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Abstract Five bacterial strains, one from each of the
five known species of the plant growth-promoting
bacteria (PGPB) Azospirillum (A. brasilense, A.
lipoferum, A. amazonense, A. halopraeference, and A.
irakense) were inoculated into two natural, semiarid
soils (terra rosa and loessial sandy) from Israel, and two
artificial soils constructed to simulate the native soils.
Within 60 days, the populations of all five Azospirillum
species declined significantly in a linear fashion, in both
the native soils and in the homologous artificial soils.
Increased levels of CaCO3 , and fine and rough sand, had
significant detrimental effects on the survival of the five
Azospirillum species, whereas increased organic matter
content improved survival. In contrast, when the
bacterial strains were incubated in the rhizosphere of
tomato seedlings grown in the artificial soils,
manipulation of these soil variables had only a marginal
effect on bacterial survival; all Azospirillum species
survived well in the tomato rhizosphere under
conditions that are otherwise detrimental. This study
indicates that most cells of the strains of five known
species of Azospirillum died out linearly over time in
two semiarid soils, and that only the major soil
components affected Azospirillum survival in soil.
Because mortality was similar in native soils and in
artificial homologous soils, artificial soils can be used to
study the soil behavior of Azospirillum.
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Introduction
Azospirillum species are important rhizosphere bacteria. They
proliferate in the rhizosphere of numerous plant species of
different families and have been shown to stimulate the
growth of associated plants (Bashan and Holguin 1997), as do
many other plant-growth-promoting bacteria (PGPB)s
(Bashan and Holguin 1998; Glick 1995). However, little is
known about the behavior of Azospirillum in bulk soil, e.g.,
whether it is able to multiply in the absence of a host plant
(Del Gallo and Fendrik 1994).
Azospirillum has been isolated from the roots and
rhizospheres of numerous host plants [for a review see Bashan
and Holguin (1997)], and has been inoculated into especially
agriculturally important annuals such as cereals (Jagnow
1987) and vegetables (Bashan et al. 1989). The practice of
harvesting these crops, which are the source of nutrients for
bacteria, from the soil at the end of each growing season,
creates a hurdle for the survival of Azospirillum from one
season to the next. To re-establish a population in the
following season, the bacteria must be able to survive, and
perhaps proliferate, in soils in the absence of the host plant.
Although Azospirillum species have been successfully
isolated from bulk soil (Bashan 1999), from the beginning of
agricultural research on these species, the capacity of these
bacteria to survive in bulk soil has been shown to be
contradictory. In some soils, they survived well for long
periods (Baldani et al. 1986; Bouillant et al. 1997; Kabir et al.
1994; Oliveira and Drozdowicz 1988); however, in others
they did not (Albrecht et al. 1983; Bashan and Levanony
1987, 1988; Bashan et al. 1991a), although DNA of
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Azospirillum species (16s sequences) is always present in
soils (R. Bally, personal communication).
The effects of single soil variables, such as soil texture
and clay content, on bacterial survival are known (van Elsas
1992; Hartel et. al. 1994). In Israeli and Mexican soils, the
content of clay, N, and organic matter, and the waterholding capacity were positively correlated with A.
brasilense viability. A high percentage of CaCO3 , and fine
or rough sand, had a negative effect on its viability in soil
(Bashan et al. 1995).
The aims of this study were: (1) to extend the results of
survival in bulk soil obtained earlier with A. brasilense to
the other four species of Azospirillum, and (2) to determine
whether members of the genus Azospirillum in general are
affected by the levels of CaCO3 , sand, and organic matter in
soil. In addition to using natural soils, artificially
constructed soils were evaluated for their ability to exert an
analogous effect on bacterial survival and, therefore, for
their use in studying Azospirillum behavior in bulk soil.

