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Abstract. Azospirilla are free-living rhizobacteria that are able to promote plant growth and increase yields in
many crops of agronomic importance. It is assumed that the bacteria affect plant growth mainly by the production
of plant growth promoting substances, which leads to an improvement in root development and an increase in the
rate of water and mineral uptake. In the present review, we discuss the physiological responses of the plant roots to
inoculation with Azospirillum, and report on field and greenhouse experiments carried out with these bacteria during
1994–2001 in Belgium, Uruguay, Mexico and Israel.

Introduction
Bacteria of the genus Azospirillum are free-living nitrogen
(N2)-fixing rhizobacteria that are found in close association
with plant roots. They are able to exert beneficial effects on
plant growth and yield of many agronomic crops under a
variety of environmental and soil conditions (Okon and
Vanderleyden 1997).

During the early days of the investigation on
Azospirillum–plant associations, the plant growth promotion
effects observed in grain and forage grasses were essentially
believed to derive from the contribution of microbial
biological N2 fixation to the plant (Döbereiner and Day
1976). However, this contribution was shown to be less
significant in these systems (Okon and Kapulnik 1986).
Further studies demonstrated that the positive effects of
Azospirillum are mainly derived from morphological and

physiological changes of the inoculated plant roots, which
lead to an enhancement of water and mineral uptake (Okon
and Kapulnik 1986).

In most of the plant species studied, root colonization by
Azospirillum takes place mainly in the root elongation zone.
Inoculation increases the density and length of root hairs, as
well as the appearance and elongation rates of lateral roots,
thus increasing the root surface area (Fallik et al. 1994).
Secretion of plant growth promoting substances such as
auxins, gibberellins and cytokinins by the bacteria seems to
be at least partially responsible for these effects (Dobbelaere
et al. 1999).

In recent years, a number of studies on co-inoculation of
legumes with Rhizobium and Azospirillum have been
reported. Beneficial effects of this combined inoculation,
such as increase in biomass parameters, nitrogen-content

Abbreviations used: CFU, colony forming units; CHI, chalcone isomerase; CMC, carboxymethylcellulose; DAE, days after emergence;
GA, gibberellin; GC–MS, gas chromatography–mass spectroscopy; IAA, indole-3-acetic acid; IBA, indole-3-butyric acid; IpdC, indole-pyruvate
decarboxylase; IFR, isoflavone reductase; PAL, phenyl-alanine–ammonia-lyase; PGPR, plant growth promoting rhizobacteria; PGR, plant growth
regulators. 
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and yield, have been reported (Burdman et al. 1998). These
positive effects may be attributed to early and increased
nodulation, enhanced N2 fixation rates and a general
improvement of root development. Stimulation of nodu-
lation following inoculation with Azospirillum may be
derived from an increase in production of lateral roots, root
hair density and branching, but also by the differentiation of
a greater number of epidermal cells into root hairs suscept-
ible for infection by rhizobia (Burdman et al. 1998).
Nodulation by rhizobia co-inoculated with Azospirillum may
also be enhanced by an increased secretion of root flavonoid
substances that are involved in the activation of the nodu-
lation genes in Rhizobium (Burdman et al. 1996; Volpin
et al. 1996)

The physiological responses of plants to Azospirillum
inoculation are reviewed here after. We also report on results
from greenhouse and field experiments with Azospirillum
carried out in Belgium, Uruguay, Mexico and Israel over the
past 6 years. Perspectives on the utilization of this bacterium
as a phytostimulating inoculant will be discussed.

Physiological responses of roots to inoculation with 
Azospirillum

Metabolism of plant growth regulators (PGRs)

Bacteria of the genus Azospirillum are able to produce PGRs
in culture, mainly auxins (indole-3-acetic acid, IAA)
(Lambrecht et al. 2000), but also (in smaller amounts)
cytokinins and gibberellins (GA3) (Bottini et al. 1989). 

Based on the use of an Azospirillum brasilense
indole–pyruvate decarboxylase (IpdC) mutant, producing
only 10% of IAA in comparison to the wild type strain, it
was demonstrated that auxin production by Azospirillum
plays a major role in plant root development (Dobbelaere
et al. 1999). Following application of uniconazole to maize,
an inhibitor of GA synthesis, 7 d prior to inoculation, GA3
could not be detected in non-inoculated maize plants, in
contrast to plants inoculated with Azospirillum that showed
the presence of this substance. It was concluded that
production of GA3 by Azospirillum was directly involved in
growth promotion of maize (Lucangeli and Bottini 1997).
Roots of Azospirillum-inoculated maize seedlings were
found to have higher amounts of both free and bound IAA
and indole-3-butyric acid (IBA) than control plants (Fallik
et al. 1989). The amount of free IAA was shown to
significantly increase 2 weeks after sowing in roots of
inoculated seedlings. Likewise, GA3 was identified by
GC–MS in a free acid fraction from roots of seedlings
inoculated with Azospirillum lipoferum, whereas in
non-inoculated seedlings, GA3 was found only after lysis of
a fraction expected to contain glucosyl conjugates (Fulchieri
et al. 1993).

