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GENERAL INTRODUCTION,

Despite centuries'~old recognition of the
importance of leguminous plants in agriculture, and
the large amount of research into their characteristics
performed during the past half cemtury, many problems
concerning the symbiotic relationship between legumes
and nodule bacteria remain unsolved., The present author
haes attempted to apply to some of them the relatively
new technique of tissue culture.

In 1908 the botanist Haberlandt first
suggested the possibility of cultivating isolated portions
of an organism in an artificial environment containing
ali the essentials of their natural habitat. His choice
of material, however, was unfortunate and his results
unsuccessful, but five years later, Harrison, a zoologist,
using similar methods, successfully cultivated the
neuroblast of a frog in clotted lymph and thus provided
the starting point for the extensive work on tissue
culture carried out in subsequent years. As we shall
see in the following section, the culture of excised
roots of plants was achieved in due course and the
investigator now had a unique opportunity of studying
the requirements and responses of one particular organ
unhindered by reactions taking place simultaneously in
neighbouring regions of the plant. The &pices of
roots proved to be especially suitable for in vitro

culture due to "their meristematic character, their ease
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of excision and consequent relative freedom from traumsa,
and the considerable variety of their normal physiological
respohses". (White, 1943b)

It scemed likely that the technique of root
culture could be profitably applied to the investigation
of the development and function of leguminous root nodules
and might facilitate the study of several aspects of
nodule physiology. S0 far as is known to the author,
there has been no previous attempt to secure nodules on
roots cultured from small excised portions of apical
meristem, although, as we shall see, the nodulation of
young root systems excised in their entirety has been
investigated, and a small number of nodules obtained.

In the following pages, however, the term ‘'excised root:*,
ﬁnless otherwise stated, always refers t0 an organ grown
in vitro from an original fragment approximately 0.5 cm.
in length. The primary end main object of the present
work has been to get nodules to form on such excised
roots and although this object has not yet been achieved,
results have been obtained which will be of guideance in
further experiments along these lines. Arising directly
from the work with excised roots & number of experiments
have been carried out to determine the effect of various
factors on the nodulation of whole leguminous plants.

" Despite their intimate relationship, it has been thought
best to separate in the thesis the investigations

relating to whole plants from those concerned with excised
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rootvs. This scemed especially desirable since in
some instances the enquiries into certain aspects of
the nodulation of whole plants have been developed
further than was strictly necessary for the purpose
of giving guidance in procedure with root cultures.
A brief report on some of the sarlier findings has
already appeared (McGonagle, 1944), while a more
detailed account of several of the sexperiments with
whole pea plents has been accepted for publication by
the Royal Society of Edinburgh.

If it proved possible to secﬁre nodules on
the excised roots of legumes, the part normally played
by the cotyledons and shoot in the process of nodule
formation and function could be more accurately assessed
than with whole plant cultures. For example, it might
be possible to determine the origin and nature of the
specific stimulus which causes the nodule bacteria to
invede the root hairs of the appropriate host. It has
been stated thet a water-soluble substance which causes
bacterial multiplication and eventual invasion of the

~plent is excreted from the roots of intact legumes at a

time co-incident with the opening of the first true

leaves (Thornton, 1929). Therefore, if the presence of
such an excretion could be detected with excised roots,

it would be obvious, either that the root itself must be

the region of its synthesis, or that it had been transferred

from the cotyledons to the root tip in the short period
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preceding excision. It would also be interesting

to note whether nodules which might form on excised
roots would contain haemoglobin, the red pigment present
in all nodules which contain bacterial strains effective
in fixing nitrogen. Some further knowledge of the
actual mechanism of the fixation process might then be
gained. Moreover, all the substances essential for
healthy development of excised roots are present in the
culture medium, and it is thus possible to determine the
effect of these on the bacteria themselves, and on the
various aspects of their symbiotic relationship with the
plant, commencing with invasion of the root hairs. Yet
another advantage of the root culture technique is that
the presence of light becomes unnecessary and thersefore
it is possible to experiment with equal facility at any
season of the &ear. The whole plant methods at present
widely employed in legume studies usuaily restrict
investigations, in this climate at least, to the late

spring and summer months.



SECTION I.
Culture of excised leguminous roots and

attempts to secure nodule formation on such roots.
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INTRODUCTION,

Theophratus, in his philosophical
dissertations, put forward the idea that the plant or
animal body could not be considered as a whole, but was
subdivided into innumerable regions each with its own
particular function, regions which our modern nomenclature
now terms "tissues". However, with the passage of time,
his early observations came to be forgotten, and it was
only a little over a century ago that the present concept
of the structure of living orgenisms was formulated.

This so-called uell vheory steted that plants and animels
were aggregates of small units, or cells, containing the
'life' substance, protoplasm, cespable of mocdificestion,

énd grouped together according to function into larger

éell messes known as tissues. Previous to the Tformulation
of this theory the naturalist had studied the chsracteris-
tics, behaviour and requirements of entire plants or animels,
but now interest was stimulated in their smaller component
parts.

To investigate the structurs end function of
singls cells, highly specialised techniques had to be evolved
and the possibilities of one such method were realised by
Haberlandt in 1898 end the results of his experiments
published in 1902. He maintained that it should be possible
to grow singls somatic cells of the higher plants in vitro
by supplying them with all ths reguisites contained in their

original surroundings.
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For his investigations he chose highly specialised
éhlorophyll-bearing cells e.g., those from the palisade
layer of the leaf of Lamium, pith cells of petioles,

etc., since such cells might be expected to carry on

photosynthesis and thereby supplement the materials
provided in the medium, The culture solutions employed
were:- ordinary tap water, 1 - 5 per cent. sucrose,

Knop solution, Knop solution with the addition of glucose
(l - 4 per cent;), glycerine, asparagine, and peptone,
and his results indicated that certain cells increased

in size but there was no evidence of cell division.

Since Haberlendt (1902) was the first to
attempt to grow fragments'of an organism in artificial
media, he may be regarded truthfully as the first in the
field of tissue culture. However, some years previously,
Rechinger (1893), experimenting with isolated buds and
robts, grew them in sand without nutriemt solution,
relying on the materials stored in the fragment itself.
He claimed thet the sections "planted"™ had to be at least
20 mm, thick before growth wéuld occur and hence
concluded that the presence of a certain amount of
vascular tissue was essential.

After this preliminary work by botanists the
problem of tissue culture was taken up not only by plant
physiologists, but also by those interested in the

workings of the animal cell, and the investigations of
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this latter group met with immediate and signal
success. The classic work carried out by Harrison
(1907) with nerve cells has proved to be the precursor
of a vast number of investigations whose results have
had widespread influence upon our knowledge of animal
metabolism,

Although plents possess powers of
regeneration far exceeding those of animals, and hence
should be more readily cultured in vitro, the advance of
the botanical side of the technique has been both slow
and arduous. In the years immediately following the
initial steps taken by Heberlemdt, the problem was

tackled by numerous workers who used a variety of tissues

such &s embryos, palisade cells, spongy parenchyma and
fragments of leaves., In some cases no culture media
were supplied, in otheré, mineral solutions or mineral
solutions plus various sugars and amino compounds, and
in still others, the fragments were cultivated in sap
from their own species of plant, With embryos, embryo
sac fluid was employed. The cells in some of these
experiments apparently remained alive for as long as four
months and enlarged slightly, but no cell divisions were
noted and therefore no true growth had occurred.

Knudson (1919) made some interesting
observations eoncerﬁing the root cap cells of corn and
Canada field pea. The plants were grown in Pfeffer's

nutrient solution with and without one half per cent.
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sucrose, and the root cap cells as they wefe sloughed
off collected at the base of the culture vessels as a
slimy mass., He reports that exemination of such cells
in sucrose cultures of Cenada field pea showed that
many were still alive after 71 days. They could be
plasmolysed and subse@uently de-plasmolysed. The corn
cultures were examined when 45 days 0ld and none of the
root cap cells wers dead.

Molliard (1921) attempted to grow fragments
of roots, hypocotyls; and cotyledons in a Knop solution
plus glucose, but once more only enlargement was obtained
and no evidence of cell division.

The first real step forward was taken almost
simultaneouély in 1922 by Kotte in Germany and Robbins
in America. They both uséd exclusively the meristematic
tissues of higher plants as exemplified by root tips and
‘shoet tips. Kotte (1922) cultivated tips as mmall as
1.0 mm. in length, excised from the roots of Vicia Faba
and Zea Meys, in Knop's solution to which were added in
various combinatibns,“glucose, peptone, meat extract, etc,
The best growth (up to 60 mm.) was achieved in 1 per cent.
glucose plus 0.5‘per cent. meat extract. Geotropic
curvatures were in evidence and branch roots were produced.
Some of the tips which grew satisfactorily did not contain
fudimentary vascular strands, thus disproving the
contention of Haberlendt and others that vascular tissue
is a pre-requisite for the growth of plant fragments in

culture.
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‘The experiments of Robbins (1922a) were
carried out with excised root tips and shoot tips
of corn, peas and cotton, which he grew in the dark
in a Pfeffer solution plus 2 per cent. glucose or
2 per cent. levulose. The results indicated that
glucose is a more satisfactory source of energy than
levulose, and when excised root tips of corn were grown
in mineral soclution plus glucose for ten days or two
weeks and then transferred to fresh solution, the
growthrwgs less in the second period, and ceased entirely
in a third such period. This led him to conclude that
the seedling root contains some material dsrived from
the seed (other than glucose, mineral salts, water and
free oxygen)} which is necessary for continued growth,
and which the root cannot synthesise in the dark from
the substances supplied. In a second seriss of
experiments, Robbins (1922b) investigated the effect of
various sources of nifrogen‘and found that the addition
of peptone or autolysed yeast to the medium permitted
eorn root tips to grow through four to six two-weekly
periods before growth ceased. The autolysed yeast was
more beneficial than peptone but its effects were not
evident during the first growth period, and whatever the
cause of its beneficial action, its effect was limited
in some way because'varying concentrations of yeast

produced no correspondingly increased benefits, and the
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solution plus glucose plus yeast would still not
permit of continued growth.

Robbins and Maneval (1923) varied the
concentrations of glucose added to their cultures of
corn root tips and concluded that the 4 per cent. value
was optimal. They also attempted to cultivate tips of
beans, radish, morning glory, lupin, alfalfa, mustard,
wheat, sunflower, flex, cress, buck-wheat and squash
and found that flax gave by far the best growth. The
root tips of this species at the time of excision varied
in length between 2 and 60 mm. and no appreciable
ditference in their growth was observed. These same
authors (1924) investigated the effect of light upon
their cultures and concluded that it was beneficial.
Under the conditions provided, one root was kept growing
- for a period of 150 days.

From this point onwards we shall confine
ourselves to a review of that branch of tissue culture
which deals with the cultivation of excised root tips,
since a survey of the literature on the culture of other
plant organs would not be strictly relevant to the thesis.

‘ Chambers (1923), using the culture medium
plus glucose and peptonefwhieh haed been advocated by
Robbins, but solidifying it with ager, grew isolated root
tips of squash in hanging drop cultures at a temperature
of 27° c. The larger initial fragments grew into normal

differentiated roots, but those which originally measured
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0.3 - 1.0 mm, showed a migration of cells comparabls

to that in an animal fibroblast culture. The next

investigator to choose root tips as his materiasl was

Mayer (1929) and although he experimented with many

types of s lution his success was but indifferent,
Malyschev (1932) cultured the root tips of

peas, beans and maize in media including 1.25 - 1,50 per

cent. agar, full strength and half strength Knop solution,

2.5 -~ 5.0 per cent. sucrose, and asparagine, but he

failed to obtain satisfactory results in similar media

- which were not solidified by the addition of agar.

. This year of 1932 also marked the entry into
the field of plant tissue culture of P.R. White of the
Rockefeller Institute for Medical Research, who was to
play a largef and more significant part in the further
development of the teéﬁnique than any other single
investigator. In his preliminary observations (1932a)

he used young embryos of Portulaca oleracea, root tips

pf Triticum vulgare and seed primordia of Antirrhinum
majus, and in each case strong evidence of the
feasibility of such cultures was obtained., As weas
observed by Kotte (1922) , the growth of root tips
oceurred in fhe abéence of any differentiated wvascular
tissue in ‘the original fragment. Vascular strands
formed although they seemed unnecessary either for
conducting or support, giving an idea of the very

early regional determinism in such an organ.



- 12 -

In further experiments later in the same year,
White (1932b) concluded that the optimum conditions for
the grdwth of excised wheat root tips embraced:~-
redistilled water, the salts and salt proportions of the
Uspenski (1925) solution, 20 gm. of dextrose per litre
of solution, yeast éxtract from 0.1 gm. yeast per litre
of solution, a final or equilibrium H ion éoncentration
giving pH value about 5.0, & maintained temperature of
about 26 -~ 27° C, continuous electric light, and at least
25 ce¢. solution per culture of a single root tip.

White (1933a) observed the effec¢t of varying
the ionic concentrations of the elements contained in
the Uspenski solution, and in other experiments (1933b)
the effect of the .SH radical on the growth of excised
wheat root tips was considered. He also (1933c). compared his
own results and those of Malyschev (1932a and 1932b) who
advocated the use of a substrate solidified with agar.
White used yeast extract instead of asparagine, but
otherwise the solutions of the two investigators were
chemically comparable, and he was able to state that
"The ratio of daily increment tc initial value, which
éppears to be the best measure of tissue activity, has
been from 100 to 600 times as great in the writer's
cultures in a liquid medium as in Malychev's cultures
on s01id media."

We éee therefore that up until the time of
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Kotte, Robbins, Robbins and Maneval, Malyschev and White,
all that had been achieved was merely a retardation of
the process of dying, a slowing down of the vital activit-
ies of the cell which enabled it to survive in vitro for
relatively long periods, but no cell divisions were
observed and hence no true growth had occurred. The work
of these last mentioned authors, on the other hand, has
proved that appreciable growth increments can be obtained
in cultures of meristematic regions of the higher plants
and that the constituents of the media contribute largely
both to the quality amnd quantity of such growth. However,
since the observed mean growth rates decreased rather
consistently during the course pr the experiments, White
(1934e) says, "This would appearito indicate that the rate
of increment might have been determined by the concentrat-
ion of some unknown meterial furnished to the culture from
the tissues of the original fragment and diluted in the
multiplication of these tissues. If this be true, these
.eultures also were cases of survival, though for long
periocds®,

) White's aim therefore, was to discover a
complete nutrient which would maintaein a plant tissue in
a state of active increase over a long period of time,
and through a sufficient number of passages, to ensure a
dilution of all the materials contained in the original
fragment beyond the point where they could possibly be

effective in determining growth rates. 1934 saw the
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realisation of this ambition since he was then able
to publish (1934a) results which showed that he had
achieved the potentially unlimited growth of excised
root tips of tomato for over a year, through 52 pass-
ages, and in continuous active growth. Lhe theoreti-
cal dilution of any substance contained in the original
fragment was well beyond 10 =40 50 that the entire
material of most of the ultimate cultures was derived
from the nutrient provided. The growth rates showed
no consistent tendency to fall off, in fact, an increase
in rate was observed from the first to the twenty-sixth

pessages, after which time it remained constent. To the
mineral salt mixture emplbyed'was added 2 per cent. by
weight of Sucrose, which fof tomato was found to be super-
ior to the dextrose used in previous experiments, and the
filtered extract of 0.1 per cent. by weight of dried
brewers' yeast. The cultures were grown in diffuse sun-
light in a potting shed, subject during the summer months
to the temperature fluctuations of the outdoor atmosphere.

White (1934b) used his technique as a method
for cultivating the viruses of tobacco mosaic and aucuba
mosaic in isolated tomato root tips grown in vitro. It
provides a simple means of maintaining stocks of these two
viruses in a state of active multiplication, yet free
from contamination with other viruses,

Galligar (1934) found that there was some

correlation between the growth behaviouf of excised root
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tips and thz type of food stored in the seed. All tips
from seeds or grsins high in starch reserves were able to
grow well, but the growth of those from seeds selected
for oil or sugar varied widely, while tips frowm seeds

with high protein reserves e.g., pea (Pisum sativuwa) and

Menchu soya bsan (Soja hispida) were least able to main-

tain growth. this was true of all the members of ths
Leguminosae which were tested.

| Robbins, Bartley and V.B. White (1936) showed
that a decapitated root tip, 1 mm. or so in length, con-
tains within itself all the essentials for regensrating
a new apical meristem and root cap if it is grown on an
agar medium containing mineral salts and 2 per cent.
glucose. They suggest that the cultivation of such
excised root tips may permit a more complete analysis of
the physiology of regeneration than is possible when the
root is attached to the plent, and supplied with all the
materials which may be derived therefwron.

Since Robbins (1922) and White (1932b) hed
found that yeast extract was beneficial to the growth of
isolated roots, interest was now aroused in discovering
exactly what constituent of this organic complex was
proving to be the active principle. Bonner (1937), using
excised pea roots, came to the same conclusion already
arrived at by Robbins (1922b) for the growth of root tips

of corn, viz. that although additions of ysast extract had
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no stimulating effect during the first passage, when the
third passage was reached, pea roots cultivated in
nutrient medium without yeast ceased growth completely,
whereas roots in the same mediup but with the addition of
-0.01 per cent. yeast extract, could be carried through
many further subculturings with an average growth rate of
6 to 9 mm. per root per day. Therefore the root as cutb
from the seedling plant ®mntained sufficient *growth factor!
to permit of growth for a limited time, but after two

or more passages this initial supply was used up and the
root then responded to the presence of yeast. Bonner
néxt found that Vitamin Bf concentrates were considerably
more active as a source of this root growth factor than
was yeast, and this suggested that Vitamin Bjitself might
be the active principle. Experiments showed that 0.2
gamma of the Vitamin per cc. pf solution was able to
replace the optimal yeast extract concentretion, and in
fact was superior to it. Even 0.002 gemma per cc. had

a marked stimulating effect.

¥ YVitemin alis also known as apeurin or thiamin and has
the following formula (as its hydrochloride).

C\Hs
N = C.NHp.HC1 C = C. CHg.CH0H

I | :
CHs.ﬁ (li CHs N

N—CH | c{\\

CH - S
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Robbins end Bartley (1937a), using the ex-
cised root tips of tomato confirmed the above results
of Bonner with peas. Yeast ash was not capable of re-
placing yeast, but when it was replaced by natural or
synthetic Vitemin Byexcised tomato roots continued to
grow, and the Vitamin was found to be effective at great
dilution. "Our results demonstrate that the parasitic
relationship of the tomato root to the top involves both
carbohydrate and Vitamin Bj". Later in the year (1937b)
they slightly modified this last statement in view of re-
sults which showed that 4-methyl-5-B hydroxyethyl thiazole
was effective in the growth of excised tomsto roots.
Whether the thiazole actually replaces the Vitamin Bjin
the metabolism of the tomato root or whether the root pro-
duces sufficient of the necessary pyrimidiné to permit
synthesis of the Vitamin when the thiazole is supplied,
was not known. These same authors (1937¢) record obser-
vations in contrast to those made by White who stated
that excised tomato roots require sucrose and are uneble
to utilise dextrose as their source of carbohydrate.
They grew tomato roots for more than six months in a
dextrose solution without noting any decrease in growth
rate, and therefore felt justified in condnding that the
tomato root tips were able to assimilate the dextrose,

Robbins and V.B. White (1936) investigated the
limited growth and the abnormalities which developed in
excised corn root tips growing in liquid medis. It was

thought that the poor growth was the result of a deficiency,
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partly inorganic, in the solutions since it could be
partially counteracted by the addition of agar, water
extracts of agar, qualitative filter paper, water ex-
tracts of qualitative filter paper, soluble starch,
autolysed or dried brewers' yeast, or a mixture of salts
of manganese, boron and zinc. Proceeding still further
with their experiments, they discovered (1937) that al-
though milk from immature corn grains was injurious or
without benefit to the growth of excised corn root tips,
the diffusate from germinated grains was highly benefic-~
ial, and therefore they concluded that organic materigl
in addition to dextrose is essential to good growth.
Meanwhile, P.R. White was continuing his re-
searches and towards the end of 1937 recorded a number of
interesting observations. He measured the growth rates
(1937a) of a clone of isolated tomato root tips at weekly
intervals over a period of three years and found that
these rates showed a cyclic fluctuation correlated with
the seasons of the year. Investigation into the effects
éf light showed that the seasonal changes in illumination
were a neglible factor, but the cultures proved to be very
sensitive to temperature differences and those recorded
were sufficisnt to account for the seasonal variations in
growth rate, He then studied the effects of temperature
in greater detail and found (1937b) that with isolated
tomato roots a temperature of 15° C. is more suitable than

8° C. or 229 C, for the maintenance of large numbers of
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stock cultures. Like other investigators, White (1937c)
now turned his attenxion to determining the nature of the
constituents in brewers' yeast which were of significance
in promoting the growth of isolated root tips. Only 18
mg. of an 85 per cent, alcohol extract was needed for
optimal results. Extraction of this material with 100
per cent‘alcohol separates it into two fractions, both of
which are essential for satisfactory growth. The mater-
ial insoluble in 100 per cent. alcohol contained consider-
vable quantities of amino acids and White therefore suggests
| that these may play an important role as growth promoting
substances for isolated tomato roots. In a further paper
(1937d) he showed that this insoluble fraction can be re-
placed by a mixture of ¢ amino acids without appreciably
reducing the growth of the roots. Experiments then showed
(1937e) that Vitamin By is a probable constituent of the
éoluble frection &and that it is an important and perhaps
indispensable factor in the nutrition of excised tomato
roots. However White states that the growth promoting
effects of the Vitamin are only detectable in the pre-
sence of twelve "Amcessory salts" which are also indis-
pensable, In the following yeaf he (1938a) made an
effort to deterntine the relative importance of the con-
stituents of the accessory salt mixture. It was thought
that the ions of its twelve salts might replace the un-
identified but important ash constituents contained in

the yeast extract. The results showed that now only




four, viz. MnS04, H3BO3, ZnS04,,and KI appear to be
essential for the growth of tomato roots under the
conditions reported. When these four salts were
added to a nutrient containing the standard salts of
Pfeffer's solution, iron, sucrose, amino acids and
Vitemin By in proper proportions, the resulting nutrient
was almost, if not quite, equal to a yeast extract medium
as a source of materiels essential for the growth of
excised tomato roots.

Simultaneously with this work of White, Bonner
and Addicott (1937) were devoting their attention to the
detailed studj of the environmental factors which affect

the excised roots of pea (Pisum sativum). Although this

species of root had been used in the culture experiments
of Kotte (1922), Robbins, Bartley and V.B. White (1936)
and Fiedler (1936), strikingly good results had not been
obtained and the optimal culture conditions were still
unknown. Bonner and Addicott took into comsideration
every possible aspect of the culture solution, and since
bea roots were used to a great extent in the work of the
present author, the results of their investigations merit
some detailed study. In the first place, they discovered
that the best growth was attained by roots which originated
a8 fragments at least 3 mm. long, so it appeared that for
the production of a normal rooct, both the 'initial zone!
and a relatively large amount of the tissue immediately
behind it were necessary. They next investigated the
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inorganic constituents of the medium and arrived at a
formule which appeared to be best suited to peas. As
regards the type of carbohydrate amployed, Bonner and
Addicott found that pea roots resemble tomato roots in

a preference for sucrose, and that the 4 per cent. con-
centration is more beneficial than the 2 per cent. value
previously employed., The growth of 3.5 mm. tips in one
week in the standard medium with 4 per cent sucrose varied
between 60 and 95 mm. and since the growth of similar pea
roots attached to the seed is 75 mm. in the first week,
the excised roots were considered normal as far as the
growth rate was concerned. They recorded fhat yeast
extract (0.0l per cent.) must be added to the basic medium
if good growth in passages after the first is to be main-
tained, and stated that pea roots were kept in such
cultures plus yeast, with weekly transfers, for a period
of four months. Crystalline Vitamin B; was capable of
partially replacing the yeast ex%ract, but the Vitamin
alone was not able to support the comtinued optimel growth
of excised pea roots in later passages. However, it was
found that a mixture of pure crystalline amino acids was
able to replace that portion of the activity of yeast
extract which was not due to Vitamin B;. Therefore,

with the use of both the Vitamin and the acids, a highly
satisfactory and completely known medium for the
cultivation of excised pea roots was obtained, which

supported the growth of such roots as well, or better,
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than media containing yeast extract. In conclusion
they state that substances such as Vitemin By which
are necessary in minute amounts for the growth of the
isolated roots, but which are normelly supplied by some
other portion of the intact plant, are carriers of a
growth correlation and hence are to be regarded as
phytohormones.

