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Although 14 antigenically distinct serotypes of Rhizobium
leguminosarum by. trifolii exist in the Abiqua soil under a permanent

subclover/grass pasture in Soap Creek valley, Oregon,

immunofluorescence analysis showed that 60 to 73% of the nodules of field-

grown 'Nangeela' subclover (Trifolium subterraneum L.) were occupied by

serotype AS6. High nodule occupancy by serotype AS6 was found

throughout the 100 x 200 m field, and it persisted over a 4-yr period (1987 to

1991). Serotype AS6 was found to be antigenically complex. After

systematically cross-adsorbing fluorescent antibodies FAAS6-1 and

FAAS6D-1, an immunofluorescence assay revealed various combinations of

five somatic antigens among the serotype AS6 isolates, and four distinct

subtypes were identified (AS6-A, AS6-B, AS6-C, and AS6-D). The

population density of serotype AS6 in samples of field soil recovered from

both host and non-host rhizospheres and from bare soil was significantly

greater (average of 14 times) than the densities of five other serotypes

regardless of sampling time. The diversity among isolates of Rhizobium

leguminosarum by. trifolii recovered from root nodules of subclover grown

in Abiqua soil was examined by multi-locus allozyme electrophoresis
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(MLAE). From an analysis of 14 enzyme loci, 32 electrophoretic types (ETs)

were identified, and a mean diversity per locus (H) of 0.48 was obtained.

The population was divided into two genetically distinct groups (A and B)

which clustered at a distance of 0.62. The majority of the isolates (58%)

belonged to the nine ETs of group A and were closely related to each other.

Ninety-seven percent of the AS6 isolates were found in group A. Serotypes

AS6-A and AS6-B were exclusively represented by ET2 and ET3,

respectively, whereas serotype AS6-C was found among six different ETs in

group A. Other minor nodule-occupying serotypes were composed of

different ETs that were scattered throughout the clusters and single

lineages of group B. Three representative isolates of ET3 were found to be

more competitive than most other ETs at nodulating subclover. Despite

their appearance in a high proportion of nodules on soil-grown subclover,

ET2 isolates were not particularly competitive. However, when either ET2

or ET3 isolates were given a 10-fold numerical advantage over their

competitors, their percentage nodule occupancies increased significantly.

Contrary to previously published findings, subclover was capable of

nodulation at water potentials as low as -1.0 MPa, and the number of

nodules per plant increased as the water potential of the soil was raised

from -1.0 to -0.03 MPa. Although the growth of the majority of the Abiqua

soil isolates of Rhizobium leguminosarum by. trifolii was severely impaired

at water potentials < -0.75 MPa, serotype AS6 dominated subclover root

nodules at all water potentials between -1.0 and -0.03 MPa.
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Ecology of a Soil Population of Rhizobium leguminosarum by. Trifolii

Chapter I

Introduction to the Thesis

Since Hellriegel and Wilfarth (1888) first reported their observations on

biological nitrogen fixation by the association between leguminous plants and

some 'vital microorganisms', which are now identified as members of

Rhizobium species, much research has been carried out on the basic principles

and applications of symbiotic nitrogen fixation. Although nitrogen fixation

occurs in other non-legume symbiotic associations (e.g., Azolla I Anabaena and

Actinorhizal plant/Frankia associations) and in free-living bacteria distributed

throughout the procaryotic kingdom, legume nitrogen fixation accounts for

about one-half (approximately 70 million metric tons per year) of the total

nitrogen fixed biologically (Burns and Hardy, 1975). Since legumes are one of

the most important protein sources in human and livestock diet, many

attempts have been made to identify the factors that limit N2 fixation.

In many reports from the first half of the 20th century, significant

responses of legume growth to seed inoculation with rhizobia were observed in

soils in which a symbiotically effective Rhizobium population was absent

(Cass-Smith and Pittman, 1938; Erdman, 1943; Moodie and Vandacevye,

1943; Vincent, 1954). A more complex situation occurs in soils which already

contain a resident rhizobial population capable of nodulating the legume in

question. In these cases two responses have been observed repeatedly. First,

inoculant strains are out-competed for nodulation by members of the

indigenous soil population (Johnson et al., 1965; Dudman and Brockwell, 1968;
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Weaver and Frederick, 1974a, b; Martenssen, 1990; Date, 1991). Second, even

if the Rhizobium inoculant strains occupy a large percentage of nodules on

their host plants in the first growing season, this success is followed by

occupancy decline in subsequent years (Dudman and Brockwell, 1968; Weaver

and Frederick, 1974a, b; Gibson et al., 1976; Brockwell and Schwinghamer,

1977; Meade et al., 1985). If members of the soil rhizobial populations were

highly effective at fixing N2, these situations would not be problematic.

However, many reports indicate that the majority of strains recovered from

indigenous soil populations of Bradyrhizobium and Rhizobium species are

suboptimally effective on agriculturally desirable legume species (Holding and

King, 1963; Holland, 1970; Gibson et al., 1975; Hagedorn, 1978; Rys and

Bonish, 1981; Bottomley and Jenkins, 1983; Hagedorn et al., 1983; Materon,

1991; Moawad and Beck, 1991; Thies et al., 1991b; Wanjagi, F., 1992, M.S.

thesis, Oregon State University). Whether or not such rhizobial populations

limit the rate of N2 fixation and legume growth in the field is still a subject of

considerable controversy (Robson and Bottomley, 1991). For example, there

are reports that field-grown alfalfa supplemented with N fertilizer can out-yield

alfalfa nodulated by Rhizobium meliloti strains of mediocre effectiveness

(Bottomley and Jenkins, 1983; Eardly et al., 1985). Thies et al. (1991a)

obtained yield responses of several field-grown legumes to N fertilization in

some situations, and not in others, despite the nodule occupants often being in

suboptimal effectiveness. A thorough characterization of the soil population

and nodule occupancy at each field site seems warranted if definitive

information is to be obtained.

Over the past 50 yr, many analyses of root nodule occupants have

shown that rhizobial populations in soil at specific locations can be

tremendously diverse (Hartmann and Amarger, 1991; Mpepereki and Wollum,
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1991; Bottom ley, 1992). For example, certain methods of strain
discrimination, such as intrinsic antibiotic resistance patterns and phage

typing have revealed as many as 54 and 87 types, respectively, within root

nodules of a legume species grown at a specific location (Beynon and Josey,

1980; Thurman and Bromfield, 1988). However, there are several reports

which show that a limited number of types can occupy the majority of root

nodules. For example, it has been shown that one or two serotypes of

Bradyrhizobium japonicum (Damirgi et al., 1967; Ham, 1980), Rhizobium

leguminosarum by. trifolii (Dughri and Bottom ley, 1983; Demezas and

Bottom ley, 1984), Rhizobium leguminosarum by. viciae (Mahler and Bezdicek,

1980), or Rhizobium meliloti (Jenkins and Bottomley, 1985) dominate root

nodules of field-grown legumes. These data imply that certain subpopulations

of soil rhizobia might possess soil-colonizing and/or nodulating abilities that are

superior to those of others within the same population. Alternatively, they

indicate that some soil rhizobial populations might be less diverse than others,

or, that serotype membership camouflages over a more complex population

structure. Despite all these studies, no one to date has carried out a thorough

examination of diversity in a soil rhizobial population in relation to root nodule

occupancy. The work presented in this thesis was carried out with the goal of

correcting this deficiency.

Competitive nodulation

Two different theories have been proposed to explain the ability of

certain strains to dominate nodule occupancy when they are in multistrain

mixtures or soil populations. The first theory involves specific host-strain

interactions, and the second theory is based on the relative abundance of the

competitors in the host rhizosphere.
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(i) Outcome of nodulation is controlled by a host preference
phenomenon

It has long been known that different species of a legume genus (or even

cultivars within a species) can exert a strong selection for certain strains from

within rhizobial soil populations (Dughri and Bottom ley, 1984; Demezas and

Bottom ley, 1986a, b; Valdivia et al., 1988; Weaver et al., 1989 Hynes and

O'Connell, 1990; Date, 1991; Josephson, 1991; Yap, K., 1991, M.S. thesis,

Oregon State University; Bottom ley, 1992). In the field, Robinson (1969b)

observed that subclover was nodulated only by the symbiotically effective

members of a soil population despite the latter also containing ineffective

strains. In a laboratory study, he went on to show that an inoculum ratio of

10,000:1 in favor of the ineffective strain was necessary to reverse the nodule

dominance by the effective strain (Robinson, 1969a). Others have shown that

the competitive nodulating abilities of ineffective N2 fixing mutants were no

different from that of their wild type parent strains, indicating that N2 fixing

ability per se is not the critical factor controlling nodulating success (Amarger,

1981; Hahn and Studer, 1986). Recent research has revealed that seedlings of

different clover species secrete different spectra of flavonoid nod gene inducers

(Spaink et al., 1987; Zaat et al., 1988; Zaat et al., 1989). Since the level of nod

gene expression in rhizobia is dependent on both the quality and quantity of the

nod inducers (Firmin et al., 1986), host selective nodulation may be controlled

in part by unique interactions between the plant flavonoids (or other

chemicals) and the nod genes of the bacteria. Even more recently, Lerouge et

al. (1990) showed that the host specificity of R. meliloti for plants of the

Medicago and Melilotus genera is determined by sulfation of an acylated

glucosamine oligoliposaccharide produced by the bacterium in response to the

flavonoids. Further studies on R. leguminosarum and B. japonicum have
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revealed their nodulation factors to be similar but yet different from each other

(Spaink et al., 1992). At this time it is not known how much interstrain

variation exists in the structure of the nod factors and if this plays a role in the

host preference phenomenon.

(ii) Outcome of nodulation is controlled by rhizosphere colonization

It has been hypothesized that nodule dominating rhizobial strains might

have a superior ability to colonize the rhizospheres of their host plants, and, as

a consequence, out-compete other strains for nodulation (Vincent and Waters,

1953; Chatel et al., 1968; Chatel and Parker, 1973). In general, when two

competing strains show a similar ability to fix N2 on a host, then a positive

relationship usually exists between nodulation success and the relative

numbers of the two strains in the inoculant mixture (Franco and Vincent,

1976; Amarger and Lobreau, 1982; Beattie et al., 1989). Even poorly

competitive strains can significantly improve their nodule occupancy when

they out-number their competitors in the host rhizospheres by ratios between

3:1 and 50:1 (Amarger and Lobreau, 1982; Demezas and Bottomley, 1986b;

Fuhrmann and Wollum, 1989; Mullen and Wollum, 1989). The possibility

exists, therefore, that specific rhizobial types may dominate nodules under field

conditions simply because they are more numerous in soil and respond more

rapidly to the host rhizosphere.

There is circumstantial evidence in support of such a possibility.

Intensive screenings of isolates of different species of Bradyrhizobium and

Rhizobium have revealed differences in their abilities to tolerate soil stresses

such as acidity, excess aluminum, high temperature, low phosphate, and water

stress (Bushby and Marshall, 1977a, b, c; Date and Halliday, 1979; Keyser and

Munns, 1979; Keyser et al., 1979; Van Rensberg and Strijdom, 1980; Mahler
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and Wollum, 1981, 1982; Munevar and Wollum, 1981; Cassman et al., 1981;

Pena-Cabriales and Alexander, 1983; Fuhrman et al., 1986; Leung and

Bottom ley, 1987). Furthermore, evidence exists in the literature that

environmental stress can exert a strong influence upon the proportion of

nodules occupied by different strains from within inoculant mixtures or

indigenous soil rhizobial populations (Hardarson and Jones, 1979; Dughri and

Bottom ley, 1984; Renwick and Jones, 1986; Almendras and Bottom ley, 1987).

Unfortunately, there have been few attempts made to critically assess of

whether the growth and nodulation differences shown by isolates in response to

environmental factors correlate with their saprophytic success or failure under

the field conditions from where they originated.

Several field studies have used the technique of immunofluorescence to

monitor soil populations of either inoculant strains or native serotypes of

Bradyrhizobium or Rhizobium species. No evidence was obtained for any

serotype being more numerous than any other in their host rhizospheres

regardless of success in nodulation (Reyes and Schmidt, 1979, 1981; Ellis et al.,

1984; Moawad and Bohlool, 1984; Moawad et al., 1984; Robert and Schmidt,

1983, 1985; Abaidoo et al.,1990). Unfortunately, there were several

limitations associated with these studies regarding the role of relative

population size in nodulation success. Most of the studies involved the

monitoring of inoculant strains and it was not always clear if the fluorescent

antibodies were able to convincingly distinguish among the strains or serotypes

of interest (Robert and Schmidt, 1983; Moawad and Bohlool, 1984). In studies

where populations of indigenous serotypes were monitored, the native soil

populations were not well-characterized and the experiments involved slow

growing Bradyrhizobium japonicum (Ellis et al., 1984; Moawad et al., 1984,

Robert and Schmidt, 1985). In the case of studies where indigenous serotypes
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of Bradyrhizobium japonicum were followed, the experiments were carried out

in a cultivated soil in Minnesota under conditions where soil stresses such as

acidity, temperature, and water availability were not limiting factors to soil

rhizobia. It is possible, however, that population size difference may be an

important factor in dictating which members of a soil population occupy most

nodules in situations where soil stresses are present at the time of nodulation.

For example, in Oregon, the annual legume, subclover, germinates and

nodulates in surface soils that are quite acidic (pH 5.0 5.5), and which are

extremely dry during the summer for a period of 12 to 16 weeks. Earlier

reports from this laboratory showed that serotypic population densities of

Rhizobium leguminosarum by. trifolii were different in one of these soils

(Bottomley and Dughri, 1989) and that one of the most numerous serotypes

was found in a high percentage of nodules on laboratory-grown plants

(Almendras and Bottomley, 1987, 1988). An opportunity presented itself to

evaluate population dynamics of an indigenous population of Rhizobium

leguminosarum by. trifolii over a season, and to evaluate if water availability

and superior osmoregulatory strategies played a role in the outcome of

nodulation.

Composition of soil rhizobial population

It should now be apparent to the reader that gaining a picture of the

diversity within a soil rhizobial population requires careful choice of

identification methods that can subdivide a population in a genetically and

ecologically meaningful way. Various approaches such as serotyping, phage

resistance patterns, plasmid profiles, total soluble protein profile patterns,

membrane protein patterns, antibiotic resistance, and symbiotic effectiveness

traits (Barnet, 1991; Bottomley, 1992) have been used to describe the
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diversity among soil populations of Rhizobium and Bradyrhizobium.

Historically, serotyping has been widely used by researchers to identify specific

strains within root nodules. Since there are no selective media for enumerating

rhizobia directly from soil, an immunofluorescence analysis provides the most

convenient and practical method for enumerating rhizobial populations directly

in soil. Despite a long history, serotyping has received criticism for its inability

to reveal the relatedness of strains among and between serotypes.

Furthermore, there have been no attempts made to determine if serotypes

represent distinct ecotypes within a soil rhizobial population.

Recently, multi-locus allozyme electrophoresis (MLAE) has been used to

study the overall genetic structure among strains of particular rhizobial

species (Pinero et al., 1988; Eardly et al., 1990; Demezas et al., 1991; Segovia

et al., 1991). Unlike other delineatory methods which are based upon strain

variation in certain phenotypic characteristics, MLAE analysis involves the

determination of the allelic variations of a large number of metabolically

indispensable, chromosomally located enzymes (between eight to thirty

enzymes). In the analysis, isolates are classified by their combination of

alleles at the various enzyme loci. The major assumptions behind the method

are: (1) most amino acid variations in a particular protein will extrapolate to

differences in mobility in an electric field; and (2) the amino acid changes in

'house-keeping' enzymes confer no selective advantage. In the case of

Escherichia coli, it has been established that the relatedness of bacterial

strains determined by DNA:DNA hybridization is positively correlated with

relatedness elucidated from an analysis by MLAE (Ochman et al., 1983), the

latter method provides an opportunity to gain a picture of the overall diversity

among and between rhizobial populations.



9

To date, the most extensive MLAE analyses have been carried out on

strains in culture collections of Rhizobium leguminosarum by. phaseoli (Pinero

et al., 1988; Segovia et al., 1991), Rhizobium meliloti (Eardly et al., 1990), and

Rhizobium leguminosarum by. trifolii (Demezas et al., 1991). The data show

that each of these rhizobial 'species' is in reality an assembly of genetically

distant lineages that should not be considered the same species by taxonomic

criteria. To date, there are no published studies in which MLAE has been used

to examine a specific soil population of a nodulating rhizobial species. Part of

the work in this thesis addresses this issue.
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Objectives

Since the composition and competitive nodulating characteristics of an

indigenous population of Rhizobium leguminosarum by. trifolii have not been

adequately addressed, the following objectives became the foundations of this

thesis.

(1) To identify the major nodule-occupying serotype(s) of Rhizobium

leguminosarum by. trifolii in the root nodules of 'Nangeela' subclover growing

under field conditions.

(2) To compare the population densities and dynamics of both major and

minor nodule-occupying serotypes in subclover and grass rhizospheres.

(3) To determine the relatedness of members of the nodule-dominant

serotype AS6 to each other and to the minor nodule occupants.

(4) To determine if members of serotype AS6 were inherently more

competitive at nodulation than other minor nodule-occupying serotypes.

(5) To examine the possibility that soil water potential might influence

the outcome of competitive nodulation among members of a soil population of

R. leguminosarum by. trifolii.
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Chapter II

Competitive Nodulation and Rhizosphere

Dynamics in an Indigenous Population of

Rhizobium leguminosarum by. Trifo lii under

Field Conditions
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Introduction

Although it has been established that the host plant can play a major,

albeit unknown, role in the outcome of competitive nodulation among rhizobial

strains (Robinson, 1969a, b; Broughton and Dowling, 1986; Triplett, 1990;

Bottom ley, 1992), many laboratory studies have also shown that relative

nodule occupancy can be manipulated by changing the ratio of the populations

of two competing strains (Franco and Vincent, 1976; Materon and Vincent,

1980; Amarger and Lobreau, 1982; Demezas and Bottom ley, 1986b; Beattie et

al., 1989; Fuhrmann and Wollum, 1989; Lochner et al., 1989; Mullen and

Wollum, 1989).

