly from
the cultures prior to bioassay experiments [30, 31]. CephC,

Table 2 PCR primers used in cloning and verification experiments designed for this study as well as primer sequences used in qRT-PCR [16]

Name 5′ to 3′ primer sequence Product size (bp) Utility

lysA-F CATATGATGAGCCGTTCCGCACACCC 1400 To clone lysA
lysA-R ACTAGTTCACCCGACGTCGAGACGCA

G

Apr-F ATTCCGGGGATCCGTCGA 1352 To confirm insertion of pSPG in S. clavuligerus
Apr-R TGTAGGCTGGAGCTCCTT

hrdB-FP CGCGGCATGCTCTTCCT 109 To amplify by qRT-PCR a hrdB internal sequence
hrdB-RP AGGTGGCGTACGTGGAGAAC

ccaR-FP CACCTGGAATGATGTGACGA 144 To amplify by qRT-PCR a ccaR internal sequence
ccaR-RP GCTTCCTTGGAGATGACCTG

orf10 FP TGCGCTGGCTGGGGGTCTC 133 To amplify by qRT-PCR a orf10 internal sequence
orf10 RP CGCAGGGGCAGCCGTGAAT

blp-FP CGCAGGGCCACTTCTTCTTCAAC 130 To amplify by qRT-PCR a blp internal sequence

blp-RP GCCTCCGTCATGCCCGTCTG

lat-FP TCACCCAGAAGCGGTATCTC 159 To amplify by qRT-PCR a lat internal sequence
lat-RP CGTACGGCACCGAATAAAGA

pcbAB-FP CACGCTCGGCATCTGGAAGG 124 To amplify by qRT-PCR a pcbAB internal sequence
pcbAB-RP GTGGTGCCGGTTGGTGACGA

pcbC-FP CGCGGCTCGGGCTTCTTCTAC 111 To amplify by qRT-PCR a pcbC internal sequence
pcbC-RP GGATCGCCAGGTCGTGCTTCTC

pcbR FP GTGGGGCTCGGCTATTGGGGTTAC 111 To amplify by qRT-PCR a pcbR internal sequence
pcbR RP CCAGGCGCCGAGGAAGGTGT

cefD-FP GCTGTGGCAGGCGCGGGAGAG 110 To amplify by qRT-PCR a cefD internal sequence
cefD-RP GCAGTGACGACGCGACGAGGTTGA

cefE-FP ACCTCGCCCGTCCCCACCA 161 To amplify by qRT-PCR a cefE internal sequence
cefE-RP GTCCAGATCCGCTCGAAGTCACCG

pcd-FP CAGCAATCAGTGGTACCGACGAGA 138 To amplify by qRT-PCR a pcd internal sequence
pcd-RP CGCGCAGGCCGAACAGAT

cmcT-FP GGCGGTCATGCTGCTGGTCT 137 To amplify by qRT-PCR a cmcT internal sequence
cmcT-RP CGCTGTCGGGGGTGATGG

pbpA-FP GGCGCTGCTGCTCGTCAT 116 To amplify by qRT-PCR a pbpA internal sequence
pbpA-RP TGTCGCGCAGGGTGAGGA

bla-FP CATCTGGAGCGGCGGGTCA 116 To amplify by qRT-PCR a bla internal sequence
bla-RP CGGATGGCGGCGTCACAGA

cmcI-FP CTGTTCCGGGGTCTGGGTGAG 123 To amplify by qRT-PCR a cmcI internal sequence
cmcI-RP GGAGAAGTCCGAGTAGCCGAGGTC

cmcJ-FP CGCTTCAGCCGGTTCCAGAT 176 To amplify by qRT-PCR a cmcJ internal sequence
cmcJ-RP CCATCAGCTTGCCCGCGTCGTTC

cefF-FP GGATGGCCCCGCACTACGACCTG 149 To amplify by qRT-PCR a cefF internal sequence
cefF-RP CGCGCCGCACATCACGACG

cmcH-FP CGTGGGCGCGTTCTACCTCGTCG 164 To amplify by qRT-PCR a cmcH internal sequence
cmcH-RP CCATCAGCTTGCCCGCGTCGTTC
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CA, and tunicamycin were quantified using the agar
plate diffusion method [26]. CephC concentrations were
calculated as cephalosporin C equivalents using a stan-
dard of cephalosporin C (Sigma). Potassium clavulanate
(Sigma) and tunicamycin (Sigma) were used as standards
to calculate the related antibiotic concentration in the
samples.

