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Abstract The population dynamics of Pectobacterium
atrosepticum SCRI1043 (Pba) within tobacco plants was mon-
itored from the time of inoculation until after long-term preser-
vation of microorganisms in the remnants of dead plants. We
found and characterised peculiar structures that totally occlude
xylem vessels, which we have named bacterial emboli. Viable
but non-culturable (VBN) Pba cells were identified in the
remnants of dead plants, and the conditions for resuscitation of
these VBN cells were established. Our investigation shows that
dissociation of the integrated bacterial population during
plant colonisation forms distinct subpopulations and cell
morphotypes, which are likely to perform specific functions that
ensure successful completion of the life cycle within the plant.

Keywords Plant-microbe interaction - Pectobacterium
atrosepticum - Viable but non-culturable cells - Bacterial
emboli - Heterogeneity of microbial population - Cell
ultrastructure

Introduction

Plant-microbe interactions are affected considerably by the
conformation of adherent microbial populations, which are quite
heterogeneous and consist of morphologically and/or physio-
logically distinct cell forms. Even in isogenic populations, indi-
vidual bacterial cells can differ from each other in terms of
growth rate, respiratory activity, stress resistance and capacity
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to respond to specific chemical signals (Anetzberger et al. 2009;
Lidstrom and Konopka 2010). Several morphological and phys-
iological variants of bacteria, distinct from typical vegetative
cells, have been classified according to their characteristics.
These variants include viable but non-culturable (VBN) cells
(Roszak et al. 1984; Oliver 1995; Grey and Steck 2001;
Gorshkov et al. 2009) and cyst-like rest cells (EI'-Registan
et al. 1980; Duda et al. 1982; Muliukin et al. 1996; Suzina
et al. 2004; Kussell and Leibler 2005; El'-Registan et al. 2006;
Muliukin et al. 2008). Biofilms make a substantial contribution
to determine the conformations and other properties of microbial
populations. Biofilms comprise a group of bacterial cells that are
connected to each other through an extracellular matrix (Ramey
et al. 2004; Stoodley and Stoodley 2009). Bacteria within a
biofilm community differ from planktonic cells in terms of their
stress resistance and virulence towards hosts (Matz et al. 2005;
Christensen et al. 2007; Manos et al. 2009). Understanding of
the sources and implications of physiological heterogeneity of
bacteria is of fundamental relevance to a number of fields, such
as ecology, medicine and plant pathology. However, the dynam-
ics of microbial populations within higher organisms, e.g. host
plants, are not well documented.

Bacteria that interact with plants may colonise various tis-
sues of their host, such as parenchyma or xylem tissues. These
tissues have different physical, chemical, nutritional and im-
mune properties. For instance, given that mature xylem vessels
are non-living cells, they lack the capacity to mount a hyper-
sensitive defence reaction (Huang et al. 1975). Compared with
the contents of parenchyma and phloem cells, xylem sap has
fewer growth-promoting nutrients and a high rate of diffusion
that is driven by the flow of water. Although more attractive to
pathogens due to high nutrient content, parenchymatous cells
are more active against pathogen invasion than xylem vessels.
As a result, bacteria that colonise different host tissues, even
within a single plant, find themselves in distinct conditions.
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This, in turn, may induce diversification in the physiology of
the integrated microbial population in planta.

Notwithstanding these insights, fluctuations in the structures
of bacterial populations in systems as heterogeneous and dy-
namic as those found in plants are far from being understood. In
the study reported herein, we tackled the challenge of better
understanding morphological and physiological diversification
of bacteria within plants by analysing the interaction of tobacco
plants with Pectobacterium atrosepticum SCRI1043 (Pba), a
causative agent of soft rot and potato “blackleg”. Although
tobacco is not a natural host of Pectobacterium, it has been
used extensively as a model system for studying various aspects
of the Pectobacterium—plant interaction (Cui et al. 1996; Mée
et al. 2001; Ger et al. 2002; Kim et al. 2011). Results of our
preliminary experiments indicated that, unlike potato plants,
individual tobacco plants do not vary much in terms of the
symptoms of Pba-caused infection. The relative homogeneity
in symptoms is a significant advantage when analysing the
population structure of the pathogenic bacteria.

Pba is one of the most extensively studied phytopathogens.
This is particularly true now that its genomic sequence has been
determined (Bell et al. 2004). Many virulence factors and the
mechanisms by which their production is regulated have been
elucidated for Pba and related species (Collmer and Keen
1986; Liu et al. 1999; Tang et al. 2006; Barnard et al. 2007,
Mattinen et al. 2007; Liu et al. 2008; Lin et al. 2010). However,
although much is understood about Pba virulence factors and
their regulation, little is known about how this pathogen “be-
haves” in the heterogeneous environment within plants and
how this behaviour permits effective colonisation of the plant.

