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BSTRACT.

THE DIFFERENTIAL EXPRESSION OF GERES ENCODING GLUTAMINE SYNTHETASE TH

DEVELOPING ROGY NODULES

by
Rachel Teverson.
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i, INTRODUCTION.

{.1. PROSPECTS FOR THE IMPROVEMENT OFF NITROGEN FIXATION.

vozen | d therefors cenduo by
Fetfore [t 2an phoeric it must o tirs bha

Hightning, volcanis
30 mews-tonn ol
&

tor approvimabely

Ly, spproximately

122 mega-teonnes are f{ixed amnually, of which 90 mega-tonnesz are ifrom

agricultural soil=z (Newion, 19

in cereal  zZvain produciion a 29 vyear period conld be
: fo the exponential increase in the commercial produc
nitrogen fertilizer. In many instances nitrogen is the limiting tacior

among =oll nutrients and, within certain

depends on the amount of soil nitrogen which is available to rootz of

growing cereal (or forage) plants. In industriaslized countries farmers

o
o

apply around &0 120kz  ef nitrogen per hectare annually. The
8 &5

{ndustrial processes involved in the production of ammonia have

limitations; industrial production requires natural gas or liguid
! a ]

hydrocarbons to supply hydrogen and energy for the production of

nitrogen fertilizersg, the availability and cost of thesze componen




prove prohibitive in the future. Due to the increased use of nitrogen
fertilizers, the question can be asked 'ls there a place for fhizobium-
based agriculture'; this is particularly relevant in a European coentext
where the trend has been away from legume-based pastures and geared
towards more intensive production. There is an ever-increasing concern
over the rising levels of nitrates in water supplies in this country,
and there 1is a vrealistic possibility +that resirictions on the
application of fertilizers to agricultural land will soon be imposed.

In developing countries the investment in construction costs,
which together with the storage and transportation cosis, can be
prohibitive for the producttion of chemical fertilizers. Newton «1981)
and Evans et al. (1985) have both suggested that the ideal model for
nitrogen fixation 1is the biological system in which the nitrogenasze
catalyst is able to tix nitrogen using the energy from sunlight via
photosynthesis. The present 'green' trend towards organic farming and
reduction in industrial pollution suggests the importance of biclogical
nitrogen fixation in the future will almost inevitably increase.

Sprent (1986) suggested that '"many people believe in the developed
world, emphasis should shift from a high input/outpui agriculfure to a
low input/output system”. This would result in legumes returning to at
least part of their former position in crop rotations and pastures.

Attenpts to increase the nitrogen supply have and will continue to
include world-wide investment into research on biological nitrogen
fixation.

Just over one hundred years ago it was established that the

Rhizobium-legume symbiosis was a widely-occurring, natural method for

reducing atmospheric nitrogen to ammonia, the host legume then




Incorporated the tixed niirogen into organic compounds (Nutman, 1287),
The first conclusive demonstration that pes plants grew belter in

nitrogen-deficient coil if they had ncdules on their rools was reported

in 1886, by Hellriegre! and Wilfarth Mhe nodulee were tound Lo be

initiated by the bacterium Faciilus radicoia now hknown as Rhizobium

feguminosarum. A patent tor the biotechnolagy to produce a

innoculum was subsequently faken ouf (Sprent, [33886)

Today molecular zchniques have

enablead

the

Some of

T DT
SR

associated with nodulation to be successtully transferred and expressed
in transgenic plants. With the application of such technigues the
ability of legumes and even non-jegumes to tix nitrogen at an ever
increasing level of efficiency is bhecoming an impertsnt topic tor
resesrch,

Johnsten ei al. <1387) suggested that "The symbictic interaction
between leguminous plants and bacteria of the genera Rhjizobium and

Bradyrhizobium was the gingle most important beneticial

between plants and bacteria in agriculture” and alzc that Yover and

above Its agronomic significance the legume-Rhizobium symbicosis is ol
nterest because it represents a complex programme of bioschemical and

morpholiogical difterentiation in the two different parine: it thus

offers potential as a model system for the analysis of ditferentiation
both in bacteria and in plants and for the study of the signals that
pass beiween the fwo kinds of organisms",

The developing legume roout nodule therefore provides an ideal
system in which fo study plant gene expresszion., A varisily of assays
have been carried oul on legume rool nodules In order fo ascertain
their biochemical and genetic functioning., Mast of Lhese studies have

i



however, been carried out on homogenized fissue, although many
structural investigations have also been undertaken. [n situ studies at
the protein and mRNA level, can however directly associate the control
of particular genes, and the ultimate destination of their product
within the particular cell types which are unique in the Rhizobium

legume symbiosis.




1.2

L.

The complexity of rool nodules

197682 in the statement

the genetic, sztructural and

relationship between prokaryotic bacler

partner’.

The symbiotic association

the gram-negative, soil-living

saeed

shortly after

plani root within an infection thread,
into the legume-host cells. Sone
muliiplying Rbhizobium, which torm
peribactercid membrane within the host

remain uninfected. The infection
resulting in  the physiological and
functional root nodule, capable of

amonia and subsequently

the

form to be transported through

bacteroids from conmpeling soil

provides a source of minerals,

to support the nifrogen fixation.

1.2.1. Root Nodule Classification,

Legune root nodules vary in their

variation is due to different legunme

strain of

THE CLASSIFICATION, DEVELOPMENT AND

WS

physiclogic

betwaen
hacteria

germination.

process stimnlates &

plant,

REizobium or Bradyrhizobium infecting

STRUCTURE OF ROOT NODULES.

SRVl

o1 root pod
complexities
a and the eukaryobtic

feoume and bacieria

the 57 1)
o)
are attracted

The

and are subhseguently

]

contained

plant cell, whilst

chain of

hicochemical development of a
Aing stmoespheric nitrogen into
ammen i into an

whilst the plant hest

i
o
]

vascular =sys

slructure and development.
in

species, and

the particular legune.



Nodulez are often classitied by their shape and pattern of
development. Two main develepmental and siructural types of raol uodule
occur in legumes; Verma and Long <1883) described thess as spherical ar
oval, such as those found on kidney bean (Fhaseclus vulgariz) roots,
and club shaped, cylindrical or eleongate such as those found on pea

(Picum sativum roots

The s=pherical ncdules have a relatively short, determinate life.

The rhiizobia infect cells in the centire ot the forming noduole which ars

surrounded by a ring of cortical and endodermal cells; once formed thisz

Ut

determinate structure no longer divides., HMeristematic activiiy ce
soon atter infection, and mest ¢f the increase in nodule size resulis
from the expansion of the infected cells.

In contrast, the longitudinal indeterminate nodules have 3

persistent meristem which continues to divide while the early-infected

f

cells are senescing; the nodule confinues to develop for approuimstely

five weeks.

Koot nodules can also be classified by the form in which they

export fixed nilrogen to the

hegt plant. Tropical legumes,

such as soybean, cowpea and kidney beans, export the t{ixed nitrogen in

the form of urelides allantoin and allantoic acid, from the purine
metabelic pathway, whilst temperaite legumes such as pea, lupin, and

altalfa, export {ixed nitrogen in the form of the amides asparagine and

glutamine.

1
[y
i



1.2.2.

I'he early development of legume roct nodules, whether spherical or
bt )

elongate, can be divided inte a scories of stages; attraction, invasion
and growth of the infection thread and release of the rhizobia and host
plant inifection, The general structure of both nodule types is
described in the following section (1.2.3», followed by a more specitfic
description of the fwo nodule types.
t.z.2.t. Attraction,

The Rhizobium {ive in the rhizosphere of their potential legune
hosts, where exudatez from the legume roots bimulate them to

&

proliferate. Recognition and attachment of the EKhizobiwm to  the

epidermal root celils of the

reaction, such as lectins on the

the rhizobia (Bauer, 1931,

introduced =a

Agrobacterium rhi ectar.

Iogenes

the early stages of infection
Rhizebium leguminesarum, which
demonstrates that lecting play

attraction/infection process,

from this '«

I
b
O
L’\
i1

]

involved,

The bacterial

factor in the early attraction

recognition and response is known

bacterial nod [ gene. The nod

legume

Graham,

houel
although

indicating le

genes

Early Root Nodule Development.

host is thought to involve a
the root hairs of the host attracting
1988% . Recently Diaz et al. (1939
pea lectin gene into clover using an
The resulting bited
and nodulation wWwith
iz normally specific to peas This
a major role in the host specific

few functional nodules resulted

tins are not the only

is alsc a very important
and infection precess. This bacferial
to be at least partly mediated by fthe

are a cluster located on



the rhizobial symbiolic plasmid invelved in the early stages of

nodulation. The induction of the nod D gene has been reperted to be

-t

triggered by ftlavonolids or iscflavonoeids gsecrefed from the host legune

rocts (Firmin et af.,1987:, The flavone luteclin haszs been zhown fto he
the most important inducer of the K. meliloti nod genes present in
alfalta root exudate (Peters, Frost and Long, 1986), and the flavone
glucoside apigenin-7-U-glucoside, isolated from peas, was reported fo
induce the rpod genes in Fhizobiwm fezuminosarum bv. viciae, in addition

to 3 other flavones and 2 {lavanones <(Firmin et al., 19802. However,

the flavenol kaenmpferol and the isoflavones genestein ar

)
s

1 daidzeln,

have been demonstrated fto have 'anti-inducing', =aftects on Ahizobium

e

leguminosarum bv., viciae (Firmin et ai., 12386). Djordevic et si. (1987
have demonstrated coumarins such as umbelliferone reduced the effect of
inducers on the inducticon of the nod genes of Rhizobium leguminosarum

bv., trifoliii.

Downie and Johnsion <1388) demonstrated that noed D induces

(’\

synthesis ot nod ABC gene product which is a soluble fact:

for root hair curling and

development of the nodule meristam.

1.2.2.2., Reoot Hair Invasion and Growth of the Intection Thread.
Rhizobial infection of the legume rool halr Jis sftected by a
variety ot ftactors such as temperature, pH, mineral content of the
soil, the number of rhizobia present in the soil, the dewree of
competition with other soil bacteria, and the specificity of the

rhizobial strain for the particular potential host. Sanders et al.

(13978 suggested rhizobial polysaccharides are implicated in the host




speciticity. Haack (13647, demcnstratsd an average of 2.8% of pea root

hairs bhecame infected, out of a total of 20,000,

&
ol
s
o
¥l
o
=
=
Z

The first sign of plant/rhizobial recogniticn
the swelling of the root hair cell wall. This iz due te the formation
of <callus, and on close examination increased cytoplasmic streaming of
the asscciated cytoplasm iz evident. Externally, curling and branching
of the intected root hair resulis from the displacement of cell wall
growth by Lhe bacleria and can result in a curvature of 2607 or more
(Callaham and Torrey, 1981,

The intection thread is formed as the rhizobia penstrate the root

hair cell wali and make contact with the hest cell plasma membrane;

[

this causes red

-~

rected cell wall growth resulting in invagination ot
the rocot hair cell wall, producing a tubular infection thread. Callaham
and Torrey (13981) demonstirated <hat the tubular infection thread
containing the bacteria was sheathed by a plant cell nembrane and piant
cell wall materials. VandenBosch ef, al. 198%) have identified an
infection thread matrixz component which occurs in infected reoots and at
intercellular spaces where cell plates fuse with the parent cell wall.
These intercellular spaces have been shown to contain pectic components
invoived 1in the loosening and degrading of cell walls (Moore and
Staehelm, 1983). [afection threads, which are also often located at 3
way ceil:cell junctiens, contain the same scluble matrix naterial, [t
seems Jikely therefore, that degrading enzymes are used in the cell to
cell movement of fthe intection thread, and that the Infection thread
makes an intracellular tunnel through the nodule cortex using these
loosening and degrading enzymes.

The bacteria contained within this intection thread are unable Lo



fix nitrogen at this stage ide Farla et aj., 1986, and only those at
the advancing end of the infection thread appear teo divide, resulting
In 3 growth rate of uvp to 7pm/hour (Robertson and Farnden, (980,

The intection thread grows through 3-% layers ot outer cortical
cells with the aid of the pectolytic enzymes loosening the cell wallsg,

(VandenBosch et al., 13289 and meristematic activity is initiated in

in front of the infection thread,
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the layers of

of the Fhircbium and Hest Plant Infection,

Cells directly in tront of the tip of the infection ithread divide
and differentiate to form the nodule tissue, The bacferia are releoazed
into the predominantly polyploid central meristematic cells by an
endocytotic process In which the bacteris push out the plasmalemma, the
infection thread pinches in behind and encloses the bacteria in the
host plasma membrane. Robertson and Farnden (1980) reported that the
end ot the infection fthread in lupin and soybean is very thin or even
absent, consisting of only unwalled and partiaily electron translucent

protrusions.  Within peas there are uanwailisd of  heavily

staining matrix around the tip of the infection thread bound by a

plasma membrane, which represent the sites of the bacterial release

into the host cell cytoplasm (Newcomb, 1978). The compositicnal changes

at the tip of the infection thread have bheen suggested to be = raesult

ot & change in the function of the Golgl apparatus whereby the rate of
membranes synthesis remains constant or increases, whilst the rate of
depozit decreases {(Goodchild and Bergersen, 1gB6b), together wiih
incressed cellulytic and pectolytic activity., Once the individual

bacterial cells are internalized to the plant cell cytoplasm, they

__lo_




develop into enclosed in the

envelcopas may
pretect the bacteria from the antibiotic substances in the plant
cytoplasm «Dixon, 1969,

Goodchild (1977} suggested that the polyploid cells, with
SN PN

considerably enlarged nuclei and nucleoli, ftend to be these which

become specitically infected, whilst other diploid cells remsin
uninfected throughout the life of the nodule. Libbenga and Bogers
1974 have suggested these polyplaid cells result tro
endoreduplication, stimulated by bacterial hormones. However, Verma and
Long (¢1983) have demonstrated that the ploidy of fhe cells is not the
factor determining which cells become intfected and which do not.

The number of bacteria within each peribactercid membrane is
thought tc be under host control (Rart, (977, and varies hetlween plant

species, F. vulgaris has up to &, whilst peas usually | or 2 {Newconmb,

19812, It has bheen suggested thizs may be determined by the host
peribacteroid membrane (Verma and Long (1283>. As the bacteria multipiy

1

the mitochondria and amyloplasts in the infected cells are pushed to
the periphery, particularly ot the cell adjacent to the intercellular
spaces (Dart 19/5). Endoplasmic reticulum, Golgi and small cytoplasmic
vesicles are often seen in thin sections of newly-intected cells and

throughout the cytoplasm of more heavily-infected ¢

o]

ils, where they may
play a role in the synthesis of the plasma membrane as the infectec

cells expand.
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1.2.3. Root Nodule Structure.
{.2.3. 1. General Structure.

The development of reoot nodules varies, to same extent, with the
particular nodule ltype and between species, tas alrsady discussed:,

however all have basic structural similarities., Developing roof ncodules

enerally consist of:

or

e

a central region of infected celis interspersed with
smaller noninfected cells. The infected cells are packed

with bacteroids, which are enclosed in a plasma membrane.

fa}

1e

The location and

[

e

i

i

2, a meristematic region of dividing

lifetime of this region varies with different the ncdule

63}

3. an outer cortical layer, which may contain specialised

b

parenchyma cells, and contains & vaszscular system forming &
network around the centrally infected region of the nodule.
4. an outer laver of callus-like cells offen forming

lenticels or ridges around the cutside of the nodule.

The vascular system follows a similar pattern of development in

both nodule types, and this common develoapment is ocutlined in 1.2.3.2.,

J
(A

with the specific aspects deall with separately in 1.2.3. and

1.2.3.2. The Root Nodule Vascular System.

Pate et &1. (1969 demonstrated that a root nodule wasz capable of =2

nitrogen turnover 3-i2 times its own nitrogen content per day. As 1%




1
]
v

57}
ot
o
B
K
b
]
©
=2
D
—

does not  ac

{
f

cunmulate this nitrogen, the nodule require
efficient export system.
T

he peripheral vascular network of a rcot nodule covers only a few

percent of the toftal nodule surface area. Central nodule cells are

typically ©.3-1.3nm away irom the nearest vascular tissue.
strands develop to connect the root vascular tissue to the provascular
strands of the developing nodule. The etrands are initiated close to
meristematic zone, and torm as the wvolume of
infected tissue increases. Differentiation into xyilem and phicen
elements begins at the rool connection and progresses towards the
nodule apex. The typical vascular bundle consists of cenfritugally-

orientated xyiem elements, surrounded by centripetally arranged paiches

[oN
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o
n
o
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w
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of phloem. Each vascular strand has iis own endodermiz an
strip similar in structure, and joined to, the endodermis of the root
vascular system. Within the endodermis the nylem and phloem elements
are surrounded by pericycle, in some legumes cells in this pericyie

layer contain dense cytoplasm and elaborate cell wall ingrowths, and

are otten known ag transfer cells. These transfer cells appear to play

a role in the amino acid transport away from the nodule to the xylem,
and supply photosynthate from the vphloem to the nodule <cells
(Goodchild, 1877, Newcomb and Peterson, 1979, The wvascular bhundles

develop oufside the multiplying cortical cells to form a cleosed network

around the ocuter parenchymous region of the developing nodule.

Fach nodule has a further endodermal layar
the cortex of the root outside and beyond the endodermal layer of each
vascular strand, Cellzs outside the endodermis are moditfied in wvariocus

ways t

C

form a specialized corky layer ot cells with thickened wallis.



i

suggested that the layers ot thickened cells may provide

a ditfusion barrier which restricts the flow ot ouxygen in and out of
the ncdule. The outermocst layer of lenticels, or ridges of lcosely
packed cells, appear to play 3 role in gaseous diffusion, these are
located immediately above the wvascular strands within the nodule
(Bergersen and Goodchild, 1973a),

Pate et al. (1969) suggested that the conventional source:sink
movement of substrates in and cut cf the nodule operates; the zieve
tubez of the phloem import substirates, and follow the symplastic rcute

through the pericyle, endodermis and cortex to the sites of consumption
of sugars in the bacteroid tissue. Newcomb <(1976) suggested that

transfer cells, located next to the vascular cell in some nodules,

w

play an important role in this transport. Transter cells have ingrowths
in the secondary cell wall which increase the surface area of fthe
plasma membrane. Such cells are adapted for the short distance movement
of solutes. Pericycle franster cells are seen in the nodular vascular
bundles ot peas, alfalfa, clover and lupins (FPate et.al., 1969). These
transfer cells are thought to facilitate the movemen®t of sugars fronm
the sieve elements to the infected cells, and also faciiitate the
export of amides and amino acids to the xuylem elements of the nodular

vascular bundles. Pericycle, xylem and phloem f{ranster celliz have heen

1

reported in root tissue adjaceni to the nodule in pea, soybean, broad

bean, mung bean, and french bean (Newcomb and Peterson, 1979),

1.2.3.3. Structure of Elengate/Indefterminate Nodules,

Indeterminate nodules, such as those formed by peas and clover,

W

are formed by infection threads which turn back on themselves, at th

- 14 -




tip in the infected region of the nodule, towards the epidermis of the
plant releasing the rhizobia into the inner region of the newly formed
nodule meristem. New meristematic activity is constantly initiated to
form an apical meristem over a period of 5-8 weeks. The nodules are
characteristically oval in shape and consist of several distinct

regions:

l. an active meristematic zone close to the nodule apex.

]

a zane of intfection/invasion.
3. an early-symbiotic zone consisting of cells containing
dividing bacteroids and starch.
4. a late-symbiotic zone, containing cells tilled with
bacteroids, fixing nitrogen, pink with leghaemagiobin and
containing much less starch, than the younger cells.
5. a senescent zone,

The mature nodule can also be separated into zones by its colour;
the distal regions (1 and 2} are white, the middle regions (3 and 4
pink due to the leghaemoglobin content, and the proximal region %)
green/brown due to the degrading leghaemoglobin.

The active meristematic region consists of relatively small cells
with numerous small vacuoles, plastids and starch, few mitochondria,
and a lot of free ribosomes and endoplasmic reticulum.

The infection threads pass very close to, but not through, the
cell nuclei in the zone of infection. Newcomb (1976), sugggested that
the products of starch degradation are assimilated by the rhizobia, and
the cells may act as an oxygen sink or as a storage tissue where starch

may be metabolised. The infected region ot the nodule consists of large

cells packed with bacteroids and rectangular starch grains around the

..15-




cell edges, these cells are interspersed with smaller non-infected
cells which are, however, larger than those in the meristem.

The senescent region, close to the plant root, consists of dark
green—-black cells which progressively lose their cell walls and
degrade. The vascular system forms an open network irom the plant root

to the growing meristemn,

1.2.3.4. GStructure of Spherical Nodules.

Determinate nodules, such as those associated with soybean and red
kidney bean, are characteristically spherical, and have a shorter
litespan than the indeterminate, elongate nodules.

Determinate nodules are first visible as small, milky-white
protrusions, 9-12 days after inoculation. As they develop they form a
pinkish-coloured sphere which eventually degenerates 1into a brown
colour over a period of 3-4 weeks.

The infection thread grows inter and inftra cellularly through 5-3
layers of cells, passing close to but not through the nuclei.
Mitochondria and rough endoplasmic reticulum are often seen associated
with the infection thread.

The nodule forms 4 main radial zones; the cortical cells, vascular
strands, nodule meristem, and the central infected region.

The central cells in a young nodule consist of infected cells,
containing a tfew bacteroids in the cytoplasm, interspersed with smaller
noninfected cells, surrounded by parenchyma cells with large vacuoles.
The division of the infected cells is completed within the first few
days after intection, and the subsequent growth of the nodule is

largely due to cell enlargement as the bacteroids multiply. The non-

_]b_




infected cells in the intected region contain large starch grains which
are possibly energy reserves, and are gradually used up as the central
infected tissue enlarges with the rapidly multiplying rhizobia. The
nodule meristem surrounds the intected cells and consists of smail
cells with dense cytoplasm and little vacuolation.

As the rapid, mitotic activity in the cortical cells ceases,
symbiotic growth takes over. The bacteroids multiply within their
peribacteroid membrane causing the infected cells to swell.

The nodule is fully developed 18-20 days after infection. At this
stage the nodules have a pinkish external appearance with ridges of
white callus-like parenchyma cells around the outside. Within this is a
single layer of endodermal cells, many of which contain calcium oxalate
crystals (Frazer, 1942). A cambium-like cell layer separates the cortex
and vascular bundles from the central portion of the nodule, which
consists of swollen, infected cells interspersed with smaller non-
intfected cells with large vacuoles. The infected cells are packed with
bacteroids, and have very small or no vacuoles and a prominant central
nucleus. The non-infected cells, in contrast, are small with a single
large vacuole, a peripherally located nucleus, several large starch
grains, which decrease with nodule age, and peroxisomes which increase
in size and number with age.

The nodules actively fix dinitrogen from approximately the 10th
day after intection up to the 26th day. This usually coincides with the
pod-filling stage of the plant. The nodules then begin to senesce from

the centre of the nodule outwards.

..17_



1.3. THE BIOCHEMISTRY OF ROOT NODULES.

Spherical and elongate nodules share similar nitrogen fixation
pathways, atitising the nitrogenase enzyme in  the presence  of
leghaemoglobin  within the  bacteroids for reducing atmospheric

dinitrogen tc ammonia. The subsequent assimilation of the ammonia, and

the form in which the ammonia is transported from the noduies via the

wylem to the rest of the plant, differs between nodule spaciec

-"; .« . i = - a 'J, :. _-‘ is
1.3.1 Ener Requirements for Nitrogen Fixation

Although it is well established tha! nitrogen fization requiras
photosynthetic products (Bergersen, 1977; Evans and Parber, 1377, the

exact form of <arbohydrate supplied to the bactercids s not tully

@

etablished. All infected cells are adjacent to non-infected cells,

which contain large numbers of starch grains Whether these are
mobilized to provide a supply of carbehydrate to the bactercids i3 not

'
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ain.

The conve
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ot atmospheric nitrogen to ammonia reguires
Lj

("l

No + 2H" #8e =—=->2NH. + H. I5ATP  +  Be

¢.55 moles of glucose 21 moles of ATP) are fivatiaon

of 1 mele of nitrogen (Pate et al., 13980). The cost of nitroge:

fizxation to a particular legume varies with the exact metabolic pathway

o]
—ty

utilized, the presence of uptake hyvdrogenase and the efticiency

partioning of electrons.

17

Up to Z22% ct the net photosynthate produced by the host plant, may &

used during maximum nitrogen tization.

The enzyme phosphoenolpyruvate carbouylase shows a rapid
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in gpecific activity duwing nodule development <(Lawrie and Wheeler,
1276, This enzyme iz found in the cytoszol of legume nodules, (YVance,

1983) and its main function is likely te be

de

removed {rom the nodules by the bacteroids.

