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Summary of Thesis presented by Thomas P,. Ferguson, B,Sc. entit
"Investigutions on Certain Aspects of Fixation of Nitrogen by

Legumes and Non-Legumes™,

Section I of the thesis has the sub-title "The Effect of
Oxygen Supply on the Tunctioning of the Root Nodules of Rgd
Clover®, 1In this pabt of the work the effect of oxymen supply
on the gfdﬁth'and'nitrogen accumulation of nodulated red clove
plonts in nitfogennfree rooting medium and of non-nodulated
plants supplied with combined nitrogen has been investigated t
Fwo diffe:eht techniques,

In the Iirst technique the root systems only were expdsed
to adjusted oxygep supply. The pl#nﬁs wére grown in waler
culture, snd oxygen /nitrogen gas mixtures contuining 21, 12,
and 1 per cent oxygen respectivély were bubbled through the
culbgre solution of different series of plants,..- Protection
sgainst ingress of atmospheric oxygen wus provided,

In the second technique the clover plants were grown in
sand culture with the plants wholly enclosed within 5-litre
aspirator botiles, The gas space iq_these'bottles was kept
filled with the gas mixtures 1isted-;; the preceding parsgreph
except that 1 per cent carbon dioxide was now added to provide
for photosynthesis,

The resctions of the plunts to variation in ‘oxygen supply

were in genexal similar in both types of experiments., With
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nodulated plants growth at 12 per cent oxygen was significant]
superior to that at 21 per cent, Reduction to 5 per cent led
to a curtailment of growth, the same being irue when oxygen w:
further lowered to 1 per cent., With the non-nodulated plants
growth at 21 and 12 per cent oxygen was essentially similar,
but was reduced at 5 per cent and again ut 1 per cent., The
extent of the response to dirferent oxygen levels was, howeve:
much less marked in the whole-plant enclosure experiment and
this is considered to be due to the limitations necessarily
imposed on growth by the experimental arrangement,

By graphical means it is deduced from these experiments
that the optimal oxygen level for the growth of nodulated clov
plants is approximately 10»per cent, and thet for non-noduleate
plants approximately 15 per cent., It is assumed that the
differences in response of the two types of plants to variatic
in oxygen supply is due to effects exerted in the nodules, so0
that clover nodules appear to function most effectively at &
reduced oxygen level and that in fact nitrogen fixéiion is
favoured by the prevalence of some degreec of anaerobiosis in t
nodule,

In the root-system enclosure experiments the number of
nodules formed per plunt was esgentially similer at 21, 12 and

2 per cent oxygen, but was much reduced at 1 per cent., This



last result could have been wholly due to the poor root growt
at 1 per cent oxygen, It is concluded that the process of n«
initiation has a greater tolerance towards oxygen supply thar
the nodule has in its later stage as a nitrogen-fixing orgen,
Section IT of the thesis has the sub—title ﬂp'Observat:,;‘mnﬁ
the Formation and Significence of the Root Nodules of Alnus

Ve - —

glutinesa (L,) Geertn®, Here the conclusion reached by prev;

investigators that nodulated alder plants can fix atwmospheric
nitrogen and display vigorous growth in water culture free o]
combined nitrogen is confirmed, Also evidence is advanced U«
show that the Tixation of nitrogen actuaslly takes place with:
the nodulated plant and probably within the nodule, There i:
reason to doubt that fixution is associated with nodulated a.
trees in the field, and this‘fix&tion may be of considerable
ecological and general importance,

It hus been shown that in water culture nodule formatiol
occurred over the pH range 4,2 to 7,0 but most {reely betweel
5.4 and 7.0, No nodules developed at pH 3,3, At favourable
nodules visible to the naked eye developed as soon as 10 day:
after inoculation, The optimum pH for the growth of nodulate
plants in solution free of combined nitrogen lies between pH
4,2 and 5,4,

By growing non-noduluted alder plants supplied with com
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nitrogen in water culture it has been shown that the fa{lure1
the plunts to develop nodules at pH 3,3 was due to the fact it
although the host plant can tolerate such a low pH level the
nodule organism cannot. It has also been shown that non-
nodulated plants supplied withkammonium sulphate made more
vigorous growth than those supplied with sodium nitrate,

In experiments with both nodulated pluants and plapts
supplied with combined nitrogen in which the culture solution
in certuin cases was aerated it was found that g high oxygen
supply had a beneficial effect on the growth of the former bu
had no effect on the latter, It is concluded from this [indi)

that nodules have a higher oxygen requirement then roots,
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PREFACE.

¥he first part of thils thesis deals with one particular
example seleoted from the best known group of symbiotio nitrogen
fixing systems, namely nodulated leguminous plants. The existing

ilterature relating to leguminous nitrogen Tixation ig already
| very compendious, but the interest thus demonatrated has been
chiefly on the part of agricultural bacteriologists. Relatively
rarely have leguminous plants been subjected to Anveastigations by
plant physiologlets, and the result of this is that information
is defectlive in aspects calling for & plant physlological approac
Thus 1t will be seen in the firgt sectlon of the thesis that the
lmportent question of the effect of oxygen supply on growth of
nodulated ieguminous plants has been subject to eritical study on
only two previous occasions.

In the gecond part of the thesis a study is made of the root
nodules of a non-leguminous plant, the Alder. 1In the minds of
most people "symblotic nitrogen fixation" and ¥ leguminous nitroge
fixation' have been almost synonymous desplte the fact that, as
wlll appear from the appropriate review of the literature, in the
case of Alder strong evidence for fixation of nitrogen under

cultural conditions has existed for many years. The preoccupatio:
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with legumes arises of course from the immediate ugriculturai
importance of the fixation associated with them. But from an
ecological standpoint fixation of nitrogen by non-legume genera
such as Alnus, Myrica, and Hiﬁpoph&é is probably of greater

interest than the leguminous type, because of the greeter range
of habitats favoured by the former plants as & group, while the
results of pollen analysis indicate that some of these plants

were prevalent in earlier times, It is therefore appropriste
that the significance of non-leguminous root nodules should

receive more atiention than in the paest.



SECTION I OF THESIS.

The Bffect of Oxygen Supply on the Functioning of Root

Nodules of Red CQlover.
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INTRODUCTION.

Although the course of the fixation process in the legume
siderations which might form a basis for an expectation that a
plentiful oxygen supply will be of particular importaence to
nodulated plants, Thus the Possibility exists that oxygen may
be directly utilised in the fixation process. Again it is likely
that the lixation mechanism is integrated with the respiratory
processes of the bacteria or of the nodule cell, being perhaps
dependent on the latter for metabolic hydrogen or for energy in
the form of high-energy phosphate bonds, Undoubtedly the role of
'oxygen in respiration is of great importance and so for the asbove
reagons it is clearly conceivable thai oxygen supply will be of
perticular importance to nodules. In addition there is possibly
a higher concentration of living and metabolieally agctive moterisl
in root nodules than in the other parts of the plant and for this
reason also, oxygen supply may be particularly critical,

Closer examinstion of these arguments shows that none is
particularly strong. Thus no recent scheme which hags been devised
to explein the various steps in the fixation mecﬂggism has
considered the possibility of oxygen being directly utilised,

Also, even if respiration is closely integrated with the fixation



mechanism, it seems unlikely that tbis process will have to be
greatly increased, with a resulting high oxygen demand, as {ixatior
in nodulated leguminous plants is a relatively slow process.
Mnally, it is considered by several investigators that the
-~ bacteroids in the nodule are in asn inactive state and would
therefore be unlikely to require a plentiful supply of oxygen.

It is thus clear thoet no particular snswer %o the question
of the importance of oxygen to the function of leguminous root
noﬁuleé can be foreseen, and only by actusl experimentation cen
further information be acquired. In this study the main object
has been to determine whether the legume nodule in its development
and functioning has in fact any distinctive gxygen requirement
differing from the rest of the plant und espécially from the roots
This is clearly & question of both practical and theoretical
importence. Thus it bears dirgctly on the nature of the fixation

process, while at the same time increased knowledge of the oxygen
requirements of legume nodules is likely to contribute to the

more effective cultivation of leguminous crops, or to the
explanation of already observed preferences of such crops in
respect of cultural procedure and soil type.

Previous observations have been made which bear either

directly or indirectly on this problem. Thorston (1930)
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obgexved thed in the case of noduleted lucerne plunits grown
under aseplic conditions in sgor culbure, nitrogen fixetion
did not oceur so long as the nodules wers emnbedded in the
wedium, but where nodules developed on the surfece of the
wgar or were oxposed to the aiy by the shrinkege or cracking
0f the medium, increase in growth end derkening oif the leuves
Yook place, Ie concluded from these vesulls that the
inadenuate wlr supply within the sger wes responsible for the

nodules belng unable to funciion in a normul menner, voery

LG
L
I
R
-

slmilur results were obteined by Virtenen snd von Heusen (137

They observed that nodulated pess grown in sger culture
exhibited better growih when exposure of the nodules 0ok pluce
under the sbove-wentioned conditions and they mrriv&é at the
some conclusion =s Thornton, Jengen {unpublished work
communiceted Lo the sthor} confiymed thie @bsgrw&%ﬁaﬁ with
lucerne plants but «lso found that under similsr conditions of
growth, nodulated clover plente {1,e, the subject of the vresent
investigetion) did not resct in the same wiy, since fixetion

was 1ot deleyed until exposure of the nodules to the stmospheres,

Golding (1803) and Virtenen and von Heusen (1935) observed

that in noaulated pew plents gyown in water c¢uliure, fixation
was poor when all the nodules were submerged in tlie solution,

but exposure of the nodules to the sir effected by withurewing
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part of the solution from the container resulted in good growth
by the plants,

Virtanen and von Housen (1936) studied the efTect of

forced aeration on the growth of peas in water culture, In
inoculated cultures, with nitrogen-free culture solution «nd in
the absence of aeration, asbundant nodules were formed but
remained relatively small, while with ceration the nodules were
larger and the amount of nitrogen fixﬁi rose Ifrom L0 mg, to

13 wmg, per plont and the dry weight was walso considerably
increased, The experiment included & single culture of peas
supplied with an excess of aumonium sulphate, wvhere satisfoctory
growth waé made withoutl aeration, Trom these results it was
concluded that the oxygen content of the culture solution wag
adequate without a@ratiﬁn for root but not for nodule developmen:
«nd function, und that the nodule has a relatively high oxygen
requirement, In these experiments the non-erated plants were
not subjected to any particular level of oxygen, but merely to
the gradually increasing deficieney'resulting from the continued
growth and respiration of the root system, As no determinations
of the amount of dissolved oxygen in the culture solution were
mude, it is lmpossible to say under what conditions of reduced
oxygen supply these plants were wzctuslly grown, These

investigators also showed that nodulation was completely



prevented by the pussege of a stream of gaseous nitrogen
through the sélution.

Bond (1951), using & technique which gave closer control
over the oxygen content of the culture solution than tﬁat
emplhyed by Yirténen and von Hausen, grew Soy& bean plants with
their root systems in culture solution which wes kept in
equilibrium with oxygen /hitrogen gas wixtures containing 21,

12 and 2 per cent oxygen respectively, He obsérved th&ﬁ in

the case of nodulated plents grown in nitrogen-free culture
solution, feduction of the oxygen content of the medium resulted
in o progressive reduction in dry weight and in the fixation of
nitrogen, & somewhet similar but'smmller eifect was observed
with non~-nodulated plants supplied with cmmonium~nitrogen, but
no reduction occurred when nitrate-~nitrogen was employed,

Research beaving either directly or indi$ectly'on the
respiration of root nodules of Leguminous plants has also becn
carried out by several investigators, and obviously investigatior
- of this type are ulso likely to throw light on oxygen reguirement
Reinaw (1927), while studying the evaiutieh of curbon dioxide
from the surface of soils in which different crop plants were
growing, observed thet the rate of carbon dioxide production
was usually substuntially gf@ater in the cuses 6f éoils carrying

legumes, than {rom soils in which other plunts were growing, The



following figures «re quoted from Reinau (gm. carbon dioxide

per sguare metre of soil surface per nour),

LoV ET . caees0.558, Musterd,,..0,218,
Saradella...0.305. ﬁyﬁ........ob285.

 Similar results were obbuined by Hagse and Kirchmeyer (1327)

whp also measured rate of carbon dioxide prodiuctioa ifrom soils
bearing various crops {(gm, carbon dioxide per square metre per
dmy}. |

Bare Ground..evseeeveseeestad = 4,8,

Ry @.eraeeansvoevassnnnnsneded = 10,2,

Polutoeseissrinencnenaald,8 - 12,7,

Lucerﬂa......,.....‘......9.0 - Elth

The explunztion of these results mey be that the root nodules
of legumes are centres of active kalobolism end that tunis
activity ceused the difi'erences in curbon dioxide production
which were recorded, Other explunations are however possible,
Sbterkey (1931) showed that the rhizosphere of leguuinous pluents
has & bacterisl population nearly five times as large as thaot
oi non-legumes, Thus this increase'iﬁ the evolution of carbon'
dioxide irvom solls carrying legumes could have been brought
about by the respiration of thiese plants plus thut of the large

aumber ol bacteria, Furthermore, soils evolvé 'varying amounts




of carbon dioxide according to their physical structures and
this fact tends to complicate the interpretation of resulls
obtained in the field,

Rippel and Krause (1934), by messuring the disappearwnce

of carbohydrates from the leaves of plunts, demonstrated that
although the destruction of carbohydrates by non-nodulsated pean
roots was of a similar order to that of the roots ol non-
leguminous plants, this carbohydrute demand by the root system
wes mgch nigher when root nodules were present on this legume,
Such a finding points to pew nodules having a high rate of
respilration and therefore pernaps elso a high oxygen requirement,

Allison, Iudwig, Hoover and Minor (1940), using a Warburg

apparatus, measured the rate of respiration of detzched nodules
snd fragments ol roots of & number of leguminous plants, 7Their
experimental findings showed that the nodule is potentially «
more rapidly respiring orgen than the root, but that in air,
nodule «nd root respiration were very similar, They considered
that this was brought czboul by the internal supply of ozxygen
within the nodule limiting the respiration to & value which
heppened to be near that of the roots, However in an atmosphere
of pure oxygen, the rate of nodule respiration increaged and
became more than twice that of roots, indicating that nodules

have the capwcity for more rapid respiration than roots, provided
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that oxygen can be supplied to the inner cells, These authors
realised, however,; that although the use ol detached organs

for respiration observations allowed for precise measurements

of gaseous exchange, the probability exisis that under such
conditions the process of lixation mey cease in the nodule, Al
the same lime, as respiration of both roots and nodules remained
fairly constant during a period of several hours, detachment
appeared to heve no progressive efi'ect on the process of
respiration,

Meanwhile Bond (1941), using a technique which involved
the use of intuct pluntg of Soya beun in aerated water culture,
obgserved that the amount of carbon dioxide produced per unit
dry weight of nodule tissue was approximately three times that
for root tissue, UConfirmation of this finding was unade by

Asprey and Bond (1941) when they showed thatl the intake of

oxygen per unit dry weight of detuched nodules was two to three
times fhat of detached roots, with corresponding differences

in respect of cuarbon dioxide proauction, However although
definite differences exist in the findings of Allison, Ludwig,
flocover and Minor on the one hand snd Asprey wnd Bond on the
other, both sets of resulls suggest that a curtailment of
oxygen below the alyr value will tend to affect the respiration

and perhaps other activities in the nodule at an earlier stage



than in roots. On the othexr hand, & very repid rate of nodule
respiretion may not be necessary for maximum fixation snd mey
lead to wastage of the plant's food supply.

Wilson and ¥Fred {1937), whose work will receive detailed

consideration later in the thesis, investigated the importance

of oxygen to red clover, Thelr plants were grown in sand and

were wholly enclosed in 2- or gometimes 10-litre bottles. The

atmosphere within these bottles wos zdjusted to contain different
partial pressures of oxygen, ranging from 0,6 atmospheres to

0,012 atmospheres of oxygen (or 60 per cent to 1,9 per cent

Soxygen, assuming o total pressure of 1 atmosphere), They Tound

that nodulated plants in a nitrogen-free medium responded in a
similer manner to the various oxygen tensions as did the non-
nodulated plants receiving ammonium nitrate, RBetween 0,4 and
0,05 obmospheres the formation of dry weight and the sssimilatior
of free or comuined nitrogen were independent of the oxygen
tension in the atmosphere, but below 0,09 wtmospheres,
assimilation of nitrogen wnd the formation of dry weight decrease
Tor both types of plants in a similaxp manner, owing to a general
slowing up in the netabolism of the entire plant, They concluded
Tfrom their results that there was no evidence of wny specisal
oxygen reqiirement by nodulated clover plants,

Thus we see that there have been only two investigations in



which the growth and development of legumes zt carefully
controlled oxygen levels have been studied, namely, that of
Wilson and Fred just mentioned, and that of Bond (p. 11), In
the experimehts now to be described, an attempt has been made
to ascertain whether the differences in results between Wilson
and Fred on the one hand, using clover with the whole plant
exposed to & selected oxygen tension, wnd Bond on the other,
using Soye bean with the root system only at adjusted oxygen
tension, were due to the use of a different technigue or to the
use oi a different legume, Here both technigues have been used
and the former suthors' test plant, namely red clover, employed
owing to its dduptability to the two experimental methods,

The principle common to both techniques is that the respons
of (a) nodulsted plants in solution free ol combined nitrogen
and (b) non-noduluted plunts supplied with smple combined
nitrogen, to exposure to different oxygen levels ware compured,
If it is assumed that the root system (excluding the nouules)
end shoots of plunts (&) have similuar oxygen requirements to
those of plants (b), then uny differences in response to oxygen

treatment cun be attrivuted to effects exerted in the nodules,
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Root-System linclosure Technique,

METHQDGS,

Two experiments have been carried out by this technique,
Ordinary commercivl Montgomery red clover seed wes used in the
initial experiment, but in owxder to reauce plant-~-to-plant
veriation 8123 Red Clover seed kindly supplied by the Welsh
Plent Breeding Station, iberystwyth, was employed in the gecond
experiment, Seeds of approximately similar size were surface
sterilised and sown in troughs of wutoclaved sand, At the stuge
when the second true leaf wus unfolding, usually after aboutl
14 days' growth, uniforn seedlings were trunsplented into
water culture in large test-tubes, with one plant per tube,
These tubes had a capacity of 200 cc. and were 20 cm, in height,
with a diameter of 3,5 cm, and were fitted at the wmouth with «
three-holed rubber stopper (see Figs., L and 2)., The largest
hole contsined a rubber inset with & second hole through which
the root system of the seedling wes introduced w«nd the hypocotyl
sealed in by means of "plasticine®, This rubber inset was
incorporuted into tha‘aypurutus owing to the fact that at the
time of trensplanting the clover seedlings were very small,
the hypocotyl being approximstely only & inch long, Without

such an inset the root system of the secdling would not have
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Fig. 1., Details of culture tube (x %).
For uescription see page 17,



17b.

