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INRODUCTION

 

Yersinia pseudotuberculosis

 

 are ubiquitous bacteria
affecting humans and animals. Plants were found to
play a significant role in ecology and epidemiology of

 

Y. pseudotuberculosis

 

 [1–3]. It is also known that
humans do not get directly infected with the pseudotu-
berculosis by other humans or animals. They are nor-
mally infected through consumption of food contami-
nated by these bacteria, mainly of vegetables that have
been stored at low temperature where 

 

Yersinia pseudot-
uberculosis

 

 actively multiply and become highly viru-
lent [4].

Evidence exists that yersinia can also reside in trees
and herbs. Under laboratory conditions, they can pene-
trate into the seedlings of lettuce, cabbage, oat, peas,
potato, and 

 

Elodea canadensis

 

, an aquatic plant [7—9].

The understanding of the fact that many bacterial
pathogens affecting plants and animals have common

ancient ancestors and function similarly is growing
[10–12]. Recognition of the phytopathogens by plants
at the molecular level occurs through the interaction of
protein products of 

 

R-Avr

 

 genes, where 

 

R

 

 is a plant dis-
ease-resistance gene while 

 

Avr

 

 (stands for avirulence)
is a gene of a pathogenic microbe [13]. Many phyto-
pathogenic microorganisms can inhabit the plant sur-
face without causing a disease. Under certain circum-
stances, bacteria penetrate into plants through stomata
or wounds, multiply in the apoplast, and thus establish
the initial contact with the plant cells. During this con-
tact, the 

 

Hrp

 

, a hypersensitive response and pathoge-
nicity locus of the bacteria that includes a cluster of
genes encoding a type III protein secretion system in
bacteria is induced [12]. The activity of most 

 

Avr

 

 genes
depends on the activity of the 

 

Hrp

 

 locus. The 

 

Hrp

 

 locus
of phytopathogens is similar to corresponding loci
encoding a type III protein secretion system in human
pathogens, including the 

 

Yersinia, Shigella, 

 

and 

 

Salmo-
nella

 

 [14]. The common mechanism of pathogenesis
was initially demonstrated for 

 

Pseudomonas aerugi-
nosa

 

, when the samples of this clinically isolated
human pathogen were shown to be able to affect plants,
nematodes, insects, and mice [11]. The complete necro-
sis of arabidopsis leaves was observed on the 4th to 5th
day after plant treatment with the bacterial suspension.
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Abstract

 

—The effect of 

 

Yersinia pseudotuberculosis

 

, the bacterial pathogen affecting humans and animals, on
growth of ginseng (

 

Panax ginseng

 

 C.A. Mey) cell cultures was studied. The bacteria strongly induced the
expression of phenylalanine ammonia-lyase and 

 

β

 

-1,3-glucanase, the proteins encoded by the defense-related
genes of ginseng and inhibited the normal ginseng callus growth but did not affect the resistant cell cultures.
The thermostable and thermolabile protein toxins of these bacteria are lethal to mice when induced parenther-
ally, and they also induced the expression of the defense-related genes in ginseng callus cultures. At the same
time, the ginseng cells completely suppressed the bacterial cell growth. These data suggest that the ginseng cells
recognized the yersinia and developed the immune response to this pathogen. The interaction between the gin-
seng cells and 

 

Y. pseudotuberculosis

 

 is similar to the hypersensitive response of plants to plant pathogens.
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Abbreviations

 

: Avr—avirulence;CFU—colony-forming unit;
HR—hypersensitive response; 

 

hrp

 

—hypersensitive response and
pathogenicity genes; PAL—phenylalanine ammonia-lyase; Pg-
glu1—

 

Panax ginseng

 

 

 

β

 

-1,3-glucanase; PgPAL—

 

P. ginseng

 

 PAL;
TLTYp—thermolabile toxin of 

 

Yersinia pseudotuberculosis

 

;
TSTYp—thermostable toxine of 

 

Y. pseudotuberculosis

 

; Yop—

 

Yersinia

 

 outer protein.
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The 

 

dsbA

 

 gene along with its homologuous human
pathogens (including 

 

Shigella flexneri

 

 and 

 

Vibrio chol-
era

 

) and plant pathogens (

 

P. aeruginosa

 

 and 

 

Erwinia
chrysanthemi

 

) as well as 

 

hrpM

 

, 

 

gacS

 

, and 

 

gacA

 

 genes
are common evolutionally conserved determinants of
the pathogenicity. The functions of the 

 

