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ABSTRACT

Experiments were conducted to determine the influence of selected
biological factors on Rhizobiurn survival and/or activity in tropical
soils.

The extent to which the interaction of Rhizobium with biological

factors was modified by soil acidity and water potential was also
evaluated.
Attempts made to isolate bdellovibrios and bacteriophages from the
Wahiawa and Waialua soils yielded negative results.

Moreover, data from

the study in sterile soil inoculated with filtrates from soils enriched
for these parasites suggested that these parasites either do not exist in
the soils tested or do not have influence on the survival of rhizobia.
Toxin-producing actinomycete isolated from the Wahiawa soil caused
the decline of rhizobia in vitro, but not in sterile soil.

It is unlikely

that this actinomycete will directly influence the survival of rhizobia
inoculated into this soil.

Survival studies done in culture medium

amended with clay minerals showed that the inability of the actinomycete
to significantly influence Rhizobium survival in sterile soil is not
explainable by the presence of clay minerals.

However, the tendency of

the actinomycete to hydrolyze extracellular polysaccharides produced by
the Rhizobiurn in culture medium may have important implications on the
interaction of Rhizobiurn with its host in nature and on the ability of the
microsynt>iont to endure adverse environmental conditions.
Studies conducted using the Wahiawa soil have demonstrated that
indigenous rhizobia may not pose serious obstacles in the establishment of
effective symbioses between the introduced rhizobia and host plants.
iv

To study the extent to which soil acidity may modify the
interaction between rhizobia and other soil biotic factors, an
attempt was made to compare the survival of Rhizobium in sterile and
nonsterile soils maintained at different soil pH levels.

However,

this approach was precluded by the extreme toxicity to Rhizobium of
sterile soils maintained at pH levels lower than 5.0.

As an

alternative to the above approach, studies designed to determine the
extent to which pH may modify the interaction of Rhizobium with soil
protozoa were undertaken.

The decline of Rhizobium in nonsterile

soil at pH 7.0 was barely detectable in both the Paaloa and the
Wahiawa soils.

However, the populations of Rhizobium declined

drastically when introduced into the soils at pH 4.2.

Inoculation of

Rhizobium into the soils at pH 7.0 resulted in increases in the
number of protozoa.

The lack of appreciable decline in the

population of Rhizobium at this pH in the face of predatory protozoa
suggests that the rhizobia were multiplying at a rate fast enough to
offset consumption by protozoa.
The growth activity of soil protozoa in the Wahiawa soil at pH
4.2 was significantly lower than that at pH 7.0.

However, there was

a considerable protozoan activity in this soil even at pH 4.2 and
thus the rapid decline of Rhizobium was caused by factors related to
soil acidity as well as predation by protozoa.

Protozoa did not seem

to respond significantly to the decline of Rhizobium cells in the
Paaloa soil maintained at pH 4.2.

Since low pH was associated with

increase in the concentration of extractable aluminum in the Paaloa
soil while it was associated with the build up of extractable
V

manganese in the Wahiawa soil, the lack of protozoan growth in the
Paaloa soil as opposed to the significant level of growth observed in
the Wahiawa soil maintained at the same pH points to the greater
sensitivity of the predators to Al toxicity than to

Mn

toxicity.

Even though protozoa did not appear to grow at pH 4.2 in the Paaloa
soil it is not feasible to conclude that they w~re not feeding upon
rhizobial cells since a large population of viable cells was
maintained in this soil.

It is thus possible that predation by

protozoa could have contributed to the drastic decline of Rhizobium
cells observed in the Paaloa soil at pH 4.2.
The above results suggest that the best way of insuring the
survival of Rhizobium at high population is to insure that pH levels
that are comfortable to rhizobia are maintained so that the bacteria
multiply at a rate fast enough to compensate for predation by soil
protozoa.
The degree to which the interaction of Rhizobium with soil
populations may be modified by soil water potential was determined by
comparing the survival and growth of Rhizobium in sterile and
nonsterile soils maintained at -0.10 bar or -15 bar water
potentials.

Rhizobium survived equally well at -15 bars and at

-0.10 bar in sterile soil.

In nonsterile soil, rhizobial populations

showed greater decline in soil maintained at -0.10 bar than at -15
bars.

The results suggest that the antagonistic influence of soil

populations could be regulated by monitoring soil water potentials.
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I. INTRODUCTION

Man cannot utilize atmospheric nitrogen (N 2 ) for
his agriculture even though he is immersed in a sea of
it.

Nitrogen

must first be fixed, either synthetically

or biologically.

Presently, nitrogen is fixed

synthetically by the Haber-Bosch process.

Nitrogen fixed

in this manner requires tremendous amounts of expensive
fossil fuel.

As a result, many tropical farmers cannot

afford to buy adequate amounts of fertilizer.
One of the means of achieving

a

reduced dependence

on industrial nitrogen fertilizers is by using biological
nitrogen fixation.
The ability to fix molecular nitrogen in the air is
confined to a certain group of microorganisms.

Only

prokaryotes are able to biosynthetically fix N2 • These
include Cyanobacteria, actinomycetes, and certain
bacteria.

Some nitrogen-fixers are free living.

include Clostridium and Azo~pirillum.

These

Others,

including the agriculturally-important bacteria belonging
to the genus Rhizobium, live symbiotically with higher
plants such as legumes.
Strategies to maximize the nitrogen fixed by
Rhizobium in association with legumes are twofold.

One

strategy is to select legumes, a good assumption being

1

higher-yielding legumes have high level of
nitrogen-fixing activity.

Another approach is to screen

of rhizobia for tolerance to stress factors such as low
pH, aluminum and manganese toxicities, high salinity,
extremes in temperature and limited soil moisture, to
ensure that the organism will be present in adequate
numbers when appropriate legumes are planted.
The potential use of legumes as a major crop in the
ropics is important if we are to produce sources of high
protein feed, and yet ironically, the tropics generally
have significantly less acreage in legume crops than
temperate regions.

One reason for this is that vast

tracts of soils in the tropics are generally acidic and
infertile, necessitating that the legumes be acid
tolerant or that the soils be amended.

Another reason is

that there is little information on the factors that
govern survival of rhizobia in the tropics.

This is in

contrast to the immense volume of literature on the
survival of rhizobia in temperate soils.

As legumes are

needed to supply badly needed sources of high-protein
feed, research on rhizobial survival in tropical soils is
vital.
The establishment and maintenance of adequate
populations of rhizobia in soil is governed by physical
and chemical (abiotic) and biological (biotic) factors.
Of the abiotic factors, low soil moisture and low soil pH

2

are two of the most important limitations with regards to
tropical soils (Jones, 1977).
Soil moisture stress occurs in most of these soils
sometime during the year.

This may occur for a

relatively brief period during a dry season, may persist
for long time, or may occur at more frequent intervals.
Rainfall patterns and the inherent water-retention
properties of a soil determine a soil's water status.
As with other soil inhabitants, rhizobia have to
contend not only with the physical-chemical conditions in
the soil, but
as well.

with the other members of the soil biota

Rhizobia interact with other microorganisms in

various ways (Chowdhury, 1977: Alexander, 1977).
Toxin-producers, microparasites and predatory protozoa
can limit the survival and function of rhizobial
populations.

Likewise, ineffective indigenous rhizobia

may interact with inoculated rhizobia by competing with
them for infection sites on the host's roots and thereby
reducing the beneficial effects of the desired rhizobia.
Thus relatively little is understood about the
specific effects of biotic factors on rhizobial survival

in tropical soils. In addition, there is little known
about the extent to which pH and soil moisture may
influence the interaction of rhizobia with biotic
factors, a study was initiated
objectives :
3

with the following

1.

To determine the extent to which microbiological

factors limit rhizobial survival in two Hawaiian soils
differing in manganese and aluminum content, at different
soil pH levels,
2.

To determine the extent to which microbiological

factors limit rhizobial survival in these ooils at
different soil moisture levels,
3.

To determine the influence of microparasites,

toxin-producing actinomycetes and indigenous rhizobia on
the survival and host colonization of inoculated
rhizobia, respectively.

4

I I . LITERATURE REVIEW

A. Abiotic factors limiting rhizobial survival in soil.

Survival of rhizobia in soil is governed, in part,
by abiotic factors.

These physical and chemical

conditions include pH, soil moisture, salinity, nutrient
status, and aeration.

Of these low pH and low soil

moisture are the most important constraints to
productivity in the tropics (Jones, 1977).

legume

These factors

limit legume productivity through their effect on the
plant itself as well as through their effect on the
nitrogen fixing bacterium, or on the symbiotic
relationship between the two.
1. Soil acidity.

The earliest indication of the relationship existing
between low pH and rhizobial survival was reported by
Bryan (1923).

He found that nodulation was not

successful in alfalfa, soybean and red clover grown in
soils of pH 4.6-5.0, 3.5-4.2 and 4.5-4.9 respectively

•
after 75 days of growth.

He attributed the results to

poor survival of rhizobia in the soil.

Unfortunately, he

did not do several informative experiments including
initial rhizobial density, the rate of increase or
decrease in the population of rhizobia, or whether
nodulation reflected the presence of many or few rhizobia
in soil, or whether the poor nodulation observed was due
to competitive pressures of ineffective indigenous
5

rhizobia.
It is now known that rhizobia differ in their
ability to grow in soils having low pH.

Pure culture

studies conducted by Keyser and Munns (1979a~ 1979b)
showed that the critical pH range for rhizobial growth
was 4.0-6.0.

While culture studies cannot be easily

extrapolated to soils, evidence exists that acidity
inhibit rhizobial growth in soil, and that this
inhibition varies with the species.

Peterson and

.

Goodding (1941) found that the probability of detecting
Rhizobium meliloti increased with increasing pH in
soils at pH 5.6 and above.

More recently, Keyser et

al. (1979) found that there was a large continuous
variation in rhizobial tolerance to acid soils.
2. Factors associated with soil acidity.

Calcium and phosphorus deficiency, as well high
levels of manganese and aluminum are usually associated
with low soil pH (Keyser et al., 1979~ Pearson, 1975:
Kamprath, 1973).

Of the above factors, manganese and

aluminum toxicities are potent stresses to rhizobia.
Since the effect of acidity is not restricted to the
effect of H+ alone, various investigators have
attempted to isolate the effect of low soil pH from the
factors associated with it (Munns and Keyser, 1981:
Keyser and Munns, 1979a: Keyser and Munns, 1979b).
Keyser and Munns (1979a) reported that acidity
6

generally increased the lag time and slowed rhizobial
growth, but they also found that 50 % of the 65 strains
they tested were tolerant to pH as low as 4.5.

Tolerance

to acidity, however, did not include tolerance to
aluminum (Munns and Keyser, 1979b).

This observation was

confirmed by Thornton and Davey (1983) who reported that
some rhizobia can be acid tolerant and still be
susceptible to the injurious ~ffects of aluminum, in
culture medium.
The mechanism by which aluminum affects the growth
of rhizobia at the cellular level is not yet fully known.
In plant cells, aluminum toxicity is known to cause
failure of DNA synthesis, failure of chromatid
separation, and the lack of cell division despite
replication of genomes (Foy e t ~ ' 1978).

For

rhizobia, the studies conducted have been confined to the
effect

of aluminum on the rate of cell division (Keyser

and Munns, 1979a).

Apparently, aluminum stress does not

kill dividing cells (Thornton and Davey, 1983; Rerkasem,
1977; De Carvalho, 1978), but at pH 4.6, 50 micromoles of
aluminum prolonged the time between cell division.

At pH

4.5, 60 micromoles of aluminum in culture further
prolonged inter-division time and caused incomplete
doubling (Munns and Keyser, 1981; Keyser and Munns,
1979a).
The only study on the effects of manganese (Mn) in
7

soil on the survival of rhizobium in soil was done in the
presence of the host plant (Lowe and Holding, 1970).
They harvested 17-week old white clover plants and then
determined the populations of several strains of rhizobia
in soil.

When they raised the concentration of Mn in

soil from 5.7 to 20 ppm, there was a 12- to 29-fold
decrease in the populations of rhizobia, the extent of
the decline varying with the strain used.

It was not

clear in this study, however, whether the decrease in the
number of rhizobia recovered was due to the direct
influence of Mn on rhizobia, or whether it was due to the
changes in the activity of the other soil populations.
Van Schreven (1958), Dobereiner (1966), and Franco and
Dobereiner (1971) reported that high levels of Mn inhibit
nodulation, however neither of these investigators made
rhizobial counts and so it was not clear whether the
observed effect of Mn was due to its effect on rhizobial
number in soil or due to its effect on the host plant.
While low pH and the factors associated with it are
reported to be potent inhibitors of rhizobia, the only
study that implicated both the effect of low pH and the
possible existence of interaction between soil pH and
microbial antagonism was Lowendorf
Lowendorf et al.

~

al.

(1981).

(1981) observed higher survival of

rhizobium in acid sterile soil than in acid nonsterile
soil.

In nonsterile soil, the decline of populations of
8

the Rhizobium was continuous and consistent at all pH
levels indicating the role of biological factors on the
decline of rhizobia.

Since the soil they used were

temperate soils, their result does not necesarily apply
to tropical soils.

It is necessary to determine whether

biological factors are important in the survival of
rhizobia in acid tropical soils, where manganese and
aluminum toxicities are associated with low soil pH •
3. Moisture stress.
Rhizobia are affected by low soil moisture more than
most soil microorganisms because they do not form
endospores (Graham and Parker, 1963).

