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Abstract
TheMycobacterium-Escherichia coli shuttle vector system, equipped with the pAL5000 rep-

licon, is widely used for heterologous gene expression and gene delivery in mycobacteria.

Despite its extensive use, this system has certain limitations, which has led to the develop-

ment of alternative mycobacterial vector systems. The present study describes the molecu-

lar structure and expression profiles of a novel 18-kb linear plasmid, pMyong2, from

Mycobacterium yongonense. Sixteen open reading frames and a putative origin of replica-

tion were identified, and the compatibility of the pMyong2 and pAL5000 vector systems was

demonstrated. In recombinantMycobacterium smegmatis (rSmeg), the pMyong2 vector

system showed a copy number that was approximately 37 times greater than that of

pAL5000. Furthermore, pMyong2 increased the mRNA and protein expression of the

human macrophage migration inhibitory factor (hMIF) over pAL5000 levels by approximate-

ly 10-fold and 50-fold, respectively, demonstrating the potential utility of the pMyong2 vector

system in heterologous gene expression in mycobacteria. Successful delivery of the EGFP
gene into mammalian cells via rSmeg carrying the pMyong2 vector system was also ob-

served, demonstrating the feasibility of this system for DNA delivery. In conclusion, the

pMyong2 vector system could be effectively used not only for the in vivo delivery of recombi-

nant protein and DNA but also for mycobacterial genetic studies as an alternative or a com-

plement to the pAL5000 vector system.

Introduction
Mycobacterium bovis BCG (BCG) is a live attenuated vaccine that is used to treat tuberculosis
and is currently the most frequently administered vaccine worldwide [1–4]. BCG represents
the most stable and safe live vaccine developed; the vaccine demonstrates excellent adjuvant
properties, induces long-lasting immunity, and has low production costs [5–7]. BCG also
has many properties that make these bacteria attractive live vectors for the development of
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recombinant vaccines against other diseases. A large variety of viral, bacterial, and parasite an-
tigens have been expressed in recombinant BCG (rBCG), many of which induce strong humor-
al and/or cellular immune responses following oral or parenteral immunization [8–11].
Mycobacterium tuberculosis proteins have been expressed in rBCG for the development of an
improved tuberculosis vaccine [12]. Mycobacteria are strong adjuvants, causing them to target
and persist within phagocytic monocytes. This quality makes mycobacteria attractive candi-
dates for bacterial vectors for administering DNA vaccines, a process referred to as bactofection
[6,13–15]. However, BCG vaccination does not completely clear infections in animal models
[16].Mycobacterium smegmatis is another effective mycobacterial vaccine vector that is non-
pathogenic, grows rapidly, and can be effectively transformed in vitro. Currently,M. smegmatis
has been employed in vaccines against various micro-pathogens [17,18]. Unlike other myco-
bacterial strains, such as BCG, which can survive in host cells for months by inhibiting phago-
some maturation,M. smegmatis is rapidly destroyed by phagolysosomal proteases in the
phagosomes of infected cells [19–21]. Nevertheless,M. smegmatis induces stronger macro-
phage cytokine production than other pathogenic mycobacterial species and activates dendritic
cell maturation to a greater extent than BCG by up-regulating the major histocompatibility
complex (MHC) class I and co-stimulatory molecules [22–24].M. smegmatis also accesses the
MHC class I pathway for the effective presentation of mycobacterial antigens [19,25].

A large number ofMycobacterium-Escherichia coli shuttle vectors have been developed for
the transfer of foreign genes into mycobacteria [26]. These shuttle vectors are maintained in
mycobacteria either episomally or through integration into the mycobacterial genome. The
majority of episomal plasmids are derived from the combination of a region of theMycobacte-
rium fortuitum pAL5000 replicon with an E. coli cloning vector [27,28]. Despite high copy
numbers in mycobacteria, in some cases the pAL5000-derived episomal plasmids have been as-
sociated with in vitro and in vivo instability of recombinant vaccines [2,3,29,30]. However, this
reported instability may also result from promoter or protein toxicity [31,32]. Integrative vec-
tors, derived from temperate mycobacteriophages, such as L517 or Ms6, have also been devel-
oped [33–35]. These vectors are stably integrated into the mycobacterial genome as a single
copy. Thus, episomal vectors show relatively poor stability while integrative vectors are charac-
terized by low copy number, qualities of which may compromise heterologous gene expression
or bactofection in mycobacteria [13,30,36]. As a result, alternative genetic methods are re-
quired to overcome the limitations of existing mycobacterial recombination systems.

Since the first linear bacterial plasmid was identified in Streptomyces rochei, multiple linear,
double-stranded DNA plasmids of various sizes have been isolated in Actinomycetales bacteria,
including Rhodococcus spp. [12,33,37] andMycobacterium spp. [38–40]. Among the known
mycobacterial linear plasmids, the molecular details of the 23-kb pCLP fromMycobacterium
celatum have been studied most extensively [28,41]. However, many details regarding myco-
bacterial linear plasmids remain unknown. In a previous study, we sequenced the complete ge-
nome of the slow-growingMycobacterium yongonense DSM 45126T. This strain shows genetic
similarity toM. intracellulare, contains 5,521,023 bp of chromosomal DNA, and harbors two
additional plasmids; the first is a circular plasmid of 122,976 bp, and the second is a linear plas-
mid of 18,089 bp, which was designated pMyong2 [42].

Thus, the aims of the present study were two-fold. First, we aimed to elucidate the molecular
characteristics of pMyong2, the linear plasmid fromMycobacterium yongonenseDSM 45126T.
To this end, we identified the putative open reading frames (ORFs) through an analysis of the
complete sequence of pMyong2 and assessed transcriptional expression of the ORF. Second,
we aimed to develop a novel pMyong2-basedMycobacterium-E. coli shuttle vector system as
an alternative or complement to the conventional pAL5000-derived vector. Toward this goal,
we used a bioinformatics approach to develop a novelMycobacterium-E. coli shuttle vector
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system using the pMyong2 replication region. We also evaluated the pMyong2 vector system
for heterologous gene expression inM. smegmatis and for potential DNA delivery into
mammalian cells.

Materials and Methods

Bacterial strains, culture conditions, and DNA extraction
The E. coli strain DH5α (RBC Biosciences Corp., Taipei, Taiwan), purified using the PureLink
HiPure Plasmid Filter Maxiprep Kit (Invitrogen, Carlsbad, CA, USA), was used as a host for all
plasmid constructions. The mycobacterial strains,M. yongonense DSM 45126T,M. smegmatis
MC2155 (ATCC 700084), andM. bovis BCG-Tokyo were used. The mycobacterial cultures
were grown at 37°C in 7H9 broth or on 7H10 agar plates supplemented with the appropriate
antibiotics. The plasmids were electroporated into competent mycobacterial cells as previously
described [43,44]. Strains grown on 7H10 agar plates at 37°C were used for DNA extraction. At
least one loop-full of cells was transferred to a 1.5-ml polypropylene tube containing 400 μl of
TE. DNA extraction was performed as previously described [45].

Genome sequence information from theM. yongonense DSM 45126T

plasmid
The whole genome sequences fromM. yongonense DSM 45126T have been previously de-
scribed [42]. The genome sequence information for the linear plasmid pMyong2 (GenBank Ac-
cession No., JQ657806) was used to confirm the open reading frames (ORFs) in pMyong2 and
to determine the mycobacterial replicon origin and the repA-like gene.

RT-PCR
TheM. yongonense DSM 45126T strain was grown to exponential phase in 5-ml of 7H9 broth
medium at 37°C. Bacterial RNA was extracted using TRIsure Reagent (Bioline, London, UK)
[8], and cDNA was synthesized using the QuantiTect Reverse Transcription Kit (QIAGEN,
Hilden, Germany). PCR primer pairs of approximately 19 to 25 nucleotides in length were de-
signed to amplify the transcripts corresponding to each of the 16 ORFs, generating the ex-
pected amplicons of 134 to 665 bp in length (S1 Table). The template DNA and 20 pmol of
each primer were added to a PCR tube (AccuPower PCR PreMix; Bioneer, Daejeon, Korea).
The following PCR protocol was implemented: 94°C for 2 min, followed by 30 cycles of 95°C
for 30 sec, 60°C for 30 sec, and 72°C for 1 min, with a final step at 72°C for 10 min and cooling
to 4°C. The PCR products were examined using 1% agarose gel electrophoresis and visualized
using ethidium bromide.

Southern blot analysis
Genomic DNA was digested with XhoI and visualized using 1% agarose gel electrophoresis and
was then transferred onto Hybond-N+ (Amersham Pharmacia biotech). The DIG High Prime
DNA Labeling and Detection Starter Kit II (Roche Applied Science, Penzberg, Germany) was
used for Southern blotting [46,47], and gel depurination, denaturation and neutralization steps
were added [48]. The 342-bp PCR product of OEM_p200130 was used as a probe for the
Southern blot analysis (S1 Table).

