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The pathogenic interactions between tomato roots and
Pseudomonas solanacearum were examined microscopi-
cally following inoculation with either a pathogenic strain
or a nonpathogenic mutant, both harboring a transposon
containing a promoterless Escherichia coli lacZ gene,
which is highly expressed. Several stages were distin-
guished during tomato root infection by the pathogenic
strain. After colonization of exudation sites such as root
extremities and axils of secondary roots the bacteria inter-
cellularly infect the inner cortex and the vascular paren-
chyma. These latter tissues are separated by the endo-
dermis which is not yet fully differentiated at root
extremities and is reoriented by the development of lateral
roots. Following infection, the pathogenic strain invades
protoxylem vessels degrading cell walls. The colonization
of approximately 25% of xylem vessels in each vascular
bundle of the hypocotyl just above the collar zone is suffi-
cient to induce partial wilting of a tomato plant. In con-
trast, the nonpathogenic strain was able to infect intercel-
lular spaces of the inner cortex of some secondary roots,
but was never observed in the vascular cylinder. The ap-
plication of this approach should enable the characteriza-
tion of the process of tomato root infection by genetically
defined mutant strains of Pseudomonas solanacearum.

Additional keywords: bacterial wilt.

Bacterial wilt caused by Pseudomonas solanacearum E. F.
Smith is one of the most important diseases of plants, several
hundred species being affected (Buddenhagen and Kelman
1964; Hayward 1991). This soilborne bacterium invades root
systems, causing rapid wilting of the host plants as the result
of heavy colonization and multiplication in vascular tissues.
Despite numerous studies devoted to the wilting caused by P.
solanacearum (Kelman 1953; Buddenhagen and Kelman
1964; Buddenhagen 1986; Hayward 1991), the spatio-
temporal stages of the interactions between this vascular
pathogen and plants are still poorly understood (Sequeira
1993). In particular, information concerning the process of
root infection and the early stages of vascular colonization are
fragmentary and mainly based on electron microscopic ob-
servations. It is generally accepted that the “points of origin
of secondary roots” are the sites through which P. solana-
cearum infects unwounded roots (Schmit 1978), and subse-

quently progresses towards xylem vessels. In plants inocu-
lated by root immersion after excision of the main root
extremity, it has been reported that bacteria invade small cells,
adjacent to xylem cells, and that the release of bacteria occurs
from infected tyloses which protrude into the large xylem
vessels (Wallis and Truter 1978). The process of infection of
sectioned tomato petioles by P. solanacearum has also been
described (Petrolini et al. 1986). In this case, bacterial adhe-
sion to xylem vessel cell walls is followed by degradation of
these cell walls and by the formation of tyloses in uninvaded
vessels. Subsequent bacterial multiplication is accompanied
by the breakdown of vessels and the development of large
cavities filled with cell debris and bacteria. Agrios (1988)
reported that the formation of such lysogeneous cavities is a
general feature of bacterial pathogens that cause vascular
wilts.

Recently, cytological studies of plant-microbe interactions
have been facilitated by the use of genetically modified mi-
crooganisms harboring gene fusions with the promotor of a
gene which is expressed constitutively. For example, the
symbiotic interactions between alfalfa and Rhizobium meliloti
have been studied with bacterial strains carrying Escherichia
coli lacZ reporter gene fusions (Boivin et al. 1990; Vasse et
al. 1993; Ardourel et al. 1994). Using the same method, it has
also been shown that a novel plant-defense gene in tobacco is
specifically activated after inoculation with strains of P. sola-
nacearum able to induce a hypersensitive response (Pontier et
al. 1994).

In this paper, we report on microscopic studies of infection
of tomato roots by two strains of P. solanacearum which
carry E. coli lacZ reporter gene fusions. The objectives of this
work were to compare the temporal and spatial patterns of
infection and colonization of the pathogenic strain GMI1485
with those of the spontaneous nonpathogenic strain
GMI2550.

RESULTS

The root infection process and vascular colonization
by the pathogenic strain.

The interactions between tomato roots and the pathogenic
strain GMI1485 have been studied on whole root systems
sampled at different times after inoculation and compared to
uninfected roots. The histological localization of bacteria in
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tomato plant tissue was observed by light microscopy, after
staining of the bacterial B-galactosidase activity which
formed a dark blue precipitate in the presence of the chro-
mogenic substrate X-Gal. This spatio-temporal microscopic
study has permitted different stages of the interaction to be
distinguished.