Rhizobia,

therefore, are particularly susceptible to desiccation
either in the soil or on inoculated seeds (Chen and
Alexander, 1973: Bushby and Marshall, 1977a).
Because of the difficulty in controlling soil
moisture levels in the field, nearly all studies have
been done in laboratories where soil moisture levels
could be relatively easily controlled.
The first reports on the possible relationship
between soil moisture and rhizobial survival involved
primarily the recovery of inoculated rhizobia after
subjecting the soil to fast or slow drying procedures
(Hedlin and Newton, 1948: Foulds, 1971), or intermittent
wetting and drying cycles (Pena-Cabriales and Alexander,
1979).

Pena-Cabriales and Alexander (1979) inoculated a
9

streptomycin-resistant Rhizobium leguminosarum
isolate into air-dried soil and then incubated the soil
at 30°c.

They determined rhizobial survival at

different stages of drying and found that decline of
Rhizobium occurred in two stages, the decline being
fastest at the time of rapid soil moisture loss.
Osa-Afiana and Alexander,

(1979) measured the number of

Rhizobiurn japonicurn remaining in soil after exposing
the soil to ambient air {30°c) until the soil moistures
stabilized.

They did not find the same stages of decline

Pena-Cabriales and Alexander (1979) did.
In the literature, soil moisture has been described
in different ways.

Chen and Alexander (1973), and Bushby

and Marshall (1977a, 1977b) expressed soil moisture in
terms of water activity, while Pena-Cabriales and
Alexander (1979) expressed .soil moisture by weight.
Lowendorf (1980) suggested that the use of soil water
potentials would be better than soil moisture by weight
because it would enable one to make valid comparisons
between soils of different physical and chemical
properties.
There exists conflicting data as to the relationship
between soil moisture and rhizobial populations.

Hedlin

and Newton (1948) using nonsterile Canadian soil found
rhizobia populations first increased before decreasing as
soil moisture levels went from 29 to 22 to 6.6 percent.

10

Rhizobial counts were 3.0 x 10 7 , 2.9 x 10 6 , and zero,
respectively.
Foulds (1971) found more typical results in his
moisture studies with rhizobia in Australian soils.

He

tested three rhizobial populations, Rhizobium
trifolii, Rhizobium meliloti and

Rhizobium ~

He allowed the soils to air-dry from 50 to 5.1 percent
moisture at 22°c.

In one soil, the populations of R.

trifolii, R. meliloti and R.
respectively, from

~

declined,

10 4 cells/g of soil to 10 3 , 10

to 10 2 and 10 5 to 10 in 115 days.

3

In a second soil,

he air-dried a soil from 32 to 3 percent soil moisture in
7 days.

For 14 days, rhizobial counts remained nearly

stable at 2.3 x 10 5 cells/g of soil.

After 21 days,

the count dropped to 9.2 x 10 3 cells/ g of soil.
Recent evidence reported by Osa-Afiana and Alexander
(1979) and Al-Rashidi et al.

(1982) indicate that

rhizobial strains differ in their ability to withstand
desiccation.

However, there is disagreement on the

extent to which slow-growing and fast-growing rhizobia
differ in their susceptibility to soil moisture stress.
Bushby and Marshall (1979) found fast-growing rhizobia
were more susceptible to low soil moisture stress.
However, Van Rensburg and Strijdom (1980) found fast
growing rhizobia were not affected by mild desiccation
conditions which killed slow-growing rhizobia.
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Apparently soils differing in clay content differ in
their ability to protect rhizobia from the adverse
effects of desiccation.

Chen and Alexander (1973)

believed that their rhizobia survived better in dry
nonsterile soil than in dry sand because of the clay
content of the soil.

Bushby and Marshall (1977a)

observed a progressive increase in survival of
fast-growing rhizobia in desiccated sandy soil amended
with increasing amounts of powdered montmorillonite.
This occurred only if the montmorillonite was added
before soil moisture was adjusted.

They attributed the

increased survival to the increased moisture held by the
soil at the same water potentials, and concluded that the
soil moisture held by the clay becomes available to
rhizobia and increases the equilibrium water content at
which the cells are desiccated.

Likewise, Osa-Afiana and

Alexander (1982) reported that montmorillonite added to
glass beads protected rhizobia from desiccation.
Investigations carried out by Mahler and Wollum II (1980;
1981) using temperate soils subjected to different water
potentials showed better rhizobial survival in sandy
loams, silt loams and sandy clay loams than in sands and
clay loams.
Pena-Cabriales and Alexander (1979) found an
interesting point in their graph of soil moisture loss
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vs. rhizobial survival. They inoculated
streptomycin-resistant rhizobial strains of several
species into 10 g of Lima silt loam soil and allowed the
soil to desiccate at

3o 0 c.

After periodic counts of

rhizobial populations, they noticed the occurrence of a
very fast initial die-off which was followed by a slower
death rate.

Both death rates were exponential.

The

significance of the rapid initial die-off was not further
elucidated in the report.
Osa-Afiana and Alexander (1979) did not find this
stage of die-off.

However, they did find that the

highest death rates of rhizobia occurred simultaneously
with the highest losses of soil moisture.
Mahler and Wollum II (1980, 1981) found rhizobial
survival was strongly affected by water potentials.
Sterile soil at field capacity supported a 1-3 log higher
population of rhizobia than in sterile soil at -15 bars.
In the first study, Mahler and Wollum II (1980) observed
that nonsterile soil at -0.33 and -0.5 bars supported
higher levels of rhizobial populations than the sterile
soil maintained at -0.10 bar.
elucidated.

The reason was not

Osa-Afiana and Alexander (1979) found no

significant difference between the survival of
Rhizobium trifolii in sterile Collamer silt loam from
-8 to -0.02 bars, but progressively low survival in
nonsterile soil as the soil moisture was increased from
13

-8 to -1.5, -0.10 and -0.02 bars, respectively.

The

authors suggested the role of protozoan predation in the
observed decline of rhizobial populations in nonsterile
soil at the higher moisture levels.
In their 1981 report, Mahler and Wollum II
correlated soil moisture and soil texture with rhizobial
survival under moisture stress.

Although they found both

soil moisture and soil texture had profound influences on
the survival of rhizobia, they did not find significant
interaction between soil moisture and texture.
While the above studies were helpful in elucidating
strain differences with respect to desiccation, only
Osa-Afiana and Alexander (1979) have suggested that soil
moisture may regulate the interaction of rhizobia with
other soil microorganisms.
Biotic factors limiting rhizobial survival in
soil.
The effects of biotic factors on rhizobial survival
often are not as easily nor as directly determined as
those of the abiotic factors.

Chemical and physical

stresses on rhizobia in soil can also be relatively
easily controlled than the stresses associated with the
activity of soil microorganisms.

These and other factors

have contributed to the generally low level of knowledge
on the effect of biotic factors on rhizobial survival in
soil.
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Early studies on the effect of soil microorganisms
on rhizobial survival were confined to sterile soils as
it was especially difficult to reisolate inoculated
rhizobia from nonsterile soil.

This problem seems to

have been alleviated by the development of selective
techniques based on the use of antibiotic resistance
(Obaton, 1970; Danso et al., 1973) and serological
markers (Bohlool and Schmidt, 1970).
Antagonism between indigenous soil microorganisms
and rhizobia may involve toxin production, parasitism,
predation and competition for food and space (Chowdhury,
1977).
1. Toxin producers

Some soil microorganisms produce substances which
kill or otherwise inhibit rhizobia.

These are called

microbial toxins·in order to separate them from toxins of
plant origin.

Microbes reported which were reported to

produce toxins against rhizobia include actinomycetes
(Thornton et al., 1949; Van Schreven, 1964; Damirgi
and Johnson, 1966; Patel, 1974; Pugashetti et al.,
1982), bacteria (Smith and Miller, 1974; Pugashetti et
al., 1982) and fungi (Chhonkar and Subba Rao, 1966;
Habte and Barrion, 1984).
Parle (1964) first believed that the failure of
clover to nodulate in his New Zealand field was due to
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toxins from Danthonia plants.

However, he was unable

to isolate any toxic root exudates from Danthonia and
came to the conclusion that microorganisms, possibly
producing-toxin ones, were the cause of poor nodulation.
Chatel and Parker (1972) traced the die-off of
R.trifolii TAl to a water-soluble toxin.

Of the 50

microorganisms isolated from soil, 19 inhibited only R.
trifolii, and nine inhibited both R. trifolii and
R. lupini.

None of the toxins were further

identified.
2. Predators and Parasites
Soil harbors protozoa which feed on rhizobia and
thus capable of causing marked reductions in populations
of root nodule bacteria (Danso

~

and Alexander, 1978a, 1978b).

Danso, et al.

al., 1975~ Habte
(1975)

suggested that protozoa feed on rhizobia as long as the
energy derived from feeding was more than or equal to the
energy expended in obtaining the prey.

There is no

convincing evidence to this effect but predation by
protozoa seems to be d@pendent on the initial rhizobial
density (Habte and Alexander, 1978a).

Habte and

Alexander (1978b) observed both Tetrahymena
pyriforrnis and Colpoda ~- reduced R.

japonicum

populations from 10 9 -10 10 to 10 5 -10 7 in 28 days.
The resulting population of rhizobia should,
nevertheless, be adequate to nodulate soybean seedlings
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(Weaver and Frederick, 1974).

Predatory protozoa

that

could be present in tropical soils may or may not be
important in regulating rhizobial populations inoculated
into these soils.
The parasitic bacterium Bdellovibrio
bacteriovorus is known to attack rhizobia (Parker,
1962t Parker and Grove, 1970t Keya and Alexander, 1975a,
1975b).

However, rhizobia appear to be able to survive

in high numbers even in the presence of the parasite
(Keya and Alexander, 1975a).

Parker and Grove (1970)

isolated six strains of bdellovibrio in Western Australia
but did not implicate them in poor growth of legumes
there.
Viruses of bacteria (phages) are known to parasitize
rhizobia (Barnett, 1980).

Bacteriophages can rapidly

decimate a bacterial host in culture medium (Keya and
Alexander, 1975) but their significance in regulating
rhizobial survival in soil has yet to be ascertained.
Fatigue of alfalfa soils has been ascribed to a
bacteriophage which attacks alfalfa rhizobia, and Demolon
and Dunez (cited by Lowendorf, 1980), isolated a
bacteriophage resistant Rhizobium which in some years
as much as doubled the alfalfa yields in some problem
soils in France.

However, there was no convincing

evidence that the increase in yield was due to the
resistance of the Rhizobium to attack by bacteriophage.
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Vandecaveye ,!! al.

(1940) inoculated R. meliloti

resistant to bacteriophage isolated from fatigued fields
but did not improve yields of alfalfa.

It appears that

bacteriophages parasitic to Rhizobium isolated from
temperate soils do not pose an immediate threat to the
legume hosts.

Whether bacteriophages are present in

tropical soils and whether these microparasites will
cause alarming damage to inoculated rhizobia in tropical
soils is yet to be ascertained.
Because the majority of investigations on the
influence of biological factors on the survival of
rhizobia were done using soils representative of the
temperate regions, and because most of the studies
focused on the effect of either biotic or abiotic factors
on the survival of Rhizobium, there is a need to
elucidate the biological factors that may govern the
survival of Rhizobium in ~ropical soils.

In addition,

there is a need to determine the extent to which the

•

biological interactions are modified by the soil chemical
and physical factors.
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I I I . Influence of biological factors on the

Survival of Rhizobium in Soil at
different soil pH levels
Introduction
The relatively large volume of information that is
currently dealing with the survival of rhizobia in soil
is largely focused on the influence of abiotic factors.

In the few cases where the effect of biotic factors on
the survival of rhizobium were considered, efforts were
generally not made to determine how biotic and abiotic
factors interact.

An exception to this generalization is

the work of Lowendorf et al. (1981), in which the
decline of~· meliloti, R. phaseoli and a strain
of cowpea rhizobium in an acid Windsor soil was
attributed to low pH and the adverse influence of biotic
factors.

Information in this area is particularly scarce

for the soils of the tropics.
•

The objective of the current investigation was to

determine the influence of biotic factors on the survival
of Rhizobium in aluminum and manganese rich soils
maintained at different soil pH levels.

Since indigenous

protozoa had been found abundant in these two tropical
soils, the monitoring of their population was sought as
one way of assessing the influence of pH on soil biotic
factors in relation to rhizobial survival.
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MATERIALS AND METHODS
Soils.

Surface soil samples (0-18 cm) of the

Paaloa soil (Humoxic Tropohumult) was collected from
Waialua Sugar Plantation Co., in Oahu.

The soil which

had an original soil pH of 4.04 (1:1 soil to

water

ratio), was screened to pass through a 2-mm sieve.

The

soil was stored in a plastic bag and maintained moist by
keeping the plastic bag inside a 5-gallon covered plastic
bucket. One inch of water was maintained at the bottom of
the bucket to help maintain the soils' field moisture.
Two kilogram portions of the soil were adjusted to pH
4.2, 5.0, 6.0 and 6.8, using a lime titration curve
method described by Coleman and Thomas (1967).

The limed

soil was air dried for one week before inoculation.
Surface soil samples (0-18 cm) of the Wahiawa soil
(Tropeptic Eutrustox) was collected from the Poamoho
Research Station, College of Tropical Agriculture of the
University of Hawaii, Oahu, Hawaii.

The soil was

screened to pass through a 2-mm sieve and the pH
determined in a 1:1 soil to water suspension.
had an original pH of 5.2.

