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ASPECTS OF SYMBIOTIC FIXATION OF NITROGEN
by

Salma Mian

Summary

The thesis relates to the nitrogen-fixing root nodules
inhabited by actinomycete-like organisms which occur on a

number of non-leguminous species of angiosperms.

Some parts of the thesis describe comparative studies
of the nodules of various examples (mostly foreign) of the
above plants which were in culture in the glasshouse of
Glasgow University Botany Department, The species available
were as follows
M.yrica gale (Britain), M. fa.ya (Canary islands;, . cordiiolia

and' M. pllulifera (Africa)%$' M. cerifera, M. pensylvanica and

carollnensis (all . .Ax}, . javanica (Indonesia/, .inus
glutinosa (Britain), viridis ana A. incana ( urope), and’
species of  urs' ia and dr.vas (w.J. . , Coriarla (iirop'e),
Gasr'arlna (Australia; in , i ochafe. ( ritain).

One such study concerned the structure of the nodules
and the appearance of the endophyte, under the light and
electron microscope, in species which previously had received
little or no such investigation. Close similarities to the
nodules of previously-examined related species were found,
A second comparative study involved the determination of the
number of chromosomes in the meristematic cells of the nodules
of six of the species as compared with the number in the

dividing cells of the root tips. In each species the numbers
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were found to be identical, contrasting with the tetraploidy
in the nodule cells reported for many leguminous species.

In a third such study, confined this time to the genera

Myrica and Alnus, the extent to which an endophyte associated
with a particular host species is able to symbiose with
another host species in the same genus was studied by means
of cross-—inoculation trials. Among Myrica species little
evidence of specialisation was obtained, except that the
Mepale endophyte failed to set up satisfactory symbilosis

with any other species. It did induce the formation of
numerous nodules, but they remained of minute size and failed
to fix nitrogen. It is concluded that in any classification
of these nodule endophytes, the M.gale endophyte should be

separate from the rest. The microscopic examination of the

[ATEN O et

vesicles, In Alnus the endophyte of A.glutinosa was found

to symbiose satisfactorily with A.viridis plants.

The first of two more specialised studies related to the
tine of appearance of nihtrogenase activity detected by the §
acetylene~reduction technique in young alder plants which were
just beginning to nodulate, and to its relation to endophyte
differentiation. Activity was detected two weeks before
evidence of fixation was provided by the greening of the
leaves, and was found to be closely related to vesicle
development by the endophyte, studied by means of the

microgcopic examination of squash preparations.

%
In a further study the effect of the level of carbon

dioxide in the rooting medium on growth and nitrogen fixation






in Alnus glutinosa and Myrica gale plants was examined by

growing plants in water culture with either air or air with
2% carbon dioxide bubbled constantly through the culture
solution. Rather wariable results were obtained, but the
final conclusion was that the extra carbon dioxide has a
harmful effect on nitrogen fixation and plant growth.
Acetylene-reduction tests on detached nodules of the two
species also indicated an inhibiting effect of excess carbon
dioxide on nitrogenase activity, possibly due primarily to a
reduction in respiration. The latter effect appears to
prevent any enhancement of fixation which might otherwise
follow the greater activity of carboxylase enzymes in the
Tdark' fixation of carbon dioxide in the presence of an

increased level of that gas.
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PREFACE

If attention is confined to the instances which
involve a higher plant, the symbioses with which fixation

of nitrogen is definitely associated are as follows:

1. Dbetween leguminous plants and the

bacterium Rhizobium;

2. between non-leguminous anglosperms

and actinomycete~like orgenismg;
3. between species of Gunnera and Nostoc:

4. between cycads and a blue-green alga
variously identified as Nostoc or

Anabaens.

In agsociations of types 1, 2 and 4 the site of the actual
symbiogis is within root nodule structures, though a
distinction can be drawn between the intra-cellular
gituation of the endophyte in the nodules of types 1 and
2, and its inter-cellular situation in type 4. A
recently discovered link between types 1 and 2 ig provided
by the root nodules found by Trinick (1) on a species of
Irems, a member of the Ulmaceae, and shown by him to be

tenanted by a rhizobium.

Ixcluded from the above list are rhizosphere
associations, such as that between the grass Paspalum
notatum and Azotobacter paspali (Dobereiner & Campelo, 2),




vhere considerable fixation of nitrogen has been shown

to occur. It is a matter for argument whether the term
symbiosis should be extended to so loose an associstion,

A similer consideration applies to the phyllosphere
association, while additionally there is no clear evidence

for the occurrence of fixation in that association.

Because of the far greater number of plant gpecies
involved, and the width of their distribution, the nitrogen
fixation associated with symbioses of types 1 and 2 is
obviously, at the present stage of evolution, of far

greater importance than in types 3 and 4.

The present thesis is concerned with symbioses of
type 2. As compared with the legumes the study of
these has been neglected for the valid reason that while
the legumes are of great importance agriculturally, the
non~-legumes bearing root nodules are all of woody nature
and are thus unsuited to use in agriculture, and moreover
they mostly yield no edible product. However, they
have undoubted ecological importance, while also their
fixation can be exploited in gilviculture, and in any
case there is increasing acceptance of the view that a
capacity for the fixation of nitrogen is sufficiently
rare for every example to merit study. And so in the
last 25 years there has been increasing attention paid to

non-~legume root-nodule plants.




Table 1 lists the plant genera known %o include
gpecies bearing root nodules inhabited by an actino-
mycete-~like organism, and also shows the distribution of
these genera and the number of species so far recorded
to bear nodules. In general, all species of these
genera that have been examined in the field have proved
to be nodulated, though not necessarily under all condi-
tions., The disparity, particularly large in some genera,
e.g. Blaeagnus, between the species complement and the
number actually recorded to be nodule~bearing, is due
to the fact that some species grow only in very remote
parts of the world and so far have not been examined
for nodulation. It is probable that in due course all
species in most of the genera will be found to be nodule-
forming. The total number of species indicated in the

Table to be nodule-bearing is 159.

Table 2 shows the systematic position of the genera
according to one well«known classification. Although
gome genera are obviously closely~related, others are
not, and the overall impression i1s of heterogeneity,
suggesting that these actinomycete-like endophytes have
shown a greater faculty for adaptation to very different

host plants than have the Rhizobium endophytes.

In order to help in the understanding of the later
parts of this thesis, a brief description of these non-

legume nodules will now be given, In all examples
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Table 2. Systematic position (according to Engler, 5) of

genera listed in Table 1.

Genus Family Order
Casuaring Casuarinaceae | Verticillatae
*Myrica Myricaceae ' Juglandales
Alnus Betulaceae Fagales
Dryas Rosaceae (tribe Dryadeae) Rosales

Gercocarﬁus Rosaceae (tribe Dryadeas) - Rosales
Purshia Rosacesae (tribe Dryadeae) Rosales
quiaria Coriariaceae . vapindales
Ceanothus Rhamnaceae Rhamnales
Discaria Rhamnaceae Rhamnales
Colletia Rhamnaceae | Rhamnales

Elaeagnus Elacagnaceae | Tﬁymelaealés

Hippophad Elaeagnaceae Thymelaeales

Shepherdis Elaeagnaceae Thymelaeales
Arctostaphylos Ericaceae Ericales

*Includes Comptonia




gtudied, in response to infection by an appropriate
organism the nodules are initiated as simple, swollen
structures with a superficial resemblance to legume
nodules, but as a result of rapid, repeated branching,
corralloid structures convenlently called nodule clusters

are soon formed.

Figure 1 shows the nodule clusters in Alnus
glutinosa. The clusters, like the plants bearing them,
are perennial, and in Alnug and some other geners, over
a period of years, from g single infection point, or more
commonly by an impaction of the clusters arising from
geveral adjacent infection points, a ball-like nodular

mess several cm in diameter often forms.

For the description of the internal structure of
the nodules, to begin with Alnus glutinosa will again be
used as the type. Figure 2 shows the structure of a
lobe of an alder nodule cluster in longsection under the
light microscoype. Certain resemblances to the structure
of a root are obvious. Thus there is an apical meristem
behind which, and laterally to it, files of differentia-
ting cells issue. Centrally these form a stele bhounded
by an endodermis, outside which 1s a cortex enlarged
both owing to hyperplasia and hypertrophy. The endo~
phyte is found in the cortical region, the enlarged
infected cells lying among smaller uninfected cells
which often contain starch or tannin, Points of

differences from a root are that there is no root cap,

root hairs are absent, and there is a superficlal periderm.



