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(polystyrene tube), layering the test serum with anti DNA, and using this
serum as antigen to react with an anti-human IgG labelled with peroxidase.
Similarly, Engvall and Perlmann (1972) used ELISA for the determination

of antibodies to native DNA and heat denatured DNA. The antibodies

bound were detected by means of anti-immunoglobulin labelled with alkal-
ine phosphatase. The results were always higher when denatured DNA was
used which, according to Engvall (1976), was due to the fact that
denatured DNA was adsorbed more effectively than native DNA to polystyrene.
She suggested that when the ELISA test was used for measurement of anti-
bodies to native DNA, the results should be.interpreted cautiously (Eng-

vall, 1976).

Unexpectedly, Holm et al. (1974) were not satisfied
with ELISA for measuring antibody to erythrocyte antigens since they
found that ELISA was not sensitive enough. In contrast, Voller et al.
(1976b) who used the double antibody technique to measure factor VIII-
relatéd antigen in plﬁsmé, reported that ELISA was as efficient as the

electrophoretic technique and was more suitable for large-scale use.

The important role of ELISA appears to be in the
quantitative determination of specific antibodies in various human and
animal diseases (Voller et al., 1976b). However, Voller et al. (1976c)
felt that the potential of this method for the direct detection and assay
of infectious agents such as viruses had been overlooked. This in turn
prompted Voller et al. (1976c¢) to introduce the first application of
ELISA, using the microplate method described by Voller et al. (1974) for
the detection and assay of two plant viruses: arabis mosaic virus ({(AMV)
and plum pox virus (PPV). The results showed that two quite different
viruses could be detected readily and specifically by direct enzyme immuno-
assay (Voller et al., 1976c). Voller et al. (1976c¢c) found that the
versatility and relative simplicity of ELISA, its suitability for use with
crude plant extracts, and its extreme sensitivity in comparison with more
conventional plant virus serological techniques, suggested numerous appli-
cations in the detection and assay of plant viruses. They also sug-
gested that in a simplified version, using visual rather than spectro-
photometric assessment of the results, ELISA could be used in inexpensive
and rapid field tests which might be of great benefit for epidemiological
studies, particularly when filamentous viruses, or other viruses that
occurred in low concentrations or that seldom caused obvious symptoms

(Voller et al., 1976c), were being tested. The microplate ELISA technique
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for detecting plant viruses was also reported by Clark and Adams (1977).
They found that several viruses with particles of widely different mor--

phology and stability were successfully detected by the ELISA technique.

Later, Berger et al. (1979) described an indirect
ELISA to identify strains of Rhizobium in culture and in lentil nodules.
The ELISA test was compared with the FA technique in a series of blind
experiments to type individual nodules from laboratory~grown and field-
grown plants and in every case, complete agreement was obtained between
the ELISA and FA tests (Berger et al., 1979). They concluded that ELISA
technique could be used for field studies and required less antisera than
other serological techniques, and in cases where only a few strains of

rhizobia were to be studied, a direct ELISA could be used.

In view of all the findings with ELISA, various
investigators have come to the conclusion that the ELISA technique is
extremely sensitive, specific, rapid, and simple to perform. The results
can either beavisual d% be made by simple spectrophotometer and the method
requires less sera than other serological techniques (Engvall and Perl-
mann, 1972; Voller et al., 1976b; Voller et al., 1976c; Clark and
Adams, 1977; Berger et al., 1979; Voller et al., 1979). ELISA is gen-
erally applicable to the measurement of almost any antigen and requires

very little knowledge of enzyme technology (Engvall, 1980).

It appears that the specificity of antigen-antibody
reactions in ELISA, like any other serological test, depends on the purity

of antigen to be used for production of specific antibody.

4.2.4 Monoclonal Antibodies

4,2.4,1 Introduction

The production of antibody preparations by immuni-
zation of laboratory animals and the use of specific antisera in biolog-
ical research, 1s extremely valuable. Nevertheless, this technique has
important shortcomings. The main problem is the heterogeneity of the
antibodies which are found in specific antisera. Marbrook (1981) felt
that even when an animal was immunized with a highly purified antigen,
heterogeneity was not avoided since each antigenic determinant may stimu-
late development of a clone of antibody-producing cells and the resultant

antiserum would be of polyclonal origin, which may show many different
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specificities and participate in a number of reactions in vitro.

The whole concept of antiserum production was
changed dramatically when Kohler and Milstein (1975), using cell hybrid-
ization techniques, developed a number of cell lines which synthesized

monoclonal antibodies of predetermined specificity.

4.2.4.2 Preparation of Monoclonal Antibodies

The hybridoma technology which was developed by
Kohler and Milstein (1975) was based on fusion between mouse myeloma
cells and mouse spleen cells from an immunized donor. Methods for pro-
moting cell fusion were first reported by Harris and Watkins (1965) who
used inactivated Sendai virus as their fusing agent to produce artificial
animal cell heterokaryons.- As a result of introducing the seeds of
immortality (myeloma cells) into normal antibody producing cells, the
normal antibedy p;oducing cells becaﬁe capable of indéfinite growth (Mar-

brook, 1981).

From the growing of hybrids in medium containing
aminopterin and supplemented with hypoxanthine and thymidine (HAT medium)
individual clones could be selected that secreted the desired antibodies
which were of monoclonal origin (Galfré and Milstein, 1981). The select-
ion system adopted was that of Littlefield (1964), based on the presence
of enzyme hypoxanthine-guanine-phosphoribosyl transferase (HGPRT) in
normal cells, and the absence of HGPRT enzyme (that converts hypoxanthine
to inosine monophosphate) in myeloma mutant cells used in the production
of monoclonal antibodies. Unfused myeloma cells and myeloma x myeloma
hybrids did not survive in HAT medium. However, the spleen x myeloma
hybridomas survived since HGPRT was produced in them by the functioning
spleen cell genome (KShler and Milstein, 1975). After a few weeks, sur-
viving clones were observed to grow and become established. For an
antibody assay of the supernatant medium to be worthwhile (Kohler and
Milstein, 1975; Marbrook, 1981), the assay system employed must be
specific and be of sufficient sensitivity (e.g. RIA, ELISA) so that it
can detect small amounts of antibody (Marbrook, 1981; Staiﬁg and Lew,
1980). Cells from wells containing antibody-producing hybgidomas are
cloned either in soft agar or by limiting dilution procedures {(Marbrook,

1981; Galfré and Milstein, 1981).
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4.2.4.3 Applications for Monoclonal Antibodies

In microbiology, the monoclonal antibodies are find-
ing uses in the Lancefield grouping of streptococci, agglutination tests
against gram negative rods, somatic antisera to Salmonella O and H

flagellae, and Treponema pallidum haemagglutination assay (Blann, 1979).

Gerhard and Webster (1978) and Laver et al. (1979)
generated a very large number of monoclonal antibodies to the haemagglutinin
of influenzé virus. By growing the virus in the presence of one or another
of these antibodies they have been able to reproduce genetic drift in vitro
and have shown that the antigenic variants that arose contained single amino
acid substitutions. Using these mutants, they have successfully identified
antigenic variants that could not be distinguished by conventional antisera.
The work of Wikfor and Koprowski (1980) has confirmed that rabies virus was
as unstable in culture as influenza virus, when they grew the virus in the
presence of monoclonal antibodies, despite the fact that‘it had been thought
that rabies virué waé relatively éntigenically stable. Furthermore, mono-
clonal antibodies defined new serologic subtypes and have revealed serologic
differences between some virus isolates and the vaccine strains (Flamand et
al., 1980). These findings are especially important because animals
infected with some of these antigenic varlants are not protected by the

vaccine strain (Scharff et al., 1981).

Yoshida et al. (1980) have generated monoclonal anti-
bodies to the malarial parasite and determined which of these antibodies
protects against.parasitic infection, and they have then used that monoclonal
antibody to identify the surface antigen that may be induced as a protective

antibody.

Olsson and Kaplan (1980) have shown it is possible to
~ generate human monoclonal antibodies which in the fullness of time will find
uses in clinical medicine for passive immunisation against infectious agents
for which no vaccines are available. Protection of grafted organs and
tissues and destruction of tumour cells, for example (Scharff et al., 1981),
may be possible. Using affinity chromatography with columns carrying mono-
clonal antibody as a minor antigenic cbmponent, it is proving possible to
isolate and concentrate important antigens for incorporation into vaccines

(Corbitt, 1981).

In principle, the production of hybridoma cell lines

secreting antibodies will provide a limitless source of large quantities of a
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monospecific reagent which would react with its particular antigen in a
uniform and reproducible way and therefore has the potential for use in all
aspects of immunology (Corbitt, 1981; Marbrook, 1981). However, Corbitt
(1981) considered that some important disadvantages may arise, for the most
part from the nature of the technique itself, as it requires some three to
four months of extremely careful and laborious work for one experiment, and
indeed, many workers have been discouraged from their efforts as their
cultures have - suddenly lost their ability to produce a particularly valuable
antibody. During the course of these various steps, some of the hybridomas
stopped making antibody, some became contéminated and some stopped growing.
Therefore, the general experience showed that only 10 to 20% of the hybrid-
omas that were originally making antibody survived to the end of the pro-

cess (Scharff et al., 1981).

Inherently poor antigens do not readily yield anti-
body-producing hybridomas. Tﬁerefore, it may be necessary to perform
several different fusioﬁs before a single useful hybridoma is discovered
(Corbitt, 1981; Scharff et al., 1981). The fine specificity of monoclonal
antibodies is a great asset but should be used with caution because changes
in the environment of the antigenic determinant, or of the way the antigen
is presented, could alter results (Galfré and Milstein, 1981). In many
cases it has been found that monoclonal antibodies did not take part in
certain in vitro reactions, e.qg. fixation of complement and precipitation
reactions, because they reacted with only one antigenic site on a molecule
and could not form the lattice that was necessary for precipitation (Cor-

bitt, 1981; Scharff et al., 1981).

In spite of the advantages and disadvantages of mono-
clonal antibodies, Corbitt (1981) reported that some specialist commercial
companies have already appeared and are offering a gradually increasing
range of antibody preparations. In the coming years, théradaptation of a
sophisticated research technique for the provision of highly ‘specific reag-

ents available for everyday laboratory and clinical usage will be seen.

From the review of literature, it can be seen that
the FA technique and ELISA offered the possibility of specific identificat-
ion of bacterial species. These two methods are extremely sensitive, rapid

and simple to perform, so the following were attempted.
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4.3 EXPERIMENT 1: DIRECT FA TECHNIQUES FOR IDENTIFYING RHIZOBIUM SPP

/
4.3.1 Materials and Methods

4.3.1.1 Bacterial Strains

The strains of Rhizobium used in this experiment are

given in Table 2.1.

4.3.1.2 Preparation of Fluorescent Antibodies

Preparation of antisera to R. meliloti 2748 and R.
trifolii 1668 has been described in Section 3.3.2.3.1. The method of Yee
(1980) was used to prepare fluorescent antibody 2748 (FA 2748) and FA 2668.

4.3.1.2.1 Preparation of Immunoglobulins

(y globulin)

In the preparation of the gamma-globulin
fractions of the antisera, ten ml of saturated ammonium sulphate solution
was added dropwise/;gman equal volume of undiluted serum with constant stir-
ring at 4° for twq:hi/ The globulin precipitate was separated by centri-
fugation at 3,000 éJfor 15 min at 40. The supernatant was discarded and
the y globulin fraction was dissolved in ten ml of 0.15 M NaCl solution.
Another ten ml of saturated ammonium sulphate solution was added and stirred
for one h at 49.and the suspension was centrifuged again at 3,000 g for 15
min. The Yy globulin precipitate was dissolved in two ml of 0.15 M NaCl.
The dissolved globulins were dialysed at 4° against two litres of 0.15 M
NaCl. The dialysate was changed at 12 h intervals. Total dialysis time
was between two and three days. The saline was checked at each change with
Nesslers reagent for presence of ammonia until no reaction was observed.

The gamma globulin was removed from the dialysis tubing and the protein con-
centration of the y globulin was determined by Biuret reaction (Gornall et

al., 1949) (Appendix V).

4.3,1.2.2 Conjugation with Fluorescein

Isothiocyanate (FITC)

After adjusting to 1% (w/v) protein with

carbonate-bicarbonate buffer pH 9.0, the y globulin was conjugated with FITC
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(Sigma) which was used at 0.05 mg mg—l of protein present. The conjugation
reaction was allowed to continue for 18 h with constant stirring at 4%,

The solution was passed through a Sephadex column (G-25 coarse, Pharmacia)
(30 x 2.2 cm) in 0.01 M phosphate buffered saline (PBS) pH 7.6 (Appendix V).
The flow rate was 36 ml h_l. In this way, the unreacted fluorescent
material was removed from the conjugated serum which was eluted first. The

fluorescent labelled antiserum was stored in bijou bottles at -20°.

4.,3.1.2.3 Staining Procedure

Bacterial smears were prepared ffom pure
cultures of Rhizobium spp grown on YMA or YMB for 2 d at 300. Smears
from each culture were made by spreading a small loopful of broth culture
or bacterial suspension from a colony in a drop of saline, on a microscope
slide. Smears were allowed to air dry and were gently heat fixed. A few
drops of conjugated serum of R. meliloti 2748 or R. trifolii 2668 were
flooded on each smear aha‘incubatéd in a moist chamber for 30 min at room
temperature. Following incubation, the conjugate was removed by rinsing
with PBS then the slides were immersed in PBS with occasional agitation for
15 min. They were air dried and mounted in a small drop of buffered

glycerol pH 9.0 (nine part glycerol, one part 0.5 M Na CO3). Control

2
slides were prepared by staining bacterial smears with conjugated pre-immune
serum which was prepared in the same way as conjugated serum 2748 or 2668
and unconjugated specific immune serum (Nairn, 1968). Unstained smears
were examined to note any occurrence of autofluorescent bacteria (Schmidt et
al., 1968). Aiso included as control slides were smears with unconjugated

specific immune serum, followed by homologous conjugated serum. All experi-

ments were performed in duplicate.

The slides were examined under a binocular
Zeiss- (West Germany) standard microscope fitted with the IV Flepi-fluores-
cence condenser (Fig. 4.1) equipped with a 10 X eye piece and Neofluar
objectives of 10X, 16X, 40X, 63X and 100X. The light source was a 12V
100W halogen tungsten lamp. The filters used were filter set number
48 77 09, comprising exciter filter, chromatic beam splitter, and barrier
filter. All observations were made with incident light. Fluorescence of
organisms were graded as follows: 4+, maximal fluorescence, brilliant
yellow-green; 3+, bright yellow-green fluorescence; 2+, less bright but
clearly yellow-green fluorescence; 1+, dull fluorescence; 0, no fluores-

cence (Hill and Gray, 1967).
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Figure 4.1: A binocular Zeiss standard microscope fitted with the
IV Fl epi-fluorescence condenser was used to identify
Rhizobium spp by the fluorescence antibody reactions.

Figure 4.2: Identification of bacterial cells using fluorescence
microscopy (x 400). The cells stained with fluorescent
antibody to R. meliloti 2748 show yellow green.

Bacteria used were a pure culture of Rhizobium meliloti
2748 prepared as a smear.
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4.3.2 Results

It was found that approximately 20 mg of globulin was
recovered from 10 ml of the antiserum to R. meliloti 2748 or R. trifolii
2668 by ammonium sulphate precipitation. Gel filtration provided good
separation of free fluorescein from conjugated and globulin. However, it
also resulted in approximately eight fold dilution. In other words, the
initial concentration of FA conjugates of 2748 or 2668 was already diluted

1:8.

Conjugates were titrated against the antigens which they were
designed to detect, i.e., FA 2748 against 2748 antigen (Ag) and FA 2668
against 2668 Ag by staining homologous antigens with two fold dilutions of
conjugate in 0.85% NaCl solution. Maximum dilutions of the conjugates of
FA 2748 and FA 2668 were found to be 1:4 and the true figure was multiplied
by initial dilution factor, i.e., eight. The conjugates stained brightly
with homelogous. antigens at these dilutions (32 fold). However, further
dilution (64 foid) 6f édnjugates-only resulted in a drop of fluorescence
to 1+. In agreement with Yee's (1980) findings, the fluorescence ratings
were the same, regardless of whether the cultures had been grown on agar or

in broth (Table 4.1).

The specificity of the staining was demonstrated by the con-
trol slides (Table 4.1). Conjugated globulin from pre-immune serum and
unconjugated specific serum were not stained. In this way, nonspecific
reactions were ruled out (Nairn, 1968). The unstained smears gave 0 rat=-
ing, indicating.no autofluorescence occurred with R. meliloti 2748 and
R. trifolii 2668. Smears treated with unconjugated specific antiserum to
R. meliloti 2748 or R. trifolii 2668 prior to the labelling with homologous
conjugated serum gave negative staining, suggesting the blocking of
specific sites with unlabelled antibody, thereby preventing specific stain-
ing.-

As shown in Table 4.2, there was a high degree of specificity
for FA 2668 ~ .. . . as it only reacted with R. trifolii 2668 antigen but
not with other strains tested, indicating that antibody to 2668 was species
and strain specific and agreed with the results obtained from agglutination
tests (Table 3.2). HoWever, antibody to 2748 was found to be species(%ﬁg.éz)
specific, which supported the results for the agglutination tests, but not
strain specific as fluorescence of the same intensity was observed with R.
meliloti 2748 as well as all other strains of R. meliloti (Table 4.2). The

results obtained (Table 4.2) indicated that the staining specificity of con-



Table 4.1: Fluorescence ratimg (0 - 5 scale) of smeérs of Rhizobium spp
prepared from agar and broth cultures from 24 h on YMA at 30".