The soil

It was limed to pH 6.0 and

6.8 by the method of Coleman and Thomas (1967) and
acidified to pH 5.0 and 4.2 by the addition of dilute
sulfuric acid.
To obtain sterile soil, 100 g portions of the
Wahiawa and Paaloa soils at pH 7.0 were subjected to 2.5
26

megarads (Mrads) gamma irradiation from a co60 source
at the Department of Food Science, University of Hawaii
Honolulu, Hawaii.
The KCl-extractable aluminum and the KCl-extractable
manganese content of both soils were determined at
regular intervals.

One gram of the soil was transferred

into a 50-ml centrifuge bottle and added with 25 ml lN
KCl.

The soil was shaken for 30 minutes in a wrist

action shaker and afterwards centrifuged for 10 minutes
at SOOOxg at 10°c.

The supernatant was passed through

a #42 Whatman filter paper.

The extract was subjected to

Atomic absorption spectrometry for Mn determination
(Gambrell and Patrick, 1982).

The KCl-extractable Al was

determined colorimetrically (Dougan and Wilson, 1974).
Media.

Yeast mannitol agar (YMA) medium (Vincent,

1970) was used for maintaining, culturing and enumerating
rhizobia.

Tryptic soy agar (TSA)

(Johnson and Curl,

1972) was used to maintain Enterobacter aeruginosa.
Tryptic soy broth (TSB) was used to culture
Enterobacter aeruginosa used as food for protozoa.

A

saline solution containing 0.5 g KH 2 Po 4 , 0.2 g
MgS0 4 and O.lg NaCl per liter of water (pH adjusted to
7.0) was used for washing and diluting the cultures and
suspending soils.
Chemicals.

Cycloheximide obtained from Sigma

Chemical Co., St. Louis. Mo. was prepared by first
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dissolving 2.0 g of the powder in 15 ml 70 % ethanol.
The solution was brought to 100 ml with sterile distilled
water to obtain a stock solution of 20,000 ug/ml.
Streptomycin sulfate obtained from Sigma Chemical Co.,
St. Louis, Mo. was prepared by dissolving 5.0 g of the
powder in 95 ml sterile water to obtain a stock solution
of 50,000 ug/rnl.

Benlate (50% ai) obtained from Du Pont

de Nemours, Co., Wilmington, De. was prepared by
suspending 2.0 g of the powder in 10 ml 70 % ethanol
overnight and then bringing the volume to 100 ml with
sterile distilled water to obtain a stock suspension of
10,000 ug/ml.

Cycloheximide and streptomycin were filter

sterilized by passing through 0.45 micron filter obtained
from Millipore Filter Co. Bedford, Ma.

The stock

solutions and suspensions were stored at 4°c until use.

Cultures.

Rhizobium ~ · strain #1SR was

obtained from Dr. M. Habte of the Department of Agronomy
and Soil Science, University of Hawaii, and is a
streptomycin-resistant mutant derived from a wild type
culture isolated from the nodules of Sesbania
grandiflora.

The culture was grown in yeast mannitol

broth {YMB) amended with 50 ug Benlate/ml of medium
contained in 250-ml Erlenmeyer flasks on a rotary shaker
operating at 100 rpm at 27°c for one day.

One ml of

the culture grown in the amended YMB was transferred to
unamended YMB and allowed to grow for 3 days.
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The

culture in the flask was harvested by centrifugation at
8000 g for 10 minutes at 10°c and then washed twice
with sterile saline solution.

The pellet was brought to

5-10 ml by suspending it in sterile distilled water.
Enterobacter aeruginosa

used as food for

protozoa was obtained from Dr. P. Yoder of the Department
of Microbiology, University of Hawaii.

The culture was

maintained on TSA at 4°c. The suspension used in the
protozoa plates was obtained by transferring a loopful of
the bacteria from the slant into 100 ml TSB contained in
250-ml Erlenmeyer flask and incubating in a rotatory
shaker at 27°c for 3 days.

The culture was harvested

by centrifugation as described above.

The pellet

collected was washed twice with sterile saline solution
and then resuspended in 100 ml sterile saline solution.
The suspension was stored at 4oc until use.
In the first experiment, 100 g portions of
nonsterile Paaloa and Wahiawa soils at pH 4.2, 5.0, 6.0
and 6.8 were transferred into 480-ml cylindrical
screw-cap bottles.

The soil was added with enough

distilled water such that addition of 10 ml of the
rhizobial culture resulted in a soil moisture content of
35 % for the Paaloa, and 31 % for the Wahiawa soil.

The

soil was inoculated with 10 ml rhizobial suspension
containing lxlolO cells/ml of culture by the use of
5-ml syringe in order to achieve uniform distribution of
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the cells.

The soil was left at room temperature

(24°c) for 1 hour and then mixed thorougly with a
spatula.

The inoculated soil was afterwards transferred

to another set of 480-ml bottles containing water agar
(1.5 % agar for the Paaloa soil and 2.5 % agar for the
Wahiawa soil).
30°c.

The soils were incubated in the dark at

Rhizobial and protozoan populations were

monitored at 0, 3, 7, 14, 21, 28 and 35 days after
inoculation.
At each sampling day, three 1-g portions of the
soils at various pH were transferred into 160-ml dilution
bottles containing 99 ml sterile saline solution.

The

soil was mixed by shaking the bottle for one minute by
hand.

Subsequent dilutions were made in 30-ml test tubes

containing 9 ml sterile saline solution.

Rhizobia were

recovered from the dilution suspensions on YMA amended
with streptomycin, cycloheximide and benlate at final
concentrations of 500, 400 and 50 ug/ml of the culture
medium.

To count protozoa, the method of Singh (1955) as

amended by Habte (1974) was used.
Rhizobial plates were incubated at 3o 0 c for 3 days
while protozoa plates were incubated in the dark at

2s 0 c for 9 days.
To isolate the effects of biological factors from
the effects of soil acidity and the factors associated
with soil acidity, another experiment was conducted using
30

sterile and nonsterile soils adjusted to various pH
levels.

Since the results of the previous experiment

have shown that the survival of the Rhizobium in
nonsterile soil at pH 6.8 was not significantly different
from that at pH 6.0, the soil having a pH of 6.0 was
eliminated from this study.

Because aluminum and

manganese toxicities were suspected to be involved in the
decline of rhizobia at the lowest pH level,
KCl-extractable manganese and KCl-extractable aluminum of
both soils were measured at regular intervals.
The Paaloa and Wahiawa soils which had been stored
in air-dried condition for 10 months were limed to pH
7.0.

When the desired pH was attained, the soils were

air-dried for one week and stored in plastic bags until
use.

Acidification of the soil was done after the pH of

each soil has first been brought up to pH 7.0.

This

procedure was followed with the hoP.e of circumventing the
toxicity associated with irradiation of soils having low

•

pHs.

It has been our experience that gamma irradiation

of soil at pH below 5.3 leads to the sudden disappearance
of Rhizobium subsequently inoculated into it.
Two sets of sterile and nonsterile soils having
different pH levels were obtained as described above.
The soil pH was allowed to stabilize for three weeks.
the time of inoculation, four ml of washed cell
suspension obtained from a 3-day old culture and
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At

containing 2xlol0 cells/ml was sprayed over 80 g of
soil, with a 5-ml syringe to insure uniformity of
application.

The soil was mixed immediately with a

sterile spatula and then transferred to 30-ml vials
containing 3 ml agar (2.5 % water agar for the Wahiawa
soil and 1.5 % water agar for the Paaloa soil).

These

water agar concentrations maintained the soils at 35 %
and 41 %, which corresponds to 60 % of the water-holding
capacity of the Wahiawa and Paaloa soils, respectively.
Triple (1.0 g) samples were withdrawn from each vial at
0, 3, 7, 14, 21, 28, and 35 days after inoculation.

The

Rhizobium was recovered from soil as described above.
To determine the changes in the population of
protozoa in response to inoculation of rhizobia, the most
probable number (MPN) of protozoa was also determined
from samples maintained at pH 4.2 and 7.0.
The data for the comparison between survival of
rhizobia in nonsterile soil at different soil pH levels
was analyzed using a randomized complete block design,
while the data for comparison between rhizobial survival
in sterile and nonsterile soil at different soil pH
levels was analyzed using a split split-plot design with
days after inoculation as the main plot, sterilization as
the sub-plot and pH as the sub-subplot.

The most

probable number of protozoa was analyzed using a
randomized complete block design.
32

The rhizobial counts

as well as the protozoan density were transformed to
log 10 x or log 10 (l+x) when necesssary to determine
the analysis of variance.
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RESULTS
Survival of Rhizobium !!2· strain llSR in the
Wahiawa Soil.

The survival of Rhizobium

~

strain #1SR in

nonsterile Wahiawa soil at different pH levels is shown
in Fig. 1.

Rhizobia declined at all pH levels, and the

greater decline was associated with lower pH.

At pH 4.2,

rhizobial population declined drastically and
continuously from 4xl08 cells/g

soil at day Oto

l.7xl0 3 cells/g of soil at day 14.
remained
35.

The population

at 2xl03 cells/ g soil from day 21 until day

Although rhizobia declined in nonsterile soil at the

other pHs, the decline was not as pronounced as in soil
at pH 4.2.

After 35 days the remaining rhizobia at pH

5.0 was 4.8 xl06/g of soil, while at pH 6.0 and 6.8,
the remaining rhizobia were 2.95xl07 and 5.lxl07
cells/g of soil, respectively.
difference

There was no significant

between the number of rhizobia surviving at

pH 6.0 and at pH 6.8.
A comparison of the survival of rhizobium in sterile
and nonsterile Wahiawa soil is presented in Fig. 2.
Rhizobium ~- strain #1SR disappeared after
inoculation in sterile Wahiawa soil at pH 4.2 (Fig. 2).
In nonsterile soil (pH 4.2), rhizobia declined
logarithmically from the initial population of 4.8 x
10 8 cells/g soil to 3.6 x 10 2 ;g of soil.
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contrast, significantly higher number of rhizobia
survived at pH 5.2 and at pH 7.0.

No significant

difference was observed between the survival of rhizobia
at pH 5.2 in the absence (sterile) or presence
(nonsterile} of biological factors.

However, there was a

~ignificantly higher number of rhizobia surviving in
sterile than in nonsterile soil at pH 7.0, from 21 days
after i~oculation until the end of the 35 day study.
Rhizobial counts correlated negatively with
KCl-extractable Mn (r= -0.84) and with KCl-extractable
aluminum (r= -0.80) in the Wahiawa soil.
The response of indigenous protozoa in the Wahiawa
soil to inoculation of Rhizobium ~- strain #lSR is
presented in Fig. 3.

There was more than 5 times

increase in the MPN of protozoa at pH 4.2, while there
was a tenfold increase in the number of protozoa in
nonsterile soil at pH 7.0.

The increase in the number of

protozoa at pH 7.0 is significantly higher than the
increase at pH 4.2.
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Survival of Rhizobium

~

strain llSR in the Paaloa Soil

A continuous decline and virtual disappearance of
rhizobia was observed in nonsterile Paaloa soil at pH 4.2
(Fig. 4).

There was a four-fold decline observed at pH

5.0, while a log 10 decline was observed at pH 6.0, and
there was virtually no decline at all

at pH 6.8.

In soil previously limed to pH 7.0 and then
acidified, a similar trend was observed in nonsterile
soil.

The comparison between the survival in sterile and

nonsterile soil at three pH levels is presented in Fig.

5.
Rhizobial counts correlated strongly negatively with
Al (r=-0.87).

Rhizobia completely disappeared from

sterile soil (pH 4.2) after 21 days of inoculation, and
from sterile soil at the same pH, after 28 days of
inoculation.

Survival

increased to 5.2.

increased when the pH was

Consistently higher levels of the

Rhizobium survived in sterile soil than in nonsterile
soil at both pH 5.2 and pH 7.0, particularly beginning at
14 days after inoculation.
Even with decline of rhizobial populations in
nonsterile soil at pH levels 5.2 and 7.0, the populations
remaining at these pH levels are still very high.

At the

end of 35 days, l.42xl08 cells/g soil remained in the
soil at pH 5.2 while lxl0 9 cells/g soil remained in
soil at pH 7.0.
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The initial density of the indigenous protozoa in
the Paaloa soil was in the vicinity of lx10 5 cells/g of
soil (Fig. 6).

This initial level increased to 2xl0 6

cells/g of soil when rhizobia were inoculated at pH 7.0,
while at pH 4.2, the density of protozoa did not
significantly decline from the initial value of about
lxloS cells/g of soil.
The levels of KCl-extractable manganese and
KCl-extractable aluminum in sterile and nonsterile
Wahiawa and Paaloa soils which were monitored during the
survival study are presented in Fig. 7, 8, 9, and 10.
The level of KCl-extractable Mn in the Wahiawa soil
increased with incubation and the level was significantly
higher for sterile than for nonsterile soil at all pH
levels except for pH 7.0 in which the differences were
not significant (Fig. 7).

Sterilization did not seem to

have a significant influence on the level of
KCl-extractable Al in both soils (Figs. 8 and 10).