Hrp

 

 gene family
have already been mentioned above; the 

 

gacS

 

 gene
encodes a two-component sensor kinase, its activity
being regulated by the 

 

gacA

 

 gene.
Another important pathogenicity factors are the

YopJ family proteins initially isolated from 

 

Yersinia

 

;
their homologues were subsequently found in phyto-
pathogens, including 

 

Erwinia, Pseudomonas

 

, and 

 

Xan-
thomonas

 

 and even in 

 

Rhizobium

 

, a symbiotic bacte-
rium [12]. A common function of these proteins, acting
as cysteine proteases, is a destruction of signaling sys-
tems of host organisms, protecting them against patho-
gens [15]. These genes developed together in the
ancient Gram-negative organisms as environmental
adaptors. They help the modern bacteria to infect a
wide range of host organisms. It should be also noted
that many pathogenicity factors of plants and animals
are different [12].

Due to the aforementioned facts, the hypersensitiv-
ity and other defense responses similar to the responses
to plant pathogens should be expected in plant cells
treated with 

 

Y. pseudotuberculosis.

 

 Earlier we studied
the effects of 

 

Y. pseudotuberculosis

 

 and its toxins on
growth of callus cultures of cabbage (

 

Brassica olera-
cea

 

),

 

 Panax ginseng

 

, 

 

Aristolochia manchuriensis

 

, and

 

Lithospermum erytrorhizon

 

 [16, 17].The bacteria inten-
sively grew in cabbage callus cultures; their numbers
increased from 2 to 8 lgCFU/g of raw mass, starting
from the third day of culturing and remained
unchanged for up to 60 days, affecting the cabbage
cells. This type of interaction suggests that the plant
cells did not recognize the pathogen, which agreed with
the known fact that cabbage is a major natural host of 

 

Y.
pseudotuberculosis

 

 and with the role of cabbage in
transmission of the infection to humans. In 

 

Lithosper-
mum erytrorhizon

 

 calli (strain BK-39), where large
amounts of antibacterial phytoalexins are synthesized
[18], the yersinia only started to grow on the 6th day of
culturing; their number grew from 4 to 7 lgCFU/g of
raw mass and then slightly declined on the 50th day as
the culture started to age. No visible interaction
between the bacteria and plants was noted, and a
decline in the bacterial mass was related to the effect of
phytoalexins. The 

 

Aristolochia manchuriensis 

 

calli
showed a more interesting type of interaction: the bac-
teria grew fast, and their mass increased from 4 to
9 lgCFU/g of raw mass. However, starting from the
11th day, their mass permanently decreased and no new
colonies appeared after the 39th day. The ginseng calli
responded violently: the plant cells died to destroy the
bacteria infecting them. The initial growth of bacteria
from 4 to 6.5 lgCFU/g of raw mass ended on the 3rd
day of co-cultivation; after that their mass quickly
declined and no new colonies were detected on the 11th

day. This suggested a hypersensitive type of response (a
so-called hr-syndrome) in plants against the 

 

Xanthomo-
nas campestris, P. aeruginosa

 

, and 

 

E. chrysanthemi

 

 due
to the 

 

R-Avr

 

 interaction taking place [10, 12, 15, 19].

The objective of this study was to investigate and
characterize the defense responses of ginseng cells
against 

 

Y. pseudotuberculosis.

 

 Three types of ginseng
cell cultures were used, of which one was a control and
the remaining two were transgenic lines with the low
and high 

 

rolC 

 

gene expression level, respectively. The

 

rolC 

 

gene expression makes the plant cells highly resis-
tant due to the high rate of biosynthesis of secondary
metabolites [20] and the constitutive expression of PR-2,
the pathogenesis-related proteins [21].

MATERIALS AND METHODS

 

Bacteria and toxins.

 

 

 

Yersinia pseudotuberculosis

 

(Enterobacteriaceae family) str. 512 I from the Institute
of Epidemiology and Microbiology live culture collec-
tion was used for the study. Yersinia were cultured on
the agar-solidified medium at 18 to 20

 

°

 

C for 24 h. The
bacterial samples were serially tenfold diluted with dis-
tilled water according to the 

 

Tarasevich

 

 cloudiness
scale [16]. TSTYp, the thermostable protein toxin of

 

Y. pseudotuberculosis

 

 str.512 I carrying a virulence
plasmid pYV,; and TLTYP, a thermolabile protein toxin
of 

 

Y. pseudotuberculosis

 

 str.512 I lacking the above
plasmid, were also used. The toxins were isolated from
bacterial lysates, using the ion exchange and gel filtra-
tion techniques [22]. The amount of protein in toxin
samples was measured according to Bradford [23].

