
AN ABSTRACT OF THE THESIS OF 

Hsin-Hua Cheng for the degree of Master of Science in Microbiology

presented on Tune 1, 1992.

Title: Characteristics of Bradyrhizobium sp. recovered from Oregon soils.

Redacted for Privacy 

Abstract Approved: 

Peter J. Bottoy 

Although the biology of Bradyrhizobium has been studied for almost 

one hundred years, virtually nothing is known about the ecology and genetic 

variation in natural soil populations of this genus. The majority of 

information has been obtained from studies of one species, Bradyrhizobium 

japonicum, and the diversity within soil populations of the latter has been 

elucidated primarily by serotyping. With this background in mind, a project 

was initiated that has the long term goal of gaining a better understanding of 

soil populations of Bradyrhizobium in Oregon soils. Three specific objectives 

were formulated: (1) To evaluate if multi-locus allozyme electrophoresis 

(MLAE) has the potential for elucidating overall genetic relatedness among 

isolates of Bradyrhizobium. (2) To examine the diversity and genetic 

relatedness of bradyrhizobial isolates recovered from a western Oregon soil of 

the Abiqua series. (3) To determine if different bradyrhizobial plant hosts 

nodulate with different members of the soil population. 



Significant positive correlations (r2=0.59 to 0.95) were found between 

the relatedness among USDA strains of B. japonicum established by MLAE 

(based upon 10 enzyme loci examined), and the relatedness among the same 

strains determined by other workers using either DNA:DNA hybridization or 

determined from hybridization patterns with chromosomal gene probes. 

MLAE of the B. japonicum strains confirmed that the species can be divided 

into three genetically distinct lineages, and showed that USDA 3051, the 'type' 

strain of Bradyrhizobium sp. (Lupinus), was not closely related to any of the 

USDA strains of B. japonicum. 

A total of 95 isolates of Bradyrhizobium recovered from either Lupinus 

albus (white lupine), Lupinus angustifolius (blue lupine), Ornithopus 

cornpressus (serradella), or Macroptilium atropurpureum (siratro) were 

analyzed by MLAE at nine enzyme loci. Seventeen unique combinations of 

alleles were identified and are referred to as electrophoretic types (ETs). Using 

a cluster analysis, the ETs were grouped into six clusters. Cluster 1 contained 

the majority of the isolates (73%) which were represented predominantly by 

two closely related ETs (2 and 3). These ETs dominated the root nodules on 

white lupine, serradella, and siratro. In contrast, ET2 and ET3 were poorly 

represented in root nodules of blue lupine where isolates of ET1 were the 

major nodule occupants. Regardless of the host from whence they were 

recovered, or their ET, all of the bradyrhizobial isolates nodulated serradella 

poorly, inconsistently, and ineffectively. In contrast, the same isolates were 

shown to efficiently nodulate the lupine species. As a consequence, serradella 

cannot be used to provide an accurate estimate of the presence and size of 

lupine-nodulating bradyrhizobial populations in Oregon soils. 

Antisera were raised to three bradyrhizobial isolates taken from the 

first collection off white lupine. The bacteria were selected because of their 



different colony morphologies (rough or mucoid), and one isolate was 

consistently able to nodulate serradella. The three antisera were strain-

specific within the group of three isolates. Based upon the results of gel-

immune-diffusion analysis, however, many isolates of the same ET as the 

antisera strains were not antigenically related to the latter since they did not 

react with the antisera. In the case of antiserum LA(I)2-22, similar antigens 

were found on isolates of quite different ETs. Although serotyping has been 

the primary method used for developing concepts about the population 

ecology of B. japonicum in soil, further studies are required before serological 

techniques can be used with any confidence for studying the ecology of native 

Bradyrhizobium populations in Oregon soils. 
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Characteristics of Bradyrhizobium sp. recovered from Oregon soils. 

LITERATURE REVIEW 

Introduction 

Bradyrhizobium and Rhizobium are genera of gram negative bacteria 

belonging to the alpha subdivision of proteobacteria in the Eubacteria (Young, 

1992). They perform an invaluable function on Earth since they can enter the 

roots of plants belonging to the family Leguminosae and cause the formation 

of root nodules. Inside the nodule a symbiotic association is formed, with the 

plant providing to the rhizobia both a microaerobic environment and an 

energy source, and the rhizobia providing to the plant an internally derived 

source of fixed nitrogen produced by converting dinitrogen gas to ammonia. 

A successful symbiotic association can eliminate the plant's need for the soil 

to provide ammonium or nitrate salts. Furthermore, upon the death of the 

legume or upon leaf fall or root turnover, nitrogen is returned to the soil for 

the benefit of non-nitrogen fixing plants in the plant community. 

Subdivisions of the rhizobia 

For many years it was recognized that rhizobia recovered from legume 

root nodules could be divided into two types based upon their growth rates in 

nutrient broth (Fred et al., 1932). Subsequently, researchers realized that the 

two groups of bacteria were sufficiently different from a genetic, biochemical, 

and physiological standpoint to place the slow-growing forms in a new genus, 

Bradyrhizobium (Jordan, 1982). The creation of the new genus did nothing, 

however, to solve the recurring problem of how to subdivide the slow-

growing rhizobia into species. Traditionally the slow-growing rhizobia were 
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divided into two named species, Rhizobium japonicum, and Rhizobium 

lupini, based upon their ability to nodulate Glycine species, including soybean 

(Glycine max), and Lupinus species, respectively. The rest of the slow-

growing rhizobia were placed into two poorly-defined mixtures of 

promiscuously nodulating types referred to as the "slow-growing lotus 

rhizobia" and "the cowpea miscellany", respectively (Fred et al., 1932; Jordan 

and Allen, 1974; Vincent, 1974). With the creation of Bradyrhizobium, the 

only species given recognition in the new genus is Bradyrhizobium 

japonicum (Jordan, 1984). R. lupini was not given species status since it could 

only be distinguished from B. japonicum by its ability to nodulate Lupinus 

spp. and Ornithopus sp. (serradella). Currently, all slow-growing rhizobia 

(with the exception of B. japonicum) are referred to as Bradyrhizobium sp. 

The name of the host plant from whence the bacteria are isolated is placed in 

parentheses immediately following, e.g. Bradyrhizobium sp. (Lupinus). Like 

all taxonomic systems, flaws are still apparent in the nomenclatural code. For 

example, Keyser et al. (1982), showed that some strains of B. japonicum in the 

USDA culture collection at Beltsville were capable of effectively nodulating 

soybean, cowpea (Vigna unguiculata), and siratro (Macroptilium 

atropurpureum). Presumably, if these strains had been isolated originally 

from cowpea they would have been referred to as Bradyrhizobium sp. (Vigna) 

and not as B. japonicum. 

Subdivision based upon host specificity of nodulation 

Although a superficial evaluation of taxonomic texts such as Bergey's 

manual might convince a reader to believe that bradyrhizobia are generally 

promiscuous in their nodulating habits, some leguminous plants can show a 

specificity for strains of Bradyrhizobium. For example, Burton (1967) showed 
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that while cowpea would nodulate effectively with all of nine strains of 

bradyrhizobia that he tested, Lespedeza spp. and guar (Cyamopsis 

tetragonoloba) only nodulated effectively with two or three of the same nine 

strains, and peanut (Arachis hypogaea) nodulated effectively with an 

intermediate number of the nine strains. Thies (1991) concluded that only a 

subset of the isolates she recovered from soil-grown cowpea would nodulate 

and/or form symbiotically effective associations with lima bean (Phaseolus 

lunatus) and peanut. 

The complexity of the interaction between the slow-growing lupine 

rhizobia and their prospective hosts has been shown on several occasions. 

Slow-growing rhizobia from native Australian legumes would nodulate 

Lupinus digitatus but would not nodulate blue lupine (Lupinus 
angustifolius) or yellow lupine (Lupinus luteus) ( Lange, 1961; Lange and 

Parker, 1961). Similarly, Graham (1964) showed that while "R. lupini" strains 

would nodulate Lupinus spp. and Ornithopus spp., a high proportion of 

cowpea miscellany rhizobia would also nodulate Lupinus digitatus but not 

serradella. Kirchner (1895), observed that Lupinus hirsutus would not 

nodulate when planted in the same soil in which other Lupinus spp. were 

well nodulated. In one of the earliest reports describing the characteristics of 

slow-growing lupine rhizobia (Eckhardt et al., 1931), the authors observed that 

strains would form effective associations on one lupine species but not on 

others and vice versa. Furthermore, the authors pointed out that Hiltner 

(1902) had made similar observations on blue and yellow lupines. 

Genetic studies are now underway to unravel the mechanisms behind 

host specificity/promiscuity among the genus Bradyrhizobium. Specific loci 

have been identified in B. japonicum which are essential for this bacterium to 

nodulate specific lines of soybean but not others (Sadowsky et al., 1990). Other 
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loci have been identified which are necessary for the nodulation of siratro 

(Nieuwkoop et al., 1987), or for the nodulation of mung bean (Vigna radiata), 

cowpea, and siratro (Gottfert et al., 1990) but which are not essential for 

nodulation of soybean. 

Subdivision of host-specific populations of Bradyrhizobium 

Serotyping. Over the past thirty years attention has been focused upon 

methods which enable a researcher to subdivide nodule-occupying 

populations of Bradyrhizobium found on specific hosts. With the creation of 

a large collection of antisera that were raised to antigenically distinct strains of 

B. japonicum maintained in the USDA collection at Beltsville, Maryland, it 

was established that the same serogroups of B. japonicum were distributed in 

root nodules of soybeans growing throughout the U.S.A. (Johnson and 

Means, 1963). In recent years, some of the same serogroups were found in 

soils in other parts of the world (Dowd le and Bohlool, 1985; Kang et al., 1991). 