1.3.2. The Nitrogenase Enzyme.

Bergersen (1374> demonsirated that the bacteroids in legume root
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ary enzyme systems tfor the reduction of

nitrogen to ammonia. PBergersen and Turner ©1967) demonstrated that

nitrogen fixation was continued by bacteroids isolated from infected
nodule cells and was therefore independent of them.

The most important enzyme required in this system is nitregenase.

Characterised by Winter and Burris (19767, the niftrogenase enzymes irom

s
-
o+

R, lupini and R.japonicum are considered to be representative of a

nitrogenases. The enzyme iz made up of lwo components, a molybdenum-

ferrous-protein M, 200,000 confaining an acid-labile sulphur grounp, and

a ferrous protein M. 50,000-65,000 also containing an acid-labile
sulphur. Beth oxygen-zensitive metallo-protein components

for enzyme activity, excess oxygen resulis in  their irreversible
inactivation.

Nitrogenase requires ATP, produced by oxidative phosphorylation,
and an electron ftrangport system, to function efficiently in the
nodule.

The nature of fthe electron transport system i3 not fully
established; Robertson and Farnden (1980) suggest that 1t may be
similar to that proposed by Yates (1980} for Azcbacter in which NADH

and a chemiosmciic gradient across the membrane are uzed {o reduce a

— 19 _




Tlavadoxin

miguinone to its hydroguincne torm, which In Lwn reduces

nitrogenase.

1.3.3. Uptake Hydrogenase.

Dihydrogen iz evolved

o}
[
@D

result of the nitrog
tBulen and Le Compte, 19686). Although most strains of Rhizokium form

nodules which evolve hydrogen and release it into the atmosphere, there

are a few that form nodules which do not (Schubert and Evans, 197060
These strains recycle dihydrogen Dixeon, 1972}, hey contain  an

‘uptake' hydrogenase which is able to recycle the dihydrogen resultiing
from the nitrogenase reaction and therefore conserve hydrogen f{(Evansz ef

al. 1979y, The rhizobia which are able Lo

gy
bl_xl,

synthesize the necessary enzymes to activale and

transfer electrons vis the bacteroid electron fransport chain

[0a)

9

[,

azygen. Harker et al. ( 4> isolated the hydrogenase from B. japonicum

and demonstrated that it was compesed of Lwo subunits with relative
molecular masses of 60,000 and 30,000, The proximal electron acceptor
has vet to ke identified.

The possible advantages of this 'uptake' hydrogenaze are not fully
established. VYates (1980) and Albrecht et al., (1379 reported that
soybeans, Inoculated with K. japonicum strains able to synthesize fthe
uptake hydrogenases, could recycle the hydrogen evolved, although they
were able to tix more nitrogen and produced greater yields than ithos
inoculated with strains lacking hydrogen uptake capacity. Cunninghan
et, al, (1985) reported that the re-cycling of dihydrogen resulted in

no significant increase in plant growth, whilst Evans eft. al. (198%

demonstrated a signifiant increase in plant growth doe to the recyciing

O
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of dihydroegen.

1T

Attenpts are now being made fo

thup? genes in hup’ Riizobia and transter them to hup FRhizobia {(Evans

el ai.,, 18&7).

1.3.4. Oxygen Metabolism,

Onygen is required for the synthesisz of ATP in the bactercids and
the plant host cells. Bergersen (18382 showed that in excised nodules,

nitrogen fixation and respiration were markedly increased by oxygen

partial pressures above atmospheric, Marimum nitrogenasze aciliviiy is

w

however achieved at oxygen partlal pressures ot 40-50% that of
atmospheric level, higher levels inactivate the nitrogenase enzyne.

A diffusion barrier in the nodule periphery controls the access of
oxygen intc the nedule. This barrier, located within the nodule corten,

. Evans et al.

is sensitive lo envircnmental changes (Bergersen,

(1987) has suggested that the increase in nitrogenase activity at

1
i

ted in the nodul

[w}
i

[wij

periphery in response to ithe detachmenti of the nodules. However Minchin

et al. (1885 demonsirated that soybean and pea nodules were not

affected by the alteration of 21 and

oxygen partial pressures fo
30% atmospheric levels. Further investigation in this area is obviously

required to clarity this conflicting evidence,

1.3.5. Leghaemoglobin.
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A myoglobin-like compound, leghaemogleobin, facil

T, ~

diffusion of bound oxygen to the bacteroids, and iz responsible for the



istic pink coloration of roct nodules. A monomeric
weprotein of M. 15,000-17,000, leghaewmoglobin was thought to be,
with the exception of a 35 kD molecule detected by Verma and Lon
13982, the only molecule restricted te intected cells ot ihe rool
nodule. However more raecently VandenBosch and HNewconmb <1288) have
demonstrated the presence of leghaemoglobin, by immuno-gold labelling,
in both the intected and non-intected cells ot seoybean root nodules.

They thie leghaemoglobin was approdimaitely four times more

lt_‘}(

concentrated in the infected cells, but was present in the cytosocl of

both infected and nen-infected cells and in both types of nuclei,
was not however prasent in any other organelles of aither cell type. [t
has been proposed that the tunction of leghaemoglobin is fo facilitate

the diffusion of oxygen to the bacteroids at a suftficien

maintain aerobically supported nitrogen fization.

e

The globin or the apoprotein portion of leghaemcglobin, is coded

fer by the host plant chromosomes (Dilworth and Williams, 1969, Verma

et  al., 1881y, the protohaem moiety however is thought to b=
synthesized by the Rhizobium <(Godfrey e&¢  al.,

leghaemoglobin i3 encoded by a3 =mall multigene family consisting of

four functional genes encoding four major speciez of leghaemog
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The F. wvulgaris leghaemoglobin sequence has 78% homology with the

zoybean leghasemoglobin component 'a' (Lehfcovaara and Ellfolk, [974).
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On the basiz of its coding sequence Landsman et

proposed that  lesghaemoglobin may have evolved from a common

plant/animal ancestor.
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1.3.6. The Assimilation of Ammonia in the Host Plant Cells.

LaRue et.a/., (13984} reported that, in contrast to the infected
cells of root nodules, "there is littie information on the metabelicon
of unintected plant root nodule cells". There iz, however, sirong
evidence to suggest that several important metabolic pathways involved
in nitrogen fixation are located within these non-infecied cells.
Exceszs tixed nitrogen in growing media is known to depress nodulation
but, although the conirol of
is krown to play an impaortant rcle in the regulation.

imilated in the legume cytosci hy a coupled

¥

11

Ammonia 1s  as

zlutamine synthetases/glutamate synthase reaction, illustrated in Figure
(@] z b t )

.
ATP NADP~
NH, % SLUTAMATE $ GLUTAMATE r-keto acid
GLUTAMIRE GOGAT inctransferase
SYNTHETASE
¥ —GLUTAMIRE oxog lutarate - mino acid
ADP + Pi NADP + H*
NH, + ATP + NADPH = NADP* + ADP + Pi
+ ¥ 1+ a-keto acid + amino acid + H™*

Figure 1. The glutamine synthetase/GOGAT system for the assimilation of
ammonia in root nodules. From Dixon and Wheeler, 1986).

Measurements of glutamine synthetase (G5 and glutamate synthase

activity in nodules (Boland et.al,,1978;, Boland and EBEenny, 1977,

Dilwerth 1980 and the observations that the bactercids contain
1 ¥

relatively low levels of these enzymes and excrete ammonia, suppori the

zimilate ammonia produced in

suggestions by these authors that plants



e
b

nitragen fixation via the system outlined in Figure 1. Cullimore et
al, (1983) demonstrated that the activity of G5 in P, vulgaris nodules

was significantly higher than that in roots. Lara et ai. (1324

demonstrated that this rise was associated with the appearance of 2

nodule-specific f{orm of &3 in F vulgaris nodules, although the
increased levels in other nodules has not been associated with a
particular nodule-specific form <(the specific iscenzymes of GI are

described in detail in the following sectioni. The increased activity

ot 55 tollows a  similar time course to the accumulation of

leghaemogliobin and nitrogenase in the nodule {(Rebertzon et al,

Schubert (1885 and Pate and Atkins <1983}, have identified the
primary nitrogencus compounds experted from most legumes. The majority
of temperate legumes trom the indeterminate nodule forming group, of
which luping and peas are typical, export nitrogen in the {form of

amides, uch

6]

o
fi
[

asparagine and glutamine. The G5 reaction may be
coupled with the asparagine synthetase reaction to preoduce asparagine

as the export product,

L-GLUTAMATE Mg L-GLUTAMINE
.{,NH" 4 F\TP Lo EaNMEENMED SR RHE T i _;.ADP + PPi .

L-ASPARTATE L-ASPARAGINE
f.L_ (}L (['TA P’%I NE FESRErY S IS BN £ N B RN BN PR B B S e S | L _(‘TL U T‘AIVIA"I‘E
+ATP. + ADP + Pi.

Asparagine synthetase haz been detected in lupin nodules (Boland
et ai,, 1973y, Aspartate, which is a substrate for the asparagine
synthesis, has been reported fto be supplied by the aspartate

aminesaminase reaction in which oxaloacetate and glutamine react %o
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form aspartate and alpha-kefoglutarate (Scott ef al., 19872,
Tropice!l legumes, such as soybean, and kidney bean F vulgsrisl,

export nitrogen in the form ot the ureides, allantioin and allantoic

acid. These wureides have a higher nitro
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the amides asparagine, (2:4), and glutamine, <Z2:5%), and can therefore
use carbon more efficiently (Sprent, 1984). dUreide synthesis appears

e confined to the non-intected cells, where significant enlargement of

o

- - =+

the peroxicomes and proliferaticn of fthe smooth endopiasmic reficulum

are evident «Newcomb and Tandem, b, Peroxisomes in soybean nodules,
which convert uric acid tc allantoin, appear to be contined to the non-

infected celis «Hankz et &l.,1981). VYVandenBosch ef ai. «12856) using

uricase immunocytochemisiry, have demonstirated the presence of
in the peroxiscmes of non-infected cells in root nodules. fUricase and
xanthine dehydrogenasze, required to produce these ureides, arse not
generally found in roots and are therefore good examples of nodulins

reactions and the cellular locations of

il

Figure 2 outlines the propose

jol

n ammonia assimilation in ureide-producing

,,_,
o]

the reactions involved

legumes.

il

The ureides are transported from the nodules, via the =xylem fto th
leaves where they are degraded to release nitrogenous compounds to be

incorporated into proteins.
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.4, GLUTAMINE SYNTHETASE

In higher plants glotamine cynthetase (GE) plays a key rale in the

[«

assimilation of ammonia into organic nitrogen. GO can account for up to

2% ot total soluble protein in legumes and iz present in both the
cytosol and chloreplasts (Forde and Cullimore, §989) altho
of nedule G5 activit

7 1z present in the plant cell cytosol (Miflin and

a nunber of isoenFvmnic

]
?‘
U']
o+
.

cullimore, 1984». In F. vulgaris G5

G0,

forms which are made up of =izht subunits M, 41
i o)

of S5 rvise in conjunction wiith rhizobial infection, increase  In

leghaemoglebin <ontent and the onzet of dinitropen tixation in

vuigaris root neodulas {Lara et al. 1383,

Hirel et a/. (1984 demonstrated that the cytosolic 6% in
P vulgaris were immuneologically  ditferent from the  heavier
chleoroplastic G5, These fwo distinct chloroplastic and cyvfoszolic forms

have relative molecular masses ot 45 kD and 40 kD respectively, and can

be separated by ion exchange chromatography (Mchally and Hirel, [923).

Lara et af., (1384b) separated two isoenzymes ot G5 f{rom F
vulgaris which eluted at different positions on DEAE-Sephacel, bul were

both cytosolic, and had subunits with =imilar molecular massesz of 40

kD. However, oniy one of these isocenzymes had a counterpart in leaves
and roots, suggesting that the other was nodule-specitic. The o {old

increase in G5 activity which occurs during nodulation waz found fto b=
entirely due to the appearance of ithis nodule-specific form G5, ‘Lara
et al., 1984b>. These same authors used two-dimensicnal electrophoresis
(isoelectric focussing followed by SDS-PAGE) fo examine the composition

of the G5 isoenzymes in F. wvulgaris, They demonstrated that nodules




centained two G5 polypeptides of molecular mass 40 kD, «y and 8. They
reported that vy was nodule specific, and abszent in roocts and ;
whilst B was tfound in roots, nodules and leaves., A third 40 kD GG
polypeptide, «, was also detected in rcots, and at higher levels in
embryos (Ortega et al,, 19386, Padilla et &l. (1987) have more recently
detected this o polypeptide at low levels in nodules.

The nodule-specific G5 isoenzyme, G5,.,, has been shown to consist
ot both y and £ subunits, whilst G5, fTound in both roots and nodules
is predominantly composed of the B subunit (Lara ef aj. [984a).

A further plastid located G5 =zubunit F. vulgaris has been detected
in chloroplasts, «Cullimere and Bennett, 14988),

Rhizebium produces two G5 iscenzymes: & dodecawmeric iscenzyme
(G5,), and a hexameric enzyme <(GS,,). In hacteroids the dodecameric
enzyme 13z repressed by adenylation, and the hexameric iscenzyme ig
absent (Robertson and Farnden, 1980). The GS inveolved in assimilation

ammonivm from
origin.

Fig.3. Model to summarize
synthetase isoenzymes in F.
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i.4.1. The Genes Encoding Glutamine Synthetase

four tull-length ¢DNA clenes enceoding the cytasolic G5 subunits
wiich torm the isozymes, outlined in Figure 3, in P, vulgaris have been
obtained; pcGSua-l, peGBB-1, pcGiSy-i and pcGSa-1 (Gebhardt =6 af., 1286,

Lighttoolt et &/., 1988; Bennett et al., 19839, Thesc {owr cDNAs wer:s

1

1
L;J

isolated from different plant organs; pcGSp-1 and pcGBa-1 from

(Gebhardti et ai., 149865, pciSy-1 from nodulesz and pcG5d4-1 {rom leaves
(Lightfoot et ai., 15887,

The sequences were shown by Gebhardt et a7, to hybridize te

different restriction f{ragments, suggesting thatl they encoded mENAs

from different genes. This demonstrated that G5 iz

encoded by a small multigene farily containing at least four expreszsed

1]

genez. pcsSa-i, poEf~1 peG3y-1 and pctB-&. The <DNA cliones for th

cytosolic polypepthides, pocGsSoe~l,

and peGSy-1,were shown to zode

for the subunits with £5% or wore =zequence homeiogy. The &' and I
ends, however, showed almosi  complete  divergence. A S

pratection technigque was used to discriminate betwesn the similar GS
sequenceg, (Gebhardt et a7, 1936 and to guantiiy the difterent GI

mkNAs in total poly A" RNA from nodules roots and leaves. The authors

miMNA

demonstrated that pcGSy mRNA was only present in nodules, po
in all three organs, and pcGSa-1 mRNA occcured in roots and leaves only

More recently Bennett ef a/. <(1989) have demonstrated thess mRENAs

i

correspond to the different cytosolic polypeptides, and it thus appears

that pcGbhoa-1, pcGBR-1 and pcGSy-1 encode «, B and vy polypeptides, thus

forming @ multigena family of cytosolic G5 genes,




1.4.2, Glutamine Synthetase Expression in Developing Nodules. .

An 51 RNAze protection technique was weed Lo demonstrate the
i

relative abundancy of vy and B at different slages of nodulation
(Gebhardt ef a/., 1986}, They reported thal ithe abundance of the glng

mRNA remsined constant throughout nodulation whilst gin-y nRNA was

(=}

first detectable arcound 16 ays after incculation, and reached

i

maximum around {9 days. The increase in the y polypeptide tollowed this
se in mRNA levels and, Lthey suggesied ihat 1f was regulated by

inducticn of ihe G5 v gene. Gebhardt et al.

mRNA was confined to roots and leaves, and that this corresponded fo

the distribution of the « polypeptide, although Bennett er 7. 01989

have more recenti demonstrated traces of the « mBNA are present in
!

nedules and possibly decline during nodulation., This decline of the wo

KRNA is similsr to that cbserved by . Padilla et s7. 1987, whe also

demonstrated a simiiar time coursa2 of events to thouse reported by

Gebhardi et af. «198B) using In vifre translation of the producihs of

Ty

vulgaris mRNAs

1.4.3. Assembly of Glutamine Synthetase Polypepiides in P. vulgaris

Root nodules

Initially it wag suspected that the y and B G5 subunits assemblied

into either a y rich octamer, in the case of 55,,,, the nodule-sp

, or as £ subunits alone in the case of the root and nodule located

GS G5, [+ has, however, been suggested that all nine possible
combinations of y and B subunits Vo, veB Vel Yalba, ¥OEL,

VaBe, B, Bad may be precent in nodules <{Robert and Wong,

Using ion exchange HPLC chromstopraphy Cullimore and Rennett (19sgy,




have reported up to three activity peaks o!f <

vuigaris, cne containing a high proportiion of vy subunits, a second with

approximalely equel amounts of y and §3 zubunits, and =&

polypeptide haz yetl to be

W
i
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=
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of all B subunits. The ass

fnvestigated.

1.4.4. The Regulation of 65 Gene Expression in. P, vulgaris root
nodules.

Mutant strains of Rhizebjum which induce trace amountis  of
leghaenmoglobin, have been reported to induce Llrace amounts of  the
nodule-specitic G5, (Lara et al,, [384a>.

Fix mutants of Fhizoblum or Bradyrnizebium, which produce non-

tixing nodules, have been reported to contain lzseg than 5% of
nodule-specific G5,,,, found in normal nodules, and 50% less of the roeot
ra et &i., 1984by. Padilla et a&f. 11987>

and nodule located G5 I

AR}

W)

have however reporied resuifzs which indicate that the <G8 polypeptides

3 days or more in advance of nitreogenase activity, and cou

therefore be independent of dinitrogen tization. These observations and

of the in situ hybridization and immunocyftochemisfry results in Chapter
9.
1.4.9. The Expression of Chimaeric Glutamnine Synthetase Genes in

Transgenic Plants.
The differential expression of the genes specifying the y and & G5

polvpeptides of F. vuigaris has been demonstrated in

corniculatus plants. Forde et al. {1989) demonstrated, that a tragment

- 30 -



of approximately 2 kb {from the %' flanking regions of the ginff, and

gin—y genes f{used to the bacterial B-glucuronidase 3!

in the differential of  GUS  zene in  transgenic L.
corpicuiatus planis, of  the P vuigaris G5 flanking

regions was therefore demonsirated to play a major role in controlling
the expression of thesze G5 genes In F. vulgaris

Plant lines containing a glni-3/6U5 and two ditferent gin-y/GUS
wro demonstrated to express the GUS gene (Forde er &i,
1989). The gin-y/GUS {usions were; a transcriptional fusien (line B,B.»
which contained 52 bp of the 5' flanking region of the gli-y gene so
that the transiational codon was supplied by the {irst ATG codon of the
GUS gene, and a translational fusion <lines J, D, and < E,» which

contained an additicnal 44 bp of the 5' flanking region and the first

24 bp of the G5 gln-y coding seguence. Plants containing the gln-§

constructs all contained the same translational fusions consisting of

1.7 kb of the ging 5' flanking region and the tirst 19 basee of
coding seqguence. The =patial patterns of expression of

consructs in transgepic L, have

invesgtigated in this work using in situ localization technigues

-~ 2

1.4.6. The Expression of G5 in Root Nodules of Other Legume Species.
Genomic and mKNA sequences for G5 have been reported for nine

higher plant species in addition to those in 7 vulgaris. A single fornm

ot nodule-zpecitfic G5 holoenzyme has been detected in soybean nodules

{McParland ef¢ al., 1376}, Sengupta-Gopalan ef al. (1986), using a F.

vulgaris 35 probe, demonstirated that GS mRNA levels in soybean nodules
_31_



began Lo increase approximately 12 days atfter infection., Verma et &l
(19386, demonstirated that an abundant form of G5 was localized in the

infected cells of soybean root nodules.

—
-
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]
-

Two isoenzymic forms of G5 have been detected in aifa
rodules, one of which is nodule-specific and is distinguishable f{ron
the other by ils insensitivity to tabtoxinine-B-lactam in vive (Knigl

and Langston-lnkepfer, 1988). Groat and Zchrader <19

up to 10 cytesolic torms of G5 polypeptides in aitalia,

Five distinct G5 polypeptides have aliso been

(Tingey et al,, 1987), although all were present in boih roots and

nodules, and suggested that there was increased exprassion

with nodulation, but no evidence of ditfferential induction.

GE5 activity has alszc been demonstrated to increase significantly
during the development of root nedules in lupin (Keberizon ef al.,

1975b>, and evidence has been obtained in fwo lupin species {or the

existence ot 'nedule-specitic' G5 genes (Konleczny et al., 1985
-_ 3
32




1.9, IN 51TV LOCALISATION TECHRIQUES

Much of the intformaticn concerning the expression of G5 in r:

nodules has been obtained from work using homogenized nodule tissue
One of the unique characteristics of the Rhizobium/legume symbiosis is
however the development of specialized noduies, which represent 3

unique combination of infected and non-intected cells which

have wery different metabolic tunctions. Homogenization fechnigues are

unable t«

pors

demonstrate any differential gene

different rcel

)
\
—
-
-
=
1]
)
£
-
-+
P
)

any degree of clarity.
technigues allow these specific ceilular differ

and, in combination with immunocytochemistry,

provide important insights into the contrel of

mRNA and protei

e
(53

D
-
=
s
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1.5.1. Hybridization to mRNA.

The first 1 of successful fa sitw hybridizations, involving

J
"U
)
-~
-
0

the use of DNA probes hybridized to mENA in tissue sections, were made
Independently, by Gall and Pardue <1969} and John et al. <1369).

The technique of In situ hybridization provided a novel method of

locating and examining the expression of mRNA in tissue. As the methods

for DNA puritication, probe preparation, and probe labelling progre
rapidly, the use of in sifu hybridizaftion on animal tissues increased
in parallel. Techniques advanced to the use of cRNA probes in addition
to the cDNA probes, and methods were also introduced for non-isotepic
labelling of probes (Ward et ai., 1935, Eresser et al., 1387}

The application of the technique to plant tissues and cells was



plant
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recently £

and cRNA

first to report

here have been
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further

cell hybridizatlions using both radiolabe

(5570 and Smith et ai.
hybridizatiens on plant
reports of the use of

Iled cDNA (Mseks—Wapner

(Comal et &l. 1989 probes.




1.0, AIMS5 OF THIS RESEARCH.

This introduction has illustrated the value of nitrogen fixation
by legumes, both as a commodity in itself, and as an ideal model in
which to study the control of plant gene expression through the
symbiotic plant-Rhizobium relationship. The role of G5 in legume root
nodules has been demonstrated to be one of major importance.

It has been established that genes specifying the three cytosclic
GS polypeptides (gin-«, gin-B and gin-y) are differentially expressed
in developing nodules. Until now very few studies on the expression of
the G5 genes have been able to demonstrate the cellular location of the
polypeptides.

Research has been carried out with the aims to;
I. describe the major morphological and ultrastructural factors of F.

vulgaris root nodule development.

3]

establish in situ hybridization techniques for F. vulgaris root

ncdule tissue by;

(i optimizing fixation, embedding and sectioning methods.

(ii) preparing suitable ckRNA probes,

(1ii) investigating the non-isotopic, photo-biotin method of praobe
labelling

(iv) optimizing the in situ hybridization conditions as for F.
vuigaris root nodule sections.

3. use this optimized in situ technique to demonstrate the differential

temporal and spatial patterns of expression of the gln-«, gln-8 and

ginma genes.

4. demonstrate the cellular locations of G5 iscenzymes in developing P.

-35_




(s}

vuigaris root nodules by immuncytochemistiry.

investigate the expression of G5 genes fusions with B-glucuronidace

(GUS) in transgenic Lotus corniculatus plants by,
(i) in situ hybridization

fi1) immunocytochemizstry

> 1

compare results from 3, 4 and 5 and consider the o

fTemporo-spatial

F. vulgaris rool nodules.

(i11) histochemical staining of GUS enzyme activity,

the ditfteren

in

dJevelc
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2. MATERIALS AND METHODS

Z. 1. TISSUE PREPARATION

2.1.1. Plant Growth Conditions.

2.1.1.01. For Fhaseolus vulgaris.

Fhaseolus vulgaris L. cv. tendergreen seeds obiained from Dr.B.Ferde

alion), were washed tor 1 minute (min® in

wamsted Laperimenial

78% ethanol «with stirring? to remove the wany coaling trom the seeds,

in 4% sodium hypochlorite for -2 min, washed % times in

distilled water and soaked for 30 min to © hours (hy,

The sterilized seeds wvere sown in a l[:2 parts

Ml

sand: gravel mixture, with approximately 9 seeds per [0 inch pot. The
pots were placed in a growth cabinet with a 12 h dey, 28Y daytime

temperatuwre and 25% nightime femperature, at 28000 Jux (200-30C p

Pots were incculated at the time of sowing and agein at
approximately four days after sowing, with FRhizobium phasecii stirain
3622, Rhizobia were culfured on a YM agar slope (1L agar con
0.9 K.HPOQ,, 2.0g MgsO,. 7H.O; 0.0 g NaCl; 19,9 g mannitol; 0.4 g yeast
extract and 15 g agar’?, and were resuspended by the addition of sterile

water to the sleope when required. The cell suspension obtained was

diluted to 50 ml, and each pot inoculated with 10 mis. The plants were

o]
—
b
o]

watered with Reading nutrient solution <(a modified Hoaglands s
containing; MgS0,, 7H.O; K HPO,., Ferric sodium EDTA; K,.50,, made up in

tap water which was assumed to contain sufficient micronutrients for

— 3 7 —




plant growth and nodule devejopment.