In their next publication, Addicott and
Bonner (1938) reported that a mixture of seven amino
acids was capable of increasing the growth rate of
isolated pea roots over that obtained with Vitamin Bj
alone, but was incapable of supporting growth at an
undiminished rate for more than th;ee weekly transfers.
However, nicotinic acid in combination with Vitamin Bj
exerted a very striking effect upon the growth of the
isolated pea root since in an experiment which was main-
tained through ten weekly transfers, pea roots which were
supplied with nicotinic acid in addition to Vitaﬁin B
and the amino acid'mixture, showed an undiminished growth
rate. The authors state that in the future it may be
found that the amino ascid mixture is not essential to the
continued optimal growth of such roots but emphasise that -
nicotinic acid must be regarded as a factor guite as
significant as Vitamin Bj.
In this same'year Bonner (1938) published

an article dealing still further with the role of thiamin
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in the metabolism of isolated pea roots, and some of
his conclusions resemble the earlier findings of
Robbins and Bartley (1937a) with tomato roots. He
states that the isolated pea root is able to utilise
an equimolar solution of the pyrimidine and thiazole
portions of the thiamin molecule and that it it probable
that these two portions are synthesised in vivo to the
Vitamin molecule itself. As the thiazole component of
such a mixture, the pea root can use a considereble
number of substituted thiazole compounds, but it is
essential that a hydroxyl group (or a group readily
metaboliseable to such) be present in the molecule if
the substance is to possess activity as a root growth
factor.

Later in the year, investigations on the
syntheses carried out by isolated pea roots were asdvanced
a stage further by Bonner and Buchman (1938) who showed
that such pea roots did synthesise Vitemin By (or a
substence indistinguishable from it by the Phytophthora
bioassay) from a mixture of the pyrimidine and thiazole
components of the Vitamin molecule, They suggest that
specific enzymes, "thiaminase" and "thiazolase" may play
a part in the natuial synthesis of thiamin by the plant
and it is hoped that the methods outlined will offer a
| new and more exact approach to the problems of the

mechanism of biosyntheses.
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van Overbeek collaborated with Bonner (1938)
in an effort to establish whether or not auxin is
present in isolated roots cultured in vitro. In 1933
it had been conclusively demonstrated by Boysen-Jemsen
(1933) that auxin is present in the normal root, but
with respect to the isolated root Fiedler (1936) reported
that auxin, although originally present, disappears
completely and in general within 24 hours when the root
is cultivated in vitro. Nagao (1936), on the other hemd,
showed that auxin could be recovered from isolated roots
after 6 days cultivation. The present authors, van
Overbeek and Bonner, found that isolated pea roots in
culture contained auxin for at least three weeks after
the original tip was removed from the germinating seed,
and they also observed that roots which had been cultured
for two weeks or more contained less auxin than did
the initial root tips. van Overbeek (1939e) compared
the amounts of auxin obtained from excised root tips of
germinating peas by diffusion and by extraction with improved
techniques. He grew tips of Alaska peas 3-4 mm. long
on agar blocks containing 10 per cent. of dextrose and
noted that diffusion into these blocks yielded less
auxin than was obtained by extraction of freshly excised
tips. It scemed therefore that under the given
experimental conditions, the auxin given off by excised
pea root tips was auxin which was already present in

the tip at the time of excision and was not subsequently
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synthesised. However, as the result of further
experiments, van Overbeek (1939b) was able to present
evidence that auxin is produced in isolated pea roots
cultivated in vitro under sterile conditions and in a
complete medium containing Vitamin B; and nicotinic
acid, The roots were grown in such a way that at the
end of each week the culture was continued with the

10 mm. tip only, and the basal parts of the roots, which
grew approximately 70 mm. per week, were discarded.

The total amount of auxin extracted from these discarded
bases during the 20 weeks of culture was 9 times as much
as that extracted from the initiel tip from which the
cultures originated.

Meanwhile, Robbins and Schmidt (1938)
investigated in even greater detail the environmental
conditions affecting the growth of excised tomato roots.
Their results verified many of the previous obssrvations
already mentioned. Vitamin By d4id not replace inorganic
nitrogen or inorgenic sulphur in the growth of isolated
tomato roots and such roots seemingly require no source
of nitrogen other then nitrates for their unlimited
growth. Canesugar, glucose, lsvulose, maltose or
cellobiose proved to be available sources of carbon, and
the contaminants in supposedly "pure" sugars markedly
affected the growth of the roots. White's mineral
solution was not found to be adequate for the best growth

of isolated tomato roots, but its effeciency was improved
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by the eddition of boron, zinc, filter paper and filter
paper ash. A still further improvement was obtained by
substituting a modified Preffer's solution with 2.5 p.p.m.
of Fez(804)3 for White's solution when yeast extract was
replaced by Vitamin B, , and they also note that light was
unnecessary for the unlimited growth of excised tomato
roots.

White (19384) attempted to grow the isolated
root tips of 30 species of dicotyledonous plants in-witro
in various types of culture solutions. 0f these, 18
grew successfully, while the remaining 12 proved refact-
ory to the treatment used. He therefore concluded that
although root tips of 'all species of dicotyledons can
Probably be grown under proper conditiohs, it appears
that these conditions will in many cases differ widely,
and thus apparently no generalisation can be drawn as
regards the requirements of isolated roots which will
apply satisfactorily to all species.

Addicott (1939), investigated the role of
Vitemin B; in the metabolism of excised roots of psea.
Since Bonnef had shown that the freshly excised pea root
tip contained sufficient of the Vitamin (and presumably
of other growth factors) to maintain growth for the first
week, the vitamin was omitted from the medium during
this period. After one week in culturé, the roots showed
a characteristically swollen base, but at the end of

succeeding transfers the root diameter was more uniform
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although there was a gradual thickening towards the base.
Those supplied with the Vitemin were smooth and white

with a slightly yellowish meristematic region, whereas

the remainder were short, brownish and irregularly swollen.
‘'he conclusion reached was that the action of vitamin Bj
as a growth hormone of roots is through an effect on
meristematic activity rather than on cell elongation which
is the primary effect of the auxins. As far as could be
observed, cell elongation, differentiation, and maturation
proceeded normally in those roots to which Vitamin B3] was
not supplied, even though meristematic activity was great-
ly reduced.

Since it had bheen suggested in the literature
that the second growth factor for excised tomato roots
might be found among the micro elements, (Robbins, White,
McClary and Bertley, 1936; Robbins and schmidt, 1938) or
emong the amino acids of yeast extract (White, 19374) and
since the preliminary experiments of Bdnner and Addicott
(1937) also indicated that emino acids might be a source
of growth factors for pea roots, Addicott and Devirian
(1939) now investigated both these types of substance.
They concluded that the essential growth factor necessary
in addition to vitamin By and present in yeast, was not
to be found among the amino acids nor among the micro
clements of plent nutrition. Nicotinic acid, however,
could act as this factor and therefore it was stated that

a culture medium containing salts, sugar, Vitemin B3
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and nicotinic acid could support the growth of excised
pea roots for indefinite periods of time.

Following on this work, Bonner and Devirian
(1939) studied the growth factor requirements of four
species of isolated roots. 1'hey found that isolated
pea roots can be cultured indefinitely in a nutrient
medium containing Vitamin Bl end nicotinic acid in addi-
tion to mineral salts and 4 per cent. sucrose, and the
growth rate in this medium is 70 - 85 mm. per week.,
Numerous other substances, including vitamins and amino
acids, are without effect in increasing the growth rate
of isolated pea roots in the presence of Vitamin By and
nicotinic acid. | As regards radish, once again both
Vitemin By and nicotinic acid were essential, while all
other substances tested were without effect. Flax roots
required only Vitamin B; as a growth factor, and tomato
roots could be cultivated indefinitely at an average

growth rate of 40 mm. per week in medium containing only

Vitamins By and Bsg and the rate could be increased to

60 mm. per week by the addition of nicotinic acid.

Vitamin Bg is also known as pyridoxine and has the
the following formula:-

?HZOH
Lo

7 \
CH,0H.C C.OH

HC_  C.CHg

N
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The experiments of Galligar (1939) on the
growth behaviour of one millimeter excised root tips
confirmed the view held by Kotte (1922) and White (1932a)
that the presence of vascular tissue is not essential
for the growth of such tips.

Robbins (1939) published a paper dealing with
the part played by thiamin in plant growth. He found
that although it is only required in small amounts,
thiemin is not to be regarded merely as a stimulant
8ince it plays a definite and significant role in the
metabolism of carbohydrates and probably in other
metabolic processes also. It appears that one of its
functions is to serve as a precursor of a part of an
enzyme system involved in respiration. Thiamin
diphosphate is known as cocarboxylase which helps to
catalyse the decarboxylation of pyruvic acid to
acetaldehyde and carbon dioxide.

In the same year, Robbins and Schmidt (1939a)
discovered yet another growth substance which they state
to be essential to the growth of excised tomato roots.
They found that when a light brown sugar was substituted
for bure cene sugar growth wes much improved, the averags
dry weight of individuwal roots reaching as much as 70 or
80 mg. The beneficial effects of the impure sugar
were partly due to its minerals, but mainly to its

content of Vitamin BS‘ The addition of nicotinic acid
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nicotinamide, or White's mixture of amino acids to a
solution of minerals, pure cane sugar and thiamin was
of slight or no benefit to the growth of the roots,
but Vitamin Bg gave a marked stimulation. Vitamin Bg
is important for the growth of rats, and the writers
cleim that it is also important for the growth of plants
and may prove to be as generally significent for living
organisms as thiamin, Bonner and Devirian (1939) in
the paper_previously mentioned, agree as to the beneficial
effects of Vitamin Bg for the growth of isolated tomato
roots but found that when nicotinic acid was added as
well, the growth rate increased from 40 to 60 mm. per week.
In further experiments, Robbins and Schmidt
(1939b) fouﬁd that even though unlimited growth of excised
‘ fomgto'roots can be obtained in mineral solutions plus
sugars to which thiamin or thiazole has been added, the
rate of growth in the presence of these supplements is
slow. . This slowness they attribute to the limited
ability 6f the roots to synthesise adequate amounts of a
second growth substance needed in their development,
viz. Vitamin Bg. They also conclude that amino acids
are not essential since the sole source of nitrogen
available to the tomato roots of their experiments was
in the form of nitrates.
White (1939) found that glycine was capsble
of replacing the entire group of amino acids which he had

used earlier as a constituent of the nutrient for the
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cultivation of excised tomato roots. He then
continued his investigations and while still
upholding the benefits of glycine (1940), he differed
from Robbins and Schmidt (1939b) in concluding that
Vitamin Bl’ nicotinic acid, and pyrimidine are without

value as growth promoting substances for the strains

of tomato roots employed.

Bonner (1940a) summarised the growth
substance requirements of ten species of 1isolated
roots, viz. pea, radish, flax, alfalfa, clover, cotton,
carrot, tomato, datura and sunflower. He also found
that flax and clover were capable of synthesising
small amounts of Vitemin By and Biotin. No significant
amount of secondary thickéning was observed in any of
the root cultures investigated during the experiments
and it would seem therefore that the factors influencing
secondary thickening are not inherent in the root itself,
and are, moreover, different from the factors conditioning
root growth in length. Special factors influencing the
initiation of secondary roots were not observed except
that the number of visible secondary roots per root was,
in general, a direct function of the growth of the
primary root. ©Each species retained its own branching
peculiarities in cultivation.

Bonner (1940b) investigated the ability of

23 substances chemically related to nicotinie acid to



replace the latter substance as a growth factor for
isoclated pea roots. Among thoss tested, only
substences which yield nicotinic acid by simple
hydrolysis were found to be active.

Bonner and Koepfli (1939) found that auximns
inhibited the growth of excised pea roots cultured in a
nutrient solution conteining Vitemin Bj end nicotinic
acid, which is known to supply all the substances
necessary for normal root development. Fifty per cent.
inhibition of root growth was given by a solution

-7 moler in indoleacetic acid. There-

approximately 10
fore it scems unlikely theat auxin inhibition of root
growth can be attributed to any kind of direct effect
upon the availability of accessory growth factors.
Rather it would appear necessary to assume that auxin
acts upon the root in some as yet obscure manner, 1i.e.,
the effect seems to be directly upon the root cells
rather than upon the mobilisation or transport of other
root growth substances.

White (1946) gives a concise review of all
the work done on root cultures from 1940 until his time
of writing. Much of this has no direct bearing On the
investigations of the present author, but it serves to
round off the history of excised roots and must be
briefly quoted. Some of the papers mentioned have been

read by the author while in other cases the references

are taken from White's account.
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MeClay (1940) succeeded in cultivating
excised roots of a monocotyledon plant, Zea Mays,
for extended periods for the first time. Five per
cent. glucose and an agar substratum were used as
compared with 2 per cent. sucrose and liquid medium
which seem to be superior for the roots of most
dicotyledon plants. Roots of a dicotyledon tree,

Acacia melanoxylon, were cultivated for the first

time by Bonner (1942a). - The observed increment
rates (about 1.0 mm. per day) were very much less then
those recorded for most herbaceous plants (5 to 20 mm.
per day). This slow growth rate may be characteristic
of trees, or there is also the possibility that the
methods and nutrients developed for roots of herbaceous
plants may not be entirely satisfactory for woody plants.
Bonner (1942b) has also shown an inhibitory effect,
reversible by application of p-amino-benzoic acid,
resulting from the treatment of tomato roots with
sulphanilamide, sulphapyridine, and sulphathiazole.
Robbins (1940a) has demonstrated a specific
response to light of the root hairs of excised Datura
roots. He also found (1940b) that B(-4 methylthiazolyl-5)-
alanine was capable of replacing thiamin-thiazole in the
nutrition of excised tomato roots. Moreover, he showed
(1942) that pyridoxine (Vitemin Bg) was highly specific
in 1ts effects on cﬁltures of tomato roots. Bonner

(1943) observed that tomato roots responded to nutrition
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with thiamin plus pyridoxine, but not to thiamin
plus glycine, while different strains responded
differently to nicotinic acid. Similar results
were obtained by Day (1941, 1943). White (1943)
using four clones of tomato roots from three different
laboratories showed that both glycine and pyridoxine
are effective supplements to thiamin, the degree of
response varying somswhat among the different clones.
Nicotinic acid appeared to improve growth when glycine,
pyridoxine and thiamin were all likewise present, but
was without beneficial effect when combined with any
one or two of these other substances. The best results
were obtained when all four orgaenic compounds were
included in the medium.

White points out that although these papers
8till indicate a considerable interest in method, the
ma jor emphasis has shifted from how to grow roots, to
what can be done with roots when grown. White himself
(1938b, 1938c) had eslready used root cultures successfully
in investigations on "root pressure". Henderson and
Stauffer (1944) emplo&ed excised tomato roots in a study
of respiratory processes. McClay (1940) showed that
thiamin is synthesised by maize roots, and Reid and
Robbins (1942) studied the synthesis of éscorbic acid by
excised tomato roots. Bonner (1942c, 1943) demonstrated
syntheses of thiamin, nicotinic acid and riboflavin by

roots of a number of species and subspecific strains of
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plants. Dawson (1942 ) has employed the technique in a
particularly intefesting way as a final proof of the
localisation of synthesis of nicotinic acid and other
alkaloids in roots of tobacco. This was originally
demonstrated by means of reciprocal grafts. Hart
(1943) has used a similar technique in studying the
syntheses and interconversions of sugars in the roots
of sugar cane. The problem of heterotic vigour
has also been investigated by means of excised root
tips (van Overbeek, 1944; Whaley and Long, 1944) and
the effects of polyploidy on growth rates of excised
tomato roots have been investigated by Robbins and
Kavanagh (1943).

Since, as we have noted, the main object
of the present author was to obtain nodules on cultures
of leguminous roots, mention must now be made of the
work of Lewis and McCoy (1933) who investigated the
possibility of nodule formation on etiolated whole plants,
etiolated excised shoots and excised whole roots of
black wax bean (Phaseolus sp.) The excised roo?s of
this experiment; however, are not comparable with those
which have been discussed in the previous pages which
were grown from root tips about 0.5 cm. in length. In
this case, after germination had proceeded for four
days, the entire root system was excised, cultivated on

ager nutrisnt medium (nitrogen-free), and inoculated
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with appropriate bacteria. Four nodules formed on

1 out of 60 such roots. With regard to the etiolated
whole plants, no nodules appeared on those grown in
medium without added carbohydrate, but a small proportion
(9 out of 60) of those to which 0.5 per cent. sucrose

was added possessed a few nodules. Frequent reference
to these results will be .made throughout the thesis.

It also seems necessary to consider briefly
some of the conditions which are known to affect the
nodulation of normal whole plants, and which might be
expected to exert similar effects upon nodule formation
by excised roots. Very early in the investigations on
leguminous plants it was noted that nitrates, and
combined nitrogen in general, hindered the development
of nodules upon their roots (Rautenberg and Kihn, 1864;
Hellriegel end Wilfarth, 1888; Lawes and Gilbert, 1891).
Why this should be the case was explained in a variety
of ways. Hiltner (1900) thought that the effect was
on the plant, i.e.,\a plant supplied with enough combined
nitrogen was able to resist bacterial attack. Others,
basing their ideas on Laurent's (1891) statement that as
little as one in a thousend concentration of nitrates in
sterile plant sap stops the growth of Bhizobia, suggested
that the effect of the nitrates was on the bacteria
themselves rather than on the plant. Another suggestion

was that of Gidbel (1926) who states thet the nitrate ion
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diffuses into the plant more rapidly than does the

orgenic nitrogen compound produced in the nodule, thus
causing thé products of fixation to accumulate and
eventually stopping the process. Mazé (1898) believed
that the excretion of carbohydrate from the host plant

was essential before bacteria could invade it, and thought
that inorganic nitrogen compounds untited with'the
carbohydrate of the plant and reduced its level to a
point where excretion was prevented. Several other
workers (Hopkins and Fred, 1933; Leonard, 1926; Riiffer,
1932; Allison, 1935) also assume that a certain level of
carbohydrate in the host is essential for the development
of nodules and the fixation of nitrogen. The so~called
carbohydrate/nitrogen hypothesis (Weber, 1930; Wilson,1935)
considers siﬁultaneously the effects of both carbohydrate
and nitrogen because as Wilson and Fred (1939) state
"Various responses of the symbiotic nitrogen fixation
éystem are functions of the supply of both carbohydrate

and nitrogen as measured by the relationship between them".
Thornton (1936) growing lucerne in agar, showed that nodule
bacteria not only cause deformation of root hairs but also
increase their number and average length. Combined
nitrogen checked this stimulation of growth probably by
reducing the carbohydrate/mitrogen relationship below

some critical level., This would appear t0 be borne out

by the fact that the addition of glucose to the medium
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overcame the injurious effects of the combined
nitrogen. Hopkins end Fred (1933) added mannitol
along with combined nitrogen to red clover plants

and found that it nullified the effects produced

by the combined nitrogen when added alone. Hopkins,
Wilson and Peterson (1932) conclude that the effect

of the combined nitrogen is not merely to prevent
entrance of the bacteria, because moderate quantities
do not suppress the formation of nodulgs but affect
their size and distribution. Thornton end Nicol (1936)
showed that nitrates reduced the volume of bacterial
tissue within the nodule more than they reduced nodule
number or nodule length. Gidbel (1926) indicated that
the numhef of nodulss on Soya beans was not markedly
reduced in the presence of sodium nitrate, but the dry
weights of the nodules were reduced in proportion to
the level of combined nitrogen.

Several investigators have studied the effect
upon nodule formation of increasing the carbohydrate/
nitrogen relationship by addition of carbon compounds
to the rooting medium. The present author is particularly
concerned with the effect of sucrose since this is the
carbohydrate used as an energy source in the culture
media for excised legume roots. The aseptic experiments
of J.XK. Wilson (1931) and lLewis and McCoy (1933) show
that sucrose is very beneficial, and in some cases

essential to nodule production by etiolated leguminous
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plants. There would appear to be no previous

records of truly aseptic investigations into the effect
of sucrose upon the nodulation of normal illuminated
plants. However, as we shall see in greater detail in
Section II, the results of several non-sterile experi-
ments indicate that, in the main, sucrose either had a
beneficial effect or else no effect at all upon nodule
formetion., (Ritter, 1911; Prucha, 1915; J.K. Wilson,1917).
Some indication that sucrose may be injurious to growth
and nodulation is suggezsted by Prucha (1915) and Ludwig
and Allison (1935) but under their non-sterile conditions
it may be thét the effects noted were due to fermentation
reactions taking place in the media.

As we have seen, the media used for the culti-
vation of excised leguminous roots contein small quantit-
ies. of aneurin and niéotinic acid as 'accessory growth
factors', The author is not aware of any previous work
on the éffect of these substances upon nodule formation.
lt has been shown that aneurin greatly increases the
growth of nodule bacteria on a synthetic medium (Nilsson,
Bjalve and Burstrom, 1938; West and Wilson, 1939),
although nicotinic acid has no such effect. The presence
of aneurin is merely essential for the initiation of
growth, since West and F.W. Wilson (1938) found that once
growth has started, the bacteria can synthesise. it for
themselves. Bonner and Greene (1938) showed that the

aneurin content of pea plants kept in the dark does not
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increase, wherees in light this content of the leaf
rises rapidly, and they concluded therefore, that the
aneurin is produced in leaves in light. Whole pea
plants growing in light did not respond to addition of
aneurin and thus it was decided that they must be capable
of synthesising all that is required for their own needs.
Reference to the work of Thornton (1929) will
be met with repeatedly in this thesis. It will suffice
to say here that, using young lucerne plants, he found
that a water-soluble substance which causes bacterial
multiplication and eventual invesion of the host is
excreted from the roots into the surrounding medium at a

time coincident with the opening of the first true leaves.
METHODS.

In all the following investigations involving
the cultivation of excised root tips, sucrose was present
in the rooting medium. 1'he maintenance of sterility was
therefore of great importance and most of the experimental
operations were carried out in an inoculating box, similar
to that described by Mackie and McCartney (1946), which
could be at least partially sterilised by passing in a jet
of steam. On cooling, the steam condensed on any dust
particles or bacterial and fungal spores present.in the
atmosphere and carried them down to the floor of the box
enclosed in water droplets. Manipulations could then be

carrisd out in this 'washed' air with much less risk of
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infection.
The seeds most widely used in the author's

experiments were those of Field Pea (Pisum arvense L.),

variety 'New Zealand Maple'. Large and well-formed
seeds with undemaged testas weré selected. They were
surface-sterilised inside the inoculating box by shaking
with absolute alcohol for 2 minutes, then with 0.l per
cent. mercuric chloride for 6 minutes, and finally were
washed in six changes of sterile water. They were left
to imbibe 6vernight in the last washing water and were
then transferred eseptically to Petri plates containing a
shallow layer of 1.0 per cent. agar, about nine seeds
being placed on each plate. These were left at a
temperature of 19° C for germination to proceed. The
advantage of using agar was that any bacteria or fungi
remaining on the testas could be detected by their growth
on its surface, and peeas from such plates were discarded.
Any siight modifications to this procedure which were
made when clover eand bean roots were employed are
described in the apprcpriate.places in the text. When
root cultures were to be started, tips 0.5 cm. long were
excised from the radicles after they had attained a
length of one to two centimetres and were transferred
with sterile forceps to flasks of sterile nutrient.

The standard nutrient solution used in the
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experiments, except where otherwise stated, was as

follows:-
Ca (NOz) 5.4H50 242 mg.
MgS0, . 7H,0 42 mg.
KNO3 85 mg.
KC1 61 mg.
KH PO 4 2 mg.
FeClg a trace

Made upzto one litre with glass-distilled water.
When a nitrogen-free solution was desired , eppropriate
amounts of K,SOgend CaSO4.2Hp0 were substituted for
the potassium and calcium nitrates, to maintain the
K and Ca concentrations et the same level. Accessory
érowth substances in the form of 0.1 mg. emeurin hydro-
chloride (B.D.H.) and 0.5 mg. micotinic acid (B.D.H.),
were edded pér litre of solution. Stated amounts of
analytically pure sucrose were also added as required,
The above mineral solution, together with the accessory
growth substances and 4 per cent. sucrose, and with
ferrous tartrate substituted for the ferric chloride
shown above, is that devised by Bonner and Devirian
(1939) for the growth of excised root tips of pea. The
PH of the sclution as used for peas was 4.7 when freshly
autoclaved and its osmotic pressure was 4.18 atmospheres,
By means of a pipette, 50 cc. of nutrient was placed in
each of the required number of clean dry Erlenmeyer flasks

of 250 cc. capacity. These were then plugged with cotton



wool, covered with parchment paper, and sterilised

in the autoclave for 15 minutes at 18 pounds pressure.
When cool, they were ready to receive the excised root
tips.

Since the cultures had to be kept sterile,
the roots could not be removed from the flasks from
time to time to note increases in length. A method of
measurement was therefore devised whereby the shadow
of the root was cast on a piece of thin paper, traced
with a soft pencil, and measured by means of a map-
measuring whesel. The bench lamp employed as a light
source was always kept at the same angle and height
above all the flasks in order to secure uniformity of
conditions, Although this method may result in minor
discrepancies, chiefly in root thickmess, due to optical
effects in the solution, it has been proved by removing
& root from the medium and superimposing it upon its
traced image, that such differences as do exist are very
small indeed.

The strains of the nodule organism used for
the inoculation of roots in the following investigations
were cultured on yeast-mannitol agar slopes prepared

according to the formule of Fred, Baldwin and McCoy (1932):-

Agar 15 gm. NaCl 0.1 gnm.
Mannitol 10 gm. CaCoz 3.0 gm.
KoHPO4 0.5 gm. Yeast water 100 cc.

