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Abgract This review summarizes and discusses the
current knowledge and the, as yet, unanswered ques
tions on the interactions of Azospirillum spp. in bulk soil
(but not in the rhizosphere). It contains sections on the
isolation of these bacteria from tropicd to temperate
soils, and on their short- and longterm persistence in
bulk soil. The interactions of these bacteria with soil
particles and minerds such as day, sand and Ca, and the
effect of soil pH, soil redox potentia, and the cation
exchange capacity of the soil on them is demondrated.
Data is presented on the distribution of Azospirillum
spp. in soils, on their production of fibrillar meterid
essentid for anchoring the cdls to soil particles, on the
effects of soil irrigation, and of externd soil treatments,
and on the effect of soil C and C used in bacterid
inoculants on the cels. It shows that root exudates
possbly govern bacterid moetility in the soil. Findly,
the effect of pedticide applications, the relationships
with other soil microorganisms such as Bdeovibrio
spp., Bradyrhizobium spp., and phages, and the potential
ue of a community-control modd of Azospirillum spp.
in soil and in the rhizosphere is suggested.

Key words Azospirillum- Motility - Plant-growth-
promoting bacteria - Root exudates - Soil bacteria

Introduction

Two mgor approaches dominate contemporary studies
on soil microbid ecology: (1) soil microorganiams can
be evalusted as an integra pat of plant communities,
or (2) they can bestudied purdly for their own sske
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with plants acting only as substrates of various kinds
(Ohtonen et d. 1997; Wardle and Giller 1997).

So far, Azospirillum spp. have been identified main
ly as rhizosphere bacteria. The genus contains five spe
cies (Table 1). They proliferate in the rhizosphere (soil
fraction affected by root activities) of numerous plant
species of many families. After edtablishing in the rhi-
zosphere in sufficient numbers, they usudly, but not a-
ways, promote the growth of the host plant (Bashan
and Holguin 19978). They are commonly known as
plant-growth-promoting  bacteria (PGPB; Bashan and
Holguin 1998). Although some of their host species are
perennids, mos ae annuds (Bashan and Holguin
1997b). This creates a hurdle for survival from one see
son to the next, especidly when harsh (both high and
low) temperatures combined with a long period of
drought preval. Yet, the bacteria survive Little is
known about their sgprophytic ecologicd niche, and
whether or when they are able to multiply in sail in the
absence of a host plant. In comparison to what is known
about their gendtics (Holguin et d. 1999; Vande Broek
and Vanddeyden 1995), physiology (Hatmann and
Zimmer 1994), growthpromotion effects (Bashan and
Levanony 1990), agronomic performance and potentid
(OCkon and Labandera Gonzdez 1994), or ther
interactions with the rhizosphere (Del Gdlo and Fen-
drik 1994), this supposedly important bulk-soil surviva
phase (i.e. the soil fraction not affected by root activi-
ties) is a neglected subject and little is known about it.
Despite this, Azospirillum spp. do display a range of
very efficient physiologicd mechanisms that may en-
able them to survive under unfavorable conditions.
These include cyst formation (Bashan et d. 1991a Sad-
asvan and Neyra 1987), floc formation (Neyra et d.
1995), production of meanin (Givaudan et d. 1993),
poly-b-hydroxybutyrate synthesis (Okon and Itzigsohn
1992), polysaccharide synthess (Dd Gdlo and Haegi
1990), and protection insde ectomycorrhizal fungd
spores (Li and Cagtellano 1987).

Although microorganiams in generd, and Azospiril-
lum spp. in paticular, have shown grest promise inin



Table1 Listof known Azospirillum spp.

Species Reference
A brasilense Tarrand et a. (1978)
A. lipoferum Tarrand et a. (1978)

A. amazonense
A. halopraeference
A. irakense

Magahges et a. (1983)
Reinhold et al. (1987)
Khammas and Kaiser (1991)

vitro screening, the expresson of their beneficid prop-
eties in the natura environment is unpredictable and
often disgppointing (Bashan and Levanony 1990; Ken-
ney 1997; Stotzky 1997, van Elsass and Heijnan 1990).
The fundamental reasons for the disparity between in
vitro and in dStu results are  poorly understood —and
highly speculative (Hozore and Alexander 1991). In
practice, esch drain requires detaled fidd and green-
house dudies of its soil behavior, a laborious, expen-
sive, and mostly uneconomica process, before it can be
conddered effective and safe for releese into the envi-
ronment. A partid solution, but a more practicd one, is
the use of laboratory microcoams, results from some of
these studies have been shown to be good predictors of
survival and activity in the fidd (Bolton et d. 1991;
Prosser 1997; Teuben and Verhoef 1992). However, this
goproach has been largely neglected in  Sudies on
Azospirillumspp.