A NovelMycobacterium-E. coli Shuttle Vector, pMyong2

PLOSONE | DOI:10.1371/journal.pone.0122897 March 30, 2015 3 / 21



Construction of aMycobacterium-E. coli shuttle vector using a
pMyong2-TOPO system
The plasmids used in the present study are listed in Table 1. The pMyong2-TOPO vector in-
cluded the pMyong2 replication origin. The primer set used to PCR amplify the pMyong2 rep-
lication origin is listed in S1 Table. The PCR products were cloned using the TOPO TA
Cloning Kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions.
The plasmid pMyong2-EGFPh (the superscript h indicates that the plasmid contains the myco-
bacterial hsp65 promoter) used for mycobacterial GFP expression contains the mycobacterial
hsp65 promoter and the EGFP gene. The EGFP gene was amplified from the pIRES2-EGFP
vector (Clontech, Mountain View, CA, USA; Cat No., 6029–1), and the hsp65 promoter gene
was amplified fromM. bovis BCG DNA (S1 Table). The plasmid pMyong2-EGFPe (the super-
script e indicates that the plasmid contains the eukaryotic CMV promoter) used for eukaryotic
GFP expression contains a CMV promoter, the EGFP gene, and the polyA tail of pIRE-
S2-EGFP. The EGFP gene was ligated into the NsiI site of the pMyong2-TOPO vector. Addi-
tionally, the vectors pAL5000-EGFP-Hyg and pAL5000-mCherry were constructed for
compatibility testing (Table 1). To construct the pAL5000-EGFP-Hyg vector, the pAL5000
replicon was amplified from the pSE100 vector and inserted into the pCR2.1 vector using the
TA cloning method. The EGFP gene with the hsp65 promoter was amplified from the pMyon-
g2-EGFPh vector and was ligated into pAL5000-TOPO using the EcoRV and NotI restriction
sites. The hygromycin (Hyg) resistance gene was amplified using the Hyg primer set (S1 Table)
from the pSE100 vector and was cloned into the pAL5000-EGFPh vector using theHindIII and
BamHI restriction sites. The pAL5000-mCherry vector contains the mCherry gene from the
pmCherry-C1 vector (Clontech, Mountain View, CA, USA; Cat No., 632524) and the hsp65
promoter in the pAL5000-TOPO vector. The mCherry gene and the hsp65 promoter were am-
plified by overlapping PCR. The hsp65 promoter region was amplified using the phsp-mCherry
primer set, and the mCherry gene was amplified using the mCherry primer set (S1 Table).

pMyong2-TOPO stability and compatibility tests
M. smegmatis carrying either the kanamycin (Km)-resistance plasmid pMyong2-TOPO or
Hyg-resistance plasmid pSE100 were grown in 5 ml of 7H9 broth with no antibiotic for 24 hr
at 37°C. The cultures were subsequently diluted 1:100 into 7H9 broth, and grown in fresh, anti-
biotic-free medium for an additional 24 hr. After each dilution, the cells were plated onto agar
plates supplemented with or without Km or Hyg. The proportion of resistant cells was

Table 1. Vectors used in this study.

Vector Relevant characteristics Source

pCR2.1 TA vector Invitrogen

pMyong2-TOPO pCR2.1 with replicon and rep gene of pMyong2 This study

pMyong2-EGFPh pMyong2-TOPO with hsp65 promoter of M. bovis BCG and EGFP gene This study

pMyong2-EGFPe pMyong2-TOPO with cytomegalovirus (CMV) promoter and EGFP gene This study

pMyong2-EGFP-Hyg pMyong2- EGFPh with hygromycin resistant gene of pSE100 (Addgene) This study

pSE100-EGFP pSE100 with hsp65 promoter of M. bovis BCG and EGFP gene This study

pAL5000-TOPO pCR2.1 with pAL5000 replicon of pSE100 This study

pAL5000-EGFP-Hyg A pMyong2 replication origin within pMyong2-EGFP-hyg is changed into a pAL5000 replication origin within pSE100 This study

pAL5000-mCherry pAL5000-TOPO vector with mCherry gene of pmCherry-C1 vector (Clontech) This study

pAL5000-hMIF pAL5000-TOPO vector with hsp65 promoter of M. bovis BCG and hMIF gene This study

pMyong2-hMIF pMyong2-TOPO with hsp65 promoter of M. bovis BCG and hMIF gene This study

doi:10.1371/journal.pone.0122897.t001
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considered to represent the proportion of cells carrying the plasmid. The cells were also plated
onto 7H10 agar plates containing 20 μg/ml of Km or 50 μg/ml of Hyg for 5 days at 37°C. For
the co-transformation test,M. smegmatis was first transformed with the pAL5000-mCherry
vector. Competent cells harboring the pAL5000-mCherry vector were subsequently trans-
formed with the pMyong2-EGFP-Hyg vector. The co-transformants were selected after plating
onto 7H10 agar plates containing 20 μg/ml Km and 50 μg/ml of Hyg and incubating for 5 days
at 37°C. Colony PCR was used to confirm the presence of both plasmids [41,49].

Microscopic imaging of transformed mycobacteria
For microscopic imaging of GFP expression, one visible colony of transformedM. smegmatis
was obtained after incubation for 7 days at 37°C on a 7H10 agar plate. The colony was inoculat-
ed into 7H9 medium supplemented with antibiotics. One colony from the 7H10 agar plate was
resuspended in 2 μl of PBS and smeared onto a slide glass. After drying, a drop of mounting
buffer solution was used to raise the sample. Samples were covered with a coverslip and exam-
ined using a FV1000 laser scanning confocal microscope (Olympus).

EGFP detection by Western blot analysis
For Western blotting, total cell lysates were prepared in RIPA lysis buffer (98% PBS, 1% Igepal
CA-630, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS]). The protein samples
were boiled for 5 min, loaded onto a 10% polyacrylamide gel, electrophoresed for 1.5 hr at 100
V, and subsequently transferred to a nitrocellulose membrane using a Wet/Tank blotting sys-
tem for 1 hr at 100 V (Bio-Rad, Hercules, California, USA). The nitrocellulose membrane was
blocked for 4 hr at 4°C in 5% skim milk, followed by immersion in a 1:1000 dilution of primary
anti-GFP antibody (B34; Santa Cruz Biotechnology, Santa Cruz, CA, USA) in 5% skim milk
overnight at 4°C. The membrane was subsequently incubated at room temperature in a 1:1000
dilution of goat anti-mouse IgG-HRP (Invitrogen, Carlsbad, CA, USA), followed by HRP-
based protein detection and visualization using the ImageQuant LAS-4000 (Fuji Film).

Determination of pMyong2-TOPO system copy number using real-time
quantitative PCR
TheM. smegmatis strains containing pSE100-EGFP or pMyong2-EGFP-Hyg were grown on
7H10 agar plates at 37°C until growth was clearly visible. Genomic DNA was extracted using
the bead-beater method as previously described [45]. The respective genomic DNA products
were used for real-time quantitative PCR (qRT-PCR). The primer pairs (S1 Table) were de-
signed to amplify the hsp65 gene for quantification of genomic DNA and the EGFP gene for
quantification of the plasmid DNA. The reaction was subsequently amplified using a model
LC480 qRT-PCR LightCycler system (Roche Applied Science, Penzberg, Germany). The PCR
protocol was performed as follows: 94°C for 2 min, followed by 45 cycles of 95°C for 10 sec and
60°C for 30 sec, with a final melting curve. The PCR products were detected based on the cross-
ing point (Cp) values. The raw data were analyzed using LightCycler software version 3.5. The
ratio of channel 2/channel 1 signals was used to calculate the CP values.

Expression analysis of the human macrophage migratory inhibitory
factor (hMIF) gene
To compare the expression of the hMIF gene from vectors with pMyong2 and pAL5000 repli-
cation origins, the hMIF gene was cloned into both pAL5000-TOPO and pMyong2-TOPO vec-
tors. Briefly, hMIF with the hsp promoter ofM. bovis BCG (phsp-hMIF) was amplified using
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overlapping PCR with Phsp65-EcoRv-F and hmif-NotI-R primer sets (S1 Table). The
pAL5000-TOPO and pMyong2-TOPO plasmids and the phsp-hMIF PCR product were di-
gested with EcoRV and NotI restriction enzymes. Subsequently, the digested pAL5000-TOPO
or pMyong2-TOPO vectors were ligated with the phsp-hMIF PCR product using the Quick
Ligation Kit (NEB, Ontario, Canada) to construct pAL5000-hMIF and pMyong2-hMIF
(Table 1). The constructed plasmids were transformed into theM. smegmatisMC2-155 strain,
and the transformants were cultured in 7H9 or 7H10 medium supplemented with kanamycin,
as described above. The expression levels of hMIF protein and mRNA fromM. smegmatis
carrying pAL5000-hMIF or pMyong2-hMIF were determined using ELISA and qRT-PCR, re-
spectively. To conduct the ELISA analysis, the transformants were cultured in 7H9 broth (sup-
plemented with ADC and kanamycin) and harvested, and the pellet was suspended in B-PER
buffer (Thermo scientific, Rockford, IL, USA) supplemented with lysozyme (100 μg/ml),
DNase (5 U/ml), and proteinase inhibitor. Subsequently, the suspensions were sonicated for
5 min (pulse: 0.3 sec, stop: 0.7 sec) on ice and centrifuged at 13,000 rpm, 4°C for 15 min. The
aqueous phase was collected and analyzed using the hMIF ELISA DuoSet Kit (R&D Systems,
Minneapolis, USA). The mRNA was purified fromM. smegmatis transformants carrying
pAL5000-hMIF and pMyong2-hMIF, and qRT-PCR was performed using primer sets for the
M. smegmatis hMIF (Forward: RT-hMIF-F3, Reverse: RT- hMIF-R2) and hsp65 (Forward: RT-
hsp65-F, Reverse: RT-hsp65-R) genes (S1 Table).

