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GENERAL INTRODUCTION.

The great value of leguminous crops in
enhancing soil fertility has been known for many
centuries, and the practical and economic benefits
to be derived therefrom have been exploited to the
fullbin many countries. The scientific basis of
these observations, however, has been a subject of
study for a much shorter period, and workers on the
special physiology of the Leguminosae and their
associated root nodule bacteria have still meny problems
to solve,

The development of this study on a
scientific basis received a great impetus when
Hellriegel, at the beginning of the present century,
connected the ability of the legume to contribute to
the nitrogenous content of the soil with the presence
of the root nodules. Beijerinck and others, at the
end of the last century, attenpted to prove that
the bacteria isolated from the root nodules were resnonsible
for ithe increaséd nitrogen content of the leguae
plant; their essays to obtain nitrogen fixation in

o

artificial culture, however, werc inconclusive, and



later workers have been unablec to demonstrate this
nronerty outside of the legwae tissues. It soon
beceme apparent that the association of the bacteriunm
with the legume was in the nature of a symbiosis;

the organism was gimen the name of Bacillus
pedicicola, by which name it is generally knovm

in this country, but the generic name of Rhizobium
has been subsecuently adopted by American
systematists. An important discovery was made that
the root nodule bacteria could be grouped into
different sirains which were somewhat specific in
their infective powers. It was noted that a
particulasr bacterial strain would infect only a certain
host genus or a few closely related genera, and from
such observations, the study of cross-inoculation
groups and their commercial applicationsvhas arisen;
a number of distinct Rhizobium species are now
generally recognised,

Both the academic and agricultural problems
arising out of the special conditions within the
Leguminosae, together with an excellent review of
the historical development of the work, are very
adecuately presented in the monograph by Fred, Baldwin
and LicCoy (1932) of the Department of Agricultural
Bacteriology, University of Visconsin. The workers
of the Medicon gchool have contributed o lorveo anount

of veluable informiation in the Inst fov years. Thoy
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have been concerned with various aspects of the
problem, including cross-inoculation studies and

host specificity, the carbohydrate/nitrogen ratio

and its relation to nitrogen fixation, and, more
recently, some work on the mechanism of symbiotic
nitrogen fixation with reference to a nuuber of factors
which might influence the process.

Another centre of research on similar
problems has been at Helsinki, where Professor
A.I.Virtanen and his co-workers have studied
exhaustively the question of excretion of nitrogenous
compounds from the root nodules into the rooting
medium. This problem has been further elaborated
in its relations to the associated growth of
non-legunes and the benefits derived by the latter
in view of the nitrogenous legume excretion.

The Helsinki workers have, until recently, obtained
this excretion consistently in all their cultures;
this phenomenon has proved somewhat elusive with
other workers, and, during this year, Virtanen
reports that excretion was absent in some of his
most recent work. They have also contributed wvork
of considerable value in their aibermpts to isolate
the intermedistce compounds found in the process of
symbiotic nitrogen fixation, and have suggested a
possible scheme for this commlexr reaction.

In Grealt Britein, two centres have also

2
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been engaged on such work - at Rothamsted, a large
amount of cytological research into the structurc
and development of the nodule has been pursued by
Thornton and others. They have also carried out
many plot experiments in connection with the associated
growth of legumes and non-~-legumes, nitrogen manuring
of legume crops and the study of grassland clovers
inoculated with different bacterial strains.
Lxtensive worlk on the artificial inoculation of
lucerne and other commercial crops has also been
done by them.

At Glasgow, Bond has been carrying out
worlk on the special physiology of the root nodules
with reference to the transfer of nitrogenous comnounds
from the bacterial cells to the host plant, the
everetion of nitrogen and associated growth and
the utilisation off plant carbohydrates by the
associated bacteris.

In Australia, some work along similar
lines has been done by Strong and Trumble at the Vaite
Institute, Adelaide.

Numerous other contributions to this
literature have appeared and are discussed in the

following revievs:-
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FRED KeD,, BALDVIIN I.L., and LicCOY I, 1932:
Root I'odule Bacteria and Lepuminous Plants.

University of Wisconstn Studices in Science, llo. 5.

WICOL He 1934: The derivation of the nitrogen of
crop plants with special reference to associated

growth. Biologicsl Reviews 9: 383-410.

1936: The utilisation of atmospheric
nitrogen by mixed croons. Honth. Bull. Agric. Sci.

and Pract. 6: 201-216; and 7: 242-256.

THORNTON H.G. 193%6: The present state of our
ignorancc concerning the nodules of leguminous

plants. Sei. Prog. 31l: 236-249.

WILSOIT P.VW. 1937 The Symbiotic Nitrogen-Iixation

by the Leguminosae. Bot. Rev. 3: 365-399.

VIRTAIRIT A, I. 1938: Cattle Fodder and Human

Mutrition. Cambridge 108 pn.

The work in this present thesis
comprises four aspects of the study of bacterial

symbiosis presented separately under four titles:-

I. Firxation of nitrogen hy diffcrent
strains of the Soys bean nodule orsanism vhen

associated with certein varietics of the host nlant.
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JII. The mechanicm of transfer ol Tired

nitrogen from the nodule bacteria to the host »lant.

III. The excretion of nitrogenous
substances from leguminous root nodules into the

rooting medium.

IV. An investigation of the growth
of leguminous plants in water culture, with special
reference to the effect of aeration on growth

and fixation.
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I.

Fixation of nitrogen by different strains of the
Soya bean nodule organism when associated with

certain varieties of the host plant.



TICR0DUCTION

In earlier work on the ?hysiology of‘the root nodule

bacteria, it soon became apparent that not merely

one general type of Rhizobium was responsible Tor

the nodulation of legumes, but that a nunber of

more or less specific strains existed. Thesc vere

found to nodulatc only one particular specics or

group of legumes, and, sincce the beginning of the

century, a considerable amount of work on the problem

of cross-inoculation groups has been done - sec Ired,
Batdwin and lcCoy (1932).

The present investigation concerns a
particular aspect of this problem -~ namely, the
veriation in effectiveness of different strains of
bacteria wvhen associated with varieties of the seane
legume host. An effective straln is generally considered
to be one which will produce nodules with activel
fixing bacterla, contributing substantially to the
nitrogen syrbiosis of the two partnersy effectivencss
is measured in terms of nitrogen fixed. A nunicer of
workers have noted both inter-specific and inter-

A iy oy S an T, s — [ T
Lerernces Ll L PCL2tIVvVE QCUICC oLV anGEn

)
§

o nmuabher of strains, and the object o
is to investilgate the problen Turticr with Soya bhean

P P I S,
Valrlaeelosa
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Perkins (1925}, on a bhasis of counting nodules,
found that a porticular strein ol the Soya bean

or

2

nism became adapted specificelly to a certain
host veriety. Briscoe and Andrews (1938), in soil
cultures of Soya beans, obtained differences in the

response of two host varieties associated with two

0]

trains of the nodule organism. Brdman end Wilkins (1923)
carried out field tests on comnercial bacterial cultures

using Soye bean as the host legume. They reported

- - . Lo 2 . .~y
thet some stralins were

f T T T,
N IGRVNVICHE

varietal specificity in

[ad

than others in the production of nodules, but that no
one strain was best on all the varieties; this wesg
taken to imply that the most efficient association
of a strain wes with a particular variety. Bi#lfve (19533
confirmed these observations in the Vetch grour
The most recent contributions on this

asnect of host plant specificity have come from the
Wisconsin group, working wbth a series of strains
associated with different species and varieties of
Ilelilotus and kedicago [Wilson, Burton and V.S5.Iond (1937):
Burton snd Wilson (1939)]. They found that betvecn

snecies of the same

C’J

genus ascocliated with different
bactericl sirains there was a more mnorked influence
onn the eiloctiviness then vhen varietics od tho oo
checles were the host nlants. Thelr conclusions npe

hovever, that verictel soccificity doce influcic. the

syrbiosie in certain conmbinctions



The possibility of feocltors, not
inherent in either host or bactovial strain, influencing
the effectiveness of the association has been sugrested
by Raju (1938). He carried out a considerable
number of experiments on the Covipea and Cicer grouns
and concluded that the intensity and duration of
sunlight inflwenced the magnitude of a strain's
effectiveness - relative to others under similsar
conditions - but were unable to affect materially
its inherent capacity in nitrogen fixation. le slso
decided that the host nlant profoundly influenced the
fixation by the particuler strein with which 2t wes
associated, but on only one occasion did he obtein
any change in the efficiency ranking of a nwiber of
strains used with two varieties of Bengal gram.

There were no such differences duc to host influsnce
in the case of two varieties of Red gram associated
with the same strains.

Strong (1937) obtained variable
effectiveness in .different combinations of Clover
varictics and Rh., trifolii shbains. Certain strains
will freely invade the host tissues bult are not always
effective in the Tixation of nitrogen.

-

“he »rocent erovorinents sre Goslened

to investigote any nHossiblc host snecificity botw

P

legumes ol th

¢ closest terononic relotionshis ~

nenely, betweon four verioticn of the Sove Liorn
T el o o ‘
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associated with four strains of Rh. japonica. The

-

vork ves cerivied out during tvo swiiers (1938 nidl 1959)
of considerably dofferent sunlight conditions, and
this varietion provided some deta for the investigation
.of results such as those obtained by Raju and attributed
by him to this factor. Since three of these host
varieties have been foundl, in some degree, suitable
for cultivation in this country, it was believed
that: the results night also have some direct practical
significance, |

The 1936 plants were grown, harvested
and analysed by the present author; the 1959
experiment was set up bj Dr. Bond who also ceaerried

out some of the analyses. Harvesting and the rest

of the analyses were:-effected by the present author.



METHODS.

As stated, the observations were made during the
years 1938 and 1939 on sand cultures of Soya
beans [Glycine hispida (lloench.) Maximowiez],
with a strict control over the general cultursl
conditions.

The nitrogen-free culture solution used
was that of Virtanen (1935),supplied to 12% orf the
weight of dry sand; further small cquantities of this
solution were added at intervalé of 7-1L days, and,
in addition, sterile distilled water was added more
frequently to replace moisture lost in transpirstion.
This was carried out by weighing the pot and sdding
the water or solution to the appropriate fraction
of the sand weight. A microelement solution - Loomis
and Shull (1937) - was also added to the sand along
with the culture solution so that each pof roceived
10 cec. of this solution at each change. The culture
vessels were glaged, earthenware pots, containing
3+6 Kg. of a coarse cuartz sand *, buffered to pi 6+5
with 7 gni. GaCOB; the nots of sand were sterilisca

at 120°C Tor % hours bhefore use,

* For mechenicel anelysia, see Bond and Boye
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The seeds used were as follovsi-
1. Lianchu - prescntcd by the U. 8. Deneriic:al of
Agriculture.
2. Browvn C - presented by the lietional Institute
of Agricultural Botany, Cambridre.
BQVGreen Jap - purchésed fron Messrs. Fordson
‘ Black O
Estates, Boreham, Hssex.
The bacterial strains were obtained from the Department
of Aéricultural Bacﬁeriology, University éf Yiisconsin,
liadison, ¥is., U.S.A. These were Strains lios. 505, 9,
17 and 507; of these, the first three are considered
to be "effective', althoush in different degrecs, and
Ilo. 507 Mineffective" with bhspect to their nitrogen
fixation ability.
In order to isolate the different bacterial
strains snd to prevent undesirecd éross—infection
during the life of the plants, a:framework lined with
Wiﬁdolito screening divided ﬁhe nots inoculated with
one particular strain from their neighbours (sece n.16a
Photograph I); uninoculated pots, grown during hoth
vears in one of these compartments, were not nodulcted
by accidental infection at anytime throughout thc
experiments. It was thus apparent that the strains
viere efTectively segregated in thi
one excepntion in the 1938 plents [ﬁanchu - Straiuv 2077,
when unexpectedly laorges amounts of ni

obtained in two nots out of three (see Table I, n.19).
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PHOTOGRAPH 1I.

The compartments are separated from each other by
Windolite screening but are open at the top and have

removable fronts for access to the plants.
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The method of seed gelection was by weisht;
a nwiber of random sarmles (50-150) were taken for
weighing from the stock, a suitably narrow weight
range with a negligible nitrogen variation selected,
and the requisite number of seeds for fhe experinent
teken., These were surface - sterilised by flaming
absolute alcohol on the testa and sown in a trough of
sterile, watered sand in a slight excess over the
actusl recuirenents for the pots. When the radicles
were 1-2 in, long, the healthiest seedlings were
removed and transplanted into the sand of the culture
pots, and inoculated by pouring approximately 5 cc.
of a susvpension of the approvriate bacterial strain
on to the roots of each plant. During the growth of
the lepumes, the testas and cotyledons were removed
when shrivelled, and, together with dead leaves shed;
vere preserved in formalin vepour for anslysis with
the rest of the nlant material,(in 1939, the
cotyledons‘were not collected).

