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G0N B R AT

INTRODUCTION

Anelyses of Liviug vlant blssues show that the Tour
nost abundant clemenbs present are ususlly cavbon, hydyogen,
oryEgen and nitrogen. As o pesult vigorous pland geowbh lis
nainly dependent on an edeguate supply of these clementbs.
Gavlron, hydvogen and oxygen are normally availaeble bo the
wplant in move than ample supply Trom sbuospherlc or soil
sources. Nibtrogen on the other hand is in o somevhab
&iﬁfﬁ@@ﬁ% cabegory in that while an obundend gupply is
present in the elenmental forn in the abmosphere, the majority
off planbs zve unsble bo apslnilate 1t, helng enbirvely
dependent on cowbined mitvogen aveilable generally in the
Forn of nitrebe or sononitm-niirogeit,

However 16 is now well esbabllished thet o small
minovrity of planbs are copsble of assinilabing elemenbal
nitrogei, s@eh-gg&eiem Paliing into btwo naln greupns as
TOLLOWS o

Is  Erge livine Lopns

Gertaln bacteria e.g. Closkridivm,

Azotbobacter and Ghromativm,.

Gertaln blue-green algae S..

Boestoe, Jnabaena aod Haogbipocliadus.




TEe

Legumes with root nodules.

Honwl egunes with root nodules.

Ceptaln Lichens, beyophybtes and Terng,
with bluesgreen algel constlituents ..

and Azolls.

In addition to fthe ghove theve 18 some ovidence thab

othor groups mey aleo £ix nitregen. OF thoe free-living forms
Piuatlon has been veporbted in cerdtain doil yveasts (Metealfe
and Chayveny 19%54). In synbiotle esyetems ¢lalns of fizabtion
have been more widegpread, In the fanlly Pododarpacoat;
where bthe plandte boar lapge numbers of rood nodules inhablited
Ty o fungus, evidence of Lixzation has been obtained hy Nobbe
and Hittner (1899) although Bond (19%9) obbained negabive

pegults both in sand culbture and in LJW experiments. In

certain members of the Cyeadacess, for exanple Geratozamia

and Tneept

alpvbos, which sgain beor poot nodules bub this
time having & blue-green algs as endophylbe, evidenee of
flxabion has been obtalped (Bond, 1959}« Cevbain specles
helonglng b0 the Leamily Rublaceae heay leaf nodules vhich
have been suspeched of fixing nitrogen (Premekampy, 1933),
although the resulbps ave far from conclunive,
I6 ip o reasonnble agsuwpbion that in the cavly stages

of the evolution of the plant kingdom species cdapable of

ubilleing etnospheric nitvogen would Be at en advantage




over forms which depended on the limited quantlbies of
combined nitwogen avallebles, Palaebobanical evidence
although Pragnentany does in Peol offer some evidenas whilch
suggests that nlérogen~fixing organlens may have heen
important clasges in the paste. The oldept group discovered
in which present day members ave known bo £ix nlivogen 1a
the blue-green algas, This group was discovered in the
Bhynde chert of the Upper Devenlan among the primliive land
plents,; the Rhynisles, by Kidoton and Lang (1923.) and by
Orofs and George (1959), It is of inbterest o nobe that
three of the four gpecles recorded have been placed in the

order Sbtigonematales, of which the present day unitrogens

fixlng specles Haglbigoeladus lominosus s o menbors

fvidence of the presence of possible symblobtlc nitrozens
Piming systems in the past ig leps Cortheoming, although as
suggeated by Bond (1959) 1% is possible that the cyead-type
planbs so prevalent in the Jurassic and Crebaceous fixed
nitrogens Pollen asnalyses have shown %h&%rmmﬁh more recently
Go:

5

iaria was promlnent in many parts of the wordld (Good, 1947),

while in the posit-glaclel ore Alpus and Hippopheé ave belleved

to heve been very sbundent in Britain (Tansley, 1939) and,
Iurope (Walkew, 1985) respeotivelys It is thus probable bhatb
in the ovomzgricultural eps nitrogen~Lixlng organisme were
of more exbensive oecurrence in Wature than at the present
bines

T4 hos been ghovwn in a 1956 balance sheelt of the




agelioulbural lands in the United States (In Pogs, 1953) that
approvinately sizteen nilllon tons of combined niltrogen pew
annum are mede avallable B0 the poil by the procesgs of
bilologlical Pigation of mitrogen and it 1s obvious that auny
syabem conbtributing so muech fo 80il Lerbility willli e the
gubject of much regeavch, Buch pesearceh hag been carricd oub
sud at present ls proceecdling along two main lines, In the
Pivet instance further elucldation of the physlology and
biochemistry of nitrogen fization is being wanderdaken in known
nitrogen~-fixersy secondly seavches for new nltrogen Lixing
apecles ave being careled oub nob only to galn a wore complele
picture of the dmporitance of biologleal nitrogen Lizatlion bub
also in the hope of diseovering specles more sulbable fop
study of the processes Liavolved in Lixation.

In the present thesis gbudier along bebth the sbove Lines
have been carpled oubj; in Section I experiments on the
physiology of nitrogen fixation In certain well established
nonw-lLegune fizgers will be deseribed, while Seection IT deals
with studlien on some newly discovered nltrogen Lfixing HDluee
green algac.

The Lollowing are the non-legume ponera of anglosperns
nornally chavacterised vy the pregence of nodules on thely rools
their families, according bo Bngler and Diels (1.936) also

being showns
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Alpus
Hlopophas

Sl aenonus

Shepherdia

Gaguarling

Gorisris
Ceanolbus

Disearls

Fapil,

n
Yyricacese

Betulaceae

flacagnaceae

Uasuarinacese

Joriarisceas

Rhamnacene

The last genus, Discaris, has ovly been shown recently to

hear vool nedules {Morrison and Harrls, 1958).

The above plants although besring nodules do differ

from the legumes in the nature of the endophyte, Ibs

ldentification however ig unceirlalyn, due Lo the inabllity

of workers bo isolate sn awganiam which on ro-inoculation

will eguse nodule Pormation.

The penernl consensus of

opinion gained from cytological fuvesbipations is thet the

orgenism is an actbinomyeete (Roberg, 193h: von Plobho, 1941).

This conelusion is supported by Pommer (1959) who claims to

have dpolated from Alnvg sn ovganism capable of nodule

formation on re-infecition and considers it to be of an

actinonyeetal nature,

Studiesn on the physioclogy of these planbs heve heen

carried out mainly in Glasgow University and deta have been

, seounmulated which show that the above specles Tix nitrogen



(Bond, 1949, 19%1: Bond, Pletcher and Perguson, 195L:
Guispel, L95Ly Bond, 198953 Bood, Maclonnell and MacCsllum,
19565 Bond, 19%T7a, 1L957h, Gawvdner and Bond, 195735 Gavdner,
19585 Moprisons 196L), The plents resemble the legumes in
many obther respects inoiuding that the nodules are the slie
of Lization (Bond, 1955, 1957h) and that cowbined nlivogen
affeots nodulabion (Bond gb gl., 195h; Bond gb gl., L9563
WacConnell and Bond, 1957 and ouispel, 1.958) Tn addition

it is clear that these nonw-legume plante are as efflclend
nitrogen fivers asn bhelr legoninous gounberparts and evidence
i accumulabing which sussests ﬁﬁaﬁ they ave more sultable
than the legumes for serhalin types of experiments agsosliabed
with nibrogen Tization. &8 & reguld 1T is cleaply desirable
o obtaln information on such sysboms and Begtlon I off this
thesis has baon concerned with aspeets of the nitrogen
mabrdtlion of the two comunonest British speeles, Alaus

ek |
Although extensive Fizxetion in legumes and non-legume

glhutinoga and lyrlce

nodulated plants is now well established less attentlion has
heen pald to other groups of nltrogen fixers, among them the
blue~green algae, Up to the present time over twenty species
of blusegreen algae have been shown to ©lx niivogen (Fogg
and Wolfe, 198L), and the physiclogy of cerialn of those have
heen considered in deball papblcularly by Poge's school in
London.,

However oll species have go far been iselated Lrom

fpogh water pnd teprrestial habltals although a marked bHluee




green algeal flova existe in the mapine sopreliltorsl Fringe
in meny bemperote vegionss Fromy (1936} for exnnmple pecords
267 specles from the Buropean couasbs. Allen (19%58) in
abbenpis %o tead for marine nilirvogen Fixation found
dLePicuity in cullduring the algae, o0d vesorbed to carvying
out bests on known Deesh vwaber plbrogen Cizers which she
afdapbed to high salinitiess 1% is of Ilmportance however o
know whebther specieg fyrom marvine habitats do Liv nibtrogen
and Beobioon 1T of thie theais will be concorned with the
gulture and nlitrogen~-fixing sbility of ceriain Dluecwgpreen

atgae from the marine suprelitioral Cringe,



SRBRCTION I

SIUDIES ON THE PIXATION OF ELEMENTAL NITROGEN BY
ALNUS GLUTINOSA (L.) GAERTN. AND MYRICA CGALE L.




