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ment, at first forming a monolayer on the epidermal cell
surfaces, and also collecting in cavities between cells
(Plate IB). The bacteria were confirmed to be
A. diazotrophicus by IGL with silver enhancement
(IGL-SE) when viewed under the light microscope. By
15 d there were substantial layers of bacteria adhering
tightly to the surface of the root (Plate 1C, D, E) and to
the surface of the stem base (not shown). The bacteria
particularly accumulated in cracks and cavities at lateral
root junctions with the tap root (Plate 1C, D) and were
also seen within enlarged epidermal cells at this locality
(Plate ID), although these cells were not always intact.
In contrast to work with Azospirillum and various cereals
(Patriquin et al, 1983; Bashan and Levanony, 1989), in
this study there was no evidence of colonization of root
hairs (on or within) by A. diazotrophicus.

Root tips were also extensively colonized by
A. diazotrophicus (Plate 1A; 2A, B), the bacteria being
localized in intercellular cavities behind the root cap and
within the meristem; the root cap, as it was sloughed off,
apparently allowed entry of the bacteria. The enlarged
cells at the end of the root tip and in the root tip
epidermal cells were colonized by extracellular
A. diazotrophicus and the bacteria were also seen within
some of these cells (Plate 2A, B), although not all of the
occupied cells were intact. The extracellular bacteria were
apparently adhered to the root tip cells via a mucoid
substance which was immunogold labelled (Plate 2C).
These bacteria were often in groups of 3-4 (Plate 2C),
similar to the Klebsiella 'micronodules' reported by
Boonjawat et al. (1991) in rice (Oryza saliva) seedlings
and to the clusters of Pantoea agglomerans seen on winter
wheat roots by Ruppel et al. (1992). The cells of the root
tip meristem were typically rich in cytoplasm and organ-
elles (Plate 2B, D), and in some of these there were
IGL-SE labelled structures (Plate 2A) which, under the
TEM, appeared to be bacteria in structures similar to the
infection-thread used by Rhizobium to enter host legume
cells (Plate 2D). If this is the case then the bacteria
accumulated in intercellular spaces close to these cells
may be the source of the bacteria in these 'infection
threads'. However, further examination suggested that
the bacteria in these cells were contained within vacuoles
and digested (Plate 2D).

Although the epidermis of stem bases was heavily
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colonized by A. diazotrophicus, the bacteria were not seen
within intercellular spaces internal to the epidermis. This
is similar to results obtained by inoculating wheat roots
with free-living diazotrophs such as Azospirillum
(Levanony et al., 1989; Patriquin et al., 1983) when
bacteria are generally found on the epidermis of inocu-
lated roots and, rarely, within the epidermal layer in
intercellular spaces. However, A. diazotrophicus was seen
in large numbers in xylem vessels in the vascular bundles,
both in the lumen and in apparently intimate association
with the spiral secondary thickening (Plate 3A, B). These
bacteria were also surrounded by mucus, which was
immunogold labelled (Plate 3B, and see also Plate 2C),
suggesting that it is the mucus surrounding the bacteria
which contains the majority of antigens to the antiserum
used in this study. The mucus probably contained exopo-

. lysaccharide (EPS) which has previously been shown to
be highly immunogenic in other Gram-negative diazo-
trophic bacteria (Brewin et al., 1986; Levanony et al,
1989; Schloterefa/., 1992).

In none of the IGL preparations used in these experi-
ments was there significant gold labelling on the control
sections incubated in either the blocking/diluting buffer
or the pre-immune serum (Plate 3C, D).

Discussion

We have shown that A. diazotrophicus will rapidly colon-
ize, and adhere tightly to, sugar cane roots and lower
stems and, during a 15 d period, may also enter young
roots via the loose cells of the root tip and root cap (and
possibly via cracks at lateral root junctions), and enter
the vascular system. The presence of bacteria in xylem
vessels is suggestive that these are a means of transporting
bacteria to other parts of the plant, particularly the shoot.
In rapidly growing, nitrogen-fixing sugar cane in the field
the xylem vessels are an obvious means of transporting
the bacteria from roots to the stem and leaves as the
plant grows, and has also been reported in bacterial
pathogens of sugar cane such as that which causes ratoon
stunting disease (Kao and Damann, 1980). Previous work
with A. diazotrophicus in mature, field-grown sugar cane
suggests that it is particularly localized in the stem nodes
(Reis, 1991), where the dense, sucrose-storing paren-
chyma tissue, and the interconnected vascular traces