Fig.

1.

Part of 4-month-old plant of Alnus glutlnosa
grown in water culture, showing nodule

clusters (x 1).

Photograph kindly supplied by Professor Bond,

10



Fig.

2.

Radial longsection of nodule lobe of Alnus
glutinosa. showing apical meristem (M), central
stele (s), periderm (P), and wide cortex (C)
with enlarged dark-stained infected cells. The
black substance filling cells in various parts

of the section is tannin (x 80).

Photograph kindly supplied by Professor Bond.
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In some genera, e.g. Myrica (excluding M. gale), the
infected cells are confined o a narrow zone in the

middle cortex.

The contents of the infected cells in these nodules
are very congested and their proper elucidation had to
awalt the arrival of the electron microscope. However,
under the light microscope it can be seen that in alder
and possibly in all genera - though that has not been
properly established - the infected cells are of two types,
firstly one in which the endophyte produces numerous so-
called vesicles, which usually lie against the cell-wall
and in alder and some other genera are spherical in
shape, but in other examples (e.g. Myrica) are club-
shaped. In the second type of infected cell the endo-
phyte forms very large numbers of minute, polyhedral cells
termed bacteroids or granula. These features are shown

for alder in Figure 3.

As noted, the use of the elecfron microscope,
for example by Gardner (6), has greatly aided the study
of {these nodules. It has now been established bheyond
any doubt that the endophytes are basically finely
hyphal in nature, the hyphae being 0.6-1.0 um in
diameter and septate. The vesicles, formed by
enlargement of the hyphal tips, are found, when mature,

$0 be usually sub-divided by walls running in various-

12




Fig.

3.

Area of cortex from tremBection of nodule of
Alnus glutinosa. The infected cells have
dark-stained contents. In most of them wvery-
dark spherical vesicles are present, but in two
relatively large cells in the top right-hand
area very numerous, minute bacteroids are

present (x 400).

Photograph kindly provided by Dr C.T. Wheeler.

13



planesg*, These features are shown in an electron micro-
graph (Fig. 4) of an infected cell in Colletia nodule,

where the vesicles are spherical as in alder.

When the characteristics of the hyphae seen within
these nodules are compared with those of other known
organisms, they prove to be most similaxr to those of
actinomycetes, and it is chiefly for this reason that the
endophytes are commonly regarded as belonging to that
Eroup. The failure:so far of the meny efforts made to
isolate these endophytes into pure culture, denies
workers in the field the closer knowledge of the ldentity
of the endophytes that would otherwise be available.

Another charascteristic of non-legume nodules is
that they are active fixers of elemental nitrogen. By
15

means of growth experiments, N and acetylene~reduction
tegts, the nodules of at least one species (in some cases
several) from each of the genera listed in Table 1

except Arctostaphylos have been examined for nitrogen
fixation, with positive results. By comparison of
glasshouse-grown plants (Bond, 7) showed that fixation
per unit nodule weight was as high in non-legumes as in

legunes. Measurement of fixation in the field is more

xAl‘chough most observers using the light microscope failed
to see the sub-divisions within the vesicles, Shibata (9)

in a rarely quoted paper saw and illustrated them in

Alnus incana vesicles. Schaede (10) also saw indications
of sub-divisions in the club-shaped vesicles of Myrica gale.

14







FPig. 4. Part of an infected cell from a section of a
nodule lobe of Colletia paradoxas seen under the
electron microscope. Fndophytic hyphae cut in
various plenes are present, also the larger
roughly spherical vesgicles showing internal
septa. The inclusion with coiled structure
in the largest vesicle is a plasmalemmasome.

Smaller ones are visible in the hyphae (x 17000).

Photograph kindly supplied by Professor Bond.
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difficult, but Akkermans (8) after numerous acetylene-~
reduction assays, concluded that fixgbtion in alder stands
in The Netherlands was of the order of 60 kg nitrogen
per hectare annually. This is less than half of

common egtimates for legume crop plants such as clover,
but it must be remembered that such crops are grown in a
very close stand. Presumably the endophyte is

actually responsible for the fixation in non-legume

nodules.

Apart from the different nature of the endophyte,
the non-legume nodules show other resemblances 1o those
of legumes, Briefly, it may be noted that they both
require molybdenum and cobalt for proper functioning and
development, while their formation is reduced if sub-
stantial amounts of combined nitrogen are avallable to
the host plants. In both types the fixed nitrogen
guickly passes within the nodules into the form of amino
acids, and it is in such forms thet the host plant

receives it from the nodules.

When the writer's research programme was being dis~
cussed, Professor Bond pointed out that he had a rather
unique collection of nodulsted species growing in the
glasshouse, gathered from many different countries, and
that there were opportunities for comparative studies on
the material., Three of the Chapters (II, III and IV) of
the thesis describe studies of that nature. The

remaining Chapters describe more restricted studies

16




involving only one or two species, The objectives and
the purposes of the different Chapters and the relevant
literature will be explained and presented in the

Introduction to each Chapter.

17
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INTRODUCTION

As indicated in the Preface, the endophytes of non-
legune nodules show a higher degree of structural differen-
tiation than those of legume nodules. Though essentially

hyphal organisms, they alsc produce vesicles and bacteroids.

The gquestion arises of whether or not the fixation of
nitrogen that proceeds within these nodules is contributed
to by all of these endophytic structures., The most
obvious way of testing this might seem to be to prepare
from nodule homogenates, by the use of the centrifuge,
separate preparations of these endophytic structures, and
then test them for the possession of the nitrogen~fixing
property. Akkermans (11) succeeded in obtaining vesicle
suspensions from alder nodule homogenates, but failed to
detect flxation by them, doubtless because, as found many
times in uwapublished work by Professor Bond and Dr Wheeler,
fixation ceases in non-legume nodules as soon as they are
crushed or homogenised. Failling to make any progress by
that approach, Akkermans (loc. cit.) immersed alder nodule
lobes halved lengthwise in solutlions of various tetrazolium
salts and subsequently examined sections of the lobes under
the microscope. When reducing conditions exist in a cell,
dark crystals of formazan are deposited in the cell through
an enzymic reduction of the tetrazoliuvm. In Akkermans'
tests, such crystals formed in abundance in the vesicles,
indicative of the presence of reducing conditions such as
are required at a nitrogen-fixing site, but he had diffi-

culty in deciding whether there was any crystal formation

19




in the very fine hyphae. No reduction was observed in the
bacteroids. In any case it can be concluded that their
contribution, if any, to nitrogen fixation must be small,
gince they are formed rather sparsely and, at least in
Alnus, are absent from young nodules which are definitely

fixing nitrogen.

It secemed that an opportunity for the study of this
problem might be provided during the early development of
nodulated alder plants. The writer's preliminary obser-
vations had shown that in very young nodules only the hyphal
form of the endophyte was present. This continued to be
true for several days, and only then did vesicle formation
start. By sectioning alder roots on which nodule formation
was just beginning, Quispel (12) has more recently been able
to describe how a hypha - presumably formed by an external
spore-like body - penetrates a root hair and continues into
the cortex of the root. Then, as also shown earlier by
Taubert (13), meristematic divisions commence in the cortex
of the mother root in the vicinity of the infection, leading
to the formation of a small but visible swelling, which
Quispel terms the primary nodule. The nodule proper arises
as a result of the initiation of a lateral root primordium
in the pericycle in the neighbourhood of the primary nodule.
As this grows through the cortex of the mother root, its
own cortex becomes infected, and the further development of
the structure changes from that of a root to that of a

nodule. Quispel states that the endophyte in the primary

20




nodule remains mostly in the hyphal form for some days.
This agrees with the present writer's statement above.
Under conditions of water culture, red anthocyanin
pigment commonly forms in the primary nodules, with the
result that they become readily wvisible to the naked eye
as 'red spots' on the roots. It was thought to be of
interest to attempt to find whether there is detectable
fixation of nitrogen in primary nodules while their cells
contain only the hyphal stage of the endophyte, and
whether there is any notable rise in fixation as vesicles

develop.

