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Abstract

A novel cryptic plasmid from Enterococcus durans 1-8, designated as pMKS8, was sequenced and analyzed in this study.
It consists of 3337 bp with a G+ C content of 33.11%. Sequence analysis of pMK8 revealed three putative open reading
frames (ORFs). Based on homology, two of them were identified as genes encoding replication initiation (RepC) and mobi-
lization (Mob) protein, respectively. Sequence analysis revealed a pT181 family double-strand origin (dso) and a putative
single-strand origin (sso) located upstream of the repC gene. Sequence homology analysis indicated that the sso belongs to
the ssoW family. Southern hybridization confirmed the presence of single-strand DNA (ssDNA) intermediates, suggesting
that pMKS replicates via the RCR mechanism. Furthermore, the relative copy number of pMKS8 was estimated by real-time

PCR to be 175 + 14 copies in each cell.

Introduction

The enterococci, a large genus of lactic acid bacteria (LAB),
are often found in fermented food and human or animal
digestive systems [22]. Because of lipolytic activity and pro-
duction of aromatic volatile compounds, some Enterococcus
durans and Enterococcus faecalis strains play an important
role in sensory properties of cheese as adjunct starters [11,
34]. Moreover, some E. durans strains can survive and colo-
nize in the gastrointestinal (GI) tract to exert their beneficial
effects [28]. However, some important traits of this species
are encoded on plasmids, such as acid and bile tolerance,
multidrug resistance and bacteriocin synthesis [5, 8, 25].
Hence, there has been much interest in the biology and
genetics of these plasmids in recent years.

Many Enterococci often harbor one or more natural plas-
mids [27], some of which have been sequenced. Some large
plasmids replicate via theta mechanism, such as pS86 and
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pIP501 [3, 23] and the other smaller plasmids replicate via
the rolling-circle replication (RCR) mechanism, such as
pJBO1 and pNJAKD [17, 18]. The mode of replication of
plasmids has an important impact on some characteristics
of plasmid-derived vectors, such as host range, stability
and copy number [32]. RCR replication initiates with spe-
cific binding of the Rep protein to the double-strand origin
(dso). Leading strand is then synthesized, after which lag-
ging strand is generated from single-strand origin (sso) [14].
Based on sequence similarity in the Rep protein and dso,
RCR plasmids have been divided into four main families
including pT181, pLS1(pMV158), pC194, and pSN2 [15].

In this study, plasmid pMKS8 from E. durans 1-8 was
sequenced and characterized. The mode of replication was
further identified by Southern hybridization analysis. With
the high copy number of 175 copies per chromosome equiv-
alent determined by real-time PCR, the plasmid pMKS has
the potential to be developed into valuable tools with bio-
technological application.

Materials and Methods
Bacterial Strains, Plasmids and Growth Conditions
Enterococcus durans 1-8 was grown at 37 °C in

Man-Rogosa—Sharpe (MRS) medium under anaerobic con-
ditions. Escherichia coli DH5-alpha used as cloning host
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was cultured at 37 °C in Luria-Bertani (LB) medium with
shaking at 250 rpm. When necessary, medium was supple-
mented with the relevant antibiotics at the following con-
centrations: 50 ug/ml kanamycin for E. coli and 100 pg/ml
rifampicin for E. durans. The subcloning vector pPBK-CMV
(Stratagene, La Jolla, CA) was used for plasmid sequencing.

DNA Manipulation Techniques

Miniprep plasmid isolation from both E. coli and E. durans
was performed using the Plasmid Mini Kit I according to
the manufacturer’s instructions (OMEGA Bio-tek Inc.,
Doraville, GA, United States). Genomic DNA from E.
durans was prepared using the genomic DNA Extraction
Kit (Tiangen, Beijing, China) with lysozyme pre-treatment.
Total DNA from E. durans 1-8 was prepared as described
by te Riele et al. [33]. PCR products were amplified using
Ex Taq polymerase (Takara, Dalian, China). Restriction
endonuclease digestions were conducted according to the
manufacturer’s instructions (Takara, Dalian, China). T4
DNA ligation was performed by using the T4 DNA Ligase
Kit (Invitrogen, Shanghai, China) according to the suppli-
er’s instructions. All primers used in this study are listed in
Table 1 and were synthesized by Sangon Biotech (Sangon
Biotech, Beijing, China).

