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A �-glucoronidase (GUS)-marked strain of Herbaspirillum 
seropedicae Z67 was inoculated onto rice seedling cvs. IR42 
and IR72. Internal populations peaked at over 106 log CFU 
per gram of fresh weight by 5 to 7 days after inoculation 
(DAI) but declined to 103 to 104 log CFU per gram of fresh 
weight by 28 DAI. GUS staining was most intense on col-
eoptiles, lateral roots, and at the junctions of some of the 
main and lateral roots. Bacteria entered the roots via 
cracks at the points of lateral root emergence, with cv. IR72 
appearing to be more aggressively infected than cv. IR42. 
H. seropedicae subsequently colonized the root intercellular 
spaces, aerenchyma, and cortical cells, with a few penetrat-
ing the stele to enter the vascular tissue. Xylem vessels in 
leaves and stems were extensively colonized at 2 DAI but, 
in later harvests (7 and 13 DAI), a host defense reaction 
was often observed. Dense colonies of H. seropedicae with 
some bacteria expressing nitrogenase Fe-protein were seen 
within leaf and stem epidermal cells, intercellular spaces, 
and substomatal cavities up until 28 DAI. Epiphytic bacte-
ria were also seen. Both varieties showed nitrogenase activ-
ity but only with added C, and the dry weights of the 
inoculated plants were significantly increased. Only cv. 
IR42 showed a significant (approximately 30%) increase in 
N content above that of the uninoculated controls, and it 
also incorporated a significant amount of 15N2. 

Additional keywords: nitrogen fixation, immunogold labeling, 
electron microscopy, endophytic diazotrophs.  

Wetland rice (Oryza sativa L.) is one of the most important ce-
reals in the world, with low-input (particularly of N) agriculture 
contributing over 86% of the total crop. However, rice yields in 
these low-input systems are generally low (typically only 1 to 3.5 

t ha–1) and must be increased by at least 50% in order to meet the 
demands of the projected rise in world population by the year 
2025 (James et al. 2000; Ladha and Reddy 1995; Ladha et al. 
1997). This will require double the amount of nitrogen that is 
currently applied to the crop as fertilizer, which is neither eco-
nomically nor environmentally desirable. Therefore, an alterna-
tive approach is to increase the contribution to rice agriculture 
made by biological nitrogen fixation (BNF), utilizing the natural 
associations between members of the Gramineae and associative 
diazotrophic bacteria (Ladha et al. 1997).  

A number of recent studies in the Philippines (Malarvizhi 
and Ladha 1999; Shrestha and Ladha 1996; Wu et al. 1995), 
Pakistan (Malik et al. 1997; Mirza et al. 2000), and Brazil 
(Boddey et al. 1995) have shown that some wetland varieties 
(most notably and consistently, IR42), can fix up to 30% of 
their N needs in the absence of any contributions from photo-
trophic bacteria. In addition, a large and diverse range of N2-
fixing heterotrophic bacteria have been isolated from surface-
sterilized rice plants (Barraquio et al. 1997; Ebeltagy et al. 
2001; Engelhard et al. 2000; Gyaneshwar et al. 2001; Stoltzfus 
and de Bruijn 2000; Verma et al. 2001; Yanni et al. 1997). 
Some of these bacteria, most notably Alcaligenes faecalis A15 
(now renamed Pseudomonas stutzeri A15; Vermeiren et al. 
1999), Azoarcus spp., Herbaspirillum spp., Rhizobium spp., 
and Serratia marcescens IRBG500 have been confirmed by 
microscopy to be genuine endophytes of rice (Reinhold-Hurek 
and Hurek, 1998a, 1998b; James et al. 2000). Of these endo-
phytic diazotrophs, one of the most promising in terms of rice 
BNF is H. seropedicae. This was first evidenced by the work 
of Boddey and associates (1995), showing that fluctuations in 
acetylene reduction activity (ARA) of cv. IR42 under field con-
ditions could be correlated with fluctuations in the H. seropedi-

cae population. More recently, 15N isotope dilution data from 
Baldani and associates (2000) has shown that the two H. sero-

pedicae strains Z67 and Z94, isolated from rice in Brazil 
(Baldani et al. 1986, 1996), could contribute as much as 54 and 
31% N, respectively, to rice seedlings in laboratory experi-
ments and less (approximately 18%) in subsequent greenhouse 
experiments. Similar data (i.e., 39% nitrogen derived from air 
[Ndfa]) have also been obtained by Mirza and associates 
(2000) with rice inoculated with Herbaspirillum sp. strain 
RR8. Therefore, in consideration of the potential importance of 
H. seropedicae to BNF in wetland rice, in the present study, we 
examined the infection and colonization of two rice varieties 
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Fig. 1. �-Glucuronidase (GUS) staining of rice seedlings (cv. IR72) at 2 days after inoculation by H. seropedicae Z67-gusA. A, Upper root system and lower 
stem of an uninoculated control plant after incubation in X-Gluc for 4 to 6 h. There is no visible blue coloration. Bar = 1 mm, B, Upper root system and lower 
stem showing blue coloration, indicating the presence of gus-labeled bacteria on the surface. Note that the coleoptile is particularly strongly stained (arrow). Bar 
= 1 mm. C, Detail of the upper part of a main root showing blue staining on the surface due to GUS activity (*). The lateral roots are particularly strongly 
stained (arrows). Bar = 500 µm. D, Detail of a lateral root junction showing strong GUS staining (arrow). Bar = 200 µm. 



896 / Molecular Plant-Microbe Interactions 

by the type strain Z67 marked with gusA (Barraquio et al. 
1997) and assessed its potential as a diazotrophic plant growth-
promoting rhizobacterium under laboratory conditions. 

RESULTS 

Population dynamics of H. seropedicae Z67-GUS  
on and within rice seedlings. 

