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ABSTRACT

The relationship of rhizobia that nodulate Gafega officinalis
to the known species of Rhizolium and Bradyrhizolium was

investigated. Similarly, the <recently discovered fast~

growing soybean nedulating group of rhizobia was studied.

Both groups were investigated using DNA:DNA hybridization

as well as nodulation on legumes and phage-typing.

The Gafega nodulating rhizobia were found to form a distinct
DNA homeoleogy group. The mean relative homology of 11
strains of $afege nodulating rhizobia with the reference
strains gal 1 and gal NW 3, which effectively nodulate
Galega officinalis, was significantly higher than the mean

relative homology of cother groups of rhizobia.

The §afega rhizobia only nodulated §afega officinafis and
formed a distinct phage-typing group in agreement with
the DNA homology results. These rhizobia therefore appear

to form a unique taxonomic group within the genus RAlzofiunm.

The fast-growing soybean nodulating rhizobia formed a
distinct DNA homology group with at least two subgroups.
The mean relative homology of 11 of these strains with
the reference strains USDA 208 and USDA 191 which nodulate
GLycine max, was significantly higher than the mean relative
homology of other groups of rhizobia. Low DNA homologies
were found between the fast-growing soybean strains and

Bradyrhizobium japonicum ATCC 10324,

The fast-growing soybean nodulating rhizobia nodulated
Glycine max and formed ineffective nodules on Lotus pedunculalus.
None o¢of these strains were lysed by the bacteriophages
used in the study, but as yet, no bacteriophage specific
for this group of rhizobia has been isolated, The fast-
growing soybean nodulating rhizobia were concluded to be
taxonomically distinct from other species of Rhizobium |
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The thermal stability of reassociated DNA duplexes was
examined for both the §efegae and fast-growing soybean
rhizobia and further indicated the unigueness of both

groups.

The use of colony hybridization as a means of identifying
different strains of RAlzob.ium was investigated and was
found to be useful in distinguishing between genetically
distinct rhizobia and to identify rhizobia within root

nodules,
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INTRODUCT ION

1. Significance of the genus RA{izolium

Bacteria Dbelonging to the genus Rhizofiium form nodules
on the roots of legumes {(Jordan and Allen 1974). Members
of this genus are gram negative aerobic non-sporing rods.
They occur free-living in the so0il or in the rhizosphere

of plants.

Rhizobia in the nodules fix atmospheric nitrogen, converting
it into a form available to the plant and thus are of great
importance agronomically. Biological nitrogen fixation
is receiving increasing attention, since the production
of nitrogenous fertiliser by chemical means 1is energy
demanding. Of all the nitrogen-fixing bacteria, the genus
Rhizofium 1s the most important. This genus is estimated
to carry out 50-70% of world biological nitrogen fixation
(Quispel 1974). Many aspects of agriculture, especially
pastoral farming, are dependent on this process for the
maintenance of productivity. MacKinnon o2 «f€ {(1975)
estimated that pastures in New Zealand used 800,000 tonnes
of fixed nitrogen per annum and that 97% of this is biolog-
ically fixed by rhizobia in association with leguminous

plants.

2. Clasgification of .RA.izofiumby cross-inoculation groups

Species designation within the genus RAizofium as presented
in the eighth edition of Bergey's Manual of Determinative
Bacterioclogy (Jordan and Allen 1974} is based on the host
specificity of the bacteria. The plant hosts for a given
spegies comprise a c¢ross-inoculation group. A cCross-
inoculation group is defined as a group of plants within
which the root nodule organisms are mutually interchangeable

{Fred ef af 1932). The Bergey c¢lassification recognises



six such cross-inoculation groups and hence six species

of - RAizolium are described {(Table I).

This classification has long been considered unsatisfactory
for a number of reasons. Many legumes are not included
in the six «cross-inoculation groups which define the
recognized species {Dixon 1969}. The c¢ross-incculation
groups are not mutually exclusive and strains of
Rhizobium are found which can nodulate legumes from more
than one cross-inoculation group (Wilson 1944, Graham 1964).
The slow-growing group of rhizobia, known as the cowpea
rhizobia, can not be classified by this method due to their
ability to nodulate a wide range of legume hosts (Allen
& Allen 1940, Norris 1956). Rhizcbia can lose the ability
to effectively nodulate specific legumes (Labandera 1975)
and then become wunclassifiable wusing cross-ineculation
groups. The ability to nodulate specific legumes can be
transferred between different species of RAizel.ium(Higashi
1967, Johnston e «f 1978, Brewin 2% «f 1980},

Plasmid control of symbioctic characteristics has Dbeen
suggested {Higasti (1967}, Dunican & Cannon {1971}, HNuti
et af (1977). Host specificity genes in certain strains of
R, Leguminosanum {Johnston 2% «f 1978, Brewin ef «f 1980,
Buchanan-Wollaston 22 @£ 1980) and R, fa2ifoflii (Scott &
Ronson 1982) and R. phaseoli {Beynon ef af 1980} have been
shown to be borne on specific plasmids. Plasmid control
of nodulation on legumes has important conseguences for
the classification of rhizobia by cross-inoculation groups.
Beoth the possibility of the loss of plasmids, on the trans-
fer of plasmids between different strains of rhizobia,

would make this method of classification untenable.



TABLE I:

Rhizobium

RhizobB.ium

Rhizobium

Rhizobium

Rhizobium

Rhizollium

CLASSIFICATION OF RHIZOBIUM BY CROSS-INOCULATION

GROUPS

Leguminosenum

tnifolid

rhaseoldi

meliloll

Lupindi

Jjaponicum

ncdulates

nodulates
nodulates

nodulates

nodulates

nodulates

Lathyrus {sweet peas)
Pisum {garden peas)
Vicia {vetches)

Lens {lentils}

Trnifolium {clovers})
Phaseofus spp. (beans)
flefiblolus {sweet clover)
Nedicago (lucerne)
Trnigoneffa (leguminous

herbs)

Lupinus {lupines)
Onnithopus {(birdsfoot)

Glycine spp. {(soybeans)
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3. BAlternative approaches to the classification of the genus

Rhizoblium

Norris (1965 examined 717 strains of rhizobia isclated
from 278 species of legumes and concluded that they could
be divided into two groups: those that grew fast and
produced acid on laboratory media and those that grew
slowly and produced a neutral or alkaline reaction.
Martinez-De Drets ef «f {1972, 1974) distinguished the
fast and slow-growing rhizobia on the basis of enzymatic
differences. Fast-growing strains were found to contain
an invertase able to metabolise sucrose, whereas both this
enzyme and sucrose phosphorylase were absent from slow-
growing strains. Only strains of the fast-growing group
of Rhizobium were found to contain a nicotinamide adenine
dinucleotide phosphate (NADP)-6-phosphogluconate dehydro-

genase.

Numerical analysis was applied to the root nodule bacteria
by Graham {19643}, He concluded that R, ftaifolli,
R, Leguminusardm and R. phaseolfi should be consolidated
into a single species, R. fLeguminosaaum . R, melfifoi.i how-
ever, should be maintained as a single species. He proposed
that Agaoclacterium radiobacter and A, tumifaciens be united
and included as R. zadiofacter within the genus RAlzoflium.
Slow-growing strains of root nodule bacteria would be class-

ified within the genus PAytomyxs.

t'Mannetje (1967) reanalysed Graham's data using different
sorting techniques. He <concluded that Agrofaciernium

nadiobactenr and A, tumefaciens be combined but not included
in the genus RAhlzolium. Slow-growing root nodule bacteria
should be retained as a single species R, jepondicum within

the genus Rhizofium.

Moffett & Colwell (1968} applied numerical analysis to
the RAizoficceae. Their résults-agreed with those of Graham

{1964). They however, included Agaclactenium rhizogenes
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in the species RAizodium radiolocten and added a fourth
species R. au#li to the genus RAizof.ium. Studies by White
(1972) also agreed with these conclusions.

Phage-typing has been used to classify rhizobia. Staniewski
{1968} divided 230 strains of Rhizolium Lrifolium ,
R, Leguminosarum , R. phaseoli and R. melifoii 1into three
phage-typing groups. Group 1 consisted of strains of
R trnifolium , R. Leguminosanum and R, phaseoli . Group
2 included some strains of R, Zaifiofil and R, Leguminosarum.
Group 3 included R. mefifoi.i strains. Hence R, melifoiil

formed a distinct group, distinguishable by phage-~typing
from the three other species which were indistinguishable

by phage-typing .

Serological methods have been used in the classification of
rhizobia. The technique of internal antigen analysis has
been used by Vincent & Humphrey {1970} who found a closer
relationship vetween R, taifolii , R, Leguminosanum and
Re phasecili than between these thrée species and
R meliloti . There was an evident relationship between
R, mefiloii and the agrobacteria and a lack of relaticnship

between these three groups and the slow-growing rhizobia.

Two-Gimensional polyacrylamide gel electrophoresis has
been used Dby Roberts et af {1980) to classify rhizobia.
The slow-growing rhizobia were shown to be distinct from
the fast-growers. Of the fast~growing rhizobia, strains of
R, Leguminosarum and R, taifolii formed a distinct group

as did strains of R. mefifoiti.

The problem with all of the above approaches to the class-
ification of rhizobia is they only examine a limited number
of characters, which don't necessarily represent the actual
amount of genetic information which is common to different

strains.



Overall genetic similarity has been measured by the compar-
ative study of rhizobial DNA. On the basis of the %GC
content of DNA, De Ley & Rassel (1965) divided rhizobia
into two groups. The fast-growing, peritrichously flagell-
ated group had a low %GC content in the range 58.6 -~ 63,1%
and was comprised of R, fegumincsvaum and R, weddfuli
The slow-growing, subpolarly flagellated strains ranged
from 62.8 to 65.5% in GC content. One species was proposed

for this group, tentatively named R, japonicum.

Heberlein g2 «f (1967) studied the relationship between
Rhizobium , Chaomobacterndum and the genus Agaocldacienrium Dy
the use of DNA-agar hybridization. ©On the basis of
DNA homology, Agaclaciteaium nuli , A. Zumefaciens and A4,
nadiofacten were indistinguishable, Six other distinct
genetic groups were found: RhAlzobium rhizogenes, R. Legum=
inosarum, R, meliloiti, R. japonicum, Chaomobaciernium Spp and

Agrnobactenium psreudosugae strain 180,

Gibbons and Gregory (1972) studied the relatedness of
Rhizofium and Agrofacienium species by three methods of
nucleic acid hybridization: DNA/DNA and DNA/RNA hybrid-
ization on membrane filters and by a spectrophotometric
technigue. They found a close relationship between?R., fegum -
inosarum and R, itadifofii and in agreement with Graham (1964}
concluded that these two species should be combined into
a single species. However, they concluded that R, phaseoli
should remain as a separate species. R. Zupini and
R. japonicum were found to be closely related which 1is
in agreement with the conclusions of Graham (1964),
Hebertein g% «f {1967) and Moffett & Colwell (1968},

Hybridization studies using the hydroxyapatite method have
been carried out by Jarvis ef af {1980} and Crow eof af
(1981). Jarvis ei «f (1980) determined the extent of DNA
homology among 27 strains of R, #rifolii, 4 strains of
R, Leguminosarum and 4 strains of R, phaseoddi. R, Legum-

inosaerum and R, taifodii were found to be genetically



similar and it was suggested that they should be combined
into a single species R, feguminosarum Frank with biovars
designated by the species name of the legume which they
effectively nodulate. They found that the average related-
ness of Rhizolium strains from Phraseolus vulganis to those
from clover was 46% and concluded that R. phasecéi should

remain as a separate species until examined in more detail.

Crow 2f af (1981) studied DNA homologies between 113 strains
of fast-growing acid producing rhizobia and seven reference
Rhizobium strains. These strains were divided into four
homology groups. Group 1 comprised strain of R, Laifolii,
R. fLeguminosanum and R. phaseoli all consolidated under
the name R. Zeguminosarum . Group 2 comprised Rhizolium

strains obtained from ({oroniflfa venic and some strains from
Onobrychis vicifolis and Sophora sSpp. Group 3 comprised
R, melifoti and Group 4 the fast-growing Lofus rhizobia
which nodulated a variety of hosts including Lofus connicu-
Latus, Lotus tenuis and [Lupinus densiflorus . A total of
nine fast-growing stains c¢ould not be c¢lassified within
these groups. Low DNA homologies {< 10% homology) were
found between the fast-growing and the slow-growing rhizobia
supporting the view that these two groups are distinct
enough to warrant dividing the root nodule bacteria into

two genera.

Jarvis gt gf (1982) found the fast-growing /[otus rhizobia
were distinct from other rhizobia by DNA homology, plant
specificity, phage~typing and soluble protein patterns.
They proposed that the fast-growing fefus rhizobia and
related strains be recognised as a new species, RAizobium
fotie

Jordan {1984} revised the classification of the root nodule
bacteria for the ninth edition of Bergey's Manual of Deter-
minative Bacteriology. Under this classification,Riizobium

trnifolii + R, phaseoli and R, Leguminosarum were combined



as one species, designated R, feguminosarum Frank comprising
three biovars Zalfolii, phasecti. and wviceae. R, melifoiti
was retained as a separate species and the fast-growing
Lotus strain designated R, foti . The slow-growing rhizobia
were transferred to a separate genus, Baadyrhizobiuvm .
At present only one species is recognised in this genus;
B. jeponicum which includes strains capable of effectively
nodulating lupines and soybeans. The genus Agaoclacienium
was retained despite the proposals that this genus and
Rhizobium should be amalgamated in part (Herberlein 2% af
{1967) and Moffett & Colwell (1968}.

4, Identification of Rhizobia

A number of technigues have been used to identify strains
of rhizobia. Serological techniques involving agglutination
immunodiffusion and immunofluorescence have been used by
Bohleol & Schmidt {1970} and Diatleft (1977). Kishinevsky

& Gurfel (1980) used the enzyme-~linked immunosorbent assay
(ELISA) to identify fast and slow-growing rhizobial strains
both in culture and within nodules. Both the ELISA method
and microagglutination tests have been used +to identify
strains of Rhizobium melilfolli in commercial alfalfa
inoculants (Olsen e¢# «f 1982).

Antibiotic resistance markers have been used for strain
identification. Josey et alf {1979) identified strains
of Rhizofium using intrinsic antibiotic resistance.
Schwinghamer & Dudham (1973} evaluated spectinomycin resist-
ance as a marker for ecological studies with RAlzobium.
Brockwell ei af (1977) examined the application of both
the use of streptomycin resistance and gel immune diffusion
for the identification of rhizobia. They concluded that
both metheods were reliable for identifying strains of

R, trifolii reisolated from field environments.



Other methods to identify rhizobia include phage- typing
(Kowalski ef af 1974) and two-dimensional polyacrylamide

gel electrophoresis (Roberts et a«f 1980).

.Hodgscn ef «f (1983) used DNA coleony hybridization to ident-
ify Rhizolium strains from nodules and found the method
had a high degree of specificity, allowing successful ident-

ification of rhizobkia.

5. Aims of this investigation

Lindstrom e£ <f (1983) studied the relationship between
the rhizobia that nodulate §Galegae onientalis and §. officinaldis
and other species of rhizobia using plant nedulation tests,
bacteriophage-typing and DNA homology. They concluded that
the Galegae rhizobia formed a specific taxonomic group within

the genus RAlzob.ium.

Keyser et of (1982) described the isolation of fast-growing
soybean nodulating strains of rhizobia from the People's
Republic of <China. Although sybiotically similar to the
slow-growing soybean rhizobia, Bradyrhizobium japonicum
they were Jjudged on the basis of their physiology, carbo-

hydrate utilization and biochemistry to be distinct.

The objectives of this study were:

1. To further examine the relationship between the Galega
rhizobia with the known species and DNA homology groups

of Rhizolium and with Bradyrhizobium Spp.

2. To determine the relationship of the fast-growing
soybean nodulating rhizobia to other species of Rhizobium

and Bradyrhizobliunm,

It was planned that this would be done primarily by the
use of DNA:DNA hybridization, although bacteriophage~typing

and legume nodulation tests would also be performed.

3. To investigate the application of colony hybridization

as a means to identifying rhizobia.



MATERTALS AND METHODS

1. MICROBIOLOGICAL METHODS

1.7 Bacterial Strains and Maintenance

The bacterial strains used in this study are listed in Table
IT. The rhizobia were isclated and cultivated on yeast
mannitol agar (YMA, Vincent 1970) at 28°c. All strains were
maintained on YMA slopes at 4°C and sub-cultured at inter-
vals of 2-4 months. Cultures were freeze-dried for 1lcong-

term storage.

1.2 Media and Cultivation

1.21 Yeast Mannitol Broth (YMB, Vincent 1970) contained
the following {g/l}: mannitol, 10.0; yeast extract {Difco)
0.5; dipotassium hydrogen phosphate (KZHPO4), 0.5;
magnesium sulphate (MgSO4 .7H2 0), 0.2; scdium chloride

(NaCl), 0.1. The pH was adjusted to 6.8 - 7.0 if necessary.
Yeast mannitol agar (YMA) was preparéd by the addition
of 159 of agar (Davis) per litre of medium. Congo red
dye ({(final concentration 0.0025%} was added to YMA to

facilitate the detection of contaminant bacteria.