Identification of Enterococci Strain

In order to identify the isolated strain, 16S ribosomal DNA
(rDNA) analysis and species-specific PCR were employed
as described previously [36]. Primer F-16S and R-16S were
designed according to the 16S rDNA gene sequence of E.
coli at positions 8-37 and 1479-1506, respectively. Species-
specific primers for identifying E. durans were based on
the phenylalanyl-tRNA synthetase a-subunit (pheS) gene
[26]. 16S rDNA and pheS gene was amplified from genomic
DNA of E. durans 1-8. The amplified fragment was ligated
to pGEM-T vector (Promega, Madison, WI, USA) and
then sequenced using an Applied Biosystems Automated
Sequencer (Applied Biosystems Inc., Foster City, CA). The

Table 1 Primers used in this study

Primer Sequence (5'-3") Reference or source
pheS-F CAYCCNGCHCGYGAYATGC [24]

pheS-R CCWARVCCRAARGCAAARCC  [24]

RT-F AACAGGCGGTTAAGTGTCG This study

RT-R ATTGCCAGCCATTATTTCC This study

murB-F  TGAAGGCAATACGAGTGGA This study

murB-R  ACATCTTTGATTTCGCCAC This study

Sou-F GCTGGCAATTACTAGACCA This study

Sou-R GACTGGCAAAGCTACCTAA This study

sequence obtained was further analyzed with the DNAMAN
software package (Lynnon Biosoftware, Vaudreuil, Que-
bec, Canada) and the Basic Local Alignment Search Tool
(BLAST) at National Center for Biotechnology Information
(NCBI) site (http://www.ncbi.nlm.nih.gov/).

Plasmid DNA Sequencing and Analysis

In order to sequence the plasmid, pMKS8 was digested with
several restriction enzymes (REs) including Sacl, Pstl, Spel,
BamHI, EcoRI, HindlIll, and Xhol to select an appropriate
RE site. The digested plasmid was inserted into the vec-
tor pPBK-CMV. T7 and T3 universal primers were used to
sequence the inserted fragment of the pMK8. The nucleotide
and amino acid sequence encoded by the ORFs were ana-
lyzed by the BLAST at NCBI website. Open reading frames
(ORFs) were analyzed by the ORF finder. Inverted repeats
were detected by DNASTAR software. Conserved domain
search service in NCBI site was used to search conserved
domains of the proteins.

Detection of Single-Stranded Intermediates

Southern hybridization was used to detect single-stranded
(ss) DNA intermediates [33]. E. durans 1-8 was grown in
MRS medium with or without rifampicin and then total
DNA was extracted after 8 h incubation. S1 nuclease treat-
ment was carried out at 37 °C for 30 min to digest the
ssDNA intermediates. Subsequently, total DNA treated with
or without the nuclease were electrophoresed in 1% (w/v)
agarose gel without denaturation, and then transferred onto
the nylon membrane. A 474-bp probe from rep gene was
synthesized by PCR with primers Sou-F and Sou-R. Labe-
ling and detection were performed using a DIG High Primer
DNA Labeling and Detection Starter Kit (Roche Inc., Man-
nheim, Germany).

Relative Copy Number Determination by Real-Time
PCR Assay

The relative copy number of pMKS8 was assessed by real-
time PCR. Amplification and detection were carried out
in a LightCycler 96 real-time PCR system (Roche, Basel,
Switzerland) using a SYBR Green PCR SuperReal Pre-
Mix Plus (Tiangen, Beijing, China). A 202-bp fragment
of rep gene was amplified with RT-F and RT-R. The
single-copy gene murB in the chromosome of E. durans
KLDS6.0933 was used as reference gene (GenBank acces-
sion no. CP012366.1). A 184-bp fragment of murB gene
was amplified with primer murB-F and murB-R. The rela-
tive copy number of pMKS8 was calculated using N ives
= (1 + E)"4¢1[20], where E represents the PCR amplifica-
tion efficiency and ACy shows the difference between the
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threshold cycle number (Cy) of the murB and rep gene.
The experiment was performed in triplicate and average
results were reported.

Nucleotide Sequence Accession Number

The complete DNA sequence of pMKS8 has been deposited
in GenBank under accession no. KY978588.

Results and Discussion
Isolation and Characterization of E. durans

Twenty-five strains were isolated from fresh milk samples
collected from a dairy cattle farm in Da Wei Mountain,
Ping Bian, Hani-Yi Autonomous Prefecture of Honghe,
Yunnan province. Plasmid extraction profile showed that
strain 1-8 harbored two native plasmids, designated pMK8
and pMKS8-1 (Fig. 1a). The 16S rDNA sequence analy-
sis indicated that the strain showed 99% similarity to E.
faecium species group. In order to further determine the
specific species, gene pheS was chosen as an identification
tool for Enterococcus species. Sequence analysis showed
that the 467-bp PCR product shared 99% identity with
the reported pheS gene from E. durans (GenBank no.
KJ818116.1). These results demonstrated that this strain

11,849bp
10, 085bp

8,203bp
6, 133bp
5,026bp
3,997bp

3,049bp pMK8

2,078bp

Fig.1 Agarose electrophoresis and physical map of plasmid pMKS8
from E. durans 1-8. a Plasmid DNA was isolated and electro-
phoresed in a 1% (w/v) agarose gel. Lane I two circular plasmids and
chromosome are indicated by arrowheads. Lane M supercoiled DNA
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chromosome

pMK8-1

belonged to the E. durans species and was designated E.
durans 1-8.

