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Abstract - Tomato (Lycopersicon esculentum Mill.) seeds inoculated with Azospirillum
brasilense Cd were cultured in vitro on solid medium with and without combined nitrogen.
Inoculated and control roots from 30-day-old plants were examined by light microscopy
(LM), scanning electron microscopy (SEM) and transmission electron microscopy (TEM),
to monitor the adhesion, penetration, and localization of bacteria on and within the plant.
We also studied the first colonisation steps of three-day-old plants under the microscope
and bacteria in culture. Azospirillum brasilense Cd was identified by immunogold or im-
munofluorescence labelling. In culture, this bacterium has a thick polar flagellum and
many thin peritrichous flagella. In aged dark cultures, small cells appeared within cyst-like
forms. The bacteria used the polar flagellum to adhere to the epidermis, root hair and root
cap areas of tomato roots. They also penetrated the epidermis, root hairs and outer cor-
tex cells. Within the root, A. brasilense formed cyst-like cells that did not divide inside and
were rich in poly-β-hydroxybutyrate granules and glycogen. Bacteria within the root had a
thick capsule, many granules of different types, and high levels of SOD activity, suggest-
ing that they can fix nitrogen in the intercellular spaces of tomato roots.

Key words: Azospirillum, tomato, rhizobacteria, endophytic bacteria, ultrastructure, im-
munolocalisation.

INTRODUCTION

Recent studies (Whipps, 2001) have demonstrated that plants harbour an
abundant, diverse microflora consisting primarily of bacteria and fungi. These
microorganisms live both within the host plant as endophytes and on plant sur-
faces such as leaves and, in particular, in the rhizosphere. Many of these bac-
teria fix nitrogen and produce substances that directly or indirectly stimulate
plant growth and protect the host plant from pathogens (Patriquin et al., 1983;
Di Fiore and Del Gallo, 1995; Reinold-Hurek and Hurek, 1998). Many studies
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involved the isolation of bacteria associated with plants, their culture and iden-
tification and reinoculation into the host plant (Levanony et al., 1989). These
studies may facilitate the use of endophytes for agronomic purposes, reducing
the need for fertilisers and pesticides during crop cultivation (Ceccherini et al.,
2001; McCully, 2001). Demand for such techniques is currently increasing as
they are seen as environmentally friendly, decreasing pollution levels.

Most studies of nitrogen-fixing endophytes to date have dealt mostly with
grasses and cereal crops (James and Olivares, 1997; Stenhout and Vanderley-
den, 2000), with only a very small number of dicotyledonous plants such as Ipo-
moea batatas (Paula et al., 1991), Coffea arabica (McInroy and Kloepper,
1995), Gossypium (Jimenez-Salgado et al., 1997), and grapevine (Bell et al.,
1995), considered. However, for some bacteria, studies have also been carried
out on tomato (Lycopersicon esculentum Mill.) (Bashan et al., 1989; Bashan,
1998; Bashan and De-Bashan, 2002; Becker et al., 2002). Tomato is grown
worldwide and is a crop of considerable economic, commercial and industrial
interest. It is one of the most important crops in Italy, where particular efforts are
made to select genotypes useful for cultivation in different soils and climates. 

Tomato crops require high inputs of nitrogen, phosphate and potassium.
They are also frequently affected by numerous pathogens such as Rhizoctonia,
Peronospora, Alternaria, and nematodes. This results in the application of large
amounts of pesticides, considerably increasing the cost of tomato production,
which is already expensive due to the cropping practices involved. The use of
bacteria that fix nitrogen, promote plant growth, and protect against pathogens
(Bashan and De-Bashan, 2002) and of mycorrhizal fungi capable of making
phosphate available to plants, is therefore a highly attractive proposition, par-
ticularly as it would also reduce pollution levels in cultivated soils.

We have therefore developed a research project investigating the associa-
tion of tomato plants with a single bacterium, groups of bacteria and mycorrhizal
fungi, with the aim of developing biological associations improving tomato crops
in terms of nutritional, health and production qualities.

