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ABSTRACT.

The aim of the project was to characterise the Rhizobium loti
Nod~ Tn5 mutant strain, PN233. The Tn5 insertion had been previously
localised to a 7.1 kb Eco RI chromosomal fragment. This fragment was
sub-cloned and a Bam HI/Sal I endonuclease restriction map for the
region was determined. Hind III digests were utilised to identify the
approximate location of the Tn$ 233 insertion and those of four other
Tn5 insertions (401¢, 4019, 4047 and 4053) in the 7.1 kb region. The
233 mutation was found to map te a 1.45 kb Sal I fragment and that of
an overlapping 2.8 kb Bam HI ‘fragment.

The 7.1 kb Eco RI fragment and a larger 22.7 kb fragment that
encompassed this region, had been cloned inte pLAFRL. The construct
carrying the 22.7 kb fragment (pPN305) was crossed into four R.I. bv,
trifolii strains, each mutant in one of the four common nod genes,
3,B,C, and D. The construct was able to complement the nodC mutation
indicating the presence of a nodC gene somewhere on the 22.7 kb
region.

The mutations 4047 and 4053 had been found to map to either side
of the 233 TnS5 insertion. Both insertions affected nodule formation
and were thus included in further plant complementation tests. These
experiments involved crossing both the pPN305 and a construct bearing
the smaller 7.1 kb FEce RI fragment (pPN25) into the R. loti and R.1.
bv. trifolii Tn5 mutants. What was unusual about the results was that,
while the 7.1 kb fragment was able to complement the mutations, the
larger 22.7 kb fragment which encompasses that region could cemplement
PN4047 and PN4053 but was unable to complement the PN233 mutant.

The 2.8 kb Bam HI and 1.45 kb Sal I fragments, to which the 233
insertion was mapped, and that of an adjacent 1.2 kb Sal I fragment,
ware sub-cloned and then Bal 31 digested in both orientations to
create a series of overlapping fragments. These fragments were then
sequenced. The data revealed that the 233 Tn5 had insexted into the R.
loti nodC gene. It was determined that the 4047 Tn5 was alsc located

in this gene, slightly upstream of 233, while 4053 had inserted into



the 5‘-region of nodl which is downstream of nodC. Nodh was identified
upstream of nodC indicating an arrangement of common nod genes
different £from the conventional nodABCIJ found in other rhizobia. The
promoter for these nod genes, the nod box, was located upstream of the
nodh gene.

A particularly puzzling aspect of the results is that, while
PN4047 is complemented by both pPN305 and pPN25, PN233, which has an
insertion in the same gene, could only be complemented by the smaller
fragment carried by the pPN25 construct. To explain this result, it is
proposed that PNZ233 i1s preoducing a mutant NodC protein and that this,
in combination with doubled copies of a gene or genes present
elsewhere on the 22.7 kb fragment, is respconsible for interfering with
complementation in this mutant. Alternatively, 1t may be that the
imialance of doubled copies of downstrzam, co-transcribed genes in the
presence of one copy of a funcrional nodC gene causes complementation

failure.
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1.0 INTRODUCTION.

Micrebes play an important role in the bioclogical cycles of
carbon, oxygen, nitrogen and sulphur which are fundamental to life on
this planet. While nitrogen is abundant on Earth, most of it 1s not
readily utilisable by plants. Consequently, one of the factors that
most limits global agricultural productivity i1s the availability of
fixed nitrogen. The dinitrogen bond is very strong. Conseguently,
industrial processes directed towards fixing nitrogen reguire
specialised conditions and are energy-intensive. However, many
microbes in either a free-living state and/or in a symbiotic
relationship with a plant are capable of fixing atmospheric nitrogen

by converting it teo ammonia via the following chemical conversions.
Mg +
N2 + 6e” + BH' + 12ATP -————emmm—mmemm >2NH3 +12aDP + 12Pi
NITROGENASE

At present, a vast amount of money and effort 1s expended on
applyving industrial nitrogencus fertiliser, which is mainly a product
of the Haber process, to agricultural crops. The impact of industrial
fertilisers on the envircnment and the economic reality that nitrogen
fertiliser is beyond the reach of many countries, is of worldwide
concern. Research into biological nitrogen fixation is therefore of
considerable interest, not only academically, but because of the
potential applications it may have for crop 1lmprovement and

productivity.
1.1 DINITROGEN~FIXING PLANT - MICROSYMBICONT ASSQCIATIONS.

1.1.1 NON-LEGUMINOUS ASSOCIATIONS.

2 number of dicotyledenocus, non-legumincous plants from
phvlogenetically unrelated families and genera, form nitrogen-fixing
reot nodules in symbictic relationships with endophytes that mainly
pelong to the order Actinomycetales and to the genus Rhizobium. The
actinomycete endophytes of non-legumes can be placed in one family

Frankiaceae, with a single genus Frankia {Becking, 1275). Examples of



some plant genera that have members which bear non-legumincus nodules
formed by actinomycete-host symbioses are Casuvarina, Myrica, Alnus,
Cerocarpus, Coriaria, Comptonia, and Colletia (Becking, 1975; Bowes et
al., 1877; Callaham et al., 19%97%), Some non-leguminous, nodule-bearing
dicotyledonous hosts capable of symbioses with Rbhizeobium or supposed
Rhizobium species are Trema, Parasponia, Zygophyllum, Fagonia, Viola
and Opuntia (Becking, 1975).

Two morphoclogical types of actinomycetous neodules are known:
1) Alnus-type and 2) Myrica-Casuvarina-type (Torrey and Callaham,
1878 . Alnus-type nodules are found in representatives of Belutaceae,
Elaegnaceae, Rhamnaceae, Ceoriariaceae and Rosaceae. The nodules
comprise modified, o¢ften dicotomously-branched roots ¢f arrested
growth which usually have a coralloid appearance (Becking, 1975%).
Myrica/Casuarina-type nodule lobes give rise to a normal root which is
negatively geotropic (Torrey and Callaham, 1978).

Actinomycetes enter the host plant via root hair infection. These
hairs curl on invasion by the actinomycete (Torrey and Callaham, 19%73;
Callaham et al., 19279; Lalonde, 19803). The hyphae perforate the root
cortical cells by local degradation of the cell walls and penetrate
the host cell cytoplasm where it is then surrounded by host plasma
membrane and a thick polysaccharide material termed the capsule. The
hyphae branch extensively in specific layers of the cortex,
penetrating most of the host cyteoplasm (Newcomb et al., 1978:; Lalonde,
1980). These nodules are highly modified lateral branches, both in
their origin and in their development (Becking, 197%; Torrev and

Callaham, 1%78).

1.1.2 LEGUMINCSEAE AND RHYZOBIUM.

Much research effort is focused on nitrogen fixation in
leguminous plants, many of which are of immense agricultural
significance both as pasture and as food crops, examples being clover,
lucerne (alfalfa), peas, beans, soyva beans and peanuts. This symbiotic
relationship enables them to grow in nitrogen-deficient soils and

hence they are also of ececlogical importance, in that they can be used



te reclaim pocr and nitrogen-deficient land. There are about 18,000
species in the family Leguminoseae and over 90 percent of plants in
the sub-families Mimosocdeae and Papilionoideae bear highly specialised
root nodules which provide the appropriate microaercbic conditions
necessary for the nitrogen—-fixing bacterial symbiont, Rhizobium
{(Vincent, 1982} .

Members of the genus Rhizobium characteristically invade the
roots of leguminocus plants and produce root nodules. Taxonomic
classification ¢of Rhizobium tends to be based on the plant affinity
{(cross-inoculation group) concept. Until recently, fast (generation
time of under & hours}) and slow (generation time greater than 6 hours)
-growing rhizobla were grouped in the same genus Rhizobium, However
studies of numerical taxonomy, RNA cistron similarities, DNA base
ratio determination, nucleic acid hybridisation, immunoclogy,
composition 0f extracellular polysaccharides, carbohydrate utilisation
and metabolism, bacteriophage and antibiotic susceptibilities, protein
composition and types of intracellular inclusion boedies in bactercids
{(Vincent, 1977; Elkan, 1981; Jordan, 1982; Trinick, 1980) hnave
supported 2 major division of the genus into the fast-growing
Rhizobium and the slow-growing Bradyrhizobium sp. (Buchanan-Wollaston
et al., 1980:; Jordan, 1982).

Fast-growing R. japonicum isolated from Asian-type soya beans
have physioclogical characteristics similar to other fast-growing
rhizobia, but their symbilotic properties are similar to the cowpea
miscellany (Stowers and Eaglesham, 1984). These types of rhizobia have
been grouped inte a new species, R, fredii (Schella and Elkan, 1984;
Sadowsky et al., 1987). Likewise, the fast-growing strains that
nodulate Lotus sp. show low DNA:DNA homology (10-15%) both with other
Rhizobium sp. and with slow-growing strains able to form symbiotic
relationships with Lotus (Crow et al., 1981). These fast-growers have
been grouped into a new Rhizobium species, R. loti {Jarvis et al.,
1982). R. leguminosarum, R. trifolii and R. phaseoli are now
categorised as different R. legumincsarum biovars, i.e. R.1. bwv.
viciae, R.1. bv, trifelii and R.1. bv. phaseocli. Table 1.1 lists host

plants and their corresponding microsymbionts.



Table 1.1: Microsymbionts and their respective host plants

Bacterium

host plant

Rhizobium meliloti

R, leguminosarum bv,
bwv,

b,

Rhizobium fredili

viciae
trifeolil

phaseocli

Bradipyrhizobium japonicum

Rhizobium loti

Azorhizobium caulinodans

Rhizobium NGZ234

Bradyrhizobium sp.

Parasponia

lucerne (alfalfa)

pea, wvetch

clover

bean

soya bean

soya bean

Lotus

Segbania {stem nodules)
Parasponia (a4 non-legume)

Parasponia {a non-legume)




1.2 THE BICLOGY OF RHIZOBIAL NODULATION.

1.2.1 NODULE ONTOGENY.

1.2.1.1 RHIZOBIAL CCLONISATION OF RCOT HAIRS AND NODULE INITIATION.

The successful infection of the host plant by the microsymbiont
is dependent upon a segquence of signals between plant and microbe.
Plant root exudate will affect broth cultures of Rhizobium (Dazzo and
Gardicl, 1984} while the culture filtrate of Rhizebium will induce
root hair curling or branching {(Yac and Vincent, 1876}. This indicates
that transfusable chemical signals play a role in early stages of
colonisation and infection.

Gulash et al. (1%84) observed that clouds of R, meliloti were
attracted to localised sites on the surface of the infectible region
of lucerne. Only Rhizobium strains formed these characteristic clouds
suggesting that the microsymbionts were responding to a substance in
the reoot exudate. Host plants exude flavonoid compounds that are

derived from the phenylpropancoid biosynthetic pathway {reviewed by

Rolfe and Gresshoff, 1988). These include flavones, flavanones,
hydroxyflavanones and isoflavanones (Zaat et al., 1989), (See Figure
1.1}. These compounds can indirectly activate transcription of

nodulation genes and play a role in host-specificity, as they can act
as antagonists in non-homologous combinations. Khan et al. (1%90)
reported that isoflavones from a host plant can act as

chemoattractants. It should be noted that flavonoids are clesely
related to some phytcalexins (see Figure 1.1), the plant-produced
antibiotics synthesised upeon invasion of the plant by micro-organisms.
Parniske et al. (1990} found that B, japonicum was able to overcome
the inhikiting effect of its host’s phytoalexin, glycecllin, but not
that of incompatible heosts. This area 1s of interest, as it is not
known how the bacteria overcome the host defence system and get the
plant to accept the invasion by the microsymbionts. Just as the plant

communicates with the bacteria, via the production of an inducer which



Figure 1.1: The chemical structure of flavonoids and some
ohytoalexins.
a = flavones; b = flavonones; ¢ = isoflavones (Firmin et

al., 1986); d = some bean phytoalexins {Deverall, 1382).
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activates nodulation gene transcription, a signal molecule encoded by
the Rhizobium early nedulation genes is important in establishing host
specificity (Lerouge et al., 1980). Colonisation of the roct surface
is the first step in the nodulaticon process.

One hypothesis c¢oncerning host-microsymbiont specificity is the
"lectin recognition hypothesis", that is, that recognition between the
legume and appropriate Rhizobium involves a binding of plant lectins
to unigue carbohydrates found exclusively on the Rhizobium cell
surface (Dazzo and Gardiol, 1984). Lectins are found in many diverse
eucaryotic and procaryotic organisms. They are divalent or multivalent
carbohydrate-binding proteins that are grouped together because they
agglutinace cells or other materials that display more than one
saccharide of sufficient complementarity {(Barcondes, 1881). These
molecules bind carbohydrate residues reversibly. Lectins can be
glycosylated or non-glycosylated and are found in cells both as a
membrane-bound and an unbound, freely-soluble form (Miller and Bowles,
1982). Though predominantly intracellular they are alsc detectable on
cell surfaces or extracellularly and these molecules appear to
interact with complementary saccharides on cell surfaces (Barondes,
1381} .

The "lectin recognition hypothesis” suggests that the expression
of host-specificity may involve preferential adsorption of rhizcobia to
root hairs (Bohlool and Schmidt, 1974; Dazzo et al., 1976; Dazzo and
Brill, 1978; Dazzo, 1980), by specific cross-bridging of antigenically
ralated saccharide determinants on the surface of the bacterium and
the cell wall of the host by multivalent host-encoded lectin (Dazzo et
al., 187%). However, soya beans that lack lectin can be nodulated by
R. japonicum (Barcondes, 19%8Ll). Also the lectin levels in the scya bean
roots studied had fallen to undetectable levels abkout 2 weeks after
planting but the highest rate of nodulation was 2-4 weeks after sowing
{Barondes, 1981). It had been reported that some strains of rhizobia
do not kind to lectins from the host that they nodulate {(Dazze and

Hubbell, 1975k} . This information tends not to support the lectin



hypothesis. However, some studies that suggest lectin is not involved
with host-specifity have involved seed lectin and this can differ from
root lectins {(Law and Strijdom, 1977; Barondes, 198l; Dazzo and
Gardiecl, 1984;.

Work by MacGregor and aAlexander (1972} and Dazzo and Hubbell
{1975a; 1975b) showed that there were differences in the extracellular
polysaccharide (which includes capsular polysaccharides, CPS5S;
exopolysaccharides, EPS; lipopolysaccharides, 1LP3 and cyclic B-1,2-
glucans [reviewed by Rolfe and Gresshoff, 1988]) and surface antigen
composition between infective and non—infective strains of Rhizobium.
This included an experiment that compared a non-nodulating mutant
Rhizobium with its nodulating parental stain (MacGregor and Alexander,
1472). The complete lipopolysaccharide structure 1s required by R.1.
bv. phasecli strain CE3 to nodulate bean properly (Brink et al., 1%88)
and mutants lacking the O-antigen lipopolysaccharide are defective in
nodule development (Carlson et al., 1988). .

One lectin that has been investigated is trifol#p, a clover
lectin. This glycoproteln accumulates at clover root hair tips {(Dazzo
et al., 1979). Fixed nitrogen (eq. NO3_, NH4_) in the reooting medium
regulates the levels of trifolin on clover root hairs and hence the
ability of rhizeobia to adhere to these surfaces (Dazzo et al., 1979).
It is interesting te note that nodulation is regulated by the amount
of fixed nitrogen available.

The growth phase of the rhizebia is another important factor
affecting binding of bacteria to the root (Dazzo and Gardiol, 1984},
Various groups have found that the capsular polysaccharides of
rhizobia change with the age of the culture (Bhuvaneswari et al.,
1977; Dazzo et al., 1979; Dazzo and Gardiol, 1984; Mikiko et al.,
1984) and that change affects their binding ability. White clover had
more infected root hairs when inoculated with cells in early
stationary phase than with cells in mid-exponential phase (Dazzo and
Gardicl, 18984). R.1., bv. trifeolii 0403, grown on agar plates for 35

days attached in greater numbers to clover root hairs than those grown



cn plates for 3 or 7 days (Dazzo et al., 1979). The above suggests
that the lectin binding sites on rhizebia may be transient rather than
constitutive components of the cell surface {Bhuvaneswari et al.,
197%7; Dazzo and Truchet, 1984).

Host plants also appear to regulate infection. Clover root
exudate has enzymatic activity that alters and erodes the bkacterial
capsule and this favours polar attachment wvia polar-lectin receptors
(Dazzo et al., 1982; Halverson and Stacey, 1986). Another example of
plant products influencing infection is where flaveones from the root
washings of clover induce expression of genes required for nodulation
by R.I. bv. trifolii (Redmond et al., 1986). Likewise, luteclin, a
flavone from lucerne, induces expression of R. meliloti nodulation
genes (Peters et al., 1986).

During the early stages of infection, which can be in a matter of
minutes after inoculation {(Turgeon and Bauer, 1982}, the bacteria
attach to the root hairs via a hapten-reversible interaction and then
later become irreversibly anchored to the host cell. These steps are
an early expression of host-specificity in the legume-Rhizobium
symbiosis (Dazzo and Gardiol, 1984). There is some evidence that there
are multiple mechanisms for rhizobial attachment to the host - some
specific and some non-specific (Dazzo and Gardicl, 1984).

Bacteria can enter the host plant in one of three ways:

1) infection via infection thread and reoot hairs,

2) crack entry with no observable infection thread formation, and

3) c¢rack entry with infection thread formacion (Rolfe and Shine,
1984) .

The first mode of entry is common and hence reasonably well
investigated. The earliest visible sign that a successful infection
may be proceeding is when the root hairs start to curl. Reoot hair
curling can be caused by noen-compatible host-microsymbiont
associations {Li and Hubbell, 1969} indicating that this response is
not host-specific. Also, the number of root hair infections is
generally less than the number of curled root hairs for clover

{(Purchase, 1958). In most plants the area of infection is localised to
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the cells above the zone of elongation and just below the position of
the smallest root hairs, (Bhuvaneswari et al., 1980; Pueppke, 1983),
except in the mature root zone where infections can be initiated
during lateral branching near the base of an older root hair (Nutman,
1959; Callaham and Torrey, 1981). The window ¢of infectability of gilven
host cells is therefore generally restricted to a few hours
{Bhuvaneswari et al., 1980}.

The root hairs grow around the polarly—-attached rhizobia
{(Vincent, 198¢), and an infection thread develops from the most
acutely curled regicon of the root hair (Bauer, 1981). In soya bean,
root hair curling occurs within 12 hours and the infection thread is
visible, under light microsceopy., within 24 hours of inoculation
{Turgeon and Bauer, 1982). Within 2 to 4 hours, infection threads that
will give rise to nitrogen-fixing nodules apparently block nodule
formation at adjacent sites on the root (Bauer, 13%81), implying that
there is a signal other than nitrogen preoduction which controls nodule
formation. Consequently, effective nodulation 1s a negatively self-
regulating phenomenon (Nutman, 1981) by which a plant controls the
number of nodules and avcoids excessive energy expenditure on
unnecessary nodule development (Verma and MNadler, 19%84). The fact that
ineffective strains of rhizobia will produce more neodules than
effective strains, supports the presence of a feed-back inhibition
system (Maier and Brill, 1876).

The curled root hair forms a “pocket™ that traps the bacteria and
creates a microenvironment conducive to production of wall "loosening”
enzymes necessary for invasion {Callaham and Torrey, 1981l; Verma and
Nadler, 1984). These rhizobial enzymes dissolve the cell wall matrix
leaving a layer of depolymerised wall microfibrils. Growth pressure
from the bacterial colony "stretches" the weakened wall forming a
bulge intc an interfacial zone between the wall and plasmalemma (Ridge
and Rolfe, 1985). The infection thread is initiated by an invagination
of the root hair wall (NMapoli and Hubbell, 1%75). The apparent

continuity of the cell and infection thread walls is due to 2 new wall
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layer, which is deposited by the actively-streaming host cytoplasm,
internal to the existing wall (Callaham and Torrey, 188Bl). This new
wall is thicker and more fibrillar in appearance with a thickness of
0.5 um in clover (Callaham and Torrey, 1981).

Turgecon and Bauer (1982) observed that infected root hairs have
increased cytoplasm, prominent nuclei and smaller vacuoles than
uninfected root hairs. Prominent features of the cytoplasm surrounding
the infection site are endoplasmic reticulum, eccasional dictyosomes
and numerous mitochondria (Callaham and Torrey, 1982}). Vesicular
bodies, similar to plasmalemmasomes, accumulate at the penetration
site in a manner that parallels host-pathogen systems (Ridge and
rRolfe, 1985}, It has been suggested that the coated vesicles of the
plant, which appear to arise from Golgi bodies, are involved in
infection thread biosynthesis (Robertson et al., 1978). In sova bean,
it 1is not uncommen to find two infection threads in one root hair
{Ranga Rao and Keister, 1978). Successful nodulation is generally
achieved by one strain of Rhizobium (Dart, 1974}, although nodules can
be occupled by more than one strain. Non-nodulating muetants, when
mixed with efficient strains, can nodulate plants by "sneaking” into
the reoot along with the invading partner (Trinick, 19882). The
infection thread grows down the length of the root hair, through the
epidermis and ramifies through the cortex. When the infection thread
crosses from one cell to ancther in the cortex, there appears to be a
repetition of the infection site invagination process (Napelli and
Hubbell, 1875).

The peanut, Arachis hypogaea, is an example of the crack entry
mode of invasion where no infection thread is observed. Nodules on
these plants arise solely at root Jjunctions (Daxt, 1975), the only
place where root hairs exist on their hosts (Chandler, 1978). Rhizobia
enter the plant where the root hairs emerge and occupy the place
between the root hair wall and the adjoining epidermal and cortical
cells, hence the term "crack entry™. The bacteria multiply and then
invade the plant cells. The invaded basal cells divide and, with
repeated divisions, become smaller and become incorporated into the

nodule tissue (Chandler, 1978).
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While the term "Rhizobium-legume symblesis™ has become synonymous
with the term "root nodule symbiosis™, it is important te note that
nodulation and symbioctic nitrogen-fixation alse occurs on the stem of
some legumes. Three genera of the family Leguminocseae have been
reported to form stem nodules: Aeschynomene and Sesbania of the
subfamily Papilionoideae, and Neptunia, of the Mimisocideae subfamily
{Legocki and Szalay, 1984}, The initial mode of infection in these
cases remains unknown, Tsien et al. {(1l983) showed the presence of
branched intercellular infection threads in Seskbania rostrata; however
no infection threads have been found in Aeschynomene plants to date

{Legocki and Szalay, 1984).

1.2.1.2 FURTHER NODULE DEVELCPMENT,

In many species studied it is observed that increases in cortical
cytoplasm and in mitotic divisieon ococeur in advance of the penetrating
infection thread (Dart, 1975; Newcomb et al., 197%; Turgecn and Bauer,
1982; Verma and Nadler, 1984). This suggests that a diffusible
supstance produced by the infection thread may stimulate the cortical
cells to divide. Pure cultures of Rhizobium have been reported to
produce cytokinins and indole acetic acid (IAa) (Dart, 1975; Phillips
and Torrey, 1972; Verma and Nadler, 1984) which stimuiate cell
division. It is therefore possible that alterations in the balance of
these compounds may be respeonsible for the increased cortical
divisign. Also, root nodules have been found to be rich in auxins
(Lie, 1964}. The presence of a diffusible molecule is alsoc supported
by experiments where the early stages of cortical division are
initiated by rhizobial mutants which fail to cause root hair curling
and infection thread formation (Knight et al., 1986} . Recently an
alfalfa-specific nodulatiocn signal melecule designated NodRm-1 hnas
been identified and has been shown to stimulate root hair curling and

cell division (Lerouge et al., 1980).
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Figure 1.,2: The structure of determinate and indeterminate nodules.

{Sutton, 1983).
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An alternative hypothesis to that of the diffusible division-
inducing signal 1s that the invading bacteria alter pre-existing
positional gradients that control the placings of meristematic
actlivity (as proposed by Warren Wilscn, 1978).

The exact nature of the cells which respond te the division
stimulus is unknown. Wipf and Cooper (1840) reported tetraploid cells
in the cortex of a number of leguminocus plants. HNuclei contalning
twice the normal DNA content have been found in white clover root
cortical cells {(Gresshoff and Mohapatra, 1981) and polyploid micoses
in the root cortex are characteristic of developing pea nodules
{Phillips and Torrey, 1970). Explants of pea cortical tissue have
shown that tetraploid cells are stimulated to divide at lower
cytokinin levels than diplcoid cells (Nagl and Rucker, 1974) and this
lends suppert to the hypothesis that the tetrapleoid cells may act as
"target" tissues for nodule initiation. That is, cytokinin and auxins
which the rhizobila produce stimulate these cells to divide and hence
initiate meristematic activity (Wipf and Cooper, 1240}. Alternatively,
the invading rhizobiaz may stimulate diploid cells to become polyploid
{(Libbenga and Bogers, 1974; Truchet, 19%78). Neither of thess
hypotheses have been conclusively disproved.

Leguminous root ncdules tend to be initiated in the cortex
{Libbenga and Bogers, 1974; Dart, 19275; Chandler, 1978; Newcomb, et
al., 1979; Newcomb, 1980; Bauer, 1981} or possibly in the pericycle in
some species (Dart, 1875; Collins, 1983). Cell divisions, due to the
presence of an infection thread, are usually opposite the protoxylem
points in the root stele (Phillips, 1971; Sprent, 1979; Collins,
1983). Laterals arise from the same position lending support to the
hypothesis that both nodules and laterals arise from the same "Anlage"”
and then bifurcate early in development. This would indicate that the
sum total ¢f nodule and lateral initials for a plant would be
relatively constant, a feature noticed by Nutman {(1948) in red clover.
However, laterals always arise opposite protoxylem poles whereas
nodules need not (Sprent, 197%), so the exact relationship between

nodules and laterals, 1f any, remains debatable.
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The overall directicon o¢f the infection thread is towards the
stele. In the case of the pea plant, the infection thread passes
through cortical cell walls and the intercellular spaces (Newcomb,
1380). Cell division is stimulated and this results in the formation
of a nodule meristem. The meristem is characterised by isodiamerric
cells having densely staining cytoplasm, many small wvacucles, a
prominent nucleus {Newcomb, 1976), which often has several nuclecli, a
few mitochondria, numerous plastids and free ribosomes and relatively
little rough endoplasmic reticulum. Dependent upon the arrangement of
the meristem, the nodule formed 1s either indeterminate ({apical
meristem) as in pea and clover, or determinate (peripheral meristem),
examples being soya bean and siratro nodules (see Figure 1.2). Slow-—
growing rhizobia tend to infect plants that produce determinate
nodules; temperate legumes that develop indeterminate nodules tend to
be invaded by fast-growing rhizobla (reviewed by Ludwlig and de Vries,
1986). The size and shape ¢f the nodule is determined by the host
{Newcomb et al., 1979; Sutton, 1983}. In fact, some alfalfa plants can
form non-nitrogen fixing structures that possess all the features
characteristic of indeterminate nodules (Truchet et al.,, 1989),
indicating that the host controls nodule structure. The nodule
primordium continues to grow as more ceortical layers are incorporated
into the nodule. The peripheral cortex of the nodule, the endcodermis
and the pericycle are not invaded by the bacteria (Libbenga and
Bogers, 1974). The infection thread ramifies through the meristematic
zone, At no time during the course of a normal infection are the
bacteria "naked" in the root hair cytoplasm (Vincent, 1%80}). They are
surrcunded by a large amount of matrix (Vincent, 1980), possibly
polysaccharide in nature, in which they continue to divide.

In spherical nodules the meristematic activity is restricted to a
cambium-like layer 2-3 cell layers wide surrounding the bactercid
zone. Other meristematic regions appear in the cortex and these give
rise to the vascular traces (Dart, 1977). In plants that have no
infection thread, rhizobia appear to be dispersed entirely by cell
division. In soya bean, (Glycine max), initial cortical divisions

peroduce an outer globular mass of cytoplasm-rich cells and an inner
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region of vacuolated cells adjacent to the stele. The infection
threads invade the outer mass and some of them penetrate actively
dividing cells. By 12-18 days mitotlc activity is mostly finished and
any subseguent increase in the bactercid zocne is due to cell
enlargement {Sutton, 1983).

In indeterminate nodules the infected cells do not divide, the
bacteria being spread by the ramification of the infection thread into
new cells formed by meristematic activity ({Sutton, 1983). A3 the
initial meristematic centre is lost to bacterocid formation, new
meristematic activity is initiated in neighbouring cortical tissue
(Libbenga and Harkes, 1973). As the development in indeterminate
nodules proceeds, more cortical layers contribute to the nodule. The
peripheral layer and apical meristem ¢f the nodule are not invaded
{Libbenga and Harkes, 1973).

Not all cells in the bacteroid zone are invaded or contain
rhizobia. These cells link up to form channels from the cortex to the
bacteroid tissue. In determinate nodules, these cells form radial
files whereas in indeterminate nodules they tend to form leongitudinal
files. There are few uninvaded cells in nodules in which rhizobia are
dispersed solely through plant cell division {Dart, 1977).

The mature root nodule has an uninvaded cortex of very large,
vacuolated, thick-walled cells. Within it lies a nodule endodermis
connécted to the root endodermis and, internal to this, there is a
layer of scleroids and several wvascular traces. A periderm layer may
be present cutside the endodermis. The nodule endodermis surrounds the
developing nodule and merges with the meristem at the apex of
cylindrical nedules and usually has plant cells with thickened
suberised walls {(Dart, 1975).

Vasculax traces differentiate in the root cortex just after the
bacteria have dispersed through the nodule initial (Dart, 1977). The
vascular bundles are initiated by division of cortical cells {Dart,
1977) or endodermal and pericyclic cells (Svtton, 1983 adjacent to
the middle of the nodule and in a direction mainly parallel to the

root radius, forming a procambial strand that develops toward the root
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stele., Protoxylem and protophloem cells elongate radially in rows and
the xylem cells form a secondary thickening {Sutton, 1283}.
Differentiation of the cells in the wvascular bundles is generally
acropetal beginning at the root wvascular connection. Nodules may have
one to five vascular traces, the number being dependent on the plant
species (Dart, 1975). They are mostly connected to one protoxylem
point in the root. The vascular traces branch dicotomously at the base
of the nodule. Further branching occurs in the nodule cortex. In
determinate nodules the vascular bundles may anastomose at the distal
end of the nodule but not in indeterminate nodules (bart, 1977;
Sutton, 1883).

Each trace has its own endodermis, with Casparian thickening,
that is Jjoined to the root endodermis. Surrounding the phleem and
xylem are pericycle cells, some of which have been reported teo develop
into transfer cells (Dart, 1975). Newcomb and Peterscn (1879),
however, reported that it 1s the xvylem parenchyma cells of the root
tissue adjacent to the nodules that develop intoe the transfer cells.
These specialised cells are characterised by ingrowths of the cell
wall. The ingrowths are located adjacent to the pits in the xylem
elements. The ontogeny and time of development of transfer cells wvary
in different species. These cells export amino acids from the nodule
to the wvascular bundle (Newcomb and Peterson, 1979%) and mediate the
symplastic flow of sugars from the phloem to the bacteroid tissues
{bart, 1975).

The release of bacteria from the infection thread usually
commences with the formation of a vesicle at the terminus of the
infection thread (Dart, 1977). Rhizobla are released into the cell by
a process which resembles endocytosis. Individual bacteria embed in
the infection thread membrane and are “"budded-coff* into individual
membrane vesicles - the peribacteroid membranes (Sutton, 1883). The
bacteria are never naked within the plant cell cytoplasm as they are
surrcunded by the infection thread or the peribacteroid membrane; both
of host cell origin. It is possible that this represents a modified

defence response. In some nodules, such as those of cowpea and sova
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bean, the host cells enlarge and this 1s accompanied by divisions of
the bactercids within the peribacteroid membrane. In others, such as
clever and alfalfa, each bacterium enlarges and remains enclosed
singly in the membrane. Bacterxoids have decreased DNA content, fewer
ribosomes and changed cytochromes (which allows for respiration at the
lower 0, concentrations within nedules) and cell wall composition
{Bexrgersen, 1974).

