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Abstract—The electron microscopic study of several Erwinia carotovora strains showed that the SOS-induced
cells of this pectolytic phytopathogenic bacterium produce particular phage parts (tails, heads, and baseplates)
but do not assemble them into fully functional phage particles. E. carotovora cells produced several times
greater amounts of phage tails in response to induction by mitomycin C than in response to induction by nali-
dixic acid. Thetailswere 128-192 nm in length and 13-21 nm in diameter. Phage heads were characterized by
four discrete ranges of diameters: 18, 55-59, 66—75, and 92—98 nm. The diameters of phage baseplates varied
from 39 to 53 nm, depending on the particular strain. It was shown that cells of the same species may contain
several different types of phagetails and heads. The structural organization of phage tails and baseplatesin the
nalidixic acid-induced lysate of E. carotovora J2 was studied in more detail. The data obtained suggest that
pectolytic phytopathogenic erwinia are characterized by defective polylysogeny.
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There are two types of bacterial lysogeny, true and
defective [1, 2]. True lysogeny implies that the proph-
ages of temperate bacteriophages may convert to either
a lysogenic or vegetative state, while defective lysog-
eny implies that the prophages cannot convert to fully
functional phages because of some genetic defects. The
common products of defective phage assembly are tail
parts, which attract the attention of researchers due to
their killer activity with respect to susceptible bacterial
species [3-5]. At the same time, other parts of phages
(heads and baseplates) have not yet been adequately
investigated.

Many macromolecular carotovoricins (MCTVS) of
the phytopathogenic bacterium E. carotovora are bac-
teriophage tail-ike particles [3, 6-8], which allowed
the suggestion to be made that this bacterium is charac-
terized by defective lysogeny.

The present work is an attempt to reveal defective
lysogeny in some phytopathogenic strains of E. caroto-
vora.

MATERIALS AND METHODS

Experiments were carried out with eight Erwinia
carotovora subsp. carotovora strains (ECA 4A, ECA
35A, ECA 48, ECA 62A, ECA 59A, ECA M2-4, ECA
Ec153 (ATCC 15359), and ECA J2 (NCPPB 1744)),
two Erwinia aroideae strains (EAR g48 and EAR 3A),
and one Erwinia sp. ZM-1 strain (ESP ZM-1). Thefirst
ten strains were obtained from Yu.K. Fomichev,
Department of Microbiology, Belarussian University,
Minsk. The last strain was isolated in our laboratory
from a potato tuber affected by soft rot [9].

To obtain bacterial lysates with phage particles,
erwiniacellsweretreated with 1 pg/ml mitomycin C or
20 pg/ml nalidixic acid [8]. The lysate (200 ml) of each
of the strains was centrifuged twice in a Spinco L8-70
centrifuge with an SW28 rotor at 24000 rpm for
80 min. The pellet of phage particles was suspended in
1 ml of ST buffer (50 mM Tris—HCI, pH 7.5, with
10 mM NaCl). The phage particles of strain ECA 35A
were additionally purified by gel filtration on a
Sepharose 2B column (8 x 200 mm).

The electron microscopic studies of phage particles
contrasted with 2% uranyl acetate were carried out
using an EMB 100BP electron microscope. Particle
sizes were evaluated from the electron images of T4D
bacteriophage tails, which have a standard length of
113 nm. All electron images were obtained at a magni-
fication of 240000% to 280000x.

RESULTS

Detection of phage parts in the antibiotic-
induced E. carotovora lysates. Almost all spontaneous
and induced E. carotovora lysates were found to con-
tain particular parts of phage particles (tails, heads, and
baseplates). Figure 1 presents the electron microscopic
images of particles found in the mitomycin C—induced
E. carotovora lysates purified by repeated ultracentrif-
ugation. The particles were identified as normal tails
(NT9), tails with contracted sheaths (CSs), tail tubes
(TTs), phage heads (PHs), and baseplates (BPs).

