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INTRODUCTION

The transport of carbohydrates with the D-manno
and D-gluco configuration and of 6-atomic alcohols
into bacterial cells proceeds via the phosphoenolpyru-
vate (PEP): phosphotransferase system (PTS) [1, 2].
PTS is a composite multienzyme complex, and at least
three protein fractions are required for the transport
coupled with the transfer of the phosphoryl group from
PEP to the carbohydrate: enzyme I, the low-molecular-
weight protein HPr, and the complex of specific
enzymes II [1, 2]. Note that phosphoryl group transfer
from PEP to enzyme I, from this enzyme to the HPr
protein and, next, to specific enzymes II is accompa-
nied by the formation of phosphorylated PTS compo-
nents [1, 2]. Enzyme I and the HPr protein are cytoplas-
mic proteins required for the transport of all carbohy-
drates—PTS substrates (PTS carbohydrates)—and
are termed common PTS components [1, 2]. A complex
of enzymes II, membrane-associated proteins, deter-
mines the specificity of the system with respect to PTS
carbohydrates. However, closer genetic and biochemi-
cal studies of PTS showed that its components, in addi-
tion to ensuring the transport, directly or indirectly par-
ticipate in various physiological processes in the bacte-
rial cell [1–4]. Thus, in the late 1990s, PTS was proved
to be one of the main sensor signal systems that pro-
mote the regulation of intracellular bacterial metabo-
lism depending on changing environmental conditions

[4–6]. Signal transduction through PTS components is
coupled with the PEP-dependent phosphorylation of
proteins of this system [5, 6]. Obviously, pleiotropic
disturbances in mutants that lacked the main PTS
kinase, that is, enzyme I (

 

ptsI

 

 mutants) or the HPr pro-
tein (

 

ptsH 

 

mutants) are explained by dephosphorylation
of specific PTS components involved in various pro-
cesses (transcription, permease and adenylate cyclase
activity, chemoreception, etc.). This is expressed as the
appearance of certain properties in these mutants [1, 2].
Such bacteria cannot metabolize PTS carbohydrates
and those substances that possess their own transport
and utilization systems (non-PTS substrates). These
pleiotropic disturbances of growth properties are
caused by the absence of carbon source transport into
the cell and by the drastic inhibition of synthesis of pro-
teins required for catabolism of many substrates [2–4].
The synthesis of inducible enzymes in 

 

pts

 

 mutants
becomes resistant to the repression by glucose [2].
Damage to common PTS components in pathogenic
microorganisms leads to a drastic decrease in virulence
[7, 8].

The purpose of the present study was to examine
properties of mutants of bacteria belonging to the genus

 

Erwinia

 

 devoid of common PTS components and to use
these bacteria as a model for studying the role of the
phosphotransferase system in the regulation of their
virulence. These bacteria were chosen as an object of
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Abstract

 

—Biochemical consequences of mutational damage to common components of the 

 

Erwinia

 

 phospho-
enolpyruvate-dependent phosphotransferase system (the HPr protein and enzyme I) were studied. The transport
of glucose, mannose, fructose, and mannitol in

 

 Erwinia

 

 was shown to require a preliminary induction of pro-
teins of the phosphotransferase system. A drastic decrease in the rate of the transport of these carbohydrates
was observed in 

 

ptsI

 

 and 

 

ptsH

 

 mutants. A disturbance in the common components suppresses the synthesis of
inducible enzymes (

 

β

 

-galactosidase, complexes of pectolate lyases and cellulases) and renders it resistant to
catabolite repression by glucose, but mutants were shown to retain intracellular cAMP content. 

 

Erwinia

 

mutants devoid of common components of the system lack phytopathogenic features. The appearance of an
intact 

 

ptsI

 

 allele in the cell completely repaired pleiotropic disturbances in these mutants.
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this study because being phytopathogenic microorgan-
isms they clearly manifest virulence properties [9, 10].
The association between PTS and the expression of
bacterial virulence was first described in 

 

ptsI 

 

mutants of
pathogenic bacteria 

 

Shigella 

 

[7, 8]. In this context,

 

Erwinia

 

 bacteria are more convenient, because viru-
lence factors (pectate lyase and cellulase complexes)
are genetically and biochemically well-studied in these
microorganisms [9–13]. In the course of studies on the
regulation of pectinolysis, avirulent 

 

Erwinia

 

 variants
resembling transport mutants of enteric bacteria were
obtained and characterized. The synthesis of pectate
lyases was shown to be inhibited but resistant to the
repression by glucose [9–12]. A comparison of trans-
port mutants of both bacterial genera in this work is jus-
tified, because Gram-negative bacteria of the genus

 

Erwinia

 

 are rather close to bacteria of the genus

 

Escherichia.