PARDT I

The effect of added ammoniuvn-nitrogen on nltrogen

Lization by Alnus glutiness and Myvrlica gale




INTRODUGH T ON

The #bility of wnodulated plants of Mlaus end Hyples
Bo fix atnospheric nitrogen ab a »abe gulficing bo sustalin
vigovous growth Lo rooting medla Tree of conbined pltrogen is
well-estbablished in respeed of plavts growing in apbificial
medis in the greenhouse (Bond, Fleboher and Fepguson, 195k
Bond, 1958), spnd there is no doubd that If a suitable
arrangenent could he devisged it would be possible to gprow Top
axample an alder tree o wmabupidy wilthout access ol any sbage
to exbervnal vonmbined nitrosens It cannot be assumed thab
eqaally exbonaive fluxatlon is assoclated with plants of these
geners in the Pleld; slinee new facbors nay operate there.
One sueh Pacbor lo the usual presenge in s0ils of some level
off avallable conbined niltrogens Lop 1t is welleknown that ia
obher nitrogen-fixing organlens copbined nitrvogen is uged
preferentially over the elemental fowmy fizabtion belog
veduaed or even cowpletely supprosseds In the partloular
nitrogen~fixing syeten which in general characheristics
repembles that presented hy Alnug or Nyrloa. namely the
Legunes the work of nunerounsg previous workers hes ghown thab
in the vposence éﬂ stbsbantial anounts of combined nitrogen
1o the voobing wedium, nodule formation is depressed; this
at leagt paertly explaing the reduction in fixstions As an

example of guch previouvs vork reference may be nade to the




experinents of Giobel (1926). In those experiments soya bean
plants were grown in sand~culture in glaged earthenware pols,
there being two pots each of which contained three plants, at
cach nitrogen treatment, The results which are summarised In
Table I, show that in an elevenwweek growth period hoth nodule
number and freah‘weightnar@ greater in the presence of 5.6 mg.
nitrogen per Litve than at the zero nitr@gcﬂ levels Higher
lavélﬁ of combined nitrég@m cauge a depresslon in nodule
nunber and in fresh weight, Thi.s i&won@ of the first
exp@fimenﬁs’in wileh the beneflcial effect of small quantities
of combined nitrogen on nodulation was noted, earller workers
(Hiltner, 19003 Zipfel, 1911) stabting that nodulation was
bebter in the sbsence of nilrogen.s The ressong for these
effeets of conbined nidtrogen on nodule Lformation will he
dlscussed in Pavrt IT of this Hectlon,

Where nodule formation is largely suppressged as a
reault of the presence of combined nitrogen 1n the rooting
mediwn 1t is cbvious that fixation of nltrogen Likewlse mash
e to a conslderable extent extinguished, but the question
remaing as to how active in fizabion sre those nodules which
form in the presence of moderste amounts of combined nitrogen,
Herae again there ls in vespect of the legumes an exbensive
Literature, relating mainly to the study of pol culbures,.
Mong experiments along such lines those of Globel (1926) ney
again be noted First. In his experiments soyas bean planbs

were prown in gandeculture moistened with culbure solutlion




TABLE 1

The effiecet of sodiuvm nitrate on nodulsation in soya bean

(Data reproduced from Globel, 1926)

Mge nitrogen

Mean number

WVean fresh

added (ab of nodules welght of
commencenent per plant nogules
of experimend) per pland
per litre of
culture solution
0 128 1355
56 151 2410
112 i 178
2260 57 1.53
35,6 16 0,49
Lle 8 18 0,22
7 0.07

6742




bl

contalning various known cuantities of nitrate-nltrogen,

and analyses of both inoculated and uninoculated plants
grown in the presence of gimilar guantities of combihed
nitrogen carried out aftor twelve weocks growth., From the
data availabi@ it is possible to converd Giobel's nitrogen
lLeveks to mge. nitrogen supplied per litee of cullbuve solution;
100 1h. nitrate-niirogen per acre being equivalent to Beb MEe
nitrogen per Lltre, It is thus seen Lrom the results which
ave reproduced in Teble 2 that plants supplied with
approxinately 130 mg. nltrate-nitrogen per litre still Lixed
approzinately 15 per cent of thelr toltsl nitrogen,

Laber Hopkins, Wilson and Peberson (L932) grew
lnoeulated ved clover plants aseptically in the presence of
varying concentrations of nltrate-nitrogen and analysed both
pubgtrate and plonts for nitrogen after a five-week growbh
period. The vepults again suggeshed that a ecertaln
proporbion of plant nitrogen was flzed even in the presence
of the highest guanbity of combined nitrogen supplied
(appramimatemy 80 mg, nltrete-nltrogen per 1iﬁre‘of agar
aubstrate per Five-week growbth period).

More recently the sinpler amﬁ_mmw@ aceurate isotoplice
method has become avallable and was flievst used by Nopman and
Keampltz (L9L6) vwho supplied labelled inorganic nitrogen to
soye bean plantsg grown in pot culture. The resulls showed
that Dization although wmuch reduced was nolt entirely

inhibited. It wae esbimated that in pralric soils of average



EADLE 2

The effect of combined alirogen on nltrogen Tizebion by

soya besn. (Four plente were svallable at sach nitrogen level)

(Reproduced from Globel, 1926)

Tobtel N
in four
inogulated

Nibrabe
added per
acre Lncre~

Total N Total ©
in four Plrned
uninoculated {gun.)

ﬁixq& i
as Wnge
of btobal

mentally (L.} plants (gn.) planbts {gm,.) ]
100 0. 7168 00770 0.6398 89425
BOO O« 7LLL 02410 0« 5031 67« 6L
9200 08997 Qe 335202 03675 52453
1300 046997 Q43920 Ga 23077 L% 97
1700 0« GBBH 045905 00950 13.86
2100 0. 7267 Q.6282 041045 Lle75




Pertllity sove besn derives 25«30 per eent of iLis nitrogen
from the alnospheros

Thornten (LOL7) in experiments with soye bean
Cound by using Loy thet prante growing in the presence
of combined oitrogen satill Mxed apprecisble guanititles
of atmospherlie nibrogens In plants havvested aftter a
five weel growth period Loy exsmple approximately 50 |
per cent of thelr tobel nitvopen was Pimed even slbhough
o near anple supply of combined nitrogen was available,

MAios and Pavbtholomew (LOBB) grew several
legunes, among bthem soya besns alfelfs, ladino olover

(Prifolium repens (glsanbteoun)), end birdsfoot btrefoll

(Lotus copnloulabug) Tor a period of bten weeks in
vernloulite pot culbure supplied with labelled combilned
nitrogen 1n the foem of smmoniume-nitrogens There were
two pots at esch nibtrogen lovels The vesults obbtaloed
are gupnarised iz Table 3. Pron such dabta 1t i
evident that in legumes a decresse in the percentage
nitropen flxed ccours with increase in combined nitrogens
It ia o be pegrebited thalt the aubhors falil o give
any indication of pob gize, or of nuuber of plonts pep
alex i

A falyr statement of the position in leguncs scoms

Be that in the presence of sufflelient conbined nitrogen for




FABLE 5

ry

The effect of vorioug levels of comiined

ndtrosen on nliromen fixation in ecewrhaln lepumes

(Reproduced from Allos snd Bartholemew, 1955)
Flant uscd Witrogen added in hLen week
(ngs per pot)
O 108 216 4352
Sﬂvv hoan .
a) Dy mabber (gm. per pot) Del 1L el O¢lt 9.1
‘b Total ¥ uptake (mg. pér vot) . %10 349 260 320
W from Perbiliser (mg. per pob) GO G5 185
ﬁ Mean Plzabion (mg. per pot) !6 289 195 158
¢} Percenbage N fired 100 6% 67 he
Ay a6 542 8¢y Ge 8
b L 195 286 285
& As sbove 0 56 158 200
a 1h0 139 128 65
& 100 At W5 2.3
Trifolium revnens (slganteun)
o LeB 345 Sel 5.7
B Lyl 112 166 207
G As above 0 13 120 210
al L) 39 16 27
@ 100 35 28 11
Lotus corniculabus
= ” L2 Fal  bal  Guly
o Al 9L 142 259
e “As above O 6l 113 246
a i 27 29 23
eﬁ 1.00 30 20 9




vigwrm&a plant growth, fixzabtion per plant iIs veduced but is
usually still gulite subsbtantlal, and the legume grows only
partly at the egxpense of the supplled combilned nitrogens The
refductlion in fizxation is due nmalnly to the tendenecy for the
total nodule mass per plent to deerease in the presence of
combined nitrogeny whebher in additlon there ig a r@auoticn
in fization per u@it nodule mass is an aspect to which 1ittle
attention has been pald.

. For certain of the nodule~bearing non-legumes
information is avallable aanaeyﬁing the eflfect of combined
nitrogen on nodulation, The earliest work appeare to be thatb

of Hiltner (1896} on Alnus glutinoss. In his experviment four

peedlings vere get up in nitv@genwcantaimiﬂ@ oﬁlﬁur@ solution
and alter ipoculation nodules developed. On subseguent
transferance of Two plants to a nitrogen-free solutlon and
two Lo a.niﬁﬁag@ﬂuaantaining solutlon,  Hiltner obmerved that
there was libttle further nodule development in the plants
growing in the pregence of nltrogens The significance of
thege observations is reduced by the authep’s failure to state
the level of niitrogen supplied, |

Bjorkman (1L9l2) carried oul an experiment in which

Sloug plubinesa plants growlng In a humus~sand mizbture were

subjected to nitrogen consenteations (in the Fform of ammoniwm
nitrate) of 100, 200 or L0OQ mng. per Litre of added culture
golubtion, The effects dlvectly attribulbable to the presence

of nltrogen were complicated by bhe Lact thot varying




phosohabe Levels were algo applled, bui in ingbtences of
sinilar phosphate and varying anitrogen levels 1t was nobtleed
thet nodulaiblon was almost entirely inhibited ab the very high
levels of LOO énﬁ 200 mge nibtrogens abt the 100 mg. level the
volume of nodule tlesue compared wibth that Tor the nitrogene
froe plants was reduced Lo approximately B0 per cenbe

Uemure {(1952) in Japancse field ewperiments with Almus

Lirma and A, mulbineryis ohserved that when supplied with
nitrogen ferbiliser in the form of L 1h, of ammonium éﬁl@hﬁﬁ@
per gouere netve of soll surface, only BO per cent of the
FPormer and 20 por ceol of the latber had developed nodulesn
sfber siz months, vhile awmﬁﬁal plhants fres from nlirogens
fertiliser ghowed 100 per cont nodulation. It should Te noted
that the conceanbration of ammoniuvm sulphate employed was
eouivalent bo an applicabion of 36 cwh. per acre; a quantity
Far in excess of that normelly applied in agriculiurael practice
(3. «~ 2 cwb. per acre),

More pecenbly experiments on the effecht of conbined
nitrogen on noedwlatbion lu non-legumes have been carvied oub
in Glasgow, the earlliegt being thoss of Bond, Flebcher and
Perguson (1L95L) who investigabed bhe effect of combined
nitrogen in Alnus and Hippophad. In their experiments the
plants, which wewe grown in waber culibure, w@ﬁﬁ subjected from
the bime of inoculation to four different levels of comblaed
nitrogen in bthe form of ammoniuvm-ndbrogen, namely 0, L0, 50

and 100 mge nlirogen per litres In Alnus it was obsorved




afber o twelve-week growth period that plants growing in a
mediun supplied with cmmbinaﬁ,nitﬁmg@n were much lavger than
the nitrogen-free plants am& that nodule weight per pland
ineressed up 50 some level of combined nlirogen belween 10 and
50 mgs and alborwards fell. mdﬁulﬁ aﬁveia@ménﬁ falled B0 keep
paeé with greaber plant growith aod as a percentage of btobal
plant welght 16 decreased from 6,1 per cent in the ¢ nitrogen
level to 1.0 per cend in the LOO mg., nltrogen levels

Significent diffevencos from Alvus were nobed in the Hippophas

ragults where stronger gﬁawﬁh’@f the glanma in aolubions
gonbaining combined nitrogen was accompanied not by an lucreage
but by a decproasge in obaeolute welght of nodules, while
nodulabion was ﬁ@mplaﬁe&& inhivited in the presence of 50 mg.
combined nitrogen pep liﬁwmg “

PFurther work on ﬁﬁ@ effoct of combined nltrogen on
Alnus wes published by (uispel (L954) who found thet nodulation
wos complebtely ﬂﬁﬁﬁ@@%ﬂ&ﬂ‘im the presence of 50 0P MOre NS,
gombined nitrogen per litire. These resulis are in narked
gontraet to those of Bond gt gls who obsevved no signiflicant
difference beltween nodule dvy welght in the presence of © and
H0 mge combined nitrogen per Litre,

The disereponcles between the Alnus resulte of the
Glasngow cuwperimends and those of Quispel led to the experiments
of MpeGonnell ond Bond {(L957) with Aluus and NYyrica. In their
work with Alnus two serles of nltrogen treatmeniywepe sel up.