Fig. 2. A single culture tube with clover plant (x %)
(Inlet tube hidden behind outlet tube),
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been properly immersed in the culture solution in the test-tube
owing to the thickness of the rubber stopper and there would
also have been o greater chance of damaging the seedling during
the sealing-in process owing to the lack of woxking spece round
the hypocotyl., 4 second hole in the main stopper was closed by .
a small stopﬁer bearing the gas outlet which consistei of
capillary tubing of 1 wm. bore, Access could be gained to the
culture solution by reméving fhis stopper, in order that the
solution might be renewed or samples withdrawn, The third hole
allowed for the entry of the gas inlelt tube wﬁich extended to the
bottom of the culture tube and had a cubical porous aerator of
2.0 cm, edge itted on the end,

| érone's nitrogen~free soiution, made up accofding to the

originel lormula except for the repiacement of KNO, by XKCL, was

3
the basic solution employed in the experiments and was prepared

ag follows -
KCleswsososnavnnennaess 0,79 gm,
C&SOé;éﬁéé;............0.50 g,
Mg304.7ﬁ20........T....O.5Q s,
GeLB(POl;)Q..f.:......f..(). 25 @m.
F%(P%)Q.SEIQG.........O.Qﬁ gn,
Distilled Water,...ev.0l litre,

One cubic centimetre of Hoaglend's A toZ solution, with
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molybdenum added, was supplied to each litre of the Crone's
solution, The solution was autoclaved before use and the culture
tubes, theixr Tittings, and all glass tubing used in connection

with the removal and repluacement of oculture solution in the tubes

were placed in wooden racks euch cohtaining 6 tubes which were
encloged in blaek‘pﬁpérAta'excluae daylight from the root system
in the ﬁolution.': L |

The day following trungplunting, the passsge of the differen
oxygen /nitrogen gus mixtures wus commenced w«nd continued
throughout the experiments, the gases being scrubbed through
culture solution snd dried over culcium chloride before entry
into the tubes, A few hours after the passege of the gas mixture
had been stwrted, certain tubes were inoculated with an effective
strain of the clover orgenism (Strein 49 - originally supplied
by Rothamstesd Ixperimental Stution) end also in the initial
stages of both experiments with these inoculated plunts, 0,1 mg,
of combined nitrogen wsg added. to the culture solution in each
tube in order to give the plants a little vssistence during the
period of nitrogen starvation before fixation commencei., In the
coge of the initial experiment in which nodulated plants and
plants supplied with combinedinitrogen as ammonium nitrate were

grown at the same time, the lulter plants received no combined
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nitrogen until visible nodules had developed on the former, but
in the second experiment the combined nitrogen plants were
supplied with ammonium sulphate from the beginning oi the
experiment ag in this case no uttempt was being made to keep the
plants at approximutely the seme level of growth (see later), A
small number of control tubes, uninoculsted and with no combined
nitrogen added, was included in order to contirm that under the
cultural conditions employed the plunts received no combined
nitrogen frouw unintended sources,

In the first experiment three levels of oxygen were
maintained in the culture tubesg, bul in the second this number
wes increased to Tour, The highest level was obtained by passing
air (21 per cent oxygen) through one geries of tubes, and the
other three levels by passing oxygen /nitrogen mixtures contuinir
12, 5 and 1 per cent oxygen regpectively through the other sevies
of tubes, Thus the variation in oxygen content wus accomp&nied
by differences in nitrogen content of the gas mixture, bub this
is unlikely to be of any consequence since Wilson (1936) has
shown that the [ixation of nitrogen by noduluted clover plunts
is independent of the amount of nitrogen present «s long as it
exceeds 0,1 to 0,2 atmospheres (10 to 20 per cent)., The air
was supplied by & compressor pump (Edwards Type IV Compressor)
for 20 hours out of each 24 hours (7 a,m, to 3 a.u.). The pump

compressed filtered greenhouse «ir ani included a«n oil baffle,
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In addition the #irstremm before bedng suppliled to thoe plants
was passed through & 2-Llitre botile bighitly pucked with cotton
wool, a3 & Lurthey procsution sgelnet oll contamincetion,
Actualiy ne trace of 0il wus Ffound in this {1ltey boittle even
aiter soveral months' use except lmmedistely sround the point
of entrance ol the sirstreswm, The oxygoen /nitrogen wixiures
wora obbuined fyom the British Osypen Co, Lid and were supplied
conbinuously. In the eurly stages of growlh slow rates of gus
flow suificed to koep the solubtion in eguiliberium with the gas
mixbure as shown by the determinitions of dissoived oxygen
{see below), bul in the later stages 1t wus NECEas«ry 0 increase
the rate of flow in order to keep the solution ag newr ag
possible to the desived oxymen level, This incresse in £low to
about 43 co, of pas per wminute por tube was required when the
roots and nodules were well developed,

Determinations of dissolved oxymen were made by the Winklexr
method, using & L ee, syringe pipette and an sgle micrometer

*

pipette & deseribed by Fox and Winmfieid (1938), By fitting

sultable lengths of narrow cupilli-ry tubing to bthe syyinge
pipette, sumples could be withdrwwn from nidwey down the culture
tubes or from the botbtom, The resulie of bthe determinetions
hive been expressed ag 4 percentuge of the oxygen content of

waler in equilibriwe with wir ol the teupersiure prevailing at



the tinie of the deterﬁinahion, the data éf Winkler (1889)

being utilised in the calculation (see Appendix I). The effect
of atmospheric pressure on dissolved oxygen hes been ignored
since 1t lsg very smxll within the normal runge of barometric
pressure, It is recognised that this method of expression
conceals veriations in abgolute content of dissolved oxygen in
the culture solution due to temperature changes, Thus the
oxygen content of water in egquilibrium with «ir at 760 nm,
pressure varies from 6,6 c¢, (=t N,T,.P,) at 18°0 to 5.5 ce, at a
temperature of Eéaﬁ, this being roughly the range of temperature
variation in the greenhouse Juring the summner wonths. Thus it
follows thal on warmer days the oxygen supply in the culture
solution is somewhat lower than on cooler days, This cannot be
avoided unless it were possible to grow the plants ol constant
temperature; This consideration applies particularly to the
root enclosure experiment where the culture vessel was open to
the stmosphere, In the whole-plant enclosure method, a rise in
tempersture would lead to increused pressure of the gus contents
of the aspirator bottle, which wouli in some degree compensate
Tor the lower solubility at higher temperatures, By expréssing
the results of the determinutions of dissolved oxygen in this
way, it has been possible to seperate the temperature effect fron

other effects, e,g, uptake of oxygen by the pPlants, and also to



present the results in more compact‘fashion.

The culture tubes were tested daily for gas-tightness by
placing a drop of water al the exit of the gas outlet capillary
tube, If an alr bubble was formed this was taken as evidence
that there were no leaks in or around the rubver stopper but
where necessary the plasticine was udjusted around the hypocotyl
Also the cullure solution was changed «t fortnightly intervals,
80 far «s possible the pH of the culture solution was maintained
«t 6,3 which is both the pH of unadjusted Crone's solution ang
also « suitable pH for the growth of nodulated clover plents or
those supplied with combined nitrogen. Nedulited plents produce
only slight lowering in the pH of the solution und this was
corrected daily where necessary by suitable wddition of N /10
NaOH, In the case of the plants supplied with combined nitrogen
this operation had to be carried out every 12 hours wt later
stagzes,

In the first experiment 9 inoculated plants and 9 plents
supplied with combined nitrogen werc initially sebt up wt each
ges level., This experiment was carried out during the winter
of 1950~-51 and was conducted under ortificisl illumination,
brovided by « buttery of seven 80 W, fluorescent tubes (length
5 £t,) arranged in & similar munner to that described by Low

{1948). The intensity of the wrtificial light wes approximetely
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rig. 3. Layout of experiment with fluorescent
lighting, Winter 1950-51,
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300 foot candles at plant level and the Light wus supplied for
16 hours (7 &.m, to 11 p.m,} each day (see Fig, 3). 1In the
second experiment the number of plaﬁts was increwsed to 18 in
the case of the inocculated plants and 16 with the plants
receiving combined nitrogen, the experiment being performed in
two parts {(Part I - inoculuted plants ¢ Paxrt I1 - combined
nitrogen plants), This division of the experiment was carried .
out owing to limited greenhouse space and the amount of wrailwble
equipment, Mg, 4 shows the layout of ithis second experiment
which wag performed in normal daylight,

The experiments were continued for w period of 8 -~ 1l weeks,
Owing to the extremely complicated arrungement of ges manifolds
that would have been necessary, reandomigsation of the tubes was
not attempted, The lighting ol the bench on which the
experiments were conducted wus very uniform in the case of the
experiment in natural light, and in addition the arrengement of
the various racks of plant tubes was frequently changed, With
artificial lighting the light wag less uniiorm but the tubes were
changed weekly rather than every fortnighi., At the terminstion
of the experiments, nodules were counted, dry weights were
determined by heating the plant meterial ot 95°C and total
nitrogen by the Kjeldahl method, the plants being treuted singly

in these operations.



Fig. 4., Oenercl view of an experiment in progress,

Summer 1951,
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EXPBERIMBNT AL RESULTS,

o

The data for the two experiments that have been carried
out will be presented separately, aﬁcept that the results of
the deterninations of dissolved okygen of both experiments can
convenliently be considered together,

The results of the determinations of dissolved oxygen
present in the culture solution at the midway level (8 cu.
Trom surface of sgolution) are summarised for the two experiments
in Tables 1 and 2, As indicated already these 'results are
expressed as a percentage of the oxygen content of water in
eguilibrium with air at the temperature prevailing at the time
of the determination, The wnticipated values for dissolved
oxygen Irom oxygen /nitrogen mixtures containing 21, 12, 5 and
1 per cent oxygen are 100, 57, 24 and 5 respeclively and we see
from these Tubles that in the early stages of the experiments
the values obtained were very near to those &nticipated. However
as bhe experiment progressed and the plants increused in size
with accompanying increase in root regpirution, it was found
impossible to meintein the oxygen levels quite up to the
degired figures without an inconveniently high rate of Zag-
flows so that in the later stages the oxygen levels were

appreciablly below the intended vulues,
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Table 1.

Results of Determinations of Dissolved Oxygen, 1950-51 Bxperimen!

ALl Samples tuaken at Depth of 8 cm, from Surface of Solution,

Type of Days from Transplenting into Culture Tubes,
Culture. 755 31 36 37 43 44 51 58 64 65

Air Nod., off 95 - 98 - 95 - 92 - B84
* Non-Nod.f 98 - 98 - 93 - 88 - 86 - B84
104 o Nod. 55 49 ~= 49 =~ 47 = 46 = 43 -
# Yo  Non-Nod,i 54 =~ 49 -~ 47 = 45 - 44 - 35
5% 0 Nod, 23 20 - 20 = 20 - 19 - 19 -
# Yo Non-Nod,t 3 - 20 - 21 « 16 - 15 - 14

¥ fuch figure indicates mean value of three determinations,

tPlants supplied with @omonium nitrate,

Table 2.

Results of Determinations of Dissolved Oxyzen, 1951 lixperiment,

All SBumples taken at Depth of 8 cm, from Surface of Solution,

Type of Days from Transplenting into Culture Tubes,
Culture, 2 7 15 16 22 29 36 43 49 57
Ap Nod, 99 - 99 -~ 97 96 95 96 - 96
! Non-Nod, T 98 97 - 95 - - - - 89 -
10 4 o Nod, \ 54 -~ 51  ~ 52 5L 49 43  « 43
- # Yo Non-Nod,{ 53 50 = 49 =« = = o« 44 =
54 0 Nod. ' 24 -« 18 - 17 15 20 15 - 16
2  Non-Nod,{ 26 20 - 19 & - - - 15 -
12 0 Nod, 5 - 5 - 3 2 3 35 . 3
d 2 Non-Nod, { 5 5 - 3 - - - - 2 -

¥ Bach figure indicates mean value of three determinations,

T Plants supplied with smwonium sulphate
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On a few occasions samples for oxygen delterminuiion were
withdrewn from near the.bettom of the culture:tubes as well os
from the midway level, Such double determinations showed that
in a given tube the oxygen content was uniform throughout the
culture solution in that tube and confirmed that no back entry
of athSQhefie oxygeﬁ Was taking place, the latter also being
indicated by the fact that the percentage oxygen in a given

tube never exceeded the expected value,

Growth _Data for First Bxperiment (Nov, 21, 1350 - Feb, 5, 1951).

In this experiment which, as noted, was peffnrmed undey
artificiasl illumination of thaltype already described, both
inoculated plunts and plants supplied with combined nitrogen
were grown at the same time, In th¢ case of the inoculated
plants nodules visible ﬁo the naked eye appeared two weeks ufter
inoculation &nd‘there were definite indications of nitrogen
fixation approximstely four weeks alter inoculation, With the
combined niﬁragen plants the addition of ammonium nitrate was
deloyed for a time in order to compensute for the initial
nitrogen starvation period experienced by the nodulated plants,
However once nifrogen fixation commenced in the latter plants
the non-nedulated ones received 10 mg, combined nitrogen per
tube with Turther additions at regular intervuls so that

ultimately the culture solution had the same nitrogen content
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as normal Crone's solution,

pH ad justment of the solution for both types of plunts wus
commenced in the fourth week of the experiment and while in the
case of the noduleted plants maximum falls in pH value to 6,0
were recorded during the 24 hour period between adjustments,
falls to 5,5 frequently occurred with the combined nitrogen
plants and here (as salready noted) the pH of the solution hed
to be tested every 12 hours and adjusted where necessary.

Shortly after Tixation commenced differences in growth
between nodulated plants at difTerent ievels of oxygen became
apparent, The plants receiving 12 per cent oxygen were, rabther
surprisingly, distincetly superior to lthose at 21 per cént, and
were also superior to those at ¥ per cent, Such a condition
continued until the termin&tion of the experiment, The mean
data obtained at the harvest ol these noduleted plants are
presented in Table 3 where it is shown that the dry weight and
total nitrogen content of the plants at the 12 per cent level
of oxygen were greater thun those at 21 and 9 per cent oxygen,
The statistical treatment® also presented in this Table shows
that the epparent superiority of the 12 per cent oxygen plants
over those at 2L per cent attuined significance, but that the

minimum difference reguired for significance was not quite

¥ A specimen analysis of vuariance is shown in Appendix II,
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Mean Data (per Plant) obtained at Harvest of Nodulated Plants

of First Experiment.

% Oxygen Dry Weight {mg,) Total
in Gas No, of - A . Nitroger

Supplied, Nodules, NModules Roots Tops Total (e, )

21 119 8 47 138 193 5,01

12 240 12 91 207 310 © 9,82

5 195 8 52 148 208 6.54

Nine plents were initially set up at each oxygen level., For
number’ of plants hurvested see below,

Minimum Differences between Means reguired for Significunce at

Pz 0,09 frowm Anulysis of Varisnce,

Yo, of

Plants Dry Weight Total Witrogen
Comparison Harvested {ng,) (mg.)
21% and 129 8 and 9 117 (obsvad, 116) 3.72 (4.81)
21% and 5% 8 and 8 120 (14) 3.83 (L.53)

12% and 5% 9 and 8 117 (102) 3.72 (3,28)
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reached on comparison of the plants grown at 12 and 5 per cent
oxygen. It should be noted that in this experiment the
differences between means required for significance were high,
this being due to the large plant-to-plant veariation, consequent
no doubt on the use of commercial seed, and also to the rather
swall number of replicates, Typical groups of nodulated plants
of this experiment are shown in Figs, 5 - 7,

In the case of the ncn~nodulmted>plants supplied with
ammonium nitrate, a relationship between oxygén tension andvthe
growth of the plants also developed at an early stage in the
experiment but here such differences in growth were not so
pronounced as with the nodulated plants, The plants &t 12 per
cent oxygen were on the whole very slightly superior to those
aﬁ 2l per cent oxygen and growth at these two oxygen levels
appeared slightly superior to thal at the 5 per cent level,
Although these visual observations were borne out by the mean
dry weight ligures obtained at harvest and presented in Teable 4,
the statistical treatment shows that the~minimqm diff'erences
required for significance had not been obtained on comparison
of the growth of the plants at any of the oxygen levels, It
should however be noted thalt the differvences between means for
12 «nd 5 per cent were much nearer significance than those

briween 21 and 12 per cent oxygen, Typical groups of plants
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Pig. 5. DNodulated plunts of first experiment, 217 oxygen (x 1/8

Fig, 6., Nodulated plants of first experiment, 12% oxygen (x 1/8

Fig. 7. Wodulated plants of first experiment, 57 oxygen (x 1/8),
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Table 4,

Mean Date {per Plant) obtained at Harvest of Non-Nodulated Plants

receiving Ammonium Nitrate of First Experiment,

% Oxygen No, of Dry Weight (mg.) Total
in Gag Plants ; NS . Nitrogen

Supplied, Harvested, Roots Tops  Total {mz,)

2L . 9 248 599 847 31l.21

12 9 256 684 920 35,13

0 9 1638 412 640 25.04

These plents received a total of 72.9% mg, nitrogen per tube
during the experiment, Nine plants were initially set up at
each oxygen level,

Minimum Difif'erences between Means required for Significance at

P =0,05 from Analysis of Variance,

Comparison Dry Weight {ng,) Total Nitrogen (mg.)
21% and 124 392 (obsvd, 73) 16,32 (3.92)
o1% and 5% 392 (207) 16,32 (8,17)

12% and 5% 592 (280) 16,32 (12,09)
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from the three oxygen tensions are shown in Flgs, 8 - 10,

The conclusions that may be drawn from this first experiment
are of limited nwture, {irstly because only three levels of
oxygen were employed, and secondly because the relatively small
namber oif roplicate tubes combined with the large plant-fo-~
plant variotion resulted in large differences in growth being
necessary for significance, It is, however,.definite thut
nodulated wnd combined nitrogen plants differed in theif
relative response to 21 per cent oxygen as compared wilh 12 per
‘cent, The growth of nodulated plunts at 12 per cent was clearly
superior to that at 21 per cent, while the corresponding small
difference with combined nitrogen plants wes far below
signiticance, A further curtailment of oxygen from 12 per cent
to 5 per cent produced a similar response with both types of
plants, viz,, an apparent reduction in growth which just failed
to attain stetistical significance,.

It may be noted that in this experiment the combined
nitrogen pluanis made much more growth than those dependent on
nodule nitrogen, due, it seems, to the fluorescent light employed
being less suited to the needs of noduluted pluants, Taus at the
12 per cent level the meun dry weight of the combined nitrogen
plants was three times that of nodulated plants, The possibility

méy suggest itsell that the absence of a clear optimum in growth



Fig. 8. Non-nodulated plants of first experiment supplied with

smmonium nitrate, 217 oxygen (x 1/8),

Fig. 9. Non-nodulated plants of first experiment supplied with
emmonium nitrate, 12% oxygen (x 1/8),

Fig. 10, Non-nodulated plants of first experiment supplied with

ammonium nitrate, 5% oxygen (x 1/8)



at 12 per cent oxygen with the combined nitrogen plants might
have been due to some limitations resulting from the general
large size of the plants, e,g., limitation of root gpace, It

is however important to notice thal even in ﬁhe eurlier steges
of growth, when no guestion of such limitation arose, there was
never such a clear dilference between the 21 per cent and 12 per

cent plunts «s there was with the nodulated type,

-

Growth Data for Second Bxperiment (spril 3 - June 4, snd July 3 -

August 25, 1951),

In this second experiment which was divided into two parts
ag already mentioned and performed under normel daylight, it was
hoped to lower the differences required for signilicunce by using
a pure gtrain of red clover seed and by increasing the number of
replicates, Also in this experiment four levels of oxygen,
namely 21, 12, 5 =nd 1 per cent were employed, and owing to the

findings of Gillbert and ghive (1945) that some plants can ubilise

the oxygen of the nitrate ion under conditions of reduced supply
of free oxygen, ammonium sulphote was substituled Tor ammonium
nitrate as the source of nitrogen to the uninoculatéd plants,

In the case ol Part I of the experiment, involving nodulated
plants, nodulation and nitrogen fixation commenced =iter en
interval similar to that in the first experiment snd pH adjustmen

was performed from the third week after bransplanting. into cultur
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solution., The springtime conditions in the greenhouse obviously
sulited these noduluted plants better then the winter conditions
and strong plants were th&ined at all but the 1 per cent level
of oxygen, The effect of lowering the oxygen tension was
similar to that obtained in the initial experiment but the
differences in growth at the vurious levels were more pronounced
and also the plants were more uniform at & given treatment,
hguin best growth (by eye judgment) was shown at 12 per cent
oxygen, followed by 21 and 5 per cent, which exhibited rather
similar growth, while at the additional level, nemely 1 per cent
oxy¢en, the plants were very swmaell, Mean data obtained at the
harvest of these plants are presented in Teble 5, The stutistica
treatment shows that the attempt by the ubove mentioned methods
to reduce the differences required for signiiicance was in fact
successful, so that the conclusions thatl may be drawn are
correspondingly clewrer than in the first experiment, though
generally in keeping with the latter, Orowth and fixation at
12 per cent oxygen are clesrly superior to thogse ut 21 and 5 per
cent, and at 5 per cent are superior to those at 1 per cent,
findinges which wmay be summarised thusi-
21% < 12% > 5% > 1%
At the 1 per cent level of oxygen the nodules remained

small wnd white and in these respects were comparsuble with those
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Table 5,

Mean Data (per Plant) obtained at Hervest of Nodulsted Plants

of Second Experiment,

% Oxygen Dry Weight {(mg, ) Total
in Gas No, of , A - Kitrogen
Supplied Nodules, Nodules Roots Tops Total (mg,)
o1 231 26 117 280 423 12,73
12 248 29 160 542 731 20,40
2 328 20 102 370 492 13,10
1 178 3 23 61 87 2,35

18 plants were initially set up at each oxygen level, Ior
number of plants hurvested see below,

Minimum Difierences between Means requlred for Significance ul

P = 0,05 from Analysis of Variance,

No. of

Plonts Dry Weight Total Nitrogen
Comparison Harvested (mg, ) (mg, )
21% and 124 17 and 18 144 (obsva, 308) 3.96 (7.67)
oL% end 5% 17 and 186 148 ( 69) 4,08 (0.37)
21% and 1% 17 and 17 145 (336) 4,01 (10,38)
12% and 5% 18 and 16 146 (239) 4,03 (7.30)
12% and 19 18 and 17 144 (644) 3,96 (18,05)

5% and 1% 16 and 17 148 (405) 4,08 (10,75)
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normally produced by an ineffective strain of the nodule organisn
Only in the closing stages of the experiment could the presence
of haemoglobin be detected within the nodules, and it never
atteined the intensity shown in nodules subjected to higher
oxygen tensions, Photographs of typical plants of Purt I of this
expériment are shown in Fipgs, 11 - 16}

Part IT of this experiment comprised urinoculated plents
supplied with ammonium sulphate, Some difficulty wes
encountered in canﬁrclling pH with these plants, Although in
the later stages of growth pH checking end adjustment was carried
out every 12 hours, even in this relatively short interval falls
from the desired value of pH 6,3 to 5,0 occurred, Thus these
plants grew al = somewhat lower mean pH than the nodulated plents
of Part I of this experiment, but it is unlikely that the
difference wag large enough to invalid&te in any way couparisons
between the two types of plants,

‘The meun date obtained ut hurvest of these plants are
summarised in Table 6. The means for the plants grown at 12 per
cent oxygen are slightly higher than those for 21 per cent, bub
the differences are a long way short of significance, providing
a notable difference from the eorrespénding comparison in
nodulated plants, Reduction of oxygen to 5 per cent led to a

fully-significant curtailment of growth, and the seme applied to
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Fig. 11, Single nodulated plant, 12% oxygen (x 1/7).

