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Rhizobium trifolii isolates obtained from nodules of

uninoculated subclover cv. 'Mt. Barker' sown into replicated

plots at a field site on an acidic silty-clay loam of the Whobrey

series were characterized using SDS-PAGE and serological

techniques. Eighty and 62% of the isolates from the

establishment and second year, respectively, were antigenically

identical to either one or the other parent isolate, 1-01 or

2-01. All isolates of serotype 1-01 possessed the same protein

profile pattern and were generally symbiotically effective on cv.

'Mt. Barker'. The majority (70%) of isolates of serotype 2-01

possessed the same protein profile pattern and were symbiotically

inferior to those members of serotype 1-01. This serotype

homogeneity is significant to later studies. Serotype 1-01

occupied significantly fewer (6%) of the nodules on cv.

'Woogenellup' than on cv. 'Mt. Barker' (36%) grown in soil.

Serotype 2-01 occupied similar percentages of nodules on both

cultivars. Serotype specific fluorescent antibody conjugates



were synthesized from adsorbed antisera. Procedures were

developed to extract and enumerate indigenous serotypes 1-01 and

2-01 from Whobrey soil. The populations of serotypes 1-01 and

2-01 were of similar magnitude and constituted significant

portions (,,10%) of the total R. trifolii population in soil. No

marked stimulation by rhizospheres of subclover or ryegrass were

observed when compared to non-planted soil. However, the

population densities of serotype 1-01 in subclover rhizospheres

were significantly lower than those of serotype 2-01 on the

majority of sampling dates. Nodule occupancy by 1-01 was

consistently lower than 2-01 on both cultivars throughout this

latter study. Studies were performed under controlled growth

conditions with selected strains representing the serotypes.

Strain 1-01 was competitive against 2-01 on both cultivars when

it had a numerical advantage. Inoculum mixtures of 230:1 and

1:20 (1-01:2-01) resulted in the more abundant strain occupying

>90% of the nodules on both cultivars and which influenced the

shoot dry weight and Kjeldahl-N. Evidence was obtained that

the percent nodule occupancy by either strain could change with

time. This change varied with the host cultivar and was due

either to changes in competitiveness for new nodules or a

resolution of primary nodules from mixed to single occupancy as

the plants matured. Results using narrower inoculum ratios (12:1

to 1:6) showed that the small numerical differences between 2-01

and 1-01 in the soil could have been sufficient to influence the



occupancy seen in the soil experiments. Dramatic changes in

nodule occupancy occurred between the inoculum ratios of 2:1 and

1:2 (1-01:2-01) on cv. 'Woogenellup' and between 6:1 and 1:2 on

cv. 'Mt. Barker'.
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SYMBIOTIC AND ECOLOGICAL BEHAVIOR OF INDIGENOUS

SEROTYPES OF RHIZOBIUM LEGUMINOSARUM BV. TRIFOLII

CHAPTER I

Introduction

Trifolium subterranean L. and symbiotic N2-fixation

Trifolium subterraneum L. is a winter annual legume well

suited for permanent pastures in mediterranean type climates.

Its habit of burying seed burrs below the surface of the soil,

hence the common name subclover, makes it well suited for those

areas where reseeding would be difficult and where grazing

management cannot be tightly controlled. Subclover has its

origins in mediterranean Europe, Asia, Africa and southern

England. In the 1860's, it was introduced into Australia and

from there into the United States, specifically in Texas, in 1921

(Leidigh, 1925). In 1922, the first seeds were planted in Oregon

to test the suitability of the legume for forage production and

the results were promising (Rampton, 1952).

Worldwide, subclover makes the greatest contribution to

livestock feed production and soil improvement of all of the

annual clovers (McGuire, 1985). In Oregon alone, there are some

200,000 ha of relatively steep, nontillable, and shallow soil

planted to subclover. In addition, northern California has over

300,000 ha sown to this legume (McGuire, 1985). Knight et al.
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(1982) suggested that some 800,000 ha of land in western Oregon

could be improved for sheep and cattle production with the use of

subclover as a forage. When subclover is a constituent of animal

diet, there is benefit to both the animal and the soil. The

animal benefits from an overall improved feed quality, including

an increase in the efficiency of nutrient utilization (Ulyatt,

1970), a more rapid rate of digestion (Cizek, 1970) and a higher

feed intake (Miles et al., 1969). The benefit to the soil is an

increased level of nitrogen due to the ability of well nodulated

subclover to provide up to 88% of its own nitrogen needs through

biological nitrogen fixation (Phillips and Bennett, 1978). This

may be incorporated into the soil in the form of fecal matter and

urine, and as decaying plant root and crown systems.

Australia is a continent upon which subclover has found most

extensive use as a forage legume. In this regard an extensive

amount of literature has been developed -by Australian scientists

on both applied and basic aspects of subclover and its

microsymbiont Rhizobium leguminosarum bv. trifolii, hereafter

abbreviated to R. trifolii (Vincent, 1954; 1962; Gibson, 1971;

Wilson, 1978; Brockwell, 1980).

Biological nitrogen fixation has received much attention

over the past 20 years, as attested to by the number of books and

reviews published on the subject (Quispel, 1974; Newton and

Nyman, 1975; Hardy et al., 1977; Hardy and Gibson, 1977; Hardy

and Silver, 1977; Hollaender et al., 1977; Newton et al., 1977;

Dobereiner et al., 1978; Newton and Orme-Johnson, 1980; Gibson

and Newton, 1981; Veeger and Newton, 1984; Evans et al., 1985).
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Although the measurement of nitrogen fixation in the field is

fraught with difficulties not completely resolved, values for the

amount of nitrogen fixed by legumes have been quoted to range

from 230 kg N/ha per year for alfalfa, to 40 kg N/ha per year for

bean as determined by
15
N isotope dilution (Rennie, 1985). The

minimum amount of savings which could be accrued by using a

grass-legume combination fixing 100 kg N/ha rather than a pure

grass pasture supplemented with N fertilizer, would be somewhere

in the neighborhood of $20/ha just in fertilizer N costs alone

(assuming a cost of $200/metric ton fertilizer N).

Nitrogen-fixing bacteria can be found in either the free

living state or intimately associated with members of the plant

kingdom in a symbiotic state. Probably the best known and most

widely studied symbiotic association is the agronomically

important Rhizobium/legume symbiosis. In this association, soil

borne bacteria of the genus Rhizobium invade the roots of

legumes, form root nodules, and fix atmospheric nitrogen as first

observed by Hellriegel and Wilfarth in 1888.

The initial step in the establishment of the majority of

these symbioses involves the attachment of the rhizobia to the

root hair. The current hypothesis suggests that receptors

located on the surface of rhizobia are recognized by a plant

glycoprotein, called a lectin. It is via this protein that the

rhizobia specific to the legume is recognized by the legume root

(Bohlool and Schmidt, 1974; Dazzo and Hubbell, 1975). After the

bacteria has attached, the root hair will typically become

deformed and branch or curl to varying degrees depending on the
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particular rhizobia/plant combination (McCoy, 1932; Yao and

Vincent, 1969). There is evidence which suggests that root hair

curling activity is encoded for on the symbiotic plasmid harbored

in Rhizobium meliloti (Long et al., 1985), R. trifolii (Rolfe et

al., 1985), and Rhizobium leguminosarum bv. viceae (Downie et

al., 1985) hereafter in this thesis referred to as R.

leguminosarum. Once entrapped in the curled root hair, there is

an invagination of the root hair cell wall and the bacteria

become enclosed within a plant-derived infection thread which

grows toward the root cortex where it branches and ramifies

(Nutman, 1956; Sahlman and Fahraeus, 1963; Napoli and Hubbell,

1975; Callaham and Torrey, 1981). There is a noticeable increase

in meristematic activity in advance of the infection thread,

which will ultimately lead to a functional nodule with its own

vascular bundle. Vesicles containing the rhizobia form off the

infection thread, causing an invagination in the cell

plasmalemma, and are finally enveloped by the host plasmalemma in

a manner similar to endocytosis (Dart, 1977). The rhizobia are

then transformed into enlarged pleiomorphic forms called

bacteroids, which are the sites of the enzyme, nitrogenase. The

primary product of N2-fixation, NH4+ is exported out of the

bacteroid into the cytoplasm (O'Gara and Shanmugam, 1976) and

plant-derived enzymes are used to incorporate it into either

amino acids or ureides depending upon the legume (Rawsthorne et

al., 1980).

As is evident by the complexity of the infection and nodule

development processes, there are several environmental and
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biological factors which may affect any of these processes and

ultimately limit the amount of N2 fixed by a legume. These

factors may influence the nodulation process or the rate of

biological N2-fixation per se. These factors include the

ability of the soil to meet the nutritional requirements of the

macro- and microsymbiont (Munns, 1977), availability of

photosynthate to the nodule (Hardy and Havelka, 1975), the

presence of combined nitrogen (Dazzo and Brill, 1978; Truchet and

Dazzo, 1982; Sherwood et al., 1984; Harper and Gibson, 1984) and

environmental stresses such as water availability (Sprent, 1979)

and temperature extremes (Gibson, 1971). Other biological

factors include plant varieties (Caldwell and Vest, 1977) and

Rhizobium strains (Schwinghamer, 1977).

Though there is not much hope of altering the environmental

factors, it has been demonstrated that both the plant and

Rhizobium are amenable to manipulations. Phillips et al. (1985)

developed, through recurrent phenotypic selection, a line of

alfalfa with improved dry matter yield and greater assimilation

of either combined nitrogen or dinitrogen. On the bacterial

side, an inoculant strain of Bradyrhizobium japonicum, strain

61A76, was subjected to mutagenesis. Mutants were obtained which

showed increases in acetylene reduction activity in the absence

and presence of NO3 (10mM), and an increase in the percent N

in soybean plant tissue over that produced with the wild-type

strain (Maier and Brill, 1978). DeJong et al. (1982) were able

to improve the symbiotic N2-fixation ability of different

strains of R. leguminosarum by transferring a plasmid which



6

encoded for a hydrogen uptake phenotype into strains of different

genetic backgrounds. Maier and Brill (1978), in their concluding

remarks, recognized the need for field evaluation of both the

symbiotic effectiveness and the ability of mutant strains to

compete for nodulation with the indigenous strains of B.

japonicum.

Rhizobium ecological studies

The plant root system has a marked influence on the native

soil microflora. Numerous studies have been conducted during the

past 80 years since Hiltner (1904) first observed the positive

influence of roots on the residing bacterial population. The

rhizosphere, as Hiltner (1904; cited by Rovira, 1965a) referred

to it, is defined as that region of the soil where the bacterial

population is most influenced by the plant roots and their

exudates. The ratio of the rhizosphere to soil bacteria

population densities (R/S) is often used to express the extent of

this influence (Katznelson, 1946). Values of R/S are often

quoted to range between 10 and 1000 for the soil microflora

(Nutman, 1965).

Numerous reviews have been written about the rhizosphere and

various aspects of it (Katznelson, 1965; Rovira, 1965a,b; Nutman,

1965). This discussion will be limited to that literature

relevant to rhizobia and the effect of rhizospheres on their

growth and persistence. The possibility that rhizobia respond

specifically to the rhizosphere of their respective host has been
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considered advantageous when it comes to nodulating the host

plant. Nutman (1965) proposed that rhizobia need to proliferate

as a prelude to nodulation of the specific host legume. It has

been shown, in the case of some Trifolium spp., that the presence

of non-virulent strains of R. trifolii adversely affected the

formation of nodules. Only by increasing the population density

of the virulent strain was there a concomitant increase in the

rate of nodule formation (Purchase and Nutman, 1957; Lim, 1963).

Furthermore, in the first phase of nodulation, up to the

appearance of the first nodule, an increase in the virulent

population size caused a proportional increase in the number of

infections. After the first nodule was observed, however, a

disproportional increase in the number of virulent rhizobia was

required to double the number of infections (Lim, 1963). This

could be of importance to perennial or long season annual legumes

which continue to form new nodules after primary nodulation has

occurred. Experiments performed in pure culture have shown that

rhizobia can proliferate to a greater extent in substrata where

plants are growing than where they are absent (Nicol and Thorton,

1941; Vincent and Waters, 1953; Purchase and Nutman, 1957).

One common criticism that can be made of all these studies

is that since rhizobia were the only bacteria present, the extent

of proliferation can be considered an artifact. In soil there

would be competition for root exudates by other soil-borne

organisms which might reduce, or even eliminate, the possibility

of proliferation. Other studies, however, performed in soil have

shown that the population of rhizobia was greater in the
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rhizosphere soil of legumes than non-leguminous plants (Rovira,

1961; Darbyshire and Greaves, 1967; Robinson, 1967). Rovira

(1956, 1962) has shown both quantitative and qualitative

differences in the root exudates of legumes and non-legumes, some

of which might be stimulatory for specific rhizobia (van Egeraat,

1975).

There is some evidence in the literature which suggests that

particular Rhizobium spp. respond to and colonize their specific

host rhizosphere to a greater extent than other rhizospheres

(Purchase and Nutman, 1957; Robinson, 1967; Nutman and Hearne,

1979). For example, in an experiment where R. meliloti was mixed

with R. trifolii in an effort to control the proliferation of the

latter, R. meliloti did not prevent the growth of R. trifolii in

the rhizosphere of clover, and no apparent growth of the R.

meliloti was observed (Purchase and Nutman, 1957). Robinson

(1967) could not detect R. meliloti in rhizosphere soil of

subclover plants but found about 10
5

cells per gram of soil in

rhizospheres of Medicago sativa L. plants; R. trifolii was found

to be >10
5
cells per gram rhizosphere soil regardless of plant

type. Nutman and Hearne (1979) reported similar results. They

also included R. leguminosarum in their observations and found it

to be similar to R. trifolii in its colonizing habits. Again, a

criticism of these experiments is whether or not the strains of

R. trifolii and R. meliloti being used in the pure culture

experiments or monitored in soil experiments can be considered

strains typical of the species. For example, different strains

of R. trifolii have been observed to show varying abilities to
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colonize the root system of common pasture legumes and

non-legumes (Chatel and Parker, 1973).

The ultimate aim of soil microbiologists working in the

field of Rhizobium ecology is to understand those factors which

affect both the survival and the competitive nodulating ability

of superior N2-fixing inoculant strains of Rhizobium. It is

well recognized that most well managed agricultural soils harbor

an ill-defined indigenous population of rhizobia. Over the years

several researchers have used diverse methods such as serological

techniques (Vincent, 1942; Hughes and Vincent, 1942; Purchase et

al., 1951), intrinsic antibiotic resistance characteristics

(Josey et al., 1979; Beynon and Josey, 1980), protein profile

patterns (Noel and Brill, 1980) and combinations of these (Dughri

and Bottomley, 1983; Jenkins and Bottomley, 1985) to demonstrate

the heterogeneity of indigenous strains of rhizobia found in

nodules of field grown legumes. Often times the symbiotic

performance of these indigenous strains is mediocre ranging from

moderately effective to ineffective with agriculturally important

host plants (Holding and King, 1963; Holland, 1970; Bergersen,

1970; Gibson et al., 1975; Hagedorn, 1978; Rys and Bonish, 1981).

If the inoculum strain(s) is to improve the quality and/or

quantity of a legume, it must compete with these strains and form

a significant number of nodules on the host.
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Studies of competitive nodulation by Rhizobium spp.

Studies performed under defined conditions to elucidate the

factors which affect the outcome of competitive nodulation are

much more numerous than those performed in soils. Much of these

data have been collected by the groups of Vincent and Nutman and

summarized in excellent review articles (Vincent, 1954, 1962,

1965; Nutman, 1965; Date and Brockwell, 1978). These studies,

most of which used the R. trifolii/clover association, have shown

that either the host plant, or the relative abundance of the

strains in the inoculum and when determined, in the rhizosphere,

was the major factor affecting the outcome of competition. The

question that arises is the following: do experiments like

these, although informative, represent realistically what takes

place in the more complex soil system?

Two general approaches have been used to study the factors

which influence nodulation by complex soil populations of

rhizobia. The indirect approach involves identifying nodule

occupants and then correlating these results with some specific

variable. Numerous such studies have been reported in the

B. japonicum/soybean literature where advantage was taken of the

extensive serological characterization of B. japonicum initiated

several years ago (Date and Decker, 1965). Results of these

studies have shown that abiotic factors such as pH (Ham et al.,

1971b), planting dates (Caldwell and Weber, 1970), and root

temperature (Weber and Miller, 1972) to all have an impact on the

serogroup distribution of indigenous B. japonicum in the nodules
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of soil grown soybeans. Despite the extensive literature on the

R. trifolii/clover association described earlier, very few of

those studies were conducted in soils. Studies of Dughri and

Bottomley (1984) provided the only conclusive evidence for soil

acidity affecting the serogroup distribution of indigenous R.

trifolii in nodules of soil grown subclover.

