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Abstract—The causes of the unique phage resistance of the pectinolytic phytopathogenic strains of Erwinia
carotovora were studied with the use of temperate bacteriophage ZF40. It was shown that, in these bacteria, the
bacteriophage—cell interaction can be substantially blocked at the adsorption level. An adequate indicator for
studying the temperate bacteriophages of erwinias was developed on the basis of mutants resistant to macro-
molecular bacteriocins. Various restriction—maodification systems, which influence cell resistance to bacterioph-
ages, were reveaed for thefirst timein E. carotovora. The phage resistance was shown to be determined by the
wide occurrence of homoimmune temperate viruses in pectinolytic erwinias.

Key words: Erwinia carotovora, phage resistance, temperate bacteriophage, lysogens.

At present, the phenomenon of bacteriophagia in
Erwinia carotovora, asdistinct from other bacteria, has
not been adequately explored [1, 2]. So far, the descrip-
tions of erwinial bacteriophages are sporadic [3, 4].
The reasons why erwiniophages occur in natural envi-
ronments less frequently than the phages of other
enterobacteria are far from being completely under-
stood [1, 2].

The aim of this work is to study the unique phage
resistance of pectinolytic phytopathogenic erwinias
using the temperate bacteriophage ZF40, which |
revealed when studying the bacteriocinogenic proper-
tiesof alarge group of E. carotovora strains [5].

MATERIALS AND METHODS

The study of the host range of bacteriophage ZF40
used the collection set of strains of Erwinia carotovora
subsp. carotovora (ECA) and E. carotovora subsp.
atroseptica (EAT) of the Department of Microbiology,
Belarus University (Prof. Yu.K. Fomichev); the com-
plete list of strains was published earlier [6]. Three
ECA strains—62A, 33A, and M2-4—were most fre-
quently used in the study, as well as strain Erwinia sp.
ZM-1. Twenty-nine different macromolecular caroto-
voricins (MCTV) able to kill the cells of ECA 62A
were used in tests [5, 7]. The virulent bacteriophage
T7M, Mesdlson's variant (henceforth T7), was provided
by T.P. Pererva(Institute of Molecular Biology and Genet-
ics, National Academy of Sciences of Ukraine). The bac-
teriophage was obtained from a separate negative col-
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ony at aconcentration of 44 x 10" PFU/ml on Escher-
ichia coli BE.

The bacteria were grown on liquid and solid LB
medium. Phage ZF 40 was obtained at concentrations
of 1 x10'"to 2 x 10'' PFU/ml by the confluent lysis
method. The study of temperate bacteriophages and
lysogeny was carried out on the basis of conventional
classical methods. The growth temperature for phage
ZF40 was, as arule, 2 to 3°C lower than the optimal
temperature for the growth of E. carotovora strains and
constituted 25°C.

The mutants of E. carotovora. subsp. carotovora
62A resistant to macromolecular carotovoricins
(Ear9VIl, EcaEcl53, EcaM2-4, and EcaS5b5A) were
selected using the following original method. Negative
plagues were obtained on the lawn of the initial strain
by means of bacteriocin [5]. The cellsthat had survived
the lysing action of MCTV were transferred to aliquid
LB medium from the center of the negative plague and
grown on a shaker to attain a concentration of 5 x 103
to 7 x 108 cells/ml. The lawn formed by these bacteria
was repeatedly treated with the same bacteriocin. After
repeated treatments, the cells were plated to obtain sep-
arate colonies. Individual RC mutants (RC meansresis-
tance to carotovoricin) were subcultured twice on solid
LB medium. Subsequently, the mutants were tested for
sensitivity to the bacteriocin that had been used for their
selection and for sensitivity to the other 29 MCTYV,
which lyse the initial strain ECA 62A. The ability to
maintain the development of phages T7 and ZF40 was
determined for the mutants. The growth of the initia
strain ECA 62A and the RC-mutants was studied on
solid LB medium and on LB with 0.4% sodium deoxy-
cholate (SDC).
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(b)

Fig. 1. Negative colonies of the temperate bacteriophage ZF40 on different indicator strains: (a) ECA 62A; (b) RC5297; (c) ECA

M2-4. 1-4, increasing tenfold bacteriophage dilutions.

The three-layer agar method was used for qualita-
tive studies of bacteriocin and bacteriophage adsorp-
tion [8]; the concentration of phage particles was mini-
mal and was determined empirically.