 

Cell cultures.

 

 GV, 2c2, and 2cR2 

 

Panax ginseng

 

C.A. Mey. calli were cultivated on agar-solidified

 

W

 

4CPÄ

 

 medium [20, 24]. The production protocols, as
well as the molecular and biological characteristics of
these cultures have been described earlier [25]. GV is a
control culture obtained by transformation of strain 1c
calli (the collection code @

 

Çëää-Çê@

 

 41) with
pPCV002, an empty binary vector. 2c2 and 2cR2 cul-
tures obtained by transformation of the same strain with
pPCV002-CaMVC vector are characterized by low and
high 

 

rolC 

 

gene expression, respectively. The level of

 

rolC 

 

transcripts in 2cR2 was approximately ten times
higher that in 2c2 [21].

 

Coculturing.

 

 10 to 20 

 

µ

 

l of TLTYP (60 

 

µ

 

g/ml),
TSTYp (2.5 mg/ml), or the bacterial suspension
(

 

10

 

5

 

 

 

bacteria/ml) was applied to the callus surface
under aseptic conditions during the exponential growth
phase of ginseng cells (on the 15th day of culturing).
The calli–bacteria and calli–toxin systems were incu-
bated at 

 

24°ë

 

 and 70% RH in the dark. Sterile distilled
water was applied to the control ginseng calli. For mea-
suring the amount of viable yersinia in calli, the sam-
ples were dynamically transferred to the differential
diagnosis medium [4], incubated at 

 

37°ë

 

 for 36 to 48 h;
the number of resulting colonies was counted, and the
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lgCFU of bacteria per g of raw mass of callus was
determined.

 

Differential gene expression analysis.

 

 On the first
and third days of experiment, the total RNA was iso-
lated from cell cultures using the Yellow Solve kit
(Silex, Russia) for differential analysis of PAL and Pg-
glu1 gene expression in ginseng calli treated with bac-
teria and toxins. cDNA was obtained using the reverse
transcription kit with an M-MLV reverse transcriptase
according to the manufacturer’s instructions with minor
modifications [26]. cDNA synthesis was carried out
using the BioRad amplifier (United States) pro-
grammed for 

 

37°C 

 

for 40 min, 

 

70°C

 

 for 10 min, and
cooling at 

 

4°C

 

. 0.2 to 2.0 

 

µ

 

l of cDNA were used for
amplification of actin, 

 

PAL

 

 and 

 

Pg-glu1

 

 genes as
described earlier [21, 26].

 

PAL

 

 gene expression analysis.

 

 Based on the known
nucleotide sequences of 

 

PAL

 

 genes of 

 

A. thaliana, Lac-
tuca sativa, Rubus idaeus, L. erythrorhizon, Glycine
max, Pisum sativum, Cicer arietinum

 

, and 

 

Phaseolus
vulgaris (NM_129260, NM_115186, AF411134,
AF299330, AF237955, X52953, Q01861, Q04593,
Q9SMK9, and P19143, respectively), the conservative
area primers 5'-ARGCYGCYGCYATYATGGA and 5'-
GGRGTGCCYTGRAARTT were designed. The
annealing temperature was 53°ë, which enabled us to
obtain a signal within the band required (266 bp) with-
out using the additional signal markers; the elongation
time was 25 s. The detailed technique for measuring the
Pg-glu1 gene expression level was described earlier in [21].

The PAL and Pg-glu1 gene expression were normal-
ized to the actin gene expression level [21]. The ampli-
fication products were extracted from gel using the
Glass Milk kit (Silex) and cloned into the pTZ57R/T
vector (Fermentas, Lithuania) according to manufac-
turer’s instructions.

RT-PCR product sequencing. The RT-PCR prod-
ucts were sequenced using the Big Dye Terminator
Cycle Sequencing Kit v3.1 (Applied Biosystems,
United States) and following the manufacturer’s
instructions. The Biology and Soil Institute based ABI
310 Genetic Analyzer (Applied Biosystems) was used
for sequencing. The detailed sequencing protocol was
described earlier in [21]. The nucleotide sequences of
ginseng PAL and Pg-glu1 genes obtained were aligned
with known sequences of corresponding genes of other
organisms using the BioEdit 7.0.8 software and the
NCBI BLAST resource. The PAL genes are known to
make a large family in the plant genome. 20 to 30
clones were sequenced in each cell culture during the
experiment. All sequences were numbered in the order
they were analyzed.