Inoculation of plants with mainly A brasilense and
A. lipoferum is usudly done either by seed inoculation
or by application of the bacteria directly to the soil as
near as possble to the germinating seedlings (Bashan
1998).  This is done because of the rdadive immobility
of many PGPB inoculants in the soil.  Albeit not a typ-
icd caxe for Azospirillum, the inoculation ste is likely to
determine its ultimate fate: colonizing the roots and
surviving, or dying. During this establishment period, the
bacteria ae exposed to the naurd physica forces and
interactions that prevail between soil bacteria and soil
particles, like adsorption, encapsulation by clay mi-
neras, and wet and dry regimes of the soil. To over-
come these bariers and colonize plant roots, Azospiril-
lum spp. must evolve a mechanism to alow movement
through the soil. Perdstence of Azospirillum spp. in the
bulk soil is crucid because seed inoculation is impracti-
cd in many fidd applications (eg. for perennid plants,
vegetatively propagated plants, and trees) or when more
than one inoculation per season is required (Bashan
1998).

The ams of this review are to highlight what is
known of the bulk-soil phase of Azosprillum (not in
cluding the rhizosphere or the rhizoplane), and to point
out feasible lines of research where data are needed.

Isolation from soil

The rhizosphere and root surfaces are the sites where
one looks for new Azospirillum strains ( Tyler et d.
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1979). A lipoferum (Spirillum lipoferum) was origindly
isolated from a sandy soil (Bejerinck 1925). Subse
quently, the various Azospirillum spp. were isolated
from numerous host roots and rhizospheres (Bashan and
Levanony 1990; Bashan and Holguin 19973 b).
Sonificantly lesser atention has been given to their
populationsin the bulk soil.

The isolation of Azospirillium spp. from bulk soil
does not necessarily attest that the cells are physiologi-
cdly active in situ. On the contrary, nutrient limitation
is a major dtress factor in soil. Thus, the bacteria endure
long periods of no growth and transent periods of
growth. They may survive in vegetdtive or cyst forms
until a host plant is availabilite. Isolation of Azospiril-
lum spp. from bulk soil has been confirmed worldwide,
usualy in proportionaly lower numbers than from rhi-
zophere soil. The firg screening for this organism
showed that about 60% of the soil samples collected in
tropicd dtes (five African countries and tropicad Bra
Zil) contained A. lipoferum (Dobereiner et d. 1976).
This bacterium was isolated from soil of the Amazon
region and of Rio de Janeiro State, Brazil (Magdhdes
et d. 1983), from many other Brazilian soils (Ddberein-
e 1988), and from rice-fiedd soils in Vietnam (Dung et
a. 1995). In temperate zones of Brazil and in the US
the occurrence of Azospirillum spp. in soil was signifi-
cantly lower than in the tropics (Dobereiner et dl.
1976). FHeds in Begium had 10-100 times more azos-
pirilla in the rhizogphere than in soil samples. The soil
population was low, and never exceeded 10° colony-
forming units (cfu) g'1 il (De Conink et a. 1988
Horemans e d. 1988). In England, a low incidence of
Azospirillum spp. wes detected in soil compared with
higher recoveries from subtropicd and tropicd soils
(Harris et a. 1989). These bacteria persist naturdly in
the soils of severd other countries. They have been
found in the Ukraine, in various sandy soils (Mdtseva
and Volkogon 1984), in Poland in garden soils (Kulins-
ka 1983), in a Japanee soil amended with organic and
inorganic manure (Subba-Rao et d. 1984), in root-free
soils in Egypt (Nadia et a. 1984; Shawky 1989), in 2
dluvid, virgin soils from Somdi (Favilli e d. 1988),
and from highly sdine soils in India (Jena e a. 1988;
Tilak and Murti 1981). However, when eight plant-free
wils from Brazil and Canada were tested for indige-
nous azospirilla, none was found (Germida 1986).

One uncertainty was involved in many, but not al,
of these dtudies. The isolation procedures did not rule
out the posshility that these bacteria were actudly
present in plant debris in the soil and not in the inor-
ganic soil fraction, as many of these soils were under
cultivation or previoudy covered with vegetation.
Rarely were dry, deved, and soils stored for a long pe
riod used for isolation of Azospirillum spp. Thus, there
is no conclusve evidence that Azospirillum spp. can
aurvive in, and be isolaed from, organic debris-free
soils.
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Short- and long-term persistence in soil

Severd independent factors complicate the collection
of meaningful data.on survival of PGPBsin soil:

1. The variaion between soil is great, and evay site
may be different, even on a microbid scde (van Elsas
1992). Furthermore, in many countries, soil types have
not been assessed adequatdly, if a all.

2. Few gudies on the types and distribution of micro-
environments in a particular soil have been done, a-
though these are widdy recognized as being crucid for
bacteria survival (Stotzky 1997).

3. Thorough studies of soil fectors affecting the survi-
vd of PGPB ae scarce (Hatd e d 1994; Stotzky
1997).

4. The research and development sector of the inocula-
tion industry has largely ignored the importance of ba
Sc s0il ecological dudies that may show what controls
the fae of inocula Commercid Azospirillum spp. Ino-
culation technology is a good example of this (Fage
1992).