The possibility that differences in population size might influence the

outcome of nodulation by subpopulations of soil rhizobia under field conditions

has rarely been evaluated. In the case of soybean and Bradyrhizobium

japonicum, immunofluorescence studies have shown that neither soil nor

rhizosphere populations of antigenically distinct serotypes differ significantly

from each other. Therefore, differences in the size of serotype populations

cannot account for the fact that serotype 123 of B. japonicum is present in a

larger proportion of the nodules than other serotypes (Reyes and Schmidt,

1979, 1981; Ellis et al, 1984; Moawad et al., 1984; Robert and Schmidt, 1985).

In contrast, immunofluorescence studies from our laboratory have shown that

the densities of serotypic populations of Rhizobium leguminosarum by. trifolii

can be significantly different from each other in acidic soils of high organic

matter content under permanent pastures (Valdivia et al., 1988; Bottom ley

and Dughri, 1989). Furthermore, the most numerically dominant serotype in

the soil population, AS6, is the major nodule occupant on several annual clover

(Trifolium) species grown in soil transported from the field to the laboratory
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(Almendras and Bottom ley, 1987; Yap, K., 1991, M.S. thesis, Oregon State

University).

Although these data are important preliminaries for elucidating the

factors that influence nodule occupancy by Rhizobium leguminosarum by.

trifolii under field conditions, the following observations from our laboratory

indicated there was a need to thoroughly evaluate nodule occupancy by soil

rhizobial subpopulations on field-grown plants, and to systematically monitor

subpopulation densities and dynamics under field conditions over time. First, in

earlier study showed that nodule dominance by specific serotypes was more

pronounced on field-grown subclover than on plants grown in soil brought from

the field to the laboratory (Demezas and Bottom ley, 1987). Second, correction

of soil nutrient limitations prior to planting subclover under laboratory

conditions was found to change the distribution of specific serotypes in nodules

compared with the situation in unamended soil (Dughri and Bottom ley, 1983;

Almendras and Bottom ley, 1987, 1988). Third, the proportion of nodules

occupied by some of the indigenous serotypes was influenced by the cultivar of

subclover used as 'trap' host (Dughri and Bottom ley, 1984). The cultivar used

primarily in the laboratory studies cited above (cv. 'Mt. Barker') was not the

same one currently dominating the subclover plant community at our most

intensively-studied field site (cv. 'Nangeela'). And fourth, determinations of

serotypic soil population densities were not made on soil recovered

systematically at different times throughout the year, nor had the possibility

been considered that population size determinations made in the upper 10-cm

of a grass/clover pasture sod might be influenced by seasonal rhizosphere

effects.

Since the situation under field conditions had not been addressed

adequately, the objectives of this work were as follows: (1) to identify the major
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nodule-occupying serotypes of subclover growing under field conditions; (2) to

determine if the same serotypes consistently dominated root nodules over a

period of several years; and (3) to compare the population densities and

dynamics of both major and minor nodule-occupying serotypes in host and

nonhost rhizospheres and in unplanted soil.



15

Materials and Methods

Experimental site

The study site was a 100 x 200-m minimally managed mixed grass/

subclover (Trifolium subterraneum L.) pasture located in the central

Willamette Valley of Oregon on the Beef Cattle Facility of Oregon State

University. The soil is a deep, well-drained silty clay loam of the Abiqua series,

a member of the fine, mixed, mesic, Cumulic Ultic Haploxerolls. The chemical

and physical characteristics of this soil have been described in detail elsewhere

(Almendras and Bottomley, 1987; Bottomley and Dughri, 1989).

Seed Sources

Since subclover cv. 'Nangeela' and orchard grass (Dactylis glomerata L.)

were the predominant plant species growing in the pasture, they were chosen

to be the host and non-host plants, respectively, for greenhouse studies of

rhizosphere population dynamics and competitive nodulation. Subclover seeds

were obtained from Drs. R. Smith and G. Evers, Agricultural Experiment

Station, Texas A&M University, Angleton, Texas, and from LaBrie Ranch and

Seed Company, Roseburg, Oregon. Orchard grass seeds were obtained from

the Seed Certification Laboratory of the Department of Crop and Soil Science,

Oregon State University, Corvallis, Oregon.

Serotypes of Rhizobium leguminosarum by. trifolii identified in

Abiqua soil

From studies carried out over a period of 12 yr, 14 antigenically distinct

serotypes of Rhizobium leguminosarum by. trifolii have been identified in

Abiqua soil. Fluorescein-labeled immunoglobulin conjugates (FAs) have been
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prepared to nine of the 14 serotypes by procedures described elsewhere

(Demezas and Bottom ley, 1986a). Certain serotype-specific antisera and their

corresponding (FAs) were used most frequently. These were FAAG4-1,

FAAS6- 1 , FAAS6D- 1 , FAAP17- 1 , FAAS21-1, and FAAR23- 1 . They were

specific for serotypes AG4, AS6, AS6-D, AP17, AS21, and AR23, respectively

(Table 2.1). Occasionally, FAAS16-1, FAAS27-1, and FAAS36-1 were used to

evaluate nodule occupancy by members of serotypes AS16, AS27, and AS36,

respectively.

Determining the nodule occupancy by serotypes of R. leguminosarum

by. trifolii on field-grown subclover

In May, 1987, five to six subclover plants were collected at each of three

randomly chosen locations in the field. The root systems of the plants were

detached, washed in a 0.1% (v/v) Tween 20 solution, and rinsed thoroughly with

deionized water. A total of 30 crown nodules (nodules found within the top 5-cm

region of a tap root) were collected from the plants sampled at each location

(five to six nodules per plant). The nodules were surface sterilized by standard

methods (Vincent, 1970) with the following modification. Instead of using 2%

(w/v) acidified HgC12 solution as a surface disinfectant, nodules were surface

sterilized for 10 min with a 25% (v/v) Clorox bleach solution. Nodule smears

were prepared and stained with FAs targeted to serotypes AS6 and AS21, and

to various combinations of other serotypes (AG4, AS16, AS17, AR23, AS27,

and AS36). Rhizobia were isolated from the nodules by transferring a drop of

the squashed nodule suspension onto plates of yeast extract-mannitol agar

(YEM) supplemented with cycloheximide (20 mg 14). The rhizobial cultures

were streaked to obtain single colony isolates. Isolation of rhizobia from field

nodules was repeated in April, 1988 and March, 1990.
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The distribution of rhizobial serotypes in nodules of subclover plants

growing thoughout the field was evaluated by subdividing the 100 x 200-m

paddock into sixteen 25 x 50-m quadrats. Ten subclover plants were taken

randomly from each quadrat. Thirty crown nodules were recovered from each

set of plants, and nodule occupancy was determined with FAs specific to

serotypes AG4, AS6, AP17, AS21, and AR23.

Nodule occupancy of field-grown subclover at different developmental

stages

In September, 1987, between six and 13 non-nodulated seedlings of

'Nangeela' subclover were chosen from each of three sites in the field. Seedling

roots were rinsed with sterile deionized water and inspected for tap root

swellings. The positions of potential nodule sites on the roots were noted, and

the seedlings were transplanted to N-free Jensen's seedling nutrient agar

(Dughri and Bottomley, 1983). Three weeks after the transplantation, 30 to

40 nodules were harvested from each of the three sets of seedlings, and nodule

occupancy was determined by immunofluorescence. Well-established

subclover seedlings were also collected from the field in early December, 1987,

and crown nodules were harvested and analysed by immunofluorescence as

described above. In April, 1988, crown nodules were collected from mature

field-grown subclover and their occupants determined by immunofluorescence.

Immunofluorescence analysis

Nodules were squashed individually in 50 to 200 Rl of sterile deionized

water depending on their sizes, and 4-0 portions were used to prepare each

smear. Nodule or culture smears containing approximately 106 cells per

smear were air-dried, heat-fixed, and prestained with a rhodamine-gelatin
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conjugate to suppress non-specific fluorescence (Bohlool and Schmidt, 1968).

Each smear was stained for 10 to 15 min in a dark, humidified container with a

drop of FA solution diluted 25X in 20 mM phosphate buffer (pH 7.2). FAAS21-

1 and FAAS27-1 had lower affinities for their respective antigens and were

diluted only 20X to ensure better reaction with the isolates tested. Smears

were mounted in FA mounting fluid (Difco) and examined under a Zeiss

epifluorescence microscope equipped with a 50W super pressure mercury

lamp A filter set appropriate for the excitation and emission characteristics of

the fluorescein fluorochrome was used. The set included a BP450-490

excitation filter, a FT510 beam splitter, and a LP520 barrier filter. Samples

were examined at 1000X magnification by using widefield KPL 10X eyepieces,

and a Planochromat 100X/1.25 oil immersion objective.

Gel-immune-diffusion analysis

The precipitin patterns of 100 isolates of serotype AS6 were examined

with antiserum to AS6-1 in a gel-immune-diffusion assay. Cell cultures of the

isolates were grown in 30-ml portions of glutamate-mannitol nutrient broth

(Dughri and Bottomley, 1983) supplemented with disodium EDTA (27 pM),

FeC13 (14 pM), and the vitamin mixture of Chakrabarti et al. (1981). The

cultures were harvested at late log phase, washed twice with 0.15 M saline,

and the cell pellets were resuspended in saline at a cell density of 60 mg m1-1

(wet weight). An agarose (Type IV, Special High EEO, Sigma) suspension

(0.8%, w/v) in 0.15 M saline was melted by steaming for 10 min, cooled in a

550C water bath, and supplemented with an 80 mM sodium azide stock

solution to achieve a final concentration of 0.4 mM. Agarose gel plates were

prepared by dispensing 7-ml portions of the solution into 50 x 9- mm petri

plates. After the agarose solidified, a hexagonal array of wells (5- mm
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diameter) was cut around a smaller central well (4 mm). Portions of antiserum

(35 RI) and cell suspension (65 [t1) were dispensed into the central and

peripheral wells, respectively. The plates were incubated in humidified Ziploc

bags for 3 d, and precipitin reactions were examined under indirect illumination.

Adsorption of fluorescein-labeled immunoglobulin conjugates

Cross reaction between isolates of serotype AS6-C and FAAS6-1 was

eliminated by adsorbing the FA with isolate 88FL1,11/2, a representative of

serotype AS6-C. One-tenth of a ml of FAAS6-1 was diluted 25X with 20 mM

phosphate buffer (pH 7.2). Isolate 88FL1,11/2 was grown in 30 ml of

glutamate-mannitol nutrient broth as described earlier. Cells were harvested

at late log phase and washed twice with 0.15 M saline. Approximately 40 mg

(wet weight) of the cells were suspended in saline in a microcentrifuge tube and

pelleted in a Beckman Microcentrifuge Model E for 5 min (12,353 x g). The

cells were resuspended in 2.5 ml of 25X diluted FAAS6-1, and the mixture was

incubated in the dark for 1 h at room temperature. The cells were removed by

centrifugation (12,000 x g, 10 min), and the adsorbed FA was filter-sterilized

through a 0.2-Rm Nuclepore polycarbonate membrane filter. Completeness of

adsorption was achieved since adsorbed FA did not react against smears of

88FL1,11/2. The adsorption procedure was repeated on FAAS6D-1 using

isolate 88FL3,4, a representative of serotype AS6-B, as the adsorbing agent.

This allowed the antigenically similar AS6-A and AS6-D to be distinguished

from the AS6-B subtype. By adsorbing FAAS6-1 and FAAS6D-1 with

different combinations of isolates representing AS6 subtypes, the different

subtypes of serotype AS6 could be distinguished (Table 2.4). Since AS6-C was

found to cross-react with FAAS21-1, the latter was also adsorbed with cells of

isolate 88FL1,11/2 to enhance its specificity. One-tenth of a ml of FAAS21-1
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was diluted 20X and was adsorbed with 10 mg (wet weight) of isolate

88FL1,11/2.

Antigenic composition of serotype AS6

To determine the minimal antigenic composition of the different

subtypes of serotype AS6, the fluorescein-labeled immunoglobulin conjugates

prepared from antisera AS6-1 (FAAS6-1) and AS6D-1 (FAAS6D-1) were

cross-adsorbed with isolates representing the different subtypes of serotype

AS6. Isolates 88FL3,5; 88FL3,4; 88FL1,5/2; and AS6D-1 were chosen to

represent subtypes AS6-A, AS6-B, AS6-C, and AS6-D respectively.

Adsorptions were carried out as described above. A small volume of FA (0.1

ml) was diluted 25X with 20 mM sodium phosphate buffer (pH 7.2) and

adsorbed by adding 40 mg of cells of the appropriate isolate. The adsorbed FAs

were evaluated by immunofluorescence on smears of rhizobial strains chosen

to represent the different subtypes of serotype AS6. The adsorption

procedures were repeated on FAAS6D-1 (Table 4).

Population dynamics of Rhizobia leguminosarum by. trifolii in
rhizospheres

(i) Filter-blackening procedure

Sudan black-stained polycarbonate filters provided a good background

for immunofluorescence assay. A 0.3% (w/v) solution of Sudan black B

(Eastman Kodak Company, N.Y.) was prepared in 70% (v/v) ethanol.

Insoluble impurities were removed by filtering sequentially through a

Whatman No.1 filter and a 0.2-Rm (47-mm diameter) Nuclepore

polycarbonate membrane filter. Polycarbonate membrane filters (0.4 Rm, 25-

mm diameter) were immersed and shaken gently in the Sudan black solution
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for at least 2 d. The stained filters were rinsed thoroughly with deionized water

and air-dried before use.

(ii) p-Phenylenediamine fluorescence stabilizer

Ten mg p-phenylenediamine were dissolved in a mixture of 9-ml glycerol

and 1-ml phosphate-buffered saline [10 mM sodium phosphate (pH 7.4) in 0.15

M sodium chloride]. The solution was adjusted to pH 8.0 with 0.5 M sodium

carbonate solution (pH 9.0). The fluorescence stabilizer was stored in the dark

at -700C to slow down chemical denaturation (Johnson et al., 1981).

(iii) Collection of field rhizosphere soil samples

Rhizobial populations in the rhizospheres of field-grown subclover and

grass were monitored from May, 1990 to May, 1991. Samples were taken in

early May and August, 1990, and at bimonthly intervals thereafter. Subclover

and grass samples were taken from four randomly chosen sites in the field.

Roots of the plant samples were gently shaken to remove the loosely attached

soil. Soil adhering to the root surface after the shaking procedure was stripped

by gently massaging the roots between fingers enclosed in polyvinyl gloves.

The soil was sieved through a 2-mm sieve. To prevent any detachment and

rupturing of nodules, root-associated soil was teased away from the nodulated

zones on the roots by scraping gently with a toothpick. In addition, soil

samples were also recovered from four locations in the field that lacked plant

cover (referred to as 'bare' soil hereafter).
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(iv) Recovery of Rhizobium leguminosarum by. trifolii from Abiqua

soil

The extraction method of Bottomley and Maggard (1990) was used.

Three-gram portions of the rhizosphere soil samples were added to 27 ml of

filter-sterilized 0.15 M NaC1 solution in 160-ml capacity milk bottles containing

12-g portions of 5-mm-diameter glass beads. The suspensions were shaken for

10 min by hand and were allowed to settle for 6 to 7 min. Ten ml of the

supernatant were withdrawn and diluted with 190-m1 filter-sterilized (0.2-pm

filter) deionized water. The soil extracts were filtered sequentially through 8-

µm and 3-Rm pore size filters (47-mm diameter) to remove the larger soil

particles. Twenty-ml portions of the final soil extracts were filtered through

0.4-Rm Sudan black-stained filters, and the filters were saved for

immunofluorescence analysis.

(v) Immunofluorescence analysis of soil populations of Rhizobium

leguminosarum by. trifolii

Immunofluorescence analysis was carried out as described by Demezas

and Bottomley (1986a) with the following modification. The sample filters were

pre-stained with one drop of gelatin-rhodamine conjugate to suppress non-

specific fluorescence. As soon as the filters were dry (10 to 15 min in a 550C

oven), they were stained with two drops of the appropriate FA (20X or 25X

dilution) for 30 min, and were destained by passing 100 ml of 20 mM phosphate

buffer (pH 7.2) through them under subdued lighting. To retard the fading of

fluorescence, a drop of the p-phenylenediamine supplemented mounting fluid

was placed on top of the filter. This process stabilized the fluorescence for at

least 10 min and facilitated the accurate enumeration of fluorescing bacteria.
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Rhizosphere populations of serotypes AG4, AS6, AP17, AS21, and AR23 were

determined.
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Results

Identification of a dominant serotype in field nodules of subclover

Immunofluorescence analysis of nodules recovered from mature plants

of field-grown 'Nangeela' subclover showed that 60.0 to 73.3% of the nodules

were occupied by rhizobia belonging to serotype AS6 (Table 2.2). Although

another 13 antigenically distinct serotypes of R. leguminosarum by. trifolii are

known to exist in Abiqua soil, almost without exception they were found to be

minor nodule occupants of field-grown subclover. Although nodule occupancy

by serotype AS6 was consistently high, the percentage of nodules occupied by

serotype AS21 was variable. For example, in April, 1988, nodules occupied by

serotype AS21 ranged from eight to 50% depending on the sample location. As

a result of the occupancy variability shown by serotype AS21, a survey of the

pasture was carried out to assess the spatial variability in percentage

occupancy by some of the serotypes.