A rough idea of the time of onset of fixation in young
alder plants can be gained by the visual inspection and
comparison of inoculated and uninoculated plants growing
in nitrogen—~free culture solution. It usually requires
2~3 weeks from inoculation for nodules to begin to appear,
and during that interval a degree of chlorosis appears in
the leaves of both types of plants. It is not until at
least a further 2 weeks after the first appearance of
nodules that the leaves of the inoculated seedlings become
vielbly greener, showing that fixation has started and its
products are reaching the shoots. It is obvious that
fixation actually starts some time before these visible
signs appear, especially considering that in very young
nodules the fixed nitrogen may be wholly or largely
retained in the nodules, although in later stages the bulk
of the fixed nitrogen is quickly exported to the rest of
the plant (Stewart, 14), It would be very difficult to

detect by the relatively insensitive Kjeldahl process the

21




very small increase in the nitrogen content of the plant
produced by the earliest fixation. The 7N technique is
more sensitive but very time-consuming, and there is no
doubt that the acetylene-reduction technique was begt-
sulted to the present purpose, considering its quickness
and its great sensitivity - it 1s commonly held to be
103«104 times more sgensitive than the 15N method, which
in turn 1s held to be 103 times more sensitive than the
Ejeldahl method (Hardy gt al., 15). In addition, the
acetylene technigue has the very grealt advantage that
the nodules are not destroyed in the completion of

the assay - as they are in the other two methods ~ and
are thus available for subsequent cytological study.
Thus the planned procedure was 4o raise a sufficlent
population of inoculated alder seedlings, and as soon as
nodules began to appear to aséay gamples of the plants
doily for nitrogenase activity by the acetylene technique.
Subsequently squash preparations of the assayed plants
would be examined microscoplcally and the stage of
development of the endophyte noted. The results of the
two procedures would be compared, Two such experiments

will now be described.

22




MATERIALS AND METHODS

Plant Culture

In the first experiment, carried out in 1972, the seed
of Alnus glutinogs (L.) Gaertn. that was used had been
obtained from Messrs Vilmorin-Andrieux, Paris; this seed
wag preferred to locally-collected samples since the
individual seeds were on average larger. However, French
seed was unavallable for the second experiment, carried
out in 1973, and was replaced by Scottish seed which
before use was placed on a 2 mm sieve and shaken; only
the seed remaining on the sieve was actually used, i.e.
the larger individual seeds, this selection being made in
order to obtain larger and more uniform seedlings. Seed
was sown in trays of Peralite moistened with Crone's
culture solution (nitrogen-free formuls, see below) at

1/8th normal strength.

At the two-lesaf stage seedlings, selected for uniformity
of size, were transferred into water culture in 800 ml
beakers (initially heat sterilised) filled with Crone's
solution, The recipe for this solution (nitrogen-free

version) at full strength is as follows:

KC1 0.75 g CaS0, . 21,0 0.50 g
MgS0, « TH,0 0.50 g Ca,j(roﬁr)2 0.25 g
FeB(PO4)2.8H20 0.25 g Distilled water 1 litre

A small quantity of a concentrate containing all known minor

elements (including cobalt) was added to the solution. The

23



above recipe gives full strength Crone's solution. For the
present purpose the solution was prepared at half strength,
and the pH was adjusted to 5.8. The beakers were wrapped
in black paper and covered by squares of black polyethylene
( 1 em thick) bored with 5 holes of diameter 1 cmj +the
squares were sterilised against the nodule organism by
immersion for 10 minutes in methylated spirit followed by
copious rinsing in distilled water. A section of rubber
pressure tubing of suitable diameter was fixed in each
hole, and the root system of a seedling was inserted
through the smaller hole thus provided (Fig. 5). This
arrangement has been found very advantageous in accommo-
dating seedlings with short hypocotyls, also it allows
transfer of seedlings from one beaker to another at quite
an advanced stage in growth, and again it makes provisgion
for increase in the thickness of the stem. In order to
prevent an extreme nitrogen deficiency erising in the
seedlings during the period of noduvlation, in 1972 3 mg
ammoniuﬁ sulphate-nitrogen was added per beaker just after
trangphanting, but in 1973 the addition was limited to 1 mg
(supplied in this case 7 days after transplanting) in order
to aceelerate the development of visual evidence of
fixation. Inoculation was effected 2 days after trans-
planting. An inoculum was prepared by grinding nodules,
taken from stock alder plants growing in the greenhouse,

in distilled water, and then placing a small guantity of
the inoculum on each root system in certain beakers. The

geedlings in other beakers were left uninoculated.
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Fig. 5.

Arrangement for culture of alder plants.
Actually there were 5 plants per beaker.
The solid black in the central hole in the
plastic cover represents the section of

rubber pressure tubing (x 1).
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In the 1972 experiment transplanting was effected at
the end of February, and since the days were still short
and natural light intensity low, the natural light was
supplemented for 16 hr daily by that from a 500 W compen-
sated mercury vapour lamp suspended 60 cm above the
beakers, the light intensity at plant level being
approximately 10,000 lux. In the 1973 experiment
transplanting was in early May, and in this case the
plants received only natural light. In both experiments
the position of individual beakers on the greenhouse
bench was changed daily in case of inequalities in

illumination.

Acetylene Assays

For the examination of nodules of different stages
of development for nitrogenase activity, two alternative
procedures were considered, as follows. (1) The asssays
could be made on whole plants taken from the population
on suitable, successive occasions. The earliest of such
occasions would be that at which nodule development was at
the 'red spot' stage. On later occasions each plant
would show nodules at varied stages of development.
(2) The plants could be allowed to grow until all of them
showed nodules at various stages of development. Then,
perhaps on a single day, all the nodules would be excised
from the plants, either fully or partially (i.e. still
attached to 1 cm lengths of root), and samples made up of
nodules all of the same approximate sizes. These samples

would then be assayed.
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As indicated already, procedure (1) was adopted. One
reason for this was that complete or partial detachment
of such young nodules would almost certainly cause a
reduction of nitrogenase activity. Again, to assay so
many nodule samples on a single day would have been very
arduous. Further, it was of definite interest to find
exactly when nitrogenase asctivity commences in the
developing alder plant, and the first procedure is
obviously likely to give a more precise answer to this

question.

Thus assays were made on whole plants taken from the
population at intervals of two days in earlier stages,
but at longer intervals at later stages. Pigure 6
shows a typical plant as used in the assays. Foxr +the
agsgays the plants were enclosed in stout round-bottom
glass tubes of length 12 cm and diameter 1.7 cm, of total
volume 17.5 ml, and equipped with a side arm bearing a
short length of rubber tubing which could be closed by
means of a screw clip (Fig. 7). Tubes of this type are
used by Dr Wheeler in his assays. In 1972 {two nodulated
or two non-nodulated plants were placed in each ‘tube,
while in 1973 three plants were enclosed together in the
earlier assays, reduced to two in the later assays.

Since there was considerable plant-to-plant variation
within the population in respect of plant size and the rate
of nodulation, on each assay occasion a representative
sample of plants was selected for assay. The non-

nodulated plants were assayed in case the alder plant
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Fig.

6.

An alder plant as used in the assays. This
particular one is at a fairly advanced stage and

has nodules of appreciable size (x 1).
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Suba-seal
o~ stopper

Nodulated
alder plants

Fig. 7. Method of enclosure of plants for acetylene

assays (x 1).
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tissues produced ethylene in their normal metabolism. All
assays were started at approximately 1400 hr. The root
systems of the plants were dried prior to enclosure by
pressing them between filter papers in a standard menner.
The tubes were then closed by means of 'Suba-seal’

stoppers.

The tubes were then attached to a manifold through the
side arm, evacuated and subsequently filled to atmospheric
pressure with a gas mixture comprising 20% acetylene, 20%
oxygén, and 60% argon. The tubes were then sealed,
detached from the manifold, and incubated at 25°C - a
temperature being known to be near optimal for nitrogenase
gction in elder nodules - for 1 hr in the 1972 experiment
and 2 hr in 1973. Subsequently 2 ml samples of the gaseous
contents of the tubes were quickly withdrawn, in each case
after filling and enptying the syringe three times
following the insertion of the needle through the 'Subg~-
geal' closure, the object of this procedure being to ensure
that the gaseous contents were well mixed up prior to
sampling. In 1972 the gas samples wefe analysed for
ethylene on an Aerograph 200 gas chromatograph located in
the Chemilstry Department, while in 1973 a Pye Unicam Series
104 gas chromatograph Model 4, in the Botany Deparitment
was employed. Ethylene contents were obtained by
measuring the peak heights on the graphical record provided
by the lnstrument, and then by referring to a calibration
curve, In case any ethylene was present as an initial

contaminant in the gas mixture, a tube containing the
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latter only was included on most assay occasions.