The plants were grown under glass at en
average dey temperature of 65°-75°C, Soya bean
having proved to be an excellent subject for such
treatment. There was, however, a considerable deterioration

i

in the amonnts of sunlisht avalla®hle for the nlonts

"
L

irn 1939, and the general growth rcefleccted this change.

(.

o

The pots within each cowmartiment were periodicoally

moved rovnd in order to eruslicse the effectl of rwutunl
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ghading by the plants.

iach variety was harvested separately,
all plants of one veriety being harvested together
at a stage in which partly ripe pods were present.
The complete harvest of the crop was spread over
0-% weeks, the plants being 100-130 days old.

They were carefully removed from their pots, washed
free of acdhering sand, cut up and dried in an oven
at 95°C until constant in weight. The dried material
was quickly pewdered in a mill and stored in tightly
stoppered bottles in an airtight tin.

Duplicate or triplicate samples [0°+/;-0*5 gin. |
of dried material for anslysis from each pot were
weighed out in a constant minimum time to obviate
moisture absorption by the powdered tissues. The
estimation of total organic nitrogen was carriec out
by using Ranker's (1925) modification of the official
Kjeldahl method,'and tests indicated that an accurate
recovery of nitrogen was obtainable by this process.
The reagents used were of AnalaR brand and the veluecs
for the standard solutions were checked at regular
intervals; allowance for the blenk estimations on

the reagents alone was made in the calculations.



SERAIN

[505] 2.

3*

Ave,

Ave.

°f

]

Ave.

TABLI

Figures for 1 pot;

I

MANCHU
(1938)

1.
16 98

15*56

15*72
16*09

12*13
12*09

14*05
12*76

10 *51
7*69

6*30

8*14

O«
264*5

237*2

232%6

244*8

153*6
190*9
182%6

175%*7

46 *9

37*5
31*2

38 *5

12 *50 [198*0]

10*71[

4*95

4*95

Column 1.

170*3]
-0* 7

_0*7

Column 2.

DRY WEIGHT and HI T.uOGEI]

4 plants per pot in

NANOHU
' (1939)”
a1 2®

Tt 202 4
14*40 230*2
13*%18 189*7
13*75 207*4
13*26 182*8
13*15 169*4
13*00 169*8
13%14 174*0
10*03 61%5
11*46 70* 5

8*61 53%2
10*03 61*7

* 9*85 —1%4
* 5%15 —-7%4
5%90 -3*1
5%6-3 —4*(

— Dry Weights

- Nitrogen fixed

-1 9_

RESULTS

GREEN
(193

1.
7%70

9 *86

7*43

8 *33

8*96

9%29

7*64

8 *63

9%41
8*96

7*48

8 62

7*41
603

6*47

6 *64

gin, ).

(rag.)

* Cross infected — see text.

JAP

2,
131*9

158*0

110*0

133*3

151*9
146 *3

107*9

135*4

125*4
107*0

84* 9

105*8

7*4
2*5

2%

4*2

; seed nitrogen subtracted,

FIXATION.

19385 5 plants in 1939*

BLACK 0
(1939)

1. 2.
11*35 192*2
13*70 231%4
13*%45  244%4
12*%83 222*7
20%17 245%*3
17*87 211%*7
1758 265*8
18*54 240 «9
13*81 157*4
12*41 154*8
17*%32 164*5
14*51 158%*9

6*58 -9%(0
6 *28 -8%2
6 *68 -8 °R
6 *15 —8 *6

BROY.W C
(1938)

1. 2,
7317 169*8
8*09 181* 9
6*21 136*0
7*20 162*6
7*17  125%3
7*16  125%4
5%69 94%5
6*67 115*1
6*32 69*1
5*61 61*0
5%71 4975
5%88 59% 9
4%47 -0*2
5%18 3*8
5%32 1*0
4%99 1*5



PHOTOGRAPH. II.

MATiCHU 1958.
By oversight, the sample selected for strain 507
was one of the two cross-infected pots - the difference
in growth appearance from all other examples of
this strain associated with the different varieties

bears out this suspicion (see Text, p.16).
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PHOTOGIIAPH 111.



PHOTOSRAPH IV,

e JAP 1959.
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PHOTOGRAPH V.

BLACK O
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PHOLOGRAPH VI.

BROY/I: C 1958.
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Three replicate pots were gfown in each variety,
and the growth periods were — 1938 - late May to
early September and - 1939 - late April to late
Auguét. The sfrain combination, dry weight and nitrogen
fixatioh data is presented in Table I, p.19.
The separation of the pots within the

screened compartments was successful in preventing
cross~-infection exceﬁt in the case of two pots -

llos. 1 and 2 of the Manchu-507 combination. It is

noted that these plants produced much greater dry
weight énd nitrocen fixation figures than would be
expected from the strain concerned, which was consistently
ineffective with all other varicties.

Although there is§ some variation

betwecn the date for three pots within é combination,
there are considerably greater differences between

the pdt groups. The effectivencss ranking of the

gtrains in association with lanchu is 505, 9, 17

and lastly 507; this order is in agreement with the

work of Ruf and Sarles (1937) under quite different
conditions for three of these - 505, 9, and 507 -
using Manchu as the host variety. During this work
in the ladison greenhouses, they found also that
507 was ineffective in fixing ritrogzen and ohtaircd
firurces Torr it which verc below uvhinoculated cortrcls

in dry weicht and nitrogen content. Although no

)
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direct comperison between the dry weights and the
of

-~

nitrogen content the uninoculated controls and
the "507" plants of the present work is possible
(the former were not harvested and analysed), the
two series were very similar in appearance — light
grean, small leaVes, spindly stems and of generally
veak appearance, suggesting nitrogen starvstion.
This effect was also noticed by Raju (1936) in
conditions of insufficient light, when his poor
strains became parasitic on the host plant and actually
removed carbohydrate material, thus reducing the
dry weight of the legune.

The figures‘for dry weight and nitrogen
fixation per pot in Table I p.19 are not directly

comparable throughout, since the number of plants

per pot varied in the two years.
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DISCUSSION.

In making conclusions from the given data, certain
incidental factors affectihg the results must be
examined. These might probably have an important
influence on the final figures obtained under thé
condiﬁions of the experiment.

| Pirstly, it must be borne in mind that
the deta are dravn from cultures grown during two
years of considerably different environmental
conditions. In 1938, the plants werc grovn one
fewer pervpmt than in 1939, and, in the latter year,
the climatic conditions were much poorer. This may
vrartly account for the decreafed nitrogen fixation
in kianchu - 505 and 9 during 1939.

Perhaps & more important factor is the
normal growth habit of the legume. Of the four
varieties employed, Manchu was the largest grower,
whth Black O next; Green Jap and Brown C were both
smaller types. Hence, it is to be expected that
strains associated With KManchu would fix - other
thinrs being ecual - a grenter aﬁounﬁ of nitrogenr
than with the other verieties. There is evidenceo,

-

hovever, that other frcltors do afll

P IR} PR —— [
el tnesae ermeetod

rorulta, In orxdor to guce~s the reletive effoctivorcan
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of the different strains associeted with a
narticuler variety, a suitable control would bhe

to grow uninoculated pots supplied with full
recuirements of culture solution, including

nitrogen. This treatment would provide plants

which aBe as fully standard as could e obtained
under the particuler cultural conditions - sunlight,
grawth periods, sowing conditions, variety growth
habit, etc. - and would offer a point of contact
between the different varieties for a comparison

of relative effectiveness of the strains. In adiition,
such control plants would afford a basis of comperison
between cultures of one variety grown under |
different conditiond, e.g. ienchu cultures of 1938
and 1939,

In the absence of such standard plants,
the basis actually empnloyed has been to take the
most consistently good'strain - 505 - and to express
the figures obtained from the remaining three strains
in terms of it (see Table II p.24). Since, from
insnection, strain 505 appeared to be comparably
efTective with the different hosts, then the

relative fipures for a given.strain on different

hosts arec also couparable.



RELATTIVI: FIXATIOI — the nitrogen fixation figures

per plant are expressed as % of the most uniform

strain 505.

STRATN MAICHU MANCHU GREEN JAP BLACK O BROULL G
(1938) (1939 {1939) (1939) 11938)
1. 2. 1. 2 1. 2. 1. 2. 1. 2

505 61°2 100 L41°5 100 26-7 100 L4L*5 100 40°7 1@0
9 L43°9 72 348 84  27+1 102 48+2 108 28:8 71
17 9+6 16~ 1l2*3 30 21*2 79 31*8 71 150 37

507 -0+2 =03 -0+8 -2 08 3 <17 = O+ 1

Coluﬁﬁ 1; -“Average nitrogen fixatioﬂ?%@r plant from
Table I.

Columm 2. - Relative fixation index.‘
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The eflfectiveness ranking of the strains
in associetion with the lianchu variety is the saic
for both yéars, although the absolute amounts of
fixation vary soﬁewhat. In view of the environmental
differences between the years, it is considered that
the effectiveness of 505 with the two Maﬁchu crops
is not radiéally altered despite the differences
in absolute data. On the other hand, the relative
nosition of the strain 17 plants is considerably
improved in the second vear (see Table II p.2L),
and, wiﬁh the use of a larger nunber of bacterisl
sfrains, more closeiy related in their nitrogen
fixation effecfiveness, e distinot change in the
ranking might have been obtained here.

In no case in the present experiments

was there any significant change in the effTectiveness

ranking of the strains enployed, and this result
confirms the observations of Raju (1938) on this
point; under conditions of poor photosynthetic

activity when the host plant growth was inferior,

he found, however, that the differences in effectivenes

between the strains was considerably narrowed,

Strain 9,in 1939, showed a small advance in its

[

relative position, and 507 was very ineffective in

both years.

<
b

D
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The varieties Green Jon and Black O,

with different growth habits, responded in different
relative fashion to the nitrogen fixation of the
four strains. Strain 9 now ranked with 505 and the
position of 17 was farther enhanced; strain 507
was still ineffective.

Brovm C gave data similar to the Manchu
variety of 1938. The different strains had almost
the same relative values, except 17 which was considerably
improved both in dry weight and fixation; strain
507 ‘continued ineffective.

A consideratioy of the data presented
in fhe two Tables will suggest that there is no great
evidence of significant host specificity in the
present experiments. Strains 505 and 9 were generally
good in that order, but on two occasions the lattoer
became slightly improved bn the former. Strain 17
was of a mediuwa value and, although it improved its
relative position on several occasions, 1t was
-never quite so effective with all the host varieties
as were the first two. Strain 507 did‘not prove to
be of any value in fixation with any of the host
varieties.

The problem of the Carbohydrate/Ilitro-en
balance of the host »lant and its cfiect on the
fixation of nitiogen sy be of immortence in

Geterminizs o so-colled hoot ghecificity.
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Raju (1938) believes that the photosynthetic
activities of certain host species or varieties

may be below the optimum requirements of a
particular strain for nitrogen fixation. A

series of inoculated plants, assisted at the beginning
of their growth by the addition of a small amount

of combined nitrogen - to obviate the nitrogen
starvation period of the earlier stages - and growm
under goodrlighting conditions, should provide data
which would elucidate.Raju's proposition. It is of
interest to note in this comnnection, that the dry
weight and nitrogen fixetion data change in paresllecl
fashion with the different combinations of strain
and host; Raju (loc.cit.), on the other hand, often
Tound variations in this respect with Red Gram.

In the same paper, he has also
suggested that certain strains may reach a "full"
effectiveness at a lower state of host vigour than
others - in this respect, some ore rapidly growing
legume verieties might reach this point ahead of
other types and thus derive an initial advantage
in nitrogen fixation. If such is the case, then
the host variety influence may work in this manner,
ilanchu ves alwayrs found to be o more rapnid growver
at the secdlins stage than the British varicties -
the incressed amounts of nitrogen fized vhen in

. i

associstion with strein 17 durins the less Pevoursbhle
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1839 sesson, may be accounted for by some such

i
@)
o

son as above.

The main conclusions of the experiments
are that, although a limited amount of host
specificity was indicated with certain strains -
notably 17 - no one sgrain of mediocre effectiveness
with one variety became outstandingly effective with
another variety, at least under the cultural
conditions described. It appears also that the
British vaerieties are of similar affinities towards
the Rhizobium strains as one American variety - Ilenchu,
so that seeds of the former may, with confidence,
be inoculated with strains of proved efficiency
with the American type. The author 1s informed
that Dr. Thornton arrived at the same conclusions

from his experiments at Rothamsted and Woburn.
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SUMMARY,.