Furthermore, in certain parts of the U.S.A., members of specific serogroups 

were found to occupy disproportionately large percentages of nodules relative 

to other serogroups (Johnson and Means, 1963; Damirgi et al., 1967; Ham et 

al., 1971; Keyser et al., 1984; Weber et al., 1989). In some instances, members of 

the dominant serogroups fix suboptimal quantities of dinitrogen on soybean 

(Abel and Erdman, 1964; Caldwell and Vest, 1970; Ham, 1980; Israel, 1981). As 

a result of these observations, it became the goal of many agronomists and 

soil microbiologists to identify superior nitrogen-fixing strains of B . 

japonicum that could be used as inoculants and which would displace the less 

effective soil types. Unfortunately, many studies have shown that the 

indigenous populations are more competitive at forming nodules on field-

grown soybeans than the inoculant strains of superior nitrogen-fixing ability 
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(Johnson et al., 1965; Ham et al., 1971; Bohlool and Schmidt, 1973; Weaver 

and Frederick, 1974; McLoughlin et al., 1990). 

As a result of these observations there has been much interest in 

studying all aspects of the biology of these nodule dominant serogroups 

including their autecology in soil and rhizosphere phases (Schmidt et al., 

1968; Bohlool and Schmidt, 1970; Reyes and Schmidt, 1979; Moawad et al., 

1984; Dowling and Broughton, 1986; Viteri and Schmidt, 1987, 1989; Triplett, 

1990). As mentioned earlier, researchers working with B. japonicum relied 

heavily upon serology to look at population structure and distribution in the 

symbiotic phase, i.e. in the root nodules on plants. Furthermore, the 

technique of immunofluorescence, which involves fluorescein-labeled 

antibodies, has monopolized the study of specific serogroup subpopulations 

within natural soil populations. 

Limitation of serotyping. As early as 1971, researchers reported that specific 

serogroups of B. japonicum were composed of a heterogeneous mixture of 

isolates with different antigenic and phenotypic characteristics (Dudman, 

1971; Gibson et al., 1971). Subsequently, the heterogeneous nature of B. 

japonicum serogroups was confirmed with a variety of methods that 

included whole-cell protein profile patterns (Noel and Brill, 1980; Kamicker 

and Brill, 1986; Hickey et al., 1987), hybridization patterns with nod and nif 

gene probes (Sadowsky et al., 1987, 1990), bacteriophage sensitivity (Basit et al., 

1991), genomic analysis by field inversion gel electrophoresis (Sobral et al., 

1990), and competitive nodulating abilities (Keyser and Cregan, 1987; 

Fuhrmann and Wollum, 1989; McLoughlin et al., 1990; Zdor and Pueppke, 

1990). Despite these observations, it is still not clear if members of a serotype 

are more closely related to each other chromosomally and phenotypically 

than to members of other serotypes. 
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In a completely different subdiscipline of microbiology, studies have 

been carried out with Escherichia coli and Salmonella species to address the 

same issue. A mixed situation was found to exist. Members of some 

serogroups are very closely related to each other, while, in other instances, the 

same antigens are found in genetically distant strains or different antigens are 

found in strains that are very closely related (Ochman and Selander, 1984; 

Caugant et al., 1985; Selander et al., 1985; Beltran et al., 1991). In these studies 

the genetic relatedness among the strains of the different serotypes of enteric 

bacteria was established using multi-locus allozyme electrophoresis (MLAE). 

Typing rhizobial populations with MLAE. The principle behind this method 

is that most allelic variants of a gene encoding for a particular enzyme can be 

detected because amino acid differences in the proteins result in them having 

different charge characteristics. As a consequence of charge differences, the 

proteins migrate different distances relative to each other in an electric field. 

A bacterial clone and its progeny are represented by a fingerprint which is a 

unique combination of specific alleles of enzyme loci and is referred to as an 

electrophoretic type (ET). This technique has been used extensively in 

populational genetic studies of eucaryotes (Richardson et al., 1986) and also in 

studies of human pathogenic bacteria and Escherichia coli (Selander et al., 

1986, 1987). During the past few years several reports have appeared in which 

MLAE was applied to the analysis of populations of Rhizobium species. For 

example, several studies have been published in which researchers examined 

the relationship among isolates from culture and field collections of 
Rhizobium leguminosarum by. phaseoli (Pinero et al., 1988), by. viciae 
(Young, 1985; Young et al., 1987), by. trifolii (Demezas et al., 1991) and 

Rhizobium meliloti (Eardly et al., 1990). To my knowledge there are no 



7 

reports of this method being used with either culture collections or field 

populations of Bradyrhizobium. 

The purpose of this literature review is to point out that very little 

work has been carried out in the U.S.A. on soil populations of 
Bradyrhizobium, other than B. japonicum, and that much of the information 

about the distribution and structure of B. japonicum soil populations has 

been generated with serotyping. Although the latter is a convenient tool, 

there is sufficient skepticism about the technique that, before ecological 

studies are conducted on bradyrhizobial populations of any kind, we need to 

establish the diversity and genetic relatedness of soil populations by other 

techniques, and then determine if serotype-clonal relationships exist. Only by 

this approach can our confidence in serological based methods for 

autecological studies be reestablished. 

Comparative ecology of Bradyrhizobium and Rhizobium 

Although the agricultural reasons for studying populations of the 

bacterium Bradyrhizobium are almost self-explanatory, the genus also 

presents a unique opportunity to compare the soil ecology of an inherently 

slow-growing bacterium with that of a potentially fast-responding bacterium, 

i.e. Rhizobium. Early studies by Parker and co-workers in western Australia 

showed that Bradyrhizobium nodulating serradella persisted better in soil 

than did Rhizobium leguminosarum by., trifolii, the microsymbiont of 

subclover [Trifolium subterraneum L.] (Chatel et al., 1968; Chatel and 

Greenwood, 1973a, 1973b; Chatel and Parker, 1973a, 1973b; Parker et al., 1977). 

From this extensive study, the authors postulated that Bradyrhizobium was 

able to endure the hot desiccated surface soil conditions of the Australian 

summer better than did Rhizobium leguminosarum. Bushby and Marshall 
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(1977) obtained evidence that Bradyrhizobium entered dormancy more 

readily than Rhizobium when cells underwent desiccation. Attractive as this 

hypothesis might be, other studies have not found such a clean relationship 

(Pena-Cabriales and Alexander, 1979; Van Rensberg and Strijdom, 1980; 

Mahler and Wollum, 1981; Woomer et al., 1988; Woomer and Bohlool, 1989). 

Indeed, Jenkins et al., (1987) observed that the surface root system of mesquite 

(Prosopis glandulosa) is nodulated predominantly with Rhizobium, while 

the root system found at the water table several meters below the soil surface 

is nodulated primarily by Bradyrhizobium. The authors speculated that 

Rhizobium was more tolerant of the extreme and fluctuating surface 

conditions and that Bradyrhizobium preferred a more stable less extreme 

environment. The data of Woomer et al. (1989), are in agreement with the 

idea put forth by Jenkins et al. (1987). After their introduction into a variety 

of Hawaii soils located in the Maui net, B. japonicum strains did not persist as 

well as did Rhizobium strains in Haplustolls which have a dry season and 

which receive only about 35cm of precipitation per year. In contrast, the same 

Bradyrhizobium strains colonized acidic tropohumults receiving >100cm of 

rainfall per year whereas introduced Rhizobium species did not persist as 

well. 

As the reader can see from these examples, the comparative soil 

ecology of these two genera is controversial. To address this problem in a 

systematic way requires that we study the comparative ecology of well 

characterized native populations of Bradyrhizobium and Rhizobium in the 

same soils. The climate of Oregon has been unique enough to generate acidic 

soils under a xeric moisture regime. As a result, an opportunity exists to 

study the influence of water relations and soil acidity upon populations of the 

two genera in the same soils. Furthermore, species of the genus Lupinus are 
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native plants that are widely spread throughout the state. They occupy niches 

from the sea-shore dunes, through alpine meadows, into the high deserts of 

eastern Oregon (Franklin and Dyrness, 1973). Previous work from this 

laboratory has focused upon characterizing populations of Rhizobium 

leguminosarum in certain Oregon soils (Bottom ley, 1992). An opportunity 

now lends itself for examining the comparative ecology of nature populations 

of Bradyrhizobium and Rhizobium in the same soils. 
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OBJECTIVE STATEMENTS 

The following objectives were formulated for the research described in 

this thesis. 

1. To determine if the method of multi-locus allozyme electrophoresis 

(MLAE) has the potential to determine overall genetic relatedness among 

isolates of Bradyrhizobium sp. 

2. To examine the diversity and genetic relatedness among the 

bradyrhizobial population native to Abiqua soil with MLAE and serotyping. 

3. To determine if host preference is shown by different legume hosts 

for different subpopulations within the bradyrhizobial population. 



11 

MATERIALS AND METHODS

Sources of seed. 

Lupinus albus L. cv. Ultra (white lupine) was obtained from Dr. Russ 

Karrow, Dept. of Crop and Soil Science, Oregon State University. Lupinus 

angustifolius L. cv. Yandee (blue lupine) was obtained from Dr. Lyn Abbott , 

Department of Soil Science and Plant Nutrition, University of Western 

Australia, Perth, W. A. Ornithopus sativus Brot. (french serradella) was 

obtained as PI 290725, (origin England), from Dr. G. Lovell, Regional Plant 

Introduction Experiment Station, Griffin. GA 30223-1797. Ornithopus 

compressus cultivar 1209.2 (serradella) was obtained from Dr. L. Abbott, 

University of Western Australia, Perth, W. A. Macroptilium atropurpureum 

(D.C.) Urb. (siratro) was obtained from Dr. H. J. Evans, Laboratory for Nitrogen 

Fixation Research, Oregon State University. Lotus pedunculatus Cay. cv. 

Marshfield (Big trefoil) was obtained from Soil Conservation Service, Plant 

Materials Center, Oregon State University. 

Sources of the strains of Bradyrhizobium japonicum and Bradyrhizobium sp. 