Conjugate
(8 fold dilution)

. Rhizobium
isolate

Fluorescence rating

Fluorescence rating

. Broth culture

Agar culture

FA 2748

FA 2668

Conjugated
preimmune serum

No . .
conjugates

Unconjugated
serum (u.s.)
u.s. 2748
u.s. 2668

R. meliloti 2748,
2750, 2752, 2755,
4230 and RH 80

R. trifolii 2668

R. trifolii 2163,
564 and 578

R. trifolii RH 81

R. meliloti 2748
R. trifolii 2668

R. meliloti

R. trifolii

R. meliloti
R.- trifolii

4 +

1+

4 +

STT
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Table 4.2: Specificity of FA 2748 and FA 2668 conjugates against
Rhizobium spp belonging to different cross inoculation group.
Anti 2748 refers to antibody to R. meliloti 2748; anti 2668

refers to antibody to R. trifolii 2668. The dilution of
conjugate recorded is 1:8 and 1:32. Fluorescence scale
ranged from 0 to 4+. Rating of 2+ and above were considered
as positive staining. NT = not tested.
FA conjugate
Rhizobium spp : Anti 2748 Anti 2668
8 fold 32 fold 8 fold 32 fold
R. meliloti
2748 . 4 + 4 + - NT
2748 Str r r 4 + 4 + - NT
2748 Spec Str 4 + 4 + - NT
2750 4 + 4 + - NT
2752 4 + 4 + - NT
2755 4 + 4 + - NT
2755 Strrr - 4+ 4 + - NT
2755 Spec Str 4 + 4 + - NT
4230 4 + 4 + - NT
RH 80 4 + 4 + - NT
RH 80 Str’ 4 + 4 + - NT
RH 80 Spec Str 4 + 4 + - NT
R. leguminosarum
IT - NT - NT
2037 - NT - NT
R. phaseolil
5227 , _ - NT - NT
5459 - - NT - NT
R. lupini
4771 - NT - NT
3905 - NT - NT
R, trifolii
2668 - NT 4 + 4 +
2613 - NT 1+ 0
578 - NT 1+ 0
564 - NT 1+ 0
RH 81 - NT 0 0
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jugated antiserum 2748 was not increased with dilution and all strains of
R. meliloti gave 4+ ratings at the maximal dilution of conjugate (32 fold).
On the other hand, R. trifolii strains 2163, 578, and 564 gave no staining
at all with FA 2668 conjugate at a 32 fold dilution. A drop of 1+ to an O
rating suggested that staining specificity of FA 2668 had been increased
sufficiently with dilution (Trinick, 1969). The staining properties of
-FA 2748 and FA 2668 were found to be consistent regardless of the dilutions
used (Table 4.2).

4.3.3 Discussion

The method used for fractionation of antiserum prior to con-
jugation was important, as a product which contained most of the antibody
(Y globulin) of the original serum was obtained which was also relatively
free from~non—antibody protein (albumin) as FITC reacts more rapidly with
albumin than the globulins (Lewis et ai., 1964). According to Lewis et al.
(1964), these réquifemenfs were fulfilled best by ammonium sulphate fract-
ionation, a method which was simple and inexpensive and was used in this

experiment to prepare Y globulins 2748 and 2668.

The purification of FA conjugates was accomplished by gel fil-
tration with Sephadex G-25. This was carried out at room temperature,
despite the fact that Nairn (1969) carried out this operation at 2° to 4O
and Wijayawardena (1978) and Yee (1980) performed this procedure at 90.

No damaging effect was found to thé_FA 2748 or 2668 conjugates after this
treatment, -suggesting that for convenience the gel filtration may be carried
out at room temperature rather than in a cold room. As the result of the
chromatographic procedure, each conjugaté (2748 or 2668) was diluted eight
fold. For this reason, further diethylaminoethyl-cellulose (DEAE) fract-
ionation was not employed so that further dilution of the conjugates could
be avoided. DEAE fractionation is an excellent technique for removing
some highly charged molecules that may be present in the conjugates due to
impurity of the fluorochrome, and it could well become a standard method in
studies where nonspecific staining is especially troublesome. It was not
recommended by Nairn (1969) és he found that this technique did not give a
high yield of labelled specific antibody.

Probably the most commonly used diagnostic applications based
on indirect immunofluoresce have been fluorescent treponemal antibody
studies and antinuclear factor and the Toxoplasma tests (Cherry, 1974).

However, Nairn (1969) considered that direct FA staining rather than the



118

indirect FA method should be applied where feasible because it was simpler,

quicker, and more likely to give consistently reproducible results.

The FA staining titres of 2748 and 2668 conjugates were 32,
compared with titres of 12,800 obtained by agglutination tests for the same
antibodies (Table 3.2). This lack of agreement could be accounted for
partly by the lack of precision inherent in measurement of agglutination
and FA activity. Also, FA titrations may be subject to errors of dilution
and to errors resulting from subjective impressions of fluorescence intens-
ity (Lewis et al., 1964) . High staining titres are desirable, both for
economy in the use of reagents, and because dilution alone effects a reduct-

ion or sometimes elimination of nonspecific staining (Gerencser, 1979).

FA 2748 gave maximal (44) fluorescence with all six strains
of R. meliloti tested, regardless of the dilution of conjugated anti-
serum.2748. This indicated that identical antigenic properties were
shared by all tested st;ains of R. meliloti (Yee, 1980). Those results
also confirmed Yee'é findihg (1980) that strain 2748 and strain 4230 gave
the maximum rating of 4+ when reacted with the conjugate of R. -meliloti.

il He concluded from his studies that the conjugate of R.

meliloti was species specific but not strain specific.

In the present study, attempts to solve cross reaction prob-
lems that occurred among strains of R. meliloti as evaluated by their
agglutination tests, using direct FA technique, were not successful. In
fact, the FA technique was not able to differentiate between all strains
of R. meliloti tested, including strains 2755, 4230, and RH 80 which were
separated. from strain 2748 by long agglutination tests. Oﬁ the other
hand, complete correlation between results obtained from the FA technique
and agglutination method with antiserum to R. trifolii 2668 indicated that
antibody to 2668 was strain specific. The results obtained from this
investiéation, taken into account with the findings of Berger et al.

- (1979), who demonstrated the use of strain specific antiserum to Rhizobium
in order to detect specific rhizobial strains by FA and ELISA techniques,
suggest the importance of employing strain specific antiserum for the FA
technique to avoid cross reaction problems within the closely related

strains.
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4.4 EXPERIMENT 2: DIRECT ELISA TECHNIQUE FOR IDENTIFYING RHIZOBIUM SPP

4.4.1 Materials and Methods

The strains of Rhizobium used in this experiment were the

'same as those used for the FA technigue (Section 4.3.1.1).

4.4.1.1 Preparation of Enzyme-Labelled Antibodies

Antisera to R. meliloti 2748 and R. trifolii 2668
used in this experiment were prepared in the same rabbits and in the same
way as described in Section 3.3.2.3.1. Immunoglobulin (IgG) fractions of
these antisera were prepared by ammonium sulphate precipitation (Section
4.3.1.2.1). The conjugation procedure with horse radish peroxidase used
in this section was the periddate oxidation method of Nakane and Kawaoi

(1974) .

The horse radish peroxidase (HRPO) used was Sigma
HRPO, type V1, RZ 3.0, HRPO (5 mg) was dissolved in 1 ml of 0.3 M sodium
bicarbonate (NaHOC3) pH 8.1 (Appendix VI). To the above solution, 0.1 ml
1% fluorodinitrobenzene (FDNB) in absolute ethanol was added and stirred
for 1 h at room temperature (RT), then 1 ml of 0.08 M sodium periodate
(NaIO4) (sigma) was added and stirred for 30 min at RT and the colour of
the solution became green-yellow. After this, 1 ml of 0.17 M ethylene
glycol was added with continuous stirring for 1 h at RT. The solution was
dialyzed against three 1 1 changes of 0.01 M sodium carbonate buffer
(Appendix VI) pﬁ 9.5 at 4°. After dialysis, 10 mg of IgG 2748 or 2668
(dissolved in 1 ml of 0.01 M carbonate buffer pH 9.5) was added to the
HRPO-aldehyde solution, and stirred gently for 3 h at RT. The solution was
.precooled for approximately 10 min and 5 mg sodium borohydride (NaBH4) was
added. The solution was left to stand for 3 h at 4° when the colour turned
brown. The solution was then dialyzed at 4° against phosphate-buffered
saline (PBS) for 24 h. The labelled IgG-HRPO was finally applied to a
1.7 x 70 cm column of Sephadex G-200 equilibrated in PBS with flow rate of
approximately 30 ml h—l and 3 ml fractions were collected. Absorbance of
the fractions was read at 280 nm (Fig. 4.3). The fractions which made up
the first peak of HRPO-labelled IgG were pooled and stored at -20° until

used.
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Figure 4.3: Fractionation of labelled HRPO-IgG 2748 by Sephadex G-200.

Fractions of 3 ml were collected. The flow rate was 30 ml/h.
Elution was by addition of PBS. Absorbance readings were
measured at 280 nm in a spectrophotometer. The results were

plotted to give a curve.
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4.4.1.2 Microplate Method of ELISA

The modification of micro-enzyme linked immuno-
sorbent assay (MICRO-ELISA) for antigen assay by double antibody method
described by Voller et al. (1976b) was used in this experiment. Antigen
was prepared from a Rhizobium culture grown on yeast mannitol agar (YMA)
plates for 48 h at 300, by transferring the bacterial colonies into a
sterile universal container containing 0.15 M saline solution and 6 mm
glass beads. . The bottle was shaken vigorously until the suspension
appeared turbid. It was then adjusted to an absorbance reading of 0.45
at 600 nm (Berger et al., 1979) which corresponded to approximately lO8

cells'ml_l

Performance testing by titration (direct method)
was carried out in order to select the optimum working dilution of the HRPO-
IgG conjugate and to assess its specificity under working conditions. A
list of all solu;ions and ¢hemicals employed in this experiment is given in

Appendix VI.

The wells in flat bottomed microtitre plates (Dis-
posable Products Pty Ltd, South Australia) were sensitized by adding 0.1 ml
(100 ug) of purified IgG 2748 or 2668 and then incubating the plates at 4°

overnight.

The sensitized plates were washed by emptying them,
refilling all wells with PBS with 0.05% (v/v) Tween 20 (Sigma) (PBST) and
gently agitating for 3 min. This procedure was repeated three times and

after the final wash, the plates were shaken dry and were ready for use.

To each sensitized well was added 0.1 ml of antigen
solution which was incubated for 2 h at RT. After incubation, plates were
washed three times in the same way as described earlier. Then 0.1 ml of
working strength of enzyme-labelled immunoglobulin containing specific
antibody (HRPO-IgG) 2748 or 2668 was added to wells containing antigens and
incubated for 2 h at RT. The working strength of HRPO-IgG was determined
in a preliminary test by testing serial dilutions of enzyme conjugate 2748
or 2668 with,its‘homologous antigen. A dilution of 4 times the strength
of the end point dilution that gave a clear colour that could be detected
visually was used as the working solution of conjugate. On the day of the
tests, the required amount of conjugate was diluted in PBST to the working

strength.
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After another three washings, 0.1 ml of orthophenyl-
ene diamine (OPD) (Sigma) was added to each well as enzyme substrate solut-
ion and incubated for 30 min at RT in the dark. The product of HRPO-OPD
gave a bright yellow colour that was easily detected with the naked eye.

The results were estimated visually, i.e., +ve, bright yellow; and -ve,
colourless, in the microplate wells. The reaction was stopped by adding

a drop of sto4 1.3 N which yielded an orange colour. The intensity of the
colour of the reaction product was estimated by measuring absorbance of con-
tents of each well in a Shimadtzu spectrophotometer (UV-110-02) at 492 nm.
To do this, 0.1 ml of the product in the well was transferred to a cuvette

containing 2.9 ml of distilled water. In all cases, experiments were per-

foxrmed in duplicate.

4.4.2 Results

The efficacy of labelling of IgG with HRPO was determined by
measuring the ébsorbancé'of the first peak of HRPO-IgG 2748 conjugate at
280 nm and 403 nm (Maximum absorbance wavelength of peroxidase). It was
found to be 0.179 and 0.120 respectively. The ratio of OD403 to OD280 for
conjugate HRPO-IgG 2748 was therefore 0.67. According to Hurn and Chant-
ler (1980), for immunohistological studies, the ratio of OD403 to OD280 for
peroxidase labelled conjugates should lie between 0.3 and 0.6.

Initially, the protein concentration of HRPO-IgG 2748 or 2668
was adjusted to 0.1 mg ml_l by the spectrophotometric method of Hurn and
Chantler (1980).

OD280 x-dilution _
protein concentration = - 132 ‘mg ml

HRPO-IgG 2748 or 2668 was then diluted 1:10 with PBST and titrated using two
fold serial dilutions against its corresponding antigen. It was found that
the 640 fold dilution was the end point of titration for both HRPO-IgG 2748
and 2668 (Table 4.3; Fig. 4.4). At this dilution, a little yellow colour
could still be detected visually. The optimal dilution for the working
solution of the conjugates was determined to be a 160 fold dilution. At
this strength, the conjugate was in excess, gave a clear result, and could

usually be detected by the colour chénge.

The specificity of the 160 fold dilution of the HRPO-IgG 2748
or 2668 was assessed and the results have been recorded in Table 4.4.

Conjugate 2668 was found to be strain specific as it only reacted with R.
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Titration of HRPO-IgG 2748/2668 conjugaﬁes against R. meliloti
2748/R. trifolii 2668 antigens in ELISA.
Bacterial suspension (antigen) was adjusted to an absorbance
reading of 0.45 at 600 nm. The dilution factor of HRPO-IgG
2748/2668 used were 1:10, 1:20, 1:40, 1:80, 1:160, 1:320, 1:640,
1:1280 and 1:2560.
The colour intensity of the product which resulted from the
antigen-antibody reaction was assessed visually and by measur-
ing its absorbance reading at 492 nm in a spectrophotometer.
+ve, bright yellow; -ve, colourless to very pale yellow.
Absorbance readings above ‘0.044 were considered positive.
- 2 HRPO-
Dilution factor HRPO-IgG 2748 19G 2668
of
. Absorbance . Absorbance
HRPO-IgG Visual at 492 nm Visual at 492 nm
10 x + ve 0.086 + ve 0.083
20 x + ve 0.078 + ve 0.074
40 x + ve 0.071 + ve 0.067
80 x. + ve 0.065 + ve 0.060
160 x + ve 0.059 + ve 0.054
320 x + ve 0.052 , + ve 0.049
640 x + ve 0.050 + ve 0.046
1280 x - ve 0.044 - ve 0.044
2560 x - ve 0.044 - ve 0.043
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Table 4.4: Specificity of HRPO-IgG 2748/2668 conjugates against Rhizobium
spp belonging to different cross inoculation group.
Bacterial suspension (antigen) was.adjusted to absorbance reading
of 0.45 at 600 nm. The HRPO-IgG 2748/2668 conjugates used were
diluted 1l:160. The colour intensity of the product which
resulted from the antigen-antibody reaction was assessed
visually and by measuring its absorbance reading at 492 nm in
a spectrophotometer. +ve, bright yellow; -ve, colourless to
very pale yellow; NT = not tested. Absorbance readings above
0.044 were considered positive.
r
: HRPO-IgG conjugate
Rhizobium spp Visual Absorbance at 492 nm
Anti 2748 Anti 2668 | Anti 2748 Anti 2668
R. meliloti
2748 . r + ve - ve 0.059 0.039
2748 str r . + ve - ve 0.058 0.040
2748 Spec’ Str + ve NT 0.058 NT
2750 + ve - ve 0.059 0.039
2752 + ve - ve 0.058 0.039
2755 r - ve - ve 0.042 0.040
2755 Str r r - ve - ve 0.042 0.039
2755 Spec” Str - ve NT 0.040 NT
4230 ’ + ve - ve 0.057 0.040
RH 80 r + ve - ve 0.055 0.040
RH 80 Str r r + ve - ve 0.053 0.041
RH 80 Spec Str + ve NT 0.055 NT
R. leguminosarum
IT - ve - ve 0.042 0.040
2037 ’ - ve - ve 0.040 0.041
R. phaseoli
5225 - ve - ve 0.043 0.040
5459 - ve - ve 0.043 0.040
R. lupini
4771 - ve - ve 0.042 0.041
3905 - ve - ve 0.040 0.040
R. trifolii
2668 - ve + ve 0.040 0.055
2613 - ve - ve 0.040 0.043
578 - ve - ve 0.042 0.041
564 - ve - ve 0.042 0.040
RH 81 - ve - ve 0.041 0.041




Figure 4.4:

Absorbance at 492 nm
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Titration curves of HRPO-IgG 2748/2668 conjugates against
R. meliloti 2748/R. trifolii 2668 antigens in ELISA.
Bacterial suspension (antigen) was adjusted to absorbance
reading of 0.45 at 600 nm.

The dilution factor of HRPO-IgG 2748/2668 used were: 1:10,
1:20, 1:40, 1:80, 1:160, 1:320, 1:640, 1:1280 and 1:2560.

The colour intensity of the product resulted from the
antigen-antibody reaction was measured in a spectrophotometer.
The results were expressed as the absorbance at 492 nm and
plotted to give a titration curve. Absorbance reading above
0.44 x 10~! was considered positive.

¥—) : HRPO-IgG 2748; @-———@: HRPO-IgG 2668.

-1 POSITIVE ~
44 x 10 jrs—- - Ty SNy e
NEGATIVE ‘*D '
4 x 107t —t } ——p } — } }

L 1} L v o v
10 20 40 80 160 320 640 1280 2560
Dilution factor of HRPO-IgG 2748/2668
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trifolii antigen of its own strain (2668). Conjugate 2748 was species
specific and was completely unreactive with antiéens from different species
of Rhizobium. However, it was not strain specific and cross reactions
occurred with all strains of R. meliloti tested except with 2755, 2755 str
and 2755 Specr str’. The specificity of both conjugates was further
demonstrated when wells containing antigen 2748 or 2668 were treated with
the corresponding unconjugated specific antiserum prior to the addition of
homologous conjugated serum. These mixtures all gave negative results
(colourless), which suggested blocking of specific sites with unconjugated

antibody which prevented specific reaction between antigen and conjugated

antibody (Table 4.5).

Bovine gamma globulin (BGG) (Sigma) at 5 mg ml-l suggested

for reducing nonspecific adsorption as recommended by Berger et al. (1979)
was tested to check if it woﬁld improve the specificity of HRPO-IgG 2748.
As a result of pretreatment of R. meliloti cells with BGG prior to the

addition of coﬁjugate,'HRPé—IgG 2748 reduced the intensity of colour from
bright yellow to pale yellow in all of the wells where it was used, and a
reduction in absorbance reading (at 492 nm) of between 0.003 to 0.007 was
found with all the R. meliloti strains tested, including 2748. However,

the technique did not improve the specificity of conjugate 2748 (Table 4.6).

The findings from FA tests (Table 4.2) supported by the results
obtained by ELISA studies (Table 4.4) suggested that strains 2750, 2752,
4230 and RH 80 shared most of their antigenic properties with the strain
2748. It was possible that strain 2755 shared some antigenic properties
with strain 2748, as these two strains could not be differentiated by the FA
technique (Table 4.2), although they were completely separated by ELISA
technique (Table 4.4). Furthermore, Table 4.4 shows that strains 2755 Strr
and 2755 Specr Str’ did not cross react with strain 2748 suggesting that
ELISA could be used for differentiating two strains of R. meliloti of clése

affinity.