The

highest level of KCl-extractable Al in the Paaloa soil
was noted at about 14 days ~fter inoculation (Fig. 10).
The level of the KCl-extractable Al was barely detectable
in both soils at pH 5.2 and pH 7.0.
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DISCUSSION

The difference in the survival of rhizobia
inoculated into sterile and nonsterile Wahiawa soil at
different pH levels indicates that both abiotic and
biotic factors control the survival of the Rhizobium.
The strong negative correlation between rhizobial
populations and the KCl-extractable Mn (r=-0.84) and
KCl-extractable Al (r=-0.80) of Wahiawa soil suggests
that the initial decline of rhizobia inoculated in
sterile and nonsterile Wahiawa soil at pH 4.2 was
probably due to the extremely low pH and manganese and
aluminum toxicities.
The disappearance of Rhizobium

~

strain #1 SR

after inoculation in sterile Wahiawa soil (pH 4.2)
appears to be caused by very low soil pH and very high
concentrations of KCl-extractable Mn (1-1.2 meq/100 g
soil) and Al (0.7 meq/100 g) associated with the low pH.
Similar disappearance of rhizobia in sterile acid soil

•

was earlier reported by Hartel and Alexander (1983), but
the disappearance was attributed to high H+
concentration.
The population of rhizobia exhibited drastic decline
from nonsterile soil at pH 4.2, but it was not completely
eliminated from this soil as it was from sterile soil.
This complete disappearance of Rhizobiurn from sterile
soil appears to be related to Mn toxicity enhanced by
48

sterilization.

This observation is supported by the

significantly higher level of KCl-extractable Mn in the
sterile soil as compared to the nonsterile soil.

The

release of Mn as a consequence of sterilization has been
previously reported by Fujimoto and Sherman (1945), and
by Boyd (1971) who noted that autoclaving the soil
resulted in the release of Mn.

The increase in the

KCl-extractable Mn after gamma irradiation is evident for
the Wahiawa soil at pH 5.2, but not at pH 7.0 probably
because the available Mn at high pH is practically
negligible.
In addition to low pH, Mn and Al toxicities, the
increase in the density of protozoa in the nonsterile
Wahiawa soil at pH 4.2 (Fig. 3) inoculated with the
Rhizobium indicates that protozoa preyed upon the
Rhizobium.

The continous decline of the rhizobial

population in this soil is probably due to: 1) the
inability of the rhizobia to reproduce and replace the
cells lost through predation, 2) death of the cells due
to low soil pH, and Mn and Al toxicities. In nonsterile
Wahiawa soil at pH 4.2, the KCl-extractable Mn measured
ranged from 0.48-0.90 meq/100 g soil (133-247 ppm).

At

this pH, Munns and Fox (1977) earlier reported that the
saturation extract of the same soil had a Mn content of
1.36 ppm, a soil solution concentration which according
to Morris (1948), was enough to cause toxicity in
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lespedeza and in most legumes (Dobereiner, 1966).

The

decline of rhizobia in this soil is in contrast to the
findings of Keyser and Munns (1979a, 1979b), who reported
that three cowpea rhizobia were able to tolerate up to
200 uM (2.7 ppm) of Mn in culture medium.

The difference

in the observation could be due to strain differences,
the difference in the conditions of growth in culture
medium vs. the Roil, as well as the difference in the
forms of Mn between the two systems.
The level of KCl-extractable Mn in the sterile
Wahiawa soil at pH 5.2 (0.45-0.60 meq/100 g soil) appears
to be inhibitory to rhizobia, but not the level of
KCl-extractable Mn (0.23-0.27 meq/100 g soil) in the
nonsterile soil at the same pH.

This is shown by the

higher rhizobial survival in nonsterile than in sterile
soil, which is contrary to the earlier reports
(Chowdhury, 1977) where survival in sterile soil was
higher than in nonsterile soil.

The data indicate that

rhizobial population did not decline appreciably during
the first 14 days after inoculation in sterile soil
suggesting that acidity did not cause the decline
observed 21 days after inoculation.
The KCl-extractable Mn content of the nonsterile
Wahiawa

soil at pH 5.2 is 0.27 meq/lOOg soil (62.5 ppm),

a concentration which is unlikely to be toxic to rhizobia
since rhizobia have been reported to tolerate Mn in agar
50

medium from 800-1500 ppm (Sherwood, 1966 as cited by
Masterson 1968), and up to 880 ppm if the pH were above

4.6 (Holding and Lowe, 1971).

If the KCl-extractable Mn

at this pH were above 100 ppm (4 uM}, Mn toxicity could
have caused the decline in rhizobial population, since
there has been at least one report of Mn toxicity to
crops in moderately acid soil (pH 5.6) having and
exchange3ble Mn content of 113 ppm (Hale and Heintze,

1946).

Thus the decline of rhizobia in the nonsterile

Wahiawa soil could only be due to biological factors.
In contrast to the decline of rhizobia in the
sterile Wahiawa soil at pHs 4.2 and 5.2, the population
of rhizobia inoculated into sterile Wahiawa soil at pH

7.0 did not decline.
was barely detectable.

At this pH, the KCl-extractable Mn
Hence the decline of rhizobia in

nonsterile soil at pH 7.0 is caused only by biological
factors.

The increase in the density of predatory

protozoa associated with the decline of Rhizobium
strongly supports the above conclusions.

However, even

when being preyed upon by the\protozoa, the Rhizobium
\

was able to maintain a very high level of its population.
This indicates that the Rhizobium was multiplying fast
enough to replace the cells consumed by the protozoa.

A

possible reason for this rapid multiplication of the
rhizobia was the release of organic matter from the soil
a consequence of liming the soil to a favorable pH, and
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the intermittent wetting and drying cycles imposed during
the manipulation of the pH (Jager and Bruins, 1975;
Sorensen, 1974). Abundant substrate, as indicated by high
level of total water soluble organic carbon might have
helped the multiplication process.
carbon

The total organic

of this soil at pH 7.0 is significantly higher

than the total organic carbon of the same soil at pH 6.0
(table 3.1).

The release of soluble organic carbon was

probably a result of liming, as well as subsequent drying
and rewetting of the soil (Pena-Cabriales and Alexander,
1979).

The effect of predation by protozoa is therefore

masked by the rapid multiplication of rhizobia.

The

decline of the total water soluble organic carbon from
the nonsterile soil during incubation for 18 days
indicated that carbon was being consumed.

This soluble

carbon concentration would also reflect the amount of
carbon that was available to rhizobia during the survival
study.
While decline of rhizobial populations is evident in
nonsterile soils maintained at pHs 5.2 and 7.0, the
remaining rhizobia at the end of the 35 days study was
still in the order of 10 9 cells/g of soil, a population
which is sufficient for nodulating the host crop (Weaver
and Frederick, 1974).

This

observation is inconsistent

with the first study in which rhizobia declined by at
least 10 times upon inoculation into nonsterile soil at
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Table 3.1.

Total water soluble organic carbon concentration of
the Wahiawa soil at different soil pH levels.
Soil pH

Days after
Inoculation

7.0

6.0

mg C/kg soil

0
3
6

18

9.98
6.95
3.55
5.25
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30.13
17.27
14.24
7.99

pH 6.8, and at least 20 times at pH 5.0 (Fig. 1).

This

apparent contradiction could have been the result of long
storage of the soil (10 months) which could have killed
some biological agents, such as antagonistic bacteria.
While protozoa may exist for long periods of time by
encystment, other members of the soil microflora may not
have the same resting stage.

Such decline in microbial

population as a result of storage of soil in air-dried
state has been reported by Chen and Alexander (1973).
Rhizobia inoculated into the Paaloa soil at pH 4.2
did not completely disappear until 21 days after
inoculation into the sterile soil, and until 28 days
after inoculation into the nonsterile soil.

The

continuous and virtual disappearrance of Rhizobium
~

strain .#1SR inoculated into both sterile and

nonsterile Paaloa soils at pH 4.2 could be due to
extremely low soil pH as well as excessive levels of
KCl-extractable aluminum.

The difference between the

time rhizobia disappeared from sterile soil and from
nonsterile soil indicates that the presenc~ of biological
factors somewhat protected the rhizobia.

The same

observation was reported by Hartel and Alexander (1983a),
but they only postulated that the injurious effect of Al
in soil may be altered by some biotic rn~chanisrn.
The KCl-extractable Al content of the Paaloa soil at
pH 4.2, which does not seem to be altered by
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sterilization, was in the range of 1.00-1.58 meq/100 g
soil (90-138 ppm).

This level far exceeds those reported

by Rice et al.(1977).

They observed that the lowest

number of R. meliloti was in an acid Al-rich soil (pH
4.5), with an aluminum content of 45 ppm (Cacl

2

-extractable).
The finding reported here parallels those of Keyser
et al.,

(1979), who suggested that the decreased

nodulation of cowpea by rhizobia was the result of
inhibition of rhizobial growth by Al, but this finding
disagrees with those of Hartel and Alexander (1983a,
1983b), who attributed the death of cowpea rhizobia
inoculated into Onne sandy clay loam to low soil pH
instead of aluminum toxicity, even when the
KCl-extractable Al of the soil they used (1.78 meq/100 g

soil) was higher than the one reported here (1.58 meq/100
g soil).

The difference between our finding and those of

Hartel and Alexander (1983a, 1983b) could be due to the
difference in the susceptibility of the strains used.
Even with strains that nodulate the same host, there are
variations in tolerance to acidity or aluminum toxicity,
as reported by Keyser and Munns (1979b).
The population of protozoa did not vary considerably
from the initial population of lxl0 5 in nonsterile
Paaloa soil at pH 4.2.

However, this lack of measurable

response does not necessarily indicate that there was no
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predation, since decline of rhizobial population was
observed at this pH level.

It is possible that the

population of protozoa was also regulated by the high
KCl-extractable Al of the soil, either directly or
indirectly by its effect on the rhizobial population.

In

the absence of rhizobial multiplication, the increase in
the number of the predators could have been limited by
the low number of the prey.
Rhizobial count correlated strongly negatively with
Al (r=-0.87), but since no survival study was done to
test the susceptibility of Rhizobium

~

strain #1SR

to pH 4.2 in culture medium, it is not possible to
separate the influence of Al alone from the effects of
soil acidity.

Nevertheless, the decline observed at pH

4.2 could be critical for rhizobial colonization of the
Paaloa soil, especially because the pH of the soil in the
field (pH 4.04) is even lower than the pH imposed here.
The KCl-extractable Al measured immediately after the
soil was collected was also higher than the
KCl-extractable Al measured curing the survival study
(Table 2.).
The significantly higher survival of rhizobia in the
sterile Paaloa soil at pH 5.2 than in sterile soil at pH
4.2 suggests that Rhizobium

~

strain #1SR can

tolerate moderate acidity.

Furthermore, this observation

suggests that the concentration of KCl-extractable Al of
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the Paaloa soil at pH 5.2 may not be detrimental to
rhizobia.

Fox et al. (1981) have suggested that the

appropriate pH to which a soil should be limed will
depend on the problem to be corrected, and that if the
only problem is Al toxicity, then raising the soil to pH
5.3-5.5 should suffice.

The findings reported here

indicate that in the Paaloa soil, raising the pH to 5.2
was enough to suppress Al toxicity to rhizobia.
The increased survival of Rhizobium

~

strain

#1SR inoculated into sterile Paaloa soil at pH 5.2
suggests that this strain may tolerate moderate acidity,
and that in the absence of biological factors, this soil
may be succesfully colonized by rhizobia if the soil pH
were raised to at least 5.2.

However, the decline of

rhizobia in the nonsterile Paaloa soil at the same pH
level suggests that biological factors were responsible
for the decline.

Although the decline at this pH was

greater when the soil used was maintained at field
moisture before inoculation (Fig. 4) than when the soil
was maintained air-dried for a long period of time (Fig.
5), the survival in nonsterile soil is still
significantly lower than survival in sterile soil
indicating that biological factors have a significant
impact on rhizobial survival.
The increase in the density of predatory protozoa
upon inoculation of Paaloa soil with the Rhizobium at
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pH 7.0 suggests that protozoa were feeding upon the
rhizobia.

Because the density of protozoa increased at

pH 7.0 but not at pH 4.2, there is no evidence to prove
that rhizobia were preyed upon by protozoa at the latter
pH.

However, because of the presence of very high

numbers of protozoa in this soil initially (in the order
of 10 5 ), it seems reasonable to assume that protozoa
preyed upon rhizobia and contributed to the decline of
their population.

Such predation has been reported to

reduce the size of large populations of rhizobia in soil
(Habte and Alexander, 1977).
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SUMMARY AND CONCLUSION
Rhizobium

~

strain #1SR declined drastically in

both the sterilized Paaloa and Wahiawa soils at pH 4.2
but maintained high populations when the pH was raised to
pH 5.2 and 7.0.

Death of rhizobia in sterile Wahiawa

soil maintained at pH 4.2 and 5.2 could be due to
excessive levels of Mn which was a result of gamma
irradiation of the soil.
There was a significant decline of rhizobia
inoculated into the nonsterile Wahiawa soil at all pH
levels, when the soil was maintained moist prior to
inoculation, but higher populations were maintained in
nonsterile soil at pH 5.2 and 7.0 when the soil was
maintained air-dried for 10 months, subjected to liming
and then acidification.

As a result, nonsterile Wahiawa

soil at pH 5.2 supported somewhat higher populations than
sterile soil at the same pH level.

The decline of

rhizobial populations observed in sterile soil (pH 5.2)
could be jue to excessive levels of Mn, which resulted
from gamma irradiation.

