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"The relations of matter and life are infinitely too
complex for the human mind to understand. Science
brings us face to face with creative power in the
beginning of life on this earth and its continuance".

LORD KELVIN, Professor of Natural Philosophy
in the University of Glasgow, 1846-1899.

From 'The life of William Thomson,
Baron Kelvin of Largs' by Silvanus
P.Thompson. (London, 1910).
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GENERAL
INTRODUCTION

Nitrogen is the cornerstone of the proteins, fhe
compounds that characterise and distinguish the living
cell. As the majority of plants and all animals
require this in combined form, the fixation of free
atmospheric nitrogen can be classed with respiration
and photosynthesis as one of the basic processes in
nature. Owing.to the action of denitrifying organisms
in the soil and in the oceans there is a continual loss
of combined nitrogen, for which compensation is provided
by the biological fixation of atmospheric nitrogen,
and to a lesser extent by fixation arising from
electric discharges in the atmosphere. A cycle of
this general type appears to have been operative for
a substantial part of the period during which plants
have existed on earth, although initially combined
nitrogen of noh—biological origin is beliéved to
have been present.

Thus the greater part of the combined nitrogen

now in circulation in nature is due to biological



synthesis and the following are the organisms chiefly
responsible: -

(a) Not involving higher plants:

Azotobacter and Clostridium - bacteris which are

the most important of the free-living nitrogen

fixing organisms.

Certain Photosyhfhetic bacteria.

Certain Blue-green algae.

Lichens - with blue-green algal constituents.

Certain Bryophytes - e.g. Blasia (again with blue-green
algal constituent).

Certain soil yeasts.

(b) Involving higher plants:

Legumes with root nodules.
Non-legumes with root nodules.

Possibly a few plants (e.g. Psychotria) which have

bacterial nodules on their leaves.

The work of the present author has been concerned
entirely with the symbiotic nitrogen fixing systems
(category (b) above) found in the'relationship between
certain higher plants and soil micro-organisms producing
nodules on their roots.

The great majority of the noduleted plants belong
to the family Leguminosae and many genera and species

of this large group have nodules produced on their roots
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by species of the bacterium Rhizobium. These nofdnlae
are normally active in the fixation of free nitrogen
and consequently the growing of legumes is of very
considerable importance in Agriculture, where owing to
crop removal the likelihood of depletion of soil nitrogen
is accentuated, and the value of legumes in the
maintenance of soil fertility has been recngnised since
antiquity. The pre-eminent position assumed by the
legumes in agricultural economy is due to their ability,
unique in nature, of combining the power of soil enrichmenrt
with a contemporaneous supply of edible products.

Besides the legumes, there are eight other geners
of Angiospermous plants which develop root modules
inhabited by a micro-organism. These plants are widely
and somewhat haphazardly dispersed among the Angiospeems.
The following list shows these genera together with their

systematic position according to Engler snd Diels (1936):-

Genus Family ' Order
Hippophad
Shepherdia Elaeagnaceae Myrtiflorae
Elaeagnus
Alnus Betulaceae Fagales
Myrica Myricaceae Myricales
Coriaria Coriariaceae Sapindales
Casuarina Casuarinaceae Verticillatae
Ceanothus Rhamnacese Rhamnales

Certain Gymnosperms also bear root nodules but these will

not be further considered here.



Owing to the unsuitability of these non-legumes
for utilisation in many systems of Agriculture the
significance of their root nodules has until recently
remained little investigated. However, since the late
war a considerable amount of original work on non-legume
nodulated plants has been undertaken in the Botany
Department of the University of Glasgow. Satisfactory
evidence, based on long-term growth experiments and on
short-term isotopic tests, has been advanced to show
that fixation of nitrogen occurs in the nodules of

Myrica, Alnus and Hippophaé& to an extent sufficient to

sustain normal growth of the plant in a solution free

of combined nitrogen (Bond,1951b; Ferguson and Bond, 1953;
Bond, Fletcher and.Ferguson, 1954; Bond, MacConnell and
McCallum, 1956). The literature relating to nodule-
bearing non-legumes not native to Britain provides some
evidence of fixation by their nodules and it is highly
likely that nitrogen fixation is associated with all
eight genera.

Some uncertainty remains as to the identity of the
nodule organisms in the non-legumes, and in this connection
the inability of any investigator to make a satisfactorily
confirmed isolation of the organism has been a stumbling-
block to progress. On the basis of the examination of

sections of nodules most investigators have concluded
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the organisms t0 be Actinomycetes, though some have
taken a different view. A recent review of the literature
was provided by Hawker and Fraymouth (1951).

These non-legume genera are nearly all well known
plants which occur in large numbers in aporopriate regious.

Some of them, such as Hippophaé, Alnus and Coriaria,

are particularly widespread in their occurrence over
the surface of the Earth. It cannot be doubted that,
taking the world as a whole, these non-legume genera
make a substantial contributiom to the general stock

of combined nitrogen on which non-nodulated plants rely.
Possibly means will be found in the future of putting
to more immediate practical use the special properties
of these plants.

Interesting evolutionary problems arise in connection
with root nodule plants, as peinted out by Bond, MacConnell
and McCallum (1956). The non-legume examples are
without exception woody plants. The presence of nodules
on herbaceous members of the Leguminosae may merely be
because they are descended from woody legumes in which
nodule formation was already established. It seems
possible that at some stage in evolution, when the
Angiosperms were represented by woody types, conditions
favoured the initiation of symbiotic associations or

were such as to make such associations particularly



valuable. The nodulated genera still existing today
may represent remnants from that time.

Since the property of nitrogen fixation is somewhsat
unique, the further inwvestigation of anj organism or
symbiotic system shown to possess that property is
obviously desirable. Moreover the elucidation of
various aspects of the legume symbiosis, including the
meéhanism of fixation, is proceeding very slowly, and
there is always the possibility that other nitrogen
fixing material, such as non-legumes with nodules, will
present more favourable opportunities for the investigation
of symbiotic fixation. The present Thesis is devoted
in part to detailed studies of certain aspects of the

development and functioning of non-legume nodules.
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INTRODUCTION

Within a comparatively short time of the realisation
that the nodules on the root system of legumes were
benefiting their hosts by supplying fixed atmospheric
nitrogen, it was ohserved that the presence of such
nodules was not always beneficial to the plant. Fred,
Baldwin and McCoy (1932) have summarised and discussed
the experimental work following on the early observations
which led to the discovery, within a given species of
the nodule organism, of 'strains' which varied in their
nitrogen fixing powers in association with their host.
Some strains, termed 'effective', supply ample fixed
nitrogen to their host plants, while other strains,
termed 'ineffective', supply little or none.

It was further noted that the different types of
nodule organism strain produce a different and characteristic
type of nodulation on their hosts. The effective strain
usually, though not always, produces relatively few,
large, red nodules situated on or near the main roots
while the ineffective strain produces numerous, small,
white nodules scattered over the entire root system.

Such a differentiation between strains is however limited



to the association of a particular strain with its host,

and effective and ineffective strains are not distinguishable
by cultural or serological characteristics. For example

in a recent investigation, Jordan (1952) reported that

in Rhizobium cultures no consistent differences in
biochemical requirements or growth responses occurred
between effective or ineffective strains.

In more recent years it has come to be appreciated
that host plant factors may be in part responsible for
the production of ineffective nodules. The simple
view that the occurrence of such nodules is due to an
inherent impotency on the part of certain strains in
fixation is no longer satisfactory in all cases. Thus
Helz, Baldwin and Fred (1927) showed that strains which
were ineffective with one genus of legumes were effective
with a different genus within the same cross-inoculation
group (that is whose nodules were caused by the same
species of Rhizobium). A similar effect within one
plant genus was reported by Strong (1937, 1940) who
showed strains effective with red and white clover

to0 be ineffective with subterranean clover and vice-versa.

Jensen and Vincent (1941) postulated however, the
existence of a strain effective with all the common
clovers, maintaining that the effectiveness pattern

found by Strong (loc.cit.) did not always hold.  Bond



and McGonagle (1951) added support to the view of Jensen
and Vincent (1941) by demonstrating consistent strain
performance by the clover nodule organism on three

clover species, red, white and alsike. However Vincent
(1954) showed root nodule bacteria isolated from four
species of clover to be generally effective in association
with white and red clovers but almost always ineffective
on subterranean and crimson clover. Effective and
ineffective responses t0 the same isolation of the nodule
organism within one species was reported by Boyes and
Bond (1942) working with different varieties of Soya
bean. Finally, difference in response to one strain

of Rhizobium between plants of the one variety have

been reported. Nutman (1946b) showed that in a set of
clover plants of the one variety supplied with a generally
effective strain, individual plants may show a completely
ineffective association although bacteria reisolated
from such plants have remained unaltered and produce
normal effective nodules on other plants. Furthermore,
with a struin of bacteria which normally gives a response
intermediate in effectivity towards plant material of
mixed genetical constitution, Nutman (1946a) reports

that selection of the host plant to increase the
effectivity response is possible, but so far selection
for responsiveness to totally ineffective strains of

bacteria have been unsuccessful.
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Thus any statement as to the effectiveness or
ineffectiveness of a strain may only apply when the
strain is associated with a given species or variety
of host plant, while within these limits any estimate
of effectiveness may only be of the nature of an average
value, covering a considerable variation in individual
plant response.

Under natural conditions legumes have been shown
t0 be usually infected by more than one strain of a
Rhizobium species. Thus Hughes and Vincent (1942)
showed that different nodules on the same plant are often
inhabited by distinct serological types. Baird (1951)
reparted multiple infection on clover, the plants
examined being associated with at least two strains
of the nodule organism, usually an effegtive and an
ineffective type. The latter finding offers an explesnation
of why ineffective strains are not normally to be
detected in the field by reference to the condition of
the host plant, though as pointed out by Allen and Baldwin
(1954) the amount of soil nitrogen is usually sufficiently
high to eliminate differences in strain efficiency.
However, Vincent (1954) recorded that in one area
examined by him, the contrast between effectively and
ineffectively nodulated plants was most striking. The

number, kind and distributizon of nodules on the roots
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conformed to the classical picture and the above-ground
parts permittedvready diagnosis. That ineffective strains
can be detrimental to field plant development Wés shown

at an earlier date by Leonard (1930) who studying the
failure of a pea crop in Louisiasna U.S.A. concluded

that this was due to ineffective strains of the nodule
organism.

The distribution of effective and ineffective
strains under natural conditions has feceived some
attention and Wilson (1940) from a survey of work on
the matter suggests that many of the strains found in
the natural habitat, either in soil or in the nodules
of wild legumes are of the poor type. In a survey of
strains isolated from soya beans in the Wisconsin ares,
Umbréit (1944) found 25% of those examined were
ineffective. Thornton (1946) examined 463 rhizobisa
strains from clover growing in Great Britain. 0f 290
isolations from Scotland, Wales and North gnd West
England, 28% were ineffective, 12% intermediate and
60% effective. O0f 173 from South, Central and East
England, 9.2% were ineffective, 4.6% intermediate and
86.2% effective. The ineffective strains came largely
from hill pasture areas. Isolates from species of
Trifolium growing in the New South Wales wheat belt
were shown by Purchase and Vincent (1949) to exhibit

considerable variation in characteristics based on



serological behaviour and effectiveness patterns and
such characteristics were found to be localised within
the area only to a dight extent. This work was
extended by Purchase, Vincent and Ward (1951) to

include species of Medicago (M.sativa, M.hispida and

M.laciniata), and as with clover isolates, the strain

types found, were largely distributed in a random
fashion within the area investigated.

In contrast to the findings in Australia, Thernton
(1950) reports on an investigation made by Dr. Read of
his department involving 100 isolates of clover rhizobia
from 17 localities, which showed that strains tend to
be highly localised in their distribution, so that no
rapid spread of a new strain whether of natural origin
or introduced seems likely to occur under field
conditions. This survey was however based on
serological differentiation between strains.

In a study of the distribution and effectiveness
of nodule bacteria of clover in the soils of the
Latvian S.S.x., Kalnin'sh (1951) found effective,
ineffective and slightly effective strains occurring.
Slightly effective and ineffective strains were
isolated primarily from nodules of plants growing in
light sandy and loamy soils, expecially where the

plants were wild species of clover.



In the following investigation an attempt has
been made to assess the distribution of effective and
ineffective strains harboured in the nodules of two
'wild' legumes from localities in the West of Bcotland.