RNA isolation and gene expression analyses

RNAwas isolated from samples taken from cultures at 24th
and 36th h of growth. RNA was purified using GeneJET
RNA Purification Kit (Thermo Scientific) according to the
manufacturer’s instructions. In addition, Phase Lock Gel
Heavy (5 PRIME) columns were used to reduce sample
loss during phenol extraction. DNase treatment of the iso-
lated RNA samples was performed using a DNA-free™ kit
(Thermo Scientific). RNA amount was determined by the
NanoDrop® ND-2000 spectrophotometer (Thermo
Scientific, Wilmington). High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems) was used for
cDNA synthesis . Reactions with SsoAdvanced™
SYBR® Green Supermix (Bio-Rad) for qRT-PCR analysis
were performed on CFX96 Real-Time PCR (Bio-Rad). The
primers designed previously [16] were used for qRT-PCR
analysis. A standard qRT-PCR reaction included the fol-
lowing components: reaction buffer (5×) 4 μl; forward
primer (10 μM), 0.4 μl; reverse primer (10 μM), 0.4 μl;
cDNA, 1 μl; dH2O, 14.2 μl, in a final volume of 20 μl. The
PCR reactions started with an initial denaturation step (30 s
at 95 °C) and proceeded with 40 cycles of amplification
(5 s at 95 °C and 30 s at 60 °C). In the qRT-PCR experi-
ments, three biological and two technical replicates were
used for each sample. hrdB (RNA polymerase sigma factor
A) was used as the internal reference gene [16, 32]. The
ΔΔCt method was chosen for calculation of the relative
expression value of the genes [33].

Statistical analysis of qRT-PCR data

Two-way repeated ANOVAwith Bonferroni’s post hoc testing
was performed on the normalized gene expression to check
whether expression data were statistically different between S.
clavuligerus NRRL3585 (wild strain) and S. clavuligerus
pCOlysA or between S. clavuligerus pCOlysA and S.
clavuligerus pSPG. The GraphPad Prism software
(GraphPad Software, San Diego, CA, USA) was used for
statistical evaluation of qRT-PCR data. Error bars represent
95% confidence intervals. The statistical significance value
in the graphs is indicated as ***p < 0.001, **p < 0.01, and
*p < 0.05.

Results

Construction of S. clavuligerus pCOlysA

In this study, we constructed the S. clavuligerus pCOlysA
strain for lysA overexpression. The presence of pCOlysA plas-
mid (Fig. 2a) in the recombinant strain was verified by PCR
(Fig. 2b). The phenotypic observation of the recombinant
strain together with the control strains is also provided in
Fig. 3. As shown, the recombinant pCOlysA strain had similar
mycelium formation and sporulation pattern as the wild type.

Analysis of the effect of lysA in the CephC
biosynthesis genes

Multiple expressions of the lysA gene encoding meso-
diaminopimelate decarboxylase under the control of
glpFp in the pSPG replication vector in S. clavuligerus
pCOlysA led to 1.5-fold (p < 0.001) increase in its own
relative expression at T36. On the other hand, the relative
expression values of lat gene, involved in the conversion
of L-lysine to α-AAA in the CephC biosynthesis step, were
2.41 and 2 (T24 and T36), respectively, and were statistical-
ly significant (p < 0.001 and p < 0.01). At both sampling
hours, the expression levels of pcbAB, cefD, and cefF bio-
synthetic genes showed a statistically significant increase
ranging from 4 to 6 in S. clavuligerus pCOlysA compared
with those of the control strain. The expression levels of
other biosynthetic genes, i.e., pcbC, cefE, cmcH, and cmcI,
showed 2- to 4-fold increase in T36 compared with those of
the control strain (p < 0.01 or p < 0.001). Expression of the
ccaR regulatory gene located in the pathway increased
2.85-fold, especially in T24, as well (p < 0.001).

Interestingly, the relative expression value of orf10, a
gene of unknown function, compared with that of the con-
trol strain was determined as 2.85 (at T36). The orf10 gene
is expressed in the ccaR–orf10–blp–lat–pcbAB–pcbC
polycistronic transcript [34], and its higher expression
might also be related to CcaR regulation. The pbpA, a gene
encoding putative low molecular weight penicillin-binding
protein (PBP), plays a role with pcbR providing
autoresistance to β-lactam antibiotics. Therefore, in S.
clavuligerus pCOlysA, relative expression values of pbpA
and pcbR were found to be 2.15 (p < 0.05) and 1.60 (p <
0.001) at 36 h compared with those of the control strain.
Another gene of resistance, the bla, was expressed 3.64
times more in S. clavuligerus pCOlysA than that in the
control strain (p < 0.001). The blp gene, probably coding
for a β-lactamase inhibitor protein, showed 1.32-fold
higher expression value at 36th h. However, there was no
statistically significant difference in the relative expression
value of pcd, cmcJ, and cmcT genes in both hours (Fig. 4).
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Comparison of antibiotic (CephC, CA,
and tunicamycin) production