One day after inoculation of plants cultivated in liquid me-
dium, the bacteria were found to colonize mainly the surface
of root extremities, particularly the longitudinal grooves ob-
served between the epidermal cells at the surface of the root
elongation zone (data not shown). Compared to uninoculated
roots, the elongation zone was often shortened, while the
adjacent zone, where root hairs develop, was swollen. Follow-
ing inoculation, root extremities were the earliest sites colo-
nized. However, the intercellular cortical spaces at the emer-
gence site of secondary roots were also rapidly colonized
(Fig. 1A). Sections of colonized and uninoculated root sites
from control plants where lateral roots emerged showed that
bacteria were mainly located in the intercellular spaces of the
inner cortex and that in the case of colonization the meris-
tematic cells of the emerging lateral roots underwent necrosis
(compare Fig. 1B and C). The intercellular spaces at the axils
of lateral roots which had developed prior to inoculation, in
the oldest part of primary roots, as well as neighboring indi-
vidual epidermal cells, were colonized later. It is worth noting
that the meristems of such developed lateral roots did not
display necrotic features following inoculation (data not
shown).

Surface colonization was followed by cortical infection, the
second stage of the pathogenic interaction. Cortical infection
was observed 2 to 3 days after inoculation, first at root ex-
tremities and later at the axils of secondary roots. Transverse
sections of root extremities exhibiting inner longitudinal and
parallel blue lines (Fig. 1D), showed that most of the intercel-
lular spaces next to the central cylinder were infected and that
some epidermal cells were filled with bacteria (Fig. 1E). De-
tailed observations of sections of uninoculated root extremi-
ties indicated that intercellular spaces had not developed in
the cortex and that xylem vessels and the endodermis had not
yet fully differentiated at this root level (Fig. 1F). Deep infec-
tion was also noticed in the cortex of the primary root located
in the area where secondary roots had developed (Fig. 1G).
Sections at this second infection site revealed bacteria form-
ing large and confluent intercellular pockets located at the
inner cortex level and showed that the cortical cells next to
the infection pockets presented features of degeneration (Fig.

i
*

1H). This later observation has been confirmed at the ultra-
structural level by transmission electron miscroscopy (data
not shown). In contrast, no cell degeneration was observed on
sections of secondary root axils of uninoculated plants, even
if large intercellular spaces developed in the cortex at this root
site (Fig. 1I).

The third stage of the interaction is characterized by stele
infection and xylem invasion. Both vascular cylinder infec-
tion and xylem penetration were seen as soon as 3 days after
inoculation. At this time, the observation of whole roots indi-
cated that bacteria had progressed from infection sites to-
wards inner tissues and had infected some xylem vessels.
Such features first occurred in parts of developed secondary
roots (Fig. 2A). Transverse sections of these root segments
were compared to similar sections of uninoculated secondary
root segments, and this revealed that bacteria had infected the
intercellular spaces of the vascular parenchyma located in the
vicinity of a protoxylem vessel which was also generally in-
vaded (compare Fig. 2B and C). In secondary roots showing a
stronger infection, the xylem vessels adjacent to the protoxy-
lem were also invaded and, the surrounding parenchyma cells
were highly degraded (data not shown).

Approximately 1 week after inoculation, the axils of some
secondary roots which had developed in the older part of the
primary root were highly infected. At these sites a heavy in-
fection as deduced from a dark blue staining prevented the
cortex being distinguished from the central cylinder. How-
ever, the fact that epidermal and cortical cell layers on the
other side of the root axil remained unstained suggested that
these tissues had not been infected (Fig. 2D). Transverse sec-
tions of primary root segments adjacent to heavily infected
root axils showed that bacteria had infected most of the inter-
cellular spaces of both the inner cortex and the vascular pa-
renchyma next to the outer protoxylem vessels. These two
types of infected spaces were not confluent and were sepa-
rated by the endodermis. Many parenchyma cells, adjacent to
infected intercellular spaces, displayed signs of degeneration
(Fig. 2E). In transverse sections of primary roots from
uninoculated control plants, the endodermis was easier to
distinguish and no signs of cell degeneration were observed
(Fig. 2F).

Ultrastructural studies of infected secondary root axils re-
vealed that the cell walls of xylem vessels were modified as a
result of pathogen infection. In several xylem vessels, located
at the vascular junction between primary and secondary roots,
a multilayered coating was observed all over the cell walls,

I.