Fig., 12, Nodulated plants of second experiment,

Left to right - 21, 12, 5 and 1 per cent oxygen (x 1/7).
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Fig., 13. Noduluted plants of second experiment, 217 oxygen
(x 1/8),

Fig. 14 Nodulated plants of second experiment, 12% oxygen
(x 1/8).
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Fig. 15, Nodulated plants of second experiment, 5% oxygen
(x 1/8).,

Fig., 16, Nodulated plunts of second experiment, 1% oxygen
(x 1/8)
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Table 6.

Mean Data (per Plunt) obtained at Hurvest of Non-Nodulated Plantsg
receiving Ammonium Sulphate of Second Experiment,

% Oxygen No, of Dry Weight (ug, ) Total
in Ges Plents ; A . Nitrogen
Supplied., Harvested, Roots  Tops  Total {mg, )
21 14 211 476 693 18,57
i2 16 2718, 512 730 21,45
b 14 173 388 561 16.50
1 11 49 119 168 5,22

These plants received & total of 60 mg, nitrogen per tube
during the experiment, 16 plants were initially set up at

each oxygen level,

Minimum Differences between Means required for Significance at

P = 0,05 from Analysig of Variance,

No, of

Plants Dry Weight Total Nitrogen
Comparison Harvested (mg. ) (mg, )
21% and 12% 14 and 16 184 (obsvd, 97) 4,20 (2,88)
21% and 5% 14 and 14 197 (132) 4,40 {2,02)
014 und 1% 14 snd 11 213 (525) 4.88 (13.35)
12% and 5% 16 and 14 184 (229) 4,20 (4.95)
124 and 1% 16 and 11 197 {622) 4,40 $16,23)
5% and 1% 14 end 11 213 (393) 4,88 (11,28)




the further reduction to 1 per cent, These resulils muy be
summarised thusi-

21% = 124 > 5% > 14
Fhotogruphs of typical plunts from this part of the experiment
are shown in Figs, 17 - 21,

It should be noted that in this experiment the disparity
between the general growth of the nodulated and the combined
nitrogen plants was very small compared with that in the winter;
time experiment, This was partly because growth conditions were
now more favoursble to the nodulzted plants and «lso because the
duration of the experiment with combined nitrogen plunts was
deliberately shortened somewhat,

In comection with these two experiuments, 11 control tubes
of non~nodulated pleonts which 4id not receive combined nitrogen
were set u@,‘with one oy two culiure tubes al euch oxygen level,
The growth of all these plunis was negligible and «t harvest it
was found that the mean nitrogen content of these plants was
(D.l g, wnd the mean dry weight 21 ng, Such figures confirm

that under the experimental conditions employed the plants
received no combined nitrogen Ifrom unintended gsources, as the
total nitrogen content of & clover seed is in the region of the
above mentioned figure, They also show that the [igures in the

above Tables for nitrogen content of nodulated plunis indicate
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Fig. 17, Non-noduluted plants of second experiment supplie
with ammonium sulphate, Left to right - 2l, 12, 5 and
1 per cent oxygen (x 1/11),
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Fig, 18, Non-nodulated pluants of second experiment

supplied with ammonium sulphate, 21% oxygen (x 1/11).

Fig. 19, Non-nodulated plants of second experiment
supplied with ammonium sulphate, 127 oxygen (x 1/11).
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Fig, 20, Non-nodulated plunts of second experiment
supplied with ammonium sulphate, 5% oxygen (x 1/11).

Fig. 21, Non-nodulated plants of second experiment
supplied with ammonium sulphate, 1% oxygen (x 1/11)
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asccurately the amount of nitrogen fixed by these pluants,
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DISCUSSTION,.:

When growing plants under the conditions employed in the
present experiments, in which the root system alone was subjecte
to various oxygen tensions while the shoot was exposed to the
normal atmosphere of the greenhouse, one must, (as pointed out
by Bond (1951) ), consider the possibility of a downward diffusi
of oxygen through the plant itself as & means of relieving the
tension of oxygen imposed on the root system, Obviously if such
a downward movement could readily occur the technique employed
would have to be considered unsatisfactory as it would be
impossible to contxrol the oxygen supply to the rool tissue by
adJusting ths oxygen level in the surrounding culture solution,
Given such a downward movement of oxygen, then when a gas
mixture with only 1 per cent oxygén was supplied to the rooting
solution one would anticipate that a diffusion of oxygen out of
the roots into the solution might occur under the influence of
the differences in partial pressure. The determinations of
disgolved oxygen present in the culture solution gave no
indication of such an outward flow since at wll times during the
experiment the oxygen tensions were at or below the equilibrium
point, Also comparison of growth, say bétween plants grown at

1 per cent oxygen snd those at 12 per cent oxygen (see Fig. 22)
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Fig. 22, Non-noduluated plunts of second experiment supplied
with ammonium sulphate, 1 per cent oxygen ({left) and
12 per cent oxygen (right), (x 1/5).
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make it abundantly clesr thal the ges stream was the major
source of oxygen for the root system and that no appreciable
movement oi oxygen through the plants took place,

The results of these two experiments (particularly of the
second one) may be summarised by saying that on comparison of
plants grbwn with their roots in water culture in approximate
equilibrium\with oxygen /nitrogen gas mixtures containing 21,
12, 5 and 1 per cent oxygen respectively, it was found that
with nodulated plants there was & significwant increase in dry
weight for the whole plant and its varlous parts when the oxygen
tension was decreased from 21 to 12 per cent oxygen, followed
by & reduction in dry weight as the oxygen level was lowered to
5 and then to 1 per cent oxygen, A similar position held for
the total nitrogen content and therefore for the amount of
2bmospheric nitrogen fixed, In the case of the non-nodulated
plantg supplied with combined nitrogen, growth was essentially
similar at both 21 and 12 per cent oxygen wnd this was followed
by @& decrease in growth as the tension was further lowered to
5 and then to 1 per cent oxygen, Although & reduction in growth
took pluace with both types of plants as the oxygen tension wes
reduced below 12 per cent oxygen, it should be noted that the
fall in the cage of the nodulated plunts was steeper then that

exhibited by the plants receiving combined nitrogen owing to the



42.

marked increase in growth at 12 per cent oxygen by the former,
From all theée observations it can be stated that the nodulated
plunts reacted to the various oxygen tensions in a different
manner from the plants supplied with combined nitrogen, A4 study
of the relative dry weights and total nitrogen contents
illustrates these p&ints (see Tuble 7 and Graph 1),

Ii thus appesars that when the oxygen tension is reduced to
a value approximately hall that of the air value, the sctivities
of the nodulated root system are increased, whereas the non-
nodulated root system supplied with combined nitrogen is only
slightly affected and to a wmuch smaller degree, Assuming that
the oxygen requirements of the roots of both types of plants sye
of a similar order, we must conclude thet the Jifferences in
growth were caused by the efficiency of the nodules being
increased al an oxygen tension below the wivr value, Further
consideration of this at first sight somewhei surprising though
quite clearly established result will be postponed to the
Piscussion coming «fter the description of the whole-plant
enclosure experiment, The compsarison oi these resulits for clover
ant those of Bond (1951) for Soya beun, using & similur
'tachnique, will also be postponed to the luter Discussion,
| The date for number and dry weighl of nodules at the

dilfferent oxygoen levels in the second experiment are reproduced
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Table 7.

Relative Values calculated from the Dota of the Two Experiments

with Mean atl 21 per cent taken ag 100,

% Oxygen Nodulated

Non-Nodulated
in Gas A :

Supplied, "Dry Weight, N-Content. Dry Weight, N-Content,
21 100 100 100 100
12 167 178 112 114
5 113 117 79 82
1 o1 18 4 28

The igures shown are tne meusn values of the two experiments,
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Groph 1, Relative values calculated from data of the two
experiments with mean ot 21 per cent taken as 100,



geparately in Table 8, It will be noted that according to the
statistical treatment the number of nodules ig similar at 21

and 12 per cent oxygen, but increases significantly at 5 per cent
below which there is & sherp fell. It must be pointed out
however that the high mean at 5 per cent was largely due to the
effect of a small nuamber of alypical plunis beuring 400 ~ 495
nodules each, and Torming & group quite aistinct from the
general run of the plants, Tor such & thing to huappen is not an
unususl experience in connection with the nodulation of legumes,
Thus it is preferable to conclude that over the range 5 ~ 21 per
cent oxygen the number of nodules formed is essentislly
unaffected, The only previous observabtions on this aspect are
those of Bond {1951), who on Soyz bean found nodule numbers
again unchanged over the range 5 - 21 per cent oxygen, The
reduction in nodule number at 1 per cent is undoubtedly due at
least in purt to the reduction in root growth (shown also in the
combined nitrogen plants) usnd consequently in opportunities fox
infection, 'Bhaduri (1951) showed in Phaseolus thal the number
of nodules produced was dependent uﬁon the extent of the root
system, The dry welghts of nodules per plant at dilffereht
oxygen levels shows & close purallel to those of the plunts
themselves, so that the maximum is at 12 per cent, 8Since it hes

been concluded alrewdy that the nodules function best in the
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Tueble 8,

Bffect of Quygen Tension on fnitiation and Developument of Nodule:

Inoculated Plants of Second lixperiment,

% Oxygen Mean Number Mean Dry Weight
in Gas of Nodules of Nodules {mg)
Supplied, per Flant, per Plant,

21 231 ( 57 = 350)° 26

12 248 (153 ~ 394) 23

5 328 (179 - 495) 20

1 178 { 64 - 300) 3

* Figures in parentheses indicate extreme values,

Statistical treatment shows that the difference between means
for both nodule numbers and dry weight is significant in all
cases except that between 21 and 12 per cent oxygen,
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region of 12 per cent oxygen, it appears that there is a
difference between the oxygen tolerance of the eurly stuges in
nedule development and that of the nodule as & functional unit

in nitrogen {ixation, the latter being higher,
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Whole-Plant Taclosure Technique,

M LT HODS.

It will be remembered that in this particular portion of
the research a technique similar to that employed by Wilson wnd
Fred (1937) was to be used in which the clover plunis are grown
rooted in sand and wholly enclosed in lurge aspirator botiles,
the atmospheres within these being adjusted to contain different
proportions of oxygen,

In the experiment now to be described the sand employed as
the rooting medium was a washed quartz sand kindly supplied by
the Generzl Refractories Co, Ltd,, and which was known from
previous experimental work to contain no more thun traces of
combined nitrogen, The plants were grown in this sand in gluss
agpirator bottles with a cepucity of 5 litres and 32,5 cm, in
height, with diameters of 6 cm., and 17 ecm, at the mouth and beloy
the shoulders respectively, The sa=nd in these botiles had a
depth of 6 cm, Bxcept for & preliminary period during which the
bottles were closed by cotton wool piugs, they were {itted withn
rubber stoppers easch of which had two holes, the éas inlet tubé
pussing through one of these and thence extending almost to the
surface of the sand, The gus outlet tube passed through the

other hole (see Fig, 23), This outlet tube was connected by
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Fig., 23, Arrangement employed for whoie- plant enclosure
experiment, (x 1/5). TFor description see text,




49,

means of  thick-walled rubber tubing to & ®tell-tale® which
consisted of a test tube of height 15 cm, and 2.5 cm diazmeter,
containing water snia closed =t the mouth with a rubber stopper
bored with two holes, These holes again allowed for the passage
of the gas inlet anc outlet tubes, the Former extending «lmost
the base of the test tube, while the latﬁerAQORSisted of a ghort
length of capillary tubing of 1 mm, bore, BY removel of this
outlet tube, access could be gained for the purpose of withdrawal
of ssmples of water from the "tell-tule",

By wmewns of the "tell~tule® the rate of passage of gos
‘through the 5~litre bottles could be Jjudged and was controlled
by & screw clip on the rubber tubing between the bottle and the
"tell~tale®, A short length of rubber tubing with a screw clip
fitted was also ubttuched to the capiliary outlet of the "tell-
tale” in order to allow of the closure of the outlet during
the periods when the gus flows wers turned of'f, Also by
«nalysing the weler in the "tell-tale® for dissolved oxygen (see
later) the oxygen content of the wtmosphere within the plunt
bottles could be ascertained,

Grone's‘nitrogennfreg solution with the minor elements added
was dgain used and was sdded Lo the sand in the proportion one
sixth by weight, Both the sand and the nutrient solution were

autocleved before use and the bottles und their fittings



sterilised ageinst the nodule organism,

This experiment was divided into tﬁe parts carried out
consecutively, Part I comprising nodulated clover plants and
Part IT non-nodulated plents supplied with combined nitrogen,
SL23 Red Clover seed, supplied by the Welsh Plant Breeding
Station, Aberystwyth, was sgein used and selection and
sterilisation of the seed were effected as before, In Part I of
the experiment the sceds were inoculated with on effective strain
of the clover organism (étr@in 43) by dipping the seed into a
suspension in sterile water of the nodule bacteria before sowing
in the sand in the 5-litre bottles., The seeds were sown
individusally into smell holes mude in the sand with a sterilised
glass rod by picking them up in the flame-sterilised loop of a
long inocculating needle znd then coverling them over with sand,
the sterilised glass rod being used in this final operstion, In
Purt IT of the experiment seed inoculation was omitted but 52 mg,
or ﬁitr@gen per bottle as cmmonium sulphate was in this case
added with the Qrone's solution., A further 14 mg. of nitrogen
per bottle was added to the sand when these plants had reached
the 3-leaf stage and just before the gas flows were turned on
(see below), Ammonium sulphute was used rether than ammonium
nitrate which w&s.the source of nitrogen in the reported

experiments of Wilson and Fred (loc. cit,) because of the view



that the oxygen of the nitrate ion can be utilised by plonts
under conditions of reduced oxygen supply (see p. 33). A small
number of control bottles, uninoculated and with no combined
nitrogen added, was included in the experiment in order to
agcertain the amount (if any) of nitrogen whiéh the plants might
be obtaining ivom the sand, In all ceses 15 seeds were sown in
each bottle,

The emergence of seedlings above the sand commenced four
d&js affter sowing and a few days later the number of planté in
each botile wus reduced to 7 in the case of the nodulated and
control plants, but to 6 in thoae‘receiving combined nitrogen
since stronger growth wes anticipated with these latter plaonts,

Up to this point the bottles were closed by cotton wool
plugs, so that the atmosphere within the bottles consisted of
ordinary «ir, This preliminary period of growth in «ir was
provided firstly because there wug & corresponding period in the
previously described root enclosure technique, and secondly
because Wilson and Fred included o similar preliminary period,
After two weeks from seedling emergence (at a stwgé when the
plants bore 3 leaves) the atmospheres within the bottles were
adjusted to different oxygen levels, The rubber stoppers were
fitted to the botiles and these connected to the gas manifolds,

The gas mixtures were sgain obtained in compressed form from
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the British Oxygen Co, Ltd, (Wedical Section) and resembled thes
employed in the root enclosure technigue except that esch
mixture now contalined 1 per cent curbon dioxide, The latter

was added because with the system of intermitient gas {low
adopted (see below) the growth of the plants would otherwise
have been Limited by the lack of carbon dioxide, Thus there werc
four oxygen /nitrogen / corbon dioxide mixtures, containing 21,
12, 5 and 1 per cent oxygen respectively, with 1 per cent carbon
dioxide in all ceses, The gas mixtures were scrubbed througzh
culture solution snd dried over calcium chloride before entering
the plunt bottles,

In view of the cost of the ges mixtures and of the lercs
volume of the plant bottles relative to the amount of plant
substance, it was decided that continuous flow would probably be
unnecessary, at least during the early stages of growth, It
may be noted thal wheress in the root-system enclosure technigue
the effect that had to be guerded agwinst was a lowering in
oxygen tension owing to rocet respiration, with the present
technique it is the possibility of an increase in oxygen level,
due to photosynthesis, that has to be borne in mind, The results
of oxygen determinations on the gaseous contents of the plant
bottles (see below) confirmed that intermitient £8s supply was
satisfuctory not only in the early stuges of growth but also in

the later stages, The initial displecement of the air originally



present in the bottles required the passege of the gas mixtures
at the customary rate of about 20 ce,/mninute for a period of
about 6 hours (see later), after which each botile was isolated
by closing the three screw clips shown in Fig. 23, On subsequent
days the gos mixtures were passed for a period of 2 hours,
increased to 4 hours in later stages of growth, The order in
which the screw clips were closed ensured that the atmosphere
within the bolttle was left at or very near to wtmospheric
pressure,

Ag dindicated alrewdy., information on the oxygen content of
the atmosphere within thé plant bottles was obtained by means of
determinations of dissolved oxygen present in samples of the
water of the "tell-taler tube, After a period of gas flow this
water will be in equilibrium with the geas emerging from the plant
bottle, With the system of intermittent gas flow indicated above
the routine procedure was to commence the gas flow, and then
after a period of aboul 30 minutes to withdraw & 1 ce. sample of
the water in the Ttell-tale® with the syringe pipette and
determine its dissolved oxygen content by the method already
described (Root-System Fnclosure Technique - Methods), Tt wes
agsumed thal eny change in the composition of the gas within a
given bottle during the period of no-flow would be reflected by

the oxygen data so obtained, The results of these oxygen
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determinations were again expressed as « percentage of the
.oxygen content of-water in equilibrium with air at the
temperature prevailing at the time of the determination,

Port I of the experiment which comprised nodulated plants
was continued for a period of 8 wesks and Part II with non-
nodulated plents supplied with combined nitrogen for 7 weeks,
In both cases the arrangement of the bottles was altered st
ifrequent intervals in case there were slight inequalities of
lighting on the table on which the bottles were arranged, The
layout oif this experiment is shown in Fig., 24. The full
experiment extended over the period April - August, 1952, under
natural light, and during warm sunny days it was found necessary
to spray the botitles with water in order to prevent the
temperature within the bottles rising to & degree which might
have resulted in harm to the plants, In this way, together with
the use of the usual roof screens, the temperature within the
bottles was usually prevented from rising above 25°C, except on
particularly hot days, At the termination of the experiment
the plants were harvested individuslly and the dry weights
ageertained by heating the plunt material at 95°C, The toizl
nitrogen content was determined by use of the Kjeldahl method,
individual plunts being analysed in the case of the nodulated

and control plents, while with the non-nodulated plants supplied
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Fig. 24, Layout of experiment - whole-plant enclosure

technique, Approximately three weeks after sowing of

seed,



with combined nitrogen all plants from a given oxygen level

were bulked prior to Kjeldahl analysis,
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EXPERIMENTAL RBSULTS,

The results of the determinations of dissolved oxygen
present in the wabter contained in the Ptell-tales" for both parts
of this experiment are shown in Tables 9 and 10, It may be
recalled that except for the first dey these oxygen
determinations were made 30 minutes ufter the gas flows had been
\restarted. Any changes in the composition of the almosphere
within the bottiles that had arisen during the perlods of no-Ilow
would, it was anticipated, be reflected in the oxygen data so
obtained, The Tubles show that the expected values for oxygen
content {namely 100, 57, 24 and 5 for oxygen /nitrogen /carbon
dioxide gas mixtures containing 21, 12, 5 and 1 per cent oxygen
respectively) were initially obtained end that there was no
suggestion of any significunt deviation from these values
throughoult the whole growth period,

The oxygen data presented in Table 11 and Graph 2 are also
of interest, They show successive readings obtained during the
| initial digplacement of &ir from two 5-litre bottles by the 1
per cent oxygen mixture passing in at the usual slow rute (see

P. 53) into the bottles, The results indicate that the



. I

Teble 9.