1. Sand cultures of four Soya bean varieties -
Manchu (American), Green Jap, Black 0, Brown C (last
three British) - associated with four strains of
Rhizobium Japonica were grown under greenhouse

conditions.

2. Dry weight and nitrogen data were taken, the
latter being cxpreszed also in relative terms for

the purposes of comparison within each group.

3. There was evidence for some variation in strain
effectiveness when associated with different host

varieties.,

L4+ The strains which were most effective with the
_American variety were also effective with the

British types.
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The mechanism of transfer of fixed nitrogen from

the nodule bacteria to the host plant.
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INTRODUCTION,

The process by which the nitrogenous
compounds, elaborated within the bacteria of the
robt nodules, are made available to the host plant
is still incompletely elucidated.’

Sone advance in our knowledge of the
chemical process involved and the nature of the
intermediate compounds isolated during the fixation
of nitrogen by symbiotic'bacteria has been made by
the work of Virtsnen (1938) in Finland. He believes
that the nitrogen is transferred in the form of
amino-acids, mainly asparagine, but offers ho
explanation as to how it passes from the bacterial
cell to the host plant. In this respect,several
mechenisms have been postulated, e.g. Fred, Baldwin
‘and lcCoy (1932) p.188, " <++«+ (1) plant enzymes
mey attack the bacteria and change theif cbmplex
nitrogenous substence into a form which may be
assimilated DLy the plant; (2) soluble nitrogenous
compounds may he cxcreted by the becteiila; (5) teati
and autolysis of the becterial cells may libereto
the nitrogenous compouwnds in fowrus aveilable for

- - [ S A . i = I . S . . . - .
ent nutedtiong (1;} o hoctorliosho oy, comsbhle o



lysing the rhizobis may account for the productinn
of soluble nitrogenous materials". It is interesting
to note, however, that, after extensive work,
Dangeard (1926), Milovidov (1928) and Thornton (1930)
have all found that a cytological examination of
the root nodule tissties shows little sign of any
bacterial breakdovmn until the later stages in the
life of the nodule are reached. Of the above suggestions,
only (2) is independent of any bacterial disintegration
process in the liberation of the nitrogenous coimounds,
and would appear to have good claims in explanation
of the transfer.

In recent work by Bond (1936), an
inspection of the plant nitrogen deta showed
obviously that the nitrogenous compounds becamé
available at an early stage in the legume developmeiit.
Bond (loc. cit.) appears to have been the first
to study this transfer in a cuentitative manner.
From sam cultures of Soya beans at 3-l weeks up
to 16 weeks, he took regular samples and analysed
the plants and nodules separately for total nitrosen.
He waé thus able to calculate the amounts of nitrogsen
Piged and transferrcd throush successive harvostiog

thet thero

=
)
jat}

from thesc observations, 1t apneare

3
a

was o large amount (70-9040) of the nitromen Jiod

L

in the nodules rerularly trancferred into the host
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plants, This transfer becen shortly after the eficctive
development of the nodulecs on the roots of the Soya
beans. He concluded from the evidence obtained
in the experiment that there was little delay in
the liberation of these nitrogenous compounds into
the host cytoplasm and that the transfer rate was
”thﬁs proportional to, and probably governed by,
the prevailing rate of fixation".

This interpretatioﬁ of the data
presented in Bond's naper was criticised on various
groﬁnds by Wilson and Umbreit (1937). Their main
contention is that his date does not allow a choice
to be made from amon; the four mechanisms of nitrog=n
transfer already sugpested (p.35), since they clain,
although unsupmnortedly, that bacterial breakdown

203

may he difficulv to detect within the nodule tissues.
They indicate tret a lag of only several hours is
necessary for enzymic or autolytic action on the
bacterial cells to make their nitrogenous cormpounds
-availéble for absorption by the host plant. These
observeations would ceftainly bear a considecrable
wveight if they were supvorted by the necessary
cvtological evidence — but it is well known ths™

l PR S P

. R L & A~ e e L s ey e T r
such io not fTovthconing, and, therclore, the

€

ha) 5t

objection to Dond's interpretation loses nwuceh o

3

its vrelevence., In view of the vor': of
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cytolosists and the ruantitstive results nresenicd

by Zond (1938), it is difficult to cuvissgce any

mechanism of transfer other than a passive exosnosis

of nitrogenous compounds from the bacterial cells;
such a process is well 7"10\m in the secretion of
exotoxins by many pathogenic bacteria.

Bond (1938) has replied to th

American paper and says that "trehsfer by excretion

recquires no such destruction of bacteria, and is
therefore, for the prescnt, to be preferred to the
other theories'. An importént difference between
the Wisconsin and Glasgow experiments is that the
latter plants received é regular high amount of
nitrogen fromn the bactervia from the earliest stegcs
shids rete continued more or less consteant
for the rest of the 1life of the legume. The VWiscons

plants did not shov a hich nercentage transfer in

b

in

the younger plants. Such differences in the findings

of the twe stations might contribute to the diffcr n

~of oninion on the interpretation of the data.

The present experiment was set up to
extend the wori by Bond on the Soya bean to anotlhor
lepuwminous plant. It was designed to study the
s

betrea firotion ol mitioo

P SR A - — N T B PR
e trensier or Tilzxetion "HL‘OULJC\,‘»:; oy the hwectbaria
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METHODS.

The plants were grown in glazed earthenware
pots containing 3+6 Kg. of coarse, cuartg sand;
this was treated, as previously described, by
sterilising for 3 hrs. and adding Hiltner's culture
solution to 12 of the weight.

Sutton's "Little HMarvel" dwarf variety of
Pea (Pisum sativum L.) was used; seeds of uniform
weight were initially surface sterilised by flaming
with absolute alcohol and were then allowed to imbihe
water under sterile conditions on damp blotting
paper. When the radicles had pierced the testas,
the seeds were inoculated and sown in the pots %
deep. The inoculum was prepared from the crushed
nodules of a‘Pea piant; in order to secure as pure
an inoculum as possible, the nodules were surface
sterilised bybimmersion in a solution of mercuric
chloride end hydrochloric acid for two minutes;
the nodules were next rinsed in several changes of
sterile distilled water, then in eimoniun sulvhicce
solution followed by nmany further chonoss of weten.,

i

The nodwles were then ground up in a sterilg mortar



Lo
ond made into o susnension in 200 cc. of water;
this preparation was used 1 cc. per seed for inoculation.

The plants were sovm on July 16th., 1936,
and grown during the late summer in a greenhouse,
under conditions similer to those already described
in the first section. The testas, cotyledons and
falling leaves were retained over formalin vapour
for analysis with the rest of the harvested plant
material,

Sarples, each comprising of four pots,
were harveSted at approximately 16 day’intervals
during the growth period. These were removed from
their pots with care, the nodules detached, counted
and weighed after 1 hn's drying at 95°C. The rest
of the material was cut up, dried to constant weight
at 95°C and powdered for analysis as before.

Analyses on the dried plant material
were carried out in triplicate samples per pot,
enploying Ranker's (1925) modification of the
~selicylic acid Kjeldhal method. The nodules were

estinmated ik bulk.
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RESULTS.

The growth of the plants was only fairly
satisfactory, due mainly to the Pfact that circumstances
prevented the experiment being set up earlier in
the growing season. The vegetative phase of the nlants
was, in conseruence, shortened, and the amount of
Tixation lower thar would otherwise have been obtained.

The date for dry weight, nitrogen content
and nodule counts are presentcd in Table I,

Prom these figures, it is seen that there
is no direct corellation between the numbers of
nodules and the fixation efficienéy, but it is to
be noticed that the nodule weights increase steadily
as the plants become older. At the same time, there is
a general decrease with age in the percentage nitrogen
.in the nodules. In harvest Ho. l, the nitrogen figure
for the denodulated plants is similar to that of the
previous harvest, indicating that a lag in fixation
and thereforec in the transfer of nitrogenous comnounds

from the nodulzas to the host tissues hed occurrced, The

s}

dverse weathar conditions mey have nrevented fizotion

joo]

t this stage of the erxneriment, and therc 18 probaebly

. . PN . £ - > B B S N
also o sormling verdotion 1o thdis hinrvest.
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29

41

31

60

71

TABLE

I.

Lata for dry v/eight and nitrogen content per pot

of 4 plants; period of growth,

July 10- Sept, 18, 1936.

Stave of Bo._of Dry wt. Eltr. cont. nitr. cont. Total
ts develont. nods. denod. pi.denod. 2]- nodulese nitro
£) Tgm. ) "TingTT (mg- ) %%%A (mg.

6 leaves 114 0 *80 73%9 * 8*0

171 0*84

208 0*87 78*2

163 0*78

164 0*82 38 0 L =~ 2*0 30 40*1
8 leaves 170 0*98 93%3 14 *0
flowers 139 1*11

117 1*03 92*9

169 1*07

154 1*03 g-7%1 17'e 3*5 To 50*6

10 leaves 269 1*33 108*6 11*04

young 266 1%49

pods 199 1*33 102*7 10*12

173 1*32
223 1*38 32*8 5%3 1 58 1

10 leaves 182 1*37 103*8 8*35

pods 133 1*49

filling 223 1*%40 107*0 9*96

235 1*73
198 1*30 32%*7 cjlo 4 *6 57*3

pods 203 1*83 114*5 8*8

almost 243 164

full 169 1*61 122*3 LT*2

133 1*92
200 1%73 59%2 3177 4%Q 63*2

Avoraye data per pot from 4 pot sample.

Lata from two combined pots.

T
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he Tinal harvest showed a slight improvenment in
these respects, although the metabolism o the
symbiosis was distinctly slowed down in the later

stages of the growing period.
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DISCUSSION.

The results shown in this series of
experiments confirm the data obtained by Bond (1936)
with Soya bean. The interpretation placed upon
the figures is.that there was a high percentase
of nitrogenoﬁs compounds elaborated within the

.

bacterial cells trensferred to the host cytoplesn,
and that this paessnge was going on continuously
dauring the development of the leguae.

£ 4.

I support o this view, it is sean

from Table I ».42 that the nodule tissues, including
the bacterial cells, never ot anytime containcd
more than a few milligrams of nitrogen, whercas

the host plants steadily increased their nitrocen
content during their growth; Table II p.45 shovs
that this regular transfer of nitrogen formecd o

consideravle anount of that fixed., The ratio colwwm




Amounts of nitrogen fixed and tranSfefred.from
‘nodules into plants during successive periods of

growth; seed nitrogen = 33 mg.; data derived from

Table I.
Period from Fixation of Nitrogen transferred Ratio of nitrorecn
sovwing (ﬂays) nitrogen (mg.) from nodules to transferred to
plants (mg, ) abtrogen fixecd o8 ..
1"0 20 ) 3. L!‘o
0-29 7°5 | 61y 85
29-1y1 105 9.1 86
41-51 7*5 57 76
60-71 59 6°5 110

Column 2 obteined by subtracting the total nitrogen
figure of one harvest from the succeeding harvest
(sec Table I).

Colurm 3 obtained by subtracting the denodulater

- plants! nitrogen consent figure of one harvest from

the succeeding harvest (see Table I).

[ During the period 51-60 days, therc was no Tizsation

or nitrogen and thus no figures arc preseltod].

4
iy
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CThig intersretntion contflicte vitl 001
of Wilson end Umbreit (1937) who derived their

date from Soya bean experiments at Madison,

continued over several years. They found that in

03]

the early stage of legume growth and nitrogen Tizatios,
about 30-50% of the total nitrogen fixed was rotainod
in the noduies. This conclusion is not supported

by nuach experimental evidence, as their anslyces
hepan mainly after the “early" stage of the growth
had been psssed. It must be pointed out that,

wheras they obtlained a transfer ratio of LO-i 5
at 28-32 days, the prescnt author obtained a ratio
of 85% at 29 days. The liadison workers agree tiot

" a fairly constant

there is » subsequent stage when
cguantity of the hitrogen fixcd is transferred
from nodule to plant (80-90 per cent)". At the
end of the develonment of the legume, they also
note a period of variable nitrogen relations. On

4.9

the besis of their dasta, they conclude that the rate

-

of treansfer is not a function of the bacterisl coll
so much as a "regulatory mechanism" determincd Ly
the host requirementssin nitrogen at any moment.