Materials and methods
Organisms and growth conditions
The following Azospirillum strains were used: A. brasilense Cd
(DSM 7030, Braunschweig, Germany), A. lipoferum 1842 (DSM
1842), A. halopraeference Au4 (donated by B. Reinhold -Hurek,
Max Plank Institute, Marburg, Germany), A. amazonense 2787
(DSM 2787), and A. irakense KBC1 (donated by P. Kaiser,
Institute National Agro nomique, Paris, France). Tomato
(Licopersicon esculentum Mill. cv. VF M-82-1-8) seedlings were
used as host plants.
Azospirillum strains were grown on N-free OAB medium
(Bashan et al. 1993) for 16 h at 30±1 °C at 200 rpm. The medium
for growing A. halopraeference Au4 was as described by
Reinhold et al. (1987). All bacteria were harvested by
centrifugation (7000 g, 10 min), washed twice in K 3P04 buffer
(PBS, pH 7.0, 0.06 M) supplemented with 0.15 M NaCl, and
repared for soil inoculation at a final concentration of 1 x 108
colony forming units (cfu)/ml soil (Bashan 1986). Soil was
directly inoculated by adding a triple -washed bacterial suspension
in sterile water to each pot. Plants were inoculated by a standard
seed treatment (Puente and Bashan 1993) and again immediately
after germination (after emergence of cotyledons from the soil
surface) by soil inoculation as described above.
Soils
Two native soils from Israel evaluated in a previous study (Bashan
et al. 1995) were used: terra rosa soil (Rhodoxeralfs) and loessial
sandy soil (Torripsamments). Their characteristics are given in
Table 1.
Artificial soil

Soil is an extremely difficult environment to simulate.
Nevertheless, to evaluate whether changes in relative quantities of
soil components affect the s urvival of Azospirillum species, two
artificial soils were created. They were prepared to resemble, in
their major components, the natural soils from Israel mentioned
above. Both artificial soils were composed of quartz sand (fine,
particle size 0.02-0.2 mm; rough, particle size 0.2-2 mm)
thoroughly washed with distilled water and other components in
the proportions described for the natural soil in Table 1. The two
primarily clay minerals in each soil were added in 1:2 (v/v)
proportions to produce the required clay concentrations
(montmorillonite and kaolinite for Rhodoxeralfs and
montmorillonite and calcite for Torripsamments). Ca was added as
analytical-grade CaCO 3, and organic matter was added as milled
(60 mesh), thoroughlywashed sawdust. The water-hold ing
capacity was adjusted by the addition of very fine vermiculite
(particle size < 1 mm). Silt with an average particle size of 0.02
mm was donated by the local aquaculture industry. The pH of the
soil was adjusted with phosphate buffer, to pH 7.0-7.8 (which
served also as a supply of K and P), and the N content was
adjusted by adding NH 4NO3. No microelements were added as
they were present as contaminants in the analytical-grade reagents
used. All the ingredients were mixed in a small, homemade soil
mixer. Common soil analyses of the resultant artificial soils
revealed that their basic physical and chemical characteristics
were similar to those of the original soils upon which they were
based. Soil moisture retention curves were compared and were
also similar.
Sand concentrations were manipulated by adjusting the relative
percentages of fine and rough sand while keeping the total level of
sand in the artificial soil at the same level as in the native soil. Soil
mixtures, sterilized by the standard autoclave tyndelization
method (Bashan et al. 1995), were aliquoted (100 ml) into black
plastic pots and irrigated to water-holding capacity with deionized
water.

Plant growth conditions and soil incubation
Five tomato seeds were sown in natural and artificial soils in pots
(150 ml containing 100 ml soil) in a Conviron TG-16 growth
chamber (28 ± 2 °C, 12 h light with a total light intensity of 200
µmol/m2/s; Conviron, Winnipeg, Canada) for 3 weeks. Plants
were grown either in natural soils, in homologous artific ial soils,
or in two artificial soils in which CaCO 3 and sand levels were
modified. In the latter soils, the level of CaC0 3 was increased to
3% (v/v), the level of rough sand was adjusted to 9% (v/v), and
the level of fine sand to 90% (v/v), eliminating the clay and silt
fractions (modified artificial loessial sandy soil). In modified
artificial terra rosa soil the level of CaCO 3 was increased to 3%
(v/v), the level of rough sand was adjusted to 5% (v/v), and the
level of fine sand to 50% (v/v), and the level of clay was reduced
to 18% (v/v). To avoid nutritional stress to the plants (indicated by
chlorosis), a commercial complete fertilizer for gardens (0.5%
w/v) was added twice by irrigation after 3 and 5 weeks. Plants
were irrigated with 10 ml distilled water 3 times a week. Bulk soil
(containing no plants) was incubated and irrigated similarly.
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Quantification of bacterial in bulk and rhizosphere soil
Soil samples for bacterial quantification from bulk and rhizosphere
soils were prepared as previously described (Bashan et al. 1995).
The level of bacteria in the soil samples was determined by a basic
enzyme -linked immunosorbent assay (ELISA) technique (Levanony
et al. 1987) when the level of bacteria was higher than 105
cfu/sample, and by the limited enrichment technique coupled with
ELISA detection (Bashan et al. 1991b) when fewer bacteria were
present. Results are presented as cfu/g soil.

were combined to finally yield three values per pot; these final
values were subjected to statistical analysis. This process was
repeated for each of five pots of identical soil composition and
bacterial treatment in a single experiment (n =100 pots for all
Azospirillum species). The experiment with artificial soils was
repeated twice and results presented are the averages of these.
Linear regressions were made by SigmaPlot 5.0 software
(Jandel, San Rafael, Calif.) with significance calculated by the
Spreadware statistics package (Spreadware, Palm Desert,
Calif.). Actual P values are given in the figures.