Fig. 1. Light microscopy of root cortex infection of tomato by Ps

earum strain GMI1485. Bacteria were localized by histochemical

staining of B-galactosidase activity in whole roots (A, D, and G) in semithin section (B, E, and H). Semithin sections of control, uninoculated plants are
included (C, F, I). All semithin sections were poststained with toluidine blue. A, Colonization of the emergence sites of secondary roots, | day after
inoculation. B, Section at a root emergence site, as indicated in A. Bacterial infection (arrow) in a cortical space at root emergence. Two intercellular
bacterial pockets (arrowheads) and necrotic meristematic cells (black star) are seen. C, Section at root emergence site of an uninoculated plant. Cortical
spaces are observed (arrow) near healthy meristematic cells (white star). D, Right, infection (arrow) at the tip of a secondary root. Left, in another secon-
dary root, bacteria (arrowhead) are localized in tissues adjacent to the vascular cylinder (asterisk). E, Transverse section of an infected root extremity, as
indicated in D. Colonization of epidermal cells (arrowheads) and intercellular infection of inner cortex (arrows) are observed. The surrounding the cen-
tral cylinder (asterisk), the endodermis has not yet completely differentiated. F, Transverse section of an uninoculated root extremity. The central cylinder
(asterisk) has not differentiated and intercellular spaces were not observed at this root level. G, Progression along the vascular cylinder (asterisk) of cor-
tical infection (arrow) at the axil of a secondary root, 4 days after inoculation. H, Tangential section of an infected secondary root axil showing confluent
and intercellular infection pockets of bacteria (stars), The arrow points to an infected intercellular space of the inner cortex cell layers in the primary root
while arrowheads indicate degenerating cortical cells. I, Tangential section of an uninoculated secondary root axil. Large and confluent cortical intercel-
lular spaces (stars) were noticed at this root level whatever the sample. Scale bars = 100 pm (A, D, and G), 25 um (B, C, E, F, H, and I).
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including secondary wall lignin appositions (Fig. 3A). No
invasion of such wall-coated vessels was observed, despite
the fact that bacteria were localized both in intercellular
spaces and in degenerated parenchyma cells adjacent to them.
In contrast, bacteria were able to degrade the cell walls of
uncoated xylem vessels. At this stage, degradation only af-
fected the primary cell wall between secondary wall apposi-
tions, allowing some bacteria to penetrate into uninvaded
xylem vessels (Fig. 3B). Subsequently, the lumens of xylem
vessels were colonized by actively multiplying bacteria. The
colonized xylem vessels were filled with an extracellular fi-

brillar and vesicular material, except for an electronically
empty halo surrounding each bacterium (Fig. 3C). When
compared to the cell wall of uninvaded xylem vessels, the cell
wall of a colonized vessel appeared to be extensively de-
graded (compare Fig. 3D and E). Fragments of the degraded
cell wall obviously appeared to be part of the extracellular
material which filled all the colonized vessels (Fig. 3D).

Ten days after inoculation, relatively few plants cultivated
in tubes with liquid medium presented signs of wilting while,
in general, all tomato plants cultivated and inoculated in pots
were either totally or partially wilted. Vascular colonization of

Fig. 2. Light microscopy of central cylinder infection and protoxylem invasion of tomato roots by P. selanacearum GMI1485. Bacteria were localized by
histochemical staining of B-galactosidase activity in whole roots (A and D) and in semithin sections (B and E). Semithin sections of control, uninocu-
lated plants are included (C and F). Semithin sections were poststained with toluidine blue, except B. A, Bacteria (arrow) are observed in a vascular
element of a secondary root 3 days after inoculation. B, Detail of a transverse section of a secondary root, observed by phase contrast and showing the
infection in one side of the stele. Bacteria are localized in the intercellular spaces of the vascular parenchyma (arrowheads) and in a protoxylem vessel
(arrow). In B and C, equivalent section as B of an uninoculated plant. In B and C, circles highlight the Caspary strips of the endodermis surrounding the
vascular cylinder (asterisk) and intercellular spaces (small asterisks) were only observed in the cortex. D, Infection at the axil of a secondary root which
has developed in the upper part of a primary root, 6 days after inoculation. Black dots show root tissues that remain uninfected. E, Detail of a transverse
section of an infected primary root, next to infected secondary root axil. Cortical and central cylinder intercellular spaces are infected but are separated
by the endodermis which is not disrupted (dashes). Large intercellular bacterial (stars) and degraded xylem parenchyma cells (arrowheads) are observed
in the vicinity of an uninvaded outer xylem vessel (arrow). As in B, C, and F, intercellular spaces (small asterisks) were observed in the inner cortex. F,
Part of a transverse section of a primary root proximal to the axil of a developed secondary root from an uninoculated plant. No cell degradation is ob-
served and the endodermis (dashes) is easier to distinguish than in E. Scale bars = 100 um (A and D), 25 um (B, C, E, and F).