Whele plants were harvested at 10, !4, 17, 21, 24 and 338 days
atter inoculation. Atter harvesting the roots were washed in distilled
water, the smaller young nodules were cut off at ithe root te leave jusi
the nodule, or were cul off with approzimately 2 mm of root attached fo
the nodule. The larger nodules were cut off at the root and then cut in

half, to allow belter penetration of fixetive and embedding material,

in some cases very large nodules were cut intn three parts,

-

i.1.2. For Lotus corniculatus

1653

Transformed Lotus corpiculatus plants cv. Leo obtained from br B

were grown in Petri dishes (radial axis vertical: with the lower half

blackened out. The plants were grown on agar slapes containing the
constituents of Fahreus solution; A 10 » stock contained; I =z

CaCl. 2H.O; 1.2 I g KH.PO,; 1.5 g Na,HPO,. 12H,0; 0.05 g

e

ferric citrate. Plantse were =subculfured every [-2 weeks, with the

rnodules remeoved and fixed; the remaining part of the plant was ve-

inoculated with Ahizobium Ioti, and grown at

cec”' on a 16 hour day.

2.1.2., Fixation.

FPhazseolus vulgaris cv. tendergreen, plants were grown f{or 10-28 day

A2

before the nodules were harvesfted and {ixed., Nodulegs were washed in

distilled water, blotted dry and zut in fixative fusually in halt). To
find the best tixative for both cell and RNA preservation the tollowing

fikation methods were used,

_‘36_




Table 1. Tissue Fixation Conditions.
Fixative time / temperature Izt wash

EtCOH/30% HOAc 20 min  R.T. 70% ELOH

2. 95% EtOH/5% " i% min " EEyA "
3. 75% EtOH/25% HOAc 19 min " 75 "

4. 1O0% EtCH 48 h -850+ 100% ELOH

G, 70% EtOH/. cdH..0 20 min 4vC 75% EtOQH

. 100% Methanol 20 min 70% EtOH 4w
7. 100% Acetone 20 min —20°C 0% EtQH 490
5. B9% Acetone/50% 20 min -207C H0% EtOH 4C
methane!
3. 4% para in PBE 20 min E.T PES
10.4% pars in FES 20 min 470 PES
11.10% formald, 790% 20 min  4YC PRS
methano!
2.2.5% para. in PBS 30 min R.T, PRS
13.1% glut, in ©O.05M 3 h ROT. Cac. Buffer.

cacodylate buffer,

14. 1% glut. in PES 3 h R.T. PES.

para -~ parafornaldehyde, made up freshly each

buffered saline, <210 M NaCi; 2 mM KCI; 8 mnM

NaH_FG,; 0.01%  Thermosol; 0.08%  Tween 20, pH 7.2, Glot -
glutaraildehyde, (TAAR iab. eguipment:. EtOH - absolute ethanol, HCAc -

acetic acid.
A second set of tixations were carried out using the above

conditions except the fixafion fime was increased to 6 hours followed



by a | hour wash.

For fmmunocyiocchemistiry tissue was tixed for fow hours in 2.5%
glutaratdehyde and 1.%% paratormaldehyde in 0,05 M sodium cacodylate
buffer, then washed overnight in the same buftfer. For structural and
ultrastructural studies tissue was fixed as for immuneocytochemistry,

and post-tixed with 1% osmium tetroxide for {four hours.

Z.1.3. bDehydration and Embedding

3.1, Dehydration

After {ixzation and washing, tissue was dehydrated startin
appropriate alcohol dilution. The full alcohel series was [2.5%, 20%,
50%, 75%, 95%, and 100% dry alcohol, with a 2 % 12 min incubation in

each concentration and 4 » 1% min in the

2,1.3. 2, Embedding

sue was infilirated over 4-& days at

Vi

For Iin situ hybridization ti:
37°C with PEG 1000 (polyethylene glycol M, 1000 obtained from BDH).

After 2-3 changes of 100% PEG, tizsue was placed in plasfic

capsules (TAAB ), with molten PEG, then placed on ice to set. Embedded

material was stored aft 4°C until required.

For immunocytochemistry tissue was intilftrated with L.RE. White

(London Resin Co.?), over Z-3 days, after 3 changes of frezh resino,

tissue was placed in plastic embedding capsules with fresh resin,

~
e

covered to exclude any air, and polymerized at Y0YC overnight. Ti

£
0
i
[19]

for structural and ultrastructural studies was embedded in Spurr resin
(TAAB), using the same procedure as for L.R. White embedding, although

capsules were not covered during polymerization.

._40_




2.1.4. Sectioning and staining for RNA.

._,,
un
o

[

1O PEG sections were cut with a steel knife, using a Leitz
microtome; they were dried down on subbed slides (washed =lidec were
subbed with a ¢.2% gelatine (BDH), 0.02% chrome alum solution, Aldrich
chemical Co.? and stained with acridine orange (Sigma? and methyl green
pyrenin, to asses the relative RNA content of the tissue after the
different fixation conditions.

Staining protocols were as follows:

Acridine orange <taining, sections were stained <in 0.5 mg/nl

acridine orange made up in 0.2 M glycine-HCI pHZ. 0 for in the
dark then washed for 2 x5 min in 0.2 M glycine, mounted in
gy '

Cittifluor tAgar Alds), and examined under a Nikon f{lucrescence

microscope using a blue excitation til

Methyl green pyronin staining: Sections

codium phosphate buffer pH 6.0, washed in water tor % min, then in
Walpole's butfer pH 4.8 parts 0.2 M sodium acet ;o 40

acetic acid), and then stained in meithyl!l 2reen pyronin, 4
J £ S 14

arts 2% aq. pyronin; id-parts glycercl;, Z3-parts

methyl grean; 4-n

Walpole's buffer pH 4.8.) for 20 minutes. After staining ithe sectionsz

were briefly washed in Walpole's buffer, bRlotited dry, and taken fthrough
;1 acetone:Histosel {Agar Aids), Histasol, and mounted in Histamount.

Control sections were incubated in the above phosphate buffer for |

hour at 37°C, ftfurther conirol sections were incubated under similar

J

}in phosphate buffer.

conditions with 2.5 mg/ml RNase A {(Signma

B

&

were examined wnder bright field illumination for the presence of RNA

et

shown by the degree of pink staining.

5

Sections stained with both acridine orange and methyl gareen

__41 -
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pyronin were scored on a scals Laining of ENA as shown

up by the 2 stainz, and for for each particuiar

fixative.
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2.2. PROBE PREPARATION AND LABELLIRNG

2.2.1. Preparation, Labelling and Testing of c<DNA Probes

202,11, Preparation of Glutamine Synthetase cDMNA probes
7

A 140 bp Hindlll/BgzI11 fragment was excised from the ' flanking
regien ot the gin-B <DNA clone, and a 200 bp Resl/Fstl fragment from
gin—y cDNA. After the digesis the DNA was electrophoresed cvernight on
ht D% acrylamide gel.

The exncised fragments were then electroeiuted from the geal as

The gel was stained in 500 ml elution buffer (0.5 M Tris; 0.25 M Acetic
acid, pH 8.03, containing 100 pi 10 mg/mi; ethidium bremide VYor 30
ninutes, then washed in 900 ml of the s=same buffer for 1% nin. The

1

appropriate inserts were cut cut of the stained gel under

light, and placed in a siliconized, (11 mm  diam. »,

containing 1 ml elution buifter. The gel siice was franstferred to pre-
washed# dialysis tubing <size 2-18/3C2) and tied al both ends ezciuding
air bubbles as far as possible,

#Dialysis tubing was washed by boiling in ! litre 2% NaHCQO,, [ mM EDTA

then beoiled for a further 10

ot
—
p—
—
FU
[o9
5
o
-1
o
-

for 10 min, rinsed in distil

minutes in 2.1 mM ERTA, then stored at 4%C in ethancl, 50% | md
EDTA.

lysis ftubing containing the gel fragments was partially
covered with elution bufter in a baby gel tray, and eluted at 210 V (13
V/icmy for 1-2 h. The current was raversed for 1 min at the end of the

electroelution to remove any DNA stuck to the tubing. The butifer wa:z

then transferred from the tubing to ¢ Eppendort fubes and a2bhancl




precipitated by adding 1/20th the total volume 4 M ammonium aceiate,

fol

ollowed by 2.5 volumes of ethanol, and left at -20vC overnight. The

tollowing day the tubes were spun for 15 min at 4%C, supernaltant

drained otff, and the pellet washed in 75% ethanol!, spun for 5 minntesz,

drained and vacuunm desiccated. The final peliel was dissclved in 10 nM

Tris-HC! pH 2.0, o. 1 mM EDRTA. <TLEY.

Lo-Riotin Label

1§ N o JONp
LINE 01 SUOsEs

A Photoactive biotin was obtained from Vector Laboratories and was

inftially tested on pUCY plasmid DNA. An equal volume of
Laboratories 'Photcoprobe’ was mixed with % pl €5.25 pgr cDNA probe in
sterile distilled water (S5DW) under s=sate light illomination.
mixiure was then irradiated for 40 min, using a mercury tungsten 500 W

lamp, with the sample 15 cm below the lamp and maintained on ice with
i)

The lsbelled probe was purified as follows; the probe + bigtin wasz
I } |
made up to 100 pl with O L M Tris-HCL pH 2.5, then [00 gl Butan-Z-ol

was added, th solution was mixed, spun for 2 min fto separate the 2

s
¢

layers, the upper layer discarded, a turther [00 ul butan-2Z-o0l wasg
added, mixed, spun and the wupper layer discarded, the remaining

solution was ethanol precipitated {ags  outlined {ollowing the

electroelution of DNA tragments). The resultant pellel was resuspended

Pl

in 10 mM Tris-HCL, | mM EDTA and stored at -207C untll reguired.
2.2.1.3. Biotin Detection.

&

A Biotin detection kit (BRL> was useac

-

biotin incorporation intc the plasmid DHA,



I
y

=5

otinylated DNA standards.
The standard protocol as suggested in the kil was {allowed uzing
alkaline phosphatase and substrates:
Detection strips; 0O-1 ng of biotinyiated DNA was deotted onto
nitroceliuloze strips in 5 pl aliquois <hiotinylated DNA was diluted to

the appropriate concentrations with § x 55C, diluted {from 3 stock of 20

)
=

SCy 3.0 M sodium chloride; Q. sodium citrate, pH 7.02. FIi

{ vy 5 ¢ & CHEN s o sTaicde
o3 vacuum veno ool 1-2 h at 80°C,

e
B
=
ay

—
-

1e Phosphatase Detection; filters were rehydrated tor | min

in buffer [ .1 M Tris-HCl pH 7.5; 0.1 M NatlL; 2 mM MgCl., 0.058% v/v)

Triton X-1CQ7, then incubated for 20 min at in buffer 2, 3% J{w/v?

bovine serum albumin, <(Sigmar, in buffer ). Filter sirips were then

blotted dry and dried in a vacuum oven {or minutes at 807G,
Filters were rehydrated in buffer 2 for 17 min I ml 2 pg/ml BRL
streptavidin in buffer 1 was then applied to the filter sirips and
incubated at room temperature for 10 min, in a sealed bagz. The =zirips
were washed for 3 x 3 minutes in a large volume of buffer |, tollowed
by a 10 min incubaton in I pg/ml biotinylated calt intestinal alkaline
phosphatase (Ri{otin AP). The filfter strips were washed in butftfer | {or

2 % 3 minutes, then buffer 3, 0.1 M Tris-HCL pH2.5; 2.1 M Nall, 90 mM

!

]

e

i, for 2 x 3 minutes, followed by incubation the BRL dye
solution which was prepared by adding, ©.3 pl NBT nitro-blue
tetrazolium, 75 mg/ml in 70% dimethylformamide?, and 2.5 ul BCIP (5~

bromo-4~-chloro-3-indolyl phosphate, 50 mg/ml in dimethylformamide’, to

750

i

The filt

i

pl buftfer

O

rosiripse were incubated in the dark tor [-4
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2.2.1.4. Hybridization ot cDNA Probes on Filters,

Preparation of filters; pBR3ZZ plasmids containing o, B and y (R~
2, R-1 and N-1) probe sequences tas illustrated in section 2.2.2), were
linearised with FEcokl. The linearised plasmids were denatured by
placing in a boiling weaterbath for 5 min.», and transferved onte a
"Biodyne' filter which had been moistened in 2 X 55C, using a Biorad
‘dot blot' apparatus. The filfter was then subjected to the following; 1
uration solution, 1 4 D min in I M Tris-HCI pH 8.9 and
P ¥ % min in [.5% M NaCl, air dried, and then haked at 30°C for 2 h.

Hybridization conditions; biotin labelled G35 probes were

3
o
=

S
[
—
™

T
o
ol
O

linearized plasmid DNA containing the fargef inser
fized on nylon 'Biodyne' filters.

The following hybridization conditions were used; pre-
hybridization soclution; 5 X Denhardts (diluted from a 50 x =stock of, 1%

ficoll 400, 1% pelyvinyl-pyrolidone, {% Bovine Serum albumin® sclution,

5K S5 tdiluted from a solubtion ot 20 2 S83C, 3 M sodium chloride, 0.3

M sodium ciftrate) 0.5% 8DS dfrom a stock of 0% sodium dodeccyl

sulphats), 100 pg/ml  denatured herving sperm DMA, 45% deionized
formamide, 2% mv sodium phosphate and 5% dentiran sulphate (Zigma).

Filters were incubated tor 2 h at 42+C. The denatured, hiotin labelled
probe was then added and the {ilter incubated overnight at 4z-C.

Washes were carried out as follows; 2 ¥ 5S¢, 0.1% 305, 2 X 15 min
at  room  temperature, .2 X 55C, o0.1% 5D5, 2 X 1%5mins at roonm
temperature, .1 X 35&5C, 0.1% SDS, 1 X 1% min at 65*C, followed by a

Y

rinse in 2 X S55C.

Further hybridizafion fests were carried out usin

plasmid concentrations. The linearized plasmid was fixed fo the nylon



filter using a hand held ultra viciet light rather tnan baking a: =@
tor ¢ hrs. This was demonstrated bv Khandjian ¢1927 to b2 an improvad
methecd for tixing DNA fo nvlon fiiters.

2.2.2..Construction of cRNA Probes

2.2.z.1 Preparation of inserts

—
s
19
1
U
-
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ction maps in Figure 1 shtiow the location ot the inserts uzed
to censtruct cRNA probes.
Figure 1. Diagram to show the location of the probes used for the in

situ hybridizations.

Res |
Nde |
¥a 1
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iy probe, a Aszl/rFsti fragment rrom the ' {.anking rezlion.

a fAindl1i/Bglll tragment trom the %' flanking reg.on,

and a Fohki/Bamil rragment trom the ' tfianking

]
-
m
"
e
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(iii:.a probe, a 8giil/EcoRl tragment trom the 5' :ianking region.
Fragments were excized frem c<DNA ciones with *ne approprists

resiriction enzymes. The Foil diges+ for the B probe iern stizicy onds

whiziz required filling in with Ki2now fragment o1 DNA pelymer=3e |

prior to the second faml! digest. The Klenow irea-ment was




as tollows: the previous digest was heat ipaclivated tor 10U min at
55 bhen 11 onl 1 mM dNTP was added a mived, o waed by 5 U Klenow
t;r ' 1| 11 ! i 1 Mool rp Wwao dded and v i , 1lowe I 3 50 ] 3
and a 15 min incubation at room temperature. The reaction was stopped
by the addition of 2 pl 9.5 M EDTA, tolliowed by [0 min &t 250 to heat
inactivate the aenzyme, and the digest cansferred to ice immediately.
inactivate the enzyme, and the digest transierred | mmediately
After propan orecipitation, of the DNA the secon restriction was
After propanol precipitation, f h ODNA, th d trict
carried out.

[~}

he o and o' B

™

2. Preparation of the Plasmid Yector.
The 'Bluscribe' (pBS) vector used, was obtained from Stratagene
and contained T3 and T7 promoters flanking the cloning sites.

The following digests were carried out on 1.2 pg vector DNA for
each insert;

Table 2. Vector digests for subcloned cDNA fragments.
INSERTS VIECTOR promoter linearised with;

Digested with

Q EcoRI/ BamH] T3 Feo RI
308 Emals Bamil ™ EcolRl
5 B Hindl11/KamH! T7 Hnd 11!

y gmal/ Pstl T3 Eco Ri

The promoters llsted above produce the probe or sntisense complementary
probes for in situ hybridization.
Ligation of probe fragments to vector DNA. A target lization

consisting of the vecior + probe and a self ligation of
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were carried out tor each tfragment
The ligations were carried out in the following solutions

Target

U (BRL> T4 DBHNA

sterile

ligations,

distilled

Loul cut vector DNA (25 ngl, 1 pl b ngs insert DHa, |
ligase, 1 ul & X ligation cocktail, made up to 5 pl with

water. Sell ligations were the

ithout the insert DNA. Incubations were carried out st 14°C overnight.

The tollowing morning the reaction was stopped by adding 44 pl T.E.
buffer and 1iul 0.5 M EDTA and the s=olution stored at -—-2070 unti|
required,
2.2.2 3. Preparation ot Competant Cells and Transformation

Frozen and fresh competent cells were prepared from IMIO! and
JM83 cell lines bacterial cell lines using the following methods.

Preparation of frozen competent cells; An overnizht culture of Z5
ml 2 XL broth + glucose (20 g bactotryptone, 10 g ct, 1§
HaZl, dissolved in 1:1 adjusted to pH 7.2 if necassary, and
autoclaved. 1 % (v/v> 20% filter sterilised glucose was added betore
use) in a 280 ml conical flask, was inoculated with & single colony of
JM1I01  or JMB2 and shaken overnight at 30¢C. 100 ml 2 XL broth pre-
warmed to 30+C in a3 500 ml conical flaszk was inoculated with { ml of

the Q/N culture,

200, 25,

read (the Ol
this =tage | ml
(shaking) to an
ice/water, and

shown considerably higher

(Iml was

left on

and incubated at 3070 for approximately | h. until the

remaved from the culture at intervals and the OD_..
ot 0.2% toeck approximately 25 min to be reached), At
J

2 M MsCl. was added and Lthe culture

ODw,o=0.45-0,58, The cells were

ice for 2 h, (in some cases cells lett

levels of competence).




=

Cells vere pelleted in sterile 40 ml (plastic) tubez at 5000 rpm {or
min at 4-C, and the supernatant discarded. Cells were again gently
hali the growth volume, 12.% i ice cold Ca+'/Mn
solubtion (Ca="/Mn-";tor 50 ml, 40 mM-0.Z7 2 sodium acetate, [30mM-1. 10z
CaCl,. 4H.O, 70mM-0.59 g MnCi,. 4H.O, pH adjusted to 5.5 with HOD, and

e

the colution tilter sterilised through a 22 pm filfter and cooled on
5 1C ol

ice, made up freshly). Ceils were incubated on ice for [-Zh, then spun

at 2002 rpm for 5 min ol 4°C, (good competent celis should farm a

[

~e

fety, o

-

doughnut shaped pe

Iz were gently resngpended in /.

initial growih volume <2.% ml/tube. >, in Za”

19% gilycercel. 0.3 ml aligquots were L(ransferred inte .5 wl bEppendort

tubes and frozen immediately in Piquid niirogen,

The preparation of tresh ccowmpetent cells; 100ml ot 2 X YT media

o

was ineculated with IMICL or IMBZ and incubated overnight at G

without shsking. 25 ml of pre-warmed 2 X YT bkroth in a conical flask
was innoculated with 0.5 ml of resuspended G/N culture, and incubated

I-1.5 h. with shaking, until the ODi.e was G 3-0.4, Cells were pellatad

in a Beckman 5834 rotor at 5000 rpm for 4-5 min at

The supernatant

1

was poured off and the cells gently resuspended in 172 the growth

volume (12,5 ml} 50 mM ice—cold calciuwnm chioride and left on ice for 2o

d and gently resuspended in 1/i0th the growth

‘
<

[p]

min Cells were re-pellet
volume ¢2.5 ml}) ice-coid 50 M calcium chloride solution, then ussed {n

he transformation.

e
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transtormation was carrisd out on cut

[

Transformation: An initia

diluted Lo
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b
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0
]
ol
P
<
ol
5

and uncut wvector to test fthe competence of

Lions;

oy
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(i), Uncut vector to 3 concentration of 10 pug/26ul in TE buffer,

o]

(112, 0ut vector to a concentration of { ng/ibupl.

50 pl aliguots of competent cells were added to the 2% ul diluted DNA
at 40 (on ice in 1.5 ml Eppendorf tubes).

The cells + DNA ware left on ice for 30 min. .9H m! 2 ¥ bhroth +

gluccse was warmed to 37°C in sterile (metal capped) glass tubes, Cells

(=)
were  heat shocked at 37°C for & win, then added to the pre-warmed

2¥XL broth + incose, shaken for 80 wmin at 3I7%C. (an appropriate time

for pouwring plates). 1omls bottom agar was melied and kept at T4C,

ml per trancsfection). After the 90 min incubation was complete, 1 ml of
bottom agar was mixed with each 1.5 ml cultiure in a 429C water bath. 50
pl 2% X-gal in dimethyvl formamide, [0 pi 100 mM IPTG (24 mg/ml in
sterile distilled water) and 7.5 il 20 mg/ml ampicillin were quickly
added and poured onte L-agar plates containing 100 pg/ml ampicillin.

Plates were incubated O/N at 37+0 and the cclenies counted the

following day.

Biotting.
P

Preparation of immebilized colonies on filters: Twenty small white

¥

colonies f(suspected fransformants), were transferred to an L-agar

¢

master plate and fto Schleicher and Schnell 82 mm 045 um pore size 3.1

me grid on a second L-agar plate. The plates were incubated at 377




-, then stored at 4°C uantil required. The grids were then used

v

Joe
~~
'l

for the «colony hybridizations v order to identity
containing the correct G5 fragments.

fFilter hybridizations: Preparation of filters; grids on which
I P8

transformed colonies had been grown were remeoved trom the L-agar plates

hani

nd transiferred to a series of

o

etri-dish lids contsining filtec papes
soakad in the following; 0.5 M HaOH;, I M Tris-HCl;, pH 7.5, 2 X & min,

Sl 0.5 M Tris—-HC I X % min. Grids were allowad o aily

-

=
oy
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dry, then baked at 80°C {or 2 hours under vacuum.

Preparation of probes; the 4 cDNA Vragments corresponding io those
subcloned in to the pBS vector were pooled, and ““P-labelled using the
Amersham nick translation kit to wuse for hybridizetion to  the
immunomebilized colonies. The pooled {ragments were incubated in; 2 pl
d=GTP:dCTP: 4TTP, [:1:1, nucleotide buffer; 250 ng pooled clNA prcobe in
5 pl TLE buffer, 2 pl sterile aistilled watar, | pl nick transiation

enzyme, DNA polymerase, [ Pl dATP 3000 Ci/m moler, at 157C for 2 h.

Following the 2 h incubation the nick transiation scolution was passed
over a 2.8 ml Sephadex G50 column and 100G pl fractions were collected.

The fractione containing the labelled cDNA were combined and trozen at
-202C until required for the colony hybridizations.

ilter Hybridizations: The Hybaid I blot processing

Ltd.> wes used for pre-hybridizing, hybridizing

2
Ci
g
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]
oy
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nitrocellulose filters. The tilters were sealed in a 137 mm w2 210 mn

bag and pre-hybridized minimum of 2 hours at

solution “Grunstein and Hogness, 1975). 2 ml 100 X Denhardts solution,

L_Q

0.1 ml 20% 8D5, 2 ml 20 X S5C, 200 pl freshly beiled herring sperm DNA

(10 mg/mly, 16.7 pl SPW (sterile distilled water). Following the



prehybridization, the combined labelled probe was added and the tilters
hybridized at 65°C with shaking overnigh'. Hybridized f(ilters were

washed in 1 I, 2 X 3SC, 0.1% 5D5, and auteradiographed cvernight.
The alkaline lysiz (Section Z.2.2.57 method was uvsed to prepare
plasmid DNA from clones which appeared to have hybridized to the probe

in the colony hybridizations.