After the plants were withdrawn from the assay tubes a
note was taken of the height of the shool, number of
leaves in both the nodulated and the non-nodulated plants.

The number of nodules on the nodulated plants was ascertained.

Meagurement of Nodule Development

In addition to determining nitrogenase activity on a
per plant basig, i{ was desirable that activity could also
be expressed per unit of nodule development. Since the
nodules were required for squash preparation it was not
possible to determine their dry weight, and the only
attribute that could be measured was nodule volume. In
1972 the diameter of each nodule was measured to the
nearest 0.5 mm and the volume calculated on the assumption
that the nodules were gpherical. In 1973, a specific
gravity bottle (Fig. 8) was used very gsuccessfully to
determine the total wvolume of the nodules (detached) from
the plants within each assay tube. No volume nmeasurements
were made Tor nodules in the 'red spot' stage in either
year, The procedure was to fill the bottle exactly to the
top of the capillary in the stopper with distilled water at
room temperature, and then, after carefully drying the
exterior of the bottle, to ascertain its weight. Then the
nodules, which in all cases had been equilibrated for
30 min in a small petri dish containing a filter paper
moistened with a standard amount of water, were weighed and

introduced into the specific gravity bottle and the
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. Stopper with
| | central capillary

Distilled
water

Nodules

Fig. 8. A specific gravity bottle as used for determina-

tion of nodule volume (x 1%).
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stopper replaced. The water displaced through the stopper
wag carefully removed, agein leaving the caplllary quite
filled with water. The bottle was again weighed, and by
gubitracting the weight of the nodules from that weight,

the weight of the bottle plus the residual water was
obtained. By subtracting this from the original weight
(bottle filled with water), the weight of water displaced
by the nodules was found; agsuming the specific gravity
of water to be exactly unity, the weight of water displaced

ig equal ‘to the volume of the nodules.

Preliminary tests were made to test the accuracy of
the above method. The volume of four glass beads calcula-
ted from their weight and a density of 2.8 was 0.205 ml,
while by the bottle method the volume was estimated to be
0.201 ml. Mofe convineing (because of greater certainty
of the density) was a test with a small quantity of
mercury - its volume by caleulation (knowing welght and
denslty) was 1.198 nl, and by the specific gravity method
1.192 ml.

Mlerogeopic Study of Nodules

After the volume determination the nodules were fizxed
in formalin-acetic alcohol, and later squashed individually
on slides, stained with cotton blue, and examined under +the
light microscope after mounting in lactophenol. The
gtage of development of the endophyte was the particular mat-
ter of interest. Photomicrographs were taken under a Zelss

Standard WL microscope equipped with a 24X 36 mm camera.
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DATA OBTAINED

1972 Lxperiment

In Table 3 are presented data for nitrogenase activity
in the nodules on successive occasions, together with
numbers and details of nodule size. As already mentioned,
two plants were placed in each assay tube in order to
provide a larger amount of nodule tissue. Since it was
obvious that in the inoculated population of plants there
wag considerable variation in respect of plant size and
nodule development (possibly due to difference in size
between the original seed), in preparing the assay tubes
a relatively small plant was paired with a relatively
large one, agein with the object of obtaining a detectable
amount of ethylene. Actually the assays were started
later than intended, for, as the Table shows, an appreciable
number of nodules was present on the first occasion of
agsay; +this was mostly due to the situation that some
days' notice had to be given in order to have the use of

the Chemistry Department gas chromatograph.

As indicated in Table 3, ethylene production attribu-
table to the nodules was obltained by subtracting that
found in the tubes containing non-nodulated plants from
that found in the tubes with nodulated plants. The
ethylene contents found in tubes containing plants of the
first type (one tube on each occasion) were 4.94, 4.28,
6.24 and 6.5% respectively. Analysis of the original
acetylene used in the assays showed that of the above

quantities, 4.14 mumole per tube was due to contaminant

34



1 0.44 13 2 £ iU U U Leg
2 0.90 13 0 0 13 0 0 2.49
18 3 0.90 ez 9 o 0 7 > 0 2.35 350
4 0.44 11 3 1 7 0 0 1.44
5 2.68 15 0 1 7 7 0 6.29
1 0.67 19 2 0 14 3 0 6.21
2 0.44 16 > 2 12 0 o 1.91
22 5 5.82 3°20 22 1 3 12 6 0 5.49 538
4 13.72 15 2 0 6 5 2 8.27
5 0.22 22 3 3 16 0 0 3.97
1 14.90 29 0 2 21 5 1 9.9
2 0.72 28 11 3 13 1 0 2.68
25 3 1.40 mwwm 14 0 0 10 3 1 7.89 mem
4 8.60 30 4 0 19 6 1 10.08
5 1.80 26 1 3 16 6 0  8.89
1 25.00 47 3 2 34 8 0 13.03
2 51.52 37 4 0 22 9 2 17.03
27 3 72.22 oo 49 1 2 36 6 4 22,54 550
4 1.47 32 3 > 22 5 0o 8.27
5 0.50 54 21 13 15 5 0 8.52

"Bach tube contained two plants.

Iml
"Values obtained by subitracting ethylene production in tubes containing non-
nodulated plants from that in tubes with nodulated plants.
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ethylene; subtraction of this leaves small balances of
ethylene, namely 0.80, 0.14, 2.10 and 2,39 mumole
respectively. This apparently Indicates an appreciable
production of ethylene in the normal metabolism of the
orgens of alder plants other than the nodules, However,
as will be reported later, the corresponding figures
obtained in the 1973 experiment were negligibly small,
and it seems probable that the 1972 figures in question
arose from errors in assay. F'or this reason the overall
results of the 1972 experiment should be regarded ag of

preliminary nature.

The observations (Table 3) made at 18vaays after inocula-
tion show that in the first four tubes there was apparently
a production of ethylene by the nodules, but the amounts
are very small and are of doubtful significance for the
above reasons. Only in the fifth tube was there clear
nitrogenase activity. Scrutiny of the data for nodule
size suggests that the presence of nodules of diaﬁ%er 1 mm

or more is necessary before there is definite activity.

In the 22nd day agsays there was undoubted nitrogenase
activity in two tubes, and here again nodules of diameter
1-1l.4 mm were present, while still larger nodules were also
present in tube 4 and obviously contributed substantially
to the activity. Rather surprisingly the presence of
nodules in the 1-1l.4 mm range in tube 1 was not productive

of a clear positive result.

On the 25th day the plants in four tubes possgessed

nodules in the larger categoriles, and showed definite
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activity. In the single tube which failed to show a
clearly positive result only one nodule in the 1l-l.4 nm
range was present. At 27 days four tubes gave clearly
positive results, with massive production of ethylene in
three cases, again accompanied by the presence of many
relatively large nodules. Even at this late stage the
nodules of the plants in tube 5 failed to show clear
activity despite the presence of some nodules in the 1-1.4
mm range; however it will be noted that an unusually high
number of very small nodules was also present on the
plants in that tube, and it is possible that this constitu-
ted a drain on the plant and thus slowed up the activity

of the larger nodules.

Thus in this experiment it was found that nitrogenase
activity was not clearly detectable until some days after
the first appearance of nodules, and that the nodules need
to attain a diameter of the order of 1 mm or more before
they show definite activity. As shown in Table 3 mean
activity of the nodules increases successively with time,
egpecially between the 25th and 27th days, and although
these means are based on very variable material, asnalysis
of variance shows that the differences between them are

significant at P = 0.05.

F'rom the data given in Table 3, mumole ethylene produced
per cu.mm of nodule tissue per hour can be calculated.
The mean values obtained for the four successive asgsay
occasions were 0,36, 0.49, 0.60 and 1.68. Comments on

thege figures will be offered later.
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Table 4 shows growth data for the plants used in the
above assays. A gradual increase in shoot height and
number of leaves over the period of the experiment is
shown for both nodulated and non-nodulated plants, and a
rapid increase in the number of nodules in the inoculated
plants. The data also show that by the end of the
experimental period there was still no significant mean
difference between the two. types of plants in respect of
shoot height and leaf number. Neither was there any
difference to the eye in respect of leaf colour, although
ag the data in Table 3 indicate, nitrogenase activity had

been detectable for some 9 days.