From a survey of the distribution of rhizobial serotypes in the nodules of

subclover growing in sixteen 25 x 50-m quadrats in the 100 x 200-m pasture,

the nodule occupancy by serotype AS6 was found to be consistently high

across the field (Table 2.3). In contrast, the percentage of nodules occupied by

serotype AS21 in the quadrats was highly variable, with seven quadrats

having occupancy values of < 10%, and three quadrats with occupancies as

high as 33.3%. Although the average combined occupancies by serotypes

AG4, AP17, and AR23 accounted for only 13.2% of the total nodules analysed,

there were 'hot-spots' in the field where these three serotypes occupied

substantially more nodules than their averages (e.g., AG4 at quadrat 14, AP17

at quadrats 2 and 8, and AR23 at quadrat 3).
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The nodule-occupying frequencies of different serotypes were monitored

throughout the growing season. Serotypes AS6 and AS21 dominated the root

nodules which developed on field-germinated seedlings that were transplanted

to the laboratory at a stage when nodules were not visually discernable. The

percent occupancies by serotypes AS6 and AS21 on the transplanted

seedlings were not significantly different from those values determined in

nodules recovered from either young or mature field-grown subclover plants

sampled in November, 1987, and April, 1988, respectively (data not shown).

Antigenic characteristics of serotype AS6

A combination of gel-immune-diffusion and immunofluorescence

analyses revealed that the antigenic composition of serotype AS6 is complex.

Based upon their different reactions against two antisera (AS6-1 and AS6D-1),

four antigenic subtypes (AS6-A, AS6-B, AS6-C, and AS6-D) were recognized

among the AS6 isolates in our collection (Fig. 2.1). Distinct differences

between AS6-C and the other three subtypes were also revealed by

immunofluorescence analysis. Although subtypes AS6-A, AS6-B, and AS6-D

reacted specifically with FAAS6-1, representatives of AS6-C, in addition,

reacted weakly against FAAS21-1 when grown in culture, and strongly with

the same FA when they were in the bacteroid form (data not shown).

Based upon the antigenic differences observed among the subtypes, a

strategy of adsorption was developed to distinguish the different subtypes from

each other (Table 2.4). By adsorbing FAAS6-1 with isolate 88FL1,5/2

(subtype AS6-C), subtype AS6-C could be distinguished from subtypes A, B,

and D; by adsorbing FAAS6D-1 with isolate 88FL3,4 (subtype AS6-B),

subtype B could be distinguished from subtypes A and D; by adsorbing
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FAAS6D-1 with isolate 88FL3,5 (subtype AS6-A) subtype D could be

distinguished from subtype A.

From an immunofluorescence analysis of serotype AS6 with FAs cross-

adsorbed as described above, it was concluded that at least five somatic

antigens are present among the serotype AS6 isolates, and each subtype

contains a unique combination of antigens (Table 2.5). The results of the

analysis also showed that isolates of AS6-C were antigenically non-identical

with isolates of AS6-A and AS6-D, and only partially identical to AS6-B.

Furthermore, an analysis of 100 isolates of serotype AS6 recovered from root

nodules of subclover, showed that subtypes A, B, and C were equally

represented, whereas no subclover isolate was antigenically identical to

subtype AS6-D. By using the specifically adsorbed FAs, subtypes A, B, and C

were also found to contribute equally to the total soil population of serotype

AS6 (data not shown).

Rhizosphere dynamics

(i) Response of the soil rhizobial population to rhizospheres under field

conditions

In general agreement with previous observations from this laboiatory,

the soil population of serotype AS6 was found to be greater than the

populations of other serotypes. However, monitoring of field-grown plants over

a 12-month period revealed striking differences in the population dynamics of

rhizobia in host and non-host rhizospheres (Fig. 2.2). Sampling was initiated at

the end of the subclover growing season in May, 1990. At this time the

population densities of rhizobia in the rhizospheres of grass and subclover roots

were found to be approximately 10X and 100X greater, respectively, than

those in bare field soil (Fig. 2). During the summer months, the rhizobial
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population in the subclover rhizosphere declined precipitously to a value

similar to that of the grass rhizosphere. Nevertheless, even in August, the

rhizosphere rhizobial populations around the roots of dead clover, and of dead or

dormant grass plants were still two to four times greater than the population

of the bare soil. Upon the return of rain and seed germination in October,

populations began to increase in both the host and non-host rhizospheres, and

significant differences between grass and subclover rhizosphere populations

became measurable in December. The population density of rhizobia in the

subclover rhizosphere continued to increase after December, and eventually

reached a maximum value similar to that achieved in May of the previous year

(4.9 x 107 cells g-1 of soil). As for the populations of rhizobia in the grass

rhizosphere and in bare soil, their maxima were significantly lower than for

subclover. They reached their peaks at 0.19 x 107 and 0.05 x 107 cells g -1 of

soil, respectively, in December and remained more or less stable throughout

the winter and spring seasons.

(ii) Host-serotype interactions in the field-grown subclover
rhizosphere

Specific host-serotype interactions were observed in the subclover

rhizosphere (Fig. 2.3). Serotype AS6 maintained numerical superiority over

other serotypes throughout winter and early spring and increased about 10-fold

during the April-May period. In contrast, throughout most of the year, the

population of serotype AS21 was significantly lower than that of AS6, and yet

it showed an abrupt 30-fold increase from 3.3 x 105 to 9.4 x 106 cells g-1 of soil

between April and May. As a result, the population density of AS21 in May

was almost as high as that of serotype AS6. Other minor nodule-occupying

serotypes (AG4, AP17, and AR23) showed only a moderate three to five-fold
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increase during the April-May period. In contrast to the situation in the

subclover rhizosphere, the population density of serotype AS21 remained

significantly lower than other serotypes in the grass rhizosphere from

February through May, and there was no evidence for a growth stimulation

between April and May. No selective stimulation of any of the serotypic

populations was observed in the bare soil over the course of the year.

Although subclover exerted a significantly stronger rhizosphere effect on

the total Rhizobium leguminosarum by. trifolii population between December

and April than did orchard grass, this was predominantly due to increases of

serotypes AS6 and AS21 (Table 2.6). In the case of AG4, AP17, and AR23,

both subclover and grass rhizosphere effects were virtually the same during

the December to April period.
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Table 2.1. Serotypes of R. leguminosarum by. trifolii identified in Abiqua
soil and studied in this work.

Serotypea

Fluorescein-labeled
immunoglobulin
conjugate

Host plant origin of the
antiserum strainb

AG4

AS6

AS6-Dc

AP17

AS21

AR23

FAAG4-1

FAAS6- 1

FAAS6D-1

FAAP17- 1

FAAS21 -1

FAAR23- 1

T. glomeratum L.
(PI 207936, S. Africa)

T. subterraneum L.
cv. 'Mt Barker'

T. glomeratum L.
(PI 207936, S. Africa)

T. patens, Schreber
(PI 284286, Spain)

T. subterraneum L.
cv 'Nangeela'

T. pratense L.
cv. 'Florie'

a. A serotype is comprised of rhizobial isolates that possess a major

somatic antigen(s) in common with the parent antiserum strain.

b. T. subterraneum L. cv. 'Mt Barker' and T. pratense L. cv. 'Florie' were

obtained from Seed Certification Laboratory, Department of Crop and

Soil Science, Oregon State University, Corvallis, Oregon. T. glomeratum L.

and T. patens seeds were obtained from the USDA, ARS, Regional Plant

Introduction Experiment Station, Griffin, Georgia. T. subterraneum L. cv.

'Nangeela' seeds were obtained from the Agriculture Experiment Station of

Texas A&M University, Angleton, Texas, and from La Brie Ranch and Seed

Company, Roseburg, Oregon.

c. AS6-D is a subtype of serotype AS6.
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Table 2.2. Nodule occupancy of field-grown T. subterraneum L. cv.
'Nangeela' between 1987 and 1990.

Time of sampling

% Nodule occupancy"

Serotypes

AS6 AS21 Othersb LSD0.05

May, 1987 60.0 17.3 22.7 10.0

April, 1988 62.1 29.5 8.4 34.2

March, 1990 73.3 5.6 21.1 23.2

LSD() 1 NSc 19.8 NS

a. The mean % nodule occupancy represents an average of composite

samples of nodules taken from plants at 3 different sampling locations

in the field.

b. Nodule occupants did not react with FAAS6-1 and FAAS21-1.

c. Not significantly different.
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Table 2.3. Serotypic distribution of Rhizobium leguminosarum by. trifolii in
nodules of field-grown T. subterraneum L. sampled from
sixteen 25x50-m quadrats of the 100x200-m field site.

% Nodule occupancy

Serotypes

Quadrat AS6 AS21 AP17 AG4 AR23 Othersa

1 63.3 13.3 13.3 0.0 0.0 13.3

2 60.0 20.0 23.3 0.0 0.0 0.0

3 53.0 3.3 0.0 0.0 40.0 3.3

4 70.0 13.3 3.3 0.0 0.0 13.3

5 60.1 3.3 6.7 0.0 3.3 13.3

6 56.7 10.0 3.3 13.3 0.0 26.7

7 56.7 33.3 3.3 3.3 0.0 6.7

8 63.3 10.0 23.3 0.0 0.0 6.7

9 66.6 33.3 0.0 0.0 0.0 0.0

10 70.0 6.7 0.0 0.0 0.0 23.3

11 46.7 23.3 6.7 0.0 13.3 10.0

12 46.7 33.3 3.3 0.0 6.7 10.0

13 53.4 26.7 3.3 13.3 0.0 13.3

14 56.7 0.0 10.0 16.7 10.0 16.7

15 80.0 6.7 10.0 0.0 0.0 0.0

16 73.3 26.7 0.0 0.0 0.0 0.0

Average 61.0 16.4 6.9 4.6 1 .7 9.8

a. Nodule bacteria that did not react with any of the five FAs.
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Table 2.4. Immunofluorescence analysis of the subtypes within serotype
AS6 after cross-adsorption procedures.

Fluorescent Adsorbing
antibody antigena

Subtype of AS6

AS6-A AS6-B AS6-C AS6-D

level of fluorescenceb

FAAS6-1 none 4+ 4+ 4+ 4+

88FL3,5 (A) 0 4+ 4+ 0

88FL3,4 (B) 0 0 0 0

88FL1,5/2 (C) 4+ 4+ 0 4+

88FL3,5 and 0 4+ 0 0
88FL1,5/2

FAAS6D-1 none 4+ 3+ 0 4+

88FL3,4 4+ 0 0 4+

88FL3,5 0 0 0 4+

a. Representatives of the AS6 subtypes used in adsorption are described in

materials and methods. Letter in parentheses designate subtype

affiliation.

b. Intensity of fluorescence on a scale of 0 (negative) to 4+ (highest).
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Table 2.5. Minimal somatic antigen constitution of the subtypes within
serotype AS6a.

Subtype Minimal antigenic compositionb

AS6-A I, IV

AS6-B I, II, III

AS6-C II

AS6-D I, IV, V

a. Adsorption scheme is based on Table 2.4.

b. Each Roman numeral represents a distinct somatic antigen on the cell

surface.



Table 2.6. An analysis of the ratios of the rhizosphere (R) and non-rhizosphere (S) soil population densities
of different serotypes of R. leguminosarum by. trifolii on subclover and orchard grass between
May, 1990 and May, 1991.

Plant
Serotype type

RJS ration

Sampling time

5/90 8/90 10/90 12/90 2/91 4/91 5/91

Totalb Clover 88 (65)c 2.5 (0.5) 3.5 (2.5) 12.5 (7.5) 27 (13) 29.5 (20.5) 62 (53)

Grass 9.5 (6.5) 3 (2) 4 (3) 5 (3) 12.5 (6.5) 10 (6) 3.5 (2.5)

AS6 Clover 118.5 (91.5) 6.5 (4.5) 3.5 (2.5) 17.5 (12.5) 37 (20) 35 (25) 65.5 (57.5)

Grass 9.5 (7.5) 3.5 (2.5) 6 (4) 5 (3) 7.5 (4.5) 6.5 (3.5) 2.5 (1.5)

AS21 Clover 133 (85) 7 (6) 9 (8) 25.5 (23.5) 13 (9) 23.5 (11.5) 442 (384)

Grass 5 (2) 5 (4) 9 (7) 7.5 (6.5) 5.5 (3.5) 5 (3) 4 (3)

AP 17 Clover 30.5 (10.5) 5.5 (3.5) 3 (2) 12 (8) 11 (7) 26 (15) 47 (36)

Grass 13.5 (8.5) 2 (1) 2 (1) 6.5 (4.5) 12 (7) 15.5 (7.5) 4 (3)

AG4 Clover 2.5 (1.5) 3.5 (2.5) 5 (4) 13 (8) 5.5 (2.5) 13.5 (11.5) 10.5 (6.5)

Grass 10 (8) 2.5 (1.5) 4.5 (3.5) 10.5 (7.5) 7.5 (3.5) 9.5 (7.5) 3.5 (2.5)



Table 2.6 (continued)

AR23 Clover NDd ND 3 (2) 12.5 (7.5) 16 (11) 25.5 (23.5) 104.5 (101.5)

Grass ND ND 5.5 (4.5) 6 (5) 46 (40) 26 (24) 8.5 (7.5)

a. Ratios of rhizobial populations in the rhizosphere and unplanted soil represent the average of the

greatest and smallest R/S values.

b. Represents the sum of the populations of serotypes AG4, AP17, AS6, AS21, and AR23.

c. Adding or subtracting the value shown in parentheses from the R/S values gives the upper and lower limits

of the R/S ratios.

d. Not determined.



36

Figure 2.1. Gel-immune-diffusion reactions of
isolates representing subtypes AS6-A, a ; AS6-B,

b ; AS6-C, C ; AS6-D, d ; when reacted against
antisera AS6-1 (A) and AS6D-1 (B).
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Figure 2.1
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Figure 2.2. Population dynamics of five
indigenous serotypes (AG4, AS6, AP17, AS21, and
AR23) of Rhizobium leguminosarum by. trifolii in
host and non-host rhizospheres, and in bare soil
between May, 1990 and May, 1991. , subclover
rhizosphere; , grass rhizosphere; A, bare soil.
Vertical bars represent LSD at P=0.05.



4 0 o E
t

4 C
.

m Z C
u 4 4

Po
pu

la
tio

n 
de

ns
ity

(l
og

10
 c

el
ls

 g
 -

1 
so

il)

8



40

Figure 2.3. Population dynamics of five different
serotypes of Rhizobium leguminosarum by. trifolii
in subclover rhizosphere (A and B); grass
rhizosphere (C and D); and bare soil (E and F).
Symbols 0 , AG4; , AS6; , AP17; , AS21; and

, AR23. Vertical bars represent LSD at P=0.05.
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Discussion

Serotypic dominance in field nodules

Although it has been shown consistently that specific serotypes within

soil populations of B. japonicum can dominate the root nodules of field-grown

soybean in large areas of the north-central U.S.A. (Johnson and Means, 1963;

Damirgi et al., 1967; Moawad et al., 1984), serotypic dominance has been

reported much less frequently for indigenous populations of Rhizobium species

on field-grown hosts (Mahler and Bezdicek, 1980; Demezas and Bottomley,

1984; Jenkins and Bottomley, 1984, 1985). From these studies, it was not

always confirmed that the same serotypes would consistently dominate nodule

occupancy over several growing seasons, nor was the extent of serotypic

diversity in the soil populations determined. The studies described here show

that the nodule dominance of serotype AS6 on subclover was consistent

throughout the study area and over the 4 yr of this study regardless of the

stage of maturity when the plants were sampled. The dominance of serotype

AS6 is particularly impressive since research from this laboratory has

established that more than 14 antigenically distinct serotypes of R .

leguminosarum by. trifolii exist in the Abiqua soil at this site (Yap et al., In

preparation).

Although serology has been used extensively to distinguish between

different rhizobial strains in root nodules and for enumerating different

serotypes within soil populations (Schmidt et al., 1968; Vincent, 1974; Bohlool

and Schmidt, 1980; Schwinghamer and Dudman, 1980), the data reported in

this chapter serve to reaffirm some of the limitations of serological procedures

if they are not used carefully. Serotype AS6 was confirmed to be antigenically

heterogeneous. For example, members of the subtype AS6-C do not possess
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antigens identical with those of AS6-A and AS6-D. This situation is

reminiscent of that found among serotypes of serocluster USDA123 of B.

japonicum (Gibson et al., 1971; Schmidt et al., 1986). Nonetheless, careful

adsorption allowed us to resolve the different subtypes of serotype AS6 and

prove that the subpopulations AS6-A, AS6-B, and AS6-C were of equal

densities in Abiqua soil and that they contributed equally to the nodule

occupancy by serotype AS6. Further studies are described in the next chapter

in which attempts were made to establish the relationships among members of

an antigenic subtype and between antigenic subtypes of serotype AS6.

Although immunofluorescence and enzyme-linked immunosorbent

assays (ELISA) are convenient serological methods for monitoring nodule

occupancy by rhizobial strains without the need to culture the occupants prior

to analysis (May and Bohlool, 1983; Fuhrmann and Wollum, 1985; Ayanaba et

al., 1986; Kishinevsky and Jones, 1987), results obtained in this study show

that problems can arise with these approaches if the researcher is not

cautious. Since AS21-reactive antigens were revealed on the surface of

bacteroids of serotype AS6-C, it was not clear if a nodule reacting positively to

both antisera AS6 and AS21 was co-occupied by AS6 and AS21, or by one

strain possessing both antigens. Even after isolating rhizobia from such

nodules the weak reaction of AS6-C isolates against FAAS21-1 might tempt

the researcher to conclude that the nodule was co-occupied originally, and that

the AS21 occupant was not recovered in the isolation procedure. The

appearance of novel antigens on the bacteroid surface of R. leguminosarum by.

trifolii confirms the observations made by others with R. leguminosarum by.

viciae that antigens expressed in the free-living state can be either modified,

lost, or revealed at the surface upon transformation of Rhizobium

leguminosarum into the bacteroid state (Brewin et al., 1986; DeMaagd et al.,
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1989; Vanden Bosch et al., 1989; Goosen-de Roo et al., 1991).

Rhizosphere Dynamics.

Our observations revealing that the nodule-dominant serotype AS6

maintains both bare soil and rhizosphere populations significantly larger than

any of the other serotypes, provides direct evidence to support the long-

enduring, albeit unproven, hypothesis that some strains of R. leguminosarum

by. trifolii might have saprophytic traits superior to other strains of the same

biovar (Harris, 1954; Chatel et al., 1968; Chatel and Parker, 1973). The

question in need of resolution is, however, whether the numerical advantage of

AS6 is important to its nodulating superiority. Studies are described in the

next chapter which address the competitive nodulating abilities of members of

serotype AS6 on subclover.