Southern Blotting: G5 cDNA fragments were used to identify the
correct inserts in the pBS vector by southern blotting:

G2 Hindl11/Famil digest of the pR-1 cDNA clone to generate a 2.7
kb plasmid fragment, a 1100 bp 3' tragment and a 350 bp '
fragment to identify the B fragments.

(i1 Hindl [/ Bamil digest of the pR-2 ¢DNA <lone Lo generate a 2.7
kb, & 50 bp and a 70 bp fragment, a single Bamil digest was
alsc used to help identify the corrvect « tragments due to the
iarge number of Hindlll restriction sites

(111) . Pstl digest of the pN-1 cDNA clone, to provide, a 4.3 kb
plasmid fragment and a 700 kb inszert, to identify the v
fragments.

The resultant fragments were electrophoresed on a 1.2% agsross

Blotting: The gel was washed in distilled water, then incubated
for 1 X 20 minutes in | 1 denaturation sclution .% M NaQH;, 1.5 M
MaCl 2, followed by a further, | ¥ 40 min in | 1 of the zame solution,
then rinsed in distilled water followed by 1 X 60 min in 1§ |

neutralization sclution (i

sides of WRre

the gel

Was coalked 580 (3

M Tris-HCI, 3 M

Lrimmmed

NaCl, pH §.%),

oft, and a wick ot Whatman 3
M NaCli, 0.3 M sodium citrate) and the gel



laid an top of the wick., A Biodyne filter, a i{raction larger than the
zel was laid on top of the gel, tollowed by ftwo pieces of Whalman 3 MM
paper, abscrbant pads were placed on top ot the Whatman paper with a
glass tray and a zmall weight on the tep. Sirips of discarded f-ray
film were placed around the edges of the gel fto prevent zhort <ircuite,
The blot was then checked for any leaks and short circuits, and left

for 368 h, changing the pads it reqguired,

After blotting the pads were removed, and the filter allowed to

o
-

air dry on filter paper, then baked at The gel was stained in
ethidium ©bromide to check {fhat the DNA had been succeszfully

transferred.

The putative G5 subclones were from the wector DNA, “7P-
labelled and hybridized individually to the blots, using the filter
hybridization conditions outlined earlier in this Section.

miasmid DNA.

2 2.2.5, Preparation of p

Several methods of preparing plasmid DNA were used fto bulk up

o
1
oo
-
(o]
o

specific plasmids containing inser

cDNA fragments.

Small scale plasmid prep by alkaline lysis and PEG precipitation:
A 10 ml culture in L-broth medium containning 100 pg/ml ampiciliin was
shaken overnight at 37°C. Cells were collected by centrifugation at
4000 rpm tor 10 min and resuspended in 100 pul 2% mM Tris-HCL pH 8.0/10

mM EDTA/S0 mM glucose, <{(soluticon 1), then transiferred to Eppendort

tubes. 20 pl

(20 mg/mi in selution 1¥ was added ‘o
Eppendorf, mixed and lett to incubste on ice for 20 min 200 ol 0.2 M

NaOH/1% 5DS (sclution 11}, was added, mixed and incubated on ice {or a

~ 54 -



furfher 20 min, 15¢ pl 3 M NaGAc pH 5.2 <solution {Il:, was added,
nixed and incubated for 20 min. The cells were spun for 1% min at 47C
the supernatan! was decanted off into fresh tubes, 5 pl boiled HNase A
i omgrmly was added, mixed and incubated at 3770 {or 20 min., Cell
protein waz exlracted with 300 pl phenol/chlovofeorm/iscamylalcchol,

(25:24:1), the ftop phase decanted to a {resh fube, [ w! ethancl added

and ifeft at -20-

avernight or -807C for 1 hour and the nucleic acid
ollected by centrifugation. The resultant peliet was dried onder

vacuum, dissolved in 168 pl distilled water. 32

PEG (M, 80005, was added, mixed and left{ on ice for | h. The plasmid

DNA was spun for 30 min, the pellet washed in ! ml 70% ethanol, dried

under vacuum and redissolved in 50 pl TE buffer. An aliquot was vun an

an agarose baby gel with a known gquantity of marker, fo
quantity ot piasmid produced.

Midi plasmid prep by alkaline lysis and PEG precipitstion: 4 X |

m

I, conical flasks centaining 250 ml L-broth with (00 pg/ml ampicillin

{

were inoculated and shaken overnighi at 37%C. Cells were spun down the
following morning at 3000 rpm 47°C for 1% min., the pellets resuspendad

in 24 ml sclution 1 <25 mM Tris-HCl, pH 7.5; 10 mM EDTA; 19%% sucrose;

o

mg/ml  lysozyme, freshly prepared and chilled on ice), and divided

between 4, 30 ml corex tubes. The reszuspended cells were incubated on

[

min., 48 wml solution 1@, .2 M NaOH, 1% 5D5), was

ra

ice/water for
added (12 ml/4 tubes:, the solution carefully mived, and incubated for
a further [D-20 min. on ices/water. 30 ml solution IIl, (3 M Nalac pi

2%, was added, (7.5 mi 1o each of the 4 tubes). The cells were mixed

o
e}

carefully by Inversion and incubated for 20 min on ice/water, then

spun at 2000 rpm for 20 min. The supernatant was decanled inte 4 corex

1
Lo
&3}

i



tubes avoiding the white precipitate, Z00 pul KNasze A <10 mg/miz, TO
wl/tube, was added and incubated tor 20 min. at
phenol/chlorotform extractions were carried out, then twice the {inal

volume oi ethanol was added to precipitate the DHNA, then lett at -&o00

for 1 h or ~Z20°C overnight. The DNA was precipitated by spinning at

L0000 rpm for Z0 min, the pellet washed in 79%% ethanol, drained and

dried down. he dried down pellet was resuspended in 5.12 ml (1.24
ml/tubey ZDW, then (.28 wl 4 ¥ NaCl was added and mized (320 ul/tubher
followed by .40 ml 13% PEG (1.6 ml/tube’, mixed and incubated on
ice/water for G0 min. The DNA was spun down at 10000 rpm for [0 min,

the supernatant removed, the pellet washed in 75% ethanol, fspun at

-]

¢

000 rpm tor % min: drained and dried down, then resuspended in TE

buftfer (1 1, culture should provide approximately & mz plasmid DRAD
The resuspended DNA was transferred to Eppendor{ tfubes, and the
concenfration estimated by vunning on an agavose gel azsinst a

quantitfied marker.

Alternative method for Midi-plasmid prep. (Holmes and Quiglsy,

1981y modifiedd. 4 5O ml culfure was eztimaled to yield approwimately

30-4C pgz plasmid DNA: A single colony was used to inoculate 19 wl L-

broth + ampicillin (190 pg/ml) in a 50 ml centrifuge tube and shaken

§

overnigzht at 379C. Cells were then spun down at 7000 rpm for 5 min. at
4=Z, the supernatant pooured oft and the pellets allowed {2 drain
almost dry. Felleted cells were made into a paste in the remaining

liquid and taken up in 0.7 ml STET 0.8 g sucrose; & ml 10% Triton; Il

U.2 M EDTA, 2.8 ml 1 M Tris HCL pH 8.0, made up to 10 ml with SDW and

coolad on ice), per 2 ml original volume. 50 pl lysozyme (10 mg/ml>
was added and mixed gently but thoroughly, then fransterred to an

_56_




Eppendort tube, The tubet(s) were then placed in a hoiling water bath

v

for 40 sec, then spun immediately for 19 min at rcom temperature. The

resultant pellets were removed with a ftoothpick and discarded tonly 3
small velume was left, approximately H00-500 412, .5 volumes 4M NH,UAC
and 2 X the original volume Isopropancl (propan-Z-oi) were added, the
solution mized and left atl recom temperature for 10 min., then spun tor
1o min. &t room ftemperatwe, the pellet washed in | ml 75% ethanol,
spun tor & min. at room ‘temperature, drained and the pellet dried. The

n 200 ul TE (10 mM Tris pH 8.0, 1 mM EDTA

———

pellef was then resuspended

—

pH 8.1). 20 pl RNase (10 mg/ml) wes sdded and incubated for 2 hours at

27=C. The solution was extracted with phenol/chloroforn twice, {ollowad
vy two  chlorofor:s extractions then  the plasmid was  ethancl

precipitated, resuspended and quantified on an agerose gel as for the
previous plasmid preps.

Once a reasonable yield of plasmid had been obtained using one or
more of the plasmid preps outlined above, the csubcloned inserts exnciseaq

from the plasmid wusing the appropriate regtriction enzymes, and
separated out on an acrylamide gel against the correct G5 f:
check their size. Further plasmid DNA containing the required inserts
was then prepared using & caesium chloride plasmid prep,

Large scale isolation and purification of plasmid DNA-Caesziwum
chloride plasmid prep: 10 ml L-broth <(containing 2% pg/ml ampicillin:

0

was inoculated with a single colony containing the required insert and

(9N

shaken overnight at 3277C. 200 ml L-broth dincluding antibiotic) was
inocculated with 2 ml of the overnight culture in a 1 1, ceniczal f{lask,

and shaken for 3-4 h at 37<C until OD... was approximately |. The cells

were coliected by spinning al 7000 rpm {for 10 win., at 4°C, the



pellet was made info a paste in the remaining iiguid, then resuspendead

s

in & ml 25% (w/w) eucrose in 50 mM Tris HCL pH 8.9, The suspension was

1
)
]

then transferred to 35-34 cenirifuge tubes.
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freshly prepared), was added to the suspension and swirled gently., The

suspension  was  then jeft on  ice for 5 min. swirling wsently

goccasionally., @ oml iced Q.5 M EDTA pH 8.1 was added and the suspension

lett on ice Yor a turther O min, 5.5 ml iced Triton soluftfon 1 ml |
Triton; (2.9 ml 0.% M EDTA; & ml I M Tris-HCLl pH 8.0; 80 nl SDW, coocled
on ice.}, was added and mized immediately by inverting the tube seversl
times, then left on ice for 10 min. The lysafe was spun at 18 GOD rpn
(or 12000 rpm, depending on the tuhes;, for &80 min. at 4=C.

The supernatant was poured off into a pre-weighed centrifuge tube
(suitable for a Beckman type 42.1 rotor). The zupernatan! wss weighed

and an equal weight of (sl was added and dissclived. The

®

then tilled up and balanced d<including the lids) using 50%
in TE buffer. 900 pi ethidium bromide was added, the tubeg balanced
with paraffin oil and wrapped in foil. (Care was taken pot Lo zhake the
tubez and to keep them in the dark, in order to avoid the effect of
ethidium bromide in the light which can rapidly damage the plasmid DHNA.

N —
IK !

Tubes were spun at 38 000 rpm at 15°C in a (pre-cooled Ti-70 rotor? at
LB=C for 48 h. Tubes were covered with foil to protect them from the
tight when removed from the cenirituge. The gradients were viewed with
ultra violet light, and the lower <(red) band removed using a bent
pasteur pipette. The band was transferred to a clean centrifuge tube,

the tube tilled up with 50% caesium chloride, balanced, then topped up

with liquid paraftin, balanced and spun tor 19 heurs. The lower band
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was removed as befare, the ethidium bromide extracted {rom ‘the
recovered plasmid using butanol (pre-saturated with 20 mM Trie-HCI pH

8.0, L omM EDTAY. An egual volume oi butancl to plasmid/ethidium bromide

was added, mizxed, allowed to separate and the upper layer removed. Thi

was repeated several times until the upper phaze was clear. The plasmid

was dialysed at 4+C for | hour against 2 X 1 1 10 mM Tris—-HCl pH &.40; |

mM EDTA wusing preo-weshed dialysis tubing (washing was carried out in

/

then bholiled in 10 aM

rinsing in 5DW and stored in 50% EtOH). 1/20th volume 4 ¢ HH,04ac + 2.9

volumes ethanol was added to the contents of the tubing (in

zterile corex tubes >, and left overnight at -20=C. The DNA was spun

down at 12 000 rpm for 20 min at 47, the supernatant removed and the

pellet washed in with 75% ethanol, spun, then drained, dried down in 3

1
vacuum dessicator and re-suspended in TE buffer. The plasnid was

quantified on a spectrophoiometer.
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3. THE USE OF RNA PROBES.

2.3.1. ‘TJranscription of Probes.

HBS 'Bluescribe!

"he plasmid vector <(Stratagenes, containi
required G5 cDNA tragmenis for in =ity hybridization probes, was
linearized using a restriction digest to cut the plasmid al the end of
the insert (to terminate the transcription <continuing along the
plasmicy The cul plasmid was phenol ewlracted, ethanol precipitated,
washed in 75% ethanol, dried and recsuspended in TLE butter IO mM Tris-
HCI pH 7.5 + 0.1 mM EDTA 2

Probes were transcribed according to the franscription protocel
supplied by 'Stratagene’': the franscription wmediuvm was 3set up as
follows; 13.5 pl DEPC treated distilled water, 5 pl 5 ¥ transcription
buffer (5 x transcription buffer; 200 mM Tris-HCL pH 8.0, 40 mM MgCl.,;
10 mM spermidine; 250 mM NaCl; 1 pg ¢l pir DNA template; Ipl 100 M
rATP; tpl 10 M oGTE; L opl 10 mM cUTP; 1 pi O./% M DTT, L opl 12 miM
rCTP; 10 U T2 polymerase C(or T7 polymerasel, the solution was incubated
at for 30 min, The sclution was fhen made up to 250 i
bufter, <40 wM Tris-HCL, & mM MgC 10 mM MNaCl: 40 pl 1 M Tris-HC! pH
7.5, mg NaCl;, 2.78 mg MgCl,, made up in 860 pl ¥DEPC treats
water?. 1 U RNaze free DNase waz added and the solution incubated at
37+C tfor 1% minutes. After incubation the scolution was extracted with
phenol/chlorctorm fwice, tollowed by twe chloroform ewtractions. The
RNA was then ethanol precipitated hy adding 1/710th volume Sodium
acetate + 2.5 volumes ethanol, precipitated overnight at -2070, spun

down the following day, and washed in 75% ethanol. The pellet was driad
and re-suspended in TE bufter {(made up in #DEPC treated water).
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An aliquot ot the RNA was run on 3 1.2% agarose baby

[l
1]
o]

el to

[a)

m

e
o
-

‘he plasmid DNA had bheen digested. The remaining RNA was gquantifiad
an a spectrophotometer and stored at -30°C until required
#DEPC treated waler was prepared from a ©O,1% =clution of DEPC in

distilled water which was shak

=n, left for I5 min at room temperature,

then avtoclaved {for 20 min.

2.3.2. Labelling and Testing of RNA PProbes on Filters
2.3.2. 1. Photo-Eiotin Labelling of RNA Probes

Probe to he labelled was precipitated, raesuepended in 1-2 pi

distilled water or 0.1 mM EDTA and an equal volume of Pheoto-Bictin

(Vector Laboratories) added under safe light illumination.
waz irradiated 15 cm below a 500 W mercury wvapour lamp in an open
Eppendorf tube on ice. The probe was then made up to 100 pl with 0.1 M
Tris-HCL pH 9.9, purified with an equal volume of Butanol-Z-cl, the top

layer removed, and exfracted again wit! butanol, then ethanol

e

preciplitated.

I
[OA]

2.2, Biotin Detection Strips and Dot Blots.
Nitrocellulose sirips | cm x 5 cm were divided into | cm squares
and zpotted with 5 ul solution containing 0, %, [0, 20 and 50 pg of BRL

bintinylated =ztandard DNA.  Similar strips were made with the

biotinyiated RNA probes using O, 10, 100 and 1000pg per
were allowed to air dry, then baked at 800 for 1-2 h under vacuum. The
ERL biotin detection kit was used to detect the RNA as outlined in
Section 2.2.1.2.

Probes labelled with 11-dUTP biotin inco
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compared with fthe photo-biotin meihod using the

transcription were
biotin detection strips
Amplification of the kiotin signal was investigated on detection
sirips; amplification consisted of incubating {ilfters with rabkbkit anti-
biotin IglG (diluted 17100 in PBS; ©.05 M phosephate, 0.7 M Nall}, for 20
min after the initial blocking step (see Sectian 2.2.1.2.), washed 2
5 min, in PB5, tollowed by a further 20 min., in anfi-rabbit bioctin for
20 min., wached in PBS, foliowed by BRL buffer 1, fhen ioncubated with
the BRL streptavidin, biotin <AP), and the BRL dye solution as cutlined
in Section 2.2.1.2,
methods were alsc invastigated uzing 3
replaced

Alternative detection
old secondary anti-bedy; anti-rabbit biotin [gl was
then =zilver enhanced.

with anti-rabbit geold 1lgG, which was
salmon sperm DNA added toe the biotinylated preobe
to check that this

and without

with
precipitation were carried out

during the ethanci
had nc effect on the levels of background on filters,

{tu Hybridization
investigatec

In
techniques were

2.3.3.
variety of conditions and

A
method for

repeatable

to {ind a reliable and
The following iIn situ hybridization preotocol, based on
used by: Bresser 1327), Cox et al/.(19386) and Goldberg (1986) was used
2.3.3.1 Pretreatinents
I um nodule sections were dried on fto subbed slidez (as described
L 4y, Sections were washed in DEPC treated sterile distilled water
in 0.2 M HCLl for 2C min. at

in 2.
to remove any remaining PEG, then incubated
—_ 2_.




room temperature, washed in distilled water, incubated in 2 » ZSC at
7070 for 15 min., weshed in distilled water, blotted dry then incubated
in I pg/ml proteinase K in TE butifer at 37°C {for 30 min. Sections were

ned in

blottad dry, fixed in 4% paraformaldehyde in PRS for (5 min, wa
PB5 solution, and dehydrated, 1| = 2 min 25% ethanol, | » 2 minutes 50%
ethanol, | % 5 minutes 75% ethancl, 1 x 2 minutes [00% ethancl, then

air dried ready for the nybridization.

2.3.3.2 Hybridization
Fhoto tinylated cRNA, or <DNA probes were ftranscoribed,

and tested as described In Section 2.3.2. 20 pl of the following

o
pus
o
]
w3
&
o
o
.
2
=

hybridizs was applied to the pretreated nodule zectians on

o

each =lide; & ng biotinylated probe,

de-ionized formawmide, & =

o3

Denhardi's solution (1% Ficoll 400, 1% polyvinyl-pyroiidone, 1% B.3.
dizsolved in 500 ml provides a 50 = stock solution), 5 ng/ml yeast

tRNA, 10 mM Tris-HC1 pH 7.%, mM EDTA, C.& M sodiunm chloride, 0%

[—

dextran sulphate (Signar. Slides were covered withh & hydrogen peroxide
gm ¥ & t
treated siliconized ceverslip, f{(coeverslips were washed in 3% hydrogen

peroride for 10 minutes, rinsed in DEPC treated sterile distilled

water, dried in a warm oven and siliconized). The slide was then placed

a
D
o
.
|
o3

in a ish with several lavers of filter paper moistened
de—ionized formanide, 55% distilled water, the Petri-dish was sealaed
and incubated overnight. DNA hybridizations were carried out at 37°C
and RNA hybridizations at 54°C

Biotin labelled cDNA probes were used as control probes for the

DNA/ENA hybridizations, whilst sense-strand biotin labelled RENA control

probes were used in the RNA/RNA hybrridizations.

!
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3 Post Hybridization washes

Following the overnight incubation coverslips, were vemoved, in i
¥ 5S5C al room temperature, followed by a second wash in 4 wu §5C, 2 x 15
nin. waches in 2 x 55C in the case of <DNA probe With cRNA the
slides were &reated for 30 min at 377C in 2 = 55C + 53 pg/ml RNAasze in
the case of cRNA probes, was followed by 39 nin in 9.1 » 550 at 37°C
and rinsed in 2 n 55C
2.3.3.4, Probe Detection

The hybridized biotinylated praobes were detected using the BRL

detection kit; slides were washed in buffer 1 (0.1 M Triz-HCI pH 7.5
G, M NaCL; 2 mM MgCl., 9.06% <(v/v) Triten X-100), and blocked tor 30
min in buffer 2 (3% Cw/v) bovine serum albumin (Sigma: in buffer 1) at
42+¢ 100 pl 2 pg/ml BRL streptavidin in buiffer | was applied to each
zlide and incubated at room temperature tor 20 min Slides were waszhed
for 3 x 5 min in a large volume of buffer 1, then incubated for 20 min
in I pg/wl biotin-7APY, (biotinylate calf intestinal alkaline
phosphatase). Slides were washed in buffer or 2 x5 min fthen buffer
3 00 IM Tris-HCL pH?.5;, 0,1 M NaCl;, 50 mM MgCl,», for 2 = 5 mnin,
foilowad by incubation in the BRL dye solution which was prepared by

adding 3.2 pl  NBT (nitro-blue tet oliwm, 75 mg/ml in  70%
dimethviformamide) and 2.5 pl BCIF (h-breomo—4-chloro-Z-indolyl
phogphate, 50 mg/ml  in dimethylformamide), in 750 pul 3
Coverslips were placed on the slides and incubated in the dark for i-4
h., Coverslips were removed in hutfer 3 and sections dehydrated through
an alcohol! series, counterstained with safranin in 70% ethanol, wached,
and mounted in Histomount. Sections were viswed under = HNikon
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microsceope using either hright-{ield <r Nomarski {llowination.  The
labelled probes were shown up as fthe blue precipifate, against the

pink, counterstained background.

Dligo dTT 15-18 probes were

[

photo-hiotinylated and hybri

sections using the cDNA hybridization protecel, to filustrate the most
3 k } .

active franscriptional activity within nodule sections.

2.3.2.5 L. ceorniculatus Hybridizations
After some experimentation, the preatreatment and incubaticn fimes
were  shortened tor hybridizations with the smaller L. corniculatus

nedules.

Secticne were treated with; 0.2 M HCU for 1% min at roonm

temperaturs, washed in distilled water, incubated in 2 x 550 at 7070

for 10 min, washed in distilled water, blotied dry then incubated in |
ug/wl proteinase K In TE butfer al IZV°C for 20 wmin., Sections were

blotted dry, fixed in 4% paraformaldehyde in PBS for 19 nin, The rest
of the hybridization procedure was as oullined above Vor F. vulgaris

nodule sections.
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2.4, IMMUNO-LABELLING AND STAINING FOR B-GLUCURONIDASE

2.4.1. lmmuno-Labelling of PEG-Embedded Seclions for Light Microscopy.

Dimd

o L 7ot - e T oyt A 1y
corniculatus nodule secticono were

r~

with a G5 antibody, <kindly provided by Or. ). Cullimore tUniversity

of Warwick?, and a SUS PB-pluocaronideser anftibody kindly provided by
bro B Watson  dlniversity  of  Durbami. Immuno-gold a2 alkaline
rhosphatssce methods of antibody deteciion were both used.

2.4, 1.0 Immano-Gold Labelling of sections for light microzcopy,

were washed in distilied wat

remove any excess PEC, then incubated in Lugoel's iodine in
2% agqueous potassium lodida for 5 min at roonm o,
rinsed in tap water, washed in 2.5% 501 bhey

turned colaourid

and  then washed In running

Sections 30 omin at

incuhated with antibody diluted in PES (G5 anti-body /100, GUS 1)

or with yrabbit pre-immune serum or PBS as controls, {or | h at roon

temperature. Affter incubation secticns were washed {for 2 = 15

i

PBS, tcllowed by x 15 min Tris-saline 0. 1% M NaCl;, 20 mM Triz-HCI;

C.1% B.S. A, 0.01% Tween 20; pH #.2, then incubated with a [/50

dilution gost anti-rabbit & nm) gold in Tris-saline for 20 min at room

temperature, and washed 2 x 1% win in Trigs-saline, followed

o
™
[$9]

'

tilled water. Sections were silver

1

min in d

[1y)

for 19 min using
Jansen silver enhancement kit, washed in distilled water, mounted in
Citifluer (Agar Alds), and viewed under a HMHikon microscope using an

epi-pelarising filter with fluorescent light «MNikon IG5 opticsy.
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ne Phosphatase Frotein Localization

The immuno-geld labelling method above was followved uvp to the goat

anti-rabbit gold which was replsced by gzoat anti-rabbit alksline
phogphatase. This was used at a 1/100 diluten in Triz/saline; the hound

enzyme was localized with the BRL biotin detection kit dye as outlined

2.4.2, Immuno-Gold Labelling of Resin Sections  {for rtleciron
Microscopy.
Ultrathin secticons were cut and collected on formvar-coated 200

mesh copper grids. Tmmuno-staining was carried oul by floating grids,

section side down on drops of solution placed on Mescofilm, Sections

were dried between incubations and washes by touching wedges of {ilter
paper on the lower edge of the grid.

