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INTRODUCTION

The plague�etiologic agent Yersinia pestis causes a
highly infectious disease and circulates in nature
between rodents and their fleas. Yersinia pestis strains
usually contain three different plasmids, pCad, pFra,
and pPst, each playing an important role at a certain
stage of plague pathogenesis [1]. Two of these plas�
mids, namely pFra (92.6 kb) and pPst (9.6 kpb), are
species specific. pFra plasmid, also called pMT1,
encodes two virulence factors, the capsule protein F1,
which allows the pathogen to escape phagocytosis by
the host immune system cells, and the murine toxin
Ymt, which is necessary for Y. pestis transmission by
fleas. The pPst plasmid (also referred to as pPla and
pPCP1) encodes plasminogen activator Pla, which is
essential for bubonic and pneumonic plague patho�
genesis. The pCad plasmid (also called pYV, pCD)
with a size of 70.2 kb is common for the three species
of pathogenic Yersinia: Y. pestis, Y. pseudotuberculosis,
and Y. enterocolitica. This plasmid contains a cluster of
genes involved in the control of calcium�dependent
growth (the dependence of the ability to grow at low
temperatures from the presence of Ca2+ ions in the
culturing medium), which are responsible for the

injection of the bacterium virulence factors via the
type III secretion system of the host cell.

Apart from these three plasmids, which are typical
for plague�causative agents, Y. pestis strains may con�
tain additional plasmids of various sizes. Some of
them originate from recombination between the typi�
cal plasmids, while others are the original plasmids
present in certain Y. pestis populations [2–4]. A plas�
mid with a size of about 19.5 kb, which is a dimer
composed by two 9.5�kb pPst plasmids, was described
in Y. pestis strains obtained in the western United
States [3]. Cryptic 6 kb pYC plasmid was identified in
Y. pestis strains isolated in Yunnan province, China
[4]. This plasmid comprises 12 open reading frames,
among which ORF1 was shown to be the gene encod�
ing the replication initiation protein and ORF11 and
ORF12 were shown to be the genes encoding DinJ1
and DinJ2 proteins, which are likely to contribute to
the maintenance of DNA stability. The plasmid
region upstream from the ORF1 encompasses a num�
ber of copies of a direct repeat, with characteristics
similar to those of the DNA replication origin [4].

In the Y. pestis strains obtained in the Tuva moun�
tain plague focus in Russia, there also occurs a plasmid
with a size of about 33 kb, the functions of which are
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unknown [5]. A cryptic pCRY plasmid, about 22 kb in
size, was detected in the genome sequence of Y. pestis
strain 91001, which belongs to microtus strains from
the two plague foci in China [6]. The G+C content of
this plasmid constitutes 49.1%, which makes it differ�
ent from the other three plasmids present in the
plague�causative agent. pCRY contains an approxi�
mately 30 genes, among which are the repA replication
protein gene and the parA gene, the product of which
is necessary for newly synthesized plasmid segregation
into the daughter cells, as well as the vir cluster of type VI
secretion system genes (T4SS). T4SS is an important
virulence factor that is required in bacterial pathogens
for the secretion of effector proteins into the host cells
and for the transfer of plasmids bearing genes control�
ling antibiotic resistance. T4SS in Agrobacterium
tumifaciens usually comprises 12 Vir proteins, namely,
Vir1–Vir11 and VirD4 proteins, though in other bac�
teria it may include additional genes or, on the con�
trary, may contain a limited set of these proteins’
homologs [7, 8]. The type IV secretion system appara�
tus differs from that of the type III secretion system by
its constituting elements, as well as by the architecture.
It appears that T4SS participates in the secretion of a
broad range of compounds, including large DNA�pro�
tein complexes [8]. Song et al. [6] have for the first
time demonstrated the presence of T4SS genes in
Y. pestis strains. However, since the vir cluster of the
pCRY plasmid lacked virB7 and virB8 genes, the func�
tion of this incomplete T4SS gene cluster remained
unclear. In PCR analysis of pCRY plasmid occurrence
in 257 Y. pestis strains from China with repA gene�spe�
cific primers, only 11 revealed a positive signal, thus
indicating that this plasmid is uncharacteristic of Y.
pestis [6].