A squash preparation was made from each of the total of
500 nodules present on the assayed plants. The endophyte
was found to be entirely in the hyphal form in nodules
at the 'red gpot' stage. Vesicles, though very sparse in
number, were observed in nodules which had emerged slightly
from the root. It follows from this that some vesicles
were already present in the larger nodules on the plants
agsayed at 18 days from inoculation (Table 3). As the
size of the nodules increased, the number of vesicles also
rose, and soon they masked the hyphae completely in the

older infected cells. Photographs will be provided later.

1 Experiment

As noted, the plants utilised here were grown by natural
light over the period May to June. Acetylene assays were

gtarted as soon as the first signs of nodulation were
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Table 4. Mean height, number of leaves and number of
nodules for the alder plants used in the
acetylene assays in the 1972 experiment.
Means are per plant and are based on the 10
nodulated plants and 2 non-nodulated plants

used on each occasion.

Sampling H;ig%t of Numger of
occasion S100%, cm, Number nodules,
(days also range of also range
Prom of wvalues leaves of wvalues
inoculation) on each on each
occasion oceasion
18 2.2(1e5-3.0) 3.8 6.1(2~10)
Nodulated 22 2,6(1.6-3.9) 4.3 9.5(5-11)
plants
25 2.8(2.1-3,7) 4.8 12.6(5-18)
27 3.2(2.2-4.7) 5.1 21.9(8-23)
18 2.0(1.4-2.6) 4.0 0
Non-nodulated 22 - - 0
plants
25 2.8(2.6~3.1) 5.5 0
27 3.2(2.8“‘3-6) 5!0 O
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detected, and were carried out more frequently than in the
previous experiment. Despite the degree of selection for
seed size, there was still considerable variation in plant
stature and rapidity of nodulation. Ethylene production
by the nodules was again obtained by subtracting the
ethylene content of tubes containing non-nodulated plants
from that of tubes containing nodulated plants. In this
experiment there was little evidence of any production

of ethylene by non-nodulated plants, since on seven assay
occasions the ethylene content of tubes.in wnich such
plents had been incubated was exsctly the game as that in
tubes without any plants, i.e. there had been no increase
over the ethylene present at the beginning as a contaminant
in the acetylene. On the two remaining assay dates the
apparent production of ethylene by the ngnunodulated
plants was 0,06 and 0,11 mpmole respectively, which are

gquite negligible amounts.

The assay results are presented in Table 5. Because
of the greater frequency of assays, only the mean production
of ethylene for the five tubes set up on each assay
occasion are shown, but an indication of the maximun
variation between replicates is included. It will be
seen in the Table that there was no detectable nitrogenase
activity at the. 9-~day stage, and that the same applies to
the assays on the 1l2th day, when again only 'red spots’
were present. On the 14th day some slightly emerged
nodules were present, although in this experiment the

diameters of the nodules were not measured, so that no
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Table 5. Nitrogenase activity in the nodules of alder
plants of the 1973 experiment on successive
sampling occasions, and details of nodule

volumes.¥*

Mean mumole ethylene

SnPLin  produeed by'the ,ne% , Nemr totel
(days nodules'of two* nodules nodules of
from plants bex hr, also per two two plants,

inoculation) ragighogcggéggi$on plants cu.mn

9 0 4.8 *%
12 0 14.0 e
14 0,08(0,03-0.21) 15.6 0.5
16 0.20(0.09-0,40) 18,2 1.4
19 1.08(0,29-2,20) 21.6 2.4
22 1.60(0.17-4.53) 20.0 3.0
27 2.02(0s52~5.17) 21.0 Y
34 25.77(3.55~55,43) 25.6 14.8
42 49.64(8.73~104.9) 27.0 3646

*The data are based on the examination of 10 plants, grouped
in pairs in five tubes, on each occaslon, except that on the
first two occesions there were 3 plants in each tube. In
the third column the numbers shown for the first two
occasions are adjusted to two plants.

tvalues obtained by subtracting ethylene production in tubes
containing non-nodulated plants from that in tubes with
nodulated plants.

*“Phe nodules were too little emerged for detachment to be
possible.
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indication can be given in the Table of spread of nodule

size on the plants used. On this 14th day there is a
suggestion of a trifling nitrogenase activity, but even in
the most active tube ethylene production was only 0.21
mymole. On the 16th day total volume of nodules per tube
was hearly three times greater than on the previous

occasion, but nitrogenase activity was still small, attaining
only 0.4 mumole in the most active tube. From the 1.9th

day onwards there is clear evidence of activity, with a very

rapid increase between the 27+th and 34th days.

Muymoles ethylene produced per cu.mm of nodule {tissue per
hr was also calculated for successive assay dates in this
experiment. The values obtained for the seven agsay
occasions are as follows: 0,16, 0.14, 0.42, 0.51, 0.26,
"1455 and L.27. These are of the same order as the values
previously reported for the 1972 experiment, and will be

discussed with the latter in the next section.

Table 6 shows growth data for the plants used in the
above assays. It will be observed that clear differences
in shoot height and leaf number between the two sets of
plants only became obvious on the 34th day after inocula-
tion. At thet same time the leaves of the nodulated
plants became greener. Thus undoubted nitrogenase
activity wag detected 15 days before visible benefit to the
plant from the nodules arose. It is of interest to
compare the date in Teble 6 with those in Table 4. Compari-
son of growth data after particular intervals after inocula-

tion shows that the 1972 plants tended to be taller, to have
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Table 6. Mean height, number of leaves and number of nodules
for the alder plants used in the acetylene assays
in the 1973 experiment. Means are per plant and
are based on the nodulated plants and non-

nodulated plants used on each occasion.*

Number of

ceomalon TG Of SO0t uper  Hoduloe,
From of values on leaves of wvalues
inoculation) each occasion on egch
‘ occaslon
9 0,13(0,10,2) 1.0 2.4(0-12)
12 0.16(0,1=0.7%) 1.5 7.0(3~15)
14 0¢30(042=0.6) 2.0 7.8(4-~18)
16 0.50(0.2~0.7) 2.0 9.1(7-12)
N;%Ziiged 19 0.90(0.6-1.4) 2.5  10.8(8-15)
22 1.20{(0.6-1.4) %0 10.0(6-13)
27 2,10(1.1-2.9) 4.0 10.5(7~13)
34 %.10(243=4.3) 5.0 12.8(8-18)
42 3.55(3.0-3.9) 6.0 13.5(10-17)
9 0.10(0.1~0,1) 1.0 0
12 0.15(0.1-0.2) 1.3 0
14 0.20(0.2-0,2) 1.5 0
Nom— - 16 0.25(0.2-~043) 2.0 0
nodulated 19 0.60(045-0.7) 2.5 0
plents 22 1.10(0.5-1.7) 2.5 0
27 2.05(2,0-2,1) 345 0
34 2.60(2.4-2.8) 4.5 0
42 2.70(2.2-3,2) 4,0 0

%
Ten nodulated plants and 2 non-nodulated plants were used on
each occasion, except that on the first two occasions there
were 15 nodulated plants and 6 non-nodulated ones.
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more leaves and, in the case of inoculated plants, more
nodules, while reference to other tables shows that the
nodules were also on the whole larger. The light intensity
in the 1972 experiment was probably more consistently
favourable than in 1973, but most of the growth differences
can be attributed to the circumstance that, as noted
earlier, a single addition of 3 mg combined nitrogen per
beaker was ﬁade in 1972, reduced to 1 mg in 1973. The
larger addition in the first experiment explains the
stronger plant growth, also the more numerous and larger
nodules, but at the same time it tends Lo delay the
appearance of visual ev¥idence of fixation in the nodulated
plants, this being the reason for the reduction in the

amount of combined nitrogen added in the second experiment.