Infection of macrophages with transformedM. smegmatis andM. bovis
BCG
The J774.1 cell line (American Type Culture Collection, ATCC TIB-67) was maintained at
37°C and 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM; Thermo Scientific, Rock-
ford, IL, USA) supplemented with 10% (v/v) fetal bovine serum, 2 mM glutamine, and essential
amino acids. Mycobacterial cultures with an optical density at 600 nm of 0.1 were used to infect
macrophages. To determine the optimal inoculums for each cell line, freshly grown mycobacte-
ria were added to the cells at a multiplicity of infection (M. O. I.) of 1, 50, or 100. The macro-
phages were incubated for 2 hr to allow phagocytosis of the bacteria, and the extracellular
bacteria were subsequently removed by washing three times with pre-warmed, serum-free me-
dium followed by the addition of 10 μg/ml of gentamicin. Infected J774.1 cell lines were main-
tained in culture for 24 hr. To detect GFP expression, infected J774.1 cells were maintained for
24 hr on a 2-chamber slide (Nunc, Rosklide, Denmark). The infected cells were washed twice
with 2 ml of PBS, fixed with 4% paraformaldehyde for 20 min at room temperature, covered
with a coverslip and examined using an Olympus confocal microscope (Olympus) equipped
with a mercury lamp for fluorescent illumination.

To analyze GFP internalization using flow cytometry, GFP-expressingM. smegmatis orM.
bovis BCG or J774 cells infected with GFP-expressingM. smegmatis orM. bovis BCG were
washed four times with PBS, trypsinized, washed again with PBS, and analyzed using a FACS-
can or FACSCalibur cytometer and CellQuest software (Becton Dickinson). A total of 10,000
events per sample were collected. The data were further analyzed using FlowJo software (Tree
Star, Inc., Ashland, OR). To analyze GFP expression in infected J774 cells, total cell lysates
were prepared for Western immunoblotting using RIPA lysis buffer.

Statistical analysis
Statistical comparisons between groups were performed using Student’s t-test. The level of sta-
tistical significance was set at either P< 0.01 (��) or 0.001 (���).
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Results

Molecular characterization of the pMyong2 linear plasmid fromM.
yongonense DSM 45126T

The fully assembled linear 18,090-bp plasmid DNA sequence for pMyong2 was deposited in
GenBank (Accession No. JQ657806). The GC content of the plasmid is 66.7%, which is typical
forMycobacterium spp., and the detailed plasmid information is presented in Table 2. Based
on the genome sequences, a restriction map for the pMyong2 linear plasmid, containing nine
restriction enzymes with a single recognition site, was constructed using the MapDraw pro-
gram (DNAstar) (S1 Fig). This plasmid sequence also contains 68-bp terminal inverted repeats
and covalently closed hairpin loops at both termini, suggesting that this plasmid belongs to a
class of genetic elements called invertrons [40], which is similar to the linear plasmids of other
Actinomycetales. We observed similarities between the terminal nucleotide sequences of
pMyong2 and the sequences of known linear plasmids, including pCLP (GenBank Accession
No. AF312688) fromM. celatum (S2 Fig).

The ratio read number to the total genome size (i,e., DNA sequencing depth) was approxi-
mately 4.72 times higher for the plasmid than for the chromosome (Fig 1A), suggesting that
there are approximately five copies of pMyong2 per chromosome inM. yongonense. These re-
sults are comparable to those for the pAL5000-derived plasmid [50].

In addition, the results from genome digestion with XhoI, using the PCR amplicon of the
pMyong2 internal region as a Southern blotting probe highlighted fragments approximately 13
and 5 kb in size, supporting the linear nature of this 18-kb plasmid (Fig 1B).

Sixteen ORFs were found and seemed to be expressed in, pMyong2. Sequence homologs of
the 16 ORFs were obtained from the NCBI database. A comparison of the amino acid se-
quences of each ORF showed percent sequence identities ranging from 31% to 85%. The
pMyong2 ORFs were related to genes from rapid-growing mycobacteria [M. abscessus
(4 ORFs),M. rhodesiae (1 ORF), andM. smegmatis (4 ORFs)], slow-growing mycobacteria
[M. canettii (1 ORF),M. celatum (1 ORF),M. tusciae (2 ORFs), andM. xenopi (1 ORF)] and
two other bacterial species (Rhodococcus wratislaviensis and Gloeobacter violaceus). Among
these, the ORFs OEM_p200120 and OEM_p200150 were related to the rep and parA-like
genes, respectively (Table 3).

We also used RT-PCR to determine the transcription levels of the 16 pMyong2 ORFs in
M. yongonense at the exponential stage. The rep (OEM_p200120) and parA (OEM_p200150)
genes were used as transcription standards. PCR products of the expected sizes and the primers
used are shown in S1 Table. Thirteen ORFs were transcribed, and 3 ORFs (OEM_p200060,
p200190 and p200200) were not transcribed (S3 Fig).

Using BLAST and transcription analysis data, we identified the region containing a putative
replication origin (bp: 9446 to 11914) in pMyong2. This region is located upstream of the

Table 2. General feature of the linear plasmid, pMyong2.

Features pMyong2

Genome Size (base pairs) 18,089

G+C (%) 66.69

Protein-coding sequences (CDS) 25

Gene density (base pairs per gene) 723.6

Average CDS length 630.6

tRNA Number 0

doi:10.1371/journal.pone.0122897.t002
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putative rep gene (OEM_p200120), which is responsible for plasmid replication. The GC skew
analysis showed that the putative rep gene belongs to a region with low GC levels, which is
characteristic of mycobacteria replication origins. This region also contained a 14-bp repeat se-
quence (TTCGTCTCTGGAGT), another common feature of the replication origin. Further-
more, this region shared conserved signature sequences of replication origins of different types
of mycobacterial plasmids (Fig 1C).

Fig 1. Molecular characterization of the plasmid fromM. yongonense DSM 45126T. (A) The read-length coverage of pMyong2 was compared with the
chromosome and circular pMyong1 plasmid DNA. (B) Southern blot analysis was used to assess the presence and validity of the linear plasmid, pMyong2.
The left panel shows the results of gel electrophoresis, and the right panel shows the results of Southern blot analysis. The 1-kb DNA ladder (M),M.
intracellulare genomic DNA (lane 1),M. yongonense genomic DNA (lane 2), and XhoI-digestedM. yongonense genomic DNA (lane 3) are shown. (C)
Comparison of the replication origin sequence in pMyong2 with those of other mycobacteria plasmids. The rep gene is indicated with an open arrow. The
arrowheads indicate the 18-bp repeat sequences. The AT-rich segment of the replication origin region is indicated as ‘A+T’ in red. A comparison of the
conserved sequences in pMyong2 with those of other mycobacterial plasmids, including pCLP (GenBank Accession No., AF312688), pJAZ38 (GenBank
Accession No., MFU85216), pMF1 (GenBank Accession No., AJ238973), pVT2 (GenBank Accession No., AY0565023), and pMSC262 (GenBank
Accession No., D14416), is shown. Nucleotides identical to the pMyong2 sequence are indicated with black backgrounds.

doi:10.1371/journal.pone.0122897.g001
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Construction of a novelMycobacterium—E. coli vector using the
pMyong2 vector system
To develop a novelMycobacterium-E. coli shuttle vector system using the identified replication
region in pMyong2, a 2,469-bp fragment of pMyong2 (pMyong 2–2469) that included both the
putative replication origin and the rep gene was PCR-amplified and cloned into a Km-resistant
pCR2.1 TA cloning vector (Invitrogen, Carlsbad, CA, USA) (Fig 2A). This recombinant plas-
mid (pMyong2-TOPO) was used as a platform vector to construct a plasmid harboring the
EGFP gene for heterologous expression (pMyong2-EGFPh, Fig 2B) and DNA delivery (pMyon-
g2-EGFPe, Fig 2C) in mycobacteria. Additionally, to examine the heterologous expression of
another gene inM. smegmatis, the hMIF gene was also cloned into the pMyong2-TOPO vector
(pMyong2-hMIF, Fig 2D). To determine whether the pMyong2-TOPO vector was able to rep-
licate in mycobacteria, pMyong2-TOPO was transformed intoM. smegmatis, and the mainte-
nance of pMyong2-TOPO inM. smegmatis was confirmed (S4 Fig).