Contradictory data on the survivd of Azospirillum
spp. in soil have been published since the dtart of Azo-
spirillium spp. agriculturd  research.  Severd  examples
illugrate this. On the bright sde, Azospirillum spp.
were detected in Nigerian soil samples stored in a Uni-
ted Kingdom laboratory for at least 10 years (Harris et
a. 1989). In a Brazilian garden soil, when A lipoferum
was introduced, its population declined repidly to less
than 107 cfu g* soil, but later recovered and remained
constant at about 10° cfu ¢ soil for 120 days (Oliveira
and Drozdowicz 1988). Inoculated A brasilense Cd and
F-245 survived wdl in Brazilian soils in addition to
their survival on roots (Badani et a. 1986). In Danish
agriculturd soils  under continuous barley cultivation,
Azospirillum spp.  were present at about 10° cfu &
(dry soil) in sandyHoam soil and a 10° cfu g (dry
s0il) in a coarse sandy soil (Idris et d. 1981). Inocula
tion of a temperate isolate into wheat cultivated in Eng
land resulted, apart from surviva in the roots, dso in
survival of 14 months in the soil, abeit in low numbers
of approximately 10° cfu g', which was enough to d-
low the bacteria to overwinter (Harris et a. 1989).

More meaningful results were obtained when A
braslense and A. lipoferum were inoculated into the
s0il in laboratory experiments to messure their popula
tion dynamics. In a comparison between the levels of A
braslense in the rhizosphere and bulk oil of a hea
vy-textured tropical soil from Martinique (French West
Indies), A. brasilense numbers were 300 times higher in
the rhizosphere than in the bulk soil. Despite this, soil-
fraction analysis reveded that A. braslense had a pre-
ference mainly for the macroaggregates of the soil
where it sustained a high population level of over 10é
cells 91 soil fraction, and to a lesser extent for the fine
clay particles. Yet, these numbers represented only
0.18% of the total bacterid counts of these fractions
(Kahir et a. 1994). The population dynamics of A. lipo-

ferum inoculated into gderilized il were dmilar in
maizeplanted and nonplanted soil. The population in-
creesed with time in both soils during 20 days of
incubation (Steinberg et d. 1989). Similarly, when a Tn5
mutant of A braslense was introduced into an un
planted, deilized soil, the number of cdls remained a
a congantly high level over a period of 100 days (10’
cfu g'l), but dropped sharplél in ungterilized soil, dur-
ing the same period, to 10° cfu g' (ChristiansenrWe-
niger 1992 ChrigiansenWeniger and  Van Veen
1991).

On the negaive dde, in the USA, Albrecht e 4.
(1983) observed that even after substantid inoculation of
a forage crop during sowing, the A braslense Cd
population declined repidly in only 15 days, and had
nearly vanished in the soil after 25 days. Continuous
monitoring showed the population fel below 10° cfu g*
soil up to 6 weeks after inoculation and later disappeared.
A. bradlense Cd cdls could not be detected in the next
crop season. Using the same drain, Smith e d. (1984),
reported a sharp decline in the soil population after 3
weeks, reaching a populaion of 10 cfu g soil, wheress
5 weeks later the bacteria had amost disappeared. This
behaviour of Azospirillum spp. in the soil is smilar to
that of fecal coliform bacteia in soil (Elliott and Ellis
1977).

More detailed laboratory experiments showed that in
Isradi soils, Azospirillum spp. survived less than 15 to 20
days in lighttextured sandy soils and 9 days in heavy-
textured soils in the absence of plants (Bashan and
Levanony 1987, 1988a). In wet quartz sand, Azospirillum
inoculated a high numbers (10% cfu g* sand) could not be
detected for more than 20 days (Bashan et d. 1991b).
Ealy exponentid, or exponentid growth phasss of
Azospirillum spp. when inoculated into soil resulted in a
higher, stabilized, population levdl and a lower desth rae
than when ealy dationary-stage or dationary-phase
inocula were used. When inoculated into sterilized soil
extracts, early exponentid-phase bacteria showed a
shorter time lag and a higher multiplication rate than
bacteria from the later growth phases (Vandenhove et d.
1993).

Although this study showed that the physiological
dage of Azospirillum may have an effect on their generd
persgance in soil, a change in the physcochemicd
properties of the soil may have a much greater effect on
the survivd of the bacteria in soil than changes in the
bacteria themsdves (Stotzky 1997). Some examples
corroborate  this assumption. A survival  sudy of
inoculated  (10-10° cfu ¢* sal) A brasilense Cd in
Brazilian and Canadian oils showed that in most soils
the population declined rapidly within the first 2 weeks
and settled a, a level of about 10° cfu g' soil. Nutrient
amendment increesed the bacterid population for severd
days, and then it returned to its usual soil population level
(Germida 1986). Similarly, as reported earlier by Smith
e a. (1984) for Azospirilum spp. and for
Flavobacterium ., survival rates increased with the soil
water-holding capacity and by amendment of the soil



with various sugars (Mawddey and Burns 1994). The
survival of A. braslense Cd and $p-245 in 23 types of
plant-free sterilized soils obtained from a wide range of
environments in lsad and Mexico was evauated. As is
common, large numbers of A. brasilense were detected in
al the rhizospheres tested, regardless of soil type,
bacterid drain, and the origin of the soil. However,
aurvivd of A bradlense in root-free soil (bulk soil) dif-
fered from that in the rhizosphere and was mainly re
lated to the geogrephical origin  of the soil and not to
the origind level of aidity of the soil. In lgadi soils
from arid, semiarid, or mountainous regions, viability of
A. braslense repidly declined or the population dis-
gopeared completely below detectable levels within 35
days &fter inoculation. In contrast, populations in the
aid soils of Bga Cdifornia (Mexico) remaned sable
or even increased during the firs 45 days after inocula
tion. In soils from nonarid centr Mexico, viability
dowly decreased with time (Bashan et d. 19953).

