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Complementary methods of strain identification were sought to

delineate the composition of the population of Rhizobium trifolii

found in nodules of Trifolium subterraneum L. when exposed to an

Abiqua silty clay loam (Cumulic Ultic Haploxeroll) containing a

resident population of R. trifolii. Sodium dodecyl sulfate

polyacrylamide gel electrophoresis (SDSPAGE) was used in a

microslab system to elucidate the protein profile patterns of the

isolates. Antisera were raised to four isolates which showed

distinctly different protein profile patterns. Serological tests

showed that the majority of nodule isolates could be placed into

four serogroups, isolates within two of the groups (16 and 36),

were antigenically identical whereas isolates in the other two

groups (6 and 27) were antigenically heterogeneous. SAS PAGE

revealed that antigenically identical isolates could be subdivided

further.



Soil acidity affected which members of the indigenous

population nodulated T. subterraneum L. cv. Mt. Barker.

Representatives of serogroup 6 occupied the greatest percentage of

the nodules formed on plants grown at low pH and were a minor

nodule occupant at the higher pH. In contrast serogroup 36 was

virtually absent in nodules formed at low pH and was a dominant

serogroup at the higher pH. Despite the isolates within serogroups

6 and 36 being antigenically identical separation of cellular

proteins by SDS-PAGE and determination of symbiotic effectiveness

revealed that serogroups 6 and 36 were composed minimally of eight

and twelve different strains.

The cultivar of T. subterraneum L. was found to impact upon

the composition of the nodule occupants. Between 68 and 90% of

nodule occupants formed on cvs. Mt. Barker, Nangeela and Howard

were placed into the four identifiable serogroups. Only in the

case of cv. Woogenellup were the majority of isolates

unidentifiable with the antisera at our disposal.

In the unlimed soil different serogroups dominated each

cultivar. In limed soil serogroup 27 was the dominant identifiable

serogroup on all cultivars. Gel-immune-diffusion revealed three

serotypes within serogroup 27; serotype 27-A was dominant in

nodules on cv. Nangeela alone, whereas serotype 27-B was dominant

on both cvs. Mt. Barker and Woogenellup. Separation of cellular

proteins by SDS-PAGE revealed four and five different strains

within serotypes 27-A and 27-B respectively. Only one strain of



serotype 27-B could be considered a common nodule occupant on both

cultivars Mt. Barker and Woogenellup. Two of three strains of

serotype 27-B were found on cv. Mt. Barker grown in both soil

treatments whereas only one of four strains of serotype 27-A was

found on cv. Nangeela grown in both soil treatments.
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Influences of Soil Acidity and Variety of Plant on the
Populations of Rhizobium trifolii Found in Nodules of

Trifolium subterraneum L.

CHAPTER I

Introduction

Literature review on the ecology of Rhizobium spp.
in the soil environment

Industrialization and modern agricultural technology have

impacted on the nitrogen cycle. The great increase in world food

production in recent years has resulted in part from the increased

use of nitrogen fertilizers. It is feared that high energy-

consuming nitrogen fertilizer plants may become uneconomical to

operate as a result of the ever-increasing cost of energy

supplies. This situation has resulted in increased attention being

given to the study of biological nitrogen fixation.

Biological nitrogen fixation is a process by which certain

microorganisms convert atmospheric nitrogen gas into ammonia which

is incorporated subsequently into cellular proteins. Nitrogen

fixing microorganisms can be found either in a free living state or

in symbiotic associations with members of the plant kingdom. The

best known symbiotic association is the one between the

agriculturally important leguminous plants and bacteria of the

genus Rhizobium. These bacteria which are found in the soil enter

the roots of the legumes and form nodules. Inside the root nodules

the bacteria convert atmospheric nitrogen gas into ammonia which
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can be utilized by the host plant and in return the plant provides

the rhizobial bacteria with a favorable environment in which they

utilize the plant photosynthate, as energy source, for their

nitrogen fixing function. The successful establishment of such a

symbiotic association can reduce greatly the need for nitrogenous

fertilizers. Therefore ecological studies in this field are

directed ultimately towards establishing an efficient symbiotic

association which will lead to maximum crop yield especially where

legumes are grown in nitrogen-deficient soils.

The forage legume system (as distinct from the grain legumes),

is an example of where symbiotic nitrogen fixation can play an

important role in maximizing the quality and quantity of crop

yield. The forage legume can fix large quantities of atmospheric

nitrogen which are used for feeding livestock either directly on

the pasture, or as a high quality hay, in silage, or as high

protein supplements (Allen, 1973). Furthermore, the forage legumes

are essential to the preservation of a well-balanced crop rotation

when they are nodulated with effective strains of rhizobia since

they contribute to the soil organic nitrogen when they are turned

under as green manures.

The amount of nitrogen fixed by effectively nodulated legumes

average about 75% of the total nitrogen assimilated during the

growth of the plant. The amount of nitrogen fixed by forage

legumes has been measured and shown to vary between 100 to 300 Kg

N2/ha per year; clovers have, for example, been shown to fix an



average of 150 Kg N2/ha per year (Burns and Hardy, 1975). This

contribution of plant nitrogen through N2-fixation can be expressed

in equivalents of fertilizer nitrogen equal to $75/ha (assuming a

current price of 25 cents per lb of N) and will increase as the

cost of energy rises.

There are a variety of factors in the physical and biological

environment that influence nodulation and the rate of symbiotic N2-

fixation. Some of these factors are related to the ability of

soils to supply the nutritional requirements of both the plant and

the rhizobia (Munns, 1977). Other factors include photosynthate

availability to the nodule (Hardy and Havelka, 1975), the presence

of fertilizer or fixed nitrogen (Hardy et al., 1971), stress

conditions, for example, moisture stress (Minchin and Pate, 1975),

root and shoot temperature (Gibson, 1971), cultural practices

(Gibson, 1976), plant varieties (Caldwell and Vest, 1976) and

Rhizobium strains (Schwinghamer, 1976). Undoubtedly some of these

factors are only related indirectly to N2-fixation per se and are

effective through a more direct effect on the specific

characteristics of the host plant.

The symbiotic N2-fixation process between legumes and

Rhizobium is a complex phenomenon which has, and still is requiring

the contribution of many disciplines in an attempt to understand

and predictably manipulate it. For example, microbiologists give

more attention to the bacterial partner, the host plant is the

concern of the plant physiologist, breeder and the agronomist. No
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one can disagree on the fact that the interaction between the host

plant and the rhizobia is the ultimate key to a successful

symbiotic association. One of the major challenges presented by

this biological system is in the area of understanding the behavior

of Rhizobium in the soil environment.

Many soil microbiologists have carried out studies which were

directed towards understanding the factors which enable this

bacteria to colonize, survive, and persist in the soil in

sufficient numbers to adequately nodulate the host legume species

growing there. The key to understanding the population dynamics of

Rhizobium in a legume field is to be able to recover and identify

not only the strains added to the soil but the strains already

present in the soil (the indigenous population).

Serological techniques have been used extensively for

Rhizobium strain identification. The three major forms of

serological analysis are whole-cell tube agglutination (Vincent,

1942; Means et al., 1964; Chatel and Greenwood, 1973), gel-immune-

diffusion (Dudman, 1964; Dudman and Brockwell, 1968), and

fluorescent antibody techniques (Schmidt et al., 1968). These

serological methods have been used to monitor the success of

introducing Rhizobium strains into soil (Read, 1953; Dudman and

Brockwell, 1968), and to demonstrate that the indigenous population

of rhizobia is heterogenous (Hughes and Vincent, 1942; Purchase et

al., 1951). Unfortunately serological methods have their

limitations in that a researcher is restricted by the limited
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number of serotypes, the extent of cross-reaction among rhizobia

(Graham, 1963), and by the fact that isolates that do not cross

react with the available antisera at ones disposal, must be classed

in a single group which can be potentially quite diverse and can

include the majority of the isolates (Johnson et al., 1965; Semu et

al., 1979).

The other strain identification technique that has been used

most often in Rhizobium ecology is the use of high concentration

antibiotic resistance markers (Schwinghamer and Dudman, 1973).

This technique has the advantage of ease of isolation and

recognition of inoculum strains from nodules and the soil.

However, such genetic markers can alter the symbiotic abilities of

the mutant when compared with the wild type (Pankhurst, 1977; Jones

and Bromfield, 1978). Furthermore, this technique gives little

information concerning the composition of the indigenous population

of rhizobia except to show the percentage of nodules which are not

formed by the inoculum strain.

The technique of using the intrinsic level of antibiotic

resistance of Rhizobium strains has been utilized to study the

indigenous population of some Rhizobium species (Josey et al.,

1979; Beynon and Josey, 1980). Recently a new technique has been

used to characterize R. japonicum populations found in soybean

fields (Noel and Brill, 1980). These workers used sodium dodecyl

sulfate (SDS)-polyacrylamide gel electrophoresis. This technique

permits an analysis of the total protein content of the cell and
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contrasts with serological methods, which rely mainly on the

surface characteristics of the cell.

One of the major goals that soil microbiologists have strived

for is to identify strains of Rhizobium sp., and the appropriate

inoculation technology to achieve adequate nodulation, in soils

where legumes had failed to grow adequately for need of nitrogen.

Justification for the practice of inoculation rests on the premise

that either effective rhizobia are not present in the soil in

sufficient numbers or the rhizobia present in the soil are not

effective at fixing nitrogen on the host that is to be grown. In

soils that contain large numbers of indigenous rhizobia, the

introduced rhizobia (inoculants) have to compete for nodule sites

with the already established population. If the inoculum strains

cannot compete successfully, there can be no benefit from seed

inoculation especially if the indigenous population is comprised

largely of ineffective strains.

The poor performance of commercial inoculants in soils that

contain indigenous populations of rhizobia is well documented.

When soybeans were planted into soils that had a past history of

soybeans, there was no yield response to inoculation (Lynch and

Sears, 1952). For example, although R. japonicum strain USDA 110

was found to be a superior nitrogen fixer and highly competitive

against other laboratory strains in green house studies (Johnson

and Means, 1964) it did not impact upon the yield of soybeans grown

in soils with an established population of R. japonicum. Johnson
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et al. (1965) reported that the average recovery of strains applied

to soils containing indigenous populations of R. japonicum was 5%,

and in some soils they found that the recovery of the inoculant

strain was not increased significantly by increasing the level of

inoculation. Caldwell and Vest (1970), found that only 5-10% of

the nodules on plants grown in a field with an established R.

japonicum population were derived from the inoculum strain that was

introduced into the soil. Noel and Brill (1980), working with

inoculant strains of R. japonicum in soils harboring indigenous

populations found that the inoculant was recovered in less than 15%

of the possible infections in the first sampling and recovery was

almost zero in later samplings.

In the forage legume systems much research has been performed

in an attempt to introduce commercial strains of rhizobia into the

soil possessing indigenous populations. This has resulted in

continuous re-evaluation of the choice of inoculant strains. The

following literature review attests to these problems. R.

trifolii inoculum strain "clover F" was found to be successful in

competing with indigenous populations of R. trifolii in several

field experiments where red clover was used as the host (Thornton

and Kleczkowski, 1950). These authors observed a decline in the

nodules occupied by strain "clover F" in the second year. In

contrast, other studies showed that strain "clover F" was inferior

to strain 157 in forming nodules on red clover (Vincent and Waters,

1953). Two strains of R. trifolii No. 297 and No. 298 were found
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to be the most successful inoculant strains in a field situation

(Vincent and Waters, 1954). On the other hand strain 284, although

equally competitive with strain No. 297 on subclover in nitrogen

free seedling agar, was not successful when mixed with No. 297 in

the field trials (Jenkins et al., 1954). Baird (1955) made the

observation that the relative performances of strain No. 297 and

No. 298 in a mixed inoculum differed in two different soils. In

these studies indigenous populations of R. trifolii made up at

least 50% of the nodule occupants.

The indigenous populations at a field site were shown to

fluctuate widely through the year from less than 10 to more than

10,000 cells per gram of soil (Hely et al., 1957). These authors

also observed that an inoculum level of 100 times that of the

commercial rate (approx. 106/seeds) was required for successful

nodulation, and they commented on the inability of such numbers to

be achieved routinely by normal inoculant practice. Dudman and

Brockwell (1968) working with R. trifolii reported that strain TA1

was recovered eleven times more frequently than strain UNZ29 in a

large number of commercial seedings of inoculated subclover. The

recovery of inoculant strains was observed to decrease in the

second and subsequent growing seasons. These findings were

confirmed in inoculation trials (Brockwell and Dudman, 1968).

Studies by Roughley et al. (1976), using R. trifolii strains No.

WU95 and CC2480 as inoculants were conducted at five field sites

where the size of the indigenous populations of R. trifolii ranged
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from very low to large. They found that in mixed inoculants WU95

was superior to CC248 only in instances where the indigenous

populations were low and in the second season they reported that

the number of nodules occupied by the inoculant strains declined.

They stressed the need for understanding more about the makeup of

the indigenous rhizobial populations and speculated that inoculant

strains were only critical for establishment of the host in

rhizobia free soils and/or extremely nitrogen-deficient

situations. They also speculated that the indigenous populations

would be the major force contributing to N2-fixation in subsequent

years.

In view of the observations raised above about low recoveries

of inoculant strains when introduced into soils containing

indigenous rhizobial populations, attention was directed toward

characterizing the indigenous competitors. Attempts had been made

to characterize the indigenous populations of rhizobia found in

soils.

Johnson and Means (1963) classified the R. japonicum strains

present in nodules of soybean plants growing in soils known to

contain populations of R. japonicum. They showed that up to ten

different serogroups were found in the nodules of plants growing in

the same field and that different serogroups were dominant in

different regions of the U.S.A. Serological methods were used in

the past to demonstrate the diversity of the natural populations of

R. trifolii found in the soil. Hughes and Vincent (1942), showed
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that isolates of R. trifolii from one farm were made up of many

serologically distinct strains and that different nodules on the

same plant were often inhabited by distinct serological types.

They found nine to ten different serogroups of R. trifolii out of

nineteen isolates examined. Vincent (1942) demonstrated the

presence of ten distinct serological groups of R. trifolii out of

the thirty-two isolates studied. Purchase and Vincent (1949)

reported on the occurrence of different serological types of R.

trifolii on the same plant. They stated that even within the

immediate environment of the single plant there is a diverse

rhizobial population, and isolates from one or two nodules cannot

give any real idea of the nature of the existing rhizobial

population at any one time. Purchase et al. (1951) reported on the

serological heterogeneity that exist within R. trifolii

populations, nine serogroups were found among twelve isolates.