The first of the species examined was Ulex europnaeus l.,

Gorse, Furze of Whin. No previous work of this nature
appears to have been done on this legume which is s
native generally distributed throughoutlthe British
Isles. Today in some parts of Europe it is still

used as fodder, a use to which it was formerly put in
this country when to render it palatable to farm stock,
its spines were crushed by heavy stone rollers, known in
Scotland as 'whin mills'. When on occasion it was
deliberately cultivated (Edlin, 1951) it was harvested
im the second year after sowing, and thereafter annually.
a8 a rich source of winter keen. Strains more succulent
and less spiny than the common wild forms were chosen
for this purvpose. The soft young shoots rising above the
spines of wild Gorse are browsed by rabbits, sheep and
ponies though a toxic alkaloid occurs in its seeds and

it is under suspicion as a potentially pdsouous‘plant
(Whyte, Nilsson-Leissner and Trumble, 1953). Being
highly inflammable,‘burning furiously even when green,
Gorse may become a serious fire hazard and was one of

the prime causes of the destruction of the town of
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Brandon, Oregon, U.S.A. by a forest fire in 1936.

At one time it was commonly gathered for kindling and
for firing old-fashioned bread ovens and it was again
so used in the Channel Islands during the German
occupation from 1940 to 1945.

Today in this coumntry Gorse is generally regarded
as a pest and is frequently burned as such. The possible
ecological value of the nitrogen fixing power associated
with its nodules has been largely disregarded.

The second species te be examined was Medicago
lupulina L. Black Medick or Yellow Trefoil, a native
gemerally distributed throughout the country.

According to Robinson (1947), Black Medick has been
cultivated in this country sihce the middle of the
fifteenth century and its use is widespread especially
on dry, light land. It is not however a satisfactory
hay plant and is never sown alone on account of its

weak stems. It has been used in Norfolk in alternatipn
with red clover for the Medick is more resistant to
clover 'sickness'. Although the herbage is not very
palatable, Black Medick is occasionally sown as an
annual fodder crop for sheep on chalky soils (®dlin, 1951).
Being of limited agricultural importance this plant has
not received the attention directed to another species

of Medicago, M.sativa, Lucerne, which although not a
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native is of major agricultural importance in this
country. It was found advantageous to inoculate Lucerne
seed with suitable effective strains of the nodule
organism and such strains have Been made available
to farmers (Thornton, 1931).

In the experiments to be described test plants
were grown on agar slopes in test-tubes, a method which
is suitable for testing many strains at once, which
lessens the risk of contamination and which provides
uniform conditions to all plants with the minimum of
positional variation. Isolations of the nodule organism
made from field plants were reinoculated into these
plants growing under aseptic conditions on a nitrogen-
free medium. An effectiveness value was calculated
for each plant using a formula to be detailed later,
based on plant development as measured by dry or fresh
weight. Alternative methods of assessing effectiveness,
have been reported such as that based on nodule colour.
As noted already, effective nodules are ususlly red in
colour due to the presence of haemoglobin and are thus
distinguishable from ineffective nodules which are found
to be normally pale green or white. Nicol and Thornton
(1941) distinguished between effective and ineffective
strains inoculated into soya bean plants in send culture

by this means, effective nodules being red or olive green
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in colour and soft in the centre while the ineffective
nodules were pale green or white and hard in the centre.
Jordan and Garrard (1951) also adopted this method and
showed that the maximum haemoglobin conteﬁt in nodules
of field plants was attained just prior to blossoming
and much sooner in greenhouse plants. However, as
pointed out by Virtanen, Léine and Linkola (1945), when
‘growth conditions were unfavourable nodules of even
effective bacteria turn green at an early stage. It
may also be noted that confusion could arise due to
immature nodules not yet fully pigmented.

In the present investigations the term 'isolation'
is preferred to that of 'strain' as eventual comparison
is based entirely on host plant development and some
of the isolations tested may hawe been identical.

It was at firet supposed that a single species
was responsible for nodule formation in all the legumes.
Later however it was recognided that permanent and
significant differences existed between the organism
causing nodulation on certain groups of leguminous
plants. The differentiation of species within the
bacterial genus Rhizobium, the organism responsible
for the nodules, was then based on what was termed
the cross-inoculétion groups of host Jlegumes. Thus

one species of Rhigobium is able to nodulate any one
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of a certain group of legumes. Another species in
a similar manner may nodulate another group of related
legumes. Fred, Baldwin and McCoy (1932) hawe provides
a detailed account of this classification and it has
been recently summarised by Whyte, Nilsson-Leissner and
Trumble (1953). This convenient form of classification
is not however too sound and Wilson (1939a) has shown
that the boundaries surrounding plants from each
proposed group are irregular. No cross-inoculation
tests have been made in the following investigation.
The precise position of Gorse in the above scheme
is uncertain. Fred, et al.(loc.cit) placed it

tentatively in the Cowpea group along with such geners

~as Arachis, Acacie, Lotus and Phaseolus. No specific
name was attributed to the rhizobia concerned.
The nodule organism in the case of Black Medick

is Rhigobium meliloti, the species which is responsible

for the nodulation of the genera Medicago, Melilotus

and Trigonella.
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(1) Ulex europaeus L.. Gorse, Furze or Whin.

METHOD S.

(a) Isolation of the nodule organism.

Isolations of the organism were made from Gorse
nodules collected from various localities in the West
of Scotland to be detailed later. In order to obtain
as wide a range of types as possible from within each
area each isolation was made from a different plant,
a short length of nodulated root being cut from the
chosen plant in the field and transported back to the
laboratory for the isolation to be made from one nodule.
In the case of the more mature and well established
plants a considerable amount of root system had often
#0 be unearthed before nodules were located. Nodules
were found to persist on old roots but the numbers
were much greater on young roots. Presumably over a
period the majority of nodules decay as the roots become
older and more woody. The mature Gorse nodule was
found to be an elongated structure somewhat bulbous

at the distal end. The writer has found them up to
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two centimetres in length, though in such cases the
junction to the root was oftem withered. It is debatable
whether such nodules are still functional and they
were avoided when making isolatioms.

In making the actual isolation the nodulated roots
were first washed free of soil amd other debris.
Suitable nodules were then detached, placed in a Gooch
.crucible and rinsed in acidic mercuric chloride (1 gm.
mercuric chloride, 2.5 ml. concentrated hydrochloric
acid, 500 ml. tap water) for four minutes to remove
any soil micro-organisms contaminating the nodule surface.
Following sterilisation the nodules, still in the Gooch
crucihle, were rinsed in a chain of six beakers containing
sterile water, the crucihle being held throughout with
sterile forceps. Finally individual nodules were
transferred to a drop of water in a petri-dish and there
crushed with the flattened end of a sterile glass rod.
The latter was then streaked on to another petri-dish
containing yeast-mannitol agar (detailed below). The
above procedure was performed within a steam-sterilised
cabinet. The cultures were incubated at 24°C. and
replated as required, the isolate finally being transferred
to test-tubes containing the same medium. Established
cultures were stored at 2°C. and fresh slopes grown

when required for actual experiments.
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Bacterium radiobacter is by far the most frequent

organism found as a contaminant in isolations made from
legume nodules (Fred, Baldwin and McCoy, 1932) and

it is difficult to distinguish from the Rhizobium

due to similarities in cultural characteristics.
Several differentiating tests are available and in the
present case forty of the Gorse nodule isolations were
tested for purity using Koser's uric acid medium as
described by Hofer (1941). No contamination of the

cultures with B. radiobacter was detected.

The yeast-mannitol agar used was prepared according
to the formule originating in Wisconsin and quoted
by Fred, Baldwin ahd McCoy (1932):-

Agar . . . . . . 15 gm..

Mannitol . . . . . 10 gm..

Dipotassium phosphate . . 0.5 gm..
Magnesium sulphate . . . 0.2 gm..
Sodium chloride . . . . 0.1 gnm..
Calcium carbonate . . 3.0 gmn..
Yeast water . . . . 100 ml..
Distilled water . . . 900 ml..

The yeast water was prepared by adding 10 gm. of fresh
baker's yeast to 100 ml. of distilled water. This
was shaken and allowed to stand at room temperature
for two hours. The solution was autoclaved and then
allowed to stand for several days. The clear liquid

separating off was pipetted out for use in the medium.
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(b) Seed source and sterilisation.

Gorse seed was collected locally in the autumn
of 1953, but tests showed that germination was poor
and moreover that the seed showed a heavy fungal
contamination due it was aésumed.to a wet summer and
autumn; surface sterilisation did not remove. this
contamination. Consequently it became necessary to
use other seed obtained from Thompsqn and liorgan
(Ipswich) Ltd.. It was confirmed that this seed was
of British origin.

Comparative trials on the surface sterilisation
and subsequent germination of Gorse seed using 0.1%
mercuric chiloride or alternatively concentrated
sulphuric acid as sterilising agents resulted finally
in the adoption of the latter. Following Nutmen (1949)
the seed were shaken in the acid for thirty minutes
and thereafter given ten rinses in sterile distilled
water over a period of forty-five minutes. In the
course of the operation the seed arils almost invariably
became detached but with no apparent effect on
subsequent development. As noted by Nutman (lgg.gii.)
this method has the advantage of softening and
sterilising the seed coat in one operation, so that the
proportion of ‘hard' seed is much reduced.

(c) Tube culture of Gorse plants.

Several experiments were carried out in the autumn




of 1953 to determine the most satisfactory method of
cultivating Gorse plants in sterile tube culture and
the technique described below was developed from these
»experiments.

The term 'seedling agar' used hereafter refers to
the mineral agar medium used by Chen and Thornton (1940)

for the culture of clover and is prepared as follows:-

Agar . . . . . . 15.0 gm..
Dipotassium phosphate . . 1.0 gm..
Calcium phosphate, di-acid . 0.5 gm..
Magnesium sulphate . . 0.2 gnm..
Sodium chloride . . . O.1 gm..
Ferric chloride . . . 0.01 gm..
Tap water . . . . i One litre.

Seed surface sterilised as described above was
transferred aseptically to petri-dishes containing
seedling agar, the petri-dishes being then placed under
fluorescent lights for twelve hours daily. A full
fortmight was required for substantial germination and
in the meantime the culture tubes were prepared.

Large "Samco" test-tubes 8" x 1i" were used, their
uniformly thin glass being considered suitable for
plant culture, and 40 ml. of seedling agar was sloped
in each. Thus prepared the tubes were stood in wooden
racks (see Plates 1 and 2) which shielded the greater

part of the.agar slope from daylight.




Shortly after germination and before the plumule
had emerged, seedlings were transferred, using a
platinum needle and working in a steam sterilised box,
from the petri-dishes to the tubes. One seedling
only was set up in each tube as preliminary trials
had shown that more than one seedling per tube resulted
in unequal development. Root hairs were noted to
develop very quickly after the transfer and after a
few days most of the seedlings were fairly firmly

established on the agar surface.

(d) Inoculation of seedlings and the use of contr¢l plants.

To inoculate the plants in the tubes, 10 ml. of
sterile water was added to the apprbpriate isolation
culture and a suspension of the organism thus obtained.
Using sterile glass pipettes approximately 0.5 ml. of
this suspension was added aseptically to each plant tube
and allowed to drain down the agar slope over the root
system of the emclosed seedling. Inoculation was
normally carried out 3 - 4 days after the transfer of
seedligs to tubes, five plants being inoculated with each
available isolation.

Nodulation was somewhat slow, taking from three to
five weeks to be completed. A close check showed this
to be randomised throughout the experiments and not

typical of any particular isolation.
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Two types of control plants were grown in each
experiment, (1), non-nodulated plants without a supply
of combined nitrogen, to provide a basic comparison and
(2), non-nodulated plants grown on seedling agar with
ammonium sulphate added at a rate of 5 mg. of nitrogen
per tube, to provide comparison as plants grown under
favourable conditions with respect to nitrogen supply.
Control tubes, ten of each kind in each experiment,
were designated by the use of coloured wool plugs. In
addition to these controls fifteen plants inoculated
with a standard strain were set up in each experiment.
This standard strain was chosen as being an isolation
which in preliminary trisls had produced plants comparable
to those supplied with combined nitrogen. The use of
these plants in subsequent calculations will be exnlained

below.

(e) Subsequent management of plant cultures.

Following inoculation the tubes were randomised
throughout the racks and the whole experiment placed
in the greenhouse (Plate 1). The relative position
of the racks wag changed at weekly intervals and apart
from checks on nodulation no further attention was
required and at no time was there any indication of
thé agar medium drying out.

Little or no change was found to take place in



0
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the initial pH of the medium (pH = 6.5) during the course
of plant growth except in the case of those plants
supplied with ammonium nitrogen where the pH fell to
dpproximately 4.2. This pH level however, had no
detrimental effect on the development of the plants.