The first outward sign of senescence is when the nodule, which is
usually red or pink due to the pigment leghaemoglobin, turxrns to a
brown, grey or green colour, representing a breakdown of the ncdule
pigment. In indeterminacte nodules senescent tissue is found at the
base ¢f all but the youngest nodules. This zone advances intoc the
vounger symbiotic tissue laid down by the apical meristem. Under
favourable conditions, the senescent tissue may regenerate providing
the meristem has not vyet degenerated {(Sutton, 19283). In determinate
nodules, senescence commences at the centre of the organ and continues
to grow out towards the periphery of the nodule (Dart, 1975). In A.
hypogaea a layer of suberised cells develops at the base of the nodule
and proceeds to sever the vascular traces to the nodule resulting in
senescence. The suberised layer also forms a seal on the root surface
after nodule degensraticn is complete (Sutton, 1983).

buring senescence the bacteroid tissue breaks down to form
zoogloeal masses around the plant nuclei. The bacteroids decompose to
granules and finally disappear while rod-shaped bacteria proliferate
in the intercellular spaces in M. sativa, T. repens and P. sativum
{Sutton, 1983). Electron microscopic observations of P. sativum showed
that multiple vacuoles appeared in senescing bacteroids followed by
the disintegration of both host cell and bacterocid structures (Sutton,
1883). Early signs of degeneration are irregular contracticn of the
nucleus and c¢lumping of nucleoplasm, fragmentation and
vesicularisation of the endoplasmic reticulum, reduced numbers of
ribosomes, disappearance ¢f starch granules and swelling of some
mitochondria. The tonoplasts disappear followed by the disintegration

of the entire contents of the host cell {(Sutton, 19283).
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As can been seen from the information outlined above, the
development of z nitrogen-fixing nodule reguires close communication
and co-ordination between the plant and bacterium. The genetics of
nodule formation and nitrogen fixation are discussed in the following

sections.

1.3 THE GENETICS OF NODULATICON.

With the exception of R. loti (Pankhurst et al., 1983; Chua ef
al., 1985y, B. Jjaponicum (Long, 1989} and R. fredii (Stanley et al.,
1986), whose nodulation (nod) and nitrogenase structural genes (nif)
are, or appear to be chromosomally borne, the nod, nif and symbiotic
nitrogen-fixing {(fix) genes in most rhizobia are located on large
indigencous plasmids (Denarie et al., 1981; Hooykaas et al., 1881;
Sadowsky and Bonlool, 1983). These are commonly referred to as the Sym
fsymbiotic) plasmids ({(2urkowski and Lorkiewicz, 19%79; Wijffelman et

al., 1985%).

1.3.1 NODULATION GENES.

1.3.1,1 COMMON NOD GENES.

There are a number of highly conserved nod genes that appear to
be functieonally interchangeable among rhizobla (Fisher et al., 1985;
Long, 1989). These are called the "common™ nod genes and include
nodBBC and D. NodABC are invelved in root hair curling {(Debelle et
al., 1986) and stimulation of cell division in the plant rcoot (Dudley
et al., 1987).

The NodA and NodB products, which are predicted to be M. 21,778
{196 aa) and M, 23,7%8 (217 aa) in R. meliloti ({(Torok et al., 1984:
Egelhoff et al., 198%) respectively, are thought to be located within
the cytoscl (Schmidt et al., 1986). Experiments on NodC, which 1is
calculated to be M, 46,768 (426 aa) in R. meliloti (Torok et al.,
1984y, as well as deductions from the amino acid segquence, suggest

that it 1s a transmembrane protein (John et al., 1988). In R.
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meliloti, nodC is known to be involved with the producticn of a signal
molecule (Lerouge et al., 1990). aAs the nodABC gsnes are all highly
conserved and readily interchangeable between rhizobla, they must
perform a fundamental function in the nodulation process.

NodlJ are located downstream of nodABC. NodIJd mutations in R.1.
bv. viciae cause a slight delay in nodulation followed by an unusually
large number o¢f curled root hairs and infection threads (Debelle et

++) {Innes et al., 1985).

al., 1986) and exaggerated hair curling (Hac
Mutations in nedlJ in B. japonicum have also been reported te almost
abolish chemotaxis expressed in the presence of daidzen and genistein,
the host plant flavoneids (Khan et al., 1990). Based on homology
studies, NodlJ proteins may be involved in a membrane transport system
{(Evans and Downie, 1986). Given the close proximity of nodABCIJ, and
the polar effect of Tn35 mutations, these genes are thought to comprise
an operon (Marx, 19%85; Schofield and Watson, 1%86). The stop codon for
nodA and the start codon for nodB, overlap in R.1. bv. trifolii and R.
meliloti, i.e. ATGA, suggesting that translaticnal coupling may occur
in these organisms (Schofield and Watson, 1986; Little et al., 1989).
Genes which exhibit such o¢verlapping of stop and start codons often
code for polypeptides that function as a complex, or otherwise, are
those that need to be closely co-ordinated. It is possible that
translaticon coupling ensures the correct concentrations ¢f such
peptides in the cell {Normark et al., 1983).

With the exception of nodD, nod genes require the NodD protein
and the presence of plant inducers (flavonocids) to be expressed
{Mulligan and Leng, 1985; Lugtenberg et al., 1988). NodD is
constitutively expressed in free-living rhizobia (reviewed by Windsor,
1989) and also autoregulates its own expression in R.1l. bv. vigiaze
{(Roessen et al., 1983). Like nodlJ, nodD in B. japonicum has been
implicated in chemotactic responses to flavonoids (¥Xhan et al., 1990).
Three coplies of nod D (D1, D, and D4} have been identified in R.
melilot: (Honma and Ausubel, 19%87), nowever, these do not appear to be
autoregulated (Hong et al., 1987} and it is unknown whether nodD, and

nodD3 are constitutively expressed (Windsor, 1%89). Nod Dy, D2 and Dy
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differ in their response to pure flavoncids. They will all induce
nodABC and host-specificity genes, but activate expression in
conjunction with different flavonoid specificity (Gyvorgypal et al.,
1988). applebaum et al. (1988) reported that B. japonicum nodD, could
complement a R.I. bv. rrifelii nodD mutaticn but that B. japoaicum
nodD2 could not., In another example, a R. meliloti nodD gene was
capable of complementing a R.l1. bv. trifolii nodD mutant enabling
nodulation of T. repens but not T. pratense ({Spaink et al., 1987b).
S¢, while nodD has been designated a "common" nod gene, it is
important to note that the different nodDs play a role in host-
specificity.

Nodb 1s read divergently from nedABCILJ in R. meliloti and R.1.
bv. viciae; the open reading frame {(ORF) codes for an unmodified
protein of Mo 34,879 (308 aza) in R. meliloti (Egelhoff et al., 1985).
Sequence analysis suggests that this protein belongs to a family of
transcription-activating proteins {Henikoff et al., 1988}. This is
consistent with the finding that NodD binds te the nod box (see
section 1.3.2) and, together with the plant inducers, regulates the
expression of nod genes read downstream from the nod box (Hong et al.,

1287; HKondoreosi et al., 1989).

1.3.1.2 HOST-SPECIFICITY GENES.

NodEFGHQP are the host-specificity genes identified in
R. meliloti, while nodEFLMNT (and nod{ in some strains) are those
found in R.1. bv. viciae to date {(Long and Ehrhardc, 1989%). Although
there is a high degree of similarity between nodEF in R.1. bv. viciae
and R. meliloti, they cannot complement each other and therefore are
not considered "common” nod genes (Debelle and Sharma, 1986). NodEF,
and possibly nedG, belong to the same opercon in R. meliloti. As the
stop and start codons for nodE and nodF overlap, it is thought that
they, like nodh and nodB, are translationally coupled. The nodEFG
genes are involved with infection thread development (Debelle et al.,
1986) . However, Tn5 mutations in nodEF have been reported to be

"leaky" in expressien, so it is possible that they may not be totally
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essential for nodulation (Swanson et al., 1887). NodEFG are predicted
to be M, 41,826 (402 aa), M, 9,770 (83 aa) and M, 26,087 (245 aa}
respectively (Fisher et al., 1987bh). Sequence homology studies have
highlighted the similazxity of the nodG product to the ribitol
dehydrogenase protein in Klebksiella aerogenes (Debelle and Sharma,
1986), while NodE shares similarity with a P-ketoacyl svnthase
{(Downie, 1989; Sherman et al., 19%88) and NodF with acyl-carrier
proteins (Shearman et al., 1986},

NodH is a host-specificity gene apparently unique to R, meliloti
{(Long and Ehrhardt, 1989). It is predicted to be M, 28,834 (247 aa)
{(Fisher et al., 1987b) and inhibits nodulation in heterologous hosts
{(Debelle et al., 1986). It appears that the NodH product could be
enzymatically inveolved in modifying the nodABC product {(Faucher et
al., 1988; Banfalvi and Kondorosi, 198%}. Two newly identified nod
genes, Q and P are also assoclated with host-specificity functions in
R. meliloti. They are reported to have ATP sulphurylase activity and
it is proposed that the genes synthesise an activated sulphate that 1is
an intermediate 1n the formation of the alfalfa-specific sulphated
NodRm-1 factor (Schwedock and Long, 19%0).

NodLMN are the best characterised host-specificity genes in R.1.
bv., viciae (Long, 1989). NodMN, together with nodT, form an operon
which 13 preceded by a nod box. NodL is in the same operon as the
nodfFE genes {Surin and Downie, 1988). Based on seguence comparisons,
it is thought that the NecdlL protein may function as an acetyl-
transferase (Downie, 1988). While a mutaticn in nodl will strongly
reduce nodulation in peas, Lens and Lathyrus, 53urin and Downie (1988)
reported that it had little effect on nodulation of Vicia species.
NodM has been reported to bear a resemblance to an amido-
phosphoribosyl transferase and may therefore modify EPS sugar residues
with amidos (Weinman et al., 1988). Another gene involved in host-
specificity is nodX, found in some strains of R.1. bv. viciae and
required for the nodulation of Afghanistan peas {Gotz et al., 1985).

The function of the newly-identified nodl (de Maagd et al., 1989

and nodT (Canter Cremers et al., 1989} genes in R.1, bv. wviciae 1s



unclear. It is known however, that the Nod0 protein does share
homology in part with the haemolysin protein (Hlya) of E. coli and is
thought to be secreted. This gene is preceded by a peoorly conserved
nod box. NodT has a signal peptide similar to those of proteins that
are destined for the ocuter membrane (Bconcmou et al., 1%90). Two
different open reading frames are found betwesn the nod box and nodh
in Bradyrhizobium sp. (Parasponia) (Scott, 1986) and B. japonicum
{(Wieuwkoop et al., 1987) and designated nodK and nodY respectively. It
15 not known whether these ORFs are translated, and if so, what roles
the genes play. The arrangement of nod genes in R. meliloti and R.1I1.

bv. viciae are shown in Figure 1.3.

1.3.2 THE NOD BOX.

A highly conserved, reiterated sequence is located upstream of
the inducible nodABCIJ gene cluster and those of the host-specificity
genes. This 49 bp sequence is referred to as the nod box and is
involved with ceo-ordination of nod gene expression (Schofield and
Watson, 1986). The conserved region comprises subsequences of 7 bp,
5 bp and 25 bp (Rostas et al., 1986). Spaink et al. (1987a) compared a
number of nod boxes from different rhizobia and, based on that

analysis, arrived at the folleowing consensus sequence:
YATCCAY ., . YUYUGATG. .. .Y . ATC.ARACARTCUATTTTACCAATCY

{Y = pyrimidine:; U = purine; . = any base or base pair delestion)

Futhermore, Wang and Stacey (19%90) suggest that nod boxes appear to

comprise a repetitive sequence structure that is ocutlined below.

GC A& A GC AA A GC AR A GC BA A
-AT A Y -AT & Y -N4-AT A Y -AT A Y -
CG TT T CG TT T CG TT T CG TT T
Y = pyrinmidine; N = any base; - separates the repeated units.
Spaink et al. (1987a) reported that the inducible promcter of nodA in

R.1. bv. viciae, was contained W%Pin a fragment 72 bp long that
carried the nod box and the loosely conserved segquence, ATI(T)AG,
approximately 13 bp downstream of the consensus sequence. The nod box
is a cis-regulatory element {reviewed by Windsor, 1989). As mentioned
previously, the trans-acting NodD product binds to the nod box and

induces plant flavonoid-dependent transcription of the other nod loci
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The arrangement of nod genes in R. melilori and R.1. bv.
viciae (de Maagd et al., 18%89; reviewed by Long, 198%).
---— represents known direction of transcription and co-
transcribed genes; (T} is an ORF:; (X) is found in R.1. bwv.

viciae strain TOM.
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{Horvath et al., 1887; reviewed by Windsor, 1989). In R. meliloti, nod
gene expressicon has been found also to be under the contrel of a
repressor protein. This protein was found to bind to the DNA
downstream of the nod box in the region containing the nodD and noda

transcriptional start sites {(Kondorosi et al., 1989).

1.3.3 THE RCLE OF EXTRACELLULAR POLYSACCHARIDES IN NODULATION.

Wild-type rhizobla often produce large guantities of
extracellular polysaccharides. These comprise the neutral B-1,2-
glucans and acidic exopolysaccharides (EPSs), which are attached to
the cuter membrane surface, and the lipopolysaccharides (LPSs) which
form part of the ocuter membrane and contain the O-somatic antigens
(Gray and Rolfe, 1980). The wvaricus rhizobial species produce
differently structured EPSs which comprise oligosaccharide repeat
units. The svnthesis of these units i1s thought to take place at the
inner membrane surface {(Sutherland, 1985).

EPS, LPS and B-1,2-glucan are involved in the formation or
maintenance of infection threads in a number o©f nodule-forming
symbioses (reviewed by Martinez et al., 1990). It has been reported
that EPS is required for nodulation of indeterminate type nodules,
though unnecessary for determinate type ontogeny. For example, a R.1.
bv. phaseoll Exo mutant could produce fully effective determinate
nodules on beans, however, the same mutations i1n R.1I. bv. viciae and
R.1. bv. trifelii formed defective indeterminate nodules on peas and
clovers respectively {(Gray and Rolfe, 1990}. These observations
suggest that EFSsplay an important role in the development of
indeterminate nodules but are not required for determinate nodule
ontogeny. About 16 exopolysaccharide-related genes (exo) have been
identified in R. meliloti and many have yet to be extensively

characterised (reviewed by Martinez et al., 199%0).

1.3.4 NITROGEN FIXATION GENES.
Nodule development and the maintenance of svmbiotic nitrogen

fixation involves a complex interplay of signals between host and
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rthizobia. Genes involved with nitrogen fixzation in rhizobia are
usually divided into two groups; nif and fix genes (Long, 19%89). Those
Rhizobium genes which have homologues in free-living nitrogen-fixing
organisms like Klebsiella pneumoniae are referred to as nif genes and,
by convention, these genes share the same name as their homologues in
K. pneumoniae. Those genes whose role is not known to be analogous to
a free-living function are designated as Ffix genes {(Kondorosi, 1986).
A map of the nif region in K. pneumoniae M5al and the functions of the
genes are shown in Figure 1.4 and Table 1.2 respectively while Figure
1.5 illustrates the arrangement of fix and nif genes in R. meliloti
and B, japonicum.

Fix~ rhizobia have been identified with mutants defective in haem
biosynthesis, ammonia assimilation, carbohydrate metabolism, nitrate
reduction, glutamine synthetase (Kondorosi, 1986) and cell surface
components required for the production of signals that induce late
nodulin expression {Kondeoreosi et al., 1988a}. Two R. meliloti fix
genes whose function has been determined are fixLJ, which regulate the
expression of other nif and fix genes ({(Boistard et al., 1988). In B.
Japonicum and R. meljiloti the reqgulation of nif and fix genes occurs
by a cascade of two consecutive gene activation steps (Hennecke et

al., 1988a; Kahn et al., 1988}. (See Figure 1.6}.

1.3.5 MNODULINS.

Nodulins are plant nodule-specific gene products, moestly
expressed after the initiation of ncodule development (reviewed by
Rolfe and Gresshoff, 1988). Early nodulins are involved in the
infecticon process and neodule morphogenesis (Schell et al., 1988;
Scheres et al,., 1880} and those studied so0 far appear to be
{hydroxy)proline rich proteins that may be c¢ell wall constituents
(Gloudemans et al., 1988). In more mature nodules, late ncdulins that
are activated at wvarious stages such as, the release of bacteria into
the cell and the induction of metabolites, play a role in nitrogen
fixation and assimilation. Examples of the latter category being
leghaemeglobin, uricase, glutamine synthetase and sucrose synthetase

production (Maurc et al., 1985; Lara et al., 1988).
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Figure 1.4: A map of the nif region of XK. pneumoniae M5al (Postgate,
19825 .
«——— represents the direction ¢f transcripticn and co-

transcribed genes.

Figure 1.5: The arrangement of fix and nif genes in R. meliloti

tAusubel et al., 1985) and B. japonicum (Hennecke et al.,

1988a) .
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Table 1.2: The functions of K. pneumoniae nif genes. {(Postgate, 1982;

reviewed by Martinez et al.,

1980} .

Q unknown
invelved in precessing the

nitrogenase protein product
of nifKD

A regulates expressicon of many of
the nif and fix genes

L regulatory

M processing the protein product

of nifH

g m g ®|m ok omBo=E oW oo«

& synthesises iron molybdenum

co-factor

processes NifKD protein
unknowrsl

unknown

processing NifKD

processes NifKD

unknown

codes for B-subunit of NifXD
codes for @-subunit of NifKD
codes for subunit of NifH
electron input into
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Figure 1.6: The regulation of nif and fix genes in B. japonicum and

R. meliloti {(Hennecke =2t al., 1988a:y.
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1.4 NITROGEN FIXATION - THE PHYSICAL AND BIOCHEMICAL ENVIRONMENT.
Nitrogen fixation resulting from the symbiotic relationship
between legumes and rhizobia is the greatest net contributor of fixed
nitrogen to the bilosphere {(Ludwig and de Vries, 1986). Because
dinitrogen 1s a very stable molecule, a great deal ©of energy 1s
required for its conversion to ammonium {NH4+), and in addition, the
rhizeobial symbiont requires that certain conditions be met. Some of
the requirements of N, fixation include a low reducing potential,
several ATPs for each NH4+ molecule formed, a mechanism for protecting
the oxygen-sensitive nitrogenase from damage, and a complex of
metalloproteins (Brill, 1%79). Due to the high energy cost of this
reaction, No-fixation is tightly controlled and there is cessation of
production when NH4+ is no longer needed. The reaction is subject to

feedback inhibition (Brill, 1973},

1.4.1 THE PHYSICAL ENVIRCNMENT OF NITROGEN FIXATION.

Nitrogen fixation 1is carried out within the bacteroid, a
differentiated form of the bacterium, which is enveloped by the
peribacteroid membrane. Apart from providing nutrients and protection
for the bacterium, the structure of the nodule helps to create the
micreoaeroblc environment necessary for nitrogen fixation. Present
within the mature nodules are networks of air passages (Bergersen and
Goodchild, 1973) that provide sufficient nitrogen and oxygen for the
reacticn:; this is limited by the permeability of the cortical cells
(Tijepkema, 1281l:; Postgate, 1982). This compartmentation of the
nitrogen-fixing process, together with the presence of the oxygen-

carrying leghaemoglobin, regulates oxygen pressure within the nodules.

1. 4.2 LEGHAEMOGLORBIN.

Haem and globin can combine spontanecusly to form leghaemeoglobin
(Dilworth and Appleby, 1979) and its assembly takes place external to
the bactercids (Appleby, 1974). This is the dominant haemoprotein in
effective nodules and performs a critical role in the supply of oxygen

to the bacteroid for the respiratory activity related to nitrogen
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fixation. The considerable storage and buffering capabilities of
leghaemoglobin enable the protein to perform the duval role of
supplying oxygen to the bacteroids while, at the same time, keeping
the level of free oxygen low (Postgate, 1982). Leghaemoglcoblin also
facilitates the delivery of oxygen to the specific oxidase systems of
the bacteroids at precisely defined tensions favourable for ATP
formation (Dilworth and Appleby, 1978). The oxidase systems of
bacteroids are specifically adapted for maintaining respiration in the
low O, environment in root nodules (Bergersen, 1980).

The plant contains the genetic information that specifies the
type of leghaemoglobin produced. While haem is produced by both
symbiotic partners - as each needs haem for cytochromes, catalase and
peroxidase - the bacterium provides haem for the creation of
leghaemoglobin. The onset of leghaemoglobin production is c¢losely
linked to the start of nitrogen fixation (Dilworth and Appleby, 1978}.
This protein is reported to be localised in the host cell cytoplasm
external to the peribacteroid membrane (Bisseling et al., 1986; Werner

et al., 1988).

1.4.3 NITROGENASE.

Nitrogenase comprises two proteins, component I, that contains
molybdenum, iron and acid-labile sulphur and component II, a smaller
iron-sulphur protein (Eady and Smith, 1979%). During nitrogen fixation,
component II binds two ATPs and is reduced by one electron equivalent
which is derived from an electrxon transport system. The reduced
component II + ZATP complex in turn transfers an electron to a
partially-reduced component I and concomitantly hydrolyses 2ATPE to
2RDP + ZPi (reviewed by Ludwig and de Vries, 1986}. The oxidised
compeonent Il is released from the reduced component I and the cycle is
repeated five more times to provide the six electron equivalents
needed to convert dinitrogen to ammonium {Burns, 1%279; Postgate,
1982), which is subsequently exported from the bacteroid (reviewed by
Ludwig and de Vries, 1986). A portion of the electron flux through

nitrogenase is transferred to protons te form H, {Burris et al., 1981,
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Evans et al!., 1981). Some rhizobial strains possess an uptake
hydrogenase which can couple re-oxidation oi the hydrogen with
electron transport to oxygen via oxidative-phosphorylation and hence,
produce ATP (reviewed by Ludwig and de Vries, 1986). Nitrogenase

turnever is illustrated in Figure 1.7.

1.5 THE PROJECT.

1.5.1 BACKGROUND.

Lotus is a hardy leguminous plant that grows well in high country
conditions and hence 1s an important pasture crop 1n southern New
Zealand. Lotus 1s nodulated by both the fast-growing bacterium,
Rhizobium loti and the slow-growing Bradyvrhizobium sp. Lotus. The
wild-type strain, NZP2037, forms effective nodules on L. pedunculatus,
L. corniculatus and L. tenuis (Pankhurst et al., 1979), while another
strain, NZP2213, forms ineffective root nodules on L. pedunculatus.
The difference between the host ranges of these two strains 1s one
reason that prompted the study of this system,

Transfer of NZP2037's large indigenous plasmigd failed to confer
the ability to nodulate teo other strains while plasmid-cured
derivatives could still nodulate effectively, indicating that its
nodulation genes, as opposed to those of many of the cother rhizobia
studied, are chromosomally borne {(Chua et al., 1985). This is also the
case with the nitreogen fixation and flavelan resistance genes
{Pankhurst et al., 1983). The chromosomal locaticn of these genetic
elements made the study of R. loti nodulation genetics of interest.
Tn5 mutagenesis of R. loti NZP2037 was performed and several mutants
iscolated. Among these was a Nod mutant which blocked root hair
curling and which was designated PN233 ({(Chua et al., 1985). A pLAFR]
cosmid gene library was constructed for NZP2037 and complementary
wild-type DNA was identified by the technigue of in planta
complementation {(Chua et al., 19853). The PN233::Tnf5 insertion was

localised to a 7.1 kb Eco RI chromosomal fragment.
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Figure 1.7: Nitrcgénase turnover during cenversion of No o NHy

{Eady and Smitn, 1979).
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1.5.2 THE PROJECT ATM.

The aim of the project was to characterise the PNZ233::Tn5 mutant
through plant complementation tests and by sequencing the region of
the insert as outlined below. In order to determine whether the Tns
had insertionally inactivated cone of the common nod genes, it was
decided to conduct plant complementation tests. That is, wild-type
NZP2037 DNA from the same region as that into which the Tn5 had
inserted, was to be crossed into common nod gene mutants of R.1. bwv.
trifolii to test whether the mutations could be complemented. It was
hoped that these experiments would genetically identify the PN233::Tn$
mutation (henceforth referred to as the 233 insertion or mutation).

Secondly, a restriction enzyme map for the 7.1 kb Ecoe RI region
would be constructed. This, together with the restriction map of the
same Eco RI fragment bearing the Tn5, would bhe used to locate the site
of insertion more accurately and to identify smaller fragments useful
for sequencing purposes.

The final step was to be the sequencing of the region inte which
the Tn5 had inserted. It was hoped that this would either confirm
plant complementation results, or if the mutation did not appear to be
in a common neod gene, =lucidate its function. The materials and
techniques employved in the procedures described above, are ocutlined in

the following chapter.
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2.0 MATERIALS AND METHODS.

2,1 MEDIA.

Note:

1) Selutions and media were brought to the correct pH with either HCL
or NaCH unless otherwise stated.

2) Sterilisation was achieved by autoclaving at 121°C for 15 minutes.

2.1.1 LURIA-BERTANI BROTH. (LB} {(Miller, 1872).

{&n E. coli growth medium) . {per litzre}
Tryptone (BBL) 10 g
Yeast Extract {BBL) 5 g
NaCl 5 g
For top agar {Davis) 4 g
For bottom agar (Davis}) 12 g

Ajust pH to 7.0

2.1.2 TRYPTONE YEAST EXTRACT BROTH. (TY} (Beringer, 1974).

(A Rhizobium and E. coli growth mediumj . {per litre)
Tryptone {BBL) 5 g
Yeast Extract (BBL} 3 g

Before use, add 0.6 ml sterile 1 M CaC12/100 ml.

2.1.3 YT MEDIUM. (from Massey laboratory protocols).

(A rich, E. coli growth medium). {per litre)
Tryptone (BBL) 16 g
Yaeast Extract (BBL) 10 g
NaCl 5 g

Adjust pH with 0.5 ml 5 M NaQH.
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2.1.4 YEAST EXTRACT MANNITOL BROTH. {YEM) (Vincent, 1970}

{A medium for purifying fungus-contaminated E. coli or Rhizobium

stocks) . {per litre)
K,HPO, 0.5 g
MgS0, . TH,O0 0.2 g
NaCl 0.1 g
Mannitol (BDH) 10.0 g
Yeast Extract (BBL) 0.4 g
Agar 15.0 g

Add 3 g/l CaCO4 if pH is below 6.8.
For YEM plus Actidione, {a cycloheximide fungicide), add Actidione

{Upjohn Corp.} to 0.002%.

2.1.5 S81l0-DEFINED MEDIUM. {(Scott and Ronson, 1982).
(A Rhizobium growth medium) .

Stock Sclutions,

ta)y Salts/litre.

MgS0, . 7H,0 25.0 g
CaCly.2H,0 2.0 g
Fe EDTA {or 0.66 gm FeCl3 + 1.5 gm Na2 EDTA) 1.5 g
NaCl 20.0 g
{(B) Trace Elements/litre.
ZnS0, . TH,0 3 mg
Na,MoQ, . 2H,0 40 mg
H4BO4 50 mg
Mn804.4H20 40 mg
Co80,.5H,0 4 mg
CoCl, . 6H,0 (0.2 gm/l1}) 2 ml
{C) Vitamins/50 ml.
Thiamine HCL 50 mg
Ca pantothenate 100 mg
Biotin 1 mg

Dissolve by heating gently on a hot plate.
(D) NH,Cl/litre. 18 g



{E} Phosphates/litre.
Ko HPO,
KH,PO,
(F) Bromothymol Blue/100 ml. (BDH # 20021)

{G) Na succinate/litre. (0.5 M)

Tc make media:-

1. Salts (A)

2. Trace Elements (B)

3. NHuCl (D)

4. MES [2-(N-Morpheolino)ethane-sulphonic acid]
Adjust pH to 6.2.

5. Histidine

6. Bromothymol Blue (F), optional.
After autoclaving, add aseptically:-
7. Vitamins (C)

8. Phosphates (E)

9. Carbon source (G)

For plates add 15 g/litre of agar.

2.1.6 M9 MEDIUM. (+ glucose, + thiamine! {(Maniatis et al.,

(A minimal medium used for transformations) .
NaZHPO4

KH2P04

NaCl

NH,4CL

Adjust pH to 7.4.

Autoclave, then add aseptically,
10% Mg80, stock

1% CaCl, stock

20% Glucose stock

0.337% Thiamine stock

Agar (for plates)

{BDH)

100
100
0.2
33.8

tper 250

Lov BN AN

.25

[
i

25.0
2.5

0.25
1.25
5.0

(per litre)

6.0
3.0
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2.1.7 FAHRAEUS MEDIUM. {FM) (Carroll and Gresshoff, 19%83).

{2 nitrogen-deficient medium for culturing seedlings).

Stock Solutions. (40x 3Stock) (pexr litre)
KH,PO4 4.0 g
Na,HPO, . 12H,0 6.0 g
MgS0, . TH,0 4.8 g
CaCl,.2H,0 4.0 g

Make 500 ml of each stock separately and store in the cold.

Iron Chelate + EPTA. (2002 Stock) {per 100 ml)
Fes0,. 7TH,O 557 mg
Na,EDTA 745 mg

Make solutions separately, heating gently to dissclve, then combine

and steore in the cold.

Trace Elements. (1000x Stock) {(Gresshoff and Doy, 1974).

{per 100 ml}

MnS0, . 4H,0 100.0 mg
H4BOg 30.90 mg
Na,MoO, . 2HHO 2.5 mg
CuS0,4.5H,0 2.5 mg
CoCl,.EH,0 2.5 mg

To make 1 litre of FM:-
To SO0 ml of distilled H50, add in order, 25 ml of concentrated
stocks of: KH,PQ,, Na,HPO,, MgSQ,, and CaCl,. Then add 5 ml of
Iron Chelate and 3 ml of Trace Element stock scluticons. Add 392 ml
Hs 0,

Adjust pH to 6.5. For plates add 12 g/l agar. Sterilise.



2.2 ANTIBIOTIC SYOCK SOLUTIONS.

Neomycin, 100 mg/ml in HyO.
Tetracycline. 1 mg/ml in methanol.
Chloramphenicol. 1 mg/ml in H,yO.
Ampicillin. 5 mg/ml in H,0.
Kanamycin. 10 mg/ml in H,yO.
Gentamycin. 400 mg/ml in H,0.
Streptomycin. 100 mg/ml in H,O.

2.3 BACTERIAL STRAINS.

2.3.1 MAINTENANCE OF BACTERTAY CULTURES.

2.3.1.1 SHORT-TERM STORAGE ON PLATES.

Overnight cultures of the wvarious strains of bacteria were grown
and then a loopful of each culture spread conte suitable selective agar
plates. The E. coli strains were left to grow overnight at 37°C, while
the Rhizobium was grown for a few days at 30°C, and then both were
sealed with Parafilm. E. coli were stored at room temperature, while
Rhizobium cultures were kept at 4°C. Plates were left in an inverted

position. These should be replated every few months.

2.3.1.2 MEDIUM-TERM STORAGE ON AGAR SLOPES.

The cultures were also stored on slopes. 10 ml of melten agar,
containing appropriate antibiotics, was dispensed into sterile
universal bottles and left to set on an angle in such a way as to
create a steep agar slope. A loopful of overnight culture was streaked
onto the agar surface, the tubes capped, sealed with Parafilm, and
stored at the temperatures indicated abeove for the various genera.

Cultures can be stored in this manner for about a vear.
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2.3.1.3 LONG-TERM STORAGE IN GLYCEROL.

1) Fill 1.5 ml Eppendorf tubes with 200 ul glycerol and a few anti-
bumping beads. Cap tubes and then autoclave.

2) Grow overnight cultures of the cells to be stored.

3) Label Eppendorf tubes bearing in mind that the labelling must
survive freezing procedures.

4) Add 0.8 ml of overnight culture to the appropriate tube
aseptically.

S) Place in either the 20° or ~70°C freezer.

6) When removing from freezer for use, either scratch the frozen
solution with a sterile needle and streak it onte a plate or spot

i1t into a broth.

2.4 TRIPARENTAL CROSSES.

In this procedure (Ditta et al., 1980) a helper plasmid is used
to transfer a plasmid that is not self-transmissible, from a donor to
a recipient bacterium by emploving a "helper" plasmid from a third
strain to mobilise the donor’s plasmid.

Overnight cultures ¢f the three strains were grown. 100 ul of the
recipient and 50 ul of the donor and helper strains were pipetted
together to form a large drop on a non-selective plate and then dried-
down in a Laminar Flow cabinet ({Airpure). The bacteria were left to
grow up overnight. A loopful of the mixed culture was then streaked
out onto a plate thav selected for recipients possessing the required

plasmid.