 

MATERIALS AND METHODS

Strains of 

 

Erwinia chrysanthemi

 

 (ENA, VY) and

 

Erwinia atroseptica

 

 (Ea) and plasmids used in this
work are listed in Table 1.

We used a complete medium prepared on the basis
of LB medium and a minimal medium prepared on the
basis of A salt medium [15]. EMB and MacConkey
base medium with 1% carbohydrate were used as indi-
cator media. Antibiotics were added at a standard con-
centration [15].

The differential rate of 

 

β

 

-galactosidase synthesis
was evaluated as described in [3, 4]. Intracellular
cAMP concentration was estimated with the use of an

Amersham kit. For this, cultures were grown with aer-
ation in a minimal medium containing 0.4% of
casamino acids until the middle of the logarithmic
growth phase. Other manipulations were conducted
according to [4].

The rate of C

 

14

 

 carbohydrate transport was deter-
mined as in [3, 4] with the use of 

 

Erwinia

 

 bacteria
grown with aeration in a minimal medium containing
0.4% of casamino acids. To induce transport systems,
we used carbohydrates at a concentration of 0.2%.

Activity of pectolate lyases and cellulases and the
degree of pathogenicity in the bacterium–host system
were measured as in [10, 11].

RESULTS

PTS in enteric bacteria is the main pathway of the
transport of carbohydrates and 6-atomic alcohols into
cells. The transfer of PTS substrate molecules through
the cellular membrane is accompanied by its phospho-
rylation. The PEP phosphoryl residue passes on by the
chain of PTS proteins from the common components
(enzyme I and the HPr protein) to the specific compo-
nents (enzymes IIABC) responsible for the transport
function and for phosphorylation of the substrate [1, 2].
The block in the chain of phosphoryl-residue transfer at
the level of common components is accompanied by a
defect in PTS carbohydrate transport, resulting in the
inability of mutants to utilize these substrates taken as
a sole carbon source [1–6]. The inability to utilize glu-
cose and a number of carbon sources (mannose, manni-
tol, fructose, and lactose) was observed in the previ-
ously obtained and genetically characterized 

 

ptsI 

 

and

 

Table 1.  

 

Bacterial strains of 

 

Erwinia

 

 and plasmids used in this work

Strains, plasmids Properties Source

 

E. chrysanthemi

 

ENA49 Prototroph Collection of the Department of Microbiology, 
Belarussian State University

VY1449 Hfr, 

 

lac

 

+

 

Same

VY1449II VY1449, 

 

ptsH

 

[14]

VY169 VY1449, 

 

ptsI

 

″

 

ENA49/50 ENA49, 

 

ptsI

 

::mini-Tn

 

5xyl

 

″

 

E. carotovora 

 

subsp

 

 atroseptica

 

Ea 3-2 Prototroph Collection of the Department of Microbiology, 
Belarussian State University

Ea 1-4 Ea 3-2, 

 

ptsI

 

::mini-Tn

 

5xyl

 

[14]

Ea 1-73 Ea 3-2, 

 

ptsH

 

::mini-Tn

 

5xyl

 

″

 

Plasmids

pR'N27 pULB113 containing the 

 

E. chrysanthemi 

 

chromosomal fragment with the 

 

ptsI

 

 gene
[14]

pR'N1 pULB113 containing the 

 

E. atroseptica

 

 
chromosomal fragment with the 

 

ptsI

 

 gene

 

″
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ptsH

 

 mutants of 

 

Erwinia

 

 [14]. The introduction of the

 

pts

 

+

 

 allele via plasmid restored the ability to utilize all
substrates [14]. In this work, we attempted to estimate
the rate of the transport of PTS carbohydrates in

 

Erwinia

 

 bacteria. This was hindered by the fact that car-
bohydrate transport in these bacteria has not virtually
been studied. Therefore, we first determined the trans-
port rate of glucose, its nonfermentable (in 