This study dealt with tomato plants inoculated with Azospirillum brasilense
Cd and grown in vitro. Bacteria of the genus Azospirillum are among the best-
known nitrogen-fixing and plant growth-promoting rhizobacteria (Okon and Ka-
pulnik, 1986). Azospirillum brasilense is considered endophytic other than rhi-
zospheric (Patriquin et al. 1983; de Oliveira Pinheiro et al., 2002). In this study,
we followed bacterial adhesion, penetration and localization in the host plant.
We demonstrated that the bacterium also establishes itself within the plant and
that it reaches and penetrates the root early in the colonisation process. We
also analysed morphological changes in the bacterium following colonisation of
the plant, and interactions with the host.

MATERIALS AND METHODS

Bacterial strain. Azospirillum brasilense Cd, isolated from Cynodon dactylon
(Eskew et al., 1977) was originally supplied by Yaacov Okon, Hebrew Universi-
ty Rehovot, Israel. It was grown on a modified Okon medium (OK) (Martinez-
Dretz et al., 1984), solidified with 15 g l-1 agar (Oxoid), with or without 1 g l-1

combined nitrogen (NH4)2SO4.
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Preparation of bacterial cultures for SEM, LM and TEM. Azospirillum cul-
tures in exponential growth phase and old brown cultures of this bacterium in
late stationary phase were fixed by incubation overnight at 4 °C in 2.5% glu-
taraldehyde (v/v) in 0.01 M phosphate buffer (PB).

For SEM observations, the fixed bacteria were rinsed in PB, postfixed by in-
cubation in 1% osmium tetroxide for 2 h at room temperature, rinsed in PB, de-
hydrated in a graded series of alcohol solutions, critical point dried, mounted on
the stub, sputter coated with gold, and observed in a Zeiss DSM 950 micro-
scope. For TEM observations, fixed bacteria were washed three times in
0.004% sucrose, collected by centrifugation and resuspended in 0.004% su-
crose as described by Forni and Grilli Caiola (1992). A drop of this bacterial sus-
pension was applied to a grid, dried and stained with 2% phosphotungstic acid
(PTA), pH 6.5, for 10 min. Grids were washed in double-distilled water, dried
and observed in a Zeiss CEM 902 microscope, operating at 80 kV.

We also observed samples of these cultures by TEM, following PTA staining
in the absence of fixation.

For TEM observations of ultrathin sections, cultures fixed in glutaraldehyde
as described above were postfixed in 1% osmium tetroxide, dehydrated and
embedded in Epon resin. Sections (60 nm) were cut and stained with lead cit-
rate as described by Reynolds (1963). Ultrathin sections were also stained with
periodic acid-thyosemicarbazide-silver proteinate (PA-TCH-SP) for the detec-
tion of glycogen (Thiéry, 1967). Silver proteinate (SP) was applied to sections
treated with osmium tetroxide or in the absence of osmium tetroxide, for the de-
tection of phenolic compounds (Marinozzi et al., 1977). 

Inoculation of tomato and in vitro observation. Tomato (Lycopersicon es-
culentum Mill.) seeds supplied by Peto Seed, Seminis (Vegetable Seeds Italia
srl, Parma, Italy), were sterilised in 5% NaClO for 3 min in a laminar flow hood.
They were then rinsed in sterile tap water six times for 5 min each and four
times for 20 min each, placed on sterile Whatman paper in Petri dishes, wet-
ted with sterile distilled water and incubated for three days in the dark at 24 °C
to ensure that there was no microbial contamination. Sterile germinated seeds
were either transferred directly on Magenta bottles containing solid McKnight
(Bergersen, 1980) medium supplemented with combined nitrogen (controls)
or inoculated as follows. The seedlings were incubated for 30 min in a Petri
dish containing a 0.5 cm layer of a 108 CFU (colony-forming units) of a
washed culture of A. brasilense resuspended in phosphate-buffered saline
(PBS). Inoculated seedlings were transferred to Magenta bottles containing
solid McKnight medium without combined nitrogen and incubated in a growth
chamber with a 16/8 light/dark cycle at 27 °C. Inoculated and control plants
were harvested and analysed after 30 days. Some of the three-day-old sterile
seedlings were also inoculated with Azospirillum under a phase-contrast mi-
croscope, to check that the bacterium displayed chemotactical behaviour to-
wards the plant root.

Preparation of roots for LM, SEM and TEM. For chemotactic observations,
we cut the seedling rootlets, placed them on a slide, covered them with a cov-
erslip and filled the space between the slide and the coverslip with PBS. We
added 10 µl of a washed overnight culture of Azospirillum via the side of the
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coverslip, under a light microscope. We then followed the behaviour of the
Azospirillum over a one-hour period. 