Again in the 1973 experiment, a squash preparation was
made from every nodule present on the agsayed plants. On
the first two assay dates, though masses of hyphae were
present within the nodules, no vesicles were found. On the
14th and 16th days all pairs of plants showed sparse
vegicles, but in the largest nodules only; the highest
number of such nodules was present in the assay tubes which,
in Table 5 produced ethylene in amounts of 0.21 mumole
(14th day) and 0.40 mpmole (16th day) respectively. On the
remaining assay dates the larger nodules on all plants
contained abundant vesicles. Pigures 9 (A and B) show
gquash preparations from two nodules, one in which the

endophyte is still in the hyphal stage in the infected
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Figs 9 (A & B). Photomicrographs of squash preparations
of alder nodules (x 1800).

(A) A very young nodule in which the endophyte is
only in the hyphal stage. In the centre are
seen the contents of one infected host cell.
The spherical structure towards the top of

the cell ié the host nucleus.

(B) A preparation from a somewhat older nodule
in which numerous spherical endophytic

vesicles are present together with hyphae.
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cells, while in the other numerous vesicles are also
present. It may be noted that the hyphae of an alder
endophyte are 0.7-1.0 uym in diameter and the vesicles

4=5 ym in diameter.
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DISCUSSION

As stated, the main object of this study was to seek
evidence on whether the fixation of nitrogen is associated
with any particular morphological part of the alder nodule
endophyte, or more specifically whether it is shown by
both hyphae and vesicles, or only by the latter.

The data for the 1973 experiment (Table 5) show
that on the first two assay dates, when the nodules -~ all
containing hyphae only - were present in each assay tube,
no evidence of nitrogenase activity could be detected by
the very sensitive acetylene method. Only on later assay
dates when vesicles had appeared was nitrogenase activity
present. It has already been pointed out in the previous
section that on the 1l4th and 16th days after inoculation
only the assay tubes containing a relatively high number
of vesicles were observed to produce appreciable quantities
of ethylene. This further strengthens the conclusion
that it is the vesicles and not the hyphae that possess
nitrogenase. Thus the conclusion previousely drawn by
Akkermens (1ll- also see Introduction) on the basis of
tetrazolium tests that the vesicles are active in fixation
is now confirmed by a more direct method. Further, the
first positive evidence that the hyphae are not nitrogen-

fixing is now presented.

The present state of knowledge only allows us to
suggest that it is some feature of the complex structure
of the vesicles that makes them suited to the role of

nitrogen fixation. It may be noted that in legume
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nodules also fixation occurs in enlarged forms - bacteroids -

of the entering endophyte.

A smaller point of interest mentioned in the
Introduction was the matter of by how many days the
appearance of nitrogenase activity in the nodules precedes
visual evidence of benefit from the fixation by a nodule-
bearing plant growing in a rooting medium almost free of
combined nitrogen. For the 1972 experiment it was concluded
that the interval wes more than nine days, while in 1973 a
more precise estimate of 15 days was possible. 1In
explaining this situvation, it may be noted that initially
the amount of fixation will be extremely small, and that
Tor some days most of the fixed nitrogen may be utilised
within the nodules themselves. Only when fixation
becomes more extensive may the rest of the plant receive

vart of the products.

Calculated data indicating nitrogenase activify per
unit volume of nodule tissue at different stages in the
growth of nodulated alder plants were reported for both
experiments in the preceding section. To facilitate
further consideration and comparison they are reproduced
in Table 7. The wvalues for 1972 tend to rise during the
period of observation, especially at the end. There wasg
much variation from plant to plant in the values obtained
on a given assay day, but 't' tests show that the increase
in activity between the 18th and 27th days is very close
to significance at P = 0,05, The values for the 1973
experiment suggest a ten-fold increase over the period of

observation. Since the nodules from all plants on each
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Table 7. Nitrogenase activity per unit volume of nodule
tissue during early stages in development of

nodulated salders.

Mumole 02H4 produced per cu.mm

iﬁggilizggn nedule tissue per hr
1972 1975

14 0,16
15
16 0.14
17
18 0.36
19 0.42
20
21
22 0.49 0.51
23
24
25 0,60
26
27 1.68 0.26
34 1.55
42 1.27
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of the first four assay occasions were bulked prior to

volume measurement, no statistical treatment is possible
there, but 't' tests made on the data for the last three
assay days show that the 34th and 42nd day figures were
gignificantly greater than the 27th day figure. It is
reasonable to believe that over the whole period of this
experiment, nodule activity per unit volume was really

increasing.

One obvious reason for the increasing nitrogenase
activity per unit volume of nodule tissue is the more
extensive formation of wvesicles in the nodules as they
develop. Another factor is probably the supply of
vhotosynthates to the nodules from the leaves; as soon
ag fixed nitrogen beginsg to reach the leaves their
growth, hitherto arrested by the lack of nitrogen, is
resumed and must result in increased flow of photosyn-

thates to the nodules.

A graphical treatment of the data obtained in
these experiments reveals further points of interest.
Figure 10 shows that when nitrogenase activity, as
measured by ethylene production by two plants, is plotted
against the time lapse after inoculation, curves of
exponential type are obtained, as was confirmed by
regression anslysis. Thus over the period of the obser-
vations, the rate of increase in nitrogenase activity

becomes greater with the passage of time.

In Figure 11 ethylene production per plant is

plotted against nodule volume. The result shows that the
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Fig. 10. Graph showing ethylene production by alder
plants on successive occasions during nodule

development.
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Fig. 11. Graph showing relationship between ethylene

production and nodule volume in alder plants.
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relationship is not of a straight line type, but is

guadratic .  This was  shown ~ by non-linear regression
analysis, in which a power coefficient of 2 was indicated.

In keeping with that, when the square root of ethylene
production per plant is plotted against nodule volume

(Fig. 12), a linear relation is indicated for both experi-

ments.

The previous observations of Stewart (14) in
this department show that the rising activity per unit of
nodule tissue indicated by the present writer's data is
only a temporary phenomenon. His date, based on Kjeldahl
analyses, indicated that the nodules of alder plants
growing by daylight in a greenhouse fixed a mean of 16.%
mg nitrogen per day per g nodule dry matter between the
42nd and 54+th days after inoculation. Over the next
ten weeks the value declined slowly, due, Stewart suggested,
to the nodules becoming increagingly corky and lignified.
Subsequently, in what was now September the value fell
sharply to l.2 mg nitrogen per day per g nodule dry matter.
This was attributed 4o a shortening of days and falling

light intensity by Stewart.

In these experiments it has been assumed that the
rate of acetylene reduction by a given sample of nodules
provides a measure of the rate of nitrogen fixation thatl
the same sample would show under normal conditions. Some
check on this is possible from the data of Stewart (14).
As noted above he estimated that between the 42nd and 54th
days after inoculation, alder nodules fixed a mean of

16.3 mg nitrogen per day per g dry weight of nodule tissue.
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Fig. 12. Graph showing linear relationship between the
square root of ethylene produced and nodule

volume per plant.
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When the ethylene production indicated for the 42nd day
in Table 7 above is converted into term of nitrogen fixed,
asgsuning a 3:1 ratidﬁ a value of 1.7 mg nitrogen pexr day
per g nodule dry matter is indicated. Growth conditions
were probably superior in Stewart's experiment, also there
is a strong probability that the activity of the nodules
at the beginning of his l2-day period was much below the
quoted mean. Taking these points into account it is
considered that the comparison with Stewart's data
supports the belief {that the acetylene assays were

measuring correctly the nitrogen-fixing capacity.

Finally it may be noted that so far as the writer is
aware the acetylene techniqﬁe has not yet been applied
to the study of the onset of nitrogen fixation in young
plants of legumes. From the standpoint of endophyte
morphology there seems to be a parallel situation in alder
and a legume, since in the latter the invading rhizobium
at Tirst exists in th@ developing nodule in the form of
cocel and rods, and only at a slightly later stage
passes into the enlarged, bacteroid form. The bacteroids
are usually regarded as the nitrogen-fixing forms in the
legume nodule, but it seems that the acetylene assay
could be used to test whether the coccus and rod forms

also ghow nitrogenase activity.

*The derivation of this ratio will be explained in
Chapter V.
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SUMMARY

The sensitive acetylene assay has been used to trace
the early development of nitrogenase sctivity in the
nodules forming on young, recently inoculated alder
plants. The assays were made on samples drawn a%t
intervals of a few days from a population of such
plants, and were continued for a total period of 33
days. After assay, squash preparations were made
from all the nodules and examined microscopically in
order to determine the stage of development of the

endophyte.