The findings obtained by other serological methods, i.e.
agglutination and FA tests, confirmed that the ELISA antibody to R. trifolii
2668 was species and strain specific. However, antibody to R. meliloti

2748 was species specific only to R. meliloti but not strain specific.
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.Table 4.5: Blocking effect due to addition of unconjugated homologous
IgG prior to the addition of its corresponding conjugates
on the ELISA reaction. Experimental conditions were set_
out as in Table 4.4, except for homologous IgG (100 ug ml )
which was added prior to conjugate.

Homologous Homologous IgG (2 H)
HRPO - IgG + homologous HRPO - IgG
Rhizobium spp (control) (blocking effect)
visual abs at | visual‘ abs at
492 nm 492 nm
R. meliloti 2748 + ve 0.059 - ve 0.040 -
R. trifolii + ve 0.055 - ve 0.041

4.4.3 Discussion .

In spite of the simplicity of ELISA technique, washing proced-
ures were found to be critical and it was extremely important to ensure that
all wells were treated in exactly the same way in order to ensure the precis-

ion of the technique.

The fact that pretreatment of R. meliloti strains with BGG
failed to improve the specificity of HRPO-IgG 2748 suggested that the posit-
ive réaction that occurred between conjugate 2748 and each R. meliloti
strain tested was not related to nonspecific adsorption of the conjugate to
rhizobial cells (Table 4.6). On the other hand, the addition of conjugated
IgG 2748 before the conjugate resulted in blocking the antigenic sites of
antigen 2748. This in turn prevented the attachment of labelled antibody
2748 to. the antigen/antibody complex so that enzyme-substrate reaction did
not take place (Table 4.5).

The sensitivity of ELISA was confirmed in this study by high
titres obtained for both conjugates 2748 and 2668 (i.e., 640). At this

dilution, protein concentration of HRPO-IgG was estimated to be 0.16 ug or

160 pg per ml conjugate. However, the ratio of OD403 to OD230 for HRPO-
IgG conjugate was 0.7 (Section 4.4.2). So the true quantity of peroxidase
required for enzyme-substrate reaction lay between 65 and 160 ug ml_l. In

this experiment, between 6.5 ug and 16 ug of horse radish peroxidase was
required for each reaction. Voller et al. (1976b) pointed out the import-

ance of using the highest titre antisera available for ELISA because this
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allowed conjugates to be used in a more dilute form and so required less

enzyme, which was the most expensive reagent in the test.

Table 4.6: Effect of adding BGG on ELISA reaction to improve the

specificity of conjugate 2748. Experimental conditions were
as set out in Table 4.4, except for BGG which was used at
5 mg ml in this experiment. It was added prior to conjugate.
Controi _ BGG (2 h) +
R. meliloti (without BGG) HRPO - IgG 2748
strains visual abs at visual abs at
492 nm ‘ 492 nm
2748 - + ve . 0.055 + ve 0.048
2750 + ve 0.053 + ve 0.048
2752 + ve 0.054 + ve 0.049
4230 +ove . 0.057 + ve 0.049
RH 80 + ve 0.053 + ve 0.050
2748 str- + ve 0.055 + ve 0.049

Without doubt, ELISA is far more sensitive than the FA method.
Although both techniques are easy to perform, the advantage of ELISA is that

no microscopic equipment is necessary (Berger et al., 1979).

Anfibody titres of 2748 and 2668, determined by agglutination
tests (Table 3.2), correlated well with ELISA titres of HRPO-IgG prepared
from the same sera. The fact that R. meliloti 2748 could not be different-
jated from the closely related strains 2750, 2752, 4230, and RH 80 by direct
ELISA techniques was explained by the use of non strain specific antibody to
2748 in this investigation. The cross reactivity of antibody to 2748 with
its related strains, i.e., 2750, 2752, 4230, and RH 80, were due to the
polyclonality of the immune response and in turn suggested that the high
titred antibody to 2748 was made up of many different antibody molécules
that varied in their affinity for antigen, and each of these many antibodies
was the product of a separate clone of antibody-forming cells (Scharff et
al., 1981). The structural basis of antibody diversity, specificity and
cross reactivity, affinity and idiotypy, continue to be debated. Some of
the controversies arising may be solved by studies with monoclonal anti-

bodies (Staines and Lew, 1980).
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CHAPTER 5

GENETIC TRANSFORMATION IN RHIZOBIUM

5.1 INTRODUCTION

. There have been several reports concerning genetic transformation in
the genus Rhizobium (Balassa, 196Q; Balassa and Gabor, 1961; Kleczkowska,
1965; Raina and Modi, 1971). Among the marker characters reported to
have been transformed have been streptomycin resistance (Balassa and Gabor,
1961),'cystein independence (Balassa, 1960), gelatin liquifaction (Raina
and Modi, 1971) and crystal violet resistance (Sen et al., 1969).
Transformatio; frequencies reported ranged from a low level of about 10-7%

to véry high values approaching 1% (Balassa and Gabor, 1961; Raina and
Modi, 1971).

Using DNA prépared from Rbizobium spp, Page (1978) was able to trans-
form mutant strains of Azotobacter vinelandii which were unable to fix
nitrogen (nif_ strains)tonif+ strains. Other workers (Sen et al., 1969;
Bishop et al., 1977; Venkataraman et al., 1975) have also claimed that it
was possible to bring about intergeneric transformation between Rhizobium
spp and Azotobacter spp. The mean molar guanine plus cystosine content
of Rhizobium lies between 59.1 to 65% (De Lay and Rassel, 1965), and that
of Aztobacter between 64.8 and 66.5% (De Ley and Park, 1966) which suggests

a genetic relationship between these two genera.

The purpose of this investigation was to examine the correlation
between genetic transformation in members of the genus Rhizobium and
examine their serological reactions (Chapter 3.4).

5.2 GENETIC TRANSFORMATION IN BACTERIA: REVIEW OF LITERATURE

5.2.1 Introduction

The realization that DNA contained in bacteria carried genetic
information was the result of the demonstration of genetic transformation
in pneumococcus by Avery, MacLeod and McCarty in 1944. By that time, it
was known that DNA was associated with chromosomes in the cells of higher
organisms. In bacterial transformation the donor DNA penetrates the
boundary of a bacterial cell and becomes incorporated into the recipient

genome through genetic recombination. However, not all bacterial species
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appear to be able to undergo this type of genetic transformation.

In this chapter, the work on genetic transformation in )
bacteria is reviewed. Transformation in Rhizobium is discussed, and the
genetics of nitrogen fixation with respect to Klebsiella pneumoniae and
Rizobium spp is examined, and the advantages and disadvantages of DNA

recombinant research are discussed.

5.2.2 Historical Review

The first evidence of genetic transformation in bacteria was
noted by Griffith (1928), who succeeded in transforming non-pathogenic
pneumococci into virulent ones. He found that mice injected subcutan-
eously with a small amount of living non-encapsulated (R) cells together
with a large inoculﬁm of heat-killed encapsulated (S) cells, died from
pneumonia, and that at autopsy, encapsulated (S) type of pneumococci were
recoverable. . The significant finding was that R cells had undergone a
~genetic transformation to S cells. The chemical and antigenic specific-
ity of the capsular polysaccharide was a genetic character of the strain of

pneumococcus.

Subsequently, Dawson and Sia (1931) succeeded in bringing
about transformation of pneumococci in vitro. This was accomplished by
growing R cells in a fluid medium containing antiserum to R cells and heat-
killed S cells. From the cultures, S organisms were recovered which were
identical in type with the heat-killed S pneumococci originally present.
Alloway (1933) demonstrated that cell-free extract§of S cells were as
effective in inducing specific transformation as were the intact cells

from which the extracts were prepared.

After a careful study lasting over ten years, Avery et al.
(1944) concluded that deoxyribonucleic acid was fundamental to the trans-
forming principle of pneumococcus. One of the significant properties of
the transforming agent reported by Avery and his co-workers (Avery et al.,
1944; McCarty and Avery, 1946; McCarty, 1946) was its insensitivity to
proteolytic enzymes and protein denaturing agents, to ribonuclease, anti-
Vbodies and other substances capable of binding pneumococcal proteins and

polysaccharides. However, it was fapidly destroyed by deoxyribonuclease.

Evidence accumulated since 1945 has shown that DNA is the
substance capable of causing genetic transformations in bacteria. Thus,

the agent responsible for transformation to penicillin resistance in
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pneumococci was found in the deoxyribonucleate fraction from the approp-
riate cells (Hotchkiss, 1951). Having subjected the substance capable
of transforming Haemophilus influenzae to stringent purification methods,
Zamenhof et al. (1952) found they had separated the DNA from the bulk of
the other macromolecular constituents without any loss of transforming
activity. Later, Zamenhof et al. (1953) established a correlation
between the loss of viscosity of DNA in the transforming preparations of
H. influenzae, and loss of biological activity of these preparations as a

result of treatment by heat, acid or alkali, and other chemical agents.

The mechanism for transfer of genetic information was unclear.
Ravin (1961) considered that two mechanisms, the development of a local-
ized protoplast condition regarding the competent bacterium as having
attained in.its processes of growth and division a partially naked sur-—-
face, and the development of adsorbing sites, played a role in the ability
of bacteria to react with transforming DNA in a genetically consequential
way. He sug@ested that the physical state of the cell wall was such that

there were large enough pores for DNA to pass through.

While these genetic studies on transformation were taking

place, other modes of transfer of genetic information from one bacterium

to another were discovered. A process of genetic transfer in Escherichia
coli, discovered by Lederberg and Tatum (1946}, is now referred to as con-
jugation. This mode of genetic transfer is characterized by a unidirect-
ional transmission of genetic material containing a sex or fertility factor
and involving a considerable portion of the donor genome. The presence

of a pilus is:essential for the transfer of DNA in the conjugation process.
During conjugation the donor or male cell makes contact with the recipient
or female cell, and the DNA is transferred directly from the donor to the

recipient.

A third type of genetic transfer was discovered by Zinder and
Lederberg (1952) in the Salmonellae known as transduction. ' In transduct-
ion, a small portion of the genetic material of the donor bacterium is
transferred to the recipient bacterium by means of a phage that has prev-
_iously reprodﬁced in the donor. During phage assembly, the phage head is
filled with a phage genome formed with bacterial DNA from the host cell.
When such a particle attaches to a second host cell, the DNA that enters
- the cell is not only phage DNA capable of replicating or lysing the cell,

but a short segment of chromosome from the first host.
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Ravin (1961) pointed out that in contrast to transformation,
both conjugation and transduction are not affected by deoxyribonuclease

treatment.

Genetic transformation is not limited to the pneumococci; a
few other species of bacteria have been reported to undergo DNA-mediated
transformations. Alexander and Leidy (1953) found that resistance to
streptomycin could be induced in -sensitive strains of H. influenzae by
exposure to DNA containing extracts isolated from H. influenzae cells
which had become resistant to streptomycin as a result of spontaneous mutat-
ion. The nature of the process which changes the inherited characterist-
ics of Neisseriaceae has Been shown to be comparable to that which occurs
in transformation in H. iInfluenzae (Alexander and Redman, 1953). Klein
and Klein (1953) reported the transfer of the genetic ability to cause
crown-gall tumors in plants to avirulent Agrobacterium strains, by their
exposure to DNA extracted from virulent strains of Agrobacterium. Corey
and Starr (1957a, b, c) described the genetic transformation of strains of
Xanthomonas . They employed polysaccharide production and resistance to
streptomycin as genetic markers. Another report (Spizizen, 1958) claimed
that transformation could be affected in Bacillus subtilis; this was con-
firmed by Ephrati-Elizur and Zamenhof (1959). Further, the transmission
of streptomycin resistance to sensitive cultures of Staphylococcus aureus
by means of DNA isolated from Staphylococcus cells that were resistant to
high concentrations of streptomycin has been shown (Imshenetskii et al.,

1959) .

in spite of numerous publications on genetic transformation
in bacteria induced by DNA, this method of transformation has been demon-
strated in strains of Escherichia coli by few workers (Mehta et al., 1962;
Avadhani et al., 1969). Attempts to bring about transformation with
intact cells of E. coli by Chargaff et al. (1957) were unsuccessful.
Genetic engineering techniques have been shown to have the potential for
improving the genetic transformation in bacteria (Dunn, 1981; Musgrave,

1982).

The discovery of transformation in Rhizobium was made by
Balassa and her co-workers in the Institute of Genetics at the Hungarian
Academy of Sciences during the decade 1950 to 1960 (Balassa G., 1963).
The published and unpublished results of this important work have been

summarized in a review (Balassa G., 1963).
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5.2.3 Transformation in Rhizobium

Studies of genetic transformation in RhizobiIum may be con-
sidered to have started when Krasilnikov (1941) reported the acquisition
of nodulating ability by non-effective strains of clover rhizobia follow-
ing their growth for one to seven months in filtrates of a highly effect-
ive strain. Although. the accuracy of this work is difficult to assess,
the result led to experiments by R. Balassa in the 1950's on transformation
in Rhizobium. Her early work has been extensively reviewéd by G. Balassa
(1963). Among the characters that R. Balassa studied in the transformat-
ion of Rhizobium were cystein independence, streptomycin resistance and
ability to infect the alfalfa host. Four strains of Rhizobium were used
for transformation: R. meliloti, R. japonicum and two strains of R.
lupini (Balassa, 1963). Since that time, there have been numerous publi-
cations on transformation in Rhizobium. Transformation of R. trifolii
was reported by Ellis et al. (1962) and Kleczkowska (1965) and some strains
of Rhizobiumtcowpea Wérebalso found to be transformable (Gadre et al.,

1967; Raina and Modi, 1969, 1971).

Balassa (1963) pointed out the importance of the investigation
of transformation in Rhizobium for those studying the biology of Rhizobium
symbiosis and nitrogen fixation. It is also important in the study of the
genetic determination of the properties and the relationships among the

characteristics of strains.

Markers that were used by Balassa (1960) ‘and by Balassa and
Gabor (1961) included cystein independence and streptomycin resistance.
Penicillin resistance and fructose utilization were reported on by Gadre
et al. (1967). Gelatin liquification has been studied by Raina and Modi
(1971) and nitrogen fixation genes by Venkataraman et al. (1975). How-—
ever, the majority of work has been on the transfer of drug resistance.
Transformation only involves the transfer of small segments of DNA, which
limits the use of the work for primary linkage studies. Therefore, the
value of transformation for the genetic analysis of Rhizobium has been

limited (Beringer, 1980).

Competence has been defined as the permeability of cells to
DNA, it depends on a number of factors such as the physiological state of
the cells, the medium, and other factors which are not yet fully understood
(Balassa, 1963). Competence of recipient cells was generally found to be

at a maximum during the early exponential phase of growth (Balassa and
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Gabor, 1961; Gadre et al., 1967; Raina and Modi, 1969, 1971). As a
result of the report by Raina and Modi (1971) which described the inter-
specific and intraspecific transformation of Rhizobium cowpea, it was
found that development of competence was influenced by casamino acids, as
had been shown for Bacillus subtilis by Wilson and Bott (1968). The pH
of the medium has been claimed to influence competence; maximum frequency
of transformation was obtained at pH 7.0 by Raina and Modi (1971), and
according to Raina and Modi (1969), it was necessary to grow cu1tures at
30° i_20 in a favourable medium whose pH and nutrients were optimal, for

the organism to attain maximum transformation frequency.

The saturation concentration of DNA varied from 0.2 to 0.5
Hg ml_l (Balassa, 1963) to 50 ﬁg ml—l (Raina and Modi, 1969). Balassa
(1963) felt that nontransforming DNA depressed the efficiency of transform-—
ing .DNA. However, in one instance, membrane-bound nuclease specific for
denatured DNA was reported in a transformable species of Bacillus subtilis
(Birnbéim, 1966) and'ﬁé suggested that its presence may affect the process
of transformation. Evidence for the occurrence of two nucleases in cowpea
Rhizobium led to the suggestion that the requirement of a high concentrat-
ion of transforming DNA in the Rhizobium system may be attributed to the

presence of surface-bound nuclease (Raina and Modi, 1971).

It was reported that transformation frequencies varied from
a low level of about 10 ' (Balassa and Gabor, 1961) to very high values
approaching 1% (Raina and Modi, 1971). In general, the frequency
paralleled the apparent degree of relationship between donor and recipient,
being lowest for interspecific transfer and highest for intrastrain trans-

formation (Raina and Modi, 1971).

Transformation has also been used to transfer plant tumour-
inducing ability into Rhizobium leguminosarum from Agrobacterium tumefac-
iens (Kern, 1969; Klein and Klein, 1953). Frequencies of these trans-
formations are approximately 10_6%. The success of this transformation
is probably due to the close relationship of Agrobacterium spp and Rhizob-

ium leguminosarum (Heberlein et al., 1967; Gibbins and Gregory, 1972).

Intergeneric transformation between members of the genera
Rhizobium and Azobacter was first described by Sen et al. (1969). The
success of intergeneric transformation between several species of Azoto-
bacter and Rhizobium together with the relatively close mean molar guanine
plus cytosine (GC) content of these two genera as reported by De Ley and

Park (1966) and by De Ley and Rassel (1965) would suggest a close relation-
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ship between them.

In another study, Venkataraman et al. (1975) transformed
R. trifolii with DNA from Azotobacter chroococcum and obtained transform-
Vénts that grew on a nitrogen-free medium, and in the free-living state
reduced acetylene to ethylene. Utilizing DNA from Rhizobium spp, Page
(1978) successfully transformed mutant strains of Azotobacter vinelandi
which were unable to fix nitrogen (nif strains) to nif+ strains. He
found that the frequency of nif+ transformants using rhizobial DNA was
always less than the frequency using Azotobacter wild type DNA. In the
earlier work, Kleczkowska (1965) transformed an effective strain of R.
trifolii to iheffective; however, reverse transfers were not reported.
It would appear that symbiotic effectiveness involves compatability
between several plant and bacterial factors, changes in any one making the
bacterium ineffective (Kleczkowska, 1965). Since a short piece of DNA is
actually involved in transformation and given the complexity of nif genes,
there is a possibility of a géne being lost during the process of trans-
formation. This may Be one explanation for Kleczkowska's (1965) unsuc-
cessful attempts to transform ineffective strains to effective ones.
The finding that slow growing Rhizobium species are able to induce nitro-
genase activity in free liviné cultures (Kurz and LaRue, 1975; McComb et
al., 1975; Pagan et al., 1975) implied that it was the bacterial geﬁome
rather than the host plant which harboured the nif genes.

