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The activity of bacteriophages and phage-related mobile elements is a major source for genome rearrangements and genetic in-
stability of their bacterial hosts. The genome of the industrial amino acid producer Corynebacterium glutamicum ATCC 13032
contains three prophages (CGP1, CGP2, and CGP3) of so far unknown functionality. Several phage genes are regularly ex-
pressed, and the large prophage CGP3 (�190 kbp) has recently been shown to be induced under certain stress conditions. Here,
we present the construction of MB001, a prophage-free variant of C. glutamicum ATCC 13032 with a 6% reduced genome. This
strain does not show any unfavorable properties during extensive phenotypic characterization under various standard and stress
conditions. As expected, we observed improved growth and fitness of MB001 under SOS-response-inducing conditions that trig-
ger CGP3 induction in the wild-type strain. Further studies revealed that MB001 has a significantly increased transformation
efficiency and produced about 30% more of the heterologous model protein enhanced yellow fluorescent protein (eYFP), pre-
sumably as a consequence of an increased plasmid copy number. These effects were attributed to the loss of the restriction-modi-
fication system (cg1996-cg1998) located within CGP3. The deletion of the prophages without any negative effect results in a
novel platform strain for metabolic engineering and represents a useful step toward the construction of a C. glutamicum chassis
genome of strain ATCC 13032 for biotechnological applications and synthetic biology.

In recent years, the reduction or redesign of genomes of selected
microbial model species has become a major focus in synthetic

biology. These efforts aim at the construction of chassis organisms
with genomes reduced in their complexity and background noise
and hence with improved predictability and controllability (1, 2).
These strains are supposed to be advantageous both for basic re-
search and for application in industrial biotechnology. There are
basically two strategies for the genome reduction process: the bot-
tom-up strategy, where a minimal genome is redesigned from
scratch by de novo synthesis and assembly of essential genes, and
the top-down strategy, where nonessential genes are deleted start-
ing from native genomes (3).

In our study, we concentrated on the nonpathogenic, Gram-
positive soil bacterium Corynebacterium glutamicum. Originally
isolated because of its natural ability to excrete L-glutamate (4), C.
glutamicum is now used for the large-scale industrial production
of amino acids, in particular L-glutamate and L-lysine (about 2.2
million and 1.5 million tons per year, respectively) (5). Since the
world market for amino acids is continuously increasing, there are
ongoing efforts to improve production strains and processes (6).
While Escherichia coli and Bacillus subtilis have been the object of
several genome reduction studies in the last decade (7–13), not
much has been published with respect to C. glutamicum, repre-
senting one of the most important platform species used in indus-
trial biotechnology. Suzuki et al. successfully deleted 11 distinct
genomic regions ranging from 11 to 56 kbp with no effect on
growth under standard laboratory conditions (14). These regions
had been identified by comparative genomics, and in a follow-up
study, eight of those were combined in a single strain, leading to a
total genome reduction of 190 kbp with no negative effect under
standard conditions (15).

The sequencing of many bacterial genomes revealed that the

appearance of prophages is rather common, since the majority of
genomes contain at least one prophage. In some cases, prophages,
phage remnants, or orphan phage genes constitute up to 20% of
the whole bacterial genome (16). Temperate phages frequently
provide their host with new biological properties, such as genes
involved in virulence, toxin-encoding genes, or resistance to fur-
ther phage infection (16, 17). Nevertheless, the activity of pro-
phages and phage remnants is a major source of genetic variation
and horizontal gene transfer (16, 18, 19) and may have a signifi-
cant negative impact on the performance of bioprocesses. There-
fore, prophages represent ideal targets for genome reduction proj-
ects (10, 11).

Three prophages have been identified in the genome of C. glu-
tamicum ATCC 13032, CGP1 (cg1507-cg1524), CGP2 (cg1746-
cg1752), and CGP3 (cg1890-cg2071) (20, 21) (see Fig. 1A). The C.
glutamicum R strain is lacking the CGP2 and CGP3 regions and
contains only some phage remnants (22). In ATCC 13032, CGP1
and CGP2 are rather small (13.5 kbp and 3.9 kbp, respectively)
and appear to be highly degenerated. CGP3 (187.3 kbp) is one of
the largest known prophages, constituting almost 6% of the entire
C. glutamicum genome, and previous studies revealed spontane-
ous induction of CGP3 in a small fraction of wild-type cells even
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under standard cultivation conditions (23). A mutant lacking the
master regulator of iron homeostasis (C. glutamicum �dtxR) also
exhibited increased CGP3 gene expression (24). However, until
now not much has been known with respect to the functionality of
the prophages and their impact on the physiology of C. glutami-
cum. Why do these large prophage elements remain in the genome
of ATCC 13032? One would assume that selective pressure under
laboratory conditions should favor strains that have lost this
genomic burden. Is deletion of all three prophages possible, and
what is the impact on host fitness?

In this study, we addressed these questions, and we present the
successful construction of MB001, a prophage-free C. glutamicum
strain based on ATCC 13032. Phenotypic characterization re-
vealed no observable negative effect in comparison to the wild
type. On the contrary, this strain shows an improved fitness under
conditions triggering CGP3 activity and a significantly increased
production of the heterologous model protein enhanced yellow
fluorescent protein (eYFP).