MgS04.7Ho0 0.2 gm. Distilled water 900 cec.
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Preparation of inoculum was carried out in the inoculat-
ing box by edding a little sterile water to the bacterial
culture and meking a uniform suspension by manipulation
with a sterilised piece of glass tubing.s The tubing
served as a pipette in the actual inoculation operation,
approximately 1 cc., of suspension being added to each
flask containing roots. When pea roots were involved,
the particular organism employed was the effective HX pea
strain originally obtained from Professor A.I. Virteanen.
Agar cultures were often inoculated according to the
method of Chen and Thornton (1940). After the tubes or
flasks of medium had been removed from the autoclave, thex
were placed in a water bath operating at 42°C.'and left
until they had assumed this temperature, at which the
agar was still liquid, but was not hot enough to kill
bacterial cells, Several vessels at a time were trans-
ferred from the bath to the inoculeting box, approximately
1l cec. of bacterial suspension added to each, and then well
sheken., |

EXPERIMENTAL RESULTS.

Experiment 1. Growth of excised root tips of pea in

nutrient solution containing yeast extract, and the temp-

erature best suited t0 their healthy development.

In reviewing the history of root cuiture we
have seen that before the discovery of the exact components
of yeast extract which were essential for the growth of

excised roots tips of pea, the extract was added in its



- 45 -
entirety to all culture media. In preliminary experiments
carrizd out in this Department by Miss Helen Frazer, this
3ame procedure was adopted and root growth and lateral

root development were achieved. It was decided to repeat
these experiments in order to become femiliar with the
technique which she had successfully employed, and also to
observe the extent of growth which could be attained under
different temperature conditions.

0.1 gm. of yeast was boiled for twenty minutes
in 30 - 50 cc. of glass distilled water, left to settle in
the refrigerator, and filtered twice through a Buchner
funnel. The whole of ths filtrate was then used in making
up one litre of nutrient, bsing substituted for the aneurin
and nicotinic acid given in the formula of Bonner and
Devirien (1939).

One excised root tip of pea was placed in esach
of eighteen flasks of medium. Twelve of these were placed
at a temperature of 15 - 16°C. and the remaining six at 19 -
20°C, Within three days all the roots had increased to
twice their original length and were showing a response to
gravity. Those at the higher temperature were beginning to
turn brown espscially at the cut surface. At the end of
fifteen days the roots were transferred to freshly prepared
solution and were allowed to remain for another two weeks

before being removed, examined and mesasured along a ruler.




Table 1.

Growth of excised root tips of pea in nutrient
solution containing yeast extract at different

temperatures. Growth period = 4 weeks.

Av. length of Av, no. of

Temperature main root (cm.) laterals Remarks
19 - 209C 12.3 13 Roots dark brown
15 - 16°C 14.0 » 14 Young parts white

It can be seen from Table 1 that there was
little difference in length between roots from the two
temperature levels. The difference in appearance, however,
was very marked. Roots at the higher level became
completely brown at an early stage, the tendency being
evident even after the third day. Before the termination
of the experiment the older parts of the roots at the lower
level had also become brown but the younger regions were
still white. It appeared therefore that temperatures
averaging about 15 - 16° C. were best suited to the healthy
growth of excised root tips of pea.

The seeds used in the above investigetion were
over a year old. The experiment was repeated using péas
from the crop of the current year in order to observe
whether seed age had any effect on the growth of excised

root tips,
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Fig. 1. Tracing of a pea root grown from an excised
.root tip in nutrient solution containing
yoast extract.

Growth period = 4 weeks.
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Table 2,

As for Table 1, but using seed from the current

year's Crope. Growth period = 4 weeks.

Av. length of Av. no. of

Temperature main root (cm.) laterals Remarks
19 - 20°C. 17.0 17.6 Roots brown
15 - 16°C. 13.0 - 17,4  Young parts white

It is evident from Table 2 that in comps rison
with the roots of the first experiment, an improvement was
shown both in the development of the main root and in the
production of lateral roots. Tracing of typical root
system can be seen in Fig. 1.

| There was again a tendency to browning which was
more marked in roots grown at the higher temperatures.
Specimens from each temperature level ﬁerg examined for root

hairs, which were found to be numerous but very short.

Experiment 2. Growth of excised root tips of pea in

nutrient solution aontaining aneurin and nicotinic acid

as "accessory growth factors".

Bonner end Devirian (1939), as noted, found
that in addition to the usuel mineral salts and a carbo-
hydrate supply of 4 per cent. sucrose, excised root tips
of pea required smell quantities of aneurin end nicotinic
acid before growth would proceed. These substances
effectively replaced the yeast extract used by earlier
investigators. The formula for their culture medium has

already been given in the preceding pages and it was now
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employed in the preparation of the nutrient for the present
experiment.

Following the usual procedure, three root tips
were transferred to each flask of solution. Five flasks
were placed at a temperature of 15 - 1600, and six at
19 - 209C. The growth period extended over 4 weeks.

Although the roots at the higher temperature
level showed a slight initial advantage, they began to turn
brown after about 17 days and their condition at the
conclusion of the experiment was much inferior to that of
the roots cultured at the lower level,

Table 3.

Growth of excised root tips of pea in nutrient

solution containing aneurin and nicotinic acid.

Growth period = 4 weeks.,

Av. length of Av. no, of

Temperature main root (cm.) laterals
19 - 20°C 19.0 ' 14,0
15 - 16°¢C 18.0 ' 16,6

Comparing the results in Tables 2 and 3 it can
be seen that main root length was greater in the present test
than in the preceding one where yeast extract was employed
and although the lateral roots were fewer in number they, too,
were longer. All specimens were whiter and sturdier than
thoszs grown in nutrient solution containing yeast extract and
the root hairs produced were longer and much more numerous.
Tracing o>f a typical root system is shown in Fig. 2., while

Fig. 3 shows similar roots at an older stage.
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Fig. 2. Tracing of a pea root grown from an excised
: “tip in nutrient solution containing aneurin
and nicotinic acid. Growth period = 4 weeks.




Fig. 3 Excised roots of pea, photographed after
seven weeksl growth in nutrient solution
containing aneurin and nicotinic acid.
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It appears therefore that for the growth of
excised root tips of pea the more suitable medium is that
containing aneurin and nicotinic acid and the most suit-~
able temperature lies in the region of 15 - 16°C.

Simultaneously with the progress of the above
experiments, it was decided to investigate whether great-
er aeration of the nutrient medium would be accompanied
by increased growth of the excised pea roots.

Lxperiment 3. Growth of excised root tips of pea in

sand watered with nutrient solution containing yeast

extract.

Ten Erlenmeyer flasks of 250 cc. capacity were
used as culture vessels., Into five of them was weighed
250 gm. of fine quartz sand and the remainder received
the same quantity of coarse silver sand. The flasks were
then sterilised for ninety minutes at 18 - 20 pounds
Pressure., Fifty cc. of nutrient solution containing
yeast extract was added to each and a second sterilisation
carried out for fifteen minutes at the same pressure.

When thoroughly cool, a groove was made in the surface

of the sand with a sterile platinum wire and an excised
root tip placed along the groove. A4ll the flasks were
left in the derk at a temperature of 15 - 16°C and ex-
amined at intervals throughout a 4 - week growth period,

After three days the tips began to turn down-
wards and numerous fine root hairs could be seen with the

naked eye. When two weeks had elapsed, it was noted that



the roots in fine sand had difficulty in penetrating
downwards and their efforts to do so had resulted in an
upward curvature of the main part of the root, thus
reducing the number of points at which it could absord
nutrient. The flasks were therefore opened and by
means of a sterile scalpel the roots were completely

covered over with the moist sand.

Table 4.
Growth of excised root tips of pea in
sand watered with nutrient solution
containing yeast extract. Growth period

= 4 weeks.

AY. length of Av. no. of
Medium main root (cm.) laterals
Pine sand 8.1 2.6
Coarse sand 4,5 2.75

From Table 4 it is obvious that the growth
of excised root tips of pea in sand culture is far below
that attained in purely liquid medium, despite the
improved conditions of aeration. Root hairs were very
plentiful on all the specimens but the roots in fine
sand were longer, whiter and showed a better development
of hairs than those in coarse sand.

Experiment 4. Growth of excised pea roots on agar medium.

As noted in the Introduction, Malyschev (1932)
favoured the use of an agar substrate for the growth of

excised root tips, while White (1933), in comparing his
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results with those of Malyschev, showed that much
superior growth had been obtained in liquid culture.
In the experiments of the present author, since nodule
formation was the end in view, it was thought that
growth on a solid medium might possess certain definite
advantages. For example, aeration would be better
since the roots would either lie on the agar surface or
make air spaces for themselves as they penstrated
through it, and moreover, there was the possibility that
the root hairs might be longer and more numerous.
Therefore it was decided to grow excised root tips of
pea on the usual nutrient medium containing aneurin and
nicotinic acid solidified by the addition of 1.0 per cent.
agar.,

Two root tips were 'planted' in each of ten
Petri plates containing the solidifiedAmedium and allowed
to grow for a period of ten wseks. At first growth was
rapid, and within three or four days many of the roots
extended right across the agar surface and were beginning
to turn downwards where they reached the sides of the
plates, This initial growth rate was not maintained
however, and at the end of the growth period the average
length of the main root was only 18.4 cm. and the average
number of lateral roots 10.65. Comparison of these
figures with those in Table 3 shows that during & much
shorter growth period (4 weeks), excised pe& roots in

liquid culture attained the same length as those above
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and produced more numerous lateral rootse.

Experiment 5. Effect on the growth of excised root

tips of pea of artificial aeration of the liquid medium.

It was possible that in the two preceding
experiments the increased aeration might be proving
beneficial to root growth but its effects were perhaps
nullified by the greater difficulty of absorbing nutrient
from sand and ager substrates. Hence in the present
test, the roots were grown in liquid medium and the better
geration was provided by an air stream drawn through the
solution.

Every precaution was taken to try to obtain
sterility of the apparatus and of the air stream. All
the tubing and glassware employed were wrapped in sulphite
paper and sterilised in the autoclave, and &all connections
were made inside the inoculating box. The air was drawn
by means of a suction pump from & greenhouse.adjoining
the leboratory, and was passed through a double copper spiral
t0 assume the temperature of the surroundings and was
then washed with sodium hydroxide and passed through
flasks of cotton wool.

Nine excised root tips were transferred to
each of six pressure flasks of one litre capacity contain-
ing 550 cc. of nutrient solution (unless statement is
made to the contrary it cen be aséumed that the medium
used in succeeding experiments is that which contains

aneurin and nicotinic acid). The flasks were placed in
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a light-proof box in the laboreatory for a period of
three weeks, Three of them were aerated and the other
three left as controls.

Despite all precautions, after ten days, two
of the three aerated flasks began to show the presence
of fungal and becterial infection. Therefore, the
results for aerated roots given in the following Table
are the average values for the nine roots contained in
the one non-infected flask.

Table S.

Effect of aeration on excised root tips

of pea growing in liquid medium. Growth

period = 3 weeks.

Av. length of Av, no. of Av, dry

Treatment mein root (cm.) laterals wt. (mg.)
Aerated 14.3 4.5 10,33
Non-aerated 15.2 le6.2 11.53

From Teble 5 it can be seen that the
control roots made better growth than those which were
serated, and their superiority was evident from the second
day of the experiment.

It was concluded, therefore, that aeration of
the culture solution was not beneficial to the growth of
excised,ropt tips of pea. Assuming that oxygen content
is the most significant factor affected by aeration, it
appears that the roots grow best in the presumably reduced

oxygen tension provided by the non-aerated solution.
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ixperiment 6. Glycerol and mannitol as substitutes for

sucrose in the growth of excised root tips of pea.

In enquiring into the conditions affecting
the growth of excised roots of pea it seemed of some
interest to determine whether their energy source must
always be carbohydrate in nature or whether they were
capable of utilising the higher alcohols. As we have
seen, Hopkins end ired (1933) added mannitol along with
combined nitrogen to their red clover plants and found
that it cancelled out the injurious effects caused by the
combined nitrogen when added alone. Thus the clover must
have been able to absorb the mannitol and utilise it to
increase the carbohydrate/nitrogen ratio within the plant.
As noted in "Methods™, mannitol is also effective as a
source of carbon for the root nodule bacteria. With
regard to glycerol, several investigators (Boehm, 1883;
Meyer, 1886; £. Laurent, 1887; Pfeffer, 1900) have shown
that it could be absorbed and used by leaves, cuttings
and florel parts of plants and also by whole rooted plants
of FPhassolus vulgaris, corn and radish (Acton, 1889;

J. Laurent, 1904; Lolliard, 1907).

| Two root tips were placed in each of nine
flasks containing medium with the normal carbon supply of

4 per cent. sucrose. These acted as controls. Two

similar series of flasks contained respectively 4 per

cent. glycerol and 4 per cent. mannitol in place of the

4 per cent. sucrose. Thus there were eighteen roots at each

trzatment. All flasks were set aside for a period of 4



(a)

Fig. 4, Tracings of excised roots of pea grown for

. .4 weeks in nutrient medium containing (a)
4 per cent. sucrose, (b) 4 per cent.
glycerol, (c) 4 per cent. mannitol.
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weeks,
Table 6.
Glycerol and mennitol as substitutes for
sucrose in the growth of excised root tips

of pesa. Growth period - 4 weeks.

4 per cent. 4 per cent. 4 per cent.
sucrose glycerol mannitol
Av.length of
“root (cm.) 18.2 2.9 1.2

It can be seen clearly from lable 6 and Fig. 4
that neither glycerol nor mannitol in the given concentra-
tion, was effective as a substitute for 4 per cent. sucrose

in the nutrition of excised root tips of pea.

Experiment 7. iffect upon the growth of excised roots

of pea of transferring them from full nutrient medium to

solutions containing only fractions of the original con-

centration of nitrate.

It is generally accepted, as already noted,
that the presence of combined nitrogen in the rooting
medium has a depressing effect upon the production of
nodules by intact leguminous plants. Possibly the same
would hold good for the excised roots of legumes. it
seemed advisable, therefore, to investigaté the possibil-
ity of growing excised roots éf pea at nitrate levels
lower then that supplied in the medium of Bonner and
Jevirian (1939). If satisfactory growth occurred, then
it might be expected that nodules would form on such
roots more readily than on roots growing in the solution

with the full complement of nitrate.
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Nutrient solutions containing one half and one
gquarter of the full nitrate concentration were prepered
as indicated in "Methods". The osmotic pressuresof the
reduced nitrate solutions were determined by the depression
of the freezing point method and it was found that no
change in osmotic prsssure had been involved in the re-
duction of the nitrate concentration.

The pH values of the solutions were also deter-
mined, by an indiéator method using the Hellige apparatus,

and the following results obtained:-

Full nitrate soln.freshly prepared and autoclaved, pH = 4.7

_% 1 n 1 1 1 " pH = 4.4-
4,6

% " t " " " " pH = 4.4
4,6

Full nitrate solution in which roots had grown 2 ‘
days, pH = 6.2

Full nitrate solution in which roots had grown 28
- days, pH = 6.7

Therefore, no appreciable change in pH had been
caused by varying the nitrate content of the solution.
The freshly prepared medium was acid but within two days
& considerable rise had occurred. This is compatible
with the observations of Irelease and Trelease (1933, 1935)
on whole plants of wheat growing in water culture. They
found that in solutions where the ratio of nitrates to
ammonium salts was high, pH values gradually increased
until a limiting’value of 6.5 was reached. Similarly

Jacobson (1925) had observed that 97 days'old wheat plants
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placed in culture solution were capable of changing its
pH from 3.9 to 6.3 during the first 12 hours. Presum-
ably the explanation of both these results is that there
is preferential absorption of the NO3 ion of the nitrate
salts leaving the metallic cations free'to combine with
free CH groups. The new compounds thus formed were then
able to partly neutralise the acidity of the solution.

The excised pea roots employed in the present
experiment had grown for 4 weeks in full medium and had
attained a considerable length. ‘'hey were traced and
measured before being transferred aseptically to flasks
containing freshly prepared full nitrate, half nitrate
and quarter nitrate solutions, one root to each flask and
nine flasks at each concentration. After two weeks all
roots were again traced and measured.

Iable 7.

Effect upon the growth of excised roots of pea

of transferring them from full nutrient solu-

tion to media conteining only fractions of the

original nitrate concentration.

Av, increase in Av. increase in no.
Treatment length (cm.) of laterals
Full nitrate 6.6 15.7
Half nitrate 11.8 21,0
Quarter nitrate 5.8 27.2

From Table 7 it is evident that growth occ-
urred at both of the reduced nitrate levels and exceeded

that achieved by the full nitrate controls. The greatest
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Fig, 5. Tracings of excised roots of pea, (a) before,
: (b) after, two weeks' growth in nutrient
solution containing one quarter of the
original concentration of nitrate.
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increase in length was found in the half nitrate flasks
and the greatest increase in number of laterals in those
with quarter nitrate (Fig. 5). Roots at the quarter
nitrate concentration were the whitest and therefore the
most healthy looking.

In yet another experiment, freshly excised root
tips of pea were transferred directly to solutions
containing one quartér, one eighth and one sixtesenth of
the full nitrate value and also into a solution without
nitrate. The maximum increase in length noted over a
period of 3 weeks was only 1.0 cm., and in the majority
of cases, no growth whatever occurred. Thus it is
obvious that solutions low in nitrate have a serious
inhibiting effect upon the growth of newly excised root
tips of pea.

Experiment 8. Effect of various concentrations of

sucrose upon the growth of freshly excised root tips

of pea.

In Section II it will be scen that 4 per cent.
sucrose had a very marked depressing effect upon the
number of nodules formed on whole pea plants,growing
either in darkness or in light. The medium employed
for the culture of excised root tips of pea contains
sucrose at this concentration, and therefore it was
thought necessary to determine whether or not they would
grow when supplicd with sucrose at levels less harmful

to nodule production.




Investigations were made of the effects of
the sucrose concentrations shown in Table 8. There
were five flasks at each concentration and two excised

root tips per flask.

Table 8.
Effect of various concentrations of sucrose
upon the growth of freshly excised root tips
of pea. Number of roots per treatment = 10.

Growth period = 4 weeks.

Concn. of sucrose
(per cent.) 4,0 3.0 2.0 l.0

Av. length of root
(cm. ) 24.8 16.9 8.9 3.6

It is clear from the results in Teble 8 that
reduction of the sucrose even to the 3 per cent., level
had a decidedly injurious effect on the growth of
freshly excised root tips of pea. Moreover, the roots
in the medium with 4 per cent. sucrose, besides being
longer than the other specimens, were much thicker and

showed a better development of lateral roots.

From the foregoing experiments it was now
known that well-developed root systems of pea could be
cultured on demand from excised tips in numbers
sufficient to permit of investigations into their
ability to form nodules. This part of the work was
therefore commenced forthwith and the following tests

carried out.
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Experiment 9. Inoculation with nodule bacteria of

excised pea roots growing on agar medium.

We have already discussed the possible
advantages of an agar substrate over liquid medium with
regard to the process of nodulation, e.g., the aeration
would be better and the root hairs might be longer and
more numerous. This latter point is particularly
important since it is through the root hairs that the
organisms gain entry to the tissues of the host.

Six excised root systems of pea growing in
Petri plates on the usual nutrient medium solidified with
1.0 per cent. agar, were inoculated by smearing loopfuls
of nodule bacteria over such parts as were above the agar
surfece. The orgenisms grew well, forming a dense white
band of slime down either side of the root and laterals
and showing no tendency to spread uniformly over the rest
of the agar. No nodules were formed on any of these
inoculated specimens and the roots themselves soon ceased
to grow,

Experiment 10. Inoculation with nodule bacteria of

excised pea roots Supplied with nitrogen-free solution

and solutions with low concentrations of nitrate.

The roots employed were those frdm a previous
experiment and some of them had been growing well in
solutions with reduced nitrate. In an attempt to provide
the medium most suitable for nodule formation, it was

decided to replace these solutions with one which was




entirely free from nitrogen. Unfortunately, the roots
were now too large to permit of transfer from one flask

to enother without grave risk of infection. Thus the
method was adopted of sucking off the old solutions
through sterile glass and rubber tubes attached to a
sterilised pressure flask fitted to e suction pump. 4s
usual, all operstions were performed inside the inoculating
box and the tubes were changed at regular intervals. The
older brown portions of the roots were cut off with sterile
scissors and the nitrogen-free solution, previously auto-
claved, was then introduced through the side arm of a

large pressure flask to ensure that the necks of the flasks
containing the roots were kept quite dry.

Two flasks from each of the previous nitrate
concentrations were left uninoculated as controls. The
remainder were inoculated with a few drops of a suspension
of nodule bacteria from nine-day-old slopes. The roots
were examined at intervals throughout a 7-week growth
period and the following observations then recorded:-

1. No nodules were formed on any of the inoculated
specimens although they were in a solution free from
nitrate and possessed numerous root hairs.

2. The bacteria multiplied in the medium and formed

white slime strands adhering to the roots.

3. All roots turned brown end this browning was not due
to the presence of the bacteria since a similar effect was

noted in the uninoculated specimens,
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4, Growth ceased in the majority of cases and again
this was not the result of bacterial action alone,

since the controls also ceased to grow.

It was thought that the changeover to a
solution completely free from nitrogen had proved too
drastic and therefore a similar experiment was performed
in which roots which had attained & good length in full
medium were transferred to solutions wmntaining one
quarter, one eighth, eand one sixteenth of the original
nitrate concentration, and were then inoculated. All
the roots cmntinued to show some reduced growth but no
nodules were thained during an 8-week growth period.

Bacterial multiplication caused the medium to become milky.

Experiment 11, Inoculation with nodule bacteria of

excised pea roots supplied with various reduced

concentrations of sucrose.

As already mentioned, it will be shown in
Section II that sucrose at the 4 per cent. level is
markedly injurious to the nodulaticn of whole peg plants
end we have seen in a previous experiment that excised root
tips of pea did not grow well if the sucrose was reduced
below this level. In view of these findings, a further
experimentvwas now performed in which excised pea root
tips were allowed to grow for three weeks in full medium
with 4 per cent. sucrose before being transferred to

solutions containing 2 per cent., 1 per cent. and 0.5 per

cent. sucrose, They were then inoculated with nodule
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organisms.

During a growth period of 6 weeks no nodules
formed on any of the root systems, no growth occurred
at the two lowest levels of sucrose and there was only
a very slight increase in length at the 2 per cent.
concentration.

Experiment 12. tDouble - medium' technigue for the

growth and inoculation of excised root tips of pea.

Two points had been firmly established, firstly,
that 4 per cent. sucrose had & very depressing effect on
the production of nodules by the roots of whole pea plants
(see Section II), and secondly, that this concentration
of sucrose was essential for the growth of excised pea
root tips. It has also been shown that when nodule
bacteria were added to root cultures containing 4 per cent.
sucrose, they multiplied rapidly and had an injurious
effect upon root growth. If the depressing effect of
the sucrose was being exerted externally, and restricting
the actual invasion of the root by the bacteria, it was
thought that some advantage might be gained from a
technique wherebj the sucrose supply was separated from
the bactzrial suspension.

A layer of nitrogen-free medium without
sucrose and with 1.0 per cent. agar added, was poured
into each of six Soxhlet flasks (500 cc. capacity) and
8ix deep Petri dishes. Before the agér had set, a glass

tube (1 in. x 2 in.) containing the complete nutrient




solution of Bonner and Devirian (1939) with 4 per cent.
sucrose and 1 per cent. agar, was placed inside each
flask or dish as shown In Fig. 6. The apparatus was
then sterilised and left in the autoclave until quite
cool, usually overnight. The agar, of course had
solidified by morning and there was no danger of the
media being mixed. This was in fact the reason for
the addition of agar, viz., to prevent one type of
nutrient spilling into the other when the containers
were being moved and examined. It has already been
shown that pea root tips can grow well on agar medium,
though not so vigorously as in purely'liquid culture.
One, or sometimes two, excised root tips of
pea were transferred to eaohrof the inner cylinders.
The outer medium was surface-inoculated with a suspension
of nodule bacteria. After the roots had attained
sufficient length, their apical regions were lifted over
the edge of the cylinders in the hope that they would
grow downwards into the surrounding inoculated medium.
The lifting operation was carried out with a loop of

sterile platinum wire.




Fig. 6.

*Double-vessel' arrangement for attempted
-nodulation of excised pea roots. (a)
Inoculated mineral-salt ager; (b) nutrient
agar containing 4 per cent. sucrose and
accessory growth substances; (c) excised
pea root.
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Table 9.

tDouble - medium' technique for the growth
and inoculation of excised root tips of pes&.

Growth period = 7 weeks.

Root No. l1 2 3 4 5 6 7 8 9 10 11 12 13 14

Length of
root (cm.)

~3

8 8 9 8 8 711 8 5 7 7 6 6

No. of
laterals 2 1 1 1 1 2 0 2 1 O 0 2 2 1

Growth on

ou%er-?gar 0 0.5 0.5 1.50.1 20,5628 O 0 0 0.5 0.1 0
cm.

In all cases it was found that the inner
containers were too high above the level of the outer
agar. Thus the roots either never reached the inoculated
medium, or, having reached it and having grdwn for a
short distance, the overarched portions then began to
dry up and growth soon ceased.