244 / Molecular Plant-Microbe Interactions



partially wilted plants was studied at four different levels of
the plant axis. The first level corresponded to the upper part
of the main root, where most of the secondary roots develop.
At this level, 20% of the xylem vessels, seen as one cluster in
the stele, appeared colonized (Fig. 4A). The second level
examined, the lowest part of the hypocotyl, is a root zone
which normally lies in the ground and from which numerous
adventitious roots develop. At this level, the vascular tissues
had differentiated into four distinct bundles; about 25% of the
vessels of each bundle were colonized, while others remained
uninvaded (Fig. 4B). At the third level, the middle part of the
hypocotyl, some vessels of the primary xylem appeared

colonized, but numerous vessels remained free of bacteria
(Fig. 4C). Finally, in the epicotyl, the fourth level observed,
small and large bundles alternated at the periphery of the
stele. Bacteria were observed only in a few xylem vessels of
the large bundles, in the vicinity of which brownish cells were
clearly detected (Fig. 4D).

Root infection by the nonpathogenic mutant.

The capacity of the nonpathogenic mutant GMI2550 to in-
fect tomato plants was compared to that of the pathogenic
strain described above. None of the plants grown and inocu-
lated in pots exhibited wilt symptoms, even 15 days after

Fig. 3. Electron microscopy of bacterial penetration into xylem vessels of primary roots. A, Wall coating in uninvaded xylem vessels (white asterisk).
Note the multilayer composition of the coating material. B, Bacteria (arrows) inserted in the degraded primary cell wall of a xylem vessel. The secondary
cell wall appositions of the xylem vessel are not degraded (white star). C, Part of an invaded xylem vessel. Bacteria are separated from an extracellular
material (black stars) by an electronically empty halo (black asterisks). The arrowhead points to a dividing bacterium. The degradation of a primary cell
wall of the infected xylem vessel (left upper comer of the micrograph, large arrow) and undegraded secondary cell wall appositions (white stars) are
seen. D, Cell wall of an uninvaded xylem vessel. E, Degraded primary cell wall of an invaded xylem vessel containing extracellular material (black star).
Scale bars =2 um (A, B, and C), 0.5 pm (D and E).
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inoculation. Light microscopy images of transverse slices
made in the upper part of the main root or in the lower part of
the hypocotyl, the first and the second levels, respectively,
described above, showed that xylem vessels appeared to be
uninvaded (Fig. 5A). The absence of observed nonpathogenic
bacteria in any of the plants tested suggested that this mutant
strain was either unable to colonize the vascular system of
tomato or was invasive at an undetectable level. Root infec-
tion by this mutant was studied by observing whole root sys-
tems of plants grown and inoculated in liquid conditions.
When compared to the pathogenic strain, which preferentially
occupied the longitudinal intercellular spaces of root ex-
tremities, nonpathogenic bacteria colonized fewer numbers of
root extremities and generally formed aggregates at the root
surface. No bacterial infection of the inner intercellular spaces
at root extremities was observed (data not shown).

One week after inoculation, the axils of some developed
lateral roots in the older part of primary roots were colonized
by aggregated mutant bacteria, which also accumulated in a
few individual epidermal cells (Fig. 5B). Sections of colo-
nized lateral root axils indicated that intercellular infection
was restricted to the outermost cortical cell layers, and that
even 2 weeks after inoculation, the nonpathogenic bacteria
were seen neither at the inner cortex level nor in the stele of
primary and secondary roots (Fig. 5C). Nevertheless, we no-
ticed that parts of some secondary roots could be infected
(Fig. 5D). Transverse sections of such root segments revealed
an intercellular infection, with large and confluent bacterial

pockets surrounding the endodermis (Fig. SE). However, de-
spite thorough observations of a large number of sections, the
infection of the vascular tissues was never observed.

DISCUSSION

Significant microscopic studies of plant-microbe interac-
tions, including those involving vascular pathogens, depend
to a large part on the methods used to localize the microor-
ganism at different stages of the interactions. The capacity to
visualize enzyme production by a simple histochemical
staining procedure (Teeri et al. 1989), and therefore to be able
in planta to accurately localize genetically modified microor-
ganism harboring marker genes, has so far proved to be unri-
valed in deciphering the spatio-temporal relationships which
are established between a plant and its microbial partner
(Couteaudier et al. 1993).