 

E. coli

 

) ana-
log methyl-

 

α

 

-D-glucopyranoside (

 

α

 

MG), mannose,
mannitol, and fructose in wild-type bacteria (Table 2).
We found that preliminary induction of the synthesis of
transport proteins is required for the efficient transfer of
mannitol, mannose, and fructose. Glucose transport in

 

E. chrysanthemi

 

 also proved to be strictly inducible in

 

E. chrysanthemi

 

 as clearly seen in experiments with the
use of 

 

α

 

MG (Table 2). The transfer of 

 

α

 

MG in

 

E. atroseptica

 

 was shown to be far less dependent on
the preliminary induction by glucose. Nevertheless,
bacteria of both species manifested a rather high level
of constitutive activity of the glucose-specific transport
system. Proceeding from these results, we examined
the transport of various carbohydrates in induced cells.

The transport of glucose, 

 

α

 

MG, and mannitol
appeared to be completely blocked in 

 

Erwinia ptsI 

 

and

 

ptsH

 

 mutants. The 

 

ptsI

 

 mutants are also unable to accu-
mulate fructose, but 

 

ptsH

 

 mutants, as the ones of

 

E. coli

 

, fully retained the ability to transfer fructose to
the cell (Table 3). The appearance in 

 

ptsI

 

 mutant cells
of a plasmid containing the 

 

ptsI

 

+

 

 allele completely
restored disturbed transport processes (Table 3). Man-
nitol transport proceeded in the Ea 1-73 mutant with a
rather high intensity, whereas we did not observe 

 

α

 

MG
transport in this mutant (Table 3). Thus, the glucose-
negative phenotype of the previously obtained 

 

pts

 

mutants of 

 

Erwinia

 

 may be caused by a disturbance in
transport activity of specific PTS components in these

bacteria due to the block in the phosphoryl group trans-
fer from PEP.

One of the main properties of 

 

pts

 

 mutants is the
inhibition of expression of catabolite-sensitive oper-
ons [2–4, 16] and resistance of these operons to catab-
olite repression by glucose [2–4, 16]. To verify these prop-
erties, we determined the differential rate of 

 

β

 

-galactosi-
dase synthesis in the isolated 

 

E. chrysanthemi

 

 and

 

E. atroseptica 

 

mutants. 

 

E. atroseptica 

 

is a species that
naturally utilizes lactose, and cells of the lactose-nega-
tive 

 

E. chrysanthemi

 

 species contained the intact lac-
tose operon introduced from 

 

E. coli

 

 [10, 11]. We found
that the synthesis of 

 

β

 

-galactosidase was to a varying
extent decreased in all 

 

Erwinia

 

 mutants, compared to
that in parental strains (Table 4). However, the synthe-
sis was resistant to the presence of 0.5% glucose in the
medium. Introduction of the 

 

ptsI

 

+

 

 allele into 

 

ptsI

 

mutants restored the ability to synthesize the enzyme
and rendered its production sensitive to glucose (Table 4).
Note that the addition to the medium of cAMP (up to
5 mM) upon induction of 

 

β

 

-galactosidase did not
restore the level of the enzyme repressed by glucose in
wild-type bacteria and did not abolish the effect of the

 

pts

 

 mutation on its synthesis (Table 4).
Numerous studies showed that damage to many PTS

components, primarily, enzyme I, caused a decrease in
adenylate cyclase activity, and, hence, a decrease in
intracellular cAMP content [1, 2, 4]. However, the
assay of intracellular cAMP concentration in mutant
bacteria grown in a medium free of carbohydrates dem-
onstrated that the content of this nucleotide in mutants
was the same as that in parental strains (Table 5). Thus,
mutational damage to common PTS components in

 

Erwinia

 

 does not affect intracellular cAMP content.
The disturbance in protein synthesis observed in

 

Erwinia pts

 

 mutants suggests that the synthesis of
extracellular enzymes (complexes of pectolate lyases

 

Table 2.  