1.22 . Brain Heart Infusion Broth (BHI) consisted of 37g/
litres of brain heart infusion ({Difco)} in deionized water.

For the s0lid medium (BHA)}, 159 cof agar (Davis} was added.

1.23 No. 2 Medium {Vincent, 1%70) had the following
composition (g/l): Ammonium nitrate (NH4N03),. 1.0;
dipotassium hydrogen phosphate (KZHPO“_1 }» 0.3; potassium
dihydrogen phosphate (KH2 PO4 ) 0.3; magnessium sulphate
(MgSO4 .7H2 )y, 0.1; Calcium nitrate {Ca(NO3 )2 ;, 0.05;
yeast extract, 1.0; glucose, 1.0; trace element solution,

1ml. The pH was adjusted to 6.8 - 7.0, A trace element



TABLE

II:

11

THE RAIZOBIUM AND BRADYRHIZOBIUM STRAINS USED IN
THIS STUDY

Strain

Forms effective

nodules on

Source

Rhizobium of Galega

gal 1
gal 3
gal 7
gal 12
gal 14
gal 129
gal 1261
gal NW 1
gal NW 2
gal NW 3
5942

- Hambi 54

Hambi 1147
Hambi 1155

Fast-growing soybean nodulating rhizobia

USDA
USDA
USDA
USDA
USDA
UsSDA
USDA
USDA
USDA
USDaA
USDA

191
192
193
194
201
205
2006
208
214
217
257

Rhizobium

NZP

“ATCC 10004

TAZ
NZP

561

549

0

tnifolid

CC 275e
PDD 2163

-

-

L]

officinalis
officinalis
officinalis
officinalis
officinalis
ondentalis

onientalis

officinalis
officinallis
officinalis
officinalis

ondentalis

OO OO O O N OO DD N DD

Glycine max
Glycine max
Glycine max
Glycineg max
GLlycine max
Glycine max
Glycine max
Glycine max
Glyelne max
Glycine max

Glycineg max

Trnifolium nepens

Te nepens

7. repens. .

7o sublennaneum

ondentalls

ondentalis

New Zealand
New Zealand
New Zealand
New Zealand
New Zealand
Finland
Finland

New Zealand
New Zealand
New Zealand
U.S.A.
Finland
U.S.S5.R.
U.5.5.R.

China
China
China
China
China
China
China
China
China
China

China

Australia

U.5.A,

Australia

New Zealand

Cont'd..



TABLE II: Continued
. Forms effective
Strain nodules on Source

Rhizobium mellilotl

NZP 4009 = SU 47 Medicago sativa Australia

ATCC 9930 M. sativa Uu.s.a,

RM 1 M., sativa New Zealand

RM 2 M. salive New Zealand

Rhizobium Loll

NZP
NZP
NZP
NZP
NZP
NZP

2213
2037
2074
2238
5201
5361

LC 265 Da

CaWisc

Rhizobia of feucazna

NZP 5434
NZP 5259

Other fast-growers

NZP 5462

Slow-growers
Slow growing
NZP 2257
NZP 2192
NzZP 2309
NZP 5223

I

Bradyrhizeobium japonicum

ATCC 10324

and related strains

Lotus coaniculatus
Lotus peduncufatus
L. conndculailus

L. conndculaius
Canagana arbonescens

Parnochediins commundis

flimosa Lnvisa

Leucaena Leucocephala

Cononilla vania

Lotus rhizobia

cc8145
3G202a

Lotus pedunculatus
L, pedunculaius
L. peduncufailus

Oncbrychis viciifolia

Glycine hispida

New Zealand
New Zealand
New Zealand
Ireland
U.5.A.

New Zealand

Indonesia

Sarawak

New Zealand
New Zealand
Australia
U.85.A.

U.5.A,
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stock solution was as follows {(mg/ml}: Boric acid (H3BO3),
G.17; =zing sulphate {ZnSO4. 7H20). 1.0; copper sulphate
(CuSO4 . 5H2 0}, 0.5; manganese chloride (MnCl2 . 4H2i3),

G.5; sodium molbydate (NaMo 04.2H20), 6.1; Fe EDTA, 1.0.

1.24 Yeast Sucrose Broth (Dilution Broth, Vincent 1970)
had the following composition (g/litre): Sucrose, 2.5;
dipotassium hydrogen phosphate (K2 HPO4 Y, 0.5; sodium
chloride (NaCl) 0.,7; yeast extract, 0.5, This stock
solution was diluted 10-fold before use and dispensad in
10ml aliguots.

1.25 Water Agar Plates were prepared by the addition of
15g agar (Davis) to 1 litre of deionized water. The agar

was autoclaved at 121°C for 15 min and plates poured.

1.26 Heoagland's Nutrient Solution was added to jars con-
taining pumice {grade B) for the plant tests. The stock
solutions required are shown in Table IITI and the appropriate
volume of each sterile solution was added to 5 litres of

sterile déionized water.

1.27 Thorton's Nutrient Solution was prepared as shown
on Table IV,

1.28 Culture growth and purity.
All stock cultures were streaked on YMA and BHA and checked
for purity. Only single well isolated colonies were used

to inoculate liguid media.

For the preparation of DNA, YMB (100ml) was inoculated
with a single well isclated colony from the YMA plate and
incubated at 28°C for 2 days on a gyratory shaker. The
culture was then checked for purity by streaking ontoc both

YMA and BHA plates and then used to inoculate 2.4 litres



TABLE III: HOAGLANDS

NUTRIENT SOLUTION (1/5 Strength. -N)

Volume added to 5 litres

Stock Solutions g/litre deionized water

A. K2HP04 17.4

KH2PO4 122.5 1.0 ml
B. MgSO,.7H,0 246.5

NacCl 14.6 2.0 ml
C. K2804 87.1 4.5 ml
D. CaC12.6H20 219.1 4.5 ml
E. Micro elements

H3BO3 2.86

MnC12.4H20 1.81

ZnSO4.H20 | 0.22

CuSO4.5H20 0.08

COSO4.7H20 0.095

Na2M004.2H20 0.054 1.0 ml

TABLE IV: THORTONS NUTRIENT SOLUTION {-N)

Amount added to 1 litre

Stock Solutions g/500 ml deionized water

A, KHzPO4 27.3
KzHPO4 15.0 2.0 ml

BE. MgSO4.7H20 20.0
NaCl 10.0 5.0 ml

C. FeCl3 50.0 0.1 ml
Ca3(P04)2 1.0 g
FePO4 1.0 g
Agar 6.0 g
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of YMB. This was incubated at 28°C for 2 days and the
cells harvested by centrifugation.

Cells for the preparation of radicactively labelled DNA
were grown 1in YMB without dipotassium hydrogen phosphate
(500ml) which was inoculated with 10% of a 48 hour culture
in YMB (100 ml), incubated at 28°C for 3 hour and supple-
mented with 10 mCi carrier free 32P orthophophate in dilute

HCL {Amexrsham, UK). Incubation was continued overnight.

1.29 Isolation of rhizobia from nodules

Three <of the strains used in the hybridization experiments,
gal NW 1, gal NW 2, gal NW 3 were new isolates obtained
from Galege officinalis . A total of five isolates RM 1,
RM 2, RM 3, RM 4, RM 5 were made from Medicago sative.
Nodules were surface sterilized by immersion in a freshly
prepared mixture of hydrogen peroxide (HZOZ) and 95% ethanol
(50:50) for 5-70 min and rinsing in sterile deionized water.
The mneodules were squashed and the contents plated onto
YMA plateé and incubated at 28°C for 4 days. Well isolated
colonies were picked and streaked ontoc fresh YMA plates to

obtain purne cultures.

2. DNA EXTRACTION AND PURTIFICATION

2.7 Materials

2.117 Tris-EDTA buffer contained 0.05 M Tris (hydroxy methyl)
amino methane and 0.02 M Ethylene diamine tetra acetic
acid ((CHZ.N {CHZCOOH)CHZCOONa)Z.2H20), PH 8.0.

2.12 Ribonuclease was prepared at a concentration of
2 mg/ml, heated at 900(1 for 10 min to destroy the DNase

and storelat —ZOOC.



2.13 Protease {Sigma, Type IV) was prepared at 10 mg/ml,
incubated at 37°c for 1 hr to digest impurities and stored
o

2.14 Lysozyme (Sigma) was prepared at 10 mg/ml and stored
o}
at -207C.

2.15 Sodium Lauryl Sulphate (SLS) (BDH) was prepared as a
stock solution (25%).

2.16 Tris-HC1l buffer (1.0 M) was prepared by adding 121.1g
of Tris (Sigma 7—9R) to 1 litre deionized water and adjusting
the pH to 8.0 with hydrochloric acid (6 Mj.

2.17 Tris-Saturated Phenol was prepared as follows: 500 g
of phencl was dissolved in a minimum amount of deionized
water (62.5 ml) by warming. A further 500 ml of deiconized
water and 62.5 ml of 1.0 M Tris-HC buffer was added to
the cooled phencl solution.

The mixture was shaken to give an even suspension which
was then poured into a separating funnel, The bottom layer

containing the Tris-saturated phenol was collected.

2.78 Urea {8 M in 0.14 M phosphate buffer) was prepared as
follows. Fertilizer grade urea was purified by column
chromatography wusing a diethylaminoethyl cellulose ion
exchanger {Whatman DE 52}. The ion exchanger was prepared
by suspending it in 0.74 M PB, allowing it to settle and
decanting the supernatant. This procedure was repeated
until the supernatant had the same pH as the buffer (pH
6.8}, The ion exchanger was resuspended in 0.14 M PB (6ml/g
of ion exchanger)}, allowed to settle for 20 min and the
supernatant containing the fines decanted. The prepared
ion exchanger was used to pack a column (19 cm x 5 cm

dimensions).
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Fertilizer grade urea (9.2 M) was prepared in deionized
water and passed through the column. Urea (8 M) was
prepared by adding 869 ml of urea to 100 ml of 0.14 M PB
and making the volume up to 1 litre with deionized water.

Following use, the ion exchanger was regenerated by washing
with 15 volumes of 0.1 M NaOH and adjusting the pH to 11.0
with constant stirring. After stirring for 30 min, the
supernatant was decanted and the gel was resuspended in
two successive volumes of deiconized water. The ion
exchanger was stirred into 15 wvolumes of 0.7 M HClL and
the pH adjusted to 2.0 with constant stirring. After stir-
ring for 30 min, the ion exchanger was washed with two
successive volumes of deionized water, titrated to pH 6.8

and resuspended in 0.14 M PB,

2.19 Hydroxyapatite {DNA-grade Bio~-Gel HTP, BRio-Rad
Laboratories, Richmond, California)} was prepared by
resuspending 100 g of hydroxyapatite {(HA) in 600 ml of
0.0014 M PB. The HA was allowed to settle and the super-
natant decanted. This process was repeated twice to remove
the fines. The settled HA was finally resuspended in 300 ml
of 0.0014 M PB.

2.20 Phosphate Buffer (1.4 M): & stock sclution of 1.4 M
Phosphate buffer (PB} was prepared by dissolving 198.8 g
di-sodium hydrogen phosphate (Na2 HPO, , BDH, AnalaR)} and
218.4 g of sodium di-hydrogen phosphate (NaH2 PO4 .2H2 0,
BDH, AnalaR} in deionized water and making the veolume up

to 2 litres in a volumetric flask.

2.2 Lysis of Cells (Jarvis =£ «f 1980)

The culture (2.4 1) was centrifuged (6,000 g for 15 min
at 4°C) and the cells resuspended in 50 ml Tris-EDTA buffer.
Sodium chloride {NaCl} was added to a final concentration of

0.7 M. Protease was added to a final concentration of



50 ng/ml, ribonuclease was added to a final concentration
of 50 ug/ml and sodium lauryl sulphate (SLS) at 10 mg/ml.
The mixture was incubated at 37 C for 2 hours. Protease
was then added to a final concentration of 25 ug/ml, ribo-

nuclease was added at 25 ug/ml, SLS at 5 mg/ml and the
solution incubated for a further 1 hour at 37 C. This
lysis method proved satisfactory for the majority of strains
but several strains regquired alternative methods of lysis

in order to extract the DNA.

2.3 Alternative Methods of Lvsis

2.31 Cells were lysed by a modificaticn of the method
of PFischer & Lerman (1879): The cells were resuspended
in 50 ml of Tris-EDTA buffer. Sarkosyl (Sigma) was added
to a final concentration of 0.1%, protease was added to
50 pg/ml and SLS at 10 mg/ml and the mixture incubated
at 50 C overnight. Ribonuclease was added to a final
concentration of 50 ug/ml and the sclution incubated at
37 € for 1 hour.

2.32 Modification of the method of Zaenen ef af (1974):

The cells were resuspended in 50 ml of Tris-EDTA buffer.
Lysozyme (1 mg/ml}) was added and the solution incubated
at 37°C for 1 hour. The mixture was made 0.1 M with respect
to NaCl; protease (0.5 mg/ml) was added and the mixture
incubated for a further 1 hour at 37°cC. Finally, SLS {1%)
and ribonuclease (50 ug/ml) were added and incubation

continued for 30 min at 37OC.

2.33 Freeze-thaw method} After centrifugation the cells
were frozen by immersing the centrifuge tube in liqguid
air. The cells were then thawed at 50°C in a water bath.
This procedure was repeated three times and the cells were
resuspended in 50 ml of Tris-EDTA buffer and lysed as in
method 2.2.
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2.4 Extraction of DNA

An equal vclume of Tris-saturated phenol was added to the
lysate and the mixture was shaken vigorously to ensure
an uniform suspension. The suspension was then centrifuged
(6,000 g for 10 min). The aqueous phase was quantitatively
removed and the volume measured. Phosphate buffer (1.4 M)
was added to a final concentration of 0.14 M and solid
urea (BDH) was added tc a £final concentration of 8.0 M.

The DNA sclution was warmed at 37OC to dissolve the urea.

2.5 Purification of DNA by the Hydroxvapatite-Urea Method

DNA was purified by a modification of the hydroxvyapatite-
urea method (Britten eZ <¢£ 1970). Hydroxyapatite {60 ml}
was washed once with the 8 M urea solution (6,000 g for
2 min at 2OOC) and the supernatant dJdiscarded. The crude
DNA solution was added to the prepared HA and resuspended
with an loverhead stirrer (Multispeed, Anderman and Co.
Ltd, Central Ave., E. Molsey, Surrey, 'England) and left
to adsorb.to the HA for 30 min. The HA was then centrifuged
at 6,000 g for 2 min and the supernatant containing protein,
ribonucleic acid and polysaccharide discarded. The HA
was then washed at least 10 times with 100 ml of 8.0 M
urea in 0.14 M PB. Following this treatment, the HA was
washed 4 times with 80 ml of 0.014 M PB to remove the urea.
On the 5th wash the HA was gquantitatively transferred to
.a capped 8S$34 centrifuge tube by resuspending the HA in
20 ml of 0.014 M PB. The HA was centrifuged at 6,000 g

and the supernatant discaxded.

The DNA was eluted from the HA by resuspending in 10 ml
of ¢G.66 M PB and leaving for 10 min. After centrifugation
the supernatant was collected in an acid-washed Universal
bottle and: labelled ¥4-1. The DNA was further eluted from
the HA by resuspending in 10 ml of 0.4 M PB, centrifugation

and collecting the supernatant. In this manner, two further
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fractions were collected and labelled F4-2 and F4-3. Most
of the DNA was contained in the F4-1 and F4-2 fractions.
The DNA was stored at 4°C for short periods and at -70°¢

for long-term storage.

2.6 Measurement of DNA Concentration and Purity

The purity of the DNA preparations was determined from
the absorbance at wavelengths 230 nm, 258 nm and 280 nm
using a PYE~unicam SP 1800 UV spectrophotometer as described
by Jarvis et af (1980},

DNA concentrations of 1 mg/ml have an extinction of 20.0
for unsheared DNA and 24.0 for sheared DNA {Brenner &
Falkow 1971). The absorbance of each DNA sample was read
at 258 nm and the DNA concentration calculated as follows:

OD258 ¥ dilution factor

DNA concentration = Factor ug/ml

Factor: 0.020 for unsheared DNA
0.024 for sheared DNA

DNA purity was determined from the spectral ratios 258/230nm
and 258/280 nm. DNA with spectral ratios 1.8 or greater
was considered satisfactory. A ratio of 258/230 nm which
was below 1.8 1indicated protein contamination, while a
ratio of 258/280 nm below 1.8 indicated the presence of

phenol contamination.