Experimental design and statistical analysis

Results
Soil samples for determination of bacterial survival in both natural
and artificial soils were taken randomly with five replicates for
each; each pot was considered a re plicate. To determine the level of
bacteria in both natural and artificial soils, five 0.5-g soil samples
were taken randomly from a single pot, at each sampling time, and
thoroughly mixed, creating one homogeneous sample of 2.5 g per
sampling time. From t he homogeneous sample, nine subsamples
(0.1 g each) were taken randomly for bacterial quantification,
yielding initially nine values per pot. Values for three subsamples

Survival of Azospirillum in two natural
and two artificial bulk soils
In both natural soils, the populations of the five species
of Azospirillum declined linearly (P ≤ 0.001) and rapidly
after inoculation, with only small differences between
the species (Fig. 1A-J, solid lines). In the loessial
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sandy soil, populations of the five Azospirillum species
declined even more rapidly, and linearly (P ≤ 0.001)
than in the terra rosa soil. Survival among the species in
both natural soils was as follows: A. irakense>A.
halopraeference>A. brasilense>A. amazonense>A. lipoferum.
The mortality rates of the five Azospirillum species in the

two artificial soils were almost identical to those in the
homologous natural soils (Fig. 1A-J, dashed lines).
Combining all of the data from the five Azospirillum
species for survival over time in each soil type (natural
or artificial) revealed that populations of each species of
Azospirillum declined linearly, similarly, and significantly
(P ≤ 0.001) in both natural and artificial homologous
soils (Fig. 2A-D).

The effect of addition of CaCO3 , sand, and organic
matter to artificial soils on survival of Azospirillum
The three Azospirillum species with the highest survival,
A. irakense, A. halopraeference, and A. brasilense, were
further evaluated for survival in two artificial soils with
elevated CaCO3 concentrations (1-5%). The original
soils had a CaCO3 concentration of 0.5% (terra rosa) and
1.6% (loessial sandy) (Table 1).
Increased levels of CaCO3 in both artificial soils
significantly and linearly decreased survival of all three
species after 14 days (Fig. 3). Very few bacteria survived
when the level of CaCO3 reached 5%; only single cells
up to approximately 101 cfu/g soil were detected in these
soil samples.
The level of fine sand in terra rosa soil is 27.4% and
in the loessial sandy soil 88.4% (Table 1). In these soils,
the population of the three Azospirillum species ranged
from 103 -105 cfu/g after 14 days. Increasing the per
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centage of fine sand in the artificial terra rosa soil
significantly and linearly reduced survival in all three
species (Fig. 4a,c,e). In the artificial loessial sandy soil,
reducing the original high percentage of fine sand increased
survival (Fig. 4b,d,f). Increasing the level of fine sand in
the artificial soil from 88% to 100% only slightly reduced
survival.
The level of rough sand in natural terra rosa soil is 1.6%
and in the loessial sandy soil 8.3% (Table 1). At these
concentrations, 103 -104 cfu/g soil survived after 14 days.
Increasing the percentage of rough sand in both artificial
soils up to 20% significantly and linearly reduced survival
of all three species (Fig. 5).
The level of organic matter in both natural soils was
low; terra rosa soil contained 2.8% and in the loessial sandy
soil it was only 0.3% (Table 1). Increasing the percentage
of organic matter in both artificial soils up to 5%,
significantly and linearly increased survival of all the

Azospirillum species, reached 108 cfu/g after 14 days in soil
containing 5% organic matter (Fig. 6)