The efficiency of inoculation of sensitive cultures
with phages T7 and ZF40 was expressed as a quantita-
tive titer ratio. For phage T7, the control indicator was
strain E. coli BE provided by 1.I. Serysheva (Institute of
Biochemistry, Russian Academy of Sciences).

The preparation of purified phage particles, the iso-
lation of DNA, and its restriction analysis were
described by us earlier [9]. Endonuclease Hpal was
used for the comparative analysis of phage genomes.

RESULTS AND DISCUSSION

Erwiniophage ZF40 was obtained when testing
Erwinia sp. ZM-1 lysates, induced with mitomycin C,
on the lawn of E. carotovora subsp. carotovora 62A
[5]. Application of theselysatesin an amount of 5 pl on
the lawn of sensitive ECA 62A cells always results in
the formation of several dozens of negative phage col-
onies. Multipletitration of lysates showed that the bac-
teriophage population was represented by two phage
types. The first type forms small colonies (s-plagues)
and prevails quantitatively over the second type pro-
ducing large phage colonies (I-plagues). Pure phage
lineages were abtained from both types of plagues by
cloning. Inso doing, | did not succeed in obtaining mono-
typic colonies for any pure phage lineage (Fig. 14). Sub-
sequently, the DNA of these phages, called ZF40-s and
ZF40-1, was analyzed by hydrolysis with endonuclease
Hpal. By the distribution pattern of the restriction sites
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and by the molecular mass of the DNA fragments, the
phage variants appeared to be identical. Thus, the het-
erogeneity of the primary phage population isnot deter-
mined by the presence of contaminating bacterioph-
ages; nor isit determined by considerable variationsin
the phage genome (large deletions or insertions).

Subsequently, the efficiency of phage ZF40-I repro-
duction was studied using the Eca 62A indicator cul-
ture. Bothin liquid culture and when growing the phage
by the confluent lysis method, the yields of viable par-
ticles reached 1 x 10'° PFU/ml. These results suggest
that no intracellular restriction exists on phage ZF40
reproduction in strain ECA 62A. For further explora-
tion of the cause of heterogeneity of the phage popula-
tion, RC-mutants resistant to MCTV, Ear9BllI,
EcaEc153, EcaM2-4, and Ecab5A were obtained. As
can be seen from the data shown in Table 1, the caroto-
voricins alow the selection of resistant mutants with
different properties. The use of ECa55A resultsin three
different RC-mutants. All three resistant mutants are
characterized by a drop in the survival rate when they
are grown on solid LB medium with 0.4% sodium
deoxycholate. For some mutants, the survival decreases
to 0.05-0.02% (mutants RC5297 and RC5191),
whereas this value for the parent strain ECA 62A con-
stitutes approximately 45%. All the mutants show, to an
extent, a decrease in sensitivity to 29 active carotovor-
icins that kill the parent strain with 100% efficiency.
One of the mutants, RC5191, is absolutely resistant to
the test MCTV. Three mutant types selected using the
MCTV Ecab5A acquired sensitivity to infection by the
E. coli phage T7 (Table 1); the greatest inoculation effi-
ciency (IE = 5 x 10%) was observed for mutant
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Table 1. Characteristics of E. carotovora subsp. carotovora 62A mutants resistant to macromolecular carotovoricins

62A - 45 100 0 1(h)
RC5022 Ear9Bl| 12 9% 0 1(h)
RC5029 - %6 0 1(h)
RC5293 EcaEc153 0.2 75 0 05 (s)
RC5297 0.05 75 0 0.9 ()
RC5501 EcaM2-4 17 28 0 0.9 (1)
RC5195 EcaS5A 20 38 1x 1075 0
RC5192 - 38 1x 107 0
RC5191 0.02 0 5x 1074 0

Note:

RC5191. The opposite effect was obtained when titrat-
ing phage ZF40 on RC-mutants and the parent strain
ECA 62A (Table 1). Bacteriophage ZF40 inoculates
normally the mutants RC5022, RC5029, RC5293,
RC5297, and RC5501 (IE = 0.5 to 1.0) but has a zero
inoculation efficiency on three mutants, namely,
RC5191, RC5192, and RC5195. Only on two mutants
does bacteriophage ZF40 form large negative colonies
with awell-discernible turbid center (Fig. 1b).

The analysis of the results presented suggests that
one of the causes of E. carotovora phage resistance is
blockage of bacteriophage ZF40 adsorption. The ham-
pered phage—cell interaction is likely to be one of the
main causes of the heterogeneity of negative coloniesin
the initial strain ECAG2A (Fig. 1a). The diversity of

Fig. 2. Form of colonies of (1) the initial strain 62A of
E. carotovora subsp. carotovora and (2) mutant RC5022 on
LB plates.