(Lupinus) used in this study which were not recovered from Abiqua soil. 

Twenty strains of Bradyrhizobium japonicum were obtained from Dr. 

Peter van Berkum, Laboratory for Soybean and Alfalfa Research, USDA-ARS, 

Beltsville, MD (see Results section, Table 3). Included in this group were 

USDA 6 and USDA 24 which represent the type strains (ATCC 10324 and 

ATCC 11927) in The American Type Culture Collection. Two strains of 

lupine rhizobia were obtained from the same USDA collection. Strain USDA 

3051 was classified as a Bradyrhizobium sp. (Lupinus) and is in the ATCC 

culture collection as the type strain ATCC 10319. Another type strain of 
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lupine rhizobia, ATCC 10318, was not analyzed after it was found to grow 

rapidly in yeast extract mannitol broth (YEM), thereby resembling a 

Rhizobium rather than a Bradyrhizobium. Strain WU425, a commercial 

inoculant strain of Bradyrhizobium sp. (Lupinus) was obtained from John 

Howieson, Western Australian Department of Agriculture, Perth, W.A. 

Procedures involved in analyzing strain relatedness by Multi-locus Allozyme 

Electrophoresis (MLAE). 

Preparation of cell extracts. Isolates were grown in 100 ml quantities of YEM 

for 10 days at 250C and were harvested by centrifugation at 16,300xg for 15 

min. The spent medium was discarded, and cell pellets were resuspended in 

1 ml of ice-cold buffer (10mM Tris -HCI, 5mM Na2EDTA, pH 7.6) and 

transferred to 1.5 ml Eppendorf microfuge tubes. To minimize loss of 

enzyme activity, the tubes were kept on ice at all times. To each tube was 

added 0.03 ml of 100mM dithiothreitol and 0.02 ml of freshly-prepared 

lysozyme (50 mg/m1). The samples were incubated for 1 hour on ice with 

occasional mixing. The cells were lysed by sonicating on a 50% pulse setting 

for four intervals each of 5 seconds duration ( Branson Sonifier 200 equipped 

with a stepdown microtip, power setting = 6). The cell debris was removed 

from the extracts by centrifugation (12,535 xg) at 40C. Each clear supernatant 

was subsampled into two or three new microfuge tubes and stored at -600C. 

Some enzyme activities were found to be very low in these slow-growing 

bacteria and activities were further diminished with repeated thawing and 

freezing. As a result, certain enzymes were routinely assayed on fresh 

extracts. These included: alcohol dehydrogenase (ADH), hexokinase (HEX), 6

phosphogluconate dehydrogenase (6PG), phosphoglucose isomerase (PGI) and 
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xanthine dehydrogenase (XDH). In addition, gel slices of 5 mm thickness 

were used. 

Preparation of starch gels. Suspensions containing 17.1 g of potato starch 

(Sigma Chem. Co., #S-4501) in 150 ml of gel buffer ( Table 1) were heated with 

constant swirling in 500 ml Erlenmeyer flasks over a Bunsen burner. After 

the boiling point was reached, the gel mixture was aspirated until large 

bubbles appeared and poured immediately into a Plexiglass gel mold 

(133x100x6 mm). The gel was cooled at room temperature for one h, covered 

with plastic film, and stored at 40C for six to 24 h. 

Loading a starch gel. A vertical slit was cut along the gel (2 cm from one edge 

of the gel). The cell lysates were partially thawed, and 15 ul of each were 

pipetted onto filter paper wicks ( 0.5x1 cm ). The wicks were then inserted 

side by side (0.1 cm apart) into the slit of the gel. To facilitate recording the 

positions of enzyme bands in the gels, two sets of lysates from standard strains 

possessing alleles of known mobility were interspersed among the other 

lysates. Finally, two wicks containing amaranth dye (Sigma, #A-1016) were 

inserted at each end of the gel to track the migration front. After loading the 

samples, the 2-cm strip of starch was pushed back against the wicks. 

Electrophoresis. The loaded gel was placed into a horizontal electrophoresis 

gel unit (Pharmacia) between two electrode buffer reservoirs. One end of a 

wet paper towel (14x10 cm) was immersed in the electrode buffer, and the 

other end overlapped and made contact with 2 cm of the gel. The whole 

system was kept at 20C by using a Brinkman constant temperature water 

circulator. The choice of voltage and running time was dependent on the 

buffer system (Table 1). After 10 min of electrophoresis that allowed the 

migration of protein into the gel, the voltage was paused for few min to 

removed the wicks. 
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After electrophoresis, the gel was removed and sliced horizontally into 

two or four slices of 2 to 5 mm thickness with four pound-test nylon fishing 

line. Each slice was used to assay for a specific enzyme. Each gel slice was 

placed separately into a plastic box (15x10x2 cm) and held at 40C until the 

enzyme was assayed. 

Enzyme assay. The gel slices were incubated with a mixture of appropriate 

ingredients to reveal the location of a specific enzyme in the gel slice. The 

staining reagents and the time of incubation were dependent on the specific 

enzyme (Table 2). Although 6PG (6-phosphogluconate dehydrogenase) is 

usually found to be an NADP+-dependent enzyme, the Bradyrhizobium 

enzyme was found to be NAD+-dependent. This observation is in agreement 

with earlier studies of B. japonicum (Mulongoy and Elkan, 1977; Stowers, 

1985). After the bands developed, the staining solution was decanted, and the 

gel was rinsed with distilled water and fixed with a solution of acetic acid, 

methanol and water ( 1:4:5, v/v). Results were recorded by photography 

(Kodak, Ektachrome ASA 200). 

Data interpretation. For each enzyme, comparisons were made of the 

relative mobilities of the different alleles. The allele that migrated furthest 

toward the anode was coded as 1 and the next furthest as 2, etc. If, 

subsequently, a faster or intermediately moving allele was identified, it was 

coded with a decimal value, eg. 0.9 or 1.1. The identification of alleles was 

made easier by comparing the positions of unknowns with the enzymes of 

standard isolates that were run on the same gel. Two loci required special 

coding considerations: 

Alcohol dehydrogenase (ADH). For most strains of Bradyrhizobium 

sp., this enzyme could not be detected. In the case of B. japonicum, the 

activity was either detected or recorded as a null allele (0). When activity was 
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detected, it was often found as two or, in one strain, as three bands. The 

allelic variants of ADH were recorded by focusing on the relative mobilities of 

each of the faster and slower migrating bands in the borate-tris buffer system. 

A two digit code was used to reflect the various mobilities of the faster and 

slower band relative to each other eg. 1: 4 and 2: 3. 

Esterase (EST). A similar problem was encountered with EST which 

revealed multiple bands. The activity of isolates of Bradyrhizobium sp. was 

detected on a tris-citrate (pH 6.3) buffer system. Two bands were recorded for 

each isolate by focusing on the two most rapidly appearing bands (i.e. the 

darkest bands). In the case of B. japonicum, a more complex pattern of bands 

along with poor resolution was solved with the substitution of a borate-tris 

(pH 8.2) buffer for the tris-citrate buffer. In the borate-tris system, the bands 

were sharply focused and mobility differences were more clearly discernible 

than in the tris-citrate buffer. In this case, the mobility variants of the most 

rapidly appearing band usually the slowest moving band -were recorded. 

Each bradyrhizobial isolate was characterized by its own combination of 

allelic variants over several enzyme loci. Unique combinations of alleles at 

different loci were designated as electrophoretic types (ETs). Genetic diversity 

at an enzyme locus was calculated as h= ( 1-Exi 2 )[ n/ (n-1) ], where xi is the 

frequency of the i th allele at the locus, and n is the number of ETs in the 

population being analyzed. Mean genetic diversity per locus (H) is the 

arithmetic average of h over all loci. Dendrograms revealing the relative 

similarity among ETs were generated using a FORTRAN program designed 

specifically for this purpose by Dr. T.S. Whittam (Pennsylvania State 

University). Analyses of these data were performed on an IBM PC . Since the 

program only tolerates single digit codes, the complex codes for EST and ADH 
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were substituted with a single digit integer when entered into the computer 

program. 

The collection and characterization of Bradyrhizobium sp. from Abiqua soil 

(Collection I). 

Soil. Soil was recovered from a subclover grass pasture located in the central 

Willamette Valley of Northwestern Oregon. The soil was a silty clay loam of 

the Abiqua series, a member of the Cumulic Ultic Haploxerolls, and has been 

described in detailed elsewhere (Almendras et al., 1987; Bottom ley and 

Dughri, 1989). Soil was sampled along a transect that ran from the 

southwestern to the northeastern corner of a 100 x 200 m enclosed paddock. 

The soil samples were mixed thoroughly, and sieved through a two-mm 

mesh screen. Soil was corrected for mineral nutrient limitations by 
supplementing one kg samples with 2.1 mg of Na2MoO4 , 200 mg of KH2PO4 

and 90 mg of K2SO4 to achieve final concentrations of 1, 55 and 20 mgkg-1 

respectively of Mo, P and S. Sterile deionized water (200 ml) was added to 

each kilogram of soil to achieve a water potential of approximately -0.03 MPa 

(38g of water per 100 g of oven dry soil). 