Sections were blocked with 2% B.5 A, in PES for 20 min st rcom
temperature and dried, then Incubsited with primary anfiboedy (st the

same conceniration used tor the light microscopy procedure) for [ h at

room temperature, with the appropriate control
above. 5Sections were washed for 10 x 1 min in drops of PBS, Lhen
incubated in a 1790 dilution of goat anti-rabbif 20 nm goid for 30 min
at room temperafture, washed for 10 z | min in PBS, followed by a stream

of distilled water, stained in saturated agquecus uranyl acetate for 30

min, rinsed in distilled water and dried. The sections were then

161

examined in a Philips EM 400 electron microscope at either o0 or 80 LY

and imeges recorded on Kodak 4489 {ilm,
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2.4.3. B—-Glucuronidase GUS) Localization in Transyormed L.

cornicuietus Plants

The compound &-hromo-4-chloro-i-indolyl glucuronide (X-3

forme a blue precipitate at the site of B-glucuronidase (GUD) enzyue
Aact i tissue, Jolterson of &l (1987).

S

tissue, either whole or chopped inlce thick sections,

WHS

incubated with 2 mM

n 0.1 M phosphate butfer, 0.5 M poltasziun

ferricyanide, 9.5 M polaessium ferrccyanide and 10 ad EDTA, Tizsu

incubated for -

gl

B, th

ent e2ifther squashed on a slide, or {ixed in

paratormaldehyde, 1.25% glutarsidehyde, dehydrafed

Spurr resin and sectioned for a more detailed mlcroscopic
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3. THE STRUCTURE ARD DEVELOPMENT OF Phaseolus vulgaris ROOT RODULES

An initial study of the developmental of P. vulgaris root nodules
was carried out. The methods used for growing, harvesting, fixing,
embedding, sectioning and staining of material were outlined in 2. i-
2.4,

The exact time from inoculation is not necessarily an accurate
guide to nodule maturity. HNewcomb et a/ (197%a) classified soybean
noduies by morphological appearance because o{ the considerable
variation in nodule size, number per plant and fime of initiatien. For
the purpose of this project nodule development stages has been divided
into three stages early, 12-156 days atfter inoculation, intermediate,
16~21 days after inoculation, and late, 21-28 days after incculaticrn.
The  morphological characteristics typical of each stage are
demonstrated in Plates 1-7. Early, intermediate and late developmental
stages were used in this work to provide broad categories tor the

classification of nodule age and development.

3.1. STAGES OF NODULE DEVELOPMENT

G

.1..1. Early Stage Naodules

Morrison-Baird and Webster (1982) reported that the first small

Mo
o

Fa ~
f ey

0
o

white protrusions were evident on P. vulgaris roots 9-! ays

inoculation. Those shown in Plate 1 were harvested 12-16 days atier

[«

inoculation, when they were pink-white in colour, and represent the
typical 'early' stage of nodule development. The nodule tissues beccome

organised according to the characteristic developmental pattern of a




particular plant species, the meost marked difference being ©

development of spherical, determinate nodules
or oval, indeterminate nodules on plants such

tes can be

mass ot

which are derived from the outermost lavers of root cortex Mewcomb ef

The central infected area of the esrly nodule conlaios Lolh

intected and non-infeciad cells (Plates la and Lbd., At this early stage
bacteria hsave bGeen released from the infection thresd, <(there is a
detailed account of this process in 1.2 Surrounding the centrally-
infected region, iz a ring of wmeristematic ceils contalning dense

cytoplasm and a relatively small degree of vacuolation Plate Ib). Thisz

cell layer iz referred to as the inner cort

outer edge of this cell layer are the

vascular

Thege wvascular bundles develop from the stelis in tf

illustrated in Plate lb, to form a closed nefwork around the periphery

ot the nodule

Adjacent to the vascular bundles and the meristena cells iz a
ring of larger cortical cells which often become very vacuolate and

develop thick secondary walls and Dbecome schlerenchymal in nature
{Newcomb, 1981). Dixen and Wheeler (1986} refer to these cells as an

endodermal layer; they consist of cells with suberised walls which hav

o

few intercellular spaces and thus present a diiftfusion

©

passing into and out of the nodule. This enables the law ouy
partial pressures to be maintained within the centre of the nodule.

This 'mid-cortical' layer of thickened

is illustrated in Flate






Ib. A layer of similar endodermal

bundles., These cells are referred

cells (illusirated in Plate 1b2.

o

mid-cortex form

In spherical nodules infectisn occurs in lo
particularly in  the ring of meristematic cells (Plate 2Zar. This
localized infection has also been observed by Robertson and FParnden
11980, Lbyono et &, (1986} suggested that celis s

determinate nodules after intection (with the excoeption of

although MNewcomb ({8981) suggested that =zoybean doez undergeo mitotic

]

ctivity after infection in order to distribute the Fhizobium

g

throughout the tissue.

3
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From the developmental study carried out as

1

cell division does appear to continue after intection, although thi

may be contfined to non-infected cellz, as the number of cells within

HY)
-
I
oo
=
s
ol
o
3
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the infected region increase: the noduele,  az

trated in Plates 2 and 4.

The large rhizobially-infected cells, wiih
large nuclei and nucleoli, are distributed anmeongst a large number of
smaller non-infected cells. Verma and Leong ¢1983) estimated that 20-50
“ of cells in the central region 2t the nodule remained unintectad,
These non-infected cells are reported fo have a relstively low DNA

content, Z-4 ©, whereas infected cells have 4, 8 or !&£ © (Libbengs and

Bogers 1374). Infection threads have nct been observed to

nen—infected cells <Newcomnb, 13815, The radial arran

non-infvected cells may be connected with their possible o

aerating the internal nodule tissues (Bergersen and Goodchild, [973as

_,7]







The Jeval of

high

within the non—-intect

contrast to mung bean, which
infected cells, and pea
1983 which have large {lat

the

i
oF
o]
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I

grains i
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=
[B]
o

o

endoplasmic reticulum, Golgl

(Goodchild

The
around the considerably-
Bergersen (1966) similarly
around the nucleus in early

were no apparent connections

had been

_.Ug'

3.1.2.

A typical intermediate

atter inoculaticn,

infection

stage

d Ce‘l:)

has

{(Newconb,

carbohydrate

starch

38

R N Ve e g o
cndomembrane

apparatus

i

enlarged

ohserved

soybean

he

G640 .

Intermediate Stage Rodules

is

els of

nodules are Z2-4 mm in diameter
deep pink colour with lentic
ocutside.

As Newcomb (1979b) reported
vuigaris nodulaes can differ

counterparts. The older
region and a narrow but

nodules

z intfected cells

starch,

iz illustrated in Plate 3a, In
farge spherical siarch grains in the

19767, sand altalfa (Vance et al,
grains in the infected cells, *the

T 3
{nciuding

and vesi in

tocatern
nucleus, Plats 30 Goodchild  and
this clustering of baciercids

tween

P
shown

and someti

with
signi
have

well-def ined,

nodules, and

the

and

the hacteroids

0

p»3

nucleus,

vuigaris nodule, approximately

in Plate 4. AT this th

T

stage

noduiss are

o

white callus~like tlssue arcund ithe
soybean nodules, more malure 7.

ficantly from their young

a much larger centrally-intfected

Prasad (1373










divided spherical nodules into 4 distinct zones; the central bacteroid
zone, the nodule meristem, vascular tissue and the cortical region. For
the purpose ot this project these regions have been further subdivided,
as described in the following summary of the structure of F. vulgaris
root nodules.

In the central hacteroid region, the infected cells are abundant,
relatively small and have a centrally-located nucleus. The vacucolate,
non-infected cells, which have a peripherally-located nucleus, are
interspersed throughout the infected cells f{forming a radial-pattern
which may help aeration of the central region; large numbers of theze
non-intfected cells are contined to the outer edge of the intected
region (Frasad, 1973). This region is termed the inner cortex tfor the
purpose of this project. Dart (1977) suggested that there was only
limited mitotic activity in soybean nodules after infection and that
this was confined to the inner cortical regions and around the vascular
bundles, although Newcomb (1981) was unable to demonstrate this.

The vascular bundles on the outer edge of this inner cortex

consist of a layer of endodermal cells, a layer of pericycle, and a

o

ring of phloem surrounding the xylem in the middle (Pate ef al., 1963).
Calcium oxalate crystals are located in the outer, large suberised
cells, which are termed, ftor the purpose of this project, the mnid
cortex. It has been proposed that these crystals are a form of waste
product <(Sutherland and Sprent, 18984) which forms as a result of a
build up of calcium, caused by the barrier to apoplastic transport at
the mid-cortical cells (Harrison-Murray and Clarkson 1973). The outer

layer of cells torming the outer cortex, is often irregular as some of

these cells become sloughed otf.




In intermediate stage nodules the infected cells are considerably
larger than the non-intected cells, and packed with bactercids arcund
the enlarged nucleus, as illustrated in Plate 5b. The starch reserves
in the non-infected cells, at this intermediate stage, are considerably
reduced, or abseni. As the infected cells 1increase in <gize the
intercellular spaces alsoc hecome considerably larger.

Mitochondria become confined to the cell periphery of the infected
cells, and are concentrated in regions adjacent to non-intected cells
and intercellular spaces (Plate 5b). Peroxisomes are also abundant in
the non-infected celle at this stage (Plate 5b). Hanks et &l (1383),
have demonstrated that the peroxisomal enzymes uricase and catalase are
at much higher specitic levels in non-intfected cell fractions of
soybean. Newcomb and Tanden (1881) reported that the enlargement of
peroxisomes and proliferation of smooth endoplasmic reticulum during
nodule development were contined to non-infected cells of the nodule

and suggested they had a role in the ureide metabolism, and Vanden

uricase in the non-intected cells of F. wvuigaris root nodules by
immuno-gold labelling.

The bacteroids, contained within their peribacteroid membrane
within an intected cell, are shown at a high magnification in Plate 5c.
The number ot bacteroids within a peribacteroid membrane can vary trom
1-2 in pea, up to I6 in mung bean, but is normally 2-6 in beans (Verma
and Long, 1983). The morphology ot the bacteroids is intluenced by the
host (Verma and Long, 1983); different plant bacteroids assume
different characteristics, for example, peanut forms large spherical

bacteroids, pea and broad bean bacteroids assume Y or X shapes, whilst
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they torm an elongate oval shape in beans (Robertson and Farnden,
1980). The transition from free-living Rhizobium to bacterolds is otften
accompanied by a reduction in <cell wall thickness and rigidity,
together with changes in the outer membrane <(Verma and Long, [383).
Bisseling et al., (1977), reported that DNA levels within the bacteroids
can increase from 1.6 to 8 told. The accumulation of f-hydroxybutyrate,
a lipid-like storage product, shows up as electron translucent regions
within the bacteroids, and can account for up to 30% dry weight of the

bactercids in soybean (Goodchild and Bergersen 1366).

3.1.3. Late Stage Nodules

At the late stage, 21-28 days aftler inoculation, nodules turn a
brownish colour due to the degrading leghaemoglebin., Intfected cells in
the central region become very elongated, (Plate 6> and the cell walls
begin to degenerate.

Prasad (1973) proposed that the senescence of the central region
occurs trom the sides towards the centre, &although Goodchild (1977
suggested that the older tissue tends to be located towards the centre
of the intfected area. Senescence may, however, occur almost
simultaneously over a major portion of the infected tissue (Roberitson
and Farnden, 1980). The results presented here demonstrate that in F.
vulgaris senescence occurs from the centre of the infected region
outwards or simultaneously all over.

There are a large number of well-developed peroxisomes in the non-
intected cells (Plate 7a). These non-infected cells also have large
intercellular spaces. The intected cells at this late stage become

tightly pached with rhizobia (Plate 7a).
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Dilworth and Williams ¢(1969) and Bisseling et al. (i379) have both
reported a rapid decline in RNA content, RNA/DNA ratic and the
RNA/protein ratio within mature (late stage’ nodules.

Morrison-Baird and Webster (1982) have reported that the
peribacteroid membrane degenerates (this is shown in Plates 7a and 7c7,
although the bacteria do not apparently undergo any signitficant
ultrastructural changes until the rest of ihe nodule has degenerated.
Prasad (1973 suggested that the bacteroids do not degenerate
significantly until the host cytoplasm and intercellular walls have
degenerated.

High levels of B-hydroxybutyrate collect within the bacteroids,
and large peribacteroid spaces torm as a result of the degrading
peribacteroid membrane, in late stage nodules (Piate 7a and c>,

This developmental study of P, vulgaris nodules has provided the basis

on which the In situ histochemical studies have been carried out,




4. THE APPLICATION OF In sftu HISTOCHEMICAL TECHNIQUES.

The advantages that can be gained from the use of in situ
hiztochemical techniques over more conventional Dbicchemical and

molecular methods of investigating gene expression in the root nodule

symbiosls, have already been discussed in Chapter . The

provides a unique situation in which the plant/bacteria zymbicsis

resyit P differential gene expression throughout of the
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roat nedule. The arrangement ©t rhizobially-intected cells anad non-

gene expression in the different cell fypes, extremely difficuit by

homogenization-hased techniques.

[

In siftu hybridization allows the localization of different RNA, or

DNA sequences to specific cells, and therefore cell specific

and regulation of def ined mRNA species can be studied.

Immunocytochemistry allows the corresponding specific preteins Lo be
M J &

i,
bte

ed to particular cell types. Jeffersen (i

that in situ f%echniques, particularly hybridizations are

htforward as they may [irst appear, and can reguire a great deal

of work to achieve accurate, reliable and raproducible tz, This
has certainly been the case in this project.

At the start of this research relatively few examples of [n siiu
hybridization had been described in plant biology. Harris and Croy

{1986, Martineau and Taylor {1986), Smith et ai. (1987), Parthaszanathy

(19872, and Meyerowitz (1987) were some of the {irst to publish in sifu

hybrigdization results on plants. Meore recently as techniques

advanced there have been many more reports of successful Iin =:tu
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hybridizatisons on plant tissue <e.g Schmelzer et al., 19838, Raikhel st

al., 1989, Nelson and Langdale, 19389, McFadden et «l., 1988, Meeks

Wagner et a/., 1989, Gasser ef gl., 1989, Comsi et a&/., 1989,
Cox et al. (1984) suggested +that the wusetfulness of in

hybridization depends on the sensitivity of the method and the accuracy

with which signals reflect local concentrations of mRNA=,

Haten et al. (1983) proposed five basic parameters for suce

Inn situ hybridizations incloding,

T.RNA retention during the preparation .of ftissue sections.
2. the accessability of the target RNA for hybridization,

3.the efficiency of probe hybridizaticen to the complementary mREA,

o
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y ot the labelled probe.
§.the efficiency and sensitivity of detection.
The achievement of optimum conditions for le

hybridizations are described and discussed in this Chapter.

4.1. TISSUE PREPARATION

4.1.1. Fixation of Tissue

A variety of fizatives were used on FP. vulgaris nodules in order

to ascertain the optimal fixative, for both ENA and cell preservation.
’ t

The fiwation methods tried are cullined in Table 3 and the

summnar ized in Table 4.

Fizxed material was dehydrated, embedded, sectioned and stained for
RNA retention and structural integrity as described in Chapter 2.1
'he =ections were then scored for both RHNA staining and cell

1

preservation, The highezt scoring fixatives were then considered on the
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sectioning and reproducibility of good sections.

Prs
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hybridizations were then carried out and sections sftained for mENA, and

the degree of hybridization compared.

/Table 3. (as table 1) Tissue fixation conditions.
lFixative time / temperature ist wash
11, 70% EtOH/30% HOAc 20 min R.T. 70% E+OH
‘2. 95% EtOH/5% " 15 min " 95% "
3. 75% EtOH/25% HOAc 15 min " 75% "
4. 100% EtOH 48 h -80°C 100% EtOH
5. 70% EtOH/30% dH..O 20 min 4°C 75% ELOH
6. 100% Methanol 20 min -20°C 70% EtOH 4+C
7. 100% Acetone 20 min  -20°C 70% ELOH 4%C
8. 50% Acetone/50% 20 min -20°C 50% EtQH 4<C
methanol
9. 4% para in PBS 20 min R.T PBS.
10.4% para in PBS 20 min 4%C PBS
11,10% formald./90% 20 min 4%C PBS
methanaol
12.2.5% para. in PBS 30 min R.T. PBS
13.1% glut. in 0O.05M 3 h R.T. Cac. Butfer.
cacodylate buffer,

14.1% giut. in PBS 3 h R.T. FB3.
EtOH - absolute ethancl, HOAc - acetic acid, para - paraformaidehyds,
glut - glutaraidehyde,

A second set of fixations were carried out under similar
conditions to those listed above but fixed overnight. The short
fixations are denoted 'a', and the overnight fixations 'b', in the

following results.
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Table 4. Results of fixative assessment.

Fixative | Staining Cell preservation Overall
la 3 infected strong 3 reasonable b
2a 2 faint 2 poor 4
3a 4 non-intected taint | 4 good &
4a G 3 reasonable 3
Ga ! infected v. faint 4 good =
Ga 2 faint 3 reasonable o
7a 4% good 4% v, good g*
8a 4% good 4% v. good g+
93 4 patchy 4 good a*
10a 2 v, patchy 4 good o
ila 2 v. patchy 1% v. broken 3%
12a 4 good 3 hard to section 7
13a 4% v, good 44 v, good S
l4a 3% pale 3% bitty 7
ibh 4 good 3 bitty 7
Z2b 4 goad 3 reasonable 7
3b 1 faint 2 poor 3
4b could'nt section 0 0
S5b 2 pale 1 3
6b 3 3 6
7b 2 v. patchy 2 poor 4
8b 4% good 3t B*
9b 2 3k 5
10b I v. faint ti 2%
I1b 2 faint V4 4
12h 3 1% 4%
13b 4 good 4 good g
14b 4 good 3k T

* Sections scoring 8 or more were

Plate 8 demonstrates some of

different tixatives.

_8[_‘)_

considered tfurther.

the contrasts oberserved with







The better fixatives were assessed in varicus preitreatments and

hybridizations., The best {ixative which resulfed in the produclion of

good root  nodule sections, which were able 1o withsiandg Lhe
hybridization «condifions and produce reliable results, ¢
glutaraldehyde in 0.05 M sodium cacodylate buffer for 3 h (13a}.

In this study the ethanol! and acelic acid based fiuatives,

[
[
s

resulied in very pocr cell preservation, Dieitrich et &l (1988,

that an overnlght fixation in 10% tormelin, 5% acelins acid

ethanol was the best fixgative for

napus seedling tissue used

for in =situ hybridi Brahic and Hasse 11278) also suggested that

the acetic acid-methanol and methanol-acelbone f

hybridization efficiencies, Experiments on pea cotyliedons in our
laboratery also indicated the ethanol-acetic acid f{izatives

superior for that particular tissue, with regard to RNA retention and
accezsibility.

Angerer and Angerer (1981} suggested that glutaraldehyde-iixed
tissue showed better RRA retention than ethanol acetic avid fixatives.
This, topether with the
vulgaris root nodule tissue.

Perrot-Rechenmann et al. (1989 in conbra

paraformaldehyde was bettter than glutaraldehyde as a fixative for in
situ hybridizations on maize leaves. Thisz was also found (o pe
preterable by Harper eti ai, (1986) who suggested that paraformaldehyde

fixatives were preferable provided they were  followed by

hybridization treatments to make the tissue more accessible. Singer =2t
gl (1986) found paraformaldehyde a good fixative and glutaraldehyds

also good praovided it was used with proteass pretreatments and zmall



probes.

McFadden et af. «1988) found a paratormaldehyde-glutaraldehyde
combinstion gave better morphological preservation of plant tils:
than paratormaldehyde aione as did Schmelzer =t 3/, (14988, Suitteny

et ai. (19882 suggested an increasing formaldehyde concentration in the

fizxative decreased the signal intensity, whilst Godard and Jonss

found glutaraldehyde to be

rp
i
-

Angerer (19381) narticalsr]

work.

From ithe wide variety of re Lion preferences, Bresser ef

y

al, (1986 suggested Lthat 'only one or ifwo fixatives are suifable {or

each particular tissue', and it is thus important that optimal

ivatives are determined empirical
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4.1.2. Embedding of Tissue

Difterent embedding protccols were uvsed with
and tissue then compared for RNA preservatll
sectioning quality. The fellowing embedding medis were assessed tout of
a maximum score of 5),

Table 5. The assessment of embedding media

Embedding Sectioning Cell RNA
material preservation P
FEG 1600 2 4 4
PEG 1000 5 4 4
WAX 5 3 5
L.R. White 4 5 2

LR, Gold 4 5 ]



The zach embedding medium hasz its own
advantages, PEG 1000 was superior to PEG 1500 due to the sectioning
) &
properties which therefore allowed a much higher quality of 1o

sl

ained.,

o}

Wax, despite the good sectioning and RNA preservation, resultsd
a poorer quality of cell preservation (as illustrated in Plate 99 he
L.R. Gold and L.R. White required an ulframicrelome for cectioning.
Althongh this allowed semiihin and ihin secfions to be cut, which conld
also be uszed at the electron microscope level, the RNA preservation -

almost non-ezistent, although the cell preservation wa Elant
Mcradden et &1, (1988) embedded tobacco pistilz, anthers and

mature pollen In L. K. Gold and veported good RHA on and

successtul  ip sftu hybridizations, bul I have been unable to repeat

this. Thiz technique may be worthwhile investigating further, as
would allow Iin situ hybridization to be carried out at both the
electron and light microscope level

For the in situ hybridization work PEG (0G0 was found to be the
best embedding mediumn, Deszpite its fow  RHNA vatlion {or

accessibility?, L.R. White does provide good preservation of antigenic
sites (Craig and Miller, 1284, and is therefore very for
immunolabelling studies at both the light and electron wicroscope
levels. This is particularly good for electron microscoplic
immunolabelling, where PEG 1000 sections could not

Perrot-Rechenman et al. (1389 and Schmelzer ¢ al. (1988) {found

frozen sections preferable to embedded

al. (1985) ftound paratfin-wax enbedded

cryosections. Frozen root nodules were

sectionsg, although Lar

sections were far superior tc
tound difficult to handle, and



cryosections were intferior to the embedded ones in my experiments,

Plate 9Y9a illustrates a root nodule section fixed in L%

1]

glutaraidehyde, PEG embedded and hybridized with a biotinylated probe;

annealed probe was localized by the biue alkaline phosphatase staining.

—~

This is compared with similarly treated wax-embedded tissue also
hybridized with a biotinylated probe <Plate 9b). The superior cell
morphology in the PEG section is quite evident. Tissue sections fixed
as in 9a, were also stained for RNA with methyl green pyronin, after

pretreatments and hybridization. The pink staining shown in Plate 9¢

illuetrates the distribution of retained/acceszible RNA.






4.2, In situ HYBRIDIZATION TO CYTOSOLIC mRRAs

4.2.1. Preparation and Labelling ot Probes

Over the last ftive years the fechniques available for cbtaining
and preparing probes, and labelling them have shown considerable
advances. Most early in situ hybridizations utilised cDNA probes
(Brahic and Haase, 1978; Smith et al., 1987, Hafen et al., 1983;
Harris and Croy, 1986). cDNA probes are however generaily double-
stranded and require denaturation by boiling prior to hybridization.

he separated DNA strands may reanneal to =

o+

During hybridization
variable axtent and therefore limit the effective concentration of the
hybridization probe. RNA and oligonucleotide probes have the advantage
ot being single-stranded, and theretore =eliminate fthe reannealing
problem. RNA probes also allow the use of a ribonuclease enzyme atter
the hybridization to clean up any non-specitfic background. Cox el ai.
¢1984) reported that a dramatic increase 1in hybridization efficiency
was obtained by using single stranded RNA probes. Meyerowitz (1387} and
Angerer, Cox and Angerer (1987) both wused RNA probes which they
reported resulted in lower non-specitic lshelling than that produced by
cDNA probes. Lathe (1984} f{irst reported the use of oligonucleotide
probes and Larsson et al. (1988) successfully used these probes for in
situ hybridizations.

With this evidence and some early experiments, it was decided to
construct and use RNA probes. Bresser et al. (1987) suggested that
small probes (75-100 bp) were superior for in situ hybridizations the
medium sized (100-400), or large (500-1000 bp) ones. GSmall to medium

sized inserts (illustrated in Figure | Chapter 2.2.2.1.) were therefore
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chaosen f{rom the 5' and 3' untranslated regions of the «, P and vy GS
cDNA sequences.
The sequences from the 3' ends of the y and § genes had short poly

(A*) tails, although provided the hybridization and washing conditions

were correct it was not anticipated that these would cause any

problems.  Larsson et al, (1988 used

homopolymer tails; they reported that even long-tailed probes did not

cause non-specific binding. The addition of poly dT or poly dC in the

¢4

prehybridization or hybridization buffers produced no noticesabl

effects when fthe siringency of conditions was correct, and thes

g

subsequently omitted them.

ietrich et a/. (1984) demonsirated that probes of different

also been demonsirated with the «, § and y probes used in this pr
as illustrated in the following section.