It any

esrg obvious, however, thst

- R, T N S B J - R
metever construction is _?lfr:"fw;(. o the dete o 1ol

such ormorinonta, thero tast boe rolaetive

e e PR S [ T O o~ e T e . -
large emournts of nitrorenocus cormounts alree
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ovelleble Tor trenct at ¢ very carly stag
symbiosis. It is furthcr contended that the »resocut
experiments show that, under these conditions ot
least, high rates of transfer do commeﬁce'at oovery
‘early stage in the development of thé'plénts.

:This is not to say, however, that the same annlics
necessarily under all conditions; the rate of

-3

utilisation o these nitfogenous compounds by the
host »lant will certeinly affect the rate of
removal from the nodules and this, in tUPn, the
initiai transfer from the bacterial célls.

The experiment demonstrates that the
mechanism is able to provide for a repld movenent

-3

of a high proportion of the nitrogen firzed from

an early stege in the legume development. This
proposition would conform to the unsupported
suggestion of Bond (1936) that the excretion of
nitrogehous compounds from thevbacterial cell

mizght Well‘bé thé expression of a respiratory
rniechenism, rether than the formation of amino-scids
to be rclesnsed by autolysis or enzyme action ot

the conclusion of the 1life of the bacterium. This

8]

nassive movernent ol nitropenous commonnds Froox

W mepeae 1T
{1 \J.T( )‘l_.l.L:

the bacteriel coll to thoe host cytonl

[l
o

then be o contivuous nhese in the inteov-roletion o

IS - g - RS B R - T mme e - P . -
ol the syubionts, aud not » phonoucnon dependont

1
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onl:;y on the host dewsnds Lfor o swsply of nitroroi.

Such a hypothesis may bo correlatcd with the activitics

of nitrifying bacteria in the soil, wherec the
formation of nitrites and nitrates in this case
are generally regarded as a result of processes
essentielly respiratory in naturec.

The question of nodule efficiency in
respect of the amounts of hitrogen fixed - as
mesnsured in relation to the dry weight of the

~

nodules - is of some interest. It is noted thet

there is a period of greatest éfficiency towvards
the middle of the legume development; at the
beginning and the end of tho.growth period, the
nodules do not fix nearly as much nitrogen weigit
for weight. In the young nodules, it may well be
that the infected cells are not yet completely
filled with bacteria, or that the bacterial
population has not begun to fix nitrogen undoy
optirmun conditions. It is, however, in the lstow
staces that the first signs of baclterial deccy are

detected - this would naturally be re¥lected in
a decrcased nodule efficiency; the fixation of

nitrogen in such nodules falls considerably, but
it i1s gipgniiicoht thot the trensfor retlio still
romeins ot o high fisure [t}‘xis is true renerol

L

st three hervests (Uobles I ordd IT0 i+



vihich the totel nitroren Fiscures are not consldonn Ly
altered]. Thus,in the older nodule, the bacteris
which are still fixing nitrogen are behaving in
similar fashion to those of the most vigorous
fixation stages. It would eppear,then. that thc
digestion of bacteria is not a necessary preliminary

to the release of nitrogenous compounds for the

host plant's use.
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SUMIARY.

1. Pot cultures of Peas were set up to
investigate the process of transfer of nitrorscnous
corpounds formed in the bacterial cells to tho

‘host cytonlesm.

2. Data is presented indicating that a large
percentage of the nitrogen fixed in the .nodules
is regularly transferred to the host tissues,
and that this supp¥y of nitrogen to the higher
symbidntrbecomes availablc shortly after the

comnencemnent of fixation.

3. A comparison of these results with those of
other workers is made, and suggestions to account

for- the process are oflerecd.

o
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The excretion of nitrogenous substances from

leguﬁinbuskroot nodules into the rooting medium.
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INTRODUCTION.

The term "excretion" was first cuployed
in the present connection by Lipman (1912); he
observed a distinet benefit in the nitrogen content
of certain non-legumes grown in association with
legumes, which was not detected in pure cultures
of the former. To account for this, he suggested
a process whereby a certain amount of the nitrogen
fixed in the nodules found its way into the
surrounding rooting medium and was absorbed by
the associated non-legume. This ilmportant observation,
with ell its practical implications, was largely
laid aside until the matter came mnder the attention
of Virtanen and his co-workers at ﬁelsinki who have
published a number of valuable papers during the
last decade,

The occurrence of such a leakage of
nitrogen into the rooting medium of a nodulated
leguine, and i1ts subsequent absorntion hy oiy
associated NON-legunes, has been nproved

conclusively over a large nwiber of pot culture



-55-
experiments by the Finnish workers. They annlysed

the sand of legume cultures and found that a considcrablc
amount of the nitrogen fixed had been excreted

from the root systems. In their associated

cultures, the non-leguminous '"detector" plants were
invariably richer in nitrogen than comparable

controls grown by themsclves. That this excretion

took place from the nodules themselves, was demonstrated
by Virtanen (1938) — a tube was inserted into o

sterile, uninoculated sand culture, and the s=snd

within it inoculated with a suitable bacillus

strain, so that the only roots which develoned

nodules were those growing into the tube. The two
different sands were analysed Ffor total nitroger

and only that within the tube showed any increase,

He concluded that the excretion was conrected closely
with the activities of the nodule bacteria and

not merely a leakape from the roots themselves.

The word excretion suggests an active
process, but it is generally sagreed that any passece
of chemicel substances from the bacterial cell
and nodule is of a passive nature. At the sanme tine,
it is difficult to find a word which adecuately
describes the nrocess envisaged, and it has 10w
vassed into the vocabulary of the litersture on

synbiotic nitrogen fixrtion. It is to be noted that



-56-

the seme term had previously been used in refercnce
to a movement of fixed nitrogen from phe bacterial
cells to the host eytoplasm, not necessarily
followed by movement into the soil,

vThe work alread¥y quoted (Virtanen et al.
1935. 193¢, 1937, 1938) indicates that the lecw.ic
(usually Pea) may excrcte as much as 80% of the
totel nitrogen fixed into the rooting mediumnm;
when non-legumes were grown in association with the
lepgume plants, the excretion tended to become even
greater, so that the former acted as a stimulus
to the precess. Virtanen has'suggested a nunber of
possible factors influencing the phenomenon and hes
described cercefully the conditions under which his
exveriments were set up. Attempts at » repétition
of his work by other experimenters, however, have
generally rcsulted in failure to obtain excretion,
although Wilson (Wilson and Burton 193%8), vworiing
at Helsinki, found some evidence of it in certvain
of his Pea culturcs. In this'paper;”thay revievw
critically a group of experiments earried out at
Helsinzi and at iladison; in the latter place,
cultures of a Finnish Pes and bacterial strein

b = A
)

variec CcoOrslc
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Alson and Vyss 1°57). In addition, they fourd thet
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lents zrovm under varyine climntic conditiorns
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erent emouviite of totel nitrogen Tired
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and vwith dif
also varicd in this respect.

A number of other workers have rcport-d
negative findings. Ludwig and Allison (1937) failed
to get any excretion with assoclated cultures of
diffefent legumes including Pee and Soya bean and
'a variety of cereals. Trumble and Strong (1937),
Strong and Trumble (1939) and Shapter (1939),
working at the Weite Institute, Adelaide, Australia,
obtained negetive results in both pot culturc and
plot tests Ffor excretion. Engel and Roberg (1935),
working on Clovers and non-leguminous, nodulated
types such as Alder,'Hipp0phaé and BEleagnus, Tound
no execretion. Variaeble results were obtained Dy

Thornton and Ificol (1934) and Fowotnovma (1937

~
%)
CL

Rothamsted using lucerne, clover and peas as the
legumes and harley and ryegrass as the detectors.
This work included plot experiments and some evidence
of benefit to the non-legumes wes shown but the main
interest concerned the effect of. nltvogenous
manuring on the associated growth relations.
Ificol (1934, 1935) has reviewed the litersturc on
associated growhh to that date, and Wilson (1937)
hes collated lotsr informetion in his revia.

The present author set un crnmeri «olo

ioned to detect cmEeretion of nitrorar Do
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the nodules of Posa, as en cxtension off observations
on the passage of fixed nitrogen from the nodules
to the host plants (Part II). At thet time, the
only observations on excretion available werec

those of Virtanen and Thornton and Nicol, in
‘addition to Lipman's work. Some of the results of

the present experiments have already been describad

briefly in a publicabtion by Bond and Boyes (1939).




METHODS.

Sand culture methods were again employed
in these experiments using glazed pots of tvo sizes

containing 3+6 Kg. and 18 Kg. respectively.

n

he
original nitrogen content of the sand was deterinined
and wes found to be 22 mg. per 3+6 Kg. In certain
cases; which depended on sand analyses, the sand

was ignited before autoclaving to reduce the orizinsal
nitrogen; this trestment resulted in a figurc of

Ii*5 mg. per 36 Xg. of sand, The sand was buffered,
as hefore, with the addition of CaCOB, and the
culture solutions used were (a) Rothansted,

(b) Hiltner's, both without nitrogen.

The plants were grovn during the swmor
monthS“df'l937 and were under glass in a termerote
cremhovse, as in previous experiments.

The cultures consisted both of legunaes
alonc and legwies associated with non-legumes or
uninoculated legumes. <he fdrmer were Peas (Picunm

setivim L. ) "Grodus", and Broed besns (Vieis ¥oha T.)

)
"llonerch Loncpod"; in the mized culturcs, Borvio:
(Tordcwa vulgare L. ) "Sprott Archer' ord Fronceh
beans (Pheseolus vuloeris L. ) were odded.

Sterilisation Of Chio ool v cerlaed out by
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iiviersion in ebrolute alcohol, Folloved by a 02,
solution of éorrmsive sublimate and subsequent
washing in several changes of sterile, distilled water.
After imbibing for 2-3 days on danp blotting paper,
the seeds were sown when the radicles had pierced
the testas; as usual, a small excess was sovil in
each pot and the seedlings thinned out later to
the reqmisite number. Inoculation of the Peas vrso
carried out at sowing, using an effective Finnish
bacterial strain HX, suppnlied by Prof. A.I.Virtenen,
The Broad beans vere inoculated in similsf fashion,
using a bacterial strain which had been isolated
locelly.

Hoarvesting

]

of all the pots was efiected

iR=

(a) in the pure cultures, at various intervels
during growth, (b) in the mixed cultures, at the
end of the experimental vperiod when the plants vere
mature. The plants were carefully removed from the

sand and the latter was sifted for root fragment

03]

After drying and mixing, four samples of 200 gm. ofi
send vere taken from each pot; this wss extercted
with a knovn volumne of weater which was removad

through a Bichner filter. The extract was concentrsted
to a suiltable volwue oy conbustion ond distilletion
as for the »nlant matoriel, using the Ijeldhel

method. Root vrashings
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the plant meterirl anslyscs were based on trivlicate
samples per pot in the first three harvests of
the pure cultures, and, subsequently, all analyses
were carried out by bulk combustion in which the
whOle‘plant wes placed in a Tlask and combusted

directly.
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TABIE I.

Based on 1 pot samples; 18 Kg. of sand, original
nitrogeh content 2.3 mg. per pot; Rothamdted culture
'solution; "Gradus" Peas, 3 per pot, nitrogen content
of 3 seeds = 42 mg.; Bacillus strain HX; period of

erowth, Karch 13th.- July 27th., 1937.

Harvests Age of Stape of = Total Sand nitrosen
vlants develonment nitrogen increase *
(days) (length and (mg. ) (g, )
nod., per pl.)
Inoculated
1. 36 5 leaves 366 16
2 50 40 cm. 12 n. 462 12
3. 85 85 em. 19 n. blye L 87
Lo 108 85 cm. 25 n. 619 57
5. 126  moribund with 66°8 Ee7
‘ sec. shoots s
Uninoculated
1. 7h 72 cm. sec. 391 77
shoots
2. 130 - 380 61

* Obtained by subtracting original send nitror o

figure from total dand nitrogen after experiiicnt.



~63~

TABLE TT.

Based on 1 potksamples; 18 Xg. of sand, original
nitrogen content 23 mg. per pot; Hiltner's culture
solution; "Gradus" Peas, 3 per pot, nitrogen content
of 3 seeds = Ui} ng.; Bacillus strain HX; periocd of

growth, Hay 29th.- August 28th., 1937.