Inoculation of soybeans with effective strains of B.

japonicum has been largely unsuccessful when the seeds were sown

into soils containing indigenous strains of B. japonicum (Johnson

et al., 1965; Caldwell and Vest, 1970; Ham et al., 1971a; Moawad

et al., 1984; Ellis et al., 1984). In contrast, there are

reports in the literature on R. trifolii/Trifolium associations

of successful nodulation by inoculant strains in the

establishment year (Gibson et al., 1976; Brockwell et al., 1977;

Hagedorn, 1979; Brockwell et al., 1982; Materon and Hagedorn,

1983) and in some cases those strains persisted as successful

nodule occupants into subsequent years (Brockwell et al., 1977;

Brockwell et al., 1982). In other situations, despite initial

success, the occupancy by inoculant strains declined in the years

following establishment (Read, 1953; Dudman and Brockwell, 1968;

Brockwell et al.,'1972; Roughley et al., 1976). Very little

information has been gathered on the possible explanations for

the fate of these inoculant strains and why the situations seem

so variable. Three possible explanations are: 1) the inoculant

strains no longer exist in the soil, 2) they have decreased to a

population size that cannot successfully compete for nodule sites

with the other more numerous strains, or 3) they remain
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saprophytically competent in the soil, but symbiotic competence

is lost. Obviously studying the outcome of competition by

determining nodule occupancy alone does not provide information

on these pre-infection events which may have an impact on nodule

occupancy.

Two methods have emerged for studying the behavior of

rhizobia directly in the soil. The first of these methods makes

use of antibiotic resistant derivatives of strains, which are

inoculated into the soil either directly or on an appropriate

legume seed (Schwinghamer and Dudman, 1980). Bushby (1981a,b;

1984) was able to follow the population dynamics of antibiotic

resistant strains of cowpea rhizobia in the rhizosphere of two

species of Vigna. The results of these experiments demonstrated

the applicability of the method in studies of rhizobia in

rhizosphere soil and allowed the author to detect as few as 30

cells per gram of soil (Bushby 1981a).

A serious limitation to using antibiotic resistant strains

is that indigenous strains cannot be monitored. The second

method for detecting rhizobia in soil overcomes this limitation.

In 1968, the applicability of immunofluorescence for detecting

rhizobia in soils was demonstrated (Schmidt et al., 1968).

Contact slides were buried in soil and serogroups of

B. japonicum were detected using fluorescent conjugates. Since

then, methods were developed to enhance the quantitative aspects

of the technique and involved extracting the rhizobia from the

soil, flocculating the dispersed soil, concentrating the cells
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on membrane filters, and enumerating them (Schmidt, 1974).

Further refinements of the procedures to extract and enumerate

indigenous populations of rhizobia in soils have been developed.

Wollum and Miller (1980) used density centrifugation to replace

the soil flocculation and clarification steps outlined by Schmidt

(1974). Using this method, populations as low as 106 cells per

gram of soil were quantitatively recovered (>90%). Kingsley and

Bohlool (1981) refined the extracting and flocculation procedure

of Schmidt (1974), by evaluating the ability of various salt

solutions to extract rhizobia from several different soils. The

results led the authors to suggest that a solution of 0.1 M

(NH4)2HPO4 amended with 0.1% partially hydrolyzed gelatin

was the most effective extracting solution for a variety of

soils. No results were presented on whether an indigenous

population could be enumerated accurately, nor upon the lower

limits of accurate detection. The smallest inoculum applied to

the soil was 10
6

cells per gram of soil.

Schmidt and co-workers have since used quantitative

immunofluorescence to follow the rhizosphere dynamics of

indigenous serogroups of B. japonicum in soils where serogroup

123 is invariably the dominant nodule occupant of soybeans (Reyes

and Schmidt, 1979; Moawad et al., 1984; Ellis et al., 1984;

Robert and Schmidt, 1985). These studies were performed to

substantiate or refute the possibility that selective

proliferation of rhizobia by their particular host was the reason

for the successful nodulation of serogroup 123. Reyes and



14

Schmidt (1979) showed that the population size of serogroup 123

was up to 15-fold higher in the inner than the outer rhizosphere

soil. This was, however, independent of plant genus, indicating

that serogroup 123 was responsive to rhizospheres in general.

Moawad et al. (1984) studied the rhizosphere response of several

serogroups of B. japonicum (123, 138, and 110) in the

rhizospheres of different cultivars of soybeans and a non-host,

oat. Again, the rhizosphere response of serogroup 123 was not

reflective of its ability to occupy a high percentage of nodules,

since the three serogroups responded similarly to the

rhizospheres. A major criticism of these studies was that the

earliest rhizosphere and soil samples were taken 1 week after

sowing. Experiments have shown that early events in the

rhizosphere can impact on the outcome of nodulation (Kosslack et

al., 1983). Robert and Schmidt (1985) re-evaluated the

rhizosphere dynamics of serogroup 123 between the time of seeding

and the emergence of the seedling and again, no evidence was

obtained to suggest that early numerical dominance by serogroup

123 in the rhizosphere could explain its dominance of the

nodules.

There is a paucity of information available to date about

the rhizosphere response of specific members of indigenous

populations of fast-growing rhizobia in soils. Only one report

has been published on the rhizosphere dynamics of a fast-growing

rhizobia, Rhizobium phaseoli, and its host, common bean,

Phaseolus vulgaris L. (Robert and Schmidt, 1983). Although it

was concluded that the proliferation of R. phaseoli, cross
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reactive with the available fluorescent antibody conjugates,

could not explain the success of the particular serogroup in

occupying a majority of the nodules, it was apparent that the

fast-growing R. phaseoli did colonize the rhizospheres of a

variety of host and non-host plants more extensively than B.

japonicum. Fast-growing rhizobia may have the potential to

respond more readily than slow-growers to rhizospheres. In

perennial forage legumes, such as Medicago and Trifolium spp.,

where nodulation is dynamic and on-going, this could be an

important factor influencing the outcome of nodulation and N2

fixing abilities of the plants. At this time conclusions drawn

about the mechanisms of competitive nodulation from the B.

japonicum/Glycine literature should not be extended to other

Rhizobium spp./legume associations.

In conclusion, the large number of studies performed in pure

culture on competitive nodulating behavior of R. trifolii/

Trifolium associations and the variability in success of

inoculant technology practices with this association provide the

rationale for autecological studies. There is evidence in the

literature which shows that the rhizosphere dynamics and/or

relative abundance of the serogroups of B. japonicum in soil do

not have an impact on the overwhelming success of serogroup 123

in north-central United States. Still, these types of studies

have to be repeated in other locations where soybeans are

extensively grown. To my knowledge autecological studies have

not been performed anywhere with fast growing R. trifolii. This

is significant since Nutman formulated his specific stimulation
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hypothesis (about which Schmidt's group has been critical) from

observations made solely on the R. trifolii/Trifolium association

(Nutman, 1965).
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Summary of thesis objectives

The following will outline the primary objectives of this

thesis and the subsequent observations which led to the more

detailed studies which were performed. The primary objectives

were to identify competitive and persistent serotypes of R.

trifolii from nodules of subclover cv. 'Mt. Barker' sown

non - inoculated into a pasture soil of the Whobrey series.

Initially two serotypes of R. trifolii were identified that were

competitive and persistent nodule occupants on field grown

subclover for two successive years. Observations were made that

the cultivar of subclover affected the nodule occupancy by one of

the serotypes. This situation provided an opportunity to address

whether or not this phenomenon was a result of differential

proliferation in the rhizospheres of the cultivars. For this

experiment, serotype specific fluorescent antibody conjugates

were synthesized and a protocol was developed to extract the

rhizobia from the soil for enumeration. Rhizosphere dynamics and

nodule occupancy of the two serotypes were monitored by

immunofluorescence. Observations made from the rhizosphere

experiment resulted in the development of concepts which were

studied further using plants grown under more defined conditions

and with strains of R. trifolii which were considered to be

typical representatives of the two serotypes.
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ABSTRACT

Analysis of the protein profile patterns by sodium dodecyl

sulfate polyacrylamide gel electrophoresis (SDS-PAGE) of 30

isolates of Rhizobium trifolii obtained from root-nodules of

uninoculated field grown plants of subclover (Trifolium

subterraneum L.) cv. 'Mt. Barker' showed that 12 and 9 isolates

were represented by two different protein profile patterns (gel

types). Serological analyses performed using antisera raised to

one isolate of each gel type showed that although the two

isolates, 1-01 and 2-01, shared a common antigenic determinant,

they were distinguishable by their reactions in whole-cell

somatic agglutination and gel-immune-diffusion tests. Forty-nine

of the sixty isolates collected from nodules in the establishment

year, and 56 of 90 isolates collected the following year were

antigenically identical to either one or the other of the two

parent isolates. Sixteen of the one hundred and fifty isolates

cross-reacted strongly with both antisera in whole-cell somatic

tube agglutination and gel-immune-diffusion assay while only 23

of the 150 isolates were antigenically unrelated to either 1-01

or 2-01. All of the 22 isolates of serotype 1-01 collected in

the establishment year possessed the same gel type, whereas 19 of

27 isolates of serotype 2-01 had the same gel type as the parent

isolate, 2-01. The majority (18 of 22) of isolates of serotype

1-01 were of superior symbiotic effectiveness while the majority

(17 of 19) of isolates of serotype 2-01 possessing the same gel

type were of inferior effectiveness.
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INTRODUCTION

In the Pacific Northwest and northern California large

acreages of marginal hill and rangelands have been improved for

pasture production by sowing the annual self-seeding subclover,

Trifolium subterraneum L.. Although extensive research has been

performed to determine the soil fertility levels required to

maximize subclover forage production (Jackson et al., 1964;

Dawson and Bhella, 1972; Jackson, 1972; Drlica and Jackson,

1979), additional studies have suggested that one of the major

problems in subclover production in these soils is related to the

suboptimum effectiveness of native soil populations of Rhizobium

trifolii (Holland, 1970; Hagedorn, 1978; Jones et al., 1978;

McGuire et al., 1978; Hagedorn, 1979). Surveys of field

populations of R. trifolii in established clover pastures

throughout the world have shown them, in general, to be less

effective than the inoculant strains commercially available

(Holding and King, 1963; Holland, 1966; Bergersen, 1970; Gibson

et al., 1975; Hagedorn, 1978; Rys and Bonish, 1981). Indigenous

populations of R. trifolii have been shown occasionally to be a

barrier against the introduction of inoculant strains into new

seedings of subclover at establishment (Ireland and Vincent,

1968; Holland, 1970). It has been more common to observe the

displacement of the inoculant strains by indigenous organisms in

subsequent growing seasons (Dudman and Brockwell, 1968; Roughley

et al., 1976). There are reports in the literature where

inoculation success has been achieved at establishment and where
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the inoculant strains have persisted as nodule occupants into

subsequent years (Gibson et al., 1976; Brockwell et al., 1977;

Brockwell et al., 1982). Researchers have speculated that the

unpredictable competitive and persistent behavior of inoculant

strains may be related in part to the variable nature of the

indigenous populations at specific sites (Roughley et al., 1976;

Brockwell et al., 1982).

The objectives of our study were to delineate the

composition of the indigenous population of R. trifolii found in

nodules of subclover cv. 'Mt. Barker' grown from uninoculated

seed sown into replicated plot areas in a field site both in the

establishment year and in the second growing season.
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MATERIALS AND METHODS

Soil and experimental site

The site was located in the Klamath mountain range on a

commercial cattle/sheep ranch near Broadbent, Coos County, in

southwest Oregon. The soil was a deep, somewhat poorly drained

silty-clay loam of the Whobrey series, a member of the Aquic

Dystric Eutrochrepts. Although the site had been seeded with

uninoculated subclover approximately 30 years ago and

subsequently grazed rotationally with cattle and sheep, there was

a low density of subclover plants. The site was situated on a

south-facing 20° slope which is typical of the topography of this

ranch and much of the surrounding acreage of subclover pastures

in southwest Oregon.

Approximately 30 x 0.03 kg soil samples were taken randomly

throughout the site to a depth of 0.01 m using sterile utensils.

The samples were composited, mixed thoroughly, and sieved through

a 2-mm mesh screen. Chemical analyses were performed using the

standard analytical methods of the soil testing laboratory,

Department of Soil Science, Oregon State University (Berg and

Gardner, 1978). Several characteristics are: pH 4.9 ± 0.2;

organic matter 95 g kg
-1

; extractable P, 6 mg kg
-1,

Ca, 4.5

cmol kg
-1

; Mg, 3.0 cmol kg
-1

; Na, 0.14 cmol kg
-1,

K, 0.68

cmol kg
-1

; base saturation, 59.3% and cation exchange capacity

(CEC), 26.7 cmol (NH44-) Kg-1 soil.

The soil was worked with a four wheel drive cultivator and

fertilizer applied in the following amounts based upon the soil
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test values. Single superphosphate (20% wt/wt P205) 336 kg

ha-1, and gypsum (15.6% wt/wt sulfur) 215 kg ha-1, were

applied in a solid form; 0.4 kg ha
-1

of sodium molybdate

(Na2Mo04 2H20) was sprayed as an aqueous solution onto

the soil surface. Four replicate plots (2.5 m by 2.5 m) were

arranged randomly within a larger fenced area of 24.4 m by

18.3 m. In late September 1981, seeds (80% germination rate of

T. subterraneum L. cv. 'Mt. Barker' were surface sterilized by

standard methods (Vincent, 1970) and pelleted with 40% (wt/vol)

gum arabic solution, gamma-irradiated Wisconsin peat carrier

(courtesy of Dr. J.C. Burton, Nitragin Co., Milwaukee, WI), and

fine grade analytical CaCO3. The pelleted, uninoculated seed

were sown by hand into rows at a rate of 22.5 kg ha
-1

and

covered with soil to a depth of 0.025 m. Persistent

precipitation occurred within a few days of sowing and resulted

in good germination and establishment of the stand. In early

October 1982, an identical quantity of uninoculated, surface-

sterilized seed were sown again into the same plot areas and

fertilizer applications were repeated in quantities identical to

those used in the previous year.

Most Probable Number (MPN) of R. trifolii in the soil

Ten grams of moist soil (37% wt/wt H20) were taken from

the composite sample and suspended in 95 ml of 0.15 M phosphate

buffered saline (NaC1, 8.5 g; Na2HPO4, 21.3 g; and KH2PO4,

20.4 g 1-1), mixed thoroughly, and a dilution series made over

the range of 10
-2

to 10
-7

. One-milliliter portions of each

dilution were pipetted onto each of four replicate seedlings of
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T. subterraneum cv. 'Mt. Barker' established on mineral salts

agar, pH 5.0, in large, cotton-stoppered test tubes (30 by 3 cm).

The composition of the mineral salts agar and the growth

conditions of the plants were described elsewhere (Dughri and

Bottomley, 1983). Five weeks after inoculation the plants were

scored for nodulation and the MPN per gram of dry soil was

calculated by standard procedures (Brockwell, 1963). A value of

2 x 10
8

R. trifolii kg-1 of dry soil was obtained.

In December 1981, 10 weeks after sowing, 10 plants were

collected at random from each of the 4 seeded plot areas and 5

nodules taken from each plant. The 50 nodules from each

replicate were surface sterilized by standard methods (Vincent,

1970) with the exception that our earlier experiences showed that

shaking for 10 min in 0.2% (wt/vol) acidified HgC12 was

essential for complete surface sterilization. A subsample of 25

nodules was selected at random from each of the 4 samples and

nodules were squashed individually onto plates of a defined

medium, GM (Dughri and Bottomley, 1983) which contained

cycloheximide (0.002% wt/vol). Plates were incubated at 30°C for

5 d and only colonies apparently uncontaminated were restreaked

to obtain single colony isolates. Single colonies were picked to

slants of yeast extract-mannitol agar (YEM) and grown for 2 d;

the slants were overlayed with 20% (vol/vol) sterile aqueous

glycerol and stored at -20 °C. In December 1982, 5 plants were

sampled from each seeded plot area and 5 nodules excised from the

upper region (0.04 m) of the main tap root of each plant.

Isolation and purification were as described above.
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Methods of identification

Growth Medium. Isolates of R. trifolii were grown routinely

in GM medium supplemented with 0.08 g/1 of CaC12 2H20.

SDS-PAGE Analysis. Preparation of cell extracts and

electrophoresis protocol were as described elsewhere (Dughri and

Bottomley, 1983) with the following modifications. Suspensions

of cells were held in an ice bath and disrupted using a Branson

sonifer model 200 equipped with a double step down microtip. The

resolving gels consisted of a single concentration of 11%

(wt/vol) acrylamide.

Antisera Production and Serological Analyses. Antisera were

raised against two isolates (designated 1-01 and 2-01) in a

manner similar to that described previously (Dughri and

Bottomley, 1983) with two modifications. Only two New Zealand

white rabbits were immunized per isolate and the rabbits were

exsanguinated by cardiac puncture 25 d following the booster

injection. Whole-cell somatic tube agglutination and

gel-immune-diffusion procedures were identical to those described

elsewhere (Dughri and Bottomley, 1983).