The low level of Mn in the

nonsterile Wahiawa soil at pH 5.2 should not have been
toxic to rhizobia, nor should the moderate acidity be
responsible for the observed decline at this pH.
Therefore biological factors were resposible for the
decline of rhizobia in nonsterile soil at pH 5.2.
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The decline of rhizobia in nonsterile soil was
accompanied by an increase in the density of protozoa, at
pH 4.2 and pH 7.0 in Wahiawa soil, and only at pH 7.0 in
Paaloa soil.
The greater magnitude of decline of rhizobia in
nonsterile Wahiawa soil which was maintained in moist
condition before inoculation could be due to the presence
of higher numbers, as well as higher activity of the
antagonistic biotic factors.
populations of rhizobia

The unusually high

remaining after inoculation into

nonsterile Wahiawa soil which was maintained in air-dried
state could have resulted from the availability of
organic matter as a consequence of liming, and drying and
rewetting cycles.
The aluminum toxicity associated with the Paaloa
soil at pH (4.2) was alleviated when the pH was raised to
5.2.

Regardless of whether the soil had been initially

stored moist or air-dried, there was no decline observed
in rhizobia inoculated into the Paaloa soil at pH 7.0,
even in the presence of protozoan predation.

The high

survival maybe due to the release of organic matter which
could have been available to rhizobia and the attendant
higher growth rate that tended to match the rate of
predation by protozoa.
Low soil pH and associated Mn toxicity were potent
stresses to rhizobia inoculated into the Wahiawa soil.
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Since the effect of acidity alone was not tested, it is
necessary to separate the influence of the low pH from Mn
toxicity in this soil.
Low soil pH and associated aluminum toxicity were
potent stresses to rhizobia inoculated into the Paaloa
soil, especially because the prevailing soil pH of this
soil under field condition is even lower than the lowest
pH maintained in this study.

Liming of this soil to a

moderately acid pH (pH 5.2) probably eliminated the
associated Al toxicity.
The increase in the density of protozoa with a
concommittant decline in rhizobia inoculated into the
Wahiawa soil at pH 4.2 and at pH 7.0 suggests that
protozoa are important in regulating the population of
rhizobia inoculated into this soil at all pH levels.
However, the increase in the density of protozoa in the
Paaloa soil was observed only at pH 7.0, suggesting that
soil pH may regulate the predatory activity of protozoa

•
by limiting the prey population.
The inability of protozoa to eliminate the bacteria
is not a result of attack on protozoa by other
microorganisms, nor is it due to protection of rhizobia
by the soil microenvironment, but is probably due to the
rapid multiplication of the remaining rhizobia to replace
the cells lost through predation (Danso et al., 1975~
Habte and Alexander, 1978a).
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This multiplication could

have resulted from the release of organi~ matter as a
consequence of liming the highly acidic soil, as was
noted in the Wahiawa soil.
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IV. Influence of Biological Factors on the Survival
of Rhizobium at different Soil Moisture Levels
Introduction
Rhizobia inoculated into the soil are affected by
moisture stress because they do not form endospores
(Graham~ al., 1963).

Similarly, soil moisture

affects the activity of microorganisms present in the
soil (Bhaumik and Clark, 1947: Orchard and Cook, 1975:
Wilson and Griffin, 1975).

Hence, soil moisture may

regulate the degree to which members of the soil
microflora interact with rhizobia.
Studies relating the survival of rhizobia to
moisture are not wanting.

However, such studies have

been confined to the effect of desiccation (Al-Rashidi
et al.,
-

1982: Pena-Cabriales and Alexander, 1979:

Bushby and Marshall, 1977a, 1977b: Chen and Alexander,
1973: Marshall, 1964), influence of soil water content
(Osa-Afiana and Alexander, 1979) and inluence of soil
moisture potential and soil texture (Mahler and Wollum,
1980,1981).
Of the above studies, only Danso and Alexander
(1979) noted that decline in the population of
Rhizobium in soil at different soil moisture levels was
accompanied by an increase in soil protozoa, and
suggested that soil moisture may regulate the degree of
antagonism of microorganisms towards rhizobia.
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In their

study, soil water was expressed in percentage by weight
of the soil and and the corresponding equivalent in soil
moisture tension.

However, the authors did not mention

whether the soil moisture was maintained during the
12-day study and hence the results could be complicated
by desiccation at 30°c.

Mahler and Wollum (1980)

reported that soil moisture influenced the survival of
rhizobia, but did not study how this survival was in turn
affected by biological factors in the soil they used.

In

all of the above studies, temperate soils were used.
The influence of soil moisture on the survival of
rhizobia is especially important in tropical soils where
prolonged periods of moisture stress occur during the
year.
This study was conducted to determine the degree to
which biotic factors influence the survival of rhizobia
in the Wahiawa soil, at different soil moisture levels.
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MATERIALS AND METHODS
Soils.

Surface soil samples (0-18 cm) of the

Wahiawa soil (Tropeptic Eutrustox) were collected from
the Poamoho Agricultural Experiment Farm, College of
Tropical Agriculture, University of Hawaii, Oahu, Hawaii.
The soil was screened to pass through a 2-mm sieve and
the pH determined on a 1:1 soil to water ratio.

The soil

was limed to pH 6.0 with caco 3 using a titration curve
obtained by the method of Coleman and Thomas (1967).

The

limed soils were stored in an air-dried condition for one
week before inoculation.

The percent soil moisture

corresponding to -0.10, -0.3, -5,-10 and -15 bars was
determined by the suction plate and pressure membrane
apparatus as described by Richards (1965).
Sterile Wahiawa soil was obtained by transferring 30
g portions of the soil into 120 ml cylindrical screw cap
bottles and subjecting the soil to gamma-irradiation (2.5
Mrads) from a co 60 source.
Media. Yeast mannitol agar (YMA) was used for

maintaining, growing and plating rhizobia (Vincent,
1970).

Yeast mannitol broth (YMB) was used to culture

rhizobia for the experiment.

A saline solution

containing 0.5 g KH 2 po 4 .7 H2 o, 0.2 Mgso 4 and 0.1
g NaCl (pH 7.0) was used for washing and diluting the
rhizobial and bacterial culture, and for suspending soil.
Maintenance of soil moisture.
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The water agar

technique developed by Dr. M. Habte of the University of
Hawaii (personal communication) was employed to maintain
the moisture content of the soil samples at the desired
levels.

Chemicals.

Cycloheximide, streptomycin and

benlate were prepared as described previously.

Culture.

Rhizobium

as described previously.

~

strain #lSR was grown

The pellet collected from a

3-day old culture was washed twice with sterile saline
solution and resuspended in 30 ml sterile distilled
water.

Appropriate cell suspensions were used as

inoculum.
To determine the influence of biological factors on
the survival of rhizobia in Wahiawa soil at different
soil moisture levels, sterile and nonsterile Wahiawa
soils were inoculated with Rhizobium

~

strain #lSR.

For this purpose,the soil was previously air-dried for 1
week (8-9 % moisture).

Thirty-g portions of sterile and

non-sterile soil contained in 120- ml bottles were
transferred aseptically with sterile distilled water such
that addition of 3 ml rhizobial suspension will bring
back the soil's moisture from 9 % to 24 % or 31 %,
respectively for the -15 bar or the -0.10 bar soil
moisture tension.

The soil was inoculated with three

of rhizobial suspension containing 3xl0 9 cells/ml. This
was achieved by employing a 5 ml sterile syringe and
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ml

applying the rhizobial suspension as a fine spray over
the soil.

Aseptic procedures were followed during the

moistening, inoculation and the mixing (with spatula), of
the sterile soils.

After mixing, the soil samples

adjusted to 24 % moisture were transferred into another
set of 120-ml jars containing 15 ml 15 % (w/w) sterile
water agar.

The inoculated soils that were at a moisture

content of 31 % were transferred into 120 ml-jars
containing 2.5 % sterile water agar.

The soils were

incubated in the dark at 30°c.
The numbers of rhizobia from sterile and nonsterile
soils were monitored at regular intervals.

From each

treatment, 1 bottle was sacrificed for obtaining 3
replicates for counting rhizobia and for determining soil
moisture.

Rhizobia were recovered on

YMA amended with

cycloheximide, streptomycin and benlate at 400, 500 and
50 ug per ml of the culture medium.
The data was analysed using a split-plot design with
sterilization as the main plot and the soil moisture
tension as the subplot.
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RESULTS
Changes in the population of Rhizobium

~

strain #lSR as influenced by soil moisture in sterile and
nonsterile Wahiawa soil is presented in Fig. 1.

Survival

was better in sterile soil than in nonsterile soil at a
given moisture level.

In the sterile soil maintained at

a moisture potential of -0.10 bar, rhizobia increased
slightly from 3.2xl08/g soil to 4.6xl0 8 7 days after
inoculation.

Subsequently a slight decline was observed

at 14 days after which time the density of the
Rhizobium appeared to stabilize around 2.3-3xl08
cells/g of soil.
Survival of Rhizobium in the sterile soil
maintained at -15 bars was not significantly different
from that described above.
In the nonsterile soil maintained at -15 bars the
population of Rhizobium declined slowly and stabilized
itself in the vicinity of 7.5x107 to l.4xl08 cells/g
of soil.

By contrast the decline of Rhizobium in the

nonsterile soil maintained at -0.10 bar was almost
logarithmic, reaching a low level of 6.6xl0 6 cells/g of
soil.
While there was no significant difference between
the population of rhizobia at-0.10 and -15 bars in
sterile soil, significantly higher number of rhizobia
survived in the nonsterile soil amaintained at the -15
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bar tension than in the nonsterile soil maitained at
-0.10 bar.
The soil moisture levels of the Wahiawa soil
maintained during the survival study are presented in
Fig. 2.

Although the measured soil moisture values did

not exactly match the desired soil moisture levels
(represented by the solid straight lines)the measured
values fairly approximated the desired soil moisture
contents.

•
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DISCUSSION

The ability of Rhizobium.

~

strain #lSR to

survive at high densities in sterile and non-sterile soil
maintained at -15 bars indicate that rhizobia can grow
and survive in Wahiawa soil even at moisture contents
that will induce wilting in most legumes •

This

observation is in contrast to those of Mahler and Wollum
(1980, 1981), who reported that the highest decline of
Rhizobium meliloti were observed at -15 bars.

This

contradiction indicates that rhizobial strains may differ
in their susceptibility to soil moisture tension.
Osa-Afiana and Alexander,

(1982a) reported that there are

strain differences with respect to tolerance to
desiccation:

A possible explanation for the observed

endurance of rhizobia to soil moisture stress could be
due to protection from desiccation by particulate matters
such as peat and clays (Marshall, 1964: Bushby and
Marshall, 1982: Osa-Afiana and Alexander, 1982b) and fly
ash (Roberts and Marshall, 1963).

Furthermore, Bushby

and Marshall (1977b) have reported that the addition of
montmorillonite markedly enhanced the survival of
rhizobia in soils undergoing drying if the clay was added
before adjusting the soil moisture probably because sandy
soil amended with clay retained more water at the same
moisture potentials than unamended soil.

These authors

found that the survival of rhizobia was directly
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proportional to the amount of water remaining after
desiccation, and suggested that the water held by the
clays could be available to the rhizobia.
Although very little decline of rhizobial
populations was observed in nonsterile soil maintained at
-15 bars, the counts observed in sterile soil maintained
at -15 bars were significantly higher, indicating that in
the absence of biological factors rhizobia multiplied.
The better survival of Rhizobium in the nonsterile
soil maintained at a water potential of -15 bars as
compared to its survival in the same soil maintained at
-0.10 bar is probably explainable in terms of the
diminished activity of antagonistic microorganisms caused
by low water potentials.

Such decline in microbial

activity at low water potentials have been reported (Lund
and Golksoyr, 1981: Wilson and Griffin, 1975: Orchard and
Cook, 1975).
The continuous decline of rhizobia in nonsterile
soil at -0.10 bar could be due to attack by predaceous
protozoa.

This is indicated by the increase in the

density of protozoa observed in the Wahiawa soil at pH
4.2 and pH 7.0 (see the previous section).
population of protozoa

Because the

was not determined in this study,

it is not possible to establish the absence of predation
at -15 bars, however, a similar study was reported by
Osa-Afiana and Alexander (1979) who observed that in soil
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moisture tensions -0.02, -0.10, and -1.5 bars, rhizobia
declined with a consequent increase in the number of
protozoa but no predation was evident when the soil had a
moisture content of 10 % (-8 bars).

They attributed this

observation to the inability of the protozoa to reach
their prey, in line with those of Losina-Losinsky and
Martinov (1930) who reported that the amoebae and
Colpoda stenii have limited movement in loam at 15-20
% (approximately -1.5 bars).
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SUMMARY ARD CONCLUSION

Rhizobium

~

strain #1SR was inoculated into

sterile and non-sterile Wahiawa soil at soil moisture
levels corresponding to
moisture tension.

-0.10 bar and -15 bars soil

Rhizobia survived equally well in

sterile soil at -15 bars as in 0.10 bar.

Rhizobia

survived better in sterile than in nonsterile soil when
the same moisture levels are imposed indicating that
biological factors were responsible for the decline in
nonsterile soil.

Rhizobia inoculated into nonsterile

soil at -15 bars survived better than in nonsterile soil
at -0.10 bar.
The high survival of rhizobia in sterile soil
maintained at -15 bars indicate that Rhizobium
strain #1SR can tolerate moisture stress.

~

The high clay

content of this soil may be responsible for the
protection against desiccation.

The higher survival of

this strain in non-sterile soil at -15 bars than in
non-sterile soil at -0.10 bar suggests a decreased
influence of biological factors on the rhizobia at
soil moisture level.
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v.

Influence of microparasites and toxin-producers
on the survival of rhizobia and influence of
indigenous rhizobia on the host colonization
by inoculated rhizobia
Introduction

Indigenous microflora in soil can influence the
survival of inoculated rhizobia either directly or
indirectly

(Vincent, 1977: Chowdhury, 1977).