As can be seen from Table 9, in no case did
growth compare with that previbusly achieved on agar
medium, All the leteral roots noted above were
produced in the inner container where the medium contained
nitrates and the full supply of sucrose. The culture
vessels had to be opened at least three times during
the setting up of experiment and this may account for
the fact thaet two of ﬁhe Petri dishes and one of the
flasks became infected with fungus and had to be

discarded.
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It seems probable that refinements of this
method may offer the best solution to the problem of
eliminating the injurious effect of sucrose while still
meeting the requirements of the roots for the 4 per
cent. concentration. It should also provide a means
of overcoming the reduction in root growth apparently
caused by the rapid growth of the bacteria in media
containing sucrose. Therefore it is planned to proceed
in future with further experiments along these lines.

While the above work on the reduction of
sucrose and nitrate as preliminaries to inoculation wes
proceeding, some consideration was also given to two
other factors which might exert an influence on nodule
production by excised roots,.

Experiment 13. Effect of extracts from the tops of

whole pea plants on the nodulation of excised roots of pea.

Thornton (1929) found that the active, nodule-
stimulating substance excreted from the roots of lucerne
plents when the first true leaf opens is not formed in
this leaf, since removal of the leaves while still
closed has no effect upon nodule appearance. Neverthe~
less, it was decided to test the possibility that some
specific substance originating in the shoot might be
essential for nodule formation on peas and thus the
excised root might be expected to benefit from the
addition to the medium of extracts from the tops of

whole pea plants. With this idea in mind, the following




small-scale preliminary experiment was carried out.

Inoculated pea seeds were planted in sterile
sand watered with nitrogen-free mineral solution.

When they had attained a height of three to four feet,
the four topmost nodes were cut off from each of eight
plants, cut into small segments with scissors, and
placed in a mortar along with a little clean sand and
50 cc. of glass distilled water. The mixture was
pounded for ten minutes, by which time the shoots were
reduced to a fine pulp, and the liquid then filtered
twice through a Buchner funnel., Five cc. of filtrate
was pipetted into each of three test tubes and the tubes
plugged with cotton wool and autoclaved for 15 minutes
at 15 - 20 pounds pressure. The high temperatures of
the autoclave caused coagulatidn of the protoplasmic
proteins which appeared_as a green flocculum. Three
representative excised roots were selected from thé
inoculated specimens of a previous experiment and.five cec,
of sterile top extract added to each.

Observations made over a period of 8 weeks
showed that no nodules were formed on any of the root
systens, This result might indicate that the top
extract conteined nothing which was beneficial to nodule
production, but it was also possible that the sterilisafion
in the autoclave might have decomposed any nodule-
promoting substance originally present. An unsuccessful

attempt to obtain sterility without heating was made
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with a Berkefeld filter and obviously other such

attempts are required in the future.

BExperiment 1l4. Effect of auxins upon the growth

and nodulation of excised pea roots.

Bonner (1940a) stated that he had observed
'no significant secondary thickening' in his numerous
root cultures, and concluded that the initiation of
this process must depend on factors different from
those which govern root growth in length. According
to Snow (1933, 1935) and Avery, Burkholder and
Creighton (1937), cambial activity is initiated by
auxins, and since nodule development resembles
camblal activity in being a meristematic process,
it was decided to treat excised root tips of pea with
auxins and subsequently observe whether they could
produce nodules. Therefore,.although it was known
(Bonner znd Koepfli, 1939) that auxins had an
inhibiting effect upon the actual growth of excised
pea roots, the following experiment was performed
in the hope that the treated roots, though stunted,
might form nodules more rapidly than those left
untreated.

Ten freshly excised root tips of pea were
soaked overnighﬁzz;indolyl acetic acid and ten others
in £-napthalene acetic acid® before being transferred

® Unfortunately no record of the

concentrations used is available.




Fig. 7. Tracings of excised pea roots treated with

. (a) X -napthalene acetic acid, (b)4 -indolyl
acetic acid, then grown for five weeks in
nutrient containing eaneurin and nicotinic

acid.

el
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to flasks of the usual medium. 1hey were examined at

intervals throughout a 5-week growth'period and it was
found that the main root remained stunted, numerous
lateral roets developed and the cells of the cortical
parenchyma were stimulated to divide rapidly, giving
rise to irregular mounds of spongy tissue. 1racings
of representative roots are shown in rige. 7. One half
of the roots at each treatment were inoculated with
nodule organisms, but after a further 4 week's growth
there was no sign of any nodule formation. 'he milki-
ness produced indicated that once again the bacteria had
grown well in the medium.

1hus it would appear that treatment of the
freshly excised tips with auxins could not overcome the
conditions which inhibit the development of nodules on

excised roots of psa.

In addition to all the foregoing investigations
using excised pea roots, attention has also been paid to
the possibilities of cultivating the excised roots of

other legumes and eventually securing nodules upon them.

Zxperiment 15. Growth of excised root tips of Soya

bean (Soja Max Piper), Broad bean (Vicia Faba L.), sweet

pea (Lathyrus odorata L.), and sea pea (Lathyrus maribima i).

As we have seen, excised root tips of New
Zealand field pea grow very successfully in the culture

solution devised by Bonner and Devirian (1939) and tests

were also made on the suitability of this solution for
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the growth of roots tips of two other types of pea and
two types of bean.

In a series of experiments employing Soya beans,
excised root tips'were transferred to solution cohtaining
yeast extract, to solution containing aneurin and
nicotinic acid and to flasks of fine and coarse sand water-
ed with the latter solution. In all cases some growth
-was achieved but the tap root remained short and there
was a tendency to form a system of small, thin, repeated-
ly-branching laterals which quickly turned dark brown.

It seems obvious, therefore, that the solution does not
contain the factors necessary for the healthy growth of
root tips of Soya bean.

A similar conclusion was reached as the result
of sxperiments using sweet pea and sea psa where in both
cases growth was exceedingly poor.

Some measure of success was obtained with
cultures of root tips or a dwarf variéty of broad bean
known as Beck's Gen. After B weeks in the solution con-
taining aneurin and nicotinic acid, ﬁhe average lengthv
of the main root was 11.2 cm. and the average number of
laterals was 5.6. 'hese were then transferred to fresh-
ly prepared nutrients containing one guarter, one eighth
and one sixteenth of the original nitrate concentretion,
and were inoculated with appropriate nodule bacteria.
Observetions over a 6-week period showed that although
the organisms multiplied well in the medium, and there

Wwas a slizht increase in root length, no nodules were
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formed.

Experiment 16. yrowth of excised root tips of clover

in liquid medium, and the effect of inoculation with

nodule bacteria.

Bonner (1940a) investigatéd the growth require-
ments of excised root tips of clover and found them to be
essentially the same as those which he had already deter-
mined for pea. ‘'he same mineral salt mixture was suit-
able, the same concentrations of aneurin and nicotinic
acid were necessary, but 2 per cent. sucrose was substi-
tuted for the 4 per cent. employed with peas.

The seeds used in the present experiments were
those of New Zealand Montgomery red clover. They were
selected under a lens and surface-sterilised by the same
method as for peas except that they were treated for 3
minutes with absolute alcohol and only 4 minutes with
mercuric chloride. Following the usual procedure, 3
excised root tips 0.5 cm. long were transferred to each
of ten Erlenmeyer flasks of 250 cc. capacity containing
50 cc. of medium with 2 per cent. sucrose. 1'wo flasks
containing médium with 4 per cent. sucrose were ‘*planted?
as controls.

Growth at first was very slow but geotropic
curvatures soon developed and large root caps were much
in evidence. After 11 days, when the roots had increased
to approximately twice their original length, five of the
flasks were inoculated with an effective strain of clover

organism (Rothamsted strain 49). They were then examined
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frequently during a 9-week growth period.
Table 10.
Growth of excised root tips of clover in liqﬁid
medium, and the effect of inoculation with
nodule bacteria.
Growth period = 9 weeks.

No.of later-
Length of No. of als as long as No.of

Root 7root (cm.) laterals main root nods.
I 9.0 256 10 -
UNINOC. (B 8.8 125 3 -
c 4.3 10 o -
A 2.1 3 0 0
INOC. (B 1.0 0 0 0
| c 1.7 . 0 0 0

Figure 8 shows the contents of a typical in-
oculated, and a typical unindculated flesk - trensferred t0
Petri dishes for purposes of photography. It is obvious
that although the orgeanisms multiplied in the medium and
produced milky strands, their presence had a very injurious
effect upon the growth of the roots. From examinetion
of Table 10 which contains aata on the roots pictured in
the Figure, it appearsthat growth ceased altogether very
soon after the inoculum hed been added. The dUninoculated
roots formed numerous branches many being as long as the
main root which was’ thus difficult to distinguish.

No nodules were formed on any of the inoculated
specinens. Microscopic examination of the roots showed

that starch grains were present in very large numbers in




8.

Excised roots of clover grown in liquid
medium containing 2 per cent; sucrose.
Those on right were uninoculated, those
on left were inoculated with nodule
bacteria which produced milky strands
in the medium and inhibited root growth
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the cells of the young lateral roots formed in the
uninoculated flasks. 'hey were not so prevalent in
the larger roots and were completely absent from those
which were inoculated. Thus it is apparent that in
the case of uninoculated clover roots some of the 2.0
per cent. sucrose absorbed from the solution 1s trans-
formed into starch and stored as such in the tissues of
the developing laterals.

Although the contents of only two of the flasks
were actually photographed and measured, these observa-
tions can be taken as typical for each series.

Growth in the control flasks containing 4 per
cent. sucrose was no better than that in the flasks at
the 2 per cent. level.

In an experiment similar to the above but using
Petri dishes as culture vessels, their unsuitability for
this purpose was well demonstrated. Within 10 days all
those containing solution with 2 per csrnt. sucrose and
all but three of those with 4 per cent. sucrose showed
fungal infection. In the majority of cases the fungus
had started to grow at the sides of the dish and was
spreading inwards.

Zxperiment 17. Growth of excised root tips of clover

on agar medium, and the effect of inoculation with nodule

bacterisa.

The solution employed was identigal with that
used in the preceding experiment except that it was now

solidified by the addition of 1 p=sr cent. agar. As before,
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three excised root tips were transferred to each flask
of nutrient. Seven flesks were left uninoculated as
controls, ten were inoculated while the agar was molten,
and another ten were surface inoculated after the agar
had 'set'. Observations were made over a period of 12
weeks.

In the inoculated flasks, the bacteria multi-
plied rapidly giving a distinct opacity to the agar, and
~on its surface they grew particularly well in the immed-
iate neighbourhood of the root tips, forming dense patch-
es of gum. 1he roots themselves soon turned dark brown,
and ceased to grow when they had elongated to about three
or four times their original length. In some cases, one
or two very short laterals formed and they also became
brown. There were no signs of nodules on any of theroots.

The uninoculated controls grew vigorously, pene-
trated the agar, and formed a dense mass on the base of
the flask. Towards the end of the growth period, their
very oldest portions began to turn brown, but the rest of
the root system was white and healthy looking. The
striking growth differences between typical examples of
these roots and those teken from an inoculated flask are
shown in rig. 9. rtherefore it is evident that the pre-
sence of the nodule bacteria has a marked depressing
effect uﬁon the growth of excised root tips of clover on
agar medium and we have already seen that the same is true

for growth in ligquid culture.




Fig.

9.

Roots of clover grown from excised tips
on agar medium containing 2 per cent,
sucrose. Left, uninoculated roots,
right, roots inoculated with nodule
bacteria.
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Experiment 18. urowth of excised roots of black wax

bean, (1) from complete roots excised after 4 days'

contact with the cotyledons, (2) from ezcised root tips

0.5 cm. long.

As ws have seen in the Introduction, Lewis and
McCoy (1933) secured 4 nodules on one out of 60 roots of
black wax bean which were excised in their entirety after
a germination period of 4 days. Although such roots are
not strictly comparable with those grown from excised root
tips in accordance with the more generally accepted sense
of the term 'tissue culture', it would always be a step
in the right direction if good nodule formstion could be
secured on roots of this type. In order to gain some
idea of any advantages possessed by excised whble roots
@ver excised root tips the following comparison wes made
of their ability to grow on a given medium.

Lewis and McCoy used as culture vessels 32 oz.
bottles containing medium prepared according to the
formula of J.K. Wilson (1931) MgSO,, 0.2 gm.; KHsPO4,

0.2 gm.; NaCl, 1.0 gm.; CasSOy, O.1 gm.; Agar, 15 gnm.;
CaC03, in excess;Water, 1l litre; OSucrose, 0.5 per cent.
After steriiisation, sterile CaCl; Wwas added to give a
1:500 molar concentration. 1The seeds were sterilised
in alcohol and mercuric chloride and allowed to germin-
ate for 2 days on agar plates. lhey were then trans-
ferred to the bottles and left for another 2 days before

the tops were severed from the roots. Roots thus cul-

tured, at a temperature of 27°C., often reached a length
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of 15 cm. or more, produced 30 to 50 secondary roots,
and after inoculation with appropriate bacteria, 1 in 60
of them developed nodules.

In the present experiment, Petri plates contain-
ing a shallow layer of the Wilson medium were used instead
of 32 oz. bottles. TFor Part (1), the above procedure of
Lewis and McCoy was followed and at the time of excision
the average length of the bean roots was 8.0 cm. and the
average number of laterals was 1l2. In Part (2) of the
experiment, after the seeds had germinated for 2 days on
agar, tips 0.5 cm. long were excised from the radicles
and transferred to the Petri plates of medium.

Both series of roots were left at a temperature
of 25°C. for a period of 9 weeks, by which time it was
evident that all growth had ceased.

Teble 11.

Growth of excised roots of black wax bean, (1)

from complete roots excised after 4 days' contact

with the cotyledons, (2) from excised root tips

0.5 cm. long. No. of excised whole roots = 10,

No. of excised root tips = 13. Growth period =

9 weeks.
Av,length Av. no, Av.increase Av. increase
of mein of lat- in length in
root (cm.) erals (cm. laterals.,
Excised ‘
whole
roots 12.3 63.7 4,3 aL 7
Excised
root

tips 3490 9.3 3.0 5.3
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It is clear from Table 11 that the growth
achieved by roots excised in their entirety after 4 days
of germination greatly exceeds that of excised root tips
cultured under the same conditions. In both sets of
roots, those parts which touched the agar surface became
dark brown in colour while the rest of the root retained
its original whiteness. In the case of the excised whole
roots, many of the lateral rootlets were 4 to S5 cm. long
whereas the laterals which formed on the excised root tips
never exceeded 1 cm. in length.

If the gbsence of nitrogen from the Wilson
medium had been the limiting factor for the growth of the
excised root tips of the above experiment, it seemed
possible that they might thrive in the complete solution
of Bonner and Devirian (1939), with accessory substances,
to which 0.5 per cent. sucrose had been added. As we
heve just seen, Lewis and McCoy used this level of sucrose
in th2ir work with whole e an roots. If, on the othesr
hand, this low concentration of sucrose had been limiting
then good growth might be attained in the solution of
Bonner and Devirian with the usual 4 per cent. sudrose
employed for the culture of excised root tips of pea.

The following experiments were therefore carried out.

Experiment 19. growth of excised root tips of black wax

bean in the medium of Bonner and Devirian with 4 per cent.

and 0.5 per cent. sucrose, and the effect of inoculation

with nodule bacteria.

Proceeding according to the methods already des-
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cribed, two root tips were placed in each of 10 Erlenmeyer
flasks (250 cc. capacity) containing medium with 4 per
cent. sucroses, and two to each of 6 similar flasks with
0.5 per cent. sucrose. After 17 days, growth in all
cases was found to be extremely poor but neverthseless,
half the roots of each series were inoculated with nodule
organisms and the flasks set aside for another 8 weeks.
Table 12,

Growth of excised root tips of black wax bean

in the medium of Bonner end bLevirian with 4 per

cent. and 0.5 per cent. sucrose, and the effect

of inoculation with nodule bacteria., Growth

period = 10 weeks.,.

Uninoculated Inoculated
Conc., of sucrose '
(per cent.) 0.5 4.0 0.5 4.0
Av, length of main
root (cm.) 5ed 3e34 3475 2,95
Av, numbér of :
laterals 9.5 0.1 2.5 0.9

No. of nodules - - 0 0

As can be seen from Teble 12, growth was poor
at both sucrose levels though the lower concentration
proved to be slightly more beneficial, especially with
regard to the production of rootlets. None of these
laterals exceeded 1 cm. in length. 1Therefore it seems
obvious that the medium does not provide the factors

necessary for the culture of excised root tips of black
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wax bsan.

‘ihe bacteria, as usual, formed white slimy
masses which made the solution appear milky and coated
the surface of the roots, but no nodules developed in
any of the inoculated flasks. Once again the presence
of the nodule organisms hed a depressing effect upon root
growth, vontrary to previous findings with other species
of plants, the inoculated roots were not so brown as those

which were left uninoculated.

sxperiment 20, inoculation of excised whole roots of

hlack wax bean Wifh an appropriate strain of nodule

organisimo.

It has been mentioned already that the securing
of good nodule formation on excised whole roots might
prove helpful in efforts to obtain nodules onlroots cul-
tured from excised tips. Since it had been demonstrated
by Lewis and #cCoy (1933),and confirmed by the author,
that excised whole roots of black wax bean could make
some growth on a nitrogen-free medium cortaining a low
concentration of Sucrose, it seemed that they were suit-
able material for inoculation with nodule forming bacteria.
As noted, Lewis and mcloy employed such roots snd observed
nodules on‘only one root out of sixty which were cultured.

The procedure followed was that of Lewis and
McCoy already detailed in a previous experiment, but
since Petri plates had proved to be too small, 500 cc.

Erlenmeyer flasks were now used as culture vessels. Zach
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contained approximately 80 cc. of Wilson medium. At
the time of excision the average length of the main roots
was 6 cm. and the average number of laterals was 12, In
12 of the flasks, roots were inoculated by dropping on
to the agar surface about 1 cc. of a suspension of nodule
organism. | In the remeaining 10 flasks, the method of
Chan and Thornton (194C) was adopted, i.e., the agar was
inoculated while molten before the roots were planted.
All flasks were set aside at.a temperature of 20°C. and
were examined at frequent intervals throughout an 8 week
growth period.
Table 13.

Inoculetion of excised whole roots of black wax

bean growing on nitrogen-free Wilson medium.

Set 1. Agar surface-inoculated when solid.

Set 2, Agar inoculated when molten. Growth

period = 8 weeks.

No. of Av. increase Av.increase in Length of long-
nods. in length (cm.) no of laterals est lateral
Set 1. 0 3.5 25.8 8.3
Set 2. 0 5.8 16.0 5.0

Table 13 shows that no nodules were formed on
any of the twenty-two roots cultured. In both sets of
flasks the bacteria multiplied rapidly in the immediste
ngighbourhood of the root and laterals, producing gummy
streaks which followed the path of these organs.

Microscopic examination of the root hairs re-

vealed the peculiar deformations shown in Fig. 10. These
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Fig. 10. Camera lucida drawing of deformed root
. _hairs from excised whole roots of black
wax bean inoculated with nodule bacteria.
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closely resemble the abnormalities observed by McCoy
(1932) and shown to be no indication of bacterial attack
upon the plant, since the same effects could be produced
by cell-free filtrates of nodule organisms belonging to
an entirely different cross-inoculation group.

Browning was again noted wherever the roots
touched the agar surface, and, in general, growth was not
so satisfactory as that obtained in the previous investi-
gation. This may have been due to the lower temperature
employed.

It was decided to repeat the experiment, this
time adding’some nitrate-nitrogen to the medium in an
attempt to improve growth and prevent the onset of brown-
ing. Calcium nitrate in the concentration used by Bonner
(0e242 gm. per litre) was substituted for the calcium
chloride of the Wilson formula, but otherwise the proced-
ure was as before. In 4 flasks the agar was surface-
inoculaeted, in 8 it was inoculated while molten and the
remaining 7 flasks were left uninoculated as controls.

iable l14&. |

As for Table lS.vbut with calcium nitrate sub-

stituted for the calcium chloride of the Wilson

formula. Growth period = 8 weeks.

No. of Av.increase Av.increase in Length of long
nods. in length (cm.) no of laterals est lateral
Set 1. 0 3.02 20,5 3.1
Set 2, O 4.40 16.6 7.2
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From Table 14 it can be seen that once again
both methods of inoculation did not result in nodule pro-
duction although, as before, the bacteria formed a dis-
tinct zone of gum round the main root and laterals.

Again the depressing effect of the presence of the bacteria
'upon the growth of the roots was in evidence,

The introduction of nitrate into the medium bens=~
fited the appearance of the roots during the first 2 or 3
weeks of growth since they remained white with pink-purple
tinge which did not appear to be unhealthy. After the
third week, however, the dark brown colouration noted
before hecam@ obvious wherever the roots touched the
surface of the agar. The nitrate seems to have had
little or no effzact upon root growth since increases in
length of the main root and laterals were similar to
those which occurred in the nitrogen-~free medium.
| An attempt was nowmade to secure nodules on
excised whole roots of pea similar to thoseof black wax
bean employed above.

Experiment 21. Inoculation of excised whole roots of pea.

One surface-sterilised pea seed wés transferred
to each of 12 lerge test tubes (20 cm. x 3 ecm.) con-
taining 50 cec. of the cbmplete medium of Bonner and
Devirian (1939) with 4 per cent. sucrose, solidified by
the addition of 1 per cent. agar. All tubes were inoc-
ulated while the egar was molten. After 3 days' growth

in the derk, a sterile scalpel was used to sever the tops




- 83 -
from the roots, and the tops were removed.

Duripgg a growth period of 11 weeks the roots
attained an average length of 12.0 cm. and possessed an
average of 17.3 lateral roots. One nodule was formed
on one root system showing that nodules can develop on
excised whole roots of pea growing in the full nutrient
devised by Bonner and Devirian. A milky zone, due to
bacterial growth,was obvious around the main root and

laterals in all tubes.,
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DISCUSSION  SECTION I.

The results of the experiments described in the
preceding pages serve to establish several important facts
which will be of value in future attempts to secure nodule
formation on excised roots. Firstly, the techniques in-
volved in tissue culture work havs been mastered suffic-
iently to allow of the setting up of tests on a scale
large enough to produce analysable results. Roots which
had to be discarded due to contamination with fungi or
bacteria were few in number but allowance must always be
made for a small percentage of losses from this cause.

Verification has been obtained that, for the
growth of excised root tips of field pea, the medium of
Bonner and Devirian (1939) containing aneurin and nico-
tinic acid as accessory growth factors is superior to
the same medium containing yeast extract. However,
although so suiteble for field pea, the medium does not
provide all the essential substances or conditions for
the érowth of root tips of Soya bean, black wax bean,
sweet pea and sea pea and it allows only a limited growth
of a dwarf variety of broad bean.

With regard to aeration of the medium, it is
obvious from Table 5, that there is no adventage in
-attempting to increase artificially the amount of oxygen
present. Quantities optimal for the needs of the grow-
ing roots must diffuse through the cotton wool plugs of

the flasks and dissolve in the solution. It is also
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evident from Table 4, that the greater aeration prevailing
in sand cultures does not compsnsate for the greater diffi-
culty in absorption. We have also seen that growth on
medium solidified with agar is inferior to that in purely
liquid culture and this finding is in agreement with the
views of White (1933) who demonstrated that his own results
were very much superior to those of walyschev (1932a & b)
who had used a similar medium but with agar added.

‘'he ma jority of investigators (White, Bonner,
ete.) have adopted the procedure of excising tips from
their original cultures at frequent intervals and trans-
ferring them to new flasks or plates of solution. ‘'hus
they acquired large fclones' of roots with identical gene-
tical constitution since thelr origin could be traced back
to the same parent fragment. 1he aim of the present
author was to secure root systems of a size comparable with
that of the roots of intact plants and thus suitable for use
in attempts to obtain nodules. Therefore no sub-culturing
was carried out, the original excised Toot tip being allow-
ed to attain the maximum development that the given supply
of nutrient would support. With this method, roots 10-12
cms. long have developed within two weeks, while after
longer periods roots well supplied with lateral rootlets
and reaching an average length of 40 cms. have obtained.
This growth rate is below that of Bonner and Devirian

(1939) who state that excised pea roots in their medium

€row at the rate of 70-85 mm. per week. lhe discrepancy
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mey be due to differences in the temperatures at which
the roots were cultured. To maintain in a white,
healthy condition the relatively large root masses re-
quired for nodule work, it has been found profitable to
store them at temperetures averaging about 15-16°C,
These are well below the range of 27-30°9C. stated by
White (1943b) to be about optimal for plant tissue
cultures in general. However, as we have seen, growth
of excised pea roots at 19-20°C, resulted 1n‘browning of
the older portions of the roots and showed no compensating
benefit to root length or laterel root production. In
one extreme case two flasks at the lower temperature level
were set aside and neglected for several months. The
roots which they conteined then measured 59.5 cm., 83.1
cm., 109 cm. and 75.5 cm. and possessed numerous laterals.
It is evident therefore, that no renewal of nutrient is
necessary during the growth periods required for experi-
ments on nodule formation.