We also carried out observations on 30-day-old plants. Macroscopically, the
areas of the root invaded by the bacterium appeared pink. We selected areas of
the main and lateral roots displaying this pink coloration for investigation. Five
roots from each of three plants (for both control and inoculated plants) were cut
transversely into four segments: 1) from root tip to elongation zone; 2) hair
zone; 3) mature zone; 4) upper part near the basal portion of the stem. Inocu-
lated and control root segments were prepared for LM, SEM and TEM obser-
vations as described above for bacterial cultures. Thin (80-100 nm) and ultra-
thin (60 nm) sections were cut with a diamond knife. Uranyl acetate-lead citrate
(Reynolds, 1963) staining was used for routine TEM observations, and PA-
TCH-SP and SP staining was performed as described above (Thiery, 1967;
Marinozzi et al., 1977).

Preparation of antisera and immunoidentification of bacteria by LM and
TEM. Azospirillum brasilense Cd was cultured to late exponential phase in OK
liquid medium, in the presence of nitrogen. The culture was centrifuged, the
cells were resuspended in PBS and the resulting suspension was autoclaved
twice for 60 min each at 60 °C. Polyclonal antibodies against the resulting heat-
inactivated A. brasilense Cd cells were raised in rabbit as described by Leonar-
di et al. (1993). ELISA was carried out according to method previously de-
scribed in Leonardi et al. (1993). Assay has been performed with A. brasilense
cells and, as a control to determine the specificity of the polyclonal antibody,
with other endophitic bacteria: Gluconoacetobacter diazotrophicus strain PAL 5
(Yamada et al., 1997), Burkholderia ambifaria strain PHP7 isolated from maize
roots (Balandreau et al., 2001; Coenye et al., 2001) and Herbaspirillum sero-
pedicae strain Z67 (Baldani et al., 1986). 

Azospirillum brasilense was identified on thin sections as follows. Slides
with thin sections of tomato roots were incubated for 2 h at 25 °C with 5% BSA
in normal goat serum diluted 1:20. The primary antibody (rabbit anti-Azospiril-
lum), diluted to 1:300, was applied to the slides, which were then incubated
overnight at 4 °C. Slides were washed three times with 0.1% Tween in PBS and
incubated with the secondary antibody, a fluorescein isothiocyanate (FITC)-
conjugated goat anti-rabbit (GAR, SIGMA) antibody diluted 1:20. Finally, slides
were washed in PBS and observed with a Leitz Aristoplan fluorescence micro-
scope, using a PB 450-490 nm filter. Controls were performed by using preim-
mune serum diluted to 1:300. In order to evaluate autofluorescence due to fix-
ative, the sections without primary antibody were observed. Thin sections were
also observed at light microscopy after staining with toluidine blue.

Bacteria from brown and light pure cultures and of inoculated roots were
identified by TEM with a Zeiss CEM 902 microscope after immunohistological
staining, as described elsewhere (Leonardi et al., 1993; Canini et al., 1996).

Superoxide dismutase (SOD) detection. Immunogold labelling of Fe-SOD
was achieved using a polyclonal antibody raised against Fe-SOD purified from
the cyanobacterium Anabaena cylindrica. The antibody was applied at a dilu-
tion of 1:400 to ultrathin sections of bacteria or inoculated roots (Canini et al.,
1992, 1996). As a control, preimmune serum was used in place of anti-Fe-SOD
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antibody. The secondary antibody was a goat anti-rabbit (GAR, SIGMA) anti-
body conjugated with 10 nm gold particles diluted to 1:20. The density of gold
particles was estimated based on the analysis of 10-20 micrographs for each
sample. The values were represented by mean ± SD of data and analysed sta-
tistically with Student’s t-test. A value of p < 0.05 was considered statistically
significant.