2.5 TRIFOLII REPENS (WHITE CLOVER ) AND LOTUS PEDUNCULATUS CULTURE

PROCEDURES. (Collins, 1983).

2.5.1 STERILISATION OF CLOVER AND LOTUS SEEDS.
Nodulation tests were carried cut using Lotus pedunculatus cv.
“Grasslands Maku", while the white clover (T. repens cv. Huia} seeds

were obtained from Hodder and Tolley Ltd., Palmerston North.
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Table 2.1: Bacterial strains and bacteriophage

Strain
Designation.

E. coli
HB101

JM101

JM109

XL-1

PN231
PN457
PN445
PN226
PN384
PN342
PN333

PNGOO
PN1053

PN1054

PN1055

PN10O56

PNJC19
PNJ020
ENJO2Z24
PNJ0O25
PNJOZ6
PNJ0O27
PNJ0Z28
PNJO29
PNJO30

Bacteriophage.
Mi3mpl8

Characteristics
and Selection.

P~ pro leu thi lac Y St r-
m Endo I~ recA”
{(lac proAB) supE thi [F'
proaB laci9 z/\M15)
{(lac proAB) supE thi recA
relA gyrA hsdR (F’proaB lacl4
2/\M15]
recAl endAl gyrA%6 thi hsdRl7
supE44 reldl lambda” lag” ({Ff
proaB laci9 z/\M15 Tni01; TR
HB101/pPN305; T

HB101/pPN25; TR
HB101/pPN354; AR, ¢R
HB101/pPN301; aF, R, TR
HB101/pPN330; TN
HB101/pRK2073

HB101/pPBR328; AR, c&, R
HB101/pPN26; TN
HB101/pPN306::Tn5 in the

Eco RI fragment; KR, T
HB101/pPN306::Tn5 in the

7.1 Eco RI fragment:‘KR, T
HB101l/pPN306::Tn5 in the

7.1 Eco RI fragment; K&, TR
HB101/pPN306::Tn5 in the

7.1 Bco RI fragment; KX, TR
HB101/pBRJ12; AR
HB101/pBRJ14; AR
HB101/pGEM~2; AR
HB101/pJ14012; aR
HB101/pJ14011; AR
HB101/pJ28003; aR
HB101/pJ28006; AR
¥L1/pJ12009; aR,
XL1/pJ12010; aR, o

R

R

Source or
Reference.

Boyer and Roulland-
Dussoix, {1969)
Yanisch-Perron et
al., {(1985)
Yanisch-Perron et
al., {1985)

B. Mansfield,

Massey, P.N., N.Z.
Scott et al., {1885)
Scott et al., {1985}
Scott et al., {(1985)
Scott et al., {(1985)
Scott et al., {(1985)
Scott et al., (1985)
D.B. Scott, Massey,
P.N., N.Z.

Scott et al., (1985)
C. Pankhurst, DSIR,
P.N., N.Z.
C.Pankhurst, DSIR,
P.N., N.Z.

C. Pankhurst, DS5IR,
P.N., N.2,

C. Pankhurst, DSIR,
BP.N., N.Z.

This study

This study

This study

This study

This study

This study

This study

This study

This study

Messing and Vieira,
(1982}
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TABLE 2.1: Bacterial strains and bacteriophage.

{continued) .

Strain
Designation.

Characteristics
and Selection.

Source or
Reference.

R. loti
NZP2037

PNZ233
PN4Q16

PN4019

PN4Q47

PN4053

PNJQ09
PNJO10
PNJOL1
PNJ0O12
PNJOL3
PNJO14
PNJO15
PNJO16
PNJQL7
PNJ0O18

NodT Fix {L. pedunculatus,

L. tenuis)

NZP2037 str-1, nod-1::Tn5; NR

NZP2037 Stf derivative/pPN306::
™5; NF, GR, stR

Nzp2037 stR derivative/pPN306::
™5; N, R, stk

NZP2037 St® derivative/pPN306::
tns: N¥, R, stR

NzZP2037 St derivative/pPN306: :
™5; N¥, gR, s¢R

PN233/pPN305; NR, TR

PN4047/pPN305; NY, T

PN40S3/pPN305; NN, T

PN233/pPN26; nE, TR

PN4Q47/pPN26; N, T

PN4Q53/pPN26; N™, T

PN233/pPN25; NR, TR

PN4047/pPN25; NB, T

PN4053/pPN25S;

NZP2037/pPN305; TR

R
R

R
R

sl

PSIR culture
collection,
N.Z.

Chua et al.,
C. Pankhurst,
P.N., N.Z.

C. Pankhurst,
F.N., N.Z.

C. Pankhurst,
P.N., N.Z.

C. Pankhurst,
F.N., N.Z.
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

P.N.,

{1985)
DSIR,

DSIR

DSIR

DSIR



Table 2.1: Bacterial strains and bacteriocphage. (continued)
Strain Characteristics Source or
Designation. and Selecticn. Reference.

R.1. bv. trifolii

PN100 Nodt Fix’ str-1 rif-1 Scott and Ronson,
(1982)
ANUS51 nodnd™ Tn5—igduced mutant of Schofield et al.,
ANUS843; N {(1983)
ANU277 nodC” TnsS-induced mutant of Schofield and
ANU843; nR Watson (1986)
ANUZ249 nodB” TnS-induced mutant of Schofield and
aNU843; NR Watson (1986)
ANUZ252 nodn” Tn5~iaduced mutant of Schofield and
ANUB43; N Watson (1986)
PNJ001 ANUBS1/pPN305; NX, TR This study
PNJ002 ANU277/pPN305; NE, TR This study
PNJ003 ANU249/pPN305; ~&, TR This study
PNJ004 ANU252/pPN305; NX, TR This study
PNJ0OS ANUS51/pPN25; NY, TR This study
PNJI006 ANU277/pPN25; nf, TR This study
PNJ0O7 ANU249/pPN25; n&, TR This study
PNJ008 ANU252/pPN25; n%, R This study
PNJ031 ANUBS51/pPN26; N&, TR This study
PNJ032 ANU252/pPN26; NY, TR This study
PNJ033 ANU249/pPN26; n&, TR This study
PNJ034 ANU277/pPN26; NE, TR This study

KEY: A = Ampicillin {100 ug/ml}; K = Kanamycin (50 ug/ml}: N =

Neomycin (500ug/ml for R. loti, exceptions being PN4016, PN401lS,
PN4047 and PN4053 where 400 ug/ml was used and, for R,1, bv. trifelii,
where 100 ug/ml was used); T = Tetracyline (15 ug/ml for E. coli,
exceptions being XL1l, PNJ029 and PNJO30 where 10 ug/ml was used and,
for Rhizobium, where 2 ug/ml was used); C = Chloramphenicol (25
ug/mljy; St = Streptomyein {250 uwg/ml): G = Gentamycin (200 ug/ml).

DSIR = Department of Scientific and Industrial Research; P.N., N.Z. =

Palmerston North, New Zealand.
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Table 2.2: Plasmids.
Designation. Characteristics and Source or Reference.
Antibiotic Markers.
pLAFR]L 21.6 kb [a cosmid derivative of Friedman et al.,
the low copy number, broad host (1982)
range vector pRK290]; S

PBR328 4.9 kb [a pBR322 derivative}; Bolivar et al.,
aR, ¢k, &, (1977

PPN305 NZP2037 nod pLAFR1 cosmid ; TR, Scott et al., (1985)

pPN25 PLAFR1 cosmid + Nzp2037 7.1 kb Scott et al., (1983)
Eco RI fragment: TR

pPN354 PBR328 + NZP2037 7.1 kb Scott et al., {(1985)
Eco RI fragment; AR, TR.

pPN301 pPBR328 + NZP2037 7.1 kb Scott et al., (1985)
Eco RI fragment::Tn5; AR, TR,
KR, nR

pRK2073 a K3 derivative of pPK2013; lLeong et al., (1982)
used as a mobilising plasmid.

pPN26 R.1. bv. trifolii PN100 nod Scott et al., (1985)
pLAFRL cosmid: TR

pPN306 NZp2037 nod pLAFRYI cosmid Scott et al., (1985

containing 30 kb Eco RI
fragment; GR, TR

pGEM-2 2.9 kb cloning vector; AR, Melton et al.,
(1984)

pJL4011 PGEM-2 + 1.4 kb Sal I NZP2037 This study
fragment, orientation #11; aR

pJla0l2 PGEM-2 + 1.4 kb Sal I NZP2037 This study
fragment, orientation #12; aR

pJ28003 pGEM-2 + 2.8 kb Bam HI NZP2037 This study
fragment, orientation #3; ak.

pJ28006 PGEM~2 + 2.8 kb Bam HI NZP2037 This study
fragment, orientation #6; aR,

pJ12009 PGEM-2 + 1.2 kb Sal I NZP2037 This study
fragment, orientation #9; aR

pJL2010 pPGEM~2Z + 1.2 kb Sal I NZPZ2037 This study
fragment, orientation #10: aR

pBRJLZ PBR328 (with a spontaneous This study
deletion of = 300 bp in TR gene)
+ 1.2 kb Sal I fragment; AR

pBERJIL4 PBR328B (with a spontaneous This study

deletion of = 300 bp in TS gene)
+ 1.4 kb Sal I fragment; &

KEY: A = Ampicillin; C = Chloramphenicol; G = Gentamycin; N = Neomycin
for rhizobia or Kanamycin for E. coli; St = Streptomycin;

T = Tetracycline.



1)

2)

3)

4)

5)
6)

7

8)
9)

Approximately 200 clover seeds were rinsed in a plastic petri-dish
with 20 ml distilled H,0. No more than 200 were placed in a dish
because the concentration of a germination inhibitor released
collectively by the seeds would have been sufficiently high to
affect germination.

One drop of detergent, Triton X-100, was placed into each petri-
dish and the suspension swirled a few times. The detergent breaks
the surface tension and facilitates wetting of the seeds resulting
in the seeds sinking to the bottom of the dish.

A saturated solutien of calcium hypochleoxite (bleach), was made by
placing approximately 2 g of the bleach in 50 ml of distilled H,0.
The solution was stirred and left to stand for 10-15 minutes.

To sterilise seeds, 2.2 ml of the saturated bleach solution was
added resulting in a final concentration of 10% calcium
hypochlorite.

The mixture was swirled and left to stand for 10 minutes,

The petri-dish was drained completely and approximately 20 ml of
sterile, distilled H,0 was added to wash the calcium hypochlorite
from the seeds. The plate was drained again and the procedure
repeated.

After the final rinse, 20 ml of sterile, distilled H,0 was added.
The petri-dish was sealed with a Parafilm strip (approximately 2 cm
wide} to prevent accidental opening and spillage.

The petri-dish was left in the dark overnight at room temperature.
The sterile, imbibed white clover seeds were transferred onto
sterile FM plates, about 50 seeds per plate, and allowed to
germinate. The plates were sealed with Parafilm and incubated under
lights in an upright, vertical position in a growth cabinet/room
set at 22°C. The germinated seedlings were transferred into growth

tubes containing FM the next day.
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2.5.2 INOCULATION QF SEEDLINGS.

Two methods were used during complementation trials. The first
invelved pipetting a few drops of the appropriate overnight culture,
grown up in 510 medium, onto each FM plate and distributing evenly
across the plate with a glass spreader. Two germinated seedlings were
placed 2/3 of the way up each of the plates and left to lie in a
horizontal position for about 60 minutes. This facilitated adhesion of
the seedlings to the surface of the agar. Plates were then sealed with
Parafilm. A 2 cm slit was made in the Parafilm at the top of each
plate to snable gas exchange.

The second method involved pouring 10 ml of melten FM agar into
test tubes and allowing these to set on a steep slope: approximately
at a 60%angle. A germinated seedling was then placed near the top of
an agar slope using either tweezers or a loop, under aseptic
conditions. A few drops of inoculum was placed on the seedling, then

the tube capped lightly.

2.6 MICROSCOPY OF NODULE SECTIONS.
Embedding of the nodules for sectioning and some of the electron
microscopy work was very kindly performed by Doug Hopcroft of DSIR,

Palmerston North.

2.6.1 EMBEDDING PROCEDURE.

Phosphate Buffer.

NasHBPO, (pH 7.2} 0.1 ™

Primary Fixative.

glutaraldehyde 3% (v/v)

formaldehyde (in 0.1 M Na,yHPO,, pH 7.2) 2% (v/v)

Osmium Tetroxide Buffer.

050, in NaZHPoq {(pH 7.2} 1% (w/v)
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Acetone/Resin.

50:50 mixture o¢f acetcone {(AnalaR) and Polarbed $12 resin.

Method:

Nodules were excised from the root and the tissue then sliced
under primary fixative in a plastic petri-dish. The samples were then
transferred to glass vials and fresh fixative added. The tissue was
left to fix at room temperature for twe hours then washed 3 times in
phosphate buffer. This was followed by staining for 30 minutes in
osmium tetroxide buffer. After a further 3 washes in pheosphate buffer,
the samples werxe dehydrated through a series of acetone/water washes,
the final two steps being in 100% acetone. The infiltration step
involved stirring the samples overnight on a magnetic stirrer, then
transferring them to a 100% resin solution for a further 8 hours with
continued stirring. Specimens were embedded in fresh resin using
silicone rubber moulds and left to cure at 60°C for 48 hours (Craig

and Williamson, 1872).

2.6.2 SECTIONING AND MICROSCOPY.

A Reichert Ultracut E microtome, employing a diamond knife, was
used for sectioning. Sections were either wiewed with a Ziess
microscope and photographed with Ilford FP4 35 mm film or, picked up
onto copper grids, double stained with =thanolic uranyl acetate
followed by lead citrate {Craig and Williamson, 1972). Grids for
electron microscopy were examined with a Phillips ZCIC transmission
electron microscope. Kodak Fine Grain positive film was used for the

photography.
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2.7 BUFFERS AND SOLUTIONS USED IN DNA PREPARATION.

2.7.1 HAE II1II BUFFER - A UNIVERSAL BUFFER. (from Massey laboratory

protocols).

{10x)

Tris base {(pH 7.6) 60 mM
MgCl., 100 mM
B-mercaptoethancl 100 mM

2.7.2 TRIS BORATE EDTA BUFFER. {TBE) (Maniatis et al., 1982).

{For agarose gels).

{10x Stock) {per litre)
Tris base {Tris(hydroxymethyl)aminomethane] (U3B) 108.0 g
EDTA (or 11.8 g of Na,EDTA.2H,0) 9.2 g
Boric acid 55.0 g

Adijust pH to 8.2.

2.7.3 SEQUENCING TRIS BORATE EDTA BUFFER, (D.B. Scott, personal
communication) .

{(For seguencing gels).

{16x stock} {per litre)
Tris base 162.0 g
NazEDTA.ZHZO 9.5 g
Boric acid 27.%5 g

adjust pH to B8.8.

2.7.4 TE BUFFER., {10:0.1) ({(Maniatis et al., 1982).

{Tris 10 mM:EDTA 0.1 m} {per 100 ml)
1 M Tris base (pH 8.0} 1 ml
250 mM Na,EDTA (pH 8.0) 40 ul

Note: Adjust accordingly for other Tris:EDTR ratios.



2.7.5 10% SODIUM DODECYL SULPHATE. (SDS) {Maniatis et al., 1982).
{Also called sodium lauryl sulphate)

Dissolve 100 g of electrophoresis-grade SDS in 900 ml of H,O.
Heat to 68°C. Adjust the pH te 7.2 by adding a few drops HC1l (conc.).

Adjust volume to 1 litre. Note: Weigh SDS whilst wearing a face mask.

2,7.6 LOADING BUFFER. {(from Massey laboratory protocols),

{For loading DNA samples onto agarose gels) {per 20 ml}
sucrose 4.0 g
EDTA {250 mM) 0.4 nl
SDS5 0.2 g
bromophenel blus 40.0 mg

Note: Wear a face mask while weighing SDS.

2.7.7 STANDARD SALINE CITRATE. {SS8C} (Maniatis et al., 1982}.
{per litre)
NaCl B.8 g

Naq citrate.Z2H,0 4.4 g

2.8 PREPARATION CF DIALYSIS TUBING FOR DNA PURIFICATION. (Maniatis et

al., 1982).

1) Boil 1 packet of tubing in 1 litre of 5% ({w/v) sodium carbonate for
15 minutes. Change solution and repeat the process until there is
no detectable colour or odour in the solution,

2) Pour off the final amount and beil for a further 15 minutes in 1
litre of distilled H,0.

3) Boil for 15 minuces in 1 litre of 1 mM EDTA.

4} Wash tubing for 5 minutes in distilled H,O0.

5) Boil for 15 minutes in 1 litre of 1 mM EDTA. Allow this solution

and the tubing te cool. Cover beaker with foil and store at 4°C.



2.9 DNA PREPARATION PRCCEDURES.

2.9.1 DNA EXTRACTIONS.

2.9.1.1 PHENOL AND CHLOROFORM PREPARATION FOR DNA EXTRACTIONS.

Chloroform in phenol/chloroform extractions of DNA was
chloroform:iso~amyl alcchol (24:1) but will henceforth be referred to
as chloroform in phenol extractions. The phencl used was Tris-
equilibrated to pH = 8.0 by the following procedure as cutlined by
M.J. O'Hara, (1889).

Approximately 750 ml of phencl was melted and poured inte a 1
litre round-bottom flask. Anti-boiling chips were added and then the
distillation equipment assembled. The phencol was heated to 180°C and
maintained at this temperature till about 100 ml ¢f the original
volume remained. Heat was removed and the equipment was left to cool.
All glassware was washed in hot water, then 95% ethanol followed by
hot water again. The re-distilled phenol was stored at ~20°C until
required.

Re-distilled phenol or AR grade phenol was thawed and a
sufficient amount removed for extraction. The melted phenol was then
transferred to a separating funnel and 0.1% (w/v) 8-hydroxyquinocline
(Sigma) was added and dissolved. The phencl was then washed twice
with 1 M Tris buffer, pH 8.0, containing ¢.2% f-mercaptoethanocl {1 ™).
This was usually sufficient to raise the pH of the phenocl teo 8.0. The
phenol was transferred to a brown glass bottle and an eguivalent
volume of 0.1 M Tris pH 8.0, containing 0.2% B-mercaptoethanol, was

added. The phenol was stored at 4°C.

2.%,1.2 PHENOL/CHLOROFORM EXTRACTIONS OF DUWA,

For extractions, the usual procedure was to wash the DNA solution
once with an egual volume of phencl. The mixture was then centrifuged
to separate the phases and the top aguecus layer drawn off with a
pipette. This phase was then washed with an equal volume of
phenol:chloroform (1:1), spun, separated and finally washed with an

equal volume of chloroform.
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2.9.2 DNA PRECIPITATION.
DNA was precipitated with 1/20 volume of 5 M NaCl plus 2x volume
of ethanol at ~20°C for 30 minutes, unless otherwise stated. The DNA

was then pelleted in anEppendorf centrifuge for 30 minutes.
2.10 PLASMID FREPARATION PROCEDURES.,
2.10.1 LARGE SCALE PLASMID PREPARATION: ALKALINE LYSIS METHOD.

{based on Maniatis et ai., 1982).

Amplification in a rich medium,

1) Inoculate 10 ml of LB containing a suitable antibiotic with a
single bacterial colony and grow overnight at 37°C with vigorous
shaking.

2} The next morning, inoculate 25 m! of LB medium in a 100 ml flask
containing the appropriate antibiotic with 100 ul of the overnight
culture. Incubate at 37°C with vigorous shaking until the culture
has reached late log phase (ODgpg = 0.6).

3) Inoculate 25 ml of the late log phase culture inte 500 ml of LB
medium containing the appropriate antibiotic, pre-warmed to 37°C
in a 2 litre flask. Incubate for 2.5 hours at 37°C while shaking
vigorously. The QODgny of the culture should be approximately 0.4.

4) If the plasmid carries the ColEl replicon add 2.5 ml of
chloramphenicol {34 mg/ml in ethancl) for amplification purposes.
The final concentration of chloramphenicol will be 170 ug/ml.

5) Incubate with vigorous shaking for a further 12-16 hours.

6} Harvest the bacterial cells by centrifugation at 4000g for 10
minutes at 4°C. Discard the supernatant.

7} Wash the cells in 100 mi of ice-cold STE and centrifuge again.

STE Buffer,
NaCl 0.1 M
Tris.HCl {(pH 7.8) 10.0 mM

EDTA 1.0 mM



Lvsis by alkali treatment.

8)

Resuspend the bacterial pellet in 10 ml of solution 1 containing
5 mg/ml lysczyme.

Solution 1.

glucose 50 mM
Tris.HCL (pH 8.0) 25 mM
EDTA 10 mM

Note: Solution 1 can be autoclaved and stored at 4°C. Powdered

lyzozyme should be dissclved in the solution just before use.

%)

10)

Note:

Transfer te a Beckman SW27 polyallomer tube (or its equivalent)
and stand at room temperature for 5 minutes.
Add 20 ml of freshly made solution 2. Cover the top of the tube
with Parafilm and mix gently by inverting the tube several times.
Stand on ice for 10 minutes.

Seolution 2.

NaCGH 0.2 N

5DS8 1.0 %

and 20% SDS.

11;

12)

13)

14}

2dd 15 ml of an ice-cold solution of 5 M potassium acetate (pH
4.8) prepared as follows: to 60 ml of 5 M potassium acetate, add
11.5 ml of glacial acetic acid and 28.5 ml of H,0. The resulting
solution will be 3 M with respect to potassium and 5 M with
respect to acetate. Cover the top of the tube with Parafilm and
mix by inverting the tube sharply a few times. Stand for 10
minutes on ice.

Centrifuge in a Beckman SW27 at 20,000 rpm (=70,000¢) for 20
minutes at 4°C. The cell DNA and bacterial debris should form a
tight pellet at the bottom of the tube.

Transfer equal guantities (= 18 ml} of the supernatant into each
of two 30 ml Corex tubes.

add 0.6 volumes {= 12 ml}) of isopropancl to each tube to
precipitate the DNA. Mix well and let stand at room temperature

for 15 minutes.

This solution should be made from stock solutions of 10 N NaOH
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15}

16)

59

Spin down in a Servall $5-34 rotor for 15 minutes at 15,000 rpm
(= 27,000q) .
Resuspend pellet in 400-600 ul TE (10:0.1), pH 8.0.

Purification of closed circular DNA bv centrifugation on a caesium

chloride—~ethidium bromide gradient.

17}

183

138)

20)
21

22)

23

24)
25)
26)
27

Measure the volume of DNA solution. For every millilitre add 1.08
grams of solid caesium chloride. Mix gently until all of the salt
is dissolved.

Add 0.8 ml of a solution of ethidium bromide (10 mg/ml in H,Q0) for
every 10 ml of caesium chloride/DNA solution. Mix well. The final
refractive index should be 1.3860-1.3920 and the concentration of
ethidium bromide should be approximately 600 ug/ml.

Transfer the solution to a tube suitable for ultracentrifugation,
filling the remainder of the tube with a solution of caesium
chloride-ethidium bromide of the same density and ethidium bromide
concentration as described above. Leave a 2 mm space from the rim
of the tube to allow room for the cap.

Centrifuge at 45,000 rpm (=120,000¢) for 16 hours at 20°C.

Two bands of DNA should be wvisible in cordinary light. A hand-held
UV lamp, set on a long wave frequency, can be used to help
visualise bands 1f they are Ffaint. The upper band comprises linear
bacterial DNA and nicked circulatr plasmid DNA, while the lower
band consists of closed circular plasmid DNA,

Remove the cap from the tube. The closed circular band can be
lsolated by careful collection with a pipette. Alternatively, a
hypodermic needle (¥ 18 gauge) can be inserted through the side

of the tube, just below the level of DNA, and the band drawn off.
The ethidium bromide is removed by adding an equal volume of
iscamyl alcohol or, water-saturated l-butanol.

Mix the phases by pipetting vigorously.

Centrifuge at 1,500g for 3 minutes at room temperature,

Transfer the lower agueous phase to a clean glass tube.

Repeat the extraction 4-6 times or until all trace of the pink

colour has been removed from the agqueous soclution.



28) Dialyse the aqueous phase against sterile TE (10:0.1), pH 8.0, in
the following manner. Seal the aquecus phase in prepared dialysis
tubing (See 2.8). Fill a flask with 1 litre of TE and place in the
celd on a stirrer. Dialyse the aquecus phase, changing the buffer
twice the first day and once the day after.

28) DNA concentration and purity can be determined in the fellowing
manner. An optical density reading of "1" at OD,g.q represents a
concentration of 50 ug/ml of DNA. Therefore, DNA concentraticn can
be deduced by the following equation:

ODyeg value x 50 x dilution factor = ug/ml of DNA.
A OD260/0D280 value egqual to about 1.8 or more indicates that the
DNA solution is acceptably clean. Values significantly below 1.8
represent protein contamination and in this case, the DNA

regquires further purification.

2.10.2 MEDIUM SCALE PLASMID PREPARATION.

{based on Maniatis et al., 1982).

1} Incculate 5 ml of LB containing an appropriate antibiotic with a
single colony and grew overnight with vigorous shaking.

2) Inoculate 600 ml LB plus antibiotic and grow in a shaker
overnight.

3) The following morning, spin down the cells in a pre-cooled GSA
rotor at 4,500 rpm {(=3,300g) using large screw-top containers no
more than 2/3 full. Spin for 10 minutes.

4y Resuspend pellet in 10 ml of sclutioen 1 plus lysoczyme.

Solution 1 + lvsozvme.

glucosse 50 mM
Tris.HCLl {(pH 8.0) 25 mM
EDTA 10 mM

a “spatula-tip" quantity of lysoczyme
5) Transfer to sterile 30 ml corex tubes. (The volume should be
split into 2 x 6 ml lots).
6) For each 6 ml of pellet + scolution 1 add 12 ml of freshly prepared

NaCH/SDS (0.2 M NaOH, 1% SDS). Leave on ilce for 10 minutes.

60



)

8)

83

10}

11}

12)

To each tube add 7.5 ml ice-cold 5 M KORc, pH 4.8.

To make the KOAC solution:

5 M potassium acetate 0.0 ml
glacial acetic acid 11.5 ml
H,O 28.5 ml

The resulting sclution is 3 M with respect to K* and 5 M with
respect to the acetate. Cover with Parafilm and mix thoroughly
by inverting several times. Leave on ice for 10 minutes.
Centrifuge at 4°C in a $5-34 rotor for 5 minutes at 10,000 xpm
{(=12,000q¢) .
Divide the supernatant between two fresh Corex tubes and add an
equal volume of phenol/chloroform. Cover with Parafilm and mix
carefully by inverting twice.
Centrifuge for 10 minutes at 5,700 rpm (=6,300g) in an HS-4
swinging bucket rotor.
Transfer the supernatant to fresh Corex tubes and precipitate with
an equal volume of isopropancol. Leave at 20°C for 60-90 minutes.
Spin down in SS-34 at 15,000 rpm (=27,000qg) for 15 minutes. Dry
pellet under vacuum then resuspend in 400-600 ul TE (10:0.1), pH
8.0.

Note: The DNA can be further purified by running through a G-50 column

with TE, pH 8.0.

2.10.3 SMALL SCALE PLASMID PREPARATION FOR E. COLI. (RAPID BOIL

METHOD) .

{based on Holmes and Quigley, 1981).

1)

2)
3)

4}

Incculate 5 ml of medium containing an appropriate antibiotic.
Incubate overnight at 37°C shaking vigorously.

Centrifuge 1.5 ml of culture in an Eppendorf tube.

Remove the supernatant by aspiration leaving the bacterial pellet
as dry as possible.

Resuspend pellet in 350 ul of HQ-STET.

HO-STET

sucrose 8.0% }

Triton X-100 0.5% 1} can be
EDTAE (pH 8.0) 50 mdM } sterilised

Tris.HC1 (pH 8.0) 10 mpM }
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5)  Add 25 ul of a freshly prepared sclution of lysoczyme (10 mg/ml in
Tris.HCl, pH 8.0} . Mix by vortexing for 3 seconds,

&) Place the tupe in a boiling-water bath for 40 seconds.

7) Centrifuge immediately for 10 minutes at room temperature in an
Eppendorf centrifuge.

8) Remove the resulting pellet from the tube with a sterile
tocothpick.

9} Ethanol precipitate the DNA and leave at ~20°C for a minimum of
1/2 hour.

10) Centrifuge for 1/2 hour at 4°C.

11y Dry the pellet and suspend it in 50 ul of TE {(10:0.1}), pH 8.0.

2.11 DNA RESTRICTION ENDONUCLEASE DIGESTS.

A tvpical digest.

DNA 1.0 ug
REact buffer 10x 2.5 ul
restriction enzyme =1.0U

H,0 to 25.0 ul

Digests were incubated at the appropriate temperature, for 1-2
hours. However, scaled-up reactions emploving relatively stable
enzymes were often left overnight. Small samples of the digests were
generally run on mini-gels, with leoading buffer (see 2.7.6), to check
for reaction completion., & lambda standard {generally Hind III) was
run along side the digests to determine the approximate size of the

resulting linear fragments.

2.12 PREPARATION OF LAMBDA STANDARDS.

Standards that contained DNA fragments of known size were run
against fragments of unknown size, The mobilities of the "standard"
fragments were measured and then plotted against log;y of their known
molecular weights. The sizes of the unknown fragments could thus be
read off the graph by their relative mobilities. Lambda DNa,
restricted with a suitable enzyme, was used for making the standards

(Sanger et al., 1982).
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1} Cut 5 ug of DNA in a total of 50 ul with 2 ul of the appropriate
Senzyme .
2) Check that the digestion has gone to completion by running a small
sample on an agarose gel.
3) Heat kill at 65°C for 10 minutes then rapidly cool on ice.
4} Dilute to 500 ul with:-
50 ul sample
325 ul H,0
125 ul 3DS5 dye (see 2.7.6)

2,13 DNA AGARCSE GEL ELECTROPHORESIS.

Agarose gel electrophoresis is the standard manner for
separating, ldentifying and isolating DNA& fragments. Generally, most
agarose gel electrophoresis is performed on horizontal slab gels.
Powdered agarose is added to electrophoresis buffer (TBE: see 2.7.2)
tec the correct concentration and the slurry heated until the agarose
is dissolved. The solution 1is then c¢ooled to about 50°C and poured
into the gel meld. A comb is placed at one end of the gel, the teeth
forming the sample wells when extricated. After the agarose is set,
the comb is carefully removed and sufficient buffer added to cover the
gel to the depth of about 1 mm,

DNA samples are mixed with a leoading buffer (see 2.7.6) and
lecaded into the pre-formed wells with an autopipette. Movement of the
samples i1s monitored with the aid of the dye lncorporated in the
leoading buifer. At completion of the run, the gel is carefully removed
and placed in an ethidium bromide bath (0.5 ug/ml in H,0} and
sufficient time allowed to stain the gel; this is dependent on gel
size and thickness. Ethidium bromide is a fluorescent dye containing a
planar group that intercalates between the stacked bases of nucleic
acids. UV-irradiation of the gel is used to visualise nucleic acids as

they fluoresce more strongly than the background dye.
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Table 2.3: Restriction endonucleases.

Restriction Reaction Reacticon Source.
endenucleases, buffer, temperature.

Alu I REact 1 37°C BRL
Ava I REact 2 37°C BRIL
Bam HI REact 3 37°C BRL
Bgl T1 REact 3 37°C BRI
Eco RI REact 3 37°C BRL
Hae ITI REact 2 37°C BRL
Hind 11T REact 2 37°C BRL
Kpn 1 REact 4 37°C BRL
Pstc 1 REact 2 37°C BRL
Pvu I REact 7 37°C BRL
Pvu II REact & 37°C BRL
S5al 1 REact 3 37°C BRL
Sma 1 REact 4 30°C BRL
Sph 1 REact 6 37°C BRL

Tag 1 REact 2 65°C BRI,



Mini-gels which are miniature versions of the above apparatus,

are ideal for rapid analysis of small guantities of DNA. A more

complete description of agarose gel electrophoresis can be found in

Maniatis et al., (L982).

Neote: mini-gel dimensions - 9.5 cm x 7 cm; = 20 ml agarose.