While every effort was made to maintain aseptic
conditions occasional contamination of the agar slopes
in the tubes was experienced. Such contamination
was greatest in the 1954 experiment when 19 out of 265
tubes showed some degree of contamination. Each case
noted was watched for further development and the
contaminant always died out before the close of the
experiment due presumably to lack of suitable nutrients.
In no case was there any obvious interference with the
growth of the plant in a contaminated tube. The
contamination, fungal in nature, was believed to have
occurred when opening the rather large tubes at planting
or inocﬁlation. |

During the course of these investigations approximately
950 Gorse plants have been cultured in tubes employing
the techniques described above. Of these, 155 were
set up as non-nodulated controls with and without
gombined nitrogen supplied and at no time did a plant
develop nodules unless inoculated in the prescribed

manner. Effective control of the nodule organism



was thus established and maintained.

Plants were harvested individually =fter some four
months of growth and dry weights determined after drying
plants overnight in an oven at 95°C.. Nitrogen content
of a small proportion of the plants was determined
using the standard Kjeldahl method.

(f) Assessment of effectiveness..

The @orse isolations were tested over two experiments,
one in 1954 and the other in 1955. In order that the
experiments could be compared, a common factor was
required and this was provided by the use of a standerd
strain against which the performance of other strains
was judged on each testing occasion. The choice of
such a strain has already been noted. Plants,
non-nodulated and supplied with combined nitrogen
might have been used for this-purpose but factors
operative only on symbiotic nitrogen fixation may
arise so that the use of nodulated reference plants
is preferable.

The mean dry weight of plants inoculated with the
standaed strain was used in the formula to calculate

percentage effectiveness, the value used to compare

isolations in the experiments to be described below.
This formula was originally obtained from Dr.H.G.Thornton

of Rothamsted Experimental Station by Dr.G.Bond., who
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communicated it to the present author.
The calculation is as follews:-
DWx - DWec
Percentage effectiveness = —————— x 100
DWs - DWc
where DWX = Dry weight of a plant inoculated with
Isolation Xx.
DWe = Mean dry weight of non-nodulated control
plants grewing on nitrogen-free medium.
DWs = Mean dry weight of plants inoculated

with the standard strain.

It will be seen that the standard strain is assigned
a percentage effectiveness of 100. The value for an
ineffective strain, conferring no benefit on the plant,
will be zero. The percentage effectiveness was calculated
separately for each plant. Thus, to give a typical
example, in the 1954 experiment the dry weight of a
plant inoculated with Isolation 23 was 87 mg., that of
the non-nodulated control plants being 49 mg.(mean of
10 plants), and of the pliants inoculated with the standard
strain 85 mg.(mean of 15 plants). The calculation
of the percentage effectiveness of Isolation 23 based

on this plant is thus:-

87 - 49
—= x 100 = 106%
85 — 49 1067
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Since five plants were grown in association with each
isolation, five separate estimates of percentage
effectiveness were obtaimed for each isolation.

In each experiment an analysis of variance was
carried out, and on the bagis of this the strains, or

isolations, have been grouped as follows:-

Effective isolations: Percentage effectiveness not

significantly less than 100.

Ineffective isolations: Percentage effectiveness not

significantly greater than zero.

Intermediate: isolations: Percentage effectiveness

falling in between the above limits.
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EXPERIMENTAL
RESULTS

Altogether 78 isolations were obtained and tested
from Gorse nodules, each nodule being from a different
plant. These isolations were made from nine different
localities detailed in Table 1, the collections being
made in the late summers of 1953 and 1954. Testiﬁg
was carried out in two experiments which will be considered
individually in the first instance.

In the summer of 1954 a total of 45 isolations,
excluding‘the standard strain, were tested. Following
the proceduré already described, seed was sown on the
Tth.April and seedlings transferred to tubes on the 23rd.
April. Inoculation was performed three days later.

This experiment was harvested in late August after
approximately seventeen weeks growth in the tubes.

By this time the shoot in many cases was pressing against
the cotton-wool plug of the tube.

In the case of thirty isolations all five plants
established themselves satisfactorily in the tubes and
were included in the harvest. In the casge of twelve
isolations only four plants were available for harvest,

and in the remaining four isolations only three plants



(a)

(b)

(c)

(a)

(e)

(f)

(g)

(h)

(1)

TABLE 1.

Details of localities from which isolations
of the Gorse nodule organism were made.

Locality. numbers

Isolation Total no.

isolations.

Lossit, at foot of Kilsyth Hills.
Steep bank running down to stream. 1-5
Ground soft.

Roadside embankment on Campsie Muir
north-east of Dungoil. Ground hard 6,7
and exposed.

Portkil, near Kilcreggan. Roadside

bank. Road cut within recent years 8-13
and small Gorse growing in loose,

dry, red sandy soil.

Road leading out of Glen Fruin to
Helensburgh. Open moorland on lower 15-28
slopes of Tom na h-Airidhe. Fairly

firm, dry ground, very exposed.

Elmhurst, near Langbank, Renfrewshire.
Ground possibly once cultivated and 29-39
now grazed. Some difficulty here in
finding plants with nodules.

Disused quarry neatr Hardgate in 40-43
Dunbartonshire. Plants growing in 45-48
rock clefts and stabilised dumpings.

Firm roadside bank, Auchincruive, 5052
Ayrshire.

Kirkfieldbank, by Lanark. Very

steep hillside rising up from the 53-66

river Clyde.

Coulport, Loch Long, Firth of Clyde.

Plants growing among very large rocks

on lochside. Apparently exposed to  67-81
salt water splash at high tide (at

least in bad weather).

14

11

14

15

31
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were available in each case. These pllant losses
were due mainly to failure of the seedlings to make
satisfactory contact with the agar medium or in a few
cases were the result of damage sustained during the
initial transfer of the seedling to tube culture.

As was anticipated, the non-nodulated control
plants not supplied with combined nitrogen made peor
growth and developed signs of severe nitrogen deficiency.
Most of the nodulated plants grew strongly and attained
a size comparable with that shown by the non-nodulated
plants supplied with ample combined nitrogen. Primary
data, including nitrogen contents, for typical plants
are presented in Table 2, and show that fixation of
nitrogen in the nodulated plants in some cases approached
3 mg. per plant. On comparing nitrogen content of
seeds and non-nodulated plants grown without added
combined nitrogen it would appear that traces of nitrogen
have been obtained from the medium by the latter though
the quantity is insignificant.

Photographs of representative plants are provided
in Plates 2, 3 and 4.

donsiderable variation in the size and dry weight
attained by the plants inoculated with a given isolation
was found and to give SOme indication of the extent of

this variation, as reflected in the separate estimates




TABLE 2.

Examples of primary data obtained in the 1954 experiment.

The values for non-nodulated and standard
strain plants are means. The remainder
refer to individual plants.

Type Number Dry Nitrogen Percentage
of of weight content nitrogen
plant plants mg. . mng. . ‘ content
N;ﬁ;ﬁ"ﬁgiﬁged 10 88 3.27 3.71
Non-modulated 5 49 0.52 1.06
Standard strain 15 o 85 s 2155 B 3.00
Isolation 7 1 105 347 - 3.30
Isolation 10 1 99 2.91 2.94
Isolation 39 1 67 1.66 2.48
Isolation: 45 1 106 3.47 3.27

Original seed 100 - ' 0;29 (per seed) -
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of the percentage effectiveness values for a given

isolation, the values for the first ten isolations

tested in the 1954 experiment are presented in Table i.

The factors contributing_to this variation include:-

(a) the differing degrees of success with which the
individual plants established themselves in tube
culture. |

(b) differences in size.of seed, with corresponding
differences in seedling vigour, possibly persisting
in 1ater‘stages.

(c) genetical differences between plants, leading to
‘variations in rate of growth.

- (d) possible differences, again of genetical origin,
in the success with which different plants can
symbiose with a given isolation of the ncdule
organism.

The analysis of variance carried out on the data
of the 1954 experiment is summarised in Table 4a. On
the basis of the calculated significant differences
the grouping of fhe isolations is as follows: -

Effective isolations: Percentage effectiveness not

less than 100 - 47 = 53.

Ineffective isolations: Percentage effectiveness not

more than O + 50 = 50.

The above applies to isolations for which five estimates



TABLE 3.

Individual valyes of percentage effectiveness
calculated for the first ten isolations
tested in the 1954 experiment.

Isolation No.. % Effectiveness values obtained Mean
1 158, 128, 92, 106. 121
2 189, 53, 58, 114. 104
3 147, 139, 114. 133

4 111, 36, 61, 64, 83. 71
5 25, 100, 103, 122, 139. 98
6 67, 108, 169, 147, 169. 132
7 106, 161, 92, 156, 144. . 132
9 189, 81, 150, 125, 197. 148
10 50, 139, 133, 131, 186. 128
11 133, 158, 136, 53, 128. 122




TABLE 4a.

Summary of analysis of variance on the percentage
effectiveness values obtaine in the 1954 experiment.

Source of Sum of Degrees of lMlean

variance squares freedom squares
Between groups 351844 46 7649
Within groups 386599 183 2113

Variance Ratio = 3.62
which is significant at P = 0.001

Minimum differences regpired for significance. P = 0.05,

In comparison of mean percentage effectiveness
of a given isolation with the standard strain (5 and 15
separate estimates respectively):-

Difference required = J2113 x t1g30.05 x J1/5 + 1/15
47

In comparison of mean percentage effectiveness
of a given isolation with the theoretical ineffective
strain, equated here with non-nodulated plants without
supplied combined nitrogen (5 and 10 separate estimates
respectively):-

Difference requited = J2113 x t,4,0.05 x j1/5-+ 1/10

. 183
= 50

—




TABLE 4b.

Summary of analysis of variance on the percentage
effectiveness values obtained in the 1955 experiment.

Source of Sum of Degrees of Mean

variance squares freedom squares
Between groups 293825 39 7534
Within groups 96718 153 632

Variance Ratio = 11.92

which is significant at P = 0.001

Minimum differences required for significance. P - 0.05.

In comparison of mean pereentage effectiveness
of a given isolation with the standard strain (5 and 15
separate estimates respectively):-

Difference required = [632 x t1530.05 X jl/S + 1/15
= 26. ‘

In comparison of mean. percentage effectiveness
of a given isolation with the theoretical ineffective
strain, equated here with non-nodulated plants without
supplieg& combined nitrogen (5 and 10 separate estimates
respectively):-

Difference required = 632 x 1540405 x J/5 + 1/10

= 27.

——




of effectiveness are available. In caées where less
than five are available the differences required for
significance are slightly greater. Allowance for this
is made in the subsegquent consideration of results.

The distribution of the mean percentage effectiveness
values for the isolations tested in 1954 is shown in Table 5,
¢olumn. (a). Of these isolations forty-four are not
significantly inferior in performance to the standard
strain, and may thus be classed as éffective. Only
in the case of one isolation (No0.39) was the mean
effectiveness value (32%) significantly inferior to
the standard value, and not significaﬁtly different
from zero. Unfortunately only three plants inoculated
with this isolation survived (because of this the actual
difference from the standard strain required for
significance was 57) but the separate estimates of
effectiveness were all low viz., 14, 31 and 50%.

Thus from the 1954 experiment only one isolation of
ineffective type emerged.

The 1955 experiment was conducted along identical
lines, in so far as was possible, to that of the previous
year. General procedure was precisely the same when
seed was sown on the 25th. March and the seedlings
transferred to tubes on the 8th. April. After inoculation

three days later the tubes in their racks were transferred




TABLE 5.

Distribution of mean percentage effectiveness values.
(The 1955 totals include six isolations being retesteg).

Range of (a) (b)

% Effectiveness 1954. 1955.
0-20 -0 0
21-40 1 0
41-60 1 2
61-80 2 - 8
81-100 T 9
101-120 : <10 = 9
121-140 12 9
141-160 : 6 1
161-180 ‘ 5 0
181-200 1 0

Classification.

Number of isolations:-
Experiment Effective Intermediate Ineffective

(a) 1954 44 0 1
(b) 1955 33 5 0
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to the greenhouse. Harvest took place in earliy August
after approximately seventeen weeks of growth in tubes.
On this occasion 38 isolations were tested and of these,
six had already been tested in the 1954 experiment.

In addition, fifteen plants inoculated with the standard
strain were set up as in 1954. Typical plants of

the 1955 experiment are shown in Plate 5.

From the analysis of variance on the effectiveness
values in this experiment, summarised in Table 4b, it
was found that the mean percentage effectiveness value
for a given isolation must differ by 26 framm that of
the standard strain before significance was attained
and by 27 from zero before significance was attained.
These values, lower than in the 1954 experiment, indicate
that the planté were more uniform than in the 1954
experiment. This may be due in part to the more
favourable growing conditions during 1955 when the
summer was unusually brilliant and warm. Also with
the experience of the former large experiment it is
likely that in 1955 the plants were more skilfully
placed during the initial transfer to tube culture
and were able to become established on the agar slope
relatively quickly and more uniformly.