In the Central�Caucasian high�mountain plague
focus in Russia, Y. pestis strains of medieval biovar can
be isolated; they are different from other strains of this
biovar, frequently occurring in the plague foci in Russia,
the countries of the Commonwealth of Independent
States, and the bordering countries. These strains are
characterized by decreased virulence, extraordinary
proline dependence, and the presence of an additional
plasmid with a size of 5.4 kb [9, 10]. We have recently
performed whole�genome sequencing of the proline�
dependent Y. pestis strain C�627, which was obtained in
the Central�Caucasian high�mountain plague focus.
This showed that these strains are the most ancient of all
of the known strains of medieval biovar [11]. Their
ancient origin is an argument in favor of the previously
generally held and presently challenged opinion that a
second plague pandemic—the Black Death, which
ravaged Europe in 13–14 centuries and was caused by
Y. pestis strains of medieval biovar—has broken out in
the Caucasus and the Caspian Sea region.

The purpose of this work was to identify the com�
plete nucleotide sequence of the 5.4�kb plasmid of
Y. pestis strains from the Central�Caucasian plague

focus and to carry out its structural and functional
analysis.

MATERIALS AND METHODS

Y. pestis Strain, Culturing Conditions, DNA Isolation 
and Sequencing

Y. pestis strain C�627 was obtained from Citellophilus
tesquorum fleas feeding on the Caucasian mountain
ground squirrel Citellus musticus on the territory of the
Kuban�Malkin region of the Central�Caucasian natu�
ral plague focus in 1986. The strain was provided by the
State Collection of Pathogenic Bacteria of the Russian
Research Antiplague Institute “Microbe”, where it is
stored in a lyophilized state. The strain was cultured in
broth and agar LB medium (pH 7.2) for 24–48 h at
28°C. DNA was isolated using AxyPrep Bacterial
Genomic Miniprep Kit. A 200�bp fragment library was
obtained with an Ion Xpress Library Kit according to
the manufacturer’s protocol. The nucleotide sequence
of the strain genome was identified with an Ion PGM
(Life Technologies, the United States) system and an
ABI 3500x1 Genetic Analyzer (Life Technologies, the
United States) automatic genetic analyzer. In order to
obtain the full sequence of the pCKF plasmid circle, the
primers were designed in correspondence with the ter�
minal regions of the plasmid contigs. The terminal
sequences of contigs were identified with them and were
used to finalize the plasmid sequence reconstruction.

Computer�Assisted Analysis and Software

The primary sequencing data were processed using
the Ion Torrent Suite software 3.4.2. Single reads were
then assembled de novo into contigs with Newbler
gsAssembler 2.6 software. Only those contigs contain�
ing no less than 100 reads were analyzed. The depth of
coverage for each nucleotide was about 2000 fold.
Finalization of the plasmid sequence was carried out
with UGENE 1.12.2 software.

The analysis of the obtained nucleotide sequence
of the plasmid was carried out on the RAST server,
while the analysis of the amino acid sequences of the
protein�coding regions was performed with Psi�
BLAST based on data contained in PATRIC, NCBI
GenBank, RAST, Uniprot, Pfam, and EMBL.

RESULTS AND DISCUSSION

The identification of the full�genome sequence of
Y. pestis strain C�627 obtained in the Central�Cauca�
sian high�mountain plague focus previously allowed
us to determine that it belongs to the ancient branch of
medieval biovar, which is designated by us as 2.MED0.
This has not been previously described, in either Rus�
sian or foreign works, and is not present on the world
genetic diversity tree of Y. pestis [11]. The C�627 strain
genome comprises (along with the chromosomal
DNA and pFra, pPst, and pCad plasmids) a cryptic
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plasmid with a size of 5.4 kb. Since this plasmid had no
specific name, we designated it pCKF after the name
of the Central�Caucasian high�mountain plague focus
where strains containing this plasmid can be isolated.
The analysis of the data obtained in the course of the
whole�genome sequencing of Y. pestis strain C�627
showed that the depth of pCKF plasmid sequence cov�
erage in the C�627 genome was more than 100 fold,
which is about two times higher than the correspond�
ing parameter value for another small plasmid, the
9.5�kb pPst plasmid. With UGENE software, the

sequences of the terminal regions of the plasmid con�
tigs identified by the capillary sequencing analyzer ABI
3500x1 Genetic Analyzer were assembled together
with the nucleotide sequences of pCKF fragments into
a circular replicon with a size of 5.4 kb, the map of
which is given in the figure.