The overall pattern of bacterial population growth was simi-
lar for both rice varieties (data not shown). The surface popula-
tions of the roots were always slightly higher than those of the 
aerial parts (stems plus leaves) and peaked at log 6 to 8 CFU 
per gram of fresh weight between 2 and 7 DAI, declining to 
approximately log 4 CFU per gram of fresh weight by the end 
of the experiment at 28 DAI. The “internal” bacterial popula-
tions (i.e., those obtained from surface-sterilized plants) fol-
lowed a very similar pattern to the surface populations, with 
those in the roots being slightly higher than in the aerial parts. 
However, there were some varietal differences, e.g., the inter-
nal populations in cv. IR72 peaked at 5 to 7 DAI, whereas 
those of cv. IR42 peaked at 7 to 10 DAI. These differences be-
tween varieties in the internal populations of their aerial parts 
had disappeared by 13 DAI, and the bacterial populations in 
both varieties had declined to log 3 to 4 CFU per gram of fresh 
weight by 28 DAI. No H. seropedicae could be isolated from 
the uninoculated control plants throughout the experiments.  

Localization of H. seropedicae Z67-GUS  
on and within rice seedlings. 

None of the uninoculated control plants showed any blue 
coloration with 5-bromo-4-chloro-3-indoxyl-beta-D-glucuro-
nate (X-Gluc) throughout the experiment (Fig 1A). However, 
with the inoculated plants, parts of the roots and the basal parts 
of the stems of both varieties stained blue when examined for 
GUS activity at 2 DAI (cv. IR72, Fig. 1B, C, and D), and this 
activity was observed on the roots, stems, and leaves at all har-
vests up to 28 DAI (not shown). Close examination of the in-
oculated roots at 2 DAI revealed that the GUS activity was 
mainly associated with the coleoptiles (Fig. 1B) and the sur-
faces of some of the main roots (Fig. 1B and C). The lateral 
roots (Fig. 1C) and some of the junctions of the lateral and 
main roots were particularly densely stained (Fig. 1D). 

Further analysis of GUS-stained material using light and 
transmission electron microscopy (TEM) showed that H. sero-

pedicae Z67 aggressively entered the primary roots by 2 DAI, 
although the two varieties differed in the degree of aggression 
by which the herbaspirilla invaded and colonized them (Figs. 2 
and 3). With cv. IR72, the invasion process involved large 
numbers of the bacteria colonizing cracks at lateral root junc-
tions (Fig. 2A and B) and then entering them “en masse” (Fig. 
2C and D). The bacteria multiplied within the cracks and 
moved more deeply into the primary roots via intercellular 
spaces (Fig. 2C and D). Occasionally, and close to the points of 
infection, bacteria were observed within minor xylem vessels 
of both primary and lateral roots (Fig. 2E and F) although, in 
general, the bacteria rarely penetrated the stele, being localized 
primarily within the cortical intercellular spaces and in the 
aerenchyma (Figs. 2C to E and 3C). In the case of cv. IR42, the 
invasion process followed a similar pattern to cv. IR72 but ap-
peared to be less aggressive, as fewer bacteria were observed 
entering the roots (Fig. 3A and B). As with roots of cv. IR72, 
the herbaspirilla were principally localized within aerenchyma 
and intercellular spaces (Fig. 3A and B), but unlike in cv. IR72, 
they were never observed within the stele or vascular system 
(not shown). The bacteria in both varieties were identified by 
immunogold labeling with a H. seropedicae–specific antibody 
(Fig. 2F and data not shown). 

In the roots of cv. IR72, within which bacteria had estab-
lished in very high numbers by 2 DAI, a dark-staining, elec-
tron-dense material filled some of the cortical intercellular 
spaces (Fig. 3C and D). This material was similar to that ob-
served surrounding some of the bacteria during the “crack” en-
try process (Fig. 2D). In most roots, however, there was no ob-
vious host response to their presence at this early stage. In both 
varieties, herbaspirilla were commonly observed within the 
large cells that were destined to die and become the lysigenous 
aerenchyma typical of wetland rice (Justin and Armstrong 
1987; Kawai et al. 1998) (Figs. 2E and 3B to D). In cv. IR72, 
some bacteria were immunogold labeled using an antibody 
raised against nitrogenase component II (Fig. 3E), although 
most were not. Control serial sections for immunogold labeling 
did not show significant gold labeling (Fig. 3F). 

By 2 DAI, the aerial parts were also heavily infected by H. 

seropedicae, and as with the roots, there were some differences 
in the degree to which the two varieties were infected. In 
leaves of cv. IR72, the herbaspirilla had formed numerous 
dense intercellular colonies (Fig. 4A and B). The bacteria 
within these colonies had expanded the spaces far beyond their 
normal volume (Fig. 4A and B), and the cell walls bounding 
the bacteria were greatly thickened (Fig. 4C). Intercellular her-
baspirilla were also commonly seen within leaves of cv. IR42 
(Fig. 4D), but unlike in cv. IR72 (Fig. 4A to C), they had not 
multiplied to such an extent that the spaces had become greatly 
swollen. Interestingly, epiphytic bacteria could be seen on the 
leaves of both varieties (Fig. 4A and D), and in cv. IR42, some 
of these herbaspirilla appeared to actually enter (or exit) the 
leaves via cracks in the epidermis (Fig. 4D). At 2 DAI in both 
varieties, bacteria were frequently observed within stem aeren-
chyma (Fig. 4E) and in vascular tissue (Fig. 4E and F). There 
was no obvious defense response from the host in either of 
these locations, except for the production of a sparse fibrillar 
material within infected xylem parenchyma cells of cv. IR72 
(Fig. 4F). As with those colonizing the roots, the identity of the 
bacteria in the leaves was confirmed by immunogold labeling 
to be H. seropedicae (Fig. 4B, C, and F). The gold-labeling 
was also present on material that appeared to have been re-
leased from the surfaces of either the bacteria, the fibrillar ma-
terial, or both mentioned previously (Fig. 4F). 