 

The rate of carbohydrate transport in bacteria 

 

E. chrysanthemi

 

 ENA49 and 

 

E. carotovora

 

 Ea 3-2

Strain Carbohydrate
in medium

Rate of transport, nmol carbohydrate per min per mg protein at 30

 

°

 

C

glucose

 

α

 

MG mannose mannitol fructose

ENA49 – 4.89 0.72 0.79 1.13 0.84

Glucose 8.70 2.90 2.38 NT NT

Mannose NT NT 1.30 NT NT

Mannitol NT NT NT 13.63 NT

Fructose NT NT NT NT 9.92

Ea 3-2 – 4.20 1.03 1.89 0.23 0.19

Glucose 6.88 1.78 NT NT NT

Mannose 9.72 NT 3.55 NT NT

Mannitol NT NT NT 5.99 NT

Fructose 0.86 0.22 1.73 NT 1.19

Note: C14 carbohydrates were added to cells up to the following concentrations: 0.1 mM glucose, αMG, and mannitol; 0.01 mM fructose.
NT, not tested.
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Table 3.  The rate of PTS carbohydrate transport in mutant bacteria of the genus Erwinia

Strains Carbohydrate
in medium

Rate of transport, nmol carbohydrate per min per mg protein at 30°C

glucose αMG mannitol fructose

E. chrysanthemi

ENA49/50 Glucose NT 0.05 NT NT

Mannitol NT NT 0.06 NT

ENA49/50/pR'N27 Glucose NT 2.0 NT NT

Mannitol NT NT 4.0 NT

VY169 Glucose NT 1.2 NT NT

VY1449II Glucose NT 0.03 NT NT

Mannitol NT NT 2.7 NT

E. atroseptica

Ea 1-4 Glucose 0.04 NT NT NT

Mannitol NT NT < 0.01 NT

Fructose NT NT NT <0.01

Ea 1-4/pR'N27 Glucose NT NT 7.03 NT

Mannitol NT NT NT 0.68

Fructose 3.17 NT NT NT

Ea 1-73 Glucose NT 0.33 NT NT

Mannitol NT NT 8.07 NT

Fructose NT NT NT 0.89

Note: C14 carbohydrates were added to cells up to the following concentrations: 0.1 mM glucose, αMG, and mannitol; 0.01 mM fructose.
NT, not tested.

Table 4.  The differential rate of β-galactosidase synthesis in bacteria of the genus Erwinia

Strains
Rate of β-galactosidase synthesis, nmol o-nitrophenol per min per mg protein at 30°C

without additives glucose, 0.5% cAMP, 5 mM cAMP + glucose

E. atroseptica

Ea 3-2 103 15 97.1 16

Ea 1-73 75 68 NT NT

Ea 1-4 60 57.4 66.7 NT

Ea 1-4/pR'N1 109 14.8 NT NT

Ea 1-4/pR'N27 103 41.9 NT NT

E. chrysanthemi

ENA49 1848 207 2015 1081

ENA49/50 1017 1025 1166 NT

ENA49/50/pR'N27 1727 180 NT NT

ENA49/50/pR'N1 1161 417 NT NT

VY1449 2500 260 NT NT

VY1449II 1200 1250 NT NT

Note: Induction was conducted by means of isopropyl-β-D-galactopyranoside (0.5 mM) in LB medium. NT, not tested.
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and cellulases) may also be altered. Indeed, mutant
cells produced an insignificant amount of pectolate lyase
(Table 6). A comparison of isoenzyme preparations of
pectolate lyase in wild-type cells and mutants grown in
media of various compositions (containing glucose and
free of carbohydrates) demonstrated that the qualitative
and quantitative composition of isoforms was virtually
not changed (data not shown). Note that the presence of
glucose in the growth medium did not suppress the syn-
thesis of pectolate lyases in mutants, although they
again manifested a rather low level of enzymatic activ-
ity (Table 6).

The analogous effect of pts mutations was observed
in studies on the synthesis of enzymes of the cellulase
complex (Table 6). In mutant bacteria, the synthesis of
cellulases was also decreased (2.5–3 times), compared
to wild-type cells. However, this decrease was not con-
nected to the accumulation of enzymes in mutant cells
(data not shown). Glucose did not repress the synthesis
of cellulases in mutant bacteria (Table 6). After intro-
ducing plasmids carrying the pts+ allele into cells of the
E. atroseptica ptsI mutant, activity of extracellular
enzymes was partially recovered in these cells, and this
was accompanied by the restoration of repression of
their synthesis with glucose (Table 6). Nevertheless, the
presence of recombinant plasmids in cells of ptsI
mutants of E. chrysanthemi did not clearly enhance the
production of pectolate lyases and cellulases (Table 6),
although sensitivity to glucose was observed in mutant
cells.