In one, incculation of the seedlings was carried oub prlor to



the establlishment of the diffecential nitrogen levels while

ln the other seedlings were grown for s five-week period alter
transplanting in the presence of 50 mg, smwonlum-nilbrogen prior
to the establishment of the differentinl nltrogen itreatments
and inoculation. Nodule dwvy welght was in both cases greatest
in the 50 mg, nitrogen level and decreased at higher niirogen
levels, the decysase however being much more parked in the
seriesn in which the plants were originally grown in the presenc
of combined nitrogen. These results on Alnug confirm those of
Bond et al. described above and differ sharply from those of
Quispel, thus lending support to the suggestion forwarded by
MacConnell and Bond (1L957) that Quispel's results were perhaps
due to the effect of unfavourable pH levels. In a later
publication Quispel (L9%8) agrees that this in fact was
probably the case.

In the Myrice experiment the planbs were again
subjected to 0, 10, B0 and 100 ng. comblned nlitrogen
inmedlately before inoculatlon and those levels were malnitalned
during o ben-week growbh-period, The number of plants
harvested in this experiment was small owing to considerable
losses of plants during the growbth perlod and in addition
growbh of suvrviving plants wasg rather poor, The results which
are peproduced ln Wable L show ﬁhaﬁ the plants grown in the
presgence of combined aitrogen were much larger than those in
a nitrogen~free medlium, atbaining maximum growbth at some level

between BO and 100 mgs nlirogen. Wean nodule dry welght




on nedulation and gvowbh of Mynios vplants *

(Reproduced from MacConnell and Bond, 1957)

TABLE L

The effoch of added combined nibrogen

Mee mfhﬂﬂ
added per

Mean helght
off shool

Mean dry woipht
per plant in mg.

Hean value
for nodule

1itree of i1 Cie welght as
culture percentage
golutlon Nodules Whole plant of whole
plant welghi
G ) 33 1242
50 12 aly 561, e
100 10 L9 L&8 B

#  The numbers of planbs harvesbted at the different nltrogen
levels, sbarblng with zero nllrogen, were: 9, 12, 6, and
5 roppectively.



remained falrly constent over the vavious levels of combined
nitrogen but as a percentage of total plant welght it decreased
this deorcase being greatest between the zero and 10 mg.
nitrogen levels after which 1% was more gradual.

quispel (L958) deseribed two further experiments with
Alnus in which the effect of combined nitrogen (in the form of
caleiom or pobassium nltrate) on nodulation was iavestigated
vhen supplied prior to inceulatbtion, at inoculatlon, or
Pollowing ilnoculation, In the Lirst experiment no difference
in nodule number was obeepvel (as compared with the plants
grown in the asbsence of nitrogen) when the nitrogen was
supplied prior to inoculation but nodule number was decreasged
when the nlirogen was supplled Auring or afber inoculabion.

In a repeat experiment carried out later no significant
difference in nodule nunber was ohgerved whether the plants
were supplicd with combined nitrogen or not, Quispel

suggested that the difference between the two gets of debta may
be due to the concenbrabtion of nitvogen used (3.75 nge nitraote-
nitrogen per litre of solutlon) being ot the border of the
inhiblting concentration and thalt lnhibition depended on other
physiologlcal conditions,

Data on the elfect of counbined nitrogen on asctual
Lixzation ln non~legumes are Limilted to those of ﬁén@ (1955)
vho, using ilgotopic methods, showed thalt apprecisble fixzation
wae still asesociabed with Alnuvs and Myrlca plants ln the

pregence of 50 mg, and 140 mg, combined nitrogen per libtre



of culture solution respectively. To galn more information
on the effect of combined nitrogen on fixabion the
experinents now to he desecribed were seb upe For comparative

purpoges daba were obbtained on the legune Ulex suropacus.




METHODS

The principle of the isotopilc method used in this
sbudy ls as follows., Ammonlume-nltrogen, sultably earlched
wlth 15N, ig supplied ab dilferent levels to nodulated planibs
over a period of some weelks, starting al an early stage in
growbhe Alber hapvest the total nltrogen content of the
plants ig determined,.and also the degree of enrichment ln
5% shown by this plant nitrogen. It is then possible to
saleulate how such of the plant nitrogen hasg been oblalned
Wy uptake of the supplled combined nltrogen, and by difference
to discover the amount of atmospheric nltrogen concurrenbly
fixed by the planise SYhe plant cultures in this sbudy were
not of aseptic type, bubt it cen be gtated thalb over a good
many years' experience of nonw-legune and legume culibures setb
up in the way now to be described,; no evidence whabever has
energed to Indicate that such incidental nicro-organloms asg
golin sccegs to the roobing medium have any effecht on the
nitrogen vubrliion of the plants concerned,

Beed of Alpus glubinosa and Hyylea gale collected

locally in the field was sown in vermiculibe (Alnus) or peatb
(Mywiea) efber cold stovage Tor some weeks at 290, The Ulex
seed was obialned from Thompson and Morgan (Ipswich) Lid,,

MacGonnell (L956) having shown that seed colleched lLogally



rerninsted poorly, and in additlon bore Fungel counlaminetion
which could not be removed by surface stevilisation, This Ulex
seed, before gowing was sheken in concentrated sulphuric aecid
For thiprty minubtes, followed by ften rinses in sterile distilled
wabter over a period of forby wivubes, This procedure not only
pterilised the seed coat bubt softened it, thus Lacilitating
gernlunation. Beoedllngs wewve transplanted into watber culture
vhen one ov two Leaves had emerged. Containers Tor ceulture
conglated of 2-litre glased earthenware Jars coversd by 7
souares of black polythene sheet (Alnus and Ulex) or waxzed

teak (Myries) bored with holes Tor the plants. The cultuve
golubion was that of Crone (ﬂ?b?m&ﬁﬁrffhﬁ formuls, Bond, L95L),
used at full strength and natursl pH (6.2) for Alumus, full
sbrength and pH 6.4 for Ulex, but inltially at onewquarber
shrength and with pH Lowered to 5,b for Hyrica. A ninor
alement supplement was added Lo the solution. At thls stage
there were six planis per Jare. The greenhouse was 1it by
daylighte

Inoculption

Inoculat 10m,vrs effected with the pleants in the solulion

el

without combined nibtrogen, except that a single, uniform
addltion of unlabelled ammonlium sulphate was made to the Alpusg
and Myrica plants, providing 5 wsg. nltrogen per Llitre of culture
golution, in order to assist the very swmall plants at this
early stage. For Alnus and Mypica a drop of inoceulunm

prepared by grinding field nodules in water with a Little sand



added (L0 gn. nodvles with 100 ml, water for Alnus, 6 gm. with
Myrlea) was applied to the voot systew of eseh plant, a furither
2 ml., of the incculum belng added to the culture solubion of each
Jar, This procedure was repeated two days later, In the cas

of Ulex the procedure was slmilar except that the inoculum was
prepared by suspending in water four effectbive sitralns of gorse
rhizobla which had been ipolated by WaecGonnell (L956) and
naintalned in pure culture on agar slants in the Laborabowry.

The plants in a small number of Jars were left uninoculated;
whese femalned without nodules, neliber Ald they recelve any
deliberate addition of combined nitrogen except Tthat noted above,
These plants showed negligible growth, and when barvested at the
sane Bime asgs the nodulated plaunts they showed a nlbrogen content
of 0«3 ng, (Alnus), 0P mge (Glex) or 0.1 mge (Wyeica) per plant
confirming . that no unsuepected sources of combined nitrogen were
avallable to the plants of the present investlgation.

Proparation and appllcation of labelled sumoniun-nlbreozen

This was prepared in two separate Lobls, one of which was
used for addition to the Alnus and Myrlca plants, the other for
addition bo the Ulex plantss The procedure employed was simllar
in both instanceg. An appropriate cuantity of ammonium=-nitrate
with 3L atom per cent exvess 15y in the smmonlium radical was
mede alkeline and the ammonia distilled over into dillute
gulpburic acld. After neubralisatlon of the excess acid,
ondinery snmonium sulphate was added 1ln amount calculated to
refiuce the excess L3N to approximately 1.5 = 2.5 abom per

cent. The actual oxcess as determined by subsequent



spectrometric assay proved to be 1,56l atom per cent for the
Alnus-Myrica stoek and 2.63L atom per cent for the Ulex stock.
The ammoniume-nitrogen was brought into bthe form of a stock
gsolubtlon contalining 20 nge nitrogen per ml. by dilubtlon with
distilled wabeor.

The application of the labelled smmoniume~nltrogen to
the plants was commenced 7 weeks (Alnus), 5 weeks (Hyrica) and
I weeks (Ulex) after inoculation, The formation of nodules
had ﬂatuwally begun by this tlme but the plants were still very
small, the helght of the shoot heing 2 0 3 om., the dpy weight
(ae determined on spare plants) of the order of 20 mg. per
plant, and the mean nitrogen content 0.3 mg, (Alnus), 0.8 mg.
(Myrica) or 0.2 mg. (Ulex) per plant. Four levels of ammonium-
nitrogen were eptablished, namely 0, L0y 50 and 100 mg.
nitrogen per litre of eulture solution. Two jars, each with
slx plants, were geb up at each nitfmg@n level for each
gpecles,

Subpecuent treantnend

The plants wewe grown for 10 to 12 weeks alser
commencement of treatment with the labelled nitrogen, ALfter
some two weeks the nunber of plants per Jar was reduced Prom
six to three in order to prevent eventual overerowding, plants
of average size belng retained. Dally checks of the pH of the
culture golution were made, and sppropriate additions of WalOH
made where necessary o restore the pH to the original level.