The radiocactivity of labelled DNA was determined by placing
10 pul of the DNA in a scintillation wvial containing 8 ml
of water and assaying the amount of radicactivity by
Cerenkov counting (Clausen 1968} in a Beckman LS7000 liquid

scintillation counter.
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2,7 Dialysis, Sonication and Dilution of DNA

DNA with satisfactory ratios was placed in dialysis tubing
which had been boiled in deicnized water for 10 min prior
to use. The DNA was dialysed in 2 1litres of 0.28 M PB
for 2 hours and then overnight in a further 2 litres of
0.28 M PB. Dialysed DNA was stored at ~-70°C until required.

Unlabelled DNA preparations with a concentration below
200 ng/ml were concentrated to at least this level prior
to dialysis. Each DNA solution was placed in dialysis
tubing and placed 10 - 20 cm from the fan unit in the cold

e}
room at 4°C to evaporate excess water.

All DNA used in the reassociation experiments was sonicated
to produce low molecular weight fragments. Unlabelled
DNA preparations were diluted with 0.28 M PB to a concen-
tration of 200 ug/ml and 5 ml volumes were sonicated for
a total of 75 sec. Each sample was placed on ice and
sonicated for intervals of 15 sec, allowing 30 sec between
each interval to disspipate heat. Labelled DNA was
sonicated for only 56 sec because of the increased fragility
of 32P—-DNA and then diluted to a concentration of 2~-4 uLg/ml.
All sonicated and dciluted DNA was stored at —76’C for long

periocds and at 4°c for short periods.

3. DNA HOMOLOGY

3.1 Reassociation of DNA

The procedure used was that of Jarvis et «f (1980). Rew
association of DNA was carried out at 65°C in screw-capped
Kimax tubes (1 x 10 cm) and at 80°C in Quickfit glass-stop-
pered tubes (1.5 x 10 ¢m). Each tube contained 0.75 ml
of unlabelled DNA at a concentration of 200 pg/ml and 0.1 ml
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of labelled DNA at a concentration of elther 2.0 or 4.0 ug/
nl. The tubes were made up to a final volume of 1.0 ml
by the addition of 0.15 ml of 0.28 M PB. The tubes were
placed in a beoiling water bath for 10 minutes to produce
single-stranded DNA and immediately guenched in ice-water
for 10 minutes to prevent renaturation. They were transfer-
red to a water bath at either 65°C or 80°C for 40 hours

to reassociate.

Controls were set up with each batch and included a sample
of homologous DNA and DNA from Sireptococcus fLaciis HIL
In addition, a tube containing only reference DNA was used
in order to measure the apparent self-association of label-
led DNA, After incubation the tubes were guenched in ice-
water and diluted to 0.14 M PB by the addition of an equal

amount of deionized water {1 ml).

3.2 Separation o©f Single and Double-Stranded DNA on

Hydroxvapatite

The procedure was similar to that described by Brenner
et af (1969a}. Tubes containing 7 ml of HA suspension
{Methods 2.19) were centrifuged and the HA resuspended
in 0.10-0.12 M PB containing 0.4% sodium lauryl sulphate,
The tubes were recentrifuged and the supernatant discarded.
Diluted reassociated DNA solution (0.5 ml) was added,
followed by 8.0 ml of PB. The tubes were stirred with
an overhead stirrer, (Multispeed, Anderman and Co Ltd,
Central Ave., E. Molsey, Surrey, Bngland)} and were raised
tQ the required temperature (650C or BOOC) in a circulating
water bath {Haake Type F, Haake Circulators, Berlin,
Germany}. They were placed in a Sorvall bench centrifuge
fitted with a Type A rotor which was held at 65°C in an
incubator and centrifuged at 1,000 g 1 min and stopped
quickly by hand. The supernatant from each tube was

immediately poured into a scintillation vial.



23

Further buffer was added and the process was repeated.
Four low molarity PB were used to elute the unbound single-
stranded DNA washes from the HA. This was followed by
four washes with 0.4 M PB to elute the double-stranded
DNA,

The radiocactivity in each wvial was measured in a Beckman

LS7000 liquid scintillation counter using program no 10.

The hvybridization that occurred in each reassociated DNA
solution was calculated as the percentage of double-stranded
DNA to total DNA. The percentage relative homology was
obtained by subtracting the apparent self-hybridization
of reference DNA from the percentage hybridization of
reference DNA with each unlabelled DNA. The percentage
hybridization of labelled reference DNA with unlabelled
homologous DNA was adjusted to 100% and the factor used
ﬁas then applied to all hybridizations with heteroclogous
DNA. Each reassociated DNA mixiure was separated in
duplicate. Where the results did not agree to within 5%

further separations were carried ocut.

3.3 Statistical Analysis of DNA Homology Data

The ‘'Student's' t test (Bailey 1981) for comparing the
means of two small samples was used to compare the means
of each homscleogy group. The 'Student's' t with n, + n, - 2

degrees of freedom and a rejection o<f 0.001 was applied,

using the equation:
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ii and 22 are the number of comparisons in each homology
group s, and s, are the standard deviations of each homology

group.

The means of two homology groups were considered signific-
antly Gifferent at P <0,001 if the calculated t value was
greater than the P value obtained from the 'Student's'

t-distribution.

3.4 Thermal Stability of Reasscociated Duplexes

The thermal stability of reassociated duplexes was deter-
mined by the method of Jarvis et «f (1980). Tubes contain-
ing labelled reference DNA and unlabelled DNA were allowed
to reassociate for 40 hours at 65°C. The tubes were diluted
with an egual amount of deionized water and the single-
strained DNA eluted with a low molarity buffer containing
0.4% SLS. The double-stranded DNA was eluted by resuspend-
ing the HA in low molarity PB of the same molarity with
out the SLS. The tubes were placed in the circulating
water bath and the temperature raised to 70°C. The tubes
were immediately centrifuged and the supernatant collected
in a scintillaticon vial. The HA in each tube was resuspend-
ed in a further 8.0 ml of PB and the temperature raised
to 75°cC. In this manner the temperature was raised in
5°C intervals until a temperature of 100 °c was reached.
The remaining DNA bound to the HA was eluted by washing
the HA with 0.4 M PB and the supernatant collected. The
radicactivity in each supernatant was measured on a scint-
illation counter and the temperature at which 50% of the
radiocactivity associated with the double-stranded DNA was
eluted, was calculated. This temperature i1is the thermal

melting point, Tm(e}.
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The Tm{e) was calculated for both the homologous and heter-
ologous reassociated duplexes and the difference between
the two 1s known as ATm(e) ({(Brenner 2% «f 1972}). This
value provides an index of base sequence divergence in

the reasscociated DNA fragments.

3.5 Regeneration of Hydroxyapatite

The HA used in the hybridization experiments was regenerated
by an adaptation of the HA preparation method of Bernadi
{19711}, A 5 litre flask was used to regenerate 500 nl
of wet packed HA. A volume of 2 litres of 0.1 M NaOH was
added and the HA was mixed with the sodium hydroxide by
gentle swirling for 5 minutes. The HA was allowed to settle
for 25 minutes and the supernatant decented and discarded.
The process was repeated with a further 2 litres of 0,.1M
NaOH. Following this, 4 litres of deicnized water was
added to the HA, mixed and allowed to settle. The super-
natent was decanted and discarded. This step was repeated
with 4 litres of 0.014 MPB. The HA was mixed with 4 litres
of 0.014 M PB, the flask placed in a water bath and the
HA Dbrought almost to 100C)C, stirring constantly with an
overhead stirrer. The HA was allowed to settle and the
supernatant decanted and discarded. This procedure was
repeated and the HA suspension was held at 100°C for 5
minutes and then repeated twice while the suspension was
held at 100°C for 15 minutes. Finally the HA was resuspend-
ed in 4 litres of 0.0014 M PB and boiled for 15 minutes,
allowed to settle, decanted and then stored in 00,0014 M

PBE at 4°C until regquired.
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4, PLANT NODULAYION TESTS

4.1 gSurface Sterilization of Seeds

Legume seeds were scarifyed by briefly rubbing between
two sheets of emery paper and then placed in a gquickfit
flask containing a freshly prepared nixture of hydrogen
peroxide (HZOZ ) and 95% ethanol (50:50) for a period of
5-10 minutes. The sterilized seeds were then rinsed in
4 successive quantities of sterile deionized water. Follow-
ing this, 15-20 seeds were placed on the surface of water
agar plates. The plates were inverted and placed in the

dark for a period of between 2-4 days to allow germination,

4.2 Seedling Preparation

The smaller seeded plants; clover, Lotus and lucerne were
set up in test-tubes {1.5 x 15 cm} containing 10 ml of
Thortons nutrient solution with 0,6% agar. The tubes were
autoclaved at 121°C for 15 min, sloped and cone germinated
seedling was transferred aseptically to each tube. The
seedlings were placed in the dark for 2 days to encourage
further germination and then inoculated with the appropriate
strain of rhizobia. Strains were grown in YMB (100 ml)
and incubated at 28°¢C for 2 days. A few drops of this
culture was used to inoculate the seedlings. For each
species of legume, six plants were left uninoculated as

- nitrogen {-N)} controls.

The larger seeded plants; Leucaena , Gufega and soybean
were sown into jars (600 ml)} containing Hoaglands nutrient
solution (1/5 strength). The jars were prepared as follows:
Each jar was filled to within 2 cm of the top with pumice
(grade B) and a watering tube placed in each jar. Each
watering tube consisted of a glass tube blocked at one
end with a cotton plug. The open end was embedded within

the pumice. Aluminium foil was placed over the top oi
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each jar and over the cotton plug of the watering tube
and the Jjars were sterilized by autoclaving for 1 hour
at 121°C.

Three or four seedlings were transferred aseptically to
the jars and rlaced within small indentations of the surface
of the pumice and inoculated by adding a few drops of
culture. Three or four seedlings were left uninoculated
as -N controls. After sowing the seeds, the entire surface
of the pumice was covered with sterile plastic beads to
a depth of 1 cm to exclude contaminants. Hoaglands nutrient
solution (300 ml) was added to each jar through the watering
tube and the jars were placed in the dark until germination

of the seedling cccurred.

After germination, all seedlings were placed in the glass~
house ifor a period of 8-12 weeks. The plants in the pumice
jars were watered at periods of 2 weeks by adding sterile

deionized water through the watering tubes.

4.3 MAssessment of Nodulaticon and Nitrogen-Fixing Ability

=

All plants were assessed visually for the presence of
nodules and for the ability to fix nitrogen in symbiosis
with rhizobia. Bach rhizobia-legume combination was
compared with the uninoculated -N contrels. When it proved
difficult to differentiate between the effective and
ineffective symbicses, dry-weight measurements of the plant
tops were determined. The plant tops were harvested and
placed in paper envelopes and then driegd at 80°c overnight
and weighed. The 'Student's' t test was applied to deter-
mine if there was any significant difference bhetween the

inoculated ancg the uninoculated plants.

The fast-growing soybean ncdulating strains that nodulated

Lotus pedunculatus were tested for their nitrogen-fixing
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ability by the use of gas chyomatography. The acetylene/
ethylene nitrogenase assay was performed on each plant
in the original t{test-tube. The cotten plug of each tube
was replaced with a greased rubber stopper. A 1 cm3 Tuber-
culin syringe was used to withdraw 1 cm3 of air from each

=

tube and to replace it with 1 cm3 of acetylene at atmeos-
pheric pressure. A sample (100 ul) was removed from each
tube and injected inte the injecticon port of the gas chrom-
atograph (Varian series 2700 gas chromatograph).  Each
tube was left for at least 3 hours and a further sample
assayed. An eifective nitrogen-fixing strain of RAlzol.iunm

and an unincoculated plant were also assayed as controls.,

5. PHAGE TYPING

5.1 Iscolation and Purification of Phages

An enrichment method similar to that used by Patel (1976}
was uéed teo isclate a bacteriophage specific for
R, melfifoti . Soil (500 g) was obtained from a paddock
in which lucerne had been previously grown. The so0il was
suspended in 500 ml of tap water and filtered through cheese
cloth. An egual volume of yeast sucrose broth was added
to the filtrate and the suspension was inoculated with
one of the five isclates of R, mefifoii obtained from
lucerne root nodules. After 24 hours incubation at 28°C
the enrichment was centrifuged (8,000 g for 20 min). The
supernatant was treated with chloroform by the addition
of a few drops of chloroform and then assayed for phage
activity. The double layered agar-plate method was used
as described by Vincent, 1970, Each plate consisted of
a bottom layer of No. 2 medium (1.25% agar) overlaid with
No. 2 medium semi-soft agar (0.5% agar). The semi-soft
agar was distributed in 3 ml aliguots, and maintained in

a molten form at 55°C until required. Each tube of semi-
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soft agar was inoculated with 0.2 ml of rhizobia culture
grown in YMB and 0.5 ml of treated supernatant and poured
onto the surface of the bottem layer and allowed to set.
The plates were then inverted and incubated at 28° ¢ for
48 hours. Single plaques were picked <from plates that
showed phage activity and re-plated on fresh No 2 plates

in order to obtain a pure phage isolate.

After purification each phage isclate was plated undiluted
onto 4 No 2 plates. The plagues produced on each plate
were harvested by adding 2 ml of yeast sucrose broth and
placing the plates on an orbital shaker for 2 hours. The
medium, ccntaining phage particles, was removed along with
the top semi-soft agar layer and placed in a S$$834 centrifuge
tube. A few drops of chlorcform were added to lyse the
bacterial cells and the suspension was centrifuged at
10,000 g for 20 min. The supernatant was then plated with
the appropriate strain of RAlzofium on No 2 plates to
produce confluent lysis. The phage could then be harvested
again in the above manner and diluted 10_2 before re-plating

to produce confluent lysis of the bacterial cells.

In this fashion, all phage isclates and phage stocks were
built up to a titre of at least 109 plague-forming units
{PFU) /nl. Zach phage stock suspension was stored at 4%

in a universal bottle containing a few drops of chloroform.

5.2 Lysis of Rhizobial Strains by Bacteriophage

The phage-typing procedure of Patel {13876} was used.
Before use, all phage stocks were filtered through a 22 upm,
25 mm Millipore membrane to remove bacterial cells. Each
6 fold to give at least 103

PFU/ml. This concentration was known as a routine test

phage stock was diluted 10

dilution (RTD} and produced confluent lysis on the original
host strain of RAizodium . The susceptibility of strains

to phage was tested - by spotting both the undiluted
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suspension and the RTD onto plates seeded with the rhizobia.
A particular strain was considered to be highly susceptible
to phage if lysis occurred in 107% Qilution of the phage
stock. trains were less suscetible to phage if lysis
occurred only at a phage concentration greater than RTD
and not susceptible if no lysis occurred with the undiluted
phage.

6. COLONY HYBRIDIZATION

6.1 Materials

6.11 DNase Buffer consisted of 20 mM Tris-HCland 10 mM
magnesium chloride (MgCl,), PE 7.4. '

6.12 Hae TII Buffer (x10 stock) consisted of 100 mM Tris-

HC1l, 80 mM MgCl, and 14 mM B-mercaptoethanol, pH 7.5.

2
6.13 Standard Saline Citrate (20 ¥ S88C) was 3.0 M sodium

chloride and 0.3 M sodium citrate.

6.14 Colony Hybridization Buffer (modified Denhardt's
buffer, Jarvis et «f, 1983) hac the following composition:

Hepes buffer (1 M), pH 7.0 (N-2-Hydroxyethylpiperazine
N-2-ethane sulphonic acid, Sigma H-3375), 25 ml; standard
saline citrate (20 x 8§8C), 75 ml; Herring sperm DNA
(degraded free acid, Sigma Type IV), 0.03 g/10 ml, extracted
with Tris-saturated phencl before use, 3 ml; €&, cofi trans-
fer RNA {Sigma Type XXI), 10 mg/ml, 2.5 ml; SLS (20%),
2.5 ml; PFicoll (Sigma Type 70}, 1 g; Dbovine serum albumin
{BSA, Sigma), 1 g3 polyvinyl pyrrolidone (Sigma PVP-10},
1 g. The buffer was made up to 500 ml with deionized water
and stored -at 4°cC. Since the SLS comes out of solution
at 4Ct, the buffer was warmed in a waterbath at 37°C before

use.
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6.2 Preparation of DNA Random Primers

The method of Jarvis et ¢4 {(1983) was used.
Calf Thymus (Sigma, 1 g) was dissolved in 25 ml o¢f DNase

buffer to a final concentration of 40 mg/ml. DN 1
(deoxyribonuclease 5'~oligonuclaolide hydvogling) s et
(2 mg) to cut the DNA into smaller fragments and Lhoe mizxturn

incubated at 37°¢C for 45 min. Pollowing incubalion, Lhe
DNase I was destroyed by the additicon of SLS to a final
concentration of 1% and protease {Sigma) at 1 mg/ml and
‘incubation continued for a further 45 min at 37°. Protein
was removed by bphenol/chloroform extraction. An equal
volume of vhenol and chloroform was added to the suspension
and the mixture shaken and centrifuged (8,000 g for 10 min}.
The top aquecus layer was collected and denaturated at
100°C in a boiling water bath for 10 min and then transfer-
red to an ice-water bath. This procedure produced single-

stranded DNA fragments.