Determination of Symbiotic Effectiveness of Field Isolates.

Surface sterilized seed of T. subterraneum L. cv. 'Mt. Barker'

were germinated and transplanted to mineral salts agar in large

test tubes as described above. Six replicate seedlings were

inoculated with 1 ml (5 x 10
8

cells) of each isolate. A

commercial inoculant strain, RT162 X 95 (obtained from the

Nitragin Co., Milwaukee, WI) was used as an inoculated control.
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Preliminary experiments involving several commercial inoculant

strains of R. trifolii showed RT162 X 95 to be of stable and

superior symbiotic effectiveness under our growth conditions when

compared to the other strains. Uninoculated seedlings were

included to serve both as minus N controls and for subsequent

fertilization with KNO3. The seedlings were placed under the

glass house conditions described previously (Dughri and

Bottomley, 1983). Fourteen and twenty-eight days after

inoculation, 3 ml of sterile distilled water was applied to each

inoculated seedling and 3 ml of 18 mM KNO3 was applied to

uninoculated control plants. Shoots were removed from the plants

35 d after inoculation, dried at 60°C for 5 d, and dry weights

obtained. Analysis of variance was performed and the symbiotic

effectiveness categories of the isolates determined by the Duncan

new multiple range test.
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RESULTS

A preliminary analysis of 30 isolates obtained from the four

replicate plot areas showed that 12 and 9 isolates were

represented by two different protein profile patterns; hereafter

referred to as gel types A and B. Data presented in Fig. 1 show

four isolates representative of each of the two gel types A and B

and which were isolated from plants growing in each of the four

replicate plot areas. The remaining nine isolates were

represented by other different gel types, none of which

represented more than two isolates (data not shown). Antisera

were raised to two isolates, 1-01 and 2-01, which were

representative of the two dominant gel types A and B,

respectively.

Experiments conducted using whole-cell somatic tube

agglutination and gel-immune-diffusion serological techniques

showed that although isolates 1-01 and 2-01 shared an antigenic

determinant, they were distinguishable. Homologous whole-cell

somatic agglutination titers were acceptable for both isolates

1-01 and 2-01 (1/1280 and 1/320 dilutions of antisera

respectively). However, cross-agglutination occurred in both

heterologous combinations of antigens and antisera to low, but

reproducible titers (1/20 dilutions of antisera).

Gel-immune-diffusion analyses presented in Fig. 2 show that

isolate 1-01 formed both a strong and a weak immmunoprecipitin

band with its parent antiserum. In contrast, isolate 2-01 did

not form the strong band but formed a weak band with antiserum
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1-01 which migrated in a similar manner to the weak band formed

in the homologous antigen-antiserum reaction (Fig. 2, upper).

Similar results were observed in the reciprocal reactions between

the two antigens and antiserum 2-01 (Fig. 2 lower). Studies with

adsorbed antisera confirmed that the strong band in each case was

formed by a strain specific antigen, whereas the weaker band

represented the same antigen on both isolates (data not shown).

Table 1 summarizes the numbers and distribution of isolates

of serotypes 1-01 and 2-01 within the four plot areas.

Forty-nine of the sixty isolates reacted in a manner of complete

antigenic identity in both whole-cell somatic tube agglutination

and gel-immune-diffusion assays with either one or the other of

the two antisera. In each replicate plot the majority of the

isolates examined were of the two identifiable serotypes. Ten of

the eleven remaining isolates, although nonidentical to 1-01 or

2-01, did possess antigenic determinant(s) in common with one or

both of the parent isolates. Notwithstanding, these isolates

were readily distinguishable from serotypes 1-01 and 2-01 by

their behavior in whole-cell somatic tube agglutination. Four

isolates reacted strongly in somatic agglutination with both

antisera to titers equivalent to each of the homologous antigens.

Six isolates agglutinated weakly only against antiserum 2-01, but

did not form immunoprecipitin bands in gel-immune-diffusion with

either of the antisera (data not shown). One isolate alone did

not agglutinate with either of the two antisera.

The data summarized in Table 2 show that all the isolates of

serotype 1-01 were represented by gel type A and 19 of the 27
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isolates of serotypes 2-01 were represented by gel type B. In

the latter serotype, three other gel types represented the

remaining eight isolates.

Symbiotic effectiveness tests carried out at pH 5.0 (the

natural pH of the soil) showed that the majority of isolates from

serotype 1-01, possessing gel type A, were more effective than

those possessing gel type B of serotype 2-01 (Table 3).

Seventeen of the nineteen isolates of gel type B in serotype 2-01

were of suboptimum effectiveness (E2) whereas 18 of the 22

isolates of gel type A in serotype 1-01 were of superior

effectiveness (E
1
). Despite many isolates of each serotype

being antigenically identical and having the same protein profile

pattern, the effectiveness data suggest further subdivision of

each population. Two isolates of serotype 2-01 were highly

effective while in the case of serotype 1-01 four isolates were

of inferior effectiveness.

In conclusion, data presented in Table 4 summarize the

distribution and relative occurrence of isolates of serotypes

1-01 and 2-01 in nodules of subclover plants in the second

growing season. 1-01 and 2-01 type isolates were found

distributed throughout the four replicate plots, and accounted

for 56 of the 90 isolates analyzed. There was a similar number

of isolates from each serotype, the values of which were

comparable to those obtained in 1981. Although 22 of the

isolates were unidentifiable with the two antisera at our

disposal, in none of the plot areas did such isolates account for

the majority of the nodule occupants.
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Figure 1. Protein profiles on an 11% wt/vol polyacrylamide
gel of four isolates (al a) of gel type A, and four
isolates (b1-b) of gel'ty0e B. Subscript numerals
denote the tepTicate plot areas of origin. Protein standards
(ps) are from top to bottom of the gel in order of decreasing
molecular weight in kilodaltons: Bovine albumin, 66; egg
albumin, 45; trypsinogen, 24; f3-lactoglobulin, 18.4;
lysozyme, 14.3.
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Figure 2. Gel-immune-diffusion reactions of antiserum 1-01 and
antiserum 2-01 against the two parent antigens. a-1 and a-2

represent the wells containing antisera 1-01 and 2-01,
respectively; 1 and 2 represent wells containing the two
antigens 1-01 and 2-01, respectively.



C\J

33



34

TABLE 1. Distribution of isolates within serotypes 1-01 and
2-01 from the nodules sampled in the establishment
year.

Replicate
Number of
isolates

Serotypes

b
1-01a 2_01b Othersc

Number isolatesof

1 15 8 3 4

2 15 4 8 3

3 15 5 8 2

4 15 5 8 2

Total isolates 60 22 27 11

a
Isolates identifiable as serotype 1-01 by whole cell tube
agglutination and gel-immune-diffusion assays.

b
Isolates identifiable as serotype 2-01 by both serological
assays.

Isolates which showed either partial antigenic identity or
no antigenic relationship with either-serotype 1-01 or 2-01.
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TABLE 2. Distribution of the dominant gel types of serotypes
1-01 and 2-01 in the four plot areas.

Serotypes

Replicate 1-01 2-01

Number of isolates

1 8a (8)b
3c (3)d

2 4 (4) 8 (8)
3 5 (5) 4 (8)

4 5 (5) 4 (8)

Total isolates 22 (22) 19 (27)

a
The number of isolates represented by gel type A.

b
The number of isolates in serotype 1-01.

The number of isolates represented by gel type

d
The number of isolates in serotype 2-01.
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TABLE 3. Symbiotic effectiveness characteristics of the
isolates represented by the two dominant gel types
in serotypes 1-01 and 2-01.

Effectiveness

Replicate Serotype
Gel

type
Number of
isolates

categoriesa

E
1

E
2

number of isolates

1 1-01 A 8 7 1

2-01 B 3 3

2 1-01 A 4 2 2

2-01 B 8 8

3 1-01 A 5 5

2-01 B 4 2 2

4 1-01 A 5 4 1

2-01 B 4 4

a
E = isolates producing shoot dry weights (> 27 mg) not
significantly less than commercial inoculant strain RT162 X
95 or nitrate grown plants at the 5% level of probability.
Mean of shoot dry wt. for plants inoculated with RT162 X 95 =
32.6 ± 3.5 mg. Mean shoot dry wt of nitrate grown plants =
29.5 ± 3.1 mg.

E = isolates producing shoot dry weights (27-21 mg)
significantly less than strain RT162 X 95 or nitrate grown
plants at the 5% level of probability.
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TABLE 4. Distribution of isolates within serotypes 1-01 and
2-01 from the nodules sampled in the second growing
season.

Number of
Replicate isolates

Serotypes

1-01a 2-01 1-01/2-01
b

Others

Number of isolates

1 22 3 6 6 7

2 22 7 4 2 9

3 21 8 7 2 4
4 25 9 12 2 2

Total isolates 90 27 29 12 22

a
Isolates within serotypes 1-01 and 2-01 were antigenically
identical to the respective parent antiserum.

b
Isolates in the complex serotype showed strong cross
agglutination against both antisera and formed an intersecting
immunoprecipitin line of nonidentity with antiserum 1-01 and
a line of complete identity with antiserum 2-01.
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DISCUSSION

The results of this study showed that 105 isolates of 150

analyzed were of two distinct serotypes of R. trifolii and

dominated the nodules of T. subterraneum L. cv. 'Mt. Barker'

growing in this particular soil. Representatives of both

serotypes were widely distributed throughout the plot area and

the different methods of identification indicated that one strain

made up the majority of the population of each serotype. Since

only 23 isolates of the 150 examined did not cross-react

serologically with the two antisera, it is not difficult to

imagine that a random choice of isolates from this collection

could have resulted in antisera being raised to identical

isolates from the same serotype. The use of this protocol to

delineate the composition of a small collection of indigenous

isolates of R. trifolii obtained from root nodules of greenhouse

grown plants has been reported previously from our laboratory

(Dughri and Bottomley, 1983). This study extends those findings

to show that this technique can be used successfully with a much

larger collection of isolates taken from plants growing in

replicated plots in a field situation.

Although serological techniques have shown the diversity of

isolates of R. trifolii from within the same field, and even on

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

1949; Holland, 1966), those experiments were not focused on

determining the relative abundance of the different serogroups.

Relatively simple soil-borne indigenous populations of



39

B. japonicum and R. leguminosarum have been observed previously

in root nodules of soybeans (Johnson and Means, 1963; Damirgi et

al., 1967; Ham et al., 1971b) and peas (Mahler and Bezdicek,

1978; Mahler and Bezdicek, 1980). More recently, alternative

techniques of strain discrimination, namely multiple antibiotic

resistance patterns (Beynon and Josey, 1980) and protein profile

patterns (Noel and Brill, 1980), have shown a larger diversity

within indigenous populations of Rhizobium species than would

have been predicted from serological analysis. In our situation

the serological, protein profile pattern, and symbiotic

effectiveness tests provided evidence that one strain of both

serotypes 1-01 and 2-01, respectively, made up the major

contribution of each serotype to the nodule population. Thus, a

wide diversity of strains in root nodule populations need not

necessarily be the normal situation.

There is evidence to suggest that soil conditions and the

type of host plant can affect which members of a soil population

of a Rhizobium species are found in nodules. The occurrence of

certain serogroups of B. japonicum in soybean nodules was

correlated with soil acidity (Damirgi et al., 1967; Ham et al.,

1971b; Bezdicek, 1972) and there is evidence, albeit

circumstantial, that soil acidity affects which members of an

indigenous soil population R. trifolii will nodulate white clover

(Jones et al., 1964; Jones, 1966). Bezdicek (1972) correlated

soil nitrogen levels with the occurrence of specific serogroups

of B. japonicum in nodules of soybeans. Robinson (1969b) showed

that subclover was nodulated predominantly by those members of an
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indigenous soil population of R. trifolii which formed an

effective nitrogen fixing association; red clover (T. pratense

L.) was effectively nodulated by other members of the same soil

population which formed ineffective associations with subclover.

Since the soil used in this study was acidic (pH 4.9 ± 0.2) and

the level of mineral nitrogen was high at the time of sowing

(NH4+ - N + NO3 - N = 52 mg kg-1), there may have been a

selection of only those members of a more diverse indigenous

population which were capable of nodulating subclover under these

conditions.

The literature on Trifolium/R. trifolii associations is well

documented to show that the percentage of nodules occupied by

inoculant strains can decline in the immediate years following

establishment of the stand and be replaced by members of the

indigenous soil population (Read, 1953; Dudman and Brockwell,

1968; Brockwell et al., 1972; Roughley et al., 1976). However,

several studies have shown this not invariably to be the case

with the inoculant strains competing favorably for several years

(Gibson et al., 1976; Brockwell et al., 1977; Brockwell et al.,

1982; Materon and Hagedorn, 1983). From the identification of

the dominant root nodule occupants found on subclover in this

soil, experiments can now be carried out to study the impact of

soil conditions, host plant, and inoculant strains upon the

nodulating and ecological behavior of an indigenous population of

R. trifolii.
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ABSTRACT

Initial studies with soil grown subclover (Trifolium

subterraneum L.) showed that Rhizobium trifolii serotype 1-01

occupied significantly fewer nodules (6%) on cv. 'Woogenellup'

than nodules on cv. 'Mt. Barker' (36%). Occupancy by serotype

2-01 was not affected by the cultivar. Serotype specific

fluorescent antibody conjugates were synthesized and procedures

developed to enumerate and follow the dynamics of the indigenous

serotypes in host and non-host rhizospheres and in non-planted

soil. The form and concentration of Ca
2+

in the flocculating

mixture and the presence of co-precipitable phosphate anions in

the extracting solution were found to be critical to extract and

enumerate R. trifolii in Whobrey soil. Host rhizospheres did not

preferentially stimulate either serotype, but novel observations

were made which could have significance-to theories on

competitive nodulation established from studying Trifolium/R.

trifolii associations. The mean population densities of serotype

2-01 were significantly (p = 0.05) greater than those of

serotype 1-01 in subclover rhizospheres on 9 of 14 sampling dates

from seeding to the appearance of nodules. They were also more

stable throughout the study. No influence of the cultivar on

nodule occupancy by serotype 1-01 was observed when primary

nodules (4 weeks) were examined. Serotype 1-01 occupied a small

percentage of the nodules (7 to 16%) on both cultivars. A modest

increase (7 to 17%) in the occupancy of serotype 1-01 on cv. 'Mt.

Barker' occurred between weeks 4 and 8 and was accompanied by an
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increase (51 to 79%) in serotype 2-01. These percentages were

maintained into the flowering period on cv. 'Mt. Barker' whereas,

occupancy by serotype 2-01 declined substantially on cv.

'Woogenellup'. The final occupancy percentages resembled those

observed initially when plants were sampled only once and that

being at the flowering stage of maturity. These data raise

questions on both the importance of the relative abundance of

these serotypes in the rhizosphere and the time and location of

host cultivar influences on the outcome of nodulation.
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INTRODUCTION

Many studies have been performed over the past thirty years

to elucidate those factors which influence the outcome of

nodulation by mixtures of strains of Rhizobium species on legume

hosts. A significant amount of this information has been

accumulated from studying the Rhizobium trifolii/Trifolium

(clover) species association (Vincent, 1954, 1962, 1965; Nutman,

1965; Date and Brockwell, 1978). The results of these studies

can be summarized as follows. Under laboratory conditions, using

simple mixtures of Rhizobium strains, results were obtained which

indicated that the relative abundance of the individual strains

in the rhizosphere and rhizoplane zones was the major factor

contributing to the outcome of nodulation (Purchase and Nutman,

1957; Lim, 1963). Alternatively, evidence has also been obtained

favoring the conclusion that the species of Trifolium, and even

the cultivar within a species can be the major factor affecting

the outcome of nodulation. In this case the relative abundance

of strains in the rhizosphere (Vincent and Water, 1953; Labandera

and Vincent, 1975) and/or the inoculant mixtures (Robinson,

1969a; Pinto et al., 1974; Russell and Jones, 1975; Jones and

Hardarson, 1979; Hagedorn and Caldwell, 1981) was of minor

consequence.

Despite all this effort, neither of these two possible

reasons for the outcome of competitive nodulation has been

confirmed under soil conditions nor has the influence of

indigenous R. trifolii been evaluated. The significance of these
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deficiencies was recently emphasized by studies on the B.

japonicum/Glycine max association, where quantitative

immunofluorescence was used to enumerate indigenous organisms in

rhizosphere soil (Moawad et al., 1984; Robert and Schmidt, 1985).

No evidence was obtained to support either of the above

generalizations since neither the relative abundance of different

B. japonicum serogroups in the rhizosphere nor the host plant

variety was found to influence the overwhelming success of

nodulation by members of serogroup 123 of B. japonicum.