MATERIALS AND METHODS
Bacterial strains, plasmids, and growth media. The bacterial strains used
in this study are listed in Table 1; the plasmids are listed in Table 2. For
growth experiments, 20 ml of brain heart infusion broth (BHI) (Difco
Laboratories, Detroit, MI, USA) was inoculated with a colony from a fresh
BHI agar plate and incubated overnight at 30°C and 120 rpm in shaking
flasks. Cells of this preculture were washed once in phosphate-buffered
saline (PBS) (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, and 1.4 mM
KH2PO4, pH 7.3) and used to inoculate the main culture to an optical
density at 600 nm (OD600) of about 1. Main cultures of 700 to 750 �l
CGXII minimal medium (25) were incubated at 30°C, 95% humidity, and
1200 rpm in a BioLector system (m2p-labs, Baesweiler, Germany) using
48-well Flowerplates. The medium was supplemented with 3,4-dihy-
droxybenzoate (30 mg liter�1) as an iron chelator, as well as glucose (56 to
111 mM), sodium gluconate (100 mM), sodium acetate (122 mM), or
sodium lactate (100 mM) as a carbon source, as needed. BioLector culti-
vations were monitored for backscatter, eYFP, and Crimson fluorescence
with gains of 17, 20, and 50. Bioreactor cultivations in CGXII medium
with 56 mM glucose were performed in 1-liter DASGIP reactors (Eppen-
dorf, Hamburg, Germany) with automated process control for pH, tem-
perature, and dissolved oxygen (DO). The pH was regulated to 7.0 with 4
M NaOH and HCl. The DO was kept constant at 30% by increasing the
stirrer speed (two Rushton turbines) from 200 to 1,200 rpm. Expression of

eyfp or crimson under the control of the Ptac promoter was induced by the
addition of 0.1 to 1.0 mM isopropyl �-D-1-thiogalactopyranoside (IPTG).
For the quantitative Western blot analysis, the main culture was grown in
500 ml baffled shake flasks containing 50 ml CGXII medium. When ap-
propriate, the medium for C. glutamicum was supplemented with 25 �g
ml�1 kanamycin, 10 �g ml�1 chloramphenicol, or 5 �g ml�1 tetracycline.

Recombinant DNA work. The enzymes for recombinant DNA work
were obtained from New England BioLabs (NEB) (Frankfurt, Germany)
or Fermentas (St. Leon-Rot, Germany). The oligonucleotides used in this
study were obtained from Eurofins MWG Operon (Ebersberg, Germany)
and are listed in Table S1 in the supplemental material. Routine methods,
such as PCR, DNA restriction, and ligation, were performed using stan-
dard protocols (26). Chromosomal DNA of C. glutamicum was prepared
as described previously (27). E. coli plasmids were isolated using the
QIAprep spin miniprep kit (Qiagen, Hilden, Germany). E. coli was trans-
formed using the RbCl method (28). C. glutamicum was transformed by
electroporation (29). DNA sequencing was performed by Eurofins MWG
Operon (Ebersberg, Germany). A detailed description of the construction
of plasmids used in this study is included in the supplemental material.

Microfluidic cultivation. The PDMS microfluidic system used in this
study was designed for single-cell studies of microcolonies under constant
environmental conditions. For fabrication of the chip system and exper-
imental setup, the reader is referred to reference 30. Prior to seeding and
trapping of single cells within the microfluidic device, the strains were
precultivated in BHI medium before inoculation of CGXII minimal me-
dium. Cells were harvested at an OD600 of 0.5 to 1 and perfused with
CGXII minimal medium containing 222 mM glucose during the micro-
fluidic growth experiments.

Construction of deletion and insertion strains. Transfer of the se-
quenced plasmid pK19mobsacB-�CGP1 into C. glutamicum and screen-
ing for the first and second recombination events were performed as de-
scribed previously (31). Kanamycin-sensitive and sucrose-resistant clones
were tested by colony PCR analysis with the oligonucleotide pair CGP1-
Dfw/CGP1-Drv for the deletion of CGP1. The other deletion mutants
were constructed analogously, except for the �CGP3 mutant. The dele-
tion of CGP3 was not successful using the straightforward approach de-
scribed above, and the following modifications were necessary. After in-
tegration of the deletion plasmid pK19mobsacB-�CGP3, a second
plasmid was integrated into the cglM gene to inactivate the restriction-
modification system organized in one operon (32). For this purpose, the
plasmid pACYC184 was chosen because it contains two genes for resis-
tance against chloramphenicol and tetracycline. Selections were made us-
ing both but in separate experiments. This approach revealed that both are