The relative numbers of various phage parts in the
induced lysates of four E. carotovora strains are pre-
sented in Table 1. It can be seen that the SOS induction
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Fig. 1. Electron images of the phage parts found in the mitomycin C-induced lysates of E. carotovora strains (8) ECA Ec153 and
(b) ECA 35A. NT, normal tail; CS, tail with a contracted sheath; PH, phage head; PHT, phage head associated with along rigid tail
tube; TT, free tail tube; BP, baseplate; T4, bacteriophage T4D particle. The arrows point to hollow sheaths. Scale bars represent

(8) 100 nm and (b) 200 nm.

of E. carotovora cells gave rise to all major phage ele-
ments. The content of phage tails in the mitomycin-
induced lysates was greater than in the nalidixic acid—
induced lysates. Conversely, the content of baseplates
was greater in the nalidixic acid-induced lysates. The
relative content of phage heads did not depend on the
inducer and varied from 1% in the lysate of strain ECA

Ec1531t0 17% inthelysate of strain ECA 35A. The per-
centage of phage tails with norma (noncontracted,
relaxed) sheaths varied from 3 to 11%. Almost al
E. carotovora lysates contained hollow sheaths of dif-
ferent lengths (Fig. 1).

Phage tail partsin E. carotovora lysates. Unlike
normal phagetails, CS particlesfound in E. carotovora

Table 1. Reative content of various phage partsin the E. carotovoralysatesinduced with mitomycin C (MC) and ndidixic acid (NA)

Strain
Phage part ECA 12 ECA 62A | ECA 35A | ECA Ecl53

NA MC NA MC MC

Total tail parts 10 76 33 59 28
normal tails 3 7 11 0 4
tails with contracted sheaths 7 49 21 38 24

tail tubes 0 20 1 21 0
hollow sheaths 3 2 0 4 36
Baseplates 85 20 63 20 35
Phage heads 2 2 4 17 1
Total number of particlesin one microscopefield 179 43 237 48 42
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Table2. Clustering of the phage tails with contracted
sheaths (CS particles) of three E. carotovora strainswith res-
pect to the modal volume V,,

Strain
Sheath parameters
ECA 35A |ECA Ec153| EAR3A

N 46 44 63
Mean values and
deviations, nm*

L 62.0 55.5 69.8

ol, 36 3.0 31

w 235 20.0 26.5

ow, 16 17 15
Typel

Vg, X10° nm?3 22.8 141 36.6

f1, % 26.0 36.0 38.0

Ly, nm 61.0 54.4 70.0

W;, nm 21.8 18.3 259
Typell

Vinz» X10% nm 26.8 20.0 418

f,, % 20.0 32.0 19.0

L,, nm 62.9 57.3 68.5

W,, nm 234 210 28.0
Typelll

Vpng, X10% nm 30.5 - -

f3, % 17.0 - -

Lg, nm 60.1 - -

W, nm 254 - -

* Presented are the mean length (L) and width (W) of sheaths and
their standard deviations ol,, and oW, for the general data array
N. The sheaths were grouped according to three discrete modal
volumes Vi1, Vimp, @and Viya. F is frequency at the maximum of
the Gauss distribution curve. “—" stands for “ not detected.”

lysates tended to destruction in two particular stages,
the stage of sheath swelling followed by the stage of
sheath rupture along the long axis. For this reason, the
CS particles that had conspicuous lesions were not
taken into account during analysis. The length (L) and
the width (W) of CS particles were characterized by
considerable standard deviations o,,, which varied from
4 to 6% for L and from 5 to 9% for W. These data,
together with the observation that CS particles may
have different arrangements of structural subunits of
their sheaths, allowed the suggestion to be made that
the phage tails of the same E. carotovora strain may be
of severa types. The statistical analysis of CS particles
in terms of the volume of a cylinder with diameter W
and height L showed that these particles in the lysates
of particular E. carotovora strains could be character-
ized by up to three modal volumes V,,,. This made it
possible to identify three types of CS particles in the
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mitomycin C—induced lysates of three E. carotovora
strains (Table 2).

A similar statistical analysis with respect to the
length and width of normal tails with relaxed sheaths,
the length of tail tubes, and the diameters of phage
heads and baseplates showed that the lysates of al
E. carotovora strains studied contained at least two
types of NTs (Table 3), whaose length varied from 128
to 192 nm and whose width varied from 15 to 21 nm.
The length of the tail tubes, either naked or covered
with contracted sheaths (Fig. 1b), was equal to that of
NTs(Table 3). The contraction of tail sheaths shortened
their length to 43-70 nm and increased their diameter
to 16-28 nm. The lysates of some strains did not con-
tain NTs. Experimentsin vitro showed that normal tails
spontaneously convert into tails with contracted
sheaths, i.e., into CS particles. The presence of TTsand
the variable length of tail tubes covered with contracted
sheaths can be explained by the general instability of
phagetails, which may easily break during the prepara-
tion of phage suspensions.