Sequence Analysis of Plasmid pMK8

After digesting with several restriction enzymes, agarose
gels showed that pMKS contained a single restriction site
for Pstl. The Pstl-digested plasmid DNA was then inserted
into the pBK-CMV vector to determine the nucleotide
sequence of pMKS8. Sequence analysis showed that the
length of pMKS8 was 3337 bp and the average G+ C content
was 33.11%. Three ORFs were predicted to encode puta-
tive proteins. These ORFs are located in the same direction
located at positions —653-318, 861-2108, and 510-647,
respectively (Fig. 1b).

According to the protein sequence homology, ORF1 is
predicted to encode a 323 amino acid replication initiation
protein (RepC) starting with the TTG codon. Sequence
analysis showed that ORF1 shared 76.9% similarities with
the RepC protein of a pT181 family plasmid pRI1 [10].
Rep_trans (pfam02486) was a marker of pT181 replicative
protein and was detected in the pMKS8 RepC [1]. In addi-
tion, the RepC was also found to have a conserved tyrosine
residue at position 192, which was essential for nicking at
the origin to initiate replication (Fig. 2a) [7, 15]. In addition,
the RepC structure modeling by SWISS-MODEL indicated
that this protein was predicted to form a homodimer and its
topologic structure was identical to the corresponding Rep
in pT181 family (Fig. 2b) [4].

Bsp 4y
Pst] (3337)(40)

222

3337 bp

ladder marker. b Some restriction enzyme sites are shown. Three
OREFs are indicated by closed arrows. The positions of the putative
dso and sso are indicated by boxes
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Fig.2 Multiple sequence alignment and theoretical three-dimensional
(3D) structure of RepC from pMKS. a Multiple sequence alignment
of partial RepC protein. pRI1: plasmid from Enterococcus faecium
[10]; pHD2: plasmid from Bacillus thuringiensis [24]; pT181: plas-
mid from Staphylococcus aureus [16]; pCW7: plasmid from Staphy-
lococcus aureus [1]. Background coloring and shading reveal the

RepC

Chain B

sequence conservation. The active tyrosine residues involved in the
nicking of the DNA are indicated by boxes. b The 3D structure of
RepC was generated using SWISS-MODEL server (http://www.expas
y.ch/swissmod/SWISS-MODEL.html). Dimer of RepC with rainbow
coloring from blue at the N-terminus to red at the C-terminus with
each strand and helix identified. (Color figure online)
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Fig.3 DNA sequence and structure of the dso region of pMKS.
Arrows in the diagram show the three inverted repeat sequences
(IR I, II, and III) at the origin. Comparison of the nick region in
pMKS dso with those of the pT181 family plasmids were obtained

Moreover, a typical dso of pT181 family was located
within the rep gene of pMKS. The sequence (5'-TCT/
AA-3") with the nick site was conserved in pT181 fam-
ily, which was also found in pMKS8 dso (Fig. 3). In addi-
tion, three sets of inverted repeat (IR) elements were also
detected in pMKS [37]. IRII and IRIII elements are proven
to be critical for the Rep binding and replication initia-
tion [4]. Based on similarity of the Rep protein and dso
sequence, pMKS could be classified into the RCR pT181
family.

using ClustalX 2.1 [19] with default settings and visualized in CLC
Sequence Viewer 7.8.1. Background coloring and shading reveals the
sequence conservation. (Color figure online)

In addition, the sso of pMKS8 was predicted to be located
at 463 bp upstream the ORF1. Based on sequence and struc-
tural similarities, four different types of ssos, ssoA, ssoT,
ssoW and ssoU have been identified [14]. The putative
sso region of pMKS8 shares 75.74% homology with the sso
regions of the ssoW type of plasmid pWVO01 and pJBO1 [17,
31]. All these ssos contained the conserved recombination
site B(RSy) and 6-bp conserved sequence(CS6) (Fig. 4),
which are important for the binding of RNA polymerase
and the termination of primer RNA synthesis, respectively

@ Springer
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Fig.4 Comparison of the sso region in pMKS8 with those of ssoW-
type plasmids. The RSy site, CS-6, putative —35 and —10 sequences
are indicated by boxes. The IR sequences are underlined by arrows.

[14]. The conserved RSy was also found in plasmid pMKS.
However, a 6-bp sequence (5'-TAAGGC-3") was detected
within the terminal loop of the major secondary structure
for lagging strand synthesis. Two inverted repeats (IR) were
also detected in this sso region, which are required in the
RNA polymerase-dependent route of lagging strand synthe-
sis in RCR plasmid replication [31]. Sequence homology
analysis demonstrated that the sso of pMKS belongs to the
ssoW family.