It is unclear whether the relative higher amounts of free
IAA and GA3 in root tissue of inoculated maize is derived

from PGRs directly excreted by the colonizing bacteria, by
changes in plant hormone metabolism caused by bacterial
PGR excretion or by higher respiration rates of the roots
demanding more glycosidic residues from hydrolyzed
hormonal conjugates, thus freeing IAA and GA3.

Respiration and phenyl propanoid metabolism

Inoculation with Azospirillum was shown to increase the
root respiration rates of Lycopersicum esculentum (Hadas
and Okon 1987), Sorghum bicolor (Sarig et al. 1992), Zea
mays and Phaseolus vulgaris (Vedder-Weiss et al. 1999). 

Application of Azospirillum brasilense to maize plants at
an inoculum concentration of 107 colony forming units
(CFU) plant–1 increased the specific activity of the enzymes
alcohol dehydrogenase, acid phosphatase, glutamine
synthetase, isocitrate dehydrogenase, malate dehydrogenase,
pyruvate kinase and shikimate dehydrogenase in root
extracts. Significantly higher specific activities of these
enzymes were observed between the 2nd and 3rd week after
sowing in inoculated roots compared with non-inoculated
controls (Fallik et al. 1988).

It has been reported that inoculation with Azospirillum
altered the root membrane proton efflux of wheat roots,
which might probably influence mineral uptake (Bashan
et al. 1989). Inoculation of common bean and alfalfa with
Azospirillum brasilense caused a significant increase in the
nod-gene inducing capacity of root exudates compared with
exudates of the non-inoculated controls. The profile of the
nod-gene inducing flavonoids differed significantly in quan-
tity and quality from those of the controls (Burdman et al.
1996; Volpin et al. 1996).

Inoculation of maize and alfalfa did not affect the activity
of phenyl-alanine–ammonia-lyase (PAL), and glucose-
6-phosphate dehydrogenase, enzymes that are generally
highly expressed in plants following bacterial, fungal or
viral infection (Fallik et al. 1994). Enzyme activities and
mRNA levels of the defence related proteins PAL, chalcone
isomerase (CHI) and isoflavone reductase (IFR) were not
induced in alfalfa by inoculation with Azospirillum (Volpin
et al. 1996). These findings suggest that Azospirillum does
not behave as a pathogenic rhizosphere bacterium.

It seems that the presence of Azospirillum in the rhizo-
sphere elicits or activates the hydrolysis of conjugated
phytohormones and flavonoids in the root tissue, thus
releasing compounds in their active forms (Fallik et al.
1989, 1994; Fulchieri et al. 1993; Burdman et al. 1996;
Volpin et al. 1996). These observations suggest that there
might be an increase in hydrolysis of conjugates mediated
by β-glucosidases. β-Glucosidase activity could affect not
only the release of aglycones with biological activity, but
also the release of sugar radicals that might be involved in
the increased root respiration rates as observed in inoculated
roots of maize and common bean (Vedder-Weiss et al.
1999).
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β-Glucosidases catalyse the hydrolysis of glycosidic
linkages in aryl and alkyl β-glucosides and cellobiose, and
occur in all living organisms. Almost all known
β-glucosidases have a subunit molecular weight of
55–65 kDa, an acidic pH for optimal activity (pH 5–6) and
an absolute requirement for a β-glucoside substrate. In
plants, β-glucosidases participate in defence mechanisms
against pathogens by releasing compounds such as thio-
cyanates, coumarins, hydroxamic acid and terpens. In
addition, they catalyse the hydrolysis of non-active con-
jugates, such as glycosides of flavonoids (Hartwig and
Phillips 1991) and phytohormones (auxins, gibberellins,
cytokinins and abscisic acid) releasing their active
aglycones (Campos et al. 1993).