From the statistieal data already given for the

1955 experiment the following grouping of the isolations
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is possible.

Effective isolations: Percentage effectiveness not

less than 100 - 26 = T4.

Ineffective isolations: Percentage effectiveness not

more than O + 27 = 27.

Intermediate isolations: Percentage effectiveness

in range 28 - 73.

The distribution of the mean percentage effectiveness
values on this occasion is given in Table 5b. Among
the isolations being tested for the first time twenty-
eight were classed as effective and four as intermediate
in effectiveness. The six isolations tested in 1954
and retested in this experiment gave five isolations
in the effective class as on the first occasion. The
remaining isolation retested was No.39 which gave an
ineffective response in 1954. In 1955 this fell into
the intermediate class (actual value was 57%). The
five plants inoculated with this isolation (in 1955)
are shown in Plate 6 and considerable plant to plant
variation may be noted. In contrast a strongly uniform
set of plants is shown in Plate 7, the isolation in
this case being an effective one though such uniformity
was not characteristic of effective isolations in
general.

The overall result is that of the 78 Gorse isolations
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examined, 72 (plus the standard strain) may be classed
as effective and four as intermediate. The position
of the remaining one is somewhat doubtful as it has
shown itself as ineffective.on one occasion but capable
of giving a better response (intermediate) on another.
In the localities surveyed therefore it would appear
that the Gorse nodule organism occurs almost invariably
in an effective form.

CompariSon of the growth of control and standard
strain plants in the two years is of interest.. Thus
the non-nodulated plants supplied with combined nitrogen
gave on the first test, a mean dry weight of 88 mg. and
on the second, 141 mg.. Similar plants without
combined nitrogén gave mean Adry weights of 49 and 52 mg.,
and plants inoculated with the.standard strain gave
85 and 110 mg. in the 1954 and 1955 tests respectively.
The increases found in the second experiment are
presumably due largely to the more favourable growing
conditions in that year. This would apply especially
to those non-nodulated plants supplied with combined
nitrogen which with an immediately available nitrogen
supply could take advantage of the good weather to
develop strongly while the others awaited the formation
of nodules.

Nodule size and number was very varied among the




isolations tested and the type developed gave no positive
correlation with effectiveness. Nodules produced by
the ineffective-intermediate isolation showed no

marked difference in size or number from those produced
by the other isolations. Nodule development was
relatively uniform within an isolation and Plate 8

shows about as wide a range of nodule form as was found
with any isolation. The nodules produced by Isolations
7 and 13 were directly opposite in type (Plate 9) yet
both proved effective in fixatory powers. It may be
noted however, that the many small nodules of Isolation

13 are intefmingled with a few larger ones.
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(2) Medicago lupulina L.. Black Medick or Yellow Trefoil.

METHODS

Essentially the same procedure as previously
described for Gorse was employed for Black lMedick and
only points of difference will be noted here.

(a) Isolation of the nodule organism.

Black Medick nodules were found in abundance on
field plants and as for Gorse each isolation was made
from a different plant. Isolation and culture was
performed as before and it was noted that the organism
in this case grew much faster in culture than did that
of Gorse. Nodules were collected from two localities
which will be detailed later.

(b) Seed sourve and sterilisation.

In the areas accessible to the author, Black Medick
was not sufficiently abundant to permit of any considerable
harvest of seed and cqnsequently the seed used in this
investigation was obtained from Edward Webb‘and Sons Ltd..

Not having the hard testa found on Gorse seed,

surface sterilissation of Black Medick seed was carried
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out as follows:- a three minute shaking of the seed in
absolute alcohol was followed by a four minute shaking

in 0.1% mercuric chloride and finally the seed were

given twelve rinses in sterile water. Excellent
germination was olnined with this seed sown on petri-dishes
of seedling agar as previously described.

(¢) Tube culture of Black Medick plants.

This was carried ouvt precisely as for Gorse except
that a smaller size of test-tube was used vig., 6" x 3.
Each contained 10 ml. of seedling agar and one plant.

(d) Inoculat¥ion of seedlings and use of contrel plants.

This was as for Gorse except that in the sbsence
of preliminary trials no standard strain was selected
orior to the exneriment. Two types of control plant
were again used, non-nodulated with and without a
combined nitrogen supply.

(e) Subsequent management of plant cultures.

Only one experiment was performed and that in
winter time. The racks of tubes were set up, in a
heated greenhouse, under a bank of fluorescent tubes
(Plate 10) which were 1it daily from 06.00 to 22.00 hours.
Growth was satisfactory under these lights. Their usé
was discontinued when the daylight became stronger
and of longer duration in the early spring.

At harvest, after fifteen weeks of growth, the plants
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were comparatively small in stature and in view of this
and to conserve time it was decided to obtain the
fresh or green weight of individual plants rather than
dry weight as measured in Gorse. Thus when a plant
was removed from its tube the roots were gently but
firmly dried with blotting paper and the plant immedistely
weig%ﬁ;d.

| No contamination of the agar in the tubes took
place in this experiment. This was believed due in
part to the smaller size of tube which was more resdily
handled in an aseptic manner.

In the whole investigation no plant developed
nodules unless inoculated in the usmal manner. Thus,
as in Gorse, efficient controd of the nodule organism
was obtained.

(f) Assessment of effectiveness.

Again as in Gorse the percentage effectiveness
was calculated for each plant, using fresh weight
instead of dry weight data.

In the absence of preliminary trials, as already
noted, no standard strain was selected prior to the
experiment. An isolation was eventually chosen which
gave five relatively uniform plants comparable in
development to the non-nodulated plants supplied with
combined nitrogen and which could therefore be described

as an effective strain.
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EXPERIMENTATL
RESULTS

As already indicated all the isolations made from

the nodules of Mediczago lupulina were tested in one

winter experiment. Seed was sown on petri-dishes
of seedling agar on the 24th.December 1954 and rapid
germination allowed transfer of seedlings to test-tubes
four days later. Five fubes were éet up with each
isolation when inoculation was performed on the 31lst.
Decenber. Twenty racks each containing twelve tubes
were placed under fluorescent lights which burned
continuously for sixteen hours daily from the 1lst.
January 1955 until the 18th.March, a period of eleven
weeks, and from then until harvest on the 15th.April
the plants were grown under natural lighting conditions.
Plants were in tube culture for a total of fifteen
weeks and typical examples at harvest are shown in
Plate 11.

O0f the 42 isolations (from two localities detailed
in Table §) tested, a total of nine failed entirely b
produce nodules on the plants on to which they were
inoculated in the usual manner. This is a similar

finding to that reported by Purchase, Vincent and Ward




(a)

(b)

TABLE 6.

Details of localities from which isoiétiéhs
of the Black Medick nodule organism were
obtained. ‘

;. Isolation Total no.
Locality. numbers. isolations.
Troon, Ayrshire. Open ground
bordering golf‘course. Soil - Ml - A4 14
very sandy and fairly coarse
grained.
Milngavie, Dunbartonshire.
Verge at side of footpath, ' M15 - M42 28
soilvvery doarse and stony.
42

In both localities plants were
found in fairly large colonies.
Nodule collections were made from
as manjfdifferent colonies as
possible within each area.
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(1951), who working with species of lledicago, not

including M.lupulina, encountered strains which failed
in the laboratory to nodulate the host from which they
were isolated. These authors gave their support to
the possibility that when the isolation was made "the
nodule chosen might have been a case of successful
invasion in a relationship that is at best sporadic

and perhaps partially susceptible to environmental
influences". Thornton (1955) reporting on experiments
relative to strain variation arising in Rhigzobium
cultures in liquid and agar media and in sterilised
soil, noted two types of var%ént arising from effective
strains, those.producing ineffective nodules and those
no longer producing nodules at all.

Of the remaining isolations, fifteen provided five
plants at harvest, eight provided four plants, eight
provided three plants and in the case of one isolation
only two plants were harvested. These losses, 27 plants
in all, were due in part to the causes already outlined
for Gorse. In this case however, eleven of these
plants were discarded soleiy because they had failed to
form nodules, ; feature not encountered in Gorse.

Individual percentage effectiveness values showed

considerable variation as may be seen from the examples
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given in Table 7. This is further reflected in the
analysis of variance, summarised in Table 8, where very
large differences were found to be required for
significance. Thus a difference from the standard
strain (100%) of 74, 79 and 86% in the case of five,
four and three plants per isolation respectively, is
required for significance. Similar values were
calculated, viz. 65, 69 and 77% for a difference
significant from the zero point. ‘

No isolation could be classified as intermediate
in this experiment due to the large differences required
for significance causing aﬁ overlap‘and the classification

is based ofi the following plan:-

0 26 65 100

% : :

Ineffective Unclassified Effective Effective

These values apply to isolations with five plants only.
As in the case of Gorse suitable adjustment was made
for instances where fewer plants were available.

The distribution of the mean effectiveness values
is detailed in Table 9 and is obviously very different

from that for Gorse. Fourteen isolations were found




TABLE 7.

Individual values of percentage effecti%eneés
calculated for the first ten isolations tested
in the Black Medick experiment.

Isolation

umber. % effectiveness‘values. Mean.
M 2 306, 125, 239. _ ; 223
M 6 223, 96, 120, 135. 144
M 9 20, -4, 34, 16, 62. 36
M 10 152, 96, 144. 131
M 12 a7, 411, 0, 5, -2, | 2
M 14 C 4, -1, -3, -13, 13. 0
M 17 | 11, -8, 28, 19, 26. 15
M 18 8, -5, -22, -10, 3. -5
M 20 61, 7, 3, 49. : . 30
M 24 98, 5, 139, 58, 165. 93




TABLE 8.

Black Medick experiment. Summary of analysis of
variance on percentage effectiveness values.

Source of Sum of Degrees of Mean

variance squares freedom squares
Between groups 516268 33 15644
Within groups 399034 114 3500

Variance Ratio = 4.47
which is significant at P = 0.001

Minimum differences required for significance. P = 0.05.

In comparison of mean percentage effectiveness
of a given isolation with the standard strain (5 and 5

separate estimates respectively):-

J3500 x ©,,,0.05 x J1/5 + 1/5

4.

Difference required

In comparison of mean percentage effectiveness of
a given isolation with the theoretical ineffective strain,
equated here with non-nodulated plants without supplied
combined‘nitrogen‘(S and 10 separate estimates respectively):-

Difference required = (3500 x t11,40.05 x J1/5 + 1/10
650

smace.




TABLE 9.

Distribution of mean percentage effectiveness values.

Range of | Number of

% Effectiveness isolations.
0 - 40 16 °
41 - 80 4
81 - 120 : 5
121 - 160 3
161 - 200 3
,vl;

201 - 240

X This total includes two isolations giving
negative mean values.

Classification.

Number of isolations:-

: Effectiye. " Unclassified. Ineffective.

14 7 11

— s
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to give effective responses, eleven ineffective and
seven were unclassified. The latter on retesting
could theoetically fall into either of the two main
classes. Of the ineffective isolationé two gave
negative mean percentage effectivemss walues while
among the others negative values for individual plants
were commonly found. The proportion of effective
isolations was similar in both localities from which
isolations were made. A

A 'beaded' type of nodulation Was commonly noted
with ineffective and unclassified isolations and an
exsmple is shown in Plate 1l2. Larger nodules were
on occaSion also found with such isolations as illustrated

in Plate 13.
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DISCUSSION

As previously noted, of the 78 Gorse isolations
tested 73 proved effective, 4 intermediate and bne was
ineffective or intermediate. Thus within the limits of
the investigation the organism associated with the
nodules of wild Gorse plants is shown to be almost
always fully effective in nitrogen fixation. While
Gorse ﬁay be ranked as a troublesome weed on hill
pastures it is no doubt able to contribute to some
extent to the ievel of nitrogen in the soil.

A strikiné contrast to the Gorse result is seen
with Black Medickg. Considering only those isolations
which produced nodules (33 out of a possible 42), 11
proved ineffective, 7 were unclassified and 15 were
effeotive. There is little doubt that Black Medick
in the wild state does harbour strains of poor nitrogen
fixing ability in its nodules in a great meny cases.

In both species, effective isolations produced
large, pink nodules though in a few cases small nodules
were intermingled with them. Ineffective isolations,
in Black Medick at any rate, produced the classical type
of small, white and often 'beaded' nodule formation.

'Beading' was not observed on Gorse.