This year-round study of the rhizosphere populations of both major and

minor nodule-occupying serotypes confirms previous reports in the literature

that subclover rhizosphere populations of R. leguminosarum by. trifolii

increase during both seedling establishment (December through February) and

during the vegetative growth and flowering periods (April through May) of the

plant (Richardson and Simpson, 1988). Although it is tempting to hypothesize

that the large increase in the rhizosphere population of AS6 is simple due to

nodule senescence (Reyes and Schmidt, 1979; Pena-Cabriales and Alexander,

1983; Bushby, 1984; Moawad et al., 1984), it is significant that the subclover

rhizosphere population of a minor nodule-occupying serotype, AS21, also

underwent a large increase during the same period. In contrast, the subclover

rhizosphere populations of other minor nodule-occupying serotypes, did not

increase to the same extent as did AS21.

Recent studies with Rhizobium leguminosarum by. trifolii (Demezas et
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al., 1991), Rhizobium leguminosarum by. phaseoli (Pinero et al., 1988) and R.

meliloti (Eardly et al., 1990) have shown that individual rhizobial 'species' are

composed of lineages that are genetically quite distant from each other. Within

this context it is reasonable to hypothesize that the different serotypic

responses to the subclover rhizosphere might be shedding insight into the

degree of similarity or difference among the serotypes within the same soil

population. Further studies are described in the next chapter regarding the

relatedness among the serotypes of Rhizobium leguminosarum by. trifolii

found in the Abiqua soil.
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Chapter III

Population Structure in an Indigenous

Population of Rhizobium leguminosarum by.

Trifolii
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Introduction

For 50 yr serotyping has been widely used to monitor root nodule

occupancy by antigenically distinct strains ofBradyrhizobium and Rhizobium

species (Dudman and Brockwell, 1968; George et al., 1987; Abaidoo et al.,

1990; McLoughlin et al., 1990; Thies et al., 1991a; Bottom ley, 1992).

Serotyping has also allowed researchers to gain a superficial picture of the

diversity within native rhizobial populations at specific sites, and to track the

occurrence and distribution of specific serotypes across states, countries, and

continents (Bushnell and Sarles, 1939; Hughes and Vincent, 1942; Purchase

and Vincent, 1949; Johnson and Means, 1963; Date and Decker, 1965; Damirgi

et al., 1967; Mahler and Bezdicek, 1980; Dughri and Bottom ley, 1983;

Demezas and Bottom ley, 1984; Keyser et al., 1984; Dowd le and Bohlool, 1985;

Kang et al., 1991; Mpeperiki and Wollum, 1991).

In addition, specific serotypes of Bradyrhizobium japonicum (Johnson

and Means, 1963; Johnson et al., 1965; Ham et al., 1971), Rhizobium

leguminosarum by. viciae (Mahler and Bezdicek, 1980; Brockman and

Bezdicek, 1989), and Rhizobium leguminosarum by. trifolii (Dughri and

Bottom ley, 1983; Demezas and Bottom ley, 1984) were found to occupy more

root nodules on soybean, pea, and clover, respectively, than did other serotypes

from within the same soil populations. These findings suggested that members

of nodule-dominant serotypes may share a unique phenotypic characteristic(s)

which provides them with their competitive nodulating advantage (Harris,

1954; Chatel et al., 1968; Parker et al., 1977; Dowling and Broughton, 1986;

Triplett, 1990). To the author's knowledge, however, there are no data to date

to support this assumption. Indeed, there is evidence to support the contrary.
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Studies, carried out almost exclusively with B. japonicum (Gibson et al.,

1971; Noel and Brill, 1980; Kamicker and Brill, 1986; Schmidt et al., 1986;

Sadowsky et al., 1987; Brockman and Bezdicek, 1989; Mullen and Wollum,

1989; Sadowsky et al., 1990), have shown that an individual serotype can be a

heterogeneous mixture of genetically and phenotypically distinct strains.

Furthermore, studies with E. coli, Legionella, and Salmonella have shown that

whereas specific antigenic signatures can be restricted to strains of closely

related or identical clones, in other cases, chromosomally distant clones can

possess the same antigens, and closely-related clones can be antigenically

dissimilar (Ochman and Selander, 1984; Caugant et al., 1985; Selander et al.,

1985; Beltran et al., 1988, 1991; Whittam and Wilson, 1988).

In the previous chapter, members of serotype AS6 of R. leguminosarum

by. trifolii were shown to be the dominant nodule occupants of field-grown

subclover despite the soil population containing at least 14 antigenically

distinct serotypes of this biovar. Since serotype AS6 is antigenically diverse, a

question arose about the relatedness of members of AS6 to each other, and to

members of other serotypes. Furthermore, since the soil population of AS6

was larger than populations of other serotypes, it was not clear if AS6

members dominate root nodules of subclover because they are inherently more

competitive than others at nodulating this species, or simply because they

possess a larger soil population than other members of the rhizobial

community.

Based upon these questions, the following objectives were formulated:

(1) to determine the relatedness of the members of the nodule-dominant

serotype AS6 to each other and to the minor nodule occupants; (2) to

determine if members of serotype AS6 are uniform in their competitive
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nodulating ability, and if they are inherently more competitive at nodulating

subclover than isolates which represent minor nodule-occupying serotypes.
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Materials and Methods

Strains of Rhizobium leguminosarum by. trifolii

(i) International origin

Rhizobium leguminosarum by. trifolii strains CC275e, TA2, NZP549,

NZP560, NZP550/2, NZP5117 and SU202 were obtained from Dr. B. D. W.

Jarvis (Massey University, Palmerston North, New Zealand), and strains TA1,

WU95, CC248a and UNZ29 were obtained from Dr. J. Brockwell (CSIRO,

Australia). Jarvis et al. (1980) had determined the relatedness among these

strains by carrying out DNA:DNA hybridization studies with strains TA1 and

CC275e as references. The same strains were analysed by multilocus

allozyme electrophoresis (MLAE), and their relative similarities to TA1 and

CC275e were determined. Subsequently, the MLAE-derived similarities were

compared with the previously published similarities obtained with DNA:DNA

hybridization, and the correlation between the two methods was determined by

simple linear regression analysis.

(ii) Abiqua soil origin

MLAE analysis was carried out on 126 isolates of R. leguminosarum by.

trifolii which represented different serotypes that had been isolated from root

nodules of 'Nangeela' subclover plants grown in Abiqua soil (Table 3.1). The

collection of isolates were accrued from field and greenhouse experiments

between 1987 and 1991. The only exception was strain AS6D-1 which was

isolated from a nodule of Trifolium glomeratum L. grown in the same soil.
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(iii) Rhizobial strains used in studies of symbiotic effectiveness and

competitiveness

Isolates used in these studies were chosen to represent either the

electrophoretic types (ETs) most commonly recovered in nodules (e.g., ET2,

ET3, and ET13) or isolates that were rarely recovered in nodules and belonged

to minor nodule-occupying serotypes (Table 3.1). In symbiotic effectiveness

assays, three isolates were chosen to represent each of ETs 2 and 3 (ET2-2,

ET2-3, ET2-4, ET3-1, ET3-2, ET3-4), four isolates represented ET13 (ET13-1,

ET13-2, ET13-3, ET13-4), two isolates represented ET18 (ET18-1, ET18-2),

and one isolate represented each of ETs 19 (ET19-1), 25 (ET25-1), and 26

(ET26-1). In competitive nodulation studies, three isolates of both ET2 (ET2-

1, ET2-2, and ET2-3) and ET3 (ET3-1, ET3-2, and ET3-3) were competed

individually against an isolate of ET5 (ET5-1), ET13 (ET13-1), ET25 (ET25-1),

and ET34 (ET34-1). In the case of ETs 5 and 13, several field isolates

possessed these ETs indicating they also were successful competitors under

field conditions.

Multi-locus allozyme electrophoresis (MLAE)

(i) Preparation of cell extracts

Each rhizobial isolate was grown in 100 ml of a defined glutamate-

mannitol nutrient broth (chapter 2) for 48 to 60 h at 280C. Each culture was

transferred to a 250 ml centrifuge bottle, pelleted at 16,300 x g for 15 min,

resuspended in a one-ml portion of ice-cold Tris-EDTA buffer (5 mM

Na2EDTA, 10 mM Tris -HC1, pH 7.6), and transferred to a 1.7 ml capacity

microcentrifuge tube. Thirty R1 of 100 mM dithiothreitol and 20 Rl of freshly

prepared lysozyme solution (50 mg m1-1 in Tris-EDTA buffer) were added to

each cell suspension which was incubated on ice for 1 h with occasional mixing.
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Each sample was sonicated for two intervals of 10 s duration with a Branson

Sonifier 200 equipped with a stepdown microtip (power setting 6 on 50% duty

cycle). Each cell extract was allowed to cool in an ice bath for at least 10 min

between sonication intervals. The cell debris was removed by centrifugation at

40C (12,535 x g, 20 min), and each supernatant was divided equally into two

microcentrifuge tubes and stored at -600C.

(ii) Preparation of starch gel

Starch gels were prepared 1 d prior to their use in MLAE analysis. A

17.1 g portion of hydrolyzed potato starch (Sigma, S-4501) was suspended in

150 ml of appropriate gel buffer (Table 3.2) in a 500 ml thin-walled Erlenmeyer

flask (to minimize cracking of the flask upon heating). The starch suspension

was heated over a Bunsen burner to just beyond the boiling point with

constant vigorous swirling. The gel was aspirated immediately until large

bubbles appeared and was poured quickly into a preset plexiglass mold (13 x 10

x 0.6 cm). The gel was allowed to cool at room temperature for approximately

1 h, covered with a plastic film, and placed in a 40C refrigerator for overnight

storage.

(iii) Electrophoresis

A vertical slit was cut along the whole length of the 13 cm side of the gel

(1.5 cm from the edge). The gel was placed in a pre-cooled (20C) Bio-Phoresis

horizontal electrophoresis unit (Bio-rad, Richmond, Ca.) with the slit toward

the cathodal side. Cell extracts were partially thawed, and a 10-0 portion of

each extract was pipetted onto a strip of Whatman No. 3 filter paper (5 x 10

mm). The extract-loaded strips were placed into the slit of the gel with

approximately 1-mm intervals between the strips. Extracts of specific
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isolates containing enzyme alleles of known mobilities were placed at each end

of the samples to serve as internal references. Two strips loaded with

amaranth dye (Sigma, A-1016) were placed at each end of the gel to track the

migration front of the electrode buffer. The slit was closed to hold the paper

strips in place. The gel was connected to the two buffer reservoirs with pieces

of paper towel (Scott Paper Co., Philadelphia, PA) laid with one end immersed

in the electrode buffer and the other end overlapping the edge of the gel by 1 to

2 cm. The proteins were allowed to migrate into the gel for 10 min under the

specified voltage of the appropriate buffer system (Table 3.2). The paper

strips were removed, the gel was covered with a plastic film, and

electrophoresis was allowed to continue under constant voltage for 2 to 3 h

depending on the buffer system. Following electrophoresis, the gel was sliced

horizontally into four 1.5 mm slices with a length of 4-lb test nylon fishing line.

Each gel slice was placed in a plastic box (15 x 10 x 2 cm) for a particular

enzyme assay. Each electrode buffer solution was reused for three

electrophoretic runs before being replaced with fresh buffer.

(iv) Enzyme assay

The gel slices were incubated at room temperature with appropriate

mixtures of reagents which revealed the positions of specific enzymes in the gel

slices. The reagents used for each enzyme are listed in Table 3.3. The gel

slices were incubated in the dark, and the incubation times for the majority of

the enzymes ranged from 10 to 30 min. Nucleoside phosphorylase (NSP) and

13-galactosidase (BGA) were incubated overnight and for 5 h, respectively, in

order for the bands to develop clearly. Once the bands showed up clearly on the

gels, the staining solutions were decanted. The gel slices were rinsed with
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deionized water, and fixed in a 1:4:5 (v/v) mixture of acetic acid, methanol, and

deionized water.

(v) Data analysis

Each isolate was characterized by its own combination of allelic
variants of the 12 to 14 enzymes assayed. A distinct electromorph profile (or

allelic variant profile) was referred to as an electrophoretic type (ET). Genetic

diversity (h) at an enzyme locus among the ETs was calulated as h = (1-
Exi2)[n/(n-1)], where xi is the frequency of the ith allele at the locus, and n is

the number of ETs in the population of interest. The relative similarities

among ETs were revealed with a cluster analysis program designed by Dr. T. S.

Whittam (Pennsylvania State University) and were displayed in the form of a

dendrogram.

Symbiotic effectiveness of the major and minor nodule occupying ETs

on subclover and red clover

Seeds of 'Nangeela' subclover and red clover (T. pratense L. cv. 'Florie')

were surface-sterilized by immersing in 95% (v/v) ethanol for 30 s, in 25% (v/v)

clorox bleach solution for 5 min, followed by washing in seven changes of sterile

deionized water. The seeds were incubated on sterile water agar plates (1.5%

w/v) for 24 h at 40C, and then for another 24 h at room temperature in the

dark. The seedlings were transplanted to N-free Jensen's seedling agar slants

as described elsewhere (Dughri and Bottom ley, 1983). Representative isolates

of ET2, ET3, ET13, ET18, ET19, ET25 and ET26 (Table 3.8) were grown in

30-m1 portions of glutamate-mannitol nutrient broth for 48 h at 280C. Four

and seven seedlings of subclover and red clover, respectively, were inoculated

with 1-ml portions (approximately 5 x 108 cells) of each isolate. One set of
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seedlings of each species was inoculated with a commercial inoculant strain of

R. leguminosarum by. trifolii, 162x95, which is highly effective on subclover.

Uninoculated seedlings were supplemented with 3 ml of sterile 18 mM KNO3

and non-N supplemented seedlings were used as contamination controls. The

seedlings were placed under greenhouse conditions described previously (Dughri

and Bottom ley, 1983). Shoots were removed from the plants 6 wk after

inoculation, dried at 550C for 1 wk, and the dry weights were determined. The

yield data were analyzed by one-way analysis of variance.

Competitive nodulation studies

Isolates 88FL3,5 (ET2-1), 1,2 (ET2-2), MS7 (ET2-3), and ADS15 (ET3 -

1), 14%9 (ET3-2), 88FL3,4 (ET3-3) were chosen to represent ET2 and ET3,

respectively, in the competition experiments against representatives of other

ETs from within and outside of group A (see Fig. 3.1). The ET2 and ET3

isolates were competed individually either in a 1:1 or 10:1 ratio against isolate

ET5-1 and ET13-1 representing the most common ETs of serotype AS6-C and

serotype AS21, respectively. In addition, they were competed against isolates

ET34-1 and ET25-1 which represented minor nodule-occupying ET34

(serotype AP17) and ET25 (serotype AR23), respectively.

(i) Peat inoculants

To reduce the risk of changes occurring in the ratios of different strains

in inoculants between the time that the bacteria were harvested, mixed, and

inoculated onto plants, the inoculants were prepared in sterile peat (obtained

from Liphatech Co., Milwaukee, WI). Each of the isolates was grown in 30 ml

of defined glutamate-mannitol nutrient broth at 280C for 2 d. Under a laminar

flow hood, 24 ml portions of each culture were aseptically transferred to sterile
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160-m1 milk dilution bottles containing 30 g portions of sterile peat. The peat-

culture mixtures were stirred briefly with a sterile spatula and were incubated

in a 270C incubator for 2 d at which time the bacterial cultures were

completely absorbed by the peat substrate. The peat mixtures were

thoroughly mixed, and allowed to incubate for another 12 d. After incubation,

each of the peat inoculants was mixed again on a piece of sterile aluminum foil

and dispensed into six sterile 20 ml scintillation vials. The samples were stored

at 40C until used.

(ii) Population density of the peat inoculants

Triplicate samples were taken from each peat inoculant to determine

the rhizobial population density by plate count assay. A sterile mineral salt

solution (pH 7.0) composed of K2HPO4 (3.67 mM), MgSO4.7H20 (0.81 mM)

and NaC1 (1.71 mM) was prepared for the plate count assay. A 0.5 g portion of

each peat sample was transferred to 500 ml of sterile mineral salt solution in a

700 ml graduated media bottle to produce a 10-3 dilution. The suspension was

shaken vigorously for 10 min and was diluted through a 10-fold series to a final

dilution of 10-7. Portions (100 fAl) of the last three dilutions of the peat

inoculants were plated onto yeast extract-mannitol (YEM) agar plates, and the

population densities of the peat inoculants were determined. To ensure that

the peat cultures had reached stable population densities, subsamples of the

peat were incubated at 270C for another 5 d, and rhizobial population densities

compared with the earlier values. The data showed that the population

densities of the peat inoculants had stabilized at approximately 109 cells g-1.

(iii) Nodulating competitiveness of isolates of ET2 and ET3

'Nangeela' subclover seeds were surface-sterilized and germinated as

described above. Leonard jar units were assembled for the seedlings (Vincent,
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1970). Each unit was composed of a bottomless one quart beer bottle sitting

upside down on a wide mouth mason jar (800 ml). Approximately 70 g of

perlite-vermiculite mixture (1:1 v/v) were dispensed into each beer bottle, and a

cheese cloth wick was used to transport nutrient solution from the mason jar

to the perlite-vermiculite mixture in the inverted bottle. Four hundred and 300

ml portions of an N-free mineral nutrient solution were separately dispensed

into the perlite-vermiculite mixture and the mason jar, respectively, to ensure

efficient transport of the nutrient solution through the wick. The N-free

mineral nutrient solution (pH 7.0) was composed of the following ingredients:

CaSO4.2H20 (5.98 mM); CaC12.2H20 (0.14 mM); MgSO4.7H20 (1.99 mM);

K2SO4 (4.99 mM); K2HPO4 (1.25 mM); KH2PO4 (0.8 mM); ferric

citrate.xH2O (20 mg 1-1); and micronutrient solution (10 ml 1-1, Evans, 1974).