It was consistently observed that treatment with
Azospirillum reduced the Km and Vmax values of β-glucosidase
activity in crude extracts of root tips and detached roots of
maize and common bean (Vedder-Weiss et al. 1999). In vitro
inoculation of detached root segments caused a reduction in
β-glucosidase kinetic values, with changes in Km and Vmax
being already observed after 5 h, and accentuated up to 24 h.
This effect was shown to directly correlate with the concentra-
tion of the inoculum. Reduction in Vmax and Km suggests that
the bacterium leads to a lower total enzyme activity, but also
to a higher affinity towards substrates of specific β-glucosi-
dases (Vedder-Weiss et al. 1999).

Mineral uptake and water utilization

Inoculation of plants with Azospirillum significantly
enhanced the specific uptake of NO3

–, K+, H2PO4
– and

microelements in both greenhouse and field experiments
(Fages 1994). The surface activity involved in ion uptake
probably increased as a result of the proliferation of root
hairs and altered cell arrangements in the outer four to five
layers of the root cortex, as observed in cross sections of
inoculated plants (Fallik et al. 1994).

Inoculated roots of sorghum grown in a hydroponic
system showed an enhanced specific uptake of minerals,
which was concomitant with an improved root hydraulic
conductivity (Sarig et al. 1992). In plants subjected to
osmotic stress, leaf senescence was delayed in inoculated
plants indicating an improved water uptake by the
inoculated stressed-roots (Sarig et al. 1990). In field experi-
ments, the water regime of sorghum plants was improved by
inoculation, as observed in their higher leaf water potential,
lower canopy temperatures, and greater stomatal conduct-
ance and transpiration in comparison with non-inoculated
controls. Moreover, total extraction of soil moisture by
inoculated plants was greater (in the order of 15%) and
occurred from deeper soil layers than with controls. These
findings indicate that inoculation with Azospirillum could
lead to increased yields in dry-land grain sorghum, primarily
through an improved utilization of soil moisture (Sarig et al.
1988; Fallik et al. 1994). 

In wheat, inoculation with Azospirillum improved
coleoptile growth in seedlings grown in darkness under
osmotic and salt stresses (Alvarez et al. 1996; Creus et al.
1997). Inoculated seedlings were shown to have higher
turgor than non-inoculated controls at low water potential
under osmotic stress. The observed stimulated growth of the
inoculated seedlings was accompanied by significant
decreases in osmotic potential and relative water content at
zero turgor, in volumetric cell wall modulus of elasticity, and
in absolute symplastic water volume, and by a significant
rise in apoplastic water fraction parameters. These results
are consistent with a better water status in Azospirillum-
inoculated wheat seedlings under water, osmotic and salt
stress, where both effects on cell wall elasticity and/or
apoplastic water were evident (Creus et al. 1998).

Summary of field experiments with Azospirillum 

Field experiments involving Azospirillum inoculation during
the 1990s were carried out in many countries including
Israel, France, Belgium, Argentina, Uruguay, Mexico and
South Africa. We summarize here the results obtained in
Belgium, Uruguay, Mexico and Israel. A combination of
field experimentation and commercial utilization was carried
out by Lipha-Lyon (France) and Soygro-Potchefstroom
(South Africa). Some of the results have been recently
presented in international meetings and will also be
discussed.

Belgium

Two field experiments were carried out in Tiegem, north of
Belgium during 1999–2000 to test the effect of inoculation
with A. brasilense Sp245 and A. irakense KBC1 on the
N uptake by winter wheat (Triticum aestivum cv. Folio) and
grain maize (Zea mays cv. LG 21.83). Belgian soils are in
general very well or often over fertilized, leading to an
excess of N in soil and groundwater. Improving the N uptake
by cereals would help to reduce the amount of fertilizer
used. Since it has been observed that the beneficial effect of
inoculation with Azospirillum is most pronounced at inter-
mediate levels of fertilizer, in each experiment a range of
N fertilizer doses was applied to define the level where
Azospirillum inoculation can improve N uptake from the
soil. The highest N level was the recommended level based
on soil analysis. Inoculation of winter wheat was done, by
spraying with a liquid formulation on the field after sowing.
For maize, seeds were coated with a peat-based inoculum. In
both cases, the final concentration of bacteria applied was
between 107 and 108 CFU per seed.