The aim of the investigation reported herein was to trace the
changes in the structure of a bacterial population in planta
through the entire period of interaction between the bacteria
and the plant. Ultrastructural features of the bacterial cells that
have colonised different plant tissues were characterised at
different stages of the interaction, starting from the time of
inoculation and continuing until long-term preservation of mi-
croorganisms in the remnants of dead plants. Viable but non-
culturable Pba cells were recovered from the remnants of dead
plants. We also found and characterised peculiar structures that
totally occlude xylem vessels, which we have named bacterial
emboli. This investigation demonstrates that bacterial popula-
tions dissociate during plant colonisation. This generates distinct
subpopulations, which are likely to perform specific functions
that enable bacteria to complete their life cycle within the plant.

Materials and methods
Plant growth conditions

Nicotiana tabacum cv. Havana plants were grown axenically
in test tubes in a growth chamber with a 16-h light/8-h dark
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cycle photoperiod. Seeds were surface-sterilised using diluted
bleach (0.8 % of active chlorine) and 1 % sodium dodecyl
sulphate for 30 min, washed seven times with sterile distilled
water, then transferred to Murashige and Skoog medium
(MS) (Murashige and Skoog 1962) in Petri dishes. Ten-
day-old seedlings were transferred to individual flasks
containing MS.

Inoculum preparation and plant inoculation

A strain of Pectobacterium atrosepticum SCRI1043 (formerly
Erwinia carotovora ssp. atroseptica SCR11043) was cultured
in Luria—Bertani (LB) broth (Sambrook et al. 1989) on a
rotary shaker (180 rpm) at 28 °C until the early stationary
phase (2x10° colony-forming units (CFU ml™")). Six to seven
weeks after planting, the stems of tobacco plantlets were
inoculated with inoculum containing 2x10” CFU ml .
Sterile water or bacterial suspension containing 2x 10° cells
were placed as 10-ul drops on the surface of the plant stem
without wounding the tissue.

Light and transmission electron microscopy

Sections of tobacco stem (0.5-0.8-mm thick) were excised
using a sterile razor blade, at 18 h or 2, 3 or 9 days after
inoculation. The samples were fixed in 2.5 % glutaraldehyde
prepared in 0.1 M phosphate buffer (pH 7.2) at 4 °C overnight,
washed three times (15 min each) with 0.1 M phosphate buffer
containing sucrose (68 g 1™"), and post-fixed by incubation in
1 % (w/v) osmium tetroxide in the same buffer with sucrose
(25 mgml ") at 4 °C for 4 h. The samples were dehydrated by
passage through a graded ethanol series (30, 40, 50, 60, 70,
80, 90 and then 96 % ethanol), before being transferred to
100 % acetone and propylene oxide. Then the samples were
immersed in Epon resin (Fluka) that contained propylene
oxide added in the proportions (v/v) 1:2, 1:1 and 2:1, with
each step involving a 12-h incubation. The samples were then
embedded in pure Epon resin.

Semi-thin sections (ca. 2-um thick) were mounted on
microscope slides and stained with 1 % (w/v) methylene blue.
The sections were examined using a laser confocal fluorescent
microscope (LSM 510 Meta; Carl Zeiss, Jena, Germany)
operated with bright field illumination.

Ultrathin sections (ca. 300 nm) were prepared using a glass
knife with an ultramicrotome (LKB-8800, Sweden), mounted
on copper grids and stained with 2 % aqueous uranyl acetate
(w/v) for 20 min and Reynolds' lead citrate (Reynolds 1963)
for 7 min. Some samples were stained according to Thiéry
(1967). The sections were mounted on gold grids and treated
sequentially with 1 % aqueous periodic acid for 30 min, 0.2 %
thiocarbohydrazide in 20 % acetic acid for 2 h and 1 %
aqueous silver proteinate for 30 min in the dark. The sections
were examined using a transmission electron microscope
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(JEM-1200 EX, Jeol, Japan) operated at an accelerating volt-
age of 80 kV.

Determination of Pba CFU titre in infected tobacco plants

Plant shoots, roots or remnants were weighed separately after
1, 2, 3,9, 30 and 60 days after inoculation and ground in
mortars with two volumes (w/v) of AB medium (1 g of
NH,CL, 0.62 g of MgSO,4 7H,0, 0.15 g of KCI, 0.013 g of
CaCl,2H,0 and 0.005 g of FeSO,4-7H,0 per litre, pH 7.5).
The number of CFUs was determined by the plating of serial
10-fold dilutions of the obtained suspensions onto 1.5 % LB
agar. The plates were incubated at 28 °C for 2 days before the
CFUs were counted. Bacterial densities were expressed as the
log CFU per gram of colonised stem or root tissue.