Analysis of the stability and compatibility of the pMyong2-TOPO vector
To determine the replication stability of pMyong2-TOPO inM. smegmatis, the growth of plas-
mid-harboring strains on plates with or without kanamycin was compared at 1, 3, 5, and 7
days after culturing. The results showed that more than 70% of transformed strains harbored
plasmids even after 7 days, suggesting high stability of pMyong2-TOPO inM. smegmatis (Fig
2E). To assess the compatibility of pMyong2-TOPO with pSE100 (the hygromycin-resistant
pAL5000-derived plasmid), the growth ofM. smegmatis strains carrying both plasmids in 7H9
broth and on 7H10 agar plates containing both Km and Hyg antibiotics were analyzed. The
strains harboring both plasmids were successfully cultivated in media containing both Km and
Hyg antibiotics (> 60%) even after 7 days, suggesting that the pMyong2-TOPO vector is com-
patible with the pSE100 vector (Fig 2F). To confirm the compatibility of the pMyong2-derived
vector system,M. smegmatis cells that had been successfully co-transformed with pAL5000-m-
Cherry and pMyong2-EGFPh (Fig 2B) were examined using confocal microscopy. The co-

Table 3. BLAST analysis of ORFs in the linear plasmid, pMyong2.

ORFs Protein
size (a.a)

Species and strains Known or putative function Accession No, Identity (%)

OEM_p200020 123 Mycobacterium rhodesiae Hypothetical protein WP_005147712 38

OEM_p200040 514 Mycobacterium smegmatis Transposase YP_007277301 76

OEM_p200060 264 Mycobacterium tusciae Hypothetical protein WP_006244102 51

OEM_p200080 242 Rhodococcus wratislaviensis Hypothetical protein WP_005574670 31

OEM_p200090 806 Mycobacterium tusciae Hypothetical protein WP_006244005 61

OEM_p200100 209 Mycobacterium abscessus hypothetical protein WP_005097330 43

OEM_p200110 121 Mycobacterium smegmatis hypothetical protein YP_007277299 37

OEM_p200120 416 Mycobacterium abscessus Rep-like protein WP_005113719 43

OEM_p200130 344 Mycobacterium abscessus hypothetical protein WP_005101485 38

OEM_p200150 212 Mycobacterium celatum, ParA-like protein NP_862577 73

OEM_p200170 629 Mycobacterium smegmatis hypothetical protein YP_007277227 58

OEM_p200180 243 Mycobacterium smegmatis hypothetical protein YP_007277228 51

OEM_p200190 109 Mycobacterium canettii Transcriptional modulator of MazE/toxin, MazF YP_007267432 85

OEM_p200200 76 Mycobacterium xenopi hypothetical protein WP_003919577 75

OEM_p200220 203 Mycobacterium abscessus hypothetical protein YP_001701532 35

OEM_p200230 60 Gloeobacter violaceus methionine adenosyltransferase NP_926067 39

doi:10.1371/journal.pone.0122897.t003
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transformedM. smegmatis showed efficient expression of both EGFP and mCherry (Fig 2G).
These data suggest that the pMyong2-derived plasmid may be used compatibly with the
pAL5000-derived plasmid. Notably, the rSmeg strains transformed with the pMyong2 vector
system (pMyong2-TOPO, pMyong2-hMIF, and pMyong2-EGFPh) showed a reduction in visi-
ble colony formation on 7H10 plates after transformation compared with the pAL5000 vector
system (pAL5000-TOPO, pAL5000-hMIF, and pAL5000-EGFPh) within three days after trans-
formation (S5 Fig). However, no significant difference in the transformation efficiency was ob-
served between the two systems (S5 Fig).

Comparison of the plasmid copy numbers inM. smegmatis
To compare the plasmid copy number of the pMyong2 and pAL5000 vector systems in
M. smegmatis, the Cp values fromM. smegmatis strains transformed with either the

Fig 2. Maps ofMycobacterium—E. coli shuttle vectors harboring the pMyong2 vector system, and the stability and compatibility of the
pMyong2-TOPO vector system. (A) Maps of the pMyong2-Topo vector, which replicates in mycobacteria and E. coli, (B) pMyong2-EGFPh expressing
EGFP under the mycobacterial hsp65 promoter, (C) pMyong2-EGFPe expressing EGFP under the CMV promoter, and (D) pMyong2-hMIF expressing the
hMIF gene under the mycobacterial hsp65 promoter. (E)M. smegmatis, carrying the pMyong2-TOPO (black column) or pSE100 (empty column) vectors,
was plated onto 7H10 agar medium supplemented with antibiotics. (F)M. smegmatis carrying pMyong2-TOPO and pSE100 vectors was plated onto 7H10
agar medium supplemented with either or both antibiotics (gray column, kanamycin;empty column, hygromycin;black column, kanamycin and hygromycin).
(G)M. smegmatis co-transformed with pAL5000-mCherry and pMyong2-EGFP-Hyg vectors was observed using confocal microscopy. Abbreviations: Ampr,
ampicillin resistance; Kmr, kanamycin resistance; pUC ori, bacterial origin of replication; oriM, mycobacterial origin of replication; CMV, cytomegalovirus
promoter from pIRES2-EGFP vector; EGFP, EGFP gene from pIRES2-EGFP vector; Phsp, hsp65 promoter fromM. bovis BCG; Km, kanamycin;
Hyg, hygromycin.

doi:10.1371/journal.pone.0122897.g002
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pMyong2-EGFP-Hyg or pSE100-EGFP plasmid were determined using RT-PCR targeting the
EGFP gene. The Cp value for each plasmid was normalized to the Cp value of the hsp65 gene of
transformedM. smegmatis strains (ΔCp: Cp value of EGFP normalized to the value of hsp65).
The ΔCp value of pMyong2-EGFP-Hyg in the transformed strain was approximately 5.2 times
higher than that of pSE100-EGFP (Fig 3), suggesting that the plasmid copy number of the for-
mer might be approximately 37 times higher than that of the latter.

Expression of the EGFPgene in rSmeg or rBCG using the pMyong2
vector system
To determine whether the pMyong2-TOPO shuttle vector system can be used for heterologous
expression inM. smegmatis andM. bovis BCG, we constructed pMyong2-EGFPh, a pMyong2-
TOPO vector expressing the EGFP gene under an hsp65 promoter fromM. bovis BCG (Table 2
and Fig 2B). The expression of the reporter gene in rSmeg (Fig 4A–4F) and rBCG (Fig 4G–4L)
was verified using fluorescence (Fig 4A and 4B;M. bovis BCG: Fig 4G and 4H), confocal
microscopy (M. smegmatis: Fig 4C and 4D;M. bovis BCG: Fig 4I and 4J), flow cytometry
(M. smegmatis: Fig 4E and 4F;M. bovis BCG: Fig 4K and 4L), and Western blotting (S6 Fig).
To analyze the EGFP gene expression levels using flow cytometry, rSmeg and rBCG, trans-
formed with the pMyong2-TOPO vector, were used as controls (Fig 4E and 4K, respectively).
Furthermore, a 15% reduction in EGFP expression was observed after the fifth-generation pas-
sage of rSmeg cultured without antibiotics compared with the first-generation passage of
rSmeg, suggesting that the pMyong2-TOPO vector system is suitable for heterologous expres-
sion in mycobacterial species (Fig 4M). The GFP expression levels in rSmeg were compared be-
tween the pAL5000 and pMyong2 vector systems using flow cytometry analysis. The results

Fig 3. Comparison of pMyong2-EGFP-Hyg and pSE100-EGFP copy numbers. Statistical comparisons between pSE100-EGFP and pMyong2-EGFP-
Hyg were analyzed using Student’s t-test. **, P< 0.01; ***, P< 0.001. Abbreviations: Cp, crossing point values; ΔCp, Cp value of EGFP normalized to that
of the hsp65 gene in transformedM. smegmatis

doi:10.1371/journal.pone.0122897.g003
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showed that the level of GFP expression in the pMyong2 vector system was approximately
three-fold higher than that in the pAL5000 vector system (173 vs. 61) (Fig 5).