Previous studies have identified and characterized two

indigenous serotypes of R. trifolii found in substantial portions

of the nodules of field-grown subclover cv. 'Mt. Barker' (Demezas

and Bottomley, 1984). Preliminary experiments indicated that the

nodule occupancy by these two serotypes could be influenced by

the cultivar of subclover sown in this soil. The objectives of

this study were: 1) to develop an efficient method to extract

and enumerate by immunofluorescence the population of each of the

two serotypes existing within a total R. trifolii population size

of between 10
5
and 106 g-1 soil, 2) to follow the

population dynamics of the two serotypes in host and non-host

rhizospheres, and in non-planted soil from seeding to appearance

of primary nodules, 3) to determine if the nodulation success of

either serotype reflected their relative abundance in the

rhizospheres of two subclover cultivars, 'Mt. Barker' and

'Woogenellup'. [Portions of this work were presented at the
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annual meeting of the American Society of Microbiology (Demezas,

D.H. and P.J. Bottomley), Abstr. Annu. Meet. Am. Soc. Microbiol.

1985, n57, p. 227.]
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MATERIALS AND METHODS

Fluorescent antibody preparation

Antisera were prepared against somatic "0" antigens of

Rhizobium trifolii, strains 1-01 and 2-01, as previously

described (Demezas and Bottomley, 1984).

(i) Adsorption of antisera. Prior to the development of

the fluorescent antibodies, each antiserum was adsorbed with

whole cells of the heterologous antigen. This was necessary due

to a small, yet significant amount of cross-reactivity between

each antiserum and the heterologous antigen (Demezas and

Bottomley, 1984). Adsorption of antiserum 2-01 was accomplished

as follows. Strain 1-01 was cultured at room temperature (ca.

22°C) in 2.5 liters of a defined medium (Dughri and Bottomley,

1983) with continuous stirring and aeration. The cells were

harvested by centrifugation at 12,000 x g for 10 min and washed

three times in 0.15 M phosphate-buffered saline (PBS;

Na2HPO4, 13.39; KH2PO4, 7.58; NaCl, 8.5 g 1

-1
), pH 7.2.

The cells were resuspended in 30 ml of PBS, dispensed in equal

portions into 6 x 50 ml centrifuge tubes, centrif6ged at 12,000 x

g for 10 min and the supernatant decanted. Two x 10 ml portions

of antiserum (1:320 agglutination titer) were mixed with two of

the samples of cells using sterile pasteur pipettes. The

mixtures were incubated at 37°C for 15 min with intermittent

shaking, followed by removing the cells from the antiserum by

centrifugation at 3020 x g for 5 min. This process constituted
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one adsorption cycle and was repeated twice more on that same

day. A total of nine adsorption cycles, using a fresh batch of

cells for each cycle, was necessary to eliminate completely the

cross agglutinating reactivity of antiserum 2-01 with heat-

treated whole cells of strain 1-01. This was determined by

mixing an equal volume of heat-treated whole cells with the same

volume of adsorbed 2-01 antiserum. The adsorption process and

test protocol were repeated with antiserum 1-01 (1:1280 titer)

using whole cells of strain 2-01. The adsorption process reduced

the homologous titers of each antiserum by two fold. After

adsorption was completed, the antisera were sterilized by passage

through polycarbonate membranes (0.4 um pore size; Nuclepore

Corp., Pleasanton, CA) prior to continuing with the conjugation

procedure.

(ii) Chromatographic procedures. Fluorescein labelled

immunoglobulin conjugates were prepared using the method

described by Banner et al. (1982). Immunoglobulins were

separated from whole serum as follows. Adsorbed antisera were

dialyzed against four changes of 0.02 M Tris, 0.028 M NaC1

buffer, pH 8.0 for 24 h. at 4°C. The dialyzed antiserum (10 to 14

ml) was loaded onto a 2.4 cm dia. column containing DEAE-AffiGel

Blue (BioRad Laboratories, Richmond, CA) which had been

equilibrated previously with 500-700 ml of the above buffer. The

column volume varied depending upon the recommendation of the

manufacturer for the resin volume/antiserum volume ratio (3.2 to

7.5 ml per ml of antiserum) of each specific batch of resin. The

column was eluted with the above buffer at a flow rate of 0.5 ml
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min
-1

and 3 ml fractions were collected. Approximately 300 ml

of buffer were pumped through the column and the fractions

monitored for protein by measuring the absorbance at 280 nm using

1-cm path length quartz cells and a Beckman DU spectrophotometer

with a Gilford update. Protein eluted immediately after the void

volume showing an elution profile similar to that of a

commercially available preparation of purified immunoglobulin G

(IgG; Miles Laboratories, Inc., Naperville, IL) (see Fig. 3).

Fractions equivalent to 8 times the sample volume were pooled and

concentrated to approximately 15 mg protein ml
-1

by

ultrafiltration through an Amicon XM-100 membrane filter (Amicon

Corp., Danvers, MA) under a positive pressure of 69 kPa of

helium. The concentrate (2 to 4 ml) was dialyzed against four

changes of 0.25 M carbonate/bicarbonate buffer, pH 9.0, for 24 h

at 4°C. The dialyzed sample was incubated with gentle stirring

at 40°C and fluorescein isothiocyanate on Celite 10% (0.5 mg

mg
-1

of protein; Calbiochem-Behring, LaJolla, CA) was added to

the sample. The reaction was allowed to proceed for 15 to 20

min and the suspension clarified by centrifugation in a Beckman

microfuge for 3 min. The supernatant was chromatographed through

a Sephadex G-25 column (20 x 1.7 cm; Pharmacia Fine Chemicals,

Picataway, NJ) equilibrated previously with 0.02 M sodium

phosphate buffer, pH 6.6, and eluted with the same. Three ml

fractions were collected at a flow rate of 0.6 ml min-1, and

their absorbances determined at both 495 nm and 280 nm.

(iii) Characterization and specificity of the conjugates.

The fluorescein to protein ratio (F/P) of each fraction was
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calculated for those fractions containing detectable protein

using the following formula described in Hudson and Hay (1976):

2.87 x OD
495

OD
280

- (0.35 x 00
495

)

The F/P values of fractions with A280 values of >0.5

ranged from 1.8 to 4.5. These fractions were then characterized

to determine working dilutions, and serotype specificity on

smears from both broth-grown cultures of, and nodules formed by,

a variety of antigenically distinct R. trifolii isolates. These

experiments confirmed the specificity of the conjugates,

established the working dilutions (ranging from 1/10 to 1/50

dilution of conjugate) and showed that fractions with A280 <0.5

were of no experimental use. The fractions were divided into

smaller portions (0.1 to 0.4 ml) and frozen at -60°C in sealed

sterile ampuoles (Wheaton Scientific, Miliville, NJ).

Development and evaluation of methods for enumerating

indigenous Rhizobium trifolii in Whobrey soil

A protocol was developed to optimize the efficiency of

extracting and enumeration of indigenous R. trifolii from the

Whobrey soil. The physical and chemical characteristics of the

latter have been described in detail elsewhere (Demezas and

Bottomley, 1984). At the outset, the procedure of Kingsley and

Bohlool (1981) was followed since these authors had been
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successful in extracting and enumerating rhizobia from several

different types of soils. In addition, they had proposed a

function for each component of their extracting solution.

To disperse the soil, 10 g portions were placed individually

into 160 ml screw cap milk dilution bottles along with 50 ml of

partially hydrolyzed gelatin (0.1% w/v) in 0.1 M

(NH4)2HPO4, pH 8.2 (PHG/AP), 2 and 5 drops of Antifoam B

emulsion and Tween 20, respectively (Sigma Chemical Company, St.

Louis, MO), and 5 grams of glass beads (3 mm dia.). The bottles

were shaken for 15 min on a wrist action shaker (Burrell Corp.,

Pittsburgh, PA), whereupon another 45 ml of PHG/AP were added and

the suspensions shaken for an additional 15 min.

(i) Optimizing the composition of the flocculating mixture.

Initial results obtained with the flocculating mixture of calcium

hydroxide and magnesium carbonate used by Kingsley and Bohlool

(1981) were unsatisfactory with the Whabrey soil. More soluble

sources of Ca
2+

were evaluated as flocculating agents, with

CaC1
2

receiving the most consideration. Varying amounts of

CaC12'2H20, ranging from 0.26 to 1.3 g. were thoroughly

mixed with 0.5 g portions of MgCO3 [4MgCO3'Mg(OH)2'4H20).

Each mixture was tested for its ability to flocculate the soil

colloids by adding to soil suspensions already dispersed as

described above, followed by shaking for another 2 min on the

wrist action shaker. After the samples had been allowed to

flocculate for 1 h, portions of the cleared supernatants were

passed through polycarbonate membranes (0.4 um pore size) under a

vacuum of approximately 50 kPa. Silver metal membranes (0.8 um
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pore size; Selas Corp., Huntingdon Valley, PA) were used to

support the polycarbonate membranes on the filter holders during

all filtering operations as originally described by Zimmerman et

al. (1978). The filters were pretreated with Irgalan black to

reduce background fluorescence using a modification of the

procedure of Hobbie et al. (1977) as described by Ellis et al.

(1984). The membranes were examined under 900x magnification to

determine the optical quality of the background for

immunofluorescent analysis.

(ii) Evaluating the composition of the extracting solution.

Although Kingsley and Bohlool (1981) had established critical

roles for the various components of their extracting solution in

removing rhizobia from different soils, it was necessary to

evaluate the role of the constituents in enumerating rhizobia in

Whobrey soil. Different extracting solutions, amended with

partially hydrolyzed gelatin to a final concentration of 0.1%

(w/v), were examined quantitatively for both their effects on

flocculating the Whobrey soil and the efficiency of extracting R.

trifolii. The solutions included: 0.1 M (NH4)2HPO4, 0.1 M

K2HPO4, 0.1 M Na2HPO4, 0.2 M NH4C1, 0.1 M NH4 acetate,

0.1 M (NH4)2oxalatel-120, and distilled water. All of the

extracting solutions were adjusted to pH 8.2 using either 1 M

NaOH or 1 M HC1. Duplicate 10 g samples of moist soil (8 g oven

dry soil) were placed into milk dilution bottles, along with the

various extracting solutions and treated as described above to

disperse the soil. One hour after initiating flocculation with

1.3 g portions of 8:5 mixtures of CaC12:MgCO3, 1 ml portions
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of those supernatants which had been successfully, or partially

cleared were filtered through pretreated polycarbonate membranes

and R. trifolii enumerated by immunofluorescence as described

below in the section entitled "Immunofluorescent analysis of

membranes." The turbidity of all the supernatants was measured

spectrophotometrically at 660 nm.

(iii) Determination of the effects of soil weight upon the

efficiency of extraction. It was considered that in many kinds

of experiments it would not be practical to extract rhizobia from

a specific weight of soil prepared in a standard manner as

described by others (Kingsley and Bohlool, 1981). For example,

in the rhizosphere experiment described below, different amounts

of soil were unavoidably removed from the root system as the

plants aged. To determine what effect various weights of soil

might have on the efficiency of extracting and enumerating

rhizobia, different weights (2, 4, and 8 g) of soil were

extracted as outlined (Fig. 4). Ten ml portions of each

supernatant were filtered through pretreated polycarbonate

membranes (0.4 um pore size) and quantitative enumeration was

done as described below.

(iv) Determining the efficiency of recovery and enumeration

of R. trifolii from Whobrey soil. Ten gram portions of moist

soil (8 g oven dry soil) were distributed into 8 screw cap milk

dilution bottles. Four of the bottles were inoculated each with

8 x 10
8

cells of R. trifolii strain 1-01 in 1 ml of 0.15 M PB

(pH 7.2) and the other four were non-inoculated controls.

Immediately after adding the cells, the soil in two of the
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inoculated bottles were extracted as described above, and the

other two bottles placed in a refrigerator (4°C) for 24 h to

allow the cells to infiltrate into the soil matrix. An identical

protocol was followed with two pairs of non-inoculated soil

samples. The soil samples were extracted and flocculated as

outlined in Figure 4. Prior to filtering the inoculated

treatments, 1/100 dilutions of these supernatants were made in

0.02 M PB (pH 7.3). Duplicate samples from each bottle were

filtered through pretreated polycarbonate membranes. The same

procedure was followed using strain 2-01, except 9.6 x 10
8

cells were added in 1 ml to each portion of soil.

Immunofluorescent microscopy and quantitation of rhizobia were

performed as described in the following section.

Immunofluorescent analysis of membranes. The membranes were

transferred to disposable petri dishes (LAB-TEK DIVISION, Miles

Laboratory, Inc., Naperville, IL), covered with 0.25 ml of

gelatin-rhodamine conjugate to suppress non-specific fluorescence

(Bohlool and Schmidt, 1968) and were then placed in an oven at

60°C until the gelatin-rhodamine conjugate was dry. The

remaining procedures, including the microscopic analysis, were

performed under subdued lighting. While still in the petri dish,

the membranes were stained with 0.75 ml of the appropriately

diluted fluorescein conjugate in 0.02 M PB (pH 7.3), which had

been filtered previously through a membrane of 0.2 um pore size.

The membranes were stained for 1 h and destained by drawing 100

ml of the above buffer under 50 kPa vacuum through each of them.



56

The membranes were then placed on clean microscope slides, 1 drop

of buffered glycerol (pH 7.2; Difco Laboratories, Detroit, MI)

was placed on the membrane and covered with a #1 cover slip.

Samples were viewed with a Zeiss standard microscope (Carl Zeiss

Inc., New York) equipped with a 100 W, tungsten halogen lamp and

operated in the epi-illumination mode. The filter set was a

Zeiss fluorescein isothiocyanate filter pack consisting of a

fluorescein excitation filter BP 450-490, a FT 510 beam splitter,

and a LP 520 barrier filter. A Zeiss Planachromat 100x/1.25 oil

objective was used for all observations. For enumeration

purposes, a minimum of 20 fields of view were counted per filter;

forty fields were counted where less than an average of 5 cells

per field was encountered. The mean of each sample was

determined and the values for the number of bacteria per gram

oven dry soil were calculated.

Influences of subclover cultivars on nodule

occupancy by indigenous R. trifolii

Five replicate pots (7.2 x 21 cm), each containing the

equivalent of 0.77 kg of air dried Whobrey soil, were sown with

surface sterilized seed of both subclover cvs. 'Mt. Barker' and

'Woogenellup'. After germination, each pot was thinned to three

healthy plants of each cultivar. The soil was moistened to, and

maintained at, between 20 and 33 kPa water potential throughout

the experiment. The plants were maintained in a greenhouse,

where the temperature ranged from 18°C (night) to 27°C (day).
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Natural daylight was supplemented with 16 h of illumination from

F48T12/D/RS fluorescent lamps to provide a total irradiance of

approximately 800 uE m-2 s-1 at plant height. The plants

were harvested after 56 d of growth (flowering stage) and the

nodules collected for identification of the occupants.

Nodule occupant identification using immunofluorescence.

The nodules were surface sterilized by standard methods (Vincent,

1970). Each nodule was macerated with sterile forceps in 20 ul

of distilled water in a microtiter plate (Corning Glass Works,

Corning, NY). Five ul portions of these suspensions were spotted

onto duplicate clean slides using disposable 5 ul micropipettes.

Three smears were accomodated per slide. Caution was exercised

to prevent the smears from mixing with each other. The smears

were air dried, heat fixed, and stored in slide boxes at room

temperature until analyzed. The slides were stained with the

appropriately diluted conjugate for 10 min at room temperature in

a darkened humidified chamber. The smears were then destained by

rinsing twice with a stream of 0.02 M PB (pH 7.3), over a period

of 10 min and the excess buffer was allowed to drain onto a paper

towel. They were then covered with buffered glycerol, a #1

coverslip placed over each slide and examined with the same

epifluorescent microscope as previously described. A

Planachromat 100x/1.25 objective was used throughout the

analyses.
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Evaluation of the population dynamics of indigenous

R. trifolii in host and non-host rhizospheres

between the time of seeding and appearance of nodules

Four replicate boxes (0.6 m x 1.8 m) were filled with a

layer of coarse river sand (7.6 cm) and overlayed with Whobrey

soil (20 cm). The soil was moistened to, and maintained between

20 and 33 kPa water potential for 10 d prior to seeding the boxes

under the greenhouse conditions described above. Surface

sterilized seeds of subclover cvs. 'Mt. Barker' and 'Woogenellup'

were imbibed in sterile distilled water for 24 h at room

temperature. Annual ryegrass (Lolium multiflorum L. cv.

'Marshall', courtesy of Dr. D. Chilcote, Crop Science Dept.,

Oregon State University) and the two subclover cultivars were

sown in three separate bands 15 cm wide along the full length of

the box with 5 cm between the bands. Each box was considered a

replicate and the bands of seed were randomized within each

replicate. The seeds were covered with a fine layer of sieved

soil (6 mm) and the soil was watered to between 20 and 33 kPa

when necessary. Non-planted soil was maintained under the same

greenhouse conditions and at the same water potential to serve as

a control.