Based on the qualitative analysis of representation
of different PAL genes in the samples and the total PAL
gene expression using the degenerate primers;, the
expression of each subfamily of PAL genes was deter-
mined and expressed in relative units. The individual
PAL gene expression level was normalized to the actin

gene expression and the weighted average PAL gene
expression level was calculated for each clone studied
[27]. As was shown earlier [27], this approach is as effi-
cient for gene expression analysis as a commonly used
real time-PCR method. Moreover, it enables to deter-
mine the expression of each individual gene within the
family.

Measurement results were processed with STATIS-
TICA 8.0 software package. Values were expressed as
the means and their standard deviations. The signifi-
cance of the differences was statistically evaluated
using a Student’s t-test. In all experiments, significance
was determined at the P <0.05 levels.

RESULTS

Growth of Ginseng Cell Cultures in the Presence 
of Yersinia 

In the first set of experiments, the growth profiles of
ginseng cell cultures and Y. pseudotuberculosis bacteria
during cocultivation were obtained. The GV cells grew
fast, and on the 40th day of culturing, their weight was
15 times the initial weight of the inoculum (Fig. 1a,
curve 1). Y. pseudotuberculosis almost completely
depressed the GV culture growth (Fig. 1a, curve 2) as
compared to growth of the mock-treated control cells.

2Ò2 cell cultures also grew fast in control medium,
and on the 40th day of culturing, their weight increased
by a factor of 15 (Fig. 1b, curve 1). In the presence of
Y. pseudotuberculosis, the cells continued to grow (Fig.
1b, curve 2) and their growth rate did not significantly
differ from that of the mock-treated control cells. How-
ever, 2ÒR2 cell cultures grew slowly under control con-
ditions, their weight on the 40th day of culturing was
just three times the initial weight (Fig. 1c, curve 1).
After addition of Y. pseudotuberculosis, the 2ÒR2 cells
continued to grow (Fig. 1c, curve 2), and their growth
rate did not significantly differ from that of the mock-
treated control cells.

The analysis of viability of Y. pseudotuberculosis in
the infected calli showed that the number of bacteria in
all experimental samples considerably declined on the
third day of coculturing, and, on the seventh day of all
experiments, the presence of bacteria was not detected
(Fig. 2).

PAL and Pg-glu1 Gene Expression in Ginseng Cell 
Cultures 

In the second set of experiments, the expression of
PAL and Pg-glu1 genes in P. ginseng GV calli in pres-
ence of Y. pseudotuberculosis and its toxins was stud-
ied. The plant PAL gene family consists of about 30 to
40 genes [28]; however, no PAL gene sequences of gin-
seng are available. This is why the degenerate primers
had to be constructed to match all the potential PAL
genes of ginseng. Sequencing of the PCR products
amplified from ginseng cDNA samples indicated the
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presence of about 30 PAL genes that could be grouped
into three subfamilies on the basis of their nucleotide
sequences. These subfamilies were called PgPAL1,
PgPAL2, and PgPAL3 (in the order they were
sequenced). The deduced amino acid sequences of all
corresponding proteins of ginseng were found to be
close to the earlier described PAL proteins of other
plants, showing 98 to 99% identity. The genes of plant
β-1,3-glucanases are also a large gene family; thus, the
degenerate primers had to be designed on the basis of
known sequences of these genes. Sequencing of the
ginseng cDNA amplification products showed that the
Pg-glu1 gene is mainly expressed in ginseng cultures.
Other glucanase genes were also detected (Pg-glu2,
Pg-glu3); however, in all experiments their expression
was below 10% of the total gene family expression.

The lowest level of PAL and Pg-glu1 gene expres-
sion was detected in GV cell cultures (Fig. 3), whereas
the highest level was observed in the 2cR2 cells. The
expression level of the PAL gene in 2cR2 cells was three
times higher that in GV cells (Fig. 3a). The expression
level of the Pg-glu1 gene in 2cR2 cells was 27 times
higher that in GV cells (Fig. 3b). The expression level
of PAL and Pg-glu1 genes in 2c2 cultures was between
the corresponding levels for those in GV and 2cR2.