Though Azospirillum spp. might survive in some soils
and not in others, there are seveard inherent difficulties
related to the methodology used. Severd researchers who
attempted to reisolate inoculated Azospirillum spp. used
only enriched-culture methods. This procedure revedls
little or nothing about the abundance of the organism or
its metabolic activity ether in the rhizosphere or in bulk
soil. Other researchers did not take precautions in order to
sample bulk soil done, and actudly sampled the
rhizogphere  where  Asospirillum is  abundant. Another
difficulty emerged from sudies with derilized soil
preparations used for direct inoculation.  Perhaps
derilizetion (both autoclaving and girradiation) makes
assmilable organic compounds, dead cdl deuis and
rdeased  organic  compounds more available,  thus
incressing detectable bacterid numbers.

It can be concluded that A. braslense is a rhizosphere
bacterium that survives poorly in some bulk soils (but
does wdl in the rhizosphere). However, like other soil
bacteria, on being introduced into soil, it may turn into
unculturable forms (Refer Bakken 1997). This, however,
has not been shown for Azospirillum spp.

Interactions with soil particles
In soil

Mog indigenous soil bacteria are adsorbed  permanent-
ly on soil paticles (Hattori and Hattori 1976), and the
mgority of the cdls ae uncultursble (Refer Bakken
1997). As explaned above, in many PGPBs (and some-
times in Azospirillum spp.), thee is a generd dedine in
bacterid populations following soil inoculation. These
bacteria are probably localized in more open spaces
within the soil than indigenous populations. There, they
ae dfected to a greaer extent by nutritiond and
physicochemicd soil factors. Introduced bacteria, like
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Azospirillum gpp., are dso affected by the same dress
factors as indigenous bacteria, but to a grester extent
than the latter which are adapted to these conditions
(van Elsas and van Overbeek 1993).

The ability of different soils to absorb introduced
bacteria depends primaily on the physcochemica
compodgition of the soil particles and to a lesser extent,
on the bacteria species present or the bacterial growth
conditions prior to inoculation. The degree of adsorp-
tion is broadly related to the soil surface area and the
paticle surface charges Hence, clay and organic matter
particles are the most important soil components. Bac-
teria, clays, and organic matter particles possess a simi-
lar net negative surface charge that theoreticaly pre-
vents contact between them. This raises the quegtion:
how do soil particles adsorb bacteria? The answer is tha
clay particles may possess postively charged edges to
which bacteria can adsorb.

Severd detailed laboratory studies of adsorption to
bulk soil of A. brasilense suggests that the same criteria
apply to this bacterium as to other soil bacteria A bra-
dlense Cd adsorbed strongly to light-textured and hea
vy-textured soils but only dightly to quartz sand. In the
latter it wes easly washed down to a depth of 100 mm
beow the inoculgtion dte (Bashan and Levanony
19884), as were Lactobacillus spp. (Huysman and Ver-
sragte 1993). An increase in the clay or organic matter
content of the soil to >5% increased adsorption to a leve
smilar to that of many other species of <soil bacte
ria. Application of bacterid attractants to only part of
the soil caused the bacteria to migrate and to accumu-
late at the dte of the attractant. This indicates that mo-
tility induced by attractants is stronger than adsorption
to the soil particles. Drying the soil or an increase in
0il pH decreased adsorption. A decrease in soil pH,
which increases the podtive-charge densty on the edge
of clay paticles, or flooding the soil, enhanced adsorp-
tion (Bashan and Levanony 1989). The pH effect on soil
adsorption is gtrongly influenced by plants because of
the modification of the soil solution pH by plant ex-
udates. Growing wheat roots (a common Azospirillum
spp. host) decrease soil pH by proton extruson (Bashan
e d. 1989). A bradlense cdls colonizing whest or
soybean roots further enhanced proton extruson from
the roots (Bashan 1990; Bashan and Levanony 1991),
lowering the soil pH even further. Consequently, it can
be hypothesized that the partia failure of introduced
Azospirillum spp. to colonize some roots may be attri-
buted to an incressed adsorption capecity of the soil
which reduces the number of bacteria avalable for root
colonization.

An additiona soil variable that may affect adsorp-
tion of Azospirillum spp. is the cation exchange capaci-
ty (CEC) of the soil. The higher the CEC, the higher the
percentage  of adsorbed cdls  (Govindagan and
Purushothaman 1989). Findly, the soil redox potentid
which directly affects N, fixation by Azospirillum spp.
may adso affect adsorption (Charyulu and Ragarama
mohan Rao 1980).
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The didribution of soil bacteria within soil layers is
usudly not homogeneous. Their reaive penetration
depends on whether they are strongly adsorbed to the
oil paticles, or whether they are redtricted in their
movement through habitable pore spaces and capillar-
ies, or the availability of water films. The distribution
of A braslense Cd was different from that of other soil
bacteria, as it was homogeneous and redricted to the
ste of application. The cells were adsorbed on the up-
per fraction (20-30 mm) of the soil profile. Live becte-
ria were adsorbed in higher numbers than dead baecte
ria. The physicad adsorption forces combined with bac-
terial protein bridges formed between the bacterium and
the soil particles strongly anchored A. braslense Cd.
These holdfasts counteracted the forces created by
flowing water. Externd washing, even in excess (equi-
vaent to 3000 mm of rainfdl), recovered redively few
cdls (Bashan and Levanony 1988a). Field evidence that
supported the findings of A. braslense attachment to
large soil particles was its persstence in macroaggre-
gates of tropical bulk soil (Kabir et a. 1994).