Harvests Age of Total - Sand nitrogen

lants nitrogen increase #*
vidays) (mg. ) - (mg. )

Inoculated
1. L5 539 Ledy
2, 5l 65+0 346
3. 67 7902 93
L 91 96°5 10-5
Uninoculateafzf;« e o 7
1. 67 3770 - .. 76
D¢ 67 3703 . 8e5
3 67 - 38+6 L7

 Ave, 67 - 376 6+9

#* Obtained by subtrecting original sand nitrogon

ficure #rom totel sond nit:oruin alfter arverinent.
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The figures nresented in the first two
Yables relatce to pure legume crons. In the first
case; the plants werc grown under glass continuously,
but in the second, the pots were placed outside
on a sunny verandsh Tor several hours per day curing

their develomnient., This difference of treatment is

in Table II there is a much better fixation which
increased to a higher level at an errlier stase than
in the first crop;this” remained for some tine ot 8
lower maximum of nitrogen fixed.vThe uﬁinoculated
control plénts,’in both cases, are very similer in
nitrogen content.

The sand analyses gave results which vere
consistently very low in respect of nitrogen content.
The increase of nitrogen in the dand, above tlat
already present at the beginning of the experiment,
never exceeded a Tfew milligrams, in contradistinction
to the results of Virtanen. An estimation of the
emount of nitrogen in the sand derived from rcmaining
root Trarments has been made by Bond (1938) end nny
account for some of this increese. There id a generecl
tendency Tor this increase to be greatest as the

-

o My o ) - * — 2 4. - d- ] N
»nleants beconae older, i.c. es the root systons Tcoe

vore extensive with ave. fhis incresce, hovoveo:r, in



TABLE TITT,

Based on 1 pot samnles; 3°6 Kg. of sand, original
nitrogen content 20 mg. per pot; Rofhamsted culture
solution; "Gradus" Péas, 3 per pdt; nitfogén content
of % seeds = L2 mg.; "Spratt Archer" Barley, 2 ner mot,
nitrogen content of 2 grains = 1°8 ng.: Bacillus

i

strain HX; period of growth, March 18th.- dJuly 26the ,L957.

Harvests Agse of Total legume MNitrogen cont. Litropcil inci.

plents nitrogen of assocd. pl. of assccd. o 1.
(days) j(mg.) | (mg.} CHEN.
Inoeulated % )
1. 133 - 72°0 209 1-1
2. 133 615 304 107
3. 133 similar | 34 1-C
L 133 similar,/ : 32 1.
5790 10107 2:9 14
Uninoculatéd;, é ;é v
1. 133 36 L 31 1
D 133 similar 27 Or°

* Seed nitrogen subtracted from previous colwm.

° Period of growth, June 5the- August 23rd., 1337

s .



PHQTOGIAPI I.

PBA-3 and BAHLEff

-.axed cultures of a legume and a non-legume, the
latter being employed for the detection of escretion.
Left — uninoculated control Peas,

Right — inoculated Peas.

ITote the similarity of the Barley development in

oth pots.



TABLE IV,

Based on 1 pot samples; 36 Kg. of sand, original
nitrogen content 20 mg. per pot; Hiitner's culture
solution; "Longpod" Broad‘béén, 2 per_pof; nitrocen
content of 2 deeds = 150 mg.; "Canadian Wonder" Ironch
bean, 1 per pot, nitrosen content of 1 seed = 17 e 3
Bacillus strein isolated from other-Broad besns;
periods of growth, Broad bean,- April 6the = July 31st.,

French bean - April 27th.- July 3lst., 1937.

Pot lio. Dry wt. litrogen fixed' - Nitrogen contont
by Broad bean - of French besn
(gm. ) (mg. ) - (mel)

Inoculated _ .

1. 1541 512 . S 1e

2, 15°2 305 17

3. 140 275 | 17

L. similar = similar | 19
Uninoculated

1, 8eiy 6 . 18

2e similar 8 19

S similar 0 19
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piiotogbapi: ii .

EP.OAD BEAI. and Phil eh BJAh.

Mixed cultures of legu. es of different cross-
inoculation groups. The Broad beans in the right
hand not were inoculated but not the French beans;
the left hand pot shows uninoculated control

Broad beans.
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Tables 11T and IV are derived from

ired cultures of leguncs and non-lesunes. i
second case, the pots were prepared and the secds
sown by the present author; the cultures werc
thereafter takeh over by Dr. Bond for harvesting
and analysis.

In the first erperiment, the Bariey
plants werc grovn in association with the Peas to
act as 'Hetector" nlants for any possible exeretion
of nitrogen; this might be indicated by an incrcase
in their nitrogen content. This increase was not
obtained in any pot and fhe Barley plants varied little
from their countermarts in the control pots, both
in appearrnce and nitrogen content. In every case
thers woas a slicht nitrogen increase which canrot he
attrivuted to an excretion process as enVisageu by
Virtanen.

The Broad bean - French bean exneriment
confirus the results of the previous mixed culiures,
Although the French bean belongs to a differsit
cross-inoculation group from the Broad bean, its

rootvs were noduleted by the Broad bearn bacillus stroin.

It was apparent, however, that fhe nodules were

inefTective since no nitrosen vies Lilrad. I eoo cocoretion
1 - - e =y —— s LI .y . o ot B PN N . - . - R

ne’ frizon wlece, 1t wesn Dol 7ot o reletod 15w

of o dilverent croup might morce casily shsorh
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hilet the Broad besns fiven
anownts of nitroven, none ol
to the French berns. Some of
with uninoculated Broad bean

as much nitrogen as those in

-67-

reletively larcoe
this fonnd ite wey

the latter, grown nlong
conbrol plants, contained

the inoculated pots.




- DISCUSSION.

The results obtained from the experinents
described in this section of the research confirn
the 1ack of excretion of nitrogenous compounds into
the rooting medium, charécteristic of the Glasgow
work. These negative findings receive support by
other work at different stations already describoed
and reviewed in Wilson's paper (1937).

A study of the different legumnes
reported to have given eXcretion, indicates thet they
belong meainly to the so-called "co®l weather' tyves
(Ludwig end Allison 1937). The Pea has given the
most consistent}y positive results, and Virtencn (1938b)
has also succeedé&d in obtqining the excretion cfiecct
in Clovers, Vetches and Alder. Thornton and liicol (1950
renort excretion with lucerne; Lipman (1912) used
the Soya bean in his pioneer experiments but got only
small omounts of excreted comrounds. Wilson ond
Uyss (1937), hovever, obteincd cuite pood orcroiion
(LL0y) oF tre total fixotion) with lionchu DOV DT

In 211 the Glasgoy work, nonc of the leswics co . loyed
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(Sova bean, Pea and Broad heen) have given ony
significent indicatiown.of &xcretion, and, in view
of these variable reports, it would appear th~t the
factor or factors controlling this phenomenon must
be sought elsewhere than in the type of legume
enployed.

There are two further biological factors
vhich may be concerncd in the conditioning of
excretion - bacillus strain and associated non-legunes.

In the first case, the bacillus strains
employed in these experiments were known to be
efficient in nitrogen fixation, and the Finnish
strain HX, under Virtanen's conditions, has been used
in cultures which have shown a vigorous excretioi.

It may be objected thet the»combination of British
Pea varieties with a Pinnish becillus strein is not a
suiteble arrengecment for excretioh, since Virtanen (1938e)
considers that the host variety and the assoclated
strain are importans factors. In further work at
Gloasgow (Bond and Boyes 1939), however, employing
the Finnish Peas "Torsdag" and "Concordia' ascocieted
with the good strain HX, no evidence of excretion ves
forthecominge.

The poscinility thet a non-legunino s
“lent grcvm in essoclation with & legwie nmight
stinulatc the latlor's cxeretion, hos alwveriy hoen

mentioned. Thornton and liicol (1934) found thetb

\ =
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rye-grass grovn along with lucerne contained twice
as rmuch nitrogen then when grovi alone; Virtenen
and others (1937b, 1938b) have provided a considcrable
body of data in support of this proposition. iIn
mixed sand cultures of Peas and Barley, they found
that from 20-75% of the excreted nitrogen found its
way into the non-legumc plants, and that the total
excreted nitrogen - in the sand and absorbed by the
non-legumes - was much greater than in a pure legume
culture. The extent of this emegretion was further
influenced by the ratio of non-legumes to leswnes;
as this increased, the excreted amounts arose until
the legumes actually suffered from the effects ol
nitrogen starvetiorn although their total fixstion
of nitrogen had been stimulated by the prescnce of the
non-legumes,

This kind of result was mever obteined
in theﬁpresent work; in no case was there any
suggestion:of such»excretion or that the associated
non-legumes had benefit$ed by increased nitrogen
content. Frdm the figures obtained in the analysecs
of the Barley (Table III) and French bean (Tahle IV)

3

assocleted plents, 1t was appesrent that they had
derivec no edqitionel nitrozen Irom any source Juriig:
thelr growth. Yheir develowment vins poor, oliulou
the root systems were well breunched snd obviously

[

able to ehsorh the cumnlics solts of the culture
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solution; the roots of the two types of plants were
closely connected, but, nevertheless, no nitrogenous
benefit was forthcoming for the non-legumes.

The fiﬁation of nitrogen in the Peas
(Table III) was somewhat lower than normal for such
cultures, and it may be suggested that tﬁe legunes
required all the fixed nitrogen for their own
metabolism so that the non-legume plants had perforce
to do without any assistance. This contention is
disposed of in view of Virtanen's finding that the
associated plants stimulated the legume metabolism
in the emcretion of nitrogen — this was not at all
a feature of the present work, possibly because the
non-legumes were not suitable for this stimulative
function. _

Such biological factors, by themselves,
are probebly not the controlling factors in the
occurrence of excretion, and a number of purely
physical conditions, not inherent to the plant
systems, have also been suggested.

The necessity of a solid mediw:n of high
adsorptive properties has been stressed by Virtaien
(19%5,1936,1937a), and he also considers that the
air conbent of the nediwn is itportsant. An incroenco
in the air content - usually by the use of » iy,

graincd send - was found to incrcese the exercition of
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nitrogen. A comparison of the physical properties
of the Finnish sand end the coarse cquartz sand (Bond
and Boyes 1939) used in these ezperiments shows thet
the former was considerably finer and contained =
certain proportion (55%) of silt and colloidal meterinl
which would increase bts adsorptive properties o¥er
the latter. On the other hand, Peas and other legumes
grown by Dr. Bond (Bond and Boyes ioc. cit.) in his
"Superfine red sand" which was considerably fincr
than the Finnish quértz, did not excrete any nitrogen,
Virtanen (1935, 1936) obtained no excretion in watoer
cultures of Peas but found no difficulty in inducing
nodulation and good fixation of nitrogen in cultures
vhich were aerated - this problem is fully deslt with
in another section - so that a distinct reletion
between excretion and Ffixation is not suggested. Ile
believes that the nodules must be in contact with
soiid materials before excretion will take place.

In fiew off the object of these prezent
experiments, the sand in which the plants had grovn
was analysed with great care. It was dried, washed,
and filtered under pressure, using methods very
similar to those of Virtanen (1937), but in no case

eI

1id the nitrogen content of the sand exceed 1ts

le)

oririnel Ticsure befove usc in culture Hr nore
then o Tev millisrems. An intercsting confivmetion ol

. S mm e en et o ey g ey T e =g cva T AT
Ll 1locl of cmerctliorn woo OoUciinTo 1 URT CTTomiIloiicn
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of the washings of the roots taken at hervests.

“he amount of nitrogen derived from such lilkel.
extractions was always negligible so that no .Tigures
from this source are presented.

It is thus seen that, in this important
matter of sand analyses, the present results are
consistently ot variance with those claiming positive
evidence of excrcition into the rooting medium.