The expression of PAL in ginseng GV cultures was
found to be induced by Y. pseudotuberculosis and
TLTYp, making 2 to 4 times the level in control plants
on the very first day of culturing (Fig. 4). The increased
expression of PAL genes was still detected on the 3rd
day of coculturing with yersinia, although their total
level of expression in samples declined. The induction
of PgPAL1 subfamily genes was the strongest (Fig. 5).
The expression of Pg-glu1, a glucanase gene, signifi-
cantly grew (3 to 5 times than that in control samples)
during the first day of experiment; its high level was
also detected on the third day of culturing with yersinia
(Fig. 6). The earlier described ginseng cell death
dynamics [16, 17] suggests that, on the third day of coc-
ulturing of ginseng calli with yersinia, more than 50%
of cells died. A decline of the immune response by the
third day of coculturing is obviously explained by mas-
sive cell death. By the 5th day, dead cells made 65%, by
the 7th day, 73%, and by the 18th day, 96% of the total
number of cells [16, 17]. These results were obtained
for R-1 strain of ginseng calli. The GV cell growth pro-
file provided in Fig. 1 largely agrees with these data.

DISCUSSION

Our study showed that the expression of PgPAL1,
PgPAL2, PgPAL3, the phenylalanine ammonia-lyase,
Pg-glu1, and β-1,3-glucanase encoding genes in gin-
seng GV calli increased already on the first day of coc-
ulturing with Y. pseudotuberculosis. This is an evidence
of fast recognition of the pathogen and the induction of
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the defense response in ginseng cells. The general trend
in interaction of bacterial and plant cells was the
absence of viable bacterial cells and the termination of
the growth of ginseng cell by the seventh day of the
coculturing. This looks like a typical hypersensitive
response that happens after the introduction of a normal
pathogen into the plant cells (like, for example, P.
aeruginosa). These data clearly indicate that the Y.
pseudotuberculosis bacteria are recognized by ginseng
cells, which therefore develop the immune response
against this pathogen. It is not possible however to
clearly identify the type of the immune response at this
stage, because R, the resistance gene of ginseng and
Avr, the pathogenicity factor of yersinia need to be
identified and their interaction needs to be proven. As
was noted in the Introduction section, no barrier for
such interaction exists in principle because the pathoge-
nicity factors of Erwinia, Pseudomonas, and Xanth-
omonas, the plant pathogens and Yersinia, the human
pathogen, are similar. Y. pseudotuberculosis is obvi-
ously the second bacterial species after P. aeruginosa
capable of induction of the immune response in both
animals and plants.

The resistant ginseng callus cells with systemic
immunity induced by the high levels of the rolC gene
expression developed normally after application of
yersinia while the bacterial cells died. This indicates
that the induced immune system response manifested
by the expression of PAL and β-1,3-glucanases genes is
sufficient for the protection of ginseng cells against this
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pathogen. The exact pathway of ginseng GV callus cell
death caused by yersinia (necrosis or apoptosis) is still
unclear.

The immune response of the cells to the TSTYp and
TLTYp toxins was similar to that caused by Y. pseudot-
uberculosis. This indicates that the interaction of yers-
inia with plant cells can be mediated by the secreted
toxins. Unfortunately, the molecular structures of
TSTYp and TLTYp toxins are unknown, and it is not
possible so far to compare these toxins with the known

toxins of Yersinia spp. Sequencing of genes encoding
these toxins would help to identify the Avr gene(s) of
Y. pseudotuberculosis interacting with plant cells. For
example, seven homologues of YopT, an Avr protein of
the type III protein secretion system of yersinia, are
found in P. syringae and Ralstonia, the plant pathogens,
and three homologues are found in Rhizobium and
Bradyrhizobium, the plant symbiotic bacteria [29].
HopPtoN and HopPtoC, the Avr proteases that belong
to the same Yopt protein family, were found in P. syrin-
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(a) Control cells cultured under normal conditions; (b) cells cocultured with Y. pseudotuberculosis.
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gae pv. tomato DC3000 line [29]. YopJ/P, the protein of
the type III protein secretion system of yersinia causing
the apoptosis of macrophages, shows similarity with
AvrRxv, the avirulence factor of X. campestris, a plant
pathogen; YopE is a homologue of ExoS, a cytotoxin
secreted by P. aeruginosa, and YopM was found in
Rhizobium sym-plasmids [30].

The future studies may show that there is no clear
boundary between the pathogens affecting animals and
plants. Agrobacterium tumefaciens, the plant pathogen,
was recently shown to mediate the transformation of
human cell cultures [31, 32] and sea urchin embryos
[33], using the pathogenicity factors of the type IV pro-
tein secretion system.

To conclude, our study showed that Y. pseudotuber-
culosis causes a rapid induction of expression of pro-
tective genes in ginseng, inhibits the normal cell growth
but does not affect the cell cultures of the resistant gen-
otype.
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