The root system of approximately 100 seedlings and 10 g

samples of non-planted soil were collected from each of the

treatment replicates at two day intervals after sowing. The
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intact seedlings were shaken gently to remove large soil

aggregates and the soil still adhering was considered rhizosphere

soil (Reyes and Schmidt, 1979). The samples of seedling roots

and non-planted soil were transferred into 160 ml screw cap milk

dilution bottles and treated as outlined to extract the rhizobia

from the samples (see Fig. 4).

A difficulty encountered in these rhizosphere samples, and

not heretofore encountered, was the accumulation of a crystalline

precipitate upon the membranes after filtration. This was

especially true of the ryegrass samples where more crystalline

material was observed than with clover samples. To dissolve this

material, the membranes were treated with 1% (v/v) lactic acid

(Sigma Chemical Company, St. Louis, MO) for 10 min and then

rinsed with 10 ml of 0.02 M PB (pH 7.3). This treatment was

shown to have no effect on the staining properties of cells of R.

trifolii strains 1-01 and 2-01 using the specific conjugates.

The membranes were than stained with the appropriate fluorescent

conjugate, destained and the fluorescing cells enumerated as

described above.

An experiment was conducted to determine if there were any

quantitative differences in the total numbers of both R. trifolii

and other bacteria present in the clover and ryegrass

rhizospheres. Soil from the rhizospheres of 20 d old plants was

extracted, and serially diluted four fold in 0.15 M PBS over a

range of 40 to 4
7

. Portions (1 ml) of each dilution were

inoculated onto four subclover cv. 'Mt. Barker' seedlings. After

28 d of growth in the greenhouse, nodulation was assessed and the
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most probable numbers of viable R. trifolii per gram of

rhizosphere soil were determined (Vincent, 1970). In addition,

0.1 ml portions of each dilution were plated onto duplicate

plates of 1/10 strength Tryptic Soy broth, solidified with 1.5%

(w/v) agar (Difco Laboratories, Detroit, MI) and amended with

0.002% (w/v) cycloheximide (Sigma Chemical Company, St. Louis,

MO). After 48 h of growth the total viable bacterial count per

gram oven dry soil was determined.

Four, eight and 16 weeks after sowing, plants were removed

from each of the replicates of the clover treatments for nodule

analysis. Between 20 and 25 nodules were removed from the tap

roots of plants from each replicate at each of the three sampling

dates. Nodule occupancy was determined by immunofluorescence.
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RESULTS

Data on the distribution of serotypes 1-01 and 2-01 in the

nodules of soil grown subclover cvs. 'Mt. Barker' and

'Woogenellup' are presented in Table 5. Immediately upon

removing the plants from the soil, circumstantial evidence was

obtained that the cultivars had responded differently to growth

in the Whobrey soil. Significantly more nodules were formed on

cv. 'Woogenellup' than on cv. 'Mt. Barker' (42 vs. 22 nodules per

plant). One hundred and thirty-four and 160 nodules from cvs.

'Mt. Barker' and 'Woogenellup', respectively, which represented

between 25 and 65% of the total nodules on each plant, were

analyzed using the fluorescent antibody conjugates available. On

cv. 'Mt. Barker', serotypes 1-01 and 2-01 were present in similar

percentages of nodules, confirming previous observations made on

field grown plants of this cultivar (Demezas and Bottomley,

1984). In contrast, analysis of nodules from cv. 'Woogenellup'

showed both serotypes to occupy less of the total nodules.

Furthermore, although the percentage occupancy by serotype 2-01

was not signficantly different on the two cultivars, the

occupancy by serotype 1-01 was significantly less than on cv.

'Mt. Barker'. Indeed, seven of 14 cv. 'Woogenellup' plants were

completely devoid of serotype 1-01, whereas only one of 14 cv.

'Mt. Barker' plants was not occupied by serotype 1-01.

Unidentifiable nodule occupants were significantly greater on cv.

'Woogenellup' than cv. 'Mt. Barker', which was also similar to
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previous observations made in a different soil with these

cultivars (Dughri and Bottomley, 1984).

An experiment was considered in which the populations of the

two serotypes would be monitored in the rhizospheres of both

cultivars from the time of seeding to the appearance of nodules.

Upon re-evaluation of published methods for enumerating rhizobia

in soil, the critical step of flocculation was found to be in

need of modification if enumeration was to be successfully

carried out in the Whobrey soil.

Preliminary experiments showed that the Ca(OH)2:MgCO3

mixture, commonly used in these types of studies, was ineffective

in flocculating Whobrey soil. In general, any one of several

Ca
2+

salts more soluble than Ca(OH)
2
was superior in

flocculating the soil. However, the form and concentration of

Ca
2+

were also found to be critical. First, although the

propionate and acetate salts of calcium would flocculate the

soil, the bulk density of the colloids was so low that

insufficient supernatant could be retrieved from above the flocs

(data not shown). Although calcium chloride was superior in this

regard, the amount of Ca2+ was found to be critical if the

optical backgrounds of the polycarbonate membrane filters were to

be satisfactory. In general, the flocculating ability of CaC12

improved with increasing quantities of soluble Ca
2+

. However,

a grainy crystalline deposit was observed on the membrane filters

at concentrations greater than 1.3 g/100 ml, and which interfered

with microscopic observations of the specimens (data not shown).

A mixture of 0.8 g CaC12'2H20 and 0.5 g MgCO3 was found
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to adequately flocculate the soil and not distort the appearance

of the membrane background upon microscopic examination.

Data on the effect of different extracting solutions on the

flocculation of dispersed soil colloids and the enumeration of

indigenous serotype 2-01 are presented in Table 6. An influence

of the extracting solution composition was seen on the

flocculating behavior of the soil. The optical densities of the

flocculated supernatants of the three phosphate salts were very

low and similar. After filtration, microscopic observation of

the membranes showed the view of fluorescing cells to be not

seriously obstructed by debris and the enumeration values were

similar, ranging from 0.83 to 0.97 x 106 per g of soil.

The critical role of the phosphate anion appears to be in

connection with flocculation as can be seen from the results

obtained with other ammonium salts (acetate, chloride, and

oxalate). These salts were inferior in. flocculating ability and

the suspensions (with the exception of the chloride) were

impossible to evaluate by immunofluorescence. In the case of

NH4C1, filtering the partially cleared supernatant left a

deposit on the membrane, which obstructed microscopic

observation. This resulted in a substantially lower cell count

than obtained with the phosphate salts. Although any of the

three phosphate salts would have been satisfactory, diammonium

phosphate was used throughout these studies in the extracting

solution, so that our procedure would not be modified

unnecessarily from that of others already published (Kingsley and

Bohlool, 1981).



64

It was recognized that in the rhizosphere experiment varying

quantities of soil would be associated with the root systems and

the total amounts would change as the seedlings aged. An

experiment was performed in which varying amounts of soil were

extracted with the modified procedure. These results are

presented in Figure 5. A linear relationship was found between

the number of fluorescing cells counted and the amount of soil

extracted (r
2
= 0.98). In addition, an experiment was

performed which illustrated that the adopted procedure would

efficiently evaluate rhizosphere populations. Only 0.4% of the

total R. trifolii in the rhizosphere soil was still associated

with the rhizoplane of the root system after extracting the

rhizospheres of seedlings (data not shown).

It was necessary to establish the efficiency of the modified

procedure for enumerating the serotypes in Whobrey soil. The

results of these determinations are presented in Table 7.

Uninoculated soil samples were extracted and enumerated to

determine the background levels of serotypes 1-01 and 2-01

present in the soil before adding the cells. These numbers were

subtracted from the values determined for inoculated samples

before calculating the percent recovery. Both serotypes were

recovered at 10% efficiency and independent of whether the cells

were extracted from the soil immediately or after the low

temperature incubation period.



65

One of the major criticisms of enumeration by

immunofluorescence is that the technique can not discriminate

between viable and non-viable cells. This is especially

important when dealing with indigenous rhizobia of unknown

physiological state. To address this issue the population sizes

of serotypes 1-01 and 2-01 were determined at several different

times on different soil samples using a combination of

immunofluorescence and soil dilution-plant infection methods.

The data presented in Table 8 show that the numbers of serotypes

1-01 and 2-01 per gram of soil determined by immunofluorescence

are similar to each other and compare favorable with those

obtained by the soil dilution-plant infection technique. In

addition, the data suggest that the cells observed by

immunofluorescence are viable, a limitation of this particular

procedure which should be, and is not always, taken into

consideration.

Once the enumeration protocol had been established, the

dynamics of the two serotypes were followed in host and non-host

rhizospheres, and in non-planted soil from the time of seeding to

the appearance of nodules (Fig. 6). If one examines the data as

a whole, with the exception of four time points out of 40, the

variation within the four replicates of each treatment was

modest. Several aspects of these data are worthy of further

comment. Serotypes 1-01 and 2-01 were not stimulated to any

great extent by the presence of host (Fig. 6a and b) or non-host

(Fig. 6c) rhizospheres when those populations were compared to

the non-planted soil (Fig. 6d). Therefore, the ratios of the
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population sizes in the rhizosphere soils to the non-planted soil

(R/S) seldom exceeded 1 for the first 8 days of the experiment

independent of the cultivar of host or non-host. Although there

was a trend for the population sizes of both serotypes to

increase in clover rhizosphere soil, the largest populations were

only achieved by serotypes 2-01 and 1-01 on days 10 and 14,

respectively, 2 days before and after nodules were first

observed. At those times, the R/S values ranged from 1.5 to 3.4

for the clover rhizospheres.

Although the population dynamics of serotypes 1-01 and 2-01

followed similar trends in the rhizospheres of all three plant

types, dissimilarities between the two serotypes existed. The

population of serotype 2-01 was significantly greater (p = 0.05)

than serotype 1-01 in both clover rhizospheres on 9 of the 14

sampling times between sowing the seed and appearance of nodules

at day 12 (Fig. 6a and b). The population size of serotype 2-01

was much more consistent than that of serotype 1-01 throughout

the experimental period, with the latter undergoing more, and

larger fluctuations in its population size.

Twenty-four days into the experiment, the total viable

populations of both soil bacteria in general, and R. trifolii

specifically, were determined for each of the three rhizosphere

treatments (Table 9). The total bacterial counts per gram of

oven dried rhizosphere soil were similar for the grass and clover

cultivars and ranged from 1.3 to 5.4 x 10
8

. The most probable

numbers of R. trifolii in the rhizospheres were also similar and
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ranged from 2.2 to 8.8 x 10
5
/gram dried soil for the ryegrass

and both clover cultivars. These values are similar in magnitude

to those presented in Tables 6 and 8 for samples of non-planted

soil, and account for between 0.1 and 0.7% of the total bacterial

population of the rhizospheres. A modest enrichment of R.

trifolii in the subclover relative to the ryegrass rhizosphere

can be inferred.

At the 4 week sampling and in contrast to the earlier

findings (Table 5), serotype 1-01 occupied fewer of the nodules

than serotype 2-01, on both cultivars (Table 10). By the eighth

week of growth, however, data revealed evidence for dynamics in

nodule occupancy not seen before in soil grown subclover plants.

The percentage of nodules occupied by serotype 1-01 had increased

modestly from 7 to 17% on cv. 'Mt. Barker' and declined from 16

to 9% on cv. 'Woogenellup'. There was a substantial increase in

serotype 2-01 from 51 to 79% on cv. 'Mt-. Barker'. This was

accompanied by a large increase in the incidence of co-inhabited

nodules. With the exception of the occupancy by serotype 2-01 on

cv. 'Mt. Barker', the analysis of nodules on mature plants at 16

weeks revealed a situation which resembled more closely the

findings described earlier for plants of similar maturity (Table

5). The nodule occupancy of serotype 2-01 had declined

substantially on cv. 'Woogenellup' to 38%, and the nodules

occupied by unknown strains had risen to 59%. In contrast, the

occupancy of both serotypes on cv. 'Mt. Barker' remained similar

to the eight week sampling.
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Figure 3. Typical elution profiles of protein from antisera
and pure rabbit immunoglobulin G (IgG) from a DEAE-Affigel
Blue Column. (Details presented in Materials and Methods.)
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FIGURE 4. Methods for extracting and the enumeration of R.
trifolii in Whobrey soil.

Dispersion of Soil (10g) and
Extraction of Bacteria

1. add 50 mL PHG/AP
(shake 15 min)

2. add 45 mL PHG/AP
(shake 15 min)

Flocculation of Soil Colloids

1. add 1.3 g CaC19:MgC01
(8:5, shake 2 Min)

2. leave undisturbed for
1 h

Filtration of Cleared Supernatant

1. filter portions of
cleared supernatant
(0.4 um pore size,
nuclepore membranes)

Enumeration of Retained Bacteria

1. treat filter with
Rhodamine gelatin
conjugate (60°C
overnight)

2. stain filter with
fluorescent conjugate
(1 h)

3. destain filter (100 mL
of 0.02M PB, pH 7.3)

4. enumerate by epi-
fluorescence
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TABLE 5. Nodulation of subclover cvs. 'Mt. Barker' and
'Woogenellup' by two serotypes of R. trifolii
indigenous to Whobrey soil.

No. of
nodules

Total no.
of nodules

Serotype

Cultivar
plant

-1 analyzed 1-01 2-01 Others

to

Mt. Barker 22 134 36(19)b 26(9) 47

Woogenellup 42 160 6(4) 16(1) 79

**d **c
NSc **

a
Mean percentage of nodules occupied by the particular
serotype in 5 replicated pots. Plants sampled at
flowering stage (56 d).

b
Percentages reported include singly occupied and
co-inhabited nodules; the parenthetical value reports
the percentage of the total nodules analyzed which were
co-inhabited.

c
One way analysis of variance was performed on the arc
sin '4% transformed data of 5 replicates (** p > 0.01).

d One way analysis of variance was performed on the average
number of nodules per plant from the 5 replicated pots
(** p > 0.01).
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TABLE 6. Influence of extracting solution composition on
flocculation of Whobrey soil and enumeration of
indigenous R. trifolii.a

Extracting solution
b

OD
660

c No. of serotype 2-01 per

g soil

O.1M Na
2
HP0

4

O.1M K
2
HP0

4

O.1M (NH4)2 HPO4

distilled H2O

0.2M NH4C1

0.1M (NH4) acetate

0.1M (NH4)2 oxalate

0.058 0.97 x 10
6

0.038 0.83 x 10
6

0.028 0.91 x 10
6

0.12 ND

0.132 0.58 x 10
6

0.26 ND

>1.5 ND

a
See Materials and Methods for complete details.

b
Adjusted to pH 8.2.

c Optical density of the supernatant above the flocculated
soil measured through a 1 cm path length cell 1 h after
initiating flocculation.

d
Mean of duplicate samples; fluorescent antibody conjugate
to serotype 2-01 was used in this experiment.
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Figure 5. Average number of fluorescing cells per field of view
in relation to the weight of soil extracted. Each value is a
mean of duplicate filtered samples stained with serotype 2-01
fluorescent conjugate.
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TABLE 7. Efficiency of recovering added cells of
serotypes 1-01 and 2-01 from Whobrey soil using

the extraction and flocculation procedurea.

Serotype

Time of incubation (h)

0 24

tc

1-01 10 ND
b

2-01 10 9.5

a
See Materials and Methods for details of procedures.

b
ND = not determined.

c
Unamended values of 3 x 10

5
and 5.6 x 10

5
per gram soil

for serotypes 1-01 and 2-01, respectively, were subtracted
from the amended determinations before determining the percent
efficiency.
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TABLE 8. Comparison of enumeration of serotypes 1-01 and 2-01
by immunofluorescence direct count and by soil
dilution-plant infection procedures.

Serotype

Method of Enumeration

Direct Counts Plant Infection
b

No./g dry soil

1-01 0.48 ± 0.06 x 10
5

7.6 - 0.53 x 10
5

2-01 0.59 ± 0.04 x 10
5

7.6 - 0.53 x 10
5

a
Determined by immunofluorescence on filtrates of
five different flocculated soil samples.

b
Determined from the highest dilution of soil in which
plants were nodulated by serotypes 1-01 and 2-01.
Numbers are expressed as the 95% fiducial limits
(x, 3.8).



77

Figure 6. Population densities of R. trifolii serotypes 1-01 and
2-01 in both subclover and ryegFasiT7Frhizosphere and
non-planted soil. (A) subclover cv. 'Mt. Barker'. (B)

subclover cv. 'Woogenellup'. (C) Ryegrass cv. 'Marshall'.
(D) Non-planted soil. Symbols: , serotype 1-01; 111,

serotype 2-01. Bars indicate 95% CI based on 4 observations;
Tis from the lower curve; Lis from the upper curve. Arrow
indicates time when nodules were first observed.
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TABLE 9. Rhizosphere populations of R. trifolii and total
enumerable bacteria after 20 cgT-iii-The presence
of the roots of host and non-host plants.