Plant growth conditions. Plants were grown in 20 cm-diameter plant pots 

containing 250-gram portions of a 1:1 (v/v) vermiculite-perlite mixture 

(VPM). The VPM was supplemented with 1250 ml of a plant nutrient 

solution (containing in grams per liter): CaSO4.2H20, (1.034); K2SO4, (0.174); 

MgSO4.7H20, (0.493); K2HPO4, (0.174); KH2PO4, (0.136); Fe-citrate, (0.02); 

CaC12'2H20, (0.025) and 10 ml of a trace element mixture (Evans, 1974). One 

and a half kg portions of nutrient-supplemented soil were placed on top of 

the VPM. 
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Preparation of seeds. Four legume species were chosen as candidates for 

trapping native Bradyrhizobium from Abiqua soil. They were: Lupinus albus 

L. cv. Ultra (white lupine), Macroptilium atropurpureum (D.C.) Urb. (siratro), 

Ornithopus sativus Brot. PI 290725 (french serradella) and Lotus pedunculatus 

Cay. (Big trefoil). Approximately 30 seeds of each species were surface-

sterilized separately in four sterile 125 ml Erlemeyer flasks by the following 

procedure. Fifty ml of 95% (v/v) ethanol were added to each flask, swirled for 

30 seconds and decanted. Fifty ml of 25% (v/v) chlorox bleach were added to 

the flask, swirled for five min, decanted, and the seeds washed in seven 

changes of sterile distilled water, each of two min duration. For the larger 

seeds of L. albus, the seeds were imbibed overnight in the last sterile water 

wash. Sterilized seeds were germinated in the dark for 24 hours at room 

temperature on water agar plates (1.5% wt/vol). Seeds of each species were 

sown into each of triplicate pots containg soil sample prepared as described 

above, and seedlings were thinned to one per species per pot after one week. 

Seedlings were grown under a cycle of 16-hr light/8-hr dark with light 

supplied from a combination of white fluorescent tubes (F48T12/CW/VHO, 

115W, Sylvania) and incandescent bulbs (25W soft lite, General Electric Co.) 

suspended 30 cm above the pots. After six weeks of growth, the plants were 

harvested, roots were washed in sterile water, and nodules were recovered 

from the roots. 

Nodule sterilization and colony isolation. The nodules were placed in 

stainless steel sieves ( 2x2 cm ) which were labeled with the name of the plant 

species and the replicate number. The nodules were surface sterilized by 

immersing the containers into a solution of 0.1% (v/v) Tween 80 for three 

min, followed by 95% (v/v) ethanol for 30 sec, 25 % (v/v) chlorox bleach for 

10 min, and then by six washes of one minute duration in sterile water. The 
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surface sterilized nodules were crushed onto YEM plates (yeast extract 

mannitol agar, pH 7) containing per liter: mannitol, 10 g; yeast extract, 0.4g; 

NaC1, 0.1g; MgSO4.7H20, 0.2g; K2HPO4, 0.5g; agar, 15g; and cycloheximide, 

50mg. After incubating at 27°C for ten days, colonies were picked and 

restreaked on YEM plates. Single colonies were picked and transferred to 

YEM agar slants. Cultures were stored at 4 °C in the short term, and under 

50% (v/v) glycerol at -60 °C for long term storage. 

I. The nodulating ability of isolates recovered from white lupine on white 

lupine and serradella under axenic conditions. 

Of the four plant species used in the soil experiment described above, 

only white lupine nodulated extensively. A total of two nodules were 

formed on three siratro plants; nodules were not detected on either serradella 

or big trefoil. 

Nineteen isolates were recovered from white lupine. They were coded 

as LA(I)2-1, LA(I)2-2, etc., and were grown in 25m1 of YEM for 10 days. Seeds 

of white lupine and serradella (Ornithopus cornpressus line 1209.2) were 

surface sterilized and germinated as described above. Pairs of seedlings of 

serradella were transplanted to sterile cotton-plugged test tube (3.2x30cm) 

containing 25 ml of Jensen seedling agar (pH 6.5; CaC12.2H20, 0.6g; 

MgSO4.2H20, 0.2g; Fe-citrate, 20mg; trace element mixture, 10m1; K2HPO4, 

0.34g; KH2PO4, 0.16g; agar, 15g L-1). In contrast, seedlings of white lupine were 

grown in sterile cone-tainers (3.5x20 cm) (Cone-Tainer Nursery, Canby, OR) 

containing 16 g of sterile VPM supplemented with 96 ml of plant nutrient 

solution described above. A plastic straw (100 x 0.8 dia. cm) which had been 

sealed at the bottom, cotton plugged at the top, and perforated along the 

length was centered in the cone to a depth of 7 cm depth for watering 



19 

purposes. VPM was packed around the straw, and a layer of sterile 

paraffinized sand was placed on top of the mixture after inoculating the 

seedlings with the appropriate bradyrhizobial isolates. Both inoculated 

treatments and uninoculated controls ( -N and +N: 8mM of KNO3) were 

replicated three times. 

II. Symbiotic effectiveness potential of selected white lupine isolates on white 

lupine cv. Ultra and blue lupine cv. Yandee 

The experiment was carried out in leonard jar assemblies. Each unit 

consisted of an inverted bottomless one quart beer bottle sitting on top of a 

quart canning jar. A wick (30 cm in length) made of cheesecloth was secured 

in the neck of the bottle with a wad of cotton wool. Seventy grams of VPM 

were packed into the bottle. About 400 ml of quarter strength plant nutrient 

solution was added directly to the VPM, and another liter of the same was 

added directly into the jar. The junction of bottle and jar was covered with a 

paper bag which was secured with rubber bands. After covering the top with 

aluminum foil, the whole unit was autoclaved for an hour. Seeds of white 

and blue lupine were surface sterilized as described above, germinated, and 

two seedlings of either one or the other species were transplanted into each 

jar which was then covered with sterile petri-dish lids. After five days, the 

seedlings in replicates of four, were inoculated with about 108 to 109 cells of 

one of the following isolates: LA(I)2-14, LA(I)2-17, LA(I)2-22 or WU425. 

Uninoculated and nitrate controls (8mM KNO3) were included as described 

above. After inoculation, the petri dish covers were removed and the surface 

of the VPM was covered with a layer of sterile paraffinized sand. The jars 

were replenished with sterile one quarter-strength plant nutrient solution as 

needed during the experiment. After six weeks of growth in the greenhouse, 
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the root systems of the plants were examined for nodulation, and shoot dry 

weights were determined. 

Recovery of Bradyrhizobium from Abiqua soil using white and blue lupines, 

serradella, and siratro as trap hosts (Collection II). 

Essentially the same procedure was followed as previously described 

with a minor modification. To assist soil drainage, a layer (1 cm) of sterile 

gravel was placed in the bottom of each pot. To each pot was added a two 

hundred and fifty gram portion of VPM soaked with 1.25 liters of plant 

nutrient solution. Then a 1 kg portion of soil was placed over the VPM. To 

facilitate watering, a length ( 12 cm x 2.5 cm) of perforated PVC tube was 

centered in each pot and the VPM and soil packed around it. 

Preparation of seeds. Approximately 50 seeds of each plant species were 

surface sterilized and germinated as described above. Approximately six 

seedlings of white lupine and blue lupine, and 20 seeds of siratro and 

serradella were sown into three replicate pots of each plant species. After one 

week, seedlings of the lupine species were thinned to three per pot, and 

siratro and serradella were thinned to 10 per pot. After six weeks of growth 

under greenhouse conditions, the plants were harvested, and their roots were 

washed with sterile water. Approximately 30-50 nodules were recovered 

randomly from the three replicates of each plant species. Bradyrhizobium sp. 

were isolated as described earlier. One hundred and seventy five isolates of 

presumptive bradyrhizobia were isolated in pure culture. A total of 95 

isolates including 20 chosen randomly from each of the four plant species, 14 

of the 19 isolates from the first L. albus collection, and one isolate from the 

first siratro collection were examined by MLAE. 
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Nodulation characteristics of selected isolates representing ET 1 and ET 2 of 

Bradyrhizobium sp. 

Results from MLAE showed that isolates of ET2 were the most 

common to be found in nodules on white lupine, serradella and siratro. In 

contrast, isolates of ET1 were most frequently recovered from blue lupine. To 

confirm these isolates were bradyrhizobia and to gain preliminary 

information about their host compatibilities, three ET2 isolates were chosen 

from white lupine (LAS 1-11, LAS 2-22, and LAS 3-31), from serradella (OCS 

1-21, OCS 2-17 and OCS 3-31), and from siratro (MS 2-27, MS 2-36 and MS 3-42) 

to serve as representative isolates. LGS 1-7, LGS 2-14 and LGS 3-19 were 

chosen as representatives of ET1 from blue lupine. These twelve isolates 

were grown in YEM for 10 d. 

Approximately 200 seeds of both siratro and serradella, and 60 seeds of 

white and blue lupines were surface sterilized and germinated as described 

above. Pairs of seedlings of either siratro or serradella were transplanted to 

cotton-stoppered test tubes ( 20x2.5 cm) containing five gram quantities of 

VPM supplemented with 25 ml of plant nutrient solution. Pairs of seedlings 

of either white or blue lupine were transferred to cotton-stoppered Erlemeyer 

flasks (500m1) each containing 40 g VPM supplemented with 200 ml of plant 

nutrient solution. Since ET1 was recovered almost exclusively from blue 

lupine, all four plant species were inoculated with ET1 isolates to determine if 

they had the potential to nodulate them. Both serradella and siratro were 

inoculated with representatives of ET2 recovered from the different hosts. 

Four uninoculated seedlings of each species served as contamination 

controls, and four seedlings of each plant species were supplemented with 

8mM KNO3. The latter control allowed for a qualitative assessment of the 
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effectiveness of the host-isolate symbiotic associations. The plants were 

grown under greenhouse condition for six weeks and were examined for 

nodulation and number of nodules. 

Serological analysis of Bradyrhizobium sp. 

Three Bradyrhizobium isolates recovered in the first collection from 

white lupine [LA(I)2-14, LA(I)2-17 and LA(I)2-22] were used for raising 
antisera. Each isolate was confirmed to nodulate white lupine effectively. 

Both LA(I)2-14 and LA(I)2-17 showed a dry colony morphology while LA(I)2

22 was mucoid. LA(I)2 -17 was unique among the first collection since it 

consistently nodulated serradella. 