Determination of Pba genome copy numbers in infected
tobacco plants

Genome copy (GC) numbers were determined by means of
real-time polymerase chain reaction (PCR) with respect to
calibration curves as was described previously (Gorshkov
et al. 2010). Real-time PCR was performed using the
TagMan detection method. The primers and probes used were
designed using Vector-NTI version 9 software (Invitrogen)
and synthesised by Syntol (Moscow, Russia). Primers
(explF 5'-GGAATTAGCGTAGTTGAACAAGGTCTG-3,
explR 5'-GCCACTGCTTCAATTCATTGCTC-3', EcaF 5'-
GATGATTCTTTTGAGTCATGTTTAC-3', EcaR 5'-GA
CACTTTTCGCAGGCTACCACG-3") and probes (expl
TagqMan probe 5'-(FAM-C)CCACTGCGG(T-BHQ
1) TAATACGACGAGCCAAAGC-3', Eca TagMan probe
(FAM-T)GTGTCAA(T-BHQ1)GAGTCTCTCAAATAA
TCGCAGCGC) for the gene expl and the 16S-23S rRNA
intergenic spacer were specific for Pba SCRI1043 (NCBI
GenBank accession number NC _004547). The reaction mix-
ture contained 1 x PCR buffer (67 mM Tris—HCI, pH 8.8,
17 mM (NH,4),SOy4, 2.5 mM MgCl,, and 0.1 % Tween 20),
100 mM of each dNTP, 0.04 U of Tag DNA polymerase
(Sileks), 0.2 mM of each primer and TagMan probe. The
thermal cycling conditions used for PCR involved heating to
94 °C for 2 min, followed by 45 cycles at 94 °C for 10 s and
60 °C for 1 min. Changes in fluorescence emission were
detected using an 1Q-4 quantitative PCR system (Bio-Rad).
The amount of fluorescence was plotted as a function of PCR
cycle using iCycler iQ Optical System Software version 3.1
(Bio-Rad). The amplification efficiency (E£) for all primers
was determined using a dilution series of a DNA pool. A value
of 5.5 fg of Pba DNA (5,064 kb) was accepted as one GC.
The DNA concentration was determined using a Qubit fluo-
rometer (Invitrogen, USA).

Genome copy numbers were analysed in cell lysates that
had been diluted 10"-fold in deionised water. Shoots or

remnants of the inoculated plants were weighed and ground
separately in mortars with two volumes (w/v) of AB medium.
Aliquots of the suspensions generated (200 pl) were used to
prepare cell lysates in 2 % Triton X-100 (v/v) at 100 °C, as
described previously (Gorshkov et al. 2010). Cell lysates from
early stationary-phase cultures were used as a positive control.
Genome copy numbers in the PCR reaction mixture ranged
from 10? to 107, and the calibration curve was linear in this
range. The GC numbers were determined 1, 2, 3, 9, 30 and
60 days after the plants had been inoculated with bacteria.
Bacterial densities were expressed as a log GC per gram of
plant tissue.

Procedures for resuscitation of Pba VBN cells

Thirty days after the plants were inoculated with Pba, plant
remnants were weighed separately and ground in a mortar
with two volumes (w/v) of AB medium. Aliquots of suspen-
sions were seeded on LB agar to confirm the absence of CFUs
recovered before the resuscitation procedure. The debris was
then washed twice and resuspended in the initial volume of
AB. The obtained suspensions were (1) plated as serial 10-
fold dilutions onto 1.5 % LB agar; (2) enriched with eithera 1/
10 dilution of plant extract or a 1/10 dilution of LB broth,
incubated at 28 °C for 2 days, and then plated on LB agar; or
(3) used to inoculate sterile tobacco plants. The inoculated
plants were tested for the presence of Pha CFUs 2 and 7 days
after inoculation. A fourth protocol (4) involved freezing the
plant remnants at —18 °C and keeping them for a month. After
they were thawed for 2 h, the remnants of each plant were
divided in half. One half was ground, washed in AB and
plated immediately onto LB agar, and the other half was
incubated at room temperature for 2 days before being plated
into LB agar. All resuscitation procedures were performed
under sterile conditions.

Plant extract was prepared by homogenisation of 10 g of
sterile tobacco shoots in 25 ml of deionised water using a
blender. The mixture was incubated for 2 h at 4 °C with gentle
agitation and then centrifuged at 10,000xg, 4 °C, for 20 min.
The supernatant was further clarified by filtering through a
0.2-um filter, followed by ultrafiltration (Ultra-15 centrifugal
filter device, Millipore). The filtrate was lyophilised,
dissolved in deionised water, filter-sterilised and stored at
—18 °C before use.

Statistical analysis of results

In each of the four independent experiments, four biological
replicates were assayed, each with four technical replicates.
The data are presented as medians + 0.975 and 0.025 percen-
tiles of all four independent experiments. The significance of
the differences among the results of each test and the relative
control values was determined using Student's ¢ test, with P <
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0.05 considered to be statistically significant. The electron
microscopy data comprise the reproducible results of two inde-
pendent experiments, each with three biological replicates.