No nitrogenase activity could be detected at the
earliest stage of nodule development, where the
endophyte was entirely in the hyphal condition.
Only in somewhat older and larger nodules, in which
endophytic vesicles were present, could nitrogenase
activity be detected, It is concluded that the
veglicles, but not the hyphae, contain nitrogenase

and are normally the site of nitrogen fixation.

Nitrogenase activity was detected in the nodules
some 15 days before visible benefit to the plant

from the fixatlion was shown.

Tthylene production by nodules per plant increased

in exponential faghion over the period of the experi-
ments. Nitrogenase activity per unit volume of
nodule was calculated and showed a steady increase
over the period of the experiments, presunably
because the number of vesicles and the supply of
photosynthates from the leaves weverising.
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INTRODUCT ION

This part of the thesis is really céncerned with the
classification of the non~-legume nodule endophytes. It is
a natural desire to see what resemblances or differences exist
between the endophytes of the different genera and species of
host plants in order to find what classification is possible.
The same problem exists with the rhizobia. The characteris—
tice available there for classification include the morphology
of the organisms in pure culture, such as the type of flagella-
tion, also the rate and type of growth of the organisms on
various media end their ablility to ferment different carbo-
hydrates. The antigenic properties have also been used.
Another available characteristic is the morphology of the
bacteroids formed within the legume nodule cells. Over-
riding importance is, however, given to the symbiotic
affinities of a given rhizobium, i.e. the identity of the
legume genera or species with which it can exist in symbiosis.
On this basis a number of distinct species of rhizobium have
been recognised and named according to their host plants,
e.g. Bh. meliloti, infecting species of Melilotus and Medicago;

Rh., trifolii, infecting species of Trifolium.

The number of characteristics availlable in the case of
the non-legume corganisms is smaller owing to the lack of pure
cultures of them, The morphology of the endophytes within
the nodule cells is still available as a criterion for
classification. | Thus differences are seen between the endo-
phytes in the nodules of different host genera in respect of
width of the hyphae, and of the size, shape and structure of
the vesicles formed terminally by certain hyphae. In

addition, there are available the results of cross-inoculetion
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trials, in which information has been sought on the ability
of the endophyte within the nodules of a particular host
specles to set up symbiosis with other host species in the
gsame or a different genus. However, the lack of pure
cultures is a considerable handicap in such trials, for the
experimenter has to resort to inocula prepared from crushed
nodules or from habitat soil. When cross-inoculation is
being attempted between two host species both of which are
native to a particular region of the world, it is always
possible that the nodules of the first specles carry the
endophyte of the second as a surface contaminant. Surface
sterilisation of nodules to be used for inoculum preparation
has often been attempted, but the careful study of Quispel
(16) showed that it was impossible to kill all the surface
contaminants on alder nodules by immersion for reasonable
periods in mercuric chloride or other sterilising fluids,
since after such treatment a substantial proportion of the
nodules, when plated out in a nutrient medium, showed
evidence of the continuing presence of common saprophytic
micro~organisms, leaving open the possibility that any
contaminating nodule endophyte had not been completely killed.
This risk is perhaps absent when cross-inoculation is
attenpted between host species whose world distribution does

not overlap.

On the basis of the existing iInformation on the aspects
noted above, Becking (17) has recently éuggested a classifico~
tion of the endophytes of non-legume nodules. He proposed
that they should be classified in a genus Frankia (a name
suggested for historical reasons), this genus being assigned

to the Actinomycetales, Nine species of the genus are
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created by Becking on the basis of the genus to which the
normal host plant belongs. Thus the endophytes of alders
are assigned to the species F. alni, those of casuwarinas to
', casuarinae, while those associating with species of the
genus Myrica are, again for historical reasons, assigned to
#, brunchorstii. Becking's proposals represent a useful
preliminary classification. Particularly in respect of

the genera newly=-discovered to be nodule~bearing (Purshis,

Dryas, Discaria, Cerocarpus), the scheme is based on
assumptions rather than facts. Even in much more studied
genera, such as Alnus and Myrica it seems doubtful whether
Becking's scheme as it stands is adequate, in view of the

exlsting evidence from cross~inoculation studies.

In order to substantiste the last statement, and to
prepare the way for the writer's own studies, a brief
review willl now be given of cross-inoculation results in the
two genera indicated in the title to this Chapter, e.g.
Alnug and Myrica.

Roberg (18) reported that he had secured cross-inoculation
between four European speciles of Alnus, namely A, glutinosa,
A. incana, A. cordata and A, viridig. He attempted the
surface sterilisation of nodules to be used in inoculum
preparation by immersing them in 3% hydrogen peroxide for
a short time and then in 80% ethyl alcohol followed by
flaming. He actually concluded that the nodules of all four
gpecies are normally tenanted by one and the same endophyte;
however }iis data do not confirm that the unusual combinations
were satisfactory as regards the activity of the nodules in

fixing nitrogen. Benecke (19) presented results differing
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notably from the above. Benecke's work was done in New
Zealand, a country which has no native species of Alnus,
though species havé been introduced; he records that plants
of several Alnus species raised in tree nursery beds nodulated
freely without inoculation. Inocule were prepared from
nodules taken from plantsof A. viridis, A. glutinosa,

A. nepalensis and A, sinusta growing in such nursery beds,
the last two speciles being of Asian origin. The nodules
were shaken in 0.1% chlz for 10 minutes prior to their use.
The effect of applying these inocula to A. viridis plants
growing in sand in pots, with some added autoclaved nursery
goil, was tested. Satisfactory nodulation was obtained

only where the A, viridis inoculum had been applied;

occasional nodules formed in other pots but were considered
to be due to contamination. Benecke concluded that the
endophytes in the nodules of A. glutinosa, A. nepalensig,

and A, sinuata are different from that in A, viridis nodules.

Meanwhile Rodriguez-Barrueco (20) had tested the effect
of inoculating plants of A. jorullensis (a South American
species) from nodules of A. glutinosa, and found that
although numerous nodules formed, they all remained small
and fixed little nitrogen. In one trial {the number of
nodules per plant was twelve times as many as in plants of
A. jorullensisg inoculated with the normal endophyte.
Mackintosh & Bond (21) tested seventeen unusual combinations
of host plants and endophytes in the genus Alnus, and
although nodulation occurred in all combinations, the
symbiosis was unsatisfactory in three cases. Gteographical
distribution and taxonomic affinity of the host species

provided a partial explanation of the results. In summary,

61




there is evidence that the Alnus endophyte exists in a number
of forms, each able to symbiose satisfactorily with a restric-~

ted number of host species.

Turning to the genus Myrica, Bond (22) reported that

the inoculation of plants of M. cerifera with an inoculum

prepared from M. gale nodules resulted in the development of
very numerous (mean of 235 per plant) nodules of minute size
which were scattered over most of the root system and which
fixed l1little or no nitrogen. Thig situation resembles
gtrongly that of legumes bearing the so-called ineffective
nodules. Mackintosh & Bond (21) attempted twelve other
unusual combinations of host plant and endophyte in the
genus. Inoculs prepared from two Africen species failed

to induce any nodule formation in M. gale, and though
nodules formed in all other combinations, the symbiosis (on
the basis of plant dry weight and nitrogen content) was
judged to be satisfactory in one combination only. M. gale
inocula applied to an African and a Japanese species induced
Just the same kind of nodulation as recorded above in

M, cerifers plants. It thus appeared that within the genus
Myrice there is very considerable specialisation of nodule

endophytes towards particular host species.

In the work to be described in this thesis, further
crogs=inoculations have been attempted in the genera Myrica
and Alnus. The work has been facilitated as a result of
the world-wide survey of nodulation in non-leguminous plents
recently conducted by Professor Bond on behalf of the
International Biological Programme (Bond, 4). Some

collaborators in the survey sent seed collected from plants
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found to be nodulated in the field to the Botany Department,
Glasgow University, to facilitate further study of the
nodules, A few collaborators sent endophyte sources also

(nodules, habitat soil).

Using seed received in the above ménner, the response of
four specles of Myrica to inoculation with the endophytes of
other species of Myrica has been studied. The first species
to be thus used as a host plant is Myrica javanica Blume
which, as its nsme implies, is native to Java, Indonesia.