In anvefy recent communication,

Virtanen (1940) has suggested that the porosity o¥
the culture pots - indircetly related to the air
content of the medium - influences the process of
excretion. He found that, generally, the pots which
were most poeous were also most efficient in
stimulating excretion. The pots used by the author
were all of glazed earthenwere and, in this resvect,
differed fundamentally from those of Virtanen's
latest work; this arrengement would undoubtedly
interfere with the exchange of air between the
atmosphere and the rooting mediwn through the

porous pot wall, and might well have been considered
among the conditioning factors, but for the fact thet

Virtanen himself has obtalned excellent excretion

using glass Tlasts and Wollf botilen es conbein o,
Another physicel Lfooture comnccetor vith

D R I T . N e PR o N
t1o culture system and vointe d out Ly Virtenen (1947)
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is the ct of volterin.
The water might dissolve any soluble excreted nitlros:n
and wash this down to the morc absorptive regions of
the root systems s whére it would be feabsorbed.
In pure eultures, this argument might explain the
absence of eXcretéd nitrogen in the sand,.but, on the
dther hand, the roots of associated non-legumes vould
also absorb this.niﬁrogen and?kesultant ineresse in
nitrogen content would be found. This was sbsent in
the present experiments,

Finslly, the cuantity of light fallings
on sﬁeh 1égume cultures has recently been studied in
reletion to fixation. Ludwig end Allison (1937)
obtained varying responses to different light
intensitics and daily duration, withouv being able to
make any definite conclusions. Wilson and Burton (1938)
discuss the different arrangements of the Helsinlki
and‘Madison greenhouses in view of the possiblae cifect
of this factor on excfetion. These workers obbained
Pees plants, grown under very good cohditions o
sunlight, which were comparable to plents grova in the
field. The Pess fixed large amounts of nitrogarn but
did not inveriably show excretion, so that thoy do
not conuid=sr lichtins conditviors to bo on limortand
foctor. A detailed cormarison of thoe euwsnli-hi

conditions obteinine betwecn th Helsinti and
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Glegrov stoetions hes hoon made in the paper by
Bond and Boyes (1939). It iz to be noied that the
latter station receives rmuch less direct sunshine
than the former and that the daylength is also
somewhat shorter, nevertheless, satisfactory grovth
and fixation of the same order as the Helsinki
plants has been obtained, although invabiably negative
in respect of €xcretion. Artificiel illumination of
legume crops has also been employed - Virtanen (19%7a)
reports excellent excretion on various occasiocns in
winter crops grown under 1000 W. lemps suspemded
above the eulture pots. In unpublished work, mcntioned
by permissioﬁ of Dr. Bond, a repg&tition of these
experiments at Glasgow, uncder identical conditions,
has yielded only further negativc results in the
matter of excretioi.

¥From a consideration of these physical
féctors_and the critical evidence of & number of
experiments, it is again clear that they cannot be
wholly responsible for the occurrence or absence
of excretion, and the solutién to the varied rosults
obtained may be found in the proper combination of
g number of these factors - hoth biddogical and
physical.

The gencrel growith of the leguwaes
throurhout the present ssrics oF arncriments vors

never cutstendin-ly vigorous, hrobebly because
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circwastences neces-itatced the cultures bheing kownt
under glsss most of the time, a preferable procedure
for Peas being to place them out of doors as much
as possible. Virtanen (1937B), however, obtaincd an
excretion of' 80% of the total nitrogen from Peas

which had fixed relativeiy little. Wilson and DBurton

obtained negative results in respect of =Fmetwiws
excretion under conditions of good and bad growth

of the legume. It would appear that there is no

fundamental connection between fixation and excretiorn.

The regular small increases of nitrogen
found in the sand after harvests have still to be
accounted for. This may be due entirely to root
fragments left{ behind in the sand which was carefully
hand-sifted hefore analysis, but, undoubtedly, som~
little organic matter of this nature remained.

In addition, 2 certeoin amount of nitrogen may have
reached the rooting medium from sny legume rootlets
which were bruised by the friction of the sand
particles, thery facilitaeting a leakage from the
vascular éystem.

The whole cuestion of the structure of
the nodule and the.possibility of an escape of

nitrogenous cowrsounds as envicared by Vivtencr.,

-1 .1
¢

rises nov. It is generelly bolieved that the

L
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suberias~’ layer ouvtaidc the vecculer connections;

o

develoning nodule 18 soon surrouncaed by en irmpormechble



this layer in the yvoung=ir steges 1s incoupleta ¢
cistel end o the nodule,but, in the maturc
structure, closes up forming anatomically an organ
which is less likely to provide a means of excrelion
than would an ordinsry root - yet Virtanen has
shovm (see p.55) that excretion is a.function of
»the nodule, In the older nodules, tissue necrosis
is well known and it might be expected that a
nitrogen leakage would occur from such struetures;
the excretion, as observed by recent workers
however, occurs frou an early stage in the lifec of
the nodule, and that in apperciable amounfs.

The general conclusions to be drawnm
from_these experiments are that, uhder the Glasgow
conditions of culture énd environment, therc is no
evidence of an excretion of nitrogen from the
nodules of Peas and Broad beans into the rooting
medium. In mixed crops, there is no nitrogenous
benefit derived by the non-legume from its association
with legume plants. It is submitted thét the whole
cuestion of the agricultural spnlication of such
theoretical hypothesés cannot be supported by rmch

experimental work, at lesst in this country.
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SUMMARY,

1. Pure cultures of Peas and mixed cﬁlturem of

Peas and Barley and Broasd beans and French beéns
wvere set up to investigate the reported excretion

of nitrogenous comnounds from the nodules of ceriain

legumes into the rooting medium.

2. Analyses of plant material and the rooting dand
derived from these cultures did not support the
findings of sore dther workers - notably Virtanen
at Helsinki - in which an incfeése in the nitrogen
of the rooting medium and the associated detector
plants was atiributed to an eﬁcretion from the

legume nodules.,

3, A discussion of different factors -~ both
biological end physical - which might influence
‘excretion is made. Tests, under conditions which
had given positive results with.other workers,

were consistently negative in the present work.

lie It is concluded thet, as fer os the nrcoent

erporinonts are concerncd, therc is no ovidence for

such an excretion from the nodules of the lerur

]
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Kn investigation of the growkh of leguminous plants
in water culture, with special reference to thec effect

of aerstion on fixation and growth.
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IITRODUGCTION,

In the study of the physiological reiations
of the plant, the use of the water culture method
rather than of solid rooting media, is often found
to be advahtageous. The elucidation of the special
physiology of nodmlated leguminous plants carricd
out in this laboratory has been concerned mainly vwith
plants grovn in send culture, but it became desirsble
to investigate the circumstances under which satisfactoiy
growth of nodulated legunes - especially’Soya been -
in nitrogen-free water culture is possible,

A number of earlier investigators
have attennted the culture of leguminous'plants
under such conditions, throwing some light on the
problem. llobbe and Hiltner (1899) concluded that
nodulatioh could take place in water cultures, but
that the nodules were of "little or no benefit Lo
the plent'. Golding (1903), who obtained moderntel
good growth of Peas in water culture, consicderéd also
that the nodules were of little value under theze
conditions and Tovnd that seration of such odulsto’
nlants did not bencrit thenw in rorpeet of pwouih oo o
Pizetion. He grew unecrateod nlents which wvero Tvios

as sreat as corregponding ocielaed cultures in dry

L,
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vel-ht snd nitrogen content, hut offers no erxplonstion
Pfor this eiZect. In snother series of erperiments
which received bubbling of the roéts with pure.
oxygen, therec was not much improvement and continued
poor fixation of nitrogen. In a third series of
nodulated Pea plents, in which the diffusion of
oxygen Tront the eir into the culture solution wrs
obstructed by a layer of oil, he obtained no nitrosen
fixetiog. He also gréw a number of uninoculated
control plants to which combined nitrogenvas 1iH) 1103
was supplied - in all these casesg, the plants were
mach superior to thelr inoculeted counterparts.
In some of the uninoculated jars, the roots werc
exposed to the ailr for certain periods, whilst the
rest remsincd immersed continuously in the culturec
solution. The latter had a higher dry weight and
nitrogen content tham thdexposed series.

Prucha (1915), working with Pea, obteined
no stinmulative effect on the number or size of the
nodules vhen the roots were aerated. Nodules develoned
as much as 30 cm. below the surface of the soil
extract solution which he used; apnarently sufficient
aib for the purvose of nodulation was aveilable at
thet denth, Under these conditiond, he dlg8o Lfovill
thet nodules develoned es long as new root tis us
vas formed but he mede no observetionns on nilbro

fivrtion. Wilson (1917) has sur-ested that noduletion
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in wrteor culture is o varisble Terture connected with
the particular concentration and combination of
salts used. lle set up a large number of smell,
short term experiments and record&édd only the occurrence
or absence of nddules in each case,

Virtanen and von Hausen (1935, 1936)
set up experiments with Peas in sand and water
culﬁures, and found that efficiency in nitrogen
fixation denended lsrgely on the air supply to the
nodules. In unaerated water cultures, where the
nodules were completely submerged and nodulation
was very poor, the fixation was very small by their
standards, but similar to that obtained by Goldins (190
with comparable plants. As progressively increessing
amounts of air became available to the legume roots
by means of seration or lowering the level of the
culture soltition, the nitrogen fimation increased
proporticnately. In the last instenee, best fixation
was obtained only when all the nQdules were out
of the soldtion and only the absorptive tips o' the
root systems werec submerged. When the solution vas
covered with a layer of 0il, or when a stresm of
nitrogen was bubbled through, no nodulation tooi:
nlace, Zxcent in the last cese, these resulis orve

precisely onnosite to those obteined by Golding: (ioc. ©

Und

it

N
/

;e
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From this eyperimental evidence, the Pinrish workers
concluded that "oxygen is indidspensable for thc formation
and function of the nodules".

In ﬁhis connection, the experiments of
Vilson and Fred (1937) are of interest. They worked
with sand cultures of red clover which were plsced in
a speclally controlled atmosphere of which the p82
could be regulated. They found that both inoculated
and uninoculated (wiﬁh nitrate supnlied) plants
gave substantially the same response to variaticns in
this factor - at an oxygen pressure of more then
O+l abm., the fixetion or untake of nitrogen dcceensed
markedly; at such higher p02 values, they believe
that an increased resniration takes place, with =
consecuent depletion of carbohydrate reserve. Such
plants were "pele green in color, spindly and smooth,
whereas thosc grown at & more normel pO, were dari
green, thrifty and pubescent". They concluded thet
their experiments showed that any hypothesis involving
the use of molecular oxygen in nitrogen fixetion
was not tenable on the basis of thelr results, szince
they found no differences between the response »T the

inoculated and uninoculated series. They consider that

dindirect irnlliuciceo i so

molecular oxyoen is only of
far as it afTecte the carbon wetnholism of i
nlant, vhich conclusions arve ~lco ot vrrisnce with

By o e . " i — s T e 7/ PR -
those of Virtancn: ond von Meuson (1035, 1936),
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Various WOPkefs, using temhnigues other
then water cmlture methods, have considered that
nygen is necessary for the functioning of the
nodules. Thoraton (1930) found that lucerne and
clover seedlings with.their nodules embedded in agar
did not fix much nitrogen; at a later stege, when
the agar gracked and the nodules had access to
oxygen, the functioning and fixatioh was greatly
improved. PFeher and Bokor (1926) ha@blready made
this observation in Pfespect of the nodules of other
leguminous types.

The effect of the pH of the culture
solution on the growth and fixation of the Soya bhean
has been studied by Beyan (1922) who found that
there was an aéptimum narrow range about pH~6'5,

In addition, he found that the limits for inoculation
were pH L*6 and pH &; for the growth of Soya beans,
pH 3*9 and pH 9°6; he also observed that the legume
stabilises the culture solution st a favourable p¥
valwe. Loo (1928) believes that the pH factor is

even more important than aeration on the legume
development. -

The prescnt experiments were designod
to investigate the possibllity of sacuring sotisis Lor:r
grovith of nodulrted Soya beon plonts in nitrogon-Iiroo

viater culture, with special referonce Lo the e Tect Q"'



~85-

The cultures of nodulsited plants coumrised

1 .

tvo groups. In the first, a steady stream of air

was passed through the agueous rooting medium during
the growth of the plants, while in the second group,
no air was bubbleﬂkhnough the medium, though difiusion
of air from the external stmosphere imso the

cuiture soldtion was possible. Observations were

made on the growth and nitrogen fixation of these

two groups of plants.,

In addition, corresponding series of
uninoculated control plants were grown under the
same conditions in order to discover whether the
aeration effect was related generelly to the growth
of the legumes, or whether it had someISPecific
influence on the functioning of the nodules. These
controls were supplicd with a certain amount of nitrat
nitrogen to balasnce the benefit derived from nitrogcen
fixation in the inoculated series.

During the swaer of 1940, Dr. Bond
carried out two sets of similar experiments to
confirm the resultskohtained by the present awthor
during 1938 and 1939. The data for one of these

1940 cultures is presented later,

(@)
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EwaLHODS

vLarge, wide-mouthed, glass jars of
approximately 3 1itreqbapacity were used,vand were
initially sterilised by weshing withAalcohol followed
byvsterile distilled water. These were fitted; in 1938,
with waxed, steriles shives, and, 1n 1939 and 190,
with flanged, teak caps; the covers werc slotted
to receive three seedlings, and bored
aeration tube and a siphon tube which facilitataed
the replacemcnt of the culture solution without
exposing the roots by rémoval of the top. The ja=s
were covered on the outside with opacue paper 1o
prevent the growth of algae. Aeration was carricd

-

out by theeuse of glass tubes attached to porous stonc
diffusion blocks (1938 and 1940) or by simple temering
of the tubes (1932). These dinped deeply into the
culture solution and were all connected outside the
jers to a cormon air supply; the air was drawvn Irou
the gréehouse and was thus relatively pure. It

filtered throuch cotton wool plugs to nrevent ind ciici

of the control plents. An adecquate air currcnt oo
oborlnas” Tron oo owanll alr owan onoratol Ly o welow
turhine: this srrrngonent pave o relishlo o ond ot

5 p

=11 Tlov cduring the first tvo yoors ol L0 arnosil oto,
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1no 1300, o Letter num vas instelled and the ac o tion
Tor that year wes ve1f iueh iLiproved -~ this wers
refflected in the growth of the cultures.