Klebsiella pneumoniae.which is closely related to Escherichia
coli, is the bacterium that has been used for detailed genetic analyses of
the genes involved in nitrogen fixation (Brill, 1980). It was found that
nif genes in K. pneumoniae are very close to the his operon (Streicher et
al., 1971, 1972; Dixon and Postgate, 1971), and the nif region is‘approxi—
mately 24 kilobases long (Cannon et al., 1979). The organisation and con-
trol eof nif genes in Rhizobium were thought by Johnston and Beringer (1977)

to be at least as complex as in Klebsiella.

It was Higashi (1967) who first suggested that host-range
genes might be plasmid-borne in Rhizobium. The presence of large plasmids
in many Rhizboium strains with molecular weights from 0.7 x lO8 to 4.0 x
lO8 daltons (Nuti et al., 1977) is now well established (Casse et al.,
1979). Johnston et al. (1978) found evidence that genes required for
nodulation were carried on a plasmid in Rhizobium leguminosarum. More
recently, Nuti et al. (1979) reported hybridization between restriction
fragments of plasmid DNA from R. leguminosarum and DNA encoding part of

the structural genes for Klebsiella pneumoniae nitrogenase, which indicated
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that at least some of the Rhizobium nif genes were carried on indigenous
Rhizobium plasmids. It appears that future genetic studies of Rhizobium

will be dominated by studies of plasmids (Beringer, 1980).

5.2.4 Genetics of Nitrogen Fixation

Leguminous plants such as sqybean,.alfalfa, clover and pea-
nuts-are the most important host plants in biological nitrogen-fixing
systems. These plants form associations with symbiotic root nodule
bacteria (Rhizobium spp) that form the root nodules of legumes. Root
nodule bacteria convert atmospheric nitrogen gas into a form available to
the plant and in return, the plant provides energy from photosynthesis to

support the nitrogen-fixing process.

There is now an increasing amount of information about the
genetic organisation of Rhizobium species which has been gained by using
the techniques of R factor transfer, transduction andvtransformation
(Shanmugam and Hennecke, 1980). The circular linkage maps for R. meliloti
(Kondorosi et al., 1977) and R. leguminosarum (Johnston and Beringer,
1977; Beringer et al., 1978) are now well established. For these stud-
ies, it is highly desirable to obtain mutants with defects in nitrogen
fixation and symbiosis. However, because phenotypic expression of nitro-
genase in fast growing species of Rhizobium occurs only in the plant,
it has been difficult to isolate and characterise nif mutants in Rhizob-
ium species (Ausubel, 1980). On the other hand, nif mutants in Klebsiella
pneumoniae unable to fix nitrogen are relatively easy to obtain (Ausubel,
1980) . Such mutants have been generated by chemical mutagenesis using
mutagens'such as N-methyl-N'-nitro-N-nitrosoguanidine (Streicher et al.,

1971) and isopropyl-methane sulfonate (Dixon and Postgate, 1971).

The majority of nif mutants in K. pneumoniae are clustered
together and have been shown by transduction (Streicher et al., 1971,
©1972) and conjugation (Dixon and Postgate, 1971) to map near his. Based
on the transduction frequencies of the various nif mutations, Streicher et
al. (1972) calculated that the nif gene cluster in K. pneumoniae may com-
prise a total of about 15 - 20 average genes, representing the structural
genes for the enzyme complex that is responsible for converting N2 to

ammonia (Streicher and Valentine, 1977; St. John et al., 1975).

The nitrogenase complex is the enzyme system that is capable

+
of reducing N2 to NH using ATP and is made up of two dissociable compon-

4
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ents designated as nitrogenase (component I) and nitrogenase reductase
(component II) (Bady et al., 1972; Hageman and Buris, 1978). Component
I is a tetramer composed of two different subunits (Kennedy et al., 1976)
called a and 8 (Eady et al., 1978). Component II is a dimer composed of
two identical protomers (Eady et al., 1978). The presence of excess NH4
completely represses nitrogenase induction (Roberts et al., 1978). In

- general, the better the N source for growth, the greater the degree foﬁ
repression (Yoch and Pengra, 1966; Parejko and Wilson, 1970). NH4+
produced by nitrogenase in K. pneumoniae is assimilated by the enzymes

~glutamine synthetase and glutamate synthase to produce glutamate for cellu-

lar biosynthesis (Nagatani et al., 1971; Shanmugam and Morandi, 1976).

The minimum size of the entire nif gene cluster is 22.5 kb
and the maximum separation between two insertions in two adjacent genes
is 1.5 kb, eliminating the possibility of large discontinuities in the nif
gene cluster (Ausubel, 1980). The nif DNA can be obtained in large
quantities since the entire nif region has been ligated onto amplifiable
plasmids (Pihler et al., 1979). Cloned segments of nif from K. pneumon-
iae have been hybridized with DNA from a wide variety of nitrogen fixing
bacteria (Mazur et al., 1980; Ruvkun and Ausubel, 1980). It was found
that homologies are exclusive within the nif X, D, H structural genes and
no homology has been detected with the other nif genes of Klebsiella,
indicating that such a close degree of relatedness is only for the struct-
ural genes. In K. pneumoniae, component. I is coded by nif genes K and D
and component I is coded by nif gene H, and all these genes are carried
on the recombinant plasmid pSA 30 (Ausubel, 1980). Because of difficult-
ies encountered in the isolation and characterisation of nif mutants in
fast growing Rhizobium speciés, Ausubel (1980) used cloned K. pneumoniae
nif genes (pSA 30) as hybridization probes to identify Rhizobium DNA
restriction fragments containing homologous sequences. DNA isolated from
five Rhizobium species was found to contain one or two Eco RI fragments
which hybridized with pSA 30. - In contrast, DNA from non-nitrogen-fixing
species failed to hybridize with pSA 30 (Ausubel, 1980). He also
reported that restriction fragments from DNA R. trifolii andDNA R. legumino-
sarum which hybridized with pSA 30 were located on Rhizobium plasmids,
indicating that nif genes are carried on large plasmids in Rhizobium

species.
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5.2.5 DNA Recombinant Technology

"Genetic information in a living cell is encoded in fragments
of the DNA called genes. One gene generally codes for one peptide mole-
cule. In this way, enzymes and other proteins that maintain the integrity,
physiological processes, and specialized functions contributing to the life
of the organism as a whole are synthesized (Levine, 1962). In the mid
‘1970s, a breakthrough in science occurred when techniques -were developed
for genetic manipulation in the test tube, which made it possible to
alter those instructions in bacterial cells. Recombinant DNA techniques
were developed principally to provide a convenient system for purifying
and amplifying genetic material from complex organisms. In every case,
the investigator transposed the set of genes to be studied onto a small
DNA molecule (plasmid or bacterial virus) that was capable of autonomous
replication inside a bacterium (Gilbert and Villa-Komaroff, 1980). The
- genes chosen to be purified and émplified inside a bacterium could come
from bacteria; inéecté, ﬁammalé, plants or even tumour viruses (Gilbert
and Villa-Komaroff, 1980). Among the proteins that have been made by
recombinant-DNA methods are insulin and interferon (Goeddel et al.,

1979; Nagata et al., 1980; Gilbert and Villa-Komaroff, 1980). Dunn
(1981) pointed out that in contrast to the conventional method of genetic
transformation in bacteria that requires DNA similarity between foreign
non~-plasmid DNA and host chromosome, DNA recombinant techniques do not

require there to be any DNA homology between plasmid and host chromosome.

To construct recombinant DNA molecules, the purified plasmid
DNA vector is cut with a restriction endonuclease, an enzyme that recog-
nizes particular sequences of nucleotides (Dunn, 1981). Among 40 or 50
endonucleases that have been reported (Gilbert and Villa-Komaroff, 1980)
there are those that may recognize many different 4, 5 or 6 base-pair
sequences. One of the best characterized and most extensively used
restriction enzymes is EcoRI (Hedgpeth et al., 1972; Thomas and Davis,
1975) . This enzyme, which is prepared from E. coli containing the RI
plasmid, cleaves DNA at a specific hexanucleotide sequence - GAATTC - and
-leaves a single stranded four nucleotide 5' extension (Ausubel, 1980).
The same author pointed out that chromosome ends produced in this way are
sticky towards séquences that are complementary (-C-A-T will attach end
to end with -G-T-A) and in this way the DNA from the source to be amplif-
ied is cut with the same restriction.@nzywiagq which can be readily
fractionated on the basis of size by acrylamide or agarose gel electro-

phoresis.
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The fragments generated by this method are mixed with the cut
plasmid DNA in the presence of enzyme polynucleotide ligase and the comple-
mentary ends join to produce a mixture of circular molecules containing.
the original plasmid into which foreign DNA fragments have been inserted
at random (Dunn, 1981). The mixture is then introduced into E. coli
or the bacterium to be studied by a process similar to transformation
(Ausubel, 1980; Dunn, 1981). Cells that have acquired plasmid DNA can
be selected easily because the plasmids that are used'cérry genes for
resistance to several antibiotics (Chang and Cohen, 1978). Subsequently
plasmid-containing clones can be tested for the presence of the particular
- genes desired (Ausubel, 1980). Small plasmids.such as ColEL and PACYC 184
are extremely valuable as cloning vectors and they are found in about
25 - 30 copies per cell under normal growth conditions (Clewell and Helin-
ski, 1972; Chang and Cohen, 1978). However, during amino acid starvat-
ion or inhibition of protein synthesis by chloramphenicol treatment, the
cell stbps growing, buﬁ“répliéation of ColEl or pACYC 184 may continue
for several hours until there are 1,000 to 3,000 copies per cell (Clewell,

1972).

The first integration of portions of the gene coding for the
protein haemoglobin into E. coli plasmid has been reviewed by Williamson
(1976) . The first step was to make a single stranded copy of the globin
messenger RNA with the reverse transcriptase enzyme. This was then made
the complementary DNA strand using DNA polymerase, giving a double stranded
DNA indistinguishable from part of the globin gene. In the next step, the
double stfandé& DNA was joined to the plasmid by first using the enzyme
terminal transferase to extend the ends of the DNA with a short sequence
of identical bases, and then annealing the DNA to the plasmid DNA, to
which a complementary sequence of bases had been added. In practice, the
results were not quite as clear cut as efficiency of transformation was
rather low (Williamson, 1976). It should be borne in mind that although
the genetic code is the same in all cell nuclei, the special requlatory
commands are not the same in bacteria and animals (Gilbert and Villa-
Komaroff, 1980). The problem thus breaks down further into how to manipu-
late the surrounding informétion, modifying the regulatory commands of the
bacterium in order to obtain the protein in large enough amounts to be use-
ful (Gilbert and Villa-Komaroff, 1980). Much had been and will continue
to be learned about these questions through the study of the genetics of
bacteria (Gilbert and Villa-Komaroff, 1980).
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Certainly DNA recombinant research and the construction of
bacterial strains of commercial importance have a vast potential for
improVing agricultural industry (Dunn, 1981). He suggested that one of
the possibilities was to confer the capability for nitrogen fixation on
crop plants that now require addition of expensive fertilizers. With
regard to Rhizobium species, the success of this strategy will probably‘
- depend on the elucidation of the basic molecular processes underlying
nitrogen-fixing host-symbiont relationship which are still obscure

(Ausubel et al., 1977).

Klebsiella pneumoniae was chosen as the organism to use in
the first attempts to clone nif genes because the genetics of nitrogen
fixation were best understood in this bacterium and because many of the
~genetic techﬁiques developed for E. coli could also be adopted for use
with K. pneumoniae. It ié likely that all of the structural genes as
well as any regulatory genes fequired exclusively for nif expression are
located adjaéént to his since transfer of this region of K. pneumoniae
chromosome to E. coli or Salmonella typhimurium by conjugation confers
nitrogen fixing ability upon the recipients (Dixon and Postgate, 1972;
Dixon et al., 1976). The strategy Ausubel (1980) used to map insertion
sites was first to identify a particular restriction fragment containing
an insertion and then in a second step to determine the precise location
of the insertion within that fragment. Up to 1980, a single amplifiable
plasmid carrying the entire nif gene cluster had not yet been constructed
(Ausubel, 1980). Genetic experiments using polar mutations indicate
that there are several nif transcription units, and that transcription in
units containing more than one gene are in the direction towards his
(MacNeil et al., 1978; Elmerich et al., 1978; Merrick et al., 1978).
The information about nif transcription in vitro will lay the foundation '
for future experiments designed to elucidate detailed molecular controls

involved in nif transcription in vivo (Ausubel, 1980).

By taking advantage of recent advances in molecular genetic
engineering technology, it is possible to formulate step-by-step strateg-
ies for using bacterial nitrogen fixing genes so they can be expressed in
plants (Ausubel, 1980). The success of such a project will depend on
finding suitable genetic vectors to carry nif genes which are capable of
crossing the prokaryotic—eukafyotic barriers, DNA replication and gene
expression inside plant cells in which nitrogen fixation can occur (Ausu-
bel, 1980). This author also pointed out the possibility of employing

S I DU - .. Agrobacterium tumefaciens Ti plasmid, and the
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double stranded DNA genome of cauliflower mosaic virus, for introducing

bacterial DNA into plant cells.

In spite of the great promise offered by the use of recom-
binant DNA techniques to improve our understanding and, possible, treat-
ment of some human diseases due to defective genes as well as assisting
the agricultural industry, there is also the potential risk that micro-
organisms with  transplanted genes may be hazardous to man and other forms
of life (Gilbert and Villa—Komarqff, 1980). ' Examples are the administrat-
ion of a suspected cancer-inducing agent to a human subject, the release
of a new known pathogen into the environment and the possibility developing
pathogenic strains which would destroy crops or herds if released into the

environment (Grobstein, 1979).

2

In the light of improved nitrogen fixation by DNA recombinant
techniques, there have been two major uncertainties that should be con-
sidered, according to Grobstein (1979) . First, nitrogen fixation requires
a heavy energj inVestméht on the part of the organism carrying it out, so
that the energy required is so great that the ability to fix nitrogen by
crop plants might result in an unacceptable reduction in yield. Second,

a massive increase in ammonia released into soils due to greater nitrogen
fixation aimed at improving agriculture might have undesirable secondary

consequences on the oceans and atmosphere.

The problem of finding suitable vectors for introducing
bacterial DNA into plant cells has been a major'obstacle to the development
of DNA recombinant techniques with respect to nitrogen fixation and plant

pathology in general (Ausubel, 1980).

Recombinant DNA is not only a powerful biological tool but a
precedent-making issue for which as yet there is no generally accepted
public policy dealing with the generation of new knowledge (Grobstein,
1979). For this reason, in New Zealand, work involving genetic manipulat-
ion has to be considéred and approved by a committee formed specifically
to assess any potential problems (Thornton, 1981). Gilbert and Villa-
Komaroff (1980) pointed out that risk-benefit analysis was very difficult
to apply to recombinant DNA research because ocurrently both the risk and

benefit were uncertain quantities.

According to Dunn (1981), genetic engineering has wide potent-
ial for meeting some of the world's energy requirements, large-scale pro-

duction of enzymes for industrial use, and the production of medically
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important compounds for the treatment and control of disease. Pbtential
benefits in agriculture include the enhancement of nitrogen fixation in
certain plants, improving food production (Dunn, 1981). However, Ausubel
(1980) considered that nitrogen research in Rhizobium species still
required a great deal more investigation before it attained the level of
understanding that had been obtained for Klebsiella pneumoniae in which

the -genetics of nitrogen fixation were best understood.

5.2.@ Conclusions '

Information about genetic transfer in bacteria has expanded
rapidly in the last few years due to research on recombinant DNA mole-
cules. This technique has a remarkable potential for improving the

understanding of biochemical genetics in prokaryotic and eukaryotic cells.

Since New Zealand's economy is based primarily on agricult-
ure, the genetic gngiheering techniques could be used and expanded to
improve agriculture. However, each potential technique will need to be
assessed for its consequences and it must be allowed to proceed only if
assurance can be given that potential hazards can be controlled or
prevented (Thornton, 1981). Although unrestricted genetic engineering
could be dangerous, with proper care this technology can be used as a

force for good (Thornton, 1981; Dunn, 1981).

Despite the fact that recombinant DNA techniques hold great
promise for agriculture and industry, the technique represents only one of
the tools for this purpose. Conventional techniques such as conjugation,
transformation and transduction are also being extensively used (Pandey,

1981; Scott, 1981).

From the literature reivew, it is obvious that the convent-
" ional method of genetic transformation requires DNA homology between donor
DNA and host chromosome. Therefore, this method of transformation was

applied to complement the DNA hybridization studies in Chapter 6.
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5.3 MATERIALS AND METHODS

Rhizobium strains used in this experiment are listed in Table 2.1.

5.3.1 Antibiotic

The streptomycin sulphate BP- (Glaxo Laboratories Ltd) was
made up as a stock solution (100 mg mlfl) in distilled water, sterilized
by filtration through a sterile 0.45 ﬁm Millipore filter, and added in
appropriate amounts to autoclaved and cooled yeast mannitol agar (YMA) or

yeast mannitol broth (YMB).

5.3.2 . Development of Streptomycin Resistant Mutants

R. meliloti strains 2748 and 2755 were grown in YMB at 30°
for two d or until turbid. The cell suspensions (lOlO to 10ll ml_l)

were plated on YMA in which the streptomycin concentration was three to
four times abbve the minimal inhibitory concentration (MIC) of the strain
for streptomycin. Single step isolations were made and streaked onto
higher concentrations of streptomycin and incubated at 30° for four to
five d. In this way, the mutant strains 2748 and 2755 resistant to

1,000 ug ml_l of streptomycin were obtained. The purity of each subcult-
ure was checked by microscopic examination of a gram stained preparation.

The mutant strains were maintained on streptomycin-free agar slants of

YMA.

5.3.3 ﬁreparation of DNA by Phenol-Chloroform Method

This method has been described in Section 2.4. After final
precipitation with ethanol, DNA was dissolved in 10 ml of sterile deion-

ized water.

5.3.4 Broth Tube Dilution Method for, Determining Susceptibility

to Streptomycin

The procedure was carried out as described by Bailey and
Scott (1974). Rhizobium broth cul;ure (0.5 ml) containing lO5 to lO6 cells
ml_1 of the strain to be tested was added to each sterile universal bottle.
This was prepared by making a 1:1,000 dilution in YMB of 48 h (or 24 h for
a rapidly growing organism) broth culture of the Rhizobium strain. Into

each baottle, 0.5 ml of the serially diluted solution of streptomycin (with



144

YMB) was added to give final streptomycin concentrations of 0.1; 1.0;

10; 20; 40; 80; 100; 400; 800 and 1,000 ug mi"t. To the control
tube, 0.5 ml YMB was added instead of streptomycin solution. In this way,
the final volume in each bottle was one ml and the antibiotic range covered
in the series was from 0.1 to 1,000 ug ml_l. The bottles were incubated
on a shaker for two d at 30° or as long as it was necessary for the control
bottle to show turbid growth. The bottle showing no growth that contained
the lowest concentration of streptomycin in the series was taken as indicat-
ing the minimal inhibitory concentration (MIC) of the streptomycin. All

experiments were performed in duplicate.