More recently the technique of using intrinsic levels of

antibiotic resistance was used to demonstrate the heterogeneity of

the natural population of R. phaseoli (Beynon and Josey, 1980).

Fifty-six strains of R. phaseoli were found in nodules of bean

plants as discriminated by their antibiotic resistant patterns.

The diversity of the indigenous populations was also demonstrated

by a new method based on the separation of cellular proteins by gel

electrophoresis (Noel and Brill, 1980). They found eighteen and

nineteen different strains of R. japonicum exist in nodules of

field grown soybeans at two different locations.
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There are a variety of factors that can influence the

population dynamics of the indigenous populations. Soil

temperature has an impact on the serological distribution of the

indigenous population. Weber and Miller (1972) found that

serogroups of R. japonicum which were recovered infrequently at 10

and 15°C became dominant at 30°C whereas serogroups forming the

majority of nodules at 10 or 15°C formed fewer nodules at 30°C.

Caldwell and Weber (1970) reported that the occurrence of specific

serological groups was affected by planting date and the stage of

plant development when nodules were samples. This serological

variation was attributed to differences in the soil and climatic

environments. Damirgi et al. (1967) reported that the serogroups

of R. japonicum found in nodules of soybeans appeared to be related

to the soil series from which the nodules were sampled.

The effect of soil acidity on serogroup distribution of

Rhizobium species has been reported in the literature. Ham et al.

(1971) found that R. japonicum, serogroup 123, was the dominant

serogroup found in nodules on soybeans grown in soils below pH 7.5

while serogroup 135 dominated the nodule population in soils of a

pH greater than 7.8. Eighty-one percent of the variation in the

occurrence of serogroup 135 was attributed to soil pH. Soil

acidity can impact upon selective nodulation within a soil-born

population of R. trifolii (Jones et al., 1964). It was shown that

a higher percentage of effective isolates were found in nodules on

uninoculated plants of white clover sown in limed soil than in
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unlimed soil. The effect of acidity on competition between strains

of R. trifolii has been observed in studies performed in pH

adjusted mineral salt agar systems with high populations of an

equal mixture of two strains (Russell and Jones, 1975). They found

that the effective strain dominated at pH 5-5.5 and the ineffective

strain dominated at pH 7-7.5. A similar study by Jones and Morley

(1981) using two different strains of R. trifolii showed that the

effective strain formed more nodules (86%) at pH 7.0, while the

ineffective strain formed 66% of the nodules at the more acidic pH

values.

Plant varieties (genotypes) can influence the composition of

nodule occupants. Hardarson and Jones (1979) described genotypes

of Trifolium repens (white clover) that exhibited an inherited

preference for specific Rhizobium strains from simple mixtures of

two strains. Progenies from crosses within group A plants, had 86%

of the nodules occupied by strain 75, whereas the progenies of

group C plants only had 13% of the nodules occupied by strain 75.

They stated that the inheritance for this particular character

appeared to be additive and without any dominance effect. Mytton

(1978) using a mixture of four strains to inoculate white clover

plants, selected plants that demonstrated a preference to be

nodulated by a particular strain within the mixed inoculum. He

divided the apportionment of genetic variability in the legume

symbiosis between additive effects of the plant genotype, additive

effects of the Rhizobium genotype, and specific non-additive
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effects of the individual plant X Rhizobium genotype

combinations. Effects of cultivar have been seen in field

trials. Roughley et al. (1976) observed differences in recovery of

inoculum strains due to host cultivar X Rhizobium strain

interactions. In some instances, Trifolium subterraneum cultivar

Woogenellup formed 66% of its nodules with R. trifolii strain WU95

and 17% of its nodules with strain CC2238C. Cultivar Mt. Barker,

on the other hand formed nodules with these two strains in similar

proportions, 25% with WU95 and 28% with CC2238C. Caldwell and Vest

(1968) grew a series of soybean genotypes over a 3-year period, and

they found that certain strains of R. japonicum predominated in

each year and they also found a specific interaction between the

host genotype and serogroups of R. japonicum. Similar results were

obtained by others (Caldwell and Hartwig, 1970). Jones and Morley

(1981), in a mixed culture experiment, found that an effective

strain formed no nodules on T. repens (white clover) cultivar

Milkanova at pH 7.0 but formed 32% of the nodules formed on

cultivar S100 at the same pH. Hagedorn and Caldwell (1981) tested

a mixture of two strains of R. trifolii on twelve cultivars of

subterraneum clover. Six cultivars were preferentially nodulated

by one of the two strains. In field trials using subterranean and

red clovers in a mixed seeding Robinson (1969 a,b) postulated that

the host plant selects for the most effective nitrogen fixing

strains of R. trifolii in a natural population. He showed that

isolates which came from nodules on red clover were effective on
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the same host, but were ineffective on subterranean clover.

Reciprocal results were obtained for isolates from nodules formed

on subterranean clover.

In summary, one of the most striking features about much of

the literature quoted above is that in the case of R. japonicum

most of the studies were carried out in field situations where the

indigenous soil populations could be adequately characterized. In

contrast, the studies with R. trifolii have been restricted to

growth chamber or greenhouse conditions in non soil environments

and with no more than two strains of R. trifolii involved.

Alternatively, they were carried out in field situations where the

inoculant strains were the only members of the nodule population

that could be identified unequivocally. Therefore, the nature of

my research has been to attempt to readdress the identification of

indigenous populations of R. trifolii.
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Statement of Research

The need to study more extensively the ecology of Rhizobium

trifolii, the symbiont of clovers, arises from a consideration of

the agricultural management of this legume. Subclover (Trifolium

subterraneum) is often established under diverse and minimally

managed situations. This forage legume is subjected to a

continuous sequence of stresses that include drought, acidic

conditions, temperature extremes and re-seeding periods. This

results in nodulation being a continuous and dynamic process. The

understanding of the ecology of R. trifolii has agricultural

significance. Legumes in nitrogen-deficient soil ideally should

receive Rhizobium strains that bring about maximum crop yield. In

this respect, laboratory strains can be superior to indigenous

strains. However, in a field which harbors indigenous populations,

an inoculant strain is recovered usually only in a small proportion

of the nodules sampled. Furthermore, it is well established that

commercial inoculant strains rarely persist as major nodule

occupants especially when they are introduced into soils possessing

indigenous populations of rhizobia. Through identification of

Rhizobium strains that dominate the nodule populations, under a

particular set of environmental conditions, we can determine those

strains that are ecologically aggressive in terms of competition

for nodule sites. By defining the physical and biological factors

that play a part in their enrichment from a pool of the Rhizobium

population we will obtain a better understanding of the behavior of
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the natural populations of Rhizobium spp. in general in

agricultural soils. The long range goal would be to make

inoculation success a more predictable business by utilizing

strains which possess not only saprophytic competence but ability

to dominate the rhizosphere population of Rhizobium under various

physical, chemical and biological (cultivar) conditions.

In an attempt to solve some of these problems raised above I

have undertaken the following studies:

1) Further development and application of a new method of

strain identification. The method based on the separation

of cellular proteins by microslab SDS-polyacrylamide gel

electrophoresis.

2) The suitability of combining this method with existing

serological methods to fully delineate the composition of

an indigenous population of R. trifolii found in nodules

of subterranean clover (T. subterraneum L.).

3) The impact of soil acidity on the distribution of R.

trifolii serogroups found in nodules of subterranean

clover grown in soils and in mineral salts seedling agar.

4) To examine if the genotypes (cultivars) of subterranean

clover, could exert a selective effect on the R. trifolii

strains found in limed and unlimed soil.
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Abstract

Three methods of strain identification were used to determine

the composition of the Rhizobium trifolii population in nodules

formed on subterranean clover (T. subterraneum L. cv. Mt. Barker),

inoculated with a soil suspension. Sodium dodecyl sulfate

polyacrylamide gradient gel electrophoresis (SDS-PAGGE) was used in

a microslab system to elucidate the protein profiles of twenty-two

isolates of R. trifolii. Tube agglutination serological tests

carried out with antisera raised to four isolates showed that four

groups of isolates could be recognized. Only four isolates out of

twenty-two agglutinated with more than one antiserum, although they

reacted with only one antiserum in the gel-immune-diffusion test.

One isolate did not react with any of the four antisera. No group

of isolates dominated the nodule population. Gel-immune-diffusion

analysis showed that isolates from two of the four groups were

serologically identical whereas isolates from the other two groups

were serologically heterogeneous. Isolates within all four

serogroups were subdivided further according to their protein

profiles. Many of the isolates within individual groups had very

closely similar or identical profiles whereas others were very

distinct. Isolates identified as very similar or identical by SDS-

PAGGE had the same symbiotic effectiveness on T. subterraneum. The

data illustrate the need for multiple methods of identification for

the best delineation of the composition of the nodule population.
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Introduction

Various methodologies have been utilized to discriminate

between strains of Rhizobium trifolii. Serological techniques were

pioneered several years ago and were based on whole cell

agglutination characteristics (Stevens, 1923; Vincent, 1942; Hughes

and Vincent, 1942; Kleczkowski and Thornton, 1944). These studies

showed that strains of Rhizobium trifolii were heterogeneous and

could be distinguished from each other. Subsequently, workers

utilized the serological agglutination technique to elucidate the

success of inoculant strains introduced into soils already

possessing indigenous strains of R. trifolii (Thornton and

Kleczkowski, 1950; Read, 1953; Jenkins et al., 1954; Vincent and

Waters, 1954). Serological techniques were further refined to

discriminate between strains that showed ambiguous cross reacting

tendencies. These included gel-immune-diffusion (Humphrey and

Vincent, 1965; Holland, 1966; Rudman and Brockwell, 1968) indirect

haemagglutination (Cloonan and Humphrey, 1976) and enzyme linked

immunosorbent assay - ELISA (Morley and Jones, 1980).

Recently, it has been pointed out that serological methods can

only identify those field isolates which cross react with the

antisera at ones disposal and do not provide information on those

strains that do not react (Beynon and Josey, 1980; Noel and Brill,

1980; Roberts et al., 1980). The importance of obtaining more

information on that which is known as "the indigenous population of

rhizobia" is attested to by the unpredictable success of finding
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inoculant strains of R. japonicum in nodules of field grown

soybeans (Johnson et al., 1965; Caldwell and Vest, 1970; Ham et

al., 1971; Kuykendall and Weber, 1978). Furthermore, in the case

of introducing inoculant strains of R. trifolii into annual,

regenerating pastures of subterranean clover (Trifolium

subterraneum L.) the situation is further complicated. Initial

success is often followed by the disappearance of the inoculant

strains during the years after establishment (Brockwell and Dudman,

1968; Rudman and Brockwell, 1968; Brockwell et al., 1972; Gibson et

al., 1976; Roughley et al., 1976; Brockwell et al., 1977).

Information on the diversity of the strains of Rhizobium

trifolii inhabiting root nodules of clover species is sparse. Work

by Vincent's group in Australia based on whole cell tube -

agglutination characteristics showed that different strains of R.

trifolii were present in the same field and also in nodules on the

same plant (Hughes and Vincent, 1942; Purchase and Vincent,

1948). More recently, the method of intrinsic antibiotic

resistance (IAR) was used to show that 56 indigenous strains of R.

phaseoli existed in nodules on bean plants (Phaseolus vulgaris)

growing in a single field (Beynon and Josey, 1980). In another

study a method based upon the separation of cellular proteins by

sodium dodecyl sulfate polyacrylamide gradient gel electrophoresis

(SDS-PAGGE), was used to discriminate between isolates of R.

japonicum. Eighteen and 19 different strains of R. japonicum were

found to exist in nodules of field grown soybeans at two different
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locations (Noel and Brill, 1980). The objective of this study was

to assess the suitability of combining three distinct methods of

strain identification, SDS-PAGGE, tube agglutination, and gel-

immune-diffusion to delineate the composition of the strains of R.

trifolii occupying nodules on seedlings of Trifolium subterraneum

L. cv. Mt. Barker that had been inoculated with a soil containing

an indigenous population of R. trifolii.



30

Materials and Methods

Soil. Several samples of an Abiqua silty clay loam were

collected to a depth of 0.2 m using sterile utensils. The soil is

fine, mixed mesic from the family of Cumulic Ultic Haploxerolls; pH

4.7, organic matter 6.2%, and cation exchange capacity 29 cmol

(NH4+) kg soil-I. The soil samples were bulked, thoroughly mixed,

and whilst moist (13% w/w water) passed through a 2 mm sieve.

Estimation of the most probable number (MPN) of Rhizobium

trifolii in the soil. The number of R. trifolii capable of

infecting Trifolium subterraneum cv. Mt. Barker was determined

using the soil dilution - plant infection method (Brockwell,

1963). Seeds of T. subterraneum were surface sterilized by the

method of Vincent, (1970). The seeds were germinated on water agar

plates for two days at 30°C and transferred aseptically to sterile

test tubes (30 cm x 3.0 cm) containing 20 mL of a mineral salts

medium solidified with Difco Bacto agar (15 gL 1
). The

constituents in gLI were: CaC12, 0.6; MgSO4 7H20, 0.2; NaCl, 0.1;

ferric citrate, 0.1; K2HPO4, 0.5; KH2PO4, 0.25, and 10 mL of a

trace element mixture (Evans, 1974). Ferric citrate was dissolved

in a small quantity of HC1 prior to adding to the growth medium.

The phosphate salts were dissolved in distilled water, autoclaved

separately and added to the remainder of the growth medium after

cooling to 50°C. This prevented the copious precipitate that

usually occurs during the preparation of a high phosphate medium.

The final pH was 6.8. Fifty grams of soil were dispensed into 475
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mL of sterile 0.15 M NaC1 and successively diluted over the range

10-2 - 10-6. Then 0.2 mL portions of each dilution were used to

inoculate each of four seedlings. The seedlings were grown in a

completely randomized design in a glass house using natural

daylight supplemented with 16 hours of illumination provided from

F48T12/D/RS fluorescent lamps hanging 0.5 m above the growth of

tubes. Irradiance at plant height averaged 80 W m-2, and the

temperature range was 18 (night) to 27°C (day). Sterile distilled

water (3 mL) was added aseptically to each seedling 21 days after

inoculation. The experiment was terminated after 42 days and the

tubes scored for nodulation. The most probable number (MPN) per

gram of soil was calculated as described previously (Vincent,

1970). The MPN values for two independent determinations were 5 x

10
3
and 8.5 x 103 per gram of dry soil.