Rhizosphere Total bacteria
a

R. trifolii
b

R. trifolii/
total bacteria

no. organisms per g soil

Ryegrass 2.8 x 10
8

2.2 x 10
5

0.09

Mt. Barker 5.4 x 10
8

8.8 x 10
5

0.16

Woogenellup 1.3 x 10
8

8.8 x 10
5

0.68

a
Total count determined by spread plating on 1/10
strength Tryptic Soy broth solidified with 1.5% (w/v) agar.

b
Most probable number of R. trifolii determined using cv.
'Mt. Barker' as the host plant (Vincent, 1970).
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TABLE 10. Mean nodule occupancy of serotypes 1-01 and 2-01 on
cvs. 'Mt. Barker' and 'Woogenellup' over the life
cycle of the host plants.

Cultivar

Sampling
date
(week)

Total no.
nodules

analyzed 1-01

Serotype

2-01 Others

za

Mt. Barker 4 85 7(0)b 51(11)*c 46

Woogenellup 94 16(4) 51(23)* 36

Mt. Barker 8 95 17(15) 79(54)* 19

Woogenellup 93 9(7) 62(13)* 38

Mt. Barker 16 97 21(20) 69(51)* 28
Woogenellup 76 7(2) 38(11)* 59

a
Mean percentage of nodules occupied by serotypes 1-01 and
2-01 from 4 replicates.

b
Parenthetical values report the percentage of the total
nodules analyzed in which the particular serotype was a
co-occupant.

c One way analysis of variance was performed on the arc sin
,J57 transformed data from each sampling date (* p > 0.05).
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DISCUSSION

Our initial findings on the lower nodule occupancy by

serotype 1-01 on cv. 'Woogenellup' compared with cv. 'Mt.

Barker', and the higher percentage of nodules occupied by

unidentifiable strains (Table 5) agrees with previous studies

illustrating the novel nodulating behavior of this cultivar of

subclover. Dughri and Bottomley (1984) showed cv. 'Woogenellup',

in contrast to other cultivars, to be nodulated largely by

unidentifiable indigenous serogroups of R. trifolii. Others have

shown that cv. 'Woogenellup' has specific strain requirements for

nodulation in both growth chamber studies (Gibson, 1968) and in

field inoculum trials (Roughley et al., 1976). Our observations

provided a rationale to study the relative abundance of the two

indigenous serotypes in soil and determine whether or not the

outcome of nodulation was related to differential stimulation of

the two serotypes in the cultivar rhizospheres.

The sporadic reports in the literature on quantitative

immunofluorescence of rhizobia in soils suggest that the first

two steps, extraction and flocculation, are the most critical.

These problems have been found to affect the efficiency of

recovery of added or indigenous cells (Schmidt, 1974; Wollum and

Miller, 1980; Bezdicek and Donaldson, 1980; Kingsley and Bohlool,

1981; Robert and Schmidt, 1983). In the Results section some

license was taken in describing the visual and qualitative

observations rationalizing why CaC12 was chosen as a

constituent of the flocculating mixture. An additional comment



82

is perhaps in order. In studies of indigenous populations, where

two or more serogroups are to be enumerated, it is important to

have the maximum amount of filterable supernatant available. The

8:5 flocculating mixture resulted in 50-60 ml of supernatant from

which three 15 ml portions could be filtered and 3 serogroups

enumerated accurately at densities as low as 1 x 10
4
/gram of

soil.

Kingsley and Bohlool (1981) formulated and successfully used

0.1 M (NH4)2HPO4 amended with 0.1% partially hydrolyzed

gelatin to extract and enumerate rhizobia added to tropical and

temperate soils. The success of this extracting solution was

attributed to the commonly accepted roles of the phosphate and

ammonium ions in saturating the anion and cation exchange sites,

respectively, of the clay minerals (Rhoades, 1982; Barrow, 1978;

Nunozawa and Tanaka, 1984). Our data suggest that a more

critical role of the phosphate anion mi -ght be to provide a

co-precipitable counter anion for calcium in the flocculation of

the Whobrey soil. No specific role could be ascribed to the

associated cation in the extraction of the rhizobia from this

soil (Table 6). In agreement with the idea of a co-precipitable

counter ion, the combination of ammonium hydroxide and CaC12

used by Robert and Schmidt (1983), was also an effective

flocculating combination (data not shown). However, on a

cautionary note, which illustrates the complexity of soil,

ammonium oxalate, which should precipitate with calcium,

dispersed the soil (Table 6). Studies in our laboratory with

other fine textured, high organic matter containing, acidic soils
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of the Ultisol, Mollisol and Inceptisol orders have shown this

procedure to be generally satisfactory with the quantity of

CaC1
2

in the flocculating mixture requiring further adjustments

for each soil type.

Members of both serotypes were capable of persisting in

Whobrey soil in numbers which represented a substantial portion

of the total R. trifolii population (Table 8). Therefore, it was

not surprising perhaps that only a modest enrichment of R.

trifolii by the clover rhizosphere in comparison with the

ryegrass rhizosphere was observed by day 20 (Table 9). Two

features of these data are worthy of comment. First, the

percentage (0.2-0.7%) that R. trifolii comprised of the total

bacterial population (Table 5) is in close agreement with those

values reported for B. japonicum by Moawad et al. (1984). It is

much lower than the value of 10% of the total bacteria population

found in the rhizospheres of 12-week old red clover plants

(Rovira, 1961). This high value could have been due to release

of rhizobia from senescing nodules; a phenomenon recently

observed on field grown plants (Moawad et al., 1984). In these

studies, no evidence of nodule senescence or of extensive

rhizosphere proliferation was observed even after 16 weeks when

the plants were setting seed (data not shown). It must be

recognized, however, that the plants used in our study were well

watered and grown under greenhouse conditions which are less

fluctuating than in the field.

Second, although there was no selective rhizosphere

proliferation of either serotype, 2-01 was present in
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significantly larger numbers than serotype 1-01 on 9 of 14

sampling dates in both cultivar rhizospheres. In the case of B.

japonicum such differences although seen, had no effect on the

outcome of nodulation (Moawad et al., 1984). Results of

experiments designed to determine whether or not such relatively

small differences between the two serotypes could have influenced

the outcome of nodulation are described in the following chapter.

Two features of the nodule occupancy data are also worthy of

discussion in relation to previously published observations.

Firstly, the percentage of nodules occupied by more than one

strain seems unusually high at first glance (Table 10). In

general the literature on the subject of multiply occupied

nodules reports values typically between 15 and 25% for various

Rhizobium/legumes associations (Lindemann et al., 1974; Johnston

and Beringer, 1975; Bromfield and Jones, 1979). Values reported

herein are, however, similar to those reported recently for soil

grown lentils (May and Bohlool, 1983); in both studies

immunofluorescence was used for analysis of nodule occupancy.

May and Bohlool (1983) suggested that a close relationship might

exist between the competitiveness of a strain and the percentage

of co-occupied nodules that the strain may inhabit. In support

of this conclusion, serotype 2-01 was more successful in

occupying a larger percentage of the nodules both singly and as a

co-occupant than serotype 1-01. A second feature of interest was

that the percent nodule occupancy by the two serotypes varied

with sampling date and was further influenced by the cultivar.

Such findings should caution other workers interested in host
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plant effects to evaluate nodule occupancy over the life cycle of

the plant.

From this study it is apparent that extensive occurence of

co-inhabited nodules is not merely an artifact of non-soil

rooting media but can be significant on soil grown legumes. It

is of interest to speculate upon the impact of such nodules on

the symbiotic performance of field grown legumes. For example,

in inoculant trials, where traditionally only the inoculant

strain is followed, a high percentage of nodules occupied by an

effective inoculant could give misleading ideas on N2-fixation

if a high percentage of those nodules was also co-inhabited by

symbiotically inferior strains. Although this could not be

examined in the present study, we have reported previously that

members of serotype 2-01 are symbiotically inferior to members of

serotype 1-01 on cv. 'Mt Barker' (Demezas and Bottomley, 1984).

Results of experiments designed to address this issue, with

plants grown under defined conditions, are presented in the

following chapter.



86

CHAPTER IV

Symbiotic Characteristics of Isolates from Indigenous

Serotypes of Rhizobium trifolii Under

Defined Growth Conditions

David H. Demezas
1
and Peter J. Bottomley

1
'

2

Departments of Microbiology
1
and Soil Science

2
, Oregon State

University, Corvallis, Oregon 97331-3804.



87

ABSTRACT

The impact of Rhizobium trifolii strains 1-01 and 2-01 both

individually, and in various inoculum mixtures, on their

competitive nodulating and symbiotic performances on two

subclover cultivars were examined. Nodules were observed by day

8 on cvs. 'Mt. Barker' and 'Woogenellup' inoculated with either

strain alone. However, the nodulating efficiency by 1-01

inoculated onto the latter was less than when inoculated onto cv.

'Mt. Barker' after 8 days. The efficiency of nodulation by 2-01

was not affected by either cultivar. Data obtained from

competitive nodulating studies using inoculum ratios of strains

1-01 to 2-01 of 230:1 and 1:20 showed >90% of the nodules of both

cultivars were occupied by the more abundant strain in the

inoculum regardless of sampling date (4 or 8 weeks). The shoot

dry weight and Kjeldahl-N correlated with these occupancy values

for the effective strain 1-01 (>600 mg and >27 mg N) and

moderately effective strain 2-01 (<350 mg and <12 mg N) on both

cultivars. The nodule occupancy of plants exposed to a 5:1

inoculum mixture showed a large percentage of doubly occupied

nodules on both cultivars (>60%) at 4 weeks. By week 8 this

value had decreased to 35% and was accompanied by large increases

in the percent of nodules occupied only by strains 1-01 (1 to

65%) and 2-01 (4 to 49%) on cvs. 'Mt. Barker' and 'Woogenellup',

respectively. The superior (cv. 'Mt. Barker') and inferior (cv.

'Woogenellup') symbiotic performance of these plants correlated

more closely to the 8 week than the 4 week occupancy data.
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Additional evidence was obtained which showed that occupancy by

1-01 and 2-01 could be dramatically influenced by changes in the

population ratios ranging between 6:1 and 1:2 on cv. 'Mt. Barker'

and 2:1 and 1:2 on cv. 'Woogenellup'. In the latter case

although occupancy by strain 1-01 alone declined from 61 to 17%,

this was without affect on the total percentage of nodules this

strain occupied (97%) since doubly occupied nodules now

substituted. With one exception (cv. 'Mt. Barker'; 12:1), the

proportions of the two strains inoculated initially onto the

plants were maintained through 21 days of growth, despite the

massive amount of proliferation by both strains.
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INTRODUCTION

Interstrain competition for nodulation between members of

indigenous soil populations of Rhizobium is a poorly understood

aspect of Rhizobium ecology. Evidence was obtained in earlier

studies which correlated the nodulating success of particular

indigenous serogroups of B. japonicum with abiotic soil factors

(Ham, 1980). These studies, however, provided very little

information on the mechanism(s) which conferred the competitive

attribute to those highly successful serogroups. Studies

performed under controlled conditions with the goal of attempting

to elucidate the mechanism(s) which allow serogroup 123 to be a

particularly dominant nodule occupant of soybeans have raised a

problem. The type strain of B. japonicum serogroup 123, USDA

strain 123, has failed to be as competitive under defined

conditions as members of serogroup 123-are in the soil (Kosslack

and Bohlool, 1985). Since serogroup 123 is heterogeneous (Gibson

et al., 1971), it is possible that the "type" strain is not truly

representative of the serogroup when competitive attributes are

being evaluated.

We have previously identified two serotypes of R. trifolii,

namely 1-01 and 2-01, both of which occupied large percentages of

nodules on field-grown subclover cv. 'Mt. Barker' for two

consecutive years. Further characterization of members within

each of these two serotypes, showed them to be homogeneous in

several aspects (Demezas and Bottomley, 1984). It was concluded

that representatives from serotypes 1-01 and 2-01 could be



90

selected for use under controlled growth conditions to evaluate

the following questions which had been raised as a result of the

soil studies reported earlier (see Chapter 3). First, studies on

the size and dynamics of the rhizosphere soil populations of the

two serotypes showed, in general, that 2-01 outnumbered 1-01, but

that the ratio of 2-01 to 1-01 could range between 8:1 and 1:2.

Since serotype 2-01 dominated the primary nodules formed on soil

grown plants of both cvs. 'Woogenellup' and 'Mt. Barker', it was

of interest to know whether such small differences between the

two serotypes could influence the outcome of nodulation.

Second, high percentages of the nodules occupied by serotypes

1-01 and 2-01 were also co-inhabited by other strains. It was of

interest to determine if there was any influence of co-inhabited

nodules on the symbiotic performance of the cultivars and if the

high frequency of co-inhabited nodules could be detected by an

alternate method of identification which was dependent on cell

viability for its success.
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MATERIALS AND METHODS

Choice of Rhizobium. The isolates of Rhizobium trifolii

used throughout this study, namely 1-01 and 2-01, are

representatives of two serotypes, which have been previously

identified and described. Members within each of serotypes 1-01

and 2-01 have been shown to be very homogeneous with respect to

growth characteristics, antigenic composition (somatic

agglutination titers and gel-immune-diffusion patterns), SDS-PAGE

protein profiles, and symbiotic effectiveness on Trifolium

subterraneum L. (subclover) cv. 'Mt. Barker' (Demezas and

Bottomley, 1984).

Evaluation of nodulating ability of strains 1-01 and 2-01

on subclover cvs. 'Mt. Barker' and 'Woogenellup'

Inocula production. Previous experience has shown

members of serotype 2-01 grow more slowly (generation time of

5.5 h) than those of serotype 1-01 (generation time of 4.5 h) at

temperatures greater than 28°C, yet the growth rates are

identical at 25°C (4.5 h). To obtain cultures of 1-01 and 2-01

in a similar physiological state and growth phase, the following

precautions were taken. Cells were grown from slants in defined

medium (Dughri and Bottomley, 1983) for 54 h at 25°C on an

orbital shaker. Small portions (30 Ill) of these cultures were

back-transferred to 50 ml of fresh broth and grown for another

54 h. Cells cultured in this manner were still in the late
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exponential phase of growth after 54 h. The cells were harvested

aseptically by centrifugation at 12,000 x g for 10 min at 4°C,

resuspended in chilled, sterile 0.15 M phosphate buffer (PB), pH

7.2, centrifuged again and the final pellet resuspended to an

optical density of 0.5 at 660 nm in a 1-cm path length cuvette.

Preliminary experiments with cells cultured in this manner showed

such suspensions to contain 1 ± 0.06 x 10
9

cells per ml for

both strains. This suspension was then serially diluted in

chilled one half strength plant growth solution, pH 5 (Dughri and

Bottomley, 1983), to obtain a final density of 104 cells per

ml. The resuspended cells were then immersed in an ice bath to

prevent proliferation during the inoculation of the plants.

(ii) Plant inoculation and growth conditions. The paper

towel within each of one hundred growth pouches (Northrup King,

St. Paul, MN) was wetted with 9 ml of one half strength plant

growth solution (pH 5) (Dughri and Bottomley, 1983). The pouches

were steam sterilized for 2 h on two consecutive days prior to

use. Seeds of subclover cvs. 'Mt. Barker' and 'Woogenellup' were

surface sterilized by standard procedures (Vincent, 1970).

Uniform germination of the seeds was obtained by incubation at

4°C on 1% (w/v) water agar plates for 48 h followed by 24 h at

room temperature (Brockwell, 1980). Each of thirty-eight pouches

was aseptically sown with four seedlings of cv. 'Mt. Barker' and

another 38 pouches were sown with seedlings of cv. 'Woogenellup'.

Seeds were chosen based on uniformity of radicle length (1.5 cm)

and vigor. Fifteen pouches per variety were inoculated with each

strain by inoculating 10
3

cells in 100 ul onto the radicle of
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each plant. The inoculum size was systematically derived from

knowing the weight of rhizosphere soil associated with soil grown

seedlings and the population densities of the indigenous

serotypes in the rhizosphere soil (see Chapter 3). The positions

of the root tips were marked on the outside of the pouches at

this time and were used as reference points for scoring

nodulation at a later time (Bhuvaneswari et al., 1980). Eight

uninoculated pouches were included for each variety as

contamination controls.

The pouches were placed in restraining sleeves constructed

of screen gauze and suspended in water baths such that the roots

were below the water level. The baths were maintained at a

constant temperature of 25 ± 0.2°C and the shoot temperature was

maintained between 22 and 25°C for the duration of the

experiment. A light intensity of approximately 175 uE m-2

s
-1

was supplied from a combination of fluorescent tubes

(F30T12-D-RS, Sylvania, Danvers, MA) and incandescent bulbs (25 w

Soft lite, General Electric Co., Cleveland, OH) suspended 30 cm

above the pouches during a 14 h light/10 h dark cycle. Sterile

distilled water was added to the pouches every other day in

quantities sufficient to saturate the paper towels.