5.3.5 Transformation Procedure (Balassa and Gabor, 1961)

A preliminary determination of the level of spontaneous
mutation rate for each strain was made by plating out 0.1 ml of cell sus-

10 ml_l) on YMA incorporating streptomycin at 100; 200;

pension (lO9 to 10
500 and l,OOOiug ml—l.r In all‘cases, strains used as recipients had
minimal inhibitory concentration for streptomycin not higher than 40 ug

ml L (Table 5.1).

For transformation, 0.9 ml of YMB containing 60 ug ml-l of
DNA donor was inoculated with 0.1 ml of a diluted overnight culture of the
recipient strain to give a cell éoncentration of about 106 ml_l. The
treated cells were incubated on a shaker for 24 h at 30°. The mixtures
were plated on YMA to ascertain total counts and on YMA containing

streptomycin to select the streptomycin resistant transformants. All

plates were incubated at 30° for five d.

The controls included experiments involving plating without
DNA treatment, plating of DNA alone in order to ensure the sterility of the
DNA used and plating the recipient cells incubated with DNA donor after
treatment with DNAse (Sigma) of 50 ug ml—l containing 5 mM MgCl2 to confirm
that the  transfer of the character was due to DNA. All experiments were

performed in duplicate.

Having selected the streptomycin resistant colonies, each of
the transformants was streaked onto YMA containing the appropriate strepto-
mycin concentration and incubated for five d at 30°. The whole experiment
was repeated once. Transformation frequency was calculated as the number
of transformants growing on streptomycin agar divided by the total number

of cells plated.
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Table 5.1: Susceptibility of Rhizobium strains to streptomycin.
Into each bottle containinga Rhizobium broth culture (10
to 10° cells ml-l) was added equal volume of the serially
diluted solution of streptomycin. The bottles were
incubated for two days at 300°. The control tubes of each
Rhizobium strain tested were cultures of YMB without
streptomycin.
Concentration of streptomycin
) -1
, , 1 :
Rhizobium | .(Hg.m . )
strains _
0.111.0(10}{20{40|80 | 100| 200} 400 | 800 | 1,000 | Control
R. meliloti
2748 + + + - - - - - - - - +
2750 - - - - - - - - - - - +
2752 -1+ + +1 +| +| + + - - - - +
2755 + |+ +| +| -] - - - - - - +
4230 + + - -] -] - - - - - - +
RH 80 + + +1 o+ +| - - - - - - +
R. trifolii-
2668 - - - - - - - - - - - +
2163 + - - - - - - - - - - +
564 - - - - - - - - - - - +
578 + - - - - - - - - - - +
RH 81 + + +1 +| - - - - - - - +
R. legumino-
sum
i + + -1 -1 -1 - - - - - - +
2037 - - - - - - - - - - - +
R. phaseoli |
5225 - - - - - - - - - - -~ +
5459 + + - - - - ~ - - - - +
R. lupini
4771 - - = - - - - - - - - +
3905 - - - - - - - - - - - +
+ = growth
- = no growth (inhibitory effect)
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Data from all experiments in this chapter were analysed
using GENSTAT (Lincoln College, Computer Laboratory). Comparison between

means were made on the basis of the Duncan's multiple range test.

5.4 RESULTS

Preliminary studies were undertaken to determine the effect of DNA
concentration on transformation. R. meliloti 2755 cultures were treated
with DNA 2755 Strr'at 3.75; 7.5; 15; 30; 60; 90 and 120 ug ml—l con-
centrations. As shown in Table 5.2, the frequency of transformation was
proportional to the concentration of DNA up to d saturation concentration
of 60 ﬂg ml—l. An analysis of variance was carried out on the data and
the results have been summarized in Appendix VIII (1). The frequency of
transformation with.60 ﬁg mlnl of DNA was significantly higher (P = 0.05)
than any other concentratidn of DNA tested (Appendix VIII (1)). Table
5.2 indicates that exposure tb concentrations of DNA higher than 60 ug
ml_l even rediced the number of transformants slightly and thereby lowered

the transformation frequency of R. meliloti 2755 to 2755 str’. Therefore,

. . ~1 . . .
it was decided to use 60 upug ml of DNA in all transformation experiments.

Table 5.2: Effect of DNA concentration on transformation of R. meliloti

2755.
Concentration of Transformation frequency (%)
DNA 2755 strf (ug ml~l) at 1,000 pg mi-1
added of streptomycin#*
-5

120 2.2 x 10 c

90 3.9x 10 b

60 4.6 x 10 °# a

30 1.4x10° 4

15 0.4x10° e

7.5 0.2x10° e

3.75 0.2 x107° e

*
Means of two determinations.

*%k
Duncan's new multiple range test, where treatment means,

having different letters, are significantly different
at P = 0.05.
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The results are set out in Table 5.1, which shows that except for
R. meliloti strains 2752 and RH 80, average MIC levels for streptomycin

. t _l
for Rhizobium strains were in the range of 0.1 to 40 uyg ml .

The number of spontaneous mutations of the Rhizobium strains bearing
the streptomycin resistant marker was nil in lO9 colonies ml—l when a cult-
ure was plated onto agar containing high concentrations of streptomycin
(500 and 1,000 ﬁg ml—l). It was -also observed that the transformation
frequency of R. meliloﬁi strains with DNA 2748 depended on the strepto-
mycin concentration incorporated in the YMA. Table 5.3 indicates that
higher streptomycin concentrations reduced the transformation frequency.

At a streptomycin concentration of 1,000 ﬂg ml_l, both R. meliloti 2748
and 2755 were transformed at significantly lower rates (P = 0.01) than that
of any othertéoncentration of streptomycin, i.e., 100, 200, and 500 ug ml_l

(Appendix VIII (2) and (3)i.

Table 5.3: Effect of streptomycin concentration on tra?sformation of
R. meliloti 2748 and 2755 with DNA 2748 Str .

_ tion £ * (%
Streptomycin concentration Transformation frequency™® (%)
of ug ml-l - ,
R. meliloti 2748 R. meliloti 2755
-5 -5
100 19 x 10 A 3.4 x 10 “#** 3
200 _ 14.3x 10 B 2.8 x 107°
500 12.6 x 107> BC 2.2 x 107°
1,000 11.4 x 10 %% ¢ 1.5x10° 4

*
Means of two determinations.
**
Duncan's new multiple range test, where treatment means having

different letters are significantly different at P = 0.01.

Table 5.4 shows that interspecific transformation among the Rhizobium
species investigated did not occur. Also shown in Table 5.4 is the fact
that R. meliloti strains were transformable with both DNA 2748 Str® and DNA
2755 str’, However, a significantly higher frequency of transformation
was obtained with intrastrain homologous transformation. The analysis of
variance of results from Table 5.4 is given in Appendix VII (4) and (5).

In all cases examined, the transforming ability of DNA was destroyed by
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treatment with a solution of crystalline pancreatic deoxyribonuclease

(Table 5.4).

Table 5.4: Transformation of Rhizobium with DNA from R. meliloti
strains 2748 StrY and 2755 Strr.

Transformat%on frequency* (%)
0 _ . .
Recipient strains at 1,000 uyg ml~— of streptomycin with
~ DNA 2748 strt ~ DNA 2755 strTt
R. meliloti
2748 11.4 x 10 %% A 0.3 x 10_2 b
2750 1.0 x 107> C 0.1 x 10~ b
2755- 1.5 x 10320 ¢ 4.6 d 1072%* a
4230 3.2 x 10 B 0.5 x 10 b
R. trifolii ,
2668 . o ‘ nil ~ nil
2163 nil . nil
564 nil nil
578 nil nil
RH 81 nil nil
R. leguminosarum
II ' nil nil
2037 nil nil
R. phaseoli
5225 nil nil
5459 nil nil
R. lupini
4771 , nil nil
3905 ' nil _ nil
R. meliloti
2748 + DNAse nil nil
2750 + DNAse nil nil
2755 + DNAse nil nil
4230 + DNAse nil nil

*
Means of two determinations.

* %
Duncan's new multiple range test, where treatment means having

different letters are significantly different at P = 0.01l.
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5.5 DISCUSSION

Genetic transformation techniques allow a study of the relationships
between Rhizobium species. The results given in Table 5.4 suggest that
transformation was possible only between closely related strains of R.
meliloti and that genetically homologous DNA had a better change of bring-
ing about transformation than heterologous DNA. These findings indicate
a significant degree of genetic relatedness among the R. meliloti strains
studied and these results correlate with those obtained from serological
studies (Chapter 4). The transformable strains of R. meliloti (2748,
2750, 2755 and 4230) were indistinguishable serologically. Thus it is

clear that these four strains are closely related.

The results obtained also support the findings from the DNA homo-
logy study among strains of Rhizobium made by Crow et al. (1981), who
concluded that R. meliloti formed a separate, homogenous group which was
very distantly related.to othe; Rhizobium species. Evidence of the low
level of homology, between 0% and 19%, with the hydroxyapatite method,
between R. meliloti and other fast growing rhizobia, has been reported by

Crow et al. (1981).
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CHAPTER 6

DNA HOMOLOGY AMONG STRAINS OF RHIZOBIUM SPP

6.1 INTRODUCTION

The classification of legume root-nodule bacteria given in the 8th
edition of Bergey's Manual of Determinative Bacteriology (Jordan and Allen,
1974) places these bacteria in one genus, Rhizobium. This genus is
divided into six species: R. leguﬁinosarum, R. phaseoli, R. trifolii, R.
meliloti, R. japonicum, and R. lupini, which are separated on the basis of

the leguminous plants which they nodulate.

At present, Bergey's classification of Rhizobium is being - . -
debated. It has been concluded that an extensive taxonomic revision of
the genus is needed (Graham, 1964;' De'Ley and Rassel, 1965; 'tMannetje,
1967; Gibbins and'Gregbry, 1972} Jarvis et al., 1977; Jarvis et al.,
1980; Crow et al., 1981). The unsatisfactory aspects of a classification
of Rhizobium based on the plant affinity concept (Jordan and Allen, 1974)

have been reviewed in Section 6.2.1.

In contrast to classifications based on phenotypic properties which
only take into account a small proportion of the total genome of the bacter-
ium, those based on the DNA hybridization techniques are more satisfying
since this technique takes into account the entire genome and it can meas-+
ure the genetic similarity of any two isolates of bacteria (De Ley and Park,
1966; Gibbins and Gregory, 1972). Heberlein et al. (1967) considered
that this technique offered a sensitive quantitative approach to the classi-

fication of bacteria.

In the present study, the relatedness of some Rhizobium strains was
investigated by a spectrophotometric method of DNA/DNA hybridization des-
cribed by De Ley et al. (1970). The results from these studies are dis-

cussed in relation to their serological reactions (Chapter 4).
6.2 THE REVIEW OF THE LITERATURE

6.2.1 DNA Homology Among Strains of Rhizobium spp

The present classification of Rhizobium in the 8th edition of

Bergey's Manual of Determinative Bacteriology (Jordan and Allen, 1974) is
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based on the cross-inoculation groups proposed by Fred et al. (1932).
These bacteria are classified according to the specific plant or group of
plants which they can nodulate which means that they are basically
divided into two groups separated by differences in growth rate on yeast
extract media and on flagellation (Jordan and Allen, 1974). The members
of group I are fast growing and have two to six peritrichous flagella,
i.e. R. leguminosarum (pea), R. phaseoli (bean), R. trifolii (clover), and
R. meliloti (alfalfa). Group II are slow growing and have a polar or sub-

polar flagellum, i.e. R. japonicdm {(soybean) and R. lupini (lupin).

This classification is unsatisfactory for several reasons.
Jarvis et al. (1980) pointed out that many legume hosts are not included in
the  six cross-inoculation groups which define the recognized species.
Cross—inoculagion groups are not mutually excldsive, and isolation of
bacteria which nodulate plahts in more than one group is a common event
(Wilson, 1944; Dixon,‘l969). Infectivity and effectiveness are expres-
sions of only a small part of the Rhizobium genome and may be plasmid
inherited characters (Dunican and Cannon, 1971; Sutton, 1974). Rhizobia
readily lose their ability to effectively nodulate specific legumes; even
so, their identity as rhizobia is still dependent on knowledge of their
earlier nodulating capability (Brill, 1974; Labaﬁdera and Vincent, 1975).
For these reasons, the present classification in Bergey's manual must be
regarded as tentative and a better system of classification is required
(De Ley and Rassell, 1965; Heberlein et al., 1967; Gibbins and Gregory,
1972; Jarvis et al., 1977; Jarvis et al., 1980; Crow et al., 1981).

§Zveral different classifications have been put forward.
Graham (1964)-separated rhizobia into two clusters after Adansonian
analysis; fast and slow groups. The fast growing species, R. leguminosarum,
R. phaseoli, and R. trifolii, were grouped together as one species under the
name R. leguminosarum. However, R. meliloti was retained as a separate
species within the cluster of fast-growing rhizobia. He also proposed that
slow growing rhizobia, i.e. R. lupini, R. japonicum, and organisms from the
cowpea group, - should be pooled into one species called Phytomyxa japonicum.
The basic aspects of Graham's (1964) proposal using measurements of overall
phenotypic similarity (numerical taxonomy) have also been suggested by
'tMannetje (1967) and Moffet and Colwell (1968). Taximetric analysis,
though usually based upon 100 or more phenotypic properties, still takes
into account only a small portion of the total genome of the bacterium

(Jarvis et al., 1980). Therefore, it does not necessarily represent the
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actual amount of genetic information that is common among strains (Heber-
lein et al., 1967). Jarvis et al. (1980) considered that the small range
of rhizobia examined by phenetic methods did not represent the diversity of
the bacteria that nodulated legumes. Consequently, the number of pheno-

typically distinct groups of legume root nodule bacteria remains uncertain.

In contrast to phenetic methods, De Ley and Park (1966) pointed
out that molecular biological methods used the genome directly, and there-
fore their methods could open new perspectives for classification of Rhizoh-
~ium and related organisms. De Ley and Rassel (1965) noticed that there
was a distinct correlation between averaged molar (guanine + cytosine) con-
tent (% (G+C) ) of Rhizobium and their type of flagellation. The peri-
trichously flagellated rhizobia which usually grew fast had a low % (G+C)
composition in the range 58.6 - 63.1% (De Ley and Rassel, 1965). |
Furthermore, they found that subpolarly flagellated slow growing strains
had a higher % (G+C) content, mostly in the range 62.8 - 65.5%.

The DNA hygridization technique was used by Heberlein et al.
(1967) to confirm the relationship between fast growing acid-producing
rhizobia and Agrobacterium. This technique was also applied by Gibbins
and Gregory (1972) to examine 20 strains representing the six named species
of Rhizobium and the genus Agrobacterium. From their studies, Heberlein
et al. (1967) and Gibbins and Gregory (1972) found genetic relationships in
broad agreement with the phenotypic studies of Graham (1964). In addit-
ion, Heberlein et al. (1967) reported that DNA hybridization data indicated
that the agrobacteria and rhizobia are genetically more closely related to

the Pseudomoniﬁales than to the Eubacteriales.

Later, Jarvis et al. (1977) used the DNA hybridization method
to confirm the relationship between root nodule bacteria from legumes indigen-
ous to New Zealand and faS‘i‘-groWImf;ff'syzoL;lc-{ fm'ﬁ)_(_:o_ﬁﬁ gﬁo. They found that tﬁe
relationship between New Zealand indigenous strains and the indigenous refer-
ence strain was only slightly closer than it was to the two acid-producing
R. lupini reference strains. It was concluded that DNA hybridization experi-
ments provided no evidence that the geographical isolation of New Zealand or
the botanical specialisation of its indigenous iegumes had resulted in the

evolution of unique species of root nodule bacteria (Jarvis et al., 1977).

Jarvis and his co-workers (1980) studied DNA homologies among
strains of R. trifolii, R. legquminosarum and R. phaseoli. They obtained
results that indicated that loss of ability to nodulate had no significant

effect on the overall genetic homology between the strains tested and a
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reference strain. They considered that loss of ability to nodulate
affected a relatively short DNA base sequence and in other respects the
variants remained similar to rhizobia recognizable by plant tests.
Therefore, Jarvis et al. (1980) suggested that additional criteria were

necessary for the recognition of bacteria belonging to the genus Rhizobium.

Evidence that plant specificity in Rhizobium is a plasmid
borne character has accumulated over several years (Higasti, 1967; Dunican
and Cannon, 1971; Brill, 1974; Nutti et al., 1977). A high—freqﬁency
transfer of nodulating ability from R. leguminosarum to. R. trifolii, R.
phaseoli, and a member of the cowpea miscellany has been demonstrated
recently (Johnston et al., 1978). It seemed likely that specific plasmids
confer plant specificity on basically similar strains of bacteria and thus
provided an alternative mechanism for the acquisition of plant specificity
which does not require evolﬁtionary specialization and consequent genetic
divergence (Jarvis et al., 1980).  Jarvis et al. (1980) suggested that.although
a very limiteduresults’Wéré available a correlation could'ekist bétwéen DNA
homology and serological relationships and this might be exploited for diagnostic
purposes. Earlier, Graham (1963) reported that there appeared to be
a closer serological relationship among isolates of R. Ieguminosarum, R.
trifolii, and R. phaseoli than between those of these species and other fast
growing rhizobia. Serological affinities between R. meliloti and Agro-
bacterium spp were studied by Graham (1963). As revealed by serological
methods, R. japonicum demonstrated a degree of relatedness with a wide range
of slow growing rhizobia. However, it was readily distinguished from fast
growing straims (Vincent, 1977). Graham (1963) suggested that serological
methods could be used in rhizobial classification but he also indicated that
they would be effective oniy when all the serological types of root nodule
bacteria had been characterized. Jarvis (1982) felt that such knowledge
could prove useful in attempts to understand better the taxonomy of Rhizob-
ium. His only reservation was that up to the present, no confirmation had
been made of the rélationships between serological studies and DNA homolog-

ies in strains of Rhizobium.