TABLE 1 Strains used in this study

Strain Relevant characteristics
Source or
reference

E. coli
DH5� F� �80dlac �(lacZ)M15 �(lacZYA-argF) U169 endA1 recA1 hsdR17 (rK

� mK
�) deoR thi-1 phoA supE44 	�

gyrA96 relA1; strain used for cloning procedures
28

C. glutamicum
ATCC 13032 Biotin-auxotrophic wild type 4
ATCC 13032 �CGP3 ATCC 13032 with in-frame deletion of prophage CGP3 (cg1890-cg2071) This work
ATCC 13032 �CGP13 ATCC 13032 with in-frame deletion of prophages CGP1 (cg1507-cg1524) and CGP3 (cg1890-cg2071) This work
MB001 ATCC 13032 with in-frame deletion of prophages CGP1 (cg1507-cg1524), CGP2 (cg1746-cg1752), and

CGP3 (cg1890-cg2071)
This work

ATCC 13032 �cglMRR ATCC 13032 with in-frame deletion of restriction-modification system cglMRR (cg1996-cg1998), located
within prophage CGP3

This work

ATCC 13032::Ptac-eyfp ATCC 13032 with eyfp under control of Ptac promoter integrated into intergenic region of cg1121-cg1122 This work
ATCC 13032::Ptac-crimson ATCC 13032 with crimson under control of Ptac promoter integrated into intergenic region of cg1121-cg1122 This work
MB001::Ptac-eyfp MB001 with eyfp under control of Ptac promoter integrated into intergenic region of cg1121-cg1122 This work
MB001::Ptac-crimson MB001 with crimson under control of Ptac promoter integrated into intergenic region of cg1121-cg1122 This work
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appropriate resistance markers for chromosomal integration in C. glu-
tamicum. After transformation of pACYC184-cglM-Lac, it took 4 to 5 days
until a few tiny colonies appeared. Clones carrying this plasmid could
easily be identified on agar plates containing 5-bromo-4-chloro-3-indo-
lyl-�-D-galactopyranoside (X-Gal) and IPTG. After the second recombi-
nation event, leading to the excision of the pK19 plasmid backbone,
kanamycin-sensitive and sucrose-resistant clones were tested by colony
PCR analysis with the oligonucleotide pair CGP3-Dfw/CGP3-Drv for the
deletion of CGP3. Absence of the stationary-phase chromosomal circular
DNA molecule of CGP3 was tested using the primer pairs prophage-1611-
for/prophage-1816-rev (circular form) and D_cg2040_for/D_cg2040_rev
(prophage gene cg2040). A DNA microarray analysis with chromosomal
DNA of the �CGP3 strain as the template was used to confirm the dele-
tion.

For competitive growth experiments, C. glutamicum wild type and
MB001 (�CGP123) containing chromosomally integrated fluorescence
markers were constructed. The markers contained the coding sequence of
a fluorescent protein (eyfp or crimson) under the control of the tac pro-
moter. The procedure was analogous to the two-step homologous recom-
bination method described above. The markers were integrated into the
intergenic region of cg1121-cg1122 and allowed optical differentiation of
two strains after induction with 100 �M IPTG. Cultivation was performed
in 48-well Flowerplates in a BioLector system at 30°C and 1,200 rpm. In
control experiments, fluorescent markers were switched between the
strains to exclude an influence due to expression of the respective reporter
gene.

Western blot analysis. The amount of eYFP was quantified as de-
scribed in reference 33 with the following modifications. Blocking of un-
specific binding was performed with 2% (wt vol�1) ECL advance blocking
agent (GE Healthcare) in PBST buffer (PBS plus Tween 20). Both primary
antibodies (anti-eYFP and anti-GltA) were used in a 1:10,000 dilution; the
secondary antibody was a goat anti-rabbit immunoglobulin G Cy5 con-

jugate (GE Healthcare) and was used in a 1:2,500 dilution. After washing,
the blots were scanned using a Typhoon TrioTM scanner (GE Health-
care). Bands were quantified using ImageQuant software (GE Health-
care).

Plasmid copy number determination using qPCR. The copy number
of the pEKEx2-eyfp plasmid was determined by quantitative PCR (qPCR)
as described previously (23, 34) with the following modifications. Each
sample contained 100 ng template DNA. The pEKEx2-specific oligonu-
cleotides (qPCR-pEKEx-5/qPCR-pEKEx-6) were designed to amplify a
234-bp fragment located within the kanamycin resistance gene of the
plasmid, and the oligonucleotides specific for a nonprophage part of the
genome (ddh-LC-for/ddh-LC-rev) were designed to amplify a 234-bp
fragment of the ddh gene (cg2900). Serial 10-fold dilutions of pEKEx2-
eyfp plasmid DNA (5 ng �l�1 to 5 pg �l�1) and a PCR product covering
the ddh fragment (50 pg �l�1 to 5 fg �l�1) were used to establish a stan-
dard curve. The plasmid copy number per genome was calculated for each
sample by using the following equation: [amount of plasmid DNA (pg)/
amount of ddh DNA (pg)] 
 [size of DNA fragment (234 bp)/size of
plasmid (8,885 bp)].