Using strains which highly express a gene fusion, we have
cytologically investigated tomato root infection and coloniza-
tion by P. solanacearum and have shown that different stages
of the plant-bacteria interaction can be distinguished. These
are discussed below.

Two colonization sites exist on the root surface.

Early interaction between P solanacearum and tomato
roots results in the surface colonization of two precise root
sites, namely the elongation zone and the axils of emerging or
developed secondary roots. The elongation zone is the major

Fig. 4. Vascular colonization at different levels of a partially wilted plant. Transverse slices obtained from the same plant after histochemical staining of
B-galactosidase activity in planta. A, Upper part of the main root. Approximately 20% of the xylem vessels are colonized. An invaded xylem vessel
(arrow) is observed at the base of one of the three secondary roots (asterisks). B, Lowest part of the hypocotyl near to the collar zone. The stele shows
four distinct vascular bundles, each containing numerous colonized vessels (arrows). C, Aerial part of the hypocotyl with inner phloem (arrowheads)
observed in the pith. The four bundles of primary xylem show colonized vessels (arrows). D, Epicotyl. Bacterial colonization is seen in the large vascular
bundles (thick arrows) but not in the alternating small bundles (thin arrows). Brownish cells (arrowheads) are observed in the vicinity of invaded bundles.

Scale bars = 250 pm.
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zone of plant root exudation and is commonly colonized by
numerous microorganisms of the rhizosphere (Rovira 1973;
Forster 1986). Thus, the colonization of the root elongation
zone and the swelling of the adjacent root hair zone within
the 2 days following inoculation of tomato plants with P. so-
lanacearum, are not specific to this interaction and have al-
ready been reported following tomato root inoculation with
Azospirillum brasilense (Hadas and Okon 1987). However,
elongation zones were very rapidly colonized by P. solana-
cearum. Our studies show that some individual epidermal
cells in the vicinity of the axil of lateral roots are also colo-
nized. It seems likely that the colonization by P solana-
cearum which occurs at exudation sites along the root system
is the result of a trophic chemotaxis by the microorganism.

The infection process of the root cortex is intercellular.
Intercellular infection of the innermost cortical cell layer
occurs at the sites previously colonized, i.e., root extremities
and axils of developed lateral roots, and is observed as longi-
tudinal infection adjacent to the vascular cylinder. The for-

mation of files of intercellular bacteria at root extremities is
likely to take place with plant growth and with bacterial de-
velopment at the level of the inner cortex. Despite thorough
observations of transverse sections, we have not been able to
observe bacteria passing through the cortical cell layers of
root extremities and the way in which bacteria migrate from
the colonization site to the inner cortex is not known. Infec-
tion of intercellular spaces of the inner cortex at axils of sec-
ondary roots might occur through the natural wounding of the
cortex, which results from lateral root development.

The formation of intercellular spaces is enhanced in tomato
roots when plants are cultivated in flooded conditions (Yu et
al. 1969). Our cytological observations of root sections from
uninoculated control plants demonstrate that intercellular
spaces were mainly present in the root cortex except at root
extremities. Consequently, it seems that infection of intercel-
lular spaces of tomato root cortex could be favored when
plants are cultivated in liquid medium. Such a hypothesis
might explain why the development of bacterial wilt induced
by P solanacearum is increased in tropical areas character-

Fig. 5. Tomato root infection by the spontaneous nonpathogenic Pseudomonas solanacearum mutant GMI2550. Bacteria were localized by histochemi-
cal staining of B-galactosidase activity in whole root (A, B, and D) and root sections (C and E). Semithin sections were poststained with toluidine blue.
A, Transverse slice in upper part of the main root of a symptomless plant 15 days after inoculation by the mutant strain. None of the xylem vessels
(arrows) appear to be colonized. B, Bacterial colonization at a secondary root axil and in an epidermal cell (arrow), 10 days after inoculation. C, Longi-
tudinal section of a secondary root axil. Limited intercellular infection (arrows) of the primary root cortex. D, Cortical infection of part of a secondary
root, 4 to 5 days after inoculation. E, Transverse section of an infected secondary root part as indicated in D. Bacteria are seen in intercellular pockets
(white stars) in the innermost root cortex. Arrowheads point to the endodermis layer. Scale bars = 100 pm (A, B, C, and D), 50 um (E).
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ized by high soil moisture contents (Buddenhagen and Kel-
man 1964).

Is the endodermis a natural barrier to vascular
cylinder penetration?