Bacteria were not so readily localized within roots in later 
harvests, and the crack entry processes observed at 2 DAI were 
rarely seen. However, herbaspirilla could still be found in sec-
tions of stems and leaves, particularly in cv. IR72, within 
which there were macroscopically visible lesions that were 
stained blue with X-gluc (data not shown). At these points, 
there was evidence of massive intercellular and vascular inva-
sion (Fig. 5A), as well as clear signs that bacteria had probably 
entered or exited by stomata, subsequently forming large colo-
nies in substomatal cavities (Fig. 5A and B). In other leaves at 
7 DAI, herbaspirilla were localized more discretely within epi-
dermal and parenchyma cells (Fig. 5C and D); occasionally, in-
tercellular bacteria were observed attempting to enter these via 
damaged cell walls (Fig. 5E). None of the infected host cells 
appeared to have intact cytoplasm, and all the cells were most 
probably dead, either prior to or as a result of the bacterial in-
vasion (Fig. 5C to E). Also at 7 DAI, the bacterial infection of 
cv. IR72 appeared to have provoked the occlusion of some of 
the stem xylem vessels by material that stained pink-purple 
(data not shown) with toluidine blue (Fig. 5F). No bacteria 
were visible within these when they were examined under the 
TEM, although intercellular bacteria were close by (data not 
shown). By 13 DAI, the aerial parts of cv. IR72 were still 
showing signs of pathogenicity, such as yellowing of the leaves 
(data not shown). The stems of these plants were highly 
infected by herbaspirilla, with the bacteria being localized 
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throughout the central tissue, mainly within intercellular spaces 
and aerenchyma (Fig. 6A) and also xylem vessels (data not 
shown). By the final harvest (28 DAI), there was little sign of 
extensive infection in cv. IR72, but herbaspirilla could still be 

observed on roots of cv. IR42 (data not shown) and also within 
leaves of this variety (Fig. 6B to F). For example, in necrotic 
leaf tips showing high GUS activity, the central parts were de-
graded, and the resulting cavities as well as adjacent damaged  

Fig. 2. Light microscopy (A, C, and E) and transmission electron microscopy (B, D, and F) of sections through junctions of main and lateral roots (R) of 
rice seedlings (cv. IR72) at 2 days after inoculation by H. seropedicae Z67-gusA. A and B, Transverse sections through the base of a lateral root at a point 
just below the surface of the main root that it subtends. Cavities surrounding the emerging lateral root are filled with bacteria (*), and the intercellular 
spaces that connect with these also contain bacteria (arrows). C and D, Longitudinal sections through the base of a lateral root at a point just below the 
surface of the main root that it subtends. In C, a large colony of bacteria has entered the main root via a “crack” (large arrow) at the junction of the lateral, 
and the bacteria have penetrated deeply into the cortex of the main root through the network of intercellular spaces (small arrows), while D, shows detail 
of bacteria within the “crack” as well as a fibrillar material that surrounds the bacteria, particularly at the “leading edge” of the colony (*). E, Transverse 
section through a main root, showing a longitudinal section of the vascular system of a lateral root as it emerges from the main root. Most of the xylem 
vessels (*) do not contain bacteria, but one of the minor vessels in the emerging lateral is full of bacteria (large arrow), and in F, the bacteria within the 
vessel are shown to be immunogold labeled with an antibody raised against H. seropedicae Z67 (arrows). Bar = 10 µm in A, C, and E, 2 µm in B, 1 µm in 
D, and 500 nm in F.  
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cells contained numerous bacteria (Fig. 6B), many of which 
were degraded or senescent in appearance (Fig. 6C). These 
bacteria, as well as material released from them, were immu-
nogold labeled with the anti-H. seropedicae antibody (Fig. 
6C). In other leaves, herbaspirilla were mainly present within 
small intercellular spaces (Fig. 6D and E), and some of these 
bacteria expressed the Fe-protein of nitrogenase (Fig. 6F). 

No bacteria were seen in control plants at any stage in any 
experiment (data not shown).  

Effect of H. seropedicae Z67-GUS  
on nitrogenase activity and plant growth. 

No ARA could be detected with either variety at any harvest, 
even at 10 DAI when populations of bacteria (internal plus ex-
ternal) were generally at their highest. Nitrogenase (acetylene 
reduction) activity was, however, observed when the rooting 
medium of the plants was supplemented with an additional car-
bon source (5 mM sodium malate), and cv. IR42 showed 
greater activity than cv. IR72 (Table 1). 

At the end of the experiment (28 DAI), inoculated plants 
showed a significant increase in dry weight compared to the 
controls and, in the case of cv. IR42, a significant increase in 
total N content of over 30% (Table 2). In a separate but iden-
tical experiment, in which inoculated and uninoculated plants 
of cv. IR42 were exposed to an atmosphere enriched in 15N2 
for 3 days, the inoculated plants had incorporated signifi-
cantly more 15N than the control plants when harvested at 10 
DAI (Table 3).  

Cellulase and pectinase activity. 
Qualitative plate assays showed that both H. seropedicae 

Z67 and H. rubrisubalbicans M4 could digest pectin and cellu-
lose, with the latter strain giving a slightly stronger reaction 
with both assays (data not shown). 