2.

mini-sub dimensions - 12 cm x 8 cm; 50 ml agarose.

large gel dimensicens - 12 cm x 17 cm; 100 ml agarose.

14 RECOVERY OF DNA FROM SEAPLAQUE (LOW-MELTING POINT) AGAROSE GELS.

e
2.14.1 ELECTROLUTION. fManiatis et al., 1982).

L

2)

33

43

5)

6)

7

8)

Run a SeaPlaque gel and then localise the desired band with a long-
wave-length UV lamp (300-360 nm).

Using a ¢lean scalpel blade, cut out a slice of the agarose
containing the band.

Cut a short section of prepared dialysis tubing and tie or secure
one end with dialysis clips to cresate a bag.

Fill the bag with 0.5x TBE. Transfer the exclised slice to the bag
using forceps and allow the agarose slice teo sink to the bottom.
Tie cor clip the remaining end of the bag just above the gel slice,
trying to avoid forming air bubbles in the process.

Immerse bag in a shallow layer of 0.5x TBE in an electrophoresis
tank. Pass electric current through the bag (about 100V) for 2 or 3
hours. The DNA will be electroluted out of the agarose and onto the
inner wall of the dialysis tube during this time.

Reverse the current for 2 minutes to¢ release the DNA from the wall
of the bag.

Open the dialysis bag and carefully recover the buffer surrounding
the agarose slice. Using an Eppendorf pipette wash out the bag with
200 ul of 0.5x TBE.

The DNA can then be purified by phenol/chloroform extraction

followed by ethancol precipitation.

Note: The agarose slice can be examined under UV light to determine if

all the DNA has been electroluted.
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2.14.2 PHENOL/FREEZE TECHNIQUE. {based on Thuring et al., 1975).

1)

2}
3)

4)

53
&)

Excise the DNA band from a SeaPlacue gel using a c.ean scalpel
blade.

Place in an Eppendorf tube and add an equivalent volume of phenol.
Place the tube at 65°C until the agarose melts. Vortex then place
at “20°C until the solution freezes.

Spin for ten minutes in a bench centrifuge. The sclution should
separate into powdered agarose at the bottom and & layer of phenol
topped by the aguecus (TBE)} phase containing the LXa. If the gel
has not disintegrated completely, refreeze and spin again.

Draw off the aqueocus phase and phencl/chloroform extract.

Ethancl precipitate.

2.15 LIGATIONS.

LIGATION BUFFER. (from Bethesda Research Laboratosrzies)

{5%x reaction buffer)

Tris.HCl 250 mM
MgCl, 50 miM
ATP S mM
DTT {dithiothreitol} 5 mM
PEG ({polvethylene glycol) (8000) 25% (w/v)

2x T4 LIGATION COCKTAIL.

5x ligation buffer 10.0 ul
Hp0 15.0 ul
T4 DNA ligase (at 1U/ul) 0.5 ul

ICM BUFFER.

Tris.HC1l {(pH 7.5) 10 mM
CaCl, 10 mM

Note: With ligations, 1t is generally advisable to Z22-treat vectors

that have been cut with only one restrictien enzyme <o prevent selif-

ligatien of the vector.
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2.15.1 CAP~TREATING VECTORS FOR LIGATION. (B. Mansfield, Massey;

personal communication).

1) aAfter restriction—-cutting approximately 1 ug of wvector, add 1 ul
CAP {(calf alkaline phosphatase; Boehringer Mannheim) and incubate
at 37°C for 1/2 hour.

2) Add an additional 1 ul CAP and leave at 37°C for another 1/2 hour.

3) Add sufficient SDS to make the solution 1% with respect to SDS. Add
0.5 mg/ml Proteinase K and incubate at 37°C for 1/2 hour.

4) Phenol/chloroform, chlorcform, then ethanol precipitate.

S) Resuspend in TE.
2.15.2 DNA LIGATIONS.

2.15.2.1 LIGATION: METHOD 1. {(from Massey laboratory protocols).

1) Prepare a reaction mixture cocktail for 5 ligations as follows:

distilled H,O 23 ul
10x universal buffer (Hae III buffer; see 2.7.1) 5 ul
10 mM ATP 5 ul
suitably cut vector (= 20 ng/ul) S ul
T4- DNA ligase {New England Biolabs} 2 ul

2) Set up ligatiocns in 750 ul Eppendorf tubes as follows:
a) For the “"control” add 2 ul of Hy0 to 8 ul of reaction cocktail.
b} Add 2 ul of insert DNA (= 100 ng/ml) to 8 ul of reaction
cocktail.
3) Mix by gently vortexing and bring any liquid off the wall of the
tube by spinning in an Eppendorf for a few seconds.
4) Leave in refrigerator overnight.

5) Ligations may be checked on a mini-gel.

2.15.2.2 LIGATION: METHOD 2. {in-gel ligations} (modified version of
Struhl, 15%835).
1) Excise the required fragments from a SeaPlaque agarcse gel with a

clean scalpel blade,



2) Melt the agarcose by heating to 70°C for 10 minutes,

3) Mix approxzimately 5 ul of each ¢f the vector and insert DNAs. (This
may have to be adjusted slightly according to the concentrations of
each, equal gquantities of the DNAs being the desired effect.
Cencentrations may be checked on a mini-gel.) Egquilibrate at 37°C.
Add 10 ul of 2x T4 buffer and incubate at room temperate for 4 - 12
hours.

4y Melt ligation mixture to 70°C for 10 minutes. Check the volume and
then dilute 10 fold with TCM buffer. Use this mixture for E. coli
transformations.

S} Ligations may be checked on a mini-gel.

2.16 BAL 31 DNA DIGESTION. (based on Maniatis et al., 1882},

Bal 31 nuclease acts as a highly specific, single-stranded
endodeoxyribonuclease and exonuclease that catalyses the removal of
small oligonucleotides or mononuclecotides from the 5 - and 3'-termini
cf double- and single-stranded DNA {Maniatis et al., 1982).

Under suitable conditions, the enzyme will remove nucleotides
from both the 5'- and 3‘-termini of a linear DNA molecule in a
controlled manner. This attribute makes Bal 31 a useful tool for
sequencing as a segment of DNA can be progressively shortened, forming
a family of overlapping fragments through the region of interest,
thereby eliminating the need to sub-clone smaller restriction
fragments of a size suitable for sesquencing in one step.

Sx Bal 31 buffer.

{per 100 ml)
CaCl,.2H,0 (60 mM} 0.66 g
NacCl (3 M) 17.56 g
EDTA (5 ) 0.17 g
Tris {100 mM} 1.21 g

Adjust pH to 8.1
After sterilising add MgCl, to a concentration of 60 mM (0.57 g).
1) Approximately 30 ug of the DNA is digested with the first enzyme

to linearise the plasmid.

68



23
3)

)

&)

8)

9)
10}

113

12}

13)
14}
15}
1e)

Check the digest on a mini-gel.

Extract with an equal volume of phenol:chloroform (1:1).
Extract with an equal wvolume of chloroform.

Ethanol precipitate and leave in ~20°C freezer for two hours.
Pellet DNA by centrifugation for 30 minutes at 12,000g in a
pench~top Eppendorf centrifuge at 4°C. Resuspend in = 30 ul
sterile H,O.

Trial Digest.

Take a small sample of the cut DNA and set up a trial digest.

linearised DNA 4.0 ul
5% Bal 31 buffer 50.0 ul
100 rM MgCl, 31.5 ul
H,0 160.5 ul

Equilibrate to 30°C.

Add 4 ul of Bal 31 (BRL;1 unit/ul) and mix guickly. Incubace at
30°C.

Take 20 ul samples at 2 minute time intervals. Stop each reaction
by adding an equal volume of phencl and mix thoroughly.

Ethancl precipitate the samples.

Pallet DNA by centrifugationm at ~4°C for 1/2 hour then vacuum-dry.
Resuspend in 30 ul TE {(10:0.1).

Load the samples on a 0.7% mini-gel along with a lambda Hind IIX
standard and determine the average number of nucleotides lost per
minute. From this information the required sampling times for the
fragment in question are deduced and the main Bal 31 digestion can
be scaled-up from the trial one. (N.B. enzyme concentration and
rate of digest are approximately inversely proporticnal).

Carry out the large scale digest as before and check a small
amount of each sample time on a mini-gel against a standard.

Cut the Bal 3l-digested DNA with the second enzyme.

Check on a mini-gel that the digestion has gone to cempletion,
Add 0.2 wvolume of SDS dye mix.

Load the samples onto a low-melting point [SeaPlague; (FMC) ]

agarose gel.
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17y Stain gel with ethidium bromide.

18) Visualise the DNA using a long-wave UV lamp.

18) Cut out the desired fragments.

20) Isolate the fragments by employing the phenol/freeze procedure
(2.14.2) followed by ligations using method 1 (2.15.2.1), or

proceed directly with in-gel ligations (2.15.2.2).

2.17 PREPARATION OF COMPETENT CELLS FOR TRANSFCRMATICONS. (based on

Cohen et al., 1972).

Note: JM101, JM109 or XLl were the cultures used in transformations.

1} Prepare an overnight culture of cells at 30°C in YT medium starting
from a single colony. Retain this culture if transforming later in
the day.

2) Sub the overnight culture 1/100 in 25 ml of YT medium and shake
vigorously (300 rpm) at 37°C, 2 heours for JML0l and JM108 or 4
hours for XLl. (500 ul 20% glucese and 250 ul CaCl, were added in
later experiments to increase the efficiency of transformation).
(Noete: In transformations using XLl, the medium for overnight
growth included tetracycline at 10 ug/ml).

3) Harvest the cells in 30 ml Corex tubes by centrifugation at
5000 rpm for 10 minutes in a Sorvall $S5-34 at 4°C,

4) Pour off the supernatant and resuspend in 10 ml of ice-cold
50 mM CaCl,. Resuspend by pipetting gently up and down, preferably
with ceold pipettes. Do not vortex.

5) Leave cells on ice for 20 minutes.

6} Harvest cells at 5000 rpm for 10 minutes in a 55-34 rotor at 4°C.

7) Pour off supernatant and resuspend cells gently in 2.5 ml of ice-
cold 50 mM CaCl,.

8) Incubate cells on ice until ready to do transformations. Cells can

be stored for a few days in this manner.



2.18 TRANSFORMATION OF E. COLI.

2.18.1 TRANSFORMATION OF E. (COLI WITH PLASMID DNA. (based on Maniatis

et al., 1982).

1) &dd 200 ul of competent cells to the ligation mixture and incubate
on ice for 40 minutes.

2} To heat shock, transfer te a water path, that has been preheated
te 42°C, for 2 minutes.

3) Transfer the heat shocked cells to shaking water bath, set at 32°C,
for 1 1/2 hours.

4) Add 1 ml of LB soft agar and pour onto selective plates.

5} Allow plates to set for 15 minutes then invert and incubate

overnight at 37°C.

2.18.2 TRANSFORMATION OF E. COLI WITH M13 REPLICATIVE FORM (R¥F) DNA.
{based on Maniatis et al., 18682).

The filamentous coliphage M13 contains a single-stranded, 6.4 kb
DNA molecule ({(Qld and Primrose, 1981). This phage will only infect
enteric bacteria that harbour F pili: absocxption of M13 appears to be
at the terminus of the F pilus. The infected cells do not lyse, but
continue to grow and divide, howewver, at a slower rate than uninfected
cells.

The single-stranded DNA enters the bacterium and 1s then
converted to a double-stranded replicative form (RF), that multiplies
until there are about 100 molecules in the cell. At this stage, the
replication becomes asymmetrical due to the accumulation of a viral-
encoded, single—strandﬂ&specific DNA binding protein (SSB) that
prevents synthesis of thé complementary strand {Lewin, 1983). After
this, wviral particles containing single stranded DNA are produced and
then extruded from the bacterial cell.

Single~stranded filamentous phages can function as convenient
vectors for DNA sequencing. In the RF state, the vector can be treated
like a plasmid and both the RF and single-stranded DNA can be used to

transfect E. coli. There is a 507 bp intergenic region in M13 that
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contains the origin of replicatiocon site, (Ori) (0ld and Primrose,

1981). The E, coli lac regulatory region and the sequence for the

a-peptide of PB-galactosidase, containing a versatile multiple cloning

site polylinker, has been ligated into the M13 intergenic region ({(0ld

and Primrese, 1981; Yanisch-Perron et al., 1885). An E. coli with a

deletion in the P-galactosidase w-peptide region, is employed as the

host strain., IPTG, which is added to the medium, functions as an
inducer for [f-galactosidase, while X-gal, alsc added to the medium,
acts as a chromogenic substrate analog. When the host is transformed
with M13, the O-peptide carried on the vector complements the host’s

Jac deletion. X-gal is precessed and a blue dyve is liberated that

precipitates within the cells resulting in blue plagues. Inserts in

the pelylinker region of the vector disrupt the o-peptide production,
and result in failure of complementation and producticn of uncoloured
plaques. There is a family of Ml3-based vectors available of which

M13mpl8 was selected for use in this project (Messing and Vieira,

1982).

1) Add 200 ul of competent cells to a ligation mixture and incubate on
ice for 40 minutes.

2) Place freshly prepared M% (+ glucose, + thiamine) plates in a 37°C
incubator with the lids slightly ajar to allow the agar surface to
dry.

3) Just prior to heat shocking the cells, set up the glass culture
tubes in a heat bleck at 42°C and add to each tube in order:

* molten LB top agar (warm to the touch) 3 ml
* BCIG (5-bromo-4-chloro-3-indolyl-f-D-galactopyranoside, 20 ul
or also known as X-gal: Sigma @ 20 mg/ml 1in
dimethylformamide; stored at ~20°C)
* IPTG (isopropyl-P-D-thiogalactopvrancside; Sigma 20 ul
@ 24 mg/ml in H,0; stored at 20°C.
* Overnight culture from which the competent
cells were made. 200 mi
4) Heat-shock the competent cells containing the ligation mix at 42°C

for 2 minutes. Then place back on ice.
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5) Vortex the top agar mixture and the heat-shocked cells together
briefly and pour quickly onto the M9 plates. Allow te set for 15
minutes, invert and incubate overnight at 37°C.

2.19 PROCEDURE FOR MAKING P]-LABELLED PROBES. (Taylor et al.,

1976; Whitfield et al., 1982).

Readgents.

1} Deoxycytidine 5’[32

P} triphosphate {3000 Ci/mM, 10 mCi/ml).

2) Universal buffer 10x (Hae III buffer).

3} Random primers (prepared by D.B. Scott {Massey University, N.Z.]

from herring sperm DNA). (25 mg/ml}.
4) DNA peolymerase I (Klenow fragment from Boehringer Mannheim) .
5) Deoxyribonucleoside triphosphates {(Sigma): daTP, (20 mM).; dGTP,
{20 mM) s dTTP, (20 mM) .

€) Hae III restriction enzyme {New England Biolabs) .

7} Sephadex G-50 (Pharmacia, fine grade) equilibrated with TES
{10 mM Tris.HCL, 1 mM Na,EDTA, 100 mM NaCl) buffer, ( pH 8.0},

8} 0.25 M NasEDTR, pH 8.0.

9) Phencl (equilibrated with TE {50/20) buffer, pH 8.0}.

10) Chloroform.

Method.

1) Digest 0.25-1.0 ug of the DNA to be labelled with Hae III
restriction enzyme in a 25 ul reaction mixture for 30 minutes at
37°C.

2) Rdd 100 ug {(i.e. 4 ul) of random primers to the mix, heat te 100°C
for 2 minutes and then cool on ilce rapidly.

3y Add in order:-

sterile, distilled H,0 2.5 ul
10x universal (Hae III) buffer 1.5 ul
dTTF 1.0 ul
dATP 1.0 ul
dGTP 1.0 ul
(32p)-gcTP 3.0 ul
DNA polyvmerase T 1.0 ul
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2.

1)

2)

3)
4)
5)

T4

Mix then incubate at 37°C for 30 minutes.

Stop the reaction by adding 2 ul of 0.25 M Na,EDTA. The reaction 1s
extracted with phenol/chlorcform and the aguecus phase loaded onto
the Sephadex G-50 column. To prepare the column, place a small
amount of glass fibre in the base of a 5 ml syringe and pack it
firmly with a palr of tweezers. Add Sephadex, in TES, to the top of
the syringe. Make a hole in the lid of an Eppendorf tube and insert
the end of the syringe. Spin for 2 minutes at 1,085g. Add more
Sephadex solution and spin again. The final packed column should be
approximately level with the "1 ml " mark. The column is then ready
te lead with the aquecus phase. Spin again, collecting the DNA peak
in a fresh Eppendorf tube. Store at ~20°C. DNA probes were usually

labelled to a specific activity of 1-5 x 108 cpre/ ug of DNA.

20 SCREENING OF RECOMBINANT CLONES BY HYBRIDISATION OF [32P]—

LABELLED PROBES TO SINGLE M13 PLAQUES. (Benton and Davis, 1977).
Handling the 0.45 um, 8 cm diameter millipore filters (Millipore
Corporation, Bedford, M.A. U.5.A.) with tweezers, lay them on top
of the agar surfaces of the plates and leave for 5 minutes to allow
for plague adsorption.

Mark the filters in such a manner as to allow positive
identification of hybridising plagues.

Carefully 1ift the filters off the plates and air-dry.

Bake in wvacuo at 80°C for 2 hours.

Filters are pre-hybridised by placing them in a small plastic
container (Tupperware). Sufficient 10x Denhardt’s solution is added
to cover the filters, and the container sealed with the lid.

The filters are left to pre-hybridise, while gently shaking at

65°C for 2 hours.



10x Denhardt’s soluticn. (Scuthern, 1875).

Hepes buffer (1 M:; pH 7.0} 25.00 ml
20x ssC 75.00 ml
herring sperm DNA {28 mg/ml) 0.32 ml
E. coli tRNA {10 mg/ml) 1.00 ml
20% (w/v) SDS 2.50 ml
Ficoll (Sigma 70} 1.00 g
BSA (bovine serum albumin) 1.00 g
BVE (polyvi%ﬁpyrrolidone) 5.00 g
distilled H,0 397.00 ml
20x 55C. {per litre) {(Maniatis et al., 1982).

NaCl 173.0 g
sodium citrate 88.2 g

Adjust pH te 7.0

6) Heat probe to 100°C for 2 minutes then add to filters. Leave
overnight, at 65°C, shaking gently.

7) Wash filters in 2x S53C for 15 minutes. Pour off sclution and repeat
two more times.

8) Dry filters between two sheets of 3MM paper at room temperature.
Then cover with "Gladwrap" and expose to Ilford Curex X-ray film

with Cronex intensifying screens for 1-5 days at ~70°C.

2.21 PREPARATION OF TEMPFLATE DNA AND REPLICATIVE FORM (RF) DNa.
{based on Sanger et al., 1877).
FEG/NaCl seolution. (20% PEG in 2.5 M NaCl)

{per 100 ml)
PEG (polyethylene glycol 600Q0) 20,0 g
NaCl 14.6 g
1) Set up an overnight culture of JM1QLl in YT medium at 37°C starting
from a single colony.
2} Bdd 250 ul of the overnight culture to 25 ml YT medium and

dispense 1 ml aliquots intc culture tubes.
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3)
4)

5)

6)

7)

8)

10}

113
12)
13)

i4)

2.22
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Shake vigorously (300 rpm) at 37°C for 5 1/2 to & hours.

Harvest cells by centrifugation for 5 minutes in an Eppendorf
centrifuge.

Pour supernatant (containing the M13 bactericphage)] into anotherx
Eppendeorf tube. Aspirate off the liquid remaining in the tube and
retain the pelleted cells for preparation of double-stranded,
replicative form (RF) DNA by the rapid beoiling metheod (See
2.10.3).

Add 200 ul of PEG/NaCl soclution to the supernatant. Mix then
ieave at room temperature for 15 minutes.

Centrifuge for 5 minutes in an Eppendorf centrifuge.

Pour or aspirate off the supernatant then respin a few seconds to
bring the ligquid off the wall. Carefully aspirate off the
remaining supernatant. The PEG pellet of phage should be visible.
Add 100 ul of TE (10:0.1) and 50 ul of phenol. Vortex for 10
seconds and stand for 5 minutes. Vortex once again for 10 seconds.
Centrifuge for 3 minutes.

Carefully remove the agquecus phase with an Eppendorf pipette and
transfer to ancother Eppendeorf tube. (If the agueous phase has
bubbles or is frothy the PEG has not bsen completely removed by
the phencl. (If this is the case, repeat the phenol extraction in
step 9).

Ethanol precipitate the DNA. Leave overnight.

Centrifuge for 15 minutes.

Pour off the supernatant, wash pellet with 95% ethanol and dry
under vacuum.

Resuspend pellet in 30 ul TE (10:0.1) and check a 2 ul aliquet con

a mini-gel. Store templates at ~20°C.

353-LARELLING AND SEQUENCING OF STNGLE-STRANDED (SS) DNA.

The United States Biechemical Ceorporation’s "Sequenase" kit was

utilised for DNA sequencing, the protccol being based on the chain

termination methed (Sanger et al., 1877). This involves the synthesis

of a DNA strand by a DNA polymerase in vitro, using a single-stranded



template. The pelymerase also has the ability to use other nucleotide
analogs in sequencing. Synthesis 1s initiated at the site where an
oligonuclecotide primer anneals to the template and 1s terminated by
the dincorporation of a nucleotide analog that will not support
continuation of DNA elongation. The chain terminaticn nucleotide
analogs are the 2',3’-dideoxynuclectide 5'-triphosphates (ddNTPs) .
These lack the 37 -0H group necessary for chain extension. dNTPs and
one of the four ddNTPs are mixed in such a way that enzyme-catalysed
polymerisation will be terminated in a small fraction of the
population of chains at each site where the ddNTP can be incorporated.
Four separate reactions, each with one of the ddNTPs, will provide the
sequence information. A radicactively labelled nucleotide {(in this
case [a—BSS]-dATP) is included in the sequencing reacticn to enable
visualisation by avtoradiocgraphy after separation by high-resolution
electrophoresis on a polyacrylamide gel.

The peolymerase provided in the "Sequenase"” package is a genetic
variant of the bacteriophage T7 polymerase created by in vitro genetic
manipulation (Tabor and Richardson, 1987). This modification
completely removes the 3’/-5' exonuclease activity of the wild-type T7
DNA polymerase.

The initial part of this procedure involves annealing a synthetic
oligonucleotide primer to the template. The oligonucleotide provided
in the kit is suitable for use with M1l3-based vectors. (& different
primer, S’"-CGTITCAGGACGCTACTT-3Y, [Schofield and Watson, 188&6] was used
when determining Tn5 insertion sites). DNA synthesis is carried out in
two steps. First the primer is extended using limiting concentrations
of the deoxynucleotide triphosphates (dNTPs), including the
radicactively labelled dATP. This reaction continues until complete
incorporation of the labelled nucleotide into DNA chains, which are
randomly distributed in size from several to hundreds of nuclecotides
long. In the second step, the concentration of the dNTPs is increased
and one of the ddNTPs is added to each of the four reaction tubes. DNA
synthesis pregresses until the chains incorporate a ddNTP. During this

step the chains are extended by an average of several dozen
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nucleotides. The reactions are then terminated by the addition of EDTA
and formamide, denatured by heating and then separated by
electrophoresis on polyacrylamide gels. More detailed descriptions of
the reaction buffers and other reagents used in this procedure can be

found in the booklet accompanving the "Sequenase™ kit.

2.23 POLYACRYLAMIDE GEL ELECTROPHORESIS,

Polvacrvliamide gels are used to analyse fragments of DNA less
than 1 kb in length. For DNA sequencing, 4.0% acrylamide gels were
cast. This allowed DNA& fragments between approximately 30 and 400
nucleotides in length to be separated. Sequencing gels were poured
between glass plates of either 36 cm in length by 20 cm in width, or
on BRL MODEL 52 sequencing gel apparatus where the measurements edgual
38 cm by 36 cm. The plates were separated by 0.4 mm spacer bars and
run in a vertical position at 1,500 Volts, 30 mAmps and 45 Watts.
Shark-tooth combs were employed to provide loading lanes.

To set up the apparatus, first wash the glass plates with
detergent in warm water and rinse well. Handle the plates by the edges
sc as not to transfer grease from fingers onto the clean surfaces.
Rinse the plates with ethanol and leave to dry. Wearing gloves and
operating in a fume hood, coat the inner surface of the smaller front
plate with a 2% solution of dimethyldichlorosilane in 1,131,1, -
trichlorocethane. The silicon provides a very smooth surface and thus
encourages the gel to release from the front plate while adhering to
the back plate.

Place the back plate on the bench, inner surface upper-most. Wipe
the spacers with ethanol and, when dry, arrange along the sides of the
back plate. Lay the front plate, silicon-side deown, directly on top of
the back plate and spacers and align the bottom edges. Bind the sides
and bottom edges with masking tape or electrical ftape to form a

watertight seal.
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2.23.1 SEQUENCING REAGENTS.

1) Acrylamide Mix.
urea 288.0 g
acrylamide 3.2 g
bis-acrylamide 1.8 g

Make up to about 500 ml and warm to dissolve (not greater than 40°C).
Add 20 g Amberlite (S5igma A7393) and stir gently for 30 minutes,.
Remove the resin by filtration through a sintered glass funnel (#2)
with suction. Add 10x seguencing TBE and make up to 600 ml with

distilled H,0. De-gas on a water pump and store at 4°C.

213 Ammonium pearsulphate. (10% stock). 300 mg/ 500 ul H,O.
33 TEMFED: N,N,Nl,Nl - tetramethylethylenediamine (store at 4°C}.
43 Formamide dye mix. Gently stir 100 ml of formamide with 5 g

Amberlite MBl (mixed bed resin} for 30 minutes. Remove resin by
filtration. Add 0.03 g xylene cyancl FF, 0.03 g bromophencl blue
and NayEDTA to 20 mM (1.e. 0.74 g). Store at room temperature.

To prepare acrylamide:

Pre-warm the 40 ml acrylamide mix to room temperature. Add 240 ul 10%
NH,; persulphate and 24 ul TEMED. (For the larger BRL plates, use 60 ml

acrylamide, 360 ul 10% NH,; persulphate and 36 ul TEMED).

2.23.2 GEL PREPARATION.

1) Pour gel ensuring that there are no air bubbles.

2) Insert the clean comb, flat edge down, making sure that the depth
deoes not exceed 4 mm.

3} Allow gel to set for a minimum of 2 hours or, if storing overnight,
seal the top of the plates in "Gladwrap”.

4) Wash off the surface acrylamide with warm H,O.

5) Cut the tape off the bottom of the plates.

6) Add water around the comb, lift and remove carefully

7) Assemble for segquencing.

§) Fill the top and bottom gel box chambers with sequencing TBE.

9) Insext the comb, shark-toothed edge down. Aim to keep the wells as

flat as possible.



2.23.3 RUNNING SEQUENCING GELS.

1) Thaw the 355—labelled extended primers and leave at 70°C for 2
minutes.

2) Load a 3 ul sample into a well, avoiding air bubbkles in the
process.

3) Gels were run at 1,500 v, 30 mA and 45 W. Short gels were run for
2.5 hours and long cnes for 4 hours.

4) Gels were then fixed for 15 minutes in a sclution comprising 10%
ethanol and 10% glacial acetic acid in 80% H,O.

S) These were vacuum-dried at 80°C for one hour on a Bico-Rad Slab
bDryer, model 483, exposed to Fujli Nif RX 100 X-ray film overnight

and then developed in a Kodak RP X-OMAT processcor, model MGB.



3.0 RESTRICTION MAPPING.

The 233 Tn5 mutation had been mapped to the 7.1 kb Eco RI
fragment approximately 1.6 kb from the right-hand-side of the map,
{see Figure 3.1). As smaller, more manageable-sized pieces were
required for sequencing, 1t was necessary to construct a restriction
map for the fragment. Careful selection of the enzymes used would also
enable a more accurate determination of the Tn5 insertion sites in the

7.1 kb fragment.

3.1 MAPPING STRATEGY.

Large scale plasmid preparations of pPN354 and of pPN30l1 were
made as outlined in 2.10.1. Trial digests o¢f the plasmids were
performed using the folleowing enzymes; Tag I, FPst I, Bam BRI, Alu I,
Kpn I, Sal I and Bgl II. The six base pair cutters, Bam HI and Sal I
cleaved the plasmids into fragments of a size suitable for subcloning.
There 1s one Bam HI and one Sal I restriction site in pBR32Z8. In
addition, each enzyme cuts Tn5 once asymmetrically, yielding two
fragments of 2.7 kb and 3.0 kb in both cases (Jorgensen et al., 1979},
These characteristics suggested the selection of Sal I and Bam HI as
mapping enzymes.

Single and double digests were set up for pPN354 and pPN30l (see
2.11 for digest protocol). Samples were checked for digest completion
on a mini-gel and then run on a §.7% agarcse mini-gel against a lambda
Hind I1I standard (see Figure 3.2).

Four other R. loti strains, PN4016, PN4019, 2N4047 and PN4053,
bearing Tnd insertions in the 7.1 kb Eco RI chromoscomal fragment were
alsc mapped. However, the strategy used in this case was slightly
different to that used to locate the 233 Tn5 and is discussed in
section 3.2,

The fragments into which the Tn5 had inserted could be determined
by comparing the restriction patterns of the pPN35%4 and pPN301 single
digests (see Table 3.1). Because the Tn5, which is 5.7 kb in length

{Berg et al,, 1982}, possesses cne Bam HI and one 52l 1 restriction
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Figure 3.1:

Figure 3_2:

an Eco RI (E) and Hind ITII (H) restriction enzyme map of
the nod region of R. loti NZP2037. The approximate
location of the Tn5 insertion in the Nod strain PN233 is
indicated. The region sub-cloned intc pLAFR1 and
designated pPN306 is also illustrated. Dashed lines

represent vector DNA.

An agarose gel of Sal 1 (8}, Bam HI (B} and Eco RI (E}

single and double digests.

1. lambda Hind 11T standard {in kb).
2. pPN301 S5al I cut.

3. PpPN301 Bam HI, Sal I cut.

4, pPN30L Bam HI cut.

S. PpPN352 Sal I cut.

6. pPN35%4 Bam HI, Sal I cut.

7. pPN354 Sal I cut.

8. pPN301 Eco RI cut.

9. pPN301 Fco RI, Bam HI cut.
10. pPN354 Eco RI, Sal I cut.

11. pPN334 Eceo RI, Sal I cut.
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Table 3.1: Restriction fragments from Bam HI and Sal I cut pPN354 and

PPN301 (kb) .
pPN354 pFN301 pPN354 Sal I pPN301 Sal I pPPN301 pPN354
S5a1 I Sal 1 & Bam HI & Bam HI Bam HI Bam HI
7.1 7.1
4.2 x 3 4.2
4.0 4.0 4.0
3.8
3.2
2.8 2.8
2.3 2.3
2.2 2.2
1.9 1.9
1.45
1.35 1.35% 1.35 1.35
1.2 1.2 1.2 x 3 1.2 x 2 1.2 1.2
0.35 0.35
0.3 0.3 =% 2
0.25 0.25
0.2 0.2 0.2 0.2
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site (Jorgensen et al., 1979), the pPN301 Sal I or Bam HI digests will

exhikit the loss of one restriction fragment and the appearance of two

new fragments. That is, the 1.45 kb Sa2l I fragment in pPN354 was
absent from the pPN301 digested with Sal I, but two new fragments,
which were 4.0 and 3.2 kb in length, had appeared. The sum of the
sizes of the two new fragments should be approximately equal to the
total achieved by adding 1.45 kb to the 5.7 kb of insert DNA.

4.0 + 3.2 = 7.2 kb; 1.45% + 5.7 = 7.15 kb

From this, it was concluded that the Tn5 had inserted into the 1.45 kb

Sal I fragment and by using the same loglc, into the 2.8 kb Bam HI

fragment.

Double digests were utilised to establish a restriction map for
the 7.1 kb fragment. A single Bam HI fragment containing a Sal I site,
is replaced by two smaller fragments in a double digest. The same
applies for a 5al I fragment possessing a Bam HI sice. Therefore,
nevel fragments in a double digest are the products of internal Bam HI
sites in Sal I fragments and vice versa. Some of the Bam HI fragments
did not contain internal Sal I sites and thus could not be ordered.