The culture solution used was Bryan's (1922
modification of Crone's solution without nitrogen;
owing to the large quentities required, this could
not be sterilised, but care wes taken to prevent
“infection by using water direct from the still.

A microelement solution (see p.l5) was added at the
rate of 10 cc. per jar. The solutions were changed
at intervals of 3~/ wecks in 1938 and 1939, and
fortnightly in 1940 by siphoning off the old and
peplacing with thé new. Ihe water level was
maintained by the addition of sterile distilled
water ss recuired, so thet the root systemé vere
kept entirely submerged.

An sdecuate number of Manchu Soya besn
seeds of uniform weight were surface sterilisec by
flaming in alcohol and germinated in moist, sterilc
send; vhen the radicles were 1-2 inches long, the
secdlings werc washed free of adhering sand, wrerned
in o cotton wool plug and fitted into the slots of
the covers. Inoculation was carried out as desivad

n . e S o Vo oime T - A T S PR VNS e SN
brrodelivering obhout 5 occ. of the inoculun -

e . A - PO [ N . O D
Trom o culture off the Lisconsin sienii o -~ Lhowo
R B . . T S P & N Pl B N -
tha ’)lllL',fKJLt 5LMIION holwe o tho covar.

\
)



Ag noted, the winocculsted control
nlants were supnlied with combined nitrogen in

the form of sodium nitrate; this was added in excess
of the plants' estimated requirements so that thoic
should he 1o deficiénby at any time during the
growing period. Zach jar of three plants receivad
aligqonot portions at intervals to s total of 650 11,
of nitrogen in this waye.

The pH of the culture solution, at tn

beginning of the experiments, was 6°6-6+7,
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TABLE I
1938 data* figures for 1 pot samples; 3 litres of
culture solution; Manchu Soya beans, 3 per jar:

bacillus strain rise* 9: period of growth - June loth, -

October jwG. ., 1938.

TuOOULAT. D Uni-.OCULA.TDD *
Jar ho. Dry wt. ITitrop-en Dry wt. hitrogen
fixed cont :;nt
("T1. ) ) (gm. )
1. 6*22 133*0 12*73 342 *2
2. 6*2k 130-2 1g* 83 331*
. 3* 68 110 *4 16*37 399*7
Ave. 6*03 133*9 14%63 337*9
2c 3*09 31-7 22*98 337*9
) 2. 3*44 3d'o0 24* 7 491' 7
D+ 3*43 32-3 11%72 292%2 0
Ave. 3*32 33-0 19*82 447*3

[In both nitrogen columns, the seed nitrogen has been
subtracted]

* These received 630 mg. of nitrogen during the growth
period, added in the form of a solution of 1l.aKO,- in
sterile, distilled vrater.

0 Seedlings/ (from leaf rolling and yellowing in the early
satges and the plants never fully recovered - see text.



Mservetions o the 1938 nlants at
L owonth .fsho*-.vf::-”'\rx.:.?;r‘ T ot aninoculated nlents wer
ahead in'vigour and size as coimpared with the iroculeted;
the'fomners' leaves were invariably very large a:.d
the root systems were well branched. Dmfferences
between aersted and unaeréted jars were not at =11
marked at this stage.

Further inspection at 2 months shoved =
still greatecr gap in the growth and appeérance of
the two series. The uninoculated jars now contained
very 1afge robust nlants whilst the inoculated vere
much behind these in size and were considerably
inferior to compereble plants in sand culture.
Aeration, however, was now beginring to benefit the
inoculated plants, those receiving this trestmeit
being slightly ahead of the unaerated group.
~Nodulation was also better in the formcr group,
'githough the nodules were still small and scettered.

The final observations, at anproxinsatel;s
3 months, showed the inoculated series to be of
mediuwn growth with small, light green leaves; thore
were & nuwnmber of small pods, and the root systan vas
fairly good with satisfactory nodulation. Therc was a
rmerviced difference botveen the acratlod and unper oto”
»lents of this scrices; the Toracr vere norce o’ ant

and lopeer lenved then the lsaticr ond the nodulilse

e

e suriece and around the ter
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root, which arrancament is generelly believed wo

te a symblosis ef

1 L

‘icient for niltrogen fiatioi.

b5

indice
These differences ere reflected in the dry Wéight
and nitrogen fixstion figures in Table I (p.96);

the aerated plants are shown to be twice as hesvy
and to heve fixed fomr times as much nitrogen as
their unaerated counterparts.

The uninoculated plants continued to be
far superior to the inoculated series. The relevent
data show a remarkable growth for greenhouse plants,
and it is concluded that, under the conditions
prevailing, the growth of the nodulated plants ves
limited by the supply of nitrogen from the nodules.
There is an intefesting difference found in the
nitratc serics in comparison with the inoculated
plants, in that the unserated jers were consicoraily
better then the aereted. This result i§ further
deslt with in the Discussion.

The variation betwecn Jars was cuite small in view
of the difficulty of many workers in obteining =
close corresnondence in cultures of nodulated
lecume plents, but the differences between each
category in the present experinent are well enough

paried. In jar Ho. 3 of the uwndnoculeted mneersied

scries, a cor@iderable Jdiflerence 1n 4ry wololhl and
nitrogen content was obteinc . Yihe plents in thic jrr

verce obviously abnormel, sand Jurine the earlicr steges
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ehibited o marked yellowinge of the leaves, possibly
due to some toxic materiel left behind in the jar
aftef sterilisation.

In 1939, the plants (Table II p.100)
followed a similar course of develovment but were
genersllyAinferior in quality to the 1938 cultures,
This was: due to a nwabee of factors amongst which
the growth period was important. During 1938, the
nlants were'grbwn throush a good period of sunshine
and the 1940 cultures also benefitted in this vay.
The 1939 period bf growth was both shorter and
climatiéally‘poprer than the other two years; in
addition, fungal attack on the uninoculated secdlings
necessitated 2 new set up about 1 month later than
the others with a resultant inferior development.

Again, in most of the 1939 jars,
considerable difiiculty was experienced in keening
“the cultures free from a mized bacterisl and fungal
contamination which formed a scw: round the root
systems and seriously affected the healthy deveclonment
of the plants. As noted, numérous replacements vwerc
necescary, and, in general, the cultural conditions
were unsatisfactory. The rapidly growing,uninoculated
plants shovao this deterioretion of conditions iho
most merkedclr and the deta Tfrom tho wes from ¢ hinld

to a third less tharn in 1938. The inoculsied, ~orotod



TABLE II

1939 data; figures for 1 pot samples; 3 litres of
culture solution; Eanchu Soya beans, 3 per Jjar;
Bacillus sti?ain Wise. 9; period of growth,

(a) inoculated - June 26th.- Sept. 23rd., 1939>

(b) uninoculated - July 20th.- Sept. 23rd., 1939*

INOCULATED UNINOCULATED *
Jar No. Dry wt. Litroxen Dry wt. 1.itrogen
fixed content
(m. ) (mg. ) (gm. ) (mg” ;
1, 3*30 26-6 10*81 249*3
AERATED 2. 3*10 22*8 7*14 138*8
3% 3* 68 28-06 7*30 193*2
Ave. . 3*36 26*0 8%42 201*1
1. 4%19 32-1 1.6 68 272*8
UNAERATED 2. 3*42 36 *3 13* 33 2614
3! 3*%97 38 *3 13*79 318*2
Ave. 3*86 13*33 28k* 1

[In both nitrogen columns, the seed nitrogen has been
subtracted].

- These received 630 mg. of nitrogen during the growth
period, added in the form of a solution of NaNO-" in
sterile, distilled water.
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PHOTQGrrRAPr I T

IPOOULAlAl) SCRIPS 1939
1. Oil covereo (sec text p. 105).
2. Aerated.

3. Unaerated.
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PHOTOGKAPII IIT

UPIUOOULATEI) SERIES 1939
a. 0il covered (see text p. 105)c
3. Aerated.

6. Unaerated.
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nlants of 1939 were very »noor and 1t is sugrested
that the adverse effects of culturc conta mination
together with unsatisfactory climetic conditions
offset the seration benefit derived under more
normal circumstsnces in 1938 and 1940; it is séen
thet the quality of these plants is below that of
the unaerated groun (Table II).

There is , again, a close approximation
between replicate jars (excepnt jar Io. 1 of the
uninoculated, aerated series},bsuggesting that the
results obtsined were not fortuitous but are asccounted
for by different conditions of culture.

Another groﬁp of plants were grown during
1939 under a third set of conditions. Three inoculated
and three uninoculated jars were set un with a
layer of licuid parafiin covering the surface oi the
culture solution to a depth oFf half an inch. This
treatment wes calculated to exclude the free accessz of
air to the rooting systems and the nodules, In ordcr
to ensure that some growth would actuslly take
place, the jers were aerated by hand pumping for
a short time daily. These conditions resulted in
extremely poor vegetative growth and no observed boneflt
from any postible nitrogen Tixetion or es inilrtior,
liodulstion woo very inadecuste end, in the

uninoculated series, the added nitrate wes of
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crert veluc to the plents. The root systems, hovever,
were of moderately good =sizme desnite the inferior
development of the tops (Photographs II and III).
The cultures were badly attacked by the contaminants
discussed before and were discarded before harvesting
time.,

The 1940 plents of Dr. Bond (Table III)
were grown during the best part of the sesson and
received solution chenges at more frecuent intervals
than in the previous years.rThis treatmentiresulted
in the best crop of plants yet obtained under
conditions of water culture in the Glasgow greenhouses,
(Photogranph IV)., The nitrate plants were from five
to six feet in height and both aerated and unaersted
groups were similar - in this respect they varied
Trom the 1938 and 1939 counterparts. The nodulated
'plants werealso of very good cquality and of a higher
dry weight thaﬁ corresponding plants of the two
previous crops. The aerated groun contained the
larger plants with bright green leaves and good
nodulation - in this resPeét, they confirm the

findings of the 1938 cultures.
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TAHLS III,

193-0 data; figures for 1 pot samples; 3 litres of
culture solution; "anchu Soya beans, 3 per jar;
bacitlus strain V/Asc. 9; period of growth, Hay

August 10th. , 19349.

Ti1OCULATHD ul moculAT:

Jar Ho. Dry_wks Dry wt.

tagm. ; (gm. ")

1. 12*37 30*22

AERATED 2. 12%33- 30*27
3. 8*39 * 2.3*72

Ave. 11*17 28*07

1. 7* 23 27-99

UNAKRATHD 2. 7-93 27-38

3. 3*17 -
Ave. 6*78 27-69

Originally a "nitrate™ jar, but solution changed and
inoculation effected on June 3rd, to replace a faulty

original inoculated jar. In appearance, the plants of
this jar showed marked benefit from aeration although

they never caught up with nos. 1 and 2.

0 These received 630 mg, of nitrogen during the growth
period, added in the form of a solution of 17al®~ in
sterile, distilled water.
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haiaa cultures 193.0
1. Nitrate jar.
2. Inoculated, unaerated jar.

3. Inoculated, aerated jar.
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DISCUSSION.

Observations on three years 6f.waﬁer
cultures of nodulated Soya beasns indicate thét aeration
has a pronounced effect beneficial to the .nitrogen
fixation and general growth of the plants.

In 1938, the dry weight and nitrogen
fixation figures ofbthe aersted plants (Table I p.96)

more
were considerabl: &

then those of the corresponding

unaerated jars; the 1939 plahts made disappointing

growth for reasons stated elsevhere (p.99) and did

not confirm the 1938 figures for the serated groun;

the two sets of 1940 plants both confirm markedly

"the 1938 cultures - the dry weight figures.for the

first 1940 cron are given in Teble III (v».105),

and the second cron, not yet harvested, show aeration

benefit in the inoculated series by obsarvation.