The specified cDNA inserts were successtully subcloned intoc a pBS
Biluescribe vector as described in Chapter 2.Z.2. The subcloned inserts
were then excised and used to probe a Southern blot containing the
required inserts fdescribed in Chapter 2.2.2.4.2 All the probes bound

specitically to the correct sequences, and demonstrated that the
correct inserts had been cloned. The results of this blot are shown in
Plate 10Qa.

Several different methods of probe labelling, both radicactive and
non-radicactive, have been wused ftor in situ hybridizetions, both in
this project and in previously reported work.

Radiolabelling has proved successful in many instances; Dietrich

et al. (1984) successfully used RNA probes labelled with
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Plate 10 10a shows the results of Southern biots, probed with the glutamine
synthetase a, and B probes, to check for their speciiicity, as described in the

methods.
Plate 1Ob, shows a typical set aof 'detection strips' used tc determine the level

of probe labelling.
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and Singer (1987) wused #*P radiolabelled probes successfully, and

Schmelzer et al. (19887 utilised “H-labelled RNA probes. Mouras et al.
/

(1989 used both tritiated and biotin 11-dUTPF labels; they reperied

that the tritiated probes resulted in a higher lavel of labelling than

]

i

the probes labelled by biotin incorporation. However, Arakakd et af
~(1988) suggested the use of radiolabelied probes should he restricted
to specialized laboratories with the necessary equipment to cope with
the safety problems encountered with the use of radiolabelled probes

for in sifu hybridizations.

Gebeyehu et al. (1987) reported the usefulness of bictin probes

for In situ hybridizations., Cunningham et ai. (1935) conpared
iabelled probes with biotin-labelled RRA probes and found biotin
probes, at least as specific and as good as radiclabelled probes.
al. (1988} reportaed that “*P-labelled probes did not give
sufficient cellular definition and suggested, that the precision of
alkaline phosphatase detection, and hence the detection utility was far
better than autoradiographic detection even with the most precisze “H
isotope. They also suggested that the detection methods used with
biotin, resulted in no background, whilst radiolabelled probes always
left a low level of background., Guitteny et af. <1388 similarly
suggested that the histeclogical and subcellular resclution was greatly
enhanced with biotinylated probes. Syrjanen et al. (14988 suggested
that biotin probes were pretferable to #55-labelled probes. McFadden et
al. (1988) also demonstrated that this non-radicactive labelling gave
superior resolution to radiolabelled probes and was therefore much

better suited to electron microscope technigues.

4]
b
o~
'

Parrot-Rechanman et al. (1989) obtained initial Iin
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hybridization results wusing a biotinylated probe, although they
experienced problems with non-specific binding of streptavidin in some
plant secticns., As a result ot this Perroft-Rechenman et al. (1989 used
sulfonated cDNA probes which had been reported by Lebacqg et aj. (19887
to be at least as sensitive as radiolabelled probes on filters.

In this project early work on rcot nodules using radiolabelled

cDNA  probes resulted in high levels of background, non-specitfic

labelling, particularly around the amyloplasts possibly due teo
photographic emulsion becoming trapped in the sections, and a lack of
sensitivity, Biotin-labelling proved to be movre speciiic and precise,

requiring less time to preduce results, more ecconomical and also
allowed labelled probes to be stored for periods of up to six months
before use.

Probes can be labelled with bietin by the incorporation of biotin-
11-dyTP. <«Harris and Croy, 1986) although McCracken «(1386> demonstrated
very low levels of RNA were obtained when this method of blotin
incorporation was used.

Forster et al. (1985) reported a novel methoa of labelling probes,
using photobiotin., McInnes et al. (1987) reported the successful use of
photobiotin for labelling Southern, Northern and dot blots. Childs &1
al. <1987) used photobiotinylated probes for in situ  hybridizations
Cand simul taneous immunolabelling’. They reported that the
photolabelling resulted in minimal damage to the probe, and was equal
or superior to those labelled by the incorporation of biotinylated

73

nucleotides. Bresser et al. (1987) investigated methods to optimize the
labelling of probes with photobiotin, and reported that the use of

photobliotinylated probes, instead of 11-dUTF biotin incorporation,
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In thiz work the use of photeobiotin, as ou

Chapter 2.2.1.2, provided a sensitive, succ

1
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method for labelliing RNA probes.

A ftypical probe detection sirip

o]
-

biotinylated ENA&A prob

compared with gquanti{ied standards, i3 shown in

‘detection strip' technique was used to provide a guide to the degree

blotin-labelling of each praobe.

4.2.2. Hybridizaticn Pretrceaiments

Caretul pretreatment of both slides and zections was found to be

extremely important In this research. The introduction of

ol
o
233
-
5
o
o
21}
m

which are less stable than DNA and more

RNases, meant fhat care with the slides used for the hybridizat
very important.

Slides and sections were handled throughout with gloves, and all

solutions used were DEPC-treated to elimineste any RNase activity. all

glassware used up fto and during th

g e hybridization, was treated wilh

hydrogen peroxide solution, followed by DEPC-treated sterile diztilled
water,

Initial problems, of keeping sections stuck onto slides throughout

Lo

the hybridization and subseguent washes and detections, were overconms

by the use of a 2% gelatine solution as described in Chapter 2.1.4.

Other slide fizatives such as poly-L-lysine, and poly-vinyl-alcohoi-

vinyltriethoxysilane, either failed to hold szections on the slides, ar

produced unacceptably high levels of background., The +fime for

sections were allowed to dry down on 'subbed slidezs' was found to be an

,.89~



important factor in retaining sections. McFadden et al . (1388 and

Perrot-Rechenmann et al. (1989} also reported the importance of drying

o

ons on slides before pretreatments and hybridization.

s
oy
o
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o
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Brahic and Haase (1978) and Mouras et af. (l1987) f{found

1]
-~

initial 'blocking' of slides was an important step, whiist Singer

e

& (1988) and Goldberg 13986 used acetic anhydride treatments fo
reduce non-specific background con slides. Neither of theze fwo
treatments were found necessary in my studies. Bresser et al. 1987
suggested that no particular fixed prehybridization step was necessary,

and that blocking of non—specific binding of the probe and facilitating

probe entry could be accomplished in the hybridization solution.

.

[

In this work experiments with pretreatments for in s
hybridizations were carried out fo test a wide range of techniques.
These ranged from no pretreatments at all, to lengthy protoccls which

were tried 1In conjunction with various hyhridization protocols until

ol
[N
:

. 3. was achisved.

P

the optimum for root nodules, described in Chapter
The optimum pretreatments as outlined in 2.3.3.1. were based on those
of Schmelzer et al, «1988), Swith et ai. (1387}, Meyerowitz 11987

and Childs et al. (1987)., During optimization work =sections were

[ual

stained for RNA after each pretreatment ensure  there was no
signitficant RNA loss as a result ot any particular treatment. Godard
and Jones <(1878) suggested that HCI treatment of seciions resulted in
the loss of RNA, although no signiticant loss was observed in root
odule tissue, tested in this way. McFadden et &/ (1982) also used
hybridization pretreatments initially, but later dropped fhemn

suggesting that the necessary blocking steps could be accomplished in

the hybridization.
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Larsson et al. (1988) demonstrated that proteinase K pretreatment

of sections resultsd in a considerably enhanced signal however, as
reported by Briga%i et al. (1983), over-digestion can result in a loss
of RHNA in the section. The inclusion of EDTA and a pre-digestion of the

proteinase K, was found to be useful in eliminating the possibility of
any contaminating RNases,

Singer et al. (1988), suggested that the dehydration of sections
immediately prior to the hybridization step helped to solubilize lipids
in the cell membrane and make cells more permeable to the probe. This

step was also found to be beneficial in this work with root nodules,

4.2.3. Hybridization Conditions

Following the pretreatments, the hybridization, based on methods

J

used by Brahic and Haase (1978), Childs et al. (1987), Bresser et

L

o
[

(1387>, Smith et al., (1987, Meyerowitz (1987), Goldberg «19486>, and

Schmelzer et al. (13882, was carried out as outiined in Chapter
2.3.3.2.

The pretreatment and siliconization of the coverslips used in the
hybridization was +{found to be important, as was the inclusion of
dextran sulphate in the hybridization solution. Dexiran sulphate was
first reported by Wahl et al. (1973} to increase the speed and
efficiency of hybridization. Hafen et al. (1383) reported that the
inclusion of 10% dexiran sulphate produced a four fold increase in the
signal detection sensitivity of in situ hybridization studies.

Although yeast tRHNA was successfully used in this work, Cox et al.

[yl
[»)
U
o+

€1984) had suggested that the inclusion of a carrier such as vy

i
-
s
o

transfer RNA (tRNA) had very littie effect on the efficiency of In
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hybridization.

1
‘-«lY

Mouras et ai. (1987

4'

» used 1Z2-Z0 ng probe per siide, and reported
that the quantity of probe, assuming it was in excess of the message to
be detected, was not oritical. Approximately 84 ng of probe per slide

1Y -

was tound the most effective in this work with root nodules

4.2.4. Post-Hybridization Washes
Post-hybridization washes were carried out according to the degres
of stringency required to get repeatable and reliable results, with the

sense Sty

and hybridizations clean and the anti-sense producing a
specific and repeatable pattern of labelling.

at ter

jor28

One of the advantages of RNA probes is the use of RNase
the hybridization; +this precludes the potential amplification of
signals by hyperpolymer formation on target RNiAs and reduces non-
specific background. The use of S1 nuclease with cDNA probes is alsc
possible, although Godard (1383) reported that high ccncentrations of
51 nuclease may lead to relocalization of the probes bound in situ.

Bresser et al. (1987 suggested that the delaying of post-
hybridization washing beyond the first incubation with sireptavidin

thus eliminated the re-blocking step between the washes and the

detection; this procedure was not tried in this work.

4.2.5. Methods of Probe Detection
Early experiments with the streptavidin biotinylated-peroxidase
(ABC) detection system, used by Childs et al. <1387) did not prove as

successtul as the streptavidin-biotinvlated-alkaline phosphatase,

i

system which was detected by S-bromo-4-chloro-3-indolyl phosphats



(BCIP> and nitroblue tetrazolium (NBT) to produce a purple precipitate
(Leary et ai. <1983). This system has been effectively used {for the
detection of bhiotinylated probes hybridized in situ in many instances
{e.g. Arakaki et al., 1988; Larsson et al., 1983,

Although this detection method produced reliable and reproducibie
results, the blue precipitate was net always clearly distinguishable on
10 pm root nodule sections. In an attempt to clarify this labelling,
detection methods wutilizing protein A-gold and silver enhancement

methods were also used.

From the detection methods outlined on the following page, method
3 produced significant quantities of non-specific background; this was
possibly due to the omission of the streptavidin in some experiments
which has a very high aftinity for biotin, and incubations with
antibodies which are liable to hind non-specificaily. Method 2, as
demonstrated in Plates I6 and 18, gave some very specific results, but

proved not to be quite so reliable and reproducible as method I.

|
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Detection Methods

!

STREPTAVIDIN

Biotin

Streptavidin

Biotin
i
alk. phos.

NBT/BCIP

bilue ppt.

STREPTAVIDIN

Riotin

StrePtavidin

gold

silver

enhanced

3

|

ANTI-BIOTIN

anti-biotin
i

GG

anti-rabbif

gold

silver

enhanced



4.3. IMMUNOCYTOCHEMISTRY FOR PROTEIN LOCALIZATION

[Immunocytochemical techniques previously established from this

laboratory (e.g. Harris and Cray, 1989; Harvis et al, 1389,

g
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o
Yoo
o
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successtful bhasis on which to carry out the protein localizations.

Similar studies have been carried out by VandenBozch and MNewcomb
(13867, Sasakawa et af. (1988) and Vanden Bosch and Newconb (1988 on

legume root nodules. Several methoeds of antiboc

O ody detectlion were usged,
Antibody Detection
1 2
I antibody I anti - body
goat, anti - rabbit goatl, anti - rabbit
gold alkaline phosphayase

silver enhanced NBT/RCIP

(for light blue ppt.

microscopy).

The alkaline phesphatase visualisation method was used as a3
conparison with the silver labelling; results are presented in Chapter
3.3. The alkaline phosphatase method proved to be a rapid and reliable
technique, and provided a basis on which to compare the silver and
alkaline phosphatase detection methods used for the in  situ
hybridizations.

PEG 1000 waz found the best embedding mediwn {or

immunccytochemistry at the light microscope level, altheough L. K. White

<

[12]

ction

w

were alsoe used. L.K. White embedded material was uced for the
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immunclabelling at the electron microscope level. McFadden et

€1988) suggested that the use of L.K., Gold for immunolabelliing at

electron microscope level is possibly superior to L.R. White, althoug

this has

ar

s not been investigated here.
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5. THE USE QF Jin situ HISTOCHEMICAL TECHNIQUES 70 LOCALIZE GLUTAMIRNE

SYNTHETASE wRNA AND PROTEIN IN Phaseolus vulgaris ROOT NODULES

5.1. RESULTS

The results of the in gifu hvbridizaticns presented here
demonsirate the location of the gln~«, gin-B and gin-y miNAs in
developing F. wvuigaris nodules (5,1.1}, and the vresultant protein

levels detected by immunocytocheni

discussed in relation to previcus reports on the temporel and spatial

reguiation of glutamine synthetase polypeptides and isoenzymes in

5.1.1. The Localization of G5 mRNA
The optimized Jn situ hybridization technigue was nsed 15

cenjunciion with biotinylated cRNA probes as discussed in Chaplar 4.

F. vuigaris nodule sections, hybridized wi

oy

probe and visualized with alkaline phosphatase substraste to give the

blue/purple colouration, are shown in Plate i1, This Plate demonsirates

clearly that the gin-x mRNA is most abundant in the inner, mid and

i

outer cortex, and the non-infected ceils of the centra
throughout nodulation.
T
1

n contrast, sections labelled with the B probe (Plate lZa-c! show

heavy labelling ithroughout the nodule tissue in the early stages.

&

However these levels decline rapidly with nodule maturity. The decrease

in B mRNA is particularly marked in tLthe infected celis of cenlral

,_.;;7__
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i

he highest level of expression becomes confined
to the inner cortey, with the levels in the mid and ocuter cortical
tissue remaining constant., High levels of accumulation are seen in fthe
vascular endodermal cells of late nodules  (Plate i3a).  Control

sections, hybridized with the biotinylated sense-strand of the $ probe,

demonstrate a very low level of background staining (Plates [d4a and Lo

Sections hybridized with the B probe, but

]

allernative sirept

o

vidin-gold and silver iechnigue, show a
pattern of labelling as seen with the alkaline phosphatase labe]
sections (Plafte 15). The 8§ mRNA is present at high levels throughout
the early nodule (Plate 15a), although this becomes predominantly

confined- to the inner, mid and outer certicai regions in the in the

intermediate and late stage nodules (Plate [5b). Only a low level of §

[

mRNA remains in the infected cells in a late stage nodule (Plate 185c).

The concenfration of y mRNA in the inner cortex and central,
infected region in early nodules i3 demonstrated in Plate 16a. Thsa
labelling in the infected cells is evident when compared with a control
section which was hybridized with a8 sense-strand y probe Plate 10hI
The v labelling becomes restricted to a band of cells in the inner
cortex in a late stage nodule (Plate {Gc).

A hetter illustiration of the lahelling in the intected celis |

0%

abtained when thicker sections are used <Plate 17>, although the
detailed morphology in these hicker sections is lost. A higher
magnitication of an intermediate stage nodule labelled with the v probe
(Plate (7b) illustrates the degree of y labelling when compared with a

control section hybridized with the y sense-strand probe (Plate 17¢).

The alternative streptavidin-gold and silver detection method, used to
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label the hybridized y probe is demonstrated in Plate 18, This method
again demonstrates the high level of vy expression in the infected, non-
infected and inner cortical cells of the central infected re
early nodule (Plale 13a), but subsequently becomes confined to the

Ry

inner cortex as the nodule matures {(Plate 18b). A higher magnitication

shows how the y labelling becomes concentrated in the inner cortex in 2
late-stage nodule section (Plate [8c¢y.

Table 6. Summary of the Jin situ hybridization results on F. vulgaris
root nodules.

Developmental cell mRNA
Stage type o B Y
1 - ++ ++
NI + 4 ot
EARLY He ++ ++ 4 ¥
MC + # -
oly ¢ + -
VE ++ + -
I - + ++
N1 ¥ + o
IC ++ ++ ot
MID MC 4 + -
0c + + -
VE ++ + -
I — — —
NI + + -~
Ic ++ + ++
LATE MC + + -
OC + + -
VE ++ ++ -
[ - infected cells; NI - non-infected cells; IC - inner cortex; MC - mid
cortex; OC - outer cortex; VE - vaszscular endodermis

An  intermediate stage nodule section hybridized with =
biotinylated oligo-dT probe was used to demonstrate the major sites of

transcriptional activity within the nodule Plate i9s The

concentration of +transcriptional activity arcund fhe vascular tissue
was particulariy evident in the iniermediate and late stage sections

(Plate 19b).
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5.1.2. The Immunocytochemical Localization of Glutamine Synthetase in
P. vulgaris Root Nodules

The divergence of the G5 genes, which has been discussed in
Chapter i, ls largely confined to their flanking regions. The differen
mRMAs can therefore be distinguished using probes which correspond o

i

these flanking regions. The antiserum raised to the isoenzymes is not,

however, able to disfinguish between pelypeplides. Cullimore and Mitlin

1983 demenstrated that this antiserum wasz able Lo recoznise
cytosolic 535 isoenzymes of F. vuigaris, G5, and 35, The

immunioiabelling  metheds used in this  worlk  therefore  can  on

demonstrate total GS protein in nodules.

501021, lmmuno-gold Localization of GS protein

The distribution of G5, as demconstirated by

an early to intermediate stage nodule section, iz shown in Plate 20,

cally bound antibody is localized with

521
-

pecif

secondary antibody, and enhanced with silver. Taking
differential distribution of cytoplasm GS appearc
evenly distributed throughout the infected and non-infectad calls, on a
per cytoplasm basis but neot per cell hasis, of the central region of
the nodule. High levels are also present in fthe Inner and outer cortex,
although the mid-cortex only has a low level. The vascular end
has relatively high levels, similar to that of the inner cortex, whilst
the vascular bundles are themselves almost devoid of G5,

Very early nodules show high concentraticens of G5 in the
developing central tissue. Two regions of

early infection are =shown in

Plates 21a and b, the younger region, on the right hand side cof the






nodule, shows a signiticantly higher concentration of GS particularly
in the developing inner and outer cortical tissue. The siightly older
region has more labelling concentrated in the ceniral, infected area,
the mid-cortex has a relatively low level ot labelling. The vascular
endodermal tissue has similar levels to the 1inner cortex and the
vascular bundles are again devaoid of GS protein.

Control sections of F. vulgaris nodules treated with rabbif pre-
immune serum, tollowed by the gold and silver detection method showed
very little or no labelling (Plate 21c¢).

S levels drop considerably in late stage nodules (Plate 22, end
are almost absent in the inner cortex and some of the very elongate
infected cells <(Plate 22a>. The (S protein becomes predominantly
confined to the outer perimeter (the host cytoplasm) ot fthe intected

cells (Plate 22b). G5 still remains in the vascular endodermal cells of

late-stage nodules (Plate 22c¢?.

5.1.2.2, Alkaline Phosphatase Visualization of GS Protein

As with the in situ hybridizations, in addition to the gold and
gilver detection method of visualization, an alkaline phosphatase
detection method was wused for the immunocytochemistry. The alkaline
phosphatase method of G5 protein wvisualisation shows a similar pattern
of labelling to that shown with the silver; there is a particularly

high level of labelling in the outer cortex, in early nodule sections,

(53]

but to a lesser extent in the central infected region (Plate 23a). A
found with the in situ hybridizations, a low level of alkaline
phosphatase labelling is not so readily detectable as a low level of

silver-enhanced gold. In intermediate stage nodules the labelling is
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less apparent in the non-infected cells and inner cortex (Plate Z30
than was evident with the silver method <«Plate 2ZCz). A higher
magnification of the infected cells of an intermediate atage nodu
shows that the Iabelling of the non-infected cells is only detectabls

when closely compared with a control section treated with rabbif pre-

immune serum (Plate 24c). Heavy labeliling in the vascular endodermics,
but wvery little in the wvascular bundle, as demenstirated with fhe
silver, 1is a common foature in sactions of all stlages (Flate zdbk). &b
bacomes confined +to the inner and outer cortical and
endodermal tissue, in late stage nodules and levels in the

cells decline considerably (Plates 2%a and bi.

i

at  the Electron

,.,
o
0
(9]
L

5.1.2.3, Immuno-gold Localizat!

A low magnitication electron micrograph of the central

region of an intermediate slage 7. vuligaris nodule illustrates the

distribution of infected and non-int & cells (RPlate 26a).  lmmuno-

demonstratad in Plate 26b, with a lower level in the non-infected zells

5.1.3. Summary of Results Obtained by the in situ Localization of GS
mRNA and Protein in P. vulgaris Root Nodules

Only the relative, rather than absolute, degres of labelling
assoclated with each preobe can be compared due to the differential size
of probes. Although the experimental procedures used were designed to

keep posszible age and fixation variables to a minimum, their possiblsz
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Taking into consideration thesa possible veriables, rem are

summarized and then discussed in the context of previous reporte on t

expression of GS in F. vuigaris in 5.2,

o
)
o

glna ig expressed in all tissues eucopt the

infected cells, with relatively high lavels in the inner cortex

ul  the nodule at the early and
ievels of glin-5 were tound in

t

R
caerma

infectad and wvascular endodermal cells ai the intermediate stage, and
become very low or ahsent in the infected cells at the late stage glin-
g mRNA slso declines in the inner cortical cells at the late sta

remains the sams, or increases in the vascular endodermis.
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Table 7. Summary of the expression of the &, § and y mRNAs and total GS
protein in P. vulgaris nodule sections.

Developmental | cell mRNA Protein
Stage type o B v
I - ++ ++ ++
NI + ++ ++ ++
EARLY 1c ++ ++ ++ ++
MC + + - +
Oc + + - 4
VE ++ ++ - ++
- + ++ 4
NI + + ++ +
IC ++ ++ ++ ++
MID MC t + - +
0C + + - +
VE ++ + - +
I - - - +
NI 1 + - 1
IC ++ + ++ +
LATE MC + + - +
Qc + + - t
VE ++ ++ - +
I - infected cellis; NI -~ noninfected celis; IC - inner cortex; MCZ - mid

cortex; OC — outer cortex; VE - vascular endodermis.

y mRNA is present at high levels in the intected, non-infected and
inner cortical cells, but is absent, or below detection limits, in the
rest of the nodule in both the early and intermediate stages, and
becomes contined to the inner cortex at the late sta

G5 prot

14

in levels, as demonstrated by the immunocytochemistry
are high throughout the nodule, with a slightly lower level in the mid-
cortex at the early stage. G5 protein declines in the non-infected, mid
cortical and vascular endodermal cells at the intermediate stage. The
high levels in the inner cortex and infected cells decline in the late
stage (Plate 22)., Infected cells at the late stage show early signs of

senescence demonstrated by the decline in G5 protein.
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5.2. DISCUSSION

The medel system of the expression of G5 in developing root

nodules can provide zome very lmportant insights into plant

expression and regulation. There has been 3 range of siuwdies carried
! HEe

out on the expression o«f &5 in root nedules, al the izoenzyme,

polypeptide and more recently the nRR

T

from the early separation of twe cytosclic isoenzymes of GE from

nodules by ion exchange chromatography Cullimeore el a1, 19
arapiy

i

(1884) went on to report the puritication and

ey

et ¢

o}

analysis of root and noedule 55 iscenzymes. They raport
vere composed of distinctive polypeptides, and the aodule izoforms G5,
and G5, were composed of different ratics of the vy and B polypeptides,

The confirmation of the existence of different v and B conjugates
tCullimore and Bennett 1983) supported the suggestion by FRobert and
Wong «1498G> that the ditfferent electrophoretic mobhilities of neodule G2
during develcpment <culd be due to a continucus distributicon of the
polypeptides forming heteroligomeric enzymes.

Previous reports of the occurence ot the cytosclic G5 mRNAs,
pelypeptides and iscenzymes F. vulgarisz nodules and their patterns of
accumtlation during nodule development are now dizcussed in relation fo
the results presented in this thesis,

5.2.1. The Location of G5 in P, vulgaris Root Nodules

Cullimore and Miflin (1283) raised G5 antisera to 5§, and G35

Yed

and repcrted that each recognised both forms of




activity of G5,. antisera was higher than that of G5,,, and they
therefore only worked with the former. They reported that no
polypeptides could be detected when antiserum was incubated with
extracts of free-living Rhizobium They also reported that antisera did
not c¢ross react with G5 from free 1living or bacteroid ~Rhizcobium
phaseoli, but the antiserum was able to recognise all the cytosolic and
leat forms of G5 from P. vulgaris. Some of this antiserum was donated
for use in my work. This antiserum has been used to localize total G5
protein, excluding that from the Rhizobium, in the F. vulgaris root
nodule tissue studied.