(iii) Appraisal of nodulation. Eight days after

inoculation, the pouches were harvested and the nodule location

recorded in reference to the root tip position at the time of

inoculation. The numbers of nodules which had formed above the

original root tip mark and within each one centimeter increment

of the root below the latter were recorded.
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Evaluation of competitive nodulating and nitrogen fixing

abilities of strains 1-01 and 2-01

(i) Preparation of inocula. Strains 1-01 and 2-01 were

grown and harvested as described above. The cells were

resuspended in ice-cold sterile 0.15 M PB (pH 5.2) to an optical

density of 1.0 at 560 nm and diluted in the same. Appropriate

portions of each strain were mixed together in an attempt to

obtain ratios of 1-01 and 2-01 equal to 100:1, 1:1, and 1:100.

The actual compositions of the mixtures were determined by plate

counting the final dilutions of each strain prior to mixing them

together to make the inocula (see Table 1).

(ii) Inoculation and plant growth conditions. Vermiculite

was washed in distilled water and adjusted to pH 5.2 by adding

small volumes of concentrated H
2
SO

4
and mixing thoroughly

until the desired pH was obtained. The vermiculite was then

autoclaved for 2 h in portions equivalent to 800 g dry weight.

The sterile vermiculite was inoculated with the mixed suspensions

of 1-01 and 2-01 to provide a total cell density of approximately

10
5

per gram of vermiculite. This value was based on the

numbers of viable serotypes 1-01 and 2-01 of R. trifolii found in

Whobrey soil by soil dilution-plant infection and direct

immunofluorescence counts (see Chapter 3). The inoculated

vermiculite was then massaged thoroughly to disperse the inoculum

throughout. Fourteen sterile modified Leonard jar assemblies,

complete with plant growth solution adjusted to pH 5.2 (DeJong
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et al., 1982), were filled with the vermiculite containing each

inoculum treatment. Treatments consisting of plants inoculated

with either strain 1-01 or 2-01 alone and non-inoculated controls

also were included.

Seeds of subclover cvs. 'Mt. Barker' and 'Woogenellup' were

surface sterilized and germinated as described above. Seven

Leonard jars per inoculum mixture were each sown with three

seedlings of cv. 'Mt. Barker' and another seven jars with three

seedlings of cv. 'Woogenellup'. The seeds were covered with 1.5

cm of sterile perlite to prevent inoculation by air-borne

contamination. The plants were grown in a greenhouse under

daylight illumination and the nutrient solution replenished as

necessary. Day time temperatures ranged from 25 to 30°C and to

the lower limit of 15°C at night. After four and eight weeks,

three and four replicates, respectively, were harvested. Shoots

and roots were separated from each other and shoot dry weights

obtained for both harvests after drying at 60°C for 5 d in a

forced air oven.

(iii) Nodule occupant analysis. The nodules were surface

sterilized by immersing the whole intact root systems of plants

for 30 seconds into an aqueous solution of Tween 20 (0.2% v/v)

(Sigma Chemical Company, St. Louis, MO), followed by 95% (v/v)

ethanol for 10 min, and then by five successive rinses in sterile

distilled water. Ten nodules were selected at random from the

tap root of each plant at the four week harvest, whereas five

nodules were randomly selected from each of the tap and lateral

root systems of each plant at the eight week harvest. This
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change in procedure was to determine if there were differences

between the strains in their competitive abilities to form tap

versus lateral root nodules. Each nodule was macerated with

sterile forceps in 20 ul of distilled water in a microtiter plate

(Corning Glass Works, Corning, NY), and five ul portions of the

suspension were spotted onto duplicate clean slides using

disposable 5 ul micropipettes. Each slide accommodated 3 smears

and care was taken to avoid possible mixing of these smears. The

smears were air dried, heat fixed, and stored at room temperature

in slide boxes until analyzed. The slides were stained,

destained, and examined using the fluorescent conjugates and

procedures as previously described (see Chapter 3).

Intrinsic antibiotic resistance characteristics of

Rhizobium trifolii strains 1-01 and 2-01

Cultures of strains 1-01 and 2-01 were challenged against a

broad spectrum of antibiotics to determine their intrinsic

antibiotic resistance characteristics. The antibiotics used were

as follows (mg 1-1); ampicillin (2.5, 5), kanamycin sulfate

(2.5, 5), nalidixic acid (5, 10) novobiocin sodium salt (1, 2.5),

rifampicin (1, 3), spectinomycin dihydrochioride (1, 2.5),

streptomycin sulfate (1, 2.5), vancomycin hydrochloride (1, 2.5),

and erythromycin (2.5, 5). The antibiotics were purchased from

Sigma Chemical Company, St. Louis, MO. Stock solutions of the

antibiotics were made in sterile distilled water, with the

exception of erythromycin and rifampicin, which were both
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dissolved in small volumes of 95% ethanol, and nalidixic acid

which was dissolved in a small volume of 1 M NaOH. All of the

stock solutions were filter sterilized (0.4 um pore size;

Nuclepore Corp., Pleasanton, CA) and appropriate volumes added to

100 ml portions of sterile yeast extract mannitol (YM) agar

(Vincent, 1970) held at 49°C to produce the desired final

concentration.

Strains 1-01 and 2-01 were grown in YM broth for 48 h at

30°C on an orbital shaker. The cell suspensions were diluted

1/10 in sterile 0.15 M NaC1 and approximately 0.5 to 1 x 104

cells transferred to duplicate YMA plates each containing one

antibiotic at a specified concentration. A multipoint inoculator

was used as described previously (Jenkins and Bottomley, 1984).

The plates were incubated for 48 h at 30°C and then scored for

growth.

Influence of "rhizosphere-like" ratios of strains 1-01 and 2-01

on the competitive nodulation of subclover cultivars

Inocula production. Cultures of strains 1-01 and 2-01

were grown, harvested, and resuspended as described above to a

final density of 105 cell's per ml (see "Evaluation of

nodulating ability of strains 1-01 and 2-01 on subclover cvs.

'Mt. Barker' and 'Woogenellup'"). An attempt was made to produce

cell suspensions spanning the following range of ratios of 1-01

to 2-01 (10:1, 5:1, 1:1, 1:5, 1:10). To determine the

appropriate volumes of each suspension required to produce a
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given ratio, enumeration of each strain was performed by first

obtaining microscopic counts using a hemacytometer. Appropriate

volumes of the individual cell suspensions then were added

together in sterile 250 ml erlenmeyer flasks and swirled

vigorously for 2 min to thoroughly mix the two suspensions. Two

more determinations then were made to provide additional values

for the composition of the inoculum mixtures. Plate counts were

obtained on both the original cell suspensions of each strain

prior to mixing and also on all mixed inocula using YMA with and

without 2.5 mg 1
-1

of streptomycin. Preliminary experiments

had shown that strain 1-01 would not grow on YMA supplemented

with streptomycin at this concentration whereas strain 2-01 could

be enumerated on streptomycin supplemented YMA plates with 98%

recovery when compared to unamended YMA plates. The compositions

of the inoculum mixtures as determined from measurements made

before and after mixing were in good agreement. The slight

deviations from a 1:1 ratio of the original suspensions resulted

in the actual ratios reported in Table 4.

(ii) Plant inoculation and growth conditions. One hundred

and ten growth pouches were wetted with plant growth solution and

steam sterilized as described above (see "Evaluation of

nodulating ability of strains 1-01 and 2-01 on subclover cvs.

'Mt. Barker' and 'Woogenellup'"). Each of 55 pouches were sown

with four surface sterilized seedlings of cv. 'Mt. Barker' and

the other one half of the pouches each with four seedlings of cv.

'Woogenellup'. Each plant within nine replicate pouches was

inoculated with 10 ul of a particular inoculum suspension
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containing approximately 10
3

total cells. The positions of the

root tips of the seedlings were marked as described above. Nine

uninoculated pouches per cultivar also were included. Plant

growth conditions in water baths were as described above.

(iii) Nodule occupant determination. Three weeks after

inoculation, the nodules were harvested and were transferred into

9 cm long glass tubes (7 mm dia) each capped with a piece of fine

mesh nylon hose secured with rubber bands. Tubes with nodules

from each treatment were placed into a titer rack and the whole

assembly surface sterilized (Vincent, 1970). The nodules from

each of the tubes were transferred into a small volume of sterile

distilled water and separated from each other. Nodules were

processed as described above (see "Nodule occupant analysis").

After squashing the nodule, forceps were used to transfer a small

amount of the macerate onto three YMA plates containing either.

streptomycin (2.5 mg 1-1) or rifampicift (1 mg 1-1) or no

antibiotic. The plates were incubated at 25°C and monitored

daily for growth. The identity of nodule occupants was

determined by confirming growth on the control plate and either

one or both of the antibiotic plates.

(vi) Final rhizoplane populations of strains 1-01 and 2-01.

Small nodule-free segments of the root systems of plants from

each of the treatments were saved for enumeration of each

strain using immunofluorescence. The root segments were placed

into bottles containing 50 ml of 0.15 M PB (pH 7.2), 0.5% (v/v)

phenol, and five grams of glass beads (3 mm dia.). These were

shaken for 15 min on a wrist action shaker and duplicate samples
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taken from each flask. The samples were filtered through

polycarbonate membranes (0.4 um pore size; Nuclepore Corp.,

Pleasanton, CA), treated with rhodamine-gelatin conjugate, and

enumerated using immunofluorescence as described previously

(Chapter 3). The dry weights of the root segments were

determined after drying for 48 h at 55°C.
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RESULTS

The results of experiments performed to determine the

nodulating behavior of the two representative serotype isolates,

1-01 and 2-01, provided no evidence for differences in speed of

nodulation by either strain on both cvs. 'Mt. Barker' and

'Woogenellup'. Nodules could be observed clearly 8 days after

inoculation, independent of the strain or cultivar.

Observations, however, on the position of nodules formed by the

two strains on the developing root systems of the two cultivars

suggested varietal differences with regard to the efficiency of

nodulation by strain 1-01 (Fig. 7). Fifty-two and 16% of the

total nodules on cvs. 'Mt. Barker' and 'Woogenellup',

respectively, were formed above the initial root tip plus 1 cm

mark by strain 1-01. In contrast, similar percentages (29 and

27%) of the total nodules on cvs. 'Mt. Barker' and 'Woogenellup',

respectively, were formed in the same region by strain 2-01.

There was no varietal or strain influence on the average number

of nodules per plant, since these values ranged between 4.1 and

3.3.

The results of experiments to study symbiotic performance of

the two strains on the two cultivars showed no evidence for a

varietal effect when the strains were inoculated singly onto

plants. Strain 1-01 was symbiotically superior to strain 2-01 on

both cultivars (Table 11). Differences in symbiotic

effectiveness were observed, however, when mixtures containing

varying proportions of 1-01 and 2-01 were inoculated onto both
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cultivars. Plants of both cultivars inoculated with the 230:1

mixture of 1-01 to 2-01 produced shoot dry weights and total

Kjeldahl-N contents similar to, or slightly greater than those

plants of both cultivars inoculated with strain 1-01 alone. The

symbiotic effectiveness response to the intermediate inoculum

mixture of 5:1 (1-01 to 2-01) varied depending on the cultivar.

The values of the mean shoot dry weight and total Kjeldahl-N of

cv. 'Mt. Barker' plants were similar to those of the plants

inoculated with strain 1-01 alone. This was in marked contrast

to cv. 'Woogenellup', where the 5:1 ratio produced a mean shoot

dry weight and total Kjeldahl-N content more similar to that of

the symbiotically inferior strain 2-01. The mean shoot dry

weight and total Kjeldahl-N of the remaining treatment (1:20)

reflected an inferior symbiotic trait similar to that of plants

of both cultivars nodulated by strain 2-01 alone.

The nodule occupancy data associated with the above

experiment are summarized in Table 12. Most of the occupancy

data is supportive of the symbiotic performance data described

above. For example, when the ratio heavily favored strain 1-01

(230:1), the latter was observed in >95% of the nodules

independent of cultivar or sampling date. The same trend was

true for strain 2-01, whereupon it was found in >91% of all

nodules analyzed even when in the initial inoculum mixture 2-01

only outnumbered strain 1-01 by 20:1.

The occupancy data of the intermediate mixture (5:1)

provided further evidence of differences between the two

cultivars in their interactions with the two strains. A
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strikingly large percentage of the nodules formed on plants of

both cultivars receiving the inoculum mixture of 5:1 were

occupied by both strains 1-01 and 2-01 at 4 weeks (Table 12). In

contrast, these latter values were substantially lower at 8

weeks. At 4 weeks, strain 2-01 was found in 99% (35 + 64%) of

the nodules on cv. 'Mt. Barker', while strain 1-01 was observed

in a smaller percentage (65%) (1 + 64%) of the nodules. At 8

weeks, total occupancy by strain 2-01 had declined substantially

from 99% to 35% of the nodules, while strain 1-01 still occupied

a high percentage (82%). However, at this sampling time the

percentage of nodules occupied solely by strain 1-01 had

increased to 65% of the total. The outcome of the nodule

occupancy by the 5:1 mixture on cv. 'Woogenellup' was in contrast

to that found on cv. 'Mt. Barker'. Strain 1-01 was a dominant

occupant in 95% (21 + 74%) of the nodules analyzed after 4 weeks

but in only 51% (17 + 34%) of the nodules from the 8 week

harvest. In the latter case, two-thirds of these nodules were

also occupied by strain 2-01. The percentage of nodules occupied

by strain 2-01 was similar after 8 weeks (83%) to that after 4

weeks (78%). Whereas the percent nodule occupancy by strain 1-01

had increased on cv. 'Mt. Barker', in this instance there was an

increase in the percentage of nodules occupied solely by strain

2-01 (4 to 49%). In relating these findings to those presented

in Table 11, it is apparent that the symbiotic performances of

the cultivars inoculated with the 5:1 mixture were more closely

related to nodule occupancy after 8 weeks than after four weeks.

It is unlikely, however, that the inferior symbiotic performance



104

of cv. 'Woogenellup' would have been predicted from the

relatively high nodule occupancy (51%) of effective strain 1-01

at the eight week sampling date, if the proportion of co-occupied

nodules had not been determined.

The results presented above suggest that nodule occupancy

can be influenced by the relative abundance of 1-01 and 2-01 in

the inoculum mixture. Unfortunately, the actual ratios of 1-01

and 2-01 established in the mixtures illustrated that

calibrations of cell density based upon turbidity alone would not

be sufficiently accurate to obtain a mixture of 1-01 and 2-01

which would reflect upon their relative abundance in the

rhizosphere soil (see Chapter 3). Another competition experiment

was conducted with the objectives being: 1) to determine if the

outcome of competitive nodulation between the two strains could

be influenced by a smaller range of ratios of strains 1-01 and

2-01 (12:1, 6:1, 2:1, 1:2 and 1:6) which would more accurately

reflect the range of the two populations observed in the

rhizosphere of soil grown subclover, and 2) to determine if an

alternate method of identification, dependent for success on cell

viability would confirm the high incidence of mixed nodule

occupancy observed in the first competition experiment.

Intrinsic antibiotic resistance provided the means of

identifying nodule occupants without unnecessary manipulation of

the strains and provided a positive selection for confirming that

the cells observed by immunofluorescence were viable. Data
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presented in Table 13 show that strains 1-01 and 2-01 are similar

with respect to their intrinsic antibiotic resistance patterns as

discerned by 9 different antibiotics. Only rifampicin could be

used as a positive selector for 1-01 against 2-01 and accordingly

rifampicin (1 mg 1
-1

) and streptomycin (2.5 mg 1
-1

) were used

to discriminate between these two strains.

The nodule occupancy data of the competition experiment are

summarized in Table 14. The most dramatic effect observed as the

ratios of the two strains were varied was on the percentage of

nodules occupied by strain 1-01 (Table 14). The complete

dominance by strain 1-01 in nodulation by the 12:1 inoculum

mixture was similar to the results obtained from using a mixture

of much larger ratio (230:1) in the earlier experiment. However,

as the numbers of 2-01 relative to 1-01 began to increase, the

number of nodules occupied singly by strain 1-01 decreased,

regardless of the cultivar. Dramatic influences were observed

even between the ratios of 2:1 and 1:2 on cv. 'Woogenellup' where

single occupancy by strain 1-01 significantly declined from 61 to

17%. Even though the percentage of single occupancy by strain

1-01 decreased as the numbers of 2-01 in the inoculum mixtures

increased, there was not an equivalent increase in the percentage

of nodules occupied singly by strain 2-01. There was, instead,

an increase in the number of nodules occupied by both strains,

with the percentage of co-inhabited nodules being greater on cv.