The tops of the assemblies were covered with aluminum foil and brown paper

bags were placed around the junctions between the bottles and jars. Units

were autoclaved for 60 min and left to cool at room temperature for 24 h before

planting.

Several days prior to planting, the densities of rhizobia in the peat

inoculants were determined to ensure that the populations of the peat

inoculants were stable. A 0.5-g portion of each peat inoculant was mixed with

500 ml of cold (40C) sterile mineral salt solution to achieve a final

concentration of approximately 106 cells m1-1. The peat suspensions were

shaken vigorously for 10 min and were allowed to settle for 5 min. A 20-m1

portion of each supernatant representing one of the ET2 or ET3 isolates was

mixed with an equal volume of supernatant of a 'competitor' in a sterile 160 ml

milk dilution bottle. The inoculant solution mixtures were kept in an ice bath

until the seedlings were ready for inoculation. Four subclover seedlings were

planted in each jar, and each seedling was inoculated with 1 ml of the
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appropriate inoculant mixture. Four replicate jars were prepared for each

inoculant treatment. In addition, several treatments were set up as controls

for the experiment. They included seedlings inoculated with individual strains

or uninoculated and supplemented with 8 mM KNO3 or uninoculates without

KNO3 supplement. The different isolate-combination-treatments are shown in

Tables 3.7 and 3.8. Each assembly was covered with a sterile petri dish lid and

transferred to a growth chamber with a 14-h light/10-h dark cycle (Demezas

and Bottom ley, 1986). After 24 hours, the petri dish lids were removed and the

perlite-vermiculite surface was covered with sterile paraffinized sand

(approximately 1 cm in depth) to prevent aerial contamination and reduce

evaporation. The seedlings were thinned to two per jar and were transferred to

a greenhouse after growing in the chamber for 7 d. The assemblies were

arranged in a randomized complete block fashion, and the blocks were rotated

at 7-d intervals. The conditions of the greenhouse were described elsewhere

(Dughri and Bottomley, 1983). Four weeks after the plants were transferred to

the greenhouse, each assembly was replenished with 300 ml of sterile quarter-

strength N-free mineral nutrient solution. The plants were harvested 6 wk

after inoculation, and the root nodules were collected for nodule occupancy

analysis.

(iv) Nodule analysis

The Leonard jar assemblies were dismantled and the perlite-vermiculite

mixture was gently washed off the roots. About 20 crown nodules were

collected from the upper portion of the root systems of the two plants in each

Leonard jar unit (10 to 11 nodules per plant) and were surface-sterilized as

described earlier (chapter 2). Individual surface-sterilized nodules were placed

in separate wells of microtiter plates. Depending on their size, they were
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crushed in 50 to 200 Rl of sterile deionized water. Duplicate smears were

prepared from each nodule. The smears were air-dried, heat-fixed, pre-stained

with a drop of rhodamine-gelatin conjugate (chapter 2), and analysed by

immunofluorescence with the appropriate FAs. In those treatments where

representatives of ET3 were competed against ET2-1, duplicate smears were

examined with FAAS6-1 and FAAS6D-1 adsorbed with 88FL3,4 (ET3-3),

respectively. Smears reacting with both of the FAs were identified as ET2-1,

whereas ET3 smears reacted only with FAAS6-1. Nodules occupied by ET3

isolates were distinguished from those containing isolate ET5-1 (88FL1,5/2)

since the former reacted with FAAS6-1 adsorbed with ET5-1; smears of ET5-1

were positively identified since they reacted against FAAS21-1 (see chapter 2).

(v) Effect of inoculant strain ratio on competitive nodulation

Based upon the outcome of competitive nodulation between ET2 and

ET3 isolates against minor nodule-occupying isolates, ET2-1 was competed

against isolates ET13-1 (serotype AS21), ET25-1 (serotype AR23), and ET34-

1 (serotype AP17) at strain ratios of 1:1 and 10:1. Isolate ET3-1 was

competed against ET25-1 at 1:1 and 10:1 ratios. Peat inoculants were diluted

10-3 (w/v) in cold, sterile mineral salt solution as mentioned earlier. For the

10:1 ratios, 2 ml of each peat suspension of the minor nodule-occupying strains

(i.e. ET13-1, ET25-1, and ET34-1) were diluted with 18 ml of cold sterile

mineral salt solution, and mixed with a 20-ml portion of the 10-3 diluted peat

inoculant of the competitor before inoculating onto subclover seedlings.

Nodules formed within the top 8 cm of the tap roots were harvested 6 wk after

planting and were analysed by immunofluorescence with the appropriate FAs.
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Table 3.1. Isolates of R. leguminosarum by. trifolii recovered from
'Nangeela' subclover grown in Abiqua soil.

Serotype ET Isolate designation (ET)a
Experimental
conditionsb

Isolation
date (mo/y)

AS6-1 1 AS6-1 (ET1-1) L 1980

AS6-A 2 88FL3,5 (ET2-1) F 10/88
1,2 (ET2-2) F 3/87
MS7 (ET2-3) L 10/88
88FL1,12/2 (ET2-4) F 12/88
1,8 (ET2-5) F 3/87
LNT1,9 (ET2-6) L 4/87
LNT1,10 (ET2-7) L 4/87
LNT3,23 (ET2-8) L 4/87
LNT7,5 (ET2-9) L 4/87
LNT10,17 (ET2-10) L 4/87
88FL1,17 (ET2-11) F 10/88
88FL3,16 (ET2-12) F 10/88
S(1)12 (ET2-13) L 4/90
S(3)20 (ET2-14) L 4/90
S(3)32 (ET2-15) L 4/90

3 ADS15 (ET3-1) L 10/88
14%9 (ET3-2) L 10/88
88FL3,4 (ET3-3) F 10/88
88FL3,13 (ET3-4) F 10/88
2,13 (ET3-5) F 3/87
LNT3,3 (ET3-6) L 4/87
LNT11,2 (ET3-7) L 4/87
ADS4 (ET3-8) L 10/88
ADS6 (ET3-9) L 10/88
ADS7 (ET3-10) L 10/88
ADS12 (ET3-11) L 10/88
MS9 (ET3-12) L 10/88
14%6 (ET3-13) L 10/88
14%12 (ET3-14) L 10/88
14%16 (ET3-15) L 10/88
14%20 (ET3-16) L 10/88
88FL3,7 (ET3-17) F 10/88
88FL3,20 (ET3-18) F 10/88

AS6-C 4 88FL1,25 (ET4-1) F 10/88
88FL1,2/2 (ET4-2) F 12/88
88FL1,11/2 (ET4-3) F 12/88
88FL1,19/2 (ET4-4) F 12/88
88FL1,21/2 (ET4-5) F 12/88
88FL1,23/2 (ET4-6) F 12/88
88FL3,7/2 (ET4-7) F 12/88



61

Table 3.1 (continued)

MS20 (ET4-8) L 10/88
S(1)3 (ET4-9) L 4/90

5 88FL1,5/2 (ET5-1) F 12/88
1,4 (ET5-2) F 3/87
1,16 (ET5-3) F 3/87
2,5 (ET5-4) F 3/87
2,15 (ET5-5) F 3/87
2,23 (ET5-6) F 3/87
3,8 (ET5-7) F 3/87
88FL3,14 (ET5-8) F 10/88
88FL1,7/2 (ET5-9) F 12/88
88FL1,15/2 (ET5-10) F 12/88
88FL1,17/2 (ET5-11) F 12/88
88FL1,24/2 (ET5-12) F 12/88

8 88FL1,1 (ET8-1) F 10/88

10 88FL1,20/2 (ET10-1) F 12/88

11 88FL1,12 (ET11-1) F 10/88
88FL3,4/2 (ET11-2) F 12/88

14 S(1)4 (ET14-1) L 4/90
S(1)9 (ET14-2) L 4/90

33 RW4 (ET33-1) L 10/88
S(1)27 (ET33-2) L 4/90

AS6-D 2 AS6D- lc (ET2-16) L 1987

AS21 13 AS21-1 (ET13-1) F 3/87
FL1,11 (ET13-2) F 10/87
LS2/1 (ET13-3) L 9/87
1,1 (ET13-4) F 3/87
1,27 (ET13-5) F 3/87
1,28 (ET13-6) F 3/87
1,29 (ET13-7) F 3/87
1,30 (ET13-8) F 3/87
2,2 (ET13-9) F 3/87
2,7 (ET13-10) F 3/87
2,10 (ET13-11) F 3/87
2,12 (ET13-12) F 3/87
2,11 (ET13-13) F 3/87
3,1 (ET13-14) F 3/87
LNT1,6 (ET13-15) L 4/87
LNT1,15 (ET13-16) L 4/87
88FL1,9/2 (ET13-17) F 12/88
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Table 3.1 (continued)

88FL1,14/2 (ET13-18) F 12/88
88FL1,18/2 (ET13-19) F 12/88
88FL1,22/2 (ET13-20) F 12/88
RW1 (ET13-21) L 10/88

14 88FL1,6/2 (ET14-3) F 12/88

AP17 34 MS13 (ET34-1) L 10/88
2,19 (ET34-2) F 3/87
4,8 (ET34-3) F 3/87
LNT3,13 (ET34-4) L 4/87
LNT7,1 (ET34-5) L 4/87
FL3,10 (ET34-6) F 10/87
ADS13 (ET34-7) L 10/88
MS10 (ET34-8) L 10/88
RW3 (ET34-9) L 10/88

AR23 25 MS4 (ET25-1) L 10/88
26 FL2,3 (ET26-1) F 10/87

AS27 31 LNT3,16 (ET31-1) L 4/87
LNT4,5 (ET31-2) L 4/87
LNT5,13 (ET31-3) L 4/87
LNT5,16 (ET31-4) L 4/87
ADS16 (ET31-5) L 10/88
RW6 (ET31-6) L 10/88

6 88FL1,18 (ET6-1) F 10/88

7 MS2 (ET7-1) L 10/88

29 AS27-1 (ET29-1) L 1980
4,1 (ET29-2) F 3/87

30 RW11 (ET30-1) L 10/88
RW14 (ET30-2) L 10/88

32 ADS14 (ET32-1) L 10/88

AS16 35 AS16-1 (ET35-1) L 1980

36 ADS1 (ET36-1) L 10/88

37 FL2,32 (ET36-1) F 10/87

AG4 18 ADS19 (ET18-1) L 10/88
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Table 3.1 (continued)

FL2,40 (ET18-2) F 10/87
FL2,48 (ET18-3) F 10/87

19 ADS2 (ET19-1) L 10/88

AS36 40 AS36-1 (ET40-1) L 1980

43 4,30 (ET43-1) F 3/87
LNT6,8 (ET43-2) L 4/87

44 LNT1,25 (ET44-1) L 4/87

45 LNT10,15 (ET45-1) L 4/87

46 FL2,47 (ET46-1) F 10/87

47 88FL1,7 (ET47-1) F 10/88

ukd 16 4,11 (ET16-1) F 3/87

4 88FL1,18 (ET4-10) F 10/88

a. Alternative designation of an isolate in terms of ET (electrophoretic type).

b. L and F represent plants that were grown under laboratory and field

conditions, respectively.

c. AS6D-1 was isolated from a root nodule of T. glomeratum L. grown in

Abiqua soil.

d. Isolate does not react with antisera of AS6-1, AS21-1, AP17-1, AR23-1,

AS27-1, AS16-1, AG4-1, or AS36.



Table 3.2. Buffer systems for electrophoresis of rhizobial enzymes.

Electrode buffer Gel buffer Voltage

Tris(0.69 M)-citrate(0.16 M) (pH
8.0)
(To prepare a stock of Tris-citrate
soln.: 208.0 g of Tris, 90.8 g of
anhyd. citric acid, 1.00 liter of
deionized water, adjust pH to 8.25
with HC1. To prepare electrode
buffer: mix 300 ml of the stock
soln. with 450 ml of deionized
water. )

Tris(0.22 M)-citrate(0.09 M) (pH
6.3)
(27.00 g of Tris, 16.5 g of
anhydrous citric acid, 1.00 liter of
deionized water, pH adjusted with
NaOH)

Borate(0.30 M) (pH 8.2)
(18.5 g of boric acid, 2.4 g of NaOH,
1.00 liter deionized water)

Tris-citrate (pH 8.0)
(30X dilution of the electrode
buffer)

Tris(8 mM)-citrate(3 mM) (pH
6.7)
(1.0 g of Tris, 0.6 g of anhydrous
citric acid, 1.00 liter of deionized
water, pH adjusted with NaOH)

Tris(10 mM)-HC1 (pH 8.5)
(1.2 g of Tris, 1.00 liter of deionized
water, pH adjusted with HC1)

130 V

150 V

200 V

Enzyme

IDH
BGA
MDH
PGI
SOD
PEP
XDH
NSP
G6PD

6PG
HBD

ADK
ACP
PGM

Enzyme
1. Isocitrate dehydrogenase
2. il-Galactosidase

Abbreviation Enzyme
IDH
BGA

8. Nucleoside phosphorylase
9. 6-Phosphogluconate

dehydrogenase

Abbreviation
NSP
6PG



Table 3.2 (continued)

3. Glucose-6-phosphate
dehydrogenase

G6PD 10. 13-Hydroxybutyrate
dehydrogenase

HBD

4. Ma late dehydrogenase MDH 11. Superoxide dismutase SOD
5. Phosphoglucose isomerase PGI 12. Adenylate kinase ADK
6. Peptidase PEP 13. Acid phosphatase ACP
7. Xanthine dehydrogenase XDH 14. Phosphoglucomutase PGM



Table 3.3. Composition of enzyme assay solutions.

Substrate, coupling enzymes
Enzyme and coenzyme

Assay buffer and salt
supplements Dye

IDH

BGA

0.1 M isocitratea (trisodium
salt)(1 ml)
NADPb (1 ml)

6-bromo-2-naphthyl-p-
galactopyranoside (10 mg in
5 ml methanol)

G6PD Glucose-6-phosphate
(disodium salt hydrate) (50

mg)
NADP (1 ml)

MDH

PGIl

PEP/

2.0 M malateh(sodium salt)
(3 ml)
NADi (1 ml)

Fructose-6-phosphate (10
mg)
Glucose-6-phosphate
dehydrogenase (3 units)
NADP (1 ml)

Dipeptide Gly-Leu (20 mg)
Peroxidase (10 mg)
Snake venom (10 mg)

Tris-HC1c (pH 8.0) (10 ml)
MgCl 2d (2 ml)
deionized water (40 ml)

Phosphate-citrateg (pH 5.0)
(8.5 ml)
deionized water (30 ml)

Tris-HC1 (pH 8.0) (10 ml)
MgC12 (1 ml)
deionized water (40 ml)

Tris-HC1 (pH 8.0) (8 ml)
deionized water (32 ml)

Tris-HC1 (pH 8.0) (5 ml)
MgC12 (0.3 ml)
deionized water (20 ml)

Tris-HC1 (pH 8.0) (5 ml)
MnCl2h (0.5 ml)
deionized water (20 ml)

MTIr (1 ml)
PMSf (0.5 ml)

Tetrazotized o-
dianisidineg (30 mg)

Nrrr (i ml)
PMS (0.5 ml)

MTT (1 ml)
PMS (0.5 ml)

MTT (1 ml)
PMS (0.5 ml)

o-Dianisidine
dihydrochloride (10 mg)



Table 3.3 (continued)

XDH Hypoxanthine (100 mg)
NAD (1 ml)

NSP/ Inosine (20 mg)

6PG

HBD

SOD

ADK1

Xanthine oxidase (2 units)

6-phosphogluconic acid
(barium salt) (10 mg)
NADP (1 ml)

DL-B-hydroxybutyric acid
(disodium salt) (100 mg)
NAD (1 ml)

Assayed together with NSP

Glucose (100 mg)
ADP (50 mg)
Hexokinase (1 mg)
Glucose-6-phosphate
dehydrogenase (15 units)
NADP (0.1 ml)

Tris -HCI (pH 8.0) (10 ml)
deionized water (40 ml)

Sodium phosphate / (pH 7.0)
(1 ml)
deionized water (24 ml)

Tris-HC1 (pH 8.0) (4 ml)
MgC12 (10 ml)
deionized water (16 ml)

Tris-HC1 (pH 8.0) (10 ml)
NaC1 (200 mg)
deionized water (40 ml)

Sodium phosphate (pH 7.0)
(1 ml)
deionized water (24 ml)

Tris-HC1 (pH 8.0) (5 ml)
MgCl2 (1 ml)
deionized water (20 ml)

MTT (1 ml)
PMS (0.5 ml)

MTT (1 ml)
PMS (0.5 ml)

MTT (1 ml)
PMS (0.5 ml)

MTT (1 ml)
PMS (0.5 ml)

MTT (1 ml)
PMS (0.5 ml)

MIT (0.6 ml)
PMS (0.5 ml)



Table 3.3 (continued)

ACP 1-naphthyl acid phosphate
(50 mg)

PGM Glucose-1,6-diphosphate and
Glucose -1- phosphates (5 mg)
Glucose-6-phosphate
dehydrogenase (50 units)
NADP (50 1.t1)

Sodium acetate's (5 ml)
deionized water (45 ml)

Tris-HC1 (pH 8.0) (1 ml)
MgC12 (5 ml)
deionized water (29 ml)

Brentamine Fast Black
K salt (20 mg), swirl in
acetate buffer and add
to gel

MTT (1 ml)
PMS (0.5 ml)

a. Isocitrate solution (trisodium salt) (0.1 M): dissolve 2.94 g of DL-isocitric acid.H20 (trisodium

salt) in 100 ml of deionized water.

b. NADP (disodium salt) solution (13 mM): dissolve 1.0 g NADP ( disodium salt) in 100 ml deionized

water, store solution in small aliquots (1 ml) at -60°C.

c. Tris -HC1 buffer solution (1.0 M): dissolve 121.0 g of Tris in 1.00 liter of deionized water, adjust

pH to 8.0 with HC1.

d. MgC12 solution (0.1 M): dissolve 2.03 g of MgC12.6H20 in 100 ml of deionized water.