The exact amount of NaOH to be pdded was debermined by




dibrating small quantities of solution from each Jar with
stondardlsed N/LO0 éuiphmvie acld, The Level of solution in
the: jors wag regiored dally by addibtlon of disgtillied water; in
the Latew stages of growbh waber upbtake was considerable, with
the vegult bhat those nodules gsituabed on the upper parts of
Phe roots were nol constanbtly bothed by solublion.

Gomplete renewals of bthe culture solution in the Jars
were made on three occasions in the case of Alnus and Myrles
and on five occasions in the case of Ulex during the period of
Lreeatment with lobelled altrogen, the strenglth of the Crone's
golubion belng incveasced bo one third of Pullestrength st bthe
fivet venewal wilth @xx&ggg The levels of smmonium-nitrogen
wore vestored to thelr original value at each penewals In
partlial compensation for upbake by the plantg, on a Few
occaslong furbther additions of ammonlumenihrogen were mads
durlng the periods between dateg of venewal, the maguitude of
these belng deeided on the basis of egbimations by a
digtilletion nethod of resldnal smmoniun-nitrogen 1n sanples

LN

of the culture solublome The hervest data (Leber) will
provide further information on this aspect.

Harvest and analysis

At harvest the nodules were separated Crom each plonb,
counted, and thelr dry welght and also thet of the combined
root and shoot determined. ‘'Nodule' in this thesis refers in
the case of the nou-legunes bo the hranched, clusiered siruchture
whioh éventually arises from an opiginel infecltion point. The

dey natter from bhe plants of each Jar, including the nodules,



was then combined snd milled, Triplicste semples of this were
taken for Kjeldahl analyses, allowing the ealculation of total
nltrogen per plant., In the case of Almug end NMyrica the
neubralised distillates from the replicate Kjeldahl analyses
were combined, re-acldiflied and evaporated down to a small
volume, a sample of the concentrate being then sent to Dr. R.H,
Burris, Department of Biochenlsipy, Unlversity of Wisconsin,
Tor mass spectromeber assay. With Ulex the procedure was
slightly different in that the concentrates of the bwo Jars

at each ammonium level were bulked before mass spectrometer

analyses.



DATA OBPAINED

ALNUS GLUTINOSA

ﬁewﬁmimg@vfﬁmm secd sown on Lhbth March were tprensferred
to watber mmlﬁu@@}en L8th April and £irst inoculated two days
later,. Trestment with labelled nitrogen wasg comnencoed on
Bth June and continued for some ten weeks, harvest belng on
17th August,. 8ix @i@ﬂtﬁg in two Javs, were available for
hayvent at each level of amsoniun-nlirogen.

All plants were of healthy appearance as indlecated by
Plate L, Typical root gystems Lrom each nitregen level are
shown in Plate 2. Growbh and dry welght deta are presented in
Table 5, with statistical trestment (based on analyses of
variance) appended. The fipgures for whole plant dvy welght
(column 7) and further data given in columns (2), (3) and
(L) show that the provision of ammonivm-nitrogen at initial
levels of 10 mg. and B0 mg. per iitre resulbed in successive
large increases in growth, confivming bhat nodule sction
alone wap incapable of satlsfylng the full nitrogen
requirements of the plants, The dpy weight with 100 ng,.
sumoniuvn-nltrogen initially provided is not, however,
gignificantly greater thon at the 50 mg. level, and it is
fair to conclude that probably at both these levels, and
certalnly ab the higher one, the nitrogen reqguirements of

the plants were fully satisfied under the prevalling




conditions. In asgreement with previous Glagsgow eunperience
with Alnus the greabter growth of plants receiving 10 mge ov

50 mg. combined nitrogen per litve was accompanied by
increased sbsolute welght of nodules per plant (column 6).
Taking inbo account the dats for number of nedules (column 5)
it ig clear that nodules tended Ho be larger in the presence
of smmonium=-nitrogen. The additlional formation of nodule
tissuen 4id not, however, keep pace wilh the incrcage in Plant
growth, so that in the relative sense (column &) nodule
development was counbinuously depressed.

Mean nitrogen daba are provided Iin Table § with
statistleal ond other information appended. As alreoady
explained, scparate sssays ol 108 content (coiumn L) were made
on the plant nitrogen of the bwo Jearg of plants at esach
smnoniwn level. Agrecnent wlthin each ypair of Digures was
cloge, the maximum devigtion of a single vesult from the mean
being 8 per cent of the latter. An ezeple will indicate the
method by which the values in columns (5), (6) and (7) were
ealoulabed. In one of the Jars of planbts at the '10 ng.'
level of ammonium-nitrogen, the excess LJ§ in the pland
nitrogen was 0.383 aton per cent as compared with l.561 atom
per cent present in the supplied smmoniume-nitrogen (pPe Z1).
The mean total nitrogen per plant in this jar belng 123 ng.
it follows that the amount of sumoniume-nitrogen talen up
during growbh was 0.383/1L.56L x 123, or 30 mg. pey planb.

By difference 1t is learned thet the fixation of atmospherdc

nitrogen was 93 ng. per plant. It ls imporbtant that the



Tlgure Lor total nltrogen per plant (eolumn 3) used in the
calculation should represent the nitrogen aceumulated by the
plants during bthe period of treatment with labelled nitrogen.
This requirement is adequately satisfied, since as noted on

Ds 21 the nitrogen conbent at the commencement of the 1IN
treatment was less than 1 mg. per plant. The assay figure for
the zero nitrogen planbts is not significently different from
the normal value,

The date in e¢olumn (5) together with information
appended to the Table ghow thal abt the 10 mg,' level a large
proportlion of the supplled ammonlun-nitrogen was eventually
absorbed by the plants. The data in columi (6) show thalb
Livation per plent was significantly enhanced in the '10 ng.'
plants as comparced with tho&é at zero nitrogen, bul was
depressed in the pregence of larger smounts of ammoniume-
nitrogen. Nitrogen fixed as & percentage of tobal uphtake of
nitrogen by the plants (eolumn 7) fell continuously as
smmonlum~-nitrogen was supplled in greater asmount, but it is
notable that at the '100 mg.' level about one quarter of the
over-all upbeke of nitrogen wasp still due to fixation, desplite
the presence of a considerable amount of unabsorbed ammoniuim—

nitreogen in the rooting medlium,



Plate 1

Typical Alnus plants shortly before harvest#
Prom left to right the jars contained 0» 10,
50 and 100 mg# ammonium-nitrogen per 1litre,

(x 1/11)



Plate 2

The root systems of typical Alnus plants from
each nitrogen level shortly before harvest.
Prom left to right the nitrogen levels
employed were 0, 10, 50 and 100 mg. nitrogen

per litre
(x 1/3)



EABLE. D

Growh end dey welght debe for Alave slublnosa

(2 (2) (3 B () (N (8)m

e s Bean  Mesn Mean MHean, Mean Mean  Mean
1), N helght number  number unumber  dpy vy value
added oF of side of of whe of whe for
HEP ghoot ghoots  legves aodules nodules of nodaie
Litpre {oms) pep DO e PGP whole wWhe &
ok plont olant  plank plant  plant Yage
eulbure wge)  (mg.) of
golusion whole
pland
Wh o
0 = 2 19 6l KNI 23 L6
10 52 7 38 69 oW 6677 346
50 52 10 62 52 250 9257 2.5
100 - B6 1 62 25 158 1063 1.5

% Appropeiate stabtisbical treetment of bthe originsl daba
indlcates that the differences beiween means necessary
Pop slgnificance at P = 0,05 avre ap followsy~

Colunn, -§g$ 303 Column {6), 75 wgs3 Column (7), 2,020 mg,;
Golumn (8); 0.9 per cenb,



AT T &
j‘:@.}}gw‘mﬂ‘ 6;

| &
Nitromen deta for Alnus glutlinoss

(2)

{}_!‘ ) 10

(1) (3) (5)x (6)s (7=
Mese Hean Mean Mean - Mean Hean N fixed
TTET g el per ceent botal ERCVHD T . T WM. ag
added tobal N N per N in BT, i abmos- %Page of
per in plant pland plant ¥, abdorbed  pheric btotal
Litre of doy (mgs.) atom pen I\ uphake
culoure  mabber per plond fixed of H
solution @ cent per by
plant nhant
O 2:0L 63 0,006 0 % 100
10 1a9L 150 0w 37 21 99 7T
50 187 17h 0950 105 69 39
100 1496 208 14293 159 49 2b,

0

It ghould be noted that at each level of smmonium=-nlirogen
two independent values were svallable for columns (2) bo
(7), each referring to a jar of three plants. PFor
sinplicity ouly the mesns of Tthese palre of PMlgures ave
showan in the Table, (aleulatlions made from the mean
Dlgures may not yield exactly the sane resulis as those
hased on bthe original, sepavale dabto,

The anmount of ammoniun-nitrogen supplied per plant during
the perlod of the experiment wag approximabtely as Lfollowst

L0 mg.!
THG mge !
1100 mg, '

BEPICEs e ses  IT M
SePLCBeassse L27 ML e
BErLEBensson Q.Lﬁﬂ? it {2

Differences bebween means necessary for signilicance at
P o= 0,05 are ag follows:- Column (3), 37 mg.; Column (L),
0,172 atom per cenby Colunmn (5), 12 mg.; Column {(6),

35 mge3 Column (7), 6 per cend,



MERICGA GAT T

Peedlings Lrom a sowlong of L7th Pobruary were
sransplanted into woter gulture on 20%h Apvil and Pizst
ingeulated Bwo days ilater, Tresdmend with labelled nitrogen
was comnenced on 29th May and continued for some cloven weeks
untbil havvegt on L2th August. 8l plants, in two Javs. were
again avalleble Lor hawvest at each level of amnoniuvm-nitrogeiis