DISCUSSION 

Infection and colonization. 
This study has shown that H. seropedicae Z67 can enter the 

roots of two rice varieties via cracks at lateral root junctions 
and rapidly colonize the intercellular spaces, aerenchyma, and 
xylem of the roots and aerial parts. Although there have been 
some preliminary reports of the “crack entry” process occur-
ring when rice is infected with rhizobia (Chantreuil et al. 2000; 
Gopalaswamy et al. 2000), this is the first study to show it in 
any detail with an endophytic diazotroph such as H. seropedi-

cae. Indeed, the present study of rice, together with that of 
Gough and associates (1997) with Arabidopsis and those of 
James and Olivares (1998) and Olivares and James (2000) with 
sugar cane, have shown that H. seropedicae has a preference 
for infecting plants via such an aggressive means of entry. 
However, and in contrast to Arabidopsis (Gough et al. 1997), 
H. seropedicae can also multiply within rice and, subsequently, 
massively colonize the intercellular spaces and aerenchyma, 
even entering some of the cortical cells. This aggressive infec-
tion and colonization occurs surprisingly quickly, i.e., within 
two days of inoculation. James and Olivares (1998) and 
Olivares and James (2000) have reported similar findings with 
sugar cane roots inoculated with either H. seropedicae or its 
phytopathogenic relative, H. rubrisubalbicans, and it may be 
of significance that both rice and sugar cane are natural hosts 
of Herbaspirillum spp., whereas dicots such as Arabidopsis are 
not (Olivares et al. 1996). Interestingly, contrasting results to 
our study have recently been obtained with an endophytic Her-

baspirillum sp. (strain B501) isolated from wild rice. This bac-
terium was shown to readily colonize the aerial parts but not 
the roots when inoculated on to its host, Oryza officinalis 

(Ebeltagy et al. 2001), and therefore the ability to enter roots 
may not be a universal feature of all Herbaspirillum spp. 
strains. 

To be able to infect roots so readily, H. seropedicae Z67 
must possess cell wall-degrading enzymes, such as cellulase or 
pectinase, or both (Ebeltagy et al. 2001; Hallmann et al. 1997; 
Kovtunovych et al. 1999; Reinhold-Hurek and Hurek 1998a, 
1998b; Verma et al. 2001), and qualitative plate assays have 
shown that these are released in low quantities by both H. 

seropedicae Z67 and its close relative, H. rubrisubalbicans M4 
(this study). The present study also showed that the aggressive 
infection by H. seropedicae Z67 occasionally elicited a local-
ized host defense response (especially in cv. IR72) in the form 
of a fibrillar material surrounding intercellular bacteria or oc-
cluding xylem vessels, or both. The production of cell wall-de-
grading enzymes by phytopathogenic bacteria is usually linked 
with this type of response by the plant (Hallmann et al. 1997). 
However, in common with other (nonpathogenic) plant-associ-
ated diazotrophs, such as Azoarcus, Azospirillum, and Kleb-

siella spp. (Patriquin et al. 1983; Reinhold-Hurek et al. 1993; 
Kovtunovych et al. 1999), the amount of these enzymes pro-
duced by H. seropedicae is relatively small compared to patho-
gens and may be completely suppressed once the bacteria are 
established within the plant. This may explain the relatively 
minor and localized nature of the host response, particularly in 
the later harvests. The gradual decline (or dilution) in bacterial 
population within surface-sterilized roots and aerial parts 
shown by all three varieties after 10 DAI is similar to that ob-
served with a number of other studies with endophytic bacteria 
(Hallmann et al. 1997). This decline probably reflects the non-
pathogenic nature of most bacterial endophytes (discussed 
above), including the initially aggressive H. seropedicae as, 
unlike true pathogens, they lack an ability to overcome the 
plant’s defenses and the spatial limitations that the latter im-
pose upon them, particularly as the plants grow in size and 
vigor beyond the seedling stage (Hallmann et al. 1997). Never-
theless, despite the reduction in their numbers to only log 3 to 
4 CFU per gram of fresh weight, by 28 DAI the Herbaspiril-

lum spp. populations in surface-sterilized plants of all three va-
rieties had stabilized. Moreover, it was still possible to localize 
the bacteria within the aerial parts of plants (especially cv. 
IR42) up until this final harvest (Fig. 6B to F), thus showing 
that H. seropedicae can persist within rice far beyond the early 
stages of infection. 

One of the principal locations of H. seropedicae Z67 was the 
aerenchyma in both roots and aerial parts. These large cells are 
present in many species of flooding-tolerant grasses and they 
are preprogrammed to die and produce gas spaces (“lysi-
genous” aerenchyma) to assist in aeration of flooded organs, 
especially the roots (Justin and Armstrong 1987; Kawai et al. 
1998). A number of previous studies have shown bacteria liv-
ing within aerenchyma of members of the subtribe Gramineae, 
such as unidentified bacteria in N2-fixing roots of Spartina al-

terniflora (McClung et al. 1983; Patriquin et al. 1983), Azoar-

cus spp. in kallar grass roots (Hurek et al. 1994; Reinhold-
Hurek and Hurek 1998a, 1998b) and Azoarcus and Serratia 
spp. in roots and stems of rice (Egener et al. 1999; Gyaneshwar 
et al. 2001; James et al. 2000). As these cells are already dead 
or dying, this presumably assists in their colonization by bacte-
ria without provoking more than a localized defense response. 
Indeed, it has even been suggested that most cells external to 
the endodermis of mature wetland rice roots are actually dead 
or dying (Hurek et al. 1994), and hence it may be that this re-
gion can be considered as simply an extension of the 
rhizosphere. Certainly, it is unlikely that intact cells of rice or 
other members of the subtribe Gramineae are ever colonized 
by endophytic bacteria without subsequently causing either the  
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Fig. 3. Light microscopy (A and B) of transverse sections through junctions of main and lateral roots (R) of rice seedlings (cv. IR42) at 2 days after 
inoculation by H. seropedicae Z67-gusA. A, Bacteria accumulating in a cavity (arrow) at the base of an emerging lateral root. Bar = 10 µm. B,
Intercellular bacteria (small arrows) moving deeper into the aerenchyma (A) and cortex (C) of the main root. Bar = 10 µm. C, Light microscopy and D, E, 
and F, transmission electron microscopy of sections through main roots of rice seedlings (cv. IR72) at 2 days after inoculation by H. seropedicae Z67-
gusA. C, Transverse section through a main root, close to a lateral root junction. The root is heavily infected with bacteria (large arrows), which are mainly 
located within the aerenchyma (A). A dark-staining material (small arrows) has accumulated in some of the cortical intercellular spaces close to the 
endodermis (E). The stele (S) appears to be uninfected. Bar = 20 µm. D, Bacteria within an enlarged cortical cell that is destined to contribute to the 
lysigenous root aerenchyma. Remnants of the cytoplasm can be seen at the edges of the cell (small arrows). Note that the adjacent cell, or intercellular 
space, contains electron dense material (*). Bar = 1 µm. One of the intracellular bacteria in E is immunogold labeled with antibodies raised against the Fe 
(NifH) protein of nitrogenase (arrow), while those in F were “labeled” with nonimmune serum (arrow). Bar = 500 nm in E and 200 nm in F.  
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lysis of the bacteria, the degradation of the host cell cytoplasm, 
or both (Hallmann et al. 1997; James 2000; James and Olivares 
1998; Olivares et al. 1997; Reinhold-Hurek and Hurek 1998a, 
1998b; this study). 
 