DNA fragments between 5 and 12 nucleotides in length were
collected by separating the mixture on a Whatman DE 52
cellulose column (20 cm x 1 cm dimensions). The colunn
was equalibrated with 5 mM Tris, pH 7.4, 1 m¥M EDTA, 0.1 M
NaCl. The DNA fragment mixture was loaded onto the column
and the column washed with this buffer until all OD258

absorbing material was washed free. This removed all the
fragments cf up to 5 nucleotides in length. Fragments
between 5 and 12 nucleotides in length were eluted by wash-
ing the column with 5 mM Tris, pH 7.4, 1 mM EDTA, 0.3 M
NaCl until all OD258

This fraction was ethanol precipitated by the addition

absorbing material was washed £free.

of 0.2 mM NaCl, two volumes of 95% ethancl and placing
the mixture at -70°¢C overnight. The precipitated DNA
fragments were resuspended in deionized water at a concen-

tration of 50 ug/ml.



6.3 Preparation of <n wvitao Labelled DNA

DNA to be used as probes for ceoleony hybridization was label-
led 4ir wviiao by the random primer method (Taylor of of
1876). The DNA (1 pg) was incubated with the restriction
enzyme £co RI at 37 C for 30 min to digest the DNA and
produce small fragments. The DNA was added to 2 ul of
10 x Hae III buffer, 12 ul deionized water, 2 ul of <co
RI (Biolabs, New England) in an Eppendorf tube. The mixture
was made 0.1 M with respect to NaCl. Following incubation,
DNA random primers {100 pg) were added and the mixture
diluted by the addition of 10 pl of deionized water. The
mixture was placed in boiling water for 1 min and then

in ice-water to obtain denatured single-~stranded DNA.

To the reaction mixture, 1 pl each of 2-deoxyguanosine-
5'-triphosphate (Sigma, 20 M), 2-deoxyadenosine~5"'-
triphosphate {Sigma, 20 mM) was added. Deoxycytosine-5"'-
(¢ - 3%P)triphosphate (Amersham, U.K., 30 Ci) was added
and 2 pl of 10 x Haee ITIT buffer was added to make up for
the loss o©f mercaptoethanol by volatilization. Finally,
1 pl of DNA polymerase I Kleno fragment was added. The
mixture was incubated at 37 C for 30 min and the reaction
stopped by the addition of 0.75 uM EDTA.

The mixture was extracted with phenol/chloroform by the
addition of an equal volume of Tris-saturated phenol (40 pl)
and chloroform (40 pl}, mixing by vortexing and centrifuging
for 1 min in an Eppendorf centrifuge. The agqueous phase
was removed with an automatic pipette and the remaining
phenol phase washed twice by adding 40 ul deionized water,
mixing by vortexing, recentrifuging and remcoving the agueous
laver. The final wvolume of the agueous phase was 120

ul.
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The DNA in the agueous phase was separated from the unreact-
ed label by chromatography on a Sephadex G-50-80 (Sigma)
column (7 cm x 2 cm dimensicns). The column was equil-
ibrated with eluant buffer (0.1 M NaCl, 1 mM EDTA and 10 mM
Tris, pHd 8.0). The sample (120ul) was added in one lot
onto the top of the column and 200 ul eluant buffer was
added. A peristaltic pump was used to supply eluant to
the top of the ceolumn and a total of 20 fractions were
collected in Eppendorf tubes. Each fraction was comprised
of 2 drops of eluant collected from the bottom of the
column. The radioactivity of each fraction was estimated
Py holding each Ependorf tube close to a monitor. The
32p labelled DNA was the first to pass through the cclumn
and most of +this was contained within fractions 7-12.
These fractions were then used further, while the remaining
fractions which contained the unbound label were discarded.
Each tube contained labelled DNA was made 0.3 M with respect
to NaCl, £, cod.l transfer-RNA (30 ug) was added and the
DNA co-precipitated by adding two volumes of ethanol and

placing each tube at ~-70% overnight.

Bach tube was centrifuged for 3 min in the Eppendorf
centrifuge and the supernatant discarded and the precipitate
washed by adding 200 pyl of ¢old ethanol (—20D C} and
recentrifuging the tubes for 3 min. The supernatant was
discarded and the tubes dryed in a vacuum dessicator

5-20 min to evaporate the ethanol. The precipitate @
all the tubes was pooled by taking up each precipitate
in a total 100 ul of deionized water. The specific activity
of the labelled DNA was measured in a Beckman LS7000 liguid
séintillation counter. Each labelled DNA preparation was

stored at 4°C until reguired.



6.4 Preparation and Hvbridization of Membranes

The method o¢f Grunstein g% «f (1975} was used. Sheets
of nitrcocellulose {BA-85, Schleicher and Schull GmbH, Dassel

L

West Germany) were cut into circles of diameter 8 cm to
fit into a standard petri dish. The filters were sterilized
by autoclaving at 115°¢ for 10 min and were placed onto
the surface of YMA plates. A swall volume of YMB medium
was addead to each petri dish and the air bubbles removed
with a sterile glass spreader and the residual liguid

removed.

All the Dbacterial strains used in the study were firstly

inoculated onto YMA plates and incubated at 28°¢C for ¢

days to obtain single colonies. From these single colonies

a small amount of culture was aseptically inoculated onto

the surface of the mnembrane with a sterile toothpick.

For each wembrane, either 7 or 12 strains were inoculated
2o

in a grid pattern. The c¢olonies were allowed to grow for
o)
48 hours at 28°C.

After the colonies had grown, the membrane filters were
blotted by placing, colony side up, on 2 sheets of Whatman
3 MM paper {14 cm x 23 cm) containing 30 ml of lysing
buffer (0.5 M NaOH, 1.5 M NaCl} for 5 min. The filters
were then transferred to dry 3 MM paper, colony side up,
to remove excess liquid and then placed on 2 sheets of
3 MM paper (14 cm x 23 cm) containing 30 ml of 0.5 M Tris-
HCl, 1.5 M NaCl, pH 7.5 for 5 min. Following this, the
filters were placed colony side up on a buchner funnel
and washed under suction with 2 x 25 ml gquantities of 95%
ethanocl. The filters were placed between filter paper
and dryed under vacuum at 80°C for 2 hours. All membranes
were stored at room temperature until required for hybrid-

ization.
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For hybridization, each filter was placed in a small heat
sealed plastic bag and 15 ml of hybridization buffer (Method
6.14) was added., The membrane was allowed to wet evenly,
alr was excluded and the bag sealed. This bag was then
rPlaced within another bag, which was sealed to avoid the
possibility of leakage. The bag was placed in a water
bath at 65°C for 2 hours, during which time all non-specific
binding sites were 1loaded. Following this, a corner was
cut off the interior bag and about 10 ml of hybridization
buffer was removed. The in vitre labelled probe DNA (10~
15 pul) was placed in an Eppendorf tube and denatured in
boiling water for 1 min and then placed on ice., The DNA
was then added to the hybridization buffer in the bag,
and gently mixed. Air was excluded, the bag resealed and
returned to the waterbath at 65°C for 16-20 hours.

The filter was removed, placed on a dish containing 250 ml
of 2 x 88C and washed for 10-15 min. The liquid was removed
and the process repeated three times to remove unhybridized
label. The filter was blotted dry, placed on a piece of
Whatman 3 MM paper and secured with cellotape. The membrane
filter and backing paper was covered with a sheet of Glad-
wrap and placed in a X-ray cassette (Ilford RR cassette
for 18 cm x 24 cm film) containing an intensifying screen
{"Cronex" Du Pont lightning-plus). The X-ray film {(Agfa-
Gevaert, 18 cm x 24 cm) was added to the cassette in the
darkroom and the cassette wrapped in brown paper and placed
in a freezer at -70°C for 2-4 days. After the desired
exposure time the film was removed 1in the darkroom and

developed using a Keodak RP-X-0OMAT processor.,



7. DETERMINATION OF CONTAMINANTS IN LABELLED DNA
PREPARATIONS

7.1 Colourimetric Determination of Protein Concentration

The method of Bradford (15976} was used to determine protein
concentration, The dye-binding reagent was prepared by
~adding 85% (w/v) phosphoric acid (Hy PO, } (100 ml) to
Coomassie Brilliant Blue G-250 which was dissolved in 95%
ethancl (50 ml). Deionized water was added to a final
volume of one litre. A bovine serum albumin protein stand-
ard was prepared gravimetrically and adjusted to 1 mg/ml
toc give an absorbance of the solution at 280 nm of 0.66
(Kirschenbaum 1970). Five ml of the dye-binding reagent
was added to 0.1 ml samples containing 10-100 ug of protein
and the contents mixed by vortexing. The abscorbance at

595 nm was measured after twoc minutes and before one hour
against a reagent blank. For the determination of protein
in the DNA preparations, 1.0 ml of undiluted DNA solution

was used in the determinations.

7.2 Colourimetric Determination of Polysaccharide Concen-

traticon

The method of Bailey (1967) was used to determine poly-
saccharide concentration. Concentrated sulphuric acid
(H2 504,

the mixture was cooled. Anthrone (BDH, 0.1g}was added to

70 ml) was added to deionized water (30 ml) and

the dilute acid (100 ml), allowed to age for two hours
at 0°C and discarded after 24 hours. A standard solution
containing 10 mg/ml of glucose was prepared. To a one
ml sample containing either DNA or 10-100 wg of gluccse,
in a cold water bath, anthrone reagent was added slowly
(5 ml). The tubes were mixed by inversion, transferred
to a vigorocusly boiling water-bath for 7 minutes and then
placed in an ice-water bath in the dark for 30 minutes.
The absorbance was determined at 625 nm against a reagent
blank.
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7.3 Qualitative Determination of RHNA

7.31 Tris-Acetate Buffer consisted of 40 mM Tris, 5 mM
sodium acetate and 1 mM EDTA, pl 7.8.

7.32 Gel Electrophoresis: The presence of RNA in labelled
DNA was determined by agarose gel electrophoresis in a
flat bed gel apparatus. Tris-acetate buffer (700 ml)
containing 0.8% agarose (Sigma) was heated to dissolve
the agarose. The buffer was allowed to cool and was poured
into a horizontal gel apparatus to produce a gel 12 cm
X 10 cm and the walls formed with a teflon comb. After
the gel had set, the DNA samples were mixed with 50% (w/v)
sucrgse in Hé() and 0.5% bromophenol blue and volumes of
50 Ul were loaded into the wells with an autopipette.
Tris-acetate electrophoresis buffer was added to the gel
apparatus and a voltage of 10 V/cm was applied. Each gel
was run for 1.5 hrs and stained in 0.5 Ug/mlethidium bromide
for 30 min and visualized on an ultraviolet transilluminator
(UV Products, California) at 265 nm. The gels were photo-
graphed on Kodak Tri-X 12.2 ¢m x 10.7 cm film with a Linhoff
Technika lens and Kodak Wratten 232 filter with 5 min
exposure. The film was developed in Kodak D-19 developer
for 5 min, fixed in TIlford Hypon fixer (5 min), washed

under running water (10 min) and dryed at room temperature.



RESULTS

1. EXTRACTION AND PURIFICATION OF DNA

All strains wused in the hybridization experiments except
NZP 4009, ATCC 9930, 59A2, NZP 5462, NZP 5434 and USDA 257
were lysed using the method described in Method 2.2. Yields
of DNA wvaried from 173 ug/ml to 538 UMg/ml for the F4-1
fractions. Appendix Table AI shows a representative sample
of DNA yields and spectral ratios. Spectral ratios which
were 1.8 or greater were considered satisfactory. Only

DNA from the F4-1 fractions was used in the hybridizations.

Strains ATCC 9930, 59A2, NZP 4009, NZP 5462 and USDA 257
were found to produce a2 greater yield of DNA with improved
spectral ratios, when lysed by an alternative method as
in Method 2.37 (Fischer & Lerman 1979).

Strain NZP 5434 proved the most difficult to lyse and was
resistant to lysis by the above methods and the methed of
Zaenen et af 1974 (Method 2.32). When the cells were
subjected to freeze~thaw conditions (Method 2.33) they could
then be lysed by the method of Jarvis e <f (1980) (Method
2.2). Table V shows the yield and the spectral ratios of
DNA when cells of strain NZP 5434 were lysed by the four
methods. The greatest vield of DNA was obtained by lysing
the cells by Method 2.33. The purity of the DNA was consid-

ered acceptable.

2. CROSS-NODULATICN OF LEGUME SPECIES

The results of the nodulation tests using six species of
legume showed there was no cross-nodulation between rhizobia

that nodulate Gaefege officinefis and the other legume species
{Table VI}



TABLE V: A COMPARISON OF YIELDS AND PURITY OF DNA FROM STRAIN NZP 5434 OBTAINED BY FOUR
DIFFERENT METHODS OF CELL L¥SIS

Methods of Lvsis Fraction DNA concentration Special Ratios
iethoes 4 Number (ng/ml) 258/230 258/280

Methed 2.2 Fd4 - 1 64 1.4 1.2

Method 2.3 1 F4 - 1 90 1.3 1.5

- F4 - 2 43 1.2 1.3

F4 - 3 26 1.1 1.2

Method 2.3 2 F4 - 1 55 .2 1.3

Methed 2.3 3 F4 - 1 138 1.8 1.7

6¢



All of the 11 Gaelega rhizobia nodulated §. officinalis
9 of these forming effective nodules. Plate 1 shows tLhe

’

effective nodulation of Galege officinalis by Galega rhizobia
None of the six fast-growing soybean nodulating rhizobia
tested, formed nodules on §. officinalis.

All the -fast-growing soybean rhizobia formed ineffective
nodules on $fycine max cv. Matara. Strain USDA 191 formed
nodules approximately 5 mm in diameter, whereas the other
strains formed smaller nodules approximatoly 1~2 mm in
diameter. The slow~-growing poyboean nodulatlog slaindn,
Bradyrhizofiium japonicum ATCC 10324 formed effective nodules

on this cultivar of %&ycine max {Plate 2).

No cross-ncdulation was found between the fast-growing soy-
bean nodulating rhizobia and four of the other legume species
clover, lucerne, Gafega officinafis and Leucaena Levcocephala,
These strains were found to be able to form ineffective
nodules on Lotus pedunculatus Grassland's Maku. All of
the seven strains tested formed such nodules, which were
either white or pink in colour and varied in size, depending
on the strain. No wviable rhizobia could be isclated from
these nodules. There was no detectable acetylene reduction
by any of the Lofus peduncufaius plants when tested by gas
chromatocgraphy. By comparison, strain N2ZP 2037 formed
effective nitrogen-fixing nodules on fLotus pedunculatus

{Plate 3) as determined by dry-weight measurements of the

plant tops and by gas chromatography.

3. PHAGE-TYPING

The phage-typing patterns of the Gaefege rhizobia and the
fast-growing soybean nodulating rhizobia are shown in Table
VITI. The $Yefega rhizobia formed a distinct phage-typing
group with all of the six strains tested being susceptible

to the wide host-range type Gelege phage @¢gal R/1. Four



TABLE VI: NODULATION OF LEGUME SPECIES BY RHIZOBIA

Rhizobial Strains*

vegunes Fast growing ncyuiizollin | JL9Y R leguminosarium R meliloti R foti Letccene
Galega officinalis 0/6 11711
Glycine max 11/11 1/1 0/3
Tnifolium repens 0/8 | 0/8 2/2
fledicaco sativa 0/8 0/10 3/3
Lotus redunculatus 777 0/10 3/3
Levucaena fLeuvcocophala 0/6 0/3 2/2

* This indicates the

number of strains that nodulate a particular legume species.



PLATE 1: Nodulation of Galega officinalis bY Galega
rhizobia.
From left to right: -N control, Galege strains
gal NW 1 and 59a2,
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PLATE 2: Nodulation of $fycine max by fast and slow-
growing soybean strains.
From left to right: -N control, fast-growing
soybean strains USDA 192, USDA 205 and
Bradyrhizobium japondicum ATCC 10324.

PLATE 3:  Nodulation of fofus pedunculatus by R, Loitl
and fast-growing soybean rhizocbia.
From left to right: R, £oz<i NZP 2037, fast-
growing soybean strains USDA 208, USDA 217
and ~-N control.



43




43




TABLE VII: SUSCEPTIBILITY OF RHIZOBIUM AND BRADYRHIZOAIUM STRAINS TO RHIZOBIAL PHAGES

| Rhizobial Strains* 3
e 5 +3
O - o s}
0 B cf -3 N
] 3 3 o
28 o 3 2 - |
Phage -0 o X + .-
= N N B " o e <4
0 - N3 a Y = o N 0w 3 ©
s < dJ - | =) . -~ “~d o oo & e
o IS o0 n ~ O ") + mO w 0
i > e 0 9 2 0 N o i O e
NN o) g o o N Sy o N =3 S}, T N U N
m m oo =) o L | O A 34
o U 2 [ [ - [= I =) . T e — O o O
O QS Sy 0 o Ja ] o v o N
Clover
$D2 0/11 0/1 0/2 3/4 0/1 0/4 0/3 0/2 0/2
Lucerne
$RM 1 0/11 0/1 0/2 0/2 0/1 2/1 0/3 0/2 0/2
fotus
$2037/1 0/11 0/1 0/2 0/2 0/1 0/4 4/5 0/2 0/2
Galega
dgal 1/R 0/11 0/1 6/6 0/2 0/1 0/4 0/3 0/2 0/2

* This indicates the number of strains susceptible to lysis by the bacteriophages.