Survival of Azospirillum in tomato rhizosphere with high
levels of sand and CaCO3
Tomato seedlings grew well in both artificial soils
containing high levels of CaCO3 and sand; seedlings
developed to the one- or two-true-leaf stage. At this stage,
the seedling roots supported significant numbers of all
Azospirillum species similar to the levels of bacteria
supported by seedlings grown in natural soils, or
homologous artificial soils without additional CaCO3 or sand
(Table 2). Beyond this stage of development, plants could
only grow when complete fertilizer was added, though the
rhizosphere population of Azospirillum species did not
change (Table 2).
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Discussion
Plants are usually inoculated with PGPB either by seed
treatment, or more commonly, by application of bacteria to
the soil (as a liquid suspension or incorporated with an
inoculant carrier) as near as possible to the germinating
seedlings. The site of inoculation likely influences the fate of
a bacterium, i.e., whether the bacterium colonizes the plant
roots or dies out. Persistence of Azospirillum in the soil is
crucial for plant growth promotion because seed inoculation
is impractical in many situations, e.g., for establishing a
population of bacteria on perennial plants from one season
to the next, for inoculating vegetatively propagated plants
and trees, and when more than one inoculation per season is
required (Bashan 1998). In bulk soil, Azospirillum cells are
subject to natural physicochemical forces, to interactions

with soil particles including adsorption, and encapsulation by
clay minerals, and to the wet and dry regimes of the soil.
Although Azospirillum has been isolated from many soils
(Bashan 1999), the presence of the bacteria in the soil is not
necessarily evidence that the cells are physiologically active in
situ. On the contrary, nutrient limitation is a major stress factor
in soil and thus these bacteria may endure long periods of
inactivity and sparse periods of growth (Stotzky 1997).
Although the physiological state of Azospirillum cells may
affect their survival in the soil (Vandenhove et al. 1993), and A.
lipoferum strain CRT1 can survive in the soil independently of
the soil type (Jacoud et al. 1998), in general, a change in the
physicochemical properties of the soil may have a much greater
effect on bacterial survival in the soil than changes of the
bacteria itself (Stotzky 1997). In Brazilian and Canadian

457

soils, the population of A. brasilense Cd declined rapidly
within the first 2 weeks after inoculation, and finally
established a constant level of about 105 cfu/g soil.
Nutrient amendment caused the bacterial population to
increase for several days, after which it returned to its
initial level (Germida 1986). The survival of A. brasilense
Cd and A. brasilense Sp-245 in 23 types of plantfree
sterilized soils, obtained from a wide range of
environments in Israel and Mexico, showed that survival
was mainly related to the soil type and not whether the soil
came from an arid zone. In several soils from Israel, the
populations of two A. brasilense strains rapidly decreased
with time (Bashan et al. 1995). The study presented here
extends this earlier research to include other species of the
genus Azospirillum; only small differences in mortality rates
existed between the species in a particular soil. Thus,

survival is related to the soil type and not to the bacterial
species.
Viability of A. brasilense in two artificial soils
containing the same major components as the natural soils
from Israel was almost identical to that in the natural soils
used (Bashan et al. 1995). The present study on the scope
of soil survival of the genus Azospirillum showed that other
species of Azospirillum behave similarly in natural and
artificial soils. Furthermore, this study showed that only
the major soil variables influence Azospirillum survival,
and not the minor components such as the soil pore space.
This is similar to the behavior of Rhizobium leguminosarum
bv. trifolii in soil (Postma and van Veen 1990). The earlier
findings that elevated levels of CaCO3 , and fine and rough
sand are detrimental to A. brasilense survival, and that
addition of organic matter enhances A. brasilense survival
(Bashan and Levanony 1988; Bashan et al. 1995) can be
extended to all species of Azospirillum. Finally, this study
showed that artificial soil environments can be
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constructed and controlled relatively easily, and that, at
least in the case of Azospirillum, artificial soils are suitable
for studying interactions between soil and PGPBs.
The results presented here might have important
practical implications. Because of the enormous variability
of soils even on a small scale (van Elsas 1992),
conventional wisdom recommends checking each strain
destined for field trials for their ability to survive in
relevant soils. Sometimes field trials involve numerous
strains and evaluation of soil survival can be very
laborious and time consuming. On the basis of our

findings, it may not be necessary to check the soil survival
behavior of each strain; one or two representative strains
may be sufficient.
In summary, this study showed that, in contrast to
survival in the rhizosphere, most cells of the five known
species of Azospirillum died out within 60 days in two
semiarid bulk soils. Mortality was linear and similar in
native soils and in artificial homologous soils, and thus,
artificial soils can be used as models for studying the soil
behavior of Azospirillum. Only the major soil components
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affected Azospirillum survival; CaCO3 and sand had a
detrimental effect on survival and organic matter enhanced
survival.
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