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Abstract
Significant nitrogen fixation has recently been demonstrated in Brazilian sugar cane {Saccharum officinarum) cultivars known to form associations with a
number of diazotrophs, including Acetobacter diazotrophicus, an acid-tolerant endophytic bacterium
which grows best on a sucrose-rich medium. In a
series of experiments, aseptically-grown sugar cane
plantlets were rooted in a liquid medium and inoculated with A. diazotrophicus originally isolated from
field-grown sugar cane. After 4, 7, 9, and 15 d, plants
were examined under light, scanning and transmission
electron microscopes and the presence of
A. diazotrophicus on and within plant tissues was confirmed by immunogold labelling. By 15 d, external bacterial colonization was seen on roots and lower stems,
particularly at cavities in lateral root junctions. The
loose cells of the root cap at root tips were a site of
entry of the bacteria into root tissues. Both at lateral
root junctions and root tips, bacteria were also seen
in enlarged, apparently intact, epidermal cells. After
15 d, bacteria were present in xylem vessels at the
base of the stem, many connected via mucus to spiral
secondary thickening. There was no obvious pathogenic reaction to the bacteria within the xylem. From
these observations, it is proposed that, under experimental conditions, A. diazotrophicus firstly colonized
the root and lower stem epidermal surfaces and then
used root tips and lateral root junctions to enter the
sugar cane plant where it was distributed around the
plant in the transpiration stream. It is further suggested that the xylem vessels in the dense shoots of
mature plants are also a possible site of N2-fixation by
diazotrophs as they provide the low pO2 and energy
as sucrose necessary for nitrogenase activity.
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Introduction
Recent approaches to finding/establishing 'new' N2-fixing
symbioses in non-legumes with rhizobia and other freeliving diazotrophs have used auxins, enzyme treatment of
the roots, or genetic engineering of the bacteria to encourage non-legumes to allow entry of the bacteria and form
'pseudonodules' or /raranodules (Cocking et al, 1993;
Kennedy and Tchan, 1992; Christiansen-Weniger, 1992).
However, an alternative to these approaches is to investigate natural associations between endophytic diazotrophs,
such as Acetobacter diazotrophicus, and compatible nonlegumes. For instance, in the sugar cane {Saccharum
officinarum)-Acetobacter association investigated here no
such treatments were needed as A. diazotrophicus is a
natural endophyte and has so far only been isolated from
sucrose-rich plants such as sugar cane, sweet potato
(Ipomoea batatas), and Cameroon grass (Pennisetum purpureum) which are propagated vegetatively (Dobereiner
et al, 1988, 1993; Paula et al, 1991; Li and MacRae,
1991, 1992; Reis, Olivares and Dobereiner, unpublished).
A. diazotrophicus is one of a number of diazotrophic
bacteria which have been found living inside sugar cane
roots, stems and leaves; others are Herbaspirillum seropedicae and H. rubrisubalbicans (Cavalcante and Ddbereiner,
1988; Pimentel et al, 1991; DSbereiner et al, 1993; Reis
et al, 1993). Some, or all, of these bacteria are held to
be responsible for the very significant N2-fixation observed
in field experiments using N-balance and 15N isotope
dilution techniques (Boddey et ai, 1991; Ddbereiner et al.,
1993) that suggest that up to 80% of the N incorporated
into Brazilian sugar cane cultivars may be obtained from
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biological nitrogen fixation (BNF) (Lima et al, 1987;
Urquiaga et al,
1992). Recent evidence that
A. diazotrophicus may be of particular significance in the
transfer of the products of N2-fixation to host plants has
recently come from Cohjo et al. (1993) who showed that,
in a model system for in vitro studies of plant-bacteria
interactions, A. diazotrophicus transferred up to half of
the nitrogen it fixed to its 'partner' in mixed cultures with
a yeast.

In the present study, to avoid the complications of
looking for a number of different diazotrophs in large,
maturing plants, we followed the infection of asepticallygrown sugar cane plantlets by just a single endophytic
species, one of the most common in Brazilian sugar cane,
A. diazotrophicus. We show (using ultrastructural and
immunogold labelling techniques) that simply by rooting
sugar cane plantlets in a liquid medium (Murashige and
Skoog, 1962), the bacteria are able to colonize root
surfaces substantially, and to penetrate the roots intercellularly at the root tip (behind the root cap) and at cracks
in lateral root junctions. Further, we demonstrate that
A. diazotrophicus is able to colonize the xylem vessels
without any obvious pathogenic reaction from the plant
and be transported via the vascular system at least as far
as the lower stem.