Table 3.3 (continued)

e. MTT solution (24 mM): suspend 1.00 g of dimethylthiozol tetrazolium in 100 ml of deionized

water and store at -60 °C.

f. PMS solution (33 mM): dissolve 1.00 g of phenazine methosulfate in 100 ml of deionized water

and store in small aliquots of 0.5 ml at -60 °C.

g. Phosphate-citrate buffer solution (pH 5.0): dissolve 1.46 g of Na2HPO4 (anhydrous) (0.1 M) and

0.93 g of citric acid (anhydrous) (0.05 M) in 100 ml deionized water, adjust pH to 5.0 if

necessary. To stain for BGA, incubate gel slice in the substrate solution at 37 °C for

approximately 30 minutes, stain with a solution containing 30 mg of dye in 30 ml of deionized

water (adjust the dye solution to pH 7.8 with saturated NaHCO3 solution), then continue to

incubate at 37 °C for 5 hours.

h. Malate solution (2.0 M): dissolve 26.8 g of DL-malic acid and 16.0 g of NaOH in 100 ml of

deionized water in an ice bath to prevent overheating.

i. NAD solution (15 mM): dissolve 1.00 g of NAD (free acid) in 100 ml of deionized water, store in

aliquots of 1 ml at -60°C.



Table 3.3 (continued)

j. Agarose overlay: suspend 0.5 g of agarose in a solution mixture of 1.0 M Tris-HC1 buffer (pH 8.0,

5 ml) and 20 ml of deionized water, autoclave for 10 min, cool in a 550C water bath, mix with

the stain solution, and pour evenly over gel slice.

k. MnC12 solution (0.24 M): dissolve 4.90 g of MnC12.4H20 in 100 ml of deionized water.

1. Sodium phosphate buffer solution (0.2 M, pH 7.0): dissolve 1.38 g of NaH2PO4.H20 and 2.68 g

of Na2HPO4.7H20 in 100 ml of deionized water.

m. Sodium acetate buffer solution (0.5 M, pH 5.0): dissolve 6.8 g of sodium acetate.3H20 in 100 ml

of deionized water, adjust pH to 5.0 with HC1.

n. The glucose-l-phosphate preparation contains sufficient glucose-1,6-diphosphate as a

contaminant for the staining reaction.
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Results

Correlation between MLAE and DNA:DNA hybridization

Using DNA:DNA hybridization, Jarvis et al. (1980) compared the

relatedness of several strains of Rhizobium leguminosarum by. trifolii to two

strains, TA1 and CC275e. Eleven of the strains used in that study were

chosen for MLAE analysis and represented DNA:DNA homology values

ranging from 53 to 100% relative to strains TA1 and CC275e (Table 3.4).

From an analysis of 12 enzyme loci, 10 ETs were identified among the 11

strains with an average diversity per locus (H) of 0.49. Regression analyses of

the relatedness of the strains to TA1 or CC275e established by DNA:DNA

hybridization compared with that determined from allozyme differences

produced positive correlations (r2 values of 0.67 and 0.70 respectively, Fig. 1).

Population structure of indigenous rhizobia isolated from subclover

Along with strain AS6D-1, 125 isolates of R. leguminosarum by. trifolii

which were recovered from root nodules of subclover grown under field and

laboratory conditions between 1987 and 1991 were analysed by MLAE at 14

enzyme loci (Table 3.5). With the exception of glucose-6-phosphate

dehydrogenase (G6PD) and phosphoglucomutase (PGM), the enzymes were

polymorphic ranging from 2 to 6 electromorphs per locus. Thirty-two

electrophoretic types (ETs) were identified among the 126 isolates, and the

mean diversity per locus (H) was 0.48. Relative similarities among the 32 ETs

were calculated by linkage cluster analysis, and are presented in Figure 3.2.

The population was very diverse, and the distances between the ETs ranged

from 0.07 to 0.62. The population was divided into two groups (A and B) which

clustered at a distance of 0.62. Group A was further divided into two
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subgroups, Al and A2, separated at a distance of 0.55. Although subgroup Al

contained only nine of the 32 ETs, it contained the majority of the isolates

(57.6%). Subgroup Al together with ET13 of subgroup A2 contributed 74.4%

of the total Abiqua soil isolates tested. The 9 ETs of subgroup Al were

subdivided into three closely related clusters which were separated by a

distance < 0.2. With the exception of ET13, the other ETs in subgroup A2

represented strains that had originated from different geographical locations

(Table 3.4). In contrast to the situation in subgroups Al and A2, no cluster of

ETs in group B represented more than 10 isolates (7.9%) of the subclover

nodule occupants. Isolates possessing the same ET were recovered from root

nodules of field-grown subclover plants on different occasions between 1987

and 1991, and from soil brought to the laboratory and manipulated in a variety

of ways prior to planting subclover. For example, isolates of ETs 2, 3, and 13

were recovered on six or seven different occasions.

Serotype-ET relationships

The data show that members of serotype AS6 are almost exclusively

(96.9%) found in subgroup Al. Four subtypes containing various combinations

of five somatic antigenic determinants were identified within serotype AS6

(chapter 2). In some cases, isolates which shared identical antigenic

determinants possessed the same ET. For example, subtypes AS6-A and

AS6-B were exclusively represented by ET2 and ET3, respectively. In

contrast, isolates with the antigenic signature as subtype AS6-C were

distributed among seven ETs within group Al. The antigenic compositions of

subtypes AS6-A and AS6-D were similar (AS6-D has one extra antigen

compared to AS6-A), and both subtypes belonged to ET2. Although serotype

AP17 (ET34) was antigenically distinct from the other isolates within group
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Al, MLAE analysis clustered it with AS6-A (ET2) and AS6-B (ET3).

Furthermore, only isolates of ET34 within group Al reacted with antiserum

AP17. Another serotype that was often found in a large proportion of

subclover nodules was serotype AS21. MLAE showed that antigens of

serotype AS21 were found in two ETs (i.e. ET13 and ET14) with 98% of the

isolates belonging to ET13. One isolate of serotype AS21 fell into group Al and

shared the same ET as members of AS6-C (ET14). With the exception of

serotype AS16, members of several minor nodule occupying serotypes (AG4,

AR23, AS27, and AS36) possessed different ETs and were scattered

throughout the clusters and single lineages of group B.

Symbiotic characteristics of the major nodule occupying ETs

Distinct differences in symbiotic N2-fixing effectiveness traits were

observed between the major and minor nodule-occupying ETs (Table 3.6).

Although representatives of group A formed symbiotically effective nodules on

subclover, they were completely ineffective on red clover. On the other hand,

representatives of the minor nodule-occupying ETs (i.e. ET18, ET19, ET25 and

ET26) were effective N2 fixers on both subclover and red clover (Table 3.6).

Since isolates of ET2 and ET3 were recovered a from large proportion of

nodules on field-grown subclover plants, the question arose whether or not

different isolates of the same ET possessed the same competitive nodulating

ability, and whether they were superior in competitive nodulation than isolates

representing the minor nodule-occupying ETs. When competed at a 1:1

inoculum ratio, the three isolates of ET3 (Table 3.7) and ET2 (Table 3.8)

occupied similar percentages of nodules relative to the same competitors

regardless of whether the competitor occupied a greater or lesser percentage of

nodules than the ET2 or ET3 isolates.
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There were indications, however, that ET3-3 might be different from

ET3-1 and ET3-2. For example, ET3-3 did not form significantly more nodules

than its competitor when challenged against ET2-1 and ET13-1. ET2 isolates

were not as competitive as those of ET3. For example, although ET2 isolates

occupied greater percentages of nodules than some of their competitors, these

values were generally less than when the same competitor was challenged

against ET3 isolates.

Despite ET5-1 representing the dominant ET of serotype AS6-C that

was consistently recovered from a large percentage of subclover field nodules

(chapter 2), this isolate was not competitive against ET3 isolates. Although

isolate ET34-1 is chromosomally similar to ET3, its nodulating characteristics

are quite different since it was easily outcompeted by ET3.

When ET2-1 was given a 10X numerical advantage over its competitors

(i.e. ET13 and ET34), it significantly out-competed them and formed
approximately 95% of the nodules (Table 3.9). Both ET2-1 and ET3-1

improved their nodule occupancy to 55 and 69%, respectively, when they were

given a 10:1 numerical advantage over the highly competitive ET25-1
(serotype AR23). Nevertheless, isolate ET25-1 still occupied a higher
percentage of nodules than predicted from its occurrence in nodules under field

conditions (1.7%, chapter 1).



Table 3.4. Relative hybridization of DNA and enzyme allelic profiles of R. leguminosarum by. trifolii strains with
reference to strains TA1 and CC275e.

Relative hybridization (%)7 Alleles at enzyme locusb
Strain TA1 CC275e IDH BGA G6PD MDH PGI PEP XDH 6PG HBD ADK PGM SOD
TA1 100 65 3 1 2 1 1 2 4 5 5 1 1 1
CC275e 60 100 2 3 2 1 1 4 10 2 10 2 1 2
TA2 94 70 3 1 2 1 1 2 4 5 5 1 1 1
WU95 73 74 2 3 2 1 2 4 9 2 12 3 1 1
CC2480a 70 71 3 7 2 1 1 2 9 2 3 2 1 1
UNZ29 83 66 3 5 2 1 1 5 3 2 13 2 1 1
NZP549 58 82 2 4 2 1 2 5 5 2 11 3 1 2
NZP560 63 87 2 3 2 1 3 4 5 2 10 2 1 2
NZP5117 66 81 2 3 2 1 2 4 4 2 3 3 1 1
SU202 72 81 2 3 2 1 1 4 9 5 11 3 1 2
NZP550/2 53 62 5 1 2 1 1 4 3 2 3 2 1 1

No. of alleles 3 5 1 1 3 3 5 2 6 3 1 2
Locus diversity 0.60 0.76 0 0 0.60 0.62 0.87 0.36 0.89 0.64 0 0.53

a. Hybridization data were obtained from Jarvis et al. (1980).

b. Enzyme abbreviations are explained in Table 3.2.

c. The origins of the rhizobial strains are as follow: TM, TA2 (Tasmania, Australia); CC275e (Australia); WU95 (Western Australia); UNZ29
(New Zealand); NZP549 (Palmerston, NZ); NZP560 (Otago, NZ); NZP5117 (Waikaremoana, NZ); CC2480a (Greece); SU202 (Wales, UK);
and NZP550/2 (USA).



Table 3.5. Allelic profiles of R. leguminos arum by. trifolii isolates recovered from 'Nangeela' subclover.

Alleles at enzyme locus
No. of

Serotype ET isolates IDH BGA G6PD MDH PGI PEP XDH NSP 6PG HBD ADK ACP PGM SOD
AS6 1 1 3 1 2 1 1 2 3 2 2 6 2 1 1 1
AS6-A 2 15 1 5 2 1 1 4 7 4 1 7 1 5 1 1
AS6-B 3 18 1 5 2 1 1 4 7 4 1 7 1 5 1 2
AS6-C 4 9 1 5 2 1 1 4 7 4 2 7 1 5 1 2

5 12 1 5 2 1 1 4 3 3 2 9 1 5 1 2
8 1 3 3 2 1 1 2 4 1 2 4 2 1 1 2
10 1 1 5 2 1 2 4 7 3 2 7 1 5 1 1
11 2 1 6 2 1 2 4 7 3 2 7 2 5 1 1
14 2 1 5 2 1 1 4 7 4 2 7 1 7 1 2
33 2 1 5 2 1 1 4 2 3 2 9 1 2 1 2

AS6-D 2 1 1 5 2 1 1 4 7 3 1 7 1 2 1 1

AS21 13 21 2 3 2 1 1 4 5 1 2 5 2 6 1 2
14 1 1 5 2 1 1 4 7 4 2 7 1 7 1 2

AP17 34 9 1 5 2 1 1 4 7 4 2 7 1 5 1 1

AR23 25 1 3 3 2 1 3 5 3 2 2 7 1 1 1 2
26 1 4 1 2 1 4 2 3 2 2 7 2 1 1 1

AS27 31 6 3 1 2 1 1 2 3 2 2 5 2 1 1 1
6 1 3 1 2 1 1 1 3 2 2 6 2 1 1 1
7 1 3 1 2 1 1 2 3 1 2 6 2 1 1 1
29 2 3 4 2 1 3 2 4 2 4 1 1 1 1 1
30 2 3 2 2 1 1 1 4 2 4 5 2 1 1 3
32 1 3 2 2 1 1 1 4 2 4 1 2 1 1 3

AS16 35 1 3 4 2 1 1 1 3 1 2 6 2 3 1 1

36 1 3 4 2 1 1 1 3 1 2 6 2 1 1 1
37 1 3 4 2 2 1 1 3 1 2 6 2 1 1 1

AG4 18 3 3 2 2 1 1 1 3 2 2 6 2 1 1 2
19 1 3 2 2 1 3 1 4 2 4 5 1 1 1 2



Table 3.5 (continued)

AS36 40 1 3 1 2 1 1 2 3 2 4 5 1 1 1 1

43 2 3 1 2 1 1 2 3 2 4 5 2 1 1 2

44 1 3 1 2 1 3 2 3 1 2 5 2 1 1 1

45 1 3 1 2 1 3 2 3 2 4 5 1 1 1 2

46 1 3 1 2 1 1 1 3 2 4 5 2 1 1 2

47 1 3 3 2 1 5 2 5 2 2 5 2 1 1 1

Uka 16 1 3 3 2 1 1 2 3 2 2 6 2 1 1 2

4 1 1 5 2 1 1 4 7 4 2 7 1 5 1 2

No. of
alleles

4 5 1 2 5 4 5 4 3 6 2 6 1 3

Locus
diversity

.50 .79 0 .06 .47 .70 .66 .68 .50 .77 .50 .53 0 .57

a. See Table 3.1 d.
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Table 3.6. Dry matter yields of subclover and red clover nodulated by
representatives of the major and minor nodule-occupying ETs of
R. leguminosarum by. trifolii.

Shoot dry wt. (mg plant-1)a
Isolate Serotype Subclover Red clover
ET2-2 AS6-A 37.7 5.1
ET2-3 AS6-A 36.8 5.3
ET2-4 AS6-A 38.1 6.0
ET3-1 AS6-B 37.3 6.4
ET3-2 AS6-B 35.9 6.8
ET3-4 AS6-B 32.4 6.3
ET13-1 AS21 33.8 6.1
ET13-2 AS21 34.2 8.1
ET13-3 AS21 38.4 8.2
ET13-4 AS21 40.3 6.7
ET25-1 AR23 41.4 17.8
ET26-1 AR23 37.8 23.4
ET18-1 AG4 42.4 22.8
ET18-2 AG4 39.4 20.2
ET19-1 AG4 40.0 22.0

162X95b 41.1 4.2
N-supplemented 36.7 27.0
Uninoculated 21.3 5.1
LSD0.05c 7.9 3.3

a. Dry weight values of subclover and red clover represent the means of

four and seven replicate plants, respectively.

b. 162x95 is a commercial inoculant strain that is highly effective on

subclover and ineffective on red clover.

c. Least significant difference at P.0.05.
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Table 3.7. Competitive nodulating ability of three ET3 isolates against
representatives of other ETs on 'Nangeela' subclover at 1:1 inoculum
ratios.

Treatment

% nodule occupancya t-testb

ET3 Competitor a.0.10 a...0.05

ET3-1 x ET2-1 81.0 (3.6)c 25.0 (3.6) * *

ET3-2 x ET2-1 95.2 (27.0) 31.8 (27.0) * *

ET3-3 x ET2-1 58.3 41.7 NSd NS

ET3-1 x ET5-1 79.8 20.2 * *

ET3-2 x ET5-1 97.6 2.4 * *

ET3-3 x ET5-1 86.8 (4.8) 18.1 (4.8) * *

ET3-1 x ET34-1 85.7 14.3 * *

ET3-2 x ET34-1 84.2 (1.2) 17.1 (1.2) * *

ET3-3 x ET34-1 93.6 (4.8) 11.1 (4.8) * *

ET3-1 x ET13-1 86.9 13.1 * *

ET3-2 x ET13-1 85.7 14.3 * *

ET3-3 x ET13-1 61.9 38.1 NS NS

ET3-1 x ET25-1 25.4 (1.6) 76.2 (1.6) * *

ET3-2 x ET25-1 35.7 (3.6) 67.9 (3.6) * NS

ET3-3 x ET25-1 17.6 82.4 * *

a. The percentage nodule occupancy values represent the means of four

replicates and include both singly and co-occupied nodules.

b. The percentage nodule occupancies of ET3 and its competitors were tested by

paired t tests at a=0.10 and a=0.05. (* - differences are significant at the

designated confidence level).
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Table. 3.7 (continued)

c. The parenthetical values represent percentage of nodules co-occupied by both

isolates.

d. Not significant.
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Table 3.8. Competitive nodulating ability of the ET2 isolates against isolates
representing two minor nodule-occupying ETs on 'Nangeela'
subclover at 1:1 inoculum ratiose.

Treatment

% nodule occupancya t-testb

ET2 Competitor a=0.1 a=0.05

ET2-1 x ET34-1 67.6 (11.2)c 43.6 (11.2) NSd NS

ET2-2 x ET34-1 85.7 (11.9) 26.2 (11.9) * *

ET2-3 x ET34-1 71.0 (3.6) 32.6 (3.6) * NS

ET2-1 x ET13-1 67.9 (2.4) 34.6 (2.4) * NS

ET2-2 x ET13-1 63.1 36.9 * *

ET2-3 x ET13-1 71.4 28.6 * NS

e. The definitions of symbols a-d are described in Table 3.8.
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Table 3.9. Influence of inoculum ratio on the percentage nodule occupancies by
ET2 and ET3 relative to their competitors.