Determination of transformation efficiency. Preparation of electro-
competent C. glutamicum cells was performed as described previously
(35), with the following modifications. Cells were grown in 50 ml fresh
BHIS (BHI plus sorbitol) medium in 250-ml shaking flasks at 300 rpm in
an Innova orbital shaker (New Brunswick). The final cell suspension in
10% glycerol was adjusted to an OD600 of 10. Stock solutions of plasmids
pZ8-1 (36) and pCR003d (37) (100 ng �l�1) were prepared and used for
all tests. To determine the electroporation efficiencies, 500 ng plasmid
DNA (5-�l solution) was added to the 150-�l cell suspension on ice. After
regeneration, 10-�l and 300-�l aliquots were plated on BHIS agar plates
containing 25 mg liter�1 kanamycin. CFU were counted after 2 days of
incubation at 30°C, and the number of transformants was calculated as
CFU per �g DNA.

TABLE 2 Plasmids used in this study

Plasmid Relevant characteristicsa Source or reference

pK19mobsacB Kanr; plasmid for allelic exchange in C. glutamicum (pK18 oriVE.c. sacB lacZ�) 56
pK19mobsacB-�CGP1 Kanr; pK19mobsacB derivative containing PCR product covering up- and downstream regions of

prophage CGP1
This work

pK19mobsacB-�CGP2 Kanr; pK19mobsacB derivative containing PCR product covering up- and downstream regions of
prophage CGP2

This work

pK19mobsacB-�CGP3 Kanr; pK19mobsacB derivative containing PCR product covering up- and downstream regions of
prophage CGP3

This work

pK19mobsacB-�cglMRR Kanr; pK19mobsacB derivative containing PCR product covering up- and downstream regions of
restriction-modification system cglMRR

This work

pK18mobsacB-int1 Kanr; plasmid for integration of foreign DNA into intergenic region between cg1121 and cg1122
(oriVE.c sacB lacZ�)

This work

pK18mobsacB-int-Ptac-eyfp Kanr; plasmid for integration of Ptac-eyfp into intergenic region of cg1121-cg1122 This work
pK18mobsacB-int-Ptac-crimson Kanr; plasmid for integration of Ptac-crimson into intergenic region of cg1121-cg1122 This work
pK18-lacZ pK18 harboring coding sequence for lacZ; used as PCR template B. Kleine,

unpublished
pACYC184 Tetr Cmr; E. coli cloning vector with p15A ori; not replicable in C. glutamicum 57
pACYC-cglM-Lac Tetr Cmr; pACYC184 derivative containing lacZ, lacI, and a 500-bp fragment of cglM This work
pEKEx3 Specr, pEKEx2 derivative containing spectinomycin resistance gene instead of kanamycin resistance

gene
23

pEKEx2-eyfp Kanr; pEKEx2 containing eyfp with artificial RBS, under control of Ptac 58
pE2-crimson Ampr; encodes E2-Crimson Clontech
pAN6 Kanr; C. glutamicum/E. coli shuttle vector for regulated gene expression, derivative of pEKEx2 59
pAN6-crimson Kanr; pAN6 derivative for expression of E2-crimson under control of Ptac promoter This work
pMBX1 Specr, pEKEx3 derivative lacking 1,256-bp fragment between the two NdeI sites and carrying an RBS This work
pMBX1-eyfp Specr; pMBX1 derivative for expression of eyfp under control of Ptac promoter This work
pZ8-1 Kanr; C. glutamicum/E. coli shuttle vector containing tac promoter, mcs, E. coli ori from pACYC177,

C. glutamicum ori from pHM1519
36

pCR003d pK18mobsacB carrying cg0961del 37
a oriVE.c., E. coli oriV; RBS, ribosome binding site.
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Nucleotide sequence accession number. The nucleotide sequence of
the �CGP123 strain (MB001) was deposited in GenBank under accession
number CP005959.

RESULTS
Expression of phage genes: mining the microarray database.
The genome of C. glutamicum contains three prophages, termed
CGP1, CGP2, and CGP3 (Fig. 1A). Expression of phage genes has
been observed in numerous microarray experiments under differ-
ent laboratory conditions during the last decade (Fig. 1B). While
the majority of the CGP3 genes are not expressed (or are ex-
pressed at very low level) under standard cultivation condi-
tions (glucose minimal medium), there are some examples
which appear to be transcribed regularly, for example, a puta-
tive kinase (cg1905), gntR2 (cg1935), a restriction-modifica-
tion (RM) system (cglMRR, cg1996-cg1998), and the phage
integrase (cg2071). Remarkably, in some experiments, the
whole CGP3 cluster is upregulated, for example, upon treat-
ment with mitomycin C, which induces the cellular SOS re-
sponse, or by the overexpression of a transcriptional regulator
(Fig. 1B). Thus, phage gene expression may significantly inter-
fere with the host physiology depending on the growth condi-
tion or the genetic background of the strain. Based on these
observations, removal of the phage regions was expected to
have a positive impact on the genome stability and the bio-
mass-specific productivity of C. glutamicum and moreover
could provide interesting insights into the influence of the pro-
phages on host physiology.