The possible origin of ineffective strains such

as were detected in Medicago lupulina has been considered

by Nutmen (1946b).  According to him storage of an
effective substrain in sterilised soil resulted in
the production of a high percentage of ineffective
types. Apparently in the soil envirmnment a strong
selection occurred in favour of the ineffective variant.
A similar selection possibly occurs in soil under field
conditions. Thornton (1955) reported that the
development of ineffective variant forms of the clover
Rhigzobium when grown in pure culture in certain soils
was apparently not related to soil acidity as had been
suggested by pfeliminary trials. He indicated that
it should be péssible to select genetically stable
streins of Rhizobium unlikely to produce ineffective
variants in fhe soil. It may be the case that the
Rhizobium of Gorse tends to be more genetically stable
in so0il than that of Black lMedick and does not reédily
give rise to ineffective variants.

In studies concerned essentially with the ability
to produce nodules, Wilson (1939b) postulated a
relationship between the pollinating character of a
leguminous plant and the number of rhizobiml strains
with which it could symbiose. It is conceivable

that this relationship could be extended to account
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for the presence of more variation in the nodule
organism of one Species than in that of another.

In the scheme of Wilson, two principles Were%
involved; (a) self pollinating legumes tend to
comprise pure lines in which the inherent character
permitting symbiosis is absent or carried as a
 receszive, and (b) cross pollinating species have
either maintained or developed in a dominant state
those characters which make possible promismcuity
with diverse rhizobia. In a2 similar manner it is
suggested that the plant character allowing
successful symbiosis with one particular species of
rhizobia is lost or retained. Thus the self
pollinating spe;ies being more stable in this
character are more likely to show response to
slight variation in the nature of the invading
organism and in time are liable %o increase such
variation in the organism itself. The cross
pollinating species on the other hand are more
adaptable to changes in the invading organism and
by making compensation for such change tend to
restrict it fréﬁ becoming greater. This is in
keeping with the present observations in that
Gorse, with a great’majority of effective isolations,

is insect pollinated and Black liedick, with isolations
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of mixed effectiveness, is mainly self pollinated
(Clapham, Tutin and Warburg, 1952). The greater
instability of the Black Medick nodule organism in the
soil, tentatively suggested in the previous paragraph,
would further increase the tendency for ineffective
strains to develop.

Mention must also be made of the rhizosphere
factor which is of an abnormal nature in sterile tube
culture. Kalnin'sh (1951) on inoculating plants
simultaneously with two ddfferent strains concluded
that successful invasion was made by the strain with
the greater degree of adaptation to the rhizosphere.
Bacteria capable of stimulating the growth of rhizobia
in the soil have been described and termed 'activators’
by Krasilnikov and Korenyako (1944). Harris (1953)
extended this work and showed increased virulence in
rhizobia strains in the presence of various fungi and
bacteria. Thus one strain examined by him gave an
ineffective reaction in sterile soil due to scanty
nodulation but in the presence of other micro-organisms
was increased sufficiently in virulence to give an
effective response. This has led him to consider
that many of the report® of large numbers of
ineffective strains of rhizobia found in soils under

natural conditions may in fact have been made on the
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basis of poorly virulent strains giving avparently
ineffective plant reactions when tested under sterile
conditions. Such lack of ¥irulence is:posSibly the
explanation of the number of isolations which failed
entirely to produce nodules on Black Medick plants.
However at no time did ineffectiveness appear due to
scénty nodulation and in fact three nodules on one
plant was sufficient in one case to give an effective
response.

Both species investigated were grown from seed
~originating in this country though not in the
particular locality from which the Rhizobium isolations
were made. There is always the possibility»thereforé
that the genetic constitution of the plants was
favourable or unfavourable to the various isolations
to a somewhat different degree from what might have
been found with seed from the same localities as the
isolations. There is however, no reason t0 suppose
that the performance of the isolations would have
been substantiallyvdifferent with seed of other
origin.

The aburidance of ineffective strains of rhizobia in
wild lepgumes is confirmed in Black Medick and is a

further indication of the meed of seed inogculation

for Lucerne already noted and indeed for Black Medick



itself when used for agricultural purposes. Gorse
on the other hand presents an entirely different

picture and indicates that under natural conditions
some Wild legumes at least play a substantial part

in the nitrogen cycle, as in the case of agricultural

legumes..
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SUMMARY

The suggestion that strains of thenlegﬁme nodule
organism ineffective in nitrogen fixation are harboured
in the‘nodules of wild legumes has been investigated.

Isolations made from the nodules of two wild legumes
were tested for their effectiveness in nitrogen fixation.
Such tests were carried out using a sterile tube culture
technique. Percentage effectiveness values were obtained
for each isolation, these values being based on the
comparison of isolations with the performance of a selected
isolation which produced plants comparable to those non-
nodulated plaﬁts supplied with combined nitrogen.

Eventual‘glassification of isolations was based on
statistical analysis of the data.

Of the 78 Gorse nodule isolations, 73 were classed
as effective, 4 as intermediate and 1 (whose performance
varied in different tests between ineffective and
intermediate) as ineffective-intermediate.

Of 42 Black Medick isolations, 15 were classed as
effective,.1ll as ineffective and 7 were unclassified.

The remainingﬂhine isolations failed to produce nodules.

It is concluded that within the limits of the
investigation, wild Gorse does not generally harbour

ineffective strains in its nodules but that with respect

to Black lMedick this is very often the case.



PART II.

The effect of combined nitrogen on nodulation
in Myrica gale L. Alnus glutinosa (L.) Gaertn.,
and Ulex europaeus L..
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INTRODUCTTION

It is well known that in the case of the free-living

nitrogen-fixing organisms such as Azotobacter and the

blue-green algae the fixatién of elemental nitrogen is
suppressed in the nresence of adequate combined nitrogen,
that is, combined nitrogen is assimilated preferentially
over elemental nitrogen. In such instances there is

of course no visible morphological -change in the organism,
though there may be alterations in the enzyme components
and thus in protoplasmic structure.

A similar preference for combined nitrcgen exists in
the case of thé dual organism presented by the root nodule
symbiosis. lioreover it has lohg been known that in
the legumes the extent of the formation of the particular
parts that are responsible for fixation - the nodules -
is reduced when combined nitrogen is present in the
rooting medium. Thus here the substitution of the
assimilation of combined nitrogen for that of elementsal
nitrogen is accompanied by morphological changes.

Large amounts of combined nitrogen, greatly in excess

of those likely to be present naturally in soils, are
required to produce complete suppression of nodules:

thus it is a matter of common observation that plants

such as broad beans and peas show very abundant nodulation

in the garden, even although the soil may have been well
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manured and dressed with fertiliser. The>explanation
of this reduced nodule formation is imperfectly known
and has beeﬁ the subject of much confused thinking.
This aspect will be taken up again in the Discussion.

| In view of fhe previous neglect of the non-legume
root nodule plants, it is not surprising that until
quite recently there was no information on the extent
to which these plants run parallel to fhe legumes in
their responses to combined nitrogen. The first
observations, those of Bjorkman (1942), were incidental
t0 an investigation concerned mainly with factors
controlling the formation of mycorrhiza in Pine and
Spruce. Inoculated Alder plants were grown in a
humus-sand migxture to which, in certain cases,
ammonium nitrate equivalent to 100, 200 or 400 mg.
nitrogen per litre of added culture solution was
supplied. The assessment of the effects of this
combined nitrogen is complicated by accompanying
vafiations in phosphate supply, but on comparing
instances where the phosphate level was similar it
appears that the addition of 100 mg. combined nditrogen
reduced the wolume of nodule tiséue from 33 cu. mm.
(the vaue for plants with no added hitrogen) to
15 cu. mm. per plant. The higher levels of nitrogen

suppressed nodulation almost completely. It should
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be noted that the nitrogen levels employed were greatly
in excess of plant requirements or of those likely to
occur in nature.

Bond, Fletcher and Ferguson (1954) reported on the

effect of ammonium nitrogen on nodulation in Alnus, Myrica

and Hippopha growing in water culture. The results of
the élEEE experiment (in which substantial assistance was
given by the present aﬁthor) are reproduced in Table 10.
Various levels of combined nitrogen were provided at the
time of inoculation with the nodule—organism. Since the
formation of nodules and the initiation of substantial
fixation takes about a month, it is obviously o be expected
that the planté‘supplied with combined nitrogen will in
their growth get well ahead of those in nitrogen-free
solution. Thus, as shown in Table 10, the dry weight of
plants supplied with 10 mg.nitrogen per litre was, after

12 weeks of growth, ten times greater than that of plants
in zero nitrogen. The absolute weight of nodules formed
per plant was greater at all nitrogen levels than with zero
nitrogen; but evidentdy hédd not kept pace with thé greater
develovment of the plant as a whole, as is indicated by the
value of'the nodule weight expressed as a percentage of the
weight of the whole plant (right hand column). The root
systems of typical plants from this experiment, grown

at O and 10 mg. nitrogen levels, are shown in Plate 14.




TABLE 10.

Effect of added combined nitrogen on nodulation and
growth of Alnus plants grown for twelve weeks in
water culture at pH 6.3.

(Data of Bond, Fletcher and Ferguson, 1954).

Mg. NH,-N added Mean dry weight per plant Nodule weight

pe@fiitre ; in gm.. as % of whole
of cqlture soln.. | Nodules Whole plant plant weight.
0 . 0.008 0.131 6.1
10 ) 1 0.042 1.322 3.2
50 0.021 1.734 1.2
100 - 0.016 1.581 1.0

At the 0, 10, 50 and 100 mg. nitpogen levels the
number of plants.harvestedJﬁas 19, 19, 18 and 14

respective;y:\
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Bond et al.found that Hippophaé was much more
sensitive to combined nitrogen than Alnus, since the
greater growth oprlants supplied with combined
nitrogen was not accompanied by increased absolute
podule dry weight. The latter fell sharply and was

completely suppressed by 50 mg. nitrogen per litre.

The data presented for liyrica were scantier, but permitted

a tentative conclusion that this genus resembléd Alnus
in its response to combined nitrogen.

Quispel (1954) reported on the effect of two
ievels of ammonium and nitrate nitrogen nn nodulation
in Alder growing in water culture, an extract of his
data being prbvided in Table 11. Unfortunately the
only type of datum common to this work and to that of
Bond et al. (loc. cit.) is weight of nodules per plant.
However it is quite clear that Quispel's findings
differ sharply from the Glasgow findings in that, in
the presence of ammonium nitrogen the absolute weight
of nodules per plant is markedly reduced. On the
other hand, a small amount of nitrate nitrogen produced
the opposite effect, attributed by Quispel to unspecified
secondary effects operating in this case. It is |
important to note that there was a significant
difference between the procedure followed by Quispel

and that of the Glasgow experiment. Quispel grew




TABLE 11.

The influence of combined nitrogen on nodule formation
in Alder. Data extracted from those obtained by
Quispel (1954). Phosphate concentration was also
studied by Quispel but the values quoted here were

all obtained at the same phosphate level.

Nitrogen MNg.N per litre Number of - Weight of nodules
type. of culture sol.. nodules. Per plant. Per nodule
¥ 0.0 . 106.5 56.2 0.53
NH, 5.25 9.1 29.2 3,21
NH, . 52.50 “ - 0.3 0.3 1.00

”No3 . 5.25 . 176.8 84.0 . 0.49
NO, 52.50 0.4 0.7 1.60

e———————— ————— : —————— ———— e ——

12 plants were grown at each nitrogen level
for a period of seven weeks following inoculation.

Units of weight are not stated but from comparison with
the present authors experiments they are most likely
mg. dry weight. | '




his plants to a height of 8 cm. on a liberal nitrogen

diet before inoculating and tommencing the experiment
proper; Bond et al. started their exPe£iment with

much smaller plants which had grown essentially on

their wmeed nitrogen, and thus were very low in that
element. The fact that'QuiSpel grew his plants for

only seven as compared with twelve weeks after inoculation
is probably of smaller importance.

Quispel claimed that his findings were in agreement
with those of Bjorkman (1942), but actually the
inhibiting effect of ammonium nitrogen shown in the
experiment of Quispel is much greater than that detected
by Bjorkman.

Quispel élso providesbdata for numbers of nodules,
though he explans in the text that the data fefer to
the total number of nodule branches or lobes present.

A count of the number of nodule clusters would have been
more informative, since each cluster tather than each
lobe represents an original point of entry of the
endophyte into the root. It is clear from the data
given, however, that in the presence of ammonium nitrogen
the number ofminfectioa points must have been greatly
reduced. Further comments on Quispel's findings

will be offered in the Diécuésion relative to the

Alder experiments.




Three lines of investigation have been followed
in the experiments to be described below.
(1) The effect of combined nitrogen on nodulation in

lMyrica gale has been studied to supplement the

preliminary data provided by Bond, Fletcher and
Ferguson (19549.