Other information which was used to develop the map was:

1) pBR328, when cut with Sal I, gives fragments of 1.7 kb and 3.2 kb.
Therefore, these are the smallest sized fragments in the pPN354
digest that can contain vector DNA. Consequently, the 7.1 kb and
2.3 kb Sal I fragments in the pPN354 Sal I digest carry vector DNA,

2) pBR3Z8, when cut with Bam HI, produces fragments of 1.45 kb and
3.5 kb in length, which are the smallest sized fragments in the
Bam HI pPN354 digest that can contain vector DNA. The 4.2 kb and

the 2.8 kb or 2.2 kb fragments must therefore contain vector DNA.

3) It had been determined that the 1.45% kb Sal I and 2.8 kb Bam HI
fragments contained the insert DNA in pPN30l. Therefore, these two
fragments must overlap.

4) The Tn5 had been located approximately 1.6 kb from the right-hand-
side Eco RI site, The transposen must also be inserted in such a
position in the 1.45 kb Sal I fragment as to yield two fragments of

4.0 kb and 3.2 kb when pPN30l1 is digested with Sal I, Likewise, it



is necessary for the Tn5 to be in a given positicn in the 2.8 kb
Bam HI fragment to result in two 4.2 kb fragments arising from a
pPN301 Bam HI digest.
The restricticon map for the 7.1 kb Eco RI fragment (see Figure
3.3) was thus constructed from this body of information and utilised

for the determination of TnS insertion site mapping.

3.2 Tn5 INSERTION SITE MAPPING.

The R. leoti strains PN4016, PN4019, PN4047 and PN4053 each had a
chromosomal TnS insertion in the 7.1 kb Eco RI fragment. Four E. coli
strains carrying these TnS5 inserts on pPN306 {see Figure 3.1) were
constructed using TnS mutagenesis. These R. loti and E. coli strains
were kindly made available by C. Pankhurst, D.3.I.R., Palmerston
North.

The 1.5 kb inverted repeats on elther side of Tnd contain a
Hind II1 restriction site. Consequently, when TnS5, which possesses no
other Hind III sites, is digested with this enzyme one internal 3.3 kb
fragment and two 1.2 kb or greater end fragments are generated. This
feature can be utilised te map the position of Tn5 in the 7.1 kb Eco
RI fragment.

PPN306 carrying Tnb5 insertions, when digested with Hind II1I, will
exhibit three fragments whose sizes are constant. These are: the
vector plus part of the 9.6 kb Hind III fragment and approximately
3.25 kbbb of DNA from the far left-hand-side of the restrictlon map, the
adjacent 5.0 kb Hind III fragment and the internal 2.3 kb Tns
fragment. The two other fragments will wvary in size depending on the
position of the TnS in the 14.3 kb Hind III fragment (see Table 3.2).
One can determine the approximate insertion site by subtracting 1.2 kb
(the Tn3 Hind III -cut terminal ends) from the sizes of the two
variable-lengthed fragments.

For example, the variable fragments in the Hind III digest of
pPN306 that carried the 4053 Tn5 inserts, were 14.5 kb and 2.2 kb in
length. Subtraction of 1.2 kb from 14.5 gives 13.3, which is the
distance the 4053 insertion site iz from the left-hand-side of the

Hind III site on the 14.3 kb fragment, as opposed to the right-hand
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Ficgure 3.3: Sal T and Bam HI restriction enzyme maps for the 7.1 kb
Eco RI fragment.
Shaded boxes represent the vector pBR328 while open boxes
represent the inserted R. loti chromosomal DNA.

a. pPN354 Sal I, Bam HI and Sal I/Bam HI double digests.

L. pPN301 Sai I, Bam HI and Sal I/Bam HI double digests.
The peoint of TnS5 insertion is represented as the bar
connecting the triangle to the insert DNA. TnS DNA 1is

represented by dashed lines.
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Table 3.2: Hind IITI digests of the TnS5 insertions in pPN306 (kbj.

4016 4019 4047 4053
32.0 32.0 32.0 32.0

5.0 5.0 5.0 5.0

3.3 3.3 3.3 3.3

8.4 12.2 13.0 14.5 } variable-lengthad
8.4 4.5 3.6 2.2 1} fragments

57.1 57.0 56.9 57.0 totals




~-side, as this would put the Tn5 outside the 7.1 kb Eco RI fragment.
The same process was used to determine the approximate locations of

the other three Tnd inserts (see Figure 3.4).

3.3 DISCUSSION.

Bam HI and Sal I restricted the 7.1 kb DNA into segments of a
size sultable for sequencing and, of these, the 233 Tn5 insertion site
was located on the 1.45 kb Sal I and 2.8 kb Bam HI fragments.
Restriction mapping placed the 4047 Tn5 insertion on the adjacent 1.2
kb Sal I fragment. As this insertion, like that of 233, has a Nod
phencotype (ses Table 4.2), 1t suggested that the gene affected may
extend into the 1.2 kb Sal I fragment., This information together with
that gleaned from complementation experiments {Chapter 4.0), suggested
that the 1.45 kb and 1.2 kb Sal I and the overlapping 2.8 ki Bam HI

fragments were suitable candidates for sequencing.

30



91

Figqure 3.4: Tn5 insertion sites in pPN306 as determined from Hind IIT

restriction digests.
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4.0 PLANT COMPLEMENTATION EXPERIMENTS.

The first step in the characterisation of the PN233 Nod mutant
was Lo determine whether the Tnd had insertionally inactivated one of

the common nod genes.

4.1 COMMON NOD GENE COMPLEMENTATION TESTS (EXPERIMENT 1).

Four R.1. bv. trifolii strains that were each mutant for either
nod A,B,C or D were avallable. It was decided to transfer, wvia
triparental crosses, the plasmid pPN305 {see Figure 4.1} into each of
the R.1. bv. trifolii nod mutants to discover whether this 22.7 kb
region of the wild-type NZP2037 genoms could complement any of the
above mutations.

A R.1. bv. trifolii nod cosmid, pPN26, was used as a control in
the complementation tests. A loopful of each of the triparental
crosses {(see Z.4) was streaked out for single colony isclates on 510
Neo Tet (Neomycin and Tetracycline} plates. Two colonies from =ach
cross were cultured and then used separately to incculate plates
containing two T. repens seedlings. The clover seeds were sterilised,
germinated and grown on FM plates as cutlined in section 2.5. The
inoculated seedlings were placed in a growth cabinet, set at 22°C, for
two weeks, after which they were examined for neodule formation. Wild-
type R.I. bv. trifelii and R. loti were also inoculated onto T. repens
seedlings as controls. The results of the experiment are shown in
Table 4.1.

The experiment demonstrated the ability of pPN305 to complement
the nodC mutation in R.1. bv. trifolii (see Figure 4.2). This
indicates the functional presence of the R. loti nodC gene somewheare
cn the 22.7 kb fragment carried by pPN305. Given the usual clustering
of nodDABCIJ genes in many rhizebia, 1t was surprising that none of
the other neod gene mutations was complemented. In order to home in on
the area of interest and t©to investlgate the complementation results
further, ancther set of complementation tests was conducted. This 1is

discussed in the following section.
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Figqure 4.1: Plasmids pPN305 and pPNZS.

Dashed lines represent the vector pLAFRI.
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Figure 4.2:

Complementation of a R.

EEN305.

1. aNuz27i7
2. ANUSSIL
3. ANUZ252
4. ANUZ49

{nodC) /pPN303
(nodD) /pEN305
(nodh) /pPN305
{nodB) /pPN305

1. bv. trifolii nodC mutant by

Nodules and healthy growth can be ssen on the plant

inoculated with the ANUZ77/pPN305 exconjugant,
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Table 4.1: Complementation of R.1. bv. trifolii common nod genes.

Crosses/Strains Nodule phencotype
ANUZ249 {(nodB™ ) /pPN305 Nod™
ANU252 (nodA ) /pPN305 Nod™
ANU277 (nodC™)/pPN305 Nod’
LNU8S51 {nodD ) /pPN305 Nod™
ANUZ49 (nodB~) /pPN26 Nodt
ANU2S52 (nodA”)/pPN26 Nod ™
ANU277 (nodC”)/pPN26 Nodt
ANUBS5) {(nodD”)/pPN26 Nogd™
NZP2037 Nod™
PN100 Noa’t
KEY: Nod' = nodulation; Nod~ = no nodulation.

Takble 4.2: The phenctypes of four other R. loti Tn5 inserticns (4016,

4019, 4047 and 4053) in the 7.1 kb Eco RI cegion.

Strain L. pedunculatus L. corniculatus; L. tenuls
PN4016 Nodt Fix* Nod® Fix?

PN4019 Nod® Fix™ Nod® Fix™

PN4047 Nod ™ Nod™

PN4053 Nodd Fix~ Nodt Fix'

KEY: Nod' FPix™ = normal nodulation; Nod™ Fix®" = 30-50% Fin' of wild-
type; Nod = no nodulation; Nodd Fix~ = slightly delayed nodulation

but no fixation.



4.2 COMPLEMENTATION OF THE Tn5 MUTATIONS (EXPERIMENT 2).

The 233 Tn5 insertion site had been mapped to the 7.1 kb Eco RI
fragment. The phenotypes of the four other R. loti strains, PN4016,
PN4019, PN4047 and PN4053, whose approximate sites of Tn5 insertions
were determined in section 3.2, are outlined in Table 4.2.

Further experiments were conducted to determine whether
complementation occurred when pPN305, pPN25 (see Figure 4.1) and pPN26
were crossed into the original Tn5 mutant (PN233), PN4047, PN4053 and
the R.1. bv. trifolii mutant, ANU277.

Complementation experiments conducted by Evans and Downie (1986)
demonstrated that the effects of Tn5 mutations depended on whether the
insertion was on the indigenous symbiotic plasmid, or on DNA cloned
into the pLAFR1l vector. In response to this observation and, to
determine whether the duplication of the 22.7 kb fragment in
complementation tests had an effect on nodulation, pPN305 was crossed
into NZP2037 as a control.

For this experiment the seedlings were placed on FM slopes in
glass tubes (see 2.5.2). Four seedlings were used in a complementation
test. Two single colony isolates for each triparental cross were
cultured separately and used to inoculate a pair of seedlings each, in
a complementation test. Two uninoculated T. repens and two
uninoculated Lotus plants, as well as two clover and two
L. pedunculatus seedlings inoculated with their respective
microsymbionts, were grown alongside the complementation test plants
as controls. Results of the experiments were recorded six weeks after

inoculation (see Table 4.3 and Figure 4.3).

4.3 DISCUSSION.

The test results highlighted an unusual aspect of the 233
mutation. While the smaller 7.1 kb Eco RI fragment complemented the
Tn5 mutant, the larger 22.7 kb fragment, of which the 7.1 kb was a
sub-clone, could not induce nodulation. Slight swellings, with no
bacterial invasion or fixation were observed. Both fragments could,
however, complement the surrounding mutations, i.e. 4047 and 4053. The

presence of the 22.7 kb fragment in NZP2037 and the fact that pPN305

99



100

Table 4.3: Complementation results following the introduction of

plasmids inteo the Tn5 mutants.

I

|

l

|
Strains | NZP2037 PN233 PN4047 PN4053 |  aNu277
_________ ) P
Plasmids | Nod® Nod™T Nogd Noad | Nea'
pPN305 l ]
(22.7 kb) | |
_________ U U
pPN25 I ND Nod® Nogd Nogd | Nod~
(7.1 kb) | |
_________ f = m e e e | e
pPN26 | ND Nod™ T leaky, leaky, | Nod?t

i Nod+ Nod+ | (see Table

l la.1)

|

Key: Nod” = slight delay in nodulations Nod T = ineffective tumorous
growths; ND = not done; Nodt = some plants formed effective nodules,

cthers did not.
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Figure 4.3: Photographs and micrographs of effective and ineifective

complementations.
From left to right; L. pedunculatus inoculated with
NZP2037/pPN305, PN4047/pPN305 and PN4053/pPN305 exconjugants. The
22.7 kb fragment complemented the PN4047 and PN4053 TnS mutancs
and did not adversely effect the wild-type NZIP2(037.
From left to right: L. pedunculatus (x2) uninoculated, inocculated
with PN233/pPN305 (22), NzP2037 (x2) and PN233/pPN25 (x2)
exconjugants. The 7.1 kb, but not the 22.7 kb fragment,
complemented the PNZ233 mutant. Ineffective tumorous swellings like
cthose formed by the PNZ233/pPN305 exconjugant can be seen more
clearly in Figure 4.3 f.
A micrograph of an effective nodule formed on L. pedunculatus by
the PNZ233/pPN25S exconjugant. C = cortex, B = bacteroid-filled
cells. magnification = x=150
A micrograph of an ineffective tumcrous swelling formed on
L. pedunculatus by the PNZ233/pPNJ305 exconjugant. T = tannins; C =
cortex; S = starch granules. magnification = zi00.
From left to right; an uninoculated T. repens, T. repens
inoculated with the exconjugant ANU277/pPN2% ancg with the
R.1. bv. trifolii wild-type, PN100.
From left to right; L. pedunculatus inoculated with the
PN233/pPN26 exconjugant, with the wild-tvpe NZP2037 and an
uninoculaced L. pedunculatus. The tumorous swellings produced by
the PN233/pPN26 exconijugant are visible as pink blotches on the

root system.
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complemented the other TnS5 mutations, indicate that the phenomencon is
unlikely to be a gene dosage effect. One possibility is that another
gene or genes, located on the 22.7 kb fragment outside the region
encompassed by the 7.1 kb Eco RI sub-clone, is interacting negatively
with the protein product of this particular mutation.

The 22.7 kb fragment from R. Ioti was abkle to complement the R.1.
bv. trifolii ANU277 nodC mutaticon, indicating the presence of nodC
somewhere on the fragment. The 7.1 kb sub-clone was unable to
complement. It was possible that the Tn5 Iin PN233 had inserted into
nodC and that the 7.1 kb region did not contain the whole gene
sequence. However, the R.1. bv. trifolii nod cosmid pPN2Z6 did not
complement the R. loti PN233 strain either. One would axpect this
cosmid to complement the TnS mutation as it carries all the nodulation
genes.

The two other TnS mutant strains, PN4047 and PN40S53, inte wihich
pPNZ26 had been transferred, displayved a leaky phenotvype on L.
peduniculatus, with some plants developing nodules and others tumorous
swellings. This suggests that the genetic background of the host plant
may be the deciding factor in determining whether complementation, and
hence nodulation, is achieved. As toc why the presence of the pPNZ6
plasmid resulted in a poorer nodulating ability than the Tn5 insertion
alone in PN4053 is unclear. It is possible that this represents a gene
dosage effect, but then cne would expect similar results in the the
crosses where pPNZ6 was transferred into the R.1. bv. trifolii common
nod gene mutants, unless complementation failure is due to the L.
pedunculatus background.

PN233 behaved differently from PN4047 and PN4053 in the presence
of pPN26 as complementation was not observed in any plants, once again
emphasising the unusual nature of PN233 in comparison with the other
Tn5 mutant strains. Some of the questions raised in this secrticn can
enly be answered in conjunction with information gained from sequence

data and, hence, will be dealt with in the final discussion chapter.



The slight delay observed in nodule initiaticn in the tests may
well have been caused by the presence of pLAFR1l, the duplication of
the 22.7 kb in the rhizobial c¢ell, or a combination of the two. This
is supported by the delaved nedule initiation exhibited in the
NZP2037/pPN305 exconjugant.

Although the results were recorded z3ix weeks after inoculation,
the plants were not disposed of until a couple of weeks later. During
this time, a nodule developed on one Lotus plant that had bpeen
inoculated with PN233 carrying pPN305. The appearance of a nodule in
such a c¢ross, after an extended period of unsuccessful nodule
initiation, had been observed before at a low frequency (D.B. Scott,
perscnal communication). In these instances, 1t 1is possible that a
double recombination event had occurred in the bacterium, resulting in
the replacement o©f the DNA region carrying the Tn5 insert with the
wild-type DNA introduced by the pPN305 cosmid (Scott et al., 1985).

Fositive identification of the gene inte which the TnS carried by
PN233 had inserted necessitated sequencing that region of DNA. The

area delineated by the Nodt Fix®

phenotype of 401% and the "leaky"
4053 mutation, in c¢onjunction with the restriction mapping and
complementation experiments, determined the selection for sequencing
of the region encompassed by the 1.2 and 1.4% kb Sal I and the 2.8 kb

Bam HI fragments. This is discussed in the follewing chapter.
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5.0 DNA SEQUENCING OF THE R. LOTI NODULATION GENES.

The original Tn5 insert in strain PN233 was located in the 1.45
kb Sal I fragment at the far left-hand-side (see Figure 3.3). The
phenctypes of the other neighbouring Tn5 mutations suggested that the
gene may have extended into the adjacent 1.2 kb Sal I fragment.
Therefore, it was decided to sub-clone these two fragmencts for
sequencing purposes. As the 2.8 kb Bam HI fragment overlapped the Sal
I site, this was also sub-cloned to confirm the seguence ftnrough the

Sal I restriction site.

5.1 FRAGMENT SUB-CLONING.

A stock of pPN354 (pBR328 + 7.1 kb Eco RI fragment) was made
using the alkaline lysis method {see 2.10.1). Two digests were carried
out, one with Sal I, the other with Bam HI, and small samples checked
on a mini-gel to confirm digest completicn. The remainder was loaded
onto a 1%, 100 ml SeaPlague gel and the digests run alongside a lambda
standard at 40 Vv for 16 hours. The 2.8 kb Bam HI and the 1.2 kb and
1.45 kb Sal 1 fragments were excised from the gel and electroluted
{see 2.14.1).

The Sal I and Bam HI fragments were sub-cloned into pGEM-2 (see
Figure 5.1). pGEM-Z, which is a small, high copy number plasmid with a
convenient multiple cloning site cassette bounded by Eco RI and Hind
ITI sites, was develcocped by Promega Biotec (Melton et al., 1%84).
HB10l was transformed with pGEM-2 and a large scale plasmid
preparation was made (2.10.1). Samples were then cut with Sal I or Bam
HI, the wvector CAP-treated and the 1.2 kb and 1.45 kb $al I and the
2.8 kb Bam HI fragments ligated into the prepared vectors.

HB10l was transformed with the resulting constructs and then
plated ocut on selective medium to obtain colonies. Ampicillin-
resistant, single colony isclates were cultured and small scale rapid
boil preparations made (see 2.10.3). The plasmids were then cut with
Sal I or Bam HI and run on a mini-gel to check for the presence of the

correct Laserts.

107



108

Figure 5.1: The vector pGEM-2.
AmpR = ampicillin resistance gene.

The multiple cloning sites are boxed.

Figure 5.2: Plasmids pJ1l40l1l and pJ14012 that hear che 1.45 kb Sal I

fragment in opposite orientations.
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5.2 ORIENTATION OF THE SAL I AND BAM HI INSERTS.

It had already been deduced from the restriction map of the
7.1 kb Eco RI fragment that the 1.45 kb Sal I fragment contained a Bam
HI site located near the far right-hand-end with respect to the map
{see Figure 3.3). This permitted the o¢orientation of the 1.45 kb
fragments, ligated into pGEM-2, to be determined. Depending on
fragment orientation, Bam HI restriction wounld produce fragments of
approximately 1.2 kb and 3.2 kb or, 0.27 kb and 4.1 kb Iin size. The
two crientations were designated #11 and #12 and the plasmids labelled
pJ14011 and pJl4012 respectively (see Figure 5.2}).

Ls Bam HI inserts could not be corientated using Sal I sites,
Pst I, Pvuo I, Sma I, Ava I and Sph 1 digests were conducted to
ascertaln whether these restriction enzymes would be useful for
orisntating the 2.8 kb fragment. Of these endonucleases, Sph I proved
suitvable. Two Sph 1 sites were found in the Bam HI fragment. In one
orientation, restriction with Sph I resulted in 0.7 kb, 1.8 kb and
3.2 kb fragments being liberated; in the other, 1.2 kb, 1.8 kb and
2.7 kb were formed. The two orientations were designated #3 and #6, as
found in plasmids pJ28003 and pJ28006 respectively {(see Figure 5.3).

Sph I digests were also employed to determine the orientation of
the Bam HI 2.8 kb inserts in relation to those of the 1.45 kb Sal I
fragments in pGEM-2. If the 2.8 kb fragment was in pGEM-2 in the same
orientation as in 1.4% kb #12, then pJ14012, when cut with Sph I,
would yield fragments of 1.0 kb and 3.35 kb in length, and 1f in the
gpposite orientation, 1.4 kb and 2.95 kb {(see Figure 5.4). Sph I
digests demonstrated that 1.45 #12 and 2.8 #3 (1.e. pJ14012 and
pJ28003) were similarxly aligned, as were 1.45 #11 and 2.8 #6 (i.e.
pJdl4011 and pJZ8006) .

Pvu I1 digestion allowed the two different orientations of the
1.2 kb Sal I inserts in pGEM-2 to be identified, (1.2 #9 in pJ12009,
1.2 #10 in pJ12010; see Figure 5.53}). Thelr relationship to the
orientations of the 1.45 kb Sal I and 2.8 kb Bam HI inserts however,
was not clarified until sequencing was initiated. 1.2 #10 was found to
match the orientations of 1.45 #12 and 2.8 #2, while the orientation

of 1.2 #9 was similar to that of 1.45 #11 and 2.8 #6.
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Figure 5.3: Plasmids pJ28003 and pJ28006 pearing the 2.8 kb Bam KI

fragment in opposite orientations.

Figure S.4: Determination of the orientation of the 1.45 kb Sal I
fragments in relation to the 2.8 kb Bam HI fragments using

Sph I sites.

Figure 5.5: Plasmids pJlZ2009 and pJ12010 bearing the 1.2 kb Sal I

fragments in opposite orientations.
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5.3 BAL 31 DIGESTION OF THE SAL I AND BAM HT FRAGMENTS.

Cleoning the Sal I and Bam HMI fragments in both orientartions
enabled reading the DNA sequence for both strands using the one
vector., pJl4011, pJi14Q12, pJ28003, pJ28006, pJl12009 and pJLZ20LY
preparations were linearised by Hind IIT digestion. Trial digests were
performed with Bal 31 to determine the average number of nucleocotides
removed per minute for each DHNA stock {see 2.16). Bal 31 digests were
then scaled-up and samples removed at time intervals corresponding to
the removal of approximately 250 nucleoctides from both ends of the DNA
molecule.

The samples were next subjected to Eco RI digestion and the
resulting vector and insert fragments run con a SeaPlaque gel (see
2.16). The smallexz 1.2 kb and 1.45 kb Sal I fragments could be easily
separated from those of the vector. These fragments were excised from
the ¢gel and ligated inte Eco RI/Sma I cut M13mpl8 using borh ligation
methods (2.15.2.1; 2.15.2.2). On average, it 1s expected that 50% of
the DNA molecules exposed to Bal 31 treatment will be blunt-ended at
any particular time. Hence, Sma I, a blunt-end cutter, was selected as
the other enzyme for vector preparation. DNA seguence up to the Sal I
sites was obtained by ¢loning the 1.2 kb and 1.45 kb fragments into
Sal I cut and CAP-treated Mi3mpl8.

Because the 2.8 kb Bam HI fragment was almost identical in size
to the pGEM-2 vector, the digested insert fragments could not be
reliably separated from those of the vector on a SeaPlague gel.
Consequently, after Bal 31 digesticn, pJ28003 and pJ28006 were Eco RI
digested and the fragments shot-gun cloned into Eco RI/Sma I cut
vector. M13mpl8 derivatives carrying the 2.8 kb Bam HI fragments were
identified by plaque hybridisaticon using [32P]—labelled probes made

from the 2.8 kb Bam HI DNA {2.19).

5.4 DETERMINATION OF THE TnS5 INSERTION SITES.
To identify the 233 TnS5 inserticn site, pPN301 (pBR328 + 7.1 kb
Eco RI + Tnb} was first cut with Eco RI. The 12.8 kb band carrying the

7.1 kb Eco RI fragment and the Tn5 insert was separated on a 0.6%
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SeaPlague gel and recovered by excision and purified by phencl/
freezing. This fragment was then subjected to Sal I restriction and
the resulting fragments separated on a 1% SeaPlaque gel. From the
restriction digests in Chapter 3 (see Table 3.1), it was known that
the TnS insert was included in the 3.2 kb and 4.0 kb Sal I fragments.
The 3.2 kb band was re-isclated from the SeaPlague gel and the
purified DNA then digested with Hind III. This resulted in the
liberation of two fragments: one, the internal Tn5 Sal I/Hind III
fragment of approximately 1.8 kb, the other, approximately 1.25 kb in
length, bearing R. loti DNA and Tn5 terminal repeat sequence. These
fragments were separated and the 1.25 kb fragment re-isclated and
purified in the usual manner. The fragment was ligated into Sal I/Hind
IIT cut M1l3mpl8. Competent cells were then transfeormed with the
ligation mixture and single-stranded DNA&A preparations made from the
clear plagues.

Medium scale plasmid preparations (2.10.2) were made of the
pPN306 plasmids carrying the TnS insertions corresponding to the 4019,
4047 and 4053 mutations. The plasmids were digssted with Eco RI and
the fragments separated on a 0.6% SeaPlague gel. The 12.8 kb band was
excised and purified. The approximate locations of the Tn5 sites had
been estimated from Aind III restriction mapping {(see 3.2). From this
information, it was predicted that neither Sal I or Hind III cutting
would produce sufficient band separation of the resulting fragmenrts,
in all cases, to enable them to be sxcised cleanly from the gel.
Therefore, the purified 12.8 kb Ece RI fragment was digested with Sal
I and Aind TIII and shot-gun cloned into the prepared wvector. The TnS
primer, which will hybridise to the end of the Tn5 inverted repeats,
identified the vectors carrying the correct inserts, as only these
would chain extend DMA in the sequencing reactions,

The Tn5 primer, 5'-CGTTCAGGACGCTACTT-3’, hybridises to a region
of DWNA 13 bp upstream Ircom the ands of the Tnd inverted repeats
(Auerswald et al., 198l1). The seguencing reaction will proceed out of
the TnS and into the sequence in which the transposon has inserted.
The transition point between Tn5 and known wild-type DNA is the
insertion site and this was checked by comparison with the wild-type

sequence.



5.5 SEQUENCE ANALYSIS.

The 1.45 kb fragment and its accempanying Bal 31 derivatives were
sequenced first. The DNAR sequence was assembled with the aid of the
Genetics Computer Group Segquence Analysis Software Package, Version
6.1 (Devereux et al., 1984). GAP and BESTFIT were employed to compare
the similarity of one sequence to another, while the OVERLAP, FRAMES
and GELASSEMBLE programs were utilised to compile the DNA ssquence.
(Note: GAP makes an optimal alignment between two segquences by
inserting gaps to maximise the number of matches, using the algerithm
of Needleman and Wunsch, 1970; BESTFIT is similar to GAP but uses the
"local homology"™ algorithm of Smith and Waterman, 1981; OVERLAP
compares two Seguences in both orientations using the algorithm of
Wilbur and Smith, 1983; FRAMES shows open reading frames for the six
possible translation frames of the DNA segquence; and GELASSEMBLE 1s a
multiple segquence editing program for assembling fragments into a
contiguous sequence, based on the method of Staden, 1980).

Comparison of data from the 1.45% kb fragment with that of other
nod gene sequences held in the GenBank Genetics Segquence Data Bank
files (Bilofsky et al., 1986), revealed that the fragment contained
most of the nodC gene and the start of nodl. Extrapolation from known
nodC sequences indicated that approzimately 50 bp of the %' region of
the gene must be present con the adijacent 1.2 kb Sal I fragment.

Bearing this in mind, the 1.2 kb fragment was Bal 31 digested
with the aim of £focusing in on the right-hand-side ¢f the fragment,
with respect to the restriction map, as this region contained the
start of the nodC gene. Bal 31 digestions of the 2.8 kb Bam HI
fragment were calculated to cover the Sal I restriction site and the
surrounding reglon.

Apart from the S5S'region of the nodC gene, c¢omputer analysis
revealed tnat a seguence homologous to the 37 -end of the nodh gene was
situated about 50 bp upstream from the nodl start codeon. Rather than
seguence the entire nodR gene, it was decided to check whether a
promoter like sequence {(nod box) was positicned upstream of the start

of nodhk. The nodA gene segquences in the GenBank files average about
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610 bp in length. Taking this into consideration, further Bal 31
digests were designed to cover the area predicted to encompass the
start of the nodA gene and the upstream promoter region or, in the
absence of the latter, to determine whether ancother nod gene was
present in this putative operon. Seguence data revealed that a nod box
was positioned approximately 100 bp upstream of the putative noda
start codon.

The fragments used to sequence the 1.2 kb and 1.45 kb regions are
represented in Figures 5.6 and 5.7 respectively. Sequence for the
region of DNA covering the nod box and the start of nodh is shown in
Figure 5.8 while sequence extending from the end of nodA to the Sal I
site in nodl is presented in Figure 5.%. The salient features of each
sequence and the amino acid translations for the proposed coding

regions are also shown.

5.5.1 A REGION UPSTREAM OF THE NOD BOX DEMONSTRATES A SIMILARITY TO
THE START OF NODD.

As the common nod genes are generally arranged in the nodb-nod
box-nodABCIJ grouping, the sequence upstream of the nod box (including
that sequenced only on ¢ne strand}) was checked for homology Lo nodD
sequéences. A short region of 32 bp, including a small deletion, just
upstream of the nod box was found to share similarity te R, meliloti
nodD,, after which, the similaricy abruptly stopped (see Figure 5.10).
The ATG for this sequence was also in a similar position to those

representing the start cocdon for other neodd genes.

5.5.2 NOD BOX ANALYSIS.

The nod box sequences, which are located upstream of nodA and
available through GenBank, were compared in Figure 5.11. The
downstream, loosely conserved sequence AT(T)AG, found by Spaink et al.
(L987a) teo affect nod box efficiency, was included. The nod box for
each species was compared to the others and the percentage identity
for each pair is presented in Figure 5.12. As expected, the nod boxes
show a high degree of conservation. The AT(T}AG "motif" was present in

each of the species however, in R. lofti, the terminal "G" was zabsent.
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Figurg 5.6:

Sequencing strategy for the nod box and nodd 5’ -region of
R. loti. The diagram represents the fragments usad to
sequence part of the 1.2 kb Sal I fragment containing the
nod box and the start of the nodA gene. The region bounded
by wvertical dashed lines denctes the area where both
strands have been sequenced. 2 map of the region is

illustrated below.
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Figure 5.7: Seqguencing strategy for the region of DNA carrying the 3’ -
end of the nodh gene, the nodC gene and the %' -end of the
nodl gene. The region bounded by dashed vertical lines
denotes the area where both strands have been seguenced
and the readings are clear. A map of the region is

Lllustrated balow.
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Figure 5.8:

DNA sequence of the R. loti nod box and the 5 -end of
nodaA. This figure depicts the 4019 TnS insertion site,
the nod box sequence, the Sph I restriction site and the
putative amino acid sequence for the start of the R. Ioti
NZP2037 nodh gene. 3-D_ represents a possible Shine-
Dalgarno sequence while ¥ represents the Tn$S insertion

site.

Amine Acid Codes.

A = Alanine N = Asparagine
C = Cysteine P = Froline

b = Aspartic Q = Glutamine
E = Glutamic R = Arginine

F = Phenylalanine S = Serine

G = Glycine T = Threoconine

H = Histidine V = Valine

I = Iscleucine W = Tryptophan
K = Lysine Y = Tyrosine

L = Leucine * = terminator
M = Methionine

DNA seguence of the R. loti nodh 3’ -terminal, neodC and
nodl 5" ~terminal, The insertion sites for the 2047, 233
and 4053 Tn5 mutacions, the Sal I, Sph I and Bam HI
restriction sites and the putative amine acid sequences
for the 3"-end ¢f nodA, nodC and the starc of nodl are
shown. Numbered arrows represent possible stem-locop
structures, (STEMLOCP, a GCG package, 'version 6.1) while
5-D_ represents possible Shine-Dalgarno seguences and ¥

represents Tnb5 insertion sites.