Cullimore and Miflin (1983) demonstrated that absorption of
antisera with root G5 removed most of the antibodies which would cross
react with both forms, resulting in the preparation of antiserum which
would specifically recognise GS,,,. This led the way ftor a more
extensive investigation into the localization and identification of Gb
isoenzymes and polypeptides.

Lara et al. (1984) reported that the a and B polypeptides were
readily detectable in roots, but there were no detectable vy
polypeptides. Cullimore et al. «1984) were the first tec report the
presence of the y polypeptide which was initially considered fto be a
nodulin, in that it was nodule-specific, as neither the polypeptide nor
the gin-y mRNA were detected in roots or leaves (Lara et al. 1984,
Gebhardt et al. 1986). However Bennett et al. (1989 have reported that
gin~y mRNA and polypeptides are detectable at very low levels in roots,
which suggests giny 1is therefore 'nodule-enhanced' rather than
'nodule-specitfic' and not strictly a nodulin.

Lara et al. (1988) suggested that the y polypeptide could be
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located in the peribacteroid space, swrounding the bacteroids and not
the host cell cytosol. This has, however, been suggested as unlikely as
the y cDNA (Bennett et al., 1989, and the genomic <(Forde et al.,
1989) clones have shown that the y polypeptide is not synthesized with
additional transmembrane targeting sequences, and the y polypeptides
assemble with the f polypeptides which are almost certainly in the
cytosol (Cullimore and Bennett, 1988). Awonaike et ai. (1981) used
sucrose gradients to separate out nodule contents, including the

successful separation of plant mitochondria from bactercids. They

I

conclusively demonsirated the presence of G5 in the plani cylosol. Thi:
does mnot however exclude the possibility of the contents of the
peribacteroid space being included with the plant cytosol as a result
of peribacteroid membrane rupture. The immunocytochemical results which
I have obtained at the electron microscope level have shown no evidence
of the presence of any G5 in the peribacteroid space.

In summary, the organ-specitic expression ot the «, B and vy
polypeptides has been considered at the isoenzyme, polypeptide and mRNA
levels. Initially the isoenzyme GS5,,, which contains a high proportion
of the y polypeptide was considered to be nodule specific, whilst the @
(making wup GS,..> and o polypepiides were considered to be more
widespread and found in root and leaf tissue, as well as high levels in
embryo radicles and young roots <(Ortega et al. 1986). More recent
reports have however suggested that the o polypeptide is present in
nodules <(Padilla et al., 1987), and that y 1is present in other plant
tissues (Bennett et al., 1989), although at a very low level., Thus « is
not nodule-exclusive, nor vy nodule-specific.

Cullimore and Bennett (1988) suggested that the tissue and

-107-



cellular (rather than organ) specificity of this G5 expression needs to
be determined. Similarly Padilla et al. (1987) suggested that
conclusive evidence of a particular intercellular localization of the
GS polypeptides in F. vuigaris nodules had not been demonsirated, and
that the mechanism for regulation may include the possibility of a
ditfferential contribution from distinct cell types tound in nodule
tissues <(e.g. infected and non-infected cells), to the accumulation of
GS polypeptides or to the corresponding synthesis of mRNAs.

Few reports of the cellular location of the polypeptides have been
made, The in situ hybridization resulis presented here agree with the
observation by Chen and Cullimore (18989} who dissected nodule tissue
and demonstrated y and B polypeptides in the central region, but only
B In the outer cortex. In my investigations gl wnRNA  was
consistently detected in both the central and cortical tissue, whilst
the glmy mRNA was predominant in the central region. The location of
the gin-a mRNA in both the cortical and central region alsc corresponds
with that reported by Padilla et al. (1987).

The specitic cellular locations, and implications they have for
the control of the GS expression are discussed in Chapter 7. Betore
this however the other factors, such as the time course and
quantification of both the expression and appearance of these

polypeptides are discussed.

5.2.2. The Temporal Pattern of Expression of G5 mRNA and Protein in P.
vulgaris Root Nodules
Padilla et al. (1987) demonstrated that the a polypeptide was

present at a relatively low concentration throughout nodulation, the B
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polypeptide showed an increase, trom a relatively high level, up fto 32
days after inoculation, whilst the y polypeptide was detectable at a
low level at day 10, and showed a peak 12-13 days after inoculation,
and was as abundant or more abundant than the B polypeptides trom days
14-32. They tfound that y was the most abundant G35 polypeptide for a
transient period. The results presented in this thesis for the time
course of the accumulation of G5 mRNA demonstrated by in situ
hybridization follow a similar pattern,.

From in vitro studies, Padilla et ai. <(1987) were able 1o
demonstrate the presence of o transiatable products up to day 13, and
the increase in y translatable products from day 13 onwards. The close

correlation between the translatable products and protein level

1N

suggested that the possibility of post-transcriptional regulation could
be excluded. This agrees with the suggestions by Cullimore and Bennett
(1388) and Forde and Cullimore (1989).

The «a polypeptide has been shown to be the major GS polypeptide in
embryo radicles wup to 5 days after germination, when § then
predominates (Ortega et al., 1986). Padilla et ai. (1987) suggested
that this may be analogous to the situation in nodules where early
synthesis of the o polypeptide declines as the nodule matures.

Lara et al. (1984) demonstrated that GS,,, increased significantly
during nodulation, whilst GS,., remained constant throughout nodulation.
Up to day 10 they reported only G5, was detectable. GS5., was fthen
detectable at day 12 and increased to a higher level than GS,,. by day
18, at which point GS5,,, accounted for 84% of the total G5 in root
nodules, whilst GS,,, remained constant or decreased slightly, and

showed no difference in levels from non—nodulated roots. Gebhardt et
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al. (1986) however measured the abundancies ot mRNA levels by an Sl
nuc lease protection technique. They suggested that g/r—y mRNA was first
detectable at approximately day 16, and rose up to day 139 (because of
differences in rates of development this corresponds with the early
stage used in this work). Benneti et al. (13989) measured the abundance
of the G5 mRNAs qualitatively wusing a sequence specific RNase
protection technique, and repofted similar results (illustrated in
Fig.5) to those reported by Padilla et ai. (18987) from Iin viiro
translation studies. These results show that the gin-y mRNA levels

3
)

increase sharply from day 5, te peak at day 1213, then show a shary

(]

decline. The giIn-B nRkRNA levels start at a relatively high level, peak
around day 13, and then decline, whilst the gin-o mRNA shows a silight
decline around day 13, and remains at a very low level.

Forde and Cullimore (1989) suggested that the relative constancy
in abundance of gin-§ mRNA during nodulation in P. vuligaris may belie
more complex changes at the cellular level. The resuits presented here,
on the cellular levels of G5 mRNA, suggest there are differences and
changes at the cellular level.

Figure 6 shows the levels of «, B and y mRNAs detected in the
different nodule cell types, at the early, intermediate and late stages
of nodule development. These results show how the expression cf the GS
mRNAs does vary considerably both with time and with the different cell
types. Although it is difficult to compare the mRNA levels
quantitatively, there appears to be a good correlation between the

total G5 protein levels detected by immunocytochemistry and the levels

of mRNA.
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Fig. 5 Graph to show glutamine synthetase poiypeptide mRNA levels in Fhaseoius
detected in homogenized nodule tissue using an RNase protection tecnique, (rrox
Bennett et al. 1989).




Fig 6. «, B and y mRNA
different nodule cell types over a 30 day

levels detected by in situ hybridization ir the

litespan—-soiid lines, and :2tal

glutam:ne synthetase levels shown by immunolabeliing-broken lines.
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5.2.3. The Assembly of the GS Polypeptides in P. vulgaris

It is now relatively well established <«(Robert and Wong, 1986;
Cullimore and Bennett, 1988; Forde and Cullimore, 1989; Bennett et al.
1989) that the y and f polypeptides form heteroctameric isoenzymes,
made up of differing proportions of the y and B polypeptides. Padilla
et al. (1386) reported that the ratios of transferase to synthetase
activities of total GS which alter during nodulation (Laral et al.,

1984), did not correspond directly with the induction of 6S5,,,. This

lack of correlation between activity ratios and reported appearance of

the G5 isoenzymes is =lso very likely due 1o the differentiai assembly
of the polypeptides. However it has been reported that the proportions

of the B. to B/y isoenzymes is greater than would he expected if the
formation of the heterologous isoenzymes was totally random (Padilla et
al., 1986; Cullimore and Bennett, 1988). The § polypeptide may
therefore have a higher affinity to combine with itseif, than with the
Yy polypeptides. The variation in the cellular location and the reiative
levels of polypetide mRNA and polypeptides may play an important roie
in the regulation of heteromer formation, i.e. where the B polypeptide
predominates it assembles with itself, but where y dominates in the
same cell type the formation of heteromers is encouraged.

Cullimore and Bennett (1988) reported that the assembly of the «
subunit had not been investigated. From these results the possibility
arises that isoenzymes comprising of o and f§, or even «, B and ¥y
subunits exist in some nodule cell types.

The relative levels of o« mRNA have been ftound to be higher than
expected in this work. Previous reports have suggested the gln-f mENA

ie approximately 5-10 fold more abundant than gin-a, (Forde and
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Cullimore, 1989; Cullimore and Bennett, 1388). It seems unlikely that
the o probe used for these in situ hybridizations was either much more
efficient, or the o« mRNA in the sections was significantly more
accessible. There 1is therefore a possible discrepancy between the
relatively low « mRNA levels reported in homogenized tissue and the
relatively high levels detected in situ. This could be due to the
differential contribution of cytoplasm from each «cell type in
homogenized tissue preparations, which would affect all three cytosolic
GS mRNAs to different extents, depending on the particular cellular

locations.

5.2.4. Implications for the Spatial and Temporal Expression of GS in
P. vulgaris Root Nodules

Evidence suggests that the abundance ot the GS mRNAs is directly
reflected in the protein levels, and therefore any translational
control, if present at all, does not significantly affect the
polypeptide levels (Mitlin et al., 1985, Gebhardt =t al., 19886, Padilla
et al., 1987; ¢Cullimore and Bennett, 1988, The Iin situ
hybridization studies presented here have shown that there is a
complex spatial and temporal variation in distribution of the three
cytosolic G5 mRNAs., The composition of the G5 isoenzymes within the
nodule is therefore likely to be determined by this distribution.

Robert and Wong ¢1986) suggested that the assembly of the y and B
polypeptides may be regulated by temporal and/or spatial separation of
the two subunits, which is in agreement with the results presented in
this thesis. Padilla et al. (13987) reported the presence of «, B and ¥

polypeptides in nodules between days 10-13 after inoculation, however
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as the v level:s rose the levels of «

fall, whilst the B remained constant.

synthesizs of the three transcripis in the emerging nodule tissue. Thoy

repoerted that at the onset of nitrogenamze activity only £ and v

tranzcripts were defectable, and the B:y ratios remained =zimilar in

nodules of the same age. Gebhardt et al. (1986 demonstrated thst the

Pl ad :

(thought to consist of predominantly o« subunite) could be

epressed during noedulation. The reported decline in the

gloa mRNA waz not wvery evident f{rom in

reportad here. However, If the o polypeptide is included in the /B
isoenzymes G5, and/or G5, ., an o, lscenzyme (G5.7, would ba neither
present nor delectable in nodules e, the a subunit may be present in
nodules as 3 minor component of G5, and/or 45, ...

The in situ hybridization results have shown a marked cellular and
temporal variation in the GS subunit mRNA levelz. [! seems very likel
that a form of temporal and spatial regulation at the organ and also,

the cellular level exists, and controls the subun
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Lara et &/, (1884) suggested thalt the G5 polypeptides,

particularly v, increased to high levels during nodulation to
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assimilate ¢

ammonia produced by the bactereoids. This

however account for the diff

1

ent iscenzymes or how they are induced,

The
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the Salmonella typhinmurium enzyme, and probably

that ot the higher plant enzymes, is {formed by a combination of lwo

active half- donated by adjacent subunits (Feorde and Cullimore,

1989, It is pessible that in P, vuigaris Gs octamers have different

kinetic properties, and function atf their optimum under different
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conditions; different cell types, particularly in an organ such asz a
roat nodule where they have different metabolic functions would contain
different micro-environments, 1.e. the infected cells in the central
region, have very different metabolic demands, and as a result, a very
different micro-environment, from the vascular endodermal, or cortical
cells, which are less closely involved with the bacteroids, and the
ammonia produced by them. The cells of the central infected region are
associated with higher levels of leghaemoglobin and therefore lower
oxygen levels <(Vanden Bosch and Newcomb, 1988). [t has been suggested
that the mid-cortical cells form a diftusion barrier between the
cenftral nodule tissue and the outer cells, (Frazer, 1942). It would be
unusual to find an enzyme which is able to function at an optimum in
both the cenftral intected tissues and the outer cortical tissues, of a
root nodule. This is one possible factor which may account tfor the
differential expression of G5 in P. vulgaris root nodules. This does
not however explain how this differential expression is controlled.

One of the signals for the induction of gene expression in a
developing root nodule may be the onset of dinitrogen tixation. Padilia
et al. (1987) have demonstrated that the y polypeptide first appears at
least three days before nitrogenase activity. It has also been shown
that the level of gin-y mRNA is affected by nitrogen fixation (Forde
and Cullimore, 1989). Experiments with rhizobial mutants, which are
unable to fix nitrogen but produce the normal nodule cytology, have
shown that the gln-y gene is still expressed although at a lower level
in these f{ix~ nodules (Lara et al., 1983). However no increase in
nodule GS above that detected in uninoculated roots, could be detected

in roots infected with rhizobial mwtant strains which produce nodular
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swall but lacking far rhizobia, Vanden-Bosch et .
1986; Noel et al., 19867

The inductlon of glny (and possibly gl and gln-ad mENA
theretore seems 1o require a certain stage of nedulation to be reached
which may include the invasion by the infectlen thread, or of
the rhizobia. However the expression of the gln-vy gene cannct be
cbligately dependent on the symbiont, as it is at low levels
in ecther

[t therefore seems cytosclic G5 zeones
associated with nodulation atfected by Ltwo or
more factors; the invasion of rhizeobia, which could frigger the
significant rise in gene expression associated with nodulation, and the
onset of nitrogen f{ixation and the production of auwmeonia, which
posgibly serves tc enhance or prolong expressi: [t iz possible that
these same regulatory mechanisms may also operate in a negetive manner

on the glno gene,

but there i3 no evidence for this,



6. THE EXPRESSION OF GS5/GUS GENE FUSIONS IN NODULES OF TRANSGENIC

Lotus corniculatys PLANTS

6.1. In situ HISTOCHEMICAL RESULTS

As a further investigation infto the expression of Lthe G35
isoenzymes, the techniques optimized on P, vulgaris have been applied
to transgenic Lotus corniculat¥és plants containing the &' {lanking

regions from the P, vulgaris gin-p and gin-y genes which had been fusad

Lo

89).

[

to the GUS reporter gene (Forde et &a/., |

The in situ hybridization, and immunocytochemical technigues,
required only a small amount of adaptation from those used for the 7
vulgaris nodules. The same B probe, from the 5' flanking region of the
P. vulgaris gln-8 cDNA, was used for the B/GUS constructs. Similar

results were obtained using a GUS cDNA probe. The y RNA probe used for

v § oy— s
LTy

the F. vulgaris studies was from the 3' flanking region of the gin-y

gene and was therefore not suitable tor hybridization with the ¥y
constructs; a GUS cDNA probe <(provided by Miss M. Gibbs, University of
Durbham?> was used for analysis of the glin y/GUS lines, instead. Root
sections proved ditficult to keep on siides during hybridizations.
Thick sections were stained for GUS using bS-bromo-dé-chloro-3-
indolyl glucuronide (X~gluc), as described in 2.4.3. Forde et al.
(1989) have published some excellent results of thick sections of the
same transgenic plant lines stained with X-gluc (and this technique was
theretore not pursued in my work>. The staining of thin sections, or

the post-embedding and sectioning of tissues after staining, was found

-1ib-



to be unrellable and difficult to reproduce. Early results however, did
indicate, that post tixation and embedding of X-gluc-treated tissue
effectively maintained the staining intensity. The  subsegquent

Vi

0

ualization of the blue precipitate in thin sections was howsver
often difficult and insuiticient to show up in photomicrographs. Whoie
root incubations with X-giuc showed wvariation with size, age and
location on the plant, and proved susceptible to damage which induced
further staining.

Immunocytochemical labelling of sections with a GUS antibody, trom
Dr M Watson, University of Durham was found tc be a more reliable and

reproducible method, which permitted a higher resclution

It was therefore used %o localize the GUS enzyme in sections of
transgenic L. cornfculatys. The nodules used in these experiments were
generally in the intermediate to late stages ot development, and
correspond to the intermediate and large-pink stages (respectively’

described by Forde et ai.(i4gq). )

6.1.1. The Expression of the BYGUS Construct

Sections of an intermediate stage L. cornicuiatds nodule on plant

e

containing the 8/GUS construct were hybridized with the § ENA probe
used for P. vulgaris and the biotinylated probe was detected with
alkaline phosphatase. B/GU5 mRNA was demonstrated in the non-intected
cells of the central region, the inner cortex, and particularly the
vascular endodermal cells (Plate 27a}. For comparison a control L.
cornicuiatds nodule, which does not contain the GUS gene, but also
hybridized with the same B probe, is illustrated in Plate 27b, Sections

containing the y/GUS construct and hybridized with this § probe showed
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containing the y/GUS construct and hybridized with this B probe showed
no detectable labelling.
A particularly high level of B/GU5 mRNA is demonsirated in the

vascular endodermal cells of a slightly older nodule (Plate 28a) from

[v)}

the same line as that shown in Plate Z7a. This also shows there is
greater intensity of labelling around the root connection, with a lower
level in the non-infected cells in the central region. A similar
pattern of GUS distribution was found in thick sections stained with -
gluc <(Plate 28b). Immunocytochemical labelling with gold colloid
visualization on sections frem the same line demonstrated a similar

distribution for the GUS protein, as tor the mRNA.

6.1.2. Expression of the y/GUS construct

Very early emerging nodules from transgenic L. corniculatds plants
containing the gln-y transcriptional fusion ¢(line J,D,}, were sectioned
and hybridized with a GUS cDNA probe. These showed, even at the very
early stage, that the y/GUS mRNA was present in the developing tissue
(Plate 29a). The root attachment, inner cortical and infected cells of
the older ncdule illustrated in the lower half of Plate 29a also shows
the presence of y/GUS mRNA. An early fto intermediate stage nodule (line
J.D,?, showed y/GUS mRNA in the infected and non-infected cells of the
central region, and particularly in the inner cortex, including the
vascular endodermis (Plate 239b). There was no detectable expression in
the surrounding mid and outer-cortical, or root tissue. A slightly
older nodule from the same line again showed the presence of y/GUS mRNA
in the infected, non-infected and inner cortical regions (Plate 30a).

A similar pattern ot GUS protein distribution to that demonstrated
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labelling <Plate 30b). The GUS protein was Jocalized to the non-
infected cells, and to a lesser extent the infected and inner-cortical
cells of the nodule. The very intense silver staining in three cells of
the mid-ceortical region, demonstrated in Plate 30b, represents non-
specific labelling of the polyphenalic, tlavolans characteristic ot L.

t

corniculatus (Boland et al., 1978; Pankhurst et

o
b,
—
0
e
&
<
o
O
©
m
it

ai., 14982). The levels of these flavolans differed considerably between
the various plsnt lines.

Slightly older nodule sections {rom the same plant line, labelled
with the GUS antibody and subsequently visualized with the alksline
phosphatase technigque, are shown in Plate 31, The szections were not
counterstained in order to show up any low level aof staining in the
infectad cells. In these late stage nodule sections the GUS acthivity
was  predominantly contined to the non-infected, and inner
cells. There was no detectable enzyme in the infected cells.

A different pattern of exprassion was geen in line BB, which

[t1]

carries the gln-vy transcriptional fusion (Plate 32). In this case v/GUS
mRNA was detected predominantly in the infected cells of Lhe nodule
(Plate 3Za’. The immuno-localizations of GUS by gold and silver (Plate
32hb), and alkaline phosphatase <(Plate 32c), alsco suggest that the

expression was predominantly in the infected cells of the nodule,

n the non-infecfed

oo
[

although Plate 32b suggests GUS may alsee he prasent
cells. The level of {lavolans in this line is also
line contained the transcriptional as cpposed to the transiational
v/GUE tusion in lines J,D,, and ¢,E,.

The localization of GUS in the third y/GUS line C,E,, containing

the same translational fusion as the J,[0, ine, waz also examined by

_1 19_~









histochemical X-gluc ztaining. Although the sections are very thick and
therefore the celluler resclution bad, the level of GUS is pax
high In the infected and inner-cortical cells in both the very early

wodule (Plate 23s), and the intermediate stage nodule (Flate Z3b;

Although the diff

1]

rent cell types cannot be clearly distinguished, the
Infected cells appear to show the most intense staining, <imilar to

that demonstrated in line EB,B, (Plate 325: Althoush the inner cortical
<O

tiszue alce shoews staining for GUS, Lhe resciuntion iz not =t fent by
clear to rule out the possibility of a3 high level of staining in

non-infected cells within the central area, as shown by the «/GUS

translational fusion line J,D,, «Flates Z9 -

staining of damaged tissue cannot be eliminated wit

T

tissue sections. The pH and orygen/perowide levels within the tiszue

which undoubtedly wvary between cell types in a root nedule can als

atfact the level of X-gluc staining considerably. The us2 of other

immunccytochemical

, as in the other

Similar variations in expression to those seen between fthe [I,D,

s

and <, E, lines which contain the =ame construct, may alsoc be

respensible for the differences in  expression between the twoe
translationail tusions (plant Lines I, 0y and CaE D and the
transcriptional fusion  B,B,» although the different patierns of

expression may also be a consequence of the different gene constructe,

tudies of a number of plant lines for each construct may help to

i

@]

larify this problem,






The localization of the GS5/GUS wmRNA by i situ hybri GHE
praotein localization by imnunocytochemical zlalining and the

localization of GUS enzyme activity by ¥-gluc staining
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o
.
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Tahle & on the following page. Resultis were ol
to late stage nodules. [ situ hybridizations were carried out on the

le

most reproducible plant lines, therefore itwe of the less reproduc

plant lines were only assayed for protein,

'
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TABLE g

Summary of the mRNA and GUS protein levels

in transgenic L.

corniculatds root nodules at the intermediate to late stage of
development,
| Cell type mRNA
B/GUS y/GUS A, D,) Y/GU5 @8, B,

1 - + ++
NI + + +7
IC + ++ -
MC - - -
oc - - -
VE ++ + -

PROTEIN
B/GUS ¥y/GU5d,Dy) y/GUS 3B, B,) By /GUSCLE)

I - 7 + ++
NI + ++ + 7
IC + + - +
MC 7 - - -
0C - - - -
VE ++ + -

I-infected cells, Ni-non intected cells, IC-inner cortew, Mi-mid cortex

QOC-outer cortex, VE-vascular endodermis, #*GUS enzyme activity measured by

¥X-gluc staining.

£y

—ladd-



6.2. DISCUSSIOR

6.2.1. The Expression of the GS/GUS gene Fusions in L. cornicufatis
Plants

A notable feature ot the resulis summarized in Table 8 i< that,
despite the wvariaitions bhetwsen the construcis, all of fthe lines:
containing the ¢/ GUE constructs {whether transcriptional 3
translational’ showed detectable nRNA and protein levels. Thic was
particularly evident at the ecarlier stages, in the intected celils of
the nodule tiszue, although neither mRNA neor protein was dete in
the infected celis of the plant lines with the B/GUS constructis. Forde
et &, (1988} reported fthet ncdules containing the [/GUS constract

showed staining

development. However

to Lhe

- e
SEUe

vaascnlar

development. This same patiern

protein has been demenstrated in

region of the early nodul

Lhroughout

they reported

the

that this staining

only

_— Do I LIIRT S . 4
the B/GUS mBNA  and

the

taining In

SRS CEL Y

25, {Tef Yy ) 27y
most  likely corresponds to the staining of the non-infected cells.
Forde et al (1389 suggest "the intense stalning associated with fhe
vascular traces [in the B/GUS lines] mnay retlect higher overall
trangeriptional and translatiecnal activity in this region, and/or a
greater cell density”. The experiments with P, vulgaris, presented

here, have demoncstrated the

high transcriptional

vascular

endodermal were areas of

mature nodules (Flate

192, Jefferson et al. (1987> demonstrated high levels of staining in
the wvascular tissue, in transgenic tobacce plants constitutivels




expressing the GUS gene. Peterman et s/. (1989). however suggesied that
intense X-gluc staining in vascular tissue may represent had
penetration of the X-gluc substrate into the tissue. This possibility
cannot be excluded where whole nodules are stained as the thickening in
the cell walls in the mid-cortex can form an intercellular diffusion
barrier between +the central and outer nodule tissue. The X-gluc
staining ot sections, and the Jin situ hybridization results presented
here however, also show a high level of B/GUS mRNA in the vascular
endodermal celils (Plate 287, which could cause the vascular traces tao
appear wvery dark in thick sections.