Plate 3. (A) Light micrograph of xylem vessels in the lower stem of a sugar cane plantlet (NA 56-79) 15 DAI showing bacteria within the vessels
and in intimate association with the spiral secondary'thickening (arrows). This section was not immunogold labelled, x 1860. Bar= 10 fxm. (B) TEM
of bacteria in xylem vessel from the lower stem of a sugar cane plantlet (NA 56-79) 15 DAI. The bacteria are surrounded by a mucus-type material
immunogold labelled after incubation in an antibody raised against A. diazotrophicus followed by incubation in antibodies conjugated to 5 nm gold
particles. Note the thick, lignified wall of the xylem vessel (X). x 80000. Bar = 200 nm. (C) TEM of bacteria from the root tip of a sugar cane
plant (NA 56-79), 15 DAI. This section was incubated in 'blocking buffer", without any rabbit antisera, followed by incubation in goat anti-rabbit
antibodies conjugated to 5 nm gold particles. There is no gold-Labelling of, or near, the bacteria, including the 'mucus' surrounding them (cf.
Plate 2C, 3B). x 80000. Bar = 100 nm. (D) TEM of a bacterium from the root tip of a sugar cane plant (NA 56-79), 15 DAI. This section was
incubated in rabbit 'pre-immune serum' followed by incubation in goat anti-rabbit antibodies conjugated to 5 nm gold particles. There is no gold-
labelling of, or near, the bacterium, including the 'mucus' surrounding it (cf. Plate 2C, 3B). x 120000. Bar= 100 nm.
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(Greulach, 1973; Clements, 1980) will presumably provide
a low pO2 atmosphere and a plentiful supply of energy
substrate. The nodes are also a favoured site for coloniza-
tion by pathogens (Kao and Damann, 1980). However,
the exact location of A. diazotrophicus in mature stem
nodes has not yet been determined, although recent work
by Olivares et al. (1993) has shown that another
diazotroph associated with sugar cane, Herbaspirillum
spp., seems to occupy, and proliferate in, xylem vessels
after inoculation into sorghum (Sorghum bicolor) and
sugar cane leaves. In addition, Baldani et al. (1993) have
demonstrated substantial colonization of rice leaf xylem
vessels by Azospirillum brasilense grown from seeds con-
taining diazotrophs. Therefore, stem and leaf xylem may
also be the ultimate site of diazotroph colonization in
sugar cane. This suggestion is supported by recent results
from other groups which have shown (non-pathogenic)
colonization of xylem vessels in winter wheat by the
diazotroph P. agglomerans (Ruppel et al., 1992) and by
A. brasilense strain 245 (Schloter, Bode and Hartmann,
unpublished). In addition You et al. (1990) localized
another endophytic diazotroph, Alcaligenes faecalis,
within intercellular spaces of rice roots and within cells
near xylem using immunofluorescence. Therefore, xylem
vessels may act as both a path of infection for these
bacteria and as a niche for N2-fixation and exchange of
metabolites between endophyte and plant. Such a system
was also suggested by Patriquin and Ddbereiner (1978)
when they observed apparent fixation (via tetrazolium
salts) by Azospirillum spp. in xylem vessels of field-grown
maize (Zea mays), Panicum maximum and Digitaria
decumbens.

Our work shows similarities to other studies of endo-
phytic diazotrophs such'as A. faecalis in rice (You and
Zhu, 1989; You et al, 1990). Also Hurek et al. (1990)
and Reinhold-Hurek and Hurek (1993) inoculated Kallar
grass (Leptochloa fused) and rice with a newly-discovered
diazotroph, Azoarcus spp., and used antibodies raised
against this bacterium and the gusA reporter gene, to
localize the bacteria intra- and intercellularly within the
roots. These authors also reported 'infection thread-like'
structures within Kallar grass inoculated with this
organism.

The nitrogenase activity shown by ARA in this study
will have been mainly due to the bacteria associated with
the plants, either adhering to the roots and lower stem,
or within the plant tissues, as it is likely that the sucrose
concentration in the rooting medium after 15 d will have
been so reduced by the growing plants that it will have
been too low to support nitrogen fixation in bacteria not
associated with the sugar cane (Boddey et al, 1991).
However, no attempt was made to remove the external
bacteria and assess the ARA of only the 'endophytic'
bacteria so, in future experiments of this nature, it may
be desirable more accurately to mimic 'field' conditions

by only measuring the nitrogenase activity of the endo-
phytes by removal of the external bacteria, e.g. via shaking
the roots and lower stems in Winogradskys mineral
nitrogen-free medium (Kennedy and Tchan, 1992), or by
selective inhibition with oxygen.

The infection of sugar cane occurred under aseptic
conditions where A. diazotrophicus was the sole bacterium
present and, as the plantlets reduced the sucrose concen-
tration in the rooting medium, maximum opportunity
was provided for the non-aggressive entry of
A. diazotrophicus (i.e. via loose cells or cracks) during the
15 d. This experiment partially confirms the endophytic
nature of A. diazotrophicus as, in greenhouse experiments
using a liquid inoculum of A. diazotrophicus on sugar
cane plantlets grown under non-sterile conditions, infec-
tion of the plants did not occur (Reis, 1991), presumably
due to rapid death of the bacteria under the soil conditions
used (Paula et al, 1990). In addition, Paula et al. (1991)
observed that A. diazotrophicus will only infect sugar
cane, sweet potato and sweet sorghum via wound damage,
via mycorrhizal spores or by vegetative propagation.
A. diazotrophicus does not survive long in the soil, and
in the field it is thought likely that it is transferred directly
from sugar cane sets to the emerging new plant (Paula
et al, 1990; Dobereiner et al, 1990, 1993; Reis et al,
unpublished) rather than via direct infection from the
soil. However, the present study does support the sugges-
tion that it is possible, under very specific conditions, that
sugar cane plantlets could be infected via direct inocula-
tion (Reis et al, unpublished).

Although there has as yet been no direct connection
established between the observed nitrogen fixation and
the presence of A. diazotrophicus, or the other diazotrophs
commonly found in sugar cane, the present study has
shown that IGL, using the antibodies that we have
produced, is a reliable method of localizing diazotrophs
in sugar cane tissue and could be extended to field-
grown plants.
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