Figure 5.8:

1

g 4019 . i . . }
CAGGTTTTGTCACCGACAGCTGCCATCGGTGTCGTCGCT TTATCGGGCCGATCGAGCACE

ACCAGAGGTCCAGATCAACGCATGGTTTTAACATCCACAGCGTGGATGCTCGEGATCTAR

&l
nod box
121 ACAATCAATTTTACCAATCLGGGCGGGTCSTTCATTAACCGCCCACCTGACATGCACCGC
. . . 5=D . Sph I
181 CGCTGCTCTACCGCGTGAGGTGCACARRRAGAACCCGAAAARGAGGAAGTCTTCGCATGCG
M R
nodhd start
241 CAATGACGTIGCAGTGGAGGTIGTGCTGGGAARATGARTTGCAGCTTTCCGATCACCTCGA
N D ¥V o W R L € W E N BE L § L 35 D H L E
301 ACTCTCTGAGTTCTTACGGAAGACCTATGAGCCGACCGGAGCCTTTAATGGAARGCAATT
L ) E F L R K ©* ¥ E P T G A ¥ N G K ¢ F
361 CGCAGGCGGTCGGAGCTGGEGLCEETGCAAGECCGGAGGTCC 401
a2 6 G R & W A G A R P B W
Figure 5.9:
1 TGGCGAAGATTTTGACAGGCGTTCECGTCGTTAACCTCCCGGAGGTGTACCCCGATCTGC
A K I L v ¢ vV R VvV ¥ N L P E ¥ ¥Y P D L P
nodd 3f -and
6l CTCCCACGGCGAGTOGAGCGACGAGCGTACTCCTCATGGTGCTCCCAATTGGACGCTCGA
P T A& S &G A T s v L L M v L P I G R 5§ M
121 TEAGCGAGTGGLCOGCCGGCACTTTGATCGATCGGRACGETCCAGAGC TATGARACGCGGA
3 E W P A G T L I D R N & P E L * 1
nodh stop
2. . . 2 . g-D . .
181 TTTGTTATCCGCGCGCTTCCTCARATTCACAGRARAATCTGACATCTCATGAARCCTGTTT
- K3 — —
1 M N L F
nodC start
. '4047 . . 5al 1T .
241 GCCACAGCCAGTACGGTTGCCATCTGCTCTTATGCGCTGCTGTCGACCGT TTATARAACT

A % A 5 T ¥V A I C 8§ ¥ A L L S5 T V ¥ K T
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180

2440

300

360
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180

2440

300



301

361

421

481

541

601

6el

721

781

841

901

961

. . .233 . . .

T
GCGCAGGTGTTTTATACCCTGCCTACAAACGTAGCGCCGACGTCGGGCGACCCGGCCGGT
A ¢ vV F Y T L P T N ¥ A P T 38 G D P & G

GGTGAGCCTTGGCCGAGCGTCGATGTCATTATCCCGTCCTACARACGAGGCGCCTCGCACT
G E P W P 5§ VvV D VvV I I P 5 ¥ N E A P R T

CTGTCCGACTGCCTGGCATCCATTGCAAGTCAGGAATACGCCGGAARACTGCAGGTCTAT
L 5 p ¢ L A& S5 I A §$ Q E Y A G K L @ VvV Y

GTTGTTGATGACGGTTCTGCAAACCGCGATGCCCTCGTAGGTGTACAAGAGGAATACGGE
v vV b b G 5 A N R D A L V 66 V g E E Y G

CACGACCCGAGGTTCARCTTCATTGCGCTCCCAAAGRATGTCGGARAAGCGARAGGCGCAG
H b P R F N F I A L P K N V G K R K A Q

ATTGCCGLGGTTCGCCGUTCOTGCGGCGATTTGOTGCTCAATGTAGATTCGGACACGATA
I a2~ VvV R R & C 66 D L Vv L N V D 5§ D T I

CTCGCGCCGGACGTCGTCACAAGGCTTGCGCTARAGATGCAAGATCAAGCGATCGGLGLG
L A P D V V T R L A L K M Q D ¢ A I G A

GCCATGGGCCAGTTGGCGGCTAGCAACCGCAGTGARACTTGGCTGACGCGGTTGATCGAC
A M ¢ @ L A A 5 N R § E T W L T R L I D

ATGGAGTACTGGCTCGCCTGCAACGAAGAGCGGGCTGCACAGGCTCGATTCGGTGCCGTC
m E ¥ W L A C N E E R A A QO A R F G A WV

ATGTGTTGCTGCGGACCGTGTGCCATGTACCGGCGATCCGLCGCTTCTTTCGGTGCTGGAT
M ¢ C ¢ 6 P C A M Y R R 5 A L L 5 V L D

CAATACGAGACGCRACGCTTTCGAGGGAAGCCGAGCGACTTCGGTGAGGATCGCCACCTC
Q ¥ BT Q R F R G K P 5§ D F G E D R H L

ACGATCCTTATGCTGARAGCAGGCTTCCGAACCGAGTATGTCCCGGAGGCCGTCGCEGLA
T I . Mm L K A GG F R T E ¥ V P E A V A& A
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960
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1021

1081

1141

1201

1261

1321

1381

1441

1501

nodC

1561

1621

1681

ACAGTCGTTCCCGACAGGATAGGTCCCTATCTGCGTCAACRACTTCGCTGGGCCCGGAGT
T v v P DD R I G 27 Y L R @ 0 L R W & R 35

ACTTTCCGTGACACGCTGCTATCACTCCACCTGTCGCGCGGCCTTRATATTTATCTCACA
T ¥ R D T L L & L H L 8 R 6 L N I Y L T

TTGGACGTGATTGGCCAGARCCTTGGCCCATTATTGCTCTCTTTGCTCGGTCCTGGLEGGE
L b v I 6 @ N L 66 P L L L § L 8§ ¥V L A G

. . . .Sph I . .
CTCGCGCAATTCGTAACGACAGGTACTGTGCCTTGGACGGCATGCCTGACGCTTGCAGCT

L A Q F VvV T T G T v P W T A C L T L A A

ATGRCCATAGTTCGCTGCAGCGTGGCAGCGTTTCGTGCGCGCCAACTTCGATTTCTCGGA
4 T I ¥ R € § ¥V A A F R A R Q L R F L G

TTCTCGCTCCACACACTCATCAACATCTCTCTCTTGCTCCCATTGAAAGCATACGCGCTG
F 5 L H T L I ¥ I 5 L L L P L K A Y A L

TGTACATTGAGCAATAGCGATTGGCTGTCGCGAAGCTCTGCGACCAAGGTGGCCAGACAT
¢ T L $s N 5§ D W L S R 8§ 8 A T K V A R H

. . .Bam HIY . .
COCGCGCGCTTTCAARAGCCGACCTTGGTAGGATCCGAAGCAACTTACAGCGAACAGCAA
R & R ¥ ¢ XK P T L Vv G S E A T ¥ 5§ E Q

3 4 , 3
. 2 .. 4 2 5-D . .
TAGTCACGTGATCTCAGGCGGRAGAGTTTTYGAGCCAGGACCAGAARGATCAAGTGTTGAT
el il P WARRET,LE,
* 1 1 M M
stop nodI start
.'4053

GCGCGAGTTGGACCCTAAGGATTTGCGGCGGCCCGAGACTGGTCAGATCGARCGGGAGTC
R E L. D P KD L R R P E T G ¢ I E R E &

TCACGAGCAATCAAGCGCGARRAGCTCCGTGTCTGACTCTGCCTCGACCGTGGCGGTCGA
H E ¢ § 8§ A K 5 § Vv 8§ D 85 A 5 T V A V D

. . . .8al I
TTTTACAGGCGTAACCAAGTCGTATGGGAACAAGGTCGTCGTCGAL 1726
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5.5.3 COMPARISON OF THE NODA SEQUENCES.

While comparing the start of the nodh nucleotide sequences
available via GenBank, and the translated amino acid seguences, 1t was
noticed that neither the R.1I. bv. viciae nucleoctide or aminoc acid
sequence matched the comparable ssquences in other species very well.
However, when comparing the reported R.1. bv. viciae nodhA coding
sequence with the R. meliloti ssquence (Figure 5.13), there was a high
degree of similarity between the two. One difference though, was the
insertion ¢of a space in the R. meliloti sequence by the GAP program to
cptimise matching. When comparing the calculated seguence lengths for
the warious nodh genes, R.1. bv. viciae was alsc found to be
approximately 120 bp shorter than the rest and that the reported start
codon for this species was around 100 bp downstream from that of the
other nodA genes. This explained the lack of homology when comparing
the 5'regions of the R.1. bv. viciae nucleoctide and amine acid
sequences with the other species.

If the R.1. bv. viciae nedA is about 120 bp shorter than the
octher nodh sequences, it would indicate an approximate 25% reduction
in gene size. As this is a "common" nod gene, i.e. highly conserved,
it is unlikely that this gene could complement other nodA mutations in
this form. Consequently, the nucleoctide sequence around and including
the R.1. bv. viciae nodh was compared to R. meliloti nodA. (see Figure
5.14}) .

The surrounding nodA sequence for R.1. bv. viciae shows a high
degree of similarity te R. melilotl neodhA. Deletion of a "T" at
position 174 and addition of a space between positicons 618 and 619 in
the R.I. bv. viciae nodh seguence creates an new open reading frame
that is extended by 91 bp in the 5'-regicon and by 26 bp in the 37-
region. The nucleotide and amino acid seguences for R.1. bv. viciae
then match the R. meliloti nodh extremely well, including lining up
with the start and step codons. From this data it was concluded that,
although the published R.1. bv. viciae sequence may be correct, it is
more likely that there exists two errors in the seguence, i.e. the
extra "T" and the missing nucleotide base. The presence of the extra

base causes & new stop codon to come into frame about 70 bp
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Figure 5.10: A comparison between R . meliloti nodD; nucleotide sequence
and the region upstream of the nod box in NZP2037.
R. meliloti nodDy (Gottfert et al, 19%89)
NZP2037 (this study).
{In this and all the following sequence alignments “|" =
matching bases or aming acids while "." represents a gap

inserted to optimalise matches).

Figure 5.11: Alignment of Rhizobium and Bradyrhizobium nod box sequences and

an assoclated conserved sequence {(highlighted).

The seguences chosen are those upstream cof the nodh genes

{texcept for R. loti NZP2213 where the nod box is the one

upstream ¢f nodB}.

(1) R.1. bv. viciae (Shearman et al., 1986}

{2) R.1. bv. trifelii (Schofield and Watson, 1986)

{3) R. meliloti (Egelhoff er al., 1985)

(4) R. loti NZP2037 (this study)

{S) R. loti NZP2213 (C. Young and D.B. Scott, personal
communication}

(6) Bradyrhizobium sp. (Parasponia) strain ANU289 (Scott,
1986)

{7) nod box consgensus sequence {(Spaink et al., 19%87a}

N = any base; Y = pyrimidine; U = purine; . = a base

Figure $.12: A comparison of the nod box sequences using the GAP program.

(% identity).



Figure 5.10:

R. meliloti
strain 41 . . . . . .
nole ATGCGTTTTAGGGGCCTAGATCTARACCTCCTCGTCGCSCTCGACGCACTGATGACT

PErbrn LET Py 10 Prre terrtd | |
R. loti ATGCGTT. .. .. ...... GATCTGGACCT . CTGGTCGTGCTCCGATCGECCCGATARR
NZP2037
Figure 5.11:

(1)

BATATCCATTCCATAGATGATTGCCATCCAARCAATCAATTTTACCAATCTTTCGGATCACTTATAGAARA
NN | FREEERt e tererreete eyl

{2) TCGATCCACGCTGTAGATGATTGCCGATCCAMMCANTCAATTTTACCAATCTTTCGGAGTGCTTATTAGARR
FLLIY AR Ety b bkl
(3} GGCATCCATATCGCAGATGATCGTTATCCAARCAATCAATTTTACCAATCTTGCAGAGTCCTATTAGAGAA
R N N R AR AR RN RN N
{4} AACATCCACAGCGTGGATGCTCGCGATCTAARCAATCAATTTTACCAARTCCGGGCGGGTCGTTCATTARCC
PEIL T v btineid b el Pt di
{S) TCTATCCGCAACGTGGATGCTTGTCATCGAAACAATCGATTTTGCCGATTCCGACAGARCGTCCCATAGGAA
bIid CLVETUL 0 TETRLLL e 1 1
{6) TCTATCCATCGTGTGGATGTATTCTATCGARACAATCGATTTTACCAGATTGCGGAATGTTGGATAGCAAR
(7) ATCCAYNNYUYUGATGNNNNYNATCNAAACAATCUATTTTACCATCY 1-13 bp AT(T)AG
Figure 5.12:
| Brady- |g. meiiloci| R | r.1. bv. | R. loti |
| rhizobium | | trlfolll | viciae | NZP2213 |
I I | | | |
IR. loti NzZP2037 | 72.3% | 83.0% | 85.1% | 80.9% | 78.7% |
I | | l | | !
[R. loti N2P2213 | 70.2% | 72.3% | 72.3% | 72.3% |
I | I I I l
{r.2. viciae | 70.2% | 68.1% | 89.4% |
I I | | I
|R.1. bv. trifoliil 72.3% | 83.0% |
I I | |
|&. melilot: | 68.1% |
| I |

127
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Figure 5.13: An alignment of R. melileoti and R.I, bv. viciae published noda

sequences using the GAP program. While the sequences are very
similar, an additiona; gap {(.) was introduced into the R.
meliloti sequence to match the DNA sequences optimally. The
R.1. bv. viciae sequence is alsoc approximately 120 bp shorter
than the average length of the other nodA gene sequences
present in GenBank. The numbers are those published with the
segquences in GenBank.

(1) R. meliloti (Egelhoff et al., 1985)

{2y R.1. bv. viciae {(Rossen et al., 1984}



Fiqure 5.13:

{Ly 1307

{2) 157

1357

166

1406

216

1456

266

1506

316

1556

366

1606

416

1656

466

1706

516

1756

5686

1806

616

TGCAGACCACCAGGAGCTCTCAGRATTTTTTCGARRATCCTATGGGCCCA
PETELTE
BTGGGCCGA

CAGGAGCG . TTCCRACGCGRAGCCATTTGAGGGTGGCCEGCAGTTGGECCEG

A PEEYIY 1T b [
CGGGAGCGTITCAATGCCAAGCCGTTCGAGACTGGCLCGARGCTGGEGTGE

CGCGAGACCGGARCGCCGUGCAATTGCTTACGACTCGGTCGGGATAGCAR

L S T A 1 I 0 O A I A
TGCGAGGCCCGAACGCCGLGCAATCGCATATGACTCGCACGGCGTCGCTA

GCCACATGGGCGCTGTTGCGCCGT TTCAT TAAGGTTGGTGAGACTGATCTC

O I 2 2 I Y I N O
GCCACATGGGCTTGTTACGCCGCTTCATARAAGTCGGTACGACTGATTTG

CTTGTGGCTGAACTGGGCTTATACGCGGTGCGGCCCGATCTGGAGCGAAT

N N N N N S R Frery e Yriet 1l N
CTTGTGGCCHGAGCTAGGCCTGTACGGAGTGCGACCGGATCTAGARGGATT

GGGCATCGCTCACTCGGTCGETGET TTGACTCCAACTTTGCGGGCGAT TG

L T T O T T B O B O I O O O I I O
AGGRATCGCTCACTCGGTCCGCGCTATCTTTCCGATTCTGCGCGAGTTGA

GTGTCCCATTCGCCTTTGGGACAGTTCGECACGCCATGCGGRACCACGTT

N A e N AR N R |
GCGTTCCATTTGCTTTCGGRACAGTTCGCCACGCCATGCGGAATCATATG

GAGAGATATTGCCAARACGGTATGGCTAGCATTTTGACGGGEGETTCGAGT

LT et 1 1t [E 0 [ RS N N
GARAAGATACTGCCGAGACCGTACCGCAAATATCATGACCGGGLETGCGTGT

GCGGTCGAGCATCGCAGAGGTGAACGCCGATCTCCCTTCCACGCGCACCE

LT b | I O T T I FETE FT T LYEITEEETE
GCGCTCGACGCTTCCAGACGCGCATTCCGACCTGCCAGUCACGCGCACTG

AGGACCCACTCGTCETGATATTCCCGGTTGGACGTCCGTTGAACGAATGE

[ L LTI L1 I T Pl L1
ARGATGTCCTCGTATTGGTGGTITCCCGTCGACCGTCCARTGACTGAGTGC

CCGCCAGGTACATTGATTGAACGGAACGGATCGGAGCTATGA 1847

Ferr {
CCGCGGGCTCGTTGA 630

1356

165

1405

215

1455

265

1505

315

1555

365

1605

415

1655

465

1705

515

1755

565

1805
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Fiqure 5.14: A comparison of the published R. meliloti and R.1. bv. viciae

nodA genes and surrounding DNA sequences using the GAP program.
The DNA displays a high degree of similarity. With the deletion
of the "T" at position 174 (Figure 5.13) and the addition of a
gap between positions €18 and 619 (Figure 5.13), the nodA
sequence in R.1l. bv. viciae would begin and end in the same
pesition as R. meliloti. The numbers are those published with
the sequences in GenBank. Highlighted features are discussed in
the text ({section 5.5.3)

{1} R. meliloti {(Egelhoff et al., 1985)

{2} R.1. bv. viciae {Rossen et al,, 1984}



Figure 5.14:

{1y 1257

{2} 66

1307

116

1357

166

1406

216

1456

266

1506

316

1556

366

1606

416

1656

466

1706

516

1756

566

18086

616

ATGTCCTTAARAGTGCAGTGGAAGCTATGCTEGGGAAAATCAGCTGGAACS

FLEEL (RN Trend [rrrrrrrerrete rebtrntd
ATGTCTTCTGAAGTGCGATGGAAAATATGCTGGGRARATGAGCTGGAAGC

TGCAGACCACCAGGAGCTCTCAGAATTTTTTCGARAATCCTATGGGCCCA

I N AR e NN RN
TTCCGACCACGCGGARCTCGCCGATTTTTTTTGCAAGACCTATGGGCCGA

CAGGAGCG. TTCCACGCGAAGCCATTTGAGGGTGGCCGCAGTTGGGLCGE

Lot rer e el vlbord PEELLL I iy I
CGGGAGCGITTCAATGCCAAGCCGT TCGAGACTGGCLGRAGLCTGGEGETGE

CGCGAGACCGGAARCGCCGCGCAATTGCTTACGACTCGGTCGGGATAGCAA

Preer reorrrrevrrrirel e b rrrrnd (] I
TGCGAGGCCCGAACGCCGCGCAATCGCATATGACTCGCACGGCGTCGCTA

GCCACATGGGCGTGTTGCGCCGTTTCATTAAGGTTGGTGAGACTGATCTC

Fretrrrerer brer e veder f rro1d Lt f
GCCACATGGGCTTGTTACGCCGCTTCATAARAGTCGGTACGACTGATTTG

CTTGTGGCTGAACTGGGCTTATACGCGGTGCGGCCCGATCTGGAGCGAAT

T T I A T O O RO FELEe b rrerr [
CTTGTGGCCGAGCTAGGCCTGTACGGAGTGCGACCGGATCTAGAAGGATT

GGGCATCGCTCACTCGGTCGGTGC TTTGACTCCAACTTTGCGGGCGATTG

S 1 1 T U T U O T O A
AGGBATCGCTCACTCGGTCCGCGCTATGTTTCCGATTCTGCGCGAGTTGA

GTGTCCCATTCGCCTTTGGCACAGTTCGGCACGCCATGCGGARCCACGTT

N e e N A R R |
GCGTTCCATTTGCTTTCGGAACAGTTCOCCACGCCATGCGGAATCATATG

GAGAGATATTGCCAAARACGGTATGGCTAGCATTTTGACGGGEGGTTCGAGT
I T T T A O I O A I (I I} PEey 1l b i
GAAAGATACTGCCGAGACGGTACCGCARATATCATGACCGGGCTGCGTET

GCGGTCGAGCATCGCAGAGGTGAACGCCGATCTCCCTTCCACGCGCACCG
[N N EEN | S I S I [ S A Fryrereren 1
GCGCTCGACGCTTCCAGACGCGCATTCCGACCTGCCAGCCACGCGCACTG

AGGACCCACTCGTCGTGATATTCCCGGTTGGACGTCCGTTGAACGAATGG
[ FTELE (N [ I I I L it il
AAGATGTCCTCGTATTGGTGGTTCCCGTCCGACCGTCCARTGACTGAGTGC

CCGCCAGGTACATTGATTGAACGGAACGGATCGGAGCTATGA 1847

N R A R R R R
CCG.CGGGCTCGTTGAT TGARCGAAACGGGTCGGAACTATGA 656

1306

115

1356

165

1405

215

1455

265

1505

315

1555

365

1605

415

1655

465

1705

515

1755

265

1805

€15



downstream from it, which is probably why that reading frame was
discarded as being correct. The extra base alsoc creates a new ATG
start codon, 17 bp upstream from itself, that is in-frame with the
greater portion of the nedA sequence. The gap at the tail-end of the
sequence creates a new, in-frame stop codon, (TGA), that shortens the
open reading frame.

Taking this information into consideration, the altered R.1. bv.
viciae sequence was employed for the nodA nuclecotide and amino acid
sequence comparisons for the initial and tail-end portions of the
gene. Figures 5.15 - 5.18 demonstrate the high degree of conservation
in both the nuclectide and deduced amino acid sequences for the start
of the various nodA genes. The major difference is the extra 39 bp
present at the start of the Bradyrhizobium sequence. The 3'-ends of
the gene sequences (Figures 5.19 - 5.22) are once again very similar;

only marginally less so, than the 5/ ~terminals of the genes.

5.5.4 NODC CCMPARISONS.

The R. lIoti NZP2037 nodC gene is predicted tc be 12753 bp long
(424 amino acids). Once again, being a "common" nod gene, it is shown
to be very similar te the other nodC genes (Figures 5.23 - 5.26} and
is so at both the nuclectide and translated amino acid sequence
levels, The 5 and 3’ sections of the sequences are the most variable.
The most highly conserved region of nedC is that coding for the
unusual cysteine-rich cluster, which suggests that this area of the
gene 1s very important for its correct functioning. NodC will be

discussed further in the next chapter.

5.5.5 CCMPARISONS COF THE 5°-REGICONS CF NODI.

The far right-hand-side of the 1.45 kb Sall fragment showed
considerable homology to the R.1. bv. wviciae nodl gene sequence in
GenBank. Two possible start codons were present 99 bp apart. The
authors {(Evans and Downie, 1986) chose to present the second ATG as
being the initiation codon for the nodl. When aligning the nodI
nucleotide sequence for R. loti NZP2037 to the R.1. bv. viciae

sequence, ne start codon was found in the same region as that of the

132



133

Figure 5.15: An alignment of the beginning of a number of nodA nucleotide

sequences.

{1) Bradyrhizobium sp. (Parasponia) strain ANU28% (Scott,
1986)

{2} R. loti NZP2(037 {this study)

{3) R.1. bv. trifolii {(Schofield and Watson, 1986)

{4) R. meliloti (Egelhoff et al., 1985)

{5} R.1. bv. viciae (Rossen et al,, 1884) [Nete: (T) is
the base removed from the published nodhA sequenced to

enhance gene sequence similarities.



Figqure 5.15:

(1)

{2)

(3)

{4)

(3

1

61

22

22

22

22

121

g2

82

g2

82

142

142

142

142

ATGAATATTGCCGTOTCGCOGTCTGCEGAAGAGCCTTCCGCGCGCACTCAAGTCCAGTGE
N N R

ATGCGCAATGACGTGCAGTGG

111 N NN NN

ATGTCTGCTGGAGTGCGETGG

it LT Y HTd

ATGTCCTTAARAGTGCAGTGG

prerr (NN 111

ATGTCTTCTGRAGTGCGATGG

AGCCTTCGCTGGGAAAACGAGCTGCAGCTCGCCGATCATGCCGAGUTTGCCGACTTCTTC
I | Frerrrrere i RN Prirrnl PEloil Lt e
AGGTTGTGCTGGGARRBATGAATTGCAGCTTTCCGATCACCTCGAACTCTCTGAGTTCTTA
| | (RN REEY ! (I T ThEnd Frerr it e 1
AARATAACCTGGGRAAAATGATCTCGARCCGTCGGATCATGCGGAACTGTCTGAATTTTTC
Il I I T T T I T O I N borr o Ere et vkl
AAGCTATGCTGGGAAARATCAGCTGGAACGTGCAGACCACCAGGAGCTCTCAGAATTTTTT
I frrrrrrrrerrrlr reryrrnt I TrrTed NN RN
ABRAATATGCTGGGARAATGAGCTGGAAGCTTCCGACCACGCGGAACTCGCCGATTTTTTT

CGTAACAGCTACGGGCCGACCGGTGCGTTCAATGCGCAGCCATTCGAAGGTAATCGARGT
N e N NN NN LI BLTED T b 1
CGGAAGACCTATGAGCCGACCGGAGCCTTTAATGGARAGCAATTCGCAGGCGGTCGGAGT
I TPt R R R o L1 LIl T
CGAGCAACCTATGGTCCGACTGGCGCATTCAATGCCARACCTTTCGAGACTGGCCGCAGT
N S T S A Y O A B B Frrrsrrnrd
CGAAAATCCTATGGGCCCACAGGAGCGTTCCACGCGAAGCCATTTGAGGGTGGCCGCAGT
[ CYErrrerrr rr rgnrrerrrtr e et il el
TGCAAGACCTATGGGCCGACGGGAGCGTTCAATGCCAAGCCGTTCGAGACTGGCCGRAAGT

(T}

TGGEGCCGGTGCACGGCCTGAACTCC 205
Leerrerrerer vt 1 (e
TGGGCCGGTGCALGGCCGCAGGTCC 166
FTEEy ettt I
TGGGCGEGTGCGAGGCCGGAACGCT 166
FERTE tr et brvrielined
TGGGCCGGCGCGAGACCGGAACGCC 166
T P v rerenn
TGGGGTGGTGCGAGGCCCGAACGCC 166

60

21

21

21

120

81

81

81

81

134
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Figure 5.16: A comparison of the start of the nodA sequences using the GAP

program. (% identity}.

Figure 5.17: An alignment of the predicted amino acid sequences for

the start of the nodA genes using the GAP program., [Note:
see Figure 5.15 for seguence references for this and
following comparisons].

{1} Bradyrhizobium sp. (Parasponia) strain ANU289

{2} R. lori NZP2(37

(3) R. meliloti

{(4) R.1. bv. viciae

{3y R,1. bv. trifolii

igure 5.18: A comparison of the N-terminal of the predicted nodA amino acid

sequences using the GAP program. (% similarity: % identity).



Fiqure 5.16:
| Brady- | r. meiiloti| R.1. bv. | R.I. bv. |}
| rhizobium | | trifelii | wviciae |
I | | I I
|r., loti I 72.3% | 68.7% | £5.1% | 69.2% I
I | | I I |
IrR. 1. viciae | 68.1% ! 76.5% I 80.1% |
I I I I I
|r.1. bv. trifolii | 65.1% I 72.9% [
| I | |
|R. meliloti ] £7.5% !
| | |
Figqure 5.17:
(1) 1 MNIAVSRSAEEPSARTQVQWSLRWENELQLADHAELADFFRNSYGPTGAFNAQPFEGNRS 60
N N AN N N R R R R byt
2y 1 MRNDVQOWRLCWENELQLSDHLELSEFLRKTYEP TGAFNGKQFAGGRS 47
I PEE 1Tl N N N N N T AN
(35 1 MSLKVOWKLCWENQLERADHOELSEFFRKSYGPTGAFHAKPFEGGRS 47
N N N e A e N O AN N N AN
(4) 1 MSSEVRWKICWENELEASDHAELADFFCKTYGPTGAFNAKPFETGRS 47
R R A R A A RN AN RN
(5 1 MSAGVRWKITWENDLEP SDHAELSEFFRATYGPTGAFNAKPFETGRS 47
61 WAGARPEL 68
RERERE
4B WAGARPEV 55
RENRRE
48 WAGARPER 55
NN
48 WGGARPER 55
Porrinnd
48 WAGARPER 55
Fiqure 5.18:
Brady- | R, meliloti | R.1. bv. | R.1. bv.
rhizobium | | trifolii ] viciae
| |
IR, loti 76.4% ; 65,.5%|81.8% ; 69.1%|80.0% ; 65.5%[80.0% ; 63.6%
|R. 1. bv. viciae |72.7% ; 65.5%]|81.8% ; 72.7% ; 8%
| I I |
|R.1. bv. trifoliil70.9% ; 63.6%]81.8% ; 76.4%|
I | |
|R. meliloti 76.4% 69.1%]

I
|
I
|
|

136
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Figure 5.19:

Figure 5.20:

an alignment of the 3’ -and of nodd nucleotide sequences.

[{Note: (*) = the inserted gap in the R.1. bv. viciae seguence].