Isolation of R. trifolii. Two plants were picked at random

from the 10-2 dilution series because of the low numbers of nodules

found in the 10-1 dilution series. Excessive algal, bacterial and

fungal growth was observed in the latter and could have been the

cause of the poor nodulation. All the nodules were recovered and

surface sterilized as described previously (Vincent, 1970). The

nodules were squashed and the contents streaked onto agar plates

containing a yeast extract-mannitol medium (YEN). Plates were

incubated at 30°C for four to five days and restreaked to obtain

pure cultures. Single colonies were picked onto agar slants,

incubated for 48 h and then stored at 4°C. The symbiotic
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effectiveness of each isolate was determined by inoculating one-

week-old seedlings of T. subterraneum cv. Mt. Barker with 5 x 108

cells of each isolate. After five weeks of growth under the

conditions described above, the shoots were removed, dried at 60°C

for 10 days and weighed. Analysis of variance was carried out on

the data and Duncan's new multiple range test used to compare the

symbiotic effectiveness of the isolates.

Methods of identification.

Growth media. Isolates were grown in broth culture in a

defined medium (MGA) composed of the following in grams per

liter: Mannitol, 10; L-(+)-glutamic acid, monosodium salt,

monohydrate, 1; K2HPO4, 0.5; MgSO4 7H20, 0.2; NaCl, 0.1; calcium

pantothenate, 0.01; thiamine hydrochloride, 0.01; biotin, 3 x 10-4;

10 mL of trace element mixture (Evans, 1974). The pH of the MGA

media was adjusted to pH 6.8.

Preparation of cell extracts. Each isolate was grown in 40 mL

of MGA at 30°C to the late exponential phase of growth (6 x 108

cells per mL). Cultures were harvested by centrifugation for 20

minutes at 25,000 x g. The cell pellets were washed three times in

ice cold 10 MM Tris-HC1 buffer pH 7.6 and centrifuged at 12,000 x g

for 10 minutes after each wash. The final cell pellet was

resuspended in 0.5 mL of the same Tris buffer and transferred to a

polypropylene microcentrifuge tube of 1.5 mL capacity (VWR

scientific). The cells were disrupted by exposing them to ten

cycles of rapid freezing in liquid nitrogen followed by rapid
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thawing in a water bath set at 45°C. Then, 0.5 mL of a 'sample'

buffer was added to each cell suspension and mixed gently to

prevent 'frothing'. The sample buffer contained 0.08 M Tris-HC1,

pH 6.8. 2% (w/v) sodium dodecyl sulfate (SDS); 10% (v/v) glycerol;

5% (v/v) 2-mercaptoethanol (BME); and 0.001% (w/v) bromophenol

blue. The extracts were stored at -20°C prior to analysis by

electrophoresis.

Gel preparation. The gel slabs were cast between two large

microscope slides, 10 cm x 8 cm (A. H. Thomas Co., Philadelphia,

PA). The thickness of the gel slabs was 0.8 mm and obtained by

using spacers of teflon, 4 mm in width, inserted between the plates

on three sides. Melted agarose (15 gL-1 ) was run around the outer

edge of the spacers to create a liquid tight seal. Two types of

gels were routinely used consisting of either single concentrations

or linear gradients of acrylamide. The formulation of the

resolving gel was that described by Laemmli (1970). A single

concentration gel (8 cm x 6 cm) was cast by adding the acrylamide

mixture to the space between the glass plates, overlaying with

water saturated iso-butanol, and polymerization occurred within 30

to 40 minutes. A gradient gel was cast using a gradient maker

which generates a linear gradient. The outlet of the gradient

maker was connected with tygon tubing to a variable speed

peristaltic pump and thence to a drawn out piece of glass tubing

inserted about 1 cm into the top of the glass plate sandwich. The

flow rate of the pump was calibrated to deliver 3 mL min-1 . After
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a gel was polymerized it was clamped in a home made electrophoresis

apparatus of similar design to that described by Matsudaira and

Burgess (1978). A teflon comb was clamped into the gap at the top

of the glass plates and the stacking gel solution pipetted into the

space above the resolving gel. The formulation of the stacking gel

was that of Laemmli (1970), and the final dimensions were

8 cm x 1.5 cm.

Electrophoresis. Cell extracts were thawed, mixed and

centrifuged for 3 minutes at full speed in a Beckman

microcentrifuge B. Ten to twenty pL (30-60 pg protein) of each

supernatant were loaded into specified sample wells on the gel.

The gels were electrophoresed at 4°C for 50 to 60 minutes with an

initial voltage of 200 V and a current of 0.025 A. After

completion of electrophoresis, the gels were stained for 15 minutes

at room temperature in 0.1% (v/v) Coomassie brilliant blue R-250,

45% (v/v) methanol and 10% (v/v) glacial acetic acid, destained for

10 minutes in 50% methanol and 10% glacial acetic acid, and then

for 50 to 60 minutes in 7.5% methanol and 10% glacial acetic

acid. Gels were recorded on photograph and then dried for storage.

Serological analysis. Four isolates of R. trifolii were used

for raising antisera. The choice was based upon preliminary

information obtained regarding their SDS-PAGGE protein profiles.

The four isolates had been designated 6, 16, 27, and 36. Each

isolate was grown in MGA medium for 48 hours at 30°C on an orbital

shaker. The cells were harvested by centrifugation, washed and
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recentrifuged three times in 0.15 M physiologically buffered saline

pH 7.0 (NaC1, 8.5 g; RH2PO4, 20.4 g; and Na2HPO4, 21.3 g L1). The

final pellets were resuspended in 0.15 M NaC1 to a concentration of

2 x 109 cells per mL. These suspensions were heated for 60 minutes

at 95°C to denature flagellar (H) antigens. Each antigen

preparation was injected into three New Zealand White male

rabbits. The immunization schedule involved injecting into the

thigh muscle 2 mL of an emulsion containing equal parts of Freund's

complete adjuvant (Difco) and the above bacterial suspension. Four

weeks later a 1 mL booster injection also was administered

intramuscularly. It contained equal parts of a freshly grown,

washed, heat treated bacterial suspension and Freund's incomplete

adjuvant (Difco). Ten days after the booster injection blood

samples were withdrawn from the marginal ear vein and tested by the

tube agglutination method against the homologous antigen. All

rabbits responded with acceptable titers ()1:320 dilution of sera)

in the agglutination tests. A blood sample (50-70 mL) was

collected from each rabbit via cardiac puncture on two separate

occasions. The second collection was 48 h after the first. Blood

was allowed to clot overnight at room temperature. The serum was

collected by centrifugation at 600 x g in a bench centrifuge and

then heated at 56°C for 30 min. to inactivate complement. The sera

were stored at -20°C.

Tube agglutination. Antigenic preparations of the isolates of

R. trifolii were as described above. The final cell suspensions
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were made in 0.085 M NaCl. This negated the problem of

autoagglutination which arose in the case of a few isolates when

resuspended in 0.15 M NaCl. Somatic agglutination was tested using

0.4 mL of antigen suspension mixed with 0.4 mL of consecutive two

fold dilutions of the sera. The dilution series were initiated at

1:10 and were taken to 1:5120. Tubes were incubated partially

submerged in a water bath at 52°C for four hours. Titers were

recorded as the greatest serum dilution in which agglutination was

clearly visible.

Gel-immune-diffusion: The system was basically an Ouchterlohy

double diffusion agar plate method. The gels were prepared using

0.8% (w/v) agarose (Sigma Type IV) in physiologically buffered

saline containing 0.025% (w/v) sodium azide as a preservative. The

gel layer, 4 mm in depth, was contained in small petri dishes, 50

mm x 9 mm (Falcon #1006). Suspensions of cells of each isolate of

R. trifolii grown in MGA medium were made in physiologically

buffered saline to a final concentration of 8-10 mg dry wt. per

mL. These cells were tested both as whole cells and as sonicated

extracts. Sonication was performed with a Branson sonifier model

200 fitted with a double step micro tip. The sonication protocol

consisted of six separate 30s bursts at 40 W output with two

minutes of cooling between bursts.

Forty-two pL portions of nondiluted antisera were pipetted

into the center wells (4 mm diam.) and 85 pL of the antigens placed

into the outer wells, (5 mm diam.). The plates were incubated at



37

room temperature in a sealed humidified atmosphere. The

development of precipitin lines was monitored over two to three

days. Data were recorded photographically using dark field

indirect illumination.

Chemicals. Acrylamide, bis-acrylamide, TEMED, ammonium

persulfate, SDS, Coomassie brilliant blue R250 and BME were

purchased from Biorad laboratory supplies, Richmond, CA. Tris,

glycine, agarose and standard proteins were purchased from Sigma

Chemical Co.
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Results

Data presented in Table 1 show the results of tube

agglutination tests in which the four antisera were challenged

against each of the twenty-two isolates. Between four and six

isolates reacted with each of the antisera and only five isolates

3,4,6,23 and 34 cross reacted with more than one serum ie.

antiserum to isolates 6 and 27. Furthermore only one isolate did

not react with any of the four antisera. It was noticeable that

the values of the agglutination titers were more than two fold

different for the cross reacting isolates within two of the groups

(6 and 27). This inferred some serological heterogeneity among the

isolates within these two groups and further analysis of their

serology was determined by gel-immune-diffusion (Fig. 1). The

isolates placed in serogroups 16 and 36, as a result of the tube

agglutination tests, showed homologous cross reactions with their

respective parent antiserum (Figs. lb and d). In contrast, isolate

23 from serogroup 6 did not form any immunoprecipitin line with

antiserum to isolate 6 (Fig. la) nor did isolates 21 and 25 with

antiserum to isolate 27 (Fig. ic). The same results were obtained

with sonicated cell preparations (data not shown). Other isolates,

2 and 29, in serogroup 27 also showed evidence of heterologous

behaviour. They formed a faint precipitin line that was distinctly

different from that formed by the homologous interaction (Fig. ic).

Table 2 shows a summary of the gel-immune-diffusion reactions

of the isolates. In no case did organisms in any serogroup form
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immunoprecipitin lines with antiserum from another group. Indeed,

isolates that showed tube agglutination reactions with both

antisera to isolates 6 and 27 only formed immunoprecipitin lines

with antiserum to isolate 6. Such data emphasize the need for both

tube agglutination and gel-immune-diffusion tests to be used in

preliminary serological analysis of uncharacterized isolates.

It can be seen on scrutiny of the protein profiles of isolates

from serogroup 36 that three gel types are present. Four isolates,

5,7,38, and 40 possessed identical profiles (Fig. 2). The

differences of isolates 28 and 36 were not apparent from the data

obtained by serological analysis (Fig. 1d). In the case of

serogroup 6, three gel types were recognized. Isolates 4,6, and 34

possessed identical profiles, whereas isolate 3 was subtly and

isolate 23 grossly different from the three identical profiles

(Fig. 3). In the case of isolate 23 these data agree with the

results obtained from tube agglutination and gel-immune-diffusion.

In the case of isolates within serogroup 16, all four isolates

were represented by protein profiles that were subtly distinct from

each other (Fig. 4), despite their antigenic homology (Fig. lb).

Isolates that agglutinated with antiserum to isolate 27

presented the most complex picture. Four different gel types were

recognized and no isolate was identical to isolate 27 (Fig. 5).

Isolates 21 and 25 were identical by this method, whereas isolates

2 and 29 possessed different protein profiles even though they

formed a common, faint, yet distinct immunoprecipitin line against

antiserum to isolate 27 (Fig. lc).
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Finally, data presented in Table 3 show the symbiotic

effectiveness of the twenty-two isolates of R. trifolii on T.

subterraneum L. cv. Mt. Barker. Isolates 28 and 36 were

significantly less effective than the others in serogroup 36.

These isolates were different from the others as determined by SDS-

PAGGE. In serogroup 6, isolates 3 and 23 were less effective than

the others in the group. These isolates were characterized as

being distinct by SDS-PAGGE, gel-immune-diffusion and tube-

agglutination. All of the isolates from serogroup 27 were of equal

sub-optimum effectiveness, despite their serological

heterogeneity. Similarly, all isolates from serogroup 16 were of

equal effectiveness despite their protein profile heterogeneity.

Isolate 26 did not react with any of the sera and was the only

completely ineffective isolate from the total collection.
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Discussion

The data presented here report the successful use of microslab

SDS-PAGGE for discriminating between isolates of R. trifolii found

in nodules on Trifolium subterraneum L. cv. Mt. Barker. The

microslab system possesses several features that make it attractive

for researchers of the Rhizobiaceae. First, the apparatus is

relatively easy and inexpensive to construct in contrast to the

cost of commercially manufactured systems. Second, electrophoresis

time is about 50 minutes; gels can be stained and destained within

3 hours. Third, only small quantities of cell protein and of

expensive reagents are required. The data obtained by the SDS-

PAGGE method complemented and extended the information obtained

from the serological analyses. Moreover, it should be emphasized

that the initial choice of isolates to use as antigens for raising

antibodies was based on the protein profiles determined by SDS-

PAGGE. The fact that 21 isolates out of 22 reacted with one or

other of the four antisera suggests that this criterion was

successful. Certainly, a larger number of isolates from soil core

and field grown plants need to be examined to determine if this is

a true spectrum of the R. trifolii population in this soil. In

addition, other soil populations of Rhizobium species need to be

examined to determine if this is a useful approach to take prior to

expensive and time consuming serological screening.

That the serogroups defined in this study were composed of

mixtures of strains supports the arguments of others that
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serological methods can be limited in their ability to delineate

the strain composition of a serogroup (Gibson et al., 1971). The

most striking example of this was in the case of five isolates

within serogroup 27. Although the isolates were capable of

agglutinating with antiserum to isolate 27, two of them failed to

produce any immunoprecipitin reaction. Such results have been

observed before with isolates of R. trifolii (Humphrey and Vincent,

1973). The simplest explanation of this observation could be that

since these isolates had low cross-agglutination titers with the

antiserum, the antibody-antigen interaction was too weak for an

immunoprecipitation reaction to occur. It is common knowledge that

the latter reaction is about one thousandfold less sensitive than

agglutination. Nevertheless the use of SDS-PAGGE allowed us to

differentiate or confirm the identity of isolates from within

serogroup 27. In addition, there were cases in serogroups 6, 16,

and 36 where the identity of isolates that gave homologous

immunoprecipitin reactions could be confirmed or discounted by

their protein profiles. It should be stressed that the distinct

differences between the protein profiles of isolates within the

same serogroup indicate that SDS-PAGGE is not practical for routine

grouping of large numbers of isolates of R. trifolii without

complementary methods of identification. In these instances it is

our opinion that serology would provide the easiest mode of

reference and SDS-PAGGE a tool for further resolution.
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The combination of identification methods used in this study

showed that the 22 isolates represented at least 14 different

strains and that only three strains were identified as occupants of

two or more nodules. These data support the findings of others

that field populations of Rhizobium species at specific locations

are composed of many different strains (Beynon and Josey, 1980;

Noel and Brill, 1980). From the most probable number

determinations for this soil sample it can be calculated that

approximately 10 to 17 viable cells were inoculated onto each plant

at the 10-2 soil dilution. It is plausible to infer that the

population of each strain was low in this soil. This contrasts

with observations of other Rhizobium species in nodules on field

grown plants where evidence has been obtained that certain

serogroups of R. leguminosarum (Mahler and Bezdicek, 1978; Mahler

and Bezdicek, 1980) and R. japonicum (Damirgi et al., 1967; Ham et

al., 1971; Kvien et al., 1981) dominate the nodules.