Sequence analysis showed that ORF2 encoding a pro-
tein of 415 amino acids had a similarity of 43.7% to the
Mob protein of the pMV 158 family plasmid pLC22R [2,
9]. Mob_Pre (pfam01076) was found in pMKS, which was
regarded as a marker of the mobilizable plasmid pMV 158
superfamily [29]. Furthermore, three highly conserved
motifs (Motifl (HxxR), Motifll (NYD/EL) and MotifIII
(HxDE...PHxH)) were also detected in the Mob of pMKS$
by conserved domain analysis (Fig. 5) [9]. In addition,
a 24-bp nucleotide sequence (5'-TTTGGTATAACAGG/
CTATACCAGA-3’) located at position 783—-806 upstream
of the mob gene possessed a highly conserved part of the
transfer origin sequence (oriT) of pMV 158 [9]. ORF3

@ Springer

pJBOI1: plasmid from Enterococcus faecium [17]; pYC2: plasmid
from Lactobacillus sakei [35]; pWVO0l:plasmid from Lactococcus
lactis [31]; pBMO02: plasmid from Lactococcus lactis [30]

encodes a hypothetical protein of 45 amino acids, which
started with an ATG codon, but no homologous proteins
to ORF3 sequences were found in the GenBank database.

Detection of ssDNA Intermediates

The ssDNA intermediate is a feature of the RCR mecha-
nism [6, 15]. Therefore, detection of ssDNA by South-
ern hybridizations is currently used to confirm the RCR
plasmid replication mechanism. The total DNA samples
pretreated with S1 nuclease or untreated were transferred
to the nylon membrane without pre-denaturation. Posi-
tive signals were observed in plasmid samples without S1
nuclease treatment and were not present in the correspond-
ing treated sample, indicating the presence of ssDNA
intermediates (Fig. 6). Rifampicin is generally consid-
ered to be an inhibitor of RNA polymerase and ssDNA to
dsDNA transformation [21]. In this study, when E. durans
was grown in medium with rifampicin, the positive signals
become more intense. These results confirmed that pMKS8
replicated via the RCR mechanism.
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Fig.5 Comparison of the Mob protein in pMKS8 with those Mob
proteins in pMV158 family plasmids. Three conserved motifs are
indicated by boxes. Background coloring and shading reveals the
sequence conservation pKLEO3: plasmid from Leuconostoc mesen-

Rif-,S- Rif-,S+ Rif+,S+

Fig.6 Detection of pMK8 ssDNA intermediates by Southern hybridi-
zation. Cells were cultured in MRS medium with (Rif+) or without
rifampicin (Rif—). Total DNA was extracted and electrophoresed on
a 1% agarose gel with (S+) or without (S—) prior S1 nuclease treat-
ment. The Southern blot was performed without prior denaturation

Relative Copy Number of pMK8

Real-time PCR was used to determine the relative copy num-
ber of pMKS. A ten-fold serial dilution of the untreated total
DNA from E. durans was used to construct standard curves
for both repC and murB (Fig. 7). For a DNA template with

HxDExxPHxH

500

- 415
- 411
- 411
411

IIAIIPIINIIIIAIIISII 494
INRI IELTRDLFKG-PSL -

TR

teroides [13]; pMKCO3: plasmid from Weissella cibaria; p22R: plas-
mid from Leuconostoc citreum [2]; pMV158: plasmid from Strepto-
coccus agalactiae [12]. (Color figure online)
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% y=2283+3.465x
104 . R?=0.999
= murB
5 * o re
——Linear Fit of murB
Linear Fit of rep
O T T T T T 1
0 1 2 3 4 5 6

-Log,,Co

Fig.7 The standard curves of C; values versus template concentra-
tion for repC and murB. The total DNA of E. durans 1-8 was seri-
ally ten-fold diluted, ranging from 107! to 1075, and the C; values of
each gene were plotted against the logarithm of concentration (n=3).
A standard curve was generated by linear regression through these
points for each gene

a ten-fold serial dilution, the slope of the sample standard
curve was 3.322 [20]. The curves obtained for repC and
murB were linear in the range tested and the slopes obtained
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were 3.465 and 3.575. Analysis of results revealed that the
relative copy number of pMKS8 was about 175 + 14 copies in
each cell. In conclusion, this high copy RCR plasmid pMKS8
from E. durans isolated from fresh milk didn’t harbor any
virulence factor or antibiotic resistance gene. Therefore, we
suppose that pMK8 may be used as backbone plasmid for
constructing valuable food-grade vectors for application in
the food industry.
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