{1) Bradyrhizobium sp. (Parasponia) strain ANU289 (Scott,
{2y R. loti NZPZ2037 {this study)

{3) R. meliloti (Egelhoif et al, 1985)

{4) R.1. bv. trifolii (Schofield and Watson, 1986)

(%) R.1I. bv. viciae {Rossen et al, 1984)

Comparative similarities for the 3’ -end nodA nucleotide

sequences as determined by the GAP program. (% identity).
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Figure 5.18:

{11} 1 TGGCAACCCTGATGTCTGGLCGTTCGCGTGCGECTCCACCCAGCCGGATGTCTACCCCAATT &0
(I | Py TETE LT ErLY [ S R I

(23 1 TGGCGAAGATTTTGACAGGCGTTCGCGTC. | . GTTAACCTCCCGGAGGTGTACCCCGATC 57
FEIT | CEPLTEr e rrere 1l A N

{33 1 TGGCTAGCATT T TGACGGEGGT TCGAGTGCGGETCGAGCATCGCAGAGGTGAACGCCGATC 60
| (. i 2 T U O O O B 2 I T RN

{4 1 TCTCCAATATCGTCACGGGGGTTCGTGTACGCTCGACCCTTCCAGATGUGCTGLCCGGATA 60
N N N N A R AN o1

(5 1 CCGCAAATATCATGACCGGGCTGCGTGTGUGUTCEGACGCTTCCAGACGCGCATTCCGACT 60

61 TGITCGCCGATCCGTATCGARAGAC. ... .. GTCCTCGTGGETGGTGTTCCCGLTTGAACGCC 114

(T I R (S O I T T I O S I S O R I R T
58 TGCCTCCCACGGCEAGTGGAGCGACGAGCGTACTCCTCATGETGCTCCCAATTGGACGCT 117
PrEr Lt | NN N RS N RN

61 TCCCTTCCACGCGCACCGAGGRC. ... .. CCACTCGTCGTGATATTCCCEGTTGGACGTC 114
LB PEEETRI R 1k (T O O A O A I

61 TGCCCTCCACGCGCACCGAAGARC...... GTGCTCGTCCTGGTATTTCCCATAGGACGAC 114
FIT P vhint R REN L (I T L1

61 TGCCAGCCACGCGCACTGRAGAT...... GTCCTCOTATTGGTGGTTCCCGTCGACCGTC 114

115 CAATAGGCGAGTGGCCTGUCGGAACGATTATCGATCGGRACGGGCCCGAGTTGTGA 170
Pl I O T T S U O I O T 2 T I T O S I

118 CGATGAGCGAGTGGCCGGCCGGCACTTTGATCGATCGGAACGGTCCAGAGCTATGA 173
A e R R R R LT rertd

115 CGTTGAACGAATGGCCGCCAGGTACATTGATTGAACGGARACGGATCGGAGCTATGA 170
| PLEorrr bt I ELELSTy 1 et bhibnn FYLTEET T

115 CAATGAGCGAGTGGCCTTCTGGATCATTGATCGAACGARACGGATGCGAGCTATGA 170
NN Trrir 1 N R A NN RN [Tt

115 CAATGACTGAGTGCCC.GCGEGCTCGTTGATTGAACGARACGGGTCGGAACTATAG 170

(*)

Figure 5.20:

R, melileoti £3.5%

| Brady- | R. meiiloti| R.1. bv. | R.1. bv. |

|  rhizobium | | trifelii | viciae |

| I | l |
|R. loti | 65.3% | 70.1% | £5.9% [ 62.0% [

1 I I | |

R.1. bv., viciae l 61.5% i 65.7% ] 73.4% ]

| | l |

l 65.3% i 71.2% |

i | |

| I

| i

I
|
I
|R.1. bv. trifolii
|
|
|
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Figure 5.21: An alignment of the predicted aminco acid seguences for the C-
tarminals of the nodA proteins. (*): X = the unknown amino acid
created by the addition of a gap in the R.1. bv. viclae sequence.
{1y Bradyrhizobium sp. {(Parasponia} strain ANU289
{2) R. loti NZPZ2037
{(3) R. meliloti
{(4) R.1. bv. trifolii

{5} R.1. bv. viciae

Figure 5.22: A comparison of the predicted amino acid sequences for the C-

terminals of the nodh proteins. (% similarity; % identity}.
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Figure 5.21:

{1) 1 ATLMSGVRVRSTQPDVYENLSPIRIED..VLVVVEPLERPIGEWPAGTIIDRNGPEL* 56
| LT I [ I I FEEEED FIATT LT

(2} 1 AKILTGVRV.VNLPEVYPDLPPTASGATSVLLMVLPIGRSMSEWPAGTLIDRNGPEL* 57
RN I I B ! RN I O O I A

(3) 1 ASILYGVRVRSSIAEVNADLPSTRTED. .PLVVIFPVGRPLNEWPPFGTLIERNGSEL* 56
RN it N R R A

(4) 1 SNIVTGVRVRSTLPDALPDMPSTRTED. .VLVLVFFPIGRPMSEWPSGSLIERNGCEL* 56
I N e N e S e PIEEICET

(S} 1 ANIMTGLRVRSTLPDAHSDLPATRTED..VLVLVVPVDRPMTECXKAGSLIERNGSEL* 56

R.l1. bv. wviciae

1. bv. trifolii|75.0% ; 57.1%

(¥)
Figure 5.22:
| Brady- | R, melilori | R.1. bv. | ER.1. bv. [
| rhizobium | | trifolii | viciae |
| | I | |
|R. loti |78.2% ; 56.45176.4% ; 56.4%|72.7% : 60.0%[70.9% ; 52.7%|
| | | | |
[71.4% ; 55.4%0178.6% ; 60.7%|82.1% : 73.2%]|
| | |
I
I

I
|
R. meliloti |76.8% ; 55.4%]
I

|

|
I
I
| R
I
I
I
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Ficgure 5.23: An alignment of published nodC nucleotide seguences using

the GAP program.
{1} R. loti NZP2037 (Collins-Emerscon et al, 1990}

{2) R.1. bv. viciae (Reossen et al, 1984)

(3 R. meliloti (Egelhoff et al, 1985;



Figure 5.23:

(1)

{(2)

(33

1

Gl

61

6l

121

121

121

181

181

181

241

241

241

301

301

301

ATGAACCTGTTTGCCACAGCCAGTACGGT TGCCATCTGCTCTTATGCGCTGCTGTCGACC
S A R A | ISR FTEIT RN
ATGACCCTGCTCGCAACAACCAGCATCGCCGCCATCTCGCTTTATGCAATGCTCTCCACC
[ FLLILTD FPETELY T TErdbr tritl AN RN 1
ATGTACCTGCTTGACACAACCAGCACCCCCGCTATCTCARTCTACGCGCTGCTCTTGACC

GTTTATAARACCGCGCAGGTGTTTTATACCCTGCCTACAAACGTAGCGCCGACGTCGGGE
T T T I S O A A O ! L1 | | [ Pl
GTTTACAAGAGCGCGCAGGTCTITTICATGCTAGGCGGACAACGATTTCAACRACACCTGCG
| L T R (S I O A I Y S O B [ P
GCCTACAGGAGCATGCRAGTCCTATATGCTCGGCCGATAGACGGTCCAGCAGTGGCGGCA

GACCCGGCLGECGGTGAGCCTTGGCCOAGCGTCGATGTCATTATCCCGTCCTACAACGAG
| | Pt R et et Porrer e gl
AAAGACATTGAAACCAACCCCGTGCCAAGCGTTGATGTCATCGTGCCOGTGCTTCARACGAG
| e e e e AR A RN NN N
GRACCGGTCGAGACCCLCCLTCTGCCAGCCGTEGATGT TATCGTCCCCAGCTTCAATGAS

GCGCCTCGCACCCTGTCCGACTGCCTGGCATCCATTGCAAGTCAGGARATACGCCGGARAAA
I I | N N R A et tE bt
GACCCAATCGTTCTTTCGGAATGCCTCGCGTCGCTTGCGGAGCARGATTATGCCGGARARA

P I N N FTRITTETLIT 1 I T O O R B O
GACCCAGGCATCLCTCTCGGLEGTGCCTCGCGTCCATTGCAGACCAGGATTATCCTGGAGRA

CTGCAGGTCTATGTTGTTGATGACGGTTCTGCARACCGCGATGCCCTCGTAGGTGTACAA
11 FErErer o e rerdtrtl LEE PEIDD B N ]
TTGCGCATCTATGTAGTCGACGACGGTTCCAARAATCGCGACGCGGTTGTGGCTCAGCGC
LT FEEEEEr b0 LE b et L8 TEETE 1 LTI t i
TTGCGAGTCTATGTCGTTGATGATGGTTCTCGGAACCGUGAGGCCATTGTGCGTGTACGC

GAGGAATACGGGCACGACCCGAGGTTCAACT TCATTGCGCTCCCARAGRATGTCGGAARG
| | (I RN FTE LETELTELI ELOED T Bl THTEE
GCTGCCTATGCAGACGATGAGAGATTCAARCTTCACAATTCTCCCTARARATGTTGGARAG
[ LT F1EI FEL T30 LITEd RN AR
GCCTTCTATTCGCGCGATCCGAGGTTCAGCTTCATTCTGCTCCCAGAGAACGTCGGARAG
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CGAAAGGCGCAGATTGCCECEGTTCGCCELTCGTGCGGCGATTTGGTGCTCAATGTAGAT
L1 b e DI l 1 o I N | [ bbrte Ll

CGCAAAGC. . .AATCGCCGCTATAACCCAGTCCTCTGEGGATCTCATTTTGAATGTGGAC
L1t L TLTED 1 LY Tierrbrirtet | | fIrbery 1
CGGARAGCGCAGATTGCCGCGATAGGCCAATCCTCTGGGGATTTGGTGCTGAATGTCGAC

TCGGACACGATACTCGCGCCGGACGTCGTCACAAGGCTTGCGCTRAARGATGCAAGATCAR
[ N I PP Lt bl e A Pt
TCAGACBCCACGATCGCCCCCGACGTCSTATCTAAGCTTGCCCACARAATGCGGGATCCA
LT trirrietril S O I O O N I S O I LB rir i
TCGGACAGCACGATCGCTTTCGATSTGGTCTCCAAGCTTGCCTCGAAGATGCGAGATCCA

GCGATCGGLGCGGUCATGGGCCAGTTEGCGECTAGCARCCGCAGTGARACTTGGCTGACG
|| PEEE e trerertl I 1B BT N NN

GCAGTCGGTGCGGCGATGGGLCARATGAARGCCAGTARCCAGGCGGACACCTGGCTAACT
1 FETTLTTT (O I O I I L FTLrY et 11l
GAGGTCGGTGCGGTTATGCGGTCAACTCACGGC TAGCAATTCGGGTGACACTTGGLCTGACT

CGGTTGATCGACATGGAGTACTGGCTCGCCTGCARCGAAGAGCGGGCTGCACAGGCTCGA
N N N R A N R AN R RN
CGCTTGATTGACATGGAGTACTGGCTTGCCTGCRACGAGGAGCGCGCGGCACAAGCTCGC
Certr Lrrerrrrrer rrrrerdirery rrbre e trhrrriretl ELLT
AARATTGATCGACATGGAGTATTGGCTTGCCTGTAACGAAGRACGCGCGGCACAGTCTCGL

TTCGGTGCCGTCATETGTTGCTGCGGACCGTGTGCCATGTACCGGCGATCCGCGCTTCTT
PETEEEET 1 P pr e e ety e reere Arrerrrr v v ik bl
TTCGETGCAGTTATGTGTTGCTGCGGCCCATGTGCGATGTACCGTCGGTCTGCTATGCTT

PLEterel irterrers eyt et rre e ey 1 | |
TTCGGTGCTGTTATGTGTTGCTGCGGECCTTGTGCTATGTACCGTCGGTCGGCGLTCGET

TCGGTGCTGGATCAATACGAGACGCAACGCTTTCGAGGGRAGCCGAGCGACTTCGGTGAG
FLE b et rLrErver ey o vt e el A errt i
TCGCTGCTCGATCAGTACGAGACGCAGCTTTATCGCGGCAAGCCGAGTGACTTCGGCGAR

R N S N NN N AN RN N
TCGCTGCTTGACCAGTACGRARACGCAACTGTTTCGCGGTARGCCAAGCGACTTCGGTGAG
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GATCGCCACCTCACGATCCTTATGCTGAAAGCAGGCTTCCGARCCGAGTATGTCCCGGAG
AR N R N AR R R
GATCGCCATTTGACGATTICTCATGCTGAGCGCAGGCTTTCGAACTGAGTATGTTCCGAGC

Pttt ereree e reerdir ety e et btk |
GACCGCCATCTGACGATTCTCATGTTGAAGGCAGGCTTTCGAACTGAGTACGTTCCAGRC

GCCGTCGCGGCAACAGTCGTTCCCGACAGGATAGGTCCCTATCTGCGTCARCAACTTCGE
O rrrter brrrrbErerE i red i I A N N N
GCCATCGCGGCGACRAGTCOTTCCAGACACGATGGEGTGTTTATCTACGCCAACAACTACGE
PrEer b rey tr rerer bt FEELL BT ET ey 1l
GCCATAGTGGCARCCGTCGTCCCGGATRACGCTGRAAACCATATCTGLCGCCARCARACTGCGT

TGGGCCCEEAGCACTTTCCGTGACACGCTGCTATCACTCCACCTGTCGCGCGGCCTTAAT
I T 1 T T T I O Y A O A | N
TGGGCRACGCAGCACCTTICGGGATACTTTGCTTGCGCTICCTGTACTGCCTGETCTCGAT
RN e N N e e A N N AN

TGGGCACGCAGCACGTTCCGTGACACGTTTCTAGCGCTCCCTCTGTTGCGCGGCCTCAGT

ATTTATCICACATTGGACGTGATTIGGCCAGARCCTTGGCCCATTATTGCTCTCITTGTCG
I I e o N I I O N R I O O R B S AR N N A
CGGTATCTCACGCTGOACGCAATCGGGCARRATGFCGGCCTGCTACTTCTTGCGCTGTCG

I N A R e e e e e e R N
CCTTTTCTCGCATTTGACGCEGTCGCACAGRATATCGGGCAACTGTTGCTCGCCCTTTCG

GTCCTGGUGGGECTCGLGCAATTCGTARCGACAGGTACTETGCCTTGGACGGCATGCCTG
O T e O O O 1 2 I B I [
GTATTGACAGGARTTGGCCAGTTTGCGCTGACCGCCACACTGCCCTGGTGGACGATCCTG

L T I I O I PEETEEETEED TEEE FITERITE 41 1
GTGGTCACGGGTICTTGCGCATCTCATAATGACCGCCACAGTGCCATGGTGGACAATTTTG

ACGCTTGCAGCCATGACCATAGTTCGCTGCAGCGTGGCAGCGTTTCGTGCGCGCCRACTT
N N R R R O D B AN B
GTCATTGGATCCATGRACTCTTETACGCTGTAGCGTGGCTGCCTATCEGCGCCCGCGARCTT

O R N e e e e
ATTATTGCGTGCATGACCATTATACGCTGCAGCGTCGTAGCATTGCATGCTCGCCAACTT
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CGATTTCTCGGATTCTCGCTCCACACACTCATCARCATCTCTCTCTTGCTCCCATTGARR
A e e e e e R N R RN
AGGTTTTTGGGTTTTGCTCTCCACACGCTCGTGAACATCTTTCTCTTAATTCCCTTGAAG
e e e R e e A RN N R
AGATTTCTTGGCTTCGTTCTGCACACACCCATCAACCTCTTTCTCATACTTCCGCTGARA

GCATACGCGUTGTGTACATTGAGCAATAGCGATTGGCTGTCGCGAAGCTCTGCGACCAAG
N AR I PEITTETEETET T LR [ (I
GCCTATGCCCTTTGTACCCTATCCAATAGCGATTGGCTGTCGCGCGGATCAGTCGCGATT

N e e R RN e I I
GCTTATGCGTTGTGTACATTGTCCAATAGCGACTGGCTGTCACGCTACTCCGCGCCAGAR

GTGGC...CAG. .. ... ACATCGCGCGCGCTTTCAARARGCCGACCTTGGTAGGATCCGAA
Eolod L Pl | e il i N
GCGCC. . . CACTGTTGGGCAGCAGGGCGCTACCARAATGCCAGGGCGGGCTACATCTGAA
i H I I I NN L L1 [ I O O I Ly 1l

GTACCAGTCAGCGGGGGARAAGCAGACCCCAATTCRAACCTCCGGTCGAGTGACACCTGAC

GCAACTTACAGCGAACAGCAATAG 1275
N I I

ATTGCCTATAGTGGCGAGTGA 1275
N AR RN

TGCACTTGCAGCGGCGAGTGA 1284
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Figure 5.24: A comparison of the nodC nucleotide seguences using the GRP

program. (% identity).
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Figure 5.24:
| R. loti | R.1I. byv. viciae |
| R. melilotri i 70.0% } 70.0% I
% R.1. bv. viciae E 67.5% ! |
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Figure 5.25: An alignment of the predicted amino
proteins.
(1) R. loti
{2) R.1. bv. viciae

{3) R. meliloti

acid sequences for the nodC
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O O L R e e e L e O e R R
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Figure 5.26: A comparison of the predicted nodC amino acid sequences using

the GAP program. (% similarity; $ identity).

Figure 5.27: An alignment of the nodl nucleotide segquences using the GAF

program.

{1)
{2)
{3

(4)

R. melilotl {Egelhoff et al., 1985)

R. loti NZP2037 (this study)

R. loti NZP2213 (D.B. Scott and C. Young, personal
communication)

R.1. bv, viciae {(Evans and Downie, 195806)

ATG = codon selected by Evans and Downie for the R.1.

bv. viciae nodl start. TTG = start codons selected

for nodI based on seguence comparisons and ¢n appropriately

placed Shine-Dalgarnc-like (underlined) segquences.



Figure 5.26:
R. loti R.1l. bv. viciae

I I I

| | |

R. meliloti | 78.0% ; 66.5% | 83.3% ; 70.8% |

| I |
R.1. bv. viciae | |
I I

Figure 5.27:
1 . ) . . )
{1} T10 GGAAAATCAATTGTCAGATCGTGAGATGGCCCAAGAGGCTCCGCGETEGCTTGAGCCGAS

| Pt ren b N e e

(2) 14 AGAAAGATCARGTGTTGATGCGCGAGTTGGACCCTAAGGATTTGCGGCGGCCCGAGACTGE

(3)

(4}

THEL LRI Fergly 11 FEES YR e terrin
14 AGAAACATCAAGTGTTGAAGCGTAAGTTGGGCCCAGAGGARTTGCGGCGGCTCGAGACTCC

L1 | | [ O

T15 GGCCAATTAACGAATTTGAAGACGACGATCGCTGATCGGCACCAGGATCA
48 TTCGTTC...... GAGTGGAAGGACCAARACAGGTCTAGCCGCGAAGACCGCAATACCCGG
! [l I o1l I | I O O O | I
45 TCAGATC...... GRACGGGAGTCTCACGAGCAATCRAGCGCGAARAGCTCCGTGTCTGA
[ T Freryrivir et e trbep et rerrey trnl
45 TGCGATC...... GRACGGGAGTCTCACGGGCARACAAGCCCGAAAAGCTCLGTGCCTGA

| L1 [ N L (N | I il 111
36 TCTCATCCTATCGGAGCGGCAGCACCAATGGAAATTTAAGGCAATGCATTCGCCTTCTGG

105 CGCCAAACCAACCGTGGCAATCGATGTTGCCAGCGTRACRARGTCATACGGTGACAAACT
[ [P [ I I O O I Cretrer reere oyl (N

102 CTCTGCCTCGACCGTGGCGGTCGATTTTACAGGCGTEACCAAGTCGTATGGGAACAAGGT

L T T T O I I O O O I I I

102 CICTGCGTCAACCGTGGCAGTCGATTT TGCCGGGGTAACCRAGTCGTATGGGAACAAGAT

11 L1l Eorlr el 1l [ N bt it 1

96 CTCATTGTCCCCAGTCGCAARTCGACCTGGCCGGCGTTTCGAAATCATATGGTGGTARAAT

165 TGTAATCAAC 174
I L1
162 CGTCGTCGAC 171
RN
162 CGTTGTCGAC 171
N RN
156 CGTCGTCAAT 165

151

47

44

101



second ATG codon for R.1. bv. wviciae. The 5’ -terminal of R. meliloti
nodl was also found at the 3’ -end of the nodABC sequence submitced for
this organism (Egelhoff et al., 1985). A similar alignment revealed an
absence of a start coden matching the R.1I. bv. wviciae at the proposed
initiation site. The same has been observed for the R. loti NZP2Z213
nedl gene (Young et al., 1990). Consequently, upstream Ssequeénces for
nodl gene regions were included for investigation. & comparison of the
four nucleotide sequences is displayed in Figures 5.27 - 5.28.

R. meliloti and the two R. loti sequences in Figure 5.27 share a
greater identity at the 5'-end of the sequences than the R.I. bwv.
viciae does to any of the other seguences. There appears to be no
easily identifiable start codon for some of the nodl sequences
however, the rarely used "TTG" initiation coden could be considered a
candidate. Although the second "TTG" in the R.1. bv. viciae, the other
aligned TTGs in the R. loti strains and the ATG in R. meliloti could
all be considered as possible initiation codons, the absence of strong
Shine-Dalgarne segquences upstream, ({based on the polypurine hexamer
AGGAGG ceonsensus sequence in E, coli; {Lewin, 19831}, suggests that
the start of the sequences as highlighted in Figure 5.27 presents the
best option. The in-frame GYG and ATG that flank the TTG in R. loti
MZP2037 at least make this area a good candidate for the initiation of
the nodl gene. A comparison of the predicted amino acid sequences 1is
presented in Figures 5.29 - 5.30. The four amino acid sequences begin
to share considerable homology approximately 40 amino acids in from

their proposed staxt codons.

5.5.6 LOCATION OF THE Tn5 INSERTION SITES.

Tn5 generates a 2 bp direct repeat of flanking DNA at the
insertion site. The locations of the Tn5 insertions in the DNA
sequence were thus standardised by placing the sites at the right-
hand-end of the upstream repeated sequences (see Figures 5.8 - 5.9)
The 401% Tnb5 insertion is found 82 bp te the left of the nod box, the
4047 insertion 29 bp downstream from the nodC initiation site, 233 is
102 bp downstream from the start of nodC and 4053 is 35 pp downstream

from the suggested initiation site of nodl.
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Figure 5.28: Comparative similarities of the 5'-terminal of the nodl

Figure 5.29:

Figure 5_30:

nucleotide sequences using the GAP program.

(% idencity).

An alignment of the predicted nodl N-terminal amino acid

sequences.

{1y R. meliloti

{2y R. loti NzP2037
(3) R. loti NzP2213

{4y R.1l. bv. viciae

A comparison of the predicted nodl N-terminal aminc acid

sequences using the GAP program.

(% similarity:

-3

G

identity) .



Figure 5. 28:

|R.21. bv. viciae|R. loti NZP2213|R. loti NZP2037|
R. meliloti % 51.9% } 60.2% E 56.7%
R. loti NZP2037} 53.5% l 86.0% %
R. loti sz2213} 52.8% % |

|

Figqure 5.29:
{1} 1 LSDREMAQEAPRWLEPSSE ., . EWKDQTGLAAKTAIPGAKPTVAIDVASVTKSYGDKPVIN
I [ 1 Il [Tt § PEELrr 1
{2} 1 LMRELDPKDLRRPETGQI. . ERESHEQSSAKSSVSDSASTVAVDE TGVTKSYGNEKVVVD
e e e A R A R AN R AN
(3) 1 LERKLGPEELRRLETPAT . |ERESHGQTSPKESVPDSASTVAVDFAGVTKSYGNRKIVVD
| | oL ! N N N
(4) 1 LKTTIADRHODHLILSERQHOWKFEAMDSPSGSLSPVAIDLAGVSESYGGKIVVN
Figure 5.30:
|R.1. bv. viciae|R. loti NZP2Z213|R. loti NZP2037|
l | I l
R. meliloti | 52.8% ; 32.1% | 61.4% ; 36.8% | 56.1% : 33.4% |
| | |
R. loti NzP2037| 56.6% ; 41.5% | 84.2% ; 75.4% |
|

R. loti NzP2213| 56.8% ; 41.1%
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5.6 DISCUSSION,

Segquencing of the DNA in which the 2323 TnS5 had inserted,
confirmed the plant complementation experimental evidence that the
mutation was in the region of the R. loti nodC gene. NodC was found to
be located between the nodA and nodl genes. Because of their close
proximity and the presence of a single nod box upstream of these
genes, it is likely that they form an operon. The fragments of the
nodh segquence and the nodC sequence for R, loti demonstrate a
relatively high degree of homology, at both the nucleotide and
putative amino acid seguence levels, with other rhizobial species. The
striking difference between the Bradyrhizobium nodA and the other
sequences is the extra 39 bp at the start of the gene. This region
does not show similarity to the DNA upstream of the other noda
sequences, 50 the different start site for Bradyrhizobium is unlikely
te be the result of a simple point mutaticn or deletion shifting the
start site to another ATG codon upstream of the original. One
pessibility is that in Bradyrhizobium, which is quite distantly
related to the fast-growing rhizobia (B,W.D. Jarvis, perscnal
communication), nodR represents an ancestral form of the gene that
underwent a deletion resulting in the shorter nodh geéenes seen in the
more closely related rhizebia. Alternatively, the Bradyrhizobium nodh
has acquired an insertion resulting in the additional sequence at the
start of the gene. The apparent & bp inserticn in the 37 -terminal of
the R. loti nodA is also of interest; the mechanism by which it may
have been incorporated into this gene is not immediately obvicus.

In contrast to nodh and nodC, the available nodl seguences
display variability at the putative 353‘-terminal. Such divergence could
indicate that conservation of the amino acid sequence in this region
of the gene is not of great importance or, that this terminal of the
protein 1s host-specific. ATG codons in the R. meliloti and R. loti
seguences are not located in the same regicn as the proposed start of
the R.1. bv. viciae nodl gene. In fact, the general absence of ATG
codons in these published sequences suggests the use of a more rarely
used start cedon, such as TTG. This is not without precedence, as the
nodB for Bradyrhizobium sp. (Parasponia) strain ANUZBY is reported to
begin with a GTG (Scott, 1%86). Nodl protein analysis may be necessary
to establish the exact dinitiation site. Until then, it 1is unlikely

that the start codon can he identified with any certainty.
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One striking feature of the R. loti common nod gene arrangement
is that it differs from the typical nodD-nod box-nodABCIJ cluster
shared by the organisms investigated to date - the ORFs designated
nodK (Scott, 1986) and nodY (Nieuwkoop et al., 1987), which are
upstream of the nodhA in some bradyrhizobia, being taken into
consideration. In contrast to the quite varied intervals between the
nod box and the start codon for the downstream nod gene, the ATG codon
for the nodb genes investigated to date is only 5-10 bp to the left of
the nod box, suggesting that the distance separating the nod box may
be important. Closer inspection of this region upstream of the R, loti
NZP2037 nod box highlighted an ATG codon in an appropriate position
for a nodD start site and a short sequence demonstrating similarity to
the start of the R. meliloti nodD; gene after which, the homology
ceased. The 4019 Tn5 insertion {82 bp to the left of the nod boxi
yvielding a Nod® rix* phenctype also indicated that it was unlikely
that a functional nodD was being produced in this region., This
sequence fragment may be the remains of an ancestral nodD-nod box-
nodABCIJ cluster for R. loti.

Other evidence that lends support to this possible ancestral gene
arrangement came to light after analysis of the DNA in another region
of R. loti NZPZ2213 {(Scott et al., in preparation) that hybridisided to
the nedD, nod box and nedB probes. A comparison of the DNA sequence
with the nodD genes of other species revealed little similarity to the
start of the other geéenes and no appropriately placed ATG codons.
However, a region starting 19 bp to the left of the nod box associated
with nodB in NZP2213 and extending for about ancther 250 bp, 4did match
well with an area beginning 53 bp into the R. meliloti nodD. The
region from NZP2037 that displayed similarity to the start of the R.
meliloti nodd; could be inserted into most of the “"gap" separating the
nod box and the beginning of nodD in N2ZP2213 {see Figure 5.31). The
region between the areas of homology pinpeints the probable location
of DNA breakage during the proposed ancestral chromosome re-
arrangement. The tapering-off of similarity between the putative
NZP2213 nodD sequence and that of R, meliloti suggests that the former

is also a truncated and non-functional gene.
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The region of NzP2037 rthat displayed similarity to the
R, meliloti nodD; was compared to what would normally be the remaining
downstream segquence of a nodD in this position, i.e. the region
further to the left of the nod box as viewed conventionally. Within
this seguence there exists a region, approximately 140 bp downstream,
that shares similarity with the putative nodD fragment in NZP2037 and
the 53'-terminal of the R. meliloti nodDy . What is significant about
this observation is that the seguence similarity of the downstream
region abruptly terminates at the position where the NZP2213 nodD
sequence picks up similarity with the nodD; (see Figure 5.32). It is
possible that the similarity between the two regicons of DNA resulted
at sometime in a mismatching of the two areas during crossing-over and
resulted in the formation of a truncated gene. Events such as this may
have played a role in the proposed re-arrangement of nod gene clusters
in R, loti.

Further sequence information would be required before proposing a
mechanism by which the nodD and nodB genes in R. lotl were isolated
from the commen nodD-ned box-nodABCIJ cluster. However, the repetition
of the "CTCGxCGC™" motif {(highlighted) in the R. meliloti nodD coding
region (see Figure 5.31) should be noted. Repeated sequences such as
these have often been found in regions that have undergone genetic re-
organisation., It is possible that mismatching of DNA in this area may
have played a role in the proposed re-arrangement of the R, loti
common nod gene cluster. The results of the seguencing work will be
discussed in depth in conjunction with the plant complementation

results in the following chapter.
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Figure 5.31:

An alignment between R. meliloti nedDy and seguences upstrean

of the R. loti NZP2037 nodA nod box and the E. loti NzP2213

nodB nod box.

(1) R. loti NZP2213 {(C. Young and D.B. Scott, perscnal
communication)

{2y R. meliloti nodD, (Gottfert er al., 1989)

{3) R. loti NZP2037 {this study)

The nod box temminal depicted in the diagram is the complement

of what is usually considered the 5 -end in relation to the

nodABCIJ c¢luster. Lower case a,t,g or ¢ represents the possibly

of &,T,G or C respectively in the sequence. m = A or C; v = A,C

or G; 3 = C or G."CTCGXCGC" = a repeated motif {discussed in

text) .



Figure 5.31:
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[ . Il | |
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| | | [ [ I I I A O R N il L1 |
CCGA . GGCACTTGCCCCAGCCGTGCGCGACGCCTTACTGCACATTCAGCTTTCCGTCAT.
| [ | | bl | | |
CGTTTGACGCACGGATCTCGCGACGGTTTUCGAACTTAAGCCCACGCAGCGAARARAGTTT

GATCTGCCGGATGCTCAGGGCGGAATAGCCeATGACAAGCCCGACGLGGTCge TTCGLCT
| 1| LE et 0 it RN

..................... TGCCTGGGATCCACTRAAACCCGGCCCAGTCGGARTCGLCG
; [ Il |1

CGAGGGCTGATCGCCGCCACCCTCAATGCAATTACCGGCATTCCGTTCTGGCTTGCCCAG

GCTCCCGA . CTGCCTATGATARAGCGGCGARATCGGGTGCAGACCGAGACCGGCGTATTG
b o N I | | L | RN I I

TTTCAGGATCATCCTTTCGOATTTCATGATACTTGTATTCTTTGCGAGGATCGTEGAACG
L O I TR

CAGCGTGATCAGCGLGE
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Figure 5.32: A comparison of R. meliloti nociD1 and nodb-like seaguences in
R. loti NZP2037 and NZPZ2213.
{1y R. loti NZP2Z213 possible nodD remnant (C. Young, perscnal
communication)
{2) R. loti NZP2037 possible nodD fragment.
(3} R. meliloti nodD, ({(Gottfert et al., 1989)

{4} R. loti NZP2037, further upstream {(to the left) of (2}.
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Figqure 5.32:

1) AGATGAGACRAAGGCTTGGATCGCGCGCAAC
i YLD Tlrrg
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3) ATGCGTTTTAGGGGCCTAGATCTARACCTCCTCGTCGCGCTCGACGCACTGATGACCGAGCGCRAG
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) TTAGCAGCTTGGCAAARTCGCGGEETCCCETTITGACGCACGGATCTCGCGACGGTTT

CTCACGGCGGCA (1)
TR LD 4
FYLTYErr bl
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CTCACGGCCGCC (3)
ool |
CCGAACTTAAGC {4)



6.0 DISCUSSICN.

6.1 ORGANISATION OF THE NOD GENES.

The R. loti nodACIJ arrangement differs from the conventicnal
nodABCIJ grouping in rhizebia investigated to date ({reviewed by Long,
1989). Other experimental work (Scott et al., in preparation) suggests
that the R. loti nodB and a nodD like seguence lie approximately 10 kb
downstream from nodACIJ. This nodD however, may be a non-functional
fragment. Both genes are read, or would have read in the case of nodD,
divergently from a nod box that separates them. This gene arrangement
raises questions as to the mechanism by which nodB was separated from
the conventional nod gene c¢luster, which is thought to comprise an
opercogn. Further information would be regquired before meaningful
speculation, concerning the mode of gene cluster re-crganisation,
could be made. However, it has been demonstrated that DNA reiteration
is a characteristic of the Rhizobiaceae genome and, thus conceivably
may have played a role in the alterations within the nod gene clusters
as this characteristic facilitates genetic rearrangements (Flores et
al., 1987). Some of these reiterated sequences have been shown to be
clustered around the nif genes in B. Jjaponicum USA 110. The HNodD
protein is known to bind te the nod box. This has been demonstrated
using gel retardation (Fisher et al., 1988) and by DNAse I
footprinting techniques {Kondorosi et al., 1%88). NodD, in ceonjunction
with plant inducers, activates nodABCIJ and host-specificity gene
transcription. As nodB is preceded by a nod box its preoduction is
probably co-ordinated with the nodACIJ genes via the interaction of
the NcodD protein, the plant inducer and the nod box. A more detailed
discussion of the nod box and its possible relaticenship to the nod

genes will be presented lacer in this chapter.

6.2 ANALYSTS QF THE Tn5 INSERTION SITES AND THEIR PHENOTYPES.
The 4019 Tnd was found to be located 82 bp upstream from the nod
box. Its NodV rFix? phenotype indicates that the insertion site is

sufficiently removed from the neod box 50 as not to interfere with 1its
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functioning. The conventional “commeon®™ ned gene arrangement includes a
nodD gene located immediately upstream from the nod box that 1s read

divergently from the nodABCIJ grouping. The Nodt Fix®

phenotype of
PN4019 and the absence of homology between the sequence upstream of
the R. loti nod box and other nodD genes, indicates that a functional
nodD gene is probably not present in this region.

The Tn5 inserts carried by both PN233 and PN4047 fall within the
nodC coding region. 4047 lies 29 bp in from the start of nodC while
233 1s located 102 bp downstream from the start site, i.e. only 73 bp
separate the two insertions. Their Nod phenotype is therefore due to
interference with NodC protein producticn.

The 4053 Tn5 was found to have inserted 36 bp downstream from the
proposed TTG start codon for nedI (this study; Young et al., 189%0).
The phenctype of this mutation depends on the host plant. On L.
pedunculatus the Tn5 caused a slight delay in nodulation whereas, in
L. corniculatus and L. tenuls, the phenotype of the TnS inserction is
Nod® Fixt. Therefore, Tn5 mutations in nodl and nodd do not torally
block neodulation. In some species they appear to be unnecessary. For
example, in B. japonicum a strain with a deletion in nodIJ was Nod "
{Gottfert et al., 1989). Amino acid sequence homologies suggest that
NodI and NodJ proteins are membrane-associated and involved in active
transport (Evans and Downie, 1986). Thus, the possibility exists that
another transport system may be able to substitute for the NodIJ
proteins and take up the substrate usually transported by these gene
products or, that the substrate may enter the cell more slowly through
passive diffusion. Either possibility could explain the slight
delaying effect of mutations in nodl and nodJ.