Results
Growth of Pba in tobacco plants

The first symptoms of disease in most of the tobacco plants
inoculated with Pba became visible on either the first or
second day after inoculation. The primary symptoms involved
local tissue maceration at the inoculation site; the tissue dam-
age extended both upward and downward over time (Fig. 1).
By 4 to 5 days after inoculation, the entire plant was macerated
(Fig. 1c). During the first 3 days after plant inoculation, the
bacterial population increased by more than four orders of
magnitude, as measured by both plating and real-time PCR
(Fig. 2). During the period from 3 to 9 days post-inoculation,
bacterial cell number in inoculated plants remained stable. No
CFUs were recovered from plant remnants 20, 30 or 60 days
after plant inoculation. However, GC values remained rela-
tively high 20, 30 or 60 days after inoculation (Fig. 2). No
colonies were recovered and no real-time PCR signal was
detected from plants that were not inoculated.

VBN cells of Pba in remnants of tobacco plants

Given that the CFU values of Pba in plant remnants fell to
undetectable levels, although the GC value in these tissues
remained relatively high (Fig. 2), we considered the possibility
that the bacterial cells transitioned to the VBN state after the
death of the plant. To verify this, several procedures for bacte-
rial cell resuscitation were performed (“Materials and methods”
section), two of which were effective. The first approach in-
volved homogenisation of dead plants (30 days after inocula-
tion) for which a failure to detect CFUs had been confirmed,
then washing the homogenate twice in carbon-deficient medi-
um and seeding the suspension on solid LB medium (Gorshkov
et al. 2009). This procedure restored CFU titre from 0 to 8.0
107 t0 3.2x10° CFU g ' of plant debris, but only in 3 of the 26
plants analysed. The second procedure involved an additional
step: before homogenisation and washing, the samples were

Fig. 1 Tobacco plants infected
with Pectobacterium
atrosepticum SCRI1043. a
Uninoculated (control) plant; b
2 days after inoculation, note the
maceration zone on the stem
(arrow); and ¢ 5 days after
inoculation
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kept frozen (—18 °C) for a month. Immediately after thawing
for 2 h and washing twice in carbon-deficient medium, 5 of the
30 samples had CFU fitres restored from 0 to 5.3x10° to 1.7x
10° CFU g ' of plant debris. When, after thawing, samples
were incubated at room temperature for 2 days and then washed
twice, an additional five samples showed restoration of the
CFU values. Altogether, CFU values were restored in 10 of
the 30 samples of frozen plant remnants.

‘When resuscitation occurred, 10 randomly chosen colonies
recovered from each sample were confirmed to be Pba by
means of PCR with Pba-specific primers listed above
(“Materials and methods” section). The PCR products obtained
from five samples were sequenced. All of them had Pba-
specific sequence (data not shown). Moreover, several colonies
recovered after cell resuscitation were transferred into fresh LB
medium, incubated overnight, and the obtained cultures were
used to inoculate tobacco plants. All these cultures displayed
virulence same as the initial ones (data not shown).

Pba in tobacco plants: ultrastructural analysis
Early stages of tobacco colonisation by Pba

Neither bacterial cells nor any of the structural abnormalities
described below were found in uninoculated tobacco plants
(data not shown). Eighteen hours after plant inoculation, indi-
vidual bacterial cells with typical ultrastructure (Gorshkov et al.
2009) were observed at the sites of inoculation in the lumens of
xylem vessels (Fig. 3a) and in the parenchyma (Fig. 3b—e¢).
Within the parenchyma tissue, Pba cells were observed both in
the apoplast (Fig. 3b) and inside the plant cells (Fig. 3c—f). Halo
zones (an electron-lucent layer around the Pba cells), which
presumably corresponded to the bacterial capsules, could be
observed against the background of the plant cell cytoplasm
(Fig. 3¢). Cellular ultrastructure varied between different paren-
chyma cells infected with bacteria. In some of these cells, there
was no substantial alteration of the cytoplasm structure, and
formation of osmiophilic globules was evident in the vacuole
(Fig. 3c¢). In others, the cytoplasm became more loosened and
the tonoplast underwent substantial structural alterations
(Fig. 3d). In certain parenchymal cells, the tonoplast could not
be discerned and the organelles were visibly damaged (Fig. 3e).
In other parenchymal cells, in which the cytoplasm and




Dissociation of Pba in tobacco plants 503
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organelles were destroyed and there was evidence of invagina-
tion and vesicularisation of the plasmalemma, bacteria were
entrapped within the membrane system (Fig. 3f). No ultra-
structural modifications of xylem vessels were apparent
18 h after inoculation of the plants.