Preparation of antisera. Each of the three isolates was grown in 35m1 portions 

of YEM broth for 10 d at 27°C and harvested by centrifugation at 12,000xg foi 

15 min. The cell pellets were washed twice with 20 ml of phosphate buffered 

saline ( pH 7.0, NaC1, 8.5g; KH2PO4, 20.4 g; Na2HPO4, 21.3 g L-1). The cells 

were resuspended in 0.15M NaC1 to an optical density (660nm) of 1.0, 

harvested, and resuspended to an O.D. of 2.0 in 0.15M NaCl. The cell 

suspensions were heated at 950C for 60 min to denature flagellar (H) antigens. 

Each antigen preparation was mixed with an equal volume of Freund's 

complete adjuvant (Difco). Three New Zealand white male rabbits were 

immunized by injecting 1.0 to 1.5 ml of antigen emulsion intramuscularly in 

the thigh of the rear leg and another 1.5 ml subcutaneously on the back 

between the shoulders. After 20 d, blood samples were drawn from the 

marginal ear vein of each rabbit and allowed to clot overnight at 4 °C. Tit( 

antisera were collected by centrifugation at 600 xg and heated at 56 °C for 30 

min to fix complement factors. The antiserum from each of the rabbits 
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immunized with the three isolates showed acceptable titers ( > 1: 320 dilution 

of sera ) in whole-cell agglutination tests, and a second booster immunization 

was not necessary. Blood samples (30-50 ml) were collected on 29, 35 and 40 d 

after the primary injection. 

Whole-cell agglutination. Antigens were prepared as described above (0.D. 

1). Antisera (0.08 ml) were diluted serially (two-fold) with 0.08 M NaCl. 

Antigen (0.4 ml) was pipetted into each dilution and the mixtures were 

incubated in a water bath at 500C for 4 h. Titer was recorded as the greatest 

dilution of antiserum showing visible agglutination of cells. 

Gel-Immune diffusion. Agar was prepared by dissolving 0.8 g of agarose in 

100 ml of 0.15 M saline containing 3.8 mM sodium azide as a preservative. 

Small plastic dishs (50x9mm) were used for the agarose plates. A hexagonal 

array of wells (5mm dia.) was cut around a central well (4mm dia.) in the 

agarose. Cells were grown and harvested as described above. The cells were 

resuspended in 1 ml of saline, and transferred to preweighed Eppendorf 

microfuge tubes and centrifuged for five min. After decanting the 

supernantant, the cell pellets were weighed and resuspended to a 
concentration of 40mg/m1 (dry weight). In the hexagonal arrangement of 

wells, a suspension of the homologous isolate was pipetted (60u1) into two 

diametrically opposite wells, and four suspensions of unknown strains were 

pipetted into the other wells. Antiserum was placed in the center well. The 

plates were incubated in a sealed plastic bag containing a wet paper towel at 

room temperature. After 3 or 4 d, plates were examined for precipitin lines. 

Sketch drawings, and occasionally photography were used to record the data. 
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Attempts to determine the size of the population of Bradyrhizobium sp. in 

Abiqua soil 

1. Most-probable-number with serradella as host 

Pairs of serradella seedlings were transplanted into cotton-stoppered 

test tubes (20x2.5 cm) containing 5 g of sterile VPM supplemented with 25 ml 

of plant nutrient solution. Ten g of field soil were added to a dilution bottle 

containing a combination of 95 ml sterile distilled water and approximately 

one hundred 3-mm diameter glass beads. The dilution bottle was shaken 

vigorously for 10 min. Four ml of this suspension were added to 16 ml of 

sterile water to create a 1:50 dilution and a five fold dilution series was 

continued to 1:156250. Two ml portions of each specific dilution were used to 

inoculate each of four replicate tubes of seedlings. After six weeks of growth, 

nodulation on the plants was assessed. 

2. Most- Probable-Number with white lupine as host 

Pairs of white lupine seedlings were transplanted into Erlemeyer flasks 

(250 ml) containing 24 g sterile VPM supplemented with 120 ml plant 

nutrient solution. Sterile cotton plugs and aluminum foil were placed on the 

top of the flasks to prevent contamination. The same soil suspensions 

described above were inoculated onto the seedlings. After 10 days of growth, 

flasks were transferred to a laminar flow hood, the stems of the lupine 

seedlings gently lifted out of the flasks, and the cotton replaced in the neck of 

the flask around the stems of the plants to prevent contamination. The flasks 

were replaced in the growth chamber. Pure cultures of LA(I)2 -14, LA(I)2-17, 

and LA(I)2-22 were inoculated onto seedlings to serve as positive controls. 

Both non-inoculated seedlings and the nitrogen controls (8mM KNO3) were 
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included. The plants were watered 10 d after transplanting, and the moisture 

content of the VPM was maintained by watering twice a week. All watering 

was carried out under the laminar flow hood. Plants were harvested and 

roots were examined for nodulation after six weeks. 

3. Method to detect a population of Bradyrhizobium in Abiqua soil 

Since the attempts described above failed to detect a Bradyrhizobium 

population, it was possible that the population was below the detection limit 

of the traditional MPN (Most-Probable-Number) procedure ( < 10/g). The 

following procedure was attempted. Abiqua soil (100 g portions) was mixed 

with 20 g sterile VPM and 100 ml nutrient solution as described above. The 

soil-VPM mixtures were placed in sterile flasks (500 ml) covered with cotton 

plugs and aluminum foil. Either two seedlings of white lupine, or 10 

seedlings of serradella or siratro were transplanted into each flask, and the 

treatments were replicated six times. As positive controls to ensure that 

plants would nodulate under these specific growth conditions, pure culture 

inocula (2m1) of LA(I)2-22, WU425 or M-1 (a strain recovered from M . 

atropurpureum in collection I) were applied to four replicates of white 

lupine, serradella, or siratro, respectively. Uninoculated and KNO3

supplemented seedlings were also included in the experimental design. 



Table 1. Buffer systems for electrophoresis of bacterial enzymes. 

Electrode buffer Gel buffer Voltage Running time Enzyme 

Tris-citrate (pH 8.0) Tris-citrate (pH 8.0) 130 V 2.5 hours MDH 
IDH83.20g of Tris( T1378)*, electrod buffer diluted 1: 29 (v/v) 
PGM33.09g of citric acid monohydrate, 
PGI1.0 liter H2O 
PEP 

Tris-citrate (pH6.3) Tris-citrate (pH 6.7) 150 V 2.0 hours 6PG 

27.0 g of Tris, 18.07 g of citric acid 0.97 g of Tris, 0.63g of citric acid EST 

monohydrate. monohydrate, 1.0 liter of H2O, 
1.0 liter H2O, pH adjusted with pH adjusted with NaOH 
NaOH 

Borate (pH 8.2) Tris HC1 (pH 8.5) 220 V 2.5 hours GDH 
HEX185g of boric acid, 2.4g of NaOH, 1.21g of Tris, 1.0 liter of H2O, pH 

1.0 liter deionized H2O adjust with HCI ADH 
EST 
XDH 

Enzyme Name Abbreviation Enzyme Name Abbreviation 
1. Malate dehydrogenase MDH 7. Alcohol dehydrogenase ADH 
2. Isocitrate dehydrogenase IDH 8. Glucose dehydrogenase GDH 
3. Esterase EST 9. Hexokinase HEX 
4. Peptidase PEP 10. Phosphoglucomutase PGM 
5. Xanthine dehydrogenase XDH 11. 6-Phosphogluconate dehydrogenase 6PG 
6. Phosphoglucose isomerase PGI 

Sigma Chemical Co. product number. 



Table 2. Composition of staining solutions for the enzyme assays. 

Enzyme EC no. Substrate and coupling enzymes (amt) Assay buffer and salt supplements (amt) Dye and catalyst (amt) 

MDH 1.1.1.37 2.0 M malic acid(3 ml) 0.2 M Tris HOC (pH 8.0), 40 ml MTTd (M2128) (1 ml) 
NADb , 1 ml PMS (P9625) (0.5 ml) 

IDH 1.1.1.42 0.1 M isocitric acid' (1 ml) 0.2 M Tris HO (pH 8.0), 50 ml KIT (1 ml)
NADPs (1 ml) 0.1 M MgC12h , 2 ml PMS (0.5 ml) 

EST 3.1.1.1 Sodium phosphate( (pH 7.0) , 40 ml Fast blue RR salt , 25 mgp-Naphthyl propionate (1% solution in
acetone) (1.5 ml)

PEP, 3.4.xx Peptidek Gly-Leu (G2002), 20 mg 0.2 M Tris HO (pH 8.0), 25 ml o-Dianisidine 
(undefined) Peroxidase (P8125),10 mg 0.25M MnC121,10.5 ml dihydrochloride, 10 mg 

Snake Venom (V7000), 10 mg add in powder form together 
(Source of L amino acid oxidase) with others. 