Jarvis et al. (1980) proposed that R. trifolii and R. legumino-
sarum should be combined under the name Rhizobium leguminosarum Frank, and
R. phaseoli should be retained at présent as a separate species and examined
in more detail, despite the fact that the average relatedness of Rhizobium
strains isolated from Phaseolus vulgaris compared with those obtained from

clover was 46% (Jarvis et al., 1980).
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Recently, Crow et al. (1981) applied the DNA hybridization
technique to determine DNA homologies among acid-producing strains of
Rhizobium. They proposed that fast growing rhizobia comprised at least
four species corresponding to the four genetic groups of fast growing acid-
producing rhizobia. Further, some strains were assigned to species on the
basis of their source of isolation and present nodulation capabilities, but
many did not fit into any one of the six currently recognised species of

the genus Rhizobium.

The four species of fast growing rhizobia suggested by Crow

et al. (1981) were as follows:

Group l1l: R. trifolii, R. leguminosarum, and R. phaseoli, all consolidated

under the name Rhizobium leguminosarum.

Group 2: The Rhizobium strains from Coronilla sp and some strains from

Sophora and Onebrychis spp.
Group 3: Rhizobium meliloti.

Group 4: Strains from a variety of hosts including Lotus corniculatus,

Lotus tenuis and Lupinus densiflorus.

The slow growing non-acid-producing rhizobia included in their study had
a mean.homology of 10% or less with seven fast growing reference strains
used (Crow et al.,,léBl). This low-level homology with fast growing
rhizobia supported the proposal to divide root nodule bacteria into two

related genera (Crow et al., 1981).

In order to clarify the taxonomic status of Rhizobium japoni-
cum, Hollis et al. (1981) conducted DNA hybridization studies between R.
japonicum strains, other Rhizobium species and Agrobacterium. They found
that most strains of R. japonicum could be separated into three DNA homo-
logy groups. This was later confirmed by Chua and Jarvis (1982). Two of
these groups were so widely divergent that they probably represented dif-
ferent species. According to Date (1962), with only one possible except-
ion, i.e. R. japonicum THA6, members of the same serological group were
included in the same DNA homology group. For this reason, Hollis et al.
{1981) considered that if sérological type remained a valid character pre-
dicting DNA relatedness when further work was done, it would afford ecolog-

its with a simple test for identifying Rhizobium species.

Furthermore, Chua and Jarvis (1982) suggested that Lotus

rhizobia could be separated into two distinct homology groups corresponding
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with the fast growing and slow growing cultural- groups. Their results
showed that R. japonicum and slow growing Lotus rhizobia had 40 - 60%
homology with Lotus slow growing reference. The taxonomic implications

of these results support the proposal by Jordan (1982) to set up a new genus

Bradyrhizobium.

In general, all the results obtained from DNA hybridization
studies of Rhizobium (Heberlein et al., 1967; Gibbins and Gregory, 1972;
Jarvis et al., 1977; Jarvis et al., 1980; Crow et al., 1981; Hollis et
al., 1981; Chua and Jarvis, 1982) clearly indicated the inadequacy of the
current classification of rhizobia, based on the cross-inoculation between
- the bacteria and their host legume as presented in the 8th edition of
Bergey's Manual of Determinative Bacteriology (Jordan and Allen, 1974).

6.2.2 The DNA Hybridization Techniques

It has been shown that DNA strands can be separated by heating
them at a temperature high enough to break the hydrogen bonds and overcome
base-stacking energy. Subsequently on cooling, these strands reunite so as
to restore to a large degree the original helical structure and biological
activity (Marmur and Lane, 1960; Doty et al., 1960). This ability to
dissociate DNA strands and then allow them to anneal with a complementary
DNA from a homologous or heterologous source is the basis for all DNA

hybridization studies (Brenner and Falkow, 1971).

One of the first DNA hybridization techniques was described by
Schildkraut et=al. (1961). They prepared DNA/DNA hybrid between unlabelled
DNA and DNA labelled with heavy isotopes, and they then could detect reassoc-
iated duplexes on a'CsCl_density gradient by analytical centrifugation.
The presence of reassociated duplexes composed of one light strand and one
heavy strand was the criterion employed to determine DNA.similarity (Schilgd-
kraut et al., 1961). However, this technique was impractical for routine
work as‘it was quite time consuming, laborious, and had the serious disadvant-
age of only detecting very closely related duplexes (Brenner and Falkow,

1971).

- The first generally applicable method for measuring nucleic
acid relatedness consisted of fixing'single stranded, unlabelled, high
molecular weight DNA from each of the bacteria to be compared onto a solid
support. This technique was developed by Bolton and McCarthy (1962) using
an agar gel or a membrane filter (Nygaard and Hall, 1963). The agar or

filter was incubated in the presence of small amounts of low molecular
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weight, single stranded, labelled DNA fragments (Brenner and Falkow, 1971).
Reassociated labelled DNA was removed from the agar either by increasing
the temperature and dropping the salt concentration to a point where the
molecules were dissociated, or by removing the reacted labelled DNA in a
series of thermal elutions (Brenner and Falkow, 1971). In the case of

the membrane filter technique, after incubation the filters were washed
with buffer, dried, and their radiocactivity was assessed in a scintillation
counter (Gibbins and Gregory, 1972). This technique contains two major
sources of error; immobilized DNA may leach from the agar or filter during
incubation, and variability occurs in binding of DNA by different batches
of agar or filters (Brenner et al., 1969a; Brenner and Falkow, 1971).

The DNA agar technique was used on Rhizobium by Heberlein et al. (1967) and
the DNA filter technique by Gibbins and Gregory (1972).

Another homology method, the hydroxyapatite (HA) procedure,
involved the reassociation of the single stranded DNA in solution compared
with the membrane method where one component was fixed (Bernardi, 1965;

. Miyazawé and Thomas, 1965). In this method, labelled DNA fragments were
incubated with an excess of unlabelled DNA fragments in solution. After
incubation, the mixture was passed through an HA column under conditions

that allowed binding of double stranded DNA, but not single stranded DNA.
The per cent homology was obtained by expressing the radioactivity assoc-
iated with double stranded DNA as a percentage of the total radioactivity

in the sample.

Brenner et al. (1969b) described a batch procedure for carry-
ing out DNA reassociation studies on HA. The HA was equilibrated in 0.12
or 0.14 M phosphate buffer (PB) at the temperature employed during incubat-
ion, which was usually 60° or 75°. Under these conditions, single stranded
DNA did not adsorb to HA, while reassociated DNA-DNA duplexes were adsorbed
(Brenner and Falkow, 1971). The double stranded DNA was eluted from HA
with 0.4 M PB or by raising the temperature to a point where the duplexes
were disassociated and eluted from HA (Brenner and Falkow, 1971). This
method has been extremely useful in microbial taxonomy as it allows simultan-
eous handling of up to ten samples (Dick, 1979). For example, the batch HA
procedure for DNA hybridization studies was successfully used on Rhizobium
isolatés by Jarvis et al. (1977), Jarvis et al. (1980) and Crow et al.
(1981). This method was faster and cheaper to use than the column method
since water-jacketed columns, adapters, and filters were not necessary

(Brenner et al., 1969b).
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An optical method was proposed by De Ley et al. (1970).
It was based on renaturation rate determinations in solutions of homologous
and heterologous DNA (De Ley et al., 1970). The obvious advantages of'
such a procedure were that no radio labelled preparations were necessary
and data were obtained in a short time (Brenner and Falkow, 1971). For
these reasons, this technique was used to determine the DNA homology of

Rhizobium strains in the present study.

The technique which was fully reviewed By Hidajat (1979) is as
follows: The exact concentrations of DNA .-from two different sources are
adjusted to the same weight concentration at an absorbancy of 2.0 (at
260 nm) in 0.1 x standard saline citrate (SSC) buffer. The DNA solutions
are sheared to appropriate fragments about 125,000 daltons or 250,000 dal-
tons (Brenner and Falkow, 1971). i\ heterologéus DNA sample is also pre-
pared which contains equal Volumes of both homologous DNA. After denat-
uration in boiling water bath for ten minutes, preheated 10 x SSC is added
to each DNA sémple'to final coneentration 2 x SSC. The solutions are
transferred as quickly as poséible into the preheated cuvettes in the
heated holder of a spectrophotometer at a suitable temperature, i.e. 760.
Renaturation, expressed as the decrease in absorbancy at 260 nm, was
followed for about 40 minutes. The DNA homology can be calculated from
De Ley's equation (1970).

According to De Ley et al. (1970), this spectrophotometric
technique appeared to offer the following advantages when used to determine

relatedness amongst bacteria:

(1) It was faster than the DNA agar or filter methods. A measurement

took less than 40 min.

(ii) It was simple and required only a sensitive recording spectrophoto-

meter.

(iii) No labelled DNA was reguired. This eliminated an additional and

time consuming step.

(iv) Any set of DNA types could be hybridized; the unknown strains could

be compared with the reference ones as well as among themselves.

(v) Comparison of the renaturation rate constants of the separate compon-

ent DNA, which must be inc%?ded as controls, allowed one to estimate
$12e
the ratio of their genom%A(Gillis et al., 1970).
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Dick (1979) considered that the ideal classification system
should give an indication of the sequence of bases in the DNA of the
organiéms being classified, since it was the expression of these sequences
which gave an organism its phenotypic characteristics. The DNA hybridiz-
ation techniques which allowed a quantitative measurement of the proportion
of DNA from two different sources, which contain base sequences sufficiently
similar to reassociate under. defined conditions, appeared to be the most
reliable one (Heberlein et al., 1967; De Ley, 1971; Gibbins and Gregory,
1972; Dick, 1979; Jarvis et al., 1980). This technique has been used
successfully in the classification of a wide variety of organisms, e.qg.
.Enterobacteriaceae (Brenner et al., 1969a), Bacillus spp (Kaneko et al.,
1978), Arthrobacter and Brevibactérium (Sstackebrandt and Fiedler, 1979),
heterocystous -cyanobacteria (La chance, 1981), Bordetella spp (Kloos et al.,

1981) and coryneform.bacteria (Suzuki et al., 1981).
6.3 MATERIALS AND METHODS

6.3.1 Preparation of DNA for Hybridization Studies

A combination of phenol-chloroform and hydroxyapatite-urea
method (Section 2.6) was used for preparing DNA samples. The buffer, 10 x
standard saline citrate (SSC) was made up of 1.5 M NaCl; O.lS%Qrisodium
citrate in two litre quantities at pH 7.0. The DNA solution 5 to 10 ml was
dialysed against two I aliquot of 0.1 x SSC and left overnight at 4°. In
the morning, the dialysate was replaced with a further two litres of fresh
0.1 SSC solution and left for 24 h at 4°. The concentrated DNA solution

o
was stored at 4 .

The DNA samples to be hybridized, labelled A and B, were
diluted with 0.1 SSC and adjusted to optical density (OD) 2.0 + 0.0l at
260- nm using Shimadzu spectrophotometer (UV-110-02). A guanine solution
at 2.0 absorbance af 260 nm was also prepared as a blank and used to correct
for electronic drift (De Ley et al., 197Q0). The third sample, called A +
B, containing equal volumes of both A and B, was prepared prior to the

-hybridization experiments.

DNA samples were sonicated as described by Dick (1979). Each
tYpe of DNA (5 ml of OD 2.0) was sonically treated at OO - 50, 5 times for
15 sec, with a 30 sec cooling period between bursts. The sonicator was a

Kerry 100 watt ultrasonic disintegrator (Fig. 6.1) supplied by Geo. W.



Figure 6.1: The 100 watt sonicator (Kerry's Ltd) fitted with a 19 mm
probe.

Figure 6.2: Recording spectrophotometer for DNA hybridization
experiments.
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Wilton and Co. Ltd. The sonicator was fitted with a 19 mm probe and tuned

for maximum output.

6.3.2 Spectrophotometric Determination of DNA Hybridization

The modification of the spectrophotometric method of
measuring hybridization (De Ley et al., 1970) as described by Hidajat

(1979) was used to measure the homology of Rhizobium strains studied.

A Shimadzu recording spectrophotometer. UV-240 (P/N 204-58000)
set at 260 nm was used in this in&estigation (Fig. 6.2). The temperature
in the spectrophotometer chamber was held at 76o by circulating hot water
through the cell holder compartment spacer from a thermostatted water bath
as shown in Figure 6.2. The water at constant temperature was circulated
by means of a pump (Watson—Marlow Ltd, type 501 S 50). The temperature
inside the compartment was monitored by a thermositor thermometer Edale
Model C’(EdalenInstruments, Cambridge) (Fig. 6.2). The probe of the-
thermometer was immersed in a cuvette containing water placed next to the
one containing the DNA. A temperature of 87o -_I-_O.5O in the water bath
gave a temperature of 76° in the chamber of the spectrophotometer. Using
this method, the temperature inside the chamber could be held constant
for the ten to twelve hours which were required for the hybridization

experiments. The spectrophotometer slit width was set on 1.0.

Measurement of the renaturation rate for each sample was per-
formed sequentially rather than concurrently. When the temperature in the
chamber had réaqhed equilibrium (760), 2.5 ml DNA solution (A or B or A + B)
was denatured by heating in a stoppered Quickfit tube MF 24/1 in boiling
water for 10 min. While the DNA solution was still held in the boiling
water bath, 0.59 ml hot 10 x SSC was added to the DNA solution using a pre-
heated 1 ml pipette to make the final concentration 2 x SSC. It was
desirable to effect these changes without allowing the temperature of the
solutions to fall below 760. The solution was mixed briefly with a heated
pasteur pipette and then quickly transferred to a heated cuvette in the
spectrophotometer cell holder compartment with the same pipette. The cuv-
ette was quickly stoppered. A guanine solution at 2.0 absorbancy was
included as a blank. Renaturation rates (decrease in absorbance reading)
were followed and recorded at exactly one min intervals for 30 to 40 min.

Each set of hybridizations was carried out in triplicate.
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Graphs were drawn for each of A, B and A + B relating the
decrease in optical density (OD) with time (min) (Gibbins and Gregory,
1972). The gradient of the linear portion of such graphs taken between
a 10 to 30 min period of hybridization was determined and represented
VA’ VB and VM respectively. A

The relatedness between DNA samples A and B was then calcu-
lated by using the following equation given by De lLey et al. (1970):

;- + v
4 Vy T Uy * V)

where: D = degree of association expressed as a percentage of
the homologous reaction;
VM = initial fate of association between A and B given
by the mixture A+ B (A OD min~l);
=" inifiai rate of renaturation of A (A OD min-l);

. . . -1
= initial rate of renaturation of B (A OD min ).

6.4 RESULTS

Sonication of the DNA was used to reduce its genome size (molecular
weight). According to Dick (1979), the use of a large diameter probe
imparted more energy to the solution and so caused a reduction of the DNA
to fragﬁentsféf a small molecular weight. Conversely, a small probe
would transmit less energy to the solution and would shear the DNA to
fragments of larger molecular weight, which would show as an increase in
the reassociation rate (Brenner et al., 19695). This was confirmed by
Hidajat (1979), who found that renaturation rate of DNA was dependent upon
the size of the sonicator probe. However, from his studies (Hidajat, 1979),
he concluded that size of probe did not affect the overall estimation of %

homology between two strains of Rhizobium.

In the present study, a 19 mm diameter probe was used; this was the
size of the probes used by Dick (1979) and Jarvis et al. (1980) who used a
100 watt ultrasonic disintegrator (Measuring and Scientific Equipment Ltd,
England). Prior to sonication, each DNA solution was adjusted to an
absorbancy of 2.0 at 260 nm (De Ley et al., 1970) which corresponded to a
weight of 100 ug ml—l of DNA (Brenner and Falkow, 1971). In practice, a
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number of 5 ml DNA aliquots were sonicated as described by Jarvis et al.
(1980) . The aliquots of DNA from each strain were pooled and used for
hybridization experiments or were held at 4° until required but for not
longer than one week (De Ley et al., 1970). Using this method of disin-
tegration, Jarvis et al. (1980) reported that the average molecular weight
of fragments of DNA from Rhizobium was 2.3 X 105. They also found that
the molecular weight was largely independent of DNA concentration between
82 and 650 ug ml_l; all of the DNA solutions used in this investigation

fell within this range.

As shown in Table 6.1, the renaturation rate of E. coli DNA (9.10 x
lOf4) was much slower than the averaged renaturation rate of all DNA from

Rhizobium strains used in this study which was 21.64 x 10_4.

De Ley et
al. (1970) pointed out that renaturation rate was related to the genome
size. of bacterium. A slower renaturation rate indicated a greater base
sequence diversity or larger genome (Jarvis, 1979) which was confirmed by
calculating the genome;SiZe of Rhizobium studied (Table 6.3), by applying

the following equation proposed by Gillis et al. (1970):

|
(@]
[vs}

Genome size B
Genome size A CA

2 X

<

Molecular weight (M.Wt) of E. coli DNA (3.28 x lO9

Genome size A

daltons; De lLey, 1971);

Genome size B = M. Wt of DNA from Rhizobium in question;
VA = reﬁaturation rate of E. coli DNA;

VB = renaturation rate of DNA from Rhizobium;

CA = concentration of E. coli DNA;

CB = concentration of DNA from Rhizobium

{it was assumed-that céncéntration of samples A and B
were the same).

Table 6.3 shows that the calculated M. Wt. of 16 strains of Rhizobium
fell within the range of 1.12 to 1.89 x lO9 daltons (mean: 1.39 x 109 dal-
tons) compared with 2.18 x lO9 daltons for R. trifolii 578, suggesting that
genome size of R. trifolii 578 was much 1arger'than“the averaged genome size of

other Rhizobium strains studied.

, , r
The genome size of DNA from R. meliloti 2748 Str and Specr Strr mut-

ants differed from that of their parent types, i.e., R. meliloti 2748 as



Table 6.1: Mean values of renaturation rates of homologous DNA*.

Renaturation rates (x 10

_4)

Source of DNA -1
(O.D.260 min~ )
R. meliloti
2748 17.30 + 1.50 SD**
2748 str® 25.30 + 0.58 SD
2748 Spec’ Str- 25.17 + 0.29 SD
2750 21.33 + 2.02 SD
2752 24.67 + 1.53 sD
2755 20.33 + 0.58 SD
4230 22.83 + 0.29 SD
RH 80 26.50 + 0.50 SD
R. trifolii
2668 23.67 + 1.04 sD
2163 21.17 + 0.58 SD
564 20.5 + 0.50 SD
578 13.67 + 0.58 SD
R. leguminosarum II 17.50 + 1.32 SD
R. phaseoli
5459 15.83 + 0.76 SD
5225 24.47 + 1.38 sD
R. lupini
4771 26.57 + 0.93 SD
3905 21.0 + 1.0 SD
E. coli (Sigma) 9.10 + 0.46 SD

*

based on three determinations

* %

SD refers to standard deviation

Addendum

The DNA obtained from Sigma used as a reference of.
known genome size in the present study was found to
contain polysaccharide when tested by the method of

Bailey (1967). Thls’polysaccharlde may have interfered
with the hybrldlzatlon and could explain why ‘the

renaturation rates found here dlffered from those ~~

obtained by Hldajat (1979). who used E.coli DNA whose

polysaccharide contént was not checked.
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Table 6.2:

Mean values of renaturation rates of heterologous DNA.