£ ¥



45

of these were highly susceptible, while the remaining two
were less susceptible. This phage did not lyse any of the
26 other rhizobia tested. These rhizobia which included
the fast-growing soybean strains, represented the major
taxonomic groups. None of the Galega rhizobia tested were
found to be susceptible to any of the other phages. Phage
$D2 has a wide host-range range and can lyse Rhizolium
trifolii + R. Leguminosarum and R, phasecli strains, the
Lotus phage @2037/1 is specific for fast-growing Zotus
rhizobia (R, foii) and related organisms and the lucerne
phage @RM 1 1is specific for strains of R, mefliloii. In
Yhig wrwidy, shage s byesnt 34 4, 4a PR nd prigdeey fibizidphs
PRM1 lysed 2/4 R, meliloii strains and phage $%2037/1 Llysed
4/5 R, foti strains.

None of these bacteriophages lysed any of the 11 fast~growing
soybean nodulating rhizobia. Since it was not posgible
to isolate a phage capable of lysing this group of rhizobia,
these strains could not be shown to form a distinet phage-

typing group, as did the §aeflege rhizobia.

4, DNA HOMOLOGY BETWEEN GALLGA RHIZOBIA, FAST-GROWING SOY-
BEAN NODULATING RHIZOBIA AND OTHER SPECIES OF RAIZOBIUM

AND BRADYRHIZOBIUNM

4.1 Labelled DNA Preparations

A total of six labelled reference strains were prepared.
These were: (§Galega strains, gal 1 and gal NW 3; fast-
growing soybean strains, USDA 191 and USDA 208; R. fLegum-
inosanum Strain ATCC 10004 and R, melilfoii strain NZP 4009,

- 4.11 8pecific Activities: The specific activities of label-
led DNA preparations were as follows (counts/min/ug DNA):
gal 1, 70,053; gal NW 3, 53,112; USDA 191, 47,800: USDA
208, 77,105; ATCC 10004; 40,936 and NZP 4009, 40,650.



When the labelled DNA was diluted Lo a concentration of
2 ug/ml, a total of 2,000 - 4,000 counts per hybridization
comparison resulted. During the period of use of a partic-
ular DNA preparation, if the counts dropped below 2,000,
the concentration of labelled DNA was increased to 4 pg/ml.

4,12 DNA Hybridization

The reassociation of labelled DNA with homologous DNA at
65°C was as follows: gal 1, 71.2%; gal NW 3, 91.1%; USDA
181, 92.0%; USDA 208, 66.4%; ATCC 10004, 87.7% and NZP
4005, 75.9%. At 80°C the corresponding value for USDA 208
was 49.7%.

The reassociation of labelled DNA fragments with each other
in the absence of unlabelled DNA at 65°C was as follows:
gal 1, 22.5%; gal NW 3, 6.8%; USDA 191, 7.7%; USDA 208,
2.8%; ATCC 10004, 14.5% and NZP 4009, 23.4%. At 80°C the

corresponding value for USDA 208 was 1.4%.

4,2 DNA Homeology

T

4.21 DNA homology between §alege strains and other rhizobia

The percentage relative homology of 11 strains of Gafege
rhizobia with gal 1 reference DNA at 65°C ranged from 58%
to 106% {Table VIII). The mean relative homology of this
group was 77 I 14% (mean = group standard deviation). DNA
from the gal 1 reference strain showed a significantly
("Student's' t test, P<0.001) lower degree of homology with
other groups of rhizobia. The mean relative homology of
gal 1 DNA to the fast-growing soybean strains was 19 z 10%;
Rhizobium Leguminocsarum , 22%; R. medifoti, 8%; R, fLotd,
10%; NZP 5462 (Homology group 2-Cozronifia }, 14%;
Leucaena rhizobia, 10% and the slow-~growing soybean strain

Bradynhizobium japonicum ATCC 10324, 2%. The fast-growing



TABLE VIII:
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RELATIVE HOMOLOGY OF DNA FROM RAIZOAIUM AND
BRADYRAT Z0BIHM STRAINS WITH REFERENCE DNA FROM
STRAIN GAL 1 OF GALEGA OFFICINALILS

DNA Homology (%)

Strain 65°C ATm(e) (°c)
Rhizobium of Galega
gal 1 100 0
gal 3 77
gal 7 77
gal 12 67 2.7
gal 14 58 1.8
gal 129 73
gal 1261 84
gal NW 1 76
gal NW 2 83 0.7
gal NW 3 106 0.1
59A2 70 2.0
Group mean 79 L 14
Fast-growing soybean
nedulating rhizobia
UsSDA 191 16
USDA 192 19
USDA 193 18
USDA 194 25
Uspa 201 10
USDA 205 16
USDA 206 14
UsSDa 208 14
UsSDA 214 9
USDA 217 20
USDA 257 47
Group mean 19 ¥ 10
Group 1* clover-pea
R. Leguminosarum
ATCC 10004 27
NZP 561 17
Group mean 22 * DNA homology groups

COnt'd.. (CIOW Q.i a£ 1981)



TABLE VIII: CONTINUED

DNA Homology (%)

Strain 65°¢C

Group 2* (oaonifila

NZP 5462 14
Group 3* lucerne

R, meliloiti

NZP 4009 12

ATCC 9930 3

Group mean 8

Group 4% Lofus

R, Loitd

NzP 2037 10
Rhizobium of Leucaena

NZP 5434 . 11

NZP 5259 8

Group mean 10

Slow-growing soybean
nodulating rhizobia
Bradyrhizobium jepondicum

ATCC 10324 2
Staeptococcus factis - 1 0

* DﬁA homology groups (Crow el af 1981)
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soybean strain USDA 257 exnibited a relative homeology of
47% with gal 1 reference DNA, which was greater than the

mean for the group.

Wwhen gal NW 3 was -used as a reference strain, the relative
homology at 65° C of the §afege rhizobia ranged from 71%
to 98%, with a mean of 85 ¥ 8%. The relative homology of
gal 1 reference DNA to the other groups of rhizobia was
significantly 1lower. The fast-growing soybean rhizobia
gave a mean relative homology of 38 : 12%; R, Leguminocsarnum,
44%; R, medidoti , 22%; R. Loti, 16 = 2%; NZP 5462
(Homology group 2- Coronifia), 25% and the Leuceenaerhizobia,
24%., The relative homology with the slow-growing rhizobia
was 16% with Baadyrhizobium japonicum ATCC 10324 and a mean

of 11 ¥ 5% for the fotus rhizobia.

In general, the relative homologies of DNA to the gal NW 3
reference strain were higher than the corresponding relative

homologies to the gal 1 reference strain.

The relationship of the faufege rhizobia to other homelogy
groups was further studied by hybridization with a R. Zegum-
<nosarum and R, mefifoii reference strain. The mean relative
homology at 65 C of 14 strains of Gafegae with R, Leguminosarum
strain ATCC 10004 was 26 - 7% and 20 = 5% with R .medifoic
strain NZP 4009. By comparison, R. £feguminosaaum strain NZP 561

shared a relative homology of 73% with ATCC 10004. The R,
meliloti strain ATCC 9930 strain shared 92% homology with the
NZP 4009 reference strain. '

4,22 DNA homology between fast~growing soybean nodulating
strains and other rhizobia

e

The percentage relative .homology at 65°C and 80°C of the
fast-growing soybean nodulating rhizobia with other £fast~
growing and the slow-growing rhizobia isjgiven in Table IX.
The relative homology of 11 strains of fast-growing soybean
nodulating rhizobia with DNA from USDA 208 at 65°C ranged
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TABLE IX: RELATIVE HOMOLOGY OF DNA FROM RAIZOBIUM AND
BRADYRHIZOBIUM STRAINS WITH REFERENCE DNA FROM THE
PAST-GROWING SOYBEAN NODULATING STRAIN, USDA 208

Strain 65°C 80°c TBI ATm(e) (°C)
Fast~growing soybean nodulating rhizobia

USDA 208 100 100 1.00

USDA 191 84 76 0.93 0.7
USDA 192 90 90 1.00 0.5
USDA 193 88 94 1.07

USDA 194 52 26 0.49 6.3
USDA 201 51 29 0.56 6.5
USDA 205 92 91 0.99

USDA 206 ‘ 92 92 1.00

USDA 214 92 84 0.91

USDA 217 85 85 1.00 0.3
USDA 257 56 35 0.62

Group Mean 80 £ 18 73 % 28 0.87

Galega rhiizobia

gal 1 10 1 0.08 14,0
gal 3 10 2 0.22
gal 7 10 3 0.32
gal 12 8 3 0.40
gal 14 10 3 0.24
gal 129 10 2 0.22
gal 1261 10 1 0.08
gal NW 1 13 3 0.23
gal NW 2 13 4 0.28
gal NW 3 10 2 0.17 14.7
59A2 9 2 0.26
NZP 5562 18 7 0.38
NZP 5563 19 11 0.56
NZP 5564 23 12 0.53
Mean 12 £ 5 43 o0.28

Cont'd...



TaABLE IX: Continued
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Strain 65°C 80° TRI ATm(e) (°C)
Group 1 clover-pea- R, feguminosarum
ATCC 10004 12 7 0.55 14,0
NZP 561 11 3 0.24
Group 2 Coronifia 12 5
NZP 5462 : 12
Group 3 Lucerne - R. melifoil
NZP 4009 26 0.20 11.3
ATCC 9930 22 0.26
24
Group 4 Loius
NZP 5201 10
NzZP 2213 3 - 0.36 14.0
NZP 2037 0.52
Mean g8 X2 3 0.44
Leucaena rhizolia
NZP 5434 12
NZP 5259 9 1 0.09
11
Slow-growing rhizobia
Slow-growing Lotus
rhizobia
NZP 2309 6 0.36
NZP 2257 0.00
Group mean 1
Bradyrhrizobium joponicum
ATCC 10324 4 2 0.64 15.5
Streptococcus £factis HT 0O 0
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from 51% to 92%. The mean for this group was 80 Z 18%.
The mean relative homology of USDA 208 DNA to DNA from other

fast-growing strains was significantly lower. The mean
relative homology of USDA 208 DNA to the Galege rhizobia
was 12 % 5%; R, leguminosanum , 12%; NZP 5462 (Group 2-
Cononifla Y, 12%; R. meliloti , 24%; R, Loti , 8 I 2%,

fLeoucaena rhizobia, 11%. The relative homology with the
slow-growing rhizobia was 5 I 29 with the slow~growing fLotus
rhizobia and 4% with the slow-growing scoybean strain
Aradynhizobfium ATCC 10324,

Three of the fast-growing soybean ncodulating rhizobia shared
less homology with the USDA 208 reference strain than the
soybean group as a whole. Strains USDA 194, USDA 201, and
UsbA 257 give relative homologies of 52%, 51% and 56%

respectively.

The mean relative homeclegy of the fast-growing soybean nod-
ulating rhizobia with USDA 208 at 80 C was 73 I 28%. The
mean relative homology at 80°C of USDA 208 DNA with the
Galege rThizobia was 4 T o3 & Leguminosanum , 5%; R,

meliloti , 6%; R, £oiti, 3% and the feucaene rhizobia, 1%.
The relative homology with the slow-growing rhizobia was 1%

for the slow-growing Lofus rhizobia and 2% with ATCC 10324,

The fast-growing soybean nocdulating rhizobia formed a
distinct homology group when the hybridizations were perform-
ed at both 65°C and 80°C. The relative homology obtained
at 650C, divided by the relative homology at BOOC, is known
as the thermal binding index (TBI) and is a measure of the
base sequence similarity between the two DNA samples. When
the TBI is close to a value of 1.00, this indicates consider-
able base sequence similarity between the labelled reference
DNA and the unlabelled heterclogcous DNA. Conversely, a
low TBI wvalue indicates a low degree of base seguence
similarity. The mean TBI o¢of the fast-growing soybean
rhizobia with USDA 208 was 0.87 compared to 0.28 for the
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Galega group of rhizobia; R. fLeguminosarum, 0.40; R, medifoll
0.23: R, Zoti , 0.44; Leucaena rhizobia, 0.09, The TBI

values for the slow-growing rhizobia was 0.18 for the
Lotus rhizobia and 0.64 for ATCC 10324.

When USDA 191 was used as a reference strain, the relative
homology at 65 % of the fast-growing soybean nodulating
rhizobia ranged from 66% to 92%, with a mean of 86 T 10%.
The other groups of rhizobia showed significantly lower
homology with this reference strain. The Gaefege rhizobia
gave a mean relative homology of 28 : 10%; R. Leguminosanum,
32%; NZP 5462 (Homology group 2 - Coronilla ), 22%; R .
neliloti , 44%; R, Loti, 20 L 5%; Leucaena rhizobia, 24%.
The mean relative homology with the slow~growing rhizobia
was 9 © 2% with the Lofus rhizobia and 21% with ATCC 10324,
In general, the relative homologies of DNA to the USDA 191
reference strain were higher than the corresponding relative

hemologies to USDA 208.

The Gaufega strain gal 1261 appeared to share greater homclogy
with USDA 181 than to USDA 208, with relative homologies
at 65°C of 52% and 10% respectively.

The fast-growing soybean nodulating rhizobia gave a mean
relative homology at 65°C with the R. Zeguminosarumreference
strain ATCC 10004 of 30 £ 7% and 41 % 2% with the

R, melifotll reference strain NZP 4009,

The relative homology of DNA from the RAizobium and Brady-
rhizobium strains used 1in the hybridization experiments,
with each of the six reference strains, is shown in Appendix
Tables AIT and AIIT,



4.3 Thermal Stability of Reasscciated DNA Duplexes

When the gal 1 reference DNA was hybridized with homologous
DNA the Tm{e) was 92.0 C. The ATm{e) values for the Galegu
rhizobia with gal 1 as reference strain ranged from ¢ to
2.7°¢c as shown in Table VIII, with corresponding relative
homologies at 659 ranging from 100% to 67%. When the USDA
208 reference DNA was hybridized with homologous DNA the
Tm(e} was 91.8 C. The ATm{e}) values for 12 reassociated
DNA duplexes are given in Table IX. Strains that showed
a high degree of homology with the USDA 208 reference strain
gave a low ATm{e} wvalue, whereas strains sheowing a lower
degree of homology had a correspondingly larger ATm{e} value.
The pATm{e) values of the fast-growing soybean strains ranged
from 0 to 6.5°C. Strains USDA 194 and USDA 201 showed the
largest ATm(e} values corresponding with their lower relative
homologies with USDA 208.

A linear relationship was found between the percentage
relative homology o©f heterologous DNAs with a particular
reference DNA and the corresponding ATm{e) wvalues. Figure 1
shows the relative homology at 65°C of 12 strains of rhizobia
with reference strain USDA 208, plotted - versus their

corresponding A Tm(e) values.

The pATm{e) values of six Gafege rhizobia with gal NW 3 as
reference strain ranged from 0 to 4.4°C with corresponding
relative homclogies at 65°C of 100% and 71% respectively.
By ccomparison, the slow-growing Lofus strain NZP 2192 which
had a DNA homeology of 9% at 65° C had a ATm{e) wvalue of
16.3° ¢ and R, Lot.i NZIP 2213 with 19% homology showed a
ATm{e} value of 14,0°C.

The ATm(e} wvalues of DNA duplexes formed between five of
the fast-growing soybean rhizobia and reference strain USDA
191 ranged from 0 to 1.3° ¢ with corresponding relative
homologies of 100% and 90% respectively. The USDA 257 strain
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which gave a relative homology of 70% with USDA 191 had
a ATm(e) value of 6.2 L. The Galege strain gal 1261 which
showed a relative homology with USDA 197 of 52% had a ATm(e)}
value of 5.6, whereas the (Gafega strain 59A2 with a relative
homology of 21% gave A Tm({e)} wvalue of ‘14.50C. The slow-
growing Lotfus strain NZP 2257 gave a ATm{e} value of 16.0°¢C
corresponding with a low DNA homology of 8%,

The three Gafega strains tested; gal 1, gal 14 and gal NW 3
gave’' . a mean ATm{e) wvalue of 11.5°C with R, Leguminosanim
ATCC 10004 as reference strain and 9.7°C with R, meliloti
NZP 4009. The three fast~growing soybean nodulating strains;
USDA 191, USDA 1%2 and USDA 194 gave a mean A Tm{e) value
of 8.9°C with ATCC 10004 and a mean ATm(e) value of 8.7°C
with NZP 4009. In the reciprocal arrangement, when NZP
4009 was hybridized with USDA 191 as reference strain, the
ATm(e) of the DNA duplex was 11.0°C. The ATm(e) value of
the DNA duplex formed between R. fleguminosaurum NZP 5671 and
the ATCC 10004 reference strain was 3.20C, while R, meliloii
ATCC 9930 gave a ATm({e) wvalue of 0.0 with NZP 4009.