Rhizobia

can be preyed upon by protozoa or parasitized by
bdellovibrios and bacteriophages.

They can be

antagonized by other microorganisms which cause either a
pH change in the microenvironment, compete for a limiting
nutrient, or produce toxic/inhibitory substances, thus
rendering conditions less favorable for rhizobial growth.
Bdellovibrio strains that parasitize rhizobia were
isolated from Western Australia (Parker and Grove, 1970).
When rhizobia are abundant, bdellovibrio may cause a
significant decline in rhizobial populations in culture
medium as well as in soil (Keya and Alexander, 1975a,
1975b).
Bacteriophages specific to different species of
rhizobia have also been isolated from soil (Chowdhury,
1977: Barnett, 1980).

Whether these microparasites are

important factors in the ecology of rhizobium in tropical
soils is yet to be determined.
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The influence of antibiotic-producing microorganisms
on the survival of rhizobia in soil was comprehensively
reviewed by Van Schreven (1964).

However, in all the

studies included in the review, the authors tested the
influence of the toxin-producer in culture medium, not in
soil.
Antibiotic producers that inhibit rhizobia include
fungi

(Angle~ al., 1981; Holland and Parker, 1966;

Thornton et al., 1949; Robison, 1945; Habte and

--

Barrion, 1984), actinomycetes (Van Schreven, 1964;
Robison, 1945; Patel, 1974; Pugashetti et al., 1982),
bacteria (Smith and Miller, 1974; Pugashetti et al.,
1982) and other rhizobia (Trinick and Parker, 1982).
Generally, the intensity of the inhibitory action of an
antibiotic producer varies with the the composition of
the culture medium and the rhizobial strain/species
inoculated.
The actinomycetes represent the most numerous of the
antibiotic-producers which inhibit rhizobia.

Species

which produce substances inhibitory to rhizobia include
Streptomyces flavus,

s.

s.

albus,

s.

griseus,

antibioticus, S. rnirabilis, Actinornyces

glabisporus and A. streptomicini (Van Schreven,
1964).
Contradictory evidence exists as to the specific
level of tolerance certain rhizobial species have against
83

actinomycete toxins

(Abdel-Ghaffer and Allen, 1950:

Fogle and Allen, 1948: Landerkin and Lochhead, 1948).
While Fogle and Allen (1948) and Abdel-Ghaffer and Allen
(1950) found Rhizobium japonicum less susceptible to
toxins produced by certain actinomycetes, Landerkin and
Lochhead (1948) reported that strains of R. japonicum
were more susceptible to the inhibitory effects of
actir.omycetes than were strains of other species of
rhizobium.

While the above authors

studied the action

of actinomycete toxins on rhizobial populations in
culture media, they did not do similar tests in soil.
Patel (1974) compared the inhibitory effects of toxins
produced by actinomyctes in soil and in culture medium
and found that Rhizobium was somewhat protected from
the toxin by the presence of the soil.
The presence of indigenous rhizobia can pose a
severe limitation to the survival of inoculated rhizobia
in soil and to their ability to colonize host roots.
Indeed, competitive abilities for nodulation between
rhizobial strains have been reported (Vincent ~nd Waters,
1953: Caldwell, 1969: Marques Pinto et al., 1974).
Nodulation by relatively ineffective strains has caused
serious problems in the establishment of improved
pastures (Labandera and Vincent, 1975).
This study was, therefore, conducted to determine
the role of rnicroparasites and a toxin-producing
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actinomycete on the survival of rhizobia and to determine
the influence of indigenous rhizobia on the host
colonization by inoculated rhizobia, in selected tropical
soils.
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MATERIALS AND METHODS
Soil.

Surface soil samples (0-18 cm) of the

Wahiawa soil was collected from the Poamoho Research
Station, College of Tropical Agriculture of the
University of Hawaii.

The soil is a Tropeptic Eutrustox,

clayey, kaolinitic, isohyperthermic. The soil was sieved
through a 2-mm screen and stored in a plastic bag.

To

maintain the soil at field moisture, the plastic bag was
kept in a covered plastic bucket containing water at its
bottom.

At the time of sampling, this soil had been

fallowed for five years but did support some weeds and
scattered trees.

The last crop on the soil was cowpeas.

Waialua soil was collected from the Waimanalo
Experiment Station, University of Hawaii.

It is a Vertie

Haplustoll, clayey, kaolinitic, isohyperthermic.

The

soil had been fallow for five years but supported some
weeds.

The last crop was Leucaena leucocephala, a

nitrogen-fixing leguminous tree.
Media.

Yeast mannitol agar (YMA)

(Vincent, 1970)

was used to grow, maintain and recover rhizobia.

YMA was

also used to maintain and grow the toxin-producing
actinomycete.

Yeast mannitol broth (YMB) was used to

obtain fresh cultures of rhizobia for the various
experiments and to study the interaction of the
toxin-producing actinomycete with the Rhizobiurn.
saline solution containing 0.5 g KH 2 Po 4 , 0.2 g
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A

Mgso 4 and 0.1 g NaCl per liter of water (pH 7.0) was
used for washing cultures and suspending soil.

Tryptic

soy agar (TSA) (Johnson and Curl, 1972) recover the
toxin-producing actinomyctes for the interaction
experiments.

Chemicals.

Solutions and suspensions of

cycloheximide, streptomycin, and benlate were prepared as
described previously.

Cultures.
Rhizobium

~

Streptomycin resistant mutants
TAL-209SR and Rhizobium

~

TAL-582SR, strains effectively nodulating cowpea and
Leucaena leucocepahala, respectively, were provided
by Dr. M. Habte.
slants at 4°c.

Stock cultures were maintained on YMA
Cell suspensions for the various

experiments were obtained by re-streaking stock cultures
on YMA slants and incubating the slants for 5-6 days at

3o 0 c in the dark, or by transferring a loopful of the
fresh culture into 100 ml sterile yeast mannitol broth
(YMB) in 250-ml Erlenmeyer flasks~

The inoculated flasks

were maintained in a rotary shaker (100 rpm) at 24°c
for 5-6 days.

The cultures were harvested by

centrifugation for 10 min at 8000xg at 10°c, and washed
twice with sterile saline solution.

The pellet obtained

was resuspended back to the original volume (100 ml) and
appropriate cell suspensions for the various experiments
were prepared by diluting this suspension.
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Isolation of bdellovibrio and bacteriophage from soil.

The method of Stolp and Starr (1963) as modified by
Keya and Alexander (1975b) was used to isolate
bdellovibrios and bacteriophages. Ten grams of the
Wahiawa and Waialua soils were tansferred into 160-ml
dilution bottles and adjusted to 60 % of the water
holding capacity.
one week.
Rhizobium

The soils were incubated at 30°C for

The Wahiawa soil was inoculated with
~

TAL-209SR and Waialua soil was

inoculated with Rhizobium

~

TAL-582SR.

After 48

hours of incubation in the dark at 30°c, saline
solution was added to the bottles to make a 10-l
dilution.

The soil suspension was passed through a 42 um

Millipore filter to remove soil particles: the filtrate
was passed through a 0.45 um millipore filter.

One ml of

the soil filtrate was mixed with 5 ml of medium
containing 0.002 M CaCI 2 , 0.002 M Mgso 4 .7H 2 o and
0.05 M of THAM (Tris hydroxymethylamino methane, pH 7.5),
0.6 % agar and a lawn of host rhizobia.
kept liquid in a water bath at 48°c.

The medium was

Just before

pouring, the medium was mixed with a 0.5 ml thick
suspension of rhizobia containing lxI0 9 cells/ml.

The

suspension was obtained from 6-day-old slants of the
respective hosts.

The base layer for bdellovibrio

isolation consisted of YMA amended with cycloheximide
while YMA amended with streptomycin was used for phage
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isolation.

The plates were incubated at 30°c and

examined for plaque formation at 24 hour intervals for 4
days.
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Influence of microparasites on the survival of rhizobia
in soil
Because five successive attempts to isolate
bdellovibrios and bacteriophages yielded negative
results, filtrates suspected to contain microparasites
were directly tested for their effect on the survival of
rhizobia in sterile soil.

In order to accomplish this,

an extract from the soil previously enriched with
rhizobia was needed.

To enrich the soil, 10 g portions

of the nonsterile Wahiawa soil were transferred into
160-ml dilution bottles.

The soil moisture was adjusted

to 60 % of the water holding capacity.
suspension containing lxlo 10 cells
~

One ml of cell

of Rhizobium

strain TAL-209SR, obtained from a 6-day old slant,

was ir.oculated into the soil.

After inoculation, the

soil was mixed by shaking the bottle.

The bottles were

plugged with styrofoam plugs, placed in Ziploc plastic
bags containing water at the bottom, and incubated in the
dark at 3o 0 c.

•

After 7 days, the soil in the bottle was

suspended in 90 ml saline solution, and then centrifuged
at 3000xg for 5 minutes at 4°C to remove the soil
particles.

The supernatant was passed through a #42

Whatman filter paper.

The filtrate was again passed

through a 0.45 micron Millipore filter.

The last

filtrate was divided into two portions.

One portion was

autoclaved at 120°c at 15 psi for 20 minutes.
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The

other half was set aside and used without further
treatment.
To determine the effect of parasites on the survival
of rhizobia in soil, 10 g portions of the Wahiawa soil
(pH 5.9) were transferred into 12-ml screw-cap test tubes
and exposed to 2.5 Mr of gamma irradiation.

After 2

days, the sterile soil was aseptically transferred into
sterile 160-rnl dilution bottles and the soil moisture
adjusted to 60 % of the water holding capacity by the
addition of one ml of the the above filtrate and 0.5 ml
of the culture suspension containing lxl09 Rhizobium
cells/ml.

The bottles were incubated at 30°c as

described above, for 18 days.

The soil filtrate was

obtained from the enriched soil as described previously.
As a control, heat-sterilized filtrate was added to
another set of sterilized samples.

Rhizobia were

recovered from the soil at regular intervals, on YMA
amended with streptomycin and cyclohexirnide at 500 and
100 ug/ml respectively of the medium.
RESULTS ARD DISCUSSION
There was no significant difference between the
number of Rhizobium

~

strain TAL-209SR recovered

from sterile soil inoculated with heat-sterilized and the
untreated filtrate (Fig. 1).

Five sucessive attempts to

isolate bdellovibrios and bacteriophages again yielded
negative results.
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92

Since neither bdellovibrios nor bacteriophages were
isolated after five successive isolation trials and since
there were no significant differences in the numbers of
rhizobia recovered from sterile soil amended with
filtrate of soil enriched for these microparasites,
Bdellovibrios and bacteriophages do not seem to have a
significant influence on the survival of the rhizobia
inoculated into the two soils studied.

These findings

are in contrast to those of Barnett (1980) and Parker and
Grove (1970) who were able to isolate bdellovibrios and
bacteriophages from soil, both of which parasitised
rhizobia.

Since the soils used in this experiment were

previously planted to Leucaena leucocephala and
cowpea, the rhizobia used for enrichment were strains
capable of infecting these plants and the probability of
parasite build up should have been greater than what is
demonstrated by the current results.

However, since

bacteriophages and bdellovibrios are known to have narrow
host ranges, it is possible that Rhizobium

~

strains TAL-209SR and TAL-582SR were not suitable hosts
for the parasites present.

Alternatively, the soils

tested may have been void of bdellovbrios and
bacteriophages as suggested by the results observed.
the soils and rhizobial strains examined, it is thus
unlikely that parasitic activity could explain the
decline of rhizobia in soil.
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For

Influence of antagonistic actinomycetes on the
survival of rhizobia i~ culture medium and in soil.
An actinomycete isolated from the Wahiawa soil (pH
6.0) was chosen for this study because the isolate caused
lysis of rhizobia surrounding it's colony on YMA plates.
Pure culture of the actinomycete was obtained by
successive streaking on YMA plate and was subsequently
grown and maintained o~ YMA slants.

To obtain inocula

for the various experiments, a loopful of the colony
forming units was transferred to a fresh YMA slant and
grown for 5 days.

The culture suspensions were obtained

by placing 10 ml of saline solution into each slant and
scraping the surface of the slant with a sterile transfer
loop.

The suspension was transferred into 30-ml test

tubes, homogenized by vigorous vortexing to obtain
suspensions for the various experiments.
Rhizobium

~

A suspension of

strain TAL-209SR was similarly obtained

from a 6-day old culture grown on a YMA slant.

Interaction in culture medium.

To study the

influence of antagonistic actinomycetes on the survival
of rhizobium in culture, one ml of cell suspension
containing l.6xl0 8 cells of rhizobium was inoculated
into 250-ml Erlenmeyer flasks containing 100 ml sterile
YMB broth.

In a second set, 1 ml of the Rhizobium

suspension (containing l.6xl0 8 cells/ml) and 1 ml of
actinomycete suspension (lxl0 6 CFU of actinomycete/ml)
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were transferred into 250-ml Erlenmeyer flask containing
100 ml sterile YMB after withdrawing an equivalent amount
of YMB from the flask.

The flasks were maintained in a

rotary shaker at 25°c.

Rhizobial and actinomycete

counts were taken 0, 3, 4, 7, 14, 21, 28 and 35 days
after inoculation.

Rhizobia were recovered on YMA

amended with 100 ug cycloheximide and 500 ug streptomycin
per ml of mediun.

The colony forming units of the

actinomycete were determined on TSA amended with 100 ug
cycloheximide per ml of the medium.
Influence of toxin-producing actinomycete on the
optical density and exopolysaccharide production of
Rhizobium

~

TAL-209SR.