Deletion of prophage elements. Initially, several trials to de-
lete CGP3 with the standard pK19mobsacB method failed; after
the final recombination event, all clones showed the wild-type
situation. The cg1996-cg1998 operon (within the CGP3 region)
encoding the RM system was the prime candidate to prevent de-
letion because this cluster is significantly expressed in most of the
microarray experiments (Fig. 1B) and such systems are known to
act as selfish genes (38). Therefore, the RM system was inactivated
by integration of a second plasmid into the coding region of the
first gene of the operon, cglM (for details, see Materials and Meth-
ods). After inactivation of the RM system, it took 4 to 5 days until
a few tiny colonies appeared, which were used for the second re-
combination step. This growth behavior is a result of the presence
of two antibiotics in the growth medium and the low copy number
of the resistance genes due to the chromosomal integration. After
the second recombination, several clones lacking the CGP3 pro-
phage were identified by colony PCR. As control, different primer
pairs were used to test for the chromosomally integrated CGP3
prophage and for the presence of the excised circular CGP3 DNA.
Subsequently, the two small prophages CGP1 and CGP2 were
deleted with the standard double-crossover method (31). Finally,
the genome of the �CGP123 strain, lacking about 6% of the ge-
nome compared to the parental strain, ATCC 13032, was se-
quenced and designated MB001 (accession number CP005959).
The genome sequence confirmed the absence of all prophage ele-
ments, and no other conspicuous mutations were observed. In
comparison to the published genome of ATCC 13032 (accession

FIG 1 Locations of the three prophages (CGP1, CGP2, and CGP3) in the genome of C. glutamicum (A) and expression patterns of CGP3 genes (B). (A) Circular
representation of the C. glutamicum ATCC 13032 chromosome. The concentric circles denote (from outward to inward) coding sequences (CDS) transcribed
clockwise and counterclockwise, locations of the three prophages, relative G/C content, and GC skew. A positive deviation in G/C content from the average is
shown by bars pointing outward and a negative deviation by bars pointing inward. The same holds for the GC skew plot, where positive skew values are shown
in red and negative values in blue. (B) Presentation of the fluorescent output of CGP3 (cg1890-cg2071) and adjacent genes in the genome of C. glutamicum out
of more than 100 different microarray experiments stored in our in-house database. Presented are all experiments performed with the current array series. Several
prophage genes appear to be regularly expressed (red color). In some of the experiments, the whole prophage region is upregulated, e.g., 1, overexpression of a
transcriptional regulator; or 2, induction of the SOS response by addition of mitomycin C. Labeled are the first and the last genes of CGP3 (cg1890 and cg2071)
and some examples of frequently expressed prophage genes.
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number BX927147), the genome of MB001 contains 71 small nu-
cleotide polymorphisms (SNPs), 28 insertions, and 25 deletions
(for details, see Table S2 in the supplemental material). All but two
of these variations were also found in the resequenced progenitor
strain, C. glutamicum ATCC 13032. Whether the shared variations
are due to errors in the published sequence or represent mutations
accumulated in the wild-type genome over the last 10 years re-
mains to be elucidated.

Characterization of prophage deletion strains under stan-
dard conditions. To analyze the impact of the prophage deletion
on host physiology, we characterized the �CGP3 and MB001
strains in growth experiments with different standard media and
cultivation scales (Table 3). No significant difference between the
wild type and the prophage-deleted strains were observed during
growth in microtiter plates in minimal medium with glucose (Fig.
2A) and all other carbon sources tested (sodium gluconate, so-
dium acetate, and sodium lactate; see Fig. S1 in the supplemental
material). To test for an effect of the prophage deletion at higher
cell densities, the wild type, the �CGP3 strain, and MB001 were
cultivated in 1-liter bioreactors under defined conditions (DO,
30%; pH 7.0) until an OD600 of 20 was reached. Again, the growth

rate as well as oxygen uptake, off-gas composition, pH profile
(amounts of base and acid used for titration), and respiratory
quotient (RQ) were identical for the two strains. Even growth
under optimal conditions in a microfluidic system ensuring a con-
tinuous supply of fresh medium and removal of by-products
showed no significant difference between the tested strains (wild
type and MB001) in terms of growth and morphology (data not
shown).

It was hypothesized that there might be very small differences
in growth or fitness, which become apparent only when wild-type
and prophage-deleted strains have to compete for nutrients. To
test this, chromosomal fluorescence markers (eyfp and crimson
under the control of the tac promoter) were constructed and in-
tegrated into the genomes of MB001 and the wild type. This al-
lowed optical discrimination of the two strains and direct moni-
toring of the growth behavior during cocultivation in the
BioLector system. Four rounds of repetitive cocultivations were
performed. The ratio of the two strains, represented by the respec-
tive fluorescence signals, did not change over 4 days, proving that
the strains exhibit no difference in growth behavior under the
chosen standard conditions (Fig. 2B).