XDH 1.2.3.2 Hypoxanthine, 100mg 0.2 M Tris HCl (pH 8.0), 50 ml MIT (1 ml) 
NAD , 1 ml PMS (0.5 ml) 

PGII 5.3.1.9 Fructose 6-phosphate, 10 mg 0.2 M Tris HO (pH 8.0), 25 ml MTT (1 ml) 
Glucose 6-phosphate dehydrogenase, 3U 0.1 M MgC12, 0.3 ml PMS (0.5 ml) 
NADP, 1 ml 

ADH 1.1.1.1 Ethanol, 5 ml 0.2 M Tris HO (pH 8.0), 50 ml MTT (1 ml) 
NAD ,1 ml PMS (0.5 ml) 

GDH 1.11.47 D-Glucose, 200 mg 0.2 M Tris HO (pH 8.0), 50 ml MIT (1 ml) 
NADP, 1 ml 0.1 M MgC12, 2 ml PMS (0.5 ml) 
Glucose 6-phosphate dehydrogenase, 
10 U 

http:1.1.1.42
http:1.1.1.37


Table 2. (continued) 

HEX 2.7.1.1 

PGM 2.7.5.1 

6PG 1.1.1.44 

D-Glucose, 200 mg 
ATP, 50 mg 
NADP, 1 ml 
Glucose 6-phosphate dehydrogenase, 
10 U 

Glucose 1-phosphate and 
Glucose 1,6-diphosphate, 5mg 
Glucose 6-phosphate dehydrogenase, 50 U 
NADP, lml 

6-Phosphogluconic acid , 10 mg 
NAD, lml 

0.2 M Tris Ha (pH 8.0), 50 ml MIT (1 ml) 
0.1 M MgC12, 2 ml PMS (0.5 ml) 

0.2 M Tris HC1(pH 8.0), 5 ml MIT (1 ml) 
0.1 M MgC12, 5 ml PMS (0.5 ml) 
Water, 25 ml 

0.2 M Tris HC1(pH 8.0), 20 ml MU (1 ml) 
0.1 M MgC12, 10 ml PMS (0.5 ml) 

a. 2.0 M Malic acid: 26.8 g of DL-malic acid and 16.0 g of NaOH in 100 ml of water. (Caution: exothermic reaction) 

b. NAD (15 mM): 1.0g of NAD free acid (Boehringer 129-981) in 100 ml of water. 

c. 0.2 M Tris HC1: 24.2g of Tris in 1 liter of water, adjust pH with HCl to pH 8.0. 

d. MIT (24mM): 1 g of dimethylthiozol tetrazolium in 100 ml of water. 

e. PMS (33mM): 1.0g of phenazine methosulfate in 100m1 of water. 

f. Isocitric acid solution(0.1M): 2.94g of DL-isocitric acid in 100m1 of water. 

g. NADP (13 mM): 1.0 g disodium NADP in 100m1 of water. 

h. MgC12 (0.1M): 2.03g of MgC12.6H20 in 100m1 of water. 

i. Sodium phosphate (8mM, pH 7.0): Mix equal parts of 27.6g of NaH2PO4.H20 in 1 liter of water and 53.6g of Na2HPO4.7H20 in 1 literof water, then 

dilute mixture 1:25 with water. 

j. Agarose overlay: 500mg of agarose in 25 ml of 0.2M Tris HO buffer (pH 8.0). The assays of PGI and PEP require an agarose overlay. 

k. Peptide: Gly-Leu G-2002. 

1. MnC12 (0.25M): 4.90g of MnC12.4H20 in 100m1 of water. 

http:solution(0.1M
http:1.1.1.44
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RESULTS

Evaluating multi-locus allozyme electrophoresis (MLAE) for determining the 

relatedness among Bradyrhizobium isolates 

The basic assumption underlying the ability of MLAE to describe the 

genetic relatedness among a bacterial population is that the loci encoding the 

enzymes analyzed should be representative of the total genome. If this 

assumption is true, one would expect to find a positive relationship between 

estimates of genetic relatedness obtained by MLAE with those determined by 

either DNA:DNA hybridization of total genomic DNA, or by RFLP analyses 

carried out with chromosomal gene probes. Two studies have been reported 

in the literature in which the relatedness among a subset of USDA strains of 

Bradyrhizobium japonicum was determined by either DNA:DNA 

hybridization (Hollis et al., 1981) or by percent sequence divergence estimated 

from hybridization patterns to chromosomal gene probes (Stanley et al., 1985). 

As a consequence, MLAE was used to analyze the relatedness among 

twenty USDA strains of B. japonicum which had been compared in one or 

other of the two studies cited above (Table 3). From preliminary 

experimentation, ten enzyme loci were found to be assayable and all were 

polymorphic. Seventeen electrophoretic types (ETs) were found among the B. 

japonicum strains (Table 4). Three pairs of isolates possessed the same ET 

(USDA74 and USDA86, USDA46 and USDA130, USDA140 and USDA62). A 

strong indication of the diversity among these strains was shown by h values 

per enzyme locus ranging between 0.47 to 0.83, with an overall mean genetic 

diversity per locus of H= 0.68. The overall relatedness of these bacteria is 

shown in Fig. 1. The 17 ETs of B. japonicum were subdivided into three 
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major groups (ME I, II and III). Strain USDA 123 was unique and represents a 

separate lineage. Cluster ME IV contained only the Bradyrhizobium sp. 

(Lupinus) strains USDA3051 and WU425, which were dissimilar from any of 

the B. japonicum strains. In general, there was good agreement between the 

grouping of strains by MLAE and by DNA:DNA hybridization ( Hollis et al., 

1981), and by percent sequence divergence ( Stanley et al., 1985). All of the 

strains of symbiotic groups I (sT I) and II (sT II) which were used in the study 

by Stanley et al. (1985) were found in groups ME I + II and ME III, respectively. 

With the exception of USDA117 and USDA123, all of the strains in groups ME 

I, ME II, and ME III corresponded with those placed in DNA homology groups 

I, Ia, and II respectively by Hollis et al. (1981) [Table 3]. Linear regression 

analyses were carried out on relatedness established by either DNA 

reassociation (Fig. 2) or by percent sequence divergence (Fig. 3) relative to the 

genetic distance between the strains expressed in terms of allozyme 

differences. Values for relative DNA binding percentages (at 650C) were 

obtained from Hollis et al., (1981) for strains USDA 6 and USDA 24 (ME I), 

USDA110 (ME II), and USDA 324 [alias 61A761(ME III), respectively. The 

regression analyses showed positive correlations (r2 ) ranging between 0.64 

and 0.95. In the case of sequence divergence (%), the data were taken from 

Stanley et al. (1985) using values obtained for strains USDA 58 and USDA 115 

( ME I), USDA 110 (ME II), and USDA324 (ME III). The regression analyses 

also showed positive correlations (r2) ranging between 0.59 and 0.86. These 

values compare favorably with those determined by other workers studying 

Escherichia coli and Legionella sp. (Ochman et al., 1983; Selander et al., 1985) 

and with studies from this laboratory on Rhizobium leguminosarum (Strain, 

Leung and Bottom ley, unpublished data). 
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Multi-locus allozyme electrophoretic analysis of Bradyrhizobium isolates 

recovered from Abiqua soil 

A total of ninety-five bradyrhizobial isolates chosen from the two 

white lupine collections and from blue lupine, serradella, and siratro were 

analyzed by MLAE. Seventeen electrophoretic types (ETs) were identified 

from an analysis of nine enzyme loci (Table 5). With the exception of 

xanthine dehydrogenase (XDH), enzyme loci were found to be polymorphic. 

The h values per enzyme loci ranged between 0.118 to 0.846, with an overall 

mean genetic diversity per locus of H=0.47. The relationships among the 17 

ETs and the two 'standard' Bradyrhizobium sp. (Lupinus) strains, USDA3051 

and WU425, are shown in the dendrogram (Fig 4). The 17 ETs formed six 

distinct clusters designated I through VI. Clusters III, IV and VI were 

represented each by a single ET. None of the Abiqua soil isolates were closely 

related to the two standard strains. Cluster I contained 8 ETs in which the 

majority (73.2%) of the isolates were found. Most isolates in cluster I were 

represented by ET2 and ET3 which differed at only one enzyme locus. Isolates 

in cluster I were quite dissimilar from the others, since they grouped with 

cluster II at a distance of 0.57. Isolates represented by ET1 were the only other 

substantial population in the collection and, with the exception of one isolate, 

were only found on blue lupine where they occupied 45.5% of the nodules. 

Despite the dominance of ET1 on blue lupine, a greater number of ETs was 

recovered from blue lupine than from any other host (Table 6). Isola tos of 

ET1 grouped with members of cluster I at a distance of 0.61. 
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Host range of isolates of ET1 and ET2 

All strains represented by ET2 were capable of nodulating siratro 

regardless of their plant of origin. However, it was notable that the ET1 

strains formed green, ineffective-looking nodules on siratro. Despite the fact 

that ET1 isolates were extremely rare on soil-grown white lupine, they were 

capable of nodulating the latter when inoculated as pure cultures. Although 

the suboptimal growth conditions prevent firm conclusions being drawn 

about the effectiveness of the ET1-white lupine symbiotic association, 

experiments were conducted under good plant conditions ( plant in leanord 

jar) to compare the effectiveness of three white lupine isolates (including an 

ET 2 and an ET 3 isolate) on white and blue lupines. The isolates of ET 2 and 

ET 3 were more effective on white than blue lupine (Table 7). Preliminary 

observations indicated that isolates from white lupine (collection I) were poor 

symbionts of serradella. These observations were confirmed when all of the 

ET1 and ET2 isolates tested (including ones recovered from serradella) were 

found to be either symbiotically ineffective or did not form any nodules on 

the latter host (Table 8). Evidence of host range variability among ET2 was 

obtained since the three isolates recovered from siratro formed a total of one 

nodule when inoculated onto serradella. 

Serological Analysis of Bradyrhizobium 

Antisera were raised against three representative strains from the first 

collection of isolates from white lupine. Strains LA(I)2-14, LA(I)2-17 and 

LA(I)2-22 were chosen because they showed consistent nodulating ability and 

were symbiotically effective on white lupine, and possessed distinct colony 
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morphologies. Immunodiffusion analysis of the 19 isolates revealed their 

antigenic nature to be diverse. Strains LA(I)2-14, LA(I)2-17 and LA(I)2-22 were 

antigenically distinct from each other, and ten of the 19 isolates cross reacted 

with one or another of the three antisera. The isolates that cross-reacted with 

antisera were either antigenically identical, or partially identical with the 

parent antiserum strains (Table 9). In contrast, only seven of 56 isolates from 

the larger second collection across reacted against the sera and only three 

isolates were antigenically identical to the original parent isolates (Table 10). 

The size of the soil population of Bradyrhizobium sp. 