(2) An attempt has been made to explain the discrepancies
between the resmlts of Bond et. al. (1954) and those

of Quispel (1953) with respect of Alnus glutinosa.

(3) In order to facilitate the comparison of the effect
of combined nitrogen on nodulation in non-legumes

and legumes,”data have been secured for Ulex europaeus

using precisely the same technique with this legume as

used in the experiments with non-legumes.

56




57

GENERAL EXPERIMENTAL PROCEDURE.

The same general pattern of treatment and culture
~was followed with all three species investigated.
Seedlings after being raised to a suitable stage of
development in peat, sand or a simple agar medium (a
detailed description of the treatment of each species
will be given later) were transfefred into water culture.
A nitrogen-free form of Crone's SOIution prepareé as

follows was used: -

. KC1 . . . . . 7.5 gm..
Ca804 -2H,0 . . . 5.0 gm..

’ MgS0 , . TH,0 . . 5.0 gm..
CaB(P04)2 . . . 2.5 gnm.
Fe3(PO4)2.8H20 . . 2.5 gm..
Distilled water . . 10 litres.

A minor element concentrate based on Hoagland's A-7Z
solution with molybden.um added was supplied to the
above at 1 ml.per litre. This basic culture solution
differe from the full Crone's formula only in the
replacement of KNO3 by KC1.

This sdiution was placed in glazed earthenware
jars of two-litre capacity topped with waxed teak
squares each square having seven holes, each of which

in turn had an inset of thick walled rubber tubing.
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The seedlings were fitted into these inset® and supported
by small rubber wedges. When combined nitrogen was to
be supplied it was added in the form of ammonium nitrogen,
the source of this being a solutiop of ammonium sulphate
containing 20 mg. nitrogen per ml.. Appropriate amounts
of this solution were added to the two-litre jars to

give the required nitrogen levels.

To inoculate the non-legume plants the asppropriate
nodules were ground up with water;and a suspension of
the nodule'organism.thus obtained. In the case of the
legume a similar suspension was prepared from pure |
cultures of the nodule organism. In all cases the
suspension was brushed on to the roots of individual
plants and in addition a further amount of the inoculum
was added to the culture jars.

In the case of the non-legumes, experience has
shown that the nodule organism is not carried on the
seed, and that the organism does not appeatr to be introduced
into the greenhouse and into culture vessels on
wind-blown dust, since without deliberate inoculation
cultured plants do not develop nodules. Henmce seed -
sterilisatioﬁ is not necessary in order to gain full
control over nodulation. Jars and teak tops were
sterilised before use in a new eXperiment. The cultures

were of a non-aseptic type.



The experiments were conducted in a cool greenhouse
and the relative position of the jars in ény one experiment
was changed at weekly intervals during the course of the
experiment. - Due to the frequent attention reéuired
and fhe necessity of avoiding confusion especially
when nitrogen was being added to the cultures, complete
randomisafion wa.s hot attempted and the group of jars
containing a particular nitrogen level was always kept
as one unit when positional éhangés were made.

Active growth in thelpresencé of ammonium nitrogen
results in rapid falls in the pH of the culture solution.
To maintain the pH level suitable tobthe perticular species
it was therefore necessary to check and if required,
to adjust, this value every two days. Such an adjustment
was made by the addition of sodium hydroxide, the critical
amount being determined by the titration of a small sample
of the solution from each jar. Maintenance of nitrogen
levels will be detailed later.

At harvest in all experiments plants were treated
individually. Nodules were removed for dry weight
determination§ separate from those of root plus shoot.

Dry weights were obtained by heating the material overnight

in an oven at 9500”

In the following pages a period of growth in the presence

of combined nitrogen prior to inoculation with the nodule

organism will be refe¥réd %o 4s ‘pre~treatment'.
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I. EXPERIMENT WITH MYRICA GALE I.. ..BOG MYRTLE, SWEET GALE

METHODS

Seed collected from Stockiemuir, Dunbartonshire,
in the autumn of 1953 was stored at 2°C. for twelve
weeks prior to sowing in trays of horticultural peat in
March 1954. Ten weeks after sowihg, seedligs of
approximately 1.5 cm. in height and bearing 3-4 true
leaves were selected from the trays and transferred to
water culture. The Crone's solution was adjusted to,
and maintained at, a pH of 4,5.

The same day as the transplanting, ammonium-nitrogen
was added to the culture solution giving five ja¥ys at
each of four levels, viz. O, 10, 50 and 100 mg. nitrogen
per litre.

Nodules were collected in the field two days after
transplanting and inoculation was carried out that same
day. The in90ulum was prepared by grinding 2 gm.nodules
in 40‘ml. distilled water with the addition of a li%tle
sand and the brown suspension thus obtained was brushed

on to the root system of individual plants. One ml. of
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the inoculum was also stirred into each jar. A second

inoculation was carried out five days later using the

same strength of inoculum and the same proéedure 2s befbre.
At interwals small additions of nitrogen were

made to the solution containing initially 10 mg. per

litre as active plant growth would rapidly reduce

this level. Accurate estimadions of nitrogen levels

in later experiments indicatg that the system adopted:

in this case kept the nitrogen leﬁel reasonably close

to that required. Culture,solution was fenewed completely

twice during the experimet.
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EXPERIMENTAL
RESULTS

At the conclusion of the experiment the plants
had been in water culture for a period of fourteen
weeks, from the 22nd,May until the 28th.August 1954.
During this time considerable dying off of the plants
had occurred. Miss I.C.Gardner in unpublished work,

has since found that these losses -of young Myrica gale

plants can be avoided by using diluted Crone's culture
solution. In the present case the reduced numbers
did not confuse the result.

The firs? nodules were observed two weeks sfter
inoculation. Subsequently nodule development was
rapid and the upwardly growing nodule-roots made their
appearance.

The initial advantage conferred on those plants
supplied with combined nitrogen became clear early in
the experiment when they made markedly better growth
than those awaiting the formation of nodules as their
sole nitrogen source. This waiting period& would appear
to be at lea§£ two to three weeks from inoculation.

Results obtained at harvest are presented in
Table 12. Plant development has been greatly enhanced

in the presence of nitrogen as dry weights indicate.



TABLE 12.

Data (means per plant) obtained at harvest of Myrica
gale plants supplied during the period of 14 weeks
of growth with different amounts of ammonium nitrogen.

Mg.NH4—N per
per litre
culture soln..

10
50

100

Height of Mg. dry weight Nodule wt.
shoot as % of
CH.. Nodules.Whole plant. plant wt..
3 4 33 12.2
12 24 561 4.2
-~ - 10 19 488 3.6

At the 0, 10, 50, and 100 mg. nitrogen levels
the number of plants,harvested was 9, 12, 6

and 5 respectively.

An analysis of variance was carried out on the value
'Nodule weight as % of plant weight' and is summarised

in Table 12a.




TABLE 12a.

Summary of analysis of variance on nodule weight
as a percentage of whole plant weight.

Source of Sum of Degrees of Mean -
variance squares freedon squares
Between groups 37395 3 12465
Within groups 8789 28 314

| ———— ce——— trm———

Variance Ratio = 39.7
which is significant at P = 0.001

Differences between means required for significance:

P - 0.05
Comparison Required difference Observed difference
0 and 10 mg.N - 1.6% 6.8%
10 and 50 mg.N 1.8% 1.2%

50 and 100 mg,N 2.2% . 0.6%




The primary interest in the results lies in the
values obtained when the nodule dry weight is expressed
ag a percentage of the total dry weight. At O mg. of
hitrogen this vaiue is more than twice as great as at
the 10 mg. levil and more than three times that at
the 100 mg. level. However an analysis of variance
(Table 12a) shows that although the value at O mg. nitrogen
is significantly greater thah at other nitrogen levels,
significance is ndt attained betweén the plants supplied
with 10, 50 and 100 mg. of nttrogéh per litre of culture
solution.

Typical plants at harvest are shown in Plate 15.

R
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DISCUSSION

- The results reported in the previous section show
that.the addition of various levels of ammonium-nitrogen
two days prior to inoculation resulted in much more
rapid growth of the Bog Myrtle plants and in much
greater absolute development of nodules. But nodule
weight did not increase proportionately with the weight
of the whole plant. Thus when a nitrogen supply of
only 10 mg. per litre of culture solution is provided
the weight of_nodules as percentage of whole plant
weight is reduced from 12.2 (the walue in zero nitrogen)
to 5.4. Iné%ease in the‘level of nitrogen probably
tends to depress further the relative weight of nodules,
though the reductions recorded did not attain statistical
significance.

It might be argued that the depression in relative
nodule weight in the presence of combined nitrogen is
due entirely to the more advanced development of the
plants resulting from the continmww access to combined
nitrogen, an&:that given time all nodule percentage
weights would fall. However Bond (1951b) gives the
nodule dry weight as 7.4 per cent. of the whole plant

dry weight in six months' o0ld Bog Myrtle plants grown
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in nitrogen-free culture solution. This certainly
represents a fall from the value of 12.2 per cent.
recorded in the present experiment after just three
months of growth in zero nitrogen, but it is clear
that the values for plants receiving combined nitrogen
are already well below Bond's figure. Thus it may
be concluded that the low relative nodule weights result
from a direct effect of combined nitrogen on nodule
development. v

These results show a close resemblance to those
- previously reported fof Alder by Bond, Fletcher and
Ferguson (1954), and it is clear that Bog Myrtle and

Alder respond similarly to combined nitrogen.




II. EXPERIMENTS WITH ALNUS GLUTINOSA (L.) GAERTN“ ALDER.

METHODS

Two types of experiment have been carried out with
this species. In the first type the procedure was as

with Myrica gale, the different levels of combined

nitrogen being established and inoculation effected

soon after th; young plants had been transplanted from

the seed tray'into water culture, at a stage when only

1-2 leaves had been formed. This, as noted already,

was also the procedure adopted by Bond, Fletcher and
Ferguson (1954) in their Alder experiments. In the second
type of experiment, immediately after transplanting all

the plants were provided with an amount of combined
nitrogen adequate for growth, and were allowed to grow

on for approximately five weeks. Only then was the
experiment proper commenced, that is the different

levels of combined nitrogen were established and inoculation
effected. The introduction of this period of pre-

treatment was made in order to reproduce the procedure

of Quispel {1954).



The seed used in these experimenﬁs was collected
from Milngavie, Dunbartonshire, in November 1953 and
stored at room temperature until required. Sowings
were made in trays of sand watered whth dilute nitfogen-
free Crone's solution, and after 3-5 weeks seedlings
were transferred from these trays into water culture
in Crone's solution at pH 6.3. At this stage the young
plants had an over-all height of 3-4 cm. and bore, as
noted above, 1-2 leaves. ‘

A small scale preliminary experiment was set up on
the 7th.July 1955, using plants from a sowing made on
the 2nd.June.. Only four jars were included, two being
with nitrOgeq—free solution and the other two sﬁpplied
with 10 mg. ammonium nitrogen per litre of soélution.

In this experiment there was no period of pre-treatment,
and the reason for setting it up was that, due to other.
comnitments, the main experiment (detailed below) could
not be set up till later in the season, and it was
desired to confirm the‘main findings of Bond, Fletcher
and Ferguson (1954) in an experiment carried out at the
same time of year as in their case. The plants were
inoculated on the 8th.July using an inoculum prepared
by grinding 20 gm. of nodules from other greenhouse
plants in 100 ml. of water. This inoculum was brushed

on td each root system and 1 ml. was added to the solution
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in each Jar.

The main experiment comprised two parts. With one
series of plants the experiment proper waé commenced
dieectly after transplanting into water culture, as in
the preliminary experiment. With the other series a
period of pre-treatment with combined nitrogen was given.
Further details are as follows:-

N® pre-treatment. Fifteen jars of young plants, five

plants per jar, from a sowing of the 29th.June, 1955,
were set up in water culture (Crone's solution at pH 6.3)
on the 29th.July, the plants being at a stage of
development glready indicated. On the same date
appropriate additions of ammonium sulphate weré made so
that in différent jars levels of combined nitrogen of

0, 10, 50 and 100 mg. per litre of solution were
established. On the following day (30th.July) these
plants were inoculated, the inoculum being prepared and
applied as in the preliminary experiment.

With pre-treatment. Twelve jars of young plants, five

plants per jar, from a sowing of the Znd.June were set up
in water culture on the 27th.June angd 50 mg. ammonium-
nitrogen pefﬂlitre of culture solution then added to all
jars. On the 30th.July the solution in the jars was
replaced by fresh Crone's solution, and a differential

addition of ammonium-nitrogen was now made to the jars

so that the four levels already specified for the first
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part of the experiment were established. At this stage
the plants had an over-all height of 7-9 cm. and bore
4-5 true leaves. On the same date tﬁé plants were
inoculated, the inoculum being identical with that used
for plants of the first part of the experiment.