In sand

It is an advantage for any PGPB to remain in the vicin
ity of the root and not be washed away. Additionally,
sand is a far less complex growth subgtrate than that of
most soils. However, athough providing atypica condi-
tions with respect to most soils, sand cultures dlow a
specific soil variable to be studied without interference
by others.

If it is to survive and affect plant growth, A. bras-
lense Cd inoculated into sand should be applied to the
particles in such a way as to prevent its removal from
the root zone by irrigation water. Incubation of A bra-
slense Cd in quatz sand (smdl surface area, negligible
clay and organic matter content, yielding minima sur-
face-charge properties) resulted in its atachment to sand
paticles by protein bridging, a network made up of
vaious szes and shapes of fibrillar materid which was
snglegranded or multistranded. These fibrils  pre-
vented the cdls from being washed away and were on
al ddes of the bacterid cdl. However, only 56% of the
aoplied bacteria adsorbed (Bashan and  Levanony
19889). Similarly, Fehrmann and Weaver (1978) de-
mongtrated the attachment of rhizobia species to st
paticles, but by a network of fibrillar polysaccharides.
Attachment of A. braslense Cd to sand was reatively
wesak, and depended on the presence of living bacterid
cdls and on laboratory bacterid culture conditions pri-
or to inoculaion. Dead Azospirillum spp. did not at-
tach to sand, contrary to the effect observed in fine-
textured soil. When nutrients were limiting, the cdls
could not suppat the production of excess fibrillar ma-
terial. But, as a result of the addition of nutrients at low
concentrations, such as fructose or madate with NH4CI,
root exudates enhanced attachment to sand, dbeit
weekly. The bacteria could be desorbed by washing,

rdleesing in the process proteinaceous compounds into
the sand. Substances to which the bacteria are resistant,
such as dreptomycin, did not affect bacterid adsorp-
tion and multiplication. Nonetheless, addition of pro-
tease, EDTA, various bacteria inhibitors, or exposure to
a high temperature (42 °C) of sand-atached A. bras-
lense Cd dgnificantly reduced attachment. Hence, the
nature of the fibrillar materid is probably proteina
ceous (Bashan and Levanony 1988h). However, one
should be aware that this is only circumstantid evi-
dence showing that substances inhibiting protein syn
thess or proteases decreased attachment and caused a
temporary increase in the protein content of the sand.
Further evidence of the importance of fibrils in atach
ment was found when a wild-type A. braslense Cd was
inoculated into sand in compaison with an attachment
deficient mutant. The mutant produced no detectable
fibrils. Although smilar populations of both srains de
veloped in the the sand, the attachment ratio between
wildtype A. braslense Cd and its attachment-deficient
mutant was 4:1 (Bashan et al. 1991b). It appears that
fibrils are not essentid for bacterid multiplication in
sand, but are for attachment.

Ancther adverse factor affecting attachment to sand
was agitation. Immediately after application to sand,
agitation reduced the attachment of Azospirillum spp.
but increased their multiplication significantly. Attach
ment under microaerophilic conditions was lower than
under aerobic conditions and depended on the amount,
quality, and composition of the available nutrients. The
richer the mixture, the greater the atachment (Bashan et
ad. 1991b; Bashan and Levanony 1988b; Levanony and
Bashan 1991). Thus, by dightly manipulating the
nutritional status of the sand, one can markedly change
the extent of attachment.

The effects of single soil variables

The effects of sngle soil variables, such as soil texture,
on survival and activity of soil bacteria are well known
(Foster 1988; van Elsas et a. 1991; \n Elsas 1992, van
Elsss and van Overbeek 1993). In Igadi and Mexican
soils, clay content, N, organic matter, and water-hold-
ing capacity were postively corrdated with A bras-
lense viability (Bashen et d. 19958). In an unplanted,
inoculated temperate climate soil or washed seasand,
nitrogenase activity was low, but incressed by 60%
when mdlic acid was added as a C source. There was a
pesk of nitrogenase activity 3 days after inoculation,
perhaps because of the rdease of readily avalable or-
ganic C resadlting from the girradiation of the soil
(Chrigtiansen-Weniger and van Veen 1991). Viability of
the five known species of Azospirillum spp. in two
"atificia" soils containing the same maor components
as naturd oils from |lsad was amost identical to that
of the natura soils (Bashan and Vazquez 1999, unpub-
lished). No dngle abictic soil varidble mentioned above
was responsible for surviva. However, when severa of