Renaturation rates (x 107%)

Source of DNA (O'D°26o min-1)
2748 x 2748 Str 21.50 + 0.50 SD
2748 x 2748 Spec’ Str" 20.17 + 0.76 SD
2748 x 2750 16.42 + 0.33 SD
2748 x 2752 21.0 + 1.0 SD
2748 x 2755 16.83 + 1.26 SD
2748 x 4230 17.0 + 2.0 SD
2748 x RH 80 19.67 + 0.29 SD
2748 x 2668 12.06 + 0.42 SD
2748 x 2163 11.50 + 0.50 SD
2748 x 564 10.17 + 0.29 SD
2748 x 578 8.67 + 0.29 SD
2748 x leg II 10.90 + 0.85 SD
2748 x 5459 11.53 + 0.47 SD
2748 x 5225 15.50 + 1.11 SD
2748 x 4771 15.23 + 0.40 SD
2748 x 3905 11.73 + 0.25 SD
2748 x E. coli 6.17 + 0.29 SD
2668 x 2750 13.0 + 0.50 SD
2668 x 2752 14.33 + 0.29 SD
2668 x 2755 13.37 + 0.55 SD
2668 x 4230 12.67 + 0.58 SD
2668 x RH 80 14.83 + 0.29 SD
2668 x 2163 18.0 + 0.87 SD
2668 x 564 16.0 + 0.0 SD
2668 x 578 14.33 + 0.58 SD
2668 x leg IT 14.07 + 0.12 SD
2668 x 5459 13.83 + 0.29 SD
2668 x 5225 18.67 + 1.15 SD
2668 x 4771 16.57 + 0.93 SD
2668 x 3905 11.17 + 0.29 SD
2668 x E. coli + 0.50 sD

9.0
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Table 6.3:

Genome size of Rhizobium strains¥*.

Rhizobium spp

Molecular weight in daltons

R. meliloti
2748
2748 str"
2748 Specr strt
2750
2752
2755
4230
RH 80

R. trifolii
2668
2163
564
578

R. leguminosarum IT

R.:phaseoli
5459
5225

R. lupini
4771
3905

1.73 x
1.18 x
1.19 x
1.40 x

= = =
cC o o ©

1.21 x
1.45 x
1.31 x
1.27 x

= e e
o o o
O W YW YW W W YW W

=
()

1.26 x 10
1.41 x 10
1.46 x 10
2.18 x 10

O W v v

\o)

1.89 x 10
1.22 x lO'9

1.12 % 109
1.42 x 10

*

The genome size of each Rhizobium strain was calculated
by using E. coli DNA as a molecular weight reference

(3.28 x 109 dalton;

De Ley, 1971).
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shown in Table 6.3. However, they were not significantly different in
their base sequence homology with R. meliloti 2748 reference DNA as

indicated by the results given in Table 6.4.

In his studies on effect of mutation composition of some bacteria,
De Ley (1964) found that strain M 39, a U.V. induced mutant from Agro-
bacterium tumefaciens strain S 1 had a melting point which was 1.5° higher
than strain S 1, indicating that considerable alterations in the structure
of DNA might have been brought about by the mutation. A similar effect
was reported by Weed (1963) who iSOlated a copper induced mutant of
Bacillus subtilis which had grossly altered DNA, i.e., 65 instead of 62%

(guanine + cytosine) content.

De Ley et al. (1970) considered that perfectly matching DNA strands
would hybridi;e much faster than the imperfectly matching ones. This was
confirmed by the results given in Table 6.2, as the averaged renaturation
rate of 2748 x 2748 Strr was more than 3 x faster (21.5 x 10_4) than that

of 2748 x E. coli (6.17 x 10°%).

Hidajat (1979) found that optimal renaturation temperature (TOR) for
Rhizobium spp was between 71° and 76° and within this range of temperatures
there was little change in the observed homology. This temperature (760)
was used in the present study. = It lay within the range recommendediby De

Ley et al. (1970) according to the equation:

Toﬁ = 0.51 (3 G + C) + 47.0 (Marmur and

- Doty, 1961),

assuming that % (G + C) for peritrichously flagelléted Rhizobium spp was
between 58 and 65 (De Ley and Rassel, 1965).

Reference DNA samples were prepared from R. meliloti 2748 and R.
trifolii 2668 so that the results obtained from serological studies (Chapter
4) could be compared with those obtained by DNA reassociation. These two
reference DNA samples were hybridized with DNA from other strains in the
same and different cross inoculation groups. The results of these studies
have been set out in Table 6.4. Analysis of variange of data from Table 6.4

using Genstat (Lincoln College, Computer Laboratory) is given in Table 6.5.

The average homology of R. melfloti strains, including two mutant
strains, with respect to R. meliloti 2748 reference strain was 85.52%
(values ranged from 70.4% to 101.82%) which was much greater than that of
any other species of Rhizobium tested (range: 8.94% to 37.41%). Strains
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2748 and 2752 must be considered to be very closely related according to
their % homology, i.e. 101.81%. The other strains of R. meliloti

studied were closely related since the difference among the hybridization
values of DNA from these strains 2750, 2755, 4230 and RH 80 with R. meliloti

2748 reference DNA were not statistically significant.

The R. trifolii strains showed consistently low homology with R.
meliloti 2748 reference, withamean of 12.84% (values ranged from 8.94
to 17.89%). This was confirmed by their reciprocal hybridizations with
six strains of R. meliloti when compared with R. trifolii 2668 reference

DNA, which ranged from 2.0 to 21.66% with a mean of 16.86%.

For these reasons, supported by the report of Crow et al. (1981),
it was concluded that Rhizobium meliloti must be considered a separate, homo-
genous group within the fast growing rhizobia. These findings suggested a
significant degree of genetic relatedness among R. meliloti strains studied
and correlated with the results obtained from transformation studies
(Chapter 5). zThe'tréhéfofmablé strains of R. meliloti were not signifi-

cantly different in their DNA base sequence.

Homology values for DNA from R. trifolii 2163, 564 and 578, and R.
trifolii 2668 reference DNA ranged between 50.05% and 61.26% with a mean of
55.35%. On the other hand, hybridization values of DNA from R. legumino-
sarum II and R. phaseoli 5459 with R. trifolii 2668 reference DNA were 46.68%
and 45.65% respectively, which were not significantly different from those
of R. trifolii 564 and 578, i.e. 50.05% and 54.74%. The DNA homology
of R. phaseoli 5225 and R. trifolii 2668 was found to be 58.69%. This
value was not significantly different from that of R. trffblii 2163 and R.
trifolii 2668. These findings suggested that base sequence similarity
does not necessarily reflect plant specificity. Crow et al. (1981)
proposed that R. phaseoli should be combined with R. trifolii and R. legumino-
sarum to form one species of fast growing rhizobia called Rhizobium legumino-

sarum Frank.

Both strains of R. lupini studied, 4771 and 3905, showed low to
moderate homology with R. meliloti 2748 (37.41% and 19.51%) and R. trifolii
2668 (34.77% and 1.51%), which suggested that the R. lupini strains were

genetically diverse from the two reference strains used in this study.



168

When measuring the DNA relationship of two bacteria that are only
distantly related, the equation proposed by De lLey et al. (1970) may give
a negative value for % homology, when 4 VM is less than (VA + VB) although

some reassociation between DNA type A and B actually has occurred, as

indicated by the VM. This negative homology was confirmed in the present
study. The hybridization value between E. coli and R. meliloti 2748 was
found to be -6.88%. The low mean homology value of 8.8% between E. coli

and R. trifolii 2668 suggesting that these two bacteria were not related.

The accuracy of the spectrophotometric method used was found to be
+ 5.2% degree of binding (D), expressed as the mean value of % standard
deviation (SD) of % of D, which was determined from 32 different sets of
hybridizations, each with its two homologous DNA and with each set of
hybridization—at least in triplicate. This figure was slightly higher
than that found by De Ley ef al. (1970) and Gibbins and Gregory (1972) who

reported + 4.7% D and 4.11% D respectively.

6.5 DISCUSSION

The standard deviation of 5.2% for homology readings when using the
spectrophotometric technique was its major disadvantage, although it was
simpler and quicker than other methods available (Section 6.2.2) for study-
ing DNA hybridization.

A batch procedure. for carrying out DNA reassociation studies on
hydroxyapatite as described by Brenner et al. (1969b) has been used extens-
ively in DNA homology studies (Jarvis et al., 1977; Jarvis et al., 1980;
Crow et al., 1981; Hollis et al., 1981). Even so, according to Chua (1982),
who used the batch hydroxyapatite method in her studies on DNA homology in
Lotus rhizobia and related species, this method also can have a standard
deviation of i_S%‘which is comparable to the error of spectrophotometric
technique found in the present study. Crow (1979) also applied the batch
hydroxyapatite method in the study of DNA homology among fast growing
rhizobia. He used a strain of R. trifolii NU 132 isolated from Trifolium
polymorphum, a South American indigenous clover, as the source of one of his
reference DNA samples. He noticed that reciprocal hybridizations did not
agree between R. trifolii NU 132 and other rhizobia. Whenever R. trifolii
NU 132 provided the labelled reference DNA, homology was higher than when
reference DNA from other rhizobia were used (Crow, 1979). The problems
encountered with strain NU 132 suggested that the batch hydroxyapatite method

(Brenner et al., 1969) was not always reliable. However, it is still a



169

method often used for DNA homology studies because it allows simultaneous

handling of up to ten samples (Brenner et al., 1969b).

In general, it was found that DNA homologies correlated well with the
serological findings with respect to the strains studied. In other words,
strains that could not be distinguished by serological methods gave high % D
whereas strains that could be separated by FA or ELISA gave low or moderate
$ D. Antibody to R. meliloti 2748 cross reacted with all the R. meliloti
strains tested as revealed by FA technique (Table 4.2) giving an averaged
hybridization value of 85% with reference DNA from strain 2748 (Section 6.4).
By contrast, strain 2755 had been distinguished from strain 2748 with ELISA
(Table 4.4), despite the fact that the base sequence similarity of DNA from

-2755 with DNA from 2748 was 80%. These two strains could not be separated
by FA technique (Table 4.2). It was concluded that R. meliloti strains,
i.e., 2750, 2755, 4230, and RH 80, were serologically related but not
identical and they were not significantly different invbése sequence homo-
logy with reférence strain 2748 . (Table 6.4). Strain 2752 was also sero-
logically related to 2748, although these two were not identical in spite of
the homology value of DNA from R. meliloti 2752 and R..meliloti 2748 being
101.82% (Table 6.4). However, the genome size of 2748 was larger than that
of 2752 (Table 6.3).

It was obvious from values obtained from reciprocal hybridizations of
R. meliloti strains and R. trifolii strains, in which reference DNA from
R. meliloti 2748 and R. trifolii 2668 were used (Table 6.4), that serological
differences can be reflected by differences in DNA hybridization values.
These low homéiogy values (9% to 22%) as shown in. Table 6.4 indicate that
~genetically distinct groups of Rhizobium may be identified by serological

methods.

When DNA from R. leguminosarum 1I, R. phaseoli 5459 and 5225 were
reassociated with reference DNA 2748, the hybridization values were not sig-
nificantly different from one another; 23%, 36% and 36% (Table 6.4). The
similar homology pattern was repeated with reference strain DNA 2668 (Section
6.4). These findings indicate the similarity of the DNA base sequence
among these strains. However, they are genetically and serologically dis-

tinguishable from R. meliloti.

Both strains of R. Iupini 4771 and 3905 had a mean homology of 28%
with R. meliloti 2748 and they were not serologically related to R. meliloti
2748 (Chapter 4).
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Table 6.4: Relatedness of DNA from Rhizobium strains to DNA from
R. meliloti 2748 and R. trifolii 2668 as determined by
the spectrophotometric method*.

% homology with % homology with

Source of DNA R. meliloti 2748 | R. trifolii 2668

R. meliloti

2748 100%%  R*#* : 18.25 ef
2748 stx” 198.55 A ND
2748 spec” Str' 96.59 AB ND
2750 , 70.84 C 15.70 ef
2752 ' 101.82 A 18.58 ef
2755 80.0 C 21.66 e
4230 ~ , 70.40 C 9.0 fg
RH 80 ’ 80.47 BC 17.95 ef

R. trifblii A
2668 ' ' " 17.89 F 100** g

2163 12.48 F 61.26 b
564 8.94 FG 50.05 bc
578 12.03 F 54.74 bc

R. leguminosarum II 23,36 DEF 46 .08 c

R. phaseoli

5459 . 35.54 DE 45.65 ¢

5225 36.24 DE 58.69 b
R. lupfni

4771 : 37.41 D 34.77 4

3905 19.51 EF 1.51 g
E. coli , -6.88 G 8.80 fg

based on triplicate determinations.
* %
assumed homology values for homologous strains.

* k%
Duncan's multiple range test: numbers with the same letter .

are not significant at P = 0.01.
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Table 6.5: Analysis of variance of data from DNA hybridization experiments
with R. meliloti 2748 DNA and R. trifolii 2668 DNA as source
of reference (Section 6.4).

6.5.1: R. ﬁeliloti 2748 DNA as reference. \

Source of variation DF SS - MS F
Treatment 17 69975.98 4116.23 77.98844*%*%%
Residual 36 1900.06 52.78
Total 53 71876.04 1356.15

* kK

Significant at P = 0.01

6.5.2: R. trifolii 2668 DNA as reference.

Source of variation DF SS MS F
Treatment 15 30612.35 2040.82 87.85278*%*%
Residual 32 743.22 23.23
Total 47 31355.57 667.14

kk*

Significant at P = 0.01
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DNA homology indicated that R. trifolii 2163, 564, and 578 were closely
related to R. leguminosarum II and R. phaseoli 5459 and 5225 (Table 6.4).
All these organisms showed a moderate homology (ranging between 46% and 61%)
with reference DNA from R. trifolii 2668. (Chapter 4). This in turn suggests
the potential of serological methods for identifying organisms that have con-

siderable genetic homology.

Several taxonomic studies have proposed combining R. leguminosarum
with R. trifolii and R. phaseoli into one species (Graham, 1964; De Ley and
Rassel, 1965; ‘'tMannetje, 1967; Crow et al., 1981). The limited results
obtained from these studies are inclined to support such a proposal, although
no firm conclusion could be made since only a signle‘reference strain of DNA
from R. trifolii was included in this study and few strains were compared
with it. Nevertheless, should R. leguminosarum, R. trifolii and R. phaseoli
be clustered in one genetid group (species), i.e., group 1 as suggested by
Crow et al. (1981), serological methods could be used for strain identifi-

cation within “the species.

There appeared to be some relationship between DNA hybridization
techniques and serological methods as far as the classification of Rhizobium
was concerned (Jarvis et al., 1980). However, no direct experimental
evidence was available until this present study was undertaken (Jarvis,

1982).

It can be concluded from this study that DNA homologies among Rhizob-
ium spp can be identified serologically, suggesting the possibility of using
serological methods in taxonomic studies of Rhizobium, which could lead to a

simple test for identifying Rhizobium species.
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GENERAL DISCUSSION AND CONCLUSIONS

Two methods for preparing DNA from Rhizobium spp, the phenol-
chloroform method (Brenner et al., 1969a) and the hydroxyapatite-urea
method as used by Jarvis et al. (1980) were compared. Both methods
required considerable skill and several days were required for each run.
It was concluded from these experiments that the choice of method for
preparing DNA depended on the amount of DNA and the purity of the sample

required for each particular experiment.

The species and strains of Rhizobium used in this investigation
have been listed in Table 2.1. Cultures were grown on yeast mannitol
broth or ag;r (Vincent, 1970). ~ Stock culturés were kept on yeast
mannitol agar slopes, stored at 4° and transferred to fresh slopes at two-

monthly intervals.

A Coulter Counter was used to obtain numbers of bacteria in sus-
pensions used in the preparation of somatic antigens. This method was
found to be simpler and less time-consuming than either the haemocyto-

meter or spread plate methods.

Methods for Preparing DNA

The phenol-chloroform method yielded DNA in high concentration with
satisfacto;y absorbance rates, i.e. above 1.8 at 258/230 nm and
258/280 nm.~ However, the obvious disadvantage of this method was that
it did not remove polysaccharides from the DNA. The yield of DNA .
obtained by the hydrokyapatite—urea method was much lower than with the

phenol-chloroform method, but there were fewer impurities.

A combination of phenol-chloroform and hydroxyapatite-urea methods
was finally selected since it gave high purity DNA which was sub-
stantially free from protein, RNA and polysaccharides. A major problem

in the use of this combined method was the low recovery of DNA.

Antibodies to DNA

The phenol-chloroform procedure which offered greater possibilities
for the isolation of high yields of DNA was chosen for practical reasons.
The purity of the DNA samples obtained from this method was assessed from

absorption spectra at wavelengths between 210 and 300 nm as described by



S R AN A WS S

174

Jarvis et al. (1980).

A methylated bovine serum albumin (MBSA)-DNA complex was prepared
as immunogen as described by Plescia et al. (1964). Antibodies to R.
meliloti 2748 DNA (P.C.) and R. trifolii 2668 DNA (P.C.) were prepared in
the same way as for antibodies to somatic antigens from R. meliloti 2748
and R. trifolii 2668. All injections were administered intramuscularly
in the hind leg muscle of a four month old rabbit at four times weekly
intervals, except for a subcutaneous route which was always included at
injections for the production 6f antibodies to DNA. Three days after the
fourth injection, blood was collected and the serum was processed. The
antibody fo R. trifolii 2668 was found to be species and strain specific.
However, antibody to R. meliloti 2748 was séecies specific only, but not

strain specific.