Analysis of samples taken during the growing season
showed an early effect of inoculation on root development
and plant growth. This effect was most pronounced for the
non-fertilized plots. For winter wheat, a significant
(P = 0.05) increase in plant dry weight of 62 and 46% above
the control on inoculation with A. brasilense Sp245 and
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A. irakense KBC1, respectively (Table 1), could be
observed. This was due to a corresponding increase of 34
and 33% in the number of shoots by these strains. Inocula-
tion also resulted in an early stimulation of root develop-
ment, with a 31% increase in root dry weight on inoculation
with A. brasilense Sp245 and a 12% increase with
A. irakense KBC1 as compared with the control. For grain
maize, only plants inoculated with A. irakense KBC1
showed an advance in development compared with control
plants (Table 2): the inoculated plants were 8.7% longer and
16.2% heavier. For the fertilized plots, these effects dis-
appeared almost completely. Only inoculation with
A.  irakense KBC1 resulted in significant (P = 0.05)
increases in the number of shoots (10%) and plant length
(18%) of winter wheat (Table 1), and in the number of roots
(10%) and the root dry weight (24%) of maize (Table 2).

These early positive effects on plant development
observed at the intermediate sampling did not result in
higher yields. The bad weather conditions during grain
filling and ripening may certainly have influenced (nega-
tively) the effect of Azospirillum inoculation on grain yield.
Due to the exceptional amount of rain (150% deviation from
the normal amount of precipitation) and a deficit in sunshine
in July, the yield of the winter wheat reached only 70% of its
full potential, and also the effect of the different N levels
was not obvious. On average, the control plants gave a
higher (fresh) yield than the inoculated plants. This is the
yield obtained after mechanical harvesting of the complete
plot with a combine harvester. The higher yield might be
explained by the higher moisture content of the grains of

control plants (results not shown). These differences were
not significant at P = 0.05. When results were compared at
the same moisture content, a better development of ears and
grains of inoculated plants could be observed. This effect on
ear development was somehow strain specific, with
A. brasilense Sp245 having most effect on winter wheat (up
to 25% increase in ear dry weight, Table 3) and A. irakense
KBC1 stimulating especially ear development of maize,

Table 1. Field inoculation experiment with winter wheat in
Tiegem, North of Belgium (light loam soil, organic matter 1.5%,

pH 6.5) during 1999–2000, under two levels of N fertilization
Results of the intermediate sampling obtained in early spring, about
6 months after sowing. Different letters in the same row indicate
statistically significant differences (P = 0.05) by Duncan test (plot size

8.75 m2, four replicates)

Parameter Control
A. brasilense 

Sp245
A. irakense 

KBC1

0 kg N ha–1

Number of shoots 3.22b 4.33a 4.30a
Plant length (cm) 39.17b 43.61a 42.38a
Plant fresh weight (g) 6.80c 10.79a 8.72b
Plant dry weight (g) 1.27b 2.06a 1.86a
Root fresh weight (g) 1.13b 1.36a 1.40a
Root dry weight (g) 0.26b 0.34a 0.29b

60 kg N ha–1

Number of shoots 3.93b 3.73b 4.33a
Plant length (cm) 41.88c 46.17b 49.40a
Plant fresh weight (g) 8.83a 9.41a 9.62a
Plant dry weight (g) 1.64a 1.70a 1.65a
Root fresh weight (g) 1.27a 1.30a 1.23a
Root dry weight (g) 0.33a 0.28b 0.35a

Table 2. Field inoculation experiment with maize in Tiegem,
North of Belgium (light loam soil, organic matter 1.5%, pH 6.5)

during 2000, under two levels of N fertilization
Results of the intermediate sampling obtained 1 month after sowing.
Different letters in the same row indicate statistically significant
differences (P = 0.05) by Duncan test (plot size 6.3 m2, four replicates)

Parameter Control
A. brasilense 

Sp245
A. irakense 

KBC1

0 kg N ha–1

Plant length (cm) 35.36b 35.63b 38.45a
Number of leaves 6.84a 6.76a 7.0a
Plant dry weight (g) 1.30b 1.24b 1.51a
Number of roots 13.47a 13.69a 13.47a
Root dry weight (g) 0.29a 0.12b 0.15b

80 kg N ha–1

Plant length (cm) 37.19a 37.93a 37.75a
Number of leaves 9.16a 9.00ab 8.76b
Plant dry weight (g) 1.33a 1.34a 1.33a
Number of roots 13.53b 12.84b 14.94a
Root dry weight (g) 0.21b 0.20b 0.26a

Table 3. Field inoculation experiment with winter wheat in
Belgium during 1999–2000, under different levels of N fertilization
Dry weight yield of ears and grains at harvest. Different letters in the
same column indicate statistically significant differences (P = 0.05) by

Duncan test (plot size 8.75 m2, four replicates)

N-fertilization level (kg N ha–1)
Parameter 50 60 110 170

Ear weight (g)
Control 1.54b 1.42b 1.70b 1.78a
A. brasilense Sp245 1.87a 1.78a 2.01a 1.64a
A. irakense KBC1 1.66ab 1.40b 1.74b 1.59a