Thege plants were algo of very heallthy appearances
Bxeamples of complebe plands and of typical Poot systens are
ghown in @l&bﬁﬂ 5, and b pespeobively, while growth and dry
welght date are providsed in ¥able 7, Compaved with some
carlier Glasgow studies on Myrics (WacOonnell and Bond,1957)
growth was greatly lumproved, especially ion respect of the
phants in pitrogan-Lree golutlion, this beilng due chiefly to the
use of diluted pather than Ffull-gtrength Crone's solution
(Gardner, 1L958)s There was, hovever, apprecisble wapristion in
aslme from plant to plant, with the result that the Alfferences
between mepuns vogulred Por sbabistical significonce are
rather lavge. Thus albhovgh the various daite suggest thakb
the addition of ammoniun-nitrogen increased growbth, asctually
the changes in dpy weight (column 7) Ffail to atbaln
gignificance, The heneficlal effect, if anys is hovever
clearly smaller than in Alnus. The data also supggest that

the 50 ag.' level of ammoniumenilbrogen, together widh such



Fixation as occurred (below), did completely satisfy the
nibrogen veguivenent. A comparison of columns (5) snd
(6) puggests that the nodules formed in The presence of
asmponiun-ntbtrogen tended o he lavpger bul the differences
bhebween the various means 4o 1ot attaln sbatisblicald
glgpificance,., ‘Uhe pelabive weight of nodules formed
(column &) was significently &@pﬁéﬁ$a& by anmmonium-nitrofen.
The nitrogen dabe ave provided in Pable 8. Those

divectly dependent on absolubte size of plant (columons 3,
% and 6) show pabther low sbabisbleel sipnificence, It is
probable that sinogt ll the snsoniume-nibrogen wos eventually
abgorbed by the plants at the ‘10 mg." level, with lLower
proportions abgorbed al the higher levels than with Alnus.
Algo, Tixation per plant slwost cevlbainly fell as ammoniuvmn-
nitrogen was ivoveased. The Pigures for excess +9¥ in the
plant nltrogen of duplicate Jars, on the obther hand, again
agreed sabislfactorily, bthe naximum deviabion of a single

t Prom thwe correspondiog mean being 9 per cent of the
labter, indicating thalt al a given level af combined
nitrogen plant size is not an inportant Lactor governing
bthe relagtlve importance of uptake of nitrogen in the
amnonivwm Torm assinst that in the elemental form.
Corvegpondingly the daba in coluwan (7) have good significance,

and show a gignificant Lall in the proportion of niirogen

Tixed Lor ecsch increase in anmonium~nitrogen suppliecd.



However, in the '100 mg.’' planis, fixation sbtill asccounnied

for a third of the btobal uptake of nidrogeit.



Typlcal Myrica plants shortly before harvest.
From left to right the jars contained 0, 10,

50 and 100 mg. ammonium-nitrogen per litre.

(x 1/11)



Plate h

The root oyetema of t/ploal llyrlca plants
shortly before harvest. Prom left to right
the nitrogen levels employed were 0» 50 and
100 mg. nitrogen per litre, the 10 mg. plants

being similar to those at the 0 nitrogen level.

(x 1/3)



Growbth and dry weisht data for Myrica gale

(1) (2)  (3) () (5) (6)x  (7)»

( &}) ]
Mga Mean  Mean Mean  Mean Mean Mean Mean
0Ty, - helght nunber pumber nanber dry dry value
added ol of side of of whe of whe for
peR shoot shoots leaves nodules nodules of nodule
Litre (g ) per per pEn per whole  wh, as
of plant  plant plant plant plant  %age of
culture (mg.) (mg.) whole
solution plant
W
0 4o 5 60 203 197 3273 6.0
10 147 & 57 238 191 3584 Le9
- 5o 50 6 102 195 163 5uL7 340
LOO 52 & 585

76 189 162 uBa7

# Difference vetween means necessary for gsignificance

ab P = 0,05 ave as Pollowst-~ Column (5), 98;

Colunn (6), 90 mg.; Column (7), 2,533 mg.s Column (8),

Lab per cent,




TABLE 8

B
Nitrogen deta for Myrics gale

(1) (2) (3)% (W)= (5)* (6)= (7)
Mo Mean Mean  Mean Mean Mean N fixed
NH), =N per cent tobal fwc@sm NZe- 117240 as
added total W N per 4N in NH-N atmos~ %age of
per in plant plant plant N,absorbed pheric tobtal
Litre of dvy (mg.) atom per plont N uptake of
culture wabbter pew fTixed N by
solution @ cent per plant

plant
0 2459 8l 04004 0 8l 100
10 246L o1 0.1496 32 69 68
50 2480 150 0.867 &2 69 L5

® The footnote in Table § relferring to the method of
calculation applies to the above Table,

# The amount of ammonium-nitrogen supplied per plant
during the perliod of the experiment was approximately
ag followss-

L0 mEe' BEPLeBeeses 56 M
Y50 mg.! serletesess L35 Mg
100 ng.' serics.sees 264 mg,
% Differences between means necessary Lor signifilcance
atb P =» 0.05 ave as Tollows:i~ Colunn (3), 8L mge;
Column. iu;, 0,299 atom per cent; Colunn (5), 38 mg.;
Column (6), 55 mg.; Column (7), 11 per cent.



ULEX BUROPARUS

Seedlings from a sowlng of 27th Mavch, L9959 weve
transplanted lato water culvure on 6th April. Inoculation was
fivet carried oub four days later, and differenbial nitrogen
treatment established on 7th May. Hawwesting of the planbs
comnenced sixbeen weeks after transplanting (%rd August),
there belng six plants in two Jars available for havvest at
each ammonium-nitrogen level, Examples of plants from each
level just before havvest are shown in Plate B,

Over the greater part of the growth perlod those gorse
plants were as healthy as those of alder and bog myrile
alrendy consgldered, though it appeared bthat combined nltrogen
had depressed anodulstion to a greater extent than in the
experiments of Bond and MacConnell., However, in the last two
weeks of the present eiperiment a faﬁher heavy growbth of o
fungal contaminant appeared in the high nitrogen (50 and
100 mg.) culture solublon, espeeially in the vielnity of the
roots and nodules, Collowed by a Pleaching of some parts of
the shoots, though this is not appavent in Plate H. This
occurrence, never experlenced previously, was abttributed o
the umusually high greevhouse temperabures (9597, and higher)
resulting from the preveiling heat-wave: such benperatuves,
it was conecluded, caused exireme oxygen depletion in the

culture solution, leading to deterioratlion and decay in the



oot tissues., The effect of this fungal conbamlnation was
obviously to reduce the growth of the planlis concerned during
the last stage of the experiment, some loss of dry mabtter from
roots and nodules belng o posslble fuvther effect, bub 1t was
felt that the lsotoplc comgposition of the planbts would not be
greatly sffected, The rosulie of this experinent nust be
congldered as somewhat tentabive but do alfford a basls of
comparisen with the results obtained for the nonslegumesg, -

Date for bobal plant dvy welght which sve presenbed in
Pable 9 (column 6) indicate clearly that plant growth ls
ﬁignifiaanﬁly lmproved in the presence of supplied amnoniume
nitrogen; there ls however, no significant difference in total
dry welght over the range L0 « LO0 mg. combined niltrogen., Tt
would thue appear thet In Ulex the nitrogen requlrements of the
plant are fully satlsfied by the presence of 10 mg, combined
nitregen per litre., On bthe other hand mean nodule dry weight
(columm 5) fell slgnificantly with ineresse in combined
nitrogen, In addition to a fall in nodule dvy welght a
sipgnificant decrease in nodule amber ogeurved in the presence
of combined nitrogen although over the range 10 to 100 mg.
nitrogen there was no significant dilferenco.

Mean nltrogen dabta are presented In Table L0 along with
a summary of statisticel analyses, In this experiment prior to
assaying for 1IN the plants from each nitrogen level were
combined and a single 15&'a$$ay garried oulb on each. The figure

=
for excess LN in the nmero nlirogen plants sugeests thald very



glight conbamination of thege planbtsg with labelled nitrogen
mast have occurrved at soms stame, Data on mean botal nitrogen
Pixed show clearly that a m&ﬁk&&‘ﬂﬁﬁﬁﬁa&ﬁ occurs in the
pregence of combined nltvogen. Furthermore mean mg. nlirogen
£ized was lower 1n the proesence of 100 mgs bthan in the
pregence of 10 oy 50 mg, nitrogen,

Mean percentage oitrogen Tixed likewlise fell with
increanse in combined nitrogen, a reduction in the order of
80 per cent occuvrring in the presence of 10 or more ng.
amponivmenitrogens Within the range L0 bto 100 mg. nitrogen
however there appears to he Little varlation in the mean
percentage fixed, Mrom the vesulis of this partlcular
experiment it can be seen bthat Pixatjon in Ulex, although
apprecisble in the presence of quantitles of combined nitrogen
renging from L0 « LO0 mg,. per Litre lg wmuch less than that
asceconplished by Alnup and Mypliea in the prescnce of similar

gaantities off combiluned nitrogen.



Typical Ulex plants shortly before harvest#
From left to right the jars oontalned 0, 10

50 and 100 mg* amroonium-nitrogcn per litre*

(% 1/10)



TABLE .9

Growth and dey welohd dabe Tor Uler eupopnevs

{,3@) (5?:) (3} {&g.)r“ Qﬁ)sg (6}&;\ (‘?}g‘“
g Mlepn  Yean Hean fean flean  Hean
Wik, 18 helght number  aumber  dpy Ay volue Fop
ndded o off slde of whe of  wheof nodule whe
per shoot  shoobts nodulss hedules vhole as %Bage
titee  (ome)  pov pew peom plant  of whole
of plont  pland tout  (eg.) plent wh.
culbure s )
solubion

25 i L26 19 361, 5.3

10 40 9 5 10 LOBY 0,99
50 29 8 57 6 1016 0.58
100 5l & ahy A 1068 028

Appropriate statistloal treatment of bthe origlnal daba
indicates thalt the differénces bebtween means necessany
for significnace at P » 0,05 sre as followsie

Golumn (B), 68; Columa (5), 5.0 ng.s Oolunn (6}, 300 nge;.
Colunn {7} 0s9 per cent,



Nitrogen dets fop Ulex euronasus

PABLE L0

it

(1)

{2)

e )

(5)

(6}

(7

¥ge Mean Mean Meann Wenn Wenn W fixed
B T e Golel  excess Mg B« as %age
adé&d oy W pew LI in Nily 8 avnog-  of bobal
DO votal plant  plaat absovbed pheric uptake
Litwre ¥ in (mg.) W, atom pop " of W by
of plant Dew plans Fized pland
culture  duy eend PEY
solubtion wmolbor plant
0 1688 6ud 0,026 2,01 647 99

L0 159 188 2o LOL KA T8 ) GT8e; 20

50 K3 1iN 19,2 212L 15.5 a8 20
100 1«59 17.0 o208 3h.2 28 16

The smount of smmondum~ndbrogen supplied per plant during
tThe porlod of the expeprinent was approxinetely as follows i

L0 mgs ' Beriesiees U
50 mg. ' serlessses 103 mg,
MO0 8.’ perictesss 237 M

L3 uge

#  Difference bobtween mesns npecespayy for significence al



DISCUSSBION

It has been borne in mind that 1t was not possible to
mailntain steady levels of ammonium-nlirogen in the roobting
mediums  bthus 1t is clear from the data furnlshed that in the
non-legunes the culture solution in the 'LO mg.' series must
have been a2t times slmost devoid of combined nltrogen,
egspecially in the later stages of the growth period. In the
'50 mg.' serles there was almost certalnly some ammonium-
nitrogen present at all stages, Whil@ at the '1L00 mg.' 1evel
there was a considerable guantlty. Obviously the mean ammoniuvme
levels duprling the growbth perlod were subsbantially bhelow those
provided initlelly and abt each occaglon of replenishment, but
the deba indicate bthat with a&e@ gpecics alt Lleast the highest
level more than sablefied the reguivements of the plants.