these minor factors were acting in concert, they in
creased survivd. Vaiables that by themsdves had a ne-
gative effect on Azospirillum spp. viahility in soil in
cluded a high percentage of CaCO; and sand content.
The percentage of dlt, P and K, eectricad conductivity,
pH, and C/N ratio had no apparent effect on bacteria
viahility. However, nutrient sources or addition of or
ganic matter did. Removd of plants growing in oils
gredtly reduced the surviva of A. braslense remaning
in these soils. In as little as 15 days, the bacterid popu
lation in the plant-free s0il began to decline rapidly,
resching undetectable levels about 60 days after inocu
lation, depending on the Azospirillum species (Bashan et
d. 1995ab; Bashan and Vazquez 1999, unpublished). It
is not yet known whether the negative effect of inter-
mediatesized (neck diameter, 6-30 mm) pores on bac-
teria survival, resulting from protozoan grazing (Wright
e d. 1995), and improved bacterid survivd in smal-
necked pores (Hassk e d. 1993), dso applies to
Azospirillumspp. populationsin the soil.

Severd conclusons can be drawn from the above
sudies.  In soil containing clay and organic matter,
these rhizosphere bacteria share some soil  adsorption
festures with many other soil bacteria (Marshal 1980),
eg. live and dead bacterid cdls ae irrevarsbly ad
sorbed to soil particles and rinsing or other externd
physca forces have only margind effects on bacterid
adsorption. To survive in margind substrates such as
sand, the bacteria should be metabolicaly active, per-
mitting production of externa fibrillar materids tha is
an esentiad condition for ther survivd in sand. One
should be aware that this type of active attachment of A
braslense to sand contrasts with that of most soil
bacteria that survive in soil in a permanently adsorbed
date. Soil abiotic varigbles, only when acting together,
have an effect on the surviva of Azospirillumspp.

Interaction with organic matter and plant debris

The laboratory experiments described above showed
that amendment of soil with organic matter enhances
adsorption and survival of Azospirillum spp. However,
there is also evidence from the field on the effects of
organic matter on Azospirillum spp. in  soil  that
contradicts findings from the |aboratory.

Azospirillum spp. (and most PGPB) inocula fre
quently contain organic matter (Bashan 1998). In India,
amending garden soil, which supported only a limited
A. brasilense population, with different types of organic
matter such as straw composts (to create an inoculum
carrier) increesed the amount of A. bradslense in the
mixtures (Negi e d. 1987; Sadasvam & d 1986). Sail
or cod amended with organic nutrients supported an
initid increese in the Azospirillum spp. population, but
it declined later to a level comparable to that of the
unamended carier (Jossph and Dube 1988). In the
USA, aurvivd of A braslense in inocula cariers of
pest and sand was monitored. After the common initia
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decline, most populations remained stable for about
60 days. Cariers with the highest peat content (1-3%)
had the largest populations of Azospirillum spp. (Al-
brecht et a. 1983). In Indig, addition of rice sraw to
flooded soils enhanced the population of Azospirillum
sop. (Charyulu and Rgaramamohan Rao 1980). In Is-
rael, however, the number of A. braslense Cd in sand
mixtures amended with organic matter decressed as
the organic matter in the sand increased, and the effect
of A. bradslense on plants was dso seen to diminish
when the proportion of organic maiter exceeded 1%
(Fallik et d. 1988).

While it was ealier explaned why organic matter
favoured the surviva and pesstence of Azospirillum
in sail, theories for the negetive effects of organic mat-
ter might be that & high organic matter concentrations,
totl bacterid numbers reached 10°-1¢° cfu ¢ sand
and other bacteia competed with the Azospirillum ino-
culated into the soil. Alternatively, the organic matter
may have provided enough nutrients for the plant and
the effect of bacterid inoculawas therefore obscured.

Effect of pesticides in soils

Azospirillum spp. are frequently inoculated into heavi-
ly pedicide-trested fields. Neverthdess, their interac-
tions with pegticides have hardly been addressed and
mostly sudied in vitro (for review see Bashan and
Holguin 19978). Even less informaion is avaladle
about the possble effect of pesticide accumulation in
the soil on Azospirillum In rice cultivetion, there was
indirect involvement of soil microorganisms, including
A. lipoferum in the degradation of the insecticide car-
bofuran in flooded soils (Venkateswarlu and Sethuna
than 1984). The insecticide even increased N, fixation
of severd isolates (Jena e d. 1992). However, this
meegre information is insufficient for meeningful con-
clusonsto be drawn.

Motility in soil

For application purposes, because inoculation of the
entire root system of plants is impractical, Azospirillum
spp. cells are incorporated into various types of inocula
cariers, which, in light of their agrotechnical nature,
cannot ensure that the bacteria will aways encounter
the emerging roots (Bashan 1998). As a consequence,
Azospirillum spp. movement from the inoculation Ste
to the root is essentia if root colonization is to occur.
This movement, from a few microns to severa centi-
metres, depends on root exudates and occurs in an en-
vironment of fierce competition with other soil micro-
flora that are adso seeking nutrients and root coloniza
tion stes on the growing roots. Hence, the motility of
Azospirillum spp. in the soil can be conddered an im-
portant trait.