Number of grains per ear
Control 40.04a 36.64b 36.00a 45.04a
A. brasilense Sp245 41.68a 42.18a 44.47a 39.98a
A. irakense KBC1 40.91a 35.92b 47.00a 42.85a

Grain weight per ear (g)
Control 1.21b 1.12b 1.25a 1.48a
A. brasilense Sp245 1.48a 1.43a 1.62a 1.34a
A. irakense KBC1 1.34ab 1.12b 1.55a 1.30a

Weight per grain (mg)
Control 29.83b 29.76b 34.21a 32.55a
A. brasilense Sp245 35.64a 33.90a 36.80a 34.18a
A. irakense KBC1 33.04a 31.82ab 32.84a 29.84b
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with heavier cobs and grains (Table 4). Analysis of the
N content of plants and grains by mass spectrometry
revealed on average a higher N content in the grains of
inoculated plants. Soil analysis showed a difference only in
N uptake at the higher N levels for winter wheat, with more
nitric N remaining in the soil of control plots (results not
shown).

Earlier in 1997, the commercial inoculum
AZOGREEN-m (Lipha-tech, France), which is a peat-based
inoculum containing the strain A. lipoferum CRT1, was used
in a field experiment on grain maize Zea mays cv. Kajak.
This was done on the same location in Tiegem and also here
different levels of N fertilizer were applied. The aim was to
evaluate the performance of this commercial inoculum on
maize under Belgian conditions. The final concentration of
bacteria added was 106 CFU per seed, which might be too
low to obtain plant growth promotion. On average, the grain
yield and N content in the grains were higher for the
inoculated plants, but the differences were not significant at
P = 0.05 (results not shown). However, there was a clear
effect on the uptake of N by inoculation. As seen in Fig. 1,
the amount of nitric-N remaining in the soil at harvest was

observed to be lower in the inoculated plots, especially at the
highest levels of N fertilizer. This indicates that the
inoculated plants took up more N than the control plants.

Although no significant yield increases (combine
harvester) were obtained in the field experiments, an effect
of inoculation with Azospirillum on the physiology of plants
could be observed. The increase in plant dry weight seen at
the intermediate samplings can be attributed to the larger
root system of inoculated plants. This is in agreement with
results obtained in the greenhouse, where a perfect cor-
relation between stimulation of root development and
increase in plant dry weight could be found. For A. brasilense
Sp245, this stimulation has been shown to derive from the
production of plant growth hormones, especially IAA
(Dobbelaere et al. 1999). Azospirillum irakense KBC1,
however, produces almost no IAA (about 25 times less than
A. brasilense Sp245). Therefore, the exact mechanism by
which this strain stimulates root development and plant
growth is not clear. The lower moisture content in grains of
inoculated plants might indicate an earlier ripening and
drying of the plants. The effect of inoculation on the
N uptake could not be determined unambiguously. The
higher N content in grains of inoculated plants suggests an
improvement in N uptake and/or translocation on
inoculation.

Uruguay 

A project was started in Uruguay in 1990 in order to study
the responses of some grain crops to Azospirillum
inoculation, to define favourable soil and agronomic condi-
tions to obtain responses in the field, and with the aim of
developing commercial inoculants.

During the project, various strains of A. brasilense
(Cd, 245) were evaluated. The effects of inoculation were
tested under greenhouse and field conditions on maize,
sorghum and oat (Avena sativa). Survival of Azospirillum in
sterilized peat as carrier was followed, and formulations

Table 4. Field inoculation experiment with maize in Belgium
during 2000, under various levels of N fertilization

Results of the different parameters analysed at harvest. Different
letters in the same column indicate statistically significant differences

(P = 0.05) by Duncan test (plot size 6.3 m2, four replicates)

N-fertilization level (kg N ha–1)
Parameter 0 40 80 120

Number of cobs per plant
Control 1.069a 1.181a 1.233a 1.289ab
A. brasilense Sp245 1.039a 1.138a 1.177a 1.194b
A. irakense KBC1 1.065a 1.121a 1.194a 1.310a

Fresh cob yield (kg ha–1)
Control 12409a 15225a 16350a 16924a
A. brasilense Sp245 12439a 15008a 15923a 16380a
A. irakense KBC1 13500a 15158a 16421a 17719a

Fresh weight per cob (g)
Control 127a 140a 145a 143a
A. brasilense Sp245 130a 144a 147a 149a
A. irakense KBC1 138a 147a 150a 147a