As we have seen, many previous workers (Laurent,
1891; Hiltner, 1900; Gidbel, 1926; Thornton, 1936; and
others) emphasise the injurious effects of inorganic
nitrogen upon the process of nodule formation, and Wilson,
(1940) summerises diagrammatically how invasion of the
plant and fixation of nitrogen vary with changes in the
carbohydrate/nitrogen relationship within the host. With
regard to invasion, the process with which the present

author, is primarily concerned, it appears that at all levels

i
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of carbohydrate, increase in nitrogen decreases nodula~
tion and at all levels of nitrogen, increase in carbo-
hydrate increases nodulation. Therefore, at the time,
it seemed profiteble to investigate the growth of excised
pea roots in solutions containing only fractions of the
original supply of nitrogen before inoculating them with
nodule bacteria, It is now clear that freshly excised
root tips cannot thrive if the nitrate concentration is
reduced below that advocated by Bonner and Devirian.
Table 7 however, shows that roots which have grown in
full solution for a pesriod of 4 weeks and are then trans-
ferred to media with reduced nitrate, continue to grow
and produce numerous laterals. Unfortunately the experi-
ment was terminated two weeks after the transfer to the
lower nitrate levels, and therefore the growth observed
may have been due, in the main, to utilisation of nitro-
genous material stored within the root tissues during the
period in normal medium. Therefore, despite the results
in Table 7, it is not possible to say with accuracy that
concentrations of nitrate as low as one quarter of the
value given in the Bonner formula, are sufficient to
support the continued growth of excised roots of pea.
When roots which hed attained an adequate size in the full
medium were transferred to solution completely free from
nitrate end then inoculated with nodule bacteria, both
controls and inoculated roots ceased to grow, presumably

due to lack of nitrogen, and no nodules were formed.,
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Repetition of the experiment using solutions contain-
ing one quarter, one eighth and one sixteenth of the
original nitrate concentration again yielded no nodules
although this time the controls remained healthy and
showed some growth. It seems reasonable to suppose
that some factor or factors other than nitrate concentra-
tion must be inhibiting nodule development, since it is
unlikely that such low concentrations of inorganic nitro-
gen could prove very injurious.

wxperiments about to be described in Section II
show that the presence of sucrose in the rooting medium
markedly reduces the number of nodules which form on pea
plants growing in darkness and in light, 4 per cent.
sucrose being the most injurious of all the concentrations
tested. In the present Section, ‘table 8 shows that fresh-
ly excised>root tips of pea do not grow well if the con-
centration is reduced below the 4 per cent. level, Re-
duction even to 3 per cent. caused a fall in root length
from 24.8 cm. to 16.9 cm. and there was also an unfavour-
able effect upon root thickness and number of laterals.
Transfer of well-grown roots from full medium to solutions
containing 2 per cent., 1 per cent. and 0.5 per cent.
sucrose, followed by inoculation with bacteria did not
result in nodule formation. Growth was much red.iced in
the 2 per cent. sucrose medium and ceased altogether at
the other levels. As we shall see, these concentrations

bpermit a certain limited amount of nodule production on
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eﬁiolated whole pea plants. In the case of-the excised
roots, however, it may be that the reduced sucrose has a
harmful effect upon root growth which outweighs any
advantage that the reduction may have with regard to
nodulation, Unfortunately there were no uninoculated
controls to show whether this was the case, and therefore
the possibility also exists that the depression of growth
observed in the above concentrations of sucrose may have
been partly or wholly due to the bacteria and not merely
to the initial reduction of the sucrose level. The
injurious effect of the presence of nodule organisms on
the growth of excised clover roots in both liquid and
agar cultures has been well demonstrated, little or no
further development having occurred after the inoculation
with bacteria. Similar depressing effects on growth
were observed in inoculated cultures of the roots of
black wax bean. This may have been due to the accumula-
tion of some harmful by-product of bacterial multiplica-
tion, or, more probably, to competition for food sub-
stances. The rapidly increasing numbser of organisms
might soon reduce the available sucrose below some
critical level essential for root growth. This seems

to be the most acceptable explanation, though competition
for dissolved oxygen may be involved also. It is inter-
esting to note here the difference between the effect of

the bacteria on the growth of excised roots and their
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effect on the roots of etiolated whole plants. In
experiments described in Section II, etiolated pea

plents produced well developed root systems although

they were growing in inoculated agar containing sucrose,
The bacteria multiplied rapidly in the medium,
particularly round the root and rootlets, but there was no
sign of the depression of growth so evident with excised

roots. It may be that the additional supply of food within i

the cotyledons of the etiolated plants favoured the productioné
of more vigorous roots and these were able to compete
successfully with the bacteria for the avéailable sucrose.
In view of all the above considerations it is
obvious that a high concentration of sucrose is needed by
excised pe& roots, but that this, as shown by whole plant
experiments, is depressing to nodule numbers and also
encourages rapid development of the bacteria in the medium,
apparently ‘*swemping® the roots. An attempt was made
therefore, ﬁo separaﬁe the sucrose supply of excised
roots from the bactdrial inoculum so that the external
effects of sucrose upon nodule formation might be
eliminated, and yet the root continue +to receive its
full complément. Table 9 shows that some growth of excised
pea roots was achieved using a double vessel technigue,
but all the lateral roots noted were produced in the

sucrose medium. Microscopic examination of the parts

of the roots which had grown along the surface of the

inoculated agar showed deformations of the root hairs
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similar to those observed on black wax bean. According
to McCoy (1932) these do not necessarily indicate an
attempted invasion of the host by the bacteria, since

-such abnormalities can be occasioned by -cell-free filtrates

of organisms which would not normelly infect pea roots.
Modifications and improvements to the method of this

experiment are being evolved and it is hoped to test them

out in the near future. Similar experiments with excised
roots of clover might also prove profitable.

From Table 11 it is clear that the growth in-
crements of 4-day-old roots of black wax bean excised in
their entirety far exceed those of excised bean root tips
cultured under the same experimental conditions. This was
to be expected because the J.K. Wilson medium employed is
notrogen-free and therefore growth would be limited by the
amount of the nitfogenous regserves present in the original
fragment. Moreover, the sucrose content of the medium is
relatively low (0.5 per cent.). Thus it would appear
that the larger supplies of nitrogen compounds, carbo-

hydrates and other substances translocated from the

cotyledons and present in the complete excised root systems,‘
enable them to grow on the Wilson medium, showing a greater
elongation of the mein root and producing nearly ten

times as many laterals as did the excised root tips. It
seems probable also that substances which favour or
specifically induce nodule formation may be transferred

similarly from the cotyledons during thefirst rour days of
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the germination period end in the complete root may be
present in sufficient quantity to permit of some restricted .
nodule production. This may account for the one nodule
observed by the author on an excised whole root of pea,
and for the nodules noted by Lewis and McCoy (1933) on
excised whole roots of black wax bsan. ‘'nornton (1929)
suggests that a substance which induces nodulation of
young lucerne plants and increases the growth of the
nodule organism on agar, is excreted from the roots at

g time co-incident with the opening of the first true
leaves. In Section II we shall see that such an
excretion appears to be involved also in the nodulation

of whole pea plants grown under normel light conditions.,
The distinct zones of dense bacterial growth observed
pound excised whole roots of pea and black wax bean seem
to indicate the workings of e similar excretion from

these organs. This being the cese, the active substance
either must have its origin in the root itself, or be
translocated from the cotyledons and/or young shoot during
the first three days of the germination period. 1f the
latter explanation holds, then this may account for the
failure of nodulation on roots cultured from tips 0.5 cm.
long since such tips would contdn only very small amounts
of the rsquired nodule-promoting substance. With this
idea in mind it is in%ended to add to the culture medium
for excised root tips, root washings from whole plants

and observe their effect upon nodule production. Details
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of the method of obtaining these washings will be
given in connection with above-mentioned experiment
in Section II. It has been observed that when small
quantities of autoclaved extract from the shoots of
normal pea plants are added to the medium in which
inoculated excised pea roots are growing, no nodules
form but another method of obtaining sterility of the
extract will have to be employed before any definite
conclusiong can be reached about its effect upon the
nodulation process. It may well be that the heat

of the autoclave decomposes any substances which might
stimulate nodule formation.

A preliminary experiment involving the
treatment of excised root tips with auxins befors
planting in the nutrient medium, did not result in
nodule production when nodule bacteria were subsequently
added. The results merely confirmed the findings of
Bonner and Koepfli (1939) that auxins have an inhibiting

effect upon the growth of excised pea roots.
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SUMMARY  SECTION I.

Well-developed root systems of field pea
(Pisum arvense L.) var. New Zealand Maple, have been

6htaineé from excised tips 0.5 cm. in length grown
under sterile conditions in the nutrient solution of
Bonner and Devirian (1939).

his solution is unsuitable for the growth of
excised root tips of sweet pea, sea pea, Soya bean
and black wax bean, but allows a certain limited
growth of tips of a dwarf variety of broad bean.

‘I'he temperature best suited to the maintenance
of healthy excised root systems of pea is in the
region of 15-16°C. At higher temperatures, browning
of the older portions of the roots becomes more
evident.

Aeration of the nutrient solution is not bene-
ficial to root growth.

urowth of excised pea roots in liquid medium
exceeds that on agar medium or in sand watered with
the nutrient solution. |

Freshly eicised root tips of pea cannot grow
in solution with reduced concentrations of nitrate.
Older exciséd roots transferred from full medium to
solutions low in nitrate can continue to grow for at

least two weeks.

Freshly excised root tips of pea cannot make
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good growth if the sucrose content of the medium is
reduced below the 4 per cent. level.

8. Glycerol and mannitol are ineffective as sub-
stitutes for sﬁcrose in the growth of excised root
tips of pea.

9. Inoculation with nodule bacteria of excised
pea roots growing in liquid, sand or agar culture,
with or without the presence of nitrates, does not
result in nodule formation. Microscopic examination
of such roots reveals no deformstion of the root hairs
which could bz associsted with bacterial attack.

10. Reduction of the level of suérose supplied to
well-grown excised pea roots just prior to inoculation
does not result in nodule formation and the roots
‘themselves cease to grow.

11. Some growth of excised pea root tips, but no
sign of nodulation has been achieved using a double-
vessel technique involving alseparation of the}sucrose

supply from the bacterial inoculum.

12, Pre-treatment with auxins results in inhibition

of the growth of excised p=a roots and such roots do

not form nodules Wheh inoculated with nodule organisms.
13. Addition to the medium of an extract from the

tops of whole pea plants grown in light does not rasult

in nodule producfion on excised pea roots.

14. xxcised root tips of clover grow well in both

licuid and agar culture in the medium advocated by
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Bonner and Devirian (1939) which contains sucrose at
the 2 per cent. level. When nodule bacteria are
added they multiply rapidly, but root growth ceases
end there is no sign of nodule formation.

- 15. Four-day-old roots of black wax bean excised
in their entirety make much superior growth to that
of excised bean root tips when both are cultured on
nitrogen-free agar medium supplied with 0.5 per cent.
sucrose. lnoculetion of the excised whole roots with
appropriate bacteria does not result in nodule produc-
tion., )

16. One nodule formed on an inoculated pea root
which was excised in its entirety after being in con-
tact with the cbtyledons and plumule for a period of
three days.

17. Failure of nodule formation on excised roots may
be attributed therefore, to several possibilities:

(L) the concentration of sucrose required for root
growth may ceuse the bacteria to multiply so
rapidly that theyovergrow the roots;

(11) the absence of additional nutrient substances,
normally derived from the cotyledons, may reduce
the vigour of the excised roots and their ability
to compete with the bacteria for available food;

(111) séme specific substance, normally derived from
the cotyledons or shoot and necessary for nodule

production, may be absent from the excised roots
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(this substance may take the form of a

root excretion) ;

(V) there may be some other, as yet unknown,

effect of the sucrose present in the medium,



SECTION II.

The effect of certain factors on the
formation of root nodules by whole plants of
pea and other leguminous plents. (Embodying
material accepted for publication by the

Royal Society of Edinburgh.)
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INTRODUCTION,

The experiments described in the present
section were undertaken, as we have seen, as the out-
come of an investigation into the possibility of
securing nodule formation on excised roots of leguminous
plants. It soon became clear that additional
experiments were necessary, in order to test the effect,
on the nodulation of whole plants, of certain conditions
under which nodulation of excised roots was being
aftempted. Etiolated plants have, to a considerable
extent, been used in these further investigations, since
in their nutritional requirements they more closely
resemble excised roots than do plants grown in light.
They are incapasble of carrying out not only photosynthesis
as such, but also all other syntheses which may depend on
the incidence of light upon the shoot. Observations on
their responses to inoculation with nodule bacteria might
be expected to further our knowledge of the place of origin
of substances essential to nodule production. Moreover,
it seemed reasonable to suppose that their reactions to
imposed experimental conditions would bear some resemblancé
to the behaviour of excised roots under similar conditionmns,
and explanations advenced for the one might prove at least
partially applicable to the other. Any great differences
in behaviour could be attributed to the cotyledonary
reserves to which the etiolated plants have access and some

idea of the content and functional scope of these reserves
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might thus be determined. It also seemed necessary
to make some observations on normal plants grown in
light in order to elucidate certain points which arose
during the etiolation tests, and in this way the work
was sometimes extended beyond the immediate intgrests of
root cultures.

The investigations consist of :-
(a) a study of the extent of nodulation on plants
grown in continuous darkness,
(b) studies of the effect of sucrose, nitrate and
accessory growth substances on the nodulation
of etiolated and light-grown plants,
(c) experiments relating to production by whole
plants of substences favouring nodule formation,
A brief notice concerning some of these observations has
elready appeared (McGonagle, 1944), while a further paper
has been accepted'for publication by the Royal Society
of Edinburgh.

The effects of partial or complete exclusion
of light upon the processes of nodulation and nitrogen-
fixation have attracted the interest of several workers,
Vines (1888) showed that when he placed Vicis Faba plants
in the shade no nodules were formed. Prazmowski (1890},
on the other hand, grew p3es in garden soil in the dark
and found that nodules were as plentiful upon them as
upon his controls, although he reports that such nodules

remsined much smaller. Thornton (1930) investigated the
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effect of excluding light upon the nodulation of young
lucerne seedlings. Those kept in the dark from the time
of germination produced only 3.5 nodules per 20 plants,
those darkened after the opening of the first true leaf,
16 nodules per 20 plants, while those kept continuously
exposed to light showed 46.5 nodules per 20 plants.
Moreover, in the case of the seedlings darkened after the
first true leaf had opened, the nodules already initiated
ceased to grow and no new ones were formed. In the
former the bacteria became parasitic, attacking the cell
contents and nuclei of their hosts in order to obtain
carbohydrates. J.K. Wilson (1931) obtained only one
nodule on 40 vetch plants cultured aseptically on sucrose-
free agar medium. When lucerne, red clover and pea were
used instead of vetch, he obtained no nodules at all on
plants grown without sugar. Lewis and McCoy (1933), in
their investigations, grew black wax beans aseptically in
the dark on nitrogen-free agar medium and observed no
nodules on the 60 control plants to which no carbohydrate
was added.

Both J.K. Wilson and Lewis and McCoy (1933)
considered that the addition of sucrose to the rooting
medium stimulated nodule production on etiolated legumes
in aseptic culture. However, as we shall see, the nodules
which appeared were still very few and developed on only
a small proportion of the plants. Schweizer (1932) found

that a strain of Soya bean which possesses no chlorophyll,
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and normally forms no nodules, would do so when sucrose

was supplied. Ritter (1911}, Prucha (1915), J.K.Wilson
(1917) and Ludwig and Allison (1935), studied the effect

of sucrose on nodule formation by leguminous plants growing
in natural light. Their work will be referred to in

some deteil in the Discussion.

Previous findings regarding the depressing effect
of combined nitrogen on nodule production have been
mentioned in the Introduction to Section I, and mention
has also been mede of experiments in which addition of
carbon compounds along with combined nitrogen served to
nullify the injurious effect of the combined nitrogen
alone. The work of other investigaetors on the synthesis
of aneurih in illuminated pea plants and its role in
initiating the growth of nodule bacteria has also been

dealt with in the above section, pp. 3g -yo0.
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METHODS

The whole plants employed in the following
investigations were generally grown in large test tubes
(20 cm. x 3 cm.) plugged with cotton wool, and were
roofed either in agar m=dium or in fine quartz sand.
An aseptic technique (as regards the root system and
rooting medium) was used in most cases so that the
results would bz directly applicable to root tissue
culturss, and also because the sucrose present in many
of the treatments might otherwise have been rapidly de-
compossd by contaminsting microorganisms. in addition
the agar medium used in several of the experiments was
convenient in that nodule formation and development could
bz observed easily throughout the growth period. The
nutrient solution, except where othsrwise stated, was the
one whose formula has already been given in Section I, p.(2.
It was, in most cases, either solidified with 1.0 - 1.5
per-cent. agar, or was added st the rate of 1 part by 4
parts of weight of fine quartz sand. For agar cultures,
tubes containing 50 cc. of medium were sterilised in the
autoclave for 20 minutes at a pressure of 15 lbs. When
sand was used, it was given a preliminary sterilisation
for 3 hours at 15 lbs. pressure, weighed out into tubes
{80 gu. to each,, the nutrient solution added, and the
tubes autoclaved for 20 minutes at 15 lbs. pressure. In-
oculetion of agar cultures ﬁas carried out according to

the already described method of Chen and Thornton (1940),
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In the case of sand cultures, inoculation was achieved
by dipping the seeds in the bacterial suspension before
planting. One germinated seed was transferred ageptic=-
ally to each tube. (Seeds were surface-sterilised and
germinated according to the directions detailed in
Section I.) If the tubes were to be placed in the
greenhousz, the basal portions, extendins to about half
an inch above the sand or agar surface, were wrapped in
black paper in order to exclude light from the root
systems. A4ll grsenhouse experiments were conducted
during spring or summer months.

' As the shoots elongated, they generally managed
to grow unaided through the cotton wool plugs, or up
between plus and glass, but in a small number of cases
where emergence was proving.difficult, the tubes were
again placed in the inoculating box and the plugs loosen-
ed a little. The emergence of the shoots did not have
any injurious effects upon ths sterility of the rooting
mediunm. Sterility was - judged by visual inspection of
the tubes and only about 2.5 per ceht. had to be discarded
because of the presence of contaminating organisms.

Plants which were to be etiolated were grown
throﬁghout in a dark room constructed for photographic
purposes, givinglcomplete exclusion of light. When
being examined, the plants of some of‘the experiments
were exposed to low-intensity white artificial 1light

for periods which emounted to epproximately half an hour
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per week. In the other experiments, red light was
used for inspection.

The methods employed for obtaeining washings
from the roots of lucerne and pea plants are describéd’

in the accounts of the experiments concerned.
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EXPERIMENTAL RESULTS.

Experiment 22. Formation of nodules on etiolated pea

0

plants, and the effect of sucrose, nitrate, and access-

ory growth substances.

As we have seen in the Introduction, the

etiolated plant bears a closer resemblance to the excised

roaot than does a plant grown under normal light conditiomns

and therefore useful information might be gained from a
study of conditions affecting the nodulation of such
plants.

In the experiment to which lable 15 refers,
plants were grown from seed in aseptic tube culture in
continuous darkness for a period of six weeks at a tempera-
ture which was mainly in the region of 13°C, The root-
ing medium was the usuel mineral-salt mixture (with
accessory substances) solidified with agar. In some
tubes the nitrogen-free formula was used, in others nitrate
was supplied in the amounts shown in the original formula.
Four per cent. sucrose was added to a proportion of the
tubes. ‘I'welve tubes, each with one plant, were set up
for each treatment, all the tubes being inoculated with '
the nodule organism. +he plants were examined at inter-

vals under red light.
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Figs. [IIA. Two root systems from etiolated pea
plants grown in nitrogen-free
and. IIB. mineral-salt agar, showing the
presence of nodules.
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It will be observed from Table 15 that
despite growth in continuous darkness, apprecisable
numbers of nodules formed. Thus of the twelve plants
grown without sucrose or nitrate, elevenAdeveloped
nodules the average number per plant being 6.0, i.e.,

a total of 72 nodules on the twelve plants. In this

and also in subsequent experiments considerable

variation occurfed in the number of nodules formed on
individual plants under similar conditibns, -an indicatiom

of the extent of this variation being given ih the column
headed 'Range'. The nodules, which were of hemi-
spherical shapé, were mostly less than 1 mm. in diameter
though a few attained a diameter of 2-3 mm, These plants

without sucrose were the first to show nodule develop-

ment . (Figs. 11A and 11B).

In the presence of 4 per cent. sucrose the
number of nodules was clearly reduced. Thus of twelve
plants, only seven showed nodules, the average being
reduced to 2.3 per plant, i.e., 27 nodules on thetwelve
plants. Information on the effect of sucrose on the
size of nodules will be given in connection with the next
experiment. The presence of nitrate was also effective
in reducing the number of nodules, and when both sucrose
and nitrate were present together, nodule numbers were
still further reduced. (Figs. 12A and 12B). Some of
the nodules in all four treatments had a pink colour
resembling that which under normal conditions is due to

the presence of haemoglobin.




Figs. 12A  Roots from etiolated pea plants grown
in inoculated agar medium containing
and 12B 4 per cent, sucrose. A. medium
nitrogen-free. B. medium with nitrate,
roots much thicker.
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Shoots and roots of plants supplied with
sucrose alone were considerably shorter than in the
absence of sucrose (Figs. 134 and 13B). Plant dryweights
were increased by the addition of both sucrose and nitrate.
Surrounding the main root and the rootlets, particularly
in the cas= of plants supplied with sucrose, there was a
well-defined milky or opalescent zone (Fig. 14). When
some of the agar from this zone was examined under the
microscope, it was found to be much more thickly
populated with nodule bacteria than agar taeken from other
parts of the tube.

The effect on the nodulation of etiolated peas
of adding aneurin and nicotinic acid to the medium in the
amounts indicated in the previous Section, has been
tested in two similar experiments under aseptic conditions.
Details of technique were as for the previous investigation,
‘the medium being prepared according to the nitrogen-free
formula. The experiment was planned so as to provide
evidence on the effect of the accessory growth substances,
both in the presence and absence of 4 per cent. sucrose,
The plants of the first experiment were examined under
low intensity artificial white light, while in the second
experiment red light was used. Results are summarised

in Table 16.

1
I
i
)




4. 3.

Fig. 13. Etiolated peas growing in nutrient agar.
Those on right sucrose-free, those on
left supplied with 4 per cent, sucrose.
Shoots are shorter and sturdier when
sucrose present.



Fig.

14.

Milky zone of dense bacterial growth
surrounding the main root and rootlets
of an etiolated pea plant.
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Table 16.
Formation of nodules on etiolated peas, and the
effect of sucrose and accessory growth substances
(aneurin and nicotinic acid). Plants grown on
mineral-salt agar for a period of 8 weeks.
Data are averages of 6 (Bxpt. 1) or 12
(Expt. 2) plents per treatment.

No. of nodules No. of nodules
Treatment per plant, Expt.l. per plant, Expt.Z2.
4%
Sucrose A.G.S.% Av. Range Av. Range
- - 7.6 0(lp) - 14 8.8 4(1p) - 20
- + 9,5 3(lp) - 26 6.3 O(lp) - 22
- 6

+ + 4,8 0(lp) - 10 1.7 0(5p)

¥ A.G.S. = accessory growth substances.

It will be seen from the Table that plants grown
without the addition of sucrose or accessory substances
formed appreciable numbers of nodules, the data for these
plants being very similar to those recorded in the previous
experiment. The presence of sucrose decreased the average
number of nodules per plant, and also decreased the msximum
number of ﬁodules on any one plant by more than hsalf. In
this experiment observations were mades on the size of
nodules formed. The percentage of 'large' nodules ( 1 mm.
or more in dismeter) on plants supplied with sucrose was
52.4, while on plants to which no sucrose had been added

it was only 19.4. Thus ealthough sucrose reduces
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the number of nodules, such nodules as are formed tend to be
larger. Once again, nodules appeared on the sucrose-free plants
before they were detected on those supplied with sucrose.

The addition of accessory growth substances
appears to have had some effect on the average number of nodules
per plant. Application of the t test shows however, that the
differences noted fall within the bounds of experimental error.
The same test shows that the differences obtained for the
effect of sucrose on nodule numbers are statistically
significant at the 1 per cent. level.

The milky bacterial zone round the roots and
the pink colour in the nodules were again in evidence in
all four treatments.

Experiment 23. Effect of sucrose concentrations lowser than 4

per cent. upon the formation of nodules by etiolated peas.

It has been shown that sucrose at the 4 per cent.
level tas a marked depressing effect upon the numbers of nodules
formed on etiolated peas. As we have seen, Wilson (1931) and
Lewis and McCoy (1933) reported that the presence of 0.5 per
cent., 1.0 per cent. or 2.0 per cent. sucrose was beneficial,
if not essential, to the production of nodules on etiolated
plants. It was decided, therefore, to determine the effect of
such lower concentretions on the nodulation of etiolated peas
and observe whether the results agreed with those of the
above investigators.

Plants were grown from seed in continuous darkness

under aseptic conditions, in tubes of inoculated, solidified,

nitrogen-free medium (without accessory substences). Sucrose




Concn. No.of Dry wt. Dry wt. Dry wt,

of suc- nods./ nods.mg./ per nod. /plant Length (cm.)
rose. plant. Range plant (mg. ) (mg.) Shoot Root
0 13.3  0(1p)* - 32 0.33  0.025 131 25.4 45.9
0.5% 6.73 1(1p) - 15 0.818 0.122 152 20.0 31.6
1.0% 9,75 3(2p) - 18 1.660 0.171 151 22.2 47.3
2.0% 4,45 0(2p) - 12 0.636 0,143 162  24.3 46.3
5.0% 1.83 0(4p) - 6 0.160 0.091 197 29.9 55,5
4,0% 0.27 0(9) - 1 - - 215  30.3 49.9

¥ p = plant.
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was added in the concentrations shown in Table. Red

light was employed for all observations.