As shown, marked nodule formabtlion occuryed in Alnus,
Myrica and Ulex in the presence of varlous levels of ammonlume-
nitrogen ln the rootlng medlum. In Alnus and Myrica as the
ammonium level wes inoreased, nodules evenbually becsme fewer
but larger, the welght pey plant ln the presence of an excess
of asmmonium-nitrogen being stlill of bthe same order as in zero
nltrogen, In Ulex o similar tendency for decrease in nodule

munber occurred, bub due to the adverse effect of Tungal



contanination on nodule dyy welght the reliability of the
data on this latter atitribute is uncertain. Tt lg true thal
in this partliecular study, in order Lo reduce the consumplblion
of labelled nitrogen, the Lirst spplication of smmonlum-
nltrogen was delayed untll neodule formation had actually
gtavted, but as alveady emphaslised the plants were sbill
exbrepely small, snd i1 1s covious that practically all growth
of plants and wodules occurrved subsecuently to the commences
ment of the ammonium btreatment. The above data on Alnus
agree with »revious @X@@?i@ﬂ&@ (Bond, Flebeher and Ferguson,
Lo Bond and MacConnell, 1957). The now datba on Myrlca
(though somewhat tentative), are to he preferred to eavlier
enes since plant growsth was so puch improved., A foller study
0 the effect of combined nitrogen on nodulation in Myrics.
will be reported in Papt IT of the present Section,

The object of the present situdy was to find how the
role of the nedules Torming in the presence of combined
nitrogen ig affected ap compared with those on plants in
nitrogen~free golution, They are obviously of reduced
importance to the plant, which now bases ite nltrogen
mebabolism to an Increasing exbend on bhe supplied emmoniume
nitrogen, Moreover, especlally in Alaus and Ulex, the plant
grows more strongly and acqguires a higher nltrogen conbend
than in nitrogen-free solution, o thalb the relative
slegnificance of a given contrlbution Prom the nodules is

gheadily dininligheds The dala have %hawn that the noduvles




continue to fix atmospheric nitvogén. Whether they fix it

as efficiently as imvniﬁ?ogénmfpea solutlon ig indicated whén,
from date already provided for the three ap@cies, the ng.
nitrogen fixed per gm, nodule dry mabber is calceulated for
cach tremtmehﬁ. Owing to the unveliablllity of the data on
mean nedule dvy weight, bthe Ulex data at the 50 and 100 mg,
i@vels‘a?e nob &oﬁai@@ré&. The resulis are as follmwézm

Mg HH, ~H addeld per Litre of culbure solutbtlon
i

0 0. 50 1.00
Alnusg 138 1.0 315 310
Myrlea  L29 366 bl ol7
Ulex 356 350 - ~

The dirfference requirved Tor gignificance bhetween these values
are 101 and 112 fovr fluus and Myrlca respectivelys. o data

on slgnificant differences are available for Uler as the
concentrates of each nitrogen level were bulked before assaying
Thus there is evidence of o eertain veduction in nodule
efflciency, and this reductlon could conceivably be due to

a curtallment of metabolic supplies bo the noflules, e.ge of
accepbor subsbances Tor the Tixed nltrogen, pesulbting from the
more vigorous nitrogen metabolism of the plant itself. Another
possible reason is that there is o partial substitution of
ammonlun-nitrogen for free nitrogen at the nlirogen-Lixing
cenbres in the nodule., This is an aspect seldom discussed

even 1ln connectlon with legume nodules., Ag noted already, in



nitrogen~ixing syatens in general, asmonlum-nitrogen is
used preferentislly over elemental nitrogen,s There is no
obvious reason for believing that thie will not algo be true
of fizetlon 1n rooh nodules, and it is intended to test the
mabter by meang of ivofopic experimonts with detached nodules
or with homogenised nodules, The fact thet fizatlion
partleularly In non~legunes, an shown by the {igures giv@ﬂ
above, is nobt gresatly reduced sugeests that the ammoniwmne
nitrogen in the vreotlng mediun does not penetrate freely
into the nodulen, Howevewr, 1t mey be noted thalt Lor
abruetural reasons direct upltake of solutes Trom the roobting
mediun by these nodulss 1s unlikely bto be extensive (Bond,
1986)Y,  Por this and other reasons the cireumstance bthat in
the later stages of the present experimentzs some nodules
were nob congtantly bathed by culture solubilon (p.22) is nob
thought to be important, Flnally the incomplete data on
Ulex in the above Table indicate that in nitrogen-free
gsolution the efflclency of legume and non-legume nodules is
off the same order,

The differsnces Iin the effect of ammoniuvm-nitrogen on
the three species call for a few observatlions, The dabta show
that the overw-all growth of bthe plants was much nore
stimulated lu Alnug end Ulex than in Myrlesas alsc in Alnus
there was atbt Low levels of smmonium-nitrogen a substantially
inerecased welght of nodules per plant, while associated with
thisg was a greater fixation per plant. Thege effects arve

obviousky due to the Alnus nodules in nitrogen~free solution



Pailing by a lavger margin than those of Myrles to satlsfy
the plant's vequirenents for nitrogen and Lo permit maximum
nodulations, Thig could be due bo an intvinsic inferioprlty
on the part of Alnpp nodules. An slternative aand more
probable explanation is that the eulbtural conditions were in
some unknown respect less optimal Tor Alnug nodule aetlviey
than for those of Wyrlco.

From the field aspeed 1t isg wost imporbtant vo conglider
in the 1ight of the above results vwhelher subsbantial fixstion
is likely to oeccur in Fature. Few data are however at presend
avallable on the mineral nitrogen contenis of soile in which
Anus and Myprice grow., In general, peaty solls bend Lo have
higher nineral nlitrogen conbents than obher types, values as
high as 350 and 500 parts per million being reporied by Kaila
eb als (1953) and Rheinwald (1953) respeetively. The mean
water conbenbs of acid pealt under bilrch-slder woodlend, and
in peat of a similar naturve to where Myrics grows, have been
peported by Dadd, Powden and Pearsall (L95%) as LL5 and W70
per cent of the soll 4wy welght respectively. On the basis
of the above figuves it appeaprs that the minersl nltrogen
conbents of soils in which Alpus and lyrics srow may possibly
e of the order of 85 « L20 and 75 - 110 mg. ninepral nitrogen
per 1ltre of soll solution. These tentative estimates
gugeest that the level of mineral nitrogen in the soil is

unlikely to prevent substantisl fixation in such nodules as




are present in Adnues and Mypleas Although fizatios will then
only aecount for part of the total nitrogen upbake by the
plant, 1is magnitude per plent may be of the same order as

in a soll destitute of combined nitrogen.



B UMM ARY

1) Plants of Alnus glubtinosa, Myrica gale, and Ulex

guropacus grown in waber culdure with different levels of
ammonium-nltrogen labelled with 1 5y present in the culture
solution showed substantial nodule formatlon, partlcularly
in the case of the non~legumes., The nodules tended to be
Pewer than on plants in solution free of comblned nitrogen
and in Alnusg énd Mywice Tthils was accompanied by an increase
in nodule sine,

2)  The nodules conbtinued bto Tix abtmospheric nitrogen degpite
the pregence of amnoniume~nitrogen in the rooﬁing mediun
though fizetion per unlt welpght of nodule tlssues formed was
gsomnevhat lower than in nitrogen-free solubtlon, Among other
pogslible rensons bthie could have been due to a subsbliulbion
of smmonium~ for elementsl nitvogen gt the nitrogen Tixing
centres of the noduley, but evidently this does not oeccur to
any great extent,

3) In Alnus but not in Myrles fixation per plant wae
conalderably enhanced in the presence of a low level of
ammonium~nltrogen, owlhg to a greater nodule development,

At higher amwmonium levels, in excess of the plants'
requirenents, fixatlion per plant was still of comparable
opder to that in nltrogen~free solutlion in the case of Alnus

and Myrlea, but now only represented some 24 to L5 per cent



of the total nitrogen accumulated by the plants. Tn lex
fixation per plant was decreased with increasse in combined
nitrogen, the flzed ﬁiﬁﬂégan aceounting for 16 « 20 per cend
off the total nitrogen accumulated.

L4) The vesults puggest that under Field conditions some
Pization of atmospheric nitrogen will always be associated

with nodules preseni.



PARMD IT

The effect of added ammoniuvm-nitrogen

on nodulatlon in Myrics gale.




INTRODUGCTION

Although the typical presence of nodules on the roois
of Myrica gale has been recognised glnce late in the 19th
century (Brunchorst, 1886«87) Little attentlon was paid to the
physiclogy of these nodules until the work of Bond (1949, 1951)
who showed unegulvocally that nltrogen Lilxation is assoclated
with the nodules,

Mueh investigation into the offect of the presence of
combined nitrogen In the footing nedivm on nodulation has been
undertaken in the legumes, as this is an aspect of consgiderable
agricultural lumporbtance., For comparative reasons similar
@xperimahﬁg have been caryicd out with certaln non-legumes.
From bthe review of the literature presented in Part I of this
Section, it can be seen that although there are satlsfactory

data on the effect of combined nitrogen on nodulation in the

non-Legunes Alnﬁs glutinosn and Hippophae rhamnoides, in Myrica
gale the pleture is less complete. This has been due mainly
to the aiffieulty‘thaﬁ in earller experiments with the last
species ln Glasgow Unlverslty, growth of the plants was
varlable, some growing strongly, others rather feebly, while
a proportlon usually died,

In the earliest experiment on the effeet of combined

nitrogen on nodulation in MNyrica (Bond, Fletcher. and Ferguéon,



1954) no abbempt to obbain dry weight data wes made because of
the small mumber of plants svailable, but it appeared that the
effect of combined nitrogen on nodulation in Myrica was similap
to that in Alnug, where nodulabion was depressed hy the presence
of high cquantitics of combined nitrogen. This recelved
mohfiwmation‘in the exporiments of MacConnell and Bond (1L957)
where dry welght dats were obbalnedy though the plants howvested
were again emall in nunber and slze.