Electron microscopic analysis and the study of the
killer activity of NTs with respect to susceptible bacte-
rial cells showed that these phage parts actually repre-
sent tail-like carotovoricins (TLCA), which are able to
kill susceptible E. carotovora cells after adsorption on
the cell surface. The antibiotic-induced lysates of strain
ECA J2 contained at |east three types of TLCA.

One of the TLCA types, TLCA 44-1, in arelaxed
state had a length of 128 nm and a width of 16 nm
(Fig. 2a) and exhibited several variants of contracted
sheath (Figs. 2c—2e, 2h, 2i). The apical region of the
contracted sheath of TLCA 44-1, located at a distance
of 1647 nm from its proximal end, represented a spe-
cia structure, which was named abnormal sheath
(ANS). The structure of ANS differed from that of the
rest of the sheath. The average dimension of ANSswas
19.5 x 18.2 nm. TheANS of TLCA 44-1 wasthefirst to
contract and then stimulated the contraction (Figs. 2e,
2i) or caused the destruction (Figs. 2h) of the distal part
of the sheath. These data suggest that theANS of TLCA
44-1 may contain a specific structural protein, differing
from that of the distal part of the sheath.

The second type of TLCA found in the lysates of
strain ECA J2, TLCA 44-2, had approximately the
same length as TLCA 44-1 but a narrower width (W =
13.4 nm) (Fig. 2b). The structural subunits of the con-
tracted sheath of TLCA 44-2 were characterized by an
arrangement (Fig. 2g, 2) different from that of the con-
tracted sheath of TLCA 44-1. The average dimension of
TLCA 44-2 was49.4 x 17.0 nm.

The third type of TLCA, TLCA 44-3, was distin-
guished by the presence of a naked tube at the sheath
apex (Fig. 2f). TLCA 44-3 had an average length of
153.6 nm and an average width of 15.0 nm and often
exhibited a segmentation of the contracted sheath
(Fig. 29, 1). The mean length of the TLCA 44-3 tube
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Table 3. Mean linear sizes (in nm) of the phage tails found in the induced lysates of E. carotovora strains

Tail with contracted sheath
Normal tail
Strain Tail type sheath tube
L W L W L
ECA 35A TLCA 12-1 - - 61.0 21.8 150.0
TLCA 12-2 - - 62.9 234 159.0
TLCA 12-3 - - 60.1 254 -
ECA 12 TLCA 44-1 128.0 15.1 - 20.0 127.2
TLCA 44-2 128.6 134 49.4 17.0 122.0
TLCA 44-3 153.6 15.0 68.4 20.2 134.0
ECA 62A TLCA 51 1355 15.1 - - 134.7
TLCA 5-2 1475 17.2 58.3 19.0 146.4
TLCA 53 - - - - 160.5
ECA Ec153 TLCA 29-1 135.8 15.9 54.4 18.3 134.0
TLCA 29-2 146.2 17.3 57.3 21.0 1475
ECA 48A TLCA 25-1 161.0 16.4 68.5 21.1 160.0
TLCA 25-2 - - 66.8 26.8 -
EAR 3A TLCA 11-1 187.0 18.8 70.0 26.0 -
TLCA 11-2 192.0 21.6 68.5 28.0 -
ESP ZM-1 TLCA 40-1 184.0 - - - -
TLCA 40-2 - - 52.8 16.4 -
EAR g48 TLCA 2-1 - - 58.3 215 -
TLCA 2-2 - - 61.6 254 -
ECA 59A TLCA 55-1 - - 55.3 218 -
TLCA 55-2 - - 61.4 17.2 -
ECA 4A TLCA 36-1 - - 66.4 24.7 -
TLCA 36-2 - - 68.0 27.3 -
ECA M2-4* TLCA 50-1 - - 429 14.3 -

“~" stands for “no data available.”
* Mean sizes were calculated for 10 particles.

Note:

was 134 nm, i.e., it was shorter than the normal phage
tails of E. carotovora.

It should be noted that this consideration of the
structure of TLCAS s quite tentative. The spontaneous
destruction of thetail tubes (Figs. 2d, 2e), the different
states of contracted sheath subunits at the opposite ends
of the sheaths (Figs. 2c—2e, 2h, 2i), and the elaborate
arrangement of the contracted sheaths of TLCA 44-1
and TLCA 44-3 (Figs. 29, 2i) did not allow the structure
of NT and CS phage particles to be analyzed in depth.