Table 17.
Effect of various sucrose concentrations upon
nodule formation by etiolated peas., Number of

plants. per treatment = 12. Growth period = 9 weeks,

It is evident from the Table that the addition
of sucrose, even in concentrations as low as 0.5 per cent.,
restricts the number of nodules formed on etiolated plants.
Once again the presence'of sucrose proved bene-
ficial to plant dry weights and to dry weights of such
nodules as were formed at the lower levels. Nodules on
plants supplied with 4 per cent. sucrose were too few in
number for their dry weight to be determined with any degree
of accuracy. In contrast to previous findings, shoot lengths

of the sucrose-supplied plants exceeded those of the controls.

]
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This, however, was not evident in the early stages of the
experiment when, as usual, shoots of plants without sucrose
were first to appear above the cotton wool plugs. Eleven
of the twelve plants without sucrose formed nodules, the
maximum number being 32, and the average number 1l3.3 per
plant. These values are higher then any so far obtained

by the author for etiolated plants.

Experiment 24. Spectroscopic examination of a nodule from

an etiolated plant to determine the nature of the pink

pigment.

One of the larger pink nodules from an etiolated
pea plant grown in the preceding experiment was examined
spectroscopically as follows: A feirly thick section of
nodule tissue was mounted on a small square mirror, a drop
of pyridine added, then a few crystals of sodium hyposul-
phite. the mirror was fixed at an angle to the illumina-
tion from a strong electric bulb while a student's hand
spectroscope, held about balf an inch to one inch above the
mirror's surface, was manoeuvred until an absorption band
could be clearly observed in the spectrum. For purposes
of comparison, a pink nodule from a clover plant grown under
normal light conditions was also examined and a similarly
placed band noted. In both cases the band appeared towards
the yellow end of the green area and therefore corresponded
with that at 557 mu ébtained by Keilin and Wang (1945) for

the haemoglobin, treated with sodium hyposulphite, which




Fig, 15, Arrangement for growing pea plants in
sand culture with root system and
medium under aseptic conditions.
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th=y extracted from Soya bean nodules. Thus it 1is evident
that thz pink colouration observed in the nodules of com-
pletely etiolated peas during the author's experiments, is
due to the pres=nce of haemoglobin, the pigment which
regulariy occurs in the effective, nitrogen-fixing nodules

of legumes growing in light.

Experiment 25. Effect of sucrose upon the nodulation of

pea plants grown in light.

Having noted the marked depression in nodule
numbers caused by the addition of ; per cent. sucrose to
etiolated peas, it was decided to investigate the effect
of this and of lower concentrations upon the nodulastion
of pea plants whose shoots were exposed to normal light.

‘'wo experiments were carried out, the experi-
mental procedure being the same in both cases. Plants
were grown in the greemhouse for eight weeks in tubes of
sand supplied with the nitrogen-free form of the usual
mineral solution containing the concentration of sucrose
under examination (See Fig. 15).

~ Table 18.

Effect of sucrose on nodulation of pea plants

grown in natural light. Plants grown by

aseptic technigue for a period of 8 weeks in
sand supplied with nitrogen-free mineral salt

solution. vata are averages of 6 plants per

treatment.
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concn, of _
sucrose per cent. 0.1 0.5 1.0 2.0 3.0 4.0
Av.number of
nodules per plant 16.3 12.5 6.2 4.0 3,2 1.2
Table 19.
Effect of sucrose on growth and nodulation of
pea plants in natural light. Plants grown by
aseptic technique for period of 8 weeks in sand
supplied with nitrogen-free mineral salt solu-
tion. Data are averages of 12 plants per
treatment.
Dry wt., mg. per plant Length (cm.)
Conen. Av.no. :
of suc- nods.

rose per
plant Nodules Shoot Root ‘Yotal Shoot Root

0 44 3.0 170 66 239 47 11,1
0.5% 26 4,3 177 87 268.3 41 12.2
1.0% 26 5.4 235 80 ©  320.4 47 12,7
z.o% 14 4.5 222 84 310.5 39 12.9

4,06 10 4.4 243 93  340.4 38 12.2

- It is obvious from both lables that as the con-
centration of sucrose increased, the number of nodules de-
creased, (see Figs. 16A and 16B) and that a concentration

as low asro.5 per cent. had a marked depressing effect. On
the other hand, the size of the nodules steadily increased

with increasing amounts of sucrose, as can be seen from the
fact that although the number of nodules per plant was de-

creasing, the dry weight of nodules per plant remained




Peas from sand culture experiment.

A. Three plants on right, with 0.1
per cent, sucrose, have nodules.

B. Details of two root systems.
Right, with 4 per cent, sucrose, left,
with 0.1 per cent, sucrose.
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fairly constant at a value above that of the control,
Further date on this point are given in the Discussion.
shoot and root dry weights also benefited from the addition
of sucrose, but shoot length was reduced. Red pigmentation .
was evident in the leaves of all except the control plants,
and was particularly marked when sucrose was at the 4 per
cent. level. At the end of the growth period, sugar tests
were carried out on extracts from the sand of the second
experiment. Lhese showed that sugar was still present in
the tubes originally supplied with 2 per cznt. and 4 per
cent. concentrations, but not in those with lower initial
concentrations. Guantitative estimations of residual
sugar in tubes 1initially at the 4 per cent. level showed
that plant and bacteria had together used 0.3 gm. of the
0.8 gm. of sucrose which was present in each tube at the

beginning of the experiment.

Experiment 26. Zffect on nodulation of cultivation of

the HX strain of pea nodule organism on media with various

concentrations of sucrose.

Prucha (1915) found that pea nodule bacteria
made good growth on inorganic-salt agar containing 10 per
cent. and 20 per cent. sucrose and some slight growth occurr-
ed even when the sucrose level was raised as high as 40 per
cent. After 10 weeks, one egar slope with 10 per cent,
sucrose had thres million organisms, while & slope with 20

per cent. sucrose had one million. The ingfective powers of
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these bacteria were undiminished. In the author's
experiments 1t has been demonstrated repeatedly that the
presence of sucrose in the rooting medium decreases the.
number of nodules formed on pea plants grown in darkness
and in light. Therefore, it was thouéht advisable, des-
pite the above findings of rrucha, to test whether the
harmful effects of the sucrose were being exerted directly
upon the nodule bacteria.

As already stated, the organisms used through-
out the present experiments were cultured on thebyeast-
extract agar of Fred, Baldwin and McCoy (1932) which con-
tains 1.0 per cent. mannitol as a source of carbon. Com=-
parison was now made between growth of the HX strain on
media containing 1.0 per cent., 2.0 per cent., 3.0 per
cent. or 4.0 per cent. sucrose and that on media contain-
ing the same concentrations of mannitol. Cultures were
grown on slopes in test tubes (2 cm. x 15 cm.), there
being 6 slopes at each treatment. Care was taken that app-
roximately the same amount of inoculum was used in every
case and a single stroks with the platinum wire was made
down the centre of each slope. After 7 deys at 19%¢.,
the organisms had grown well in all the tubes, and there-
fore it was evident that sucrose in concentrations up to,
and inciuding, 4 per cent., did not interfere with bacterial
multiplication. 'he actual amount of growth, as judged
by the'breadth of the area of gum produced, varied slightly

in the various treatments as can be seen in Fig. 17, To




Fig. 17. The HX strain of pea nodule organism
growing on agar slopes containing,,left,
one to four per cent, mannitol, and
right, one to four per cent, sucrose.
Growth has occurred in all cases.
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obtain this photogreph, a method of securing differentia-
tion between the gum region and the rest of the agar had

to be devised. In collaboration with Mr. Leitch of this
department the following technique was workéd out and found
to be successful. Harrison and Barlow's gentian stain

for bacterial gum was prepared according to the modified
formula given on p. 69 of Fred, Baldwin and McCoy (1932).

A little was poured into each tube, quickly poured out
again and the tube washed out several times with water. A
saturated solution of picric acid in 95 per cent. alcohol,
was now poured in, immediately poured out and the tube again
washed repeatedly. The bacteria and gum were gradually re-
moved by the numerous washings, leaving a pale yellow area
surrounded by ager which was stained deep purple. Slopes
treated in this way were then suitable for photographic
purposes. .

Thus it is seen that the substitution of the
above amounts of sucrose for the mennitol usually present
in the culture medium did not have any merked injurious
effect on the growth of the HX strain of nodule bacteria.
It now remained to -discover whether the ability of the
organism to infect the eppropriate host had been impaired.
Moore (1905) stated thet growth on medium rich in nitrogen
reduces infectivity of nodule organisms, while Lewis and
Nicholson (1905) decided that culture on bouillon with

2 - 5 per cent. sucrose gave the best infectivity of all
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the media which.they tested. Prucha (1915) on the other
hand, concluded that the type of medium, even if it is
nitrogenous, has not much influence on the infective powers
of the organism.

Pea plants growing in light in sand watered
with nitrogen-free mineral salt solution were inoculated
with suspensions of bacteria prepared from slopes containing
the above amounts of sucrcse. Plants inoculated from
slopes with 1 per cent. mennitol served as controls. (See
following Table.) After a six-week growth period nodule
numbers were found to be very poor in all cases, the reason

for this not being apparent.

Sucrose slopes (psr cent,) Mannitol slopes
Source of
inoculum 1 2 3 4 1l per cent.
No.of nods.
per 6 plants 3 4 5 12 10

The experiment was repeated using only inoculum
from slopes containing 4 per cent. sucrose and 1 per cent.
mannitol. This time there were 12 plants per treatment.

35.6

No. of nods./plant inoculated from 1 per cent. mannitol

43,0

No., of nods./plant inoculated from 4 per cent. sucrose
It is evident therefore, that growth on medium

containing sucrose at the 4 per cent. level has no permanent

detrimental effect on the infective powers of the HX strain

of pea nodule bacteria.
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Experiment 27. ZEffect of the accessory growth substances,

aneurin and nicotinic acid upon the growth of etiolated

pea plants.

It has been shown in two‘previous experiments
that the presence of these accessory substances has no
significant effect upon the number of nodules formed on
etiolated pea plants, but its effect on the growth of
such plants was not particularly noted. As mentioned
before, Bonner end Greene (1938) concluded that aneurin
was produced in illumineted leaves and since pea plants
growing in light did not benefit from additions of
aneurin to the medium, it appeared that they could
synthesise sufficient for their needs. Etiolated plants
would be incapable of this synthesis and thus it seemed
possible that supplying aneurin to their roots would
result in increased growth.

The effect of the accessory growth substances
was tested both in the presence and absence of 4'per cent.,
sucrose. Peas were grown in the usual way in aseptic
tube culture in nitrogen-free mineral-salt agar to which
the accessory substances and sucrose had been added as
shown in Table 20. After 8 weeks' growth in darkness,
all plants were harvested and their dry weights

determined.
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Teble 20.
Effect of aneurin and nicotinic acid upon
the growth of etiolated pea plants. Growth

period = 8 weeks.

Number of plants per treatment =, 12,

Treatment Dry weight, mg. per plant
4%
sucrose A.G.S. Shoot Root Total
- - 91 22 113
- + 88 a5 113
+ - 118 43 161
+ + 119 59 178

From the Table it is clear that the presence
of aneurin and nicotiﬁic acid in the rooting medium has
little or no effect on the growth of etiolated peas as
expressed in terms of plant dry weight. Therefore, if
fhese two substances are essential for the growth of such
plants, sufficient quantities of them must be contained in
the seed reserves. |

Once agein it is evident that the addition of
sucrose resulted in an increase in plant dry weight, the
effect being most marked in the case of the roots. This
agrees with the observations of snudsom (1917) who noted
an average increase of 149 mg, in the root dry weights of
light-grown Canada Field Peas when 2 per cent. sucrose was
added, and thought it was poésibly due to the fact that
these plants were completely enclosed in lérge tubes.

Transpiration was thus restricted, and there would be no
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current to remove the sugars from the zone of absorption.
The peas of the present experiment had the greater part
of their shoots exposed to the atmosphere, and this may
account for the fact that‘dry weight . increases for roots
supplied with 4 per cent. sucrose were only of the order
of 20 - 30 mg.

Experiment 28. Formation of nodules on etiolated plants

of black wax bean (Phaseolus sp.), and the effect of two

concentrations of sucrose.

As already noted in preceding pages, a variety
of black wax bean was used by Lewis and McCoy (1933) in
their investigation into the production of nodules on
etiolated plants. There was no nodulation of their
sucrose~fres controls, but nodules did develop on 14 out of
80 of the plants supplied with 0.5 per cent. sucrose.

The medium employed was that of Wilson (1931) and the beans
were grown at an average temperature of 27° C. The present
investigatién was undertaken to see if nodules could be
obtained on similar plants growing in the medium of Bonner
and Devirian with and without sucrose,

Selected seeds were sterilised by shaking for
2 minutes in absolute alcohol and 4 minutes in 0.1 per cent,
mercuric chloride, followed by washing in 6 changes of
sterile water, and were immediately transferred to agar
plates for germination to proceed. Previous experience

showed that overnight soaking was harmful to such seeds.
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Plants were cultured by aseptic technique
for a pericd of & weeks in tubes of nitrogen-free medium
{without accessory substances) solidified with 1 per cent.
&8gsaT. Twelve tubes were suprplied with 0.5 per cent,
sucrose, six with 1 per cent. sucrose and six wers left
sucrose~free. The medium in all cases was inoculated with
& suspension of an organism known to form effective nodules
orn plents of the Phaseolus group. Temperatures throughout

the growth period never exc:eded 21° C.

Table 2l.
Formation of nodules on etiolated plants of
black wax bean and the effect of 0.5 per cent.
and 1 per cent. sucross. All plants inoculated.
Growth period = 6 wseks. Number of plants et
0 per cent. and 1 per cent. sucrose = 6.

Number of plants at 0.5 per cent. sucrose = 12,

Dry wt.
Gonen., No. of Length ’
of nods./ cm./ plant mg./iplant
sucrose treatment Range Shoot Root Shoot Root
0 4 o({5p) - 4 30.4 15.7 131 24.5
0.5% 4 o{sp) - 2 22.1 16.8 174 51.3
1.0% 0 o(ep) - O 16.6 11.2 186 40.0

¥ jncluding cotyledons.

From the Table it is evident that nodules can
form on etiolated plants of black wax bean without the
addition of sucrose to rooting medium. Such nodules,

however, were smaller than those on plants to which 0.5 per




- 123 -

cent. sucrose had been added. Two of the latter larger
" nodules were Pink in colour, presumably due to the pre-
sence of haemoglobin, and therefore etiolated beans, as
well as etiolated peas, must be cgpable of synthesising
this pigment. No nodules were formed on plants supplied
with sucrose at the 1 per cent. level.

In the majority of tubes growth was not
satisfactory parhaps because of the ﬁnsuitably low temp-
erature ﬁhich ranged from 11°C. to 219, in the 1 per
cent. sucrose series, only one shoot had emerged beyond
the cotton Wool plug, and in many cases the cotyledons
were still enclosed within the testa. Flants supplied
with sucrose had browner roots, fewer lateral roots and
shorter Shoots than those left sucrose-free, but .as usual
the presence of sucrose incfeased root and shoot dry
weights.

Milky zones of bacterial growth were obfious
near to the agar surface where laterals were most plenti-
ful, and were particularly noticeable in the tubes supplied
with sucrosd.

1t is planned to repeat this experiment under

temperature conditions more suitable to the growth of

beans.

Expsriment 29. Nodule Tormetion on etiolated clover, and

the effect of various concentrations of sucrose,

As we have noted earlier J.X. Wilson (1931)
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secured no nodules on etiolated clover plants which were
cultured either with or without added carbohydrate. Since
clover has been used in the work with excised roots (Section
I) it was decided to tesf whefher Wilson's experience could
be confirmed.,

In the present experiment, plants of Montgomery
red clover were grown from seed in complete darkness on
aseptic agar slopes in three-quarter inch test tubes. The
medium was that of Chen and Thornton (1940) and had the
following composition:-~ KpHPO,, 1.0 gm.; MgS04.7H50, 0.2
gm.; CaHg(PO4)g.2H50, 0.5 gm.; NaCl, 0.1 gm.; FeClg, 0.0l
gm.; Ager, 20.0 gm.; Tap water, 1 litre. To a proportion
of the tubes sucrose was added in the amounts shown in the
Table, |

Seeds were selected under a lens, and any which
were demaged or infected were discarded. Surface-sterilisa
tion was effected by shaking for.B minutes with absolute
alcohol, 4 minutes with 0.1 per cent. mercuric chloride,
and then washing in 6 changes of sterile water. %“he wash-
ings were extended over 20 to 30 minutes and the seeds
shaken from time to time during that pesriocd. Using a
sterile platinum wire, 4 or 5 seeds were planted per slope,
When germination head occurred, each tube was inoculated
with a few drops of a suspension of an effective strain of
clover bacteriav(Rothamsted strain 49). Inoculation wés

carried out in red light. there were 12 tubes at each

treatment.
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Table 22.

Formation of nodules on etiolated clover plants,
and the effect of various concentrations of
sucrose. Growth period = 8 weeks.

Un~. . . Inoculated

inoc..

Concn,.of : . '
sucrose 0% 0% 0.5% 1.0 2.0% 3,0% 4.,0%

No.,of nods.,
/12 plants - 0 0 0 0 3 (¢]

Dry weight .
mg./plant 1.22 1.12 1,81 2,08 2,43 2.86 3.05
It can be seen from the Table that only three
nodules were formed, one on each of three plants in the
series supplied with 3 per cent. sucrose. LZvidence of the
beneficial effect upon plant growth of the presence of
carbohydrate in the medium i$ provided by the steady in-
crease in plant dry weight with increase in the concentra-
tion of sucrose added. Plants without sucrose had no
lateral roots, and, in the majority of cases, the cotyle-
dons had not emerged from the testas. Those supplied with
sueross showed the formation of several short laterals, the
cotyledons were expanded, and a small first true leaf had
appeared. All piants, however, were very poorly developed.
This was probably due to the smallness of their cotyledonary
reserves coupled with the lack of nitrogen in the médium.

1t is intended to repeat the experiment, this time adding

some nitrate.
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Experiment 30. Effect of root washings upon ths nodula-

tion of lucerne seedlings.

Thornton (1929) records that observations on
thousénds of lucerne seedlings have established that the
appearance of nodules coincides with the opening of the
first true leaf. This might be interpreted as nothing
more than a developmental coincidence, but against this
is experimental evidence obtained by Thornton that at the
stage in growth mentioned ebove, a substance is excreted
by the roots which favours the growth of the nodule
bacteria and infection of the robt. Thus root washings
prepared from such seedlings stimulated nodule development
on younger seedlings and also increased the growth of
nodule bacteria in pure culture. Root washings from seed-
lings not yet showing expansion of first true leaves had
no such effects.

If an exeretion from the roots preceeds, and
induces nodulation in all normal leguminous plants, in-
cluding pea, it is possible that it may not occur with
excised roots and this may explain their failure to form
nodules. Therefore it might prove beneficial to add to
the culture medium for excised roots, root washings from
whole plants. As & necessery preliminary to such a pro-
cedurs, the experiment of lhornton was repeated in order
to become familiar with the technique employed.

yhree shallow glass troughs filled with coarse
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sand were watered with equal volumes of a Rothemsted nutri-
ent solution (Thornton, 1929) and sown with lucerne seed.
When the majority of the seedlings in one of the troughs
were in the cotyledon stage, they were carefully remov=sd
the sana
from the sand an@(packed into a long glass tube approximat-
ing to the size of Thornton's, i.e., 2 inches in diameter
~and 3 feet 6 inches long. Then, following the given
directions, it was"clamped in a vertical position and fitted
at the lower extremity with a perforated rubbed bung and a
glass delivery tube. the solution was extfacted with the
pressure of a head of distilled water, about one litre of
the solution being thus obtained (Extract 4). When the
seedlings in the second trough had well-expanded first
leaves the solution from this culturs was extracted in a
similar menner (Extract B)." In the case of the third
trough, when the first leaves had expanded, the whole of
its contents, plants and sand, were packed into the tube
and extracted (Extract t). ‘this Extract C was prepared
since Thornton's account does not make it perfectly clear
whether sand alone or send plus plants was placed in the
extraction tube in his experiment. All three extracts
ware eterilised in the autoclave.

In order to test the effect of the extracts

on nodule formation, twenty-four glazed pots, six for each

treatment, were filled with coarse send, watered with the

Hothamsted solution to give 15 per cent. moisture, and
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Before the seedlings had

emerged, the surface of the sand in 6 pots was uniformly

watered with 25 ce. of a suspension of lucerne nodule

bacteria made up in distilled water.

Six pots were

similarly watered with suspensions made up in Extracts

A, B and C respectively.

Owing to cold weather, it was

over 14 days before any of the seedlings showed first

true leaves open, but when this had occurred, 20 ‘plants

with leaves closed and 20 with leaves open, were examined

from 3 pots at each treatment and nodule numbers recorded.

Table 23.
Bffect of root washings upon the nodulation

of lucerné seedlings. Growth period= 16 days.

Plants with leaves closed Plants with leaves open

No.of nods. No.of plants No.of nods. No.of plant

/60 plants with nods. /60 plants with nods.

Control 16.0 12 60.0 33
P;ants.supp-
tract Ae 100 7 51,0 51
Plants supp- .
%iigtﬁé?h o 30.0 22 85.0 38
P}ants.supg- |
tracs o0 % 4440 25 90.0 a

The Table shows that both the number of nodules

and the number of plants bearing nodules increased when

Extract B or Extract C were added.

Application of the’X?
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test indicates that the increase in the number of plants
with leaves closed which bear nodules when supplied with
ixtract B is statistically significant only at the 10 per
cent. level, but the increase when Extract C was added is
sifnificant at the 2 per cent. level. Probably, there-
fore, lhornton's stimulatory extract was prepared in the
manner here described for Extract C, plants as well as
sand being packed into the extraction tube. No doubt re-
moval of the plants involves a considerable loss of the
active excreted substance since much of it would be
coating the root surfaces end contained in the sand which
adhered to them.

The presence of Extract A, i.e., washings from
the roots of plants with leaves still closed had no stat-
istically significant effect either upon the nodulation
of other plants of the same age, or upon the nodulation of
older plants whose first true leaves had opened. Similarly
the effects of sxtract B and Extract C upon plants which
had their own leaves expanded were not statistically signifi-
cant.

We may conclude therefore, that washings from
the Toots of plants ﬁith expanded first true leaves, obtain-
ed in the manner of the present Extract C, stimulate the
nodulation of younger plants whose leaves are still closed.
+his is in agreement with the results of Thornton, although
the differences noted here as being due to the root excretion

are not so striking as those which he recorded.
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The experiment was repeated using peas, ex-
tracts being made from the sand in which plants with
leaves closed (Extract A) and plants with one or two
leaves open (Extract B) had been growing. (In both cases
the plants were removed before the extraction). lhe ex~
tracts were then autoclaved and, as before, were used for
making up the inocul_um added to pots of sand containing
germinating peas. After 17 days, 15 plants at each treat-

ment were examined for nodules.,

‘table 24.
Effect of root washings upon the nodulation of
young plants of pea. Data are averages for

15 plants per treatment. Growth period =17 days.

Av.no of nods./plant Range.
Control 12,6 0(lp) - 34
Plants treated
with ixtract A 18.6 0(lp) - 65
Plants treated
with ixtract B 2543 0(2p) - 51

When the 1 test is applied to these results it
is found that the incréase in nodule numbers on plants
supplied with Extract A is not statistically significant
whereas the increase noted on plants treated with sxtract
B is significent at the o per cent. level, Presumaebly there
would have been a higher level of significance to the result
if the plants had not been removed from the sand prior to

making the extract. L1t appears therefore, that, as with
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lucerne, a substance which stimulates nodule formation is
excreted from the roots of pea plahts when their firsf
leaves are opening.

It should be interesting to test the specificity
of thess two excretions, since Ludwig and Allison (1935)
have found that nodule formation on young plants of woya
besans and lucerne is stimulated as much by the presence of

corn and wheat plants as by the presence of legumes of the

same species,

Bxperiment 31. sffect on nodule formetion on whole pea

plants of various concentrations of nitrate, with incidental

observations on the effect of exposure of the roots to light.

In view of the resﬁlts of previous investigators
(p. 3¢ ), it seemed necessary to determine whether the
nitrate concentrations employed with excised roots of pea
have any inhibiting effect upon the nodulation of normal
pea plants growing under conditions of water culture. At
the time when these triels were being planned, consideration
was being given to the preference of some investigators
(Robbins and Meneval, 1924; iWhite 1932b) for excised root
culture being conducted in light. It was therefore decided

to test the effect upon nodulation of exposure of the root

systems of wholé pea plants to light. 1t may be noted that

the widely held belief that exposure to light has injurious
effects upon nodule forming bacteria has been substantiated

in the past by the experimental results of only one investig-
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ator (Nobles, 1919)., Other workers (Otis, 1898; Simon,
1907; Burrill and Hensen, 1917; Albrecht, 1921; Erdmah
and'Wilkins, 1928; Albreeht‘and lurk, 1930) all agree that
*the bacteria in soils are singulaerly resistant to light'.
Prucha (1915) observed only a slight decreass in nodule
numbsrs on.roots which were directly exposed to light. It
was decided therefore, to combine an observation on light
effect with the above-mentioned investigation into the
effect of nitrate.