Results of Determinations of Digsolved Oxygen, Part I - Nodulatle

% Oxygen Days from Commencement of Gas Flbw.
in Gas , ~ -
Supplied, 1 10 12 14 21 27 31 36 42
2L o8 97 97 97 96 95 S6 100 98
12 57 56 55 56 55 56 56 58 58
2 24 24 25 24 24 25 24 26 26
1 5 4 4 9 5 5 5 6 5

* Bach figure indicates mean value of three determinations on
different bottles,
Determinations on first dey wade 6 hours after commencement of

gas flow,
Table 10,

Regults of Determinations of Digsolved Oxygen, Port II - Non-
Nodulated Plunts,

% Oxygen Days from Commencement of Gas Plow,
in Gas , A —
Supplied, . 1 3 T 10 17 24 31 38 40
21 99* 99 98 98 97 99 100 99 98
i2 56 55 57T 57 56 5T 57 %6 57
5 24 24 24 24 23 25 25 24 25
1 5 5 4 5 4 5 6 5 5

K Bech figure indicates mean value of three determinations on
different botiles,
Determinations on first day made 6 hours after commencement of
gos flow,



Table 11,

Saeries of Determinations of Dissalve&_ﬂxygen-on 1 per cent

Bottles_at Commencement of Gas Flow,

Time.

Dissolved Oxygen ss 9
of Value for Water
in Bouilibrium with Air,

, . *
10 ~ 30 a,m,

12
12

NN

\

4

noon,

ey

20 p.m,
Q0 p.m,
30 pom,
00 p,in,
30 pem,
00 p.ra,

30 p.m,

- — oy —

69
41
28
18

10

W

* Commencement of gas flow,

Readings were made alternately on two bottles belng supplied

with 1 per cent oxygen,
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displacement of the original gaseous contents (in this instance
air) of the botiles occurred in an orderly manner and that the
gas at Tirst displaced was uncontaminated with the entering ges.
This coniirms that the routine method of exumining the water
in the "tell-tale? 30 mimutes after coummencemnt of the gus flows
is likely bto give a reagonably accurate reflection of the
percentage oxygen in the botile prioxr to the commencement of gas
flow,

As noted in "Methods®, in connection with this experiment
4 control bottles, each containing 7 non-nodulated plunts not
supplied with combined nitrogen, were set up in order to sscertal
the amount of combined nitrogen which might be available to the
plants from the sand, At harvest it was found that these plants
had an everage dry weight of 6,5 mg, per plant and wun average
total nitrogen content of 0,2 mg, As the total nitrogen content
of a clover seed igs in the regionof 0,1 mg., it is confirmed
that the amount of comrbined nitrogen present in the saﬁd Was very
small and also that the figures for total nitrogen content of
nodulsated plants to be presented below indicate correctly the
amount of nitrogen fixed by these plants,

Growth Date Tor Fart I of Hxperiment - Nodulated Plunts, Growth
Period from April 4 to May 27, 1952,

Six bottles, each containing 7 nodulated plunts, were set
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| up for each of the oxygen levels, The first indications of
nitrogen fikation were observed approximately four weeks after
‘sowing, At this stege the plents which had been inoculated with
the nodule organism were larger than the controls and aleo the
leaves of the former were dark green compared with the paler ones
of the latter, Aiter a further wekk differences became obvious
between the growth of the plants at different oxygen levels,
Best growth was already shown in an atmosphere of 12 per cent
oxygen;,followed by 5, 21 and 1 per cent oxygen in that order,
This relationship between the growth at different oxyzen levels,
as assessed by eye Jjudgment, persisted during the remuinder of
the experimental period,

fuch the ssme picture is presented by the mean dsata obtained
at harvest (see Table 12), In respect of both dry weight and
nitrogen content the growth of plants at 12 per cent oxygen is
seen to be superior to thet at 21 per cent on the basis of mean
data, The statistical treatment shows that the difference in
meen total nitrogen [the latter being & measure of the smount of
fixation) is fully significant, while the difference in dry
welght is near enough to the required value to be considered
significant, The relatively small differences between means
at 12 and 5 per cent are a long way {rom significance, but those

between 5 and 1 per cent are fully significant, The position



Table 12,

Mean Date {per Plant) obtained at Harvest of Nodulated Plants,

Length of Total
4 Oxygen Longest Dry Total
in Gag No, of Neo, of Petiole, Welght, Nitrogen

Supplied, Nodules, Leaves. ( cm) (mg) (ings)
21 38 9 11,5 109,53 3.1

1?2 Y. 1l 14,7 134,53 44,0

5 54 11 13.1 129,3 3.9

1 56 15 1.4 97,9 2.9

et v w

Six S5~litre bottles with 7 plants in each were set up at each

ges level,

Minimum Differences between Means required for Significance ot

P = 0,05 from Anulysis of Variance,

No, of Total Doy Total

Plants Weight Nitrogen,
Comparison, Harvested, (mg.) {mg.)
217 and 12% 42 and 42 26,7 (obsvd, 25) 0,85 (0,9)
21% and 5% 42 and 4l 27.0 {19,8) 0.86 (0,8)
214 and 1% 42 and 41 27,0 {11.6) 0.86 (0,2)
124 and 5% 42 and 41 27,0 { 5.,2) 0.86 (0.1)
12 Zand 1% 42 and 41 27.0 (36.6) - 0.86 (1,1)

% and 1% 41 and 41 27.1 (31.4)

0,387 (1.0)




may be summarised thus |-

214 < 12% = 5% > 1%
It mey further be noted that there is no significant difference
between plants at 21 and 1 per cenbt oxygen., Both typicel bottles
and groups of nodulated plants from Part I of the experiment are
shown in Figs. 25 and 26,

With further reference to the statistical treatment in
Table 12, it may be noted thut the diiferences required for
significance are relatively as largahas in the root-system
enclosure experiment, despite the fact that 42 plants were grown
at each oxyg@n level in the present experiment as compared with
only 18 in the former, Thisg indicates that =additionul fuctors
conducive to plant-to-plunt varietion were operative in the
present experiment, One such factor moy huave been the shading
effect of the plunts situated near the wall of & given plant
bottle on those in more central positions, Another may have
been that the enrichment of the gas supply with carbon dioxide
would allow those plunts which were genetlically equipped for
stronger growth to meuke fuller uge of thig faculty thun wes the
case in the root-system enclosure experiment where the leuves
were exposed to ordinary «ir only, In addition there was some
suggestlion of the operaution of what may be termed a "pottle-

factor®, which led to the plants in one purticulsar bottle being



63a,

Fig, 25, Bottles of nodulatei plants, Left to right -
21, 12, 5 and 1 per cent oxygen (x 1/8),

Fig. 26, Groups of noduluted plunts (7 plants in euch group
Left to right - 21, 12, 5 and 1 per cent oxygen (x 1/7)
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generally different in vigour of growbh from those in the
remaining bottles al the same oxygeh level, The identity of +tui
factor {if in fact it existed) was not discovered, It is
certain that deviations in the oxygen contents of individual
bottles, due to lesks c¢r other irregulsrities, were not
responsible, It seems most likely thel the effect was due to
chance ugsociation in certuin boltles of inherently relatively
strong or weak growing plants,

It is also shown in Tuble 12 wnd in Figs, 29 and 26 that
the growth form made by these nodulated plants varied uccording
to the &tmosphere in which they were grown, Thoge in 1 per cent
oxygen developed lnte & stocky rosette type of plunt with a
large number of leaves bub with short petioles, while those
subjected to higher oxygen tensions tended to develop into a
more upright plant with fewer leaves bubt with longer petioles
and larger-lamin&e.

Although the wean number of nodules produced at esch of the
Tour oxygen tensions increased from 38 to 56 as the oxygen level
was reiuced from 21 to 1 per cent oxygen {Table 12), statiétical
analysis shows that the minimum difference belween mewns require
Tor significance is not atbuined when the groups wre compatred,
i.e, nodulution sppears to have been unaifected by the variation

in oxygen supply. This differs from the result obtuined in the



root enclosure experiments, since the number of nodules there
was greatly reduced at 1 per cenbd oxygen, It should however be
noted that in the present experiment the numbers of nodules

were also very wmuch smaller than in the root enclosure experimen
This is no doubt a result of restricted growth of the wholly
enclosed plants (see Llater), and it is possible that because of
this restriction, plants at higher oxygen levels were unable to
form as meny vnodules as they would otherwise have done,

An interesting phenomenon shown in the plants =t 1 per cent
oxygen was the first-order lateral roots which emerzed from the
sand at an cngle of 5 -~ 20 degrees and projected into the
witmosphere within the bottle (see Fig, 27 and 28), It is presum
that aerotropiswm wos responsible for this development, These
roots alter attuining a length in the atmos@here of 0,5 to 2,0 cr
tended to curve downwards towurds the sund again and grew along

the surface without actually re-entering the rooting medium,

Growth Duta for Part IT of Experiment - Non-Nodulated Flants

supplied with Ammonium Sulphate, Growth Period from July 12
to August 21, 1952,

Here again six bottles, each now with & plants, were set up
at each oxygen level, In the case of these plants supplied with
ammonium sulphate the differences in growth at the four oxygen

tensions become appurent at approximutely the same time as with



Fig., 27, n~odulated plants grown in 1 per cent oxygen,

showing roots above the surface of the sand (x 1/2).

Fig. 28, As above,photograph from overhead (x 1/3),




the nodulated plents, Here the plants in 12 per cent oxygen
appeared to be slightly superior to thosge in 21 per cent,
followed by 5 and 1 per cent oxygen, Such observations were
borne out at the time of harvest and the mean data obteined for
these plants are presented in Table 13 along with the results of
statistical enelysis,

From the statistical treatment it is found that the
difference belween means required for significance wes not
obtained between dry weights of plants at 21 and 12 per cent
oxygen, but that a significant reduction occurred when the
tension was lowered from 12 to 5 end then to 1 per cent oxygen,
i.e.

21% = 124 > 5% > 1%
Although the minimum diflerence between means regquired for
significunce is not quite reached on comparing the plants grown
at 5 and 1 per cent oxygen,‘it is vexry nearly obtained, and
taking into account the large difference between the mean total
nltrogen contents of these two groups it can be considered that
the groups are significantly different, It may also be noted tha
in this part of the experiment growth at 21 per cent oxygen is
much greater than at 1 per cent, Typical botiles and groups of
plants from Part II of the experiment sre shown in Tigs. 29 and

30,
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Mean Data {per Plaﬁt) obtained at Harvest of Non-Nodulated Plents

receiving Ammonium Sulphate,

Length ofA

% Oxygen ~ Longest Total Dry Total
in Gasg No, of Petiole Weight Nitrogen,

Supplied, Leaves, (cm, ) {mgz.) (mez. )
))) .

21 i1 16.5 137.1 5.1

12 12 18,2 < 148.,9 5.6

5 14 12,8 112,3 4,7

1 15 9.2 86,06 3.6

- ou— -

8ix 5-litre bottles with 6 plants in euch were set up at esch
ges level, Tach botile received a total of 66 wmg, nitrogen
during the experiment,

Minimum Differences between Meuns required for Significance at

P.» 0,05 from Analysis of Variance,

No, of Total Dry

Plants Weight
Comparison, Harvested, (mg.)
21% and 129 35 and 35 29.6 (obsvd, 11.8)
21% and 5% 35 and 35 29,6 (24.8)
21% and 12 35 and 36 29,2 (50,5)
124 and 5% 35 and 35 29,6 {36.6)
12% and 1% 35 and 36 29,2 (62.3)

5% and 1% 35 and 36 29.2 {25,7)
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Fig. 29, Bottles of plants supplied with ammonium sulphate
Left to right - 21, 12, 5 «nd 1 per cent oxygen (x 1/8

Fig. 30, Groups of plants suppliei with wmmonium suiphate>
(6 plants in each group). Left to right - 21, 12, 5
1 per cent oxygen (x 1/7).
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In this purt of the experiment there wag again a certain
amount of variation between bottles at any one of the four
oxygen tensions and also the diiferences In growth form taken
on by these plants ut the various tensions were of & similar
nature to those already described for the nodulated plunts,
Root emergence of the type already described for nodulated
plants at 1 per cent oxygen also occurred at this tension with
plants supplied with combined nitrogen, but here it was not so

pronounced nor did it ocour so frequently,
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Discussion, including Compurison of Results obtained by Root-

System ¥nclosure and Whole-Plunt Enclosure Technigues, and

General Conclusions,

A, Discussion of Results of Whole-Flant Binelosure Technigue,

If attention is confined in the first instance to effects
shown to be statistically significant, the findings emnerging
from this whole~plant enclosure experiment may be stated as

follows, With nodulated plants, wholly dependent on nodule

nitrogen, the dry weight of the plant was greater in the presence
of 12 per cent oxygen than in that of 21 per cent, Plants
“supplied with 5 per cent oxygen grew as well as those with 12

per cent, but a reduction in dry weight was shown when the

oxygen level was reduced to 1 per cent, With non-noduluted

plants supplied with combined nitrogen, growth was similar ut

2L and 12 per cent oxygen, this being followed by & progressive
reduction in dry weight as the proportion of oxygen was
decreagsed to % and then to 1 per cent,

These {indings can be summarised in the following notation:-

Nodulated Plants, Non-Nodulated Plants,
21% < 12% = 5% > 1% 21% = 12% > 5% > 14

It is clear that these results provide no evidence that the
noduluted plant, for optimal growth, has a higher oxygen

requirement than the plunt supplied with combined nitrogen,
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In fact the opposile seems to be the case, since the highest
level of oxygen (21 per cent) exerted o detrimental effect on
the growth of nodulated plants, This same feuture emerged, of
course, Irom the root-system enclosure method,

Turther discussion will be facilitated if the date ave
re~calculated on to a relative basis and plotted in graphical
form {(see Table 14 and Graph 3) with smooth curves fitted to
the actusl poinﬁs in the graph, As shown in the previous
treatment ithe vertical distance between successive points in
the graph does not in all ceses attain statistical significance,
but the general circumstances suggest that the various inflection:
of the curves m&y be accepted as indicating o genuine response
to differences in oxygen level, On this basis it appears that
with both nodulated and non-nodulated plants the optimal oxygen
levél for growth and nitrogen fixation or upteke lies below the
«ir level, but to a different extent, the optimum for nodulated
plints being approximately 10 per cent snd that for non-nodulated
plants in the region of 15 per cent, The Further inplications
and explanction of these findings will be considered in a latex
section of this discussion,

The results obtained by the present wuthor with the whole~-
plant enclosure technique will moﬁ be compared with those of

Wilson and Fred (1937), ¥irst of all the method of expression




Zeble L.

Relative Values calculated ifrom Data of Experiment, with Mean
at 21 per cent taken ag 100,

% Oxygen Nodulated, Non-Nodulated,
in Gas , A — A _—
Supplied, Dry Weight, N-Content, Dry Weight, N~Content
21 100 100 100 100
12 123 130 108 110
5 118 125 ' 82 92

1 89 93 63 10
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Graph 3, Relative vulues calculated from data of experimer
with mean at 21 per cent taken as 100,
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of the oxygen status of the different series of plants
comprising the experiment must be considered, Qbviously in
investigating the effect of oxygen supply on plant growth, the
critical consideration is the number of oxygen molecules per
unit volume of gaseous phese surrounding the plant., In the
present author's case  the oxygen is indicuted as a percentage
by volume of the gus mixture supplied to the plunts, while
Wilson and Fred employ & purtial pressure basis, no doubt
because the technique adopted in their experiments resulted in
the total gas pressure in the plent bottles varying from one
experiment to another, Under such circumstances & percentage
basls would obviously be unsatisfectory, as shown by an
imeginoary exomple in which two plant bottleé may be supposed to
be filled with a gas mixture containing 5 per cent oxygen, to
a total pressure of 0,5 atmospheres in one case and 1 atmosphere
in‘the other, The number of 6xygen molecules per unit volume
of gas phase in the second bottle will obviously be twice that
in the first bottle, so that the plants within the two bottles
will differ in their oxygen supply. If however a partial
pressure of oxygen (poz) of 0,05 atmospheres is established
within both bottles, but by addition of other gases (say
nitrogen) the total pressure within one botile is rsised to 1

atmosphere and in the other to 2 atmospheres, the actual oxygen



supply, in respect of number of oxygen molecules per unit
volume of gas space, to plants within the two bottles will be
similarf In the present author's experiment, as noted, the
total gas pressure within the plant bottles was constantly very
close to 1 atmosphere and in view of this the percentsage
volumes so far employed can, for the purpose of comparison with
Wilson and Fred's data, be trensferred into terms of partial
pressures as follows!-

1l per cent = 0,01 atmospheres.
Given a total

5 per cent 0,05 atmospheres.

> gas pressure ol

12 per cent 0.12 atmospheres,

1 atmosphere,

21 per cent = 0,21 atmospheres, |
Wilson and Fred carried out meny separate experiments with
red clover at different times of the year, but they give no
indication of the scale of their experiments, viz,, the number
of replicate bottles and the number of plants per bottle, so
that the sum total of their experimental work is uncertain, In

eddition they consider that some of their experiments are

% It shouldbe noted, however, thut in the diffusion of oxygen intec
the tissues of the plant, molecule impedance may take pluce
owing to the fact that in the bottle where the total presgsure
was raised to 2 atmospheres, & greater number of nitrogen
molecules will be present in the uimosphere,
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unreliable owing to the fact that hydrogen was added to the
at@osphefes within the bottles in order to bring the pressure
to 1 atmosphere, Subsequent experiments suggested that
hydrogen ekerta an inhibitory effect on fixation, However, on
Py 506 of their paper, graphs considered to indicete the over-

all findings are presented in respect of p0, not exceeding

2
0.2 ﬁtmospheres'(seé Fig. 31) and these {purticularly the two
referring to plents grown in the ubsence of hydrogen) will be
used as the main basis of comparison,

With both nodulated and non-nodulated plents (the latter
supplied with ammonium nitrate), growth as indicated by nitrogen
content was considered to be unaffected by reduction in oxygen
supply until a pO, of 0,05 atmospheres was reached (Pig, 31),
Below this, growbth was reduced, Their work slso included
experiments in which p02 was incressed above that of normel air,
At values above p02 0.4 growth of both nodulated and non~
nodulated plebts was reduced, A general picture thus emerges
from Wilson and ¥red's work of growth being unaffected by changes
in p02 over the range 0,05 - 0,4 atmospheres, while outside this
range growth is reduced, In all these respects nodulated and
non-nodulated plants behave similarly in their experiments,

While there is a general resemblunce between the present

author's results and those of Wilson wnd I'red, there are



e,

HYDROGEN
QE L.ATI\/E

TOTAL NITROGEN CONTENT .
JU o 1001 e
801 .
INOCULATED
NH, NO, -~
40 1
. (0
e ) 201
0.0% 0.10 0.5 0.20 0.05 010 2.15 020
pO, in Atmospheres
l .
No HYDROGEN .
e o~ 1001 = o
J ./ .
801
B NH4NO, - INOCULATED
40 4
20-
FIGURE 1

Effect of low partial pressures of oxygen on uptake of [ree and combined nitrogen
in the presence and absence of hydrogen. (Full dots refer to individual experiments;
circles to the mean of all experiments.)