4.4 Relationship between the Gefege Rhizobia, the Fast-

Growing Soybean Nodulating Rhizobia and other Groups

of Rhizobia

The percentage relative homology of RiAlzof.ium strains with
gal NW 3 at 65°C was plotted wversus the percentage relative
homology with gal 1 (Figure 2). The Gufega rhizobia cluster-
ed together to form a distinct DNA homoleogy group which
was distinguishable from other groups of rhizobia. The fast-
growing soybean strain USDA 257 was the closest strain to

this group.

The percentage relative homology of Rhizoflium and Arady -
ahizofium strains with USDA 191 at 65°C was plotted versus

the corresponding homology with USDA 208 (Figure 3). Bight



%
Homology
with gal NW 3

FIGU

100 ;

90

80

70

60 i

50

40

30

20

10

RE 2: Homoclogy of Rgizoﬁium strains with gal NW 3 and gal 1 reference

strains at 65°C

= *~— USDA 257

= R, Lleguminosarum

~— Fast-growing sovbean
nodulating rhizehia

R, melifotl

T R, Lol

10 20 30 40 50 60 70 80 90

100

% Homology
with gal 1

LS



FIGURE 3: DNA homology of RAlizodium and Bagdyahizoﬁium strains with USDA 191 and
USDA 208 reference strains at 65°C
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of the eleven fast-growing soybean nodulating strains formed
a distinct cluster which was quite separate from other groups
of zrhizobia. Three of the fast-growing soybean strains;
USDA 194, USDA 201 and USDA 257 appeared to form a separate
cluster and represent a subgroup within the main DNA homology

group.

Figure 4 shows the percentage relative homology at 65° ¢
of Rhizob.ium strains with gal 1 versus the homology with
usba 208. This indicated that the fefege rhizobia and the
fast-growing soybean nodulating rhizobia were distinct from
each other and both groups were unrelated to other species

of rhizobia.

5. DIFFICULTIES ENCOUNTERED DURING DNA HYERIDIZATION

5.1 Hybridizations at 80°C

The relative homology of heterologous DNA with a given refer-
ence DNA at BOOC, should be less than the relative homology
obtained at 65°c. Only when closely related DNA are hybrid-
ized, will the relative homology at 80°C be similar to that
at 65°c. During the hybridization experiments an interesting
and perplexing problem arose. Some of the hybridizations,
when repeated at the more stringent temperature of SOOCL
produced relative homology values greater than the correspond-
ing 65° C values. This problem cccurred with four ¢f the
six labelled DNA preparations. Table X shows a represent-
ative sample of homology values illustrating this problem.
Since the relative homology values at 80° ¢ were greater
than those obtained at 650(3, the TBI wvalues were greater
than 1.00. Clearly this was anomalous since TBI values

are expected to range between 0.00 and 1.00.
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TABLE X: RELATIVE HOMOLOGY AT 65°C AND 80°C OF Dwa FROM
STRAINS OF GALLGA RHIZOBIA, FAST-GROWING SOYBEAN
LEGUAINOSARIM WITH REFERENCE DNA

RHIZOBIA AND

FROM GAL 1

Relative Homology {%)

Rhizod.ium Strain 65°¢ 80°¢ TBI
Rhizobia of Gufega
gal 1 100 100 1.00
gal 3 77 63 0.82
gal 14 58 40 0.59
Fést—growing soybean
nodulating rhizokia
UsDA 191 12 21 1.31
Uspa 192 19 25 1.32
USbha 205 16 29 1.81
USDA 208 14 39 2.79
R, Leguminosanum
ATCC 10004 27 19 0.70
NZP 561 17 19 1.12




5.2 Attempts to Resolve the Problem

When a particular labelled DNA was hybridized with heter-
ologous DMNA, only some of the relative homology values
obtained at 80°C were greater than the wvalues obtained at
65° C. In general, when the DNA from the §ulege rhizobia
was hybridized with the labelled $Yafege strains gal 1 and
gal NW 3, the 50° ¢ relative homology wvalues were either
similar or less than the corresponding 65°C values. A similar
situation occurred with the fast-growing soybean nodulating
strains hybridized with the USDA 191 reference strain.
Thus it appeared that the problem didn't occur when closely
related DNAs were hybridized together. The prcblem occurred
when the heteroclogous DNA was more distantly related to

the reference DNA.

A number of possible explanations were proposed tc explain
the anomalous results. When the Gaefega strain gal NW 3
was used as a reference strain, a number of the homology
values at 80°C were higher than the corresponding 65°C values.
One possible explanation was, that prior to hybridizing
the unlabelled DNA with the labelled DNA, the two strands
of the double-stranded labelled DNA failed to separate during
the thermal denaturation process. The hybridization at
BOQC were carried out in Quickfit tubes and normally about
15 tubes containing hybridization mixtures, were placed
in a beaker of boiling water and boiled for 10 min to
denature the double-stranded DNA, These Quickfit tubes
were thicker walled than the Kimax tubes used for the hybrid-
izations at 65°c. Therefore, it was possible that some
of the tubes were not being heated sufficiently to melt
the DNA completely and this might account for the apparent
high degree of hybridization at 80°C. To test for this,
six hybridization mixtures were set wup at 80° c. These
included a homologous and a label only control. The six
tubes were placed in a beaker of boiling water and boiled
for 10 min. Particular attention was given to the denaturing

process and the water was maintained vigorously boiling
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for the entire 10 min period. The hybridization mixtures
were separated following the normal procedure {Method 3.2).
The relative homology of heterologous DNA to the gal NW 3
reference DNA were found to be similar to that previously

found, with TBI value greater than 1.00.

All the hybridizations at 65°C using the gal NW 3 reference
strain were performed using a labelled DNA concentration
of 2 ug/ml, whereas a label concentration of 4 ug/ml was
used for the 80°cC hybridizations. The label cohcentration
was increased in order to allow for the decay of the label
and to maintain an acceptable level of radicactivity in
each hybridization mixture. Since this was the only hybrid-
ization factor that had been altered, the effect of label
concentration on the relative homologies at 80° C needed
to be investigated. A total of six hybridization mixtures
were set up at 80°¢C using a label concentration of 2 ug/ml,
allowed to hybridize and then separated. A comparison of
the relative homologies at 80°C showed no significant differ-
ences between the two different concentrations of label

used.

The probklem of unacceptable table high 80°¢c homology values
also occurred when USDA 191 was used as a reference strain.
It was proposed that the Quickfit tubes used for the hybrid-
izations at 80°C were too large. Since a large proportion
of the tube remained above the water level in the water
bath during incubation, distillation of water within the
tube may have occured, with the ccllection of pure water
droplets along the sides of the tube and on the stopper.
Conséquently, the ionic strength of the phosphate buffer
and the concentration of the DNA would be altered and DNA
renaturation could then proceed under conditions which
differed from those imposed during the hybridizations
at 65°C. To investigate this a total of six hybridization
mixtures were set up at 80°cC using smaller Quickfit tubes
{1.5 % 7 cm) from those that were previously used. The
percentage relative homology values were found to be similar

to those previously obtained.
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A number of reassociated DNA mixtures were separated on
fresh HA, in order to determine 1if the regenerated HA was
responsible for +the problem. When six reassociated DNA
mixtures were separated on fresh HA, the homology results
were similar to those obtained when the same mixtures were

separated on regenerated HA.

Since it appeared likely that the labelled reference DNA
was the source of the problem, the USDA 191 labelled DNA
was phenol/chloroform extracted and ethanol precipitated
to remove any possible contaminants. This label was wused
in further hybridizations using homologous USDA 181 DNA,
a label only control and DNA £from strains NZP 2037, NZP
5259, gal 14 and ATCC 10324. The apparent self-hybridization
of the 1label decreased from 9.7% to 5.8%. The relative
homology of the heterologous DNAs were found to have
decreased. This decrease however, was only significant
with gal 14 DNA, which decreased from 23% to 9%. The
relative homology of gal 14 with USDa 191 at 65°C was 18%
and the revised TBI value was (.53 compared to 1.31. These
results suggested +that some contaminant had been removed
from the DNA which was responsible for the high 80°¢C homology
values, DNA from strains gal 1, gal 3, gal 12 and gal 1261
were hybridized with the phenol/chloroform extracted USDA
191 labelled DNA. The relative homologies of gal 12 and
gal 3 with the reference DNA were similar tc that previcusly
cbhtained with the original label. The relative homolegy
of both gal 1 and gal 1261 with the reference DNA decreased
giving TBI wvalues of 0.98 and 0.89 compared to 1.06 and
1.60 previously obtained. These results again suggested
that a contaminant in the label was responsible for the
high 80°C values.

The problem of TBI values being greater than 1.00 also cgccur-
red with fthe ATCC 10004 label. An experiment was conducted
to determine if the problem was due to non-specific binding

of single-stranded DNA to the HA during the separation of
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single from double~stranded DNA. The occurrence of signif-
icant amounts of non-specific binding to HA could account
for the apparent high amounts of hybridization occurring
at 80°C. To test for this possibility, a total of six
hybridization mixtures, including a homologous and a label
only control were re-separated on HA using 0.8% sodium lauryl
sulphate in the phosphate buffer, instead of the customary
0.4%, to elute the single-stranded DNA from the HA. No
differences in the percentage relative homology wvalues

were found.

5.3 Reduction of HNon-specific Binding o¢f Reference DNA

to Hydroxvyapatite

An attempt to reduce any non-specific binding of the labelled
DNA to the HA was made and the ATCC 10004 label was treated
as follows: Undiluted, sonicated ATCC 10004 labelled DNA
in 0.28 M PB was incubated at 80°C for 16 hr, denatured
at 100°C diluted with an equal amount of deionized water
and separated on HA. The single-stranded DNA was eluted
from the HA with 0.14 M PB containing 0.4% sodium lauryl
sulphate. Any DNA that remained bound to the HA was eluted
with 0.4 M PB. The first £fraction accounted for 95% of
the total radicactive c¢ounts. The DNA c¢oncentraticon and
specific activity of this fraction was determined and the
DNA was diluted to 4 ug/mland used to set up four hybridization
mixtures wusing homologous ATCC 10004 DNA, a label only
control and DNA from USDA 192 and USDA 194.

The label-label reassociation decreased from 8.9% to 6.3%
and neither the USDA 192 nor the USDA 194 DNA showed any
homoleogy with the ATCC 10004 label at 80°C. These strains
had previously shown a relative homology with ATCC 170004
of 41% and 39% respectively with TBI wvalues of 2.15 and
1.02.
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The above procedure was applied during the preparation of
the next labelled reference strain, the fast-growing soybean
nodulating strain USDA 208. Using this label, the homology
results at 80°C and the corresponding TBI values were more
meaningful. Table XI shows a representative sample of the
results obtained using this label. None of the TBI wvalues

were found to be greater than 1.00.

5.4 Determination of Contaminants in Labelled DNA Prepar-

ations

The presence of protein, ribonucleic acid and polysaccharidoe
was assayed in several of the labelled DNA preparations.
Undiluted sonicated or un-sonicated DNA in 0,28 M PB was
used 1in the assays. Table XII shows the results obtained.
Neither protein or ribecnucleic acid was shown to be present
in significant guantities in the DNA preparations tested.
The amount of polysaccharide present was greater and ranged
from 8 to 27 pg/100 pg of DNA, The smallest amounts of
polysaccharide was found in the USDA 208 and the NzZP 4009
labels, neither which exhibited high 80° c hybridization
values. The USDA 208 label was assayed for polysaccharide
before being treated to reduce non-specific binding to HA.
The method used for polysaccharide determination proved

unreliable for assaying the treated DNA.

6. COLONY HYBRIDIZATION

6.1 Preparation of in vitao Labelled DNA

DNA was labelled with 3%? by the random primer method of
in vitao labelling, A total of five labelled strains were
used in hybridizations in order to study the applicability

of this method to the identification of RAizcofium strains.



TABLE XI: RELATIVE HOMOLOGY AT 65°C AND 80°C of DNA FROM
STRAINS OF GALEGA RHIZORIA, FAST-GROWING SOYBEAN

NODULATING RHIZOBIA AND R. LEGUAINOSARUM wITH

REFERENCE DNA FROM USDA 208

Relative Homology (%)

Rhizolium strain o o TBI
65°C 80°C
Rhizobia of Gaelega
gal 1 10 1 0.08
gal 3 10 0.22
gal 10 3 0.32
Fast-growing soybean
nodulating rhizobia
usDa 191 84 76 0.91
USDA 192 90 90 1.00
UsDa 205 92 91 0.99
UsSDA 208 100 100 1.00
R. Leguminosanrum
ATCC 10004 12 0.55
NZP 561 11 0.24




TABLE XII: CONTAMINANTS IN LABELLED DNA PREPARATIONS

Labelled DNA Protein Polysaccharide Ribonucleic
(Strain) (ug/100 ug DNA) Acid*

gal NW 3 ND 25 ND

UsbDAa 191 ND 21 ND

USDA 208 ND 11 ND

ATCC 10004 3 27 -

NZP 4009 5 8 -

* denotes gualitative presence of RNA,

agarose gel electrophoresis.

ND Not determined

- no ribonucleic acid detected

as determined by



Two fast-growing soybean nodulating strains, USDA 197 and
USDA 208; the Galega strains, gal 1 and 5%A2 and R, Legum-
Lnosarum strain ATCC 10004 were used. The gal 1 labelled
probe was ln witao labelled and had been previously used
in the hybridizaticon experiments (Results Section 4). The
specific activity of the 4n viino labelled probes ranged
from 2.4 - 3.0 x 107 counts per min/ug DNA. Between 10-
15 ul of probe was added to each membrane filter to give

a total of 3 x 10° counts per filter.

6.2 Identification of Rhizobia

The ability of colony hybridization to distinguish between
different species and strains of RAlzof.ium was investigated

using the above five probes. The USDA 191 and gal 1 probes
were hybridized with membranes containing DNA from 7 colonies
The other three probes were hybridized with membranes con-
taining DNA from 12 <c¢olonies, representing strains of
Rhizobium fEFrom each of the main DNA homology groups. All
membranes were initially washed with 2 x 88C following
hybridization and then washed with 0.1 x SSC to increase
the stringency of labelling. This resulted 1in greater
differentiation between those strains that were genetically
related to the probe and strains that were more distantly
related. Plate 4 shows a typical autoradiogram produced
after washing the hybridized membranes with 0.1 x 88SC and
exposing to X-ray film for 2 days. Only colonies which
had DNA with a high degree of base sequence similarity to
the probe DNA hybridized and therefore became lahelled.
The results indicate that strains from the same homology
group as the probe became the most intensely labelled.
These results are summarised in Table XIII. The relative
amount of labelling 1s indicated as follows: +++ 1intense,
++ definite, + weak, <% just detectable, - no labelling.
Under the hybridization conditions used, strains that were
distantly related to the reference strain were only labelled

weakly or were not labelled.



PLATE 4:

PLATE 5:

Colony hybridization of DNA from RAlizohium strains

with Gafega strain, 59A2

Fast-growing soybean rhizobia: A. USDA 191; B. USDA
206; C. USDA 208; ¢gafega rhizobia: D. gal 1;

E. gal NW 3; F. 59A2; R. feguminosarum: G, ATCC
10004; H. NZP 561; R, mefifoti: 1I. NZP 4009;

J. ATCC 9930; R. foi.i: K. NzP 22137 L, NZIP 2037

Colony hybridizaticn of nodule contents with the
fast-growing soybean nodulating strain, USDA 208

Nodule from foitus peduncufatus inoculated with:

1. R. foii NZP 2037 (effective nodulation);

2. R, £Loiti NZP 2213 ({ineffective); Fast-growing
soybean rhizobia {(ineffective): 3. USDA 257;

4, USDA 192; 5. USDA 201,
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TABLE XIII: SPECIFICITY OF LABELLING OF RAIZOBIUM STRAINS WITH LABELLED REFERENCE DNAs

| Labelled DNA Reference Probes
Strain Homology Group USDA 191 USDA 208 gal 1 59A2 ATCC 10004

USDA 191 Fast-growing +++ ++ + -
USDA 192 Soybean nodulating +++

USDA 193 rhizobia +++

USDA 206 ' +++ Fdo - .
USDA 208 g . 5
gal 1 Galega rhizobia e LEd fia ¥
gal 3 +++ =
gal 14 ++

gal NW 3 + - +++ -
59A2 _ i 44 =
ATCC 10004 Group 1 clover-pea B : = il
NZP 561 z . PPy
NZP 5462 Group 2 -

NZP 4009 Group 3 Lucerne + | = 3 =
ATCC 9930 + % o x N
NZP 2213 Group 4 - - -
Nzp 2037 a + -

The relative amount of labelling of each colony is indicated as follows: +++ intense, ++ definite,
+ weak. t Anaet Aetertahla — nAa 1ahAT14n~
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One of the membranes contained a mixed colony consisting
of gal 1 and USDA 208 strains. The DNA from this colony
was found to hybridize to both the gal 1 and the USDA 208
probes, indicating the applicability of this method to
distinguish between individual strains in mixed colbures

of Rhizobiume

The method of colony hybridization was used to determine
whether the nodules formed by the fast-growing soybean
rhizobia on Lotus pedunculatus (Results Section 2) contained
rhizobial DNA. Four such nodules were surface sterilised
squashed and the contents placed on a nitrocellulose filter
which was then treated as in Method 6.4. The membrane was
hybridized with a fast-growing soybean nodulating reference
strain, USDA 208, washed with 2 x SSC and X-ray film exposed
for 4 days. The results are shown in Plate 5. The contents
of an effective nigrogen fixing nodule produced by R. Zot.i
strain NZP 2037 was used as a control and hybridized slightly
with the probe as indicated by the weak labelling. None
of the four fast-growing soybean nodule ‘squashes hybridized
with the probe, suggesting that little or no rhizobial DNA

was present within the nodules.
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DISCUSSION

I THE RELATIONSHIP OF THE GALE£GA RHIZOBIA TO OTHER SPECIES OF
RAIZOABIUM AND BRADYRHIZOABIUNM

The results obtained in this study establish that the rhizobia
nodulating Galega officinalis and G, onientalis are taxon-

omically distinct from other fast-growing species of RAizol.ium

and from the slow-growing rhizobia. The DNA homology, cross-

nodulation and phage-typing results support this view.