Phage heads and baseplates in the antibiotic-
induced lysates of E. carotovora. As mentioned above,
the lysates of strain ECA 35A contained the greatest
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amounts of phage head-like particles (Table 1 and
Fig. 1b). The datistica analysis of these particles
showed that they fall into three categories (Table 4).
Some phage heads were polar (Fig. 3a). Small heads
with amodal diameter of 55.4 nm were typicaly asso-
ciated with one or two segmented rigid tubes 94 to
226 nm in length (Figs. 1b, 3a, PHT). In this strain,
most of the phage heads were likely filled with a
nucleic acid of unknown origin.

The lysates of strain ECA Ec153 contained two
types of phage heads (Table 4), empty heads 66.2 nmin
diameter and small heads with a mean diameter of
18.7 nm, which were associated with the normal tails
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Fig. 2. Electron images of the phagetail-like carotovoricins (TLCA) of three different typesfound in theinduced lysates of E. caro-
tovora strain J2: (a) TLCA 44-1; (b) TLCA 44-2; (f) TLCA 44-3; (c—, h, i) different structural forms of the contracted sheath of
TLCA 44-1; (g) the contracted sheaths of (1) TLCA 44-3 and (2) TLCA 44-2. ANS isthe proximal part of the TLCA 44-1 sheath
(for details, see text). The arrows point to (d) the disintegrating proximal part of the tail tube and (h) the distal part of the sheath.
Scale bars represent 100 nm. Images (a, ¢, €), (b, d), and (f—h) were obtained at three different magnifications.

TLCA 29-1 and TLCA 29-2, respectively (Figs. 3c, 3d).
In the mitomycin C—induced lysate of this strain, simi-
lar small heads bound to anomalously long (417 nm)
tailsthrough a system of thin fibers could be sometimes
observed (Fig. 3b). The ECA 62A lysates contained pri-

Table 4. Diameters of the phage heads and baseplates found
in the lysates of some E. carotovora strains

Head diameter, nm Baseplate

Strain diameter,
Typel | Type2 | Type3 | Type 4 nm

ECA 35A - 554 | 75.0 98.2 -

ECA 12 - 59.0 67.0 - 39.7
ESA Ec153 | 18.7 - 66.2 - 45.6
ECA 62A - - - 92.0 445
ECA 48A - - - - 50.0
ECA 4A - - - - 53.0

Note: “—" stands for “no data available.”

marily empty ellipsoidal headswith amean diameter of
92 nm, some of which were associated with the normal
TLCA 5-1 tails (Fig. 3e). None of the Erwinia strains
investigated contained fully assembled bacteriophages
or phage heads bound to tails covered with contracted
sheaths.

All erwinia lysates were found to contain a great
number of baseplate-like particles (Table 1 and
Figs. 4a, 4b). The baseplates could be easily separated
from other phage parts by gel filtration on Sepharose 2B.
Many baseplates possessed hexagonal symmetry
(Figs. 13, 44). The diameter of baseplates ranged from
39.7 to 53 nm (Table 4) and was proportional to the
width of normal tails. Some normal tails lacked base-
plates but were furnished with short fibers on their dis-
tal ends (Figs. 2a, 2b, 2f).

The elaborate phage heads of strain ECA J2, desig-
nated as BPJ, were studied in more detail. They were
either free or bound to the distal part of the TLCA 44-3
particles (Fig. 4c). Free BPJ could occur in three con-
formational states of abicyclewheel (Fig. 4d, 1), aran-
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domly coiled globule (Fig. 4d, 2), and a symmetric
round tangle with a distinct central part (Fig. 4d, 3).
When BPJ occurred in the two last states, it tended to
form a structure with six paired rigid fibers 56-58 nm
in length (Fig. 4e, F). The mean diameter of BPJ was
found to be 39.8 nm with a standard deviation of 4 nm,
which agrees with amodal diameter of 39.7 nm (ad,, =
1 nm) well. The origin and the relationship between the
four different types of baseplatesin E. carotovora strain
J2 need further investigation.