Expression of hMIF in rSmeg using the pMyong2 vector system
We used the hMIF gene to further assess heterologous protein expression in the pMyong2 vec-
tor system because hMIF is an essential proinflammatory cytokine involved in innate immuni-
ty, antimicrobial defense and the stress response [51]. To compare hMIF expression levels
between the pAL5000 and pMyong2 vector systems, pAL5000-hMIF and pMyong2-hMIF vec-
tors expressing hMIF under the same mycobacterial hsp65 promoter were constructed (Table 3
and Fig 2D). The hMIF expression levels were evaluated at the mRNA and protein levels using
real-time PCR and ELISA, respectively, from three independent transformed colonies. The
ELISA results showed that rSmeg carrying pMyong2-hMIF produced approximately 47-fold
higher levels of MIF (approximately 4.7 μg/ml) than rSmeg carrying pAL5000-hMIF (approxi-
mately 0.1 μg/ml) (Fig 6A). Additionally, to determine the levels of hMIF mRNA expression
using real-time PCR, the ΔCp values were analyzed (ΔCp = Cp value of hsp65mRNA—Cp

Fig 4. EGFP protein expression by rSmeg or rBCG harboring the pMyong2-EGFPh vector.M. smegmatis transformed with the pMyong2-EGFPh vector
was observed using (A and B) fluorescence and (C and D) confocal microscopy.M. bovis BCG carrying the pMyong2-EGFPh vector was also observed
using (G and H) fluorescence and (I and J) confocal microscopy. The GFP expression levels inM. smegmatis andM. bovis BCG, transformed with (E and K)
pMyong2-TOPO or (F and L) pMyong2-EGFPh, were detected using flow cytometry. (M) GFP expression levels in each generation of rSmeg transformed
with pMyong2-EGFPh were analyzed using flow cytometry. Abbreviations: G1, 1st generation; G2, 2nd generation; G3, 3rd generation; G4, 4th generation; G5,
5th generation. Each generation time was 3 days.

doi:10.1371/journal.pone.0122897.g004
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value of hMIF mRNA). The pMyong2-hMIF mRNA expression level was approximately 10
times higher than that of pAL5000-hMIF (Fig 6B). These results show that the pMyong2 vector
system has an advantage over the pAL5000 vector system in the expression of heterologous
genes inM. smegmatis.

Delivery of recombinant EGFP proteins into a macrophage cell line via
rSmeg or rBCG using the pMyong2-EGFPh shuttle vector
To determine whether the pMyong2 vector system could be used for the delivery of recombi-
nant protein into macrophage cells, J774.1 cell lines were infected with rSmeg or rBCG harbor-
ing pMyong2-EGFPh. Twenty-four hours after infection, one to five internalized rSmeg were
observed through fluorescence (Fig 7A and 7B) or confocal microscopy (Fig 7C and 7D). The
FACS analysis of J774.1 cells infected with rSmeg harboring pMyong2-EGFPh showed a corre-
lation with the increase of M.O.I. (10, 50, and 100) and the EGFP expression level (Fig 7H–7J);
however, rSmeg carrying the pMyong2-TOPO vector showed no changes (Fig 7E–7G). For
rBCG harboring pMyong2-EGFPh, EGFP expression in infected J774.1 cells was similar to that
of rSmeg (Fig 7K–7P). These data demonstrated the usefulness of the pMyong2 vector system
for the delivery of recombinant proteins into mammalian cells.

Delivery of recombinant EGFP DNAs into a macrophage cell line via
rSmeg using the pMyong2-EGFPe shuttle vector
To evaluate the usefulness of the pMyong2 vector system for DNA delivery into mammalian
cells, the mycobacterial reporter plasmid, pMyong2-EGFPe (Fig 2C) was constructed and
transformed intoM. smegmatis. After the infection of rSmeg harboring pMyong2-EGFPe, the
GFP expression levels were detected using fluorescence or confocal microscopy at 24 hr after
infection. Interestingly, there was a striking difference in the microscopy results for infections
of rSmeg with pMyong2-EGFPh and pMyong2-EGFPe. EGFP expression was limited to bacte-
ria infected with rSmeg harboring pMyong2-EGFPh (Fig 7A–7D). However, in the case of
rSmeg harboring pMyong2-EGFPe, EGFP expression was detected in the cytosol of macro-
phages after infection (Fig 8A–8D). These results suggest that the EGFP may escape to the cy-
tosol from dead bacteria in phagocytic vacuoles via an unknown mechanism. FACS analysis

Fig 5. FACS analysis for comparison of GFP expression in pAL5000 and pMyong2-derived vector systems.M. smegmatis strains transformed with
pMyong2-EGFPh or pAL5000-EGFPh were cultured and analyzed using flow cytometry to compare the GFP expression levels. gray space, Negative control;
dotted lined space,M. smegmatis harboring with pAL5000-EGFPh vector; black lined space,M. smegmatis harboring the pMyong2-EGFPh-Hyg vector.

doi:10.1371/journal.pone.0122897.g005
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also confirmed the expression of the EGFP gene after plasmid delivery of rSmeg using pMyon-
g2-EGFPe. Similar to rSmeg harboring pMyong2-EGFPh, an increase in the M.O.I. also corre-
lated with an increase in EGFP expression in infected rSmeg with pMyong2-EGFPe (Fig 8E–
8J).

Fig 6. Comparison of hMIF gene expression between the pMyong2-hMIF and pAL5000-hMIF vectors. The protein and mRNA levels of the hMIF gene
in rSmeg harboring pMyong2-hMIF and pAL5000-hMIF were analyzed using (A) ELISA and (B) real-time PCR, respectively. The tables show the average
hMIF concentrations determined using ELISA and the relative mRNA expression levels using real-time PCR.

doi:10.1371/journal.pone.0122897.g006
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Fig 7. Delivery of EGFP into the macrophage cell line J774A.1 through rSmeg or rBCG carrying the pMyong2-EGFPh shuttle vector.GFP
expression in rSmeg harboring the pMyong2-EGFPh vector was observed using (A and B) fluorescence and (C and D) confocal microscopy. A FACS
analysis of the GFP expression of rSmeg harboring (E, F, and G) pMyong2-TOPO and (H, I, and J) pMyong2-EGFPh at 10, 50, and 100 M. O. I., respectively.
In addition, GFP expression inM. bovis BCG harboring (K, L and M) pMyong2-TOPO or (N, O, and P) pMyong2-EGFPe was analyzed at 10, 50, and 100 M.
O.I., respectively.

doi:10.1371/journal.pone.0122897.g007

Fig 8. Delivery of recombinant EGFPDNA into the macrophage cell line, J774A.1, via rSmeg using the pMyong2-EGFPe shuttle vector.GFP
expression in rSmeg harboring the pMyong2-EGFPe vector was observed using (A and B) fluorescence and (C and D) confocal microscopy. A FACS
analysis of the GFP expression inM. smegmatis harboring (E, F, and G) pMyong2-TOPO and (H, I, and J) pMyong2-EGFPe at 10, 50, and 100 M.O.I.,
respectively.

doi:10.1371/journal.pone.0122897.g008
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Discussion
The complete sequence of a novel linear plasmid, pMyong2, fromM. yongonense showed at
least 16 putative ORFs (Table 2). Of these, 11 ORFs were matched with hypothetical proteins
(Table 3), suggesting that some of the ORFs with unknown functions might be responsible for
several biological functions, including linear plasmid maintenance. The two ORFs repA and
parA, which are responsible for basic functions in the plasmid, showed the closest homology to
those ofM. abscessus andM. celatum, suggesting a common evolutionary ancestry between
two different types of mycobacterial linear plasmids (Table 3). Transposase, encoded by
OEM_p200040, might have been initially introduced into theMycobacterium spp., the closest
match to Streptomyces sp. (53% similarity), suggesting that this ORF may have been transferred
from another Actinomycetales member to the linear plasmid pMyong2. Given the active tran-
scription of transposase inM. yongonense, the gene has the potential to function as a mobile el-
ement. Thus, it is likely that the OEM_p200040 product promotes gene transfer between
mycobacteria (Table 3 and S3 Fig).

Our data show that the read-length coverage in the pMyong2 plasmid was 4.72 times higher
than that of the chromosome, suggesting the presence of approximately five copies of the
pMyong2 plasmid per chromosome, comparable to the copy numbers of pAL5000 (Fig 1A).
Notably, the pMyong2 plasmid naturally shows a relatively high copy number in the slow-
growing mycobacteria,M. yongonense, suggesting the potential of the pMyong2 system for the
stable expression of heterologous antigens in slow-growing Mycobacteria, such asM. bovis
BCG,M. tuberculosis, andM. avium complex strains. Indeed, successful EGFP expression in
rBCG harboring pMyong2- EGFPh supports this hypothesis (Fig 4G–4L).

The compatibility of our pMyong2-TOPO system with the pAL5000-derived plasmid
pSE100 was established (Fig 2E–2G). The compatibility suggests the potential for simultaneous
use of both plasmid systems encoding different genes in a mycobacterial host, which may facili-
tate broader applications of mycobacterial genetic manipulation beyond those offered by the
pAL5000-derived plasmid alone. The primary limitation of the pAL5000-derived plasmid is
the unstable expression of heterologous antigens. However, the pMyong2-TOPO system
showed stable EGFP expression inM. smegmatis, even after five generations of recombinant
strains (Fig 4M). However, it is not certain that this system will enable stable expression of all
proteins in mycobacteria. This issue should be addressed in a future study.