The classification of the Galega rhizobia has been confused.
Hauke-Pacewiczowa (1952) suggested that the §. officinalis
rhizobia should be included in R. Zeguminosarum , since
Rhizobium strains from Vicia spp. nodulated §. officinalis.
Proctor (1963) characterized organisms from §. officinalis
as belonging to the '"fast-growing lupin-cowpea complex".
This was .based on plant nodulation data, biochemical and
serological tests. He concluded that the organisms from
G. officinalis were related to strains that nodulate other
members of the Galegeae family. Wilson (1939) found that
rhizobia from a number of host plants including Lotus ,
Medicago , Phaseolus , Trifolim and Vicia nodulated
G. officinalis and G, officinalis var. hartlandii. Lindstrom
et afl (1983) found no cross-nodulation relationships between
the Galega rhizobia and strains from the major recognized
taxonomic groups. In their studies they used 23 species
of legumes and included members of the Galegeae family such
as Lupinus, Caragana anrborescens and Robinia pseudoacacia,
none of which were nodulated by the Gaflega rhizobia. The
results obtained in this study, agree with those of Lindstrom
el af , since the §Galega rhizobia were found to nodulate
only §. officinalis and none of the other legume species
(Table VI).
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Lindstrom ez ¢4 (1983) concluded that the §Galega rhizobia
formed a distinct phage-typing group, suggesting a lack of
relationship between the Galega rhizobia and rhizobia from
other taxonomic groups. The clover, lucerne and Lotus phages
did not 1lyse the Galega rhizobia and the wide host-range
type Galega phage ¢gal R/1 1lysed all 12 strains used in
their study. The phage-typing results in the present study
(Table VII), wusing the same phages, agreed with these
conclusions.

The genetic relationships between the Galega rhizobia and
other strains of rhizobia were studied by the use of DNA:DNA
hybridization. The (Galega rhizobia showed high homology
with DNA from the §. officinalis strains: mean relative
homologies at 65°C of 79 I 14% with DNA from gal 1 and 85 2
8% with DNA from gal NW 3 (Results Section 4.21). Signif-
icantly lower homologies were observed between these refer-
ence strains and DNA from strains of R. Leguminosanrum,
R, Loii and the slow-growing rhizobia. The 11 Galega
strains gave a mean relative homology at 65°C with reference
strain R, Leguminosarum ATCC 10004 of 26 I 7%. Three of
Galega strains gave a mean ATm(e) value of 11.5°C when hybrid-
ized with ATCC 10004, indicating considerable base sequence

divergence between the Gulega rhizobia and R. Zeguminosanrum.

In addition, the DNA hybridization values indicated that
there was 1little relationship between the Gafegae rhizobia
and R. meliloti , Leucaena nodulating rhizobia and strain
NZP 5462 from DNA homology group 2 (Results Section 4.21).
The mean relative homology at 65°C of Galega rhizobia with
the reference strain R, meliloiti NZP 4009 was 20 * 5%;
indicating little base sequence similarity between
R, meliloti and the Galega rhizobia. When three of the
Galega rhizobia were hybridized with NZP 4009, the mean
ATm(e) value was 9.70(3, again indicating little relation-

ship between these two groups of rhizobia.
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The fast-growing soybean strain, USDA 257, showed a relative
homology of 47% with gal 1 and 60% With gal NW 3. Since
the mean relative homology for the fast-growing éoybean
I 12% with gal 1 and gal NW 3
respectively, USDA 257 appeared to be more closely related

group was 19 I 10% and 38

to the Galega rhizobia than the fast-growing soybean rhizobia
as a whole. However, the plant nodulation tests, phage-
typing and DNA hybridizations with other reference strains,
clearly placed USDA 257 within the fast-growing soybean

group of rhizobia.

From the DNA homology results, it was concluded that the
Galega rhizobia formed a distinct genetic group within the
genus Rhizobium . This conclusion was also supported by
the thermal stabilities of DNA duplexes. The Galega rhizobia
gave ATm(e) values ranging from 0 to 2.7°C with gal 1 and
between 0 and 4.4°C with gal NW 3, further indicating the
genetic uniqueness of this group of rhizobia. This is

summarised in Figures 2 and 4.

Studies using synthetic polynucleotides and chemically
altered base sequences indicate that the presence of 1%
unpaired bases in a reassociated DNA duplex will lower the
thermal stability by approximately 1% (Laird et a4 1969,
Ullman & McCarthy 1973). Hence the base sequence divergence
of DNA within the §alega group was no greater than 4%.
By comparison, R. Zoti NZP 2213, when hybridized to gal
NW 3 gave a ATm(e) value of 14.0% (Results Section 4.3),

representing a base sequence divergence of 14%.

Lindstrom et «f (1983) found a high degree of DNA homology
between the Galega rhizobia and reference DNA from the
G. onientalis strain HAMBI 540. Using the same hybridization
techniques as were used in the present study, they found
77 ¥ 9% mean relative homology at 65°C, between the Galega
rhizobia and HAMBI 540, A total of 20 strains from
R. Leguminosarum , R. Loiti and the slow-growing rhizobia

showed a mean relative homology of 19 ¥ 6% with this refer-
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ence strain. They concluded, that since the §Gafegae rhizobia
cannot be classified with the known species of RAlzobium,
they may represent a new species of RAizobhium. The results
in this study also suggest the necessity to form a new

species for the Galega rhizobia.

2. THE RELATIONSHIP OF THE FAST-GROWING SOYBEAN NODULAT-

ING RHIZOBIA TO OTHER SPECIES OF RAIZOBIUM AND BRADY-
RHIZOBIUNM

The fast-growing soybean nodulating strains of rhizobia
were found to be taxonomically distinct from other fast-
growing species of RAizobkium and from the slow-growing root
nodule bacteria. This conclusion was based on the results
of the DNA:DNA hybridization values, phage-typing and plant

nodulation tests.

On the basis of legume host preference, these strains would
be classified with the slow-growing Bradyrhizobium japonicum.
Keyser et af (1982) on the basis of physiological and bio-
chemical tests concluded that these strains were different
from the typical Bradyrhizobium japonicum. The fast-growing
soybean rhizobia were found to form effective nitrogen fixing
nodules only on the Pekingcultivar (a black seeded, genetic-
ally unimproved 1line from China) of §lycine max (soybean)
and with the wild progenitor species, Glycine s0ja Sieb.
and Zucc. Largely ineffective nodules were formed on
commercial cultivars of soybeans. Several other species
of legume; Leucaena Leucocephala, Medicago sativa, Trifolium
nepens, Trifolium pratense and Astragalus sinicus were not
nodulated. |

Stowers & Eaglesham (1984) found that the fast-growing soy-
bean strains nodulated pigeon pea, mung beans and cowpea
to varying extents. Effective nitrogen fixing symbioses

occurred with pigeon pea, cowpea, Asian type soybeans and
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the Peking cultivar of soybean. Jansen Van Rensburg
et af (1983) reported the effective nodulation of soybean
cultivars Geduld and Usutu. Both cultivars were of South
African origin which were derived from a genetic line import-
ed from China. Only ineffective nodules were formed on
five American cultivars and on one other South African

cultivar.

The presence of large plasmids ( > 100 Md) has been demon-
strated in all of the fast-growing soybean strains (Sadowsky
& Bohlool 1983, Masterton et «f 1982). The curing of one
of these plasmids resulted in the loss of nodulation ability
(Sadowsky & Bohlool 1983) suggesting that megaplasmids are
involved in nodulation of soybeans. Masterton et af (1983)
reported the 1location of the structural nitrogen fixation
genes (nif D, nif H and nif K)on these plasmids.

In the present study, the 11 strains of fast-growing soybean
nodulating rhizobia formed ineffective nodules on the Matara
cultivar of Glycine max (Results Section 2). However,
the slow-growing soybean strain, Bzadyrhizobium japonicum
ATCC 10324 formed effective nodules on this cultivar (Plate
1). The Matara cultivar was a commercially available variety
of soybean.

Four of the other five legume species used in the nodulation
tests were not nodulated. No nodules were formed on Leucaena
Leucocephala, Medicago sativa and 7Trifolium nrepens, in
agreement with the results of Keyser et af (1982).Galega

officinalis also was not nodulated but all the 7 strains
tested for their ability to nodulate Lotus pedunculatus

formed ineffective nodules (Results Section 2). The ability
of these strains to nodulate Lotus pedunculatus was unexpect-
ed, particularly since the DNA  hybridization results
indicated very 1little genetic similarity between the fast-
growing soybean rhizobia and those that nodulate Lotus spp.
These latter rhizobia are classified as R, Zoti (Jarvis
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et af 1982) and shared a mean relative homology of 20 I ss
with the fast-growing soybean reference strain, USDA 191
and a mean relative homology of 8 I 29 with USDA 208 (Results
Section 4.22). However, nodulation genes only represent
a small proportion of the genome and their presence or
absence in a particular strain may not significantly alter
the extent of homology with a reference strain (Jarvis et al
1980). Thus it 1is possible that the fast-growing soybean
strains could harbour at least some of the symbiotic genes
necessary to nodulate Lotus pedunculatus or to induce a
plantresponse leading to the formation of nodules. Further
study on the plasmids of these strains may lead to a better
understanding of this ability.

Phage-typing of the fast-growing soybean nodulating strains
indicated that this group of rhizobia was distinct from
other species of RhAizob.ium The clover, lucerne, Lotus and
the Galega phages did not lyse the soybean rhizobia (Table
VII). To complete this work however, it would be necessary
to isolate a bacteriophage or bacteriphages specific for
the fast-growing soybean nodulating group. These rhizobia
may then be shown to form a distinct phage-typing group
in a similar manner to the §Galega rhizobia. This is likely,
since the phage-typing of the Gaflege strains indicated
similar relationships to those elucidated by DNA hybrid-
ization. J.J.'Patel (unpublished results) phage-typed over
400 strains of RAizobium . The resultant phage-typing groups
corresponded with the DNA homology groups of Crow et af
(1981).

The genetic relationships between the fast-growing soybean
nodulating rhizobia and other RA.izoldium and Bradyrhizobium
strains was studied by DNA:DNA hybridization. A high degree
of homology existed between the fast-growing soybean rhizobia
and the reference strains USDA 191 and USDA 208 which
nodulate soybeans. Significantly lower homologies were
found between these reference strains and strains of

Re Leguminosanrum, R. meliloti, R. Loiti, Leucaena rhizobia,
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NZP 5462 of homology group 2 and the slow-growing rhizobia.

The fast-growing soybean strains gave a mean relative
homology at 65°C with DNA from USDA 191 of 86 * 10% and
80 + 18% with USDA 208 (Results Section 4.22). The mean
relative homology at 80°C with USDA 208 was 73 % 28% with
a corresponding TBI of 0.87. The mean relative homology
of other groups of rhizobia with USDA 208 was 24% or less

at 65°C and 8% or less at 800C (Table IX).

The ATm(e) values for DNA duplexes formed between the fast-
growing soybean rhizobia and USDA 191 ranged from 0 to 5. 20
(Results Section 4.3). The ATm(e) values for DNA duplexes
formed between the fast-growing soybean rhizobia and USDA
208 ranged from 0 to 6.5°¢C (Table IX). The ATm(e) values
for DNA duplexes formed between other rhizobia and these
reference strains were larger, ranging from 11.0 to 16.0°C
with USDA 191 and from 11.3 to 15.5°C with USDA 208, indicat-
ing greater base sequences divergence between the DNA.
A linear relationship was found between these ATm(e) values
and the corresponding relative homology values and 1is

illustrated in Figure 1.

The Galega strain, gal 1261, was unusual since it shared
52% homology with USDA 191, which was greater than the mean
value for the §Galega group. The corresponding ATm(e) value
was 5.6°C which lies within the range for the fast-growing
soybean group, 0 - 6.2°C. This strain however, only shared
10% homology with USDA 208. The apparent closeness of the
relationship between gal 1261 and the fast-growing soybean

group must therefore be held in question.

Scholla et af (1984) determined the DNA homology between
five fast-growing soybean nodulating strains and other
strains of RAlzobium and Bradyrhizobium. The five fast-
growing soybean strains had a mean relative homology of
17% with R, meliloti ATCC 9930 and 21% with R. fLeguminosarum
ATCC 10004. These hybridizations were carried out at 70°C
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using a spectrophotometric technique. In the present study,
the fast-growing soybean strains shared a mean relative
homology at 65° ¢ with reference strains R. meliloti NZP
4009 and R, Leguminosarum ATCC 10004 of 41 I 2% and 30 %
7% respectively. In the reciprocal hybridizations, two
strains each of R. meliloii and R. Leguminosarum gave a
mean relative homology at 65°C with USDA 191 of 44% and
32% respectively and a mean relative homology of 24% and
12% respectively with USDA 208. Hence, the fast-growing
soybean nodulating rhizobia, although appearing to be more
closely related to R. meliloit.i than to R.Leguminosarum ',
shared little relationship to either of these two species
of Rhizobium . This conclusion is supported by the ATm(e)
values. The DNA duplexes formed between three of the fast-
growing soybean strains, USDA 191, USDA 192 and USDA 194
gave a mean ATm(e) wvalue of 8.7°C with NzZP 4009 and 8.9°C
with ATCC 10004 (Results Section 4.3). NZP 4009, when
hybridized with USDA 191 as reference strain, gave a ATm(e)
value of 11.0°cC. These wvalues confirm the differences in
base sequence between the fast-growing soybean rhizobia
and the other species of RAizobhium. The genetic distinctness
of the fast-growing soybean nodulating rhizobia is illustrat-

ed in Figures 3 and 4.

The DNA hybridization results suggest that the fast-growing
soybean rhizobia form two distinct subgroups. Strains USDA
194, USDA 201 and USDA 257 gave relative homologies at 65°C
with USDA 208 of 52%, 51% and 56% respectively; these values
being lower than the fast-growing soybean group as a whole,
which had a mean relative homology of 80% (Table IX). DNA
duplexes formed between USDA 191, USDA 201 and reference
strain USDA 208 had ATm(e) values of 6.3°C and 6.5°C respect-
ively. The DNA duplexes formed between USDA 257 and the
reference strain USDA 191 gave a ATm(e) of 6.2°¢C (Results
Section 4.3). By comparison, five other fast-growing soybean
strains, when hybridized with USDA 191, gave lower A Tm(e)

values ranging from 0 to 1.3°%.
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Scholla et af (1984) found that the five fast-growing soybean
strains formed two distinct DNA homology groups. The first
contained USDA 191 and USDA 201 which were closely related
to each other, while the second group contained USDA 193,
USDA 205 and USDA 206. There 1is good agreement between
their results and those found in this study.

Scholla et ¢f (1984) found low homology between the fast
and slow-growing soybean rhizobia. The fast-growing strains
showed a mean relative homology with Bradyrhizobium japonicum
ATCC 10324 of 26%. In the present study strain ATCC 10324
shared 21% homology at 65° C with USDA i 4% homology
with USDA 208 ‘and ATm(e) of 15.5°C. Yelton et af (1983)
found a low homology of 15% between the slow-growing soybean
strain USDA 110 and USDA 191. Thus the fast-growing anad
the slow-growing soybean strains are distinct and can be
differentiated on the basis of DNA homology, although both

groups have similar symbiotic host specificities.

Sadowsky et af (1983) concluded that the fast-growing soybean

rhizobia are biochemically distinct £from the slow-growers.