From the culture experiment, it was observed that
when Rhizobium

~

strain TAL-209SR was grown in

culture with the toxin-producing actinomycete, the
turbidity of the culture medium was very low compared to
the turbidity of the culture when Rhizobium ~
strain TAL-209SR was grown alone.

To determine whether

turbidity reflected the counts of the rhizobia, another
experiment was conducted by repeating the conditions
described in the culture experiment.
the optical density of

In this experiment,

rhizobial cultures grown in the

presence or in the absence of the toxin-producing
actinomycete were monitored for 16 days.

Five ml samples

were withdrawn daily from the flask containing
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Rhizobium ~ strain TAL-209SR and the actinomycete,
whereas after the 3rd day, 1 ml of sample from the flask
containing the rhizobium alone was withdrawn and diluted
5 times.

Absorbances were measured with a Spectronic 20

at 540 nm.
Because of the discrepancy between the counts of the
rhizobial population and the turbidity measurements, it
was suspected that the toxin-producing actinomycete
caused a decline in the extracellular polysaccharide
production of Rhizobium.

To determine the influence of

the actinomycete on the extracellular polysaccharide
production of rhizobium, it was grown in full strength
YMB in the presence and in the absence of the
actinomycete.

The amount of water soluble

exopolysaccharide produced by the rhizobium was measured
using the method of Ghai et al.

(1982), while the

amount of water insoluble exopolysaccharide was
determined

using the method described by Osa-Afiana and

Alexander (1982).
Interaction in soil.

Since the toxin-producing

actinomycete brought about a decline in rhizobial
population in culture medium, the influence of the
actinomycete on the survival of the test rhizobium was
also determined in sterile soil.

Ten gram portions of

the Wahiawa soil (pH 5.9) were transferred into 160 ·ml
dilution bottles and sterilized with 2.5 Mr of gamma
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radiation from a co 60 source.

To one set of the soil

samples, 1 ml of rhizobial suspension (obtained from a
6-day old slant) containing 8.4-9.6 x 10 6 cells/ml of
culture was inoculated alone.

To another set of sterile

soil, 1 ml of the rhizobfal cells and 1 ml of the
actinomycete suspension obtained from 5-day old culture
(containing 2xl0 4 CFO/ml) were inoculated.

Soil

moisture was adjusted to 60 % of the water holding
capacity with sterile distilled water and the soil was
mixed by tapping the bottles.

The bottles were kept in a

Ziploc plastic bag containing water at its bottom.
bag was then kept in an incubator at 30°c.

The

The colony

forming units (CFO) of the actinomycete and the rhizobium
were monitored at regular intervals.

Rhizobium was

recovered on YMA amended with cycloheximide and
streptomycin at 100 and 500 ug respectively per ml of the
culture medium.

The colony forming units of the

actinomycete were determined on TSA amended with 100 ug
cycloheximide per ml of medium.
Influence of clay minerals on the interaction between the
toxin-producing actinomycete and Rhizobium

Since there were no significant differences in the
number of rhizobia recovered from sterile soil inoculated
and uninoculated with the actinomycete, an experiment was
conducted to determined if clay minerals protected
Rhizobium from the actinomycete.
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One gram portions of either South Carolina
Montmorillonite or Arizona Kaolinite, was transferred
into 250-ml Erlenmeyer flasks and subjected to 20 minutes
autoclaving at 121°c, 15 psi.

The clays were obtained

from Dr. R. Jones of the Department of Agronomy and Soil
Science, University of Hawaii.

One hundred ml portions

of sterile YMB, containing the full strength of the
saline solution but only 1/4 of the yeast extract and the
mannitol were aseptically added into the flasks
containing the clay.

One ml of rhizobial suspension

obtained from a 6-day old slant, containing lxl08
cells/ml, was inoculated into the flask, and one ml of
suspension containing 6.8xl05 CFU of the actinomycete
derived from a 5-day old slant was immediately added.
Flasks containing the Rhizobium alone served as
controls.

The possibility that decline in rhizobial

population can be brought about by competition for food
was also tested by including another set of flasks
containing clay minerals was inoculated with the
actinomycete suspension alone.
used per treatment.

Duplicate flasks were

Flasks were incubated at 26°C on a

rotary shaker maintained at 100 rpm.
Characterization of the toxin-producing actinomycete.
The toxin-producing actinomycete was identified by
employing the criteria of Slack and Gerencser (1975) and
Waksman (1967).
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RESULTS
Influence of toxin-producing actinomycetes on the
survival of Rhizobium

~

strain TAL-209SR

The presence of the toxin-producing actinomycete
depressed the growth of Rhizobium

~

TAL-209SR

significantly, in yeast mannitol broth (Fig. 2).

The

density of Rhizobium ~- strain TAL-209SR increased
to l.8xl0 9 cells/ml 3 days after inoculation and the
population stayed at about 4xl0 9 cells/ml until the end
of the 18th day.

By contrast, rhizobial populations in

the presence of the actinomycetes did not exceed
5.9xl0 8 cells/ml.

Rhizobial counts observed from the

two treatments were significantly different from each
other at all sampling days.
Optical density of of Rhizobium culture was
drastically reduced in the in the presence of the
actinomycete (Fig. 3).

The presence of the actinomycete

has also lead to a significant reduction in the
water-soluble extracellular polysaccharide content of the
medium (Fig. 4).

The decrease in the amount of insoluble

polysaccharide was accompanied by an increase in the
amount of water soluble polysaccharide (Fig. 5).
Although the number of Rhizobium

cells surviving

in sterile soil was lower in the presence of the
actinomycete than in its absence, the values were not
statistically different from each other at 5 % level
(Fig. 6).
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Culture medium amended with Montmorillonite clay
supported 10 times less rhizobial cells in the presence
of actinomycete (Fig.

7) than in its absence.

The counts

were significantly different from each other at 10 %
level.

The trends observed were similar when Rhizobium

was interacted with actinomycete in culture medium
amended with Kaolinite clay (Fig. 8).
Data observed when the actinomycete was grown in the
presence or absence of Rhizobium in medium amended with
Montmorillonite or Kaolinite are presented in Fig. 9 and
Fig. 10.

In both instances, the presence of Rhizobium

did not significantly influence the growth of the
actinomycete.
The results of the biochemical tests using the
method of Slack and Gerencser (1975), performed on the
toxin-producing actinomycete, are presented in table 1.
According to the classification of Waksman (1967), the
toxin-producer belongs to the genus Streptomyces.

DISCUSSION
Rhizobial populations in culture medium was
significantly lower in the presence of the actinomycete
by at least ten times, but this difference was magnified
5 times more when the absorbance of the culture was
measured.

The remarkedly low turbidity observed in the

presence of the actinomycete appears to be a result of
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Table 5.1. Biochemical tests done to characterize toxin-producing
actinomycete
liquefaction of gelatin
hydrolysis.of starch
hydrolysis of casein
peptonization of milk

positive
positive
positive
positive
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both the decreased amount of cells sas well as a decrease
in the amount of insoluble extracellular polysaccharide
produced by the remaining cells.
The apparent discrepancy between the rhizobial
counts (Fig. 2) and turbidity measurements (Fig. 3) when
the toxin-producing actinomycete and the rhizobia were
intreacted in culture medium, appears to result from
hydrolysis of water-insoluble extracellular
polysaccharide (EPS) produced by the Rhizobium.

If

the mode of action of the toxin were hydrolysis, then it
is protably and enzyme, not an antibiotic and the
decreased number of cells was probably a consequence of
rupture of the cell walls of the Rhizobium.

This

solubilization of the polysaccharide could affect the
symbiotic relationship between the host plant and the
Rhizobium, since the extracellular polysaccharides are
suspected to play a role in the recognition process
(Zevenhuisen, 1981: Dudman, 1977).
The observation that the toxin-producing
actinomycete studied did not cause a decline in ~hizobial
population in soil as it did in culture medium suggests
that certain soil constituents protected the rhizobium
from the adverse effects of the toxin.

Robison (1945)

stated that the soil is a system in which the active
material produced by antagonists can be physically or
chemically deactivated such that antagonism shown by one
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microorganism against another can be easily lost or
minimized.

Clay minerals present in the soil have very

large surface areas which may aid rhizobia by absorbing
toxin produced by other microorganism.

Habte and Barrion

(1984) reported that clay minerals were responsible for
protecting the rhizobia from the toxin produced by a
fungus.

The failure of clay minerals to protect

Rhizobium in the current investigation suggests the
existence of other soil constituents that tend to protect
Rhizobium against the toxin-producing actinomycete.
Since the study was carried out for 18 days, it is
possible that after a longer time, the toxin may
accumulate in soil at a level that may be harmful for the
rhizobia.

Such observations have been reported by

Holland and Parker (1966), who were unable to isolate a
plant secreted toxin as a causal factor in the lack of
re-establishment of clover pasture, but were able to
isolate antagonistic fungi.

The mode of the toxin(s)

produced by the actinomycetes studied deserves further
study.
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Effect of indigenous rhizobia on host colonization and
acetylene reduction activity by inoculated rhizobia.
Greenhouse experiment.

The objective of this

experiment was to determine the influence of indigenous
rhizobia on the competitive ability of Rhizobium
strain TAL-209SR to colonize cowpea roots.

~

For this

experiment, Vigna unguiculata L TVU 3563 obtained
from Huang Ruey Shyang of the Department of Agronomy,
University of Hawaii was used.

Cowpea seeds were first

surface-sterilized in 0.1 % mercuric chloride in 50 %
ethanol.

A portion of the sterilized seeds was

coated

with a 6-day old culture of Rhizobium ~- strain
TAL-209SR.

To ensure adhesion of the rhizobial cells to

the seeds and to prevent dessication of the rhizobial
cells, sterile peat was used to cover the inoculated
seeds.

The other portion of the sterilized seeds were

left uninoculated.
Twelve pots (3 liter capacity) were each filled with
2.5 kg sterile sand (pH 7.0) were used for this study.
The pots were divided into three groups.

Seeds were

surface sterilized and inoculated with Rhizobium ~
strain TAL-209SR.

Fifty g portions of sterilized or

unsterilized Wahiawa soil was mixed with sand removed
from an 8cm by 8cm core and the mixture was then used to
fill back the core.

Five seeds of a particular treatment

was placed individually in a 2.5 cm depression with the
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area demarcated for the core.
The 3 treatments were each replicated 4 times and
arranged in a greenhouse bench in a randomized complete
block design.

After 7 days, the plants in each pot were

thinned to 3 plants per pot on the basis of uniformity of
the seedlings.

The plants were watered with sterile

Azolla medium {Habte, 1983) and allowed to grow for 45
days.

The plants were harvested to determine the

acetylene reduction activity of the nodulated roots.

The

sand adhering to the roots was washed off very carefully
to prevent nodules from detaching.

The washed plants

were placed in Ziploc plastic bags containing water to
keep the plants from wilting until the nodulated roots
were assayed.

The shoot was cut off and the roots

immediately placed into 160-ml dilution bottles.
bottles were sealed with serum stoppers.

The

The pressure

inside each bottle was equalized with that of the
atmosphere by inserting a needle attached to a syringe
barrel (without a plunger), into the stopper~

Ten

percent of the air was withdrawn from the bottles and
replaced with acetylene.
at 30°c for one hour.

The bottles were then incubated

From each bottle, 2 ml of the

gas was withdrawn after one hour.

The gas was injected

into a 20 ml test tube whose pressure had been previously
equilibrated with that of the atmosphere, and from which
2 ml of air was withdrawn.
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Two-tenth ml of the gas was

injected into a Perkin Elmer Sigma 3B Gas Chromatograph
equipped with a flame ionization detector, and a 1.0-rn
column filled with 2.0 g Phenyl isocyanate-Porasil C
(Applied Sciences Lab. Inc., Gardena, Ca.).

After the

assay, five nodules were randomly separated from the
roots of each plant.

Since there were three plants per

pot and four pots per treatment, the composite sample
consisted of 60 nodules per treatment.
composite

From the

samples 25 nodules were picked.

Each nodule

was dipped in a 0.1 % mercuric chloride solution, and
washed in sterile water.

Then th~ nodule was cut into

two halves and one half crushed inside a glass ring
ernebedded in a YMA plate containing cycloheximide.
other half was crushed into

The

a ring in a YMA plate

containing both cycloheximide and streptomycin.
Twenty-five nodules were sacrificed per treatmentfor this
purpose. The plates were incubated at 30°c and the
rings examined for rhizobial growth after 4 or 5 days.
Since indigenous rhizobia grew faster than the test
rhizobia and since the YMA plates amended with both
cycloheximide and streptomycin were selective for the
test rhizobium, growth after five days in the rings gave
the number of nodules occupied by Rhizobium ~
strain TAL-209SR.
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The roots and shoots were later placed into brown
paper bags and allowed to dry in an oven maintained at

70°c for 3 days for total dry matter determination.
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Laboratory experiment.

To determine the

influence of isolates of indigenous rhizobia on the
acetylene reduction activity of cowpea Vigna
unguiculata L TVU 3563 inoculated with Rhizobium
~

strain TAL-209SR, three cowpea cultures Rl, R2 and

R3, were isolated from cowpea grown in the Wahiawa soil
(pH 5.9).

Isolation was achieved by surface sterilizing

nodules with 0.1 % mercuric chloride in 50 % ethanol for
3 minutes and the washing them with sterile distilled
water 5 times, crushing with sterile forceps, and then
streaking the crusheate on YMA plates.

Isolates

differing in colony morphology were picked from the
plates and re-streaked on YMA plates until a pure isolate
was obtained.