The studies on the symbiotic effectiveness of the isolates

confirmed observations in the older literature that isolates from

within the same serogroup of R. trifolii can be variable in their

nitrogen fixing ability (Purchase and Vincent, 1949). In this work

SDS-PAGE allowed us to show that such isolates were indeed

different strains of a common serotype. Although the nodule

isolates showed a range of effectiveness only one was completely

ineffective. In this connexion, previous observations have shown

that T. subterraneum nodulates selectively with those members of a
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heterogeneous soil population of R. trifolii that are capable of

forming an effective association (Robinson, 1969). Further

experiments with other varieties and species of Trifolium planted

in the same soil may reveal an even greater diversity of strains of

R. trifolii.

In summary, the lack of inoculation success has led to

research efforts to understand more about the nature of the

indigenous populations of Rhizobium species in agricultural soils

and the factors that affect their dynamics and distribution

(Johnson and Means, 1963; Damirgi et al., 1967; Caldwell and

Hartwig, 1970; Caldwell and Weber, 1970; Ham et al., 1971b;

Bezdicek, 1972; Weber and Miller, 1972; Gross et al., 1979). The

studies presented in this paper provide us with complementary

methods of strain identification to understand more about the

populations of R. trifolii in annual regenerating sub-clover

pastures.
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Figure 1. Representative plates showing gel-immune-diffusion

precipitin reactions between the isolates and (a)

antiserum to isolate 6; (b) antiserum to isolate 16; (c)

antiserum to isolate 27; (d) antiserum to isolate 36.
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Figure 2. The protein profiles of six isolates from serogroup 36

as displayed on a 7 to 11% linear gradient gel. PS;

protein standards are displayed in the far left lane.

These are identified in order of decreasing molecular

weight in kilodaltons (from the top to the bottom of the

gel); bovine albumin, 66 Kd; albumin egg, 45 Kd;

trypsinogen, 24 Kd; 13lactoglobulin, 18.4 Kd; lysozyme,

14.3 Kd.
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Figure 3. The protein profiles of five isolates from serogroup 6

as displayed on a 7 to 11% linear gradient gel.
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Figure 4. The protein profiles of four isolates from serogroup 16

as displayed on a 7 to 11% linear gradient gel.
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Figure 5. The protein profiles of five isolates from serogroup 27

as displayed on a 7 to 11% linear gradient gel.
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Table 1. Tube agglutination
trifolii.

characteristics of the isolates of R.

Antiserat

Antigenst
6 16 27 36

Agglutination titers

7,36,38,40 -§ 2560*

5,28 1280

16,18,37 320
14 640

2,29 - 640
21,25 - - 80
27 - - 1280

3,4,6,34 320 320
23 80 80

26

tEach of these numbers refers to one isolate from the collection.

*Each value represents the reciprocal of the dilution of the
particular antiserum at the agglutination end point.

No agglutination reaction with 1/10 diluted serum.
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Table 2. Gelimmunediffusion
R. trifolii.

characteristics of the isolates of

Antiserat

Antigens t
6 16 27 36

Precipitin reactions

5,7,28,36,38,40 A

14,16,18,37 A

27 A
2,29 B

21,25

3,4,6,34 A
23

26

tEach of these numbers refers to one isolate from the collection.

*A, Precipitin line is in a pattern of complete identity.

§B, Precipitin line is non identical with the homologous line.

1No precipitin lines are visible under these conditions.
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Table 3. A comparison of the yields of shoot dry weight of T.
subterraneum cv. Mt. Barker inoculated with each isolate
and nitrate grown plants.

Serogroup Isolate* Shoot dry
weightt

36

16

27

6

Other

g plant-I

5,7,38,40 0.028-0.030b

28 0.023

36 0.023c

14 0.030b

16 0.028b

18 0.031b

37 0.029b

21,25 0.020-0.023c

2 0.023c

27 0.022c

29 0.023c

4,6,34 0.027-0.028b

3 0.025c

23 0.019d

26 0.015e

Uninoculated 0.013e

Nitrate Controls 0.033a

tEach value is the mean of four replicate seedlings obtained after
5 weeks of growth

*Dry weights not followed by the same letter are significantly
different at the 5% level of probability according to Duncan's new
multiple range test.
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Abstract

Acidity affected which members of an indigenous soil

population of Rhizobium trifolii nodulated Trifolium subterraneum

L. cv. Mt. Barker. In three experiments involving plants grown

either in mineral salts agar adjusted to pH 4.8 or 6.8 and

inoculated with a soil suspension, or grown directly in samples of

soil unamended (pH 4.8) or amended with CaCO3 (pH 6.4), 121 of 151

isolates of R. trifolii were placed into four serogroups. Seventy-

nine of these isolates were placed into two serogroups (6 and 36)

whose nodulating ability was affected by the pH of the plant root

environment. Representatives of serogroup 6 occupied the greatest

percentage of the nodules at the low pH in both mineral salts agar

(77%) and in unlimed soil (47 and 57%). The same serogroup was a

minor nodule occupant at the higher pH in mineral salts agar (zero

percent) and in limed soil (zero and 10%). In contrast serogroup

36 was virtually absent in nodules formed at the low pH, whereas it

was the dominant serogroup at the higher pH in both mineral salts

agar (32%) and in limed soil (35 and 49%). Despite the isolates

from within each serogroup being antigenically identical,

separation of cellular proteins by sodium dodecyl sulfate

polyacrylamide gradient gel electrophoresis revealed four and six

different gel types within serogroups 6 and 36 respectively.

Isolates represented by one or two gel types dominated the

contribution of each serogroup to the nodule population. Further

evidence for differences between isolates within each gel type were

revealed from measurements of symbiotic effectiveness.
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Introduction

Inhibition of the growth of tropical and temperate legume

species by soil acidity is well documented. Legume nutrition per

se can be inhibited by soil acidity related factors such as

excessive levels of hydronium, manganese, and aluminum ions and

deficiencies of calcium, phosphorus, and molybdenum (Jackson, 1967;

Munns, 1977). Evidence has been presented that many legumes are

more sensitive to acidity when dependent on N2 fixation than when

grown on combined nitrogen (Andrew, 1967). This has been explained

as being due to the sensitivity of either nodule function (Munns et

al., 1977; Munns et al., 1979), or the initiation and development

of nodulation (Munns, 1968; Lie, 1969) to acid conditions. It is

not surprising therefore that amelioration of soil acidity with

lime is often (though not always) beneficial to the growth of many

legumes (Munns and Fox, 1977). Indeed, even small amounts of lime

drilled into acid soils with inoculated seed of red (Albrecht and

Poirot, 1930) and subterranean (Loneragan et al., 1955) clovers can

be as effective at stimulating nodulation as fifty times the amount

of lime applied to the bulk soil.

Amending acid soils with lime has been shown to enhance the

survival and multiplication of R. trifolii both in the absence

(Vincent and Waters, 1954) and in the presence (Mulder and Van

Veen, 1960; Rovira, 1961; Jones, 1966) of the host plant.

Circumstantial evidence has been presented that soil acidity can

impact upon selective nodulation within a soil-borne population of
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R. trifolii. It was shown that a higher percentage of effective

isolates were found in nodules on uninoculated plants of white

clover (T. repens) sown into limed than in unlimed soil (Jones et

al., 1964). Studies performed in mineral salts agar under

bacteriologically controlled conditions showed that acidity

impacted upon the relative numbers of nodules formed by an equal

mixture of an effective and an ineffective strain of R. trifolii.

In contrast to the field studies cited above (Jones et al., 1964),

the effective strain formed the majority of nodules at the lower pH

values, whereas the ineffective made up the majority at the higher

pH values (Russell and Jones, 1975a; Jones and Morley, 1981). The

objectives of this research were: (1) to utilize three

complementary methods of strain identification to delineate the

composition of the nodule occupants found on plants of subclover

(T. subterraneum L.) cv. Mt. Barker, sown as uninoculated seed into

an acidic soil harboring an indigenous population of R. trifolii;

(2) to determine if there was an influence of soil acidity upon the

members of the indigenous population of R. trifolii that would

nodulate subclover.
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The soil used was a deep, well drained, alluvial, silty clay

loam of the Abiqua series; a member of the family of fine, mixed,

mesic Cumulic Ultic Haploxerolls. Specific characteristics are as

follows: pH 4.8 * 0.1; organic matter 6.2%; cation exchange

capacity 29 cmol (NH4 +) kg soil-I; % base saturation, 63;

extractable phosphorus, 14 mg kg soil-I, calcium, 6.4 cmol kg-I.

magnesium, 2.6 cmol kg-1. Several samples were collected to a

depth of 0.2 m using a sterile tube auger. The samples were

bulked, thoroughly mixed and whilst moist (13% w/w water) passed

through a 2 mm sieve.

Soil dilution exerimental protocol

Seed of Trifolium subterraneum L. cv. Mt. Barker were surface

sterilized by standard procedures (Vincent, 1970), and germinated

on water agar plates for two days at 30°C. Seedlings were

transferred aseptically to sterile test tubes (30 cm x 3.0 cm)

containing 20 mL of a mineral salts medium solidified with 15 gLI

Difco Bacto agar. The pH of the medium was adjusted to either pH

4.8 or 6.8. The concentrations of the constituents in gL-1 were

CaC12, 0.6; MgSO4 7H20, 0.2; NaC1, 0.1; ferric citrate, 0.05,

and 10 mL of a trace element mixture (Evans, 1974). Ferric citrate

was dissolved in a small quantity of HC1 prior to adding to the

growth medium. The protocol for setting the pH of the mineral agar

was as follows. K2HPO4 (0.5 g) and KH2PO4 (0.25 g) were dissolved



71

in distilled water, autoclaved, cooled and added to the remainder

of the sterilized growth medium. The final pH of the complete

medium was checked and adjusted if necessary to pH 6.8 with small

amounts of sterile HC1. To adjust mineral salts agar to the low

pH, KH2PO4 (0.75 g) was used as the sole phosphate salt, autoclaved

separately, and added to the remainder of the sterile growth

medium. The final pH was adjusted to pH 4.8 using sterile HC1.

Fifty grams of soil were dispensed into 475 mL of sterile 0.15

M NaCl and successively diluted over the range 10-2 - 10-6.

Portions of each dilution (0.2 mL) were used to inoculate each of

four seedlings at the two pH values. The seedlings were grown in a

completely randomized design in a glass house where the temperature

range was 18 (night) to 27°C (day) and natural daylight was

supplemented with 16 h of illumination provided by F48T12/D/RS

fluorescent lamps hanging 0.5 m above the growth tubes. Irradiance

at plant height averaged 80 WM-2. Sterile distilled water (3 mL)

was added to each seedling 21 days after inoculation. The

experiment was terminated after 42 days and the tubes scored for

nodulation. The most probable number (MPN) of R. trifolii was

determined as described previously (Vincent, 1970). The MPN values

for two determinations on different soil samples gave the same

result independent of the pH of the seedling agar (5 x 103 and 8 x

103 R. trifolii per gram of dry soil). Two plants were picked from

the 10-2 dilution series of each pH treatment and all the nodules

recovered. Low numbers of nodules were formed on plants in the
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10
-1 dilution series and therefore the 10-2 series was chosen for

analysis of nodule occupants.

Soil core experiments

Two experiments (1 and 2) were performed on two different

composite soil samples obtained at different times from the same

location. The protocol for each experiment was as follows. The

soil sample was mixed whilst moist and one half of the soil

received sufficient analytical grade fine CaCO3 to raise the pH to

6.4 as determined by lime requirement measurements. The other half

of the soil sample was unamended. The soil samples were brought

to, and maintained at a water potential of 30 kPa (23.8 g water per

100 g of dry soil) and equilibrated for 8 weeks. The pH of the

soil was measured in a 1:2 soil/water suspension at weekly

intervals until it stabilized at pH 6.4 t 0.1. Approximately one

kilogram of the CaCO3 amended soil was potted into each of two

plastic pots and another two pots were filled with identical

quantities of the unamended soil. Ten surface sterilized seed of

sub-clover cv. Mt. Barker were sown into each pot which were

covered with plastic petri dish lids. The pots were placed under

the glass house conditions described above. After ten days the

lids were removed and the soil was amended with sterile water as

required to maintain a water potential of 30 kPa. The plants were

thinned to one per pot four weeks after sowing. Twelve weeks after

sowing the plants were removed, roots were washed off in distilled

water, and as many nodules as possible were recovered from the root
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systems of the two plants from each of the soil treatments.

Experiment two differed only in that three pots of soil were used

for each treatment in order that a larger collection of nodules,

and subsequently isolates, could be obtained.

Isolation of R. trifolii

The nodules from each experiment were surface sterilized,

squashed, and the contents streaked onto plates containing yeast

extract-mannitol medium (Vincent, 1970). Single colonies were

picked, restreaked, transferred to agar slants and grown at 30°C

prior to storage. The symbiotic effectiveness of the isolates was

determined by inoculating, one week-old seedlings of subclover cv.

Mt. Barker with 5 x 108 cells of each isolate. Nitrate fertilized

plants were used as controls and received 3 mL of a sterile

solution of 18 MM KNO
3
at 7 and 21 days after inoculation. The

seedlings were arranged in a randomized complete block design with

four replicates of each isolate. After 35 days of growth under the

conditions described above, the shoots were removed, dried at 60°C

for 10 days and weighed. Analysis of variance was carried out on

the data and Duncan's new multiple range test used to compare the

symbiotic effectiveness of the isolates relative to the nitrate

grown plants.

Methods of identification

Growth media. Isolates were grown routinely in broth culture in a

minimal medium (MGA) composed of the following in gL-1: mannitol,

10; L-(+)-glutamic acid, monosodium salt, monohydrate, 1; K2HPO4,
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0.5; MgSO4 7H20, 0.2; NaC1, 0.1; calcium pantothenate, 0.01;

thiamine hydrochloride, 0.01; biotin, 3 x 10-4; and 10 mL of a

trace element mixture (Evans, 1974). The pH of each medium was

adjusted to pH 6.8 prior to autoclaving.