TABLE 3 Comparison of C. glutamicum ATCC 13032 and MB001a

Type of expt Conditions Resultc

Growth
Different C sourcesb; see Fig. S1 in

the supplemental material
CGXII minimal medium with glucose, gluconate, acetate, or lactate

as carbon source
x

Bioreactor scale CGXII minimal medium with 56 mM glucose, 1-liter bioreactor,
200–1,200 rpm; DO, 30%; pH 7.0

x

Microfluidic scale CGXII minimal medium with 222 mM glucose, array of picoliter
bioreactors, continuous medium supply, 100-nl/min flow rate

x

Stress resistance
Iron excessb CGXII minimal medium with 56 mM glucose, 25–3,125 �M FeSO4 x
Osmotic stressb CGXII minimal medium with 56 mM glucose, 1–2,000 mM NaCl x
Phosphate starvationb CGXII minimal medium with 56 mM glucose, 13–0.65 mM

phosphate
x

Mitomycin C treatment; see Fig. 2 CGXII minimal medium with 111 mM glucose and 1 �M
mitomycin C

Growth rates, ATCC 13032 vs MB001:
7–12 h, 0.15 � 0.01 vs 0.17 � 0.00;
15–17 h, 0.18 � 0.02 vs 0.27 � 0.01

Agar diffusion assay; see Fig. S2 6 M NaOH, 6 M HCl, 30% H2O2, ethambutol, penicillin,
vancomycin, Tween 40

x

Plate assays; see Fig. S3 UV radiation (0.5–5 min), mitomycin C added (10–1,000 nM),
iron starvation (0 �M), iron excess (100 �M), heat shock (42°C,
30–60 min), osmotic stress (1 M NaCl)

x

Heterologous protein production
Production of eYFPb (Western

blot); see Fig. 4
Plasmid pEKEx2-eyfp, CGXII minimal medium with 56 mM

glucose and 1 mM IPTG
40% increased eYFP signal and increased

amount of eYFP protein in strain MB001
Plasmid copy no.b (qPCR); see Fig.

4C
Plasmid pEKEx2-eyfp, CGXII minimal medium with 56 mM

glucose and 1 mM IPTG
2- to 3-fold-increased plasmid copy no. in

MB001

Other
Transcriptomics, ATCC 13032

�CGP3 vs ATCC 13032 (see
Table S3)

CGXII minimal medium with 111 mM glucose, harvested in
exponential growth phase at OD600 of 5

x

Transformation efficiency; see Fig. 3 Tested for integrative and replicative plasmids 2- to 3-fold increase for integrative plasmid
and 5- to 8-fold increase for replicative
plasmid in strain MB001

a Overview of all experiments for comparison of wild-type ATCC 13032 and the prophage-free strain MB001 performed in this study.
b Cultivation in the BioLector system in 48-well Flowerplates (m2p-labs, Germany).
c x, no significant difference was observed under the chosen conditions.
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Transcriptome analysis of �CGP3 strain. For the E. coli phage
	, it has been shown that the transcription of several genes is
different in the lysogenic strain from that in the uninfected host in
tryptone broth. In this case, it was shown that the pckA gene,
encoding phosphoenolpyruvate carboxykinase, was significantly
decreased in lysogenic strains (11). To investigate whether CGP3
influences host gene expression, we performed DNA microarray
analysis of the �CGP3 strain and the wild type during growth on
CGXII minimal medium with glucose as a carbon source. As ex-
pected, the prophage genes are no longer expressed, confirming
the deletion of the respective genomic region. No other significant
changes were observed (see Table S3 in the supplemental mate-
rial).

Characterization of prophage deletion strains under stress-
ful conditions. It is known that prophages are often induced un-
der stress conditions (16, 39). Therefore, the performance of
MB001 and the �CGP3 strain was tested under pH stress, oxida-
tive stress (H2O2), phosphate limitation, iron starvation or excess,
UV radiation, osmotic stress, and heat shock (see Table 3). In
further experiments, cells were treated with agents affecting cell
wall integrity, such as penicillin, ethambutol, Tween 40, and van-
comycin. In all experiments, MB001 did not show any defect in
growth or survival compared to the wild type. Recent studies by
our group suggested that the SOS response induces CGP3 (A.
Heyer and J. Frunzke, unpublished). Therefore, the wild type and
MB001 were grown in glucose minimal medium and treated with
1 �M mitomycin C, an antibiotic agent which activates the SOS
response by cross-linking DNA, causing lesions in double-
stranded DNA (40). Remarkably, we observed a 15 to 20% higher
growth rate for MB001 than for the wild type (Fig. 2A). This indi-
cates that MB001 exhibits an improved fitness under conditions
triggering prophage induction.

Determination of transformation efficiency. Earlier studies
have shown that the deletion of the RM system located within the
CGP3 region leads to a significant increase in transconjugation
efficiency (41). Consequently, the deletion of the whole prophage

CGP3, including the RM system, should have a similar effect.
Thus, the transformation efficiency using a replicative and an in-
tegrative plasmid was analyzed in the wild type, MB001, and, as
reference, a strain lacking only the RM system (�cglMRR). As
expected, the transformation efficiency was increased in the two
deletion strains over that in the wild type, i.e., 2 to 3 times for the
integrative plasmid and 5 to 8 times for the replicative plasmid
(Fig. 3). Although the day-to-day variations for the integrative
plasmid were rather high in these experiments (high standard de-
viations) (Fig. 3), MB001 and the �cglMRR strain performed bet-
ter than the wild type in 15 and 14 out of 16 experiments, respec-
tively, underlining the higher transformation rate of strains
lacking the RM system.