Moatility is a mgor taxonomic property of the genus
Azospirillum(Tarrand et d. 1978). Of the many studies
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of chemotaxis of Azospirillum spp., dmost al were done
in vitro (for a review see Zhulin and Armitage 1992) and
a very few in soil usng a single strain, A. brasilense Cd.
The main factor affecting the movement of A bradlense
Cd towards wheat seedlings grown in soil was soil
moisure, with maximum movement nexr and &ove
fidd capacity. This is because soil is comprised of a
sies of discontinuous surfaces and water films  that
restricc and prevent direct migration except under
extremely moist conditions. Of secondary importance
was the soil type; the coarser the soil texture, the higher
was the rae of migraion. Plant development dso
affected motility postively. Migration was charac-
terized as a band of bacteria migrating through the soil
towards the plant roots. Nearly &l the bacteria migrated
simultaneoudy. No cdls could be detected in a given
patch of soil 48 h after the bacteria population had
migrated from that dte. This nongpecific migration was
sgnificantly simulated by glycine and aspatic acid,
which are known root exudates (Bashan 1986a).

In light-textured-soil trays, soil columns, and in the
fidd, A bradlense Cd motility was essential for the odl-
onization of entire root sysems, and of neighbouring
plants (in the fidd). However, this occurred mainly in the
rhizosphere because roots of adjacent plants formed a
continuous  sysem.  Migrating distances in  the
rhizogphere are messured in millimetres, dthough A
braslense Cd can migrae in root-free soil for 30 cm
wldy dong a root-exudae gradient (Bashan and
Levanony 1987). These results with A. brasilense Cd
supported the findings that nonmotile mutants of biocon-
trol/PGPB  pseudomonads were impared in their  ahili-
ty to move towards seeds compared to the motile wild
type (Scher et a. 1985).

In view of the above, passve digperson by percolat-
ing water, eecidly in semiaid conditions where
Azospirillum spp. showed their best performances (for a
review see Bashan and Levanony 1990), cannot ade-
quately explain how Azospirillum spp. colonize the en
tire root system of a plant. This is especialy true when
Azospirillum spp. cdls on the root surface are perma-
nently anchored by fibrillar material (Levanony et 4.
1989; Michids et d. 1991). Therefore, it is plausble that
bacterid motility in soil is responsble for this dis-
person.  The root-to-root migration (wheat and soy-
bean) of A. brasilense Cd in quartz sand and light-tex-
tured s0il was compared by usng a motile wildtype
(Mot") and a motility-deficient strain  (Mot). Mot"
cdls moved through sand and light-textured soil from
inoculated roots to noninoculated roots. The effects of
attractants  (derived from common root exudates) and
repelents were the primary factors governing motility
(Bashen and Holguin 1994). Movement between roots
and disperson of A. bradlense Cd in the fidd and in
soil trays in a growth chamber showed that in the fidd,
Mot™ cdls moved from inoculated roots to noninocu-
lated roots of either wheat plants or weeds growing in the
same field plot, but the Mot™ did not. In plant-free,
water-saturated soils, ether in soil columns or in the

field, both strains remained a the inoculation sSte and
dd not move, though they moved between weeds and
whest fredly (Bashan and Holguin 1995).

In conclusion, the increased survivd of Azospirillum
spp. in unplanted soil with the addition of root exu-
dates indicates that in naturd environments the avala
bility of a C source is an important limiting factor in
bacteria activity. This dependency on root exudates is,
for example, the reason for the variation in rhizosphere
N, fixation that is found in different varieties of the
same plant species(Krotzky et a. 1988; Newman 1985).
Root exudates dlow the growth of an active bacterid
populaion, which starves when these nutrients are de-
pleted. Motility of wild-type strains in the soil towards
root exudates appears to increase the survival probabil-
itties of an organian like Azospirillum which survives
poorly in some soils and is dependent on plants for sur-
vivd. The soil surface is inhospitable for bacteria as it
dries. However, it is advantageous if the bacterid cdls
can move to different plant species or neighbouring
plants when ther origind host dies. Bacterid motility
in the soil might play a generd role in enabling Azo-
spirillum spp. to access sites where more stable coloni-
zaion might later occur.

Interaction with other soil microorganisms

Unlike within the rhizosphere where Azospirillum spp.
may comprise up to 10% of the bacteria population (for
a review s Dd Gdlo and Fendrik 1994), ther
proportion in bulk soil, even in rich tropica soils, is less
than 0.2% of the tota bacterid population (Kabir et d.
1994). As a minority, it is plausble that they should be
influenced by the soil microbid community and micro-
fauna Only severd examples of these interactions can
befound inthe literature.

The generd interactions of A. brasilense Cd with
unidentified microflora in  physicochemicdly  defined
microcosms showed that A braslense Cd comprised a
larger proportion of the community in a mixed culture
with compost microflora than when mixed with soil mi-
croflora Furthermore,  community-level  interections,
rather than their capability to fix N,, controlled their
proliferation (Janzen and McGill 1995). Inoculation of
anaerobic soil with Azospirillum spp. affects the redox
potentiadl  and consequently microbid activity  depend-
ent on high redox potentia, like denitrification (Piddlo
e d. 1993). A lipoferum produced bacteriocin(s) in
culture but not in soil, and retained its capacity to pro-
duce the antibiotic when returned to the culture (Oliv-
erraand Drozdowicz 1988).