Preparation of cell extracts. Each isolate was grown in 40 mL

of MGA at 30°C to the late exponential phase of growth (0.D. 560 nm

= 0.8 equivalent to 6 x 108 cells per mL). Cultures were harvested

by centrifugation at 4°C for 20 minutes at 25,000 x g. Cell

pellets were washed three times in ice-cold 10 MM Tris-HC1 pH 7.6

with centrifugation steps between washes. The final cell pellet

was resuspended in 0.5 mL of the same Tris buffer and disrupted by

ten cycles of rapid freezing in liquid nitrogen followed by

thawing. Then, 0.5 mL of sample buffer (Laemmli, 1970) was added

to each suspension, incubated at 30°C for 2 h, and the extracts

stored at -20°C prior to electrophoresis.

Gel electrophoresis. The cell extracts were thawed, mixed and

centrifuged for 3 min. in a Beckman model B microcentrifuge. Ten

to twenty pL (30-60 pg protein) samples of each supernatant were

subjected to slab gel electrophoresis in an SDS-Tris-glycine buffer

system as described by Laemmli (1970). A microslab system was used

in an apparatus similar to that described by Matsudaira and Burgess

(1978). Gel slabs (0.8 mm thick) were cast between two large

microscope slides, 10 cm x 8 cm (A. H. Thomas Co., Philadelphia,

PA). The resolving gel (8 cm x 6 cm) was composed of a gradient

from 9 to 15% (w/v) acrylamide. The stacking gel (8 cm x 1.5 cm)
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was 5% (w/v) acrylamide. Gels were electrophoresed at 4°C for 60

min with an initial voltage of 200 V and a current of 0.025A.

After completion of electrophoresis the gels were stained and

destained by the rapid procedure of Matsudaira and Burgess

(1978). Gels were recorded on photograph and dried for storage.

Serological analysis. Four isolates of R. trifolii were used

for raising antisera. The choice was based upon preliminary

information obtained regarding their SDSPAGE protein profiles.

The four isolates, designated 6, 16, 27, and 36 were obtained from

the subclover plants grown at pH 6.8 in the soil dilution

experiment. Each isolate was grown in MGA medium for 48 hours at

30°C on an orbital shaker. The cells were harvested by

centrifugation, washed and recentrifuged three times in 0.15 M

physiologically buffered saline pH 7.0 (NaCl, 8.5 g; RH2PO4, 20.4

g; and Na2HPO4, 21.3 g L-1). The final pellets were resuspended in

0.15 M NaCl to a concentration of 2 x 10 9 cells per mL. These

suspensions were heated for 60 minutes at 95°C to denature

flagellar (H) antigens. Each antigen preparation was injected into

three New Zealand White male rabbits. The immunization schedule

involved injecting into the thigh muscle 2 mL of an emulsion

containing equal parts of Freund's complete adjuvant (Difco) and

the above bacterial suspension. Four weeks later a 1 ML booster

injection also was administered intramuscularly. It contained

equal parts of a freshly grown, washed, heat treated bacterial

suspension and Freund's incomplete adjuvant (Difco). Ten days
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after the booster injection blood samples were withdrawn from the

marginal ear vein and tested by the tube agglutination method

against the homologous antigen. All rabbits responded with

acceptable titers (>1:320 dilution of sera) in the agglutination

tests. A blood sample (50-70 mL) was collected from each rabbit

via cardiac puncture on two separate occasions. The second

collection was 48 h after the first. Blood was allowed to clot

overnight at room temperature. The serum was collected by

centrifugation at 600 x g in a bench centrifuge and then heated at

56°C for 30 min. to inactivate complement. The sera were stored at

-20°C.

Tube agglutination. Antigenic preparations of the isolates of

R. trifolii were as described above. The final cell suspensions

were made in 0.085 M NaCl. This negated the problem of

autoagglutination which arose in the case of a few isolates when

resuspended in 0.15 M NaCl. Somatic agglutination was tested using

0.4 mL of antigen suspension mixed with 0.4 mL of consecutive two

fold dilutions of the sera. The dilution series were initiated at

1:10 and were taken to 1:5120. Tubes were incubated partially

submerged in a water bath at 52°C for four hours. Titers were

recorded as the greatest serum dilution in which agglutination was

clearly visible.

Gel-immune-diffusion: The system was basically an Ouchterlony

double diffusion agar plate method. The gels were prepared using

0.8% (w/v) agarose (Sigma Type IV) in physiologically buffered
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saline containing 0.025% (w/v) sodium azide as a preservative. The

gel layer, 4 mm in depth, was contained in small petri dishes, 50

mm x 9 mm (Falcon #1006). Suspensions of cells of each isolate of

R. trifolii grown in MGA medium were made in physiologically

buffered saline to a final concentration of 8-10 mg dry wt. per

mL. These cells were tested both as whole cells and as sonicated

extracts. Sonication was performed with a Branson sonifier model

200 fitted with a double step micro tip. The sonication protocol

consisted of six separate 30s bursts at 40 W output with two

minutes of cooling between bursts.

42 pL portions of nondiluted antisera were pipetted into the

center wells (4 mm diam.) and 85 pL of the antigens placed into the

outer wells, (5 mm diem.). The plates were incubated at room

temperature in a sealed humidified atmosphere. The development of

precipitin lines was monitored over two to three days. Data were

recorded photographically using dark field indirect illumination.

Chemicals. Acrylamide, bis-acrylamide, TEMED, ammonium

persulfate, SDS, Coomassie brilliant blue R250 and BME were

purchased from Biorad laboratory supplies, Richmond, CA. Tris,

glycine, agarose and standard proteins were purchased from Sigma

Chemical Co.
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Results

The data presented in Table 4 summarize the serological

analyses performed by tube-agglutination on the nodule isolates

taken from the soil dilution experiment. Differences were seen in

the serogroup composition represented at the two pH values.

Although serogroup 6 dominated the nodule population at the low pH

where it accounted for 77% of the total isolates, it was completely

absent at pH 6.8. In contrast, serogroups 27, 6/27, and 36 were

only present at the higher pH making up 23, 23, and 32%

respectively of the total isolates. Only serogroup 16 was found at

both pH values and was a minor component in both cases.

The impact of acidity upon the composition of the nodule

occupants was confirmed in two more experiments where plants were

grown directly in larger quantities of the same soil and where the

acidity change was brought about by an application of CaCO3.

Data presented in Table 5 show that serogroup 6 was the

dominant serogroup present in the nodules formed in the unamended

soil in both experiments, occupying 47 and 58% of the nodule

population. In contrast, serogroup 36 occupied zero and 8% of the

nodules in the same soil treatment. In the limed soil the

situation was reversed with serogroup 36 being the dominant (Expt.

2), or one of the dominant (Expt. 1), serogroups occupying 49 and

35% of the nodules, while serogroup 6 occupied zero and 10% of the

nodules. Serogroups 16 and 27 were also represented in both the

soil core experiments. Although the numbers of isolates in these
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two groups were generally less than either serogroup 6 or 36, it

was noticeable that the contribution of serogroup 27 to the nodule

population was not affected to any great extent by the pH

variable. In all three experiments, which involved a total of 14

plants and 151 isolates, only 30 isolates were unidentifiable with

the antisera at our disposal.

Since serogroups 6 and 36 were the representatives of the

indigenous population most profoundly affected in their nodulating

ability by the acidity level, these isolates from the two soil

experiments were analyzed further using the SDS-PAGE methodology.

Data presented in Figure 6 show that six and four different protein

profiles (gel types) were found to encompass the 26 and 29 isolates

from serogroups 36 and 6 respectively. Although all the isolates

from serogroup 36 reacted in a homologous manner in gel-immune-

diffusion with the respective parent antiserum and independent of

their gel type (Fig. 7B) and that only one isolate from serogroup 6

showed no immunoprecipitin reaction (Fig. 7A), the number of

isolates represented by each gel type did vary. Data in Table 6

summarize the percentages of the isolates from each serogroup that

fell into each gel type. In the case of serogroup 6, isolates

represented by gel type 'a' were found to be well represented in

both soil experiments and accounted for 82 and 44% of the

representatives of that serogroup in experiment one and two

respectively. In contrast, isolates with a gel type 'd' were not

represented in experiment one even though they were present at a
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level slightly greater than 'a' in experiment two. No gel type of

serogroup 36 was common to both experiments; gel type 'e' and 'i'

were dominant in experiments one and two respectively.

Data presented in Table 7 show the symbiotic effectiveness of

isolates from serogroup 6 as they relate to gel type. Isolates

from within the same gel type showed varying degrees of

effectiveness with 76.5 and 80% of isolates in the dominant gel

types 'a' and 'd' respectively being in the two sub-optimum

effectiveness categories. Similar results were obtained for

isolates within the different gel types of serogroup 36 (Table 8);

75 and 80% of isolates in the dominant gel types 'e' and 'i' being

of sub-optimum effectiveness. Furthermore the differences between

the symbiotic effectiveness of isolates identical by both antigenic

and protein profile methodologies indicates that the isolates

within these two dominant serogroups are even more diverse than was

readily apparent. A minimum of 8 and 12 different organisms must

be present within serogroups 6 and 36 respectively to account for

the results of the combination of screening methods.
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Discussion

Data is presented in this paper which show the tremendous

diversity within an indigenous soil population of R. trifolii and

that soil acidity can impact upon which members of that population

will nodulate Trifolium subterraneum L. cv. Mt. Barker. Of some

interest is the fact that a preliminary screening of isolates from

the soil dilution experiment with SDS-PAGE allowed us to select

four distinctly different isolates for raising antibodies.

Subsequent screening with those four antisera allowed us to group

121 of the 151 isolates from the three experiments into five major

serogroups. Such success could be considered fortuitous; however,

we believe this to be an approach that researchers of the

Rhizobiaceae should consider prior to expensive and time consuming

serological screening of many unknown field isolates.

The data provide evidence that though a wide diversity of

strains of R. trifolii can persist in the free-living state in this

acidic soil, the capacity of some members of the population to

nodulate the host legume is enhanced or impeded depending on the

acidity of the soil. Previous observations have shown that both

the species and the variety of a species of Trifolium can affect

the competitive nodulating success of mixtures of different strains

of R. trifolii (Vincent and Waters, 1953; Robinson, 1969; Russell

and Jones, 1.975b; Roughley et al., 1976; Jones and Hardarson, 1979;

Hagedorn and Caldwell, 1981). Reports on physico-chemical

parameters affecting this selection are less numerous. Effects of
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root temperature have been observed with G. max/R. japonicum (Weber

and Miller, 1972; Roughley et al., 1980) and with T. repens/R.

trifolii (Hardarson and Jones, 1979). Effects of acidity have only

been seen previously in pH adjusted mineral salts agar using high

cell densities (107 cells per ml,) of a simple mixture of two

strains of R. trifolii (Russell and Jones, 1975a; Jones and Morley,

1981).

By using the method of SDS-PAGE to obtain protein profiles of

the isolates from within the serogroups we have shown that isolates

within the two major serogroups 6 and 36 are heterogeneous despite

their antigenic identity. This confirms the observations of

others, working with R. japonicum, that serological identity does

not necessarily imply that isolates are unequivocally identical

(Kowalski et al., 1966; Gibson et al., 1971; Noel and Brill,

1980). Our observations which show that isolates, represented by a

specific gel type from within a multi-gel type serogroup, can

dominate the contribution of that serogroup to the nodule

population suggest that studies of the population dynamics of

rhizobia either in soils or in nodules using serological means will

not illustrate the variations in population size of the strains

within the serogroup. In the case of serogroup 6 isolates with the

common gel type 'a' were found in the nodules from both soil core

experiments, indicating that isolates with this gel type may truly

reflect a strain widely distributed within this soil and yet only

highly competitive under acidic conditions. Obviously, such
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isolates are candidates for further studies on the mechanisms and

factors which affect competition.

The variation between symbiotic effectiveness of isolates that

were identical by antigenic and by one dimensional protein profile

patterns confirms other observations which showed that the

serological stability of subcultures of a strain and the

serological identity of different strains of R. trifolii was often

at variance with differences between the symbiotic effectiveness of

the same strains (Vincent, 1944; Vincent, 1945; Purchase and

Vincent, 1949). We wish to re-emphasize that the testing of

unknown isolates for symbiotic effectiveness be considered an

essential part of any battery of complementary methods of strain

identification.

At this time we have no simple explanation for the effect of

acidity upon the change in dominance of serogroups 36 and 6. Pure

cultures, representing both serogroups 6 and 36, have been shown to

nodulate subclover plants growing on seedling agar at both pH 4.8

and 6.4 even with an inoculum size of <10 viable cells (unpublished

data). Several hypotheses are in need of testing, and for each

there is supportive, albeit circumstantial, evidence in the

literature : (1) There is a differential proliferation of the

members of the serogroups due to amelioration of soil acidity and

this occurred prior to, or independent of, the host plant presence

(Vincent and Waters, 1954). (2) Differential proliferation is

dependent on the presence of the host (or non-host) plant through
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changes in the quality and/or quantity of root exudates as a result

of changes in soil acidity (Mulder and Van Veen, 1960; Rovira,

1960; Jones et al., 1964; Jones, 1966). (3) The change in

serogroup dominance is independent of proliferation and due to

events associated directly with the site of infection and nodule

initiation. Evidence for the latter possibility has arisen from

research into the competitive dominance of strains of R. japonicum

and R. phaseoli which has led to sceptism of the theory of legume-

host-specific stimulation of rhizobia (Reyes and Schmidt, 1979,

1981; Robert and Schmidt, 1983). Further research on the dynamics

of the soil-borne and rhizosphere populations of these two acid

responsive serogroups will allow us to address these possibilities.
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Figure 6. Representative protein profiles of each gel type from

serogroup 6 (a-d) and serogroup 36 ( -j) displayed on a

9-15% (w/v) linear gradient polyacrylamide gel slab.

ps, protein standards are from top to bottom of the

gel; bovine serum albumin 66 kd; egg albumin, 45 kd;

trypsinogen, 24 kd; 0-lactoglobulin, 18.4 kd; lysozyme,

14.3 kd.
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Figure 7. Gel-immune-diffusion characteristics of four isolates

representing each of the gel types of serogroup 6 (Fig.

7A) and six isolates representing each of the gel types

of serogroup 36 (Fig. 7B) against their respective

parent antiserum. The antisera are in the center

wells; the antigens are arranged in the outer wells and

designated by their identification number.
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Table 4. Serological distribution of the nodule isolates obtained
from the soil dilution experiments.