Although herbaspirilla were observed within the stems and 
leaves throughout the experiment, there were no obvious and 
direct links between them and the bacteria within the roots. 
Nevertheless, a number of connecting routes can be envisaged.  

Fig. 4. Light microscopy (A, B, D, and E) and transmission electron microscopy (B and F) of transverse sections through the aerial parts of rice seedlings 
of cvs. IR72 (A, B, C, and F) and IR42 (D and E) at 2 days after inoculation by H. seropedicae Z67-gusA. A, B, and C, Leaves of cv. IR72 with very 
dense intercellular colonization by bacteria, particularly on the lower side of the leaf where the bacteria have greatly expanded the volume of the spaces 
that contain them (large arrows in A and B). The sections in B and C were immunogold labeled with an antibody raised against H. seropedicae Z67 
(followed by silver-enhancement in B), and the labeled bacteria can be seen either as black regions (arrow in B) or as individual bacteria with gold 
particles being localized mainly on their surfaces (arrows in C). Note that the cell wall (W) adjacent to the bacteria in C is greatly thickened. D, A leaf of 
cv. IR42 showing less dense colonization of intercellular spaces (large arrow) by bacteria that may have entered via a break in the epidermis (*). Epiphytic 
bacteria are present on both varieties (small arrows in B and D). E and F, Stems of cvs. IR42 and IR72, respectively. In E, bacteria can be seen in a 
metaxylem vessel as well as in nearby aerenchyma (small arrows), whereas in F, the immunogold-labeled bacteria (B) are within a lignified xylem 
parenchyma cell. Note that the bacteria in F are associated with a fibrillar material (*), and some of this is also immunogold labeled (arrows). In A, B, D, 
and E, Bars = 10 µm; in C, 200 nm; and in F, 500 nm. 
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First, it is possible that some of the bacteria within the root 
xylem vessels were transported to the aerial parts in the 
transpiration stream, as has been suggested previously for other 
endophytic diazotrophs in grasses (Hurek et al. 1994; James 
and Olivares 1998; James et al. 1994). Against this, however, 
the herbaspirilla were rarely seen within root xylem vessels, 
and then only in cv. IR72. Second, intercellular spaces and 
particularly the large cavities formed by the aerenchyma may 
have provided a conduit for the bacteria to spread within the 
plants. This has recently been partly demonstrated by the 
studies of Prayitno and associates (1999) and Ebeltagy and 
associates (2001), which showed, respectively, that R4, a R. 

leguminosarum bv. trifolii strain originally isolated from rice 
by Yanni and associates (1997), and H. seropedicae sp. 
B501gfp formed long lines of intercellular bacteria down the 
lateral roots or aerial parts of inoculated plants. A third 
possibility is direct infection of the aerial parts by epiphytic 
herbaspirilla. The presence of herbaspirilla on leaf surfaces is 
shown clearly in Figures 4A, B, and D and 5A and B. 
Furthermore, some bacteria were even observed apparently 
entering a wound in the epidermis of a leaf of cv. IR42 at 2 
DAI (Fig. 4D), whereas in cv. IR72, the herbaspirilla were 
shown at 7 DAI to be densely colonizing stomatal cavities 
(Fig. 5A and B) in a manner very redolent of H. 

rubrisubalbicans in mottled stripe disease-susceptible sugar 
cane leaves (Olivares et al. 1997; James and Olivares 1998; 
Olivares and James 2000). The fourth possibility is that bacte-
ria within the semisolid rooting medium entered the emerging 
coleoptile in the early stages of plant growth and then migrated 
to the other aerial parts. This is suggested by the strong GUS 
staining of the coleoptiles at 2 DAI (Fig. 1B). 

Irrespective of the mode of entry of herbaspirilla in stems 
and leaves, they were mainly localized within intercellular 
spaces, dead cells, and xylem vessels. These locations are 
similar to those observed in aerial parts of other members of 
the subtribe Gramineae infected by Herbaspirillum spp., such 
as sorghum and sugar cane infected by either H. seropedicae or 
H. rubrisubalbicans (James and Olivares 1998; James et al. 
1997; Olivares et al. 1997). Consistent with its apparently 
“nonpathogenic” nature on other Gramineae spp. (James et al. 
1997; Olivares et al. 1997; Pimentel et al. 1991), no macro-
scopically visible disease symptoms were observed on rice 
leaves infected with H. seropedicae, except for some slight 
yellowing of leaves of cv. IR72 at 13 DAI and of cv. IR42 at 
28 DAI. Moreover, far from being detrimental to the plants, 
there was clear evidence of growth promotion caused by the 
presence of the bacteria in both varieties, including IR72 (Ta-
ble 2). On the other hand, the pattern (although not the sever-
ity) of the rice leaf and stem colonization with its dense colo-
nies of intercellular, substomatal, and xylem bacteria (e.g., 
with cv. IR72 at 7 and 13 DAI [Figs. 5A and B and 6A] and 
with cv. IR42 at 28 DAI [Fig. 6B and C]) had many similarities 
to that shown by H. rubrisubalbicans in disease-susceptible 
varieties of sugar cane (Olivares et al. 1997) and sorghum 
(James et al. 1997). Therefore, the present study of rice illus-
trates well the apparently paradoxical nature of H. seropedicae, 
in that it can extensively colonize tissues of Gramineae spp. in 
an almost pathogenic manner, but at the same time, it has the 
potential to promote the growth of the infected plants.  