MIF was one of the first cytokine described [52]. MIF demonstrates an immune modulatory
function [51]; thus, recombinant mycobacteria producing MIF might be effectively used for
several immunotherapeutic purposes, such as anti-cancer therapy or potentiating vaccines.
Furthermore, the eukaryotic MIF is reported to have common tautomerase activity with the
bacterial tautomerase [53]. Thus, we selected hMIF for the evaluation of heterologous protein
expression in rSmeg using the pMyong2-TOPO system. Notably, rSmeg carrying the pMyong2
vector system produced approximately 50 times higher MIF protein than rSmeg carrying the
pAL5000 system, suggesting the feasibility of the pMyong2 vector system for heterologous pro-
tein expression inM. smegmatis (Fig 6). The plasmid copy number of the pMyong2 vector sys-
tem was approximately 37 times higher than that of the pAL5000-vector system, which also
supports the potential utility of this system. To our knowledge, the present study is the first to
demonstrate recombinant mycobacteria expressing hMIF.

The infection of phagocytes by rSmeg harbouring pMyong2-EGFPh showed that the EGFP
gene expression in rSmeg using the pMyong2 plasmid system could be successfully maintained
in host phagocytes, strongly supporting the usefulness of this system for the development of
vaccines using recombinant mycobacteria (Fig 7A–7J).
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Although attenuated strains ofM. smegmatis andM. bovis BCG, expressing heterologous
antigens, are promising vaccine vectors, the efficacy of these bacteria is limited by reduced
expression, the incomplete processing of full-length recombinant polypeptides within the bac-
teria, and the failure to engender strong immune responses to non-secreted recombinant anti-
gens [13,54,55]. In contrast, an attenuated bacterial vector for the delivery of a DNA vaccine
into mammalian cells has the distinct advantage of ensuring precise endogenous expression,
the presentation of recombinant polypeptides to CD8 and CD4 T cells, and proper post-trans-
lational modifications, including glycosylation, and thereby facilitating a robust antigen-specif-
ic immune response [13].

M. smegmatis is a promising candidate vector for DNA vaccine delivery [13]. It has been
previously reported thatM. smegmatismediates plasmid delivery and subsequent transgene ex-
pression despite rapid clearance in mice [36]. When J774.1 cells were infected with rSmeg har-
boring pMyong2-EGFPe, the levels of EGFP expression were lower than those of infected
rSmeg harboring pMyong2-EGFPh (Figs 7H–7J and 8H–8J). These results likely reflect limita-
tions in the use of mycobacteria as vectors for DNA plasmid transfer, including the exclusive
residence of these microbes in the vacuoles of infected antigen-presenting cells. For the efficient
expression of the pMyong2-EGFPe vector system, the plasmid must escape the vacuole and di-
rectly enter the host cell cytoplasm.

In the present study, we analyzed the complete genome sequences and elucidated the molec-
ular details of pMyong2, a linear plasmid fromM. yongonense related toM. intracellulare. In
addition, we developed a newMycobacterium-E. coli shuttle vector system using the mycobac-
terial replicon pMyong2 that is compatible with the pAL5000-derived vector. Furthermore, the
infection into mammalian cells with EGFP-encoding rSmeg demonstrated the feasibility of this
system for bactofection and heterologous gene expression in mycobacteria. Future studies
should address the role of pMyong2 in the pathogenesis or metabolism ofM. yongonense. Fur-
thermore, the usefulness of the pMyong2 system for the development of recombinant myco-
bacteria for vaccination should be evaluated with several viral or mycobacterial antigens.

In conclusion, the pMyong2 vector system could be effectively used not only for the in vivo
delivery of recombinant protein and DNA but also for mycobacterial genetic studies as an al-
ternative or a complement to the pAL5000 vector system.
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S1 Fig. Restriction enzyme map of the linear pMyong2 plasmid.
(PDF)

S2 Fig. Short terminal inverted repeats in, pMyong2. (A) Predicted secondary structure of
pMyong2 termini showing three hairpin structures. (B) The linear palindromic sequence is
shown and the stem loop structures are indicated with different colors in panel A. (C) Align-
ment of the terminal sequences between pMyong2 and pCLP ofM. celatum.
(PDF)

S3 Fig. RT-PCR results for the transcription of 16 ORFs in pMyong 2. (A) ORF organization
in the linear plasmid, pMyong2, indicated as arrows. The amplification of the ORFs is indicated
as positive (+) or negative (-). (B) The RT-PCR results of 16 ORFs in the linear plasmid,
pMyong 2. M, DNA ladder; 1, OEM_p200020; 2, OEM_p200040; 3, OEM_p200060; 4,
OEM_p200080; 5, OEM_p200090; 6, OEM_p200100; 7, OEM_p200110; 8, OEM_p200120; 9,
OEM_p200130; 10, OEM_p200150; 11, OEM_p200170; 12, OEM_p200180; 13,
OEM_p200190; 14, OEM_p200200; 15, OEM_p200220; 16, OEM_p200230.
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S4 Fig. Growth rate of rSmeg transformed withMycobacterium-E. coli shuttle vector,
pMyong2-TOPO. Growth rate ofM. smegmatis carrying pMyong2-TOPO (black and black
dotted line), pSE100 (gray dotted line) and no-plasmid (gray line). Plasmid carrying strains
were grown in the (A) absence or (B, hygromycin; C, kanamycin) presence of antibiotics, and
the OD at 600 nm was determined at after 1, 3, 5 and 7 days.
(PDF)

S5 Fig. Growth retardation due to the pMyong2 vector system. Comparison of the pheno-
typic differences between rSmeg carrying the pMyong2 or pAL5000 vector system. Three days
after transformation, the colonies were (A) counted, and (B) the colony sizes were examined. 1,
M. smegmatis pMyong2-TOPO; 2,M. smegmatis pMyong2-hmif; 3,M. smegmatis pMyon-
g2-EGFPh; 4,M. smegmatis pAL5000-TOPO; 5,M. smegmatis pAL5000-hmif; 6,M. smegmatis
pAL5000-EGFPh

(PDF)

S6 Fig. Confirmation of GFP expression in rSmeg byWestern blotting. Protein extracted
fromM. smegmatis (lane 1), rSmeg clones carrying pMyong2-EGFPh for 10 generations (lane
2, 1st generation; lane 3, 2nd generation; lane 4, 4th generation; lane 5, 6th generation; lane 6, 8th

generation; lane 7, 10th generation), and GFP protein (lane 8) as a positive control. Each gener-
ation time was three days.
(PDF)

S1 Table. Primers used in this study.
(DOC)

Acknowledgments
Hyungki Lee and Byoung-Jun Kim equally contributed to this study. This research was sup-
ported by a grant (Grant No., HI13C15620000) from the Korean Healthcare Technology R&D
project, Ministry for Health, Welfare & Family Affairs and a grant (Grant No., NRF-
2013R1A2A2A05005810) from the National Research Foundation of Korea (NRF) of the Min-
istry of Education, Science and Technology.

Author Contributions
Conceived and designed the experiments: Bum-Joon Kim. Performed the experiments: HL
Byoung-Jun Kim BRK. Analyzed the data: HL Byoung-Jun Kim. Wrote the paper: YHK Bum-
Joon Kim.

References
1. Daniel TM (2006) The history of tuberculosis. Respir Med 100: 1862–1870. PMID: 16949809

2. Medeiros MA, Dellagostin OA, Armoa GRG, DegraveWM, de Mendonca-Lima L, Lopes MQ, et al.
(2002) Comparative evaluation ofMycobacterium vaccae as a surrogate cloning host for use in the
study of mycobacterial genetics. Microbiology 148: 1999–2009. PMID: 12101288

3. Michelon A, Conceicao FR, Binsfeld PC, da Cunha CW, Moreira AN, Argondizzo AP, et al. (2006)
Immunogenicity ofMycobacterium bovis BCG expressing Anaplasma marginale MSP1a antigen. Vac-
cine 24: 6332–6339. PMID: 16781025

4. Walker KB, BrennanMJ, HoMM, Eskola J, Thiry G, Sadoff J, et al. (2010) The second Geneva Consen-
sus: Recommendations for novel live TB vaccines. Vaccine 28: 2259–2270. doi: 10.1016/j.vaccine.
2009.12.083 PMID: 20074686

5. Aagaard C, Dietrich J, Doherty M, Andersen P (2009) TB vaccines: current status and future perspec-
tives. Immunol Cell Biol 87: 279–286. doi: 10.1038/icb.2009.14 PMID: 19350048

A NovelMycobacterium-E. coli Shuttle Vector, pMyong2

PLOSONE | DOI:10.1371/journal.pone.0122897 March 30, 2015 18 / 21

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0122897.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0122897.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0122897.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0122897.s007
http://www.ncbi.nlm.nih.gov/pubmed/16949809
http://www.ncbi.nlm.nih.gov/pubmed/12101288
http://www.ncbi.nlm.nih.gov/pubmed/16781025
http://dx.doi.org/10.1016/j.vaccine.2009.12.083
http://dx.doi.org/10.1016/j.vaccine.2009.12.083
http://www.ncbi.nlm.nih.gov/pubmed/20074686
http://dx.doi.org/10.1038/icb.2009.14
http://www.ncbi.nlm.nih.gov/pubmed/19350048