From general apvesrance, the nodulated plants of both

of these latter crops are richer than the unaerated

in nitrogen, so that even greater differences will

be shown when the fixetion figures become availableo.
These results are in cccordonca vith: the

Tindincs of Virtenen end von Housen (1925, 19:6) who

3.

obtolined very merked immeoveoment in thoiy» scrated

culturos o7 noculeto:
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cormletely differont conclusions concernidng the effcct

The me

o

0T aeravion on chandiem of fixetion in water

{

cultures of Peas, and obtained results more
comparsble with those relating to the uninoculated
plants of the present work. The matter rests there
~at the moment and‘further work is necded to elucidate
the pr«oblem, especially concerning the effect of the
constituent gases in the aerating current.A series of
experiments in which the nlants were aerated with =
pure stream of oxygcen end nitrogen together with o
closer control of the éCCéss of air through the topn
of the culture jar might throw some light on this
problem. |

Under the present conditiondcof culture, |
all gdrs, irrespnective of the aeration process,
presumably received about 130 mg. off dissolved
oxygen and 60 me. of dissolvednitrogen at eesch chonce
of the culture solution (asswaing that the solution
was in ecuilibrium with the atmosphere). Air will

- ~

also diffuse through the wool plugs of the tops.

-

Thus, in both aerated and unaerated Jars, the smouvnts
of nitrogen availablc in this wey for the {ixation
process, wers in excess of the cuantities of

11iiﬁ?o¢*@nk?ctn1ﬂlljf fired during tho develovwnent of

1} e g JR - g S - R, ~mn ey e .- P B RN
wlonts. Vith regerd Lo tho orypon concontrotl o, 4t
. . < N . KN Ve vqer yerte e e PRI E O S S
is obviously desirablc to now vt wrecisc AifTer vieos

cexieted din the content of ihis con dinn the solutions



vithin aerataed and unnersted jers. It is unfortuncic
thet i1 not 21llow oFf investigstion of

this point in the earlier experimcnts; a fevw estinations

of oxygen by the Vinkler method were carried out

by Dr. R.l. Jones on jers of the 1939 cultures. Thege

were made in the early stages of development when

ghe root systems were small and dd not £ill the jars

with a vigorous growth; only smell differcnces in

oxygen content were revealed at this stape. It seeus

@bvious, however, that in the later sta when tihe
b b

.'G

=

d vith tiet

" jars becaeme fille a dense growth of roots,

-

consideraeble differences in oxygen content existed

between the aerated unaerasted jars.

av.d

It
af éeration on

of by-products

may also.l

inoculated plants is

h
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have torxic i on the The raros
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agitation of the soluti

o)

e acreating anparatus,

resulting in the replacing of S

regiiratory by-products

wit

h air, mey be morc important than any role playcd

by oxygen itself in the chemistry of fixation.

The type of nodulation in both thec aerried
and unseratcd inoculst~d groups wes of the "effici i’
Hind, indlestld thot csrociovad itk AT
legunme wao potontinlly o good nitrogen Tirer. Hovoever,
only within the acrated group was this pood fixation
rorlised ond it ig surcected that the poretion of
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the oot systens
ror thiis process. Lhe unacrated plants may have denlot~o
their oxysen reserves during nodule formation to
a level which could be of little subsequent assisinrce
to the becteris. It is to be noted that, in contrect
to Virtanen and von Hausén’s (1956) experiences with
immeréed Pea root systems, nodulation of such roots
in the preseht work was inveriebly obteined.

The unsuccessful o0il covered cultures of
Soya beoans pfoduéed plants of a very inferior type
(Photographs II and III). This result wes also obtoin
by Golding (1903) but Free (1917) grew buckwheat
nlants sucgessfﬁlly in sealed wnter cultures.
Further experiuents slong these lines, but not usin:
0il which tends to clog the root systems and ?revénﬁ
normal growth, would throvw light on the denendence
of the roots on a constant supnly of oxygen. It ie
of interest to notc thet nodules were actually
GéVeloped on the roots of the present author's plents
but these were apparently unable to assist in the
growth of the legumes - it may be that the oil

immeded the access of the bacteris to what oxygen

and nitrogen were available in the culture solutic:.
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ihe nitrots sories of wlents nresentsd
200 Interesting probloms in tho nutrition off
uninoculéted Soya beens in water culturc.

‘Firstly, they derived such benefit from
their easily assimilated nitrogen source as to make
them fer superior to their nddulated counterparts.
This feature has'already been noted in a previous
section and the apnesrsnce of such planté is shown
in Photogrephs III and IV (oHn. 102 and 106).

Secondly, aération of’ the root systems
haé a different effect From that in the inoculated
jars. The marked increase in dry ﬁeight and nitrogen
content of the latter group wes not avparent in thoe
nitfate series., In 1938 and 1939, the unaersted plents
were act@gllyhapﬁerior in these respects to the
corresponding aerated nitrate cultures, but'this
difference was not seen in the 1940 experiment.

It is generally assumed that seration of
water cultures is a peocess beneficial to the growih
and development of the nlants concerned. As suggestes,
the benefit may be connected with increased respiretior
and removal of toxic substances frou the root
systemns, but it is noted that the velue of aeration
is Aignutes by Pree (1917) vho Tound thet the cervee

ol eseratior 41d ot wetoerislly ofloct the 2ov ) ol

his nlerts -~ thoso recelving silow ecer-tion, oryroen

Tizes wes vat nisnifiesntl

it

b line oy nitrosen hubh



better then his oven-sccess, unacretod controln

o1 even his seelsd culiturce Drowm vwhich all oip

~was cut off. Allison and Shive (1923) worked with
uninoculated Soya beans in soil and sand culture ond
submitteddata for @ry weights but not for nitrogen
content, With similar plents in water culture,
including & supply of coumbined nitrogen as Ca(NOE)ﬁ,
they found that aeration of the culture solution

did not produce plants which werc better. then
corresponding unaerated cultures. The main differcnce
in the aerised group was a better development of

the root system; this was shovn "not so much by the
higher dry weight of the root substence produced

as by the develonment of & very efficient absorbing
system'. Clerk and Shive (1932) obtained similar
results with seration of Tomato roots in watéer
culture. Loehwing (1934), similarly, but using soil
~eultures of Soya beans, Tfound thatlt roots growing
under anaerobic conditions were devoid of root heirs,
~and that the 002 concenpration may become toxic;
ébundant aeration increased root branching and root
hair production together with an improvement in the
growth of the toops. In the present work, there we.
no irmrovesent in the develosment and fry veirht

of the ser ated vhich, on the eontrery, werc infcrior

. . L2 e e I . N A e ma. . -
in brenching anc ebsor.tive csnocity., IT was
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conslistently noted, durins the three yesrs' culturcs,
thet the root systens of the unacreatcd niants
were better (not so markcd in 194,0) than their sersated
counterperts, The absorntive capacity of the secondary
rootlets was very great and they filled the culture
jar in the later stages of deﬁelopment. These
observations were more obvious in the nodulated series;
the nitrate plants werc almost uniformly large and
such differences were not so easily detected.

It would appear, then, generally, that
in Soys bean water cultures, aeratlion exerts some
inhibiting effect on the develorment of the root
systems as compared with mnaerated plants under
similer conditions.

This inhibition may be duc to a number of
factors such as the possible toxicity of the air
streem. “he air wac taken from the greehhoﬁse in
which samll amounts of cosl gas might be present
from an adjoining laboratory; this air source was
latterly scrubbed through unglazed porcelain chips
and filtered through cottorn wool plugs before passing
into the culturc solution. This treatment did not
have any effect on the development of the root systans.
Alternsatively, the mechenicel egitotion of the roote
and the stireins up of solid narticles of undissolved
gelts which coeted the roovlets, niry olao heve

-

contritnutaed tbh this inhibitin. edviect.
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A Further Tfector viich probebl; ereris
ruite an eppreciebls efTect on the culturc of leguwico
in water is the pH of the solution. A preliminary
test on the freshly madé up Crone's solution gave
a pH of 6+6-6+7, but, at the end of a month's growth,
this had lowercd to pH L4 in the nodulated culturaes,
The uninoculated jars remained longer at the originel
value, but at the end of two months, these had also
lowered to the figuro for the inoculated groumn.
Aeration apparently affected only the rate of lowering
of the vH; the cultiyres therecafter stabilised their
pH at about Ll

These observetions are somewhat at variencce
with those of Bryan (1922) vho found that,in solutions
of optimum pH for the Soya bean, the pH tended to
remain steady at that figure during the growﬁh of the
plants. He, howewer, renewed his solutions daily
and- the cumulative efi’ect of root acids may have heen
minimised in this way. Bryan does not give any ficures
fpr nitrogen Tixetion in his plants which were rrovm
without eeration; in one series, the dry weights are
given and these ere comparable with the unaersted,
inoéulated plants in the present work., In photogrsnmhic

anearanca, thoy opnesar to he more robust srd hoeliins

! [

]

than nlents of similer dry welght in the nroecant vori.
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It is now mecessary to eccount Tfor the
larpe differences in sigze end cevelonment between

the nodulated and nitrate seales of plants.

This is probably to be explairied on
the ground that the more easily assimilated nitrate
source of nitrogen is of immediate value to the uninoculested
seedlings, whemas, it was only after several weeks'
growth that the benefit from fixetion of nitrogen
became apparent in the inoculated plants. It is
suggrested thet the énergy required for the development
of nodules, in the one cese, deplieted the
carbohydrate reserves of the seedlings - this
resulting in a lag period of several weeks during
which the bacterie in the nodules established themsolves
and beran to transfer nitrogenous compounds to\the
host. A light nitrate manuring &t this stage in the
development of lecumes in the field is knowvn to be
off considerable value and may possibly be explained on
this hypothesis. On the other hand, the nitrate
control plants, avoiding this initial expenditure
of energy on nodulation, had a very favourable
carbohydrate/nitrogen ration which resulted in the
development of robust plsnts. There Was no lag
period observed 1: this casc and the ceedlings grovw
repidly without interruntioi.

The effect of combinec’ nitrogen on the

growth of lermuuss hos been discussed in terms of the
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cerbohydrate/nitrogzen ration by VWilson and his collencues
at liadison. Umbreit and ¥red (1936) have suggestod
‘that, in plants of low carbohydrate contént,
combined forms of nitrogen are the most Qasily assimilable
source, and that compareble inoculated piants with
nitrogen derived from the fixatioﬁ process, are..
inferior in dry weight and nitrogen content. Such
an observation is applicable to the present work -
the seedlings of both series started with the same
carbohydrate reserves from the seeds, but in the
inoculated plants the observed lag was obviously
impeding the formation of new tissues, so that thece
legumes never overtook the nitrate control plants.

The différence in habit observed betwecn
the two series was also found by Wikson anff Fred (1937)
under different conditions. It 1s alresdy noted fhat V
they obteined inferior plants at higher p02 values, and
good plants &t more normal oxygen tensions; they
believe that, in the Tormer case, an increased
respiration is stimulated with a consecquent depletion
df carbohydrate reserves, resulting in poor vegetative
develbpment. AFimilar state of affairs probably exrxist
in the case of the young inocculated seédling grovn
in nitrogen-free culturs solution and without on

added supply of combined nitrogon.
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In conclusion, 1t eppesrs to be clear

that the unecerstod, uninoculnicd nlaonts, supplied
with combined nitrogen, obteined adeduate oxygen for
the parposes of root development and vigorous growth,
and the nodules of the inoculated plants require a
higher sunply of oxygen to sustain comparable growth.,

Aeration of these latter cultures
supplied this need in some measure and increased dry
weight and fixation resuited.

Neverﬁheless, a conparison of thev
nitrate control plants and the nodulated plants show
that the supply of fixed nitrogen from the nodules
ié definitely the limiting:factor in the growth,

An estimation éud comparison of the respiration of

root and nodule- tissues should thrown light on this

particular point.



-110-

R
UL il L e
—— S T

1. Experiments arc set up to investigate the growth
and nodulation of Soya beans in water culture, and
experimental methods for their culture under aerated

and uneerated conditions are described.

2 lecord of the growth progress of both inoculated
Aand uninoculeated plents is given, indicating the
1arg¢ differences in vegetative development between
”the two series. These differences ere discudsed in
terms of the carbohydratc/nitrogen rationof the host

legume end the special oxygen demands of the nodules.

3., Evidence for the beneficial effect of aeration on
the functionins of the nodules and the generel growth
of the inoculated plants is shown together with a
feview of the variable results of other workers,

Aeration is demonstrated to Bave little effect on

the growth of the root systems of the nitrate plants.

L. Comments on the influence of the pH of the

culture solution, the growth of legumes in oil

- : KR [ I N PO o o~ S A SUR N R U S
covared Jors aint. T oceurrencs and vyno o7 nodulation

in veter cultures s£ro made.
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