Grain yield at 15% moisture (kg ha–1)
Control 9061a 10182a 11003a 11395a
A. brasilense Sp245 8108a 9896a 10633a 11029a
A. irakense KBC1 8580a 10190a 11559a 12061a

1000-Grain dry weight (g)
Control 207.21a 215.34a 213.78a 221.80a
A. brasilense Sp245 200.64a 213.66a 215.01a 217.59a
A. irakense KBC1 206.37a 218.21a 218.90a 224.94a

N content in grains (%)
Control 1.322a 1.367a 1.445a 1.496a
A. brasilense Sp245 1.343a 1.398a 1.481a 1.486a
A. irakense KBC1 1.346a 1.399a 1.419a 1.536a

0

20

40

60

80

100

120

kg
 N

 h
a–

1

0 50 100 150 200 250

N level

Control AZOGREEN-m

Fig. 1. Field inoculation experiment with AZOGREEN-m on grain
maize in Belgium in 1997, under different levels of N fertilization (kg
ha–1). Bars indicate the amount of nitric-N present in the soil at harvest
(in the soil layer of 0–30 cm depth). 
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with survival of 109 CFU g –1 peat during a 12-month storage
period were developed.

Positive increases in maize and sorghum biomass were
constantly observed in the field (Table 5) and in the
greenhouse (Table 6); however, these trends were not
statistically significant (P = 0.05) in most cases. With
field-grown oats, a significant increase in plant biomass was
observed only in the first cut (harvest), but not in the second
(Table 5). In one greenhouse experiment with this crop,
significantly positive promotion effects were observed, but
these results were not significant in a second experiment
performed out of the growth season (Table 6). 

Based on greenhouse and field experiments carried out
during the above project in Uruguay, it can be concluded that
in rich fertile soils with relatively high organic matter
content, crop yield promotion following Azospirillum
inoculation is not conclusive. In general, although some
initial plant growth promotion was initially observed in the

field, the differences between inoculated plants and controls
tended to decrease with time in the tested soils.

Mexico

In Mexico, maize, wheat and sorghum field-inoculation
experiments with Azospirillum during the 1980s and early
1990’s were successful with significant yield increases
ranging from 20 to 70% (Caballero-Mellado et al. 1993;
Caballero-Mellado, unpublished data). Following these
results, a large field-inoculation program was carried out in
Mexico by farmers through the Ministry of Agriculture
Research Institute (INIFAP) in collaboration with the
CIFN-UNAM. Approximately 450000 ha of maize and
150000 ha of sorghum, wheat and barley were inoculated
with a mixture of A. brasilense strains, using sterilized peat
as carrier containing a minimum of 5 × 108 viable cells g–1.
Grain yields were evaluated at 171 sites and in 678 ha using
various cultivars, with diverse soil and climatic conditions
and different levels of N fertilization. Twelve commercial
cultivars of sorghum, seven of wheat, one of barley,
28 modern cultivars of maize and several domestic maize
cultivars were evaluated. The results showed consistent
increases in crop yield (26% in average) and are sum-
marized in Tables 7 and 8. It was clearly observed that the
positive effects of inoculation on grain yield were higher and
more consistent under low N fertilization levels (Table 8).
The highest positive responses were generally observed in
light-sandy soils and with domestic maize cultivars.

Israel

Two maize field experiments with A. brasilense strain Cd
(ATCC 29729) were carried out in 1998 in order to evaluate
early effects on root and shoot development. Experimental
layout, soil type and inoculation methodology were similar
to those reported for the field experiments in the 1980s
(Okon and Labandera-Gonzalez 1994). In the first experi-
ment, carried out in Ramat Hanegev (northern Negev) with
Zea mays cv. Jubilee (sweet corn, Hazera Co., Haifa, Israel),

Table 5. Field inoculation experiments with Azospirillum
brasilense in Aguas Blancas, Uruguay (soil pH 5.6, organic

matter 3.2%)
No N-fertilizer was added. The peat inoculant consisted of a mixture
of strains Cd and Sp245. Percentage of increase in shoot dry weight of
inoculated above non-inoculated plants. DAE, days after emergence.