The intercellular infection which is first seen in the inner
cortex is then observed in the vascular parenchyma adjacent
to xylem vessels. Histologically, these two tissues are sepa-
rated by the endodermis, which has never been observed in-
terrupted in control plants or infected by the pathogen. These
results strongly suggest that this particular cell layer might
resist a transversal progression of the pathogen from the cor-
tex to vascular tissues. Our observations agree with previous
data, indicating that the endodermis, with its suberized radial
walls and stored phenolic compounds, forms a barrier to in-
vasion of tomato vascular tissues by the pathogen Fusarium
oxysporum f. sp. Iycopersici (Beckman 1987). Thus, to reach
the vascular cylinder, P. solanacearum must take the oppor-
tunity of root sites where the physical endodermal barrier is
either not yet fully differentiated at root extremities, or is
reoriented at secondary root axil by the outgrowth and the
development of lateral root. It is important to notice that these
two potential sites of vascular cylinder infection are also pref-
erential sites of root exudation which are colonized by the
microorganism.

Invasion of the protoxylem occurs via vessel
wall degradation.

The invasion of some protoxylem vessels is the stage fol-
lowing the infection of plant tissues. This stage occurs more
frequently and seems to be more efficient at the bases of sec-
ondary root than at root extremities. Moreover, the precise
site where the pathogen first penetrates into protoxylem ves-
sels along the secondary root is difficult to locate with accu-
racy. Consequently, xylem invasion was studied preferentially
at infected lateral root axils by electron microscopy. The cell
wall coating of xylem vessels at the vascular junction be-
tween main roots and developed secondary roots was noticed
during this study and related to development of bacterial in-
fection pockets in vascular parenchyma. Electron-opaque
material coating vessel walls has also been reported in wilt
diseases caused by the pathogenic fungi Fusarium oxysporum
and Verticillium albo-atrum on various plants (Bishop and
Cooper 1983; Shi et al. 1992). According to Street et al.
(1986), this coating material seems to be composed of suberin
or ligninlike material. It has been suggested that cell wall
coating could act as a physical barrier to xylem invasion by
pathgenic fungi (Robb et al. 1987; Shi et al. 1992). The fact
that coated xylem vessels were never observed to contain
bacteria strongly suggests that coating may also be a physical
barrier to P. solanacearum penetration into tomato xylem
vessels.

In the vicinity of the vascular junction, we have observed
some bacteria inserted into partially degraded primary cell
walls of xylem vessels, while other vessels were completely
invaded and displayed advanced signs of cell wall degrada-
tion with the exception of lignin appositions. It is worth not-
ing that P. solanacearum produces extracellular endogluca-
nase, endo- and exo-pectinases (Schell 1987; Allen et al.
1993) able to degrade primary and secondary plant cell wall
components. These enzymes are considered as important
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factors of virulence (Schell et al. 1988; Denny et al. 199
Kang et al. 1994). A material, which could be partly derive
from the degradation of vessel cell walls, appeared to fill tt
infected vessels where bacteria continued to multiply. Degr:
dation of primary cell walls of invaded xylem vessels has als
been reported in cabbage leaves and tomato stems infected b
the vascular pathogenic bacteria Xanthomonas campestris p
campestris and Clavibacter michiganensis spp. michiganesi,
respectively (Wallis et al. 1973; Wallis 1977). In these stuc
ies, cell wall degradation was noticed in aerial parts of ir
fected plants and in advanced stages of pathogenesis. Ou
results show that the same type of phenomenon occurs at th
root level and during the early stages of the interaction be
tween P, solanacearum and tomato.

Colonization of a few xylem vessels is sufficient
to induce wilting.

Bacterial colonization of all xylem vessels was never ob
served, whatever the level studied between the main root an
the epicotyl of partially wilted plants. However, all vascula
bundles contained invaded vessels, with the exception of thi
alternating small bundles in the epicotyl. The largest percent
age of invaded xylem vessels was observed above the colla
zone, the plant level which is characterized by a histologica
organization of vascular tissue between the root and the aeria
part. At this level, a maximum of 25% of xylem vessels wa:
colonized in each of the four vascular bundles observed, Ever
if this percentage is probably underestimated, due to the pas
sive discharge of bacteria from vessels during experimenta
procedures, it seems likely that the colonization of less thar
half of the xylem vessels is sufficient to provoke a partia
impairment of the water flow at the collar zone, whict
probably induces the symptoms of wilting.

The nonpathogenic mutant is partially infective
but not invasive.