The results reported here show some differences between lines

containing the +4/GUS translational fusion, although both lines showed

(@]

conclusive evidence ot y/GUS mRNA in the infected cells, and all three

lines had detectable levels of GUS protein or enzyme activity in the
infected cells. The distribution of GUS activity demonstrated by the X-
gluc staining in the B,B, line by Forde ei al. (1989), is consistent
with the «v/GUS mRNA and protein distribufions demonstrated here,
although the higher resolution immunocytochemical technique showed some
detectable GUS in the non-infected cells of the ceniral region.

The variation between different lines demonstrated here is not
unusual. Forde et &al. (1989) reported considerable guantitative
variation between diftferent plant lines (from whom which these
transgenic plants were obtained), and suggests that "some of the
variability that we observe in organ-to-organ distribution of GUS
activity in different lines carrying the same construct may be

attributable to diftferences in the severity of the hairy root

phenotype". Dean et al, (1988) also suggest that the variability, in
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the overall expression in difterent ceil lines with the zame construct,

is a well-establizshed phenomenon in transgenic plants and does no

to be related to the number of copies of the iniroduced gene, but iz

due to 'poorly

Despite the variation betlween different lines, all of the /06U

lines showed =upression in the infected cells which was not seen in the

3/5US constructs., The differences between the two v/ GUS constructs

unlikely to be responsible far the slightly different patterns of

1

wpreszsion. The transiational {fusions (lines I,0,, and <C,E,* both
showed expression, although to slightiy different entents, in the
infected, non-intfected, inner cortical, and vaszscular endodermal cells.
Both «/GUS constructs (as outlined in 1.4.5) contained 2 kb of the o
flanking region of the

gin-y gene, but the Irsnslational fusions

carried an additional 44 bp including 24 bp of the

[
(9]
[}
o
-
=
o
I
it
8]
g
-

the transcriptional fusion the translatien initiation codon is supplied
by the GUS gene. The plant line containing this transcriptienal tusion
J [a) i}

(B,B,) w

. Crra ot p e
s of mENA in the

as {ound to have relatively higher leve

.
-—k
n
—+
T
i
i)
it
foms
}—
n

and less ewpression in Lhe non-infected cells than in
the other two y/GUS lines.

[t the difference in eupression was due 1o these different
constructs, rather than wvariation betwesen the different lines, ths

tiation codon, might be expected

forn

transcriptional fusicn with the GUS in
to show a less sgspecific pattern of eupression, than that of the

translational ftusion; this however was ncel the case.




6.2.2. Comparison of G5 Expression in Chimaseric L. corniculatus and £,
vuigaris plants

here are differences between L. corniculatus and P, vuigaris root

nodules, which could influence the patiern of gene
al. 1982} reported that L. corniculatus nodules wera of
determinate fype, +the production of ureides and amides as export
products had not to thelr knowledge been investigated. Therefore there

may bhe metabelic differences atwesn  Lhe L, corniculatus and P

The expression of the GUS genez deternmined

5' flanking regions zenerally show a vers
-l b Q J J

demonstrated in F. vulzaris. In the (/GUS
[o)

detected in the infected cells, whilst high levelsz of § mRKA were

detected in the intfected cells of early F. Faris nodules, However
early L. cornicufatus nodules of a simiiar developmental stage were nol

examined in sufficient numbers, due ic sectioning difiiculties. Forde

2t al. (1989 did report some expression throughoutl the nodule in early

B/GUS transgenic plants bul they also reported that it was not
to distinguish between the cell types. Intermediate stage £, vulgariz

noduies have been demonstrated, in my study to have a reduced level of
mRNA ia the infected cells.
The expreasion ot glin-vy in F. vulgaris follows a very similar

pattern to that seen in the J,D, line of the fransgenic L. corniculatics

plants, although there doez seem to be some detectable exupression in

th cular endodermal cells in L. corniculatues not  seen in F

m

4 va

vulgaris. This is possibly due to the slightly different morphology of

o
o

the twe nodule types. The £, vulgaris vascular bundles are located



the edge of the imner and mid-cortex, whilst those

are apparently located in the middle of the inner cortey, where the
gln-y expressicn is high, in in both P. vuigaris the I, 0, and 2K,
L.cornicula plant lines
6.2.3. The Influence of the %' flanking region on G5 gene Expression
The pattern of expression of the gilny and gin[ genes in F.
vulgaris, and that of the GUS gene controlled by the respective /1
vulgaris promoters in the ‘transgenic L. corniculafus plants
remarkable similarity despite any morphological or metabolic
ditferences and taking into account the possible variations beiwsen

transformed lines. The two legume species apparently therefore respond
to the same controlling elements within the 5' f{lanking regions of the
G5 genes.

Jensen et al, (19862 reported the eupression oif the soybean

leghaenroglobin gene in  transgenic L. corniculatus plants. They
suggested that the nodule-specific expression was under the control of
the %' upstream region of the soybean gene and f it followed the

corrvect developmental timing. De Bruijn et af. {1989 have cloned and
sequenced the leghaemoglobin genes from the stem-nodulated fropical
legume Sesbania rostrata. Fragmente of this &5 rostrata leghaemoglobin
{Srgih3) 5' upstream region were fused to the GUS reporter gene with

either its own CAAT and TATA box promoter regions, or those of the
cauliflower mosaic virus 3b5 promoters. The expreszsion of GUS was then
measured in leaves, roots and nodules of chimaasric L. fusg
plants containing these constructs. They demonsirated the Srglhs O

and TATA box proweter regions, together with 'upstiream enhancer-tevps

pER



Schmid ef af. (1989) have

(133
N

of the P, vulgaris chalchone synthase gene was determined by It

flanking sequences.

The recognition of the same regulatory quences in different

such as F. vulgaris and L. corinculatus demonsirates

how specific DNA =zequences involved in nodule-anhanced

plant nodulaljon genes have bheen conserved tfnroughout leg
gymbiocses. These sequences  are  apparently  induced by a

putative bacteroid, or other form of metabolic or developmental zignal.

A similar common induction is demonstrated by the ability of

Rhizohium strains o cross inoculate and induce nodules in ociher legume

The hemology belween the cytosolic P vulgaris

@stablished (Cullimore et &l., 18983; Lara et ai. 1984,

af., 1986>, and the divergence between the gin-§ and

5' flanking region re (Cullimore and Bennett, 1988, Forde of al.

to reflect, at lsast fto some extent, the acguisition by each gene of

distinct crs-acting elements that confer responsiveness 1o
sets of regulatory signals

Q

[t seems likely, on the

the cis-acting regulatory elements will ke identified within the o'

flanking regions of the G5 gimrvy and gln-f zenes.



7. DISCUSSION: THE EXPRESSION OF GS [N LEGUME

ROOT NODULES

The deveiopment of £,

Chapter 3, and the and u

se

optimization

techniques to investigate the differential

developing nodules in Chapter 4. The resulis
and bie jwplicationg are presented
S, with further 77 s7¢g resulis on bt alimeeii

centaining G5/CGUS constructs presented and di

vitlgaris root neodules

af

I

3, has been described in
in situ hybridizatio
expreszsion ol 135 in

atf these investigations
and diso
L. corafoculatuz plants
&

Reporte of work on and control of G5 in
root nodules of other legume species are discussed in thiz Chapler.
They are coonsi with the resulis, presented hece and elaewhere
concerning the control and regulation of the expression of G5 in
developing F. vulgaris rcot nodules.
7.1. THE CONTROL OF GENE EXPRESSION IN OTHER RODULE SYSTEMS
Sengupta-Gopalan et aj. (1986) reported that {ncreaszed G5 activity
during nodule development in soybean was due to a novel set of tour
genes These are detectable 11-12 days after infection and were
reported to independent of nitrogen tixation, The root-specitic GE,
G3,., and the nodule-specific, G5, were beth shown to increase in
activity during nodulation (Sengupta-Gopalan and Pitas, 1386, These
observations correspond with the increase in G5, and the | of
G5+ during £ vulgaris nodule development. Both G5, and leghasmeglobin
in zoybean were shown to fellow a different patiern of expression when



with the nine other soybean nodulins. This led Sengupta-Gopalan and
Pitas (1986) to suggest that the G5 and leghaemoglobin genes were not
under the same control mechanism as the other nodulins.

Tingey et al. (1988) demonstrated an increase in pea root G5 hy
approximately 20-fold during nodulation. They identitied thre=
polypeptides responsible for this increase, which they demonstrated
arose from three different translational preoducts encoded by three

homologous, but distinct nuclear genes, which they collectively terumed

GS,,. These genes represent another small multigene family, similar to
those in P, vulgaris and soybean. The products of the pea muliigens

family, although considerably increased in nodules, are also found at 3
lower level in other tissues, and are therefore nodule-enhanced rather
than nodule-specific. This 1is a similar situation to that in F.
vulgaris. A cytoplasmic G5 polypeptide has been shown Lo increase
dramatically during nodulation in altalfa (Tischer et a/., 1988). Dunn
et al. (1988) have isolated the cDNA for this polypeptide trom a nodule
library but did not determine whether it was nodule-enhanced or
specific.

Evidence from other legume species therefore suggests that there
is a similar increase in one or more G5 isoforms during nodulation fte

that demonstrated in F. vulgaris
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7.2. THE CONTROL OF G5 GENE EXPRESSION IN P, vulgaris

In nitrogen-fixing bacteria the problem of regulating the
expression of the structural genes encoding G5 has been solved by the
use of tandemly-arranged promoters which are active under difterent
conditions of nitrogen nutrition «Dixon, 1984). The G5 multigene
families provide evidence that higher plants may have adopted the
alternative solution of evolving a set of independently regulated
structural genes, at least some of which appear to have functionally
similar coding sequences.

The control of the expression of these G5 genes still remains an
intriguing questicon, and one to which answers could provide important
insights into the confrol of plant gene expression.

The histochemical results presented in this thesis have
demonstrated that the formation of the different GS iscenzymes during
nodulation is at least partially determined by;

I. the %' flanking regions encoding iscenzyme subunits, and

2. the differential, spatial and temporal expression of the genes

encoding the isoenzyme subunits.

i
s
1]

The influence of these 5' flanking regions of the G5 gzene
considered below in 7.2.1., the way in which these flanking regions may
interact with developmental 'signals' to induce the expression of these
genes 1s considered in 7.2.2, and the influence of the spatial and

temporal expression of the genes over the resultant isoenzyne

composition considered in 7.2.3.
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7.2.1. The Influence of Gene Structure on the Expresasion of G5

Resultes of studies on G5 in legumes all suggest that changes 1u G5

mERA levels are ed in the polypeplide lavels and theretors, the

regulation of these genes is primarily at the transcriptional level

7

CAuger and Verma, 1981; Padilla et al,, 1987, Bennett and Cullimore,

15883, However, as Forde and Cullimore 01989 suggest, this assumption
must be Lreafed with caution, as changes in steady state levels of mEHA
may alsc raflaect gosl-Llranscriplisnal  events occuring during aRNA
synthesis in the nucleus and/« changes in mRNA stabiiity

The ability of the 5' flanking region to confer developmental

expression of the glpn-y snd gin-§ G5 genes in F.

epoyts of the regulaltory intluence of the

' flanking regions in other instances of nodule-enhans ressian
have also been discussed Jensen et 3/., 1886, deBruiin ot aj., 1389,
Schmid et al., 1989).

Forde and Cullimore ¢1989) reported from sequencing intormation
that the three cytosclic G5 genes show putative TATA box seguences

(TATAAT/AY approximately 30 bp upsiream of the major capszites, bub they

]

also reported that the rest of the §5' f{lanking regions of the G5

cytosoliic genes were poorly conserved. The tormer c

essential TATA and CAAT sequences identified by de Bruijn et ai, (19853
to be responsibtle for the nodule-specific
genes  in 5. rostrata. Maure et al

regulatory elements in the 5' f(lanking regions of three nodule-specific
zenes in soyhean. De Bruijn ef &/, (1889 reported that there was
considerable homology between these elements identified in zoybean and

those in 5. rosgtrata. Verma et al. (1986) reporied ihat out ot the



four nodulin genes encoding leghaemoglobin in soybean, w1l ezcept one
inod 352 shared three regions of homology in their 9' ends, and they
suggested that it was unlikely that this was a chance occurrenc

Varma et a2l (19886) suggested that the presence of Lhese zhort

sequences,
structural
have
induced genes

Evidence
in
nodule-specif
regulation.

cloned the

COmINon

basis

been

regulatory genes

the &' flanking

gin-vy gzene

to the 5' flanking regions of genes, may provide a
for induction, as is the case with heat shock genes in

e yeast histidine gene. Other eukaryotic developmental

reported to have %' regulatory elemenis such as

and

ﬁ
el
Q
o]
o
)]
e
]
~+
o
L
[0 =]

Culiimore <1389

lgaris, it will bhe interesting

tnvestigate whether different cis-acting regulatory elements are
responsible for expression in different crgans. However, if

be identified.

Verma et

nodulins 23 and

suggest

binding the same

some

trans-activator

provides a

product

Lo regulate  nodula-specific, Cor nodule-enhancsd
corresponding trans-activator molecules gtill need fo
g/, (i936> have demonstrated that the franscription of
24 in soybean begins at the same time, which they
raticnale for 5°' cigs-sequences being capable of
trans—activator molecules. They suggeszt that infection
from, the micro-symbiont may produce the reqguired
molecule, this could also he the case in 7 vuigaris

{
—
)
4%

¢
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7.2.2. Factors Involved in the Induction of GS genes in Root Nodules

The use of rhizobial mutants, capable ot initiating various stages
of nodule development, have been used to demonstrate the requirement
for certain stages of nodulation to be achieved for the full or partial
induction of various genes.lLara et al/. (1984> demonstirated fix~ mutants
ot K. phasecli induced nodules which exhibited less than 5% the normal
GS,., activity, and 50% the normal G5, activity. Padilla et ai. (j387)
demonstrated that the 65 vy polypeptides appeared three days before
nitrogenase activity, and were therefore at least partially independent
ot dinitrogen fixaition. Nodule specific/enhanced G5 genes have however
been shown not to be expressed in fix™ nodules, in which the bacteria
do not penefrate cells, or in nodules lacking elongate bacteroids, but
are induced in fix” nodules containing ditferentiated bacteroids (Dunn
et af., 1988; Norris et &al., 1988,

Such observations with rhizobial mutants support the suggestion by
Padilla et al. (1987) that the invasion of the cells by bacteria, and
possibly the differentiation of the bacterolds is reguired ior the
induction, or at least partial induction, of nodule specific/enhanced
genes.

The development of a complex organ such as the root nodule
apparently has no single, simple, induction mechanism, although
invasion by the bacteroids {s evidently important, but not the only
factor involved. Verma and Bal 1976) demonstrated that ineffective
soybean nodules produced by three different Rhizobium strains, induced
very difterent levels of expression of the leghaemoglobin genes. Auger
and Verma (1381) suggested that nodule-specific sequences, present at

variably-reduced concentrations in nodules induced by the different



matants, cou

d be a result of nitrogen starvalion, eand/or 3 lower

proportion of infected c¢ells than in normal nodules. However, i
Proj

would be expected to affect all nodulins, but [t only selectively

affected leghaemoglobin and nodule-specific G5 in the soybean.

ot

w0

engupta-Gopalan and Pitas (1388 demonstrated that
Rhizobium, which induced fix~ root nodules in which no peribactercid
membrane was formed, induced the leghaemoglobin genas b The- and

tbes in soybean but wnot G5.,. Therefore leghawoglobin and G5 are not

necessarily induced by the same e

The transcription ot 45 in soybean has been shown to he stimulated

by the availability of amnonia produced by dinltrogen fiunation
(Sengupta-Gopalan and Pitas, 19856, Hirel et al. 1987 have o
demonstrated that ammonia i  important, alfhough not  the primary
={fector in the induction of G5 in F. vulgaris and msy be probably

involved in the magnitude and maintenance of expressicn rather than its
initial induction. In contrast to these reports, Corruzzi el ai. (15897
have demonstrated that in peas nif D rhizobial mutants, which induce
nodules lacking in nitrogenase, still sccumulated G5 nBENA to the normal
levels; the GS genes do not theretfore seem to dependent on  the
accumulation of ammonia in this case.

Cther studies have been conducted on the effect of ammonium by
growing nodules in an environment of &0% argon and 20% oxygen. In such

an environment nitrogenase is produced tui ne ammonia only hydrowen
[e} ! ? &

57}
[

(Athins et ., 1284, Hirel et al., 1987). F. vuigaris plants grown

under these conditionse were shown to contain 22
Gh,.. levels., Similtarly Hirel et al. (19877 demonstrated that although

G5 levels were significantly reduced in soybean under these conditions,
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leghasmoglebin levels were normal until the late stages They also
demonzstrated that the addition of ammonium Lo soybean v
starved of nitrogen, resulted in an increase in <y
within eight hours, whilst the addition of nitrate produced no eifect
Cock el al. (1989) reported that this effect was not however seen in P

vulgaris. The exogenocus application of emmonium salts to nodules
been reported to induce early nodule senescence (Vezina et /., 1583
and therefore cannot be used to test out the possible induction of gln
y mRNA In nodules by ammonia.

From such periments it seems evident that bacteria are elther
directly or indirectly involved in  the induction of nodule-

1 -

specific/enhanced genes. The penetration and bacterial release appea
to ke important factors; whether this relates to the relesse of frans-
acting tactors, which bind to cis-acting elements in order *to induce
specific ge has yet to be established.

The influence of hormones in G5 gene induction cannot be ruled
out, Auger and Verma (19813  suggested that  the increase in
concentration of commonly or moderately abundant seguences appeared to
be moderated by auxins, whilst Corrwuzzi ef af. (1989)
that 6%, in pea root nodules could be at ieast partly regulated by
horwones. Scheres et al., (1989, and Schmid ef &/. 7138%9), have also
demonstrated that early nodulin genes can be induced by hormones.

In summary, it appears that at a transcriptional level of
regulation, cigs-acting elements in the 5' flanking regions of noduls-
specific/enhanced genes may respond ito irans-acting factors,
with invading rhizobia, and/or development signals, which then
combination initiate the gene induction. ©Other major regulatory

.1 b‘.



compounds such as ammenia appear fto play s key vole, pogsibliiy in the

magnitude or maintenance of expression, With some insight into the

control ot nodule specific/enhanced gene evpression at the
transcriptional level, the possible controls at the polypeplide an

{soenzyme levels can be considered

7.2.3. The Temporal and Spatial Control of G5 Isoenzyme Assembly
- B ey e Ry 4 M e [ O P [N [ R - PO I
the teuporal and spalial expression of iLhe three cylosollic 68
mRNAs was demonstrated in Chapter 9, asnd the way in which this temporal

and spatial expression could determine

s

particular cell type within a root nodule

On the basis of the L. corniculatus histochenical! data, Forde ef

]
6]

al. 11989) suggested that some cells such as the infscted celis

i

gynthesize both v and § polypeptides, whilst octhersz syn

polypeptides. This spatial separation of the polypeptidesz may af lszas

partially determine their assembly inte {scenzymes. From ihe recultsz
P J !

reported here on the expression of &S in P valgaris and L
cornicuiatus it seems the G5 isoenzyme assenbly s &t lesst psritiaslly

controllied by a temporal and spatial separation of the zubunits

The early eupression of the B polypeptide at higher levels than vy,

¥
s

would lead to the formation of G5,,.. Az the y gene is then expressed
increasingly high levels in the infected, non-infected and inner

tissue, the ratio of y:§ increases and is retlected in the

st

cortica

Lﬂ
[
[
o

isoenzyme composition of GS,,,. The early daciine in the eupressi

the gin-p gene in the infected cells, as demonstrated in Chap

6, would also contribute to the high ratio of y:8, which on %

would be expected to be higher in the infected cella, than fthe non-

H
(o5
~J

|
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infected and cortical «cells., The possible involy

polypeptide has been discussed In Chapter 5

On the basis of the results prezented here it

nodules which are actively fixing nitrogen the y polypeptide iz at

highest levels in the infected cells and present at lower levels, or

vl

absent in the wmid and outer-cortical cells, where the levels of =ammonia
assimilation wouid be expected fto be significantly lower, i.e. the vy
polypeptide may be reguired in the highest ratios to cope ettectively
with the conditions in the infected cells, whilst in the cortical

tissues the conditions are such that a lower level of vy and hi

level of B polypeptides form the optimum isoenzyme. The

and root tissue provide the conditions in which the 8., or

isoenzyme functions best,

Similar temporal and spatial expression of other nodule-

specitic/enhanced genes have been reported. Verma et &/, (19

o))

reported there was a time difference between the appearance of ftwo
major electrophoretically-distinguishable ftorms of legheamogliobin ip
soybean. As well as being expressed at different stages of nodulation,
they were shown to have different turnover rates, although the authors
were unable to determine whether the eupression alsc differed
spatially.

The suggestion by Cullimere and Bennett <1383) that polypeptlides
with different properties may be required in ditferent subcellular
compartments, has now been demonstrated by the rvesults presented in
this thesis and those reported by Foerde ot al. (1932), and at least

partially determine the resultant izoenzyme composition.

A complete slucidation of the complex gene control and eum
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7.3. FUTURE WORK

The results presented here provided a basiz on which %o extend
both the in situ histochemical techniques and their application in

studies of gene expression during legume root nodule development.

7.3.1. Further Use of in situ Hybridization Techniques
Techniques for 7n situ hybridizations on legume rcot nodules have
been established and the various parameters discussed in Chapter 4.

These techniques could now be developed further by:

[, extending the Iin situ hybridization technigues to the electron
microscope level, fto allow more detailed studies on the cellular
location of mRNA.

2. developing a more reproducible silver detection method, which may

provide a more specific loocalization of mRNA than slkaline
phosphatase.
3. investigating alternative methods ct probe labelling,

particularly where tissues being studied contain high levels of

biotin.

7.3.2. Further Investigations into Gene Expression in Legume Root

Nodules

The investigations into the temporal and spatial expression of G5
in developing F. vulgaris root nodules could be expanded in many ways.
These include:

1. investigating the temporal and spatial expression of G5 in

inetffective P. vulgaris root nodules.
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investigating the possible ditfferential expression of the G5
genes in developing embryos of FP. vuigaris

investigating the expression of G5 in root nodules of other
legume species such as soybean and pes,

extending the work reported by VandenwBosch and Newcomb <19837,
by investigating the temporal and spatial distribution of

leghaemoglobin mRNAs in soybean.
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8. GSUMMARY

A survey of the structural development of F. vulgaris nodules was
undertaken and acted as & basis {for subsequent histochemical
localization of the transcription and translation products of G5 gene
expression. Each stage of tissue preparation for histochemical work was
optimized including fixing, sectioning and embedding methods were
considered in .depth to find an optimum, which combined with the
prehybridization and hybridization treatments produced a reliable and
reproducible in situ hybridization method. Suitable cRNA probes were
prepared and methods of non-isotopic labelling and detection
investigated. The optimized 1in s7tu hybridization method, using
photobiotin  labelled <cRNA probes and alkaline phosphatase or
streptavidin gold enhanced with silver, methods of visualization were
applied to P, vulgaris root nodule sections, In combination with
immunocytochemical protein localization techniques, the differential
temporo-spatial expression of the G5 polypeptides in P, vuigaris was
demonstrated:

The glmo gene is expressed at a low level in all but the
rhizobially infected cells throughout nodule development. The gin-8
gene is expressed at a high level during early nodule development, but
becomes confined to the vascular endodermal and cortical tissues in the
late stages ot nodulation. The glin-y gene expression is concenirated in
the central infected, non-infected and inner-cortical tissues in early
nodules, and becomes confined to the inner cortex only in the late

stages of nodulation.
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The same in s:itu techniques wore adapled, and

to demonstrate the %' flanking repions of the P vulgeris

fused to the GUS in L cornicula 3 imilar
cattern of temporal and spatial e=pressio
patiern ¢ femporal and spatial ewpression

On the basiz of these resulis obtained by Jn =s7ifu hybridizalisg,

iLocan be sugpested (hal the differential temporo-zpatial erpression of

the 7. vulgaris G5 mRNA and pelypeptides may deterwmine the

nzyme

The exprescion of these gones enceding fthe G5 polypeptides at
teast  partially  deterwined by their o tlanking reglons, as
demonstrated in the itransgenic L. cerniculatus plants. contralling
elements within this flanking rcgion may be putative ¢35~

acting elements which respond to nodule developmental signale and the
(o) I3 [

production of ammonia.
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