RESULTS

Azospirillum brasilense in culture
Early in culture, A. brasilense formed slightly curved rods, about 0.9 µm in di-
ameter, 2.1-3.8 µm in length. These cells had a thin cell wall with a single thick
polar flagellum (Fig. 1A) and numerous shorter and thinner peritrichous flagella
(Fig. 1B). Mature cultures were brown and contained larger, electrondense and
roundish forms enclosed within a thick capsule housing two or more smaller
cells (Fig. 1C) that were then released into the medium. The dark colour of
these mature cultures probably results from the presence of melanin, as re-
ported by Sadasivan and Neyra (1987) and Faure et al. (1995). PA-TCH-SP
treatment showed that there was no glycogen or other polysaccharide with vic-
inal groups within the bacteria (Fig. 1D). Immunogold labelling, with an antibody
against A. brasilense, was very intense on the bacterial cell wall (Fig. 1E). No
labelling of the control, to which no antibody was added, was detected (Fig. 1F).
We observed no difference in immunogold labelling between actively growing
light-coloured cells and mature, brown colonies.

ELISA
ELISA was carried out with a polyclonal antibody against A. brasilense used at
dilutions of 1:500, 1:1000 and 1:2000. Absorbance at 450 nm decreased with
increasing dilution (1.524 for 1:500, 1.103 for 1:1000, and 0.985 for 1:2000).
Weak absorbance was observed with PBS used as a control and with preim-
mune serum. The value obtained for preimmune serum, 0.302, was very similar
to that obtained for the PBS control, 0.215. As a control, the serum was tested
on Gloconoacetobacter diazotrophicus, Burkholderia cepacea, and Herbaspiril-
lum seropedicae endophytic bacteria giving values similar to PBS.

Inoculation and localisation of Azospirillum brasilense on tomato rootlets 
Light microscopic examination of the inoculation of three-day-old rootlets with
A. brasilense showed strong chemotactic attraction of the bacteria for the roots.
Within a few seconds, most of the bacteria had moved towards the root, show-
ing a strict preference for the root cap (Fig. 2A) and in particular for the de-
tached cells of the growing area (Fig. 2B). Two to three minutes later, the bac-
teria seemed to be moving preferentially towards the root hairs (Fig. 2C), where
they began to form clumps after about 20 min. Infection thread-like structures
were observed penetrating the root hairs (Fig. 2D). After 1 h, the bacteria were
established in the root cap mucilage and large clumps of bacteria were present
in the growing area of the root.

These data were confirmed by SEM observations on roots of inoculated
plants, which indicated that the bacteria were able to colonise and adhere to the
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FIG. 1 – TEM of Azospirillum brasilense in culture. A: bacteria (b) from an actively
growing culture, after PTA staining, showing a thick, long flagellum (f). B: bac-
teria (b) from the above culture, after PTA staining, with thin peritrichous fla-
gella (pf). C: ultrathin sections of A. brasilense from a mature, brown culture
with electrondense cyst-like structures (arrows) containing smaller cells. D: A.
brasilense from a mature, brown culture after PA-TCH-SP staining, with no
positive inclusions (arrows). Many small cells (s) are dispersed throughout the
medium. E: gold particles on bacterial (b) capsule (arrows) after incubation
with a gold-conjugated antibody against A. brasilense. F: control treated with
preimmune serum. No gold granules are visible on bacteria (b). Bars: 1 µm.
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FIG. 2 – Microscopy of a tomato rootlet inoculated under the light microscope with
Azospirillum brasilense. A: bacteria (b), the small green spots, added at the
point indicated by the arrows, reached within a few seconds the root cap area
(r) surrounded by a cloud of mucilage and the detached cap cells (dcc). B:
after a few minutes, the bacteria (b), small coloured spots, started to pene-
trate the root cap mucilage (m) and to form clumps (bc) as soon as they
reached the root surface, close to the detached cells (dcc) of the growing
area. C: the bacteria adhered to the root hairs (rh) and formed clumps (bc). D:
a few minutes after inoculation, the bacterial colonies (bc) began to penetrate
the root hairs (rh). Bars: 10 µm.



root surface individually (Fig. 3A), by means of the polar flagellum whereas this
behaviour cannot be detected in colonies. The favoured points on the root for
adhesion were the sites of emergence of lateral roots, root hairs and the root
cap. The presence of bacteria on the root surface seems to increase in corre-
spondence of the abundance of exudates