Samples of plants at the stage of develovment at which
inoculation was carried out were taken for both parts of
the experiment for dry weight and total nitrogen determination

As noted previously, the pH of the culture solution
was tested and if necessary adjusted (to pH 6.3) every
two days. Steps were also taken to maintain the desired
levels of combined nitrogen in the culture swlution.
Samples of tﬁe latter were made alkaline and the ammonia
distilled ovér into standard acid, the amount of ammonia
being then ascertained by titration. These tests were
made at approximately weekly intervals. When necessary
appropriate additions of further ammonium-nitrogen to the
culture jars wem made. On the basis of these estimations
it can be stated with confidence that during the period
of the experiment the contents of combined nitrogen 4id
not deviate from ﬁhe range 10-6, 50-47, 100-95 mg. nitrogen
per litre of culture solution.

The culture solution was entirely renwwed at intervals

of four weeks.
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EXPERIMENTATL
RESULTS

In the preliminary experiment the first nodules
were detected two weeks after inoculation. The plants
were harvested some ten weeks after the date of
inoculation, the data obtained being displayed in Table 13.
It will be observed that the presence of 10 mg. per
litre of ammonium-nitrogen benefited the growth of the
plants very considerably, as indicated by comparison
of the data for height of shoot and dry weight of whole
plant. The dry weight of nodules per plant in the
presence of ‘combined nitrogen was over four times as
great as in its absence, but relative to the dry weight
of the plant as a whole that of the nodules was much
reduced (right hand column).

Nodulation was very rapid in the main experiment,
the first nodules being detected only ten days after
inoculation. Both parts of this experiment were
harvested between the 4th. and 9th.0§tober 1955; again
approximately ten weeks from inoculation. The data
for the plants which did not receive pre-treatment
with combined nitrogen are provided in Table 14, while
typical plants are shown in Plate 16. The data indicate

that growth of the plants was considerably reduced as




TABLE 13.

Preliminary experiment with Alder. Mean
data (per plant) obtained at harvest.

12 plants were harvested at each nitrogen level.

Mg.NH ,~N Height of Mg. dry weight. Nodule wt.as
suppl%ed shoot cm.. Nodules Whole plant % plant wt..
0 5 8 127 7.2

10 19 36 1264 2.9

>

Nitrogen level is expressed as mg. N per
litre of culture solution.

The minimum difference between the means of
'Nodale weight as % of plant weight' required
for significance at P = 0.05 is 1.8%. From
the above table the actual difference is seen
t0 be 4.3%. ‘



TABLE 14.

Main experiment with Alder, first part (plants

not given pre-treatment with combined nitrogen).

Mean data (per plant) obtained at harvest.

Mg.N per  Number Shoot Dry weight in mg..

Nodule wt.
litre of of height . as % of
solution  plants Cm.. Nodules Whole plant  plant wt..

o 30 3 3.3 65 5.3
10 15 9 5.5 394 1.7
50 159 3.6 436 1.0
100 15 9 2.6 103 0.7

 Statistical treatment of tiese data
. is summarised in Table l4a. .=




TABLE l4a.

Summary of analyses of variance on data given in Table 14.
(a) Nodule dry weight.

Source of Sum of Degrees of Mean
variance squares freedom squares
Between groups 69 | 3 23
Within groups 104 71 1.5

———— tr—— —

Variance Ratio = 15.3
which is significant at P = 0.001

Minimum differences required between means for significance.

P-= 0,05
Comparison Difference (in mg..)
(N levels) Required Observed
0 and 10 0.8 2.2
10 and 50 0.9 1.9
50 and 100 0.9 1.0

————— [RESRSEE

(b) Nodule weight as percentage of plant weight.

Source of Sum of Degrees of Mean
variance squares freedom squares
Between groups 31895 3 10632
Within groups 9178 71 129

Variance Ratio = 82.4

which is signifiwvant at P = 0.001

Minimum differences required between means for significance.

P | 0005
Comparison Difference (in %)
(N levels) "Required Observed
0 and 10 0.7 3.6

10 and 50 0.8
50 and 100 0.8

0.7
0.3




0+
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compared with the corresponding plants of the preliminary
experiment, due to the later stage in the season st which
the main experiment was started. The effect of combined
nitrogen on noaule development is however, similar to
that shown in the preliminary experiment in'that in the
presence of 10 mg. combined nitrogen the absolute weight
of nodules per plant is increased significantly, while
the relative development (right hand column) is decreased
significantly; In the presence of larger amounts of
combined nitrogen absolute dry weight of nodules is
reduced to a level comparable with that in nitrogen-free
solution. Relative development tends to be further

depressed, though full statistical significance is not
attained. ‘ |

The harvest data for the second group of plants
which received pre-treatment with combined nitrogen prior
to inoculation, are shown in Table 15, and typical plants
are illustrated in Plate 17. As was to be expected
these plants were much larger than the corresponding
plants of the first group since they were set up in water
culture five weeké ahead of the firet group, and during
the period of pre-treatment made rapid growth at a very
favourable time of year. Turning to consider the effect
of the differential treatment with combined hitrogen.
from the time of inoculation it will be seen that the

dry weight of nodules per plant is approximately doubled




TABLE 15.

Main experiment with Alder, second paft (plants
given pre-treatment with combined nitrogen
prior to inoculation). Mean data (per plant)
obtained at harvest.

12 plants were harvested at each nitrogen level.

Mg.N per Shoot Dry weight in mg.. Nodule wt.
litre of height : as % of
solution Cli.. Nodules Whole plant plant wt..
0 13 28 878 3.4
10 - 23 54 2275 2.4
50 23 20 2363 0.8
100 .20 7 2116 0.4

“Statistical treatment of thése data
is summarised in Table l5a. .




TABLE 15a.

Summary of analyses of variance on data given in Table 15.
(a) Nodule dry weight.

Source of Sum of Degrees of Mean
variance squares freedom squares
Between groups 14439 3 4813
Within groups 6272 44 143

——— c———

Variance Ratio = 33.7
which is significant at P = 0.001

Minimum differences required between means for significance.

P — 0005
Comparison Difference (in mg..)
(N levels) Required Observed
0O and 10 10 26
10 and 50 10 34
50 and 100 10 13

(b) Nodule weight as percentage of plant weight.

Source of Sum of Degrees of Mean

variance squares freedom squares
Between groups 5813 3 1938
Within groups T44 44 17

Variance Ratio = 114
which is significant at P = 0.001

Minimum differences required between means for significance.

P = 0.05
Comparison Difference (in %)
(N levels) Required  Observed
0 and 10 0.3 1.0
10 and 50 0.3 1.6
50 and 100 0.3 0.4







by the presence of 10 mg. nitrogen per litre, but at
higher nitrogen levels is much reduced so that in the
presence of .100 mg. the dry weight is only one quarter

of the corresponding value in nitrogen-free solution.
Thus in this respect the effect of combined nitrogen is
considerably more marked than in the first group of
plants (Table 14). In the right hand column of Table 15
it is noticeable that in these pre-treated plants the
re;ative development of nodules on plants in nitrogen-
free solution is considerably smaller than in the
corresponding plants of the first group (3.4% against 5.3%).
The introduction of combined nitrogen depresses this
relative value, all the successive reductions being
significant,hthough the iﬁitial depression resulting from
the presence of 10 mg. nitrogen is much less severe than
in the first part of the experiment (Table 14).

As noted already, representative plants at the stage
when inoculation was carried out were reserved for dry
weight and nitrogen determination. In view of the
presence o0f apprecisble amounts of very firmly-fixed
sand particles on'the root systems it was decided to
use only the shoots of these plants. The percentage
nitrogen content proved to be 1.3 for the plants which
feceived no pre-treatment and 3.4 for the pre-treated

set.
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DISCUSSION

It has been shown in the prelimihary experiment
and in the first part of the main experiment that in
the presence of 10 mg.of ammonium nitrogen per litre
of culture solution the absolmte dry weight of nodules
per plant is markedly increased as compared with the
corresponding value for plants grown in solution devoid
of combined nitrogen. This is in agreement with the
previous finding of Bond, Fleteher and Ferguson (1954)
with Alder. The fact that in the first part of the
main eXperimént (Table 14) the dry weight of nodules
per plant in the presence of 50 or 100 mg. combined
nitrogen per litre was no greater than in the absence
of combined nitrogen, whereas Bond et al. found that
it was still considerably greater, may be attributed
to the somewhat later stage in the year at which the
present author's experiment was carried out, with
consequently a poorer general nodule development. As
in the experiment of Bond et al., there is a continuous
depression in the nodule dry weight expressed as a
percentage of the whole plant dry weight as the level

of combined nitrogen is increased: in other words the
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enhanced growth of the plants shown in these short
term experiments as a result of the provision of combined
nitrogen is not attended by a proportionafe increawme
in nodule growth, so that in a relative sensebnodule
development is depressed.

Turning now to consider the second part of the
main experiment (Table li) in which the plants were
grown for a period in the presence of ample combined:
nitrogen prior to inoculation, certain differgénces in
the effect of combined nitrogen on nodulation aré shown
as compared with those in the experiments already
reviewed. Attention was drawn to the salient differences
in the previous section.. The absolute weight of
nodules per plant is again increased when 10 mg. is
supplied, but at 50 mg. and still more at 100 mg. nitrogen
the weight is below that of the zero nitrogen plants.
This is reflected in a steeper fall in the percentage
value. It is also important that the percentage weight
of nodules on pre-treated plants grown in nitrogen-free
solution from the time of inoculation is markedly less
than on plants inoculated immediately, without pre-treatment.
Obviously there is a continuing effect of the combined
nitrogen supplied to the time of inoculatioh and then
withdrawn. It has been noted that the percentage nitrogen

content of these plants at the time of inoculation was




3.4 against 1.3 in the plants without pre-treatment.
The higher nitrogen balance in the pre-treated plants
reacfs unfavourably on the subsequent devéIOpment of
nodules. The more severe depression of nodule development
resulting from the presence of combined nitrogen after
inoculation shown in this experiment can be explained
in the same way - in addition to the effect of the
nitrogen eurrently supplied there is also a persisting
effect due to the period of pre-treatment with combined
nitrogen.

It will be recalled that the main object in performing
the experiment in which the plants were pre-treated
with nitrogen prior to inoculation was to reproduce
the procedure of Quispel (see Introduction) and to attempt
t0 elucidate the differences in results between his
experiment and that previously carried out in Glasgow.
The procedure for pre-treatment adopted by the present
author resembled that of Quispel closely. A level of
approximately 50 mg. combined nitrogen per litre was
supplied to the plants in both instances, and the
pre-treatment was continued until the plants had attained
an over-all height of 8 cm. The only material difference
was that while Quispel supplied nitrate-nitrogen the
present author supplied ammonium-nitrogen, but either

form is readily accepted by the Alder plant. Despite
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the similarity in procedure there are notable differences
in results obtained, as will be seen by comparing Tables
1l and 15. Thus in the presence of only 5 mg.(approx.)
of ammonium-nitrogen Quispel found that the weight of .
nodules per plant fell to about half that present on
plants in solution with zero combined nitrogen, while
with about 50 mg. of nitrogen nodulation was virtually
completely suppressed. This latter finding is in sharp
contrast to the present author's finding that in the
presence of 50 mg. nitrogen the weight of nodules per
plant was not significantly less than in zero nitrogen
plants, while as regards the effect of small amounts

df nitrogen,.although the present author did not include
a 5 mg. level, in his experience 10 mg. doubled the
weight of nodules and it cannot be contemplated that

5 mg. would have failed to increase nodule weight.

Thus the position is that although the introduction
of the pre-treatment procedure resulted in the effects
of combined nitrogen being less unlike those of Quispel
thah were those obtained by Bond et al. in their earlier
experiment, marked differences still exist which must
have their origin in variations in procedure after the
stage of inoculation.

Variations which may be of significance exist in

respect of the particular culture solution emnloyed,
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in the ratio of number of plants to volume of solution,
and in the arrangements for pH control. Quispel used
a diluted form of Hoagland's solution, and in this
diluted form this solution is markedly inferior to Crone's
solution in its buffering power on the acid side of
neutrality, as is shown by the data expressed graphically
in Figure 1. In the present author's main experiment
(pre-treated part) there were four or five plants per
two-litre jar, i.e. a minimum of 400 ml. of solution
per plant, whereas Quispel, with three plants per 300 ml.
jar, had only 100 ml. of solution per plant. The use
of such a high ratio of plants to solution is detrimental
in various ways but particularly in connection with the
control of pH. The prevention of falls in pH to levels
likely to interfere with nodulation or with the general
grbwth of the plants is a serious problem in experiments
involving plants growing rapidly on ammonium-nitrogen.