Fig., 31, Graphs showing over-all findings of Wilson and
Fred's experiments, Relative nitrogen contents are
calculated from data of experiments with mean at po2

taken as 100, Where 0,1 utmosphneres was the highest

p02 used, then this nitrogen content is taken as the

standard,



importunt points of ﬂifference; Thus

(1) The plants were not Ffound by the present author to be
insensitive to changes in oxygen supply over the range 0,00 -
0,21 «tmospheres, In the case of the nodulated plants there is
clear evidence of an optimum oxygen in the region of 0,10
wtmosplieres {a 10 per cent oxygen), Although with none
nodulated plants the evidence for & corresponding optimum is

less certeain, it is quite clear that a reduction from pO, 0.12

2

(12 per cent) to 0,05 (5 per cent) resulted in less vigorous

growih,

(2) 4slthough the present suthor's resulits sgree with those

of Wilson and Fred in the indication provided that the

nodulated plant has not a higher oxygen reqguirement than the

non-nodulated type, they go beyond this and suggest that the

reverse is the case, nemely that the processes of growth and

Tixation sre best suited by o lower oxygen level than that

optimal for non-nodulated plunts supplied with combined nitrogen,
in énde&voufing to fiﬁﬁ the reason for these differences

in results a handicep is imposed by the lack of exéerimental

detail concerning Wilson and Pred's experiments, One

noteworthy feature is that their plants were often small.:

compared with thqse in the present experiment, Thus the mean

dry weighl per nodulated plant grown in air for all experiments
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detailed was 65 mg, compared with 109 mg, in the present
experiment, although the growth periods were of the some order,
Thig suggests that growth in Wilson and Fred's experiments was
limited by some factor which may have been responsible for ihe
failure of these experimenters to detect optimal oxygen levels,
It is possible that limitation was due to low carbon dioxide
supply. It is understood from a personal communication from
Prof, Wilson that in his experiments %0 cc, of carbon dioxide
wag initially added to the atmospheres in the 10-litre plant
bottles and thet the assimilation of this gus through the
action of photosynthesis was followed by the use of a pH
indicator conteined in a weak bicarbonate solution, When the
original carbon dioxide had been exhausted, more was added, It
seems possible that this method may heve resulted in photo-
synthesis being Limited at certain periods, although the initial
concentration of carbon dioxide was high, It is noleworthy that
on p, 504 Wilson and Fred specislly mention thaut in certein
experiments a decrease in'oxygen from that in air to p02 0.1
atmospheres resulted in betier growth and [ixation of nitregen,
as is precisely the present wuthor's experience, They were
however inclined to regurd this as an anomalous result
associated with relatively'high sunuier temperatures in the

greenhouse, But it seems equally possible that this was a
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correct and iypical result and that it was in other experiments
where this improved growth was not shown that upsetiing or

limiting factors were operative,
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B. Comparison of Results obtained by the Two Techniques,

It will be recollected that one of the mein objects of
this Investigation wags to determine whether the conclusions
as to the importance of oxygen supply for nodule function in
a given legume were lhe same irrespective of whether the root
system only or the whole plant was exposed to different oxygen
tensions, In the present section s comperison will be msde of
the results obtained by the author with the two techniques,

In the first pluce the findings based on statistical
treatment will be brought together as follows, the position
being exactly the same whether dry weight or nitrogen content
is considered,

Root=-System Bnclosure,

Nodulated Plants, Combined Nitrogen Plants.,
el < 12% >5% > 1% el = 12% > 5% > 1%

Whole-Plant linclosure,

Nodulated Plants, Combined Nitrogen Plants,
213 < 124 = 54 > 1% 21% = 129 > 5% > 1%

In addition the relative data (in this instunce for dry weight)
already presented in eppropriate sections are assembled together
in Graph 4,

Taking nodulated plants first, both techniques show growth
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and n@trogen fixation to be significently superior at 12 per
cent oxygen to that in air, though the increase on the relative
basis with the whole-plunt enclosure technique is only about
1/3rd as big as that with the elternative technique (see Graph
4), In & similar way the effects of further reduction in
oxygen supply were less pronounced in the whole-plant enclosure
experiment, Thus there wus no significant reduction in growth
accompanying the reduction in oxygen from 12 to 5 per cent,
contrasting with the effect with root enclosure, and while a
furthér reduction of oxygen to 1 per cent produced o significant
decrease in growth, the extent of this wis much less than that
in the root enclosure, It moy also be noted fhat with whole-
plant enclosure - the dry weight of plants grown with 1 per cent
oxygen was not significantly lower than that of plants grown

at 21 per cent oxygen, However with both techniques an optimum
growth point in the region of 10 per cent oxygen is implied by
the graphs.

With non-nodulated plants supplied with combined nitrogen
the sequence of significant differences is precisely the same
by both techniques, Growth at 12 per cent oxygen is not
significantly greater than at 21 per cent, Reduction of oxygen
to 5 per cent and then to 1 per cent is accompanied by a

reduction in growth, But it is dgain evident that responses to
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Oxygen changes were less marked with the whole-plant enclosure
method, as witness for exwzmple the much smaller difference
between the plants grown at 1 per cent and those at 21 pexr cent
as compared with the rool-system enclosure method (see CGraph 4),
The results with both methods suggest that optimal growth by
these plants would be in the region of 15 per cent oxygen,

Tue position is then that both techniques present a
similar picture of the oxygen relationship of nodulated and
non-nodulated plants, namely that the lormer huve & lower
optimal oxygen requirement than the latter, the actual optima
indicated being similar by both methods, The oxygen effects
are however leags pronounced in the whole-plant enclosure method,
If the performance at the wmost favourable oxygen level actually
employed (12 per cent oxygen) is taken ss & base line, thus the
position is that the reaction to either incfe&sed or decreased
oxygen from this base line are smaller thuan with the root-
enclosure experiments,

In congidering the explanation of this reduction in the
effect of oxygen tension upon growth in the whole-plant enclosure
method, it is important to note firstly that alihough the plunts
were of healthy appesrance, the size atbained by the plants under
the conditions imposed by this technique was very much smaller

than with corresponding plants under the conditions of root-
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system enclosure, except at the 1 per cent oxygen level, This
is elearly brought oul in Graph 5, where the mean abgolute dry
weights for plents grown by the two methods are compered, Thus
plants in the whole~plant ehclosure experiment supplied with 12
per cent oxygen attained less than one gquarter of the dry weight
of corresponding plants in the root-system enclosure experiment,
On the other hand, at 1 per cent oxygen, nodulatell plants grown
wholly enclosed were of similer wbsolute dry weight Lo those
grown by the alternative technique, while with combined nitrogen
plunts the disparity was smaller than at higher oxygen levels,
These data suggest thal under conditions of totel enclosure
there is considersble limitation of growth due to factors inheren
in the method, and wmoreover the degree of limitation increases
the more the plants tend to grow, Thus the plants at 21, 12 and
5 per cent oxygen are prevented from showing their full reaction
to increased oxygen by the increasing degree of Llimitation
imposed upon them, There are séveral reasons wiy such limitetion
of growth is likely with the whole~plant enclosure systen,
. Undoubtedly there is appreciable reduction in the intensity of
the light available to the plants, ALL the light hus of course
to pass through the wall of the aspirator bottle, while the
rubber stopper in the neck of the bottle interferes with light
from cverheéd. Meussurements with @ light meter (equipped with a

separate photo~electric cell which could be inserted into the
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agpirstor bottle) indicated that light entering the sides of the
pottle was reduced by 1/3rd, and the light from above by half,ﬂ;
compared with iﬂ@énsities outside the botbie, These observatior
were made on a dry bottle, During growth condensed moisture
was usually present on the inside of the bottles, resulting in
further reduction in light, In addition ss growth cécurs there
will be increasing mutual shading by the plants within a given
bottle, In the root enclosure method lighting is gquite
unocbstructed except towards the end of the growth period, when
some overlapping of marginal leuves occurs. There can be little
doubt that the reduction in growth in the whole-plunt enclosure
method was largely attributable to curteilment in light
intengity,

Another feature which way restrict growth is that the plant
in tne asplrator bottles ure exposed to a saturated wtmosphere
for much of the time, as indicated by the condensution of
moisture aslready noted, This is an umnatursl condition for
clbvar, and the resiriction of transpiration entaiied may retard
salt uptake and transport and in this way aifect growth
adversely., This fuctor too might be of unequal incidence and
bear more seriously on plunts which were tending to grow more
strongly, because the Llarger leaf area would result in some

incresse in lrunspiration and hence heighten the degree of



saturation of the atmosphere,

Consideration must also be given to the difference in type
of rocting medium in the alternative techniques, i,e. water
culture versus sand culture, General experience in the Tield
of soil~less culture of plants ("hydroponics™) appears to point
to & solid rooting medium being preferable, but this sssessment
is buased on many considerations not all of which apply to the
present experiments, It is however interesting to note that

Allison and Shive (1923) in their laboratory scale experiments

on the growth of Soya beun plants found that the plunts grown in
sand culture exhibited superior growth to those in culture
solution although the rooting medium in both instuances was
aserated in « gimilar manner, e,g. by the puassage of an air strean
through the rooting medium oy by the use of werated drip cultures
However the essential question in the present case iIs whether

the imposition of & reduced level of oxygen (say 5 per cent) in
the ro-ting medium is likely to handicap a plant in solution
medium more or less than & plant in sund medium, In the former
the gas phase round the root system is in the form of rapldly
moving bubbles, while in sand culture it exists in the spaces
between the sand purticles, and here the oxygen absorbed by the
roots must be replaced by unaided diffusion from the atmosphere

within the uspirator bottle, In both systeuns there ls of course




slso oxygen dissolved in the culture solution, It is difficult to
eveluate the relative effectiveness of these two systems in
permitting ready access ol oxygen 4o the roots, without a wore
direct comparison being aveileblé, Thus significant duta would

no doubt be yielded by & root»&ystem enclosure experiment in

which sand wes used for the rooting medium in place of culture
golution, It is however, probably justifiable to conclude that
the difference in rooling mediun was not responsible to any
material degree for the differences in resultls obtained by the

two methods, ,

A Tinal point concerns the oxygen tensions actually obtalning
in the two sets of experimenits, It wes pointed oul esrlier thst
in the root enclosure experiments’ the rapid growth and respiratior
of the plants coupled with the ruther small velume of solution
surrounding the rocts made it impracticeble, in the later stages
of growih, to maintain the dissolved oxygen at the intended
levels., The deficlency was naturally mosl serious «b low oxygen
levels, Thus it is clear that plants intended to receive 1l per
cent oxygen hed in faét something like 0,5 per cent available in
leber stages of growbh, With the total enclosure apperatus there
wrs of course no paraliel tendency for the oxygen content of the
~tmosphere above sand level to fall, since the predominating

process was now photosynthesis, Actually the results of oxygen



determinations and the general cirvcumstance of the larce volume
of gas in the bottle relative to the amount of leaf. tissue
indicate that photosyvihesis had {and could have had) no materiy:
effect on the gus phuase, which masy therefore be concluded to hev
been «t all times at the intended oxygen content, DBubt we have
no information as to the oxygen content of the sund and there
mey well have been some reduction below that of the abmogsphere
above the gand, resulting in the roots ot leust velnyg exposed to
& level of oxygen somewhal below that intended, as in the root-

system enclosure experiments,

The general conclusion is then that the less pronounced
effects of vuriation in oxygen supply shown in the whole-plunt
enclosure experiment are due to ihe limitations on growth
enforced by this method of growing the plunts, the reduction in
light intensity and perhups the persigstent high humidity of the
stmosphere surrounding the plants being purticularly important,
If « choice had to be made between the two methods of
invesiig@ting the oxygen relution of legume root nodules, the
pref'erence would certainly lie with the'rbot enclosure uethod,
Any charescteristic raéponaes of nodulated plents to oxygen supply
are presumsbly due esventially to effects obtained in the nodule,
80 that there is no point in enclosing the whole plunt, with

the consequent imposition of ertificial conditions and
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limitations of graﬁtb which this entails, This preference is,
however, alwsys dependent on the Teasibility of maintalning

the root system at & reduced level of oxygen supply while the
shoot is exposed to the mormal atmosphere, i.e, the possibility
of internal diffusion of oxygen must always be borne in mind,
Tn the present experiments with clover no evidence ol sugh\

internal diffusion of oxygen has been obtained, as already noted
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C. General Discussion und Conclusions,

In this final section of the Discussion we have to consider
the explanation and implications of the main findings of the
suthor's experiments,

These are that under the varied ccnditions‘employed, for
nodulated clover plants certainiy, and for non-nodulated plants
possibly, the optimum oxygen level for growbth and assimilation
of free or combined nitrogen is below that of normal wir, As
shown in previous sections, there is good evidence that for
nodulated plunts about 10 per cent oxygen is optimal, the
corresponding figure for non-nodulated plants being perhaps in
the region of 15 per cent, though the evidence for the existence
of this opltimum is weaker,

As has been indicated esrlier, in view of the previous
literature it is surprising, at least on first sight, thalt eithe
type of clover plant should show & preference for an oxygen leve
below that of wir, and still more so that the optimum Tor
nodulated plents should be lower than that for combined nitrogen
plants, The circumstances under which thés& results were
obtained have naturally been very carefully.scrutinised with a
view to detecting any source oi error, One possibility that

obviously hed to be considered was that the wir supplied to the
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plants wi the 21 per cent level contained some harmful impurity
absent from the other gas m;xtures. This applies particularly
ﬁo the root enclosure experiments, because there the air stream
vas supplied by an electric pump compressing greenhouse alr,
while the other gas mixtures were from cylinders, 2As gtated in
the Methods section, the air, in cowmon with the other gas
streams, was scrubbed in culbture solution before being supplied
to the plants, the argument being that it wus speciolly desirable
that impurities (if any) soluble in the culture solution should
be removed ; in addition the air stresm was thoroughly filtered
through cotton wool before reuching the plants, It is, howsever,
prossible to im&gine‘that some contaminent in the air stream was
incompletely femcvéd. But there are muny reansons for rejecting
thisyppossibility., Thus the plants at 21 per cent level were in
no way unheallhy or showing signs of root inhibition, but merely
somewhat smaller than those at the 12 per cent level, Also,
since the reduction of growth at 21 per cent compared with that
at 12 per cent was much greater with noduluted than with non-
nodulated plunts it would be necessary for a postulated impurity
to be specifically injurious to nodulated plants, and it is hard
to imegine what type off substance it could be, tgain it is
ralevent to mention that in other experiments, alder, Soya bean,

pea and tomato bave been grown excellently when supplied with air




from the same compressor, However, the most conclusive evidence
is that in the total enclosure melhod all the gus mixtures (as
noted) were obtained from cylinders supplied by the British
Oxygen Company {Medical Section), and the depressing effect of
21 per cent, as compared with 12 per cent oxygen wes still shown,
The same applies to the circumstance that agsin in the root
enclosure experiments, the air stream wes suppliei for only 20
out of cach 24 hours, It therefore seems highly probable thet
the effect in question represents a genuine response to oxygen
supply.

In attempting to explain these findings, it is pertinent
first to enguire first whether there is eny parsllel in the
literature for a preference by an aerobic species for an oxygen
level below 21 per cent, Insofaer as this preference is peculiar
to noduluted clover plents wnd to the nodules themselves,
comparison with previous work relating to non-nodulueted and
mosgly non-leguminous plants are largely irrelevant, It will,
however, be recalled that non-nodulated clover plants showed some
evidence of a preference for reduced oxygen supply. The number o
previous inwestigations in which the growth of plents has been
compared ab diflerent, carefully-controlled oxygen levels
meintained in these cases in respect of the root systems, is not

Lerge, The general position has been reviewed by Conway (1940),




Russell (1950), wnd Psge vnd Bodmsn (1951), In meny species

root growth (end presumebly whole plant growth) are sdversely
affected by oxygen levels below 9 - 12 per cent, though some
gpecies grow well at still lower oxygen tensions, while others
aguin show an adverse effect if oxygen is reduced below 21 per
cent, The reduction in growth observed in clover by the present
~author at 5 and 1 per cent oxygen levels is obviously in keeping
with these previous findings, In addition there is of course

8. considerable amount of literature relating to the effects of
reduced oxygen supply on individual =ctivities of root tissues,

Thus Stewurd, Berry and Broyer (1936) showed that excised potato

roots exhibited &« reduction in respiration and the absorption
of potassium and bromide ions when the oxygen supply was

reduced below 14 per cent, Hoagland and Broyer (1936), using

excised berley roots, also found that respiration and the
awbsorption of potussium decreased below 15 per cent oxygen,
while absorption of bromide and nitrate wus not affected until

a level of B per cent oxygen wes resched, Vlemis and Dovis (194

who worked with excised rootg of tomato, rice and bariey, found
thal there was a sharp reduction in the accumulation of
potassium and bromide once the oxygen supply level was reduced
to between 3 and 5 per cent oxygen, Once again & close

correlation existed between respiration and the accumulation of
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these iong as the former was not greatly reduced until the
oxygen tension was lowered lo the above values,

In none of these previous papers is bthere any hint of &
definite optimal oxygen concentration for plant growth or for
root activities, ©But therwe is & suggestion of this in the

experiments of Gilbert eand Shive (1942), They grew Soya bean

(non-nodulated), tomato end osts with the roots supplied with
0, 10, 20 and 40 per cent oxygen, With tomato and oats the best
growth was shown at 40 per cent oxygen, bul in.the cage of Soya
bean chlordsis and crinkling in the leaves occurred at 20 and
40 per cent oxygen, i,e., growth was belter al 10 per cent than
at 20 per cent, These effects were ascribed to oxygen toxicity
at the higher levels, and the leal symploms disuppeared when the
oxysen supplied to these plantg was reduced., That one.out of
three species showed this evidence of & harmful effect of higher
oxygen levels suggests that the susceptibility mizht be found to
be fairly common were more species tested by the carefully
controlled technique of these wuthors, though the precise nature
of' the symptoms might vary,

However, ws has been mentioned above, the preference for a
reduced oxygen tension observed by the present wuthor is largely
peculiar to nodulated clover plants dependent on nodule nitrogen,

end i1s presumably due to effects obtaining in the nodules., The



oxygen rel«tions of the latter may be different from those of
the normzl parts of the plunt, so that parullel behaviour in
other orguns or plunts is not mecessarily to be expected,
Moreover it eppears that the oxygen relations of nodules and
nodulated plants vary between different legumes, zs is indicated
when the present author's results ure compared with those of
Bond (1951), It will be rectlled that one of the objects of the
present investigation wes to determine whether the divergence in
results between the work of Bond and of Wilson and Fred was due
to the use of different legumes or of different techniques,
Bond grew Soye beans by & root enclosure technique to which that
employed by the present wuthor was very similar, The origin of
the air and gas streams in the two experiments was the same,
Bond found that nodulated plants showed a progressive reduction
in growth and nitrogen fixation as the oxygen tension was
reduced from the air value to 12 per cent and then to 5 per cent.
while non-nodulated plants supplied with combined nitrogen
showed & much smaller response, He concluded that the Soye bean
nodule is mofe sensitive to reduction in externsal oxygen level
thun are the roots, The new findings for clover are in merked
contrast to those for Soya bean, so that it must be concluded
that nodules end nodulated plunts of difierent legume species

vary greatly in their oxygen relations,
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When the literature is closely studled it becomes clear tha’
there is @ basis for anticipating such differences between
different legume nodules, From their studies of the respiratory

characteristics of various legume root nodules, Allison, TLudwig,

Hoover and Minor (1940) drew the important conclusion that

anaerobic or partly anaerobic conditions exist within the nodules
of' most legumes, so that it is under such conditions that the
fixation of nitrogen occurs, This was based on the findings that
the respiratory gquotient of detached nodules lying in air were
frequently in excess of unity, but became very close to unity
when the oxygen tension was increagsed, while the over-all rate
of respiration showed & marked increase, Allison et &l made no
simultaneous measurements of nitrogen fixation, and as a matter
of fact most investigeabors heve been unsble to detect fixation in
excised nodules, but had it been possible for their experiments
to be done on still-attached nodules the higher rate and more
aerobic type of respiration induced by increcosed oxygen tension
might not have been attended by greater Tixation, und the reverse
might have been the case., In other words the fixation mechanism
ngy require some degree of anserobiosis, perhaps because of
competition between nitrogen and oxygen Lor hydrogen atoms,