The differing responses ¢f the host plants to the PN40533 mutant
may be explained if there is another gene downstream of nodJ that is
required for L. pedunculatus nodulaticon. As TnS insertions usually
have a polar effect on downstream genes in the same operon, the 4053
insextion would probably inactivate that gene. This situation would be
akin to the presence of the nodX gene in R.1. bv. viciae strain TOM,

which is required to nodulate Afghanistan peas {(Davis et al., 1988).



€.3 PLANT COMPLEMENTATION TEST RESULTS.

With the sequencing data in hand, some of the guestions raised in
Chapter 4, concerning the plant complementation tests, can he
answered. It was determined that pPN305 bears the nod box and nodACI
fand through indirect evidence, nodd; C. Young, personal
communication) genes while pPN25 carries complete copies of the nod
bex and the full sequences of only nodAC. In experiment 1, (sees 4.1),
the R.1. bv. trifolii nodC mutant (ANU277) was fully complemented by
PPN305. This was due to complete sequences of nodC, as well as nodld,
being present on the plasmid and compensating foxr the nodC TnfS insert
and, presumably, the inactivation of the downstream nodlJ in the R.1.
bv. trifolii host. The nodB mutant (ANUZ249), on the other hand, could
not be complemented as pPFN305 does not carry nodB because of the
different arrangement of the nod genes in R. leri. Although nodd is
encempassed by pPN305S, complementation was not achieved in ANU252
because the polar effect of the Tn5 insertion prevented a NodB protein
being produced. As nodB is not encoded by pPN305, complementation
failed. Likewise, the absence of a nodD gene on pPN305 led to
nodulagion failure in the ANUEBS51/pPN30S exconjugant.

To facilitate analysis ©of the results from the second
complementation exXperiment {see 4.2} Table 6.1 lists the nod genes
that are predicted to be present and expressed and the number of
copies expected in each exconjugant. It also incorporates the
complementation results.

From the results of the NZP2037/pPN305 exconjugant, it can he
seen that multiple copies of the nod genes do ncot appear ©o have any
detrimental effect. The slight delay in nodulation may be due to the
presence of the pLAFRl-derived plasmid as discussed in Chapter 4. In
the remainder of the crosses involving pPN305, all the "common" nod
genes were present in the rhizobial cell and, with the exception of
PN233, full complementation occurred. Since each of the “common™ nod
genes was present and, as sequencing of the Tnd insertion sites had
demonstrated that the Tnb5 inserts carried by PNZ233 and PN4047 were
both wichin the nodC coding region, the differences in their abilicy

to form an effective nodule is difficult to explain.



Table 6.1: Complementation of R, loti and R.1. bv. trifolii nod
mutations (Experiment 2} including the number and type of nod

genes expected Lo be expressed.

| | Host i Host |
! | L. pedunculatus | R.I. bv. |
| I | trifolii |
| PSP b |
| | Strains | strain |
| Plasmids | N2P2037 PN233 PN4047 PN4053 | aNu277 |
| I I |
| pPN305 I D ] D ! D | D | D |
[ {nodacId) | B | = | B 1 B | &aa 1
| | A A | A A i A A | AR I B |
I | cC ] I | I | ol | c |
I | A | I I I I I | I I
| IR R A A A B
1 | Noad | noa”T | wead | Noad | Ned® |
| | i | | | I
| pPN2% | N-D ! D ! D | D | D !
| (nodaC) I | B | B ] B I 2 A I
! ! i AR | A B | I | B |
| | 1 c I c | cc | C I
| | | | | I |
1 I | moa? | noadd | Nog? | Ned™ |
I | I I I I |
| pPN26 ] N-D l D D ! DD ] D D | D D i
| (nodDABCIT) | | B B [ 2 B | B B 1 A A |
I I ] A A I A A | A A | B B I
| | | C | c I cc I C I
I I I I | I I I | I |
| I | J I J | J | J |
I I | I I I I
I ! | Noa™T | Leaky, | Leaky, ! Noa ™ |
| | | | Nod YT | moa T | see Table |
I I I I I | 4.1 I
I | | | I I |
Key: Nod? = a slight delay in nodule initiation; Nod ! = tumorous

growths on the rocot but no bacteria observed within the tissue; Nodt =

nodulation; leaky, Nod - some plants nodulated and others did not;

N-D = not done.



Crosses involving the transfer of pPN25 into the recipientc
strains appear to indicate that nodl and nodJ and any co-transcribed
downstream genes that may be present are not essential for nodulation
in L. pedunculatus. In R.1, bv, trifolii however, the nrodl and nodd
and/or a downstream gene are apparently required for T. repens
nodulation.

The crosses invelving the transfer of pPN26&6 into R. loti
recipients also generated interesting results. pPN26 would be expected
to complement the PN233 mutant by supplving nodClJ. However, this
resulted only in tumorous growths. The comparison between PN233 and
PN4047, the two nodC mutants, once agaln demonstrates a significant
difference in their responses. It may be that a gene carried elsewhere
on the plasmid, possibly a host-specificity gene, 1s interfering with
the PN233/pPN26 exconjugant, but then one would expect the same in
PN4047 and PN4053. The "leaky" phenotype displayved by the PN4047/pPNZ26
and PN4053/pPN26 exconjugants, with some plants nodulating and others
not, suggests that the host plant genotype may be influencing this
response. 0One possibility is that heost-specificity genes on pPNZ& may
be slightly altering R. loti-generated signal molecules. The response
of the host plant may thus depend on the host’s genetic background.
Another possibility is that the R.1. bv. trifolii nodD does not
respond well to the L. pedunculatus flavonoids.

Certain observations can be made from comparing the data in Table
6.1. Firstly, a straight-forward gene dosage effect does not appear to
be responsible for the unexpected complementation results as
NZP2037/pPN305, with its doubling of the nod genes carried on pPN305
and the unbalanced dosages present in the PN4047/pPN305 and
PN4Q53/pPN305 exconjugants, are able to complement. One cannoct explain
why neither pPN305 nor pPN26 fully complement the PN233 mutant, but
that the smaller pPN25 plasmid does, nor why PN2Z233 and PN4047, the two
nodC mutants, behave differently. Also of note is the response of
PN233, PN4Q047 and PN4053 to both pPN30S5 and pPN26, i.e. they failed to
fully complement in PN233 but could successfully elicit nodulation

when carried in the PN4047 and PN4053 strains.
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The difference in the response of the PN233 and PN4047 mutants
remains the most puzzling problem. The Tn5 insertions in these strains
would be expected to block NodC production and that of any genes
downstream of nodC, that are co-transcribed. For the 233 and 4047
mutations to behave differently, it is proposed that the PN233 strain
1s actually producing a mutant NodC product whose interaction with
another gene or genes is responsible for the unusual complementaticn
results.

Jacobs et al. (1985) carried out complementation tests wherein
plants were inocculated with Rhizobium strains carrying genomic TnbS
insertions at one locaticn in nodC and another plasmid-beorne Tn5 at a
different site on homologous DNA. The results revealed that nodC, at
least in R. meliloti, behaved as two distinct complementation groups
in that trans complementation was exhibited, i.e. intergenic
complementation. Analysis of the sequence data from the region between
the two complementation groups did not reveal chi-sites
{recombinational hot spots). The genetic behaviour of nodC is
therefore likely to be due to the NodC product having two functional
domains {(Jacobs et al., 1985). Analysis of the putative amino acid
sequence for the NodC protein predicts two major domains (John et al.,
1988). It is possible that these domains may be able to reconstitute
an active molecule if produced separately. This may explain the
intergenic complementation exhibited by nodC. It has been proposed
that the multiple, in-frame ATG sites in the middle of the nodC coding
seguence may allow translation re-initiation (Jacobs et al., 1985).
{There are six, in-frame methionine codons in identical positions in
the three amino acid sequences compared in Figure 5.25. They lie
between positions 156 and 248). However, there are no strong,
appropriately placed Shine-Dalgarne seguences upstream of these
methionine codons. If PN233 was re-initiating translation at one of
these sites and thus producing a mutant, truncated NodC product, one
would expect the same £for PFN4047. Thus, this is unlikely te account

for the differences between the PN233 and PN4047 mutants.
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Not all Tn5 mutations have a polar effect (Ruvkun et al., 1982;
Corbin et al., 1983; de Bruijn and Lupski, 1984; Rostas et al., 1986).
It was reported by Corbin et al. (19283) that Tn5 insertions near a
particular site in two R. melileoti strains could promote transcription
of a gene. This indicates that the region of TnS5 insertion may
influence promoter activity. Berg et al. {(1980) found weak non-
peolarity of some Tn5 insertions in the lacZ gene of E. coli. Mulligan
and Long {1985) reported that a promoter reading ocut of TnS5 appeared
to function in R. melileoti. There is a TTG codon positioned near the
end of the Tn5 sequence that is in-frame with the rest of nodC in
PN233. Upstream, in an appropriate location, is a Shine-Dalgarno
sequence {see Figure 6.1}. It may be possible that a mutant NodC
protein 1s being produced from this start site. The proposal that a
TTG site 1is being recognised as the start codon for nodl, may support
this. Also, unusual start sites are not without precedent. NodB in
Bradyrhizobium sp. (strain ANU289%) is predicted to begin with a GTG
{Scott, 19B86).

Another possibility 1is that the truncated N-terminal region of
the NodC protein is the cause of complementation failure in PN233,
However, such a preotein would mainly comprise what is predicted to be
the signal sequence responsible for the correct targeting of the gene
product. Therefore, the N-terminal region 1s thought less likely to be
the cause of complementation interference than a mutant NodlC protein
produced from re-initiation within or around the TnS insertion site.
Table 6.2 was constructed to compare the nod genes present and their
number in each creoss as well as the complementation results, on the
assumption that a mutant NeodC product is produced in PN233 through re-
initiation of transcription and, which in turn, permits expression of
downstream genes.

Assuming that PN233 produces a mutant NodC product, then it would
appear that complementation failed in cases where two coples of nodC,
cne mutant and one wild-type, were present with duplicate copies of
nodIJ and any other gene(s) carried on pPN305. Analysis of the

predicted amino acid sequences for nodl and nodd suggests that they
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Figure 6.1:

A TTG codon in the 233 TnS insertion is8 in-frame with the
nodC coding region.

Bold represents Tn5 terminal repeat sequence. A Shine-
Dalgarnc-like sequence is underlined., *** is the TTG codon
which is in-frame with the downstream nodC sequence. In-
frame codons are separated by commas. The neodC amino acid

translations are shown.
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Table 6.2: Complementation results of R. loti and R.1. bv, trifolii nod

mutations (Experiment 2) assuming PN233 is producing a mutant

NodC (C”).

| I Hosts I Host |
I | L. pedunculatus | rR.2I. bv. |
I | | trifeiii |
| S [ |
I I Strains | strain |
|Plasmids | NzZP2037 PN233 PN4047 PN4053 | anNuz77 |
| | I |
| pPN30S i D | D i o} | D I D |
| (nodacIdy | B I B | B I B | A A |
| | a A | LA | A A | a A | B |
| | cc | <¢ | c | cc¢ | c |
| | I T S | I | I | I |
| | JJ | J 7 | J | J | J I
| | | | | ! |
| | Nod? | Nod™T | Nogd I Noad | Nod™ |
| I | | | I |
| pPN25 i N-D | D I D | D i D i
| (nodac) | | B | B | B | A A |
| | | A A | a A | A A | B |
| | | <’e | c | cc | c |
| | | 1 I | l I
| I | J I | I I
| I | | | I I
| I | Nodd [ Nogd I Noad | Nod~ |
| I ] | | I |
| pPNZ6 I N-D I DD I DD | DD | oD |
| (nodDABCII) | | B B I B B I BB | A A |
] | ! A A | AR ] A A | B B |
I | | cc | C | cc | c |
| | | 11 I I | I | I |
| | S | J I J I J |
| | | | I | _ I
| | | nNoa™T [ Leaky, | Leaky, | Nod™ |
l | | | Nod */7 | Nod /T |see Table |
| | | | I | 4.1 |
I | | I I | ]
Key: Nodd = a slight delay in nodule initiationy Nod™T = tumorous

growths on the root but no bacteria observed within the tissue; leaky,

Nod - some plants noduwlated and others did not; N-D = ncot done.



are involved in a membrane transport system and are therefore unlikely
to be interacting with NodC whose structure indicates that it may
function as a c¢ell surface receptor {John et al., 1988). For this
reason it is thought likely that it is another gene(s) carried on
pPN305, rather than anodIJ, that is interacting with the putative
mutant NodC product and preventing nodulation in the PN233/pPN305 and
PN233/pPN26 exconjugants.

Alternatively, complementation failure may not be due to the
mutant NodC as such, but the fact that re-initiation of translation
allows the production of proteins from co-transcribed downstream genes
creating an inbalance in the ratio of functional NodC product to Nodld
and any co-transcribed downstream genes. That is, while two copies of
nodC in combination with single copies of nedlJ and any co-transcribed
genes permits nodulaticon, the reverse situation, i.e., 1x nodC + 2x
nodIlJd and downstream genes, interferes with the normal ncdulation

process.

6.4 NOD GENE PRODUCTS.

From the predicted amino acid sequence, the NodC protein shows
similarities to cell suxface receptors. It is thought to comprise two
hydrophobic domains that are separated by a hydrophilic, extracellular
domain, and followed by a C-terminal hydrophilic intracellular
segment . The N-terminal hydrophobic region is thought to correspond to
a signal sequence required for the proper targeting of the protein,
while the large hydrophobic segment near the C-terminal is thought to
act as a membrane anchor {(John et al., 1388; see Figure 6.2). The
border between the two complementation groups lies in the large,
extracellular hydrophilic domain at a position approximately 120 bp
upstream from the border of the C-terminal hydrophobic region {(Jacocbs
et al., 1985}). This suggests that both the extracellular and membrane-

located domains perform distinct functions.
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Figure 6.2: The proposed structure for the NodC protein
{John et al., 1988).
The relative positions of the 4047 and 233 TnS5 insertions

sites are illustrated.
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In R. meliloti, the NodC protein 1s required for the production
of an alfalfa-specific nodulation signal, NodRm=-1, which is an N-acyl-
tri-N-acetyl-B-1,4-D-glucosamine tetrasaccharide bearing a sulphated
group on carbon 6 of the reducing sugar moiety {(Lerouge et al., 1990;
see Figure 6.3). It will elicit root hair curling in alfalfa. N-
acetyl-D-glucosamine is involved in the biosynthesis of two major
components of the cell wall in Gram-negative bacteria. These are
peptidoglycan in the periplasmic space and lipid A in the outer
membrane (Lerouge et al., 1990). It would be useful to determine
whether Nod signals are products of a synthetic pathway originating
with N-acetyl-D-glucosamine, or if they are involved with the
degradation of cell wall macromoleculeas.

It is known that oligosaccharides, which are derived from cell
wall degradation, can act as regulatory molecules (Albersheim and
Darvill, 1985) and are active in the nanomclar range (Tran Thanh Van
et al., 1%985). In tobacco explants, oligoesaccharides derived from
sycamore cell walls have been shown to regulate morphogenesis (Tran
Thanh Van et al., 1985). Abe et al. (1984) reported that clover root
hair infection was stimulated by lectin-binding oligeosaccharides that
were derived from polysaccharide depolymerase-treated capsular and
extracellular polysaccharides derived from R.I. bv. trifelii. Also,
small, cell wall components (e.g. coligosaccharides) released from
either damaged plant cell walls or those of a pathogen have been shown
to be involved in eliciting the hypersensitive or wounding response
and phytealexin production in plants (Albersheim and Darvill, 1985).
The plant/Rhizobium symbiosis raises guestions concerning bacterial
evasion of plant defence mechanisms, or conversely, plant recognition
of compatible rhizobia. In order to generate a symbiotic nodule, the
invading bacteria must somehow evade or subvert the normal host
defence mechanisms and, on the other hand, the plant must be able t©o
recognise compatible rhizobia. It has been proposed that infection
thread formation represents a modified host defence response. The
potential conceptual and mechanistic links with plant disease
resistance/susceptibility and the Rhizobium/host symbiocsis 1is what

provides much of the impetus for nitrogen fixation investigations.
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Figqure 6.3: The alfalfa-specific nodulation signal, NodRm-1

{Lercuge et al., 15%0).
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It has been suggested that the host-specificity genes nodFEL in
R.1. bv. viciae are invelved in the biosynthesis of signal molecules.
NodF shows sequence similarity to acyl-carrier proteins (Shearman et
al., 1986) while MNodE shares sequence similarity with a B~ketcacyl
synthase (Downie, 198%; Sherman et al., 1989}). Based on sequence
comparisons, nodL is thought to encode an acetyl-transferase; it
possibly acetylates a sugar (Downie, 1989). That is, NodFEL proteins
share homologies with enzymes that are involved in metabolism of
acetate via acetyl-CoA (Downie, 198%), Of interest in this matter is
the specific alterations in the acetylation pattexrn of
exopolysaccharides from hybrid recombinant R.1. bv. viciae carring
R.1. bv. trifclii host specificity genes. These alterations changed
the host range of the recipient R.1. bv. vigiae (Philip-Hellingswerth
et al., 1989). also, the acetylation and acylation of the alfalfa-
specific nodulaticn signal, NodRm-1, should be noted {see Figure 6.3).
It is possible that acetyvlation patterns of polysaccharides and/orx
nodulation signals may be effected by host-specificity genes such as
nodfFEL and could be involved with host-plant recognition of compatible
rhizobia.

Given a plant’s ability to detect the slight differences between
active and inactive oligosaccharides (Albersheim and Darvill, 1883),
it is possible that small alterations in acetylation patterns may be
sufficient to enable distinction between compatible and heterclogous
rhizebial specilies by the nost. It is conceivable thnat nodABC are
responsible for the production ¢f a common product in all rhizobia
that is then "individualised™, for example, by decoration with acetyl
groups in a unique pattern, by host-specificity genes, enabling the
plant to distinguish between signals from homologous and hetereclogous

rhizobia.

6.5 REFLECTIONS ON THE PRESENCE OF A PUTATIVE PNZ233 NODC PRODUCT.
Assuming that the PN233 strain was producing a mutant NedC by re-
initiation of transcription and, based on the proposed domain

structure of the protein, the PN233 NodC product would most likely be
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missing the N-terminal hydrephobic region that is thought to act as a
signal sequence for ensuring correct targeting of the protein to the
mermbrane (see Figure 6.2). As a consequence, the truncated protein may
remain within the cytosol. This, together with multiple copies of
another gene or genes on the pPN305 plasmid, excluding the region
encompassed by pPN2S5, may be having a detrimental effect.

While Noda and NodB proteins are present in virtually constant
amounts during nodule development, NedC concentration increases (John
et al., 1988). Protein isclated from nodules of different plant
species, indicates that NodC has been processed from a 46.8 kDa
protein to one of about 34 kba; somewhat larger in Glycine (soya bean)
{(John et al,, 1988). wWhether the truncated protein plays a role is not
knewn but the fact that 1t appears to be a general phencmencon
indicates that it may have zan important function in nodule
development,

If NodC does possess two functional domains {(see Figure 6.2} it
is possible that only one of these would be inactivated in a PN233
truncated protein. NodC is thought to exist in the membrane as at
least a dimer (John et al., 1988). Assuming that a truncated NodC can
complex with the wild-type and that both are being produced in the
same cell, as expected in some of the exconjugants, the mutant protein
would titrate out the number of wild-type dimers or complexes formed.
For example, given the random coupling of two proteins, only one
quarter would comprise a pair of wild-type NodC proteins. It is also
possible that mutant complexes may be able to perform one of the
functions of the NodC protein. For example, if the 34 kDa truncated
protein isolated from nodules 1is performing a function, the PN233
protein may contain sufficient information to fulfil that reole.
Alternatively, the 233 mutation may prevent proper processing of the
protein. It is possible that the gene{s) that is interacting with the

putative mutant NodC is involved with the protein’s processing.
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The production of a mutant NodC however, may not be the direct
cause for complementation failure. Re-initiation of translation of the
co-ordinately transcribed downstream genes would create an imbalance
of these proteins in relation to the one wild-type copy of NodC. This
may be responsible for the Nod phenotype of the PN233/pPN305 and
PN233/pPN26 transconjugants. These factors should be taken into
consideration in any further investigation of the mutant. On this note
it is suggested that one of the first steps would be to elucidate
whether a mutant nodC RNA or protein is being produced in BNZ233 by the
Northern or Western blotting technique. If a preotein is produced then
it’s cellular location should be ascertained and it’s state of

processing determined.

6.6 THE NOD BOX.

Computer analysis of the variable-lengthed sequences separating
the nod box and the downstream start codons for the inducible nod
genes available in GenBank did not highlight any significant
similarities. The object of this exercise was to attempt to identify
where the Pribnow box, (-10 sequence [TATAAT consensus sequence in E.
celil) and the -35 sequence (TTGACA coeonsensus sequence in E. coli),
that are generally necessary for recogniticn by the RNA polymerase,
are situated. Other researchers (Rostas et al., 1986) addressed this
issue and were unable to identify these sites. Spaink et al. (1987aj
investigated the promoter region of the R. leguminosarum Sym plasmid
pRL1JI. They found that complete promoter activity for the inducible
nodA is carried on a fragment 72 bp in size that encompasses the nod
box and an additional 21 bp downstream of it. In this region they
identifed a lcosely-conserved sequence, ATI(T)AG, that was generally
about 13 bp downstream of the 3/ -terminal of the nod box. Removal of
this sequence strongly reduced the promoter activity and it was

therefore suggested that this forms part of the inducible promoter.
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The author weuld like to propose that the AT(T)AG sequence may
actuzally be the Pribnow baox and that the -35 seguence is contained
within the 3’-end of the nod box consensus segquence, possibly the
TTACCA hexamer. Transcription for a number of nod genes has been
reported to start 6-11 bp downstream from the AT(T)AG "motif" (Fisher
et al., 1987b; 1988; de Maagd et al., 1989) indicating that it is
situated in an appropriate positicon to serve as the -10 sequence (see
Figure 6.4).

NeodD is known te bind to the noed box both in the presence and
absence of root exudate {Hong &t al., 1987). It has been demonstrated
with gel retardation experiments that NodD-nod box binding requires
both bhalves of the R. meliloti nod box and footprinting experiments
identified the regions protected from DNAse I activity by the bound
NodD protein (Kondorosi et al., 1389; see Figure 6.5). The symmetry
displayed by the protected areas suggests that a dimer may be binding
te the nod box. This may indicate a situation analogous to that of the
lac promoter, in which gene expression is governed by the ce-operative
binding ¢f proteins to the promoter. Such an arrangement allows for
the rapid switching off and on of gene expression in response to
relatively small changes in concencration of the regulatory molecule
{see Figure 6.6).

In c¢ontrast to the variable distance between the start sites for
the nod genes downstream from the nod box, the ATG codons for the
nodDs {to the left) are abour 5-10 bp from the 5 -end of the nod box
consensus sequence. It would appear that the distance separating nodD
and the neod box is significant and mey play a role in expression of
this gene. In R.1. bv. viciae NodD production is constitutive and
manifests auteregulation (Reossen et al., 1985). It is possible that
the binding of the NodD protein to the nod box could prevent further
nodD transcription hence autoregulating its cwn productioen. In R.
meliloti the transcription start site for nodD is 8 bp downstream from
the 3‘-~end of the peod box (Fisher et al., 1987a). It is quite possible
in this case that the complement of the proposed -10 sequence for the
genes downstream from the nod box is alsc the Pribnow box for nodD on

the opposite strand; (i.e. in this case, TCTARAT).
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Figure 6.4:

Figure &.5:

Figure 6.6:

Secme transcription initiation sites for genes downstream
from the nod box (de Maagd et al., 1589).

Tha nod box and the assoclated conserved sequence are
highlighted while the transcription start sites are

indicated by *.

Areas of the R. meliloti nod box protected from DNAse I
digestion by NodD binding. Bold represents the protected

bases (Kondorosi et al., 1989).

Co-operative binding of the lambda repressor to the
operator allows gene expression to be rapidly switched
"off" and "on" (based on Ptashne, 1886).

As can be seen from the diagram, switching from an "on"
state to an "off" state is very gradual with a promoter
that is contrelled by a single (S) repressor molecule.
However, switching from "on" to "off" states is much more
rapid when the system is controlled by binding of dimers
{D) to the promoter as only a relatively small change in
repressor concentraticn is needed to change from an "off"

ro an "on" state and vice versa.
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It is known that NodD, together with plant inducers, is required
for the expression of other nod genes downstream of the nod box,
Binding of the NodD to the nod box may cover an RNA polymerase binding
site in the nod box that is required for nod gene transcription and
hence regulation of their expression. The inducexr may cause a
conformational change in the NodD protein that results in the exposure
of the -35 and -10 sites allowing formation of an open complex with
RNA polymerase and transcription <¢f the nod genes, possibly even
enhancing their expression. This may be supported by the finding that
mutations in the carboxq\—terminal region of the NodD protein affect
nod gene activation and this is also the region that interacts with
the flavonoid inducers (Burn et al., 1%89). It 1s possible that the
flaveneids that act as inhibitors, bind with NodD but de neot trigger
the appreopriate conformational changes to allow expression of the
other nod genes. A model for this system is outlined in Figure 6.7. It
has also been observed in a number ¢f R. meliloti strains cthat
regulation of nod gene expression is under both positive and negative
contreol (Kondorosi et al., 1989). A repressor protein that binds to a
33 bp regicon of DNA just downstream from the nod box affects gene
expression, as it overlaps the transcriptional start sites for nodA
and nodDy .

The nod box associadted with nodd in R. 1. bv. viciae, is poorly
conserved and the induced gene shows only 23% the activity of the
induced nodA promoter. However, when multiple copies of nodD are
present nod0 expression 1s increased by 650% (de Maagd et al., 1989).
Given the comparatively poor conservacion of the nod box for cthat gene
it is possible that the NodD protein displays a lower binding constant
for this nod box, leading to a leow level of expression of nodo.
Multiple copies of nodd would likely increase the guantity of NodD in
the cell thereby probably elevating the fregquency of occupation of the
nod box by Nodb and hence possibly permitting amplified nodO

expression in the presence of inducers.
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Figqure 6.7: A model for nod gene sxpression in R, loti.
a. In the absence of flavonoids, NodD is bound (possibly
as a dimer) to the nod box and obscures the -35 site
{*¥*%) for the downstream nod genes and therefore
prevents thelr transcription. {....) represents the

proposed - 10 site.

L. Plant flavenolds bind to NodD and cause 1t to undergo
a conformation change which exposes the -35 site (**%)

alleowing transcription of the downstream nod genes.
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ks can be seen from the R. meliloti strains carrying a repressor
protein, there is5 variability in the control of nod gene expression
among species and strains and more information will need to be
acquired before a clear picture of the nod gene regulation can be
developed. Monitoring the effect of site-specific mutations and small
deletions in the nod box may be useful in further investigatiocns for
determining the precise function of the different regions within the

nod box,

6.7 FURTHER INVESTIGATION POSSIBILITIES.

There are a number of areas where further investigation may help
to resolve some of the gquestions raised by the project concerning
nodC., Firstly, the phenotypes of wild-type R. loti bearing the 233 Tn5
insertion on plasmids carrying the 7.1 kb and 22.7 kb Eco RI fragments
respectively, should be tested to determine whether the mutation has
the same effect as in the original configurations. Next, the region on
the 22.7 kb fragment that is responsible for the failure to complement
in PN233 transconijugants should be identified. Initially, to verify
whether a co-transcribed gene downstream of nodC is responsible for
the complementation failure, pPN306 carrying the 4053 Tn5 insertion
which is in nodI, could be crossed into PN233. Assuming that the TnS
insertion displays the usual polar effect, it would prevent the
production of genes downstream of nodC that are co-transcribed. If the
gene(s) that are responsible for the unusual complementation results
seen in PN233 is co-transcribed with nodC, then the 4053 Tn5 inserticn
should prevent translation of one of the two copies of the gene(s}) in
the transconjugant resulting in a i:1 ratic of wild-type NodC to the
theorised protein{(s}). If the inabilicty of the 22.7 kb fragment to
complement in the PN233 is a result of there being cne functional copy
of nodC to two copies of nodIJ and any co-transcribed genes, then it
is predicted that the PN233/ pPN306::4053 Tn5 transconjugant should be
able to form normal nodules. Such a result would focus the region of
investigation on the 22.7 kb insert very rapidly. (It should be kept

in mind however, that the pPN306 carries a slightly larger chromosomal
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insert than pPN305 as it possess an extra 7.5 kb Eco RI fragment, see
Figure 3.1., and this could possibly be a complicating factor in the
interpretation of such an experiment) .

If this experiment was not fruicful, cthe next step would be to
progressively delete sections ©of the insert DNA, possibly by
conducting partial digests of the chromoscomal insert DNA and re-
ligating appropriate fragments, followed by complementation
experiments. This would iscolate the region of interest. This process
could be used in conjunction with Tn5 mutagenesis of the 22.7 kb
fragment. Complementatien tests after sach step would be conducted to
identify the region of interest. The phenctype of the TnS mutation(s)
in the newly identified gene({s} could next be characterised alone,
followed by thelr interaction with the other strains 1.e. NZP2037 and
PN4047. The next step would be te sub-clone the responsible fragment
and perform in-depth analysis of this regiecen by sequencing the DNA and
identifying the gene{s). Such experiments may provide informaticn on
the interaction between nod genes.

Secondly, it should be determined whether PN233 is producing a
mutant NodC protein. This may be approached from a number of angles.
Firstly, one could make maxicells (possiby E. coli, however Rhizoblum
maxicells may have to be developed as the Rhizobium promoters may not
be reccgnised by in E. coli) that carry the 7.1 kb fragment; the
NZP2037, PN4047 and PN233 strains would be compared. These fragments
would then be analysed for protein production. The production of a
mutant PNZ233 protein could thus be established and its size determined
by running polyacrylamide gels.

Northern bletting techniques by which DNA probes are hybridised
to mRNA could be utilised to identify the production of an altered
PN233 NodC bearing mRNA. The translation re-initiation site im the
mutant could be established by studying the 5 -terminal of the
transcript with a primer extension procedure. This information may be
of value in understanding gene regulation in Rhizobium, for example,
by identifying what is acting as the promoter sequence in this gene

and whether or not a rare start site is being employed. Determination

188 °



of the 5'-end of the mRNA would also allow deduction of exactly how
much of the native nodC protein the PN233 mutant 13 missing and, in
conjunction with other data, it may provide clues on the roles of the
different domains of the wild-type protein.

Another avenue of investigation would be to determine possikle
antigenic sites on the PN233 protein, make peptides to match and use
these to developed antibodies to the NodC protein. Isolation of the
processed NodC proteins produced by the wild-type and PN233 strains,
from root nodules and tumours respectively, would be attempted; their
sizes would be compared on protein gels to determine if the mutation
prevents or changes the processing of the PN233 NedC protein. Also,
the Immunogold technigque of visualising protein localisation in cells,
could be emploved to determine wnether the mutant protein is being
targeted to the correct location within the cell. The experiments just
outlined could help to elucidate the role of NodC in the plant-microbe
dialogue.

One area where further experimentation may provide a wealth of
information concerning nod gene regulaticn would involve nod box
manipulaticon. Possible approaches include studying the effects of
point mutations, small deletions and progressive Bal 31 digesticon of
the nod box on gene expression. ft should be noted that, in one
orientation the nod box appears to regulate constitutive expression
(i.e. nodD) while, in the other, genes like nodABCIJ, are induced.
Such experimentation may elucidate the function of the highly
conserved reglons within the nod box. Regulatory elements similar to
the nod box have also been found in other s0il micro-organisms, for
aexample Agrobacterium (D, White, D.S5.I.R., personal communication) and
Pseudomonas {S5chell and Sukordhaman, 1989). Therefore a common theme
may exist and it may be worthwhile k%eeping this, and any research in
those areas, in mind while studying nod box structure and function. It
could be expected that the results of the investigations outlined
above, together with that gleaned from the other research in the area,
would directly extend the exiting knowledge and understanding of

biological nitrogen fixation and plant-microbe communication.
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