Light and electron microscopy and immunogold labelling

Small pieces (1-2 mm) of roots and stems were taken from
plantlets at 4, 7, 9, and 15 d after inoculation and fixed in 5%
glutaraldehyde in 50mol m~ 3 phosphate buffer (pH 7.0) for
24 h. Material for light microscopy and transmission electron
microscopy (TEM) was rinsed in buffer, dehydrated in an
ethanol series and embedded in LR White acrylic resin (London
Resin Company, U K ) , with 2 d infiltration, followed by
polymerization at 60 °C. Semi-thin sections (1-2/xm) and
ultrathin sections (<70 nm) were taken on a Reichert Ultracut
E microtome. Ultrathins were collected on pyroxylin-coated
nickel grids and used for immunogold labelling (IGL) whereas
semi-thins were collected on glass slides and either used for
IGL or immediately stained with toluidine blue.
Polyclonal
antiserum
raised
in
rabbits
against
A. diazotrophicus, originally isolated from stems of field-grown
sugar cane using established methods (Cavalcante and
Ddbereiner, 1988; Boddey et al., 1991), was used in IGL. The
antiserum was tested using ELISA (enzyme-linked immunosorbent assay) against a wide range of bacteria which are normally
found in sugar cane tissues or the soil (Azospirillum spp.,
Materials and methods
Herbaspirillum spp. and other Acetobacter spp.) and negligible
cross-reactions were seen at a dilution of 1:400 of the original
Organisms, growth conditions, bacterial inoculation and acetylene
antiserum. Initial tests of the antiserum on sugar cane callus
reduction
inoculated with A. diazotrophicus or with other bacteria,
Sugar cane (Saccharum officinarum) cultivars NA 56-79 and SP indicated that only sections from callus with A. diazotrophicus
gave a positive signal with IGL.
70-1143 were micropropagated according to the method of
Plate 1. (A) Scanning electron micrograph (SEM) of sugar cane (SP 70-1143) root tip at 4 d after inoculation (DAI) with Acetobacter diazotrophicus
strain PAL 5. Note the strands of 'mucus' (arrows). x2300. Bar=10(im. (B) SEM of sugar cane (SP 70-1143) root surface at 7 DAI with
A. diazotrophicus. Note the non-polar attachment of bacteria on the root surface and the accumulation of bacteria in cracks. The bacteria are less
than 1 ftm in length, x 24000. Bar= 1 /an. (C) Light micrograph of lateral root junction of sugar cane (NA 56-79) at 15 DAL The sections were
immunogold labelled with a polyclonal antibody against A. diazotrophicus and a goat anti-rabbit 5 nm gold conjugate, followed by silver
enhancement. The silver is visible as a black precipitate. Note the high concentration of precipitate covering the root epidermis and the accumulation
of bacteria at the root junction (arrow), x 165. Bar = 100 ^m. (D) Light micrograph of an immunogold silver-enhanced lateral root junction of
sugar cane (NA 56-79) showing bacteria accumulating in intercellular cavities. Some bacteria are within cells (large arrow), although the latter are
not intact, x 825. Bar= 10 jim. (E) Transmission electron micrograph (TEM) of A. diazotrophicus on the surface of a sugar cane (NA 56-79) root
15 DAI. Note that the bacteria are older and, consequently, larger than those at 7 DAI (see Plate IB), x 8000. Bar = 2 jtm.
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However, the sites of nitrogen-fixation and transfer of
fixed N (and photosynthate in the opposite direction) in
sugar cane plants have not yet been located and no
obvious symbiotic structures identified. Sugar cane plants
can grow up to 4 m in height with stems of 5 cm in
diameter and this large biomass can support a high
number of bacterial cells. This size makes the examination
of a mature plant for specific types of bacteria and
microscopic structures very difficult. The initial infection
process from soil may not be observed in field-grown
plants as A. diazotrophicus is an endophyte which is
thought to be spread to mature plants mainly via vegetative sets (DSbereiner et al, 1990, 1993; Paula et al, 1990;
Reis, Olivares and DQbereiner, unpublished).