Nodules were not detected on either white lupine or serradella plants 

exposed to the lowest soil dilution (one-tenth) in a plant infection-soil 

dilution assay. Such an observation could be explained if the soil population 

was below the limits of detection by the MPN procedure and/or distributed 

irregularly at the field site. Under stringent bacteriologically controlled plant 

growth conditions, nodules were formed on plants of white lupine and 

siratro grown in 100 g samples of Abiqua soil supporting the idea that the 

population is present at < 10 per gram of soil. Since serradella did not 

nodulate under the same conditions, the former must be either a highly 

selective host that does not nodulate readily with many of the 
Bradyrhizobium native to Abiqua soil, or that the strains that can nodulate 

serradella are irregularly distributed at the field site, or that the nodules 

recovered from pot-grown serradella in collection II were aerial contaminants 

and not of Abiqua soil origin. The poor ability of pure cultures of the soil 

isolates to nodulate serradella even at high inoculum doses and under good 

plant growth conditions was described above. 
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Table 3. Clustering of USDA strains of Bradyrhizobium japonicum
determined by DNA homology, RFLP patterns and MLAE. 

Strains DNA Symbiotic ET groupc Serogroup Origin of strain 
homology groupb (MLAE) 

groupa 

USDA6
(ATCC 10324) Group I ME I U. JapanNDh 6 (Cl)d

USDA24
(ATCC 11927) ND ME I 6 (C1) U. Wisconsin 

USDA38 ND ME I 38-115 U. Japan 
USDA58 sT I ME I ND unknown 

USDA115 sT I ME I 38-115 Brazil 
USDA123 ND unique 123 Iowa 

USDA62 Group la sT I ME II 62 North Carolina 
USDA110 sT I ME II 110 Florida 
USDA140 sT I ME II 62 Bolivia 

USDA29 Group II ND ME III 31 (C3)f U. Wisconsin 
USDA31 sT II ME III 31 (C3) Wisconsin 
USDA46 ND ME III 46 (C2)e Alabama 
USDA86 ND ME III Neg.g Maryland 
USDA94 ND ME III 94 North Carolina 

USDA117 ND ME II 76 Mississippi 
USDA130 ND ME III 130 Maryland 
USDA324 sT II ME III ND unknown 

(61A76) 

USDA122 ND sT I ME II 122 Mississippi 

USDA74 ND sT II ME III 76 California 
USDA127 ND ND ME II 123 Iowa

USDA3051i Group I ND ME IV ND Georgia
(ATCC 10319)

a. DNA homology groups are those derived from DNA:DNA hybridization data and are 
described by Hollis et al. (1981). 

b. Symbiotic groups are those defined by Stanley et al. (1985). 
c. See cluster analysis presented in Figure 1 for definition of ET groups. 
d. Cl, B. japonicum strains that react with antisera raised to USDA 3, 6, 24, and 44. 
e. C2, B. japonicum strains that react with antisera raised to USDA 4, 46, 71a, and 121. 
f. C3, B. japonicum strains that react with antisera raised to USDA 31, 40, and 120. 
g. USDA86 does not react with any of the known serogroup standard antisera in the Beltsville 

collection. (Peter Van Berkum, personal communication) 
h. ND : Not determined. (Peter Van Berkum, personal communication) 
i. USDA3051 is a strain of Bradyrhizobium sp. (Lupinus). 



Table 4 . Allelic profiles at 10 enzyme loci of 20 USDA strains of Bradyrhizobium japonicum and one strain of 
Bradyrhizobium sp. (Lupinus). 

Alleles at indicated enzyme locia 
Strain MDH IDH ESN PEP A DEIS GDH HEX PGM 6F13 F1:I 

USDA 6 1 3 3 1 0 4 3 1 1 2 

USDA 24 1 3 3 2 0 1 4 3.5 1 2 
USDA 58 1 3 3 1 0 1 3 3.5 1 2 
USDA 38 1 3 3 0.9 1:4 4 3 4 1 2 
USDA 115 1 3 3 0.9 0 1 3 4 1 2 

USDA 140b 1 3 2 1 2:3 4 2.5 2 4 1 

USDA 62b 1 3 2 1 2: 3 4 2.5 2 4 1 

USDA 110 1 3 1 1 1:2:3 4 2 2 2 1 

USDA 127 1 3 2 1 0 0 2.5 1.5 2 0 
USDA 122 1 3 2 1 2:3 4 3 2 2 0 

USDA 74c 2 2 4 0.6 1:4 4 1 3.5 3 1 

IJSI)A. 86c 2 2 4 0.6 1:4 4 1 3.5 3 1 

USI)A. 94 3 2 3 0.7 1:4 4 2 1.5 3 3 
USDA 324 2 2 3 0.6 0 4 2 3 3 1 

USDA 29 2 2 4 0.8 1:4 4 1 3.5 3 1 

USDA 31 1 2 4 0.8 1:4 4 1 3.5 3 1 

USDA 117 1 3 2 1 1:4 4 2.5 2 1 2 

USDA 46d 2 2 3 0.6 1:4 4 1 3.5 3 1 

USDA 1304 2 2 3 0.6 1:4 4 1 3.5 3 1 

USDA 123 3 1 3 0.5 0 1 4 2 2.5 2 

USDA 3051e 1 2 3 1 0 1 1 3 0.5 1.5 

No. of alleles 3 3 4 7 4 3 5 6 5 4 
Genetic diversity (h)1 .544 .559 .669 .809 .684 .471 .831 .801 .757 .684 

a. See Table 2 for the full names of the enzymes. With the exception of EST, the codes used for each enzyme correspond to the codes used in 
Table 5. 

b, c, and d. strains designated by the same letter are the same ET. 



Table 4. (continued) 

e. Strain USDA 3051 is Bradyrhizobium sp. (Lupins), and was not included in the calculation of h values. 
f. Genetic diversity at each enzyme locus includes the null alleles. See Materials and Methods for the process whereby h values are

calculated. The overall mean genetic diversity per locus is H=0.68. 
g. Both EST and ADH are recorded in the borate-tris buffer system. 
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Fig. 1 Relatedness of the 20 USDA strains of Bradyrhizobium japonicum and 
Bradyrhizobium sp. (Lupinus) USDA 3051 and WU 425, based on 
electrophoretically detectable allelic variations at 10 enzyme loci. 
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estimates of genomic sequence divergence.(see Stanley et al.,1985 for 
sequence divergence data) 



Table 5. Allelic profiles at nine enzyme loci of 17 electrophoretic types recovered from the Abiqua soil
Bradyrhizobium population 

Alleles at indicated enzyme Ida
ET Reference isolate No. of

isolates MDH I DH ESTb PEP XDH GDH HEX PGM 6PG 

1 LA (II) 1-7 11 1 1 2: 3.1 1 1 2 2 4 1 

2 LA(11) 1-3 43 1 1 3:4 2 1 1 2 2 2 
3 LA(II) 2-14 22 1 1 3: 4 2 1 1 3 2 2
4 LA(II) 3-49 4 1 2 2.5: 4 1 1 4 3 5 2.5 
5 LA(II) 3-32 1 1 1 3: 4 2 1 1 3 1 2
6 LG 2-43 2 1 1 0: 5 1 1 3 1 3 2
7 LG 2-13 1 1 1 3: 4 2 1 2 2 2 2
8 LG 1-18 1 1 2 2.5:4 1 1 2 3 5 3
9 OC 3-30 1 1 1 2.5:4 1 0 5 1 5 2.2
10 LG 2-4 1 1 1 3:5 1 1 1 3 1 2
11 MA 2-29 1 1 2 3: 4 2 1 1 2 2 2
12 MA 2-47 1 2 1 3:4 0.5 1 1 3 4 0.5 
13 LA(I) 2-7 2 1 1 2: 5 0.5 1 3 4 3 2.1
14 LA(I) 2-24 1 1 1 3.2: 5 0.5 1 3 5 2 2
15 LG 2-3 1 1 1 Xd 1 0 1 4 2 2
16 LG1-1 1 1 1 1 0 1 4Yd 2 2
17 LA(I) 2-2 1 1 2 2.5: 4 2 1 2 3 5 2 

No. of alleles 2 2 9 3 2 5 5 5 7
Genetic diversity (h)c .118 .382 .846 .662 .309 .728 .772 .779 .596

a. See Table 2 for the full names of enzymes. With the exception of EST, the codes used for eachenzyme correspond to codes used in Table 4.
b. See Materials and Methods for the rationale behind the EST code. 
c. Genetic diversity at each enzyme locus includes the null alleles. See Materials and Methods for the process whereby h values are

calculated. The overall mean genetic diversity per locus is H=0.47. 
d. X and Y were complex patterns of multiple bands which were different from other EST codes, but were untypeable in the format used for

the remainder of the isolates. 
004
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Fig 4. Relatedness among the ETs of Bradyrhizobium recovered from Abiqua soil based 
on electrophoretically detectable allelic variations at nine enzyme loci. 



Table 6. The distribution of ETs in nodules recovered from four different hosts. 

Cluster groups 

I II III IV V VI 

Host * Electrophoretic Type No. of 

plant 2 3 5 7 10 11 15 16 6 13 14 1 12 4 8 17 9 ETs 

(Percentage of isolates) 

LA-I 28.6 42.8 14.3 7.1 7.1 5 

LA-II 60 20 5 5 5 5 6 

LG 9.1 4.5 4.5 4.5 4.5 4.5 4.5 45.5 13.6 4.5 10 

OC 63.2 31.6 5.3 .3 

MA 65 25 5 5 4 

Total no. 
43 22 1 1 1 1 1 1 2 2 1 11 1 4 1 1 1 

isolates 

*Abbreviations LA-I, LA-II, LG, OC and MA represent isolates recovered from white lupine (first and second 
collections, respectively), blue lupine, serradella, and siratro, respectively. 
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Table 7. Growth response of white (L. albus) and blue (L. angustifolius) 
lupines to nodulation by three bradyrhizobial isolates from white lupine. 

Plant Species 

Isolate (ET) white lupine blue lupine 

g.plant-1 

LA(I) 2-14 (ET3) 1.458 a(12)b 0.485 (2) 

LA(I) 2-17 (ET2) 1.468 (13) 0.507 (7) 

LA(I) 2-22 (ET13) 0.871 (42) 0.680 (25) 

WU425 1.669 (39) 1.078 (35) 

KNO3 2.432 1.525 

uninoculated 0.491 0.469 

a. Means of shoot dry weight (g) of four replicates. 
b. Values in parentheses represent the average number of nodules per plant. 