Nitrogenase activity and growth promotion. 
With both varieties, inoculation with H. seropedicae Z67 re-

sulted in significant nitrogenase (acetylene reduction) activity 
at the time of peak bacterial populations (10 DAI). Addition-
ally, and as with Azoarcus spp. colonizing the interior of rice 
and kallar grass (Egener et al. 1999; Hurek et al. 1994; Rein-
hold-Hurek and Hurek 1998a, 1998b), nifH protein could also 

be localized in a limited number of the herbaspirilla within the 
roots and aerial parts, until the end of the experiments (28 
DAI). On the other hand, ARA was only obtained when a C 
source (sodium malate) was added, thus indicating that N2 fix-
ation by the cells, both on and within the plants, was C-limited. 
Similarly, in a recent study of rice seedlings inoculated with an 
N2-fixing strain of Serratia marcescens, Gyaneshwar and asso-
ciates (2001) only observed nitrogenase activity (ARA) after C 
was added. This is also often the case with other Gramineae 
spp., e.g., ARA and nifH expression of Azospirillum brasilense 
on wheat (Triticum aestivum) roots was dependent on added C 
(Christiansen-Weniger et al. 1992; Vande Broek et al. 1993), 
and Chelius and Triplett (2000) recently showed that endo-
phytic strains of Klebsiella pneumoniae could express dinitro-
genase reductase in roots and stems of maize (Zea mays) but 
only after sucrose was added to the rooting medium. 

The 15N2 experiment in the present study confirmed the very 
low (albeit significant) N2 fixation in the interaction between 
one of the varieties (IR42) and H. seropedicae Z67. Similarly, 
Ebeltagy and associates (2001) also obtained low values when 
they tested the N

2
-fixing ability of Herbaspirillum sp. strain 

B501 in association with wild rice. The low N2 fixation in the 
present study and in that of Ebeltagy and associates (2001) 
contrasts with a recent study performed by Gyaneshwar and as-
sociates (2002), in which a rice variety tolerant to aluminum 
(Moroberekan) was inoculated with H. seropedicae Z67 and 
compared with an Al-intolerant variety, IR45. Only cv. 
Moroberekan gave significant levels of ARA without any 
added C, and 15N2 experiments showed that cv. Moroberekan in 
combination with H. seropedicae Z67 could actually derive 
over 4% of it’s N content (Ndfa) from N2 fixation over a 3-day 
period, which was nearly 10 times greater than that shown by 
cv. IR45 (0.42% Ndfa) or that by cv. IR42 in the present study 
(0.45% Ndfa; Table 3). The ability of cv. Moroberekan to fix 
significant quantities of N independently of added C was at-
tributed to a relatively large amount of C in its root exudates, 
which were twice that of cv. IR45 (Gyaneshwar et al. 2002). 
Similarly, Baldani and associates (2000) used 15N isotope dilu-
tion with axenically-grown plants to show that an upland vari-
ety of rice, “Guarani”, when inoculated with H. seropedicae 
Z94 could obtain more than 50% of its N requirements from N2 
fixation. Taken together, these studies suggest that the ability 
of rice to support or benefit, or both, from N2 fixation by H. 

seropedicae is possible but is also both highly variable and 
very much dependent on plant genotype.  

MATERIALS AND METHODS 

Plant growth conditions and inoculation. 
Dehulled seeds of the wetland rice cvs. IR72 and IR42 were 

surface sterilized for 5 min with 70% ethanol followed by 
0.2% mercuric chloride for 30 s and were washed three times 
with sterile water. The seeds were germinated on 0.1% tryptic 
soya agar plates, and seedlings free of visual bacterial and fun-
gal contamination were transferred to 80 ml glass tubes (20 cm 
in height) with 20 ml Fahraeus medium without nitrogen 
(Fahraeus 1957) for 3 days. H. seropedicae Z67 marked with 
gusA (Barraquio et al. 1997) was then used for inoculation. The 
bacteria were grown in Luria broth supplemented with spectin-
omycin (100 µg per ml) until they reached an optical density of 
0.6. The cells were then harvested by centrifugation, washed 
twice with normal saline, and re-suspended in phosphate-buff-
ered saline before being used for inoculation. Half of the seed-
lings were inoculated with 1 ml of the suspension containing 
approximately 107 herbaspirilla, and the other half were left as 
uninoculated controls. At the start of the experiment, the tubes 
were plugged with a plastic top, but at 7 DAI, the plastic top 
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was removed from the tubes and replaced with a strip of labo-
ratory film with a small hole pierced in it to allow the shoot to 
emerge. The seedlings were grown for a total of 28 days in a 
growth chamber with a 14 h light and 10 h dark cycle under an 
irradiance level of 50 µmol m–2 s–1 and with day and night tem-
peratures of 27 and 25°C, respectively.  

 

Enumeration of bacteria. 
Replicate (3 to 4) inoculated and control plants were sam-

pled at various times throughout the experiments, from 1 to 28 
DAI. In each case, loosely attached bacteria were first removed 
by washing the roots and aerial parts (stem plus leaves) in ster-
ile water, followed by immersion in fresh sterile water and by  