The study of pathogenic features of E. atroseptica
pts mutants in the bacterium–host plant system demon-
strated the following. Infection of potato plants with
blackarm-causing wild-type bacteria led to the appear-
ance of disease symptoms after three days, whereas
plants infected with cells of the Ea 1-4 mutant remained
unaffected. The verification of hypersensitivity using
leaves of Vicia faba (not a host plant) confirmed the
presence of genetic determinants responsible for the
expression of pathogenicity of the Ea 1-4 strain and the

parental strain. The absence or weak expression of the
blackarm symptoms caused by the pts mutant may be
caused by a decrease in the production of isoenzymes,
thus affecting the degree of virulence of this strain
toward a host plant.

DISCUSSION

The results of the present study suggest that PTS
plays a significant role in life activity of bacteria
belonging to the genus Erwinia. Physiological conse-
quences of disturbances in the main PTS kinase
(enzyme I) lead to marked alterations in the cell. These
alterations are principal characteristics of pts mutants
in other representatives of enteric bacteria [1, 2]. A dis-
turbance in the transfer of phosphoryl residue via the
chain of PTS proteins render bacteria incapable of
transferring and utilizing PTS carbohydrates. It was
shown for the first time that the induction of (specific)
PTS components is required in Erwinia for the trans-
port of glucose, mannitol, mannose, and fructose. The
relationship between common and specific PTS com-
ponents in the Erwinia carbohydrate transport process
requires further investigation. However, it is obvious
that these bacteria possess the fructose-specific chain of
phosphoryl-residue transfer from PEP escaping HPr.
Based on these results, we cannot determine which sub-
stances (nonfermentable in mutant Erwinia cells) are
substrates only for the phosphotransferase reaction,
because the inability to utilize substrates may be caused
by a disturbance in the induction of proteins required
for the transport and metabolism of carbohydrates.

In contrast to E. coli and Salmonella bacteria, the
appearance of the ptsI mutation in Erwinia does not
affect the level of intracellular cAMP content (Table 5).
However, the synthesis of β-galactosidase and enzymes
of pectate lyase and cellulase complexes in Erwinia is
prone to catabolite repression with glucose [9–11]. Note
that in this case, cAMP does not relieve the repression
effect of glucose. One can assume that the mechanism
of action of this carbohydrate on the synthesis of
enzymes in Erwinia is other than in E. coli and Salmo-
nella [1, 2]. Thus, it was previously established that the
synthesis of enzymes of the pectate lyase complexes is
regulated by the CAP (or CRP) protein [9, 17, 18].
However, it has long been known that the block in the
phosphoryl-residue transfer from common to specific
PTS components leads to a drastic inhibition of the acti-
vating effect of the cAMP–CPR complex on transcrip-
tion [2, 3, 19]. In E. coli bacteria, PTS affects the level
of cAMP and also the activity of the CPR protein itself
[1–6, 19]. It may well be that PTS in Erwinia bacteria
is not involved in the regulation of adenilyl cyclase
activity and that CRP protein activity modulates the
effect of PTS on the process of transcription activation.

A decrease in the rate of enzymatic synthesis in
mutant Erwinia bacteria suggests that the integrity of
the common PTS components is essential for the viabil-
ity of these bacteria. Apparently, as in other Gram-neg-

Table 5.  Intracellular cAMP concentration in bacteria of the
genus Erwinia

Strains Genotype cAMP, pmol per mg 
protein at 30°C

E. chrysanthemi

ENA49 pts+ 62.5

ENA49/50 ptsI 64.6

VY1449 pts+ 78.6

VY1449II ptsH 106.1

E. atroseptica

Ea 3-2 pts+ 139.4

Ea 1-4 ptsI 134.3

Ea 1-73 ptsH 183.2
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ative bacteria, PTS in Erwinia is one of the systems
coupling metabolism and gene regulation.

The genus Erwinia provides a convenient tool for
studying the role of PTS components in the expression
of pathogenic features of bacteria belonging to this
genus and for revealing the mechanisms of the interac-
tion between members of the pathogenic microorgan-
ism–host macroorganism system.
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