Localisation of Azospirillum brasilense within tomato roots
Fluorescence microscopy of thin transverse sections of 30-day-old inoculated
roots treated with a polyclonal antibody against A. brasilense (Fig. 3B) revealed
that bacteria were present both on and in the epidermis, outer cortex cells, and
root hairs. Bacteria were also detected in a mucigel substance exuded from the
root surface and root hair. In roots deprived of the epidermis, SEM showed the
presence of bacteria in large colonies in a cavity without separating walls (Fig.
3C). However, in this case, the bacteria were roundish, without flagella, and larg-
er than those in culture and in root hairs. Ultrathin sections of root hairs observed
by TEM after PA-TCH-SP staining (Fig. 3D) showed electrondense exudate out-
side the root hair wall and bacteria grouped within the curled root hair tip. Fur-
thermore, each bacterium was surrounded by a thick electrontransparent enve-
lope. These features suggest that immediately after their penetration into the root
hairs, they are in a vegetative dividing stage but that their morphology and ultra-
structure then rapidly change. Indeed, on TEM, the bacteria in the inner root were
found to form large colonies in the intercellular spaces between the outer cortical
cells (Fig. 3E). The intercellular spaces appeared to be enlarged, as the colonies
increased in size and the host cell wall lysed as a result, ending up as a very thin
layer similar to a membrane (Fig. 3E). The intercellular material disappeared and
the space was totally occupied by bacteria. Tomato cells adjacent to the invaded
spaces appeared to lack contents and to be dead, whereas controls showed nor-
mally structured cells (Fig. 3F). Tomato roots were not colonised over their entire
surface and internal structures, but only in some portions, as demonstrated by the
comparison of transverse sections of the root taken at various distances from the
apex to the stem base. In none of the sections were bacteria present all over the
epidermis and throughout the peripheral cortex. Similarly, longitudinal sections
demonstrated discontinuous bacterial colonisation, with some parts of the root
invaded and others not. 

Bacteria ultrastructure in the root
Ultrathin sections of areas containing large amounts of bacteria, as shown by
LM and SEM, were examined by TEM. The bacteria within the roots were large,
roundish (Fig. 3C, 4A) or rod-shaped (Fig. 4B) with a thick capsule (Fig. 4A,
4B), similar to the cyst-like forms reported in other Azospirillum strains (Umali-
Garcia et al., 1980; Lamm and Neyra, 1981). The bacterial cells contained nu-
merous large, intracellular granules of poly-β-hydroxybutyrate (PHB) (Fig. 4B)
and glycogen, as shown by PA-TCH-SP staining (Fig. 4C). No bacteria were
observed in the endodermis cells, inner cortex layers or central root cylinder.
No bacteria were visible in the control plant roots. Only in the first and second
segments of root was it possible to detect, among the cyst-like forms, some
bacteria still equipped with thin flagella. These forms were very similar to those
observed in culture and may correspond to bacteria that had recently penetrat-
ed into areas that had already been invaded.
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FIG. 3 – Inoculated tomato roots viewed by LM, SEM and TEM. A: tomato root surface
viewed by SEM, with Azospirillum brasilense (b) adhering to the root surface
by means of its polar flagellum (arrow); bar: 1 µm. B: thin section of tomato
root inoculated with A. brasilense, treated with the antibody against 
A. brasilense and observed by fluorescence microscopy. The root hairs (rh)
and epidermis (arrow) are filled with fluorescent bacterial colonies (bc); bar: 
25 µm. C: root of tomato with colonies of A. brasilense (b) after removal epi-
dermis, viewed by SEM; bar: 3 µm. D: ultrathin section of a root hair contain-
ing bacteria (b) within the enlarged tip and covered with electrondense mu-
cigel (arrow) stained with PA-TCH-SP; bar: 1 µm. E: ultrathin section of toma-
to root containing bacterial colonies (bc) in the intercellular spaces; bar: 1 µm.
F: cells from an uninoculated tomato root. The intercellular spaces (is) are
filled with electrondense material and the cell wall (cw) appears linear. Most of
the cell is occupied by a large vacuole (v), whereas the cytoplasm (cy) is re-
duced to a thin layer. Pb-uranyl acetate staining; bar: 1 µm.
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FIG. 4 – Azospirillum brasilense within tomato roots, as viewed by TEM. A: bacterial
cells (b) with a very thick capsule (c) and numerous large PHB granules dis-
persed in abundant fibrillae-like (fl) structures adhering to the bacterial wall;
bar: 0.5 µm. B: bacteria showing a thick capsule (c), large PHB and cytoplas-
mic electrondense granules (g). The tomato cell wall (cw) is visible towards
the top of the micrograph (cw); bar: 0.5 µm. C: tomato cell containing bacter-
ial colonies. Root cell wall (cw) and cytoplasm (cy) appear lysed, whereas
bacteria (b) show PHB and electrondense granules (g) after PA-TCH-SP
staining; bar: 1 µm. D: bacteria after PA-TCH-SP staining show many elec-
trondense glycogen (g) granules, PHB, capsule (c), and cytoplasm mem-
brane (cm); bar: 1.8 µm. 