Analysis of heterologous protein production. Studies of a B.
subtilis strain with a 20%-reduced genome have revealed an in-
creased production of recombinant proteins (12). Here, the per-

FIG 2 Growth of C. glutamicum ATCC 13032 and the prophage-free strain MB001 on minimal medium with glucose in the presence of mitomycin C (A) or in
direct competition (B). (A) The strains were precultivated in BHI medium without mitomycin and inoculated to an OD600 of 1 in CGXII minimal medium with
or without 1 �M mitomycin C. Each graph shows the average values and standard deviations resulting from four independent cultures. (B) The strains carrying
chromosomal fluorescence markers were precultivated in BHI medium, mixed in a 1:1 ratio, and used to inoculate the main cultures in CGXII minimal medium
with 2% (wt vol�1) glucose. Production of fluorescence marker proteins was induced with 100 �M IPTG after 2 h and monitored online. On the following day,
100 �l of these cultures was used to inoculate 750 �l fresh CGXII minimal medium. This procedure was repeated three times. Presented is the ratio of fluorescence
signals in the stationary phase of each culture (n � 3).

FIG 3 Transformation efficiency of C. glutamicum ATCC 13032, MB001, and
the �cglMRR strain. A 150-�l cell suspension containing 109 cells was mixed
on ice with 500 ng plasmid DNA. After regeneration, 10-�l and 300-�l ali-
quots were streaked on solid BHIS medium containing 25 mg liter�1 kanamy-
cin. CFU were counted after 2 days incubation at 30°C, and the number of
transformants was calculated as CFU per �g DNA and 109 recipient cells.
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formance of MB001 was tested with respect to heterologous pro-
tein production using eYFP as a model protein (pEKEx2-eyfp
under the control of the tac promoter). Interestingly, we found an
up to 40% higher fluorescence output in stationary phase in
MB001 than in the wild type, while growth was basically unaf-
fected (Fig. 4A and B). A similar result was observed for the
�cglMRR strain, attributing this effect, again, to the lack of the RM
system in the CGP3-deleted strain. In principle, the positive effect
can result from different stages during protein production, e.g., (i)
a higher copy number of the plasmid, (ii) higher promoter activ-
ity, (iii) higher mRNA stability, (iv) altered protein turnover, or
(v) better protein folding conditions, leading to a higher propor-
tion of fluorescent protein.

To better understand the observed improved protein pro-
duction, we measured the plasmid copy number and the rela-
tive amount of eYFP in the exponential and stationary growth
phases. In exponentially growing cells, compared to the wild
type, the plasmid copy number was doubled in MB001 and the
�cglMRR strain, and it was nearly tripled in stationary phase
(Fig. 4C). In accordance with this result, the relative amount of
eYFP was increased in the exponential and stationary growth
phases (Fig. 4D), as determined by Western blotting. Hence, we

conclude that the higher protein production can be ascribed to
molecular events occurring at the beginning of the expression
pathway and more specifically to an increase in the copy num-
ber of the target gene.

DISCUSSION

In this work, we have presented MB001, a prophage-free C. glu-
tamicum strain with a genome reduced by 6%. This strain shows
the same growth phenotype as the ATCC 13032 wild-type strain
under standard conditions and an improved fitness under condi-
tions triggering prophage induction. In further experiments, we
could show that the strain exhibits higher transformation effi-
ciency for replicative as well as integrative plasmids and a higher
productivity of a heterologous protein.

The finding that it is possible to remove all prophages from the
C. glutamicum genome without any negative impact on growth or
fitness is a step toward a new platform (chassis) strain and has
similarly been reported for B. subtilis, where two prophages, three
prophage-like regions, and the pks operon have been deleted, lead-
ing to a genome reduction of 7% with no negative effect under
laboratory conditions (10). A genome reduction of about 190 kbp
has previously been reported for C. glutamicum R, where eight

FIG 4 Production of the heterologous model protein eYFP. Shown is the quantification of eYFP production and plasmid copy number in the C. glutamicum wild
type, MB001, and the �cglMRR strain, each carrying the plasmid pEKEx2-eyfp. (A) Growth and eYFP fluorescence of the strains cultivated in CGXII minimal
medium with 1% (wt vol�1) glucose and 1 mM IPTG in the Biolector at 30°C and 1,200 rpm. Cultivations were performed in seven replicates and sampled during
the exponential and stationary growth phases for further analysis of plasmid copy number. Please note that the relatively large error bars of backscatter values
below 10 result from technical limitations and the logarithmic presentation. (B) Biomass-specific eYFP fluorescence during the stationary growth phase of the
experiment presented in panel A. (C) Plasmid copy number determined by qPCR. The cells were cultivated as described for panel A, and samples were harvested
in late exponential and stationary growth phases. (D) Determination of the relative amount of eYFP. The blot was probed with primary antibodies against eYFP
and citrate synthase (CS) and an anti-rabbit Cy5-coupled construct as a secondary antibody.
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strand-specific islands were deleted with no effect on morphology
or growth under standard laboratory conditions (15). The pro-
phages residing in the ATCC 13032 genome encode many hypo-
thetical proteins and proteins of unknown function (more than
80% of the predicted open reading frames [ORFs]), and hence
their removal significantly reduces the complexity and thereby
increases the predictability of this biological system. The higher
transformation efficiency makes MB001 an ideal strain for meta-
bolic engineering because the initial chromosomal integration of a
plasmid is often the critical step. Finally, the significantly in-
creased eYFP productivity is an interesting feature and could be
relevant for all applications requiring high expression of proteins,
such as protein production or the tuning of natural or synthetic
metabolic pathways required for small-molecule production
(42, 43).