The three isolates were designated Rl, R2

and R3 were obtained.
YMA slants at 4°C.

The isolates were maintained on

The three isolates were found to be

individual strains on the basis of inherent antibiotic
resistance tests (Josey et al.,1979).

To obtain the

culture for this experiment, a loopful of cells from each
culture was individually transferred into 250-ml
Erlenmeyer flasks containing 100 ml YMB.

The flasks were

incubated on a rotary shaker (100 rpm} at room
temperature (24°c) for 3-5 days, depending on the
growth rate of the isolate.

The cultures were harvested

by centrifugation and washed twice with sterile saline
solution.

The density of each isolate was determined on
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YMA by the standard plate count.
~

Rhizobium

strain TAL-209SR was grown,

harvested and washed as described previously.

Twenty ml

of cell suspension containing lxl07 cells/ml of this
rhizobium and lxl0 7 cells/ml of each of the indigenous
rhizobium was prepared.

Seeds of cowpea Vigna

unguiculata L TVU 3563 were surface sterili?.ed with 0.1
% mercuric chloride

in 50 % ethanol-water solution.

Five seeds were placed in each sterile dispo pouch (16.5
by 21.5 cm) containing sterile azolla medium.
were inoculated
suspension •

The seeds

with 2 ml of a 1:1 (vol/vol) mixed cell

Dispo pouches containing seeds were also

inoculated either with an indigenous strain, or
Rhizobium

~

strain TAL-209SR alone.

After one

week, the plants were thinned to three plants per pouch.

The pouches were maintained in a Biotronette Mark III
growth chamber (27/21°)c, day/night temperature) and
replenished with sterile azolla medium as needed.
The plants were removed from the pouches 31 days
after planting.

Nodulated roots and shoots from each

particular treatment were transferred to 160-ml dilution
bottles.

The plants were decapitated and the bottles

immediately covered with a serum stopper.

Acetylene

reduction activity of the nodulated roots were determined
as described earlier.
After the assay, the nodules were separated from the
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roots and counted, and all plant parts oven-dried for
three days at 70°c for total dry matter determination.

RESULTS.
Influence of indigenous rhizobia on the host
colonization and acetylene reduction activity
of the inoculated Rhizobium.

A greenhouse experiment was conducted to determine
the influence of indigenous rhizobia isolated from the
Wahiawa soil on the host colonization of Rhizobium
~- strain TAL-209SR.
Vigna unguiculata L TVU 3563 was preferentially
colonized by inoculated rhizobia which occupied 93.3 % of
the nodules of cowpea (Table 5.2).

However, this

preferential colonization was not reflected in other
parameters such as total nitrogen content, % nitrogen and
total dry matter yield (Table 5.3). The isolated
indigenous rhizobia had a variable influence on the
specific acetylene reduction activity of the test
rhizobium (Table 5.4).

There was no significant

difference between the specific acetylene reduction
acivity (ARA) of the plants inoculated with Rhizobium
~

strain TAL-209SR alone or the plants inoculated

with any of the three indigenous isolates.

Differences

between the specific ARA were observed only between
plants inoculated
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Table 5.2. Nodule occupancy of Vigna unguiculata L. TVU 3563
by Rhizobium ~ strain TAL-209SR and indigenous rhizobia

Rhizobium

Percent occupancy

Rhizobium ~ strain TAL-209SR
Indigenous rhizobia

uo

93.3
16.7

Table 5.3. Influence of indigenous rhizobia on the nodulation and
nitrogen fixation of Vigna unguiculata L. TVU 3563
inoculated with Rhizobium ~- strain TAL-209SR.*

Treatment

......
N

......

nodule
no.

Sterile soil
623a
+inoc. seed
non-sterile soil
+inoc seed
732.5a
non-sterile soil
+uninoc. seed 310b

shoot wt

% N Total N. sp. 'PRAa

nodule
wt (g)

root wt.

1.307a

2.503a

10.895a

3.395a

0.370a

1.096a

1.062b

2.430b

10.205ab 3.488a

0.335a

1.094a

.878c

1.903b

9.427b 3.705a

0.350a

(g)

(g)

1.254a

* Means followed by the same letter in a column are not significantly
different at 95 % confidence intervals; a, acetylene reduction activity.

Table 5.4.

Effect of indigenous rhizobium on nodulation and specific
acetylene reduction activity of Vigna unguiculata
TVU 3563 inoculated with Rhizobium ~ strain TAL-209SR*

Incculum

TAL-209SR alone
Rl alone
R2 alone
R3 alone
Rl+TAL-209SR
R2+TaL-209SR
R3+Tal-209SR

*

nodule
no
97ab
83bc
53e
63de
100a
89ab
7lac

nodule wt.
(g)

0.082a
0.064b
0.061b
0.088a
0.078a
0.091a
0.062b

root wt.

ARA

(g)

0.176b
0.108c
0.117c
0.114c
0.183a
0.203a
0.152b

1.016ab
l.082ab
l.288ab
l.15lab
1.563a
0.714b
0.993ab

Means followed by the same letter in a column are not significantly
different from each other at 95% confidence intervals.
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~

with a combination of Rhizobium

TAL-209SR and

isolate Rl (specific ARA 1.563), and plants which
received a combination of Rhizobium

~

strain

TAL-209SR + isolate R2 (specific ARA 0.714).

The highest

number of nodules was observed in the plants inoculated
with Rhizobium

~

strain TAL-209SR + isolate Rl,

followed by plants which received Rhizobium
strain TAL-209SR.

There was no significant

~

difference

in the weight of nodules from plants inoculated with

either R3 alone, Rhizobium
or Rhizobium

~

~

strain TAL-209SR alone

strain TAL-209SR combined with

either isolate Rl or isolate R2.
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DISCUSSION

The observation that cowpea Vigna unguiculata L
TVU 3563 was

preferentially

colonized by Rhizobium

~- strain TAL-209SR (Table 5. 2.) suggests that the
streptomycin-resistant rhizobial strain outcompeted the
indigenous rhizobia.

On the other hand Labandera and

Vincent (1975) and Marques-Pinto et al.

(1974) who

reported that nodulation by indigenous ineffective
strains has caused problems in the establishment of
improved pastures.

The difference between the findings

reported here and those of the above authors could be due
to the difference between the two systems.

In the above

studies, uninoculated seeds were planted in the field
previously planted with the pasture legumes.

In this

study, only 50 g of Wahiawa soil was used as inoculurn,
presumed to contain a population of indigenous rhizobia.
The high inoculum rate of the test rhizobium could be a
reason for this high rate of infection.
The lack of difference in the measured parameters of
nitrogen fixation between the plants which received the
test rhizobium alone or those which received the
indigenous rhizobium alone suggests that the indigenous
rhizobia are as equally effective as the inoculated
rhizobia.

Since the plants were grown in sterile sand

and supplemented only with nitrogen free medium, the

124

nitrogen accumulated by the plants is derived from the
fixation of atmospheric nitrogen by the nodules formed.
Of the three isolates inoculated in dispo pouches
with Rhizobium

~

strain TAL-209SR, R3 seems to have

an inhibitory effect on the test rhizobium which is
reflected by the lower nodule weight and the lower nodule
count in comparison to those receiving Rl and R2 combined
with Rhizobium

~

strain TAL-209SR.

This inhibitory

effect is not however, reflected in the specific ARA.
When Rl and R2 were inoculated to the test plants
individually, the test plants had low nodule weights and
low root weights, whereas in combination with the test
rhizobium, nodulation was enhanced.
possible explanations: 1)

There are two

That R2 and Rl are too

uncompetetive, such that the nodules were occupied mainly
by the test rhizobium.

This would mean that the

parameters measured reflected only or mostly the activity
of Rhizobium

~

strain TAL-209SR alone, 2) that both

R2 and Rl secrete substances that are stimulatory to the
test rhizobiurn.

Results from the greenhouse experiment

strongly support the former.
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SUMMARY ARD CONCLUSIONS
Experiments were conducted to isolate microparasites
from Wahiawa and

Waialua soils, and to determine their

influence on the survival of Rhizobium ~- strain
TAL-209SR and Rhizobium ~- strain TAL-582SR.
Attempts made to isolate bacteriophages and bdellovibrios
from these soils were unsuccesful suggesting that
parasites specific to Rhizobium ~- strains TAL-209SR
and TAL-582SR were not present or present in numbers too
low to be detected.

Since enrichment of the soils with

very high densities of the test rhizobia did not lead to
the development of parasitic microorganisms, it is
unlikely that the parasites are present in the soils
examined.
The toxin-producing actinomycete isolated from the
Wahiawa soil brought about a decline in the amount of
insoluble extracellular polysaccharide (EPS) and an
increase in the amount of water soluble polysaccharide
produced by Rhizobium

~

strain TAL-209SR,

suggesting that the toxin may have caused solubilization
of the insoluble EPS.
strain TAL-209SR

Survival of Rhizobium ~

was significantly lower in the presence

of the actinomycete when the two were grown in culture
medium but not in sterile soil, suggesting that certain
soil constituents maybe responsible for protecting
rhizobia against the toxin.

Clay minerals did not appear
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to protect Rhizobium from the actinomycete.

The

toxin-producing actinomycete, therefore, is not likely to
significantly influence the survival of rhizobia
inoculated into the Wahiawa soil.

However, it could

influence the symbiotic relationship between.the host and
the rhizobia through its effect on the

integrity of

extracellular polysaccharides produced by rhizobia.
Indigenous rhizobia in the Wahiawa soil did not
significantly affect the extent of nodulation of cowpea
by Rhizobium !!£· strain TAL-209SR in the greenhouse
trials, but some isolates brought about a decline in
specific acetylene reduction activity of the host when
used as inocula in combination with Rhizobium

~

strain TAL-209SR on cowpea seeds planted in dispo
pouches.
The above findings suggest that microparasites and
toxin-producing actinomycetes are not serious constraints
of rhizobial survival in the Wahiawa soil.
The symbiotic effectiveness of Rhizobium

~

•

strain TAL-209SR is not likely to be influenced by the
presence of indigenous rhizobia in the Wahiawa soil.
The ability of the toxin-producing actinomycete to
hydrolyse extracellular polysaccharide may have potential
implications on the ability of Rhizobium to cope with
adverse environmental conditions and on its symbiotic
intreaction with its host.
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Appendix 2. Soil Water retention curve for Wahiawa and Paaloa soils.

AF,Pendix 3. Population means of Rhizobium ~ strain
#lSR inoculated into sterile and nonsterile Wahiawa soil at
different soil pH levels.

Soil pH
Days After
Inoculation

Soil
Treatment

0

srra
NSb
ST
NS
ST
NS
ST
NS

3
7
14

4.2

5.2

9.1162
8.6812

9.3068
9.2638
n.c. C
n.c.
9.2380
9.1884
9.3039
9.2422
9.0211
9.0267
8.0682
8.7970
8.8553
9.0058

0

6.0000
0
4.6031
0
3.9243

21

ST

0

28

NS
ST

o.

35

3.0644

NS

2.9853

ST
NS

0

2.5539

7.0
9.3573
9.3939
9.5643
9.5482
9.5272
9.4508
9.6334
9.2624
9.4166
9.0348
9.5306
9.0114
9.4683
8.9395

Type x pH means

ST
NS

1.3023
4.5446

8.9656
9.0873

9.4997
9.2344

•
LSDs (Least significant differences at 95 % confidence intervals):
dai means, 0.157; pH means for the same dai and soil tYFE, 0.286;
sterile vs. nonsterile soil for the same cai and the same or
different pH, 0.294; dai means for the same or different tYFE and
pH, 0.299; pH means for the same type, 0.111; pH means 0.076.
a,sterile; b,nonsterile; c,not counted;
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Appendix 4. Population means of Rhizobium ~- strain #1SR
inoculated into sterile and nonsterile Paaloa soil at different
soil pH levels.
Soil pH

Days After
Inoculation
0
3
7
14

Soil
Treatment

s~

NSb
ST
NS
ST
NS
ST
NS

21

ST
NS

28
35

ST
NS
ST
NS

4.2

5.2

7.0

9.3311
9.2397
5.6583
7.0657
3.2135
6.5038
4.6088
5.2106
0
4.6669
0
0
0
0

9.5323
9.5051
9.3778
9.3985
9.1472
9.1604
8.9294
8.5272
9.0100
8.5357
8.8409
8.2656
8.8883
8.1533

9.6659
9.6721
9.8472
9.7659
9.5228
9.4659
9.4960
9.1206
9.8261
9.1673
9.4824
8.9638
9.4886
9.0544

9.1037
8.7922

9.6184
9.3157

Type X pH

ST
NS

3.2588
4.6695

LSDs (L=0.05) dai means for the same or different pH, 0.1842: pH means,
0.077 pH means for the same dai, 0.203: pH means for the same
type, 0.109: pH means for the same dai and type, 0.288~ sterile vs.
non-sterile for the same or different type and pH, 0.280; sterile vs.
non-sterile for the same dai and the same or different pi, 0.310
a,sterile: b,nonsterile
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Appendix 5. Chemical properties of the Wahiawa and Paaloa soils.
Wahiawa
pH
5.2
Exchangeable Al (meq/100 g) 0.05
Excha.ngeble Mn (ppm)
26.00
1.68
Water soluble Mn (ppm)
Exchangeble bases (ppm)
0.44
K
2.23
Ca
0.25
Na
Mg
1.05
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Paaloa
4.04
2.60
17.25
0.22
0.20
1.14

0.24
0.70
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