The limited oxygen supply within the legume nodule no doubt
arises as a result of the low surface area of the nodule relative

to volume, of the frequently rather feebly developed air space
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system, and of the presence of physiological barriers to
diffusion in the form of endodermal layers., -A study of the
distribution and functional effect of the latter was made by
Trazer (1942), and she showed that the legume nodules studied by
her were of two types, RNodules of gpherical shape, of which
those of Soya bean are examples, and showed an endodermis in the
peripheral region which completely enclosed the bacterial tissue,
except for a few points where gaps were present, In cylindricsl
nodules, such as those of clover, an endodermal layer was present
in the older basal region of the nodule, but was sbsent from the
aplical meristematic region, Tesls with dyes showed that the
endodermis effectively prevented diffusion of water-soluble
substances, and it is reagonable to assume that this would also
apply to dissolved oxygen, Thus from Frager's work there are
grounds for believing that, not only on account of its greater
size, the Soye bean nodule is less efficiently aerated then the
clover nodule., It is significant to note that Allison et al
(cited above), from comperisons of vespiratory quotients,
themselves concluded that oxygen penetrates Soya bean nodules
less rapidly than it does the clover type of nodule,

A provisional explanstion of the difference in response of
nodulated Soye bean and clover plants to reduction in oxygen

level from thatl prevailing in air is now possible, if it is
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assumed that for meximum effectiveness in fixation & certain
degree of anaeroblosis is necegsary wilthin the nodule, No data
for the composition of the gas within the air-spaces of any
Legume nodule are available, so that there is no direct evidence
as to the actual degree of anaerobiosis., The present suthor's
results with clover suggest that not more than 10 per cent of
oxygen is required in the nodule, The argument then runs that
in order to maintain such an optimal level within the nodule,

& higher external level of oxygen is required in the case of
Soya bean than in thuat of clover, for reasons given in the
previous paragraph,

It is recognised that this hypobthesis that legumé,fixation
of nitroegen is best-suited by partly anacrobic conditions would
have to be supported by further evidence before it could be
finelly wccepted. Tor example, it would be of inbterest o
extend the investigation of oxygen relations to other legunes,
such as Phaseolus, with spherical noiules, and Pisum vnd Viecia,
‘where the nodules are of the cylindrical type,

It remuins to consider the significance of the present
results in relation to the growth of rved clover under field

conditions, Rusgell (1950) and also Pege ond Bodmen {1951)

review date on the composition of the soil atmosphere, and it is

quite clear that in the upper layers of a good quality
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agricultural soil a level of oxygen considerably in excess of
10 per cent is likely to prevail for wmost of the time, Creat
ceution is of course necesssry in applying the results of
greennouse experiments, carried oub in artificiael environment,
to field conditions, bul it does seem possible that in the
upper strata clover nodules are exposed to supra-optimsl oxygen
tensions, It must however be remembered that red clover is by
nebure a deep rooting species, as evidenced by the observations
of Weaver (1926), who showed that root developnent was still
luxuriaﬁs at & depth of 2 - 3 feet, while the tap rool descended
to & depth of 9 feet, 1In any case it cannot in general bhe
srgued that the conditions provided by a soil of good quulity
are necessarily optimal in all respects, This is clearly nob

so with regard to oxygen, since Gilbert and Shive (19492) and

otner authors h&ve shown that some species grow best at oxygen

tensions in excess of 21 per cent,
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S UMMARY,

(To Section I of Thesis)

The effect of oxygen supply on the growth and nitrogen
accunulation of nodulated red clover plants in nitrogen~
free rooting medium and of non-nodulated plants supplied
with combined nitrogen has been investigated by two
difTerent technigues,

In the first technique the root systems only were exposed
to wdjusted oxygen supply. The plants were grown in water
culture, and oxygen /nitrogen gas mixtures contuining 21,
12, 5 and 1 per cenl oxygen respectively were bubbled
through the culture solution of different series of plunts,
Protection sgainst ingress of atmospheric oxy&en was
provided,

In the second technique the clover plents were grown in
sand culture with the plants wholly enclosed within 5-
litre aspirator bottles, The gas spece in these botiles
was kept filled with the gas mixtures listed in the
preceding paragraph, except that 1 per cent of carbon
dioxide was now added to provide for photosynthesis,

The growth of the plants and the assimilation of free or
combined nitrogen at the different oxygen levels was
assessed by visual inspection, but mainly on the basis

of dry weight and toteul nitrogen data obtained at harvest
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after several weeks' growth,

The reaction of the plents to variation in oxygen supply
were in general simlilar in both types of experiment, With
nodulated plunts growlth at 12 per cent oxygen was
significantly supevior to that at 2L per cent, Reduction
o 5 per cent oxygen led to & curtailment of growth, the
same being true when oxygen was further lowered to 1 pex
cent, With the nonQnodulated plants growth at 21 and 12
per cent oxygen was essentially similar, but was reduced at
5 per cent and sagein at 1 per cent,

The extent of the responses to different oxygen levels was,
however, much less warked in the whole-plent enclosure
experiment, and this is considered to be due to the
limitetions necessarily imposed on growil by the experimente
arrangement,

By gruphical meuns 1t is deduced from Lhese experiments that
the optimal oxygen level for the growth of nodulated clover
plants is wpproximately 10 per cent, and that for none-
nodulated plants epproximately 15 per cent. fThese findings
differ from those obituined in & previous investigation by
other workers also using red clover wnd the while-plant
enclosure method, und rewsons for the diflerence are

discussed,
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Tt is assumed that the differences in response of nodulated
and non-nodulated c¢lover plunts to varizstions in oxygen
supply observed by the present aubthor asre due to effects
exerted in the nodule, so that the clover nodule appears Lo
function most effectively at a reduced oxygen level, In
this respect clover nodules appear Lo differ from those of
Soye bean, the latter having been found by & previous
iavestigator to function best at 21 per cent oxygen,
Reference is made to experimental and structural evidence
from previous investigations indicating that a condition of
oxygen deficiency exisls in root nodules ol legumes grown
under normal conditions, In order to explsin the results
now obtained with clover the proviglonal asgsumption is mude
that nitrogen fixation is actually Tavoured by the
prevalence of gome degree of anaerobiosis in ths nodule,
There are good indications that the ventilation of the
clover nodule is superior to that of the Soya bean nodule,
nence in order to secure a particular state of wunaerobiocsis
in the nodule & higher external level of oxygen will be
required for Soya bean than Lorx ¢lover,

In the root-system enclosurs experiments the number of
nodules formed per plant was essentially similar at 21,

12, and 5 per cent oxygen, but was much reduced at 1 per ce
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This last result could have been wholly :due to the poor
root growth at 1 per cent oxygen., It is concluded that
the process of nodule initiation has & greater tolerance
towards oxygen supply than the nodule hus in its later

stage as a nitrogen~-fixing orgean,
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APPENDIX I,

Specimen Determination of Dissolved Oxygen,

Determination of the Amount of Dissolved Oxyeen present in a

sample of Solution from a Culture Tube of Rooi-System

nclosure Wxperiment (21 per cent Oxymen pagssed ),

Standard Data,

The following ligures «re used in the calculation,
Sodium Thiosulphute made up to be N/50 was standordised against
N/50 Potassium Iodate and was found to be exactly W/50,
Now 1 c¢c. N Thiosulphute = 8 mg. Or 3.6 cc. oxygen at H,T,P.

+"+ 1 ce. N/50 Thiosulphate 3 0,02 x 5,6 = Q.112 cc. oxygen at

N, T,P,

Volume of barrel of syringe pipette = 1,3432 ce.

Volume of dead spuce sand capillury extension = 0,096 cc,

1l ec. of reagents used in determination contains Q,0034 cec, of

oxygen, Since 0,26 cc reagents are actually used in a
determination the volume of oxygen introduced in this way

= 0,00088 cec,

Method,

- The method is as employed by Fox and Wingfield (1938) except

in the following respect, They filled the deud space and the
capillary with manganous chloride solution {the first of the

reagents used in the Winkler process), Our experience shows
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that some of this reegent leaks out of the pipette into the
plent culture tube from which a sample of culture solution is
being withdrawn, In view of this, the procedure has been to
fill the deasd gpace and capillary extension with water of known
oxygen content and to introduce the MnCl? subsequently by
menipulation of the head screw, as is done anyway to dreaw in

the remeining reagents,

Actual Deterwmination,

Aglea titration on extruded contents from syringe pipette,
after completion of Winkler reaction = 0,0875 cc., thiosulphate,

.',-cc. oxygen in sample = {C,0875 x 0.112) - ﬁoxygen_iﬁtroduced
in resgents) - (oxygen.presenﬁ in
water used Tor filling dead spacé

and capillary)

= (0,0875 x 0,112) - [(0,00088) + (0.096
3 x 0,00603 )]

= 0,008345

b b atdva )..‘ REOTTY] g o ()6608345 X 10
ce, oxygen in 10 ce sample 15038

= 0,06212,

Temperature of culture solution from which semple teken = 19 C,
According to Winkler's deta this would have contained, if in
full equilibrium with aiy, 0,0648 cc, of oxygen (ignoring the
slight efiect of the salts present in the culture solution on
dissolved oxygen content),

Therefore oxygen present as percentage of ifull equilibrium

_ 0,06212 x 100
6.0548
= 96%

value
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Specimen Analysis of Variaace,

(The data used are the dry weights of the nodulated plants of

the second root-s¥stem enclosure experiment),

=

Plant 21% 124 5% 1%

No, N7 OUNY PAYT O Py UM R O
1 |265 70225 | 1097 1203409 |467 218089 | 361 123201
2 |389 151321 635 403225 [585 342925 | 51 260
3 753 537289 | 374 139876 [295 87025 | 10 490
i |389 151321 788 620944 [382 145924 | 40 160
5 | 229 50441 | 1236 1527696 167 588289 | T4  547¢
6 |690  476100| 1030 1060900 [689 474721 | 73 5328
7 (122 14884 | 38L 145161 500 250000 | 50  250(
8 |185 34225 | 564 318096 494 244036 | 112 1254
9 [523  273529| 630 396900 [844 712336 | 63  396¢

10 [454 206116 100 10000 [506 256036 | 53 280

11 | 285 81225| 559 312481 595 354005 | 94 883¢

12 |567  321489| 693 480249 |196 246016 | 47 220

13 |629  395641| 380 144400 316 99856 |106 11236

14 |461  212521| 1295 1677025 292 85264 | 42 1764

15 |322  103684| 771 594441 1O 44100 |104 10814

16 |436  190096| 916 339056 [436 190096 | 70  490C

17 |495  245095| 687 471969 19 6241

18 1021 1042441

Total| 7074 3517132| 13157 11386269 7874 4338038| 1479 2109
Mean | 492 731 492 87
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The analysis proceeds by obtaining the following terms:-

(1). Squere the individual dry weights from each oxygen level
and add totals,

3517132 + 11388269 + 4338038 4+ 210931 = 19454370,

(2). Squere the sums of the dry weights at each oxygen level,
divide by the number oif individuals al each level wnd sum

these lerms,

TOT4 ¢ 13157 | 1874 | 1419 . e v
T7 ¢ SIS Y T 17— = 943616 + 9617036 + 3874992

128673,
= 16265317,

(3), Scuare the grand totel of all dry weights from the four

oxygen levels and divide by the total number of individual

(1074 + 13157 « 7874 _+ 14797 _ 29584°
68 68
Too= 128707380,
Source of Sums of 8Bquures. Degrees of | Mean Squaire
Yariance, ¥reedom,
Bebween Groups| (2) - {3) = 3 1231179
2093337
Within Croups (1) -~ (2) = 64 45157
2890053

The degrees of freedom are derived as foliows:~
(a) Between Groups : one less thun the number of oxygen levels,

(b) Within Groups : euch oxygen level contribubtes one less than

the number of individuals at thot level,
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Testlng the Hetween Groups Mesn Squure in the above analysi:
it gives a Varisnce Retio of the following value,

L23LLT9 & o7 3 sor dox ¢ fresdom n = -
[E1E7 27.5 Tor dogrees of freedom n = 3, n,= o4,

This is considerably more significant then the 5 per ceat level

of significance (i,e, 2.8) end so significance exists in the

amount ol dry weight produced at the four oxygen levels,

Calculation of the difference reguired between means for

significance,

Number of individusls «t 21 and 12 per cent oxygzen is 17
and 18 respectively, :

el wend 127  [45,157 x t640'05 x (/17 % 1/18

.

S 212,6 x 2 x /35/306
= 2i2,6 x 2 x 0,338
= 144 ung,

Actual difTerence between means equals 309 my,, therefore dry
weight «t 12 per cent is significantly grewter than that et 21

per cent oxygén
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GENBRAL INTRODUCTTION,

Although more than 50 years have elapsed since Hiltner
(1896) concluded from his experimental work that the nodulated
Alder plant, like the nodulated leguminous plant, ‘has the power
to essimilate the free nitrogen of the atmosphere, this finding
has attracted little attention or further study so that to-dey
our knowledge of the development and signiiicance ol the root
nodules of this plent has only been increwsed to a slight degree
£Trown in.bdth nitrdgéﬁ-free sand.and culture solution exhibited
healthy growth while ﬁhose which ﬁefe'grewn under similar
conditions but were nodt inoculated'with the nodule organism
and thus femained free of noduleu, died through & deficiency of
nitrogen, It was'frOm this observation that he goncl&ded that
Alders when possessing root nodules cen fix atmosphefic nitrogen
in a manner camperable to legumes,

These findings were restated and slightly amplified by

Nobbe and Hiltner (1904) in an illustrated paper in which the

growth of neduluted and non-noduluted plants in nitrogen~-{ree
culture solution was compared, Once sguin it was shown that in
such a wedium, healthy growth could only be attained by plants

possessing nodules, Some of their plants were grown to an 2ze
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of 8 years by which time they had a height of two metres,

Méller (1912) confirmed the experimental findings of
Hiltner, ﬁIn his work analyses of the nitrogen content of the
plants were carried out and he was able to show that large
guantities of nitrogen (5,6 gm, per plunt) had been accumulated
wfter two years' growth,

Krebber (1932) repeated Hiltner's experiments but apart
from deciding from & survey of the pH of the habitats of Alders
to grow his plants in wmutrient gsolution of pH 5,7, he simply
verified that [ixation of nitrogen appeared to be associated
with nodulated plunts,

Roberg (1934) who continued Krebber's experiments and
Plotho (1941) also put forwad evidence for nitrogen fixation by
nodulated Alders without providing much new informetion,

Virtanen and Saagtemoinen (1933 end 1936) provided further

evidenee of Iixétion and in addition studied the effect of PH
upon growth, Starting with plants which had already grown for
two seasons under uniform conditions in sand culture, the pH of
the rooting medium was adjusted to different values over the
range 4 to 7 and the growth of the plunts studied for & further
two seasons, Théy concluded rom this experiment that pH 6 was
the most {avourable for growth by nodulated plants. None

nodulated plants supplied with ammonium nitrate were also included
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in these experiments and although the data for these plants
were incomplete, the pH response asppeared to be similar to that
of nodulated plants, However the conclusions reached by these
authors must be regarded as tentutive, since bnly one or two
plants were grown at each pH level end statistical analyses
could not be carried out,

These same suthors also expressed the view, withoul any
experimentel backing, that nodulated Alder plants grown in
nitrogen-free culture solution reguired a plentiful supply of
oxygen to the root nodules before satisfactory Tixation and
growth cah be obtained and they pointed to the fact that in
vater culture the nodules tend to develop near the surface of
the solution, This opinion wag also prartly based on the

Iindings of Virtanen snd von Haugsen (1935) that in the case of

nedulated pea plants, fixation wes poor when the nodules were
submerged in the culture solution but increased on their
exposure to the atmosphere., Virtanen end Saostamoinen because
of thig view grew their Alder plants in sond culture and in an
experiment to be reported later an attempt hes been made to
decide if the theory of these investigators 1s velid,

A Turther reference to the nitrégen Tixing powers of

nodulated Alder plants is made by Virtanen snd Miettinen (1952).

Here it is noted ithat Virtanen and von Hsugen grew & nodulated
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plant in nitrogen-iree sand culture for two years by which time
the plunt had ettained a height of 261 cm, end a totel nitrogen
content of about 6,5 gnm,

‘In another recent paper, Hawker snd Freymouth ({1951)

suggested thet uncertainty still exists as to whether the
endophyte in the root nodules of Alder is able to bring about
the process of nitrogen fixation and they consider thet the
matter ig still in doubt as some investigators heve been able to
obtain no positive evidence for its occurrence, A study of the
literature shows however that there is strong experimental
backing for the view that fixation does take place in associatior
with nodulsted plants und no paper releting to negative results
is known to -the present author, .Even if such & paper does exist,
the strong support on the side of fixation cannot be overlooked,
In this paper Hawker and Fraymouth refer, though without
giving any details, to preliminary experiments of their own in
which both. nodulated and non-nodulated seedlings of Alder were
grown in garden soil, They found that both types of plants grew
with equal vigour and therefore considered this as evidence of
the non-occurrence of fixation, DBut under the experimental
conditions described no valid conclusions as to the occurrence
of fixution can be drewn, since there could have been no contrel

over the amount of combined nitrogen supplied to both types of



L1,

plants and to the non-noduloted controls in particular. Such

an experiment would have to be repeated using a rooting medium
allowing for contrql over the access of combined nitrogen before
it could be taken as evidence that nitrogen fixation is not
agssociated with nodulated Alder plants, In view of Hawker and
Fraymouth's paper the furtheyr evidence for fixation obtained

in the present research will be presented in greater detail than

would have otherwise been thought necessary,

In the present studies the following amspedts have beon
considered;~
1, The effect of pH on noduletion and subsequent growth by
nodulated Alder plents in water culture; paresllel experiments
with non-nodulated plants supplied with combined nitrogen have
been included in certain instunces in order to distinguish
eiffects which are gpecific Tor nodulated plants,
2. The effect of seration of the culture solution on nodule

development and funetion,
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Effect of pH on Nodulation and Growth.,

METHODS,

Seed collected from the field in the autumn of the previous
year and stored at laboratory temperature was sown in the early
spring iﬁ trays of horticulturel peat, Neither ihe seeds nor
the peal was stérilised before use., Germination commenced sbout
two weeks after sowing end these nodule-free seedlings were
transplanted into water culture when the& were about 1,5 cm,
high and when two to three leaves had formed, 1In this work
glazed earthenware jars of 2-litre capacity were used Tor the
water cultures, each jer being covered with a2 waxed teask square
bored with seven holes, EHach hole was fitted with & rubber
inget containing a smaller hole through which the roots of the
seedlings were introduced and the plant supported in the hole
by means of a small rﬁbber wedge,

Nitrogen~free Crone's solution with the minor elements
added was the basic solution employed in the experiments (for
formula see Section I)., The pH of this solution was 6.3 and one
series of plants was grown at this level, ¥or the other series
the solution was adjusted to pH 7.0, 5.4, 4,2 and 3,3 respective-
ly by addition of suitable asmounts of either sodium hydroxide

or sulphuric acid,
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The culture solution in the Jars wes changed at interxrvals
of epproximately three wecks and as far as possible the pH of
the solution was maeintained at the regquired level by frequent
ad justment, The pH in the jars containing nodulated plants
showed 1ittle changes in the initial stages of the experiment
but later it became necessary to re-sdjust the pH every day,
In the case of the plants being supplied with either nitrate
or ammonium nitrogen very rapld changes in pH occurred and
daily adjustment was commenced at & much earlier stager

Certain of the plants wére inoculated with the nodule
organism 24 hours after itransplunting into water culture, by
applying to each root system several drops of o suspeusion in
water of pulverised nodules from field material, In the 1951
experiment, the inoculum wes made up by pulverising 12 gm, of
nodule material in 100 ce, distilled water bul in 1952 its
stréngth wés increcsed by using 20 gm, of nodules with 100 cec.
of water, A small smount of en sutocleved suspension, similer
to that applied to the above plaénts, was added to the control
dars in which no nodules vwere desired and where there wag
going to be no addition of combined nitrogen,:

Most of the pluntsg were grown for one season only &and were
harvested when leaf fall was sbout to commence, The plents

were hervested individuelly, dry weights being obtained by
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heating ot 95°C. and total nitrogen by the Kjeldahl method,

A total of fourteen plants have been allowed to continue
into their second year of growth and were transplanted into
either 4~ or 8-litre jers st the beginning of the second

geagon,
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EXPRRIMENTAL RESUDLT S,

L., Observations during lst year of development,

Two experiments have been carried out relating to pH effect
thie main Qné in 1951 and a subgidiary one in 1952, The f{ormer
consisfea initially of 63 jars containing inoculsted plants in
nitrogen~-free solution and also uninoculated plants, some of
which were in nitrogen~free solution while others were supplied
with combined nitrogen in the form of sodium nitr&ﬁe'or
ammonium sulphete, The second experiment comprised iniﬁially
25 Jjers conteining only inoculated plants in nitrogen-free
solution. In both experiments plants were set up ot pH 3,3,
4.2, 5.4, 6,3 &nd 7,0, No forced zeration was given to the

culture solution in these experiments,

Inoculated Plants.