Nitrogen-free éolution was prepared, and also
solution containing the full concentration of nitréte
advocated by Bonner and Devirian (327 mg. per litre), as
well as solutions with one quarter, one eighth and one
gsixteenth of this concentration. srlenmeyer flasks of 500
cec. capacity were used as culture vessels and each contained
400 cc. of mediunm. there were six flasks per treatmsnt.
1he usual 4 per cent. sucrose was omitted from the medium
and the technique employed Was‘notvaseptic.

surface~-sterilised seeds were planted in a
trough of sterile sand watered with sterile nitrogen-free
solution. iihsn the young plants were from ten to twelve
days' old, theyywere each transferred to a flask of nutrient,
the plants being supported in cotton wool plugs in such a
way that the root system was almost completely submerged.
he remains of the testa and cotyledons were kept above the

solution lovel. All flasks were inoculated with 1 cec. of

a suspension of nodule bacteria. four flasks at each
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treatment were darkened by wrapping with thick brown paper
and pleced in boxes of sawdust to prevent light from
entering through their unwrappéd bases. In the remaining
flasks the roots were left exposed to the light. l'he solu-
tion was maintained at a constant level by the aduition of
distilled water, and nodule counts were made after a three-
week growth period.
Table 25,

Effect on nodule formation on whole pea plants

of various concentrétions of nitrete, with

incidental observations on the effect of expos-

ure of the roots to light. Crowth period = 3

‘weeks.
Average number of nodules per plent
Concn.of Nb - Darkened flasks Undarkened flasks
mg./litre

0 22 0
20.43 14 ' 0
40,87 75 » 0.5
8l.75 101 0
327.0 ' over 100 ' -

Teble 25 shows that nodules developed on
Gerkened roots at all levels Qf nitrate. AS nitréte increas-
ed nodules became more numerous but were of much reduced
size. In the presence of nitrate the nodules were round

and white and widely scattered over the entire submerged

root system. In only one case were pink nodules formed.




Roots of inoculated pea plants growing in
mineral solution with £ normal nitrate.
Darkened roots on left-show numerous nodules,
undarkened ones on right have no nodules.
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Two of them were found on uppermost roots near %he
cotyledons which were at times above the level of the
solution. In the nitrogen-free medium the nodules were
pink, elongated in shape and clustered near the cotyledons
on adventitious roots, or on laterals near to the tap root,

Therefore, nodules can be formed in culture
solution containing concentrations of nitrate up to, and
including, the full value given in the formula of Bonner
and Devirian, but they differ in colour, shape, size and
distribution from those formed in nitrogen-free solution
(Fig. 19A and Fig. 19B)., The results with the undarkened
flasks suggest that the incidence of light on the root
systems inhibits nodule formation. Typiceael darkened and
undarkened roots are shown in Fig. 18.

As an additional test of the effect of light, |
one sterile germinated pea was grown in each of eighteen |
large test tubes, nine countaining 50 cc. nitrogen-free f
solution solidified with 1 per cent. agar, and nine cqntaining;
80 gm. sterile fine quartz sand watered with enough of E
the nitrogen-fres solution to give 15 per cent. moisture. |
The agar medium was inoculated while molten, and the peas
to be grown in sand were dipped in a suspension of nodule |
orgenisms before planting. All the tubes were wrapped
with black paper below the sand or agar level so that in
the tubes with sand, light was completely excluded from

the root systems, but in the remainder, it could enter

through the top surface of the agar and penetrate for some
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19. Roots of inoculated pea plants growing
in water culture, A. with full
concentration of nitrogen. Numerous
small round nodules are scattered over
the entire root system; B. in nitrogen-
free solution. The nodules are larger,
more elongated, and clustered round the
seed or very near to the main root.



. =~ 135 =~

distance downwards. After 6 weeks of growth the

following results were obtainad:-

' Av. no: of T
Treatment nods. per plant Distribution
Sand 13 Over entire root system
Agar ~ 5 At base of tube.

Of course it is possible that other experimental
conditions, quite apart from the absence of light, may
favour the production of nodules in sand culture. However,
in view of the results of the preceding experiment, it mey

be- justifiable to assume that the reduction in nodule numberé,
and change in their distribution, shown in the Table, 1s
at leaét partly due to the light which penetrated the agar
surface. This may explain the poor nodulation frequently
observed by the author in experiments involving the growth
of inoéulated peas in an agar medium in the greenhouse.
With clover plents, on the other hand, no difficulty has
been encountered in securing numerous nodules on plants
growing under summer greenhouse conditions on an agar

medium, and with roots omly partially shaded by the rack

in which the tubes were placed.
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DISCUSSION SECTION II.

1. Possibility of securing nodule formation on

etiolated plants.

It has been clearly shown that pea plants
grown from sqed in complete darkness on medium free from
carbohydrate can produce fairly numerous nodules, although
their numbers are much below those for plants grown in
light under otherwise comparable cnditions, The size of
the nodules is also much less than that of light-grown
plants. Etiolated clover, on the other hand, formed no
nodules without the addition of carbohydrate to the medium,
and only 4 nodules appeared on one out of six etiolated
plaents of black wax bean to which no sucrose was added.

As we have seen, the results of the majority of previous
investigators indicate that growth in darkness markedly

~ reduces nodule production. The author's results;
therefore, serve to confirm the findings of these workers
with regard to the depréssing effect of etiolation, but
the nodule numbers recorded here for pea greatly exceed
those previously noted for plants grown in darkmess, with

the possible exception of the findings of Prazmowski

(see page 99.). Out of 72 etiolated pea plants grown in

the present experiments in agar med ium without sucrose,
62 formed nodules, the maximum number per pleant being 32,

and the over-all average 7.62 per plant. Thornton (1930)

found that only 3.5 nodules were formed on 20 lucerne
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plants kept in continuous darkness, in comparison with
46.5 on the 20 control plants. J.K. Wilson (1931) noted
only one nodule on 40 etiolated vetch plants to which no -
carbohydrate had bzen added. When peas and clover were
used instead of vetch, no nodules at all were mentioned
for plants without carbohydrate. Lewls and McCoy (1933),
using etiolated black wax beans, observed no nodules on

60 control plants to which no sucrose was added. The
relatively large number of nodules observed in the author's
experiments with peas may have been dus to the particular
plant employed, but at any réte it is evident that under
the given conditions, considerable numbers of nodules cean
be formed on peas grown in continuous darkness on mineral-
salt agar. It would appear therefore,,that adequate
amounts of such substances as are essential for nodule
production (additional'to those provided by the rooting
medium) must be derived from the cotyledonary reserves.
The reserves of these substances in small-seeded legumes
may not be sufficient to permit of the nodulation of
etiolated plants, end this might explain the results
obtained by J.K. Wilson with vetch and clover, Thornton
with lucerne, and the author with clover. However, this
explanation does not hold good for the failure to secure
good nodule formation on dark-grown plants of black wax
bean, since here the quantity of material stored in the seed
is as great, if not greater, than in peas. Therefore, in

all the cases mentioned, we must consider the possibility




that, apart altogether from the seed reserves, the
experimental conditions may be the main factors in

determining the occurence and extent of nodulation.

53

Ze AZffect of sucrose on nodule formation by etiolated

and light-grown plants.

In passing to consider ths experiments in-
volving the addition of sucrose to the rooting medium,
it is necessary to specify that ‘addition' implies that
analytically pure sucrose was originally added to the
medium before autoclaving.  After autoclaving, however,
the presence of reduciné sugars was detected, indicating
that hydrolysis of some of thes sucrose had occurred in
the autoclave. The osmotic pressure of the autoclaved
culture solution also led to the same conclusion since
its value was 4.18 atmospheres, while ths sucrose (if
remaining as sucrose) and the mineral salts would account
for approximately 3 atmospheres only. in any event it
seems probable thet the roots themselves would effect a
similar conversion, since Burstréim (1941, observed marked
inversion of sucrose in media in which roots of various
species of plants had been grbwing aseptically.

Of the 72 etiolated pea plants supplied with

4 per cent. sucrose, only 35 developed nodules, the

maximum number per plant being 10, and the over-all aver-

age 1,95 per plant. It is clear therefore that sucrose

at s concentration of 4 per cent. has & very marked dspress-




ing effect upon the number of nodules which form on
etiolated peas, although the size of the nodules develop-
ing in the pressnce of sucrose tends, as noted, to be
greater, Lable 17 shows that concentrations of sucrose

as low as 0.5 per cent. cause a marked decrease in nodule
numbers on etiolated peas. The average number of nodules
per plant is reduced from 13.33 to 6.73 when 0.5 per cent.
sucrose is added, and with 4 per cent. sucrose there were
only 0.27 nodules per plant. The number of nodules which
formed on etiolated plants of black wax bean was very small
in every case, but the addition of J.5 per cent. sucrose
produced a decrease in nodule numbers per plant from 0.66
to V.33 and plants supplied with 1.0 per cent. sucrose
possessed no nodules at all. J.K. Wilson (1931) and

Lewis and wsicovoy (1933) found that the presence of sugars

at concentrations lower than 4 per cent. increased the
number of nodules forming on etiolated plants, although

the responses which they obtained were irregular and con-
fined to a minority of fhe plants. ln the present author's
experiments the only evidence of sucrose producing a bene-
ficial effect upon nodulation is provided in the test with
etiolated clover where nodules only formed on plants which

were supplied with sucrose at the 3 per cent. level (one

nodule on each of three plents).

raples 18 and 19 provide evidence that the

addition of 4 per cent. sucrose to pea plents grown in




natural light results in a marked reduction in number of
nodules, as in the case of etiolated plants. ''he lower
concentrations of sucrose also reduced nodule numbers,
although as noted, in these tubes all the sugar hed dis-
appeared fromn thé medium by the end of the experiment.
The data given in Table 19 show that, although nodule
numbers were decreasing, the dry weight of nodules per
plant was greater in the presence of sucrose and from these
results the following figures may be calculated for the
average dry weight of individual nodules:-
Concentration of
sucrose (per cent.) 0 0.5 1.0 2,0 4,0
Dry weight per .
nodule (mg.) 0.068 0,165 0.206 0.324 0.44
Thus it is clear that inérease in dry weight of nodules
accompanied increase in concentration of added sucrose.

As already noted in Section I, there seem to
be no references in the literature to truly aseptic experi-
ments involving the addition of sucrose to illuminated
legumes in order to study its effect upon nodule production,
It is diffiéult therefore, to meke a strict comparison
earlier experiments and the present series of tests

between

because under non-sterile conditions the sucrose originally

present would probably undergo more rapid decomposition

than in the euthor's experiments. Ritter (1911) reported

thet the sdaition of sucrose was without effect on the
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nodulation of lupins, and Prucha (1915) concluded that at
2 gm, or less per 300 gm. soil it had no effect on nodule
formation on Canada I'ield Pes. Four, eight and sixteen
gm. per 300 gm. soil progressively reduced plent growth,
and no nodules formed in the two highest concentrations.
Since the conditions were not sterile, it was thought that
the decreased growth with increase of sucrose might poss-
ibly bes due to fermentation reactions taking place in the
soil, J.K. Wilson (1917) found that the addition of 2.7
per cent. sucrose to soil cultures of soya beans consider-
ably increased the number and size of the nodules formed.
Ludwig end Allison (1935) noted that the presence of sucrose
in the solution supplied to Soya beans in sand culture
during the summer months, had a favourable effect on nodule
numbers at the beginning of the experiment, but at the end
the controls had more nodules than the plants supplied with
sucrose. Their final result is therefore in agreement
with the findings of the author, but their earlier observa-
tions are not, since in the present experiments it was
noted that the largest numbers of nodules appsared from the
very first on planté to which no sucrose had been added.
P.W. Wilson (1940), although he did not record nodule
numbers, observed that.the size of nodules on red clover
plants was greater when carbohydrate was presgnt in the

rooting medium.
The significance t0 root cultures of the above
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results is obvious and has been commented on in the
previous Section.

It now has to be considered why the addition
of sucrose to thé rooting medium led, in the author's
experiments, to a reduction in the number of nodules both
on plants grown in darkness and in light. The effect of
the sucrose can be envisaged as being exerted externally
in the rooting medium, or internelly after the entrance of
the sugar into the tissues of the plant. In the former
case a reduction in the number of penetrations of root
hairs by the bacteria would presumably be entailed, while
an internal effect wmight involve a restriction in the pro-
portion of such penetrations that result in the formation
of nodules.

It ought to be possible to determine by direct
examination which of these alternatives actually obtains
(McCoy, 1932), and it is hoped to arrange for this in future
experiments. Meanwhile, a few relevant observations may
be offered. So far as a limitation of the number of pene-
trations éf root hairs is concerned, this might be occasion-
ed through a reduction in the rate of multiplication of
bacteria in the presence of relatively large amounts of
sucross in the medium. Thet this is not the case has been
shown by exemination of the growth of the pea nodule organ-

ism in pure culture on the usual medium, but with sucrose

in concentrations ranging from 0.5 to 4 per cent. substituted
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for the 1 per cent. mannitol usually supplied. As we
have seen, the bacterial colonies grew at a normal rate
and showed no signs of inhibition. Pea plants inoculat-
ed from 4 per cent. sucrose slopes showsd similar nodula-
tion to thoss inoculated from slopes of normal medium, so
that there is no evidence of any reduction in the infect-
ive powers of the organism after cultivetion on medium
with ths above amounts of sucrose.

‘Lhe exfernal effect might alternatively arise
through some reduction in the stimulus to entsr root hairs.
here is some evidence that nodule bacteria present in the
soil are specifically attracted to the roots of leguminous
plants, where they multiply rapidly in the so-called
‘rhizosphere' (P.VW. iilson, 1940). ‘whis multiplication,
and the sesventual invasion of the plant, as already noted,
are attributed by ‘thornton (1929) to the effect of a
water-soluble substance excreted by the roots at a time
co-incident With‘the opening of the first true leaves.

In the present expsriments, since the nutrient medium con-
taining sucrose provided a more suitable substrate for
vacterial growth than did the sucrose-free medium, it is
conceivable that under these conditions ths stimulus which
normally brings about the entry of the bacteria into the

roots was reduced in intensity. this conception may also

exolain the failure of nodulation on excised pea roots,

which, &s we now Xnowv,

4 per cent. sucrose.

must be cultured in medium containing
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The need to bear in mind that the sucrose
‘effect ey be exerted internally is shown by the results
of previous workers, who observed that the nodulation of
legumes can be affected by treatment which increases the
relative carbohydrate content of the plant without involv-
ing the actual addition of carbohydrate to the rooting
medium. FJl, Wilson and Wagner (1935) supplied clover
plahts with carbon dioxide until they gave evidence of a
marked excess of carbohydrate, and then inoculated thzm
with nodule organisms. the total number of nodules form-
ed on the plants amounted to 37 and 167 in different experi-
ments. The corresponding tofals for plants in which a
lower carbohydrate/nitrogen ratio was induced by supplying
ammonium nitrate, were 128 and 2735. In the present tests,
evidence of a high carbohydrate content in the pea'plants
grown in light and supplied with sucrose was provided by
the development of red pigment in their leaves, the colour
being most'obvious in plants to which 4 per cent. sucrose
was added. Atiolated plents showed no sign of red pigment
production. That such colouration 1s assoclated with
abundant supply of carbohydrate has been noted by Molliard
(1907), Knudson (1917), and other workers. lMeyer and
Anderson (1939) state thet "the presence of a relatively
high concentration of simple sugars in the cells sszems to
be universally corrélated with anthocyanin formation".
Thus it might be that in the illuminated plants, the con-

centration of carbonydrate (derived from the cotyledons

and from photosynthesis) was already at such a level that
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- the addition of even 0.5 per cent. sucrose rendered it
excessively high and thereby caused a reduction in nodule
numbers, It is difficult to imagins, however, that an
exczssive level of carbohydrate was thes reason for the
reduced numbers of nodules on completely etiolated
plants. No doubt the possibility does exist in the case
of those supplied with»sucrose at the 4 per cent. level,
since, as we have seen, the cotyledons already possess
sufficient carbohydrate to permit of some eappreciable
nodule formation. However, it seems improbable that

the sucrose absorbed from medium containing only a 0.5
per cent. concentration could be sufficient to create

an unfavourably high carbohydrate/nitrogen ratio in
plants not carrying out photosynthesis. This appears to
support the already discussed view that the sucrose effect
may be an exterﬁal one.

The decided increase in the dry weights of
both lighf and dark plants indicates that they are capable
of absorbing and utilising the added carbohydrate. This
observatioﬁ is in accord with the results of the aseptic
experiments of Molliard (1907) and Georgi, Orcutt and
P.W. Wilson (1933) and the non-sterile experiments of

Golding (1899, 1900), Knudson (1917) and dnudson and

Lindstrsm (1919). They all noted that the addition of

sucrose to the rooting medium caused an increase in the

dry weights of various plents which were grown in ligzht.
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3. Iffect of nitrate on nodule formetion by etioclated

and light-grown plants.

The results presented show that the addition
of nitrate to‘the rooting medium had a depressing effect
on the nodule numbers of etiolated plants. When 4 per
cent. sucrose and nitrate were present together they
exerted a cumulative depressing effect. This result
differs from that obtained (with light-grown plants) by
other investigators, who have found that when legumes are
growing in the presence of combined nitrogen, the addition
of carbohydrate stimulates nodule formation, and similarly
when carbohydrate is excessive, addition of combined
nitrogen proves beneficial. (Hopkins and Fred, 1933;
Allison and Ludwig, 1934; P.W. ilson and Wegner, 1935;
Thornton, 1936).

Present experiments have also shown that
concentrations of nitrate up to, and including, the full
valﬁe given in the formula of Bonner and Devirian (1939)
caﬁse an increase in the number of nodulss which form on
whole plants of pea grown in the light under conditions
of water culture. This is somewhat surprising since no
record of any similar increase due 10 combined nitrogen
can be fouhd in the literature. The observed reduction
in nodule size is in agreement with the already-mentioned
findings of Gisbel (1926), Thornton and Nicol (1936) and

Hopkins, P.W. Wilson and Peterson (1932), who also noticed
’ e .
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& change in nodule distribution like that described by
the author, As we have seen, changes in the colour and
shape of the nodules also occurred in the present tests.
Therefore, it would appear that although
the full concentration of nitrate present in the usual
medium increases the numbsr of nodules formed on whole
pea plants grown in light, it has a depressing effect
upon the number of nodules which appear on etiolated peas.
It is difficult to reconcile these two findings, and as
far as excised roots are concerned, we can only assume
that since they are more clo§ely ékin to etiolated then
to light-grown plants, the nitrate in their case too, may
be exerting a depressing effect. Again, 1f the analogy
to etiolated plants holds good, the presence of the sucrose,
along with nitrate, in the medium may prove even more |
injurious to nodule formation since we have noted thatx
‘these two substances exert a cumulative depressing effect-

upon the nodulation of peas grown in darkness.

4, Bffect of the accessory growth'substances, aneurin and

nicotinic acid on the growth and nodulation of etiolated

plants.

The presence of ansurin and nicotinic acid

had no significant effect upon the nodulation of etiolated

pea plants, or upon their growth.  4s we have seen,

aneurin is & necessary constituent of the medium which

allows good growth of excised pea roots and therefore it
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seems possible that the roots of intact plants may normally
receive their supply from the cotyledons or some plant of
the shoot system. Bonner and Greene (1938), as noted
praviously, concluded that aneurin is produced in green
leaves in light, and therefors it was thought that derken-
ed plents might show improved growfh when it was added to
the rooting medium. The fact that no improvement wes
observed seems to indicate that adequate amounts for the
development of the etiolated plant must be contained as
reserves within the seed. Similarly, since we have seen
that aneurin is required for the initiation of bacterial
growth (West and P.W. Wilson, 1938) and since no increase
in nodule numbers follows its addition to the medium, it
appears that quantities which promote the growth which
results in best nodulation must be obtained from the plant,
perhaps as an excretion from the roots (West, 1939).
Alternatively, sufficient aneurin may be added in the in-

oculum, made up as described, from slopes of agar contain-

ing yeast extract.

8. Effect of root excretions.

Repetition of the *root washing' experiment
carried out by Thornton (1929) with Imcerne has confirmed
his finding that a substance which favours the formation
of nodules on very young plants is exepreted from the
r0o0ots when the first trus leaves are opening.A Moreover,

as the result of a similar experiment with peas , we have
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seen that such a substance is also excrsted by the roots
of pea plants, when their first leaves are unfolding.
Thornton has shown that the excretion from lucerne roots
increased the growth of the nodule orgenism 6n agar medium
and if the same be true for the substance excreted from
pea roots, then this may be the explanation of the milky
bacterial zone observed in the author's experiments with
etiolated pea plants.

West (1939) found that young roots of flax
and tobacco excrete significant esmounts of aneurin and
biotin and such excretion may be a common feature among
higher plants. - If so, then this additional amount of
aﬁeurin dver and above that often iné¢luded in the medium
of the present experiﬁent, may account for the increased
bacterial growth around the roots. VWie can only conclude
that whether the stimulating agent be the aneurin of West,
or the unnamed water-soluble compound of Thornton, it

must either be present in the cotyledonary reserves or

else it can be synthesised by etiolated pea plants without

the addition of carbohydrate to ths medium.  Alternatively,
the rapid multiplication of the bacteria in the zone
immediately surrounding the roots mey be due merely to

the accumulation in this region of extra organic matter

derived from sloughed-off epidermal cells and root hairs,

as suggested by Ludwig and Allison (1935).
The possible significance of root excretions

in the nodulation of excised roots has been mentioned



- 150 -

already on P. g2

6. Haemoglobin.

As has been mentioned, nodules which formed
on stiolated peas both with and without the presence of
sucrose in the rooting medium, exhibited a definite pink
colour. - Spectroscopic examination established that this
is due to the presence of thehaemoglobin found in the
nodules of plants grown under normal conditions (Keilin
and Weng, 1945; Virtanen, 1945). Haemoglobin was also
present in some of the nodules formed on etiolated black
wax beans. The presence of the pigment in nodules on
efiolated plants is of some interest, since it is a matter
.of common observation that when leguminous plants which
have been growing under normal conditions are.transferred
to darkness, within & few days thz red colour of the
nodule tissues is replaced by brown.or green colouretions.
1t is now generally accept2d that haemoglobin probably
has some function in the mechanism of nitrogen-fixation
and therefore it is planned to investigate whether the

pink nodules of etiolated plants are capable of carrying

out this process.
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SUMMARY ~ SECTION II,

1. Considerabls numbers of nodules developed
on completely etiolated plants of peea grown aseptically
on a rooting medium of agar with nutrient salts. 'L'he
nodules observed on such plants grown continuously in
complete darkness were, however, much inferior in number
and size to those formed on plents grown in light under
otherwise comparable conditions. Nevertheless, the
extent of nodulation was considerably superior to thet
reported by the majority of previous investigators for
vvarious leguminous plants including pea. 1t thus appears
that the etiolatsd pea can supply the materials required

for the formstion of a limited number of nodules.

e A small number of nodules formed on stiolated
plants of black wax bean grown on mineral-salt agear, but

no nodules were obhserved on etiolated red clover plants

cultured on a similar medium.

3 The presence of sucrose in the rooting medium
decreased the number of nodules formed on pea plants grown
in ¢ ontinuous darkness, and also on those grown undier

normel lisht conditions, but the size and dry weight of

nodules were increased; the dry weight of the plants

themselves was also increased. The sucrose in some way

restricted the invasion of the plent by the nodule bacteries
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or reduced the number of nodules initiated, but its
presence proved beneficial to the development of such

- nodules as were initiated.

4, With etiolated black wax beans, the depress-
ing effect of sucrose on nodule numbers and beneficiél
effect on plant dry weight and nodule size were again
evident. Three nodules were observed on etiolated
plants of red clover grown on medium to which 3 per cent.

sucrose had been added.

S. The presence of combined nitrogen in the
rooting medium decreased the number of nodules formed
on =2tiolated pea plants. When sucrose and combined

nitrogen were present together, there was still further

reduction in nodule numbers,

6.. Nitrate concentrations ranging from 20,43
to 327.0 mg. per litre, increased the number of nodules
formed on whole pea plants growing in light under con-
ditions of water culture, but reduced their size, and

affected their colour, shape and distribution.

7 The addition of aneurin and nicotinic acid
to the rooting medium hed 1o significant effect upon

the growth or nodulztion of etiolated peas.

8 A dense zone of bacterial growth surrounded

ths main root and rootlets of etiolated pea plants growing
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in medium with and without sucrose. lhe increased
bacterial multiplication may have been due to the

excretion of some stimulating substance by the roots.

9. The conclusion of a previous investigator
that a substance which stimulates nouule formation, and
increases the growth of the nodule organism on agar, is
gxcreted from the roots of lucerne plants at a time
co-incidental with the opening of their first true
leaves, is supported by =xperiments reported in the
thesis. Lthere is also some evidence that with normal
whole pea plants a substance which favours the formation
of nodules on young plants is excreted from the roots

when the first leaves are opening.