The pCKF plasmid DNA analysis showed its com�
position: 28.34% adenine, 20.5% cytosine, 17.87%
guanine, and 33.28% thymine. The total G+C content
appeared to be 38.38%. At the same time, the G+C
content of the Y. pestis strain C�627 chromosome
DNA is 47.6%, which implies that pCKF plasmid was
most probably transferred from some microorganism
phylogenetically distant from the Yersinia bacteria, as
well as from other bacteria of the Enterobacteriaceae
family.

In order to identify the number of protein�coding
sequences in the pCKF plasmid of the Y. pestis strain
C�627 and to unveil their possible functions, an analysis
of the complete nucleotide sequence of this plasmid was
carried out with the open reading frames finder applica�
tion of the RAST server and the NCBI GenBank
glimmer3 algorithm (table). As a result of the analysis, it
was shown that the plasmid contains eight open reading
frames. Among the genes identified are the rep gene
encoding a replication protein, the virB6 gene encoding
the inner membrane channel protein of the type IV
secretion system, and the virB5 gene of the minor pilin
of the type IV secretion system. These genes are consid�
ered identified, because the rate of their similarity with
other nucleotide sequences was not less than 70%.

The coding sequence CDS1 (nucleotides 1–693)
of pCKF plasmid showed an 89% similarity with the
ORF1 gene encoding the replication protein in the
6�kb pYC cryptic plasmid contained in Y. pestis strains
from Yunnan province, China [4]. Such a significant
homology rate between the pCKF plasmid CDS1 and
the pYC plasmid ORF1 gene allows us to conclude
that this coding sequence is a replication protein gene
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Map of pCKF plasmid from Y. pestis strain C�627 obtained
in the Central�Caucasian high�mountain plague focus.
Arrows indicate the open reading frames detected with the
RAST server and the NCBI GenBank glimmer3 algo�
rithm. White triangle designates the presumable plasmid
replication start site.

Nucleotide sequences contained in pCKF plasmid

CDS
Coding sequences

localization (nucleotides starting
from the replication start site)

Gene Encoded protein product Homologous sequences,
% of homology

CDS1* 1–693 rep Replication protein orf1 of the Y. pestis pYC 
plasmid, 89%

CDS2 765–980 Hypothetical protein
CDS3 1175–2218 virB6 VirB6, type IV secretion

system protein 
virB6 Proteus mirabilis,
more than 70%

CDS4 2220–2414 Hypothetical protein
CDS5 2404–2691 ''
CDS6 3271–3906 ''
CDS7 3903–4619 virB5 VirB5, type IV secretion

system minor pilin 
virB5 Campylobacter
upsaliensis, more than 70%

CDS8 5204–5088 Hypothetical protein
* CDS coding sequence.
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as well. This protein participates in the process of the
initiation of DNA replication by DNA polymerase
and in the catalysis of DNA synthesis from deoxyribo�
nucleotide triphosphates.

CDS3 (nucleotides 1175–2218) has more than
70% homology with the Proteus mirabilis virB6 gene
encoding VirB6 protein of the inner membrane of
T4SS. VirB6 is supposed to participate in the forma�
tion of a channel in the inner membrane and in pro�
tein secretion into the surrounding medium or into the
host cell. When the predicted amino acid sequence of
pCKF plasmid CDS3 was taken into the analysis, it
demonstrated 45% homology with the Y. enterocolitica
CC4T TriE protein, which is encoded by the p29930
plasmid and carries out functions associated with pro�
tein secretion similar to those of VirB6.

CDS7 (nucleotides 3903–4619) shows more than
70% homology with the virB5 gene of Campylobacter
upsaliensis. VirB5 is a minor pilin and participates in
periplasmic channel formation in T4SS. The amino
acid sequence of the CDS7 protein product shows
55% homology with Y. enterocolitica T4SS TriD pro�
tein, which is also encoded by p29930 plasmid. It
appears that the virB5 and virB6 genes identified in
pCRF plasmid contribute to protein secretion into the
surrounding medium or into the host cells.