Soil commonly reects as a "bidogica buffer”, hence,
any change in its microbid population is only tempora
ry. The application of PGPB, particularly under wet
conditions, increases the population of nearby microor-
ganisms which "prey" on the applied PGPB until they
ae extinct. There was a temporary reduction in the
number of microbid competitors after applying inhibit-
ing substances, to which A brasilense Cd isresistant, to



inoculated soil cultivated with wheat. Four successve
inhibitor gpplications, a weekly intervals, dgnificantly
reduced the tota soil and rhizosphere bacteria popula
tions. This inhibitory effect lasted as long as 2 weeks,
after which the bacterid population returned to its ini-
tid levd. By that time, however, the A. braslense Cd
population in the soil and wheat rhizosphere had in
creased significantly. This resulted in better root coloni-
zdion and a dgnificat effect on plant growth and yield
(Bashan 1986b). This approach demonstrated the poss-
bility of temporarily depressng natural competitors in
s0il and the potentiad use of a community-control mod
e in soil and the rhizosphere. However, the inhibitory
substances used in the study are not practical because
they are expensive and are not licensed for use in agri-
culture,

Little is known about the interactions of Azospiril-
lum spp. with specific soil microorganisms besides its
being parastized by Bddlovibrio spp. and bacterio-
phages and it being synergistic with Bradyrhizobium.
Bddlovibrio that prey on A. bradlense were isolated
from two Brazilian soils that also were stored air-dried
for 2 years. Direct assay of these soils did not yield any
Bddlovibrio. However, inoculaion of soil with A bra-
dlense Cd or -7 and nutrients stimulated growth of
indigenous Bddlovibrio. Bdelovibrio preferred A bra
dlense Cd cdls as prey rather than dran Sp-7, which
are dmog physiologicaly identica (Germida 1987).

One Brazilian soil contained an A. braslense Cd
bacteriophage. The phage survived permanently in the
il a undetectably low levels. It required a host cdl
population of a least 10° g' to multiply. The phage
population in the soil closdy followed A. brasilense Cd
numbers. Consequently, both could be manipulated by
the amendment of soil with nutrients which supported
bacteria host-cell growth and simulated a phage burst
for severd days only. Later, the phage returned to its
undetectable survival levd in the soil. When nutrient
amendments faled to dimulate the growth of A. bras-
lense Cd, only externd inoculaion with fresh baderia
host cells together with nutrients resulted in a new burst
in the phage population (Germida 1984, 1986). These
results indicated that both parestes persst in soil
unassociated  with A brasilense Cd host cdls Ther
numbers increase only when the host is present either as
a result of being inoculated into the soil or when the
bacteria population is increased by the addition of nu
trients.

Studies on the saprophytic competence of drains
inoculated into soils have been used to examine the
regulatory factors that control the population dynamics
of thee drains like the denitrification potentid. Co-
inoculation of A. lipoferum and Bradyrhizobium Japon-
icum (both can denitrify under saprophytic conditions)
into soil produced a higher denitrifying enzyme poten
tid than inoculaion with a single srain. The growth of
A lipoferum was unaffected by the presence of B. ja
ponicum. However, the presence of A lipoferum
srongly smulated the growth of B.japonicum. The
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very high denitrifying potentidl obtained suggests that
dthough B. japonicum did not affect the A. lipoferum
growth rate, it was probably able to dimulate its deni-
trifying potential (Steinberg et a. 1989).

Conclusions and questions

Although the various Azospirillum species known are
typical rhizosphere bacteria and no important phase in
the bulk soil has yet been found for this genus, it shares
some of its adsorption characterigtics with many soil
bacteria.  However, unlike many other soil bacteria,
Azospirillum spp. ae not limited by adsorption to soil
paticles as they are ale to move through the soil to
target plants, Smilarly to some biocontrol PGPB pseu-
domonads (Scher et a. 1985).

Some exploratory lines of research should cast more
light upon obscure details of the interactions of Az-
spirillum spp. in sail:

1. Do Azospirillum spp. have an unculturable phase in

wil? Is the falure to isolae Azospirillum spp. from

many soils dueto this?

2. Are other species and drains
sidesA. braslense Cd motile in soil?
3. Do Azospirillum spp. interact with specific soil mi-
croflora in their soil sgprophytic phase? Upon introduc
tion, do they fal prey to other bacteria in the oil?
Does it contain soil competitiveness festures that are
expressed dso in Situ?

4. What are the effects of pesticides on the soil phases
of Azospirillumspp.?

5. Is it a common migteke to inoculate the bacteria di-
rectly into the soil? Perhaps application methods em
ploying direct root colonization would be more fruitful ?

6. What are the rdationships, if any, between the errdtic
effects of Azospirillum spp. on plant yield and their
surviva insoil?

7. Do Azospirillumspp. overwinter? And, if so, where?

8. Except in the tropics, do Azospirillum spp. survive as
major components of the soil microflora?

9. Does organic mater affect the survivd of Azospiril-
lum spp. in s0il? Are root exudates the main driving
forcebehind Azospirillumspp. activitiesin soil ?

10. Why do Azospirillum populations decline quickly in
some soils and persist in others? What are the effects of
particular soil components on their persistence?

11. Findly, should Azospirillum spp. be considered
rhizosphere bacteria or bulk-soil bacteria, or both?

of Azospirillum be
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