Immunogold detection of bacteria within tomato roots
Bacteria within tomato roots were detected with an antibody raised against 
A. brasilense cultures. Immunogold labelling was very evident on the bacterial
wall (Fig. 5A), as observed in culture. No differences were observed between
the bacteria present in the inoculated root sections. No immunolabelling was
detected in uninoculated tomato roots.

Immunogold detection of SOD within the bacteria in tomato roots
Immunogold labelling with an anti-Fe-SOD antibody was much more intense 
in bacteria within the root (12 ± 1 gold particles µm-2) than in cells in culture 
(4 ± 0.2 gold particles µm-2). In bacteria within the roots, labelling was intense
and associated with the bacterial plasma membrane, just beneath the cell wall
(Fig. 5B).

DISCUSSION

Azospirillum brasilense in culture had morphological features similar to those
reported by other authors for this species (Tarrand et al., 1978). In solid culture,
it had a thick, long flagellum and numerous other thinner peritrichous flagella.
However, pure actively growing cultures contained no PHB, whereas PHB and
glycogen granules were abundant in bacteria within tomato roots.

Actively growing and mature stationary cultures displayed different cell or-
ganisations. In the brown mature cultures, many colonies were very electron-
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FIG. 5 – Immunogold labelling of bacteria within tomato roots. A: heavy immunogold
labelling (arrow) of Azospirillum brasilense by an antibody against A.
brasilense. B: immunogold labelling of A. brasilense (arrow) by an antibody
against Fe-SOD. Βars: 1 µm. 



dense, contained smaller cells and had a thicker envelope than observed in
younger cultures. These structures could be identified as the cyst-like forms de-
scribed by Lamm and Neyra (1981), Sadasivan and Neyra (1985 and 1987)
and Biondi et al. (personal communication) both in the wild type and in a mutant
of A. brasilense. The brown colour of the cultures may be attributed to the
melanin present in these (Sadasivan and Neyra, 1985, 1987; Givaudan et al.,
1993; Faure et al., 1995) and other bacteria (Cubo et al., 1988; Castro-Sowin-
ski et al., 2002).

In this study, we followed the colonisation of tomato roots by Azospirillum
and considered the distribution of these bacteria within the root. In inoculated
tomato roots, A. brasilense occurs along the root axis from the apical zone to
the base of the stem. Externally, bacteria tended to concentrate at the sites of
lateral root emergence, the root hairs, and root cap. The root cap is a preferred
site for bacterial colonisation right from the start, as shown by microscopic
analysis of the inoculation of three-day-old roots. We observed the behaviour
of this bacterium during the first few minutes of contact with the root and after it
has established itself within the plant. The bacteria rapidly attach to the roots
by means of polar and lateral flagella and adhesion seems to be mediated by
attractants present in the mucigel excreted from root cells and in the bacterial
capsule (Burdman et al., 2000). The bacteria adhere firmly to the root surface
and were not detached by the numerous preparation treatments for electron mi-
croscopy. Bacteria often displayed a polar disposition. Both the bacterial sur-
face and the polar flagellum were found to be involved in attachment, as sug-
gested by Croes et al. (1993), Burdman et al. (2000), and Steenhoudt and Van-
derleyden (2000).

The bacteria penetrate the host plant via the root hairs and epidermis cells.
However, they seem to make use of the natural intercellular spaces or artificial
breaks between the epidermis cells. In our observations, the bacteria concen-
trated, 30 min after inoculation, in the growing area of the root tip, which con-
tains detached cells and breaks. Indeed, within the roots, we observed bacteria
between the host cells, aligned in rows or aggregated into large colonies in the
intercellular spaces, and within cells that appeared to be lysed and dead. Simi-
lar observations were reported by Sprent and de Faria (1988) for endophytic
bacteria whereas according to de Oliveira Pinheiro et al. (2002) A. brasilense
CD should be unable to infect the interior of wheat roots. However, cell pene-
tration may be favoured by pectinolytic enzymes or other polymer-degrading
enzymes, as suggested by Umali-Garcia et al. (1980) and demonstrated by
Vande Broeck et al. (1998) for Azospirillum irakense. Whereas bacteria seemed
to adhere and to penetrate mostly in the apical and root hair zones, isolated
bacterial colonies were visible below the epidermis, right up the root axis to the
stem base. 