Fig. 5. Light microscopy (A, C, and F) and transmission electron microscopy (B, D, and E) of transverse sections through the aerial parts of rice 
seedlings, cv. IR72, at 7 days after inoculation by H. seropedicae Z67-gusA. A, Very dense colonization of metaxylem in a major vein (large arrow) as 
well as in the intercellular spaces and substomatal cavities (S) on either side of it. Note that there are epiphytic bacteria close to some of the stomata (small 
arrows), and these may have entered or exited via the stomatal apertures (large arrow in B). C, D, and E, Leaf epidermal cells colonized by bacteria (*). 
The bacteria in D and E were immunogold labeled with an antibody raised against H. seropedicae Z67 (arrows in D). The cell in E is in the process of 
being invaded by intercellular bacteria (arrow). Note the absence of cytoplasm in the bacterial-colonized cells in D and E. F, Tranvserse section of the 
central part of the stem showing a xylem vessel and associated lacuna filled with material that stains intensely with toluidine blue (arrow). In A, C, and F,
Bars = 10 µm; in B, 2 µ; D, 500 nm; and E, 1 µm.  
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vortexing for 30 s. The resulting solutions were serially diluted 
and placed on Luria broth agar plates containing 100 µg of 
spectinomycin per ml and 40 µg of X-Gluc per ml. Bacterial  
colonies showing blue coloration were then counted and were 
assumed to be those bacteria that were closely associated with 
the plant surface. In another set, the roots and aerial parts were 

surface sterilized by immersion in 95% ethanol for 5 min fol-
lowed by treatment with 3% calcium hypochlorite containing 
0.1% sodium dodecyl sulfate for 1 min. After three washes 
with sterile distilled water followed by maceration in saline, 
the homogenate was serially diluted and plated on Luria agar 
as described above. The saline solution before maceration was  

 

Fig. 6. Light microscopy (A, B, and D) and transmission electron microscopy (C, E, and F) of transverse sections through the aerial parts of rice seedlings 
of A, cv. IR72 at 13 days after inoculation (DAI) or B, C, D, E, and F, cv. IR42 at 28 DAI by H. seropedicae Z67-gusA. A, Transverse section through the 
upper stem with bacteria colonizing intercellular spaces (arrows) and aerenchyma (A) throughout the developing leaf. B and C, Sections through a leaf tip 
with a degraded central part that has collapsed to form a lumen (*) containing numerous bacteria that are immunogold labeled with an antibody raised 
against H. seropedicae Z67. Some of the bacteria in C, are senescent in appearance (*). Note that the immunogold labeling is also present on debris 
(arrows) as well as on intact bacteria (B). D, Transverse section through a leaf with numerous small colonies of intercellular bacteria (large arrows) that are 
labeled with antibodies raised against E, H. seropedicae Z67 or against F, the Fe (NifH) protein of nitrogenase. Some bacteria can also be seen on the leaf 
surface (small arrows). Note that there is a break (*) in the lower side of the leaf in D, possibly allowing access to the aerenchyma (A). In A, Bars = 20 
µm; in B and D, 10 µm; C, 500 nm; E, 200 nm; and F, 100 nm.  
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plated to determine the efficiency of surface sterilization, and 
the number of bacteria present in this solution was subtracted 
from the total count after maceration.  

Microscopy and immunogold labeling. 
Three seedlings from three independent inoculations, as well 

as corresponding control plants, were collected at 1, 2, 5, 7, 10, 
13, and 28 DAI and were stained for GUS activity in 50 mM 
potassium phosphate buffer (pH 7.0) containing 400 µg of X-
gluc per ml for 4 to 6 h as described by Jefferson and associ-
ates (1987). Roots and shoots showing blue color were cut into 
small pieces (1 to 2 mm) and fixed in 4% glutaraldehyde (in 50 
mM phosphate buffer [pH 7.0] containing 0.1% [vol/vol] Tri-
ton-X-100) under vacuum for 30 min and then at atmospheric 
pressure overnight. The fixed samples were prepared for light 
and TEM by rinsing them in 50 mM phosphate buffer (pH 7.0), 
dehydrating in an ethanol series, and embedding in LR white 
acrylic resin (Agar Scientific, Stansted, U.K.) (James et al. 
1997). 

Sections for light microscopy and TEM were immunogold 
labeled with a polyclonal antiserum raised against H. seropedi-

cae Z67 (James et al. 1997) that was diluted 1:800 with immu-
nogold labeling (IGL) buffer (James et al. 1994). The cross-
reaction of the antibody against various bacteria commonly 
isolated from the rhizosphere or interior of rice was determined 
by enzyme-linked immunosorbent assay (Gyaneshwar et al. 
2001). No cross-reactions with bacteria other than H. seropedi-

cae Z67 were observed at any dilution. 
Alternatively, serial sections were incubated in an antibody 

(diluted 1:100 in IGL buffer) (Olivares et al. 1997) raised 
against component II (nifH or Fe-protein) of the nitrogenase 
enzyme complex originally isolated from Rhodospirillum ru-

brum (a gift from P. W. Ludden, Madison, WI, U.S.A.). For 
each immunogold assay the following controls were performed 
on serial sections: omission of the primary antibody and substi-
tution of the primary antibody by nonimmune sera diluted ap-
propriately in IGL buffer. 

Semithin (1 to 2 µm) sections for light microscopy were col-
lected on gelatine-coated glass slides and incubated for 1 h in 
IGL buffer and then for 1 h in the primary antibody (either 

anti-H. seropedicae Z67, anti-nifH protein, or nonimmune se-
rum). After washing, the slides were incubated for 1 h in a 1:50 
dilution of 5 nm goat anti-rabbit gold (British BioCell Interna-
tional, Cardiff, U.K.) in IGL buffer. The gold labeling was then 
visualized for light microscopy using a BioCell (U.K.) silver-
enhancement kit. Toluidine blue (0.01% vol/vol in borax) was 
used to lightly counterstain the gold-labeled sections. In paral-
lel with the sections used for immunogold silver-enhancement, 
serial sections were collected on uncoated slides and stained 
with 1% toluidine blue. The protocol for immunogold labeling 
ultrathin sections (50 to 70 nm) for TEM was similar to the 
above, except that the sections were collected on pioloform-
coated nickel grids and were labeled with 15 nm goat anti-rab-
bit gold (Amersham Pharmacia Biotech UK, Little Chalfont, 
U.K.). The sections for light microscopy were viewed either 
under a Zeiss Axiophot 2 or an Olympus BH2 optical micro-
scope, and the ultrathin sections were viewed using a JEOL 
1200 EX TEM. 