The fast-growersare similar to other fastégrowing species

of Rhizobium since they tolerate 2% NaCl, are capable of

growth at pH 9.5, can utilize a wide range of carbohydrate

and produce serum zones in litmus milk. They produce apprec-
iable 1levels of B-galactosidase and nicotinamide adenine

dinucleotide phosphate-linked 6-phosphogluconate dehydrogenase
but had no detectable hydrogenase activity.

Yelton et ¢4 (1983) found that USDA 191 was more salt-
. tolerant than the slow- growing Bradyrhizobium japonicum
strain USDA 110 and was capable of growth at 0.4 M NacCl.
This strain utilized a wider range of carbohydrates than
UsSDA 110 and possessed both glucose-6-phosphate and
6-phosphogluconate dehydrogenase. They concluded that USDA
1917 more closely resembled R, meliloii/ than the slow-growing
soybean strains which lacked 6-phosphogluconate dehydrogenase.
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| Libkkle similarity between the two-dimensional protein
patterns on polyacrylamide gel was found between USDA 191
and USDA 110. On the other hand, some similarity was found
between USDA 191 and R. melifotil02 F28.

Stowers & Eaglesham (1984) found that the fast-growing soybean

strains utilized a wide range of carbon sources in agreement

with other fast-growing rhizobia. All but one of the strains

tested were tolerant to 1% NaCl, whereas the slow-growing

soybean strains were severely inhibited in their growth
on 1% NaCl.

On the basis of the above evidence, Scholla & Elkan (1984)
proposed a new species name for the fast-growing soybean
nodulating rhizobia; Rhizobium fredii sp. nov (M.L. gen.
noun fredii of E.B. Fred). Within this species, they
concluded there were two distinct subgroups which can be
differentiated on the basis of DNA homology, acid production
on yeast mannitol broth, kanamycin resistance and serology.
Two new chemovars were proposed; R. Zredii chemovar Zredii
and R. Zrediichemovar siensis . R. fredii chemovar fredidi

showed 91-96% relative homology at 70°C with USDA 205 and
24-63% with USDA 201. The strain USDA 193 and USDA 206
were included along with the type strain USDA 205 in this
subgroup. Rhizobium Lredii chemovar 4{ensis showed 95%
homology with USDA 201 and 24-53% homology with USDA 205.
The two strains, USDA 194 and USDA 201 were included in

this subspecies.

Only five of the eleven fast-growing soybean strains used
in this study were included in the description of the new
species, R, /Zredii (Scholla & Elkan 1984). On the basis
of DNA homology, it appears that USDA 257 should be included
in R, /Zredii chemovar siensis and USDA 191, USDA 192, USDA
208, USDA 214 and USDA 217 should be included in R. /Zredii
chemovar /Zredidi. However, serotyping indicates that other
serogroups exist (B. Bohlool, personal communication) and
therefore more hybridizations, using other reference strains
may be required to fully resolve this point.



3. DIFFICULTIES ENCOUNTERED DURING DNA HYBRIDIZATION

The majority of the strains used in the hybridizations were
easily lysed by the method of Jarvis et «f (1980) (Method
2.2). This method failed to lyse six strains effectively:
insufficient DNA of poor quality was produced. Four of
these strains yielded adequate DNA when lysed by the method
of Fischer & Lerman (1979) (Method 2.31).

Neither of the above methods of cell lysis, nor the method
of Zaenen et «f (1974) (Method 2.32), sufficiently 1lysed
cells of strain NZP 5434 to extract DNA. When the cells
were subjected to rapid freezing and thawing (Method 2.33),
this strain was adequately lysed by the method of Jarvis
el alt (1980). Presumably this preliminary treatment
destabilized the outer membrane and cell wall, facilitating

cell lysis.

During the hybridization experiments, some of the hybridiz-
ations yielded higher relative homology values at 80°C than
the corresponding values at 65° C (Table X). This problem
occurred with hybridizations using four of the six reference
strains. A number of experiments were performed in an
attempt to clarify and resolve the problem (Results Section
5e2) 0 The results indicated that the problem was due to
some inherent feature of the labelled DNA, rather than the
unlabelled DNA or some condition imposed during renaturation
or the separation of single from double-stranded DNA. Tt
was concluded that some contaminant within the DNA was
responsible for non-specific binding of single-stranded
DNA to the hydroxyapatite.

When the label was phenol extracted and ethanol precipitated,
the problem was alleviated to some extent. After the label
was treated to reduce non-specific binding (Results Section
5.3) the relative homology results obtained at 80° C were

perfectly acceptable (Table XII).
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Jarvis et af (1980) used the method of Brenner et a¢f (1969b)
to reduce non-specific binding of labelled DNA to hydroxy-
apatite. They eluted the labelled DNA from a hydroxyapatite
column at 60°C with 0.14 M phosphate buffer. Their hybrid-
izations were conducted at two temperatures, 65°C and 80°c.
TBI values ranged from 0.0 to 0.5 for heterologous DNA
duplexes and 1.0 for the homologous DNA duplex.

This step was discontinued since it didn't appear strictly
necessary. The hybridization values obtained at 65°C were
found to be independent of this step. The hybridization
results in the present study indicate that this step is
required when hybridizations are performed at temperatures
greater than the optimum for renaturation. Thus when hybrid-
izations are carried out at 800C, it is necessary to reduce
non-specific binding of DNA to the hydroxyapatite. The
procedure outlined in Results Section 5.3 to reduce non-
specific binding was developed somewhat arbitrarily; the
method of Brenner .t ¢/ (1969b) offers advantages, since

it is quicker and is potentially less damaging to the DNA.

Experiments to discover the nature of the contamination
of the labelled DNA ruled out the possibility of either
protein or ribonucleic acid being responsible for the non-
specific binding. Both these macromolecules were present

in negligible quantities (Table XII).

There was however, some evidence to support the view that
polysaccharide might have caused non-specific binding of
the labelled DNA to the HA (Results Section 5.4). The poly-
saccharide within the label could have cross-linked the
single-stranded DNA molecules enabling them to adhere to
the hydroxyapatite crystals. In such an event, low molarity
phosphate buffer (0.170 - 0.12 M) would have been insufficient
to elute the bound DNA which would have been eluted by the
0.4 M phosphate buffer 1leading to an apparently greater
amount  of hybridization. Interactions Dbetween heat-
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denatured DNA and polysaccharide polymers, involving hydrogen
bonding, have been reported by Graves (1968).

Many of the homology values at 65°C obtained using the fast-
growing soybean strain USDA 208 were lower than the
corresponding results using USDA 191 (Results Section 4.22).
For example, the Galega rhizobia showed a mean relative
homology at 65°C of 10% with USDA 208, compared to 28% with
USDA 191. Either: the lower homologies obtained with USDA
208 were a result of the treatment of the label to reduce
non-specific binding, or alternatively, some other factor
was involved. Differences in genome size between reference
DNAs and the hybridizing heterologous DNA can produce variat-
ions in the relative amount of base sequence homology that
occurs (De Ley 1969, Brenner et af 1972). Brenner et af
(1972), wusing DNA from two closely related organisms,
Eschenichia coli K-12 and &, cofi BB, found the relative
amount of reassociation, at 600(2, between various strains
of &, coli , Shigella spp, the Alkalescens - Dispar group
and BB DNA as reference, was lower than the corresponding
reassociation between these strains and K 12 DNA. These
differences in relative homology were as high as 14% and
corresponded with a 9% difference in genome size between
the reference strains. Hence, if USDA 191 and USDA 208
differ markedly in genome size this could explain the variat-
ions in the DNA homology with other strains. Differences
in genome size could also explain the variation in homology
results obtained between the Galega reference strains, gal
1 and gal NW 3 (Results Section 4.21).

4, IDENTIFICATION OF RHIZOBIA BY COLONY HYBRIDIZATION

The results obtained in this study ‘indicate that colony
hybridization can be applied to the identification of
Rhizobium strains. Strains that were genetically related
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to the reference strain were readily distinguishable from
those that were more distantly related (Table XIII). Thus
it was possible to distinguish Gaflega rhizobia (Plate 4),
or strains of R, trifolii, from other species of Rhizol.ium,
using the appropriate reference strain. These hybridization
were performed at 65°C and it may be possible to increase
the specificity of 1labelling by hybridizing at a higher
more stringent temperature such as 8OOC, or alternatively,
washing the membrane filters in 0.1 x SSC at this temperature

after hybridization.

Hodgson et a/ (1983) conducted colony hybridizations at
a low stringency temperature of 57°C. Where greater string-
ency was required to improve the amount of differentiation
between strains, membrane filters were held at 70°C in 0.1 x
SSC and 0.5% sodium dodecyl sulphate for 1 hr following
hybridization to reduce non-specific labelling.

The results in Section 6.2 suggest that colony hybridization
can be used to distinguish rhizobia in mixed populations.
When the membrane filter was inoculated simultaneously with
the Galegastrain, gal 1 and the fast-growing soybean strain,
USDA 208, the DNA of this mixed colony hybridized with refer-
ence DNA from both gal 1 and USDA 208. Hodgson et af (1983)
found the method of colony hybridization could be used to
identify specific Rhizobiumstrains in the presence of other
rhizobia and also directly within root nodules.

The results in the present study suggest that it is possible
to identify rhizobia within nodules simply by hybridizing
the contents of nodules with the appropriate labelled refer-
ence strain DNA. Although the fast-growing soybean labelled
reference strain, USDA 208, did not hybridize with the
contents of the nodules formed by the fast-growing soybean
strains on Lotus pedunculatus (Plate 5),:  some. hybridization
was found between the R, Zoi.i strain NZP 2037 and this refer-
ence strain. Only a small amount of hybridization was



expected since NZP 2037 shared only &% homology with USDA
208 (Table 1IX) and therefore was unrelated. Since this
small amount of hybridization was easily detected on the
autoradiogram, the method of colony hybridization appears
to be very sensitive in detecting the presence of DNA within
root nodules.

Other techniques available +to¢ identify rhizobia within
nodules suffer from a number of limitations. The immun-
clogical techniques show cross-reaction and non-specific
binding (Bohlool & Schmidt 1980). Resistance markers are
limited in number, may be lost through genetic exchange
with natural populations of rhizobia and effect the symbiotic
properties of the strain (Schwinghamer & Dudman 1973, Josey
et af 1979).
Colony hybridization as a method to identify rhizobia 0%
advantages over other methods such as simplicity and a
high degree of specificity and reliability. Using suitable
labelled reference strains, the contents of nodules could
be probed directly without the possibility of interfering

with the symbiotic properties of the rhizobia.

-y,
Iers



APPEND I X

TABLE AI: ANALYSIS OF UNLABELLED DNA PREPARATIONS OBTAINED BY
THE HYDROXYAPATITIE-UREA METHOD (Method 2.5)

Strain Fraction DNA concentration Spectral ratios
* Number {pg/ml) 258/230 258/280
USDA 191 Fa4-1 369 2.0 1.8
F4-2 240 2.1 1.7
F4-3 180 2.6 2.1
USDA 192 Fq~1 419 2.0 2.0
F4-2 244 1.6 T.6
F4-3 153 1.5 1.8
ATCC 10004 F4-1 506 2.1 1.9
Fg.2 140 1.6 1.8
F4-3 136 1.8 1.8
gal 14 F4-1 215 2.0 1.9
Fi-2 115 2.4 1.5
F4-3 46 1.2 1.0
gal NW 3 r4-1 500 2.6 2.
F4-2 300 1.2 .4
F4a-3 160 1.2 0.7
NZP 2037 F4-1 363 .0 1.
r4-2 252 2.2 1.8
F4-3 136 2.0 1.7
ATCC 10324 r4-1 325 2.2 2.1
F4-2 194 2.3 1.8
r4-3 103 2.7 1.9
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TABLE AII: RELATIVE HOMOLOGY OF DNA FROM RAHIZOAIUM AND
BRADYRHIZOBIUM STRAINS WITH REFERENCE DNA FROM
GALEGA RHIZOBIA AND THE FAST-GROWING SOYBEAN
NODULATING RHIZOBIA
DNA homology with reference strains:
Strain ogal 1 al NW 3 ESDA 191
65°C Tg(e) 65°C Tg(e) 65°C Tg(e)
{%) (7C) {%) (7C) {%) (7C)
Rhdizobium of Galegu
gal 1 100 0 98 28
gal 3 77 81 29
gal 7 77 83 33
gal 12 67 2.7 79 . 37
gal 14 58 1. 71 . 18
gal 129 73 80 23
gal 1261 84 90 1.4 52 5.6
gal NW 1 76 85 20
gal NW 2 83 . 87 2.4 23
gal NW 3 106 100 0 35
59A2 70 . 81 2.1 21 14.5
Group mean 79 85 28
Fast~-growing soybean
nodulating rhizobia
USDA 191 16 38 100 0
Uspa 192 19 35 91
Uspa 193 18 49 91
USDA 194 25 43 76
Usba 201 10 19 66
UsSba 205 16 34 89
USDA 206 14 26 91 0.5
USDA 208 14 38 92 0.7
uspa 214 S 27 89 0.9
UsDa 217 20 45 90 1.3
UsSpa 257 47 60 70 6.2
Group mean 19 38 86

Cont'd..
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TABLE AII: CONTINUED

DNA homology with reference strains:

. gal 1 gal NW 3 USDA 191
Strain | 65°C  Tg(e) 65°C Tm(e) 65°C  Tm(e)
(5)  (“0) (s}  (“0) (z) (Y0

Group 1 clover-pea
R, Leguminosanum

ATCC 10004 27 45 24
NZP 561 17 43 40
Group Mean 22 44 32

Group 2 Coaonifia
NZP 5462 14 25 22

Group 3 lucerne
R., melifotl

NZP 4009 12 22 42 11.0
ATCC 9930 3 21 46 11.8
Group mean 8 22 44

Group 4 Lotus

R Loiti

NZP 5201 15 16
NZP 2213 19 14,0 18
NZP 2037 10 17 4.4 26
NZP 5361 14
NZP 2238 15
NZP 20174 16

Group mean 16 20

Rhizobium of Leucaena

NZP 5434 11 24 20
NZPp 5259 8 24 28
Group mean 10 24 24

Slow-growing rhizobia
Slow-growing Lofus

Rhizobia
NZP 2309 15 11
NzP 2257 5 8 16.0
NZP 5223 14
NZP 2192 9
Group mean 11 10

Bradyahizollium japonicum
ATCC 10324 2 16 21 7.2
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TABLE AIII: RELATIVE HOMOLOGY OF DNA FROM RAIZOBIUM AND
BRADYRAIZQBIUM STRAINS WITH REFERENCE DNA PFROM
THE FAST-GROWING SOYBEAN NODULATING RHIZOBIA,
Re LEGUAINOSARUM AND R, MELILOTI

DNA homology with reference strains:

(5o 200 T ABce Toove gz a0 |
(%) {(7C) (%) {7C) (%) -

Rhizobhium of Galega

gal 1 10 14.0 24 11.9 16 9,7

gal 3 . 10 22 15

gal 7 10 33 25

gal 12 8 31 20

gal 14 10 16 12.4 19 9,2

gal 129 10 23 16

gal 1261 10 45 29

gal NW 1 13 21 15

gal NW 2 13 20 17

gal N¥W 3 10 14.7 33 1G.1 23 10.3

5942 9 22 18

NZP 5562 18 23 23

NZP 5563, 19 26 25

NZP 5564 23 27 29

Group mean 12 26 20

Fast-growing soybean
nodulating rhizobia

USDA 191 84 0.7 33 7.5 42

USDA 192 90 0.5 19 10.2 43 3.4

UsDA 193 88 39 44

USDA 194 52 6.3 39 9.0 43 8.6

‘USDA 201 51 6.5 22 36

Usba 205 92 28 43

USDA 206 92 22 41

Uspa 208 100 0.0 36 42

USDA 214 92 29 40

uspa 217 85 0.3 34 40

USDhA 257 56 25 42

Group mean 80 30 41

Cont’d..



TABLE AIII: CONTINUED

DNA homology with reference scrains: .

Strain UsSba 208 ATCC 10004 NZFP 4GC9
65°C  ATm(e) 65°C  ATm(e) 65°C  ATm(e)
(%) (°c) (%) (°c () (°c)
Group 1 clover-pea
R, Leguminosarum
ATCC 10004 12 14.0 100
NZP 561 11 73 3.2
Group mean 12
Group 2 Coronilia
NZP 5462 12
Group 3 lucerne
Re meliloti
NZP 4009 26 11.3 100 0
ATCC 9930 22 92 0.0
Group mean 24
Group 4 Lofus
R, Loiti
NZP 5201 10
NZP 2213 14.0 12.7 10.1
NZP 2037
Group mean
Rhizobium of Leucaena
NZP 5434 12
NZP 5259 9
Group mean 10
Slow-growing rhizobia
Slow-growing Lotus
rhizobia
NZP 2309 6
NZP 2257
Group mean 5
Baadyahizoﬁiuﬁ Jjaponicum
ATCC 10324 4 15.5
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