Growth of S. clavuligerus pCOlysAwas slightly higher at T72

than those of the other strains, and then gradually decreased
depending on time (Fig. 5). When CephC production was
compared, the highest volumetric CephC production belonged
to S. clavuligerus pCOlysA as 100.75 μg/ml at 48th h. At the
same time, the production values of S. clavuligerus NRRL
3585 and S. clavuligerus pSPG were 54.04 and 32.05
μg/ml, respectively. Thus, the multiple expressions of the
lysA gene in S. clavuligerus pCOlysA were 1.86-fold more
compared with those of the wild-type strain and 3.14 times

more compared with those of the control strain. However,
when the specific CephC productions were compared, the
highest value was reached by S. clavuligerus pCOlysA at
48th h as in volumetric production. S. clavuligerus pCOlysA
produced 1.29- and 1.71-fold higher specific CephC in com-
parison with those of wild-type and control strains (Fig. 6).

Regarding CA yields, S. clavuligerus pCOlysA provided
the highest volumetric CA production as 114.87 μg/ml at T48,
corresponding to 1.72-fold more yield compared with that of
S. clavuligerus NRRL 3585. However, multiple expressions
of the lysA gene under the control of glpFp in the recombinant
strain did not have a positive effect on specific CA production
as being almost the same in both strains.

Fig. 3 Phenotypic observation of
the wild-type S. clavuligerus (1),
S. clavuligerus pSPG (2), and S.
clavuligerus pCOlysA (3). a
Microscopic observation. b Spore
formation in ISP4 agar

Fig. 2 Vector map of recombinant pCOlysA constructed using Vector
NTI Advance® 11.5 (a). PCR verification of S. clavuligerus pCOlysA
(b). M, O’GeneRuler 1 kb plus DNA ladder (#SM1343); 1, negative
control PCR in which S. clavuligerus genomic DNA was used as
template for amplification of aac(3)IV-oriT amplicon; 2, aac(3)IV-oriT
amplicon obtained by using S. clavuligerus pCOlysA DNA and AprF-

R primer pair; 3, the positive control PCR using S. clavuligerus DNA as
template for amplification of the lysA gene; 4, the lysA amplicon obtained
using S. clavuligerus pCOlysA DNA as template and lysAF-R primer
pair; 5, the negative control PCR using pSPG plasmid as template for
amplification of the lysA gene
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In the case of tunicamycin, its production delayed to late
hours of incubation, especially after T84. The highest produc-
tion of tunicamycin was provided by S. clavuligerus pCOlysA
at 120th h as 451.7 μg/ml, and this value corresponded to at
least 4.5 times more volumetric tunicamycin than those of the
controls. Similarly, the specific antibiotic yield of S.
clavuligerus pCOlysAwas very high at T108 and T120, as well.
The multiple expressions of lysA in S. clavuligerus resulted in
a very productive tunicamycin overproducer strain.

Discussion

There have been many examples of strain improvement strat-
egies applied to S. clavuligerus aiming high levels of antibiotic
production. Such strategies range from media optimization to
genetic engineering approaches. However, there are limited
reports in regard to enhancing CephC yields through the

Fig. 4 qRT-PCR results of the
lysA and CephC gene cluster in S.
clavuligerus pCOlysA and S.
clavuligerus pSPG control strain
compared with those in S.
clavuligerus NRRL 3585. The
gene expression values in the wild
strain were taken as 1 (***p <
0.001, **p < 0.01, *p < 0.05). The
genes that have p > 0.05 do not
have any asterisk

Fig. 5 Growth of S. clavuligerus pCOlysA (closed circles) and pSPG
control strain (open circles) in TSBG compared with that of S.
clavuligerus NRRL3585 (closed squares)
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manipulation of aspartate pathway in S. clavuligerus. Yılmaz
et al. [35] disrupted hom gene encoding homoserine dehydro-
genase in the aspartate pathway in S. clavuligerus to see its
effect in CephC yields. They showed that the hom mutant
exerted 4.3-fold specific CephC production in chemically de-
finedmedia. Later, the same group overexpressedmulticopy of
the ask gene, encodes aspartokinase involved in the first step of
aspartate pathway in CephC biosynthesis, in S. clavuligerus
NRRL 3585 and its hom mutant [15]. They reported that ask
overexpression in the wild type resulted in an average of 3- and
1.8-fold increase in specific and volumetric CephC production
in TSB and modified chemically defined medium, respective-
ly, while hom-minus background significantly decreased
CephC yields in both media probably due to enzyme overpro-
duction or metabolic burden.