“~" denotesthat the parameters were not determined; “h,” “s,” and “I” signify heterogeneous, small, and large colonies, respectively.

mutants resistant to bacteriocins (no less than five dif-
ferent types, Table 1), aswell asan increased sensitivity
to sodium deoxycholate, indicates that the mutants are
likely to have a changed structure of the lipopolysac-
charide (LPS) O-chain of the external cell mem-
brane. This is primarily confirmed by the fact that
some RC-mutants are able to maintain phage T7
reproduction. Phage T7 particles are known to attach to
the R-LPS of enterobacteria[10]. This phage is unable
to adsorb on the cells of the parent strain ECA 62A and
mutants with insignificant changes in the wild-type
structure due to the absence of adirect physical contact
with the receptor. On the other hand, S-LPS is the
receptor for phage ZF40, which can attach only to the
cellsthat havethislipopolysaccharidetype. A similar sit-
uation was described earlier for the phage pair T7—P221in
a study of the interaction between coliphage T7 and
Salmondla typhimurium cells[11]. As can be seen from
Table 1 and Fig. 1b, the normal adsorption process for
phage ZF40isonly possiblein the presence of acertain
intermediate type of S-LPS, which seems to be a con-
stituent part of the cell membrane of mutants RC5297
and RC5501. Taking into account that, in mutant
RC5297, the value of sensitivity to the lysing action of
MCTV is changed insignificantly as compared to the
parent strain (75%), my subsequent experiments with
phage ZF40 and its different variants used this mutant
as a universal indicator.

A qualitative study of adsorption revealed that
mutants RC5191, RC5192, and RC5195 indeed do not
adsorb the bacteriophage ZF40 particles. Pardlel
experiments on the adsorption of MCTV particles
established that al the resistant mutants (Table 1) did
not possess the adsorption properties in relation to the
selective MCTV and to the appropriate test carotovor-
icins. On the other hand, when grown on solid media,
all the RC-mutantsform arough type of colonies, whereas
the parent strain forms mucous colonies (Fig. 2). Thus,
the S-LPS of E. carotovora 62A isthe receptor not only
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Table 2. Efficiency of inoculation of E. carotovora strains with different bacteriophage ZF40 variants
) Bacteriophage
Strain Group
ZF40/5297 ZF40/M2-4* ZF40/33A* ZF40/M2-4 ZF40/33A
62A I 1 1x10° 3x10° 1 1
RC5297 0.9 2x10° 1x10° 1 1
M2-4 3x10° 1 1 4x10° 4x10°
33A I 2x10° 0.7 1 4x10° 4x10°
37A 3x10% - - - -
61A " 1x 1077 1x10% - - —
j15 1x10°® 1x10% - - -
15A 1x107° 1x1078 - - -
53A A% 1x107° 1x107° - - —
g125 1x107° 1x107° - - -
j22 1x107° 1x107° - - -
J2 \Y, 0 1x 10”7 - - —
43A 0 1x107° — - -
T4A \ 1x107° 0 - - -

for phage ZF40 but also for macromolecular carotovor-
icins.

When investigating the range of phage hosts among
the E. carotovora strains, we used two phage ZF40
variants that were obtained on the initia strain ECA
62A and on the indicator RC5297 (phages ZF40 and
ZF40/5297, respectively). Before determining theinoc-
ulation efficiency, theinitial phage concentrations were
nolessthan 1 x 10'° PFU/mI. As can be seen from Table 2,
phage ZF40/5297 (ZF40) has a wide range of hosts
among the ECA strains; two EAT strains are also sensi-
tive to this phage.

Based on the inoculation efficiency of phage ZF40
as, well as of phage ZF40/M2-4* (see further), the
E. carotovora strains maintaining the phage reproduc-
tion can be divided into six groups (Table 2). For two
strains, ECA M2-4 and 33A, aswell asfor strain EAT
37A, the phage inocul ation efficiency decreasesto 10~
to 107, whereas the inoculation efficiency on the other
strains is very low, and these strains produce a hetero-
geneous phage population, which is similar to that
described above. In contrast to this, on strains ECA
M2-4, ECA 33A, and EAT 37A, the phage formsequal-
sized plagues after several passages (Fig. 1c).