Since those early experiments however, the insbility to
obtaln vigorous growth of Myrica has heen overcome, Gardner
(L958) showing that the planis grew very much more vigorously
1f guarter-strength rather then fullestrength Crone's solution -
vias enployed.

As a result it was thought desirable to seb up the
grperiment now to be desceribed, with the following alms in mind:-
1) To iwvestigate the effect of ammonium~nitrogen on growith

and nodulation in Myrlca gale now that much improved cultural

conditions were avaeilable, a larger nunber of plands to be
included than was possible in Part I of this Section vhere
lLabelled anmmoniun~nltrogen was employede

2) To compavre the results of the present experiment, in which
nodulation was initlated before the sbavt of the differential
nitrogen treatuents, with those of MacConnell and Bond {(1957)
in which differential nitrogen btreatments were set up at the

time of lnoculation,



MBETHODS

SRR S AL e

Rataling of nodulated Wyrles plavts

In thils experiment the procedure emploved wag in many
respects simllar to thalt descrived in the fiyrica cxperiments
off Part T of this Section. Seead which had been collected at
Stockilenuir, Sbirlingehire, in October, 1959, was sown on
L6th March, 1960, in ftrays of howticultural peat molsbened
with tap water, after having been ghored for eight weeks prior
to this at 2°C

On 29th April the seedlings, which at this slage were
showing the first true leafl, were transplanted into waber
culiure in 24~litre Jars conbaining quarter-atvength Grone's
polution adjusted to pH B.h. A single sdditlon of 5 ng.
anmoniun-nlirogen was made atbt thils eecrly sbtoge to assist the
plantsg over bthe peviod of nodule development. Inoculatlon of
the seedlings was carrled out on 6th and Sth May as detalled
previously, the incculum belng prepared from & gm. fresh
welght of nodules per 100 ml. of dlstilled water.

Batablishment of dilfferential nitrogen levels

On 18th June, 1959, the five nitrogen levels 0, 10, 5O,
100 and 180 mg. per Litre were established, there being three
Jars, sach of which contalned sly plands, at each level. As
? k

in the previous experiments the nitrogen waes dlgpensed as



smmonivm~niteogen from a stoek solution of ammonium sulphate
which contalined 20 mg. nitrogen per ml, In Lhis experiment
the stock solubion was nol enviched with +5w,

Subseguent wanagenent of cultupres

During the ensulng ten-week growth period the culbure
golutions and nitrogen levels were renewed at Tourteen-dsy
intervals and on the Dasis of the nitrogen estimates carried
out on the culture solutlons in the 9y experiment an
additicnal 5 mg. conmbined nitrogen per Litre war added per
week to help keep the 10 mg. nitrogen level near o the
original, As penewzl of the culture solution was carvied out
nore freguently in bthis experiment than in the LDN experiment,
the nltrogen levels were therefors malintained nearer to the
originel. A bendency Tor decrease in pil to oeccuw,
partliculardly in the high nitrogen levels, was eovrected dally
by the addition of calculated emounts of 2N sodium hydroxide.

Increase in the slge of the plants necessitated a
reduction from slx to three per jJjar on 30th July, twe extra
Jars each of whilch contained three plants being set up at
sach nibtrogen level to accommodate thls reduction. Increase
in the culture solubticn from guarter-strength to third-
strengbh was alsgo elfected on this date.

To compensabte Loy any varistion in conditions in the
gyeerhouse the Jars were changed round in systemalic manner

at weekly Intervalse




Hervesting of tho plants

Harvesting of the plants was begun on 20th August and
completed by 2bih August. Dry welght data on root plus shoot
and on nodules were obbtained by overnight drying in a 959C
oven, Counts on nodule number, as iodicabed by the muber

of itafection points, were also carricd oub.




RES UL TS

By the gtart of the dlffcerential nltrogen breatments
nodulation had commenced, while the shoots of the plants had
reached a height of L - B emgs. As the differential breatment
procecded 1t becane eviﬁenﬁ‘that the planbs supplied with
comblned nitrogen were showing nmore rapld growth than those
in a niltrogen~free medlumn, and that the nodules particularly
in the combined nitrogaﬁ pots were clothed with s Q@ry
prominent mass of large white upwardly-growing nodule roots.
The root-~pystens of typlcal plants at harvest awre shown In
Plate £, and harvest daba are presented in Table L1 slong
with a summary of statistical analyses.

Data on total wlant welight inﬁicate clearly that the
plants growing iu the presence of combined nitr@gen Were
glgnificantly larger than those in a nitrogen~free mediunm
and although there was no significant difference in total
plant welght at nitrogen levels ranging from 10 « 100 ng.
it is noticeable that mean shool helght, mean number of mide
shoots and mean leafl munmber were greabest at the BO mg.
nitrogen level. From the data on mean nodule dry welght
per plant there ls a gtrong sugpestion that nodule dry
welght was grecater in the prescnce of 10 mg., nitrogen than

in a nitrogen~iree solution, although the difference



observed Just falls to atiain significance., Al higher levels
of combined nltrogen mean nodule dry welght per plant was
depressed although only atbt the 150 ng, level was it
algnificantly lower than at the zero nitrogen level,

Nodule number on the other hand showed o significant
decrease wlth each increase in comblned nitrogen from
10 - 100 mge. Detween 100 and 150 mg. nitrogen the decrease
although nolt significant wasg very nearly so. Noduole dpy
welght ag a percentege off tobal plant welght decreaged with
incereasing combined anitrogen up to the 150 mg. level, Above
BO nmie the decyense lg legs marked go that although fthe
decrease bebween the B0 and 150 nge nitrogen level was
gipnificant there was no signilicant dlflervence bebween the
50 and 100, and the 100 and 150 mg. combined nitrogen levels.
Data on mean dry welght per individusl nodule indicate
clearly thal with lncreaspe in combined nitrogoen the mean dny
weight per nodule also increased, the increases telng
sloniflicant between the 0 and 50, and the 50 and 150 mg.

nlitrogen levels.
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Plate 6

The root systems of typical Myrica plants
shortly before harvest. Prom left to right
the nitrogen levels employed were 0, 50 and
100 mg. nitrogen per litre.

(x 1/3)



In this study on the effect of conmblined nitrogen on
nodulation much lnproved cultural technigues have enabled the
production of plants which, though not guibe as large as those
obtained in Part I of the present Section, due to a later
trangplanting, are very much larger than bthose obltained by
orevious authorg, Thug the mean dry weights per plant
ohtained by MacConnelld aﬂﬂiﬂoné (1L957) at the 0 mg. and 50 mg.
nltrogen levels are 33 and 56L mg. rvespectively while the
comparaeble dry weights fron the present gtudy are 1257 and
2L B8 mp. respectively. Furthermore, in the present
experiment a larvger number of planits was avellable at each
treatment, The data thus presented must he preferred o
those previously avallable,

PTotal dry welght dats show clearly that the plants
growing in the presence of combined nltrogen were larger than
those in a nitrogen~{ree medlum, However, it is evident that
the greatest mean total welght wag obtalned not in the highest
nitrogen level bubt vather in the presence of some level near
to HO mg,, the higher levels causing a decrease so thabt the
}plamtﬁ growing in the presence of 150 mg., were significantly

smaller than thoge at the 50O mg. anltrogen level., This

finding agrees in general with the resgulis of MacConnell and



Bond (1957) end with those described in Part I of this Sechiom,
It thus sppears bhat the nlirogen requlremnents of well
nodulated Myrlcas plants arc, as previously sbtated, fully
satisficd by the presence of agpproximately 50 mg. combined
nitrogen per Litre,

As noted already, the dalbn obbained suggest strongly
that nodule dvy Wéiﬁht per plant ls enhanced in the presence
of the lower lLevels of eomblrned nitrogen, a feabture shown
also in Alnus (Part 1), The significant depression in mean
nodule weight in the presence of 100 mg. noﬁbinﬂa'nitrogen
is similar to that detected in the lyrica experiment
described in Part [ of this Sechbions, It ig of inbterest to
note that vhile the pregent results on nodule dry welght agree
with those obtained in the Hyrilcs 15ﬂ experiment they difler
from those of HacConnell and Bond Loc. c¢its who cbsevved
mach better nodule growth In the presence of all nitrogen
levels up o 100 ng. bthan they 4id in the O nitrogen level.

It thus appears that the efTect of large cuantities
of combined nitrogen in depresalng nodulation is typical of
non=legume nodulated plants as sliswillar reosults have been
pecorded for Alous by Bond, Flebecher and Ferguson (1954),
MacConnell and Bond (L957), and for HBipponhae hy Bond,
MaeConnell and MacCallum (1.956). However, although a
tendency for decrease does occur in all aepecles so Tap
exanined, the amount of combined nitrogen necessary bo

cause thls reduction varlies considerably. In Hippophab




for exemple Bend eb als (Loge cit) observed complete inhibition .
of nodules in the presence of 5Q mg. nltrogen, vhile this is
cerbainly not the case ln Alpug and Hyrlce.