6. Daudel D, Weidinger G, Spreng S (2007) Use of attenuated bacteria as delivery vectors for DNA vac-
cines. Expert Rev Vaccines 6: 97–110. PMID: 17280482

7. Gupta UD, Katoch VM, McMurray DN (2007) Current status of TB vaccines. Vaccine 25: 3742–3751.
PMID: 17321015

8. Chomczynski P, Sacchi N (2006) The single-step method of RNA isolation by acid guanidinium thiocya-
nate-phenol-chloroform extraction: twenty-something years on. Nat Protoc 1: 581–585. PMID:
17406285

9. Nol P, Palmer MV, Waters WR, Aldwell FE, Buddle BM, Triantis JM, et al. (2008) Efficacy of oral and
parenteral routes ofMycobacterium bovis bacille Calmette-Guerin vaccination against experimental
bovine tuberculosis in white-tailed deer (Odocoileus virginianus): A feasibility study. J Wildl Dis 44:
247–259. PMID: 18436658

10. Rowland R, McShane H (2011) Tuberculosis vaccines in clinical trials. Expert Rev Vaccines 10: 645–
658. doi: 10.1586/erv.11.28 PMID: 21604985

11. Sable SB, Cheruvu M, Nandakumar S, Sharma S, Bandyopadhyay K, Kellar KL, et al. (2011) Cellular
Immune Responses to NineMycobacterium tuberculosis Vaccine Candidates following Intranasal
Vaccination. Plos One 6.

12. Horwitz MA, Harth G, Dillon BJ, Maslesa-Galic S (2000) Recombinant bacillus calmette-guerin (BCG)
vaccines expressing theMycobacterium tuberculosis 30-kDa major secretory protein induce greater
protective immunity against tuberculosis than conventional BCG vaccines in a highly susceptible ani-
mal model. Proc Natl Acad Sci U S A 97: 13853–13858. PMID: 11095745

13. Mo Y, Quanquin NM, VecinoWH, Ranganathan UD, Tesfa L, BournW, et al. (2007) Genetic alteration
ofMycobacterium smegmatis to improve mycobacterium-mediated transfer of plasmid DNA into mam-
malian cells and DNA immunization. Infect Immun 75: 4804–4816. PMID: 17664267

14. Palffy R, Gardlik R, Hodosy J, Behuliak M, Resko P, Radvansky J, et al. (2006) Bacteria in gene thera-
py: bactofection versus alternative gene therapy. Gene Ther 13: 101–105. PMID: 16163379

15. Rovert J. Powell GKL, David M. Hone (2004) Method for introducing and expressing genes in animal
cells, and live invasive bacterial vectors for use in the same. PCT/US1996/005326: Universitiy of Mary-
land, Baltimore.

16. Hinchey J, Lee S, Jeon BY, Basaraba RJ, Venkataswamy MM, Chen B, et al. (2007) Enhanced priming
of adaptive immunity by a proapoptotic mutant ofMycobacterium tuberculosis. J Clin Invest 117:
2279–2288. PMID: 17671656

17. Averill LE, Cavallo U, Wallis RS, BoomWH, Bona M, Mincek M, et al. (1993) Screening of a cosmid li-
brary ofMycobacterium bovis BCG inMycobacterium smegmatis for novel T-cell stimulatory antigens.
Res Microbiol 144: 349–362. PMID: 8248628

18. Madalinski K, Sylvan SP, Hellstrom U, Mikolajewicz J, Dzierzanowska-Fangrat K (2004) Presence of
anti-preS1, anti-preS2, and anti-HBs antibodies in newborns immunized with Bio-Hep-B vaccine. Med
Sci Monit 10: PI10–17. PMID: 14704645

19. Cayabyab MJ, Hovav AH, Hsu T, Krivulka GR, Lifton MA, Gorgone DA, et al. (2006) Generation of CD8
+ T-cell responses by a recombinant nonpathogenicMycobacterium smegmatis vaccine vector ex-
pressing human immunodeficiency virus type 1 Env. J Virol 80: 1645–1652. PMID: 16439521

20. Kuehnel MP, Goethe R, Habermann A, Mueller E, Rohde M, Griffiths G, et al. (2001) Characterization
of the intracellular survival ofMycobacterium avium ssp. paratuberculosis: phagosomal pH and fuso-
genicity in J774 macrophages compared with other mycobacteria. Cell Microbiol 3: 551–566. PMID:
11488816

21. Luo Y, Chen X, Szilvasi A, O'Donnell MA (2000) Co-expression of interleukin-2 and green fluorescent
protein reporter in mycobacteria: in vivo application for monitoring antimycobacterial immunity. Mol
Immunol 37: 527–536. PMID: 11163402

22. Beltan E, Horgen L, Rastogi N (2000) Secretion of cytokines by humanmacrophages upon infection by
pathogenic and non-pathogenic mycobacteria. Microb Pathog 28: 313–318. PMID: 10799281

23. Cheadle EJ, O'Donnell D, Selby PJ, Jackson AM (2005) Closely related mycobacterial strains demon-
strate contrasting levels of efficacy as antitumor vaccines and are processed for major histocompatibili-
ty complex class I presentation by multiple routes in dendritic cells. Infect Immun 73: 784–794. PMID:
15664917

24. Yadav M, Roach SK, Schorey JS (2004) Increased mitogen-activated protein kinase activity and TNF-
alpha production associated withMycobacterium smegmatis- but notMycobacterium avium-infected
macrophages requires prolonged stimulation of the calmodulin/calmodulin kinase and cyclic AMP/pro-
tein kinase A pathways. J Immunol 172: 5588–5597. PMID: 15100302

A NovelMycobacterium-E. coli Shuttle Vector, pMyong2

PLOSONE | DOI:10.1371/journal.pone.0122897 March 30, 2015 19 / 21

http://www.ncbi.nlm.nih.gov/pubmed/17280482
http://www.ncbi.nlm.nih.gov/pubmed/17321015
http://www.ncbi.nlm.nih.gov/pubmed/17406285
http://www.ncbi.nlm.nih.gov/pubmed/18436658
http://dx.doi.org/10.1586/erv.11.28
http://www.ncbi.nlm.nih.gov/pubmed/21604985
http://www.ncbi.nlm.nih.gov/pubmed/11095745
http://www.ncbi.nlm.nih.gov/pubmed/17664267
http://www.ncbi.nlm.nih.gov/pubmed/16163379
http://www.ncbi.nlm.nih.gov/pubmed/17671656
http://www.ncbi.nlm.nih.gov/pubmed/8248628
http://www.ncbi.nlm.nih.gov/pubmed/14704645
http://www.ncbi.nlm.nih.gov/pubmed/16439521
http://www.ncbi.nlm.nih.gov/pubmed/11488816
http://www.ncbi.nlm.nih.gov/pubmed/11163402
http://www.ncbi.nlm.nih.gov/pubmed/10799281
http://www.ncbi.nlm.nih.gov/pubmed/15664917
http://www.ncbi.nlm.nih.gov/pubmed/15100302


25. Neyrolles O, Gould K, Gares MP, Brett S, Janssen R, O'Gaora P, et al. (2001) Lipoprotein access to
MHC class I presentation during infection of murine macrophages with live mycobacteria. J Immunol
166: 447–457. PMID: 11123323

26. Dominguez J, Blanco S, Lacoma A, Garcia-Sierra N, Prat C, Ausina V. (2008) [Utility of molecular biolo-
gy in the microbiological diagnosis of mycobacterial infections]. Enferm Infecc Microbiol Clin 26 Suppl
9: 33–41. PMID: 19195445

27. Ainsa JA, Martin C, Cabeza M, De la Cruz F, Mendiola MV (1996) Construction of a family ofMycobac-
terium/Escherichia coli shuttle vectors derived from pAL5000 and pACYC184: their use for cloning an
antibiotic-resistance gene fromMycobacterium fortuitum. Gene 176: 23–26. PMID: 8918226

28. PicardeauM, Le Dantec C, Vincent V (2000) Analysis of the internal replication region of a mycobacteri-
al linear plasmid. Microbiology 146 (Pt 2): 305–313.