Serogroups*

No. of pH of the 6 16 27 6/276 36 Othersl

Isolates Seedling Agar'
Percent of Isolates

13 4.8 77 8 - - - 15

22 6.8 - 18 23 23 32 4

Initial pH value obtained after autoclaving medium.

* Serogroups are numbered in reference to the specific isolates to
which antisera were raised.

Isolates in this group cross-reacted with both antisera 6 and 27
in the tube agglutination reaction.

1 Isolates did not react with any of the four antisera available.
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Table 5. Serological distribution of the isolates of R. trifolii
obtained from subclover plants grown in limed and unlimed
soil.

Experiment
No.

No. of
Isolates

Soil
treatmentt

Serogroups
16 27 6/27 36 Others

Percent of Isolates

1 19 Unlimed 58 5 26 11

20 Limed - 15 35 5 35 10

2 38 Unlimed 47 - 11 8 34

39 Limed 10 3 13 49 25

The pH values of the soils were determined prior to sowing the
seed. The values were pH 4.8 and 6.4 for the unlimed and limed
soils respectively.
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Table 6. Distribution of the isolates within the gel types of
serogroups 6 and 36.

Gel type Experiment 1 Experiment 2

a

b

82t

9

9

Serogroup 6

44

d - 56

e

f

g

h

j

71

29

Serogroup 36

63.5

5

26.5

5

Each number represents the percentage of isolates within the
specific serogroup that a particular gel type represented.
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Table 7. Symbiotic effectiveness of the isolates of serogroup 6 as
related to gel type.

Gel Typet

Effectiveness category

Total Number E
1

E2 E
3

of Isolates
No. of isolates

a 17 4 8 5

b 1 - - 1

c 1 1 - -

d 10 2 5 3

Gel type symbols are identical to those in Fig. 1.

Effectiveness categories are defined as: El, isolates not
significantly different from plants supplied with nitrate (>90%
of the shoot dry weight of nitrate grown plants); E2, isolates
capable of producing yields between 75 and 90% of nitrate grown
plants; E3, isolates producing dry wts <75% of nitrate grown
plants. Mean dry wt. of nitrate grown plants was 32.0 * 3.5 mg.
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Table 8. Symbiotic effectiveness of the isolates of serogroup 36
as related to gel type.

Gel Typet

Effectiveness category

Total Number E
1

E
2

E
3

of Isolates
.No. of isolates

e 12 3 7 2

f 1 - 1 -

g 5 - 4 1

h 1 1 - -

i 5 1 3 1

j 2 - 1 1

Gel type symbols are identical to those shown in Fig. 1.

*Effectiveness categories are defined under Table 4.
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Abstract

Three methods of strain identification were used to determine

the composition of the Rhizobium trifolii population in nodules

formed on four cultivars of Trifolium subterraneum L. grown in a

soil unamended (pH 4.8) or amended with CaCO3 (pH 6.8). Whole cell

somatic tube agglutination, placed 68-90% of the nodule occupants

from each of the cultivars Mt. Barker, Nangeela, and Howard into

four identifiable serogroups. Only in the case of cultivar

Woogenellup were the majority of the isolates unidentifiable with

the antisera at our disposal. In unamended soil different

serogroups dominated each cultivar whereas in limed soil serogroup

27 was the dominant identifiable serogroup on all of the

cultivars. The latter serogroup was also the most promiscuous

nodule occupant being found in seven of eight treatments. Gel-

immune-diffusion analysis revealed three serotypes within serogroup

27; serotype 27-A was dominant in the nodules on cultivar Nangeela

and serotype 27-B was dominant on cultivars Mt. Barker and

Woogenellup. Separation of cellular proteins by sodium dodecyl

sulfate polyacrylamide gel electrophoresis revealed four and five

different strains within serotypes 27-A and 27-B respectively.

Only one strain from serotype 27-B could be considered a common

nodule occupant on cultivars Mt. Barker and Woogenellup. Two of

three strains, representing 82% of the total isolates of serotype

27-B found on cultivar Mt. Barker, were nodule occupants of that

cultivar in both soil treatments. In contrast, only one of four
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strains, representing 38.5% of the total isolates of serotype 27-A

found on cultivar Nangeela, could be considered a common nodule

occupant in both soil treatments.
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Introduction

Species and varieties of species within the plant genus

Trifolium often form symbiotic associations of varying degrees of

effectiveness with a specific strain of Rhizobium trifolii (Strong,

1937; Vincent, 1945; Purchase and Vincent, 1949). Occasionally

this has resulted in inoculation failures due to strains of R.

trifolii in commercial inoculants being symbiotically ineffective

on newly introduced cultivars of subclover, Trifolium

subterraneum. For example, R. trifolii strains NA30 and TA1, both

used at one time in Australian commercial inoculants, were found to

be ineffective on the subclover cultivars -Howard" and

"Woogenellup" when they were first introduced (Gibson, 1964;

Gibson, 1968).

Not only has the host plant been shown to influence the

symbiotic effectiveness developed with single strains of R.

trifolii but also species and varieties of species of Trifolium

have been shown to influence the relative competitiveness of

strains within mixed strain inocula (Vincent and Waters, 1953;

Holland, 1966; Robinson, 1969ab; Pinto et al., 1974; Russell and

Jones, 1975a; Roughley et al., 1976; Jones and Hardarson, 1979;

Hagedorn and Caldwell, 1981).

Reports on physicochemical parameters affecting

competitiveness of mixtures of strains on plants of the genus

Trifolium are less numerous. Soil temperature (Hardarson and

Jones, 1979) and rooting medium acidity (Russell and Jones, 1975b;
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Jones and Morley, 1981) have been shown to interact significantly

with the competitive ability of simple mixtures of two strains of

R. trifolii on different cultivars of T. repens. No studies have

been documented in the literature to show evidence for selective

nodulation of cultivars of T. subterraneum by the members of an

indigenous soil-borne population of R. trifolii, nor on the impact

of soil acidity on such selection. The objectives of this research

were to utilize a combination of complementary methods of

identification to determine the composition of the nodule occupants

of uninoculated subclover (T. subterraneum) plants grown in a soil

harboring an indigenous population of R. trifolii. Specifically we

wished to determine if the variety of the species would influence

the composition of the nodule occupants and if the acidity of the

soil impacted further upon this selection.
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Materials and Methods

The soil used was a deep, well drained, alluvial, silty clay

loam of the Abiqua series, a member of the family of fine, mixed,

mesic Oamulic Ultic Haploxerolls. Some of the specific

characteristics are as follows: pH 4.8 * 0.1; organic matter 6.2%,

cation exchange capacity 29 cmol (NH4-1-) kg soil-1; % base

saturation, 63; extractable phosphorus, 14 mg kg soil-1, calcium,

6.4 cmol kg -1 ; magnesium, 2.6 cmol kg
-1

. Composite samples of the

soil were collected from the Al horizon to a depth of 0.2 m using a

sterile tube auger. The samples were bulked, thoroughly mixed, air

dried at room temperature, crushed, passed through a 2 mm sieve and

stored at 4°C. The most probable number (MPN) of R. trifolii was

determined on duplicate samples of soil by standard procedures

(Vincent, 1970). A value of 6.7 t 1.3 x 103 per gram of dry soil

was obtained.

Soil core experimental protocol

One half of the soil sample received sufficient analytical

grade fine CaCO
3
to raise the pH to 6.4 as determined by lime

requirement measurements. The other half of the soil sample was

unamended. The soil samples were brought to, and maintained at a

water potential of 30 kPa (23.8 g water per 100 g of dry soil) and

equilibrated for 8 weeks. The pH of the limed soil was measured in

a 1:2 soil/water suspension at weekly intervals until it stabilized

at pH 6.4 * 0.1. Approximately one kilogram of the CaCO3 amended
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soil was potted into each of four plastic pots and another four

pots were filled with identical quantities of the unamended soil.

Seeds of four cultivars of Trifolium subterraneum L., Mt. Barker,

Nangeela, Howard, and Woogenellup were kindly supplied by D. A.

Nicholas, Plant Research Division, Dept. of Agriculture, Perth, W.

Australia. Seeds were surface sterilized by immersion for 15-20

seconds in 95% ethanol, followed by shaking for 10 minutes in a 20%

(v/v) solution of commercial bleach (5% sodium hypochlorite). The

seeds were washed several times in sterile distilled water and

germinated on yeast-mannitol agar at 30°C. After 72 h germinated

seedlings of the four cultivars, which were visually free of

microbial contaminants, were transplanted into the unamended and

limed soil samples. Each pot of unlimed and limed soil received a

total of eight seedlings (two seedlings per cultivar). The pots

were placed into a glass house where the temperature range was 18

(night) to 27°C (day) and natural daylight was supplemented with 16

h of illumination provided by F48T12/D/RS fluorescent lamps hanging

0.5 m above the pots of soil. Irradiance at pot height averaged 80

W m 2
. Four weeks after transplanting the plants were thinned to

one plant of each cultivar per pot. All pots received sterile

distilled water when required to maintain a water potential of

approximately 304a in the soil throughout the course of the

experiment. Twelve weeks after sowing, the plants and soil core

were removed from the pots. The plants were separated from each

other by soaking the soil core in water, followed by the the use of
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a gentle water current to achieve complete separation of each

plant. The roots of two plants per cultivar were washed off in

distilled water, and as many nodules as possible were recovered

from the root systems of the two plants.

Isolation of R. trifolii

Nodules that were formed on the roots of two plants of each

cultivar from each of the limed and unlimed treatments were

excised, surface-sterilized (Vincent, 1970), squashed, and streaked

on yeast-extract mannitol agar (YEM). Single colonies were picked,

restreaked, transferred to slants of YEM and grown at 30°C prior to

storage and identification. All isolates were verified to be R.

trifolii by inoculation onto seedlings of T. subterraneum cv. Mt.

Barker which were grown on slants of nitrogen free mineral salts

medium under the glasshouse conditions described above. Nodulation

was assessed visually after four weeks of plant growth.

Methods of identification

Growth media. Isolates were grown routinely in broth culture in a

minimal medium (MGA) composed of the following in gL-1.. mannitol,

10; L-(+)-glutamic acid, monosodium salt, monohydrate, 1; K2HPO4,

0.5; MgSO4 7H20, 0.2; NaC1, 0.1; calcium pantothenate, 0.01;

thiamine hydrochloride, 0.01; biotin, 3 x 10-4, and 10 mL of a

trace element mixture (Evans, 1974). The pH of each medium was

adjusted to pH 6.8 prior to autoclaving.

Serological analysis. Four isolates of R. trifolii were used for

raising antisera. The four isolates, designated 6, 16, 27, and 36
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were obtained from a preliminary experiment from nodules formed on

plants of T. subterraneum cv. Mt. Barker inoculated with a

suspension of the Abiqua soil and grown on mineral salts agar in

test tubes (30 x 3 cm). The isolates were distinctly different

from each other as ascertained by their protein profile patterns

determined by the method of sodium dodecyl sulfate polyacrylamide

gel electrophoresis (SDS-PAGE) originally described by Noel and

Brill (1980). Each isolate was grown in MGA medium for 48 hours at

30°C on an orbital shaker. The cells were harvested by

centrifugation, washed and recentrifuged three times in 0.15 M

physiologically buffered saline pH 7.0 (NaC1, 8.5 g; KH2PO4, 20.4;

and Na2HPO4, 21.3 g L-1). The final pellets were resuspended in

0.15 M NaC1 to a concentration of 2 x 10 9 cells per mL. These

suspensions were heated for 60 minutes at 95°C to denature

flagellar (H) antigens. Each antigen preparation was injected into

three New Zealand White male rabbits. The immunization schedule

involved injecting into the thigh muscle 2 mL of an emulsion

containing equal parts of Freund's complete adjuvant (Difco) and

the above bacterial suspension. Four weeks later a 1 mL booster

injection also was administered intramuscularly. It contained

equal parts of a freshly grown, washed, heat treated bacterial

suspension and Freund's incomplete adjuvant (Difco). Ten days afer

the booster injection blood samples were withdrawn from the

marginal ear vein and tested by the tube agglutination method

against the homologous antigen. All rabbits responded with
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acceptable titers (>1:320 dilution of sera) in the agglutination

tests. A blood sample (50-70 mL) was collected from each rabbit

via cardiac puncture on two separate occasions. The second

collection was 48 h after the first. Blood was allowed to clot

overnight at room temperature. The serum was collected by

centrifugation at 600 x g in a bench centrifuge and then heated at

56°C for 30 min to inactivate complement. The sera were stored at

-20 °C.

Whole cell somatic tube agglutination. Antigenic preparations

of the isolates of R. trifolii were as described above. The final

cell suspensions were made in 0.085 M NaCl. This negated the

problem of autoagglutination which arose in the case of a few

isolates when resuspended in 0.15 M NaCl. Somatic agglutination

was tested using 0.4 mL of antigen suspension mixed with 0.4 mL of

consecutive two fold dilutions of the sera. The dilution series

were initiated at 1:10 and were taken to 1:5120. Tubes were

incubated partially submerged in a water bath at 52°C for four

hours. Titers were recorded as the greatest serum dilution in

which agglutination was clearly visible.

Gel-immune-diffusion: The system was basically an Ouchterlony

double diffusion agar plate method. The gels were prepared using

0.8% agarose (Sigma Type IV) in physiologically buffered

saline containing 0.025% (w/v) sodium azide as a preservative. The

gel layer, 4 mm in depth, was contained in small petri dishes, 50

mm x 9 mm (Falcon #1006). Suspensions of cells of each isolate of
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R. trifolii grown in MGA medium were made in physiologically

buffered saline to a final concentration of 8-10 mg dry wt. per

mL. These cells were tested both as whole cells and as sonicated

extracts. Sonication was performed with a Branson sonifier model

200 fitted with a double step microtip. The sonication protocol

consisted of six separate 30s bursts at 40 W output with two

minutes of cooling between bursts.

42 a portions of nondiluted antisera were pipetted into the

center wells (4 mm diem.) and 85 pL of the antigens placed into the

outer wells (5 mm diem.). The plates were incubated at room

temperature in a sealed humidified atmosphere. The development of

precipitin lines was monitored over two to three days. Data were

recorded photographically using dark field indirect illumination.