10. ‘Nodules formed on stiolated pea plants grown
on media with and without sucrose, had the normal pink
colour due to the presence of haemoglobin, Apparently

a limited formetion of this pigment is possible in

plants grown in the ebsence of light.

11. The incidenée of light upon the root systems
of inoculated whole plants of pea has a marked depressing

effect’ upon nodulation.

12 The bearing of the above results on attempts

to secure the nodulation of excised roots is indicated.




- 154 -~

’ -REFERENCES TO LITERATURE.
ACTON, E.H. 1889. The assimilation of carbon by green
Plants from certain orgenic compounds. Proc. Roy. Soc. 4%:
150 - 175. }
ADDICOTY, F.T. 1939. Vitamin By in relation to meristematic
activity of 1isolated pea roots. Bot. Gaz. 100: 836 - 843,

1941. Effects of root growth hormones on

the meristem of excised pea roots. Bot. Gaz. 102: 576 - 581.
end BONNER, J. 1938, Nicotinic acid and the

growth of isolated pea roots, Science 88: 577 - 578,

.and DEVIRIAN, P.,S. 1939. A second growth

factor for excised pea roots: nicotinic acid. Am. Jour.

Bot. 26: 667 - 671.

~AIBRECHT, W.A. 1921. Studies on the longevity of B. radici-

cola in the soil. Missouri Agr. Expt. Sta., Bul. 189: 54 -56.
1922. Viable legume bacteria in sun-dried

soil. Jour. Am. Soc. Agron. 1l4: 49 - 51.
and TURK, L.M. 1930. Legume bacteria with

reference to light and lohgevity. Missouri Agr. Expt. Sta.,

Research Bul. 132: 19 pp.
ALLISON, F.E. 1935. Carbohydrate supply as a primary

factor in legume symbiosis. Soil. Sci. 39: 123 - 143.
, and LUDWIG, C.A. 1934. The cause of

decreased nodule formation on legumes supplied with abundant

combined nitrogen. Soil Sci. 37: 431 - 443.



- 155 -

AVERY, G.5., BURKHOLDEK, P.R., and CREIGHTCN, H.B. 1937.

Production and distribution of growth hormons in shoots of

Aesculus malus, and its probable role in stimulating
cambial activity. Am. Jour, Bot. 24: 51 - 58;

BO:xHM, J. 1883, Uber starkebildung saus zucker. Bot.
ztg., 41: 33 - 38, 49 - 54.

BONNER, J. 1937, Vitamin By, & growth factor for higher
plants. Science 85: 183 - 184.

1938, Thiamin (vitaminBl) and the growth

of roots: the relation of chemical structure to physiologi-
cal activity. Am. Jour. Bot. 25: 543 - 549.

l940a.‘ On the growth factor requirements

of isolated roots. 4m. Jour. Bot. 27: 692 - 701,

19400, Specificity of nicotinic acid as a

growth factor for isolated pea roots. Plant Physiol. 15:

553 - 557,

1942sa. Culture of isolated roots of Acacia

melanoxylon. Bull. Torrey Bot. Club 69: 130 - 133.

1942b. A reversible growth inhibition of

isolated tomsto roots. Froc. Nat. Acad. Sci. 28: 321 - 328.
1942¢c. Riboflavin in isolated roots. Bot.

Gaz., 103: 581 - 5895.

1943, Further experiments on the nutrition of

isolated tomato roots. Bull. Torrey Bot. Club 70: 184 -

189.




- 156 -

» and ADDICOTT, F.T. 1937. Cultivation in

vitro of excised pea roots. Bot. Gaz. 99: 144 - 170.

, and BUCHMAN, Z.R, 1938. Syntheses carried

out in vitro by isolated pea roots. I. Proc. Nat. 4caed.

Sci., Wesh. 27: 431 - 438,

, and DEVIRIAN, P.S. 1939. Growth factor
requirements of four species of isolated roots. Am. Joﬁr.
Bot. 26: 661 ~ 665,

, and GREENEZ, J. 1938, Vitemin B; and the

growth of green plants. Bot. Gaz. 100: 226 - 237.

. end KOEPFLI, J.B. 1939. The inhibition of

root growth by auxins. ”Am. Jour. Bot. 26% 557 - 566.
BOYSEN - JENSEN, P, 1933, Uber der Nachweis von

Wuchsstoff in Wurzeln. Planta 19: 345 - 350.

BURRILL, T.J., and HANSEN, R. 1917. Is symbiosis possible

between legume bacteria and non-legume plants? Ill. Agr.

Expt. Sta., Bul., 202: 115 - l8l.

BURSTROM, H. 1941, Studies on the carbohydrate nutrition

of roots. LantbrukshSgsk., a4nn. 9: 264 - 284.

CHAMBERS, W.H. 1923, Cultures of plant cells, Proc. Soc.

Expt. Biol. and Med. 21: 71 - 72.

CHEN, H.K., and THORNTON, H.G. 1940.  The structure of
) . . b
tineffective' nodules and its influence on nitrogen fixation.

Proc. Roy. Soc., B, 129: 208 - 209.




- 157 -

DAY, D. 1941. Vitamin By and growth of excised tomato
roots in agar culture. Science 94: 488 - 469,

1943. Growth of excised tomato roots in

agar with thiamine plus pyridoxine, nicotinamide or glycine.
Am. Jour. Bot. 30: 15U - 156,

DAWSON, R.F. 1942, Nicotine synthesis in excised tobacco
roots. Am. Jour. Bot. 29: 813 - 815.

ZRDWAN, L.W., and WIEKINS, F.S. 1928, Soybean inoculation
studies. Iowa Agr. Zxpt. Ste., Res. Bul. 114: 1 - 56.
FIZELDLER, H, 1936. Intwicklungs - und reizphysiologische
Untéréuohungen an Kulturen isolierten Wurzelspitzen. Ztschr.
Bot. 30: 385 - 436.

FRED, Z.B., BALDWIN, I.L., and McCOY, E. 1932, Root nodule
bacteria and léguminousAplants. Medison, Wisconsin.
GALLIGAR, G.C; 1934. Growth studies on excised root tips.
Diés., Univ. Illinois.

1939. Growth behaviour of one~millimeter

excised root tips. Plant Physiol. 14: 163 - 169f

GEORGI, C.E., ORCUTT,F.S., and WILSON, P.W. 1933. Further
studiés on the relatién‘between the carbon assimilation
and nitrogen fixation in leguminous plants. Soil Sci.36:
375 - 382.

GIOBEL, ¢. 1926. The relation of soil nitrogen to nodule
development and fixation of nitrogen by certain legumes.,

N.J. Zxpt. 8ta., Bul. 436: 125 pp.

GOIDING, J. 1899. Sugar as an agent in nitrogen fixation

and =2n aid to the growth of plants. dJour. Soc. Chem. Ind.




- 158 -
18: 564 - 568.

1900, Suger as an aid to the growth of

plants. Jour Soc. Chem. Ind., 19: 324 - 325,

HABERLANDT, G. 1902, Kulturversuche mit isolierten
Pflanzenzellen., Sitzungsber. Akad. Wiss. Wien. math. -
neturw. - kl. 111: 69 - 92.

HARRISON, R.G. 1907. Observations on the living developing
nerve fiber. Proc. Soc. Expt. Biol. and led. 4: 140 - 143.
HART , C.Z. 1943. The synthesis of sucrose in the sugar
~cane plant. II. The effects of several inorganic and organ-
ic compounds upon the interconversion of glucose and
fructose and the formation of sucrose in detached organs

of the sugar cane plant. Hawaiian Planters Rec. 47: 155 - 170
HELLRIEGEL, H., and WILFARTH, H. 1888. Untersuchungen iber
dié Stickstoffnahrung der Gramineen und Leguminosen.
Beilageheft zu der Ztschr. Ver. Ribenzucker - Industrie
Deutschen Reichs. 234 pp.

HENDERSON, J.,and STAUFFER, J.F. 1944. The influence of

some respiratory inhibitors and intermediates on growth

and respiration of excised tomato roots. 4m. Jour. Bot.

3l: 528 - 535.
HILTNER, L. 1900, Uber die Ursachen welche die Grdsse, Zahl,
Stellung und Wirkung der Wurzelknollchen der Leguminosen

bedingen. Arb. k. Gesundh., Biol. ADbt. 1; 177 - 222.



- 153 -
HOPKINS, E.W., and FRED, E.B. 1933, Influence of various
nitrogenous compounds and mannitol on nodule formation by
clover. Plant Physiol. 8: 141 - 155.

» WILSON, P,W. and PETERSON, W.H. 1932, In-

fluence of potassium nitrate on nodule formstion and
nitrogen fixation by clover. Plant Physiol. 7: 597 - 611,
JACOBSON, H.G.M. 1925. Changes in hydrogen-ion concentration
in nutrient solutions. I, in‘a culture with wheat. II, In
cultures with rice, Jour. Am. Soc. Agron. 17: 577 - 583;

583 -~ 586,

KEILIN, D,, and WANG, Y.L, 1945. Haemoglobin in the root
nodules of leguminous plants. Nature 155: 227 - 229,
KNUDSON, L. 1917. Influence of certein carbohydrates on
green plants. uorneil Univ. 4gr. Zxpt. Sta., Memoir 9:

747 - 809, ' \
1919. Viability of detached root cap cells.

, and LINDSTR@M, E.W., 1919, Influence of

sugars on the growth of albino plants. Am. Jour. Bot. 6:

401 - 406.
KOTTE, W. 1922a. Wurzelmeristem in Gewebekultur. Ber. d.

bot. Ges. 40: 269 - 272,
1922b. .Kulturversuohe mit isolierten

Wurzelspitzen.,  Beltr. allg. Bot. 2: 413 - 434.




- 160 -
LAURENT, £. 1887. Recherches experimentales sur la formation
d'amidon dans les plantes aux dépens de solutions organiques.
Soc. Roy. Bot. Belgique., Bul, 26: 243 - 270.

1891, Recherches sur les nodosités radicales

des légumineuses. Ann. Inst. Pasteur 5: 105 - 139.
LAURENT, J. 1904, Recherches sur la nutrition carbonde des
plantes vertes & l'aide de matiéres organiques. Rev. gén.
bot. 16: 14 - 48, 68 - 80, 96 - 119, 120 - 128, 155 - 166,
188 - 202, 231 - 241.

LAWES, J.B., and GILBERT, J.H. 1891, The sources of the
nitrogen in our leguminous crops, Jour. Roy. Agr. Soc.

2: 657 - 702,

LEONARD, L.T. 1926, A preliminary note on the relation

of photosynthetic carbohydrate to nodule formation on
soybeans, Jour. Am. Soc. Agron. 18: 1012 - 10lé.

LEWIS, K.H., and McCOY, E. 1933. Root nodule formation

on the garden bean, studies by a technique of tissue
culture. Bot. Gaz. 95: 316 - 329.

LEWIS, L.L., and NICHOLSON, J.F. 1905. Soil inoculationm.
Tuberclgférming bacteria of the legumes. Okla. Agr.Expt,.
Sta., Bul. 68: 1 - 30

LUDWIG, C.A., and ALLISON, F.E. 1935. Some factors

affecting nodule formation on seedlings of leguminous

plants. Jour. Am. Soc. Agron. 27: 895 - 902,

MACKTE, T.J., and McCARTNEY, J.E. 1946, Handbook of

Practical Bacteriology. Zdinburgh.




- 1681 -
- MALYSCHEV, N. 1932a. Das Wachstum des isolierten
Wurzelmeristems'auf sterilen Néhrbdden. Biol. Ztrbl, 52:

257 - 265.

1932b. The growth of isolated meristems of

roots. Preslia 11: 59 - 61,

MAYER, G.G. 1929, Der Einfluss verschiedener Né&hrstoffzuf-
lhrung auf das Léngenwachstum isolierter Wurzeln. Diss.,
Giessen.,

MAZE? M. 1898. Les microbes des nodosités des legumineuses.
Ann, Inst. Pasteur. 12: 128 - 1585.

McCLAY, J.E. 1940. Synthesis of thiamin by excised roots of
maize. Proc. Nat. Acead. Sci.26: 581 -~ 587,

McCOY, E. 1932. Infection by Bact. Radicicola in relation

to the microbiology of the host's cell walls. Proc. Roy.
Soe., B. 110: 514 - 533.

Mc GONAGLE, M.P. 1944. Cultures of excised leguminous roots.
Nature 153: 158,

MCYER, 4. 1886. Bildung der stérkekdrner in den laubblédttern
aus zukerarten, mennit und glycerin. Bot. Ztg. 44: 81 - 88,
105 - 113, 129 - 137, 145 - 151.

MEYER, B.S., and ANDERSON, D.B. 1939. Flent Physiology. New

York.
MOLLIARD, M, 1907. Action morphogénique de substances

I .
organiques sur les végétaux supérieurs. Rev. Gen. Bot. 19:

241 - 291, 329 - 349, 357 - 391.
| 1921. sSur le développement des plantules

fragmentfes. Compt. Reddu soc. Biol., Faris, 84: 770 - 772,




- 162 -
MOORZ, G.T. 1905, Soil inoculation for legumes; with
reports upon the successful use of artificial cultures by
practical farmers. U, S, Dept. Agr. Bur. Plant Indus.,
Bul. 71: 1 - 72,
NAGAO, M. 1936. Studies on the growth hormones of plants.
I. The production of growth substances in root tips. Sci.
rep. TOhoku univ. (Biol.) 10: 921 - 731,
NILSSON, R., BJALVE, G., and BURSTRUM, D. 1938. Uber

Zuwachsfaktoren bei Bact. Radicicola I. Ann., d. landwirtsch.

Hochschule Swedens., 5: 291 - 322.

NOBLES, C. 1919. Spring inoculation of legumes. Mich. Agr.
Expt. Sta., Quart. Bul. 1: 100,

0TIS, D.H. 1898. Root tubercles and their production by

inoculation. The Industrialist, Manhattan, Kens., 24: 363 -

378 Prac.

ven OVERBEEK, J. 1939a. Is auxin produced in roots?/Nat.

Acad. Sci., Wash., 25: 245 - 248.

1939b. Zvidence for auxin production in

isolated roots growing in vitro. Bot. Gaz. 10l: 450 - 456.
, and BONNER, J. 1938. Auxin in isolated roots

growing in vitro. Proc. Nat. Acad. sci., Wash., 24: 260 - 264

et al. 1944. TFactors affecting the growth

’

of Datura embryos in vitro. Am. Jour. Bot. 31: 219 - 224,

PRAZMOWSKI. A. 1890. Die Wurzelknollchen der Erbse, Landw,
F] .

Vers. Sta. 37: 161 - 238.

PFEFFER, W. 1900. The physiology of plants. l: 325 - 326.

(Translated by A.J. Ewart).




- 163 =
PRUCHA, M.J, 1915. Physiological studies of Bacillus

Radicicola of Canada field pea. Cornell Univ. Agr. Expt.

Sta., liemoir 5: 1 - 83,

RAUTENBERG, F., end KUHN, G. 1864. xviii., Vegekationsver-
suche im sommer 1863. Jour. Leandw. 12: 107 - 140,
RECHINGZR, C. 1893, Untersuchungen i{iber die Grenzen der
Teilbarkeit im Pflanzenreich. Abhandl. Zodl. - bot. = Ges.,
Wien., 43: 310 - 334,

REID, M.E., and ROBBINS, W,J. 1942, Synthesis of ascorbie
acid in excised tomato roots, Scilence 95 632 - 633,
RITTER,AG. 1911. Beitrage zur N-ernahrung der Leguminosen.
Centbl. Bakt. 2 Abt. 29: 650 - 668.

ROBBINS, W.J. 1922a. Cultivation of excised root tips

and stem tips under sterile conditions. Bot. Gaz. 73:

376 - 390.
1922b, Kffect of autolized yeast and peptone

on growth of excised corn root tips in the dark. Bot. Gaz.

74: 59 - 79.
1939, Thiamin and plent growth. Science 89:

303 - 307.
1940a. Light end the growth of excised roots

of Detura. Bull. Torrey Bot. Club 67: 762 - 764,

1940b. Response of excised tomato roots to

B(- 4 methylthiazolyl - 5) - alanine. FPlant Physiol. 15:

547 - 552.




- 164 -

1941, Growth of excised roots and heterosis

in tometo. Am. Jour. Bot., 28: 3216 - 225,

1942, OSpecificity of pyridoxine for excised

tomato roots. Am, Jour. Bot. 29: 241 -~ 244,
» and BARTLEY, M.A. 1937a. Viteamin B, and

the growth of excised tomato roots. Science 85: 246 - 247.

, and _ 1937b. Thiazole and the

growth of excised tomato roots. Proc, Nat. Acad. 3ci. Wash.,

23: 385 -~ 388.
and 1937c., Use of dextrose by

H

excised tomato roots, Science 86: 290 - 291.

, and KAVANAGH, V. 1943. Growth of excised

roots of ployploid tomatoes. Am. Jour, Bot. 30: 602 - 605,
, and MANEVAL, W.E, 1923. Further experiments

on growth of excised root tips under sterile conditions,

Bot. Gaz. 76: 274 - 287.
_, end 1924. Effect of light on

growth of excised root tips under sterile conditions. Bot.

Gaz. 78: 424 - 432,
, and SCHMIDT, M.B. 1938. Growth of excised

roots of the tomato. Bot. Gaz. 99: 671 - 728,

and 1939a, Vitamin 36’ a growth
2

substance for excised tomato roots. FProc. Nat. Acad. Sci.

Wesh., 25: 1 - 3.

and 1939b, Further experiments

’

on excised tomato roots. Am. Jour. Bot. 26: 149 - 159.




- 165 =~

, and WHITZ, V.B. 1936, Limited growth and

abnormalities in excissd corn root tips. Bot. Gaz. 98:

, and 1937. ZLffect of extracts

from the corn plant on growth of excised root tips. Bot.
, WHITE, V.B., McCLARY, J.Z., and BARTLIY, M.A.

1935. The importance of ash elements in the cultivation of
excised root fips. Proc. Nat. Acad. Sci., Wash., 22: 636 =
639.

RﬁFEER, £. 1932, Forschungen zum Xohlenhydratumsatz bei
knollchentragenden. und knollchenfreien o jebohnen. Ztschr.
Pflanzenernéhr., Dungung u. Bodenk. 244: 129 - 167.
SCHWEITZER, J. 1932. Uver das Verhalten der Bacterieninoll-
chen bei einigen chlorophylifreien Leguminosen. Verhandl.
Naturf., Gesell., Basel, 113: 376 - 377,

SIMON, J. 1907. ie Widerstandsfihigkelt der Wurzelbakter-
ien der Leguminosen und ihre Bedeutung fur die Bodenimpfung.

Jahresbef. Ver. Angew. Bot. 5: 132 - 160.
SNOW, R. 1933, . The nature of cambial stimulus. New Fhytol.

A

32: 288 - 296.
19%5. Activation of cambial growth by pure

hormones. New Phytol. 34: 347 - 360.
THORNTON , H.G. 1929. The role of the young lucerne plant

in determining the infection of the root by nodule-forming

bacteria. Proc. Roy. Soc., B, 104: 481 - 492.




- 166 -

1930.  The influence of the host plant in
inducing parasitism in lucerne and clover nodules. Proc.
Roy. Soc., B, 106: 110 - 122.

1936. The action of sodiwm nitrate upon the

infection of lucerns rcot hairs by nodule bacteria. Proc.
Roy. Soc., B, 119: 474 - 492, /
, and NICOL, H. 1936. Reduction of nodule

numbers and growth, produced by the addition of sodium
nitrate to lucerns in sand culture. Jour. Agr. Sci. 24:
540 - 543,

TRELEASE, s.F., @1d TRELEASE, H.M, 1933. Physiologically
balanced culture solutions with stable hydrogen-ion con-
centration. Science 78: 438 -439,

TRELEASE, S.F., and TRELEASE, H.M. 1935, Changes in
hydfogen~ion concentration of culture solutions containing
nitrate and ammonium nitrogen. . Am. Jour. Bot. 22! 520 =~
542,

USPENSKI, E.E. and USPENSKAJA, W.J. 1925. Reinkultur und
ungeschiechtliche-Fortpflaniung des Volvox minor und Volvox

globator in einer synthetischen Nahrlosing. Zeitschr. Bot.

17: 273 - 308.

VINES, S.H. 1888. On the relation between the formetion

of tubercles on the roots of leguminosae end the presence

of nitrogen in the soil. Ann. Bot. 2: 386 - 389.

VIRTANEN, 4,I. 1945. Symbiotic nitrogen fixation. Nature

155: 747 - 748.




- 167 -

, and LAINE, T, 1946, Red, brown and green

pigments in lsguminous root nodules. Nature 157: 25 - 26,
WEBER, E. 1930. Saltpeterdingung als Beeintrachtigung der
Stickstoffsammlung durch Leguminosen.  iZentbl. Bakt. 2 Abt.
82: 353 - 379.

WEST, P.M. 1939.  Lsxcretion of thiamin and biotin by the
roots of higher plants. Nature 144: 1050 - 1051,

, and WILSON, P.W; 1938. oynthesis of growth

factors by Rh. trifolii. Nature 142: 397 - 398.
, and B 1939, Growth factor

requirements of the root nodule bacteria. dJour. Bact.37:
161 - 185.

WHALEY, W.G., and LONG; AoLe 1944. The behaviour of ex-
cised roots of hetérotic hYbrids and their inbred parents
in culture. Bull. Torrey Bot. Club 71l: 267 - 2705.
WHITE; P.R. 1932a. Plant tissue cultures. & preliminary
rePort of results obtained in the culturing of certain

plant meristems. Arch. exp. Zellforsch. ;2: 602 - 620,

19%2b. Influence of some environmental con-

ditions on the growth of excised root tips of wheat seed-

lings in liquid media, Plant Physiol. 7: 613 - 628.

1933a, woncentrations of inorganic ions as

related to growth bf excised root tips of wheat seedlings.

Plant Physiol. 8: 488 - 508.




~ 168 -

19330, The .SH radical and somerther

sources of sulphur as affecting the growth of isolated
root tips of wheat seedlings. Protoplasma 19: 132 - 135,

1933c, Liquid media as substrata for the

culturing of isolated root tips. Biol. Ztrbl. 53: 359 -
364. |
1934a. Potentially unlimited growth of ex-

cised tomato root tips in a liquid medium. Plant Physiol.
9: 585 - 600. |
1934b.  IMultiplication of the viruses of

tobacco and aucuba mosaic in growing excised tomato roots.

Phytopath. 24: 1003 - 1011.

1937a. .Seasonal fluctuations in grdwth rates

of excised tomato root tips. Plant Physiol. 12: 183 - 190,

19370, Survival of isolated tomato roots at

suboptimal and supraoptimal temperatures. Plant Physiol.

12: 771 - 776.

1937c, Separation from yeast of materials

essential for growth of excised tomato roots. Plant.

Physiol. 12: 777 - 791.
1937d. Amino acids in the nutrition of ex-

cised tomato roots. Plent Physiol. 12: 793 - 802,

1937e. Vitamin Bj in the nutrition of ex-

cised tomato roots. Plant Physiol. 12: 803 - 8l1l.

1938a. Accessory salts in the nutrition of

excised tomato roots. Plent Physiol. 13: 391 - 398.




- 169 -

1938b, "Root - pressure'", an unappreciated

force in sap movement. A4m. Jour. Bot. 25: 223 - 227.

1938c, Root - pressure as a factor in the

rise of sap. Nature 141: 581 - 583,

19384, Cultivation of excised roots of

dicotyledonous plants. Am. Jour. Bot. 25: 348 - 356,

1939. Clycine 1in the nutrition of excised

tomato roots. Plant Physiol. 14: 527 - 538.

1940, Vitamin Bg, nicotinic acid, pyridine,

glycine and thiamin in the nutrition of excised tomato
roots. Am. Jour. Bot. 27: 8l1 - 821,

1943a. Further evidence on the significance

of glycine, pyridoxine, and nicotinic acid in the nutrition
of excised tomato roots. Am. Jour. Bot. 30: 33 -~ 36.
19430h. A Handbook of Plant Tissue Culture.

Cattell Press, Lancaster, Pennsylvania.

1946, Plant tissue cultures. II. Bot. Rev,

i2: B521.
WINKLER, H. 1902. Besprechung der Arbeit G. Haberlandt's

"Cuiturversuche mit isolierten Pflanzenzellen".  Bot. Ztng.
60 (2): 262 -~ 264.

WILSON, J.K. 1917. Physiological studies of Bacillus
redicicola of Soybean (Soye Max Piper) and of factors in-
fluencing nodule produétion. Cornell Univ. Agr. Expt.

Sta., Bul. 386: 569 - 413.




- 170 -

1931.. Nodule production on etiolated vetch

seedlings. Phytopath. 21: 1083 - 1085,

WILSON, r.W. 1935. The carbohjdrate - hitrogen relation
in symbiotic nitrogen fixation, Wis. Agr. =xpt. Sta., Res.
Bul. 129, 40 pp.

1940. The Biochemistry of Symbiotic Nitrogen

Fixation.  Madison, Wisconsin,

, and FRED, B&.,B. 1939. The cerbohydrate -

nitrogen relation in legume symbbsis. Jour. Am. Soc. Agron.
31: 497 - 502.
, and WAGNER, F.C. 1935. Combined nitrogen

and the nitrogen fixation process inm leguminous plents. Wis.

dcad. Sei. Trans. 30: 43 - 50,