When utilizing the RAST server application, which
allows the identification of open reading frames and
NCBI GenBank glimmer3 algorithm (both of which
indentify only those genes showing no less than 70%
homology with the genes in the databases), we were
not able to determine the functions of the five other
transcription units in pCKF plasmid. We identified the
putative functions of some of these genes by compar�
ing the predicted amino acid sequences of their pro�
tein products with the amino acid sequences present in
the PATRIC, NCBI GenBank, Uniprot, Pfam, and
EMBL databases. Although the percent of similarity
with the identified homologous proteins appeared to
be less than the threshold value, it still allowed us to
make suppositions of the possible functions of the pro�
teins encoded by some pCKF genes.

CDS2 (nucleotides 765–980) encodes a protein
that has 41% homology with the Escherichia coli hypo�
thetical protein with unknown functions.

CDS4 (nucleotides 2220–2414) protein shows
42% homology with the Streptococcus parasanguinis
hypothetical protein, the functions of which are
unknown.

CDS5 (nucleotides 2404–2691) protein has 39%
homology with un uncharacterized protein product of
the BN482_02023 gene of the Clostridium sp. strain
CAG:127.

CDS6 (nucleotides 3271–3906) protein product
shows 30% homology with the Y. enterocolitica T4SS
TriL protein encoded by the p29930 plasmid.

CDS8 (nucleotides 5204–5088) protein has 43%
homology with the Bacillus anthracis ABC transporter

C�terminal permease protein. The proteins of this
family occur only in prokaryotes and take part in the
transport of a broad range of substrates, varying from
small ions to macromolecules.

We have also revealed the presence of a unique
region with high A+T contents (65.9%) in the nucle�
otide position 5219–5308 of the pCKF plasmid of the
Y. pestis strain C�627, which was made up by two 44 bp
repeats. The repeats were composed by two shorter
22 bp repeats containing three unique nucleotide sub�
stitutions each. The entire AT�rich region is located
upstream from the rep gene encoding the replication
protein and may play the role of replication origin of
this plasmid (see figure).

To summarize, the obtained data indicate that the
genes located in pCKF plasmid may be associated
with processes of transport and secretion, in particular
with T4SS. Similar functions were described for genes
encoded by pCRY plasmid from the Y. pestis microtus
strain 91001 [6]. The latter encodes 10 out of 12 vir
cluster genes of T4SS but lacks virB7 and virB8 genes.
In the pCKF plasmid, only two vir cluster genes,
namely virB5 and virB6, were identified, with their
functions remaining unclear. Since the possibility of
the presence of T4SS genes in the genomes of the
strains bearing pCKF plasmid could not be excluded,
we have examined the full�genome sequence of the
Y. pestis strain C�627 for the presence of correspond�
ing genes. As a result of the analysis, we detected the
presence of the virB11 gene, which encodes adenosine
triphosphatase (ATPase) participating in the secretion
of various substrates, in the chromosome. The signifi�
cance of these single T4SS genes, which are localized
in the strain C�627 genome and in the pCKF plasmid,
for the vital activity and pathogenic properties of the
strains bearing this plasmid is still unclear. However,
the stable maintenance of the pCKF plasmid in the
genomes of Y. pestis strains of medieval biovar from the
Central�Caucasian high�mountain plague foci may
indicate that the factors encoded by it provide their
persistence under the specific landscape and geo�
graphical conditions of this region, while other
ancient branches of medieval biovar have not survived.
The fact that at least four genes, virB6 (CDS3), virB5
(CDS7), CDS6, and CDS8, in pCKF plasmid are
associated with secretion and transport makes it possi�
ble to suppose that this plasmid may contribute to the
pathogenicity of the strains which bear it.

To summarize, we have for the first time deter�
mined the full nucleotide sequence of the 5.4 kb cryp�
tic plasmid from Y. pestis strains of medieval biovar
and performed its structural and functional analysis. It
appears that this plasmid encodes proteins participat�
ing in the secretion and transport into the host cells or
the extracellular medium. The international informa�
tion resources lack any data on this plasmid, the genes
it contains, and their protein products. The pCKF
plasmid nucleotide sequence was deposited in the
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NCBI GenBank database with the accession
no. KM112087.
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