Colonisation of tobacco xylem vessels by Pba: formation
of bacterial emboli

During the early stages of vessel colonisation, when few
bacteria were observed in the lumen, granular substances were

Fig. 3 Transmission electron
micrographs of tobacco stems
infected with Pectobacterium
atrosepticum SCRI1043 (Pba)
(inoculation area, 18 h after
inoculation). a Pba cells in the
xylem vessel, bar=0.2 pm; b Pba
in the intercellular space (S),
bar=0.5 wm; ¢ Pba in the
cytoplasm of parenchymatous
cell, note the halo zone around
bacterial cells (arrowhead) and
osmiophilic globules (OG) in the
vacuole, bar=0.2 um; d Pbha in
the cytoplasm of parenchymatous
cell, note the ruptured tonoplast
(arrowheads), bar=0.2 um; e
Pba in parenchymatous cell, note
the degradation of chloroplast and
endoplasmic reticulum, bar=

0.2 pm; and f Pba covered with
membranous structures
(arrowheads) inside the
parenchymatous cell, bar=

0.5 pm. CW plant cell wall, PM
plasma membrane, 7 tonoplast, V
vacuole, C chloroplast, ER
endoplasmic reticulum

2 3
Time (days)

released from the plant cell wall (Fig. 4a). These substances,
which were either free or attached to bacteria, were unlikely to
be bactericidal given that no bacterial damage was noted at
this stage. As the number of bacteria within the lumens of the
vessels increased, the granular substances became more and
more dispersed, resulting in the formation of a gel that
contained many bacteria. A sequential outline of the stages
of gel formation is presented in Fig. 4 a—c.

After gel formation and the increase in the number of Pba
cells within the vessels, the bacterial cells aligned along the
longitudinal axis of the xylem vessel (Fig. 4d). In addition to
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Fig. 4 Formation of bacterial emboli in xylem vessels of tobacco stems
infected by Pectobacterium atrosepticum SCRI1043 (Pba) 2-3 days
post-inoculation (dpi). Transmission electron micrographs show different
stages of vessel colonisation (a—d and f longitudinal sections; e, g—i
cross sections). a Release of granular substances (arrowheads) from the
cell wall of xylem vessel colonised by Pba, bar=1 pum; b dispersion of
the granular substances (arrowheads), bar=1 pum; ¢ formation of the gel,
note the different density of the gel in two adjacent vessels, in which
different amounts of bacteria are localised, bar=1 pum; d alignment of
Pba cells in the longitudinal orientation in the xylem vessel, bar=1 um; e
pilus-like structures on the bacterial surface, note the connection between
neighbouring Pba cells via pilus-like structures (arrows), and this sample

the formation of the gel substance, pilus-like structures were
formed on the bacterial surface connecting individual cells
with each other (Fig. 4e). Pilus-like structures were not dis-
tributed across the entire bacterial surface but formed locally
in the region of the shortest distance between neighbouring
cells. Such pilus-like structures may provide the attachment of
the bacteria to each other and therefore contribute to the
occlusion of the xylem vessel. The Pba cells were packed
tightly within the vessels, causing some of the cells to become
deformed (Fig. 4f). As a result, peculiar structures were
formed in the xylem vessels of infected plants. We termed
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was stained according to the Thiery method, bar=0.2 um; f deformation
of bacterial cells (arrow) during formation of the bacterial embolus, bar=
0.2 wm; g ultrastructure of the Pha cells contributing to the formation of
an embolus, note the electron-dense peripheral cytoplasm layer (arrow-
heads) and the electron-transparent central zone containing nucleoids
(arrows), bar=0.2 um; h bacterial embolus totally occluding the xylem
vessel, note that on the stem cross section, bacterial cells are cut trans-
versely, so they align the longitudinal axis of the vessel, bar=2 um; and i
different stages of bacterial emboli development in two adjacent xylem
vessels: to the left is the release of granular substances from the cell wall
of xylem (arrowheads) and formation of the gel (arrows), while to the
right is the formed embolus, bar=1 pum. CW plant cell wall

these structures “bacterial emboli”. Bacterial emboli entirely
occluded xylem vessels (Fig. 4g—i). Bacterial cells within the
emboli acquired a specific morphology, which was distinct
from that formed by cells that colonise the parenchyma or
cells cultured in vitro. The cells within bacterial emboli had a
very electron-dense peripheral cytoplasm layer and electron-
transparent central zone (Fig. 4g). Different stages of forma-
tion of bacterial emboli could be observed within the same
tissue section (Fig. 41).

After plant death, bacterial emboli underwent significant
structural alterations and were dispersed. The matrix of
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bacterial emboli disintegrated, and cells that were adpressed
against each other in the bacterial emboli became separated
(Fig. 5a, b). The bacterial cytoplasm became more loosened
and uniform; the aggregation of the cytoplasm was not ob-
served. Ribosomes were distributed evenly in the cytoplasm.
Some cells were plasmolysed, and the nucleoids of bacterial
cells could barely be discerned (Fig. 5b, c).