To test the intracellular restriction in E. carotovora,
Luria'sclassical test was used [12]. The subjects of the
study were four ECA strains: 62A, RC5297, M2-4, and
33A. The phages obtained on M2-4 and 33A were
cloned five times from separate colonies and concen-
trated as described above. The final titers of viable par-
ticles congtituted no less than 1 x 10" PFU/mI. The
phages were designated as ZF40/M2-4* and
ZF40/33A*, respectively. Therestriction analysis of the
DNA of these phages with endonuclease Hpal showed
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that their genomes did not have any visible physical dif-
ferences and were homol ogous to each other, aswell as
to the genome of the initia phage ZF40/5297—ZF40
(Fig. 3). Theresults obtained suggest that the restricted
phage development in the cdlls of the ECA strains M2-4
and 33A was in fact connected with the occurrence of

Fig. 3. Electrophoresis of the Hpal-restriction DNA frag-
ments of bacteriophages (1) ZF40/5297, (2) ZFA0/M2-4*,
and (3) ZF40/33A*.
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Table 3. Characteristics of the artificial lysogens E. carotovora subsp. carotovora 62A (RC5297), M2-4, and 33A

Rate of Particle yield* Superinfection

Lysogen (phage) Lysogen type occurrence, % A B presult**
62A(ZF40) I 100 + 2 x10° 4x10°
RC5297(ZF40) I 100 + 2 x 10° 4 x10°
M2-4(ZFAQ*) I 16 + 9x 10° 3x 108

I 16 - 4 x 102 -

1] 68 - - 3x10°
33A(ZF40*) I 20 + 1.5 x 108 2 x 1010

I 40 - - -

[l 40 - - 2x10°

*Theyield of particleswas determined visudly, (A) by the formation of lysis plaquesor (B) by the phage particletiter after 24 h of lysogen growth.
**The superinfection result is expressed as the minimal amount of the viable phage particles forming avisible lysis plague analogous to a

MCTV plague [5].

intracellular restriction. Asin the other cases [12], the
intracellular restriction in E. carotovorais closely cou-
pled with the process of phage DNA modification. The
latter is confirmed by the fact that phages ZF40/M 2-4*
and ZF40/33A* restore their initial inoculation effi-
ciency on the appropriate strains (Table 2). To establish
the presence of the restriction—modification system (the
R—M system) in theinitial strain ECA 62A and mutant
RC5297, the lawns of these cultures wereinocul ated with
the modified phages ZF40/M2-4* and ZF40/33A*. The
primary titers of both phages decreased by an average of
five orders; however, the initial |E was restored after
four to five passages. Moreover, both phages restored
the morphology and the size of the negative colonieson
mutant RC5297 (Fig. 1b). In Table 2, these phage vari-
ants are designated as ZF40/M2-4 and ZF40/33A.
Based on the quantitative data shown in this table, a
conclusion about the completeidentity of the R—M sys-
tems of strains M2-4 and 33A of E. carotovora subsp.
carotovora can be made, whereas the restriction—mod-
ification system of strain ECA 62A, primarily restrict-
ing the reproduction of phages ZF40/M2-4* and
ZF40/33A*, differs from the previous ones.

Analysis of the results obtained by studying the IE
for phages ZF40/5597 and ZF40/M2-4* (Table 2)
shows that the E. carotovora strains studied may have
several different R—-M systems. The possibility that
unique restriction-modification systems are present in
EAT 37A, ECA 61A, and ECA J2 cannot be ruled out.
Asto the other phage-sensitive erwinias, the restriction
of phage ZF40 devel opment by them isvery significant.
Theinoculation efficiency of this bacteriophage and its
modified variant on these strainsis1 x 10°to 1 x 1073,
which may be related to the superimposition of two
effects: hampered adsorption of phage particles on the
cells and the action of intracellular restriction in the
host bacterium.

As mentioned above, phage ZF40 forms negative
coloniestypical of temperate bacteriophages on mutant
RC5297. In the case of a heterogeneous phage popula-
tion or when the ECA strains M2-4 and 33A are