'Woogenellup' than on cv. 'Mt Barker'.
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After the nodules were harvested at 21 days, the rhizoplane

populations of 1-01 and 2-01 were determined on root segments

devoid of nodules. The results of these analyses are presented

in Table 15. The values for the initial population sizes had

ranged from about 100 to 10 cells of 1-01 and 2-01 per mg root

dry weight depending on the specific inoculum mixture. During

the 3 weeks in the presence of the host rhizosphere, and in

contrast to the soil experiment described in Chapter 3, a

considerable amount of proliferation had taken place. In some

instances there had been a 10
5
fold increase of the original

population applied to the root, with the final population sizes

in all treatments ranging from 10
6

to 10
8

cells per mg root

dry weight. Yet, considering the magnitude of the total

proliferation, in only one of the 10 inoculum mixture treatments

did the final ratio of the two strains deviate from the original

ratio by more than four fold. In this particular case (12:1, cv.

'Mt. Barker'), there was a significant increase in the numbers of

strain 2-01 relative to 1-01, which had resulted in a slight

dominance of the latter over 1-01. Obviously, from the data

presented in Table 14 this had not influenced the outcome of

nodulation since 1-01 occupied -all nodules and 2-01 was not

detected.
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Figure 7. Efficiency of nodulation by R. trifolii strains 1-01
and 2-01 inoculated onto subclover cultivars 'Mt. Barker' and
'Woogenellup'. A and B, cvs. 'Mt. Barker' and 'Woogenellup',
respectively, inoculated with R. trifolii strain 1-01; C and
D, cvs. 'Mt. Barker' and 'Woogenellup', respectively,
inoculated with R. trifolii strain 2-01. See Materials and
Methods for details sTing the positions of nodules.
Arrow indicates position of root tip at the time of
inoculation.
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TABLE 11. Effect of varying inoculum ratios on the symbiotic
performance of cvs. 'Mt. Barker' and 'Woogenellup'
grown in vermiculite.

Cultivar

Inoculum
composition
(1-01:2-01) Shoot dry weight Kjeldahl-Na

b
- mg/plantg/plant

Mt. Barker 1-01 alone 0.98 ± 0.13 38.1
230:1 0.82 ± 0.07 28.9

5:1 0.80 ± 0.1 30.1
1:20 0.35 ± 0.05 11.7

2-01 alone 0.27 ± 0.06 9.4

Woogenellup 1-01 alone 0.63 ± 0.24 23.8
230:1 0.78 ± 0.09 29.0

5:1 0.24 ± 0.04 8.5
1:20 0.20 ± 0.08 7.5

2-01 alone 0.17 ± 0.03 6.0

a
K eldahl-N was determined for shoots of 8 week old plants.

b
Shoot dry weight determined for 8 week old plants after
drying for 5 d at 60°C.
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TABLE 12. Effect of varying inoculum ratios on nodule occupancy
by strains 1-01 and 2-01 on two cultivars of subclover".

Inoculum No. of Strain

Sample composition nodules
Variety date (wk) (1-01:2-01) analyzed 1-01 2-01 1-01 + 2-01

%
b

Mt. Barker 4 230:1 77 95 5 0

5:1 82 1 35 64

1:20 67 6 94 0

8 230:1 76 97 3 0

5:1 88 65**' 18* 17**

1:20 90 4 92 4

Woogenellup 4 230:1 88 99 1 0

5:1 89 21 4 74
1:20 79 1 99 0

8 230:1 90 97 2 1

5:1 65 17NS 49** 34**

1:20 89 9 91 0

a
Plants were grown in vermiculite and nodule occupancy determined using strain
specific fluorescent conjugates.

b
Percentage of nodules with >10 fluorescing cells/field of view, which is

equivalent to approximately 105 to 106 cells/nodules.

One way analysis of variance performed on the arc sin % transformed data of
4 and 8 week sample dates for each cultivar (** p > 0.01; * p >0.05; NS, not
significant).



TABLE 13. Intrinsic antibiotic resistance patterns of R. trifolii strains

1-01 and 2-01a.

Antibiotic (mg/liter)

Strain Amp Kan Nal Nov Rif Spe Str Van Ery

2.5 5 2.5 5 5 10 1 2.5 1 3 1 2.5 1 2.5 1 2.5 2.5 5

1-01
b - +c + + + - + - - + +

2-01 + + + + + + + + +

a
Experimental procedures are described in Materials and Methods.

Designates no visual growth after 48 h of incubation at 30°C.

Designates growth after 48 h of incubation at 30°C.
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TABLE 14. Effect of "rhizosphere-like" ratios in the inoculum
mixtures of strains 1-01 and 2-01 on nogule occupancy
on cvs. 'Mt. Barker' and 'Woogenellup'.

Inoculum No. of Strain
b

ratio Ave. no. of nodules
Variety (1-01:2-01) nodules/plant analyzed 1-01 2-01 Mc

Mt. Barker 12:1 3.9 16 100a
d

Oa Oa

6:1 3.2 32 78a 6ab 16ab
2:1 --- -- ND
1:2 3 54 34b 26b 40b
1:6 2.3 32 38b 19b 43b

Woogenellup 12:1 2.9 31 97a Oa 3a

6:1 2.7 38 76ab lla 13a

2:1 4.2 36 61b 3a 36b

1:2 4.0 63 17c 3a 80c
1:6 4.1 82 16c 7a 77c

a
See Materials and Methods for experimental procedures.

b
Nodule occupancy was determined using rif (1 mg/1) and str
(2.5 mg/1) to identify strains 1-01 and 2-01, respectively.

c M = co-occupied nodules as determined by growth on both
rif (1 mg/1) and str (2.5 mg/1) amended YMA plates.

d
Percentages followed by the same letter do not differ
significantly from each other (p = 0.05) within the same
column. The Duncan multiple range test was used to
establish significance. Each cultivar was analyzed
separately.
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TABLE 15. Rhizoplane density of strains 1-01 and 2-01 on cvs.
'Mt. Barker' and 'Woogenellup'.

Cultivar

Mt. Barker

Woogenellup

Initial

inoculum
ratio

Strains
Final

rhizoplane
ratio

(1-01:2-01) 1-01 2-01 (1-01:2-01)

(cells/mg root)X102

12:1 2a(3.1x104)b 0.17(3.4x104) 1:1

6:1 2(1.1x106) 0.34(2.1x105) 5:1

2:1 1.4(4.2x104) 0.7(1.9x104) 2:1

1:2 0.6(2.7x105) 1.1(7.7x105) 1:3

1:6 0.25(9.8x10
4

) 1.44(5.5x10
5

) 1:6

12:1 2(2.9x105) 0.17(6.3x104) 5:1

6:1 2(1.5x105) 0.34(8.4x104) 2:1

2:1 1.4(1.2x105) 0.7(6.9x104) 2:1

1:2 0.6(1.1x105) 1.1(4.1x105) 1:4

1:6 0.25(4.1x104) 1.44(1x106) 1:24

a
Initial inoculum size of the strain applied to the radicle.

b
Values in parenthesis are the rhizoplane densities of each
strain after 3 weeks determined by strain specific fluorescent
conjugates.
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DISCUSSION

Under conditions far less complex than the soil, this study

confirmed that both the cultivar and the relative abundance of

the two strains, 1-01 and 2-01, can affect the outcome of

competitive nodulation as hypothesized from the findings made in

the soil rhizosphere study (See Chapter 3). The observations

could have been fortuitous, yet a possible reason for these

results is that the strains used in this study are

representatives of two homogeneous indigenous serotypes (Demezas

and Bottomley, 1984). Perhaps we can infer that the nodulating

ability of strains 1-01 and 2-01 are indeed typical of the two

serotypes as a whole. More often the literature reports as much

heterogeneity between strains of the same serogroup as-between

members of different serogroups (Gibson et al., 1971; Dughri and

Bottomley, 1983; 1984). The only previous attempt at this kind

of study used USDA strain 123 as a type strain of serogroup 123

of B. laponicum. Unfortunately, the latter organism was found to

be not as competitive as strain USDA 110 under defined conditions

(Kosslack and Bohlool, 1985). This is in marked contrast to the

outcome of occupancy when indigenous serogroups 123 and 110 are

compared in soil grown soybeans (Moawad et al., 1984; Ellis et

al., 1984; Kosslack 'and Bohlool, 1985; Robert and Schmidt, 1985).

Some rather interesting effects were observed in this study

which are worthy of discussion in light of methods commonly used

for evaluating competition. Recent studies have shown that the

symbiotic performances of alfalfa (Hardarson et al., 1981;
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Amarger, 1981) and white clover (Mytton and de Felice, 1977) were

correlated with the percentage of nodules occupied by effective

strains. Indeed, Amarger (1981) concluded that the shoot dry

weight of the plant could be used as a means to evaluate the

competitive ability of effective strains mixed with ineffective

strains. The large percentage of co-inhabited nodules observed

in our studies as a result of the intermediate inoculum mixture

(Table 12) and the profound differences observed between

cultivars in symbiotic performance (Table 11) should make others

wary of this approach for assessing the competitiveness between

strains.

Effects of the Trifolium species (Masterson and Sherwood,

1974; Russell and Jones, 1975) and even cultivars within a

species (Russell and Jones, 1975; Hagedorn and Caldwell, 1981;

Jones and Moreley, 1981) on the outcome of competitive nodulation

between simple 1:1 mixtures of two strains have been reported. In

those studies, however, nodule occupancy was delineated only once

in the life cycle of the host plant. Our observations suggest

that in the future, those researchers interested in host plant

effects must pay specific attention to even small deviations from

1:1 in the composition of the inoculum mixture (Table 14).

Furthermore, nodule occupancy should be assessed more than once

in the life cycle of the plant before conclusions are drawn

concerning host plant effects on nodule occupancy (Table 12).

Immunofluorescence (Lindemann et al., 1974; May and Bohlool,

1983) and antibiotic resistance (Johnston and Beringer, 1975)
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have been used to detect doubly occupied nodules from various

legumes grown in non-soil substrata. Recently as many as 36% of

the total nodules from lentils grown in vermiculite were found to

be occupied by both of the inoculant strains of R. leguminosarum

(May and Bohlool, 1983). In the two experiments reported in this

study, large percentages of co-occupied nodules were detected

when plants were exposed to inoculum treatments where the ratio

of 1-01 to 2-01 ranged between 5:1 to 1:6. The influence of the

relative numbers of the two strains in the inoculum on the

abundance of co-occupied nodules is clear. In the second

experiment, 1-01 outnumbering 2-01 by 12:1 resulted in a minimal

percentage of co-occupied nodules. In the first experiment, 2-01

outnumbering 1-01 by no more than twenty-fold resulted in the

same effect (Table 12). The frequency of multiply occupied

nodules in the previous soil rhizosphere study may well have been

a result of the narrow range of these two serotype populations

(2:1 to 1:8) and others indigenous to Whobrey soil.

The results of the second competition experiment revealed an

interesting facet of competitive nodulation. The lower

nodulating efficiency of strain 1-01 on cv. 'Woogenellup' did not

seem.to influence its competitive nodulating characteristic,

since even very small changes in the relative abundance of 1-01

in the inoculum mixture relative to 2-01 could profoundly

increase its occupancy of nodules (Table 14). Previous

experiments conducted to ascertain the effect of inoculum or

rhizosphere ratios on the nodule occupancy often used ratios of

the different strains in the inoculum mixtures which ranged over
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12 log10 units (Robinson, 1969a; Franco and Vincent, 1976;

Amarger and Lobreau, 1982). In this study, we used ratios and

absolute population sizes of the two organisms which reflected

upon those values we had actually observed in the soil (see

Chapter 3). The large ranges used by previous workers may not be

realistic and provide misleading information on competition, if

the goal is to understand competitive phenomena in soil. In

addition, it may infer that these recently isolated strains are

more competitive than those heretofore studied. Furthermore, it

is worth speculating about our findings in relation to the

numerous reports on the successful practice of inoculation of

Trifolium spp. (Gibson et al., 1976; Brockwell et al., 1977;

Hagedorn, 1979; Brockwell, et al., 1982 Materon and Hagedorn,

1983), in direct contrast to the lack of success in inoculating

soybeans (Ham, 1980), when both are sown into soils harboring

indigenous rhizobia. Perhaps the relative abundance of inoculum

to indigenous rhizobia is indeed a factor more critical to the

successful inoculation of clover than to the soybean.

Vincent and co-workers have emphasized that the rhizoplane

populations of competing mixtures of strains should always be

evaluated since the host plant or nature of the competing strain

can cause these values to deviate substantially from the initial

inoculum ratios (Pinto et al., 1974; Labandera and Vincent,

1975). Again this could confound interpretations of strain

ratios or host plant effects upon competitive nodulation. In

this context a few comments are in order regarding the fact that
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the ratios of 1-01 to 2-01 on the rhizoplanes of both cultivars

after 21 days of growth were similar to the starting population

ratios; this, despite massive proliferation of both strains. In

this study a root temperature of 25°C was chosen since both

strains had the potential for identical growth rates and

subclover shows excellent growth at such a root temperature

(Gibson, 1962). The data provided no evidence for antagonism

between the strains or for selective enrichment by either

cultivar toward either strain. We suggest that the incubation

temperature for competition studies always be carefully matched

with the host plant and the bacterial strains involved.

Finally, the large population density of both strains

measured 3 weeks after inoculation is in sharp contrast to that

observed previously in the soil rhizosphere study (see Chapter

3). This is not surprising, for although others have shown that

extremely high populations of rhizobia can be associated with

axenically grown legume rhizospheres (Nicol and Thorton, 1941;

Vincent and Waters, 1953; Purchase and Nutman, 1957) very few

researchers seem to recognize that in soil, competition for root

exudates with other soil borne bacteria is going to make

extensive proliferation of rhizobia highly unlikely.

The results of this study illustrate that studying rhizobia

in soil can provide important information before attempting

more definitive kinds of studies under laboratory conditions

(Wiebe, 1984). Through this approach, more environmentally
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significant data may be accumulated about the sites, mechanisms

and impact on the symbiosis of competition between strains of

rhizobia.
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CONCLUSIONS

The findings presented in this thesis are of significance to

various sub-disciplines of research into Rhizobium-legume

symbiotic associations. The initial ability to identify dominant

and persistent nodulating serotypes of Rhizobium trifolii from

field grown subclover was an important prerequisite to subsequent

studies presented in this thesis. Most of the significant

findings regarding Rhizobium-legume interactions have been

obtained using strains with a long history of laboratory

cultivation. A question which has arisen in the past, and was

addressed in part in this thesis, is whether or not these strains

possess symbiotic characteristics which are truly representative

of natural populations existing in soils. Only as more

researchers approach ecological- and competition-type studies by

first studying particular organisms in situ and then under more

defined conditions will the approach taken in this thesis be

justified.

The results of Chapter 3 and 4 readdress a subject of past

controversy. Two of the pioneers of Rhizobium research, namely

J.M. Vincent, and P.S. Nutman, had argued, equally persuasively,

that the outcome of competitive nodulation between strains of R.

trifolii was a result of either the relative abundance of

different strains in clover rhizosphere or due to host plant

effects. These theories were not examined using plants grown in

soils harboring indigenous Rhizobium. Results presented in this

thesis show that both the cultivar of host plant and the relative
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abundance of strains could influence competitive nodulation under

both soil and controlled conditions. The uniqueness and

significance of these findings are as follows. The impact of the

cultivar was not necessarily related to the outcome of primary

nodulation, but due to changes in nodule occupancy as the plants

aged. Of agronomic significance was the observation that

symbiotic effectiveness was influenced most strongly by these

secondary nodulation events. Experiments conducted under defined

conditions confirmed that the small differences in the population

sizes of indigenous serotypes in Whobrey soil could have

influenced the outcome of competitive nodulation between the

serotypes. These small differences could have also contributed

to the significant portion of co-inhabited nodules observed on

soil-grown sublclover. This observation was confirmed by a

significant portion of co-inhabited nodules being produced when

subclover was inoculated with mixtures of strains similar to

those measured in soil.

These findings shed some light on findings of an applied

nature published in the inoculant technology literature. Since

indigenous serotypes were present in soil in similar numbers and

small changes in their relative abundance could influence their

competitive nodulating ability, perhaps it is understandable why

inoculation of clover has been successful in the past. The

subsequent decline in nodule occupancy by inoculant strains may

simply be related to the loss of their initial numerical

advantage as they become members of a diverse Rhizobium soil

population. Furthermore, influences of host plants upon
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nodulation, which are traditionally interpreted as being due to

competitive phenomena outside the plant, may have to be

re-evaluated. More attention should be focused on the

possibility that dynamic "competitive" events within co-inhabited

nodules are of equal importance.
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Figure 8. Photomicrographs of fluorescing cells and bacteroids
obtained from nodules and fluorescing cells from soil samples
of clover rhizospheres. (A) and (B) nodule specimens from
subclover cv. 'Mt. Barker' inoculated with R. trifolii
strains 1-01 and 2-01, respectively. (C) and (D) soil

samples from subclover cv. 'Mt. Barker' stained with the
fluorescent antibody conjugate directed towards serotype
2-01.
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