Table 8. Nodulating characteristics of isolates of ET1 and ET2. 

Test Species (nodules plant-1) 

ET Isolate' Siratro Serradellac White lupine Blue lupine 

LG 2-14 9b 4 23 25
ET1 LG 3-19 15 2613b 6 

LG 1-7 10b 0 20 7 

MA 2-27 11 0
ET2 MA 2-36 14 0 NDNDd

MA 3-42 21 1

OC 2-17 12 2 
ET2 OC 1-21 11 7 ND ND

OC 3-31 11 8

LA(II) 1-11 17 3 
ET2 LA(II) 2-22 23 2 ND ND

LA(II) 3-31 18 7

WU425 ND ND 18 15 
Nitrate Control 0 0 0 0 

Uninoculated 0 0 0 0 

a. Abbreviations LA, LG, OC and MA represent isolates recovered from white lupine, blue lupine, serradella and siratro, respectively. 
b. Nodules were green and appear ineffective. 
c. All associations formed with serradella were ineffective. 
d. Not determined. 

t
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Table 9. Gel-immune-diffusion reactions of isolates from two collections of 
Bradyrhizobium spp. against antisera LA(I)2 -14, LA(I)2-17, and LA(I)2 -22. 

Antiseraa 
Host of origin Proportion No. of LA(I)2-14 LA(I)2-17 LA(I)2-22 

of isolates isolates 
(%) 

precipitin reaction 
White lupine 
(collection I) 53 1 lb 

3 PId 
2 
2 PI 
2 

Other 47 9 

White lupine 
(collection II) 12 2 - I 

Others2 88 15 

Blue lupine 11 2 PI 
Others 89 16 

Serradella 14 1 I 
1 PI 
1 PI 

Others 86 18 

a. The antisera were raised to isolates recovered from root nodules of L. albus 
(collection I) as described in Materials and Methods. 

b. Precipitin line is identical to the homologous interaction. 
c. No precipitin line is visible under these conditions. 
d. Precipitin line is partially identical to the homologous interaction. 
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Table 10. ET distribution of isolates antigenically identical to the antisera 
strains. 

Number of isolates reacting with antisera: 

LA(I)2-14 LA(I)2-17 LA(I)2-22 Totala 

(ET 3) (ET 2) (ET13) 

ET1 (1)b 7 

ET2 2 (1) 27 

ET3 1 (4) 1 (2) 2 (1) 16 

ET13 2 2 

Other ET 11 

a. Total number of isolates in each ET group which have been tested with 
these three antisera. 
b. Numbers in parentheses represent the number of isolates showing a 
reaction of partial identity to parent strains. 



47 

DISCUSSION

Although multi-locus allozyme electrophoresis (MLAE) has been used 

widely to explore aspects of population biology and diversity among 

pathogenic and enteric bacteria (Selander et al., 1986, 1987), it has seen limited 

use for other bacterial types. Over the past seven years there have been 

reports of MLAE analyses of strains from culture collections of Rhizobium 

leguminosarum (Pinero et al., 1988; Demezas et al., 1991), Rhizobium meliloti 

(Eardly et al., 1990), Pseudomonas syringae (Denny et al, 1988) and from soil 

populations of R. leguminosarum (Young, 1985; Young et al., 1987; Harrison 

et al., 1989). The work described in this thesis is the first of its kind on the 

genus Bradyrhizobium. 

Because one can attempt with MLAE to determine overall genetic 

relatedness among a group of isolates by examining only a small fraction of 

the total gene loci on the chromosome, it is significant that MLAE-

determined relatedness of strains of B. japonicum was confirmed to be 

positively correlated with the relatedness of the same strains established from 

DNA:DNA hybridization data (Hollis et al., 1981) and by comparing percent 

sequence divergence from hybridization pattern data (Stanley et al., 1985). 

Although an analysis of relatedness among strains of B. japonicum 

was not the major goal of this work, several interesting findings were made 

that have relevance to observations reported in the literature. Previous 

studies based upon DNA:DNA hybridization (Hollis et al., 1981), restriction 

hybridization patterns (Stanley et al., 1985; Hahne and Hennecke, 1987), and 

biotypic characteristics (Huber et al., 1984; Kuykendall et al., 1988), had shown 

that a subset of the USDA collection of B. japonicum (Keyser and Weber, 

1979) could be subdivided into two genetically distinct groups. The analysis of 
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MLAE data presented in this thesis confirms such a subdivision and also 

agrees with the additional conclusion of Hollis et al., (1981) that one of the 

groups can be subdivided further into two subgroups. Based upon the MLAE 

data, the two major groups of B. japonicum cluster at a relative distance of 

0.83 indicating that the organisms in each group are only remotely related to 

each other despite their common ability to nodulate soybean. Nevertheless, a 

distance as large as this one has been reported previously from MLAE 

analyses of R. leguminosarum by. phaseoli (Pinero et al., 1988), R. meliloti 

(Eardly et al., 1989), and pathovars of P. syringae (Denny et al., 1988). The 

ecological and symbiotic significance of such large phylogenetic distances 

among bacterial types that are pathogens and symbionts of plants requires 

further study. 

Other aspects of the MLAE data can be discussed in the context of 

discrepancies that arose from the earlier analyses of the same strains of B. 

japonicum. In the study by Hollis et al. (1981), DNA from strain USDA 122 

did not hybridize to any extent with DNA recovered from B. japonicum 

strains of either group I or group II. In contrast, the MLAE data are consistent 

with restriction pattern hybridization data showing that USDA 122 belongs to 

group I ( Stanley et al., 1985; Hahne and Hennecke, 1987). While Hollis et al. 

(1981) reported that the ATCC type strain of Bradyrhizobium sp. (Lupinus) 

[USDA 3051) was closely related to group I isolates of B. japonicum, the MLAE 

data are consistent with the conclusion arrived at from restriction pattern 

hybridization data in which there is no evidence for a close relationship 

(Hahne and Hennecke, 1987). In agreement with the latter study, the MLAE 

data show USDA3051 to be distant from the two major groups of B. 

japonicum and more closely related to strain WU 425 than to any of the B. 

japonicum strains. 
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The data presented in this thesis add to observations scattered

throughout the literature indicating that host preference is shown within the 

bradyrhizobia that nodulate lupine species. Although serradella species are a 

convenient small-seeded legume for enumerating the soil population density 

of lupine bacteria by the enclosed tube MPN procedure (Chatel et al., 1973; 

Brockwell, 1980; Slattery and Coventry, 1989 ), all of the isolates recovered 

from both lupine species used in this study were either incapable of 

nodulating serradella, or nodulated slowly, sporadically, and were 

symbiotically ineffective. It was not surprising, therefore, that serradella did 

not nodulate consistently when planted in the same soil in which both of the 

lupine species nodulated. Obviously, serradella cannot be guaranteed to 

provide an accurate estimate of the magnitude of lupine-nodulating 

Bradyrhizobium populations in Oregon soils. Our data agree with 

observations made several years ago by Graham (1964) who showed that some 

isolates of slow-growing rhizobia of the cowpea miscellany would nodulate L. 

digitatus but would not nodulate serradella. 

Our data provided the first direct evidence that a soil population of 

lupine-nodulating bradyrhizobia can be diverse and composed of lineages 

that are rather distant from each other. Furthermore, evidence was obtained 

for white and blue lupine species preferring to nodulate with different 

members of the same soil population. These data are complementary to 

findings from Australian studies which showed that slow-growing rhizobia 

recovered from native Australian legumes would nodulate white lupine and 

L. digitatus (now L. cosentinii Guss.) but would not nodulate with either blue 

lupine or serradella ( Lange, 1961). 

Finally, the data should be discussed in terms of serotype and 

electrophoretic type relationships. Most information about the autecology of 
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indigenous populations of bradyrhizobia in soil has been derived from 

studies using fluorescent antibodies and which were focused almost 

exclusively upon B. japonicum (Bohlool and Schmidt, 1980; Bottom ley, 1992). 

However, many studies have shown that serotypes are heterogeneous 

(Bottom ley, 1992). Young (1988) has pointed out the need to establish how 

serotyping relates to other methods of populational subdivision before 

ecotypic studies are based upon antigenic properties. In regard to B. 

japonicum, my data show that strains USDA62 and USDA140 possess the 

same ET and belong to the same serogroup (USDA62). Given the diversity in 

B. japonicum, this observation is all the more amazing since one of these 

strains (USDA 62) was isolated in 1946 from North Carolina, USA, and the 

other (USDA 140) in 1959 from Bolivia, South America. In a similar vein 

USDA38 and USDA115 are closely related by ET and belong to the same 

serogroup (38-115). In contrast to the close ET-serotype relationships cited 

above, USDA46 and USDA130 possess identical ETs, yet they are antigenically 

distinct, belonging to the serogroup complex C2 and serogroup 130, 

respectively. There are no known antigens shared between these two 

serogroups (Date and Decker, 1965). 

The data in this thesis show that antisera with strain specificity can be 

raised to lupine-nodulating Bradyrhizobium, that isolates with different 

antigenic composition are found in the same ET (eg. ET2 and 3), and that 

similar antigens can be found on isolates of quite different ETs (eg. ET3 and 

ET13). Similar examples of serotype-ET relationships and inconsistencies 

have been reported for the genus Salmonella, which for many years has been 

subdivided into several hundred 'species' by serotyping (Le Minor and 

Rohde, 1984). Only recently has an attempt been made to establish the cronetic 

relatedness among and within the Salmonella serovars by using ''.LAE 
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(Beltran et al., 1988, 1991). Since so much of the history of Bradyrhizobium, in 

the U.S.A. in particular, has been described by serological means (Vest et al., 

1973), it is important that the relationship between lineage history and 

serotyping be determined. 
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