DISCUSSION

The data presented in this study show that bacterio-
cinogeny and defective lysogeny in pectolytic phyto-
pathogenic E. carotovora strains are closely related.
The killer factors of this bacterium represent the
intermediate products of the incomplete assembly of
defective temperate bacteriophages in SOS-induced
lysogenic cells. The SOS induction of erwinia cells
with mitomycin C or nalidixic acid resulted in the for-
mation of phage tails, heads, and baseplates (Figs. 1, 3,
4) in proportions dependent on the antibiotic used for
induction (Table 1). In response to induction with nali-
dixic acid, E. carotovora cells produced from 63 to
85% of phage baseplate-like particles. The mechanism
of this phenomenon remains unknown and needs fur-
ther study. In response to induction with mitomycin C,
E. carotovora cells primarily produced phage tail-like
particles, whose rel ative content varied from 28 to 76%,
depending on the particular strain.

The E. carotovora strains under study produced
three different types of phagetails (Tables 2 and 3), dif-
fering in linear sizes and structura organization (Fig. 2),
as well as four different types of phage heads (Table 4
and Fig. 3). One of the strains (ECA 35A) was found to
produce three different types of phage heads. These
data strongly suggest that phytopathogenic pectolytic
erwinia are subject to defective polylysogeny and con-
firm the multiplicity of macromolecular carotovoricins,
which was revealed earlier during the study of caroto-
voricin-resistant bacterial mutants [11].

Some suppositions can be made about the defectsin
the prophage genomes of E. carotovorathat are respon-
sible for the incomplete assembly of phage particlesin
this bacterium. First, this can be related to the altered
synthesis of a connective material, due to which the
DNA-containing phage heads and tails are either
unbound (asin strain ECA 35A) or loosely bound (asin
strain ECA Ec153) (Fig. 3). Second, some defects may
occur in the package of DNA in phage heads, asis evi-
denced by the formation of defective headsin the strain
ECA Ec153 and of empty headsin the strain ECA 62A.
Third, the phage parts observed in the induced lysates
of E. carotovora may be the products of particular
genetic elements of defective prophages located in dif-
ferent regions of the bacterial chromosomes and unre-
lated structurally and functionally. This suggestion fol-
lows from the excessive synthesis of phage baseplates
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Fig. 3. Electron images of the phage heads found in the
lysates of (@) ECA 35A, (b—d) ECA Ec153, and () ECA
62A. PHP, phage head associated with two rigid tail
tubes. The arrow pointsto apolar head. Scale bars repre-
sent (a, b) 200 nm and (c—€) 100 nm.

in most of the E. carotovora strains studied (Table 1 and
Fig. 4).

Some phage particles described in this paper have
not yet been described in the literature. These are the
small heads associated with one or two long rigid tail
tubes found in strain ECA 35A (Figs. 1 and 3), the
binary sheaths of TLCA 44-1 and TLCA 44-3 particles
(Fig. 2), and the elaborate baseplates PBJ found in
strain ECA J2 (Fig. 4).

The data presented in Table 4 suggest that the heads
of defective temperate phages are close in shape to the
heads of isometric phages. This, together with the fact
that all of thetailsfound inthe E. carotovoralysatesare
contractile, allows another suggestion to be made.
Namely, the defective temperate bacteriophages of
E. carotovora belong to morphotype A1l. It should be
noted in this regard, that the new temperate bacterioph-
age ZF40 of E. carotovora [12] aso belongs to this
morphotype, athough it differs from the defective
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Fig. 4. Baseplate-like particlesfound in the lysates of (a) ECA 4A and (b—e) ECA J2 induced with () mitomycin C and (b) nalidixic
acid. BP, baseplate associated with the distal end of TLCA 44-3; 14, different conformations of BPJ (see text for details); and F,
fibers associated with a baseplate. The arrow pointsto the paired fibers of BPJ. Scale bars represent (a, b) 100 nm and (c—€) 50 nm.

phage particles described in the present paper in the
size and structure of the contractile sheath.

The lengths of the defective phage tails found in the
lysates of the E. carotovora strains under study (128 to
192 nm) are closeto the lengths of the phagetailsfound
in other E. carotovora strains [3, 14], as well asto the
lengths of the R-type pyocins[14] and the macromol ec-
ular bacteriocins of other bacteria [4].

The data obtained suggest that pectolytic phyto-
pathogenic erwinia persist in nature as defective
polylysogenic systems. Defective polylysogeny in
E. carotovora is closely related to the phage tail-like
macromolecular carotovoricins.
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