The results obtainéd from the precipitin tests (Ouchterlony, 1949)
with antibodies to R. meliloti 2748 DNA (P.C.) and R. trifolii DNA (P.C.)
were in agréement with fhose‘from agglutination tests (Vincent, 1970)
with antibodies to R. meliloti 2748 and R. trifolii 2668. These results
differed from those of previous workers regarding antibodies to DNA
(Plescia et al., 1964; Levine and Stollar, 1968; Tan and Natali, 1970;
Forsen et al., 1970; Barnett, 1979) who found that antibodies to DNA
induced by active immunization reacted more effectively with heat

denatured DNA than native DNA and cross reacted with denatured DNA from

animal, plant and bacterial sources. On the basis of these findings

from those workers, Levine and Stollar (1968) concluded that as a result
of denaturétion, the antigenic determinant bases lying in the interior of
the double helical structure became available for reaction with antibodies.
Lacour et al. (1973) pointed out that cross reactions with denatured DNA
from different strains could be explained by the number of different bases

in DNA of different origins as these are extremely limited.

It was observed that the DNA on exposure to deoxyribonuclease did
not show any loss of reactivity to antibodies to DNA 2748 (P.C.) or DNA
2668 (P.C.). In view of these findings, it was concluded that the anti-
bodies were, in fact, not against DNA as had been expected but had been
formed by reactions with contaminants, possibly polysaccharides, that had

been present in the DNA preparations.
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Production of Anti DNA Antibodies

Both antibodies to R. meliloti 2748 DNA (P.C./HA) and calf thymus
DNA (HA) were prepared in the same way as antibodies to DNA prepared by
the phenol-chloroform method, except that the intradermal route was used

as suggested by Clarke (1982).

Experimentally produced antibodies to R. meliloti 2748 (P.C./HA) or
calf thymus DNA were shown to react with heat denatured DNA from differ-
ent sources regardless of the method used for purifying DNA samples.
These results suggested that purity of DNA éntigens is not critical.
However, for use as an immunogen, maximum purity DNA is required. ' The
titres of antibodies to DNA from R. meliloti 2748 or calf thymus DNA were
low; four for both of them. Minimal concentration of DNA antigen was

found to be 10 ug ml_l by the precipitin tests.

Native DNA ‘as an Antigen and Class of Antibodies to DNA

Native DNA was prepared by stepwise elution chromatography on an
hydroxyapatite column as described by Bernardi (1965). This method was
suggested by Jarvis (1982) and Sutton (1982). Both antibodies to DNA
R. meliloti 2748 (P.C./HA) and to calf thymus DNA were completely
unreactive with native DNA from different sources. Further, the anti DNA
antibodies studied were shown to be immuno-globulin M class and were in
every respect similar to antibodies produced in response to immunization
with DNA-MBSA reported by Stollar and Sandberg (1966), Sandberg and
Stollar (1566), Forsen et al. (1970), and Gruenewald and Stollar (1973).
It was confirmed in this study that antibody to DNA from Rhizobium
meliloti 2748 Qas not species specific and therefore could not be used
for taxonomic studies of Rhizobium spp. However, it was shown that in
common with DNA from other bacteria, it was possible to produce antibody
to DNA from Rhizobium species. In order to succeed, the DNA must be free

from protein, RNA and polysaccharides.

Serological Methods

Results using a fluorescent antibody (FA) technique and enzyme
linked immunosorbent assay (ELISA) confirmed the results obtained from
agglutination tests with antibodies to R. meliloti 2748 and R. trifolii
2668, Cross reactions among strains of R. meliloti were encountered

against the FA and enzyme linked antibody of R. meliloti 2748. These
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findings indicated that there was a very close antigenic affinity among
the Rhizobium meliloti strains studied. The fact that strain 2755 was
separated completely from strain 2748 by ELISA but not by FA technique

indicated that the strains were not identical.

It was concluded from these studies that ELISA was, without doubt,
far more sensitive than the FA method. Although both techniques were
easy to perform, the advantage of ELISA was that a fluorescence micro-
scope was not necessary since estimation of the results could be made
visually. Engvall (1980) felt that the ELISA method is generally
applicable to the measurement of almost any antigen and since it required

véry little knowledge of enzyme technology could be easily used.

Nairn. (1969) pointed out the importance of having the immunizing
antigen as pure as possible in ofder to obtain an antiserum of narrow
spécificity. However, Marbrook (198l) considered that even when an
animal was immunized with a highly purified antigen,‘heterogeneity was
not avoided sinée each antigehic determinant could stimulate development
of a clone of antibody producing cells and the resultant antiserum would
be of polyclonal origin, which could show many different specificities
and participate in a number of reactions in vitro. In view of the con-
cept of monoclonal antibodies introduced by Kohler and Milstein (1975),
the cross reactivity of antibody to R. meliloti 2748 with its related
strains was due to the polyclonal nature of the immune response. The
findings suggested that antibody to 2748 was made up of many different
antibody molecules that varied in their affinity for antigen. Each of
these many antibodies was the product of a separate clone of antibody
forming cells (Scharff et al., 1981). Staines and Lew (1980) pointed
out that the structural basis of antibody diversity, specificity and cross
reactivity, affinity and idiotypy were still being debated, but it
appeared that some of the controversies arising would be solved by studies

with monoclonal antibodies.

Genetic Transformation

.

The results obtained from genetic transformation with both DNA
2748 Strr and 2755 Strr suggest that genetically homologous DNA had a
better chance of bringing about transformation than heterologous DNA and
that transformation was possible only between strains of R. meliloti.
The transformed strains of R. meliloti were indistinguishable serologic-

ally. These findings indicate a significant degree of genetic related-
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ness among R. meliloti strains studied, and the results correlated well

with those obtained earlier from serological studies.

It was also observed that transformation frequency of R. meliloti
strains with DNA 2748 Strr depended on the streptomycin concentration
incorporated in the agar. At higher concentrations, e.g. 500 and
1,000 ug ml—l, fewer colonies of transformants appeared, hence a reduced
transformation frequency was observed. The transformation fregquency
observed within strains of R. meliloti which ranged between 10_5% to

10_4% were considered low.

Transformation is a process where microbial strains take up small
segments of DNA from the suspending medium; these are incorporated into
the host chromosome by reciprocal recombination. Dunn (1981) pointed
out that fof reciprocal recombination to occur there must be considerable
DNA homology between the introduced DNA and the bacterial host chromosome.
This was proved in the present study. The homology of the transformable

strains of R. mélilofi was found to be in the range between 70% and 102%.

In contrast to the conventional techniques of transformation,
recombinant DNA transformation is not restricted by a DNA homology
requirement (Dunn, 1981). The DNA recombinant technology uses plasmid
‘together with the foreign or clone DNA, and is transferred back into a
bacterial strain by transformation. In this way, the transformation
frequency of R. meliloti strains ébserved in this investigation could be

increased (Musgrave, 1982).

Accogaing to Dunn (1981), of particular importance to new develop-
ments in molecular genetics has been the characterization of a wide range
of plasmids that encode for commercially interesting properties; for
example, nodulation potential and nitrogen fixing activity in the symbiotic
nitrogen fixing bacteria. Further, Dunn (1981) reported that interest is
now focused on'constructing nitrogen fixing strains with improved assoc-
iations with leguminous crops and the construction of strains that can
nodulate and fix nitrogen in poorer soil types. Since New Zealand's
economy is based primarily on agriculture, the DNA recombinant or so-called
genetic engineering techniques should be used and expanded to improve agri-

culture..
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DNA Homology Studies

The averaged homology of R. meliloti strains including two mutant
strains with respect to R. meliloti 2748 reference strain was 86% (values
ranged from 70% to 102%) which was significantly higher than that of any
other species of Rhizobium tested (9% to 37%). The percentage homology
between strain 2748 and 2752 was found to be 102%. The other strains of
R. meliloti studied were closely related since the difference among the
hybridization values of DNA from theée strains 2750, 2755, 4230 and RH 80

with R. meliloti 2748 reference DNA were not significantly different.

In support of a report made by Crow et al. (1981), it was concluded
that Rhizobium meliloti was a-separate, homogenous group within the so-
called fast growing rhizobia. These findings suggested that there was a
significant degree of genetic relationship among R. meliloti strains
studied and the results obtained correlated with those from transformation

studies.

In general, it was also found that DNA homologies agreed well with
the serological results for the Rhizobium strains under investigation.
Strains that could not be distinguished by serological methods gave high
percentage degree of binding, whereas strains that could be separated by

FA or ELISA gave low or moderate percentage degree of binding.

DNA homology indicated that R. trifolii 2163, 564 and 578 were
closely related to R. leguminosarum II and R. phaseoli 5459 and 5225.
All these organisms showed a moderate homology which ranged between 46%
and 61% with reference DNA from R. trifolii 2668, Several taxonomic
studies have proposed combining R. leguminosarum with R. trifolii.and R.
pbhaseoli into one species (Graham, 1964; De Ley and Rassell, 1965;
'tMannetje, 1967; Crow et al., 1981). Closer relationship among mem-
bers of the R. leguminosarum - R. trifolii - R. phaseoli group than
between R. trifolii and R. meliloti or R. lupini was indicated in this

study.

In view of the need for reliable and rapid methods for identifying
Rhizobium spp, numerical taxonomy (Graham, 1964; "tMannetje, 1967) which
is based on using a large number of unweighted characters with a suffic-

ient sampling of strains is not a method of choice.

Attempts at a taxonomy based on patterns of isoenzymes by Fettrell
and O'Hora (1969) and also by Ryan and Fottrell (1972) have made a limited

contribution to the clarification of rhizobial relationships (Vincent,
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1977). The difficulty encountered with this method was that dissimilar-
ity between strains in the same species was often greater than between
strains in different species or even between the fast and sléw.growing
rhizobia (Fottrell and O'Hora, 1969; Ryan and Fottrell, 1972; Vincent,
1977) . |

Vincent (1977) also reported that the prospect of using phage
typing for taxonomic analysis of Rhizobium spp is limited, despite the

fact that some rhizobial phages are strain or species specific.

Overall the findings obtained from DNA homologies and serological
relationships among the Rhizobium strains studied indicate the possibil-
ity of using serological methods in taxonomic studies of Rhizobium.
Serologicalftechniques such as FA or ELISA are much simpler, faster and
less expensive than any of the bNA hybridization techniques. Thus, FA
or ELISA hold considerable promise as a relatively simple taxonomic tool
and for the identification of rhizobia. The additional advantage of FA
or ELISA are thét they can bé used for quantitative measurement and FA
technique also offers a means of studying the ecology of rhizobia

directly in the soil.

If the taxonomy of Rhizobium spp were to be changed in the near
future in relation to their DNA homology as has been suggested by Jarvis
et al. (1980), Crow et al. (198l) and Hollis et al. (1981) then sero-
logical methods could be used for strain identification within the species
or genetic group of rhizobia. The use of serological methods described
here in tai@nomic studies of Rhizobium offers considerable scope for
improving the present classification of this genus to indicate more

clearly the relationships between species.
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APPENDIX I: Standard curve for DNA determination by the method of

Absorbance at 600 nm

Burton (1956). cCalf thymus DNA (Sigma) was used as the
standard. "Perchloric acid solution was the blank. The
reaction was carried out by adding 1 ml of DNA in
perchloric acid solution to the 2 ml of diphenyl reagent
and the mixture was incubated at 30° for 16 h. Each
determination was performed in duplicate. Absorbance
values were read with a Shimadzu spectrophotometer
(UV-110-02) at 600 nm against solutions containing

10, 20, 30, 40 and 50 pg DNA ml-l in the standard
solution. The results were plotted to give the cali-
bration curve.

L
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APPENDIX II:

Absorbance at 660 nm
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Standard curve for protein determination by the method

of Lowry et al. (1951). Bovine serum albumin (Armour,
England) was used as the standard. The solvent was
alkaline Folin-Ciocalteau reagent. A blank containing

water was treated in the same way as the standard.
Absorbance values were read with a Shimadzu spectrophoto-
meter (UV-110-02) at 660 nm against 31, 62, 125, and 250
ug protein ml-1l in the standard solution. Each
determination was performed in duplicate. The results
were plotted to give the calibration curve.

o

T T
100 200

Bovine serum albumin (ug ml_l)



APPENDIX III:

Absorbance at 260 nm
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Standard curve for RNA determination by the method of

"Savitsky and Stand (1965). Yeast  RNA (Sigma) was
used for the standard solution. The blank was 1 M
perchloric acid solution. Absorbance values were

read with a Shimadzu spectrophotometer (UV-110-02) at
260 nm against 2.5, 5, 10, and 20 pg RNA ml~-! of
standard solution. Each determination was performed
in duplicate. The results were plotted to give the
calibration curve.

g RNA ml_l



Absorbance at 625 nm

APPENDIX IV:
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Standard curve for total carbohydrate determination by
anthrone reaction (Dick, 1979). Glucose (BDH, AR) was
used as the standard carbohydrate. Solvent was anthrone
reagent. A blank containing water was treated in the

" same way as the standard. Absorbance values were read

in ‘a Shimadzu spectrophotometer (UV-110-02) at 625 nm
against 20, 40, 60, 80, and 100 pg glucose ml~l in the
standard solution. Each determination was performed in
duplicate. The results were plotted to give the
calibration curve.

1L
[ 1 — Fl [l
T T 1 T L
20 40 60 80 100
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213

APPENDIX V: Reagents for immunofluorescence tests.

(1)

(ii)

(iii)

(iv)

Saturated solution of ammonium sulphate.
Ammonium sulphate (AnalaR) (706 g) was dissolved in distilled
water and made up to one litre, then stored at 4O for two

days until some recrystallization occurred.

Biuret reagent (Gornall et al., 1949).

To 1.5 g of cupric sulphate (CuSO 5H’0), 6.0 g of sodium

potassium ta);tarate.(NaKC4H4O6 iH O) was added in a 1000 ml

volumetric flask and the two dlssolved in 500 ml of distilled
water. To this was added, with constant swirling, 300 ml of
10% NaOH. Distilled water was added to make up to the mark.

The solution was stored in a parafin-lined bottle.

Carbonate-bicarbonate buffer (0.5 M; pH 9.0).
The NaHCO3 (3.7 g) was dissolved, along with 0.6 g of
anhydrous Na2CO3, in 100 ml of distilled water.

Phosphate-buffered saline (PBS), (0.01 M; pH 7.6) (Cherry,
(1974) .

* Concentrated (10 x) stock solution

Na HPO4, anhydrous, reagent-grade 12.36 g
) NaH2P04 H 0 1.80 g
- NaCl, reagent-grade . 85.00 g

Distilled water to a final volume of 1,000 ml.

** Working solution
Concentrated stock solution 100 ml

Distilled water to a final volume
of 1,000 ml
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APPENDIX VI: Reagents for ELISA tests.

The solutions for HRPO conjugation and substrate:

(i) Sodium bicarbonate (NaHCO3) 0.3 M, pH 8.1 was prepared by
dissolving 2.52 g in 100 ml distilled water.

(ii) 2,4-dinitrofluorobenzene (FDNB) Grade 1 (Sigma).
Solution of 1% (w/v) was prepared by mixing 0.66 ml of FDNB
in 10 ml of absolute ethanol.

(iii) NaIO4 0.08 M was prepared by dissolving 1.71 g in 100 ml

distilled water.

(iv) Ethylene glycol 0.17 M

m.w. 62.07 .
deﬁsity at 20° 1.112
% assay 95%
diluted 1/100 to give approximately 0.17 M.
(v) Na2CO3— 0.01 M was prepared by dissolving 1.06 g Na2CO3
in one litre distilled water. The pH was adjusted to

9.5 by adding concentrated HCl dropwise.

(vi) Buffer citraté—phosphate pH 5.0 (Voller et al., 1979).

The following stocks were made and stored at 40:

A: Citric acid 0.1 M - 2.1 g citric acid dissolved in 100 ml
distilled water.

B: Na,HPO, 0.2 M - 14.33 g Na,HPO,.12H 0 dissolved in 200 ml

distilled water.

(vii) The substrate buffer was made immédiately prior to use (Voller
et al., 1979).

(a) 4.93 ml of solution A + 5.07 ml of solution B.
(b) 0.2 ml of 1/100 dilution of H O2 (30%).
(c) 4.0 mg of orthophenylene diamine.



APPENDIX VII:

Absorbance at 540 nm
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Standard curve for protein determination by method of
Gornall et al. (1949). Bovine serum albumin (Armour,
Enélénd) was used as the standard. - The solvent was
Biuret reagent. A blank containing water was treated

in the same way as the standard. Absorbance values

were read with a Shimadzu spectrophotometer (UV-110-02)
at 540 nm against 2, 4, 6, 8 and 10 mg protein ml in

the standard solution. Each determination was pexformed
in duplicate. The results were plotted to give the
calibration curve.

’ . | 4 L L Y 4 " 3
B ) L L L] v T - Y 4
2 4 6 8 10

. . -1
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APPENDIX VIII:

in Rhizobium (Chapter 5).

Bnalysis of variance of results from effect of DNA concentration

Bnalysis of variance of results from genetic transformation

on transformation of R. meliloti 2755 (Table 5.2).

‘Sou?ce.of DF s MS F
variation ) . L oL

-9 -10
Treatment 6] 3.927 x 10 6.546 x 10 143.20718*%*
Residual 7| 3.200 x 10-11 | 4.571 x 10712 '
Total 13| 3.959 x 107 | 3.046 x 10710

* .
Significant at P =

Analysis of variance of results from effect of streptomycin congen-
meliloti 2748 with DNA 2748 Str'

0.05

tration on transformatlon of R.

(Table 5.3).

Source of | ss MS F
variation o }

-9 -9
Treatment 3|16.678 x 10 2.226 x 10 79.16074**%*
Residual al1.125 x 10719 2.812 x 107!
Total 716.791 x 1072 | 9.701 x 107 %°
* %k

-Significant at P =

Analysis of variance of results from effect of streptomycin concen-
trations on transformation of R. meliloti 2755 with DNA 2748 Str

(Table 5.3).

0.01

Source of

. DF Ss MS F
variation
-10 -10 * kK
Treatment 31 3.957 x 10 1.325 x 10 132.50
Residual | 4 | 4.000 x 10”12 |10.000 x 10713
Total 71 4.015 x 10°1° | 5.736 x 1071t




(4)

Analysis of variance of results from transformation of Rhizobium

with the DNA of R. meliloti strain 2748 Strf (Table 5.4).

|
Source of | . ss " Ms F
variation o .
-8 -9
Treatment 311.407 x 10 4.690 x 10 493.68420%*%*
Residual 4|3.800 x 107 |9.500 x 10712
Total 71 1.411 x 107 |2.015 x 107°

(5)

Analysis of variance of results from transformation of Rhizobium

with the DNA of R. meliloti 2755 Str- (Table 5.4).

Source of | o Ss MS F
variation

-9 -10
Treatment 312.789 x 10 9.298 x 10 103.31111%%*%
Residual 4l3.600 x 10711 | 9.000 x 10712
Total 71 2.826 x 1072 | 4.036 x 10°1°