Statistical significance is indicated at P = 0.05 (five replicates)

Tested crop
Time of 
harvest

% Increase in 
dry weight Significance

Aguas Blancas 1993–1994
Zea mays cv. Morgan 50 DAE 5 no

cv. Pioneer 3875 50 DAE 12 no
cv. Pioneer 3901 50 DAE 3 no

Aguas Blancas 1994–1995
Zea mays cv. Morgan 50 DAE 14 no
Avena sativa cv. Tucana 1st cut 17 yes

 2nd cut 6 no

Table 6. Greenhouse inoculation experiments with Azospirillum brasilense in Uruguay during 1994–1996
Inoculation consisted of a liquid mixture of strains Cd and Sp245 at 107 CFU plant–1. Pots contained 1 kg soil (15–20 replicates per treatment).
DAE, days after emergence. Percentage of increase in plant dry weight of inoculated above non-inoculated plants is presented. Statistical

significance at P = 0.05 is indicated (10 replicates)

Soil Tested crop Time of harvest % Increase in dry weight Significance

Coarse sand Sorghum vulgare cv. B-815 28 DAE 11.3 no

Sandy soil from Tacuarembo Zea mays cv. Morgan 28 DAE 8.0 no

Sandy soil from Tacuarembo Avena sativaA cv. Tucana 1st cut 24.0 yes
2nd cut 15.0 yes
3rd cutB 34.0 yes

AIn a similar experiment performed during August–October (1995), out of the oat growth season, the plants flowered very early and no effect of
Azospirillum inoculation on growth could be observed, both in sand and in soil from Tacuarembo.
BThe dry weight posterior to the 3rd cut was lower in inoculated plants than in the control, indicating earlier depletion of nutrients.
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it was observed that the number of adventitious roots, the
total adventitious root length, and root and shoot dry weight
increased significantly (P = 0.05) above non-inoculated
controls by 24, 41, 37 and 27%, respectively, 2 weeks after
emergence. In the second experiment, carried out near
Kibbutz Sede Yoav (Northern Negev) with Zea mays cv.
G-S-46 (field corn, Galilee Seeds Co., Rosh Pina, Israel),
inoculated plants showed a significantly higher shoot dry
weight in the order of 33% above non-inoculated plants,
5 weeks after emergence. 

In 1999, in an experiment carried out in Bet Dagan
(central part of Israel) with Zea mays cv. Rinat (Hazera Co.),
inoculation with A. brasilense strain Cd increased total shoot
dry weight by 23%, 7 weeks after emergence. At harvest,
13 weeks after emergence, the increase in this parameter
above controls was in the order of 13%. Nevertheless, no
significant differences in yield components (such as average
ear weight and average number of ears per plant) were
observed between inoculated and non-inoculated plants.

Discussion

During the 1980s, many field experiments were carried out
in various countries in order to evaluate the response of
plants to inoculation with Azospirillum. Results from field
experiments were evaluated in several reviews (Bashan and
Levanony 1990; Sumner 1990; Fages 1994; Okon and
Labandera-Gonzalez 1994). Based on published data, it was
concluded that inoculation with Azospirillum resulted in
significant yield increases in the magnitude of 5–30% in
about 60–70% of the experiments. The beneficial effects
were mainly observed in lighter soils under intermediate
levels of fertilizer (N, P and K) and water regimes (Okon
and Labandera-Gonzalez 1994). Less clear effects were
generally observed in heavier soils, and under high levels of
fertilizer. In heavier, adequately fertilized soil it was shown
that inoculation with the bacterium improved combined
N uptake form the soils (Fages 1994). 

The results presented here for the last 6 years in the four
countries corroborate the extensive observations proceeding
from the 1980s and early 1990s about the positive effects of

Azospirillum inoculants, leading to an increased crop yield
of cereals in most field experiments carried out in light soils,
with relatively low organic matter content. (Okon and
Labandera-Gonzalez 1994). Other observations from the

Table 7. Field inoculation of cereals with Azospirillum brasilense in Mexico
The summarized data are based on evaluation made by farmers and INIFAP agronomists during the summer of 1999. Peat inoculants consisted of
a mixture of strains UAP-154 (Paredes-Cardona et al. 1988) and CFN-535 (isolated from the rhizosphere of maize cv. VS-535 in the state of

Morelos). Positive effects (%) is defined as the percentage of experiments where positive effects were observed

Crop
No. of 

evaluated sites
Evaluated 
area (ha)

Positive 
effects (%)

Range of grain 
yield increase (%)

Average 
increase (%)

Maize: no N-fertilization or less than 90 kg N ha–1 62 248 95 11–98 33
Maize: fertilized in the range of 100 to 150 kg N ha–1 69 276 62 6–49 12
Sorghum: no N-fertilization or less than 90 kg N ha–1 12 48 62 11–73 36
Sorghum: fertilized in the range of 100 to 150 kg N ha–1 8 32 63 6–17 10
Wheat: no N-fertilization or less than 90 kg N ha–1 7 35 83 10–58 22
Barley: no N-fertilization or less than 110 kg N ha–1 13 39 86 17–65 42

Table 8. Field inoculation of various maize cultivars with
Azospirillum brasilense in different regions of Mexico, under low

and high levels of N-fertilizer
Data are based on evaluation made by farmers and INIFAP agrono-
mists in areas from 1 to 5 ha during the summer of 1999. Peat
inoculants consisted of a mixture of strains UAP-154 and CFN-535.