Hendre et al. (1983). After culturing the plantlets in a rooting
and shooting medium (made from a modified MS liquid
medium; Murashige and Skoog, 1962) for 50-60 d, the plantlets
were transferred to 50 ml of the same medium, but without
hormones and with the concentration of nutrients and sucrose
reduced 10-fold (i.e. from 20 g to 2 g sucrose 1"').
A. diazotrophicus strains PAL-5 (ATCC 49037) and PSP32
(isolated from washed, crushed sugar cane stems) were grown
for 24 h in a medium containing ( P 1 ) : 2.0 g glucose, 1.5 g
glutamic acid, 1.5 g peptone, 0.5 g K2HPO4) 0.5 g MgSO4.
7H2O, 2 g yeast extract, pH 6.0. Plantlets were inoculated with
0.1 ml of suspensions containing 106 to 107 bacteria and controls
were inoculated with the same medium with autoclaved bacteria.
All plants were maintained at 30 °C with an irradiance of
60ftmol photons m " 2 s " 1 for 12 h per day. A. diazotrophicus
was isolated from the plants, and estimates made of the number
of bacteria in association with the plants at each harvest using
the methods of Cavalcante and DSbereiner (1988) and Reis
(1991).
Nitrogenase activity was measured using the acetylene
reduction assay (ARA) 15 d after bacterial inoculation. The
plants were sealed into 200 ml bottles stoppered with suba seals
and 10% acetylene was injected into the bottles. After 24 h the
ethylene concentration in the bottles was measured on a Perkin
Elmer gas chromatograph fitted with a 50 cm Porapak column
and a hydrogen flame ionization detector.
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Results
Bacterial counts and nitrogenase activity

There were no obvious effects of inoculation by either of
the two strains of bacteria on the growth of the plantlets
under the growth conditions used here. In addition, the
cultivar of sugar cane had no significant effect on plant
growth, or bacterial infection. However, the number of
viable bacteria (of both strains) on the roots and aerial
parts had increased to over 7 x l 0 7 g ~ ' fresh weight
(Table 1) at 15 d after inoculation. At 15 d there was
significant acetylene reduction from both strains of

Table 1. Number of cells of Acetobacter diazotrophicus on, and
in, micropropagated sugar cane plantlets (cultivar NA 56-79)",
and their acetylene reduction activity (ARA), 15 d after inoculation into a rooting medium containing 2 g sucrose l~' at the time
of inoculation
Data are means of three replicates.
Number of cells
g" 1 fresh weight of
plantlets
Uninoculated control
0
A. diazotrophicus strain
PSP32
7xlO 7
A. diazotrophicus strain
PAL-5
8 x 107

ARA (nmoles C2H4
h" 1 vial"1
± standard error)
0
155±62
102±48

"Estimated using the most probable number (MPN) technique with
LGIP semi-solid medium (Reis, 1991).

A. diazotrophicus (Table 1) although no attempt was
made to discern whether this nitrogenase activity was due
to endophytic bacteria or to the large numbers of bacteria
on the root and lower stem surfaces. A. diazotrophicus
was not detected in any of the control specimens and
there was no significant nitrogenase activity.
Microscopy and localization of bacteria in plant tissues

All the micrographs shown here were from sugar cane
cv. sp 70-1143 or NA 56-79 inoculated with A. diazotrophicus strain PAL-5. At least five specimens from
each treatment were examined per harvest and these
micrographs are representative. A. diazotrophicus was not
seen in, or on, any of the control specimens (results
not shown).
Under the SEM small (0.5-1 /im), rod-shaped bacteria
were seen covering the root surface between 4 and 7 d
after inoculation with A. diazotrophicus (Plate 1A, B).
The colonization of the bacteria had increased greatly by
the time of the 9 d harvest, and even more so after 15 d
(Plate 1C, E), when they had also increased in size to
0.2-2.0 f/.m (Plate IE). The bacteria apparently adhered
to the roots via a mucoid substance (Plate 1A, B), similar
to that reported by Levanony et al. (1989) with
Azospirillum brasilense on wheat (Triticum aestivurn) roots
and by Bashan et al. (1991) on a number of non-cereal
crop plants. The bacteria in the present study were
randomly orientated, with no indication of polar attach-