Gel electrophoresis

Preparation of cell extracts. Each isolate was grown in 40 mL

of MGA at 30°C to the late exponential phase of growth (0.D. 560 nm

= 0.8 equivalent to 6 x 108 cells per mL). Cultures were harvested

by centrifugation at 4°C for 20 minutes at 25,000 x g. Cell

pellets were washed three times in ice-cold 10 MM Tris-HC1 pH 7.6

with centrifugation steps between washes. The final cell pellet

was resuspended in 0.5 mL of the same Tris buffer and disrupted by

ten cycles of rapid freezing in liquid nitrogen followed by

thawing. Then, 0.5 mL of sample buffer (Laemmli, 1970) was added

to each suspension, incubated at 30°C for 2 h, and the extracts

stored at -20°C prior to electrophoresis.
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The cell extracts were thawed, mixed and centrifuged for 3

min. in a Beckman model B microcentrifuge. Ten to twenty 1ff, (30-60

ug protein) samples of each supernatant were subjected to slab gel

electrophoresis in an SDS-Tris-glycine buffer system as described

by Laemmli (1970). A microslab system was used in an apparatus

similar to that described by Matsudaira and Burgess (1978). Slab

gels (0.8 mm thick) were cast between two large microscope slides,

10 cm x 8 cm (A. H. Thomas Co., Philadelphia, PA). The resolving

gel (8 cm x 6 cm) was composed of a single concentration of 11%

(w/v) acrylamide. The stacking gel (8 cm x 1.5 cm) was 5% (w/v)

acrylamide. Gels were electrophoresed at 4°C for 60 min with an

initial voltage of 200 V and a current of 0.025A. After completion

of electrophoresis the gels were stained and destained by the rapid

procedure of Matsudaira and Burgess (1978). Gels were recorded on

photograph and dried for storage.

Chemicals. Acrylamide, bis-acrylamide, TEMED, ammonium

petsulfate, SDS, Coomassie brilliant blue R250 and BME were

purchased from Biorad laboratory supplies, Richmond, CA. Tris,

glycine, agarose and standard proteins were purchased from Sigma

Chemical Co., St. Louis, MO.
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Results

Preliminary observations showed that each of the four

cultivars of T. subterraneum L. were nodulated by the indigenous

soil population of R. trifolii in both the limed and unlimed

soil. Only in the case of cultivar "Woogenellup- grown in unlimed

soil was nodulation less numerous than the other three cultivars.

Data presented in Table 9 show that the nature of the nodule

occupants of R. trifolii was affected by both the cultivar and the

soil acidity. In the case of three cultivars, Mt. Barker,

Nangeela, and Howard between 68 and 90% of the nodule occupants

could be placed into one or other of the four identifiable

serogroups by the method of whole cell somatic tube

agglutination. Only in the case of cultivar 'Woogenellup', grown

both in limed and unlimed soil, were less than 50% placed into the

four identifiable serogroups. Though none of the four serogroups

were found in all of the eight treatments, isolates from serogroup

27 were the most promiscuous, being found in seven of eight

treatments whereas isolates from serogroups 36, 16 and 6 were found

in five, five and four treatments respectively.

In unlimed soil the cultivar was seen to affect which of the

identifiable serogroups dominated the nodule population. Isolates

from either serogroup 6, 27, or 36 dominated the nodule population

on cultivars Mt. Barker, Nangeela, and Howard respectively.

Unidentifiable isolates dominated the nodule population on cultivar

Woogenellup. In contrast, in limed soil the effect of cultivar on
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serogroup dominance was not observed. Isolates from serogroup 27

dominated the identifiable serogroups on each of the four

cultivars. In addition there were several examples of pronounced

effects of soil acidity on the magnitude of the contribution of

particular serogroups to the nodule population of specific

cultivars. For example, serogroups 6 and 36 on cultivar, Mt.

Barker and serogroups 27 and 36 on cultivars Howard and

Woogenellup. Serogroup 16 was the only identifiable serogroup

which was consistently a minor nodule occupant in all treatments.

In this study emphasis was placed subsequently upon serogroup

27 for two reasons. The first being that it was the only one of

the identifiable serogroups which was present in the nodules of all

treatments (with one exception). Second, that soil acidity had a

pronounced effect on its contribution to the nodules on two

cultivars, Howard and Woogenellup, whereas soil acidity had little

effect on its contribution to the nodules on cultivars Mt. Barker

and Nangeela.

Gel-immune-diffusion serological analysis of isolates which

agglutinated with antiserum 27 revealed that they were of three

distinct serotypes, namely 27-A (Fig. 8A), 27-B (Fig. 8B) and 27-

C. The latter serogroup was composed of only four isolates which

agglutinated with antiserum 27, but which did not form any

immunoprecipitin lines in a gel-immune-diffusion test with the same

antiserum. Strains of R. trifolii showing similar, anomolous

serological behaviour have been observed previously (Humphrey and
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Vincent, 1973). Isolates from both serotypes, 27-A and 27-B, were

present in nodules formed on plants grown in both unlimed and limed

soil. Isolates of serotype 27-B were more numerous than those of

serotype 27-A; this being attributed largely to a three fold

increase of isolates from serotype 27-B in nodules formed on plants

grown in the limed compared to the unlimed soil. There was a much

smaller increase (57%) of isolates from serotype 27-A in response

to liming the soil (Fig. 9).

Data presented in Table 10 show that the percentage of

isolates placed into each of the three serotypes of serogroup 27

was different on each of the four cultivars. With the exception of

cultivar Woogenellup, upon which only serotype 27-B was present,

both serotypes were represented on each of the cultivars. Isolates

of serotypes 27-A and 27-B dominated the contribution of serogroup

27 on cultivars Nangeela and Mt. Barker, respectively and

independent of whether the soil was unlimed or limed. In contrast,

although liming the soil had a dramatic effect on the presence of

isolates from serogroup 27 per se on cultivars Howard and

Woogenellup, isolates of serotype 27-B were the only

representatives of serogroup 27 on cultivar Woogenellup grown in

limed soil whereas both serotypes 27-A and 27-B were present

equally on cultivar Howard grown in limed soil.

Evidence was sought to determine if the isolates of serotype

27-A present on cultivar Nangeela, and isolates of serotype 27-B

present on cultivar Mt. Barker, were the same in both limed and
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unlimed soil. Secondly, to determine if isolates from serotype 27-

B found in nodules on cultivar Woogenellup were identical to those

from the same serotype found on cultivar Mt. Barker. Isolates from

cultivar Howard were not considered for this experiment because of

the low numbers of isolates representing both serotype 27-A and 27-

B.

Data presented in Fig. 10 show that the isolates within

serotypes 27-A and 27-B were more diverse than the serological

methods had revealed. The determination of cellular protein

profile patterns of isolates by sodium dodecyl sulfate

polyacrylamide gel electrophoresis (SDS-PAGE) showed that the 33

isolates examined were represented by five distinctly different

protein profile patterns (a-e) and hereafter referred to as gel

types. Two gel types, a and b, accounted for the majority of the

isolates, 24.2 and 45.5% respectively, whereas each of the other

three gel types accounted for no more than 12% of the isolates.

Data in Table 11 show the distribution of the isolates represented

by each gel type in relation to their particular serotype and to

the treatment from whence they originated. Isolates of both

serotypes were heterogeneous with four and five gel types

representing the isolates from serotypes 27-A and 27-B

respectively. Only isolates represented by gel type 'b' were found

in all of the treatments analyzed. Since these isolates were

representative of both serotypes 27-A and 27-B only the isolates of

gel type 'b' within serotype 27-B could be considered to be
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representative of a strain found on cultivars Woogenellup and Mt.

Barker.

Nine of the 11 isolates analyzed from cultivar Mt. Barker were

of two gel types, a and b, that represented isolates in both limed

and unlimed soil. The other two isolates were of gel type d and

were found only in the limed soil. In contrast, although isolates

with the gel type, b, were found in nodules formed on cultivar

Nangeela in both limed and unlimed soil, they accounted for only

five of 13 isolates analyzed from this cultivar. The remaining

eight isolates were represented by three gel types which were found

specifically either in the unlimed or the limed soil.
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Discussion

The information reported within this paper describe the

successful use of a set of complementary methods of Rhizobium

strain identification which allowed us to make inroads into

identifying the composition of those members of an indigenous soil

population of R. trifolii capable of modulating four cultivars of

T. subterraneum L. With the exception of cultivar 'Woogenellup',

isolates of R. trifolii belonging to four identifiable serogroups

dominated the nodule occupant population on each cultivar. Indeed,

109 of the 157 isolates analyzed from the eight treatments were

placed into the four serogroups.

It is apparent from the data that a different serogroup

(6,27,or 36) dominated the nodule population on each of the

cultivars Mt. Barker, Nangeela, and Howard respectively when they

were grown in unlimed soil. Interestingly, unidentifiable isolates

dominated the nodule population of cultivar "Woogenellup'; a

variety known for its unique nodulation behaviour in both growth

chamber and field studies (Gibson, 1964; Roughley et al., 1976;

Brockwell et al., 1977). Since plants representing each cultivar

were grown in the same unit of soil, the data suggest that the

cultivar of T. subterraneum L. can affect which members of the

indigenous soil population will carry out the nodulation. It is

not surprising therefore that reports have appeared in the

literature which show that the competitive success of inoculant

strains of R. trifolii in soils with resident indigenous
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populations was affected by the cultivars of T. subterraneum L.

that were utilized (Roughley et al., 1976; Brockwell et al., 1977;

Brockwell et al., 1982).

In contrast our findings in limed soil suggest that the

influence of cultivar on serogroup dominance was negated. Such

changes in competitive nodulating characteristics in response to

soil acidity provide an opportunity to study the population

dynamics of these serogroups in the presence and absence of the

host plant. There is direct and indirect evidence in the

literature to support two hypotheses. The first, that differential

proliferation of the indigenous population with concomitant changes

in the nodule occupants may occur in response to changes in the

quality and/or quantity of root exudates from the host in response

to soil acidity levels (Mulder and Van Veen , 1960; Rovira, 1961;

Jones, 1964; Jones et al., 1966). Alternatively, the change in

serogroup dominance may be independent of proliferation and due to

events sensitive to acidity at the site of infection and nodulation

(Munns, 1968; Lie, 1969; Reyes and Schmidt, 1979, 1981; Robert and

Schmidt, 1983). Obviously when one considers the extensive on-

going research efforts to optimize legume-Rhizobium associations

for acid soil conditions (Munns and Fox, 1977; Munns et al., 1977)

these findings are worthy of more detailed study.

The use of the gel-immune-diffusion serological technique

allowed us to delineate further the composition of serogroup 27.

Despite the general dominance of this serogroup in nodules formed
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in the limed soil on all cultivars, differences were seen in the

specific serotype composition of the four cultivars. The most

striking examples being the dominance of serotype 27-B on cultivars

Mt. Barker and Woogenellup and of serotype 27-A on cultivar

Nangeela. The evidence indicates that cultivars can influence

which of the subpopulations of a serogroup will dominante the

nodule population. Certainly, simple agglutination techniques

alone would not have revealed the differences between the dominant

serotypes of serogroup 27 found in the nodules of the four

cultivars. These data attest to the need to use combinations of

serological tests for strain identification.

The SDS-PAGE methodology allowed us to show the heterogeneity

of isolates from within serotypes 27-A and 27-B, and confirmed the

results of others that serological identity does not necessarily

imply that isolates of Rhizobium species are unequivocally

identical (Gibson et al., 1971; Kowalski et al., 1966; Noel and

Brill, 1980). Furthermore, this method demonstrated that even when

a serotype was identified to be dominant on a cultivar, and

independent of soil acidity, this does not imply the same strains

of that serotype are nodule occupants in unlimed and limed soil.

For example only one of the four strains representing serotype 27-A

on cultivar Nangeela was found in nodules in unlimed and limed soil

whereas two of the three strains of serotype 27-B were found in

nodules of cultivar Mt. Barker in both situations.
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In conclusion, the data reported in this paper emphasize that

it will be extremely difficult to develop systematic methods for

choosing competitive and persistant strains of R. trifolii until we

understand how the soil environment, host (or non -host) plants, and

the rhizobia themselves interact to modify the selection pressures.
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Figure 8. Gel-immune-diffusion characteristics of four isolates

representing serotype 27-A (Fig. 8a) and four isolates

representing serotype 27-B (Fig. 8b). Antiserum 27 is

in the center wells; antigens are arranged in the outer

wells and designated by their identification number.
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Fig.8.
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Figure 9. The influence of soil acidity upon the overall

distribution of isolates from serotypes 27-A and 27 -B

in the nodules of the cultivars.
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Figure 10. The five protein profile patterns (ae) which

represented the isolates of serogroup 27 as displayed

on an 11% (w/v) polyacrylamide gel slab. ps, protein

standards are from top to bottom of the gel; bovine

serum albumin, 66 kd; egg albumin, 45 kd; trypsinogen,

24 kd; S lactoglobulin, 18.4 kd; lysozyme, 14.8 kd.
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Table 9. Serogroup
cultivars

distribution of the
of T. subterraneum.

isolates of R. trifolii found in nodules on the

Cultivar
Soil

Treatment
No. of

Isolates 6 16

Serogroups*
27 36 Others

Percent of isolates

Mt. Barker Unlimed 19 58 5 26 0 10

Limed 20 0 15 40 35 10

Nangeela Unlimed 19 16 11 42 0 31

Limed 24 8 0 58 4 29

Howard Unlimed 18 11 8 56 27

Limed 25 0 12 40 16 32

Woogenellup Unlimed 12 8 0 0 33 58

Limed 20 0 0 45 0 55

The pH values of the soils were determined prior to transplanting the seedlings;
values of pH 4.8 and 6.4 were obtained for the unlimed and limed soils respectively.

* Serogroups are numbered in reference to the specific isolates to which antisera were
raised.

§ Isolates which did not cross-react with any of the four antisera available.

1-4
tv
C7N



Table 10. The percentages of isolates within the three serotypes of serogroup 27
as influenced by cultivar and soil acidity.

Cultivar
Soil No. of Serotypes

Treatment Isolates 27-A 27-Ct 27-81'

Percent of isolates--

Mt. Barker Unlimed 5 0 100 0

Limed 7 14.3 85.7 0

Nangeela Unlimed 8 87.5 12.5 0

Limed 13 46.2 23.1 30.7

Howard Unlimed 1 0 100 0

Limed 8 50.0 50.0 0

Woogenellup Limed 9 0 100 0

Isolates which reacted in a completely homologous manner in a gel-immune-diffusion
assay with antiserum 27.

* Isolates which reacted in a heterologous manner in a gel-immune-diffusion assay with
antiserum 27.

§ Isolates that did not show any immunoprecipitin reaction in a gel-immune-diffusion assay
despite cross-reacting with antiserum 27 in a whole cell somatic tube agglutination assay.