Colonisation of tobacco parenchyma by Pba

Parenchyma was actively colonised by Pba within 2-3 days
after inoculation. In the parenchyma, most of the Pba cells
were located in the intercellular spaces (Fig. 6a, b) and inside
disturbed parenchymatous cells (Fig. 6a). Bacteria had a typ-
ical ultrastructure (Fig. 6b), and no complex bacterial com-
munities, such as biofilms, bacterial emboli or aggregates,
were observed in the parenchyma. Most of the plant cell
organelles were destroyed. Sometimes, apposition of plant
cell walls was apparent (Fig. 6b).

After plant death (9 days post-inoculation), the subpopula-
tion of Pba cells that had colonised the parenchyma became
heterogeneous (Fig. 6c, d). Some of the bacterial cells were
plasmolysed to different extents and showed evidence of clear-
ing of the cytoplasm, which made it difficult to discern the
nucleoid. The ultrastructural features of these cells resembled
those of VBN Pba cells that were previously characterised

Fig. 5 Dispersion of bacterial
emboli in the xylem vessels of
tobacco stems infected by
Pectobacterium atrosepticum
SCRI1043 (Pba), transmission
electron microscopy. a Bacterial
embolus 6 dpi, bar=2 pm; b
loosening of the matrix of
bacterial embolus, note the more
uniform cytoplasm in bacterial
cells compared to the ones found
within bacterial emboli 3 dpi
(Fig. 3g), bar=0.5 um; and ¢
complete dispersion of bacterial
embolus, note the plasmolysis in
some of the cells (arrows), bar=
0.5 pm. CW plant cell wall

in vitro (Gorshkov et al. 2009). Other cells had a non-uniform
cytoplasm with an electron-dense peripheral layer and a more
electron-transparent inner layer, which contained the nucleoid
(Fig. 6d).

Expansion of Pba in tobacco plants

To investigate the peculiarities of the expansion of Pba in
tobacco plants, we analysed sections of infected plants at
various distances below the zone of macerated tissue. Single
bacteria were rarely seen in the parenchyma of the symptom-
free zone 3—5 mm below the macerated area, and no bacteria
were observed in the parenchyma beyond 5 mm from the site
of maceration. Groups of bacteria were sometimes detected in
parenchymatous cells, but only in those adjacent to xylem
vessels (Fig. 7a, b). In the area below the macerated zone,
osmiophilic globules formed in parenchymatous cells
(Fig. 7¢). These globules had never been observed in either
plant cells in macerated zones that had been invaded exten-
sively by Pba cells or in plants that had not been inoculated.

In contrast to the parenchyma, xylem vessels were colonised
extensively by Pba in the zone more than 1 cm below the site of
necrosis (Fig. 7a, b). Bacterial emboli were visible within this
zone. Migration of bacteria to the neighbouring parenchymal
cells, which was caused by the destruction of plant cell wall,
was observed (Fig. 7a, b). Together, these observations indicate
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Fig. 6 Colonisation of
parenchyma by Pectobacterium
atrosepticum SCRI1043 (Pba) at
3 dpi(a,b)and 9 (c,d) dpi. a
Light microscopy; b—d
transmission electron microscopy.
a Bacteria in the intercellular
spaces (arrows) and inside the
parenchymatous cells (double
arrows), bar=20 um; b bacteria
in the intercellular space (S), note
the cell wall apposition (arrow),
bar=0.5 pum; ¢, d bacteria in the
intercellular space, note several
bacterial morphotypes designed
in d as single or double arrows,
bar=2 and 0.5 pmin ¢ and d,
respectively. CW plant cell wall

that Pba could spread within tobacco plants by downward
vascular translocation. This is consistent with our data which
indicate that 1 day after inoculation of tobacco stems when
symptoms of disease were barely evident even at the site of
inoculation, Pba cells were already present in the roots of 50 %
of the plants analysed (mean CFU value 7.4x 10* CFU g ). On
the second day after inoculation, when the symptoms were
local and the macerated zone was 1-2 cm above the stem base,
the root systems of all of the plants were colonised extensively,
with a mean titre of 1.5x10” CFU g .

Discussion

This report describes the life cycle of Pba within tobacco
plants. Although potato is considered to be the exclusive host
of Pba, we showed that this pathogen causes symptoms of
typical tissue maceration in axenically grown tobacco. The
symptoms of disease in the infected tobacco tissues were
essentially distinct from the hypersensitive response (HR)
because the affected area was not restricted to the inoculation
zone. Instead, the necrosis spread both upward and downward
from the site of inoculation, with the entire plant eventually
becoming macerated (Fig. 1). Furthermore, the HR is known
to restrict the propagation of bacteria within the plant, whereas
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the population of Pha inside tobacco plants increased consid-
erably (up to four orders of magnitude compared with
the cell quantity in the inoculum) during the course of
disease development (Fig. 2).