infected, the secondary growth of the lysogens can be
observed in confluent lysis (Figs. 1a, 2a, 3b). The char-
acteristic plaque morphology is a stable phage trait and
does not change with multiple bacteriophage passages
on sensitive cells. That phage ZF40 is a temperate
phage is also evidenced by the appearance of transpar-
ent negative colonies when the phage particles are pro-
duced by the confluent lysis method. The transparent
plagques appear at alow rate and are to be assigned to
the c-type of phage mutants. To definitively elucidate
the nature of bacteriophage ZF40, | obtained ZF40-,
ZFA0/M2-4* -, and ZF40/33A*-based lysogens for the
indicators 62A (RC5297), M2-4, and 33A, respectively.
All the lysogens proved insensitive to the productive
infection by these phages, and the phages themselves
appeared, as should have been expected, to be homoim-
mune. The lysogens obtained for strain 62A (RC5297)
were monotypic; when plated, they form negative
zones on the lawn of nonlysogenized cells and have a
level of spontaneous induction of 2 x 10° PFU/mI
(Table 3). The lysogens of the modified variants
ZFA0/M2-4* and ZFA40/33A* of the M2-4 and 33A cul-
tures differ in the main parameters (Table 3). Their first
type has features similar to those of strains ECA 62A
(ZF40) and constitutes only 16 to 20% of the total
amount of the lysogenic variants of strains M2-4 and
33A. The other two types of lysogens prevail quantita-
tively (about 80% for both strains) over thefirst type of
lysogens. The latter lysogens are characterized either
by aninsignificant level of spontaneous induction or by
its complete absence. My experiments showed that
many natural E. carotovora strains manifest an unusual
type of reaction to infection by phages ZF40 and
ZFA0/M2-4*: they form lysis plagues without phage
reproduction. These lysis plagues are similar to those
induced by macromolecular carotovoricins [5].

To explain this unusua phenomenon, al the
lysogens were studied by the method of superinfection
with a homologous bacteriophage. As aresult of these
investigations, it was established that type | lysogens
behaved as classical lysogens and were insignifi-
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cantly prone to the lysis induced by the homologous
bacteriophage. In this case, in order to obtain a pos-
itive reaction, which is manifested in the formation
of indistinct lysis plagues, large amounts of a super-
infecting bacteriophage are necessary: from 3 x 108
to 2 x 10'° PFU/ml. For type 3 lysogens, this amount
is less by several orders and constitutes, on average,
2 x 10° to 3 x 10° PFU/ml. Type 2 lysogens do not
show any appreciable sensitivity to the superinfecting
homologous bacteriophage (Table 3). A comparison of
the infection of natural E. carotovora strains by phages
ZFA0 and ZF40/M2-4* and of superinfection of the
artificial lysogens shows that these two processes have
similar features. They reflect the resistance of phyto-
pathogenic erwinias to bacteriophages at the level of
the immune response of a lysogenic cell. This conclu-
sion suggests that homoimmune temperate bacterioph-
ages must be widely spread in the group of E. caroto-
vora strains studied. To confirm this, concentrated
lysates of strains ECA J2 and 55A obtained with the use
of nalidixic acid (20 pg/ml, [5]) were tested for the
presence of temperate bacteriophages using ECA 62A
as an indicator. The usual erwinia lysates induced by
mitomycin C [5] were tested using the universal indica-
tor RC5297. As a result, five temperate phages were
discovered: EF444, EF47, EF35, EF19, and EF36.
These phages were unable to develop in the cells of
lysogens shown in Table 3. None of the above-
described bacteriophages—ZF40, ZF/M2-4*, and
ZFA0/33A*—was reproduced in the ECA 62A
lysogenic cells carrying these temperate phages. As
was to be expected, a larger number of temperate
erwiniophages was reveal ed with the indicator RC5297
than with theinitial sensitive strain ECA 62A.

Despite the fact that E. carotovora is an important
phytopathogen, which isintensely studied in many lab-
oratories, its bacteriophages do not number even a
dozen [3, 4, 13]. This unique situation has no explana-
tion so far. The erwiniophages are unlikely to possess
specia properties and to differ radically from other
enterobacterial phages. Most probably, the cause of the
rare occurrence of bacteriophages in E. carotovora
should be sought at thelevel of the unusual phageresis-
tance of the cells of thisbacterium. In thiswork, | man-
aged to show that the phage resistance of pectinolytic
erwinia is determined by two main causes. hampered
phage adsorption on theindicator cellsand the presence
of the host restriction systems. For temperate bacte-
riophages, phage resistance at the level of the immune
response of lysogenic pectinolytic erwinias should also
be taken into account. The rare discovery of temperate
erwiniophages may also be due to the masking effect of
bacteriocins of different nature, which does not allow
viable temperate bacteriophages to be revealed upon
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lysogenic induction by appropriate agents; it may also
be due to the presence of defective temperate bacte-
riophages forming macromolecular bacteriocins
related to phagetails[5, 7].
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