As stated already, the present author's procedure was

to restore the pH in each jar to the original value (6.3)
every second day, but even in the space of only two days
the pH had frequently fallen to 4.5. Quispel relied

on a weekly feplacement of the culture solution for the
correction of pH, but in view of the poorer buffering
prOpérties of his solution and of his higher ratio of

plamts to volume of splution, it is an obvious possibility




FIGURE 1.
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A comparison. of the buffering power,
on the acid side of neutrality, of
Crone's and Hoagland's culture
solution.
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that in his jars containing ammonium-nitrogen the pH

fell to levels likely to interfere with nodulation.
Informetion on the effect of pH on nodulation is provided
‘by Eond, Fletcher and Ferguson (1954). In their
experience only 45 per cent. of inoculated Alder plants
actually formed nodules when the pH of the culture
solution was maintained at 4.2, while at pH 3.3 nodulation
failed entirely.

There is thus a real possibility that the poor
nodulation shown by Quispel's plants supplied with
ammonium-nitrogen, and attributed by him to a direct
effect of the combined nitrogen, was in fact mainly
a pH effect.  This interpretation is supported by
Quispel's finding that in the presence of s small amount
of nitrate-nitrogen nodulation was benefited. With this
source of nitrogen the pH would tend to rise, but would
not attain levels inhibitory to nodulation so rapidly
as in the case of falling pH.

The conclusion is then that this ﬁarticular
experiment of Quispel's is of doubtful significance, and

that the results must be treated with reserve.

So far consideration has been mainly of the weight
of nodules on plants exposed to various nitrogen treatments.

Interest also attaches to the numbers of nodules formed,
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since such data would permit conclusions as to the effect
of the various nitrogen treatments on the extent of
infection of the root system by the nodule organism,
and also on the mean size of the nodules. As mentioned
aiready, in the non-legumes (and in a few legumes) the
originally simple nodule forming at each point of infection
soon develops into a branched, clustered structure (see
Figure 3 in Part IV of this Thesis). In the present
connection it is the total number of such clusters
that is of interest, but except in quite young plants
this number is obtained only with considerable difficulty
since the clusters are oftem packed tightly together.
In the present author's personal experiments with Alder
this count was not attempted, but in the experiment
reported by Bond, Fletcher and Ferguson (1954 - see
Table 10 of the present Thesis), a count was made, with

the present author's assistance, of infection points

seven weeks after inocuidation. The results were as
follows: -
Mg.NH4-N present Number of Mean number of
per litre plants infection points

of culture soln.. examined. per plant.

0 20 17

10 12 34

50 12 33

100 12 28
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Obviously the number of infection points is greater

in the presence of combined nitrogen, which differs
sharply from Quispel's finding (see Table 11 of this
Thesis). It should be noted however, that the increase
is only two-fold, whereas the dry weight of nodules
showed a five-fold incresse at the 10 mg. nitrogen
level (see Table 10). Thus at this nitrogen level the
nodule clusters must have been much larger in mean
size than in the zero nitrogen piants, as is in fact
clearly shown in Plate 14. The beneficial effect of
combined nitrogen on absolute weight of nodules is
therefore due more to increased size of nodules than

t0 increased number of nodule clusters.
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IIT. EXPERIMENTS WITH ULEX EUROPAEUS I.. GORSE;FURZE,WHIN.

METHODS

The general plan of the Gorse experiment was similar
to that of the main Alder experiment. With ore group
of plants different levels of combined nitrogen were
established and inoculation effected soon after the
young plants had been set up in water culture, whereas
with a second group a period of growth in the presence
of a uniform amount of combined nitrogen was allowed
priot to the commencement of the experiment proper.

As a matter of convenience the Gorse seeds were
germinated under aseptic conditions as described in
Part I of this Thesis. - Seed (obtained from Thompson
and Morgan (Ipswich) Ltd.) was surface-sterilised by
the use of concentrated sulphuric acid and thereafter
sown on petri-dishes containing nutrient agar. Seed
sterilisation, though found from experience to be

unnecessary with non-legumes, is advisable with legumes
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since the nodule organism is frequently testa-borne.
In addition, as pointed out in Part I of this Thesis,
the acid treatment helps to reduce the proportion of
hard seeds in Gorse.

The petri-dishes were placed under fluorescent
lights for two weeks, after which the seedlings were
transferred to water culture in Crone's solution (pH 6.3).
At this stage the seedlings had well developed cotyledons
and tap root, with the plumule still in the bud form.

In the case of the no pre—treatment part of the experiment
ammonium nitrogen was added two days after transplanting,
three jars be;ng established at each off the levels 0, 10,
50, 100 and 150 mg. of nitrogen’per litre of culture
solution. I£oculation waé carried out the following

day using fresh cultures of an effective strain (No.37)

of the Gorse nodule organism. The growth on each slope
was taken up in 10 ml. distilled water and the suspension
so ohtained applied to each root system and a further

1 ml. pipetted into each jar.

In the case of the pre-treated part'of the experiment,
after the plants had been set up in water culture they
were all supﬁiied with ammonium nitrogen at a level of
50 mg. per litre, and left to grow under these conditions
for a period of three weeks. The solution in the jars

was then replaced by fresh solution, and the differential
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additions of ammonium-nitrogen now made to give three
jars at each of the levels O, 10,50 amd 100 mg. nitrogen
per litre. On the same day the plants were inoculated
as above. At this stage these plants shoWed an over-all
height of 10-12 cm., with 3-4 trifoliate leaves present.
Plate ;ﬁ allows of a comparison of the stage of development
of the plants at the time of inoculation in both parts
of the experiment.’ |

As with the Alder, the timie of the two parts of
the experiment was arranged so that the plants of both
parts were all inoculated on the same date (23rd.May, 1955)
with the same inoculum.

The testing and where necessary the adjustment of
pH of the cui%ure solution was again carried out at
two-day intervals. The nitrogen-content of the culturei
solution was also examined regularly, and on the basis
of the data so obtained it can be stated that the
variations in nitrogen content during the period of the
experiment did not exceed 10-5, 50-40, 100-87, 150-140
mg. per litre respectively in the different series of

cultures receiving combined nitrogen.




%
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EXPERIMENTAL
RESULTS -

Nodules began to appear on the Gorse piants within
a week of inoculatibn, and 21l plants were nodulated
within a fortnight. The superiority in size of the
pre-treated plants at the time of inoculation persisted
through the experiment, and is illustrated in Plate 19.
Harvest of both parts of the experiment commenced on
the 26th.July, that is, some nine weeks after inoculation,
and was completed within a few days.

The data obtained for the first part of the experiment,
in which the plants received no pre-treatment with
combined nitrogen, are smmmarised in Table 16 and typical
plants are illustrated in Plate 20. Firstly it may
be noted that the superiority in size of the plants
supplied with combined nitrogen over those entirely
dependent on nodule nitrogen was much less marked here
than in the cage of Myrica and Alnus, doubtless because
in the legume the nodules develop more rapidly, and
become able to meet the full requirements of the plant
for nitrogen at an earlier date. Next it should be
noted that there is a significant increase in nodule

number with the move from O mg. to 10 mg. nitrogen and







TABLE 16.

Gorse experiment, first part (plants not given
pre-treatment with combined nitrogen).
Mean data (per plant) obtained at harvest.

Mg.N per Shoot Number  MNg.dry weight Nodule wt.

litre of height of as % of
solution cm.. nodules Nodules Plant plant wt.
0 15 38 ll’f 166 6.6
10 20 82 10 304 3.4
50 21 69 9 342 2.8
100 21 95 8 409 2.1
150 = 21 79 8 355 2.3

At the 0, 10, 50, 100 and 150 mg. nitrogen
levels, 17,18,21,18 and 18 plants were
harvested respevtively.

Statistical treatment of tlese data
is summarised in Table l6a.




TABLE 16a.

Summary of analyses of variance on data given in Table 16.
(a) Nodule weight as percentage of plant weight.

Source of Sum of Degrees of Mean

variance squares freedom squares
Between groups 23506 4 5877
Within groups 10443 88 119

Minimum differences required between means for significance.

e, ————

Variance Ratio = 49

which is significant at P = 0.001

Comparison

(N
0
10

50
50

levels)

and 10
and 50
and “100
and 150

P = 0.05

Difference (in %).

Required Observed
0.7 3.2
0.7 0.6
007 0'7
Ou7 0.5

|

From similar analyses the following minimum differences

required between means for significance were calculated:-

(b) Nodule dry weight,

Comparison

(N

0
10
50
50

0

levels)

and 10
and 50
and 100
and 150
and 50

(c) Nodule number.

Comparison

(N

levels)

and 10
and 50
and 100
and 150

P= 0.05
Difference (in mg..)
Required Observed
2 1
2 1
2 1
2 1
2 2
P: 0005
Difference (in no..)
Reguired Observed
36 44
34 13
34 26
34 1@

——
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this remains high with further increase in nitrogen
level. The dry weight of nodules per plant shows a
significant fall at the higher nitrogen levels (see
Table l6a for significant differences), but at lower
levels remains unaffected. Nodule dry weight when
expressed as a percentage of the whole plant dry weight
(Table 16, right hand column) shows a marked fall in
the presence of 10 mg. nitrogen and thereafter tends to
continue to fall, not all the differences being
significant (see Table 16a).

The data for the second part of the experiment
(pre-treated plants) are presented in Table 17 and
typical plants are shown in Plate 21. The number of
nodules shoWs a significant rise in the presence of
10 mg. nitrogen and thereafter drops markediy away.

The same applies to the dry weight of the nodules per
plant, and in these respects the data differ from those
for the first part of the experiment. The nodule

weight as percentage of whole plant weight attains

a value, in the absence of combined nitrogen, appreaching
that shown in the first part of the experiment, and falls
by the samé'amount in the presence of 10 mg. nitrogen

but thereafter falls to lower levels than were shown

in the first part.

In order to show more cleady the variation in mean



TABLE 17.

Gorse experiment, second part (plantsvgiven
pre—treatment with combined nitrogen prlor
to inoculation).

Mean data (per plant) obtained at harvest.

Mg.N per Shoot Number Mg.dry weight Nodule wt.

litre of height of as % of
solution cmf nodules Nodules Plant plant wt..

0 14 97 12 200 6.1

10 22 148 16 468 3.6

56 | 24 76 8 600 1.3
100 21 - 60 6 544 1.1

At the 0, 10, 50 and 100 mg. nitrogen
levels, 21, 20, 21 and 19 plants were
harvested respectively.

Stafistical treatment of théSedata is

summarised in Table 1l7a.



TABLE 17a.

Summary of analyses of variance on data given in Table 17.
(a) Nodule weight as percentage of plant weight.

Source of Sum of Degrees of Mean
variance squares freedom squares
Between groups 33000 3 11000
Within groups 6042 77 78

Variance Ratio = 141
which is significent at P = 0.001

Minimum differences required between means for significance.

P = 0.05
Comparison Difference (in %)
(N levels) Required Observed
O and 10 0.6 2.5
10 and 50 0.6 2.3
50 and 100 0.6 0.2

>

From similar analyses the following minimum differences
required between means for significance were calculated:-

(b) Nodule dry weight. P = 0.05
Comparison Difference (in mg..)
(N levels) Required Observed
0 and 10 2 4
10 and 50 2 8
50 and 100 2 2
(¢) Nodulesnumber. P - 0.05
Cdmpagison Difference (in no..)
(N levels) Required Observed
0 and 10 _ 22 51
10 and 50 22 T2

50 and 100 21 16

— eommemesm—
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dry weight (and by implication in mean size) of indiwidual
nodules in the different treatments, the data in Table 18
(columns 2 and 3) have been calculated. It is seen

that in both parts of the experiment the nodules developing
in the absence of combined nitrogeﬁ are largest and
heaviest; also it is seen that the effect of pre-treatment
with combined nitrogen prior to inoculation is to more
than halve the mean size of the nodules. Also in this
Table nodule numbers are expresséd per unit dry weight

of plant as suggested by Wilson and Wagner (193%) to
compensate for differences in plant sigze. In the case

of the plants inoculated without pre-treatment the value
obtained does not fall immediately in the presence of
nitrogen as reported by Wilson and Wagner with clover,

but rises with 10 mg. of nitrogen. A constant fall

does occur in the case of the pre-treated plants, and

here also the initial numbers are considerably larger.















































































































































