Treatment
inoculum

ratioa

% nodule occupancyb t-testc

ET2/ET3 Competitor cc=0.1 a=0.05

ET2-1 x ET34-1 1:1 67.6 (11.2) 43.6 (11.2) NSd NS

ET2-1 x ET34-1 10:1 95.3 4.7 * *

ET2-1 x ET13-1 1:1 67.9 (2.4) 34.6 (2.4) * NS

ET2-1 x ET13-1 10:1 94.0 6.0 * *

ET2-1 x ET25-1 1:1 11.9 (4.8) 92.9 (4.8) * *

ET2-1 x ET25-1 10:1 54.8 (3.6) 48.8 (3.6) NS NS

ET3-1 x ET25-1 1:1 15.9 84.0 * NS

ET3-1 x ET25-1 10:1 69.1 30.9 NS NS

a. The amount of ET2 (or ET3) inoculant used in each treatment is either

equal to (1:1) or 10X (10:1) that of its competitor.

b. The percentage nodule occupancy values represent the means of four

replicates and include co-occupied nodules. Values in parentheses

represent percentages of nodule co-occupied by both inoculants.

c. Paired t tests at a=0.10 and a=0.05 were carried out on the percentage

nodule occupancies of the two inoculants within each treatment. (* -

differences between the percentage nodule occupancies of the two

inoculants are significantly different from each other at either a=0.10 or

a=0.05).

d. Not significant at the designated confidence level.
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Figure 3.1. A comparison of genetic relatedness
among strains of Rhizobium leguminosarum by.
trifolii obtained by MLAE of 12 enzyme loci and by
DNA reassociation experiments. In panel (A), strain
TA1 was used as the standard strain. In panel (B),
strain CC275e was the standard strain.
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Figure 3.2. Relatedness among a population of
subclover nodule isolates recovered from Abiqua soil
based on MLAE analysis at 14 enzyme loci. *
represents strains obtained from various geographic
locations other than Oregon. The serotype affiliation
of the ETs is represented in parentheses.
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Figure 3.2 (continued)
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Discussion

Diversity within a natural population of Rhizobium leguminosarum by .

trifolii

Confidence in the ability of multi-locus allozyme electrophoresis (MLAE)

to provide insight into the population structure of Escherichia coli (Selander et

al., 1986, 1987) increased when researchers were able to establish a positive

correlation between the relatedness of strains established by DNA:DNA

hybridization with that determined by MLAE (Ochman et al., 1983). Although

there are several reports in which MLAE has been used to reveal the diversity

among strains of Rhizobium leguminosarum and Rhizobium meliloti within

culture collections (Pinero et al., 1988; Eardly et al., 1990; Demezas et al.,

1991) and within soil populations (Young, 1985; Young et al., 1987; Harrison et

al., 1988, 1989; Segovia et al., 1991), the data provided in this report are the

first to confirm a positive correlation between relatedness of rhizobial strains

established by DNA:DNA hybridization and by MLAE.

The overall diversity observed within the soil population of Rhizobium

leguminosarum by. trifolii recovered from a 100 x 200 m paddock is as great as

that documented among randomly chosen rhizobial strains maintained in

culture collections and which originated from geographically diverse locations

(Eardly et al., 1990; Pinero et al., 1988; Demezas et al., 1991). Considering the

extent of this diversity, it is quite remarkable that rhizobia representing < 12%

of the ETs (i.e. ET2, ET3, ET4, and ET5) account for the majority of the nodule

occupants of field-grown subclover. Furthermore, this is the first report to

show that a soil population of Rhizobium leguminosarum by. trifolii is divided

into two genetically distinct subpopulations with an average distance of 0.62.

Interestingly, MLAE analyses of strains in culture collections of both
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Rhizobium meliloti (Eardly et al., 1990) and Rhizobium leguminosarum by.

phaseoli (Pinero et al., 1988; Segovia et al., 1991) revealed lineages that were

genetically distant from each other. In the case of R. meliloti, the two groups

correlated with their hosts of origin, i.e. annual or perennial species of Medicago.

In the case of R. leguminosarum by. phaseoli, the MLAE data were used along

with several other criteria to create a new species, Rhizobium tropici

(Martinez-Romero et al., 1991).

It has been hypothesized that genetically distinct lineages of Medicago

and Phaseolus- nodulating rhizobia might have arisen as a result of different

species of these plant genera evolving in geographically separate centers of

origin (Eardly et al., 1990; Martinez-Romero et al., 1991). In this context,

Trifolium species are thought to have arisen in three centers: Eurasia;

America; and Africa (Taylor, 1985). It has been known for many years that

distinct interactions occur between Trifolium species and strains of

Rhizobium leguminosarum by. trifolii. For example, African species of clover

do not form effective associations with Rhizobium leguminosarum by. trifolii

strains of European and American origins (Norris, 1959; Norris and 't

Mannetge, 1964; Saubert and Scheffler, 1967; Date, 1977; Friedericks et al.,

1990), 'Kura' clover (T. ambiguum) has very specific rhizobial strain

requirements (Hely, 1963; Taylor, 1985), and there are several reports in

which strains that are symbiotically effective on annual clovers are found to be

ineffective on perennial clovers and vice versa (Vincent, 1954; Robinson, 1969;

Masterson and Sherwood, 1974; Valdivia et al., 1988). Perhaps further studies

on groups A and B will shed new light upon the dogmas that have surrounded

Trifolium species and their microsymbionts for many years.
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ET dominance in nodules

Earlier studies from this laboratory showed that subclover root nodules

can be dominated by a few specific serotypes from within a soil population of R.

leguminosarum by. trifolii (Bottom ley, 1992). The data presented herein

confirmed with MLAE that subclover root nodules can be dominated by

isolates belonging to a limited number of lineages within a diverse soil

population. However, other researchers using MLAE to analyse nodule

occupants on white clover (T. repens L.) concluded there was no strong

preference by this host for any particular ET from within soil rhizobial

populations (Harrison et al., 1988, 1989). Recent studies from this laboratory

have confirmed that although Abiqua soil-grown annual clover species (e.g.,

crimson clover, arrowleaf clover, and subclover) are dominated by members of

subgroup Al, nodule occupants of perennial clover species (e.g., red clover,

white clover, and alsike clover) are more diverse (Yap, K., 1991, M.S. thesis,

Oregon State University). Interestingly, there are several studies on

populations of Rhizobium leguminosarum by. viciae recovered from peas that

provide evidence for specific types dominating root nodules (Mahler and

Bezdicek, 1980; Brockman and Bezdicek, 1989; Hynes and O'Connell, 1990).

In contrast, there is an equal number of studies in which diverse nodule

occupants were found (Meade et al., 1985; Young, 1985; Young et al., 1987;

Young and Wexler, 1988). More research is required to delineate those plant

and soil conditions that are conducive for specific subpopulations to exert

superior nodulating traits from those where no evidence for nodule dominance

exists.
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ET-Serotype relationships

Since one of the main interests of this laboratory lies in the autecology

of rhizobia in their soil niche, it was gratifying to find that the antigens carried

by the AS6 serotype were almost exclusively located within subgroup Al.

However, in other cases, isolates sharing common antigens were scattered

throughout the different lineages of group B. As the antigenic compositions of

different subtypes within AS6 were elucidated, it became clear that isolates

with the same antigenic composition could be restricted to the same ET

(serotypes AS6-A and AS6-B), whereas in other cases (AS6-C), the same

antigenic signature was found in different ETs. These observations are

entirely consistent with those made by Selander and colleagues on E. coli,

Salmonella, and Legionella (Ochman and Selander, 1984; Caugant et al., 1985;

Selander et al., 1985; Beltran et al., 1988, 1991). It is interesting to note that

the only enzyme difference between serotypes AP17 and AS6-A is at the 6-

phosphogluconate dehydrogenase locus (gnd). A similar difference at the gnd

locus was noted between members of E. coli serogroups 01, 02 and 018. Since

the gnd locus is closely linked to one of the genes coding for 0-antigen

biosynthesis on the E. coli and Salmonella chromosomes, Selander et al.

(1986) postulated that a recombination event might have transferred both a

novel 0-antigen and a gnd locus simultaneously to another bacterial

chromosome and created a novel serotype, albeit almost chromosomally

identical to the original serotype. In this study, this type of speculation must

be tempered since there is no knowledge about the proximity of the gnd locus

and 0-antigen genes on the Rhizobium leguminosarum chromosome, and a

potential donor ET containing the antigen of AP17 was not found elsewhere in

the population.
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Symbiotic characteristics of members of serotype AS6

Competitive nodulation of Bradyrhizobium japonicum has often been

studied under sterile non-soil conditions with the results being inconsistent with

the data obtained from field experiments (Kosslak and Bohlool, 1985). One

possible cause of such a discrepancy is the fact that researchers have made no

attempt to establish if their isolates are truly representative of the nodule

dominant types on field-grown plants (Mullen and Wollum, 1989). In this

study, we have identified members of ET2 and ET3 as the two nodule dominant

types of serotype AS6. Although both of them are closely related and are

found in the majority of the nodules on field-grown subclover, they are not

equally competitive against representatives of the other minor nodule-

occupying serotypes. Although representatives of ET3 are more competitive

than most other ETs, members of ET2 are not overwhelmingly competitive.

However, when ET2 and ET3 are given a 10X numerical advantage, they can

regain nodule dominance even against a more competitive isolate. Since the

population density of serotype AS6 in Abiqua soil is at least 10 to 30-fold

greater than that of the other minor nodule-occupying serotypes (see chapter

2), nodule dominance of field-grown subclover by members of serotype AS6

might be guaranteed by either numerical advantage or superior competitive

ability, or a combination of both.

We have by no means gained a full understanding of the characteristics

necessary for a rhizobial type to dominate nodule occupancy of soil grown

plants. For example, the low percentage of field nodule occupancy by ET25-1

is not due to its lack of competitive ability. If a highly effective and

competitive type like ET25-1 is representative of isolates used by others

attempting to gain insights into the molecular biology of competitiveness

(Dowling and Broughton, 1986; Triplett, 1990), it is not surprising that
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discrepancies have occurred between the results of field and laboratory-based

competition studies.
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Chapter IV

Effects of Moisture Stress on Nodulation of

Trifolium subterraneum L. by an Indigenous

Population of Rhizobium leguminosarum by.

Trifolii
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Introduction

Annual self-seeding forage legumes are widely used in areas of the world

exposed to a Mediterranean-like climate. Such a weather pattern includes

precipitation during the winter and spring seasons followed by summer and

early fall periods that are virtually precipitation-free. During late Fall,

successful regeneration of the annual legume, subclover (Trifolium

subterraneum L.), in pastures of western Oregon and California requires

sufficient precipitation to cause germination of seed lying near to, or on the soil

surface. Subsequently, the seedlings establish root systems and nodulate with

members of the native soil population ofRhizobium leguminosarum by. trifolii.

In recent years the western U.S.A. has been in a drought period. It has been

observed that subclover seeds to germinate on Abiqua soil surface and the

radicles to penetrate into relatively dry surface soil containing water at matric

potentials ranging between -2.2 and -0.45 MPa. It is unclear whether the

seedlings can be infected with rhizobia under these soil moisture conditions and,

if so, whether this water stress confers a competitive nodulating advantage

upon specific subpopulations of rhizobia within the soil population.

Literature on this subject is rather sparse. McWilliam et al. (1969)

showed that subclover seeds would germinate at water potential values as low

as -1.0 MPa when exposed to aqueous solutions containing the nonpermeating

solute, polyethylene glycol (PEG). Worrall and Roughley (1976), however,

found that root hair infection of subclover by rhizobia was severely impaired

when seeds were germinated in a 'grey structureless sand' held at a water

potential of -0.36 MPa. Since viable rhizobia could be recovered from the

subclover rhizosphere, the authors concluded that the process of root hair
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infection was likely to be the step hindering establishment of the symbiosis

under water stress conditions.

Although several publications attest to the varying ability of strains of

Rhizobium leguminosarum by. trifolii to survive dormant in soil under

extremely low water potentials (Bushby and Marshall, 1977a, b; Van Rensberg

and Strijdom, 1980; Fuhrmann et al., 1986), no information is available

concerning the possible variation in metabolic and nodulating capabilities of

this bacterial species when exposed to the range of water potentials above

which subclover seeds will germinate (> -1.3 MPa). Perhaps the best field

example is that described by Bezdicek and colleagues who showed that

serotype WA-02 of R. leguminosarum by. viciae was more prevalent in nodules

of peas growing on south-facing drier slopes in the Palouse region of eastern

Washington State than in peas growing on the cooler north-facing slopes

(Mahler and Bezdicek, 1980). Subsequently, it was shown that strain WA-02

was a better colonizer of soil than strain WA-01, especially if the soil was held

at low water potentials (Mahler and Wollum, 1981), and that the nodule

occupancy of pea by serotype WA-02 could be enhanced if soil was dried for a

period prior to planting (Turco and Bezdicek, 1987).

As a result of the issues raised above, the following objectives were

formulated: (1) to characterize subclover seed germination, seedling nodulation,

and root and shoot growth in Abiqua silty-clay loam held at matric water

potentials ranging from -1.5 to -0.03 MPa; (2) to determine if low soil water

potential influences which indigenous serotypes of Rhizobium leguminosarum

by. trifolii occupy root nodules; (3) to determine if isolates representing the

dominant nodule-occupying serotypes on plants grown at low soil water

potential were more effective at growing under low water potentials than the

minor nodule-occupying serotypes; and (4) to examine the population dynamics
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of three serotypes within the indigenous rhizobial population when air-dried

Abiqua soil was exposed to a sudden increase in soil water potential.



Materials and methods

Soil

98

The experimental soil was a silty clay loam (pH 5.5) of the Abiqua series

located in the central Willamette Valley of Oregon. Many of the chemical and

physical characteristics of the soil have been described elsewhere (Almendras

and Bottomley, 1987; Bottomley and Dughri, 1989). The serotypic

composition of the indigenous population of Rhizobium leguminosarum by.

trifolii in this soil is described in chapters two and three of this thesis.

Isolates of Rhizobium leguminosarum by. trifolii

Isolates used in this study were recovered from 'Nangeela' subclover

(Trifolium subterraneum L.) grown in Abiqua soil. Twenty-two isolates of

Rhizobium leguminosarum by. trifolii were chosen to study their growth ability

at water potentials ranging between -0.15 and -1.0 MPa. The isolates

represented nodule-dominant serotype AS6 and other minor nodule-occupying

serotypes such as AP17, AS21, AR23, AS27, and AS36. The serotypes and

their associated isolates are as follows: AS6 (isolates 88FL3,4; 88FL1,12/2;

88FL1,5/2; AS6-1; 88FL1,7/2; 88FL1,1; ADS4; 88FL1,11/2; MS20; and

88FL3,5); AS21 (isolates AS21 -1; MS15; ADS3; 88FL1,9/2; and LNT6,2);

AS27 (isolates RW10; ADS16; and RW11); AS36 (isolates AS36-1 and

88FL1,7); AP17 (isolate MS10); AR23 (isolate MS4).

Determination of the water-holding characteristics

Abiqua soil samples were collected from four randomly chosen locations

in the field. The soil was air-dried, composited, and sieved through a 2-mm

sieve. The water content of soil samples equilibrated to potentials between
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-0.03 and -1.5 MPa were determined by the use of suction pressure plate

apparati. Duplicate soil samples were packed into metal soil sampling rings

(6.3-cm diameter) to achieve a bulk density of 1.0 g cm-3, soaked in a shallow

water-filled tray for at least 24 h, and transferred to pre-soaked ceramic plates

adjusted for -0.03, -0.05, -0.1, -0.4, and -1.5 MPa. Suction was established on

the pressure plates, and the soil samples were equilibrated for 3 d to 4 wk

depending on the magnitude of suction (e.g., 3 d for the -0.03 and -0.05 MPa

values; 2 wk for -0.1 to -0.5 MPa values; and 4 wk for values < -0.5 MPa).

After equilibration, the soil samples were oven-dried and their moisture

contents were determined. Soil water potential values < -1.5 MPa were

determined by equilibrating the soil in H2SO4-controlled humidity chambers at

room temperature. Triplicate 4-g samples of air-dried soil were placed in

preweighed 60 x 15-mm petri dishes and were equilibrated in humidity-

controlled mason jars (800-ml capacity) for 3 wk. The relative humidity value

in each of the mason jars was adjusted to five different levels by dispensing 90-

ml portions of H2SO4 solutions of five different concentrations (1.02, 1.76,

2.48, 4.44, and 9.22 M). Weight changes by the soil samples were monitored at

7-d intervals to ensure that the samples were completely equilibrated in the

humidified jars at the end of the 3-wk incubation period. The water contents

(w/w) of the samples were determined by drying overnight in an oven at 1050C,

and the final concentrations of the H2SO4 solutions were determined by

titration against a 1 M Na2CO3 standard solution. The relative humidity

value of each chamber was determined from a knowledge of the final

concentration of the acid solution (Weast, 1988) and was converted to a water

potential using the following equation (Papendick and Campbell, 1981).

'p = RT(lnh)/Vw

Where 'P = water potential (MPa)
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R = universal gas constant (8.31 x 10-6 m3 MPa mole-1 K-1)

T = absolute temperature (K)

Vw = molal volume of water (1.8 x 10-5 m3 mole-1 at 40C)

h = equilibrium relative humidity

A water release curve was constructed from the combination of

pressure plate and relative humidity derived values (Fig. 4.1).

Characteristics of the subclover /Rhizobium leguminosarum by. trifolii

symbiosis established at different water potential values

Soil was collected as described earlier. The soil was sieved through a 2-

mm mesh screen, thoroughly mixed, and air-dried at room temperature. Ten

kg of the air-dried soil (water content 0.09 g g4 soil) was amended with sterile

N-free Jensen's nutrient solution (Dughri and Bottomley, 1983) and further

supplemented with Mo and S (2.5 mg Na2Mo04.H20 and 0.12 g K2SO4 kg-1

oven-dried soil). The constituents (in g kg-1 oven-dried soil) of the Jensen's

nutrient supplement were: CaC12, 0.6; MgSO4.2H20, 0.2; NaC1, 0.1; ferric

citrate.xH2O, 0.02; K2HPO4, 0.34; KH2PO4, 0.16; and 10 ml of a trace

element mixture (Evans, 1974). Appropriate amounts of the mineral nutrients

were dissolved in 2.7 L of deionized water. The solution was adjusted to pH 5.5

(the same pH as the soil), autoclaved, cooled, and sprayed onto and mixed

thoroughly with the soil sample. The amended soil was air-dried and divided

equally into eight portions. Sterile deionized water was added to each

subsample to create soil samples with water contents increasing from 0.18 to

0.39 g g-1 soil by increments of 0.03 g g-1 soil. Soil samples (120 g flask-1)

were transferred to sterile 120-ml Erlenmeyer flasks. A sterile perforated

straw was inserted into each flask for watering and plugged with cotton to

reduce evaporation. Nine flasks were assigned to each moisture treatment
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and were divided into three groups of three flasks (i.e. three flasks for each

replicate).