Within the root, the morphology and activity of the bacteria change from
those observed in culture. They appeared quite similar to rhizobium bacteroid
forms and to azospirillum cyst-like forms, with a very thick capsule, and numer-
ous large PHB and glycogen granules. Within the tomato root, cyst-like bacter-
ial forms may provide a means of defence against the host cell, but some as-
pects of these cysts suggest that they may instead be active forms, with high
levels of oxidative metabolism, as revealed by the large amounts of SOD pres-
ent and the accumulation of reserves (PHB, glycogen). Other nitrogen-fixing mi-
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croorganisms display similar features, which may help to generate microaerobic
conditions, protecting the nitrogenase from oxygen (Clara and Knowles, 1984).
However, these cyst-like forms are different from those observed in cultures rich
in melanin, which are frequently divided into smaller cells, and lack glycogen.
Changes in cell organisation may enable the bacterium to change function. We
cannot exclude the possibility that intermediate bacterial forms are produced
between penetration and the end of our observation period. Bacteria within root
hairs do not present a cyst-like form, but are instead more like rhizobia in the
infection thread. However, the numerous observations carried out on inoculated
tomato roots systematically showed the presence of Azospirillum in cystic
forms.

The number and sizes of PHB and glycogen granules observed and the
thick capsule are typical of endophytic bacteria in tomato roots. This study is the
first to report the presence of glycogen storage bodies in Azospirillum.

PHB has been detected in Azospirillum brasilense in other studies (Tal and
Okon, 1985; Kadouri et al., 2002), but was interpreted differently. Similar inclu-
sions have been detected in rhizobia (Kim and Copeland, 1996) and in various
other nitrogen-fixing bacteria, both free-living and associated with plants. They
may correspond to substrate accumulated in the presence of large amounts of
carbon, used to supply hydrogen for nitrogen fixation. Activity of this type has
been detected in Azospirillum cultures and in inoculated tomato plants (Becker
et al., 2002), and by means of photoacoustic laser in our material (unpublished
results). Nitrogen fixation in A. brasilense occurs at very low oxygen concentra-
tions (Clara and Knowles, 1984; Hartman and Burris, 1987) and, within the
plant, structural and biochemical protection is probably required to enable this
process to occur. The location of the capsule and SOD at the cell periphery, as
observed in mature Chroococcidiopsis cells (Grilli Caiola and Canini, 1996) may
provide a barrier, protecting the cell against oxygen radicals in the cytoplasm
and in the extracytoplasmic area. 

The adhesion to, penetration into and distribution of bacteria on and in the
inner root tissues, forming colonies in intercellular spaces rather than in tomato
cells, are similar to those reported by Schlother and Hartmann (1998) in wheat.
Lysis of the walls of tomato cells surrounding the bacterial colonies requires
pectinolytic and cellulolytic enzymes, which have yet to be identified and which
seem to be limited to the penetration zone in that the bacteria seem to be un-
able to invade the inner cortex and endodermis, thereby limiting systemic diffu-
sion in the plant.

The association of tomato with A. brasilense may protect the bacterium
against competition with other rhizosphere and soil bacteria, and provide the
tomato plant with additional nitrogen and auxins.

The root hairs and epidermis cells lost due to bacterial penetration may be
replaced by new roots and root hairs, the production of which is induced by the
bacterium. This capacity of A. brasilense has been reported by Bashan (1998)
and Steenhoudt and Vanderleyden (2000) in tomato and other plants.

Experiments with antibodies demonstrated that A. brasilense CD was pres-
ent within tomato roots, but we were unable to detect bacteria in the endoder-
mis and central cylinder despite the presence of large numbers of bacteria on
plate counts of bacteria within the plant after surface sterilisation: 107 per g
plant dry weight in the stem and leaves, and 108 per g root dry weight. 
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Studies dealing with the metabolic activity of these bacteria within the plant,
focusing particularly on the regulation of nitrogen fixation and IAA production,
may provide significant insight into the development of plant growth-promoting
rhizobacteria. 
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