The mutation which affects the nonpathogenic strain
GMI2550 is spontaneous, not genetically defined, and pleo-
tropic. It results in reduced exopolysaccaride production,
endoglucanase activity, and virulence, while it causes in-
creased polygalacturonase activity (Trigalet, Arlat, and Vasse,
unpublished results). The process that coordinately affects
these traits has been termed phenotype conversion (PC) and
the resulting mutants as PC types (Brumbley and Denny
1990). Furthermore, it has been demonstrated that a mutation
in the phcA gene of the wild-type strain AW1 induces pheno-
type conversion (Brumbley and Denny 1990). It has also been
described that spontaneous nonpathogenic mutants of P. sola-
nacearum, which are impaired in exopolysaccharide produc-
tion, are sensitive to agglutination by divalent cations and are
fixed onto cell walls by Solanaceae agglutinins (Duvick and
Sequeira 1984; Young and Sequeira 1986). The mutant strain
GMI 2550 quickly auto-agglutinates in the presence of 20
mM CaCl, or of tomato crude lectin (Trigalet, unpublished
results). The penetration of GMI2550 into inner root tissues
seems to be prevented by external fixing and clumping, even
if this strain produces higher polygalacturonase activity than
the wild-type strain GMI1485. Thus, the nonpathogenic mu-
tant GMI2250, which has never been observed reaching vas-
cular parenchyma and xylem vessels, and whose isogenic
mutant MR1 has never been reisolated from aerial plant axe



(Trigalet and Trigalet-Demery 1990), can be defined as par-
tially infective, but not invasive.

The stages of the P. solanacearum—tomato interactions pre-
sented in this paper match with the different phases that char-
acterize the interactions between the vascular pathogens Ver-
ticillium and Fusarium spp. and their appropriate plant hosts
(Talboys 1964; Beckman 1987). In these latter interactions,
two determinative phases, which are essential for vascular
invasion, are followed by an expressive phase during which
wilt symptoms are induced (Beckman 1987). The first de-
terminative phase concerns the stages occurring “outside the
vascular cylinder” and corresponds to root surface coloniza-
tion and intercellular cortical infection as described in this
study. The second determinative phase refers to pathogen
penetration “inside vascular tissues,” and is equivalent to both
the infection of the vascular parenchyma and the invasion of
xylem vessels which we have reported. Finally, the expressive
phase as defined by Beckman (1987), is characterized by wilt
symptoms and disease development. We propose that this
terminology should be slightly modified to differentiate
clearly between intercellular infection of plant tissues and
intracellular invasion of xylem vessels. Thus, the wild-type
strain used in this study is fully infective since it can infect
intercellular spaces of both cortical and vascular parenchyma
tissues, is invasive since it penetrates into xylem vessels, and
is expressive since it rapidly causes wilt disease in a com-
patible host plant. By comparision, we describe the non-
pathogenic strain, which is only able to infect cortical tissues,
as partially infective and noninvasive.

It is worth noting that phenotypes of mutant strains of P.
solanacearum are described currently only with reference to
the expressive phase of disease, in terms of virulence or of
aggressiveness (Boucher et al. 1992). Our objective is now to
take advantage of the present study to investigate cytologi-
cially, at the root level, infection and invasion phenotypes of
genetically defined mutant strains of P. solanacearum, af-
fected in important pathogenicity determinants, such as hrp
and eps genes (Boucher et al. 1987; Denny and Baek 1991).

MATERIALS AND METHODS

Bacterial strains and inoculum preparation.

Strains GMI1485 and GMI2550 of P. solanacearum used
in this study are derivatives of the wild-type strain GMI1000
(Boucher et al. 1985) and carry insertions of the transposon
Tn5-B20 containing a promoterless E. coli lacZ gene (Simon
et al. 1989). The strain GMI1485 has a wild-type pathogenic
phenotype on tomato plants and harbors a Tn5-B20 gene
fusion insertion that maps outside of the Arp gene cluster, a
region essential for the expression of the hypersensitive re-
sponse on tobacco and pathogenicity on tomato (Boucher et
al. 1987). GMI1485 expresses the highest B-galactosidase
activity of all the Tn5-B20 strains so far tested in MM me-
dium supplemented by glucose (Arlat et al. 1992). The non-
pathogenic strain GMI2550 results from the introduction by
transformation (Boucher et al. 1986) of the Tn5-B20 insertion
carried by the pathogenic strain GMI1485 into the nonpatho-
genic strain GMI2000, also named MR1, which is a sponta-
neous mutant derivative of the strain GMI1000 (Message et
al. 1978; Trigalet and Trigalet-Denny 1990). The mutant
strain GMI2000 develops small, butyrous, dark red colonies

with a rough aspect on triphenyl tetrazolium chloride agar
medium, whereas the pathogenic strain GMI1000 presents
larger colonies which are white with a pink center and have a
smooth aspect. The strain GMI2000 has a modified lipopoly-
saccharide and lacks the major fraction of the exopolysac-
charides produced by the wild-type strain GMI1000 (Drigues
et al. 1985; Orgambide et al. 1991). Moreover, strain
GMI2000 induces a hypersensitive response in leaves of to-
bacco cultivars Samsun and Bottom Special (Message et al.
1978; Boucher et al. 1985).