In the case of the inoculated plants, nodules became visibl
to the naked eye from 10 duys to 3 weeks after inoculation with
a suspension of the nodule organism and at this stage formed
white swellings on the roots, This differs frow the findings
of ggggggg (1932) who observed red colourabtion in yeungknodules,
but it has however been noted in Glasgow that the nodules tend
to develop this red pigment when the root system is subjected
to a éertain amount of daylight, Bond (1951) mede similar

observations in his work on Myrics gale where the colour was
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shown to be due to the presence of anthocyanin, At the time of
nodule formation the plounts had formed 3 ~ 4 leaves and were

2 Yo '3 cm, in height {see Fig, 32), but Bond (unpublished work,
communiceted to the author) has shown that by earlier
inoculation, nodules can be produced at a stege when a single
leaf only has been forméd.

In both the 1951 and 1952 experiments the nodules induced
by inoculation carried out as indicated sbove were almost
entirely confined to the upper portion of the root system near
the base of the hypocotyl (see Fig, 33), but those in the 1951
experiment which were formed as the result of the second
iﬁeculatian (see footnote to Teble 16) which took place one
month later, were scattered over a greater region of the root
system and were well-submerged in the culture solution (see
Fig, 34). These {indings suggest that nodule formation is
aifected by the stuage of development of the root system st the
time of inoculation and in particuler, perhaps, by the
distribution of the root hairs,

The simple ﬁodulgs which arose as a result of inoculation
soon started to branch end eventually developed into nodules
clusters of the type found in the field, Mrom the nodules
flattened conical projections developed and these were found
to consist of hypertrophied complementary tissue from the

lenticels {see Tig., 35), “he prosence of lenticels on the
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Fig. 32, Alder plent with nodules, 3 weeks after
inoculation, The nodules first became visible
18 days after inoculation (naturel size),
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Fig. 33. VNodules situated near base of stem. Plent after

14 weeks' growth in water culture, ( x % ).

Fig. 34, Nodules scattered over root system, Plant after
19 weeks' growth in water culture, ( x } ).
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Fig. 35. Nodule cluster showing flattened conical
projections which consisted of hypertrophied
complementary tissue of the lenticels, (x4 ),
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nodules in field materisl was noted by Borm (1831) but the
development of hypertrophied complementary tissue appears to
be a feature of growth in water culture,

As ghown in Table 1%, the pH of the culture solution
considerubly affected the development of the nodules., In both
experiments noduletion failed to tuke place at the most acid
solution employed, namely pH 3.3 and these plants evenltuully
became moribund and died, The number of plants nodulating at
pH 4,2 was smeller than at higher pH levels, though the
disperity woes less marked in the 1952 experiment., In 1951
pH 7.0 appeared to be the most fevoursble for nodulation, bul
teking the two experiments together thie three higher pli's
appear equelly Tavoursble, The higher proportion of plants
nodulating &t 811l pH levels (except the lowest) in the 1952
experiment. ig attributed to the use of & sironger inoculum
{seec Methods).

Two weeks after nodulwation there wére definite indications
of nitrogen fixabtion since the nodulated plants were now
beginning to show stronger top and root growth than the
uninoculated control plants in nitrogen~-iree solution, This
superiority in growth by the nodulated plants;became still more
noticeable as the experiment proceeded. Because of the strong

growth it pecame necessury to reduce the number of plunts to
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Effect of pH of Culture Solution on Nodulation,

pH of Number of Plants forming Nodules,
Culture / : . N
Solution, 1951 Expt, 1852 nxpt,
343 0/35 0/ 35
4,2 /735 25/35
5.4 23/735 31/35
6,3 22/ 55 35735
7.0 28/35 34/35

o + 130m

The total number of plants inoculated at esach pH level wus 35,
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3 per jer, This chamge was made after three months' growth in
the 1951 experiment, and aiter two wmonths in 1952, £lso in the
latter year the totel number of plunts at each pH level wes
reduced to 18 at this stege,

ds the plants increased in size it beceme necessary (as
already noted) to re-adjust the pH of the culture solution in
the Jars every day because through root sction falls of 0.3 to
0.4 of & unit were being recorded every 24 hours,

The mean dala obtained st the harvest of the nodulated
plants of the 1951 experiment slong with the statistical
treatment are presented in Tables 16 wvnd 17, The plants were
grown for & period of 6 to 7 months and the data are sub-
divided into two groups for the reason stated in Tuble 16,

From Table 16 it is seen that in both groups of Plentg the
highest meun figure for height, dry welght, and nitrogen content
was obteined at pH 5,4, Lurge prlant-to-plant variation was
exhibited ut each pH level and statistical trestment {see Table
17) shows that the superiority in growth at pH 5,4 over pH 4,2
Talls to attain eignificunce, that there is no significunte
between growth at pH 6,3 and pH 1.0, and that the superiority

in growth at pH 5,4 over that ut the higher pH levels is
gignificant in nearly gll respects, i,e,

PH 7,0 = pli 6,3 < pHl 5,4 = pH 4,2.
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Table 16,

A el o F N

liean Data (per Plant) obtsined at Hurvest of Nodulated Plunts

srown in Nitrogen-Free Solution,

1951 Bxperiment,

Dry Weight (agm.)

PH of Mo, of Ht, of Total
Culture Plants Shoov, Tops & Nitroge
golution, huxvested, {om,) Wods, Roots Totsl (wz.)
42 2 38 0.152 10,60 10,75 153
First ‘ . " — . .
Group 5.4 8 52 0.370 16,80 17,17 301
6.3 2 41 0.231 9.21 9.44 170
7.0 13 38 0.246 11,68 11.93 252
3.3 0 - el Lad o -
4,2 5 ol 0,155 3.58 3,74 86
écond . )
Trony {544 13 23 0,209 4,29 4.50 100
6,3 17 1l 0,062 L.43 1.49 34
7.0 15 1l 0.066 L.48 . 1,55 37

8-week~o0ld seedlings, 1.5 cm. high, were trunsplanted into

water culiure on 1lth April 1951, with 35 seedlings at each

pl. The plants of the Iirst group formed nodules in response

Lo the original inoculation a&nd were harvested 15th October

1951, The‘pl&mts of the second group nodulsted after a re-

inoculation on 18th Moy end were harvested 13th November 1951,
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Table l?,

O N L)

Minimum Pifference between Meang in Teble 16 reguired fox

Significance at P = 0,05 from Analysis of Varionce,

Ht, of Total Dry Totel
Shoot, Welght, Nitrogen,
(omparison (e, ) {gm, ) (mgz,)
PH 5.4 & 6.3 12 (obsvd., 11) 5,87 (7.73) 112 (131)
First . . :
G;mp.< 5.4 & 7.0 9 (14) 4.62 (5.24) 89 ( 68)
| 6.3 & 7,0 11 ( 3) 5,36 (2.49) 102 ( 63)
[ 4.2 & 5.4 4 { 2) 1,29 {0,76) 30 (14)
Hecond v
émup ¢ 5.4 & 6,3 3 (12) 0.91 (3,01) 2l (66)
6,3 & 7.0 3 ( 0) 0.91 (0.05) oL ( 3)
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Typical plunts from both the first snd second aroups are siown
in Figes., 36 to 39,

The date obtained at the harvest of the 1952 expefiment are
shown in Table 1&. In this experiment more plants were availabl.
for harvest than in eithér group of the previous experiment, snd
correspondingly more informetion was yielded, The greatest mean
height wos shown at pH 5,4, and the greatest dry welght at pH 4,
but statistical tresatment shows that actuelly there was no
significant "difference between these two pH's, both being equall,
favourable.~ Growth was significantly inferior et higher pH's,

i, e, | pH ?,0 < pH 6,3 < pi 5,4 = pH 4,2
Typical plants frqm this 1952 experiment are shown in Figs, 40
and 41,

From the results obteined from both these experiments it

would'appear that the optimwa point for growth of noduluted

Alder plunts lies between pH 5,4 end 4,2,

Control Plants,

The mean data obtained at the hervest of the uninoculated
control plants in nitrogen-free solution of the 1951 experiment
'are shown in Table 19, As these plunts were able to moke only
negligible growth it is concluded that under the experimental
conditions employed combined nitrogen was not made avesilable to

the plants from unintended sources, Yherefore practically all



130a,

Fig, 36, Nodulated plants - first group of 1951 experiment,
Left to right - pH 5,4, 6.3 and 7.0, After 5 months'
growth in water culture, ( x 1/16 ),

Fig. 37. Nodulated plants - first group of 1351 experiment,
Left to right - pH 4,2, 5.4, 6,3 and 7.0, After
5 months' growth in water culture. ( x 1/10 ).
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Fig., 38, Nodulated plants - second group of 195} experiment
Left to right - pH 4,2, 5,4, 6,3 and 7,0, After 6
months' growth in water culture, ( x 1/16 ).

Fig. 39. Nodulated plants - second group of 1951 experiment
Left to right - pH 4.2, 5.4, 6,3 and 7,0, After 6
months' growth in water culture, ( x 1/12 ).
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Fig. 40, Nodulated plants of 1952 experiment, Left to rigl
- PH 4.2, 5.4, 6,3 and 7,0, After 5 months' growtl
in culture solution, ( x 1/15 ).

Fig. 41, Nodulated plants of 1952 experiment, Left to right
- pH 4,2, 5.4, 6,3 and 7,0, After 5 months' growt
in culture solution, ( x 1/15 ).
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Table 18,

s 4.3 4 el T T P

Meen Deta (per Plent) obtained st Hervest of Noduluted Plants

grown in Niltrogen-Free Solution,

1952 Experinent,

pH of No, of nt, of Dry Weight {gm,)
Culture Plants Shoot, A
‘Solution, harvested, {cw, ) Nods, Roots, Tops, Total

303 0 - bl - - -
4,2 18 49 0,221 0.97 .36 6.75
5.4 18 52 0,222 0.83 2436 6.41
6,3 13 &3 0,159 0.29 J.392 4,67
7.0 18 37 0,133 0.56 2,72 3441

T e

8-week-0ld seedlings, 1,5 cm, high, were trensplanted inlo wuter

culture on 10th April 1952, with 3% seedlings at esch pH level,

On 2nd June 1952 this number was reduced to 18 plunts per pH

level and the plants were harvested on 3rd September 1952,

Minimum Difference between lMeans required for Significance b

Comparison

b= 0,00 from Analysis of Variunce,

Ht, of Shoot,

(cm, )

Total Dry Weight,

(gm, )

PH 4.2 & 5

4.2 &
.2 &
2.4 &
S.d &

6,3 &

1.0

7.0

5 (obsvd, 3)

5

Ji Ui A

A1

( 6)
(12)
( 9)
(15)
( 6)

1,05 (0,34)
1,05 (2.08)
1,05 (3.34)
1.05 (1.75)
1.05 (2,00)

L.05 (1.26)
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Table 19,

Y L LT e T M

Mean Date (per Plant) obtained at Hurvest of Non-Nodulated

Gontrol Plunts in Nitrogen-Tree Solution,

pHl of No, of lit, of Total
Culture Plants Shioot, Dry Weight, Nitrogen,
Solution, harvested, {(cm, ) C {mg,) {mg. )
343 5 240 18 0.36
4,2 5 249 19 0.41
2.4 10 2,5 18 0,36
6.3 1 2e2 21 0.40
1.0 9 2.5 16 033

These plants were transplanted into weter culture on the same
date as the inoculated plents of the 1951 experiment (see
Table 16). At the two lowest pH levels 7 plants were set up,
with 14 @t remoining levels, but some of the plants died &t an
eurly stage and were discarded, Few of the remaining plants
survived the full period of the experiment and they were

hervested at intermediate dates ag they became moribund,
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ﬁhe nitrogen accumulated in the nodulated plents is concluded
to be the reosult of fixetion, It will be seen from Table 16
that at pH 5,4 & mean of 301 mg, nitrogen per plant was fixed
during a growth period of 6 monthsﬂ ¥ig, 42 compares typical
control &and nodulated plants,

Yo control plants were grown during the 1952 experiment
because in the previous year it had been shown that the

experimental arrangement employed was satisfactory in respect

of control of combined nitrogen,

Combined-Nitrogen Plants,

Let us now turn our attention to the uninoculsted plants
of the 1951 experiment which were supplied with cowbined
nitrogen in the form of either sodium nitrate or awmonium
sulphate, The [irst addition of combined nitrogen wes made
one week alter transplanting into culture solulion when the
equivelent ol 50 mg, nitrogen was added to each Jar, These
plants, as they did not have to undergo a period of nitrogen
starvation, immedietely went ahead in growth compered with the
nodulated plants whicp had to await the coumencement of
nitrogen fixatiqn (see Tig, 45)., This superiority in growth
however disappeared as the experiment progressed (see Fig, 44)
and at the time of harvest fhe best of the noduleted plunts

were superior to those supplied with combined nitrogen (sec
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Fig., 42, Control plent (left) and nodulated plant (right}
after 30 weeks' growth in nitrogen-free culture
solution at pH 7,0, Plants from 1351 experiment,
first group. ( x 1/12 ).



133b,

¥ig. 45, Nodulated plants (right) and plants supplied with
sodium nitrate (left) after 7 weeks' growth in
culture solution at pH 5,4, ( x 1/8 )
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Fig. 44. Nodulated plants (left) and pleants supplied with
sodium nitrate (right), after 16 weeks' growth ir
culture solution at pH 5.4, ( x 1/10 ),

Fig. 45, Nodulated plants (left) and plants supprlied with
sodium nitrate (right), after 21 weeks' growth in
culture solution (pH 5,4), These are the same
plants as in Fig, 44, ( x 1/13 ).
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In the case of the plunts receiving sodium nitrute, daily
edjustment oi the pli of the solution was sguin necessary owing
to the increase in the pH value, particularly at the three
lowest levels. Thus an increase of as much as 0,7 was shown
in & pexiod of 24 hours by plants of the pR 3.3 series.\ These
nitrate plents were hurvested after 5 months' growth in water
culture und the data obtained at harvest wnd Lhe results of
statistical snalysis are presented in Twble 20, At no tine
throughout the experiment wes there sny merked difference in
growth between the five groups of plunts except in respect of
height, Trom the T«ble it is seen thal slthough the Gy
welght ot pH 5,4 is greater than at the other pH levels, the
differences do not reach significance, However in respect of
neight of shoot, that at pi 5.4 is significuntiy greater than
at 3.5 and 7,0, Fig, 46 and 47 show typicsl jars and
individual plunts from the five pH levels,

Too few plants supplied with wmmonium sulphote were set
up (namely, one Jjar of 7 plents, leter reduced to 3 plants) at
eacn pll level tb carcy out stastistical snclysis, but the
general result of the experiment was that vigorous growth was
attained at all pH levels with the exception of pH 3.3 where
it wos inferior snd merked stunting of the root system was

exhibited, It should however be remembered thet the pH of thesc
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Fig, 46, Typicel jars of plents supplied with sodium nitrate,
after 21 weeks' growth in culture solution, pH from
left to right - 3.3, 4,2, 5.4, 6.3 end 7,0, ( x 1/16 )

Pig. 47. Typical plants supplied with sodium nitrate, after 21
weeks' growth in cultureé solution, pH from left to
right - 3.3, 4.2, 5.4, 6.3 and 7,0, ( x 1/11 ).
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Table 20,

SR AT My S A

Mesn Data (per Plant) obtained at Hurvest of Non-Nodulated
Plants supplied with Nitrate-Nitrogen,

pH of No, of Ht, of , Total
culture " Plants Shoot, Dry Weight  Nitrogen,
Solution, hurvested, {cm, ) (zm, ) (mg.)‘
D03 15 54 l2.82 163
G 15 37 12,53 166
ik 15 60 13.34 164
6.3 15 55 13,86 1673
7.0 15 51 11,09 1863

S~week-0ld geedlings, 1,5 cm, high, were itransplonted into
vater culture on 11tk spril 1951, There weve initially 5 Jurs
each with 7 plants at each pH, bul in July this number was
reduced to 3 per jar, The plants weré harvested 15th Sept,
1951, During the growth period a total of 275 mg, nitrate-

nitrogen per plant was added to the culture solution,

Minimum Differences belween Meuns required for Significunce at

P = 0,05 from Analysis of Voriance,

Ht, of &hogt, Total Dry Weight,
Comparison {cm, ) {gm., )
pH 3,3 & 5.4 5 (obsvd, 6) 2.44 (0.52)
4,2 & 7.0 5 (6) 2o84 (L1.44)

5.4 & 7,0 5 (9) 2,44 (1,25)
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cultures being supplied with ammonium sulphute tended to fall
and although dedily re-adjustment was carried out, these plantis
nominally grown at pH 3,3 were exposed for at least short
periods to a level as low as 2,8, In the early stoges of the
experiment these ammonium plants were slightly larger then
those receiving sodium nitrate (see Fig, 48) and this condition
continued throughout the period of growth, Typical plants at

time of harvest are shown in Fig, 49,

2. Observations in 2nd year of growth,

An experimenlt heas been performed in which nodulated plants
were allowed to grow for a second season in water culiure in
order to study further the effect of pH on growth, Owing to
the large amount of space reguired by plents in their second
year, only two plants could be included at each pH, Ten
nodulated Alder plants which had been grown under uniform
conditions in water culture at pH 6.3 throughout their first
season (1951), were transplanted in Murch 1952 into individusl
glazed earthenware Jjoars of 4-litre capacity. These jsrs were
covered with waxed teak squares with 2 hole bored in the centre
tarougin which the roots of the plants were introduced, As
stated, two plants were grown at each of the five pH levels used
in the pH experiments already reported, Owing to the fact that

some well-submerged nodules were pregsent on the plants it was
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Fig. 48, Plants receiving sodium nitrate (left) and ammonium

sulphate (right), after 7 weeks' growth in culture
solution &t pH 5,4, ( x 1/8 ),

Fig. 49, Plants receiving ammonium sulphate, after 21 weeks'

growth in culture soiution et pH 6,3 (left) and 7.0
(right), ( x 1/16 ),
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decided to provide forced aeration, this being supplied by &
compressor pump for 20 hours oul of each 24 hours (7 a,m, to
3 a.m,),

The plants at the beginning of the second season were not
uniform in respect of fresh weight and height of shoot and a
selection was made at the time of transplanting into the
various solutions so that the mean height for the two plants st
each pH level was approximetely similar (see Table 21),

Growth was continued until July 1952 ﬁhen the plants were
harvested and the height of muin shool, total length of side
shoots and iresh weight were noted, The data obtained at this
harvest are presented in Table 22, and show {right hand end
column) that the greatest relutive increase in fresh weight
was obtained at pH 4,2, The greatest increase in main shoot
height occurs &t pH 4,2 and pH 6.3 while in respect of total
lenglh of side shoots the highest figure is obtained at pH 5.4.
These figures indicate thut growth wes better st pH's 4,2, 5.4
and 6.3 then at pll 3,3 and 7,0 but because of the restricted
aumber of plants in the experiment a more definite conclusion
cannot be made,

Tt is however noteworthy that already-noduluted Alder
plants can grow at pH 3,3, &« pH which was found to be completely

uniavourable for infection and the initiation of nodules, Plant
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Table 21,

v eIy v e .