Tobacco plants, but not potato plants (the normal host of
Pba cells), were chosen to characterise the changes in micro-
bial population during plant colonisation because our prelim-
inary experiments indicated that the symptoms of tobacco
plants that are infected with Pba vary considerably less than
those that follow infection of potato with Pba. A similar
variability in the symptoms of host plant symptoms in re-
sponse to Pbha was reported previously (Lapwood and
Harris 1982; Adams and Lapwood 1983; Helias et al.
2000a; Helias et al. 2000b). The uniformity of disease devel-
opment in tobacco makes this plant species relevant to eluci-
dating the steps crucial to the interaction of Pba with plants.

Formation of VBN cells was detected in Pba populations
after plant death. The VBN cells completely lost their colony-
forming abilities, although they could be detected by real-time
PCR (Fig. 2). Indisputable evidence of the viability of non-
culturable Pba cells was their ability to be resuscitated. In
order to restore the proliferative activity of living Pba cells (if
any) from the plant remnants, we performed a number of
procedures (see the “Material and methods” section), two of
which were able to resuscitate Pba cells.
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Fig. 7 Sections of tobacco stem 5—7 mm below the macerated zone, 2
dpi with Pectobacterium atrosepticum SCRI1043 (Pba). a Light micros-
copy, bacterial emboli (BE) in longitudinal section of xylem vessels (XV),
note the release of bacterial mass to the adjacent parenchymatous cell
(double arrow), bar=10 pm; b transmission electron microscopy, disso-
lution of primary cell wall (arrows) and bacterial transition from the

Pba is common in moderate climates and can tolerate low
temperatures at the end of the vegetative phase of the life cycle
(Harris and Lapwood 1978; Perombelon and Kelman 1980;
Lapwood and Harris 1982; Zimnoch-Guzowska et al. 1999).
Accordingly, we attempted to imitate the natural environment
by applying the freeze—thaw cycle to the remnants of infected
plants, from which no CFUs were recovered before resuscita-
tion. After freezing and thawing, the colony-forming capaci-
ties of 5 of the 30 samples analysed was restored immediately,
with the colony-forming capacities of an additional 5 samples
being restored 2 days later.

Three considerations suggest that the increase in the number
of CFUs occurred as a result of the resuscitation of VBN cells,
rather than regrowth of normal cells: (1) we used only plant
residues for which no CFUs were detected before the resusci-
tation procedures; (2) for several samples, the increase of CFU
titre that was observed immediately after the resuscitation pro-
cedures was too substantial and too rapid to be attributed to
regrowth (from 0 to 5.3x10° to 1.7x10° CFU g ' of plant
debris within 2 h in some of the samples); (3) additional
substrate was not added to support bacterial growth.

The transition into the VBN state is usually referred to as an
adaptive programme, which enables bacteria to retain a re-
serve population under unfavourable conditions (Rahman
et al. 1996; Day and Oliver 2004). Although VBN cells were
reported for a variety of bacterial species, most of the inves-
tigations were carried out either in vitro or involved the use of
animal model systems, and the occurrence of VBN cells of
plant pathogenic bacteria in planta has only been described
few times (Grey and Steck 2001; Ordax et al. 2009). Like

xylem vessel to the adjacent parenchymatous cell, bar=2 pm; ¢ trans-
mission electron microscopy, osmiophilic globules (OG) in the vacuole
of parenchymatous cells, bar=0.5 um. CW cell wall, PW primary cell
wall, P parenchymatous cell, A/ mitochondria, C chloroplast, 7' tono-
plast, SW secondary cell wall of xylem vessel

Ralstonia solonacearum cells, Pba cells are transformed into
a dormant state after death of the host plant. However, the
colony-forming ability in R. solonacearum VBN cells could
be restored by the addition of host-derived compounds, which
have been suggested to provide a resuscitation signal (Grey
and Steck 2001). In Pba, no resuscitation of VBN cells was
observed after the addition of plant extract. Restoration of the
colony-forming ability of Pba VBN cells was observed after
either washing cells or subjecting them to a freeze—thaw cycle.
The VBN state of Pha cells warrants further characterisation,
given that it can promote the survival of soil bacteria at
relatively low temperatures and thus ensure that plants can
be infected during the subsequent vegetative season.
Ultrastructural alterations observed in parenchymatous
cells in response to Pba infection included the formation of
membrane structures that enveloped the bacterial cells
(Fig. 3f), the formation of osmiophilic globules in the vacu-
oles (Figs. 3c and 7c) and the modification of organelles and
cell compartments (Fig. 3e). Bacteria that cause soft rot are
often regarded as intercellular pathogens that do not penetrate
plant cells. However, in addition to being observed in the
apoplast, Pba were observed inside parenchymatous cells of
tobacco plants (Fig. 3c—f). Since the abovementioned ultra-
structural modifications of parenchymatous cells (formation
of osmiophilic globules and membrane structures) were
pathogen-induced and were accompanied by a relatively low
amount of Pba cells present within the parenchyma, we
assumed that they might temporarily restrict bacterial propa-
gation in the parenchyma, especially inside the cells. At the
same time, granular substances originating from the vessel cell
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walls (Fig. 4a, b) neither caused visible bacterial damage nor
restricted their multiplication within the xylem vessels. Thus,
different substances found in the infected plants (granular
substances and osmiophilic globules) originating from differ-
ent plant compartments (vessel cell walls and the vacuoles of
parenchymatous cells, respectively) are likely to have a dif-
ferent impact on the Pba propagation.