The occurrence of nodules on this species was first recorded
by von Faber (23%), but apart from a brief statement by
Becking (24) without detail, that nodulated plants growing
in pot culture shéwed evidence of the occurrence of nitrogen
fixation, no experimental use has been made of the speciles.
Another species to be grown 1s Myrica faya Ait., native to
the Azores and at least naturalised and possibly native also
to parts of Portugal, the Canary Islands and Madeira. The
occurrence of nodules in this species was first recorded by
Rodriguez-Barrueco in the course of the I.B.P. survey

(Bond, 4). In the latter account, Bond reported evidence
of vigorous fixation of nitrogen in nodulated plants of

M, faya which he had cultured in the greenhouse, when
assoclated with the normal endophyte, and also that preliminary
tests had indicated a favourable response of M. fays plants
to inoculation from M, cerifera L. (a North Americen species)
but not to inoculation from M, gale L. (Europe and North

America).

The third Myrica species to be grown as a host plant is

M, caroliniensis Mill., native to the eastern part of

63




S 5 e e S i T

North America, and first recorded by Youngken (25) to be
nodule~bearing, though there is stlill no evidence that the
nodules are nitrogen~fixing. The fourth species is

M, pensylvanica Loisel. which is of common occurrence on

sand dunes and other sites in the north-east of North America.
Though the occurrence of nodules wag recorded long ago by
Chevalier (26), no experimental or other study of the

nodules has hitherto been made,

Two species of Alnug have been grown as host species,
firstly A. viridis Regel, widely distributed in north
temperate regions. Roberg (18) recorded this species to
be nodulated and provided evidence that the nodules were
nitrogen~-fixing. As stated already, there are conflicting
reports as to the ability of A, viridig to symbiose with the
endophytes of other alders, and it was hoped to clear this
situation up in the pfeaent study. The second species is
A. orientalis Dcne., native to eastern Europe and south-
west Asia and first reported by Uemura (27) to be nodule-

bearing.

Donor species, i.e. those whose nodules or habitat
solls have provided inocula for application to the roots
of the above species, are Myrica gale, M, cerifefg,
M, gordifolia L. and M. pilulifers Rendle (both native to
gsouthern Africa) and M. Ffaya. Donor species for Alnus
were A. glutinoss (L.) Gaertn. (Burope, Asia Minor) and
A. incana (L.) Moench (Burope, North America).  Nodulated
stock plants of these species were available in the greenhouse,
in water culture or Peralite culture, or in some cases in

habitat soil. Comparison of this list of species with that

64



of host species in the preceding paragraphs will reveal that
sources of normal endophytes for the host species were
mosgtly unavailable. This was regretted, but it will become
clear later that this lack did not seriously handicap the

work.
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MATERIALS AND METHODS

Source of Seed

Seed of Myrica javanica was sent by Mrs Estiti B. Hidajat,
Biology Department, Bandung Institute of Technology,
Indonesia. Seed of Myrica faya and of Myrica caroliniensis
were sent by Dr C, Rodriguez~Barrueco, Centro de Edafologia
y Biologia Aplicada, Salamanca, Spain, and were in both
caseg collected by him in the botanic gardens at Coimbfa

University, Portugal. Seed of Myrica pensylvanica was

provided by Dr D.E, Lveleigh, Department of Biochemistry and
Microbiology, Rutgers University, New Brunswick, U.S.A.

Seed of Alnus virldis was forwarded by Dr V.d. Radulovié,
Faculty of Agriculture, Sarayevo, Yugoslavia. Mr A.C.
Crundwell kindly collected seed of Alnus orientalis in the

Mugla Province of Turkey. seaed of Alnus glutinosa was

collected from the Glasgow district.

Germination and Plant Culture

In Myrice species the waxy coating on the seed was
rubbed off prior {to sowing, and in the case of

M, caroliniensis and M. pensylvanica the seed was glven

several weeks pre-treatment in moist peat at a temperature

of 2°C in a refrigerstor, following the recommendation of
Barton (28). Chipping of seed was also resorted to, but
despite all these measures germination was slow and irregular,
go thaet uniform stands of seedlings for the commencement

of a particular experiment could not be obtained, and the

experiment had to be done in staggered manner. No pre-—
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treatment of Alnus seed was considered necessary. No
surface sterilisation of seed of either genus was attempted,
since experience in the deparitment is that the seed of non-

legumes does not carry the nodule endophytle.

Seed was sown in sterilised trays filled with Peralite
and moistened with Crone's solution (nitrogen~free formula,
see p.27) at 1/8th of its normal strength. Seedlings were
transplanted into sterilised 800 ml beakers or glazed
earthenwvare jars of 1- or 2-litre capacity filled with
Crone's solution now at 1/4 or 1/3rd of normal concentration.
The containers were covered by sbterilised black plastic or
waxed teak squares. A small addition of combined nitrogen
wasg added tQ the jars, its amount depending on the extent
of the delay that there was to be before inoculation. The
plants were always transferred to nitrogen-free solution

just prior to inoculation.

Inoculation

As has been explained in the Introduction, since
isolates of the endephytes of non~legume nodules are not
available, reliance for inoculation purposes has to be

placed on prepsrations of crushed nodules or of habitat soil.

Nodules for the preparation of inocula were usually
taken, as already noted, from stock plants associated with
their normal endophytes and growing in the greenhouse. In
some instances inocula were prepared entirely from nodules,
but in others habitat soll - procured from a part of the
world where the host gpecles is native - was also used.

With the donor species Myrica gale, M. cordifolia and

M, pilulifera, inocula were prepared entirely from nodules,
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but in M. cerifers and M. faya habitat soil was used in con-
junction with nodules. Inocula from donor species of

Alnus were prepared from nodules only. Nodules were ground
in distilled water in a sterilised mortar, usually in the
proportion of 1:20 by weight, a further one part of habitat
soil being added to the mortar in the instances mentioned.

In general, surface sterilisation of nodules was not
attempted since, as noted earlier, there is no known effective
but safe method that can be routinely used. Small guantities
of the prepared inocula were applied to the root systems

of the appropriate plants by means of a small brush or
pipette. The plants in some contalners were left uninocula-
ted, partly to provide a check against the possibility of

cross infection between the plants of different containers.

Subsequent Treatment of Plants

The plants were grown in a greenhouse, with supplemen-
tary artificial light in the winter months. Precautions
were taken at all stages to avoid contemination between
different plant containers when topping-up with water,
supplying fresh culture solubtion, or inspecting the root
systens. Forced aeration of ‘the culture solution Waé
provided where appropriate, using air from a 'Reciprotor!
pump. Checks were made periodically on the pH of the
culture gelution in the containers and any drifts corrected;
this was most necessary where substantial amounts of

combined nitrogen had been supplied.

At harvest the height of the shoot and the dry weights

of shoot and root and also of nodules were determined.
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Total nitrogen was determined by the Kjeldahl process
(see p.181).

The success of the symbiogis between a given host species
and an unusual endophyte was assessed by comparison of
the plants against other plants of the same host species
associated with the normal endephyte where availlable, or,
falling that, ageinst plants supplied with ample combined

nitrogen.
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DATA OBTAINED

Myrica Jjavenica Blume
Some 200 seeds were sown in February, 1972. The first
seedlings appeared after two months, followed by others
over the ensuing five weeks, giving a total of twenty-one

seedlings.,

As they became available, seedlings were transplanted
into five one-~litre jars. Those in three of the jars
received applications of inocula prepared from M, gale,

M, cerifera and M, cordifolia respectively. The plants

in the fourth Jar were left uninoculated, as were also those
in the fifth jar, and to the latter a liberal addition of
ammonium nitratelwas made from time to time during the
growth period, since no source of the normal endophyte of

M, Javanica was avallable.

Although nodules eventually appeared in all three
inoculated Jjars, this did not occur until 4-6 months from
the time of original inoculation, which is much slower
than in any other lMyrica species previously raised in the
greenhouse, even with unusual endophytes. This 1is possibly
because M, Jjavanica is a tropical species for which condi-
tions in a temperate greenhouse are quite sub-~optimal.
During the interval prior to the appearance of nodules atb
least one re-inoculation was made, in case theoriginal
inoculum had for some reason been inactive. The plants in

the uninoculated jars remained nodule-frea,

During the 1972-3 winter supplementary light was provided

for this evergreen species, and also in that period forced
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aeration was commenced, since the roots had shown a reluctance

to grow into the depth of the jJars.

The nodules forming on the inoculated plants were of t