'Nangeela' subclover seeds were surface sterilized by immersing in 100

ml of 95% ethanol for 30 s, washing in 150 ml of 25% (v/v) clorox bleach

solution for 5 min, and rinsing in seven changes of sterile deionized water. The

sterile seeds were incubated in an enclosed humidified flask for 24 h at 40C and

then for 12 h at room temperature before being planted into the soil samples.

Three subclover seeds were planted in each flask, and the surface of the soil

was covered with sterile paraffinized sand (approximately 0.5 cm in depth) to

reduce evaporation. The flasks were transferred to a growth chamber with a

14-h light/10-h dark cycle (chapter 3). After 1 wk of growth, the seedlings were

thinned to one per flask. The water contents of the soil samples were

maintained by adding sterile deionized water at 2-d intervals during the first 4

wk of plant growth. They were watered daily throughout the 5th and 6th

weeks. The plants were harvested after 6 wk, and the number of nodules per

plant was counted. Fifteen to 20 nodules were collected from each replicate

(i.e. a set of three plants), and the distribution of rhizobial serotypes in the

subclover nodules was determined by immunofluoresence (chapter 2). After

removal of the nodules from the plant roots, dry weights of both the shoots and

roots were determined.

Growth of R. leguminosarum by. trifolii under low water potential

established by a non-permeating solute (PEG 3500)

YEM broth (pH 7) was adjusted to -0.50, -0.75, and -1.0 MPa by

dissolving 125, 170, and 215 g of PEG 3500, respectively, in 1 L of the nutrient

broth. Without the PEG supplement, the water potential of YEM broth is

-0.15 MPa (Busse and Bottomley, 1989). To prepare 1 L of YEM/PEG nutrient
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broth, an appropriate amount of PEG was dissolved in 500 ml of distilled water.

The PEG solution was autoclaved and cooled to 700C. The sterile PEG solution

was then mixed thoroughly with a 500-ml portion of sterile double-strength

YEM nutrient broth. Rhizobial isolates were cultured in 35-ml portions of

PEG-supplemented YEM medium contained in cotton-stoppered Pyrex test

tubes (20 x 2.5-cm) in a water bath adjusted to 270C. Cultures were aerated

continuously with filter-sterilized air at a rate of approximately 10 ml

Portions (0.1 ml) of early-stationary-phase cultures were used to inoculate the

PEG-supplemented YEM. Growth was monitored by following the turbidity of

the cultures at 660 nm until they reached stationary phase.

Population dynamics of indigenous serotypes of R. leguminosarum by.

trifolii in response to water potential changes

On October 1, 1990, surface soil was collected from five different

locations along a diagonal transect of the field. The soil sample (0.17 g g-1 field

moisture content) was sieved (2-mm sieve), composited, air-dried at room

temperature for 7 d to -28 MPa (water content 0.09 g grl- soil), stored in a cool

room (40C) for 2 wk, and dispensed into 28 rectangular plastic pots (35.5 x 14.5

x 7.5 cm) with 1.3 kg of soil per pot. All soil samples were brought to field

capacity (38.3 g of water per 100 g of dry soil) with sterile deionized water one

day before planting. Four replicates were prepared for each of the treatments

which included subclover, orchard grass, and an unplanted control. Twenty

grams of 'Nangeela' subclover seeds and 5 g of orchard grass seeds were

planted into each replicate pot of their respective treatments. Subclover seeds

were surface sterilized as described earlier. The sterile seeds were incubated in

an enclosed humidified flask for 24 h at 40C and then for 12 h at room

temperature before sowing into the soil. The grass seeds were soaked in sterile
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deionized water for 24 h at 40C and were incubated between sterile wet paper

towels (three days at 40C followed by two days at room temperature) before

planting. The pots were arranged in a completely randomized fashion under

greenhouse conditions (Dughri and Bottom ley, 1983), and the soil was

maintained close to field capacity by irrigating with sterile deionized water at 2-

d intervals. Seedling samples were harvested at 7-d intervals for a total period

of 3 wk. The seedlings were gently shaken to remove the loosely attached soil.

Soil adhering to the root surface after the shaking procedure was stripped by

gently massaging the roots between fingers enclosed in polyvinyl gloves. The

soil was sieved through a 2-mm sieve. Because all of the seedlings from each

pot were harvested, and due to the fine structure of the potted soil, as much as

10% (about 140 g) of the soil in each pot was associated with the roots of the

seedlings. Nodules were observed on subclover roots during the second week

after germination. To prevent any detachment and rupturing of nodules, root-

associated soil was teased away from the nodulated zones on the roots by

scraping gently with a toothpick. Rhizosphere populations of serotypes AS6,

AP17, and AS21 were enumerated by immunofluorescence (chapter 2).
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Results

Moisture characteristics of Abiqua soil

By the nature of the Mediterranean-type climate of western Oregon, the

indigenous rhizobial population in Abiqua soil is exposed to extreme moisture

conditions ranging from approximately 0.04 g water g1 soil moisture content

in summer to 0.4 g water g-1 soil in winter. In order to study the saprophytic

and symbiotic characteristics of the rhizobial population under different

moisture conditions, a water release curve of the soil was constructed (Fig.

4.1). In Summer the water content of the undisturbed field soil covered by dead

or dormant plant material was approximately 0.1 g g-1 soil, corresponding to

-18 MPa. Soil not covered by plant material had a water content as low as

0.05 g g-1 soil (-200 MPa). Upon the return of fall rains, which were sufficient

to stimulate germination and primary seedling development, the soil water

potential ranged from -0.45 to -2.2 MPa (i.e. 30 to 16 g water g-1 soil,

respectively).

Effects of moisture stress on the subcloyer/Rhizobium leguminosarum

by. trifolii association system

(i) Effect of moisture on subclover germination

The majority of the 'Nangeela' subclover seeds (78%) were able to

germinate and undergo primary development at a water potential value as low

as -1.3 MPa. Although growth of the seedlings was limited at such water

potentials, they appeared to be healthy and viable. As the water potential of

the soil was raised to -1.0 MPa or above, all subclover seeds were able to

germinate and grow substantially (Fig. 4.2A).
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(ii) Effect of moisture on nodulation

Although subclover seeds could germinate at -1.3 MPa, crown nodules

did not develop on the plants (Fig. 4.2B). Even at -1.0 MPa, only four nodules

were formed per plant. However, a significant six-fold increase in nodule

number was observed when water potential was increased from -1.0 to -0.45

MPa. With the exception of the increases from

-0.45 to -0.24 MPa, the number of nodules per plant increased significantly as

the water potential of the soil was raised from -1.0 to -0.03 MPa (Fig. 2B).

(iii) Effect of moisture on plant growth

Both shoot and root growth of subclover were inhibited at water

potentials lower than -0.1 MPa. There was a non-significant increase in shoot

yield as plants were grown in soil maintained at water potential values ranging

between -1.3 and -0.72 MPa. Significant increases in shoot yield were detected

only when the water potential of the soil was raised from -0.45 to -0.10 MPa

(Fig. 4.3A). In contrast to shoot yield response, significant increases in the dry

weight of subclover roots were observed at every consecutive stepwise

increase in water potential above -1.3 MPa (Fig. 4.3B). The difference between

root and shoot responses to increases in water potential was reflected in the

root/shoot dry weight ratios of the plants being significantly greater at water

potentials between -1.0 to -0.45 MPa than the ratios of plants grown at -0.24

MPa or above (Fig. 4.3C).

Effect of soil water potential on nodulation by serotypes within the

indigenous soil population

Regardless of water potential values, members of serotype AS6

occupied the majority of nodules on subclover (Table 4.1). There was a trend,
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however, for the percentage nodule occupancy by AS6 to increase non-

significantly as soil water potential was lowered. In contrast, occupancy by

other serotypes either remained low or was reduced significantly in drier soil.

For example, at -0.03 MPa serotypes AS21 and AP17 occupied 18 and 13% of

the subclover nodules, respectively, whereas zero and 4%, respectively, of the

nodules recovered at -1.0 MPa were occupied by the same two serotypes

(Table 4.1).

Influence of water potential on rhizobial growth

Since serotype AS6 occupied the majority of the subclover nodules at

various low soil water potentials, it was of interest to evaluate the growth

competence of the members of AS6 and other serotypes at low potentials.

Although it has been reported that isolates of R. leguminosarum by. trifolii are

relatively incompetent at growing under water stress established with

permeable solutes (Steinborn and Roughley, 1975), the majority of the Abiqua

soil isolates showed little growth restriction at water potential values < -0.50

MPa that were established with the non-permeating solute, PEG. At -0.75

MPa, approximately one half of the isolates exhibited a lag period ranging from

12 to 24 h (Fig. 4.4B, C), and the final cell densities of most of the isolates were

significantly lower than the same isolates grown in non-PEG supplemented

YEM nutrient broth. As the water potential of the medium was lowered to -1.0

MPa, growth of the majority of isolates was severely impaired (Fig. 4.4C). Only

three isolates (88FL3,5; 88FL1,9/2; and 88FL1,7) were able to grow at -1.0

MPa without significant reduction of their growth rates (Fig. 4.4A). They

belonged to three antigenically distinct rhizobial serotypes, AS6, AS21, and

AS36, respectively. There was no evidence that members of serotype AS6 as
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a whole were more effective at growing under low water potential conditions

than members of other serotypes.

Growth kinetics of indigenous Rhizobium leguminosarum by. trifolii in

Abiqua soil after a rapid raising of water potential

Despite the limited ability of most members of AS6 to grow at low water

potentials, it is possible that superior nodulating ability was due to AS6

recovering more quickly from dormancy in air-dried soil in response to a rapid

increase in water potential. Despite the appeal of this hypothesis, there was

no evidence that serotype AS6 could proliferate more rapidly than other minor

nodule-occupying serotypes in subclover rhizospheres when the soil was

rewetted (Fig. 4.5). Furthermore, the outcome of subclover nodule occupancy

was not significantly different when soil was pre-equilibrated at either -0.03

MPa (water content 0.38 g g-1 soil) or -120 MPa (water content 0.06 g g-1 soil)

before planting (data not shown).



Table 4.1. Effect of water stress on the distribution of rhizobial serotypes in subclover nodules.

Percentage nodule occupancy

Serotype
Soil water
content a
(g g1 soil) AS6 AS21 AP 17 AG4 AR23 AS16 AR21 AS27 Otherb LsD0.05c

0.21 83.3 0 0 0 0 0 0 0 16.7 23.3

0.24 60.6 0 4.2 10.8 5.6 3.3 0 0 15.6 16.6

0.27 67.2 10.0 2.2 4.5 4.5 5.0 0 0 4.4 9.9

0.30 52.0 4.6 17.8 2.2 2.2 0 2.2 0 18.2 10.7

0.33 55.0 12.1 10.0 3.3 7.1 0 0 0 10.8 13.6

0.36 52.6 5.1 8.4 6.8 3.3 3.4 1.7 0 16.9 8.5

0.39 40.0 18.3 13.3 8.3 5.0 5.0 0 0 8.3 10.4

LSD0.05 NSd 10.1 NS NS NS NS NS NS NS

a. Gravimetric soil water content was determined by drying the soil sample at 1050C for 24 h.

b. Percentage of nodules not reacting with any of the FAs tested.

c. Least significant difference at P=0.05.

d. Not significant at the 95% confidence level. cz
I-,

co
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Figure 4.1. Water release curve of Abiqua soil.
Each value represents an average of two or three
replicate measurements.
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Figure 4.2. Effects of soil water content on (A) the
germination rate, and (B) nodulation of 'Nangeela'
subclover grown in Abiqua soil. The vertical bar
represents a LSD value at P=0.05.
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Figure 4.3. Effects of soil water content on the
growth of 'Nangeela' subclover in Abiqua soil. Panels
A, B, and C represent the dry shoot yield, the dry
root yield, and the root/shoot ratios, respectively, of
subclover grown at different soil moisture contents.
Vertical bars represent LSD values at P=0.05.
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Figure 4.4. Growth of Rhizobium leguminosarum
by. trifolii isolates (A) 88FL1,9/2; (B) AS6-1; and (C)
88FL1,5/2 in YEM nutrient broth adjusted to
different water potential values with PEG 3500.
YEM, ; -0.5 MPa, 0 ; -0.75 MPa, ; -1.0 MPa,

. Points on each curve represent the mean of
two separate determinations.
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Figure 4.5. Growth kinetics of three indigenous
serotypes (AS6, AP17, and AS21) of Rhizobium
leguminosarum by. trifolii in plant rhizospheres and
unplanted soil. (A) represents the overall growth
kinetics of the rhizobia in 'Nangeela' subclover
rhizosphere , 'Orchard' grass rhizosphere 0 ,

and unplanted soil . Panels (B), (C), and (D)
represent the growth of individual rhizobial
serotypes in a subclover rhizosphere, grass
rhizosphere, and in unplanted soil, respectively. ,

serotype AS6; 0 , serotype AP17; and , serotype
AS21. Vertical bars represent the LSD values at
P=0.05. No error bar indicates that the LSD value
is smaller than the symbol.
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Discussion

Our findings extend those of McWilliams et al. (1969) by showing that

subclover seeds germinate at soil water potential values where vigorous

seedling development would not be expected, and which are significantly lower

than the lowest potential where Worrall and Rough ley (1976) observed root

hair infection (-0.36 MPa). This experimentally-based finding confirms field

observations that substantial numbers of subclover 'Nangeela' seeds

germinate in response to intermittent rain and evening dew during September

(Leung and Bottom ley, unpublished observations). Remarkably, the seedlings

are sufficiently vigorous to develop one or two true leaves and extend a primary

root about 5 cm into the extremely dry surface soil containing water at matric

potential values as low as -10 to -12 MPa. Since the findings of Worrall and

Roughley (1976) indicate that nodulation of subclover does not occur at water

potentials lower than -0.36 MPa, it was speculated that further seedling

development would be impeded until the arrival of enough rainfall to raise the

soil water potential from -10 to -0.36 MPa and allow nodulation and nitrogen

fixation to take place.

However, in contrast to the findings of Worrall and Roughley (1976),

substantial nodulation was observed at potentials between -1.0 and -0.72 MPa.

Although the discrepancy between the two studies seems to be large, it is

worth drawing the reader's attention to various differences between them.

First, the Australian researchers carried out their studies in a very coarse

sandy soil in which the water content at field capacity was between 0.075 and

0.055 g g-1 soil, and the -0.36 MPa value was 0.035 g water g-1 soil. In our soil

the field capacity value is 0.38 g g-1 soil, and the -0.36 MPa value is about 0.30

g g-1 soil. It is very difficult to obtain accurate water release curves for soils
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with the ability to hold so little water as the Australian soil, and even more

difficult to accurately maintain soil moisture contents at such low values in the

presence of transpiring seedlings. Second, the rhizobial component of Worrall

and Rough ley's experiment (1976) consisted of an individual strain (TA1)

whose osmoregulatory characteristics are unknown. This study relied upon an

extremely diverse soil rhizobial population to carry out nodulation. Also,

Rough ley and Worrall (1976) used subclover 'Bacchus Marsh' in their studies,

whereas subclover cultivar 'Nangeela' was used as experimental material in

this study because it is the dominant subclover type in the plant community

at the field site. However, it has been shown recently that 'Nangeela'

subclover produces a disproportionately large amount of soft seed which can

germinate very easily in response to moisture (Evers et al., 1988). Perhaps

the difference between the water potential value required for seed germination

and for infection and nodulation would not have been so large if a hard-seeded

subclover cultivar had been used.

The inability of most isolates of Rhizobium leguminosarum by. trifolii to

grow at matric water potentials lower than -0.75 MPa indicates this species is

a poor osmoregulators as defined by Harris (1981). As a consequence, such

organisms might be expected to be vulnerable to lysis upon a rapid increase in

water potential (Keift et al., 1987). Since the data showed no evidence for

rewetting having an impact on the size of the Rhizobium leguminosarum by.

trifolii soil population or on the outcome of nodulation, one must conclude that

the ability to predict the importance of varying osmoregulatory ability on the

success or failure of natural soil bacterial populations is limited.

The trend for occupancy by two of the minor nodule-occupying serotypes

(AS21 and AP17) to increase with rising water potential is worthy of some

comment in light of the controversy about the importance of rhizobial motility
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in legume nodulation (Ames and Bergman, 1981; Mellor et al., 1987; Cat low et

al., 1990a, b). It has been documented that bacterial movement in soil is

highly restricted at potentials < 0.1 MPa where pores of diameter < 1.0 !Ina

become devoid of water (Griffin and Quail, 1968). Recently, Worrall and

Rough ley (1991) showed that a rhizobial inoculum would not move through soil

held at potentials ranging between -0.009 and -0.36 MPa. Since the population

of serotype AS6 is at least 10X larger than that of any other serotype in

Abiqua soil, its occupancy might be more exaggerated at low potentials due to

random contact of root and rhizobia likely favoring the subpopulation of

greatest population size. At higher water potentials, where movement along

the root may be facilitated, other less numerous members of the soil

population might get a better chance at contributing to nodule occupancy.

In summary, despite the importance of water availability and legumes

to the productivity of the nonirrigated lands of the world, the findings from this

study emphasize how little we know about the influence of water upon the

establishment of the symbiosis between legumes and rhizobia under soil

conditions. Far more effort will be needed before the impact of climatic and

water availability upon the establishment, persistence, and productivity of

legumes in minimally managed grazing lands can be predicted.
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