The deduced amino acid sequence of S. clavuligerus
lysA gene exhibited significant homology to known DAP
decarboxylases, especially those of actinobacteria such as
Streptomyces coelicolor, Corynebacterium efficiens, and
Mycobacterium tuberculosis [6]. LysR encoded by the
lysR gene is located immediately upstream from lysA
and was found to be a positive regulator in E. coli [36].
The lysR gene has also been determined by homology in
S. coelicolor (U37580, GenBank). LysR-type transcrip-
tional regulators (LTTRs) act on gene expressions in a
similar way to the model regulator lysR that controls
lysA expression in Enterobacteriaceae. Co-inducers are
important for the function of LTTRs and probably con-
tribute to a feedback loop. In that regulation, a product or
intermediate of a given metabolic/synthesis pathway

which is generally activated by an LTTR acts as the co-
inducer required for transcriptional activation or repres-
sion [37, 38]. In our study, we applied a rational approach
by homologous expression of the lysA gene under the
control of glpFp in TSBG in S. clavuligerus. The lysA
overexpression in the recombinant S. clavuligerus
pCOlysA strain led to only 1.5-fold upregulation in its
own expression level while the CephC gene cluster ex-
pression levels increased by 2- to 6-fold, indicating such
a feedback loop could be possible in the control of lysA
expression in the recombinant strain. Regarding increased
CephC cluster expression levels, the expression results
were in agreement with the production of CephC, which
was almost 2-fold increase in the recombinant strain com-
pared with that of the wild type.

CcaR is a common CSR of CephC and CA located at the
CephC gene cluster. Several studies indicated a high correla-
tion between CephC and CA. In addition to CSR regulation,
pleiotropic and nutritional regulation mechanisms are also ef-
fective in the production of both metabolites. S. clavuligerus
CcaR activator functions as a positive regulator in the CephC
gene cluster by binding to cefD-cmcI bidirectional promoter,
its own promoter, lat and cefF promoter regions [34]. The
ccaR overexpression under the control of pglpF in TSBG in
S. clavuligerus resulted in 6.1-fold increased specific CephC
production compared with the wild type [16]. In addition,
multicopy expression of ccaR under glpFp resulted in signif-
icantly improved industrial high-titer CA producer S.
clavuligerus strains [39]. Thus, the increased expression of
biosynthetic genes in S. clavuligerus pCOlysA might be

Fig. 6 Comparison of volumetric and specific antibiotic productions in S. clavuligerus pCOlysA (closed circles), S. clavuligerus NRRL 3585 (closed
squares), and S. clavuligerus pSPG (open circles) strains depending on time. Panel a for CephC, panel b for CA, and panel c for tunicamycin
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indirectly associated with positive effect of the lysA overex-
pression on CcaR.

Cavallieri et al. [19] showed by flux balance analysis that
lysine and maltose addition to chemically defined media in-
creased both CephC and CA productions in S. clavuligerus. It
was also shown that the addition of glycerol or other vegetable
oils promotes CA production [40, 41]. In our study, the lysA
overexpression and glycerol addition did not affect CAyields
in the recombinant strain.

Tunicamycin is composed of a uracil, anN-acetylglucosamine
(GlcNac), an unusual 11-carbon 2 aminoaldose sugar called
tunicamine, and an amid-linked fatty acid. The unique
tunicamine 11-carbon dialdose sugar backbone arises from a 5-
carbon furanose precursor derived from uridine and a 6-carbon
N-acetylamino-pyranose precursor derived from UDP-GlcNac.
The α,β-1″,11′-glycosidic linkage between tunicamine and
GlcNac is specific for this metabolite [31, 42]. Therefore,
tunicamycin biosynthesis might improve with the supplementa-
tion of 5- and 6-carbon carbohydrate precursors or uridine, which
might considered bottlenecks for tunicamycin biosynthesis as
stated by Martínez-Burgo et al. [17]. They reported that
tunicamycin overproduction in the pimM-overexpressed S.
clavuligerus was not due to overexpression of tunicamycin bio-
synthetic gene cluster but might be a result of an increase in the
supply of tunicamycin precursors.

Apart from this study [17], the tunicamycin-related studies
mostly focused on structural and functional elucidation. Its
regulation and interaction with other antibiotic metabolic
pathways are still unknown. The absence of a CSR in the
tunicamycin gene cluster makes its regulation mechanism
more attractive [5, 43–46]. However, we have recently pro-
posed a possible role of BldG pleiotropic regulator for
tunicamycin in S. clavuligerus through qRT-PCR and bioas-
say studies by using bldG mutant [25] and overexpressed
strains [47]. Consequently, this manipulation in S.
clavuligerus through multicopy expression of the lysA gene
under the control of inducible glycerol promoter led to a sig-
nificant increase in the tunicamycin titer. This is the first report
indicating that a manipulation of the aspartate pathway result-
ed in an elevated level of tunicamycin in the recombinant
strain although the exact underlying mechanism has not
known yet.
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