Table 11. The distribution of isolates from serotypes 27-A and 27-B with specific
gel types as influenced by cultivar and soil acidity.

Total
No. of Gel Types

Gultivar Soil treatment Isolates Serotype a

Percent of Isolatest

Mt. Barker Unlimed 5 60 40 0 0 0

Limed 6 16.7 50 0 33.3

Unlimed 7 A 0 43 28.5 0 28.5

Nangella Limed 6 A 66.7 33.3 0 0 0

Woogenellup Limed 9 B 0 55.6 22.2 0 22.2

Each value is the percentage of isolates with the specified gel type that were
obtained from a specific cultivar grown in either limed or unlimed soil.
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Appendix

Influence of acidity on growth, nodulation, competitiveness

and symbiotic effectiveness of isolates of R. trifolii from

serogroups 6 and 36.

Rationale for the Study

From the previous studies on the serogroup composition of the

nodule occupants of T. subterraneum cv. Mt. Barker there was

evidence for soil acidity playing a role in determining which of

the four identifiable serogroups dominated the nodules. In

unamended acid soil (pH 4.8) isolates belonging to serogroup 6 were

found in the majority of the nodules with isolates from serogroup

36 being a minor component. In limed soil this situation was

reversed with isolates from serogroup 36 forming a large percentage

of the nodules, and isolates from serogroup 6 being a minor

component. It was considered of interest to explore possible

reasons to account for these observations. The following

hypotheses were considered:

1. Is there evidence that the level of acidity affects

differentially the ability of isolates from serogroups 6 and

36 to proliferate?

2a. Can an isolate from serogroup 36 nodulate and form an

effective symbiotic association with T. subterraneum cv. Mt.

Barker in an acidic root environment independent or dependent

upon the size of the population of the isolate?
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2b. Can an isolate from serogroup 6 nodulate and form an effective

symbiotic association with cv. Mt. Barker in a neutral root

environment independent or dependent upon the size of the

population of the isolate?

3. Do isolates from serogroup 36 show poor competitive ability

for nodule formation under acidic conditions relative to

isolates from serogroup 6, and vice versa under neutral

conditions? Will the competition be dependent upon the

population size of the isolates? To answer these questions

the following experiments were conducted.

Experimentation to Test Hypothesis 1

Growth in liquid medium

Two isolates of serogroup 6, No. 10 and 22, and two isolates

of serogroup 36, No. 36 and 38, were selected to test for the

possibility of growth differences between serogroups 6 and 36 with

respect to the level of acidity. Two hundred and fifty mL sidearm

conical flasks, containing 50 mL of sterile yeast-extract mannitol

(YEM) broth were prepared. The pH of the phosphate-buffered medium

was adjusted to pH values of 4.5 or 6.5. Two flasks of each pH

treatment were inoculated with one mL (5 x 108 cells) of a culture

of each isolate which had been grown in YEM broth into the

exponential phase of growth. The flasks were incubated on a

reciprocal shaker at a temperature of 30 C. Growth was measured as

the increase in optical density at 560 nm using a Bausch and Lomb
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spectronic 20 colorimeter. The generation time of each isolate was

determined from the linear portion of the semilogarithmic plot of

optical density against time. The pH of the broth cultures were

checked at intervals throughout the growth period and at the end of

the growth period.

Experimentation to Test 2a, 2b and 3

Nodulation, competitive and effectiveness capabilities

Two isolates, 13 and 36, from serogroups 6 and 36 respectively

were selected to study the effect of acidity on nodulation and

competition for nodule formation. The host plant was Trifolium

subterraneum cv. Mt. Barker and the test medium was mineral salts

seedling agar (see Chapter II). The pH of the seedling agar was

adjusted to either pH 4.8 or 6.8 as described in Chapter III.

Seeds were surface sterilized and germinated according to standard

methods (see Chapter II). The seedlings were then transferred

aseptically to the seedling agar tubes (one seedling per tube).

Two days later they were inoculated with the specific Rhizobium

cultures according to the following treatments.

Experimentation to test hypothesis 2a and 2b

(a) Seedlings, established on mineral salts agar of pH 4.8

and 6.4, were inoculated with 1 mL portions from a ten-fold serial

dilution series of a culture of isolate 36. The diluents used were

saline buffered with phosphate to either pH 4.8 or 6.4 and five

inoculum sizes were used increasing by ten-fold increments from 2.3
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x 10 1 to 2.3 x 10 viable cells per mL. Three seedlings were used

for each inoculum size. The inoculant used was suspended in the

saline at the same pH as the mineral salts agar.

(b) The same protocol was followed as described above except

isolate 13 was used in place of isolate 36 and the five inoculum

sizes ranged from 3.3 x 101 to 3.3 x 105 viable cells per mL.

The concentration of viable cells in the cultures of isolates

13 and 36 was determined by a standard spread plate procedure using

samples of cells taken from a serial dilution series made up in

physiologically buffered saline.

Experimentation to test hypothesis 3

Seedlings established on seedling agar of pH 4.8 and 6.4 were

inoculated with 2 mL portions of a tenfold dilution series of a

mixture of isolates 13 and 36. The mixture contained an

approximate 1:1 ratio of the two isolates; this was in reality a

ratio of 3.3:2.3 for isolates 13:36. Three seedlings were used per

inoculum size, with five inoculum sizes used increasing from 2.3

and 3.3 x 10 1 viable cells of each isolate to 2.3 and 3.3 x 105

viable cells of each isolate. The seedling agar tubes were

arranged in a completely randomized design in the green house under

the environmental conditions described in Chapter II. Nitrate

controls and uninoculated controls were included. All inoculated

seedlings received 3 mL of sterile distilled water seven days after

inoculation; the nitrate controls received 3 mL of 0.18% (w/v) KNO3

at the same time. After five weeks of growth the experiment was
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terminated. The shoots were dried at 60 C, and dry weights were

determined. Nodule numbers were counted. Isolates from nodules

that developed on plants challenged with the mixed inoculum of

isolates 13 and 36 were analyzed by the whole cell somatic tube

agglutination method described in Chapter II. Identification of

the nodule occupants was carried out on those nodules that were

developed on plants that had been inoculated with two different

inoculum densities (i.e.) the smallest and greatest inoculum

densities. One hundred and fourty-four isolates were recovered

from these treatments.

Results

Influence of acidity on the growth in broth culture

Each of the four isolates that were employed in this study

showed the ability to grow in medium adjusted to either of the pH

values (Table 12). Isolates representing serogroup 36 (36 and 38)

had a mean generation time of 3.1 hours at pH 4.5 compared to 3.4

hours at pH 6.5. There were no striking differences between the

generation times of isolates of serogroup 6 (10 and 22) and those

from serogroup 36 in liquid medium at pH 4.5. The average

generation time of serogroup 6 isolates was 3.2 hours while

serogroup 36 isolates had an average generation time of 3.1

hours. At the end of the experiment (early stationary phase) the

pH of the 4.5 and 6.5 media had dropped by an average of 0.4 and

0.6 units respectively. There was no indication that isolates of
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serogroup 36 were capable of growth in the acidic medium due to

raising the pH of the medium to a higher level.

Influence of acidity on nodulation and symbiotic effectiveness of

the isolates as single inoculants

In the experiments that were designed to examine the influence

of acidity on nodulation and symbiotic effectiveness of an isolate

from serogroup 6 (No. 13) and serogroup 36 (No. 36), there was

evidence that isolate No. 13 is more effective than isolate No. 36

regardless of either the inoculum size or the pH of the mineral

salts agar (Figs. 11 and 12). There were two exceptions where

there was no significant difference between the effectiveness of

isolates 13 and 36. These occurred when the plants were grown in

pH 4.8 mineral salts agar with the smallest inoculum size and when

the plants were grown in pH 6.8 mineral salts agar with the largest

inoculum size (Figs. 11 and 12).

The number of nodules that were formed on plants grown in pH

4.8 and 6.8 seedling agar (treatment a and b) were determined.

Plants grown in pH 6.8 seedling agar and which were inoculated with

isolate 36 had greater numbers of nodules than plants inoculated

with isolate 13 and grown at the same pH. This observation was

true regardless of the inoculum size with one exception (Fig.

13). However, plants that were grown in pH 4.8 seedling agar and

inoculated with isolate 13 had more nodules than plants inoculated

with isolate 36 and grown at the same pH independent of the

inoculum size with one exception (Fig. 14).
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Influence of acidity on competition between the two isolates

Table 13 shows the results of the nodule occupancy tests for

the lowest and highest mixed inoculum sizes. Seventy and 75% of

the nodules formed on plants grown at pH 4.8 were occupied by

isolate 13 at the low and high inoculum levels respectively.

Thirty and 25% of the nodules were found to be occupied by both

isolates and no nodules were found to be occupied by isolate 36

alone. At pH 6.8 and with the high inoculum size a similar result

was apparent with 69% of nodules occupied by isolate 13 and 31%

occupied by both isolates. Only in nodules formed on plants grown

at pH 6.8 and inoculated with the smallest inoculum size was

isolate 36 found as a sole nodule occupant with 51% of nodules

occupied by the latter, 19% by isolate 13 and 30% by both isolates.

Discussion

From previous studies we found that serogroup 36 isolates were

the dominant nodule occupants on T. subterraneum cv. Mt. Barker

grown in neutralized conditions (seedling agar or soil). However,

when plants were grown in acidic conditions, serogroup 6 isolates

were the dominant nodule populations while serogroup 36 isolates

were not found or a very minor component of the nodules on these

plants.

In view of the results obtained in this study it is obvious

that serogroup 36 isolates are capable of growth under acidic

conditions (Table 12) and of effectively modulating the host plant
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grown in an acidic environment. These observations indicate that

the reason for the absence of serogroup 36 isolates in the nodules

formed under acidic conditions is not simply due to the lack of

ability to nodulate or profilerate in acidic environments. It

should be emphasized that the data obtained from the use of one

representative of a serogroup should be viewed with caution and not

extrapolated to the serogroup as a whole, unless we prove that all

isolates within a serogroup behave the same ecologically. This

point becomes more important since we found out, in previous

studies, that one serogroup can include different gel types

(Chapters II and III). The fact that we used pure cultures also

should be viewed with caution since we are eliminating the

competition and other interactions found among heterogenous

microbial populations in soil suspensions and in the soil

situations.

In the mixed inoculum experiment we found that the isolate

from serogroup 6 dominated the nodule population independent of the

inoculum size. This isolate dominated the nodule population under

acidic conditions and that was what we expected, however, we did

not expect it to dominate the nodule population under neutralized

conditions; it did that only when the inoculum size was 3 x 105

cells. Serogroup 36 isolate dominated the nodule population at

high pH treatment at only low inoculum size. This led us to

conclude that the results obtained in tube seedling agar only

approximate the soil system at very low inoculum sizes. Evidence
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in support of this can be seen in Chapter II. The analysis of

nodule occupants formed from the soil dilution experiment showed

that 14 different isolates could be accounted for in the nodules.

The most probable number determinations showed that approximately

20 viable cells were inoculated onto a plant in these experiments,

suggesting that the indigenous population was composed of only a

few cells of each strain. Since serogroup 6 dominated the nodule

population when present at a high inoculum level at pH 6.8, it

suggests that differential proliferation in the plant rhizosphere

is the key to the relative competitive success of the two isolates

in the soil. Certainly, the fact that total nodulation and growth

of the plants inoculated with isolate 36 at the lowest inoculum

size was far poorer at pH 4.8 than 6.4 and attests to this

possibility.

An unexplainable phenomena was the incidence of doubly

occupied nodules, despite streaking the isolates for purity. This

phenomenon has been observed by other workers (Bromfield and Jones,

1980) to be more of a problem in the agar system and not observed

previously by me in the work reported in this thesis.

Alternatively such isolates, through exchange of genetic material,

may now possess both antigenic characters.
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Figure 11. Mean (3 replicates) shoot dry weight * standard error

of subclover plants of cv. Mt. Barker grown for five

weeks in pH 4.8 mineral salts agar and inoculated with

different inoculum sizes of two R. trifolii isolates.

serogroup 6, isolate No. 13; A 4, serogroup

36, isolate No. 36.



1-*
ENitrogen Control

501

35

ca
0-3o
c

I-
25

CD

>-
IX 20

160

15

0EUninoculated Control

101-

O-\ 1 1 ' 1

0 1 2 3 4 5

Log10 INOCULUM SIZE (viable cells)

Fig. 11.



161

Figure 12. Mean (3 replicates) shoot dry weight * standard error

of subclover plants of cv. Mt. Barker grown for five

weeks in pH 6.8 mineral salts agar and inoculated with

different inoculum sizes of two R. trifolii isolates.

serogroup 6, isolate No. 13; A A, serogroup

36, isolate No. 36.
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Figure 13. Mean (3 replicates) number of nodules * standard error

formed on subclover plants of cv. Mt. Barker grown for

five weeks in pH 6.8 mineral salts agar with different

inoculum sizes of two isolates of R. trifolii.

serogroup 6, isolate No. 13; L---A, serogroup 36,

isolate No. 36.
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Figure 14. Mean (3 replicates) number of nodules * standard error

formed on subclover plants of cv. Mt. Barker grown for

five weeks in pH 4.8 mineral salts agar with different

inoculum sizes of two isolates of R. trifolii.

serogroup 6, isolate No. 13; L---A, serogroup 36,

isolate No. 36.
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Table 12. Mean* generation times (hours) of two isolates
representative of serogroups 6 and 36 grown in medium at
two different pH values.

Initial pH of Growth Medium

Serogroup Isolate No. 4.5 6.5

6

36

10

22

36

38

gen. time (h)
3.0 3.3

3.4 3.6

3.1 3.3

3.0 3.4

*Mean of two replicates.



Table 13. Influence of acidity and inoculum
isolates from serogroups 6 and
after cv. Mt. Barker inoculation
isolates of R. trifolii.

size on the nodule occupancy of the
36 found in nodules* of subclover plants
with two inoculum level mixtures of two

pH of
Inoculum
Size of

tNumber
of Nodules

Serogroup

Seedling Each Isolate Examined 6 36 6 +36
Agar (viable cells) Per Plant (double

infection)

No. of isolates plant--1*

4.8 1013 x 10 12 8.4 * 0.7 3.6 * 0.7

3 x 105 12 9 * 0.6 3.0 * 0.6

6.8 1013 x 10 12 2.3 * 0.7 6 * 1.2 3.7 * 0.7

3 x 105 12 8.3 * 0.3 3.7 * 0.3

*144 isolates were examined from the four treatments.

12 isolates were examined per plant; a total of 36 isolates per treatment.

*Mean of 3 replicates * standard error.
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