Enzyme activities of polygalacturonase and endoglucanase
in culture supernatants of strains GMI1000, GMI1485,
GMI2000, and GMI2550 were tested following a procedure
previously described (Arlat 1989).

Bacteria were grown in peptone broth (Boucher et al. 1985)
at 30°C for 24 h. The inoculum concentration was about 5 x
10® CFU ml™! for both strains.

Plant growth conditions and root inoculation.

Seeds of Lycopersicon esculentum cv. Supermarmande
(Vilmorin) were surface-sterilized and germinated as previ-
ously described (Boucher et al. 1985). Five germinated seeds
were deposited on stainless steel gauze in large sterile test
tubes (30 mm diameter, 200 mm long), at the surface of 35 ml
of 0.46% (w/v) Murashige and Skoog plant nutrient solution
(CELLect, ICN Biomedicals). The tubes were kept in a
growth chamber (16 h light, 120 pE s! m™, 31°C; 8 h dark,
28°C). Plants were inoculated by adding 5 ml of inoculum
into each test tube, when most the tomato seedlings had
reached the first-leaf stage, i.e., approximately 2 weeks after
germination.

Tomato plants were also grown in 8-cm-diameter peat pots
containing friable horticultural humus, under the same growth
chamber conditions. When plants have reached second-leaf
stage, approximately 2 weeks after planting, they were inocu-
lated by soaking the pots in a bacterial inoculum for 30 min.

Microscopic methods.
Light microscopy.

Light microsopy was performed on whole roots, on root
sections, and on slices of plant axe.

Whole roots of seedlings were processed, 6, 12, and 24 h
after inoculation and then daily over a period of 2 weeks.
Roots were fixed for 2 h in a solution of 1.25% (v/v) glu-
taraldeyde in 0.15 M, sodium cacodylate buffer, adjusted to
pH 7.2, in order to inactivate endogenous plant f-
galactosidase activity (Teeri et al. 1989), then rinsed 3 times
each for 15 min in the same buffer. Histochemical staining of
bacterial B-galactosidase activity was performed using X-Gal
(5-bromo-4-chloro-3-indolyl-B-D-galacotopyranoside) as sub-
strate following the procedure described by Boivin et al.
(1990). Whole roots were observed by bright-field micros-
copy using a light microscope (Vanox, Olympus).

Root sections were obtained as follows: 2- to 3-mm root
segments of interest were dissected from whole roots already
fixed and histochemically stained as described above. They
were successively fixed again in a solution of 2.5% glutaral-
dehyde in 0.2 M sodium cacodylate buffer (v/v) adjusted to
pH 7.2, dehydrated in an ethanol series and progressively
embedded in LR White resin, medium grade (TAAB Labora-
tories). Polymerization was performed at 58°C during 48 h.
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Embedded samples were cut with an ultramicrotome (Ultracut
E, Reichert-Jung) with diamond knives. Semithin sections,
1.5 um thick, were deposited on glass slides and observed by
light microscopy either unstained or after staining with a
mixture of 1% (w/v) toluidine blue and 2% (w/v) methylene
blue in a 1% (w/v) aqueous solution of sodium borate
(Millonig 1976).

Slices were obtained from partially wilted tomato plants
cultivated in pot conditions. Ten days after inoculation, 1 cm
long segments were cut off from the plant axis at the four
levels described in the text. Segments of the same plant were
stained for bacterial B-galactosidase activity and fixed again
as described above. Each segment was then cut into 200-um-
thick transverse slices using a vibratome (Microcut H 1200,
Biorad). Slices were observed by bright-field microscopy
without further staining.

Electron microscopy.

Utrastructural observations were performed on ultrathin
sections of embedded root segments (see above). Sections
were stained with uranyl acetate 2.5% (w/v) in 50% ethanol
then with lead citrate (Venable and Coggesthal 1995) and
observed with a transmission electron microscope (EM 600,
Hitachi) operating at 75 kV.
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