LC, local cultivar

N level Grain yield (kg ha–1) Difference
State/cultivar (kg ha–1) Non-inoculated Inoculated (%)

Low N-level
Campeche

LC 18 1400 2100 +50
LC 18 2510 3985 +60
LC 18 2000 3500 +75

Hidalgo
Tornado 46 1623 2253 +39
LC 46 1050 2080 +95

Oaxaca
V-233 0 2151 2479 +15
LC 0 2854 3419 +21

Quintana Roo
LC 0 1502 1900 +27
LC 30 1505 2205 +47
LC 30 1390 2190 +58
LC 30 1234 2204 +78

High N-level
Campeche

VS-536 110 4600 5300 +15
H-515 110 4590 5100 +10

Michoacan
H-515 110 6406 6887 +8
Remaco 110 7107 7076 –1

Puebla
H-40 140 3298 3212 –3
San Pedro 140 3939 3933 0

Tabasco
C-343 90 5580 6630 +19
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1980s that have been confirmed by the present results, show
that positive effects observed at the beginning of the growth
season are not always translated into increased yields, a
common feature on heavier and/or well-fertilized soils.
Positive effects are generally obtained at low–intermediate
N-fertilization levels (Belgium, Uruguay) and it is important
to use an optimal inoculum concentration to obtain
increased yields, as clearly observed in Belgium.

First-generation (wild type) Azospirillum inoculants for
maize (Azogreen) are now commercially available in Europe
(Lipha, France). Results from field experiments using
A. lipoferum inoculation during 6 consecutive seasons con-
sistently showed a better utilization of N fertilizer by maize
plants (P. Wadoux, Lipha, pers. comm.). A company in
South Africa, Soygro (Pty) Ltd (Potchefstroom), is produc-
ing (1998–2001) Azospirillum inoculants for 150000 ha of
maize, 12000 ha of wheat and experimentally 500 ha of
sorghum. In field experiments with maize carried out in
light, sandy soils during 5 years (1994–1999), a consistent
increase in yield of 10–30% above non-inoculated plants has
been observed. About 15% from a total of 150000 ha of
Rhizobium-inoculated legumes in South Africa have been
coinoculated with A. brasilense. Field experiments showed
consistent average yield increases of 15–30% in co-
inoculated legumes above those obtained with legumes
inoculated with Rhizobium alone (T. E. M. Odendaal,
Potchefstroom, personal communication).

The complex regulation of the ipdC gene, which plays a
key role in IAA synthesis, is being studied in order to
explore the phytostimulatory effects of Azospirillum
(Lambrecht et al. 2000). The promoter of the ipdC gene has
been substituted either by a constitutively expressed or by a
plant-regulated promoter. These types of ‘second genera-
tion’, genetically modified inoculants are being tested in
greenhouse conditions (J. Vanderleyden, unpublished data).
It is expected that their performance would be more
consistent in promoting plant growth and crop yield.

The main obstacle impeding a more intensive and
widespread use of Azospirillum as well as other plant
growth promoting rhizobacteria (PGPR) at the commercial
level has been the so-called ‘inconsistent’ results in field
experiments. The inconsistency of the response of amended
crops to bacterial inoculants could be explained by varying
environmental–soil–plant and microfloral components at
any given experimental site. When evaluating PGPR per-
formance, there has been a tendency not to take into
account the fact that inconsistencies also may be encoun-
tered in the response of crops to Rhizobium inoculants,
which have been commercially utilized for about a century,
and to chemical fertilizers and pesticides that are not always
efficient in the field. Fages (1994) proposed that a
well-focused strategy of field experimentation could
demonstrate an acceptable consistency of agronomic
results, such as those reported for sorghum and maize in

Israel and Mexico, for maize in France (P. Wadoux, Lipha,
personal communication) and for maize and co-inoculated
legumes in South Africa (T. E. M. Odendaal, Potchef-
stroom, personal communication). 

Successful inoculation experiments appear to be those in
which researchers have paid special attention to the optimal
number of cells in the inoculants, using appropriate
inoculation methodology, whereby an optimal number of
cells remained viable and available to colonize roots (Okon
and Labandera-Gonzalez 1994).
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