Detoils of Nodulated Plants abt Beginning of Second Season's Growt

Ht, of Shoot,

Fresh Weight,

PLant No, (cm, ) {gm, )
1 10 8.7
2 9 13,5
3 11 7.6
4 10 8.9
p 9 10.0
6 13 8.1
7 9 10.5
8 15 12.3
9 9 9.1

10 12 8,7

These plants were grown for & period of seven months in

water culture at pH 6,3 end overwintered in a heated green-

house, They were transplanted into 4-litre Jazrs at the

beginning of the second geason,
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grown &% such & pH were however unhealthy and exhibited marked
stunting of the roots, Another interesting Teature of this
experiment is the very rapid growth made by these plants in
their second season both with regeard to height of shoot and
fresh weight, Flant No, 4 at pH 4,2 showed an increage in
shoot height from 10 cm, to 134 cm, and an incresse in Iresh
weight from 8.9 gm, to 405 gm, all in a matter of approximaiely

five months,
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Bffect of Aeration of Rooting Medium on Nodulation and Growth,

M ETHOD S,

Nodule-free Alder seedlinge which had been grown in trays
of horticultu;él peat were sgain transplanted into water culture
when 2 to 7 leaves had formed and when they had attained a
height of approximately 1,5 cm, Tor this work glass jars of
capacity 2%-litres were used, These Jors had a neight of 21 cm,
a dismeter of 16 cm, narrowing to 9 cm, &t the heck sand were
closed at the mouth by cork stoppers which contuined 5 holes,
Bach hole wes fit@ed with & rubber inset containing o smaller
hole through which the roots of the seedlings were introduced
and the plants supported by & small rubber wedge,

Nitrogen-free Crone's solution with the minor elements
added was sgaln the basic solution employed and the pll in all
the Jars was maintuined at 6,3 throughout the experiment,
Inoculution of the plents in certein of the culture jars was
carried out 24 hours after transplanting, using the seme method
as already described, while the remaining plents were supplied
with emmonium=-nitrogen,

Hell of the cultures of each type were given forced
aeration which was supplied continuously by a compressor pump,

No attempt was wade to ensure that the cultures were alr-tight



L4

and in non-aerated jars free gaseous diffusion‘éould take place
between the external atmosphere and the alr gpace below the
stopper, Delerminations of ﬁissglved oxygen present in the
culture Solution were performed, using the same method ag in
Section I,

At the terminetion of the experiment the plants were

harvested individuslly as before,
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FEXPERIMENTAL RIBSULTS,

This experiment consisted of 16 jars, 10 of which contained
inoculated plants in nitrogen~free solution and the remeining
6 uninoculated plants supplied with combined nitrogen in the
form of ammonium sulphate, Half of the jars of each type
received forced aeration, as noted,

Nodules which were visible to the naked eye developed 14 -
days after inoculation with a suspension of the nodule orgenism,
In the case of the serated Jers, nodules developed at verious
depths in the solution, whereas in the non-uerated culiures they
were mostly confined to a region near the surface of the solutio
These aerated plants also showed signs of nitrogen Iixation at
an earlier stage than the corresponding non-serated plants and
grew more vigorously throughoul the experiment (see Figs, 50 - 5.
The mean data oblained at the harvest of these nodulated plunts
ulong with the results of sfutistical analysis are presented in
Table 23 and it is shown that as a result of meration, the mean
dry weight and nitrogen content of the nodulated plunts were
almost doubled,

Throughout the experiment there was no apprecisble differen
in growth between the aserated end non-serated plunts supplied
with combined nitrogen., This was confirmed by the harvest data,
since the small differences between meuns are not significant

(see Tuble 23),
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Fig. 50, DNodulated plants of zerastion experiment after 17 weeks'
growth in nitrogen-free solution, Aerated on left and
non-aerated on right, ( x 1/10 ).

Tig. 51, Jers containing nodulated plants of zeration experiment
after 17 weeks' growth in nitrogen-free solution, Non-

aerated on left und aerated on right, ( x 1/10 ).
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Table 23,

g 1T o35 ot B

Mean Data (per Plant) obtasined at Harvest of Aeration Rxperimen:

Dry Weight (gm,)

No, of Ht, ol N Tota.
Plunts Shoot, Top & o Nitrog:
Type, harvested, (em.) Nodules  Roots Total (me, |
chulated'
Non-ferated, 20 1l 0,059 1.48  1.539 36
Nodulated
Aerated, 18 16 0,126 3.03 3.156 13
Non~Nodulated
Non-Aerated, 14 23 - - 3.16 15
Non~Nodulated
Aepated, 13 19 - - 2.081 13

The growth-period in water culiture oi nodulated plants extended
from 18th May to 27th October 1951 and for non-nodulated plunts
from l3th July to 235rd October 195L. To these latter plents a
total of 200 wg., combined nitrogen us smmonium sulphate was
supplied per plant,

The application of the "t" test for the dry weight data in the
above Tuble showed that wt P = 0,05 the mean for the nodulated
aerated plants is significently greater than for the correspondir
non-aerated plants, There is no significant difference between
the two groups of non-nodulated plants, The sume position holds
as regards height of shoot.
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Typical plunts and jars of plants <«re shown in Figs, 52 « 53,
The results of the determinations of dissolved oxygen
present in the culture solution are expressed in the same
manner as before (see Section I) and are presented in Table 24,
The Tirst determinations on the culture solution in which
nodulated plants were grbwiﬂg were made 8 weeks after the
commencement of the experiment and &t this stage the oxygen
content in the non-aderated Jars had Talien only slightly below
that in the &er&teé cultures, However as the experiument
progressed the velue in the former dropped to hall that in the
latter, With the plants supplied with ammonium sulphate growih
was more rapid, causing an sarlier fall in the oxygen content

of the solution in the non-zerated jars,



1452,

Fig. 52, Non-nodulated plants of aeration experiment, supplied
with combined nitrogen, after 9 weeks' growth in
water culture, Non-aerzted on left and aerated on
right, ( x 1/9 ).

Fig. 53, Jars containing non-nodulated plunts of aeration
experiment, supplied with combined nitrogen, after 9

weeks' growth in culture solution, Aerated on left
and non-aerated on right, ( x 1/10 ),
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Results of Determinations of Nissolved Oxygen in Cuiture Jars

of Aeration Experiment,

Oxygen Content of Cultufe Solution,

Type of

Culture, ‘ July 12, Mg, 23. Oct, 5.
Nodulated

Non-Aerated, 81 53 50
Nodulated

Aerated, 94 96 ' 97
Non-Nodulated '
Non~Aerated, - 51 47
Non-Nodulated A

Acrated, - .93 96

See text lfor method of expression of oxygen data, Fach value
shown is the mean of four determinations from seperate jars,

the samples being withdrawn from midway down the jars,
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GENEFERAL DISCUSSION,

fividence for Iixation of Nitlrogen,

The experimental resulls presented above are in complete
agreement with the findings of earlier investigetors that
nodulated Alder plants can exhibit vigorous growth in a rooting
medium to which no combined nitrogen has been added and confirm
that the fixation of atmospheric nitrogen is associsted with
nodulated Alders under the experimental conditions employed,
Although the majority of the present experiments desl with the
growth of plants in their first yesr, ten nodulated plants (es
already noted) were grown for longer periods in nitrogen-iree
solution in connection with & pH experiment, and in addition
four other plants were grown on for two full seasons at PH 5,4
to permit of observations on growth and nitrogen fixation, One
of the latter plunts was grown from seed sown in April 1950 and
harvested in October 1951, At the time of harvest this plant
had atbained & height of 112 cm, while the total dry welght
and nitrogen content were 219 gm, and 2,53 g, respectively
(see Fig, 54)., Prom Tsble 22 it has been seen thot even larger
plants have been grown and there is no reason to doubt that they
haed a grester nitrogen content than this psrticular plant,

Owing to the fact thet no investigator has as yet been
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Pig., 54, Nodulated Alder plant after 17 months' growth in
nitrogen-free culture solution, ( x 1/14 ),
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successful in the isolation of the orgenism from the root
nodules of Alder aﬁd growing it in pure culture, it is
impossible to grow nodulated plants under agseptic conditions

of the type employed with legumes, Ihefefore although the
evidence for fixation associoled with nodulated Alder plants
under the conditions of the experiments appears to be most
conclusive, the theoretical possibility might still be thought
to exist that a free-living nitrogen fixing organism was
introduced with the inoculum and that fixation by this orzanism
was responsible for the growth of nodulated plants, Bond (1951
referred to this point in respect of experiments with nodulated

plants of Myrica gale, but in the light of more recent work it

is considered thait this possibility of fixation being due to

the presence of a free~living nitrogen fixer can now be dismisse

for the following reasons,

L. In the reported experiments only those planis which
developed nodules after inoculution were sble to make
satigfactory growth, Occssional inoculated plunts on
which nodules failed to form were limited in their growth
and behaved in a gimilar menner to the plants of the contro
jars, |

2 Uninecculsated Myrica plunts grown with their roots in the

same jar of nitrogen-free culture solubtion as neodulated
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Alder plants, made no growth,

3. The removal of the nodules from sn Alder plant grown in
nitrogen-free culture solution resulted in the plant
exhibiting all the symptoms of nitrogen starvation (chloros
of lesves, scorching of leal margin and cessation of growth
in a very short time (see Fig, 5%). After a furtiher

~interval new nodules developed and the nitrogen defliciency
symptoms started to diseppear,

If & free-living nitrogen fixing organism was present in
the culture solution one would expect the products of fiﬁation
to become available to all the plents in & given Jjar, but from
the shove exéeriments it is seen that no evidence of this is
Torthcoming, ¥rom item 3 and also from the fact that the
nodule dry matier contains a relatively high percentage nitrogen
content - 3,58 per cent compared with 1,79 per cent for the rest
of the plant (mean figures for all pH levels in 1951 experiment)
-~ 1t appeers that the fixation of nitrogen is dependent upon
the presence of nodules and that it occurs in the noaules
themselveé.

Alder trees growing in the field normal;y possess nodules
and there is no reason for doubting that fixation of atmospheric
nitrogen occurs under conditions such as these, bub it will be

a matier of considerable difficulty to actually prove thet
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Pig, 55, Left - Normal nodulated Alder plant,
Right - Plant from which nodules have been
removed with consequent development of symptoms
of nitrogen deficiency (chlorosis, reduced leaf
size), ( x 1/12 ),

N,B, The Panchromatic plate has failed to register the
full colour difference between the two plents,
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Tixation occurs in the field, According to Tfigures kindly
provided by the Fofestry Commission there'afe 24,500 acres of
Alder woods in Great Britain, a total which only includes woods
of 5 acres and above and teskes no account of-the narrow beltis

of trees along the sides of rivers and_streams. If fixation

by these trees is proportional to that obtained for plants grown
under the conditions of the sbove experiments it will be
realised that Alder must contribute considersbly to the total
amount of bhologicelly~fixed nitrogen in this country,

Hawker .and Fraymouth (loc, cit.) in their experiments with
Alder found that both naturally and artificially inoculated
seedlings did not develop nodules on the root system until the
plent had reached a considerable size and they concluded thaet
such & finding pointed to the fact that Alder, unlike nodulated
legumes, was less dependent on or independent of the nodule
organism, ¥rom the experiments reported above it has been shoun
that nodule formation in Alder after artificisl inoculstion
tekes place at an sarly stage in seedling developuent and is in
every way comprable with leguminous plants, Also in nitrogen-
free solution the Alder plant is completely dependent on
nitrogen fixed by the nodules for growth,

Effect of pH on nodulation and growth,

From the experimental results presented it is seen that
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the infection of the plunt and the subsequent formation of
nodules as & result of inoculation with a suspension of the
nodule organism takes place over the pH range 4,2 to 7.0. IFrom
the 1951 experiment it appenred thet the initiation of nodules
occurred most Ireely over the range pH 5,4 and 7,0 and probebly
best at pH 7,0, but in 1952 it was found that although
initiation waes still best over the range pH 5.4 to 7.0 there was
little or no variation between the three pH's that were employed
in this range., In both experiménts althoughinodule development
occurred at pH 4,2, the success of infection and initistion was
less than at pH 5,4, 6,3 and 7.0, At pH 3,3 the inoculated
plants in both years coﬁpletely failed to develop nodules and
eventuelly became moribund and died whereas those supplied with
nitrate-nitrogen were able to meke satisfactory growth, Such a
finding must be teken es an indication that the nodule organis
is incapable of withstending such acid conditions, and that
death was not due to the plunt being incapsble of growth at such
a pH level but rather to nitrogen starvation,

From the ecological viewpoint and also in connection with
foreséry this information points o conditions under which Alder
plants may be expected to become established and sueh information
may also be of importsnce in connection with the identification

and isolation of the wnodule organism. In the past, by the use
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of c&tological methods and ﬁttempted isolation, no generxrally-~
accepted conclusion has been made as to the identity of the
endophyte (for review of literature see Hawkex and Freymouth,
1951) end it is possible that the study of the physiology of
the nodulated plant may assist waterially in the ultimote
identification of this organism,

At this stage it is of interest to compare the acid

tolerance of the endophyte in the Alder nodule with that of

Myrice gale and zlso certain leguminous plants, RBond (1951)
showed ﬁhat Myrica, grown in nitrogén~free culture solution,
could form nodules at pH 3,3, therefore showing that the
endophyte responsible for the development of the nodules on
this plent exhibits slightly greater tolerance to acid
conditions than Alder, However in the case of both clover and
values below 4.4 and 5.1 respectively, From these findings it
can be stated that the endophyte of the non-leguminous nitrogen-
fixing Angiosperms which have been investigated at Glasgow arve
both capable of bringing about the development of nodules st
lower pH values then the species of Rhizobium which csusge
nodulation on the above leguminous forage plunts,

From the above pH experiments it has been found thut the

pH requirement for the initiatlion of the nodules is higher then



153.

that Tor the subsequent growth of nodulated plants, since the
- most favourable pH for boih the growth of the plents and
fixation of nitrogen was in the range pH 4.2 - 5.4 while thet
for nodule formeation lay between pH 5.4 - 7,0, Such results
do not sgree with the earlier investigations performed by

Virtanen and Sasstamoinen {loc, cit,) who, as already stated
! » ]

worked with older plants und found that in nitrogen~free sand
culture, nodulated plants exhibited best growth at pl 6 eas
‘compared with that wt pH 5 end pH 7. This slight divergence in
results was nowever probably_due either to the use of sand
culture in place of water culture or to the fuct thst the above
mentioned authors had very few plunts at each of the pH levels

employed,

fiffect of aeration of culture solution,

Virbtanen and Suastumoinen {loc, cit.) in their experiment

with nodulated AMlder plants grown in non-serated nitrogen-iree
culture solution noted that under such conditions of growih
nodules formed as a result of inoculation normally developed

on thut region of the root system which wes near the surface of
the solution, They considered that such wun observation
indicated that the nodules of Alder have a.relatively high
oxygen requirement wand in further experimental work employed

send culture so thet this requirement might be met,



In the seration experiment reported above it has becn
shown that in the development of nodulsted Alder plants weration
of the culture solution is beneficial, but a closer study of the
data shows that such a fiding cennol be tuken on its face value
as 8 definite indicstion of a high oxygen requirement on the
part of the nodule, In this experiment the benerits of aeration
were shown during & very early stage, as at the end of the first
month more and also submerged nodules were present and better
growth exhibited in the cogse of the plants in the aerated Jjars
compared with those which were not being subjected to forced
aeration, TFrom the oxygen data (see Tuble 24) it is whown that
at this early stage there was little variation in the oxygen
content of the solutions in the two types of jurs «nd that the
values were not lowered owing to the respiration of the root
systems until a later date, It may be that the infection
process or the multiplication of the organism are very highly
aerobic but it appears likely that the increase in nodulution
was caused by the stirring effect of the solution brought about
by the peassage of the uir stream asnd the resulting dispersal of
the endophyte over the newly formed purts of the roots, Also,
as noted already, submerged nodules will develop under conditions
of non-aeration if inoculation is effected al a late stage,

where the oxygen content of the solution would not be high,



It does appear highly probable thut in the later stages
of this experiment the higher oxygen content of the solution
regulting from forced aeration allowed these submerged nodules
to function in an effective menner, flthough from Table 23 it
is seen that in the case of both aserated und non-uerated jars
the relationship between nodule dry matter und nitrogen fixetion
is of & similer ordew, it has been shown thati when submerged
nodules are present without aeration (1951 pH experiment -~ 2nd
Group) their effectiveness in the fixation of nitrogen is
reduced, Thus it is possible to compare in Twble 16 the
fixation of nitrogen by plants with nodules localised newr the
suriace of the solution and those with noiules suvmerged in the
_salution. The Tixation per unit dry weight of nodule lissue is
of a higher order in the first group then in the second. Thus
at pH 5,4 it is 8limg. per gm, nodule lissue in the first group
compared with 478 mg, per gm, in the second,

Such experimental results point to a higher oxygen
requirement for nodule tissue than for root tissue since in the
case ol the plants supplied with cowmbined nitrogen the oxygen
supply wes sdequate for efficient functioning 6f the roots
without weration, However before a definite decision could be

made as to the precise oxygen reguirements of slder nodules &




technique giving greater control over the oxygen supply would

have to be used,
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SUMMARY,
(To Section IT of Thesis)

The conclusion reached by previous investigators that
nodulated Alder plents can fix atmospheric nitrogen and
displey vigorous growbh in waler culture free of combined
nitrogen is coniirmed,

Tvidence is advanced to show that the fixation of atmospheric
nitrogen actually takes pluce within the nodulated plant wnd
probably within the nodule,

There is no reason to doubt that fixation is asgociuted with
nodulated Alder trees in the field, and this fixation way be
of congiderable ecological and general importance,
Experiments have been performed in which inoculated Alder
plants were grown in water culture in crder to investigate
the effect of the pH of the culture solution on (a) the
initiation of nodules by the organism and (b) the subsequent
growth of the plants and the fixation of atmospheric nitroger
It has been shown that nodule formution occurred over the pH
range 4,2 to 7,0 but most freely between 5,4 and 7,0, No
nodules developed at pH 3,3, At favourable pH nodules
visible to the naked eye developed us soon as 10 duys after
inoculation,

The optimum pH for the growth of nodulated plants in solutior

free of combined nitrogen lies between pH 4.2 and 5.4,
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By growing non-nodulated slder plants supplied with combined
nitrogen in water culture it has been shown that the failure
of the plants to develop nodules al pl 3,3 was due to the
fact that although the host plant can tolerste such a low

PH level the nodule orgeniswm cannot,

Non-nodulsted plents su@ﬁlie@ with ammonium sulphate made
moxe vigorous growbth than those supplied with sodium nitrate,
In experiments with both nodulated plants and plants supplied
with combined nitrogen in which the culture solution in
certain c&ses was aserated it was found that a high oxygen
supply had a beneficial effect on the growlh of the former
but had no effect on the latter,

The benefit of forced weration on nodulated planﬁs was bhougt
to be due (&) to the stirring effect of the wir-stream and
(b} to the influence of an incressed oxygen supply on the
functioning of the nodules, especially of the ones well-
submerged in the culture solution, It is concluded that

nodules have & higher oxygen reguirement than roots,
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