Plate 2. (A) Light micrograph of an immunogold silver-enhanced root tip (NA 56-79) at 15 DAI. Note the silver precipitate in the intercellular
spaces around (and within) the meristematic zone (small arrows), the clumps of bacteria outside the root (double arrows) and the silver-enhanced
structures within the cells (large arrows). x413. Bar = 50fijn. (B) Light micrograph of a root tip (NA 56-79) at 15DAI. Bacteria can be seen in
clusters outside the root and also within the root cap cells, some of which appear intact (arrow). Note the organelle-rich cells of the root tip
meristem (M). x2060. Bar=10^m. (C) TEM of surface of root cap cells from sugar cane plant (NA 56-79) 15 DAI showing a group of bacteria
adhering to the cells via a mucoid substance. This 'mucus' is immunogold labelled after incubation of the section in an antibody raised against
A. diazotrophicus followed by incubation in antibodies conjugated to 5 nm gold particles. Such groups of bacteria were often seen and suggests
division of cells. x44600. Bar = 200nm. (D) TEM of the root tip from Plate 2A. Note the 'infection thread-like' structure (large arrow) and its
similarity to the IGL-SE structures in Plate 2A. There appears to be bacteria within this structure although nearby vesicles possibly contain
disintegrated bacteria (small arrows). x74OO. Bar =
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The buffer used for the 'blocking' stage of the IGL procedure
and for diluting antibody solutions contained the following
(1 ~ ' ) : phosphate-buffered saline (PBS: 0.22 g NaH 2 PO«, 1.19 g
Na 2 HPO 4) 8.5 g NaCl, 0.5 g NaN 3 , pH 7.0), 10 g bovine serum
albumin (BSA), 1 ml Tween 20. This buffer was effective in
preventing non-specific binding during IGL with rabbit polyclonal antisera (James, Johnston and Williamson, unpublished
data). Immunogold labelling for TEM and light microscopy
(including silver-enhancement) was performed according to the
methods of James et al. (1991). Briefly, sections on slides or
grids were immersed in blocking buffer for 1 h followed by an
18 h incubation in the primary antibody to A. diazotrophicus
diluted 1:400 with blocking buffer. After thorough washing in
PBS plus 1% Tween 20 (PBS-Tween) the sections were incubated
in 5 nm goat anti-rabbit gold (Amersham, UK), diluted 1:100
in blocking buffer, for 4 h. The sections were then washed in
PBS-Tween, PBS alone, and finally in distilled water. After a
short drying period, ultrathin sections for TEM on grids were
stained for lOmin in uranyl acetate and 2min in lead citrate
before being viewed under a JEOL 1200EX TEM. Sections on
slides for light microscopy were silver-enhanced using a 10 min
exposure to the IntenSE M kit provided by Amersham ( U K )
and background stained in toluidine blue before viewing under
an Olympus BH2 optical microscope.
In each IGL preparation, controls to recognize non-specific
binding by the gold conjugated antibody to the sections, were
run in parallel. These were (1) 'pre-immune' serum from the
same rabbit before inoculation with A. diazotrophicus, was
substituted for the anti-A diazotrophicus primary antibody;
(2) no primary antibody was used, the sections being incubated
in blocking buffer alone for this step.
Material for scanning electron microscopy (SEM) was fixed
and dehydrated as for light microscopy. The ethanol was then
gradually replaced by acetone and the specimens, in 100%
acetone, were critical point-dried in a Biorad E 3000 critical
point drier before being coated in gold under a Biorad E5 200
sputter coater. Specimens were viewed under a Cambridge
Stereoscan 200 SEM.
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Although the epidermis of stem bases was heavily

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 inoculated 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 diazotrophic bacteria (Brewin et al., 1986; Levanony et al,
1989; Schloterefa/., 1992).
In none of the IGL preparations used in these experiments 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 colonize, 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 parenchyma 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 goldlabelling of, or near, the bacterium, including the 'mucus' surrounding it (cf. Plate 2C, 3B). x 120000. Bar= 100 nm.
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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 organelles (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).
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by only measuring the nitrogenase activity of the endophytes 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 concentration 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, infection 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 thefieldit 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 suggestion that it is possible, under very specific conditions, that
sugar cane plantlets could be infected via direct inoculation (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 fieldgrown plants.
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