During the acute stage of infection, Pha multiplication was
more pronounced in the intercellular spaces than inside the
cells. When tissue maceration was apparent, the parenchyma
was colonised heavily by bacteria with a typical cellular ultra-
structure; plant cells at this stage suffered significant damage.

After plant death, the parenchyma-localised Pba cells as-
sumed a morphology different from that of Pba cells within
living plant tissues. Some of the Pba cells resembled VBN
cells (Fig. 6¢, d), which were characterised in vitro in our
previous work (Gorshkov et al. 2009). This is in agreement
with the presented data obtained by plating experiments, real-
time PCR (Fig. 2) and experiments to optimise resuscitation
procedures, which demonstrated the transformation of Pba
cells to the VBN state within the remnants of dead plants.

Colonisation of xylem vessels was coupled with the for-
mation of complex structures, which we have named bacterial
emboli. The term “emboli” refers to the extrinsic formations
that occlude vessels and is frequently used to describe air
bubbles that block the transport of either water or blood.
Bacterial emboli block vessels by forming specialised and
structured bacterial clumps. In contrast to biofilms, which
usually have channels essential for liquid circulation, bacterial
emboli did not have channels and were constructed as dense
structures (Fig. 4g—i). Bacterial cells within the emboli were
packed tightly and had a predominant orientation (along the
long axis of the xylem vessel; Fig. 4d, h). There were also
differences in the major steps involved in the formation of
biofilms and bacterial emboli. Whereas bacterial attachment to
a surface is crucial for the formation of biofilm (Purcell and
Hopkins 1996; Danhorn and Fuqua 2007; Baccari and
Lindow 2011), no attachment of bacterial cells to the vessel
cell wall has been revealed during the assemblage of bacterial
emboli (Fig. 4 a—c). This is consistent with the poor biofilm-
forming capacity of Pba, which was reported recently (Perez-
Mendoza et al. 2011). The formation of bacterial emboli was
related to the release of substances from the vessel cell wall
(Fig. 4a), which gave rise to a gel in which bacteria were
trapped (Fig. 4b—d). Moreover, during the formation of em-
boli, bacteria were attached to each other through pilus-like
structures (Fig. 4¢), which together with the formation of gel
resulted in the assembly of a bacterial embolus and complete
occlusion of the vessel (Fig. 4h and 7a).

The formation of bacterial emboli in xylem vessels may
affect water exchange in these vessels. This, in turn, may
provide conditions that promote downward translocation of
Pba through the xylem vessels. In our experiments, Pba cells
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after stem inoculation reached the roots relatively quickly
(within 1-2 days after inoculation). At that time, parenchyma
below the inoculation zone was not invaded by bacteria, where-
as xylem vessels were colonised intensively. That indicates the
downward movement of bacteria through the xylem vessels.

Translocation of bacteria internally through xylem vessels
from aerial plant parts to underground plant parts has also
been described for several bacterial species, including those
that cause soft rot (Wallis et al. 1973; Boher et al. 1995;
Czajkowski et al. 2010; Misas-Villamil et al. 2011). We pro-
pose that the formation of bacterial emboli stops the upward
flow of water through xylem vessels and creates conditions
that promote the downward translocation of microorganisms
to enable them to colonise underground plant parts.

Conclusions

Our study shows that bacterial population within plants is not a
set of similar microbial cells but should instead be regarded as a
structured developing system. Bacteria interact with different
plant tissues in different ways, resulting in the dissociation of
microbial populations and the formation of various subpopula-
tions, which are likely to be crucial for plant colonisation and
passage through the bacterial population cycle. The bacterial
emboli described here are an example of such a specialised
subpopulation. These structured bacterial clumps are formed in
the xylem vessels and lead to their occlusion. They are com-
posed of tightly packed bacterial cells having a predominant
spatial orientation and have a peculiar way of formation. After
plant death, Pba cells persist in the VBN state, and their
capacity to form colonies can be restored after resuscitation.
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