29. Alonso-Hearn M, Patel D, Danelishvili L, Meunier-Goddik L, Bermudez LE (2008) TheMycobacterium
avium subsp. paratuberculosisMAP3464 gene encodes an oxidoreductase involved in invasion of bo-
vine epithelial cells through the activation of host cell Cdc42. Infect Immun 76: 170–178. PMID:
17938223

30. BournWR, Jansen Y, Stutz H, Warren RM, Williamson AL, van Helden PD. (2007) Creation and char-
acterisation of a high-copy-number version of the pAL5000 mycobacterial replicon. Tuberculosis
(Edinb) 87: 481–488. PMID: 17888739

31. Joseph J, Saubi N, Pezzat E, Gatell JM (2006) Progress towards an HIV vaccine based on recombinant
bacillus Calmette-Guerin: failures and challenges. Expert Rev Vaccines 5: 827–838. PMID: 17184220

32. Matsuo K, Yasutomi Y (2011)Mycobacterium bovis Bacille Calmette-Guerin as a Vaccine Vector for
Global Infectious Disease Control. Tuberc Res Treat 2011: 574591. doi: 10.1155/2011/574591 PMID:
22567267

33. Lee MH, Pascopella L, JacobsWR Jr., Hatfull GF (1991) Site-specific integration of mycobacterioph-
age L5: integration-proficient vectors forMycobacterium smegmatis,Mycobacterium tuberculosis, and
bacille Calmette-Guerin. Proc Natl Acad Sci U S A 88: 3111–3115. PMID: 1901654

34. Vultos TD, Mederle I, Abadie V, Pimentel M, Moniz-Pereira J, Gicquel B, et al. (2006) Modification of
the mycobacteriophage Ms6 attP core allows the integration of multiple vectors into different tRNAala
T-loops in slow- and fast-growing mycobacteria. BMCMol Biol 7: 47. PMID: 17173678

35. Zhang R, Yang Y, Fang P, Jiang C, Xu L, Zhu Y, et al. (2006) Diversity of telomere palindromic se-
quences and replication genes among Streptomyces linear plasmids. Appl Environ Microbiol 72:
5728–5733. PMID: 16957187

36. Yi ZJ, Fu YR, Yang C, Li JM, Luo XD, Chen Q, et al. (2007) RecombinantM-smegmatis vaccine tar-
geted delivering IL-12/GLS into macrophages can induce specific cellular immunity againstM-tubercu-
losis in BALB/c mice. Vaccine 25: 638–648. PMID: 17000035

37. Horwitz MA (2005) Recombinant BCG expressingMycobacterium tuberculosismajor extracellular pro-
teins. Microbes Infect 7: 947–954. PMID: 15919223

38. Bachrach G, Colston MJ, Bercovier H, Bar-Nir D, Anderson C, Papavinasasundaram KG. (2000) A new
single-copy mycobacterial plasmid, pMF1, fromMycobacterium fortuitumwhich is compatible with the
pAL5000 replicon. Microbiology 146: 297–303. PMID: 10708368

39. Picardeau M, Vincent V (1997) Characterization of large linear plasmids in mycobacteria. J Bacteriol
179: 2753–2756. PMID: 9098076

40. Picardeau M, Vincent V (1998) Mycobacterial linear plasmids have an invertron-like structure related to
other linear replicons in actinomycetes. Microbiology 144: 1981–1988. PMID: 9695931

41. Le Dantec C, Winter N, Gicquel B, Vincent V, Picardeau M (2001) Genomic sequence and transcrip-
tional analysis of a 23-kilobasemycobacterial linear plasmid: evidence for horizontal transfer and identi-
fication of plasmid maintenance systems. J Bacteriol 183: 2157–2164. PMID: 11244052

42. Kim BJ, Kim BR, Lee SY, Seok SH, Kook YH, Kim BJ. (2013) Whole-Genome Sequence of a Novel
Species,Mycobacterium yongonenseDSM 45126T. Genome Announc 1.

43. Snapper SB, Melton RE, Mustafa S, Kieser T, JacobsWR Jr. (1990) Isolation and characterization of
efficient plasmid transformation mutants ofMycobacterium smegmatis. Mol Microbiol 4: 1911–1919.
PMID: 2082148

44. Wards BJ, Collins DM (1996) Electroporation at elevated temperatures substantially improves transfor-
mation efficiency of slow-growing mycobacteria. FEMSMicrobiol Lett 145: 101–105. PMID: 8931333

45. Bose M, Chander A, Das RH (1993) A Rapid and Gentle Method for the Isolation of Genomic DNA from
Mycobacteria. Nucleic Acids Res 21: 2529–2530. PMID: 8506155

46. Davison A, Duckworth G, Rao MV, Mcclean J, Grzybowski J, Potier P, et al. (1995) Synthesis and Anti-
body-Mediated Detection of 2,4-Dinitrophenyl (Dnp) Labeled Oligonucleotides. Nucleos Nucleot 14:
1049–1052.

A NovelMycobacterium-E. coli Shuttle Vector, pMyong2

PLOSONE | DOI:10.1371/journal.pone.0122897 March 30, 2015 20 / 21

http://www.ncbi.nlm.nih.gov/pubmed/11123323
http://www.ncbi.nlm.nih.gov/pubmed/19195445
http://www.ncbi.nlm.nih.gov/pubmed/8918226
http://www.ncbi.nlm.nih.gov/pubmed/17938223
http://www.ncbi.nlm.nih.gov/pubmed/17888739
http://www.ncbi.nlm.nih.gov/pubmed/17184220
http://dx.doi.org/10.1155/2011/574591
http://www.ncbi.nlm.nih.gov/pubmed/22567267
http://www.ncbi.nlm.nih.gov/pubmed/1901654
http://www.ncbi.nlm.nih.gov/pubmed/17173678
http://www.ncbi.nlm.nih.gov/pubmed/16957187
http://www.ncbi.nlm.nih.gov/pubmed/17000035
http://www.ncbi.nlm.nih.gov/pubmed/15919223
http://www.ncbi.nlm.nih.gov/pubmed/10708368
http://www.ncbi.nlm.nih.gov/pubmed/9098076
http://www.ncbi.nlm.nih.gov/pubmed/9695931
http://www.ncbi.nlm.nih.gov/pubmed/11244052
http://www.ncbi.nlm.nih.gov/pubmed/2082148
http://www.ncbi.nlm.nih.gov/pubmed/8931333
http://www.ncbi.nlm.nih.gov/pubmed/8506155


47. Picardeau M, Varnerot A, Rauzier J, Gicquel B, Vincent V (1996)Mycobacterium xenopi IS1395, a
novel insertion sequence expanding the IS256 family. Microbiology 142: 2453–2461. PMID: 8828212

48. Kimura M, Stone RC, Hunt SC, Skurnick J, Lu XB, Cao XJ, et al. (2010) Measurement of telomere
length by the Southern blot analysis of terminal restriction fragment lengths. Nat Protoc 5: 1596–1607.
doi: 10.1038/nprot.2010.124 PMID: 21085125

49. Kirby C, Waring A, Griffin TJ, Falkinham JO, Grindley NDF, Derbyshire KM. (2002) Cryptic plasmids of
Mycobacterium avium: Tn552 to the rescue. Mol Microbiol 43: 173–186. PMID: 11849545

50. Stover CK, Delacruz VF, Fuerst TR, Burlein JE, Benson LA, Bennett LT, et al. (1991) New Use of Bcg
for Recombinant Vaccines. Nature 351: 456–460. PMID: 1904554

51. Calandra T, Roger T (2003) Macrophagemigration inhibitory factor: a regulator of innate immunity. Nat
Rev Immunol 3: 791–800. PMID: 14502271

52. Bloom BR, Bennett B (1966) Mechanism of a reaction in vitro associated with delayed-type hypersensi-
tivity. Science 153: 80–82. PMID: 5938421

53. Esumi N, Budarf M, Ciccarelli L, Sellinger B, Kozak CA, Wistow G. (1998) Conserved gene structure
and genomic linkage for D-dopachrome tautomerase (DDT) and MIF. MammGenome 9: 753–757.
PMID: 9716662

54. Hess J, Gentschev I, Miko D, Welzel M, Ladel C, Goebel W, et al. (1996) Superior efficacy of secreted
over somatic antigen display in recombinant Salmonella vaccine induced protection against listeriosis.
Proc Natl Acad Sci U S A 93: 1458–1463. PMID: 8643654

55. Shen H, Miller JF, Fan X, Kolwyck D, Ahmed R, Harty JT. (1998) Compartmentalization of bacterial an-
tigens: differential effects on priming of CD8 T cells and protective immunity. Cell 92: 535–545. PMID:
9491894

A NovelMycobacterium-E. coli Shuttle Vector, pMyong2

PLOSONE | DOI:10.1371/journal.pone.0122897 March 30, 2015 21 / 21

http://www.ncbi.nlm.nih.gov/pubmed/8828212
http://dx.doi.org/10.1038/nprot.2010.124
http://www.ncbi.nlm.nih.gov/pubmed/21085125
http://www.ncbi.nlm.nih.gov/pubmed/11849545
http://www.ncbi.nlm.nih.gov/pubmed/1904554
http://www.ncbi.nlm.nih.gov/pubmed/14502271
http://www.ncbi.nlm.nih.gov/pubmed/5938421
http://www.ncbi.nlm.nih.gov/pubmed/9716662
http://www.ncbi.nlm.nih.gov/pubmed/8643654
http://www.ncbi.nlm.nih.gov/pubmed/9491894


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