The micrographs discussed above were taken from 5 to 10 
samples per harvest and are representative.  

Measurement of nitrogenase activity and plant growth. 
At 10 DAI, 40 plants were taken from their tubes and imme-

diately transferred to fresh Fahreus liquid media without N. 
Some of the tubes (20) contained 5 mM sodium malate as a 
carbon source (pH 7.0), and 20 of the tubes had no supplemen-
tal carbon. The tubes were incubated in the dark for 12 h, and 
ARA over this period was determined by injecting 10% 
(vol/vol) acetylene into the head spaces of the tubes at the start 
of the experiment. Any ethylene produced by the bacteria was 
detected using a Hitachi 164F gas chromotograph fitted with a 
flame ionization detector. Uninoculated plants served as controls. 

The plant growth-promoting activity of H. seropedicae Z67-
GUS was determined by comparing the dry weights and the to-
tal carbon and nitrogen contents of the inoculated plants with 
the uninoculated control plants. Total C and N were determined 
using a Perkin Elmer PE2400 CHN analyzer. For statistical 
analyses, the data were subjected to analysis of variance. 

To trace the possible transfer of fixed nitrogen from the bac-
teria to the rice plants (cv. IR42 only), the plants were exposed 
to an atmosphere enriched in 15N2. Seedlings of cv. IR42 de-
rived from surface-sterilized seeds were inoculated with H. 

seropedicae Z67-gusA in glass tubes and allowed to grow for 7 
days as described earlier. The tubes were then sealed with rub-
ber seals and 5% of the headspace volume in half of the tubes 
was replaced with 15N2 (99.5%, Monsanto Research Corp., 
Miamisburg, OH, U.S.A.), while the other set of tubes con-
tained normal air. The tubes were returned to the growth 
chamber and, after 3 days of incubation (i.e., 10 DAI), the 
plants were harvested and dried to a constant weight in an 
oven before being ground to a fine powder that was analyzed 
for its 15N content with a mass spectrometer (VG-Model 903) 
equipped with a Dumas elemental analyzer (Roboprep-CN 
7001; Europa Scientific Ltd., Crewe, U.K.). Uninoculated 

Table 3. Effect of inoculation with Herbaspirillium seropedicae Z67-gusA

on incorporation of 15N by seedlings of rice cv. IR42a 

 
Treatment 

Atom %  
15N excess 

15N fixed  
(µg plant-1) 

 
%Ndfab 

Uninoculated control 0.013 � 0.003 0.524 � 0.187 0.08 � 0.06 
H. seropedicae Z67-gusA 0.021 � 0.002c 1.315 � 0.258c 0.45 � 0.28c

a After 3 days growth in an atmosphere amended with 15N2. Samples were 
taken at 10 DAI. 

b Ndfa = nitrogen derived from air. 
c Significantly different at 5% level from the uninoculated control. The 

values are means of three replicate plants � SD. 

Table 2. Effect of inoculation with Herbaspirillium seropedicae Z67-gusA

on rice dry weight and carbon and nitrogen content at 28 DAI 

Variety plus 
treatment 

Dry weight 
(mg plant–1) 

Carbon  
(mg plant–1) 

Nitrogen 
(mg plant–1) 

IR72 12.74 � 1.26 2.33 � 0.12 0.33 � 0.05 
IR72 � H. seropedicae 
Z67-gusA 

17.54 � 1.58a 2.63 � 0.14a 0.36 � 0.04 

IR42  12.78 � 1.26 2.17 � 0.11 0.24 � 0.03 
IR42 � H. seropedicae 
Z67-gusA 

15.44 � 1.55a 3.11 � 0.10a 0.31 � 0.02a 

a Significantly different at 5% level from the uninoculated control. The 
values are means of 25 replicate plants � SD. 

Table 1. Effect of sodium malate on acetylene reduction activitya
�

 Nitrogenase activity  
(µmol C2H4 g

–1 dry weight h–1)b 

Variety IR42 IR72 

H. seropedicae Z67-gusA� – – 
H. seropedicae Z67-gusA + 
5 mM sodium malate 

1.3 � 0.17 0.97 � 0.35 

a 5 mM sodium malate was added to two rice varieties inoculated with 
Herbaspirillum seropedicae Z67-gusA. Assays were conducted at 10 
DAI. 

b Values are means of 20 replicates � SD. 
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seedlings served as controls. The total amount of N fixed was 
calculated according to Nayak and associates (1986) as (atom 
% 15N excess of sample/atom % 15N excess of gas) × total N. 
Ndfa was calculated as % Ndfa = {[atom % 15N excess (tissue) 
– atom % 15N excess (background)]/[atom % 

15
N excess (at-

mosphere) – atom % 
15

N excess (background)]} × 100 where 
atom % 15N (background) = 0.010 � 0.006 and atom % 15N ex-
cess of atmosphere = 4.9. 

Analysis of cellulose- and pectin-degrading activity. 
This was performed according to Mateos and associates 

(1992) with some modifications. NFb agar (without malate but 
with 0.2% tryptone) containing either 0.1% carboxymethyl cel-
lulose (CMC), 0.5% sodium polypectate, or 0.5% pectin was 
spot-inoculated with liquid cultures (grown in NFb without 
agar) of H. seropedicae Z67 and H. rubrisubalbicans M4. The 
plates were incubated at 37°C for 3 days. After incubation, the 
bacterial cells were removed, and the CMC-containing plates 
were stained with Congo red (1 mg per ml) for 30 min, fol-
lowed by several washes with 1 M NaCl. Similarly, after re-
moval of the cells, the pectin-containing plates were stained 
with 2% hexadecyl trimethyl ammonium bromide for 30 min, 
followed by washing with 1 M NaCl. Cellulose- and pectin-de-
grading activity was determined visually by the appearance of 
a halo around the points where the bacteria were inoculated.  
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