Can we expect that removing 6% of the whole genome would
reduce the energy requirement for biomass formation and thereby
increase the growth rate or biomass yield of a specific strain? Strain
MB001 showed no altered growth phenotype compared to the
wild type under standard conditions, which seems reasonable
considering the distribution of energy demand of different pro-
cesses required for cell growth. Kjeldsen et al. (44) estimated that
67.8 mmol ATP is required for the formation of 1 g cell dry weight
(CDW) of C. glutamicum, with maintenance, protein synthesis,
and assembly of cell structures being the most energy-demanding
processes. In comparison, the synthesis of nucleotides and their
polymerization to DNA are rather cheap (4.44 mmol ATP g
DNA�1), since only 1% (wt wt�1) of the CDW is buildup by DNA
(44). Therefore, the formation of DNA molecules accounts for less
than 0.1% of the cell’s total ATP demand, and the reduction of this
fraction by 6% in MB001 does not necessarily result in a measur-
able increase in growth rate or biomass yield.

The higher protein production does not result simply from the
deletion of a significant fraction of the genome but could be as-
signed to a certain gene cluster. This is not unusual, as described
for B. subtilis, where not the genome reduction by 20% in general
but mainly the deletion of the rocDEF-rocR region was shown to
be responsible for an elevated protein production. This region is
involved in arginine degradation, and the deletion causes drastic
changes in glutamate metabolism, leading to improved cell yields
(45). In the case of C. glutamicum, the relevant operon codes for an
RM system first described in the late 1980s (46, 47). Inactivation of
these two genes led to a significant increase of fertility by several
orders of magnitude in intergeneric matings and to a higher sen-
sitivity toward infection with phage CL31 (41). The correspond-
ing methyltransferase was discovered directly upstream of the two
other genes and is likely responsible for the methylation found in
C. glutamicum at the first cytidine in the sequence GGCCGC (32,
48). Genome sequencing of C. glutamicum ATCC 13032 revealed
that the RM system resides within the large prophage CGP3.

The deletion of the prophage CGP3 was possible only after
inactivation of the RM system, which can be explained by the
“selfish” behavior of such systems (38, 49). When the genes of an
RM system are deleted or inactivated, both enzymes are still pres-
ent in the cells for several generations. The concentration de-
creases with every cell division until the amount of methyltrans-
ferase is no longer sufficient to methylate all restriction sites. At
this point, even one molecule of restriction enzyme per cell can
cause double strand breaks in the chromosome, which may then

lead to cell death. Transferred to our deletion attempts, this ex-
plains why we could not achieve deletion of CGP3 without inac-
tivating the RM system first. Hence, the RM system might be at
least one of the reasons why CGP3 was not lost during evolution,
because if CGP3 excises itself from the genome and is not repli-
cated before the following cell division, the resulting cell without
CGP3 most likely dies due to the activity of the restriction enzyme.

The copy number of the pEKEx2-eyfp plasmid was increased
in both MB001 and the �cglMRR strain, suggesting the RM system
as the main cause for this effect. The origin of replication of
pEKEx2 is derived from pBL1, which replicates via the rolling-
circle replication (RCR) mechanism (50), and its copy number in
C. glutamicum was estimated to be in the range between 10 and 30
in earlier studies (51, 52). Replication via the RCR mechanism is
initiated by a plasmid-encoded Rep protein, which introduces a
site-specific nick in one of the DNA strands (53, 54). The copy
number of plasmids is defined within a given host under certain
conditions and is achieved by negative regulatory systems (53, 55).
Our results suggest that the RM system of C. glutamicum is some-
how involved in the copy number control of the pEKEx2 plasmid.
An interesting hypothesis to test is that perhaps the origin of rep-
lication is modified by the methyltransferase in such a way that
replication is reduced. Further investigations are required to fully
understand the role of cglMRR in this context.

Altogether, MB001 represents a suitable strain for efficient
metabolic engineering of C. glutamicum and will be used as basis
for further genome reduction efforts, e.g., the deletion of mobile
IS elements or nonessential gene clusters. These are first steps
toward a flexible, predictable C. glutamicum ATCC 13032 chassis
genome as a platform for the integration of synthetic pathways
required for an efficient biotechnological production of small
molecules or proteins.
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