Increase in combined nitrogen regulted in the present
@ﬁ@evimﬁnﬁ, in a slgnificant decrease in nodule dey weight es
a percentage of total plent welght with each increase 1n
combined nitrogen Lfrom O « 50 mg., after which the decrease
heconer less narked, This decrease is obviously due to the
presence of combined nlitrogen promotling root and shoot growth,
while nodule growth is not correspondingly increased but ls
actually evenbually decresged,

Apart from the studles on Myrliea &@éawibﬁa in Part T
of this Seceblon, the only other atbempt to esbimate nodule
numbers in a non~legume has been that of Quispel (1L98h,; 1958)
who counted nodule lobes in flnug grown in the presence of
different emounts of comblaed nitrogen. His date showed that
the nuwber of lobes per plant wap decweased with lnervease in
combined aitrogen. In the non~legimes each infecltion point
produces a branched clustered strmicture whilch lg equivalent
to a gingle legume nodules thus for comparative purposes it
is moure iafermative o0 count nofdule clusbers rather than
individuel lobes. The vesulls of the present experiment show
that as in legumes the number of nodules formed per plant
decreases significantly with Increage in comblned nitrogen,
although even in the presence of 150 mg. nltrogen g mean

of 41 nodules per plent were formed. PFrom such results on



nodule nuwmber it ls fovther ﬁﬁﬁﬁi%i@.ﬁw calcoulalbe the mean
dry weight per nofule, a Leature on which there ave no
avallable data apart from those presented in the L5V Myrica
expevinent, The results show that with inereass in combined
nitrogen the mean dry welght per nodule ilncreases so that in
the pregence of 100 and 150 mge. nlitvogen mean nodule wai@hﬁ
Lo twice ag great as in the zevo altrogen level, It thus
appears that as ln the Legumes, laerease in combined nlbrogen
results in an incvease iun dey welght of such nodules as FopPme.
In the present experiment nodulatlion had conmenced
hefore the sebting up of the dlfferential nltrogen btrealments
but both nodules and tobal plant growth was very small at
thin stage, the mean shoobt helght being L - 5 en, In the
experinent of MacConnell and Hond (1957) with lyrica the
nitrogen levels were egbablished at the time of inoculabion
and this difference in procedure may acccount for certain of
the differences observed in the two experimentss In the
pragent experiment the plants grown in the abgence of combined
nitrogen would not Be so severely handieapped, since they
were already capable of fixing nitrogen at the time vwhen
the addition of combined nitrogen to the remaining culiures
was conmenced, Ag o resullt botal plant growth in the ahmence
of nitrogen should approach more neevrly that of the combined
nitrogen plants than in the experiment of MacConnell and Bond
100, ¢lb., B0 also should mean nodule weight. The resulls

show that bhis iz in fact the case.



From the data obtained in this experiment it lg cleay
that in the prescpece of cowmhined nitrogen both mean nodule
welght as & pevcenbtage of tobtal plant welght and slso nodule
number are significantly decpeased, Deveral theories have
been advanced to account for comparable effects in legumes,
the earlier ones being veviewed by Allison and Ludwig (LO34).
These authors also put forward the fresh theowy bhat the
preseace of combined nitwvogen reduced roolt formation as a
whole, bthus eesulbing in a rveduction in nodulation also. It
18 a well known fact that in the presence of large quanbities
of combined nitrogen in the rooting medium a decrease in roob
growih does in fact occurs Thornton and Wicol (193%6) however
ghowed that in legumes although this reduction in woot tlssue
may sccount in peart for the deerease in nodulation, other
facbors must alesoe he opevative, bthelr resulits showing clearly
that the depressing cffect of conblned nltrogen 1ls norve marked
on the nodules than on the roolbs.

More recently 1t has been sugpested (Wilson, 19L0) fthal
the carbohydrate-nitrogen balance in the plant is the mein
factor affecting nodule development. According to this theovy
a lavge proporbtion of the carbohydrates Lormed in photogynithesis
would he incomrpovabed in the plant proper, into nllrogencus
compounds in the presence of large cuantities of supplled
nitrogen, thus resulting in a reduction in the carbohydrates

available for noedule development., Bvidence in support of this

theory was found in the results of several workers who shoved



that nodule developnent although depressed by the presence
of combianed nitrogen in the mediuvm was stimulabed when a
carbohydrate supply wes added (Georgl, Orcubi and and Wilson,
19333 Ludwig ond Allison, 1935). Supporting evidence along
obher lines has also been presented; Por example Hopking
(1935) showed that by incressing the lengdh of day nodulation
wae sblnmalated as o result of the inerease in coarbohydrates
navafactureds Although thls theory has been bullt up from
evidence obtained wilth legumes there is no reason to suppose
that it does not sinilarly apply to non-legumes, which, as has
been ghovwn, are physicloglically very similay o the legunes,
Feom the data thus presented on the effect of combined
nitrogen on nedulation and from the data on goil nitrogen
presented in Port I of this Secbtlion 1t appears unlikely thalb

nodulation of Uyrica gale will be subsbantislly reduced

By the levels of mineral nitvogon likely 4o be present in

HNaotore,



1) The effect of combined uiﬁ?ogéa in the form of ammonium
sulphate on nodulation in Mywiecs pale has been iﬂyestigaﬁéﬂ
uglng eultural methods which allowed The growbth of much larger
plants then has been previously possible, apart from those
grown in Part I of the present Secbion.

2) The different nilbtrogen btreatunents wore set up shorily after
nodule inidiation when both plants and nedules were very small.
3) ?he‘@regénae of'cﬁmbiaeﬂ altrogen resulted in Debler growbth
of the plants conpared with those grown in a niitrogen-fres
golution, CGrestept plant dvy weight however was not abitained
at the highest nitrogen level but ot some level near o HO ng.
nltrogens Although nodule dey welght compared with the zero
nitrogen plants was significantly depressed only alt the

highest nitrogen level applied, nodule dry welght as s
@@f@@nﬁég@ off total dvy welght decreased with increase in
comhined nitrogen.

It} The present experinment 1s the flrst large seale abbemph

to gount nodule numbers (as Senoted by infection points) and
regulte show That increase in combined nilitrogen resulbs in a
decrease in nodule number although neoan dry weight per noduls

Ineresses.



PART TIE.

A uantitative sbtudy of fixabion and transler

of nitrogen in fivebw~year Alder planbs,
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INTRODUCTION

Now that the accurrence of exbtengive fimabtion of
nitrogen in various nodule~bearing nonelegumes has been
Pirnly established, 1t has become desirable from various
standpoints that quantitative infoemation regarding the
Pixation process should be segured. Particeular aspects on
which date are requirved include the sbage in plant develop-
ment gt which fixzablon commencoes, and bhe extent of the
Pization during laber phascs of development, CGonsiderable
inberest 1se aleo abbached to the acbivity of the nodule
tigsues in Lixation relative to their welght or niitrogen
content, at different sbtages in development and at different
times of the year. Another important aspest is the transpord
of fixed nitrogen Lfrom the site of fixzation (the nodules) to
obher parts of the plant, o process to whieh the torm transiepr!
will De applied, for reasons bo be explained labver. It can
Be concluded, mervely from the rather rvapid prowth of plants
in nitrogen-free rooting medivm once nodules have formed,
that guch trangfer of fixed nlirogen does occcur on a
csongldereble secale, but without further study it cannot be
ageertained how gquickly the tronsfer follows on fixabion,

or how the two processes are antitatively related.




Datia on the above aspeciss which in the present study
have been secured in respect of alder plants during the fiveb
year of thelyr development, are likely to throw new Light on the
pymbiotic systom presenbed by the nodulated plant. Thus, for
example, data on the immedlacy or othevrwise with vwhich transfer
of nitrogen follows on Lizabion may permid btentaltive
conoluglions regarding the actual sibte of fixation within the
infected celle of the nodules. They may also allow an
nepessment of the inporiance, as s means of conveyanae of
nitropen, of the eventual degeneratlon of the endophyite in
the nodule cells, a feabuve which hag heen debected by
gybologlceal studenits of non-legume nodules and which bhas
frequently bheen atbributed to a process of digestlon. Data
on neofule actividy in fixaeblon will permit Inberesting
comparisons with legume nodules, and viewed in welatlion to
the nibtrogen requiremenits of the endophyte, mey allow cerbain
conclusions regarding the metabolic slgnlficonce of the
Lization in the Life of the endophyio.

From a technical point of view, dnits on the intensiiy
of fimation al difleprent stages of plant development and at
differont btimes of the year arve urpenily regquired in
conunection with mﬁh@r studies on the non-legumes, Tor examnple,
expeorinents in vhich fixation in detached nodules is studied
by the LIN technigue. Sueh experiments are ideally carried
oult with nodule material showlng meximunm sctivity in fixation.

It will be of Interest Ho review comparable studies




on legumes, The eariiest major expeviments on the rates of
Pization and translecation of nitrogen 1n the lepumes appeay
o be those of Bond (1936) who cuesbioned the belief held by
sarlier workers (Prazmowsiki, 13903‘Fraﬁk,_iﬁ91) that relesse of
Lirxed nitrogen from the nodules ogcurred only when the ageing
bactepia were digested by bhe nodule cells., In bl experiments
Bond grew lavge populations of soya bhean plante in nlirogene
free spand culbure wonder greenbouse conditlons snd sampled these
populations at inbeevals, AU each panpling dey welght and
nitrogen delta were obisined on root plus shoot, and on nodules,
Mean total nitrogen fizxed bebween each spanpling was obtalned
By subitracting the niltregen content of the cémpleﬁ@ plants at
each harvest from the corresponding figure alt the following
harvest. The smount of nitrogen twrenglerred from the nodules to
the plant was caloulated by subbracting the total niltrogen
content of the plandts less nodules at cach sanoling fron the
corresponding fdgure at the following samplings The results
which ave peproduced in Pable XIT ghow that throughout the
pericd from the opening of the pecond leal wntil the developm
nent of the pods (Oebober hih) the percentage nibrogen
transferred fvon nodules to remalader of plant ranged Lrom 78
wo 92 pew cant of that Lixed, afbter which 1t increased shavply
o 350 per cenb.

Wiloon and Upbwrelt (L937) in further studies on the
ﬁyﬁbi&%i& in goya bean confMirmed in the naln the resulis of

Bond, but in addition recognised three main phases In the
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Pixatlon of nitrogen and transfer of fixed
nmﬁw@&aa from nofuler into plants during
suceessive periods of development (193?
plantsl). The data refer bo eight plants,

(Reproduced from Bond, 1936)

Peplod Fization Amount of N N transg- Efficiency
(days of W transferred Pepred as (mge X
£rom (mga ) from nodules percentage  fixed per
BOwWiig) to planbo+ of N fized gme dry whe
(mg.) of nodules
I IO 2N |
35=43  Z1.9 (heO) 2548 (342) 8o 27.6
L 3mbi 27:6 (L.6) 216 (346) 78 L84
LOwB% 98ulr (740) 8148 (5.8) 83 LSeds
H5mT0 605 (84»6) L6, 9 {5o?) 78 12.0
T0=8L  15he7 (1L.1) 136akL (947} 87 1043
Ble99  192.0 (12.8) 16246 (1049) 85 T8
99108 15640 (1743) 138.5 (15.44) 89 81
108-12% L8447 (L0.9)  17L.5 (10.41) 92 Le5
19

Benl 113 65 (Ouhy) 221 (Lolt) 350 Ds2

¥

Caleculated by subtracting the nitrogen contenh of eight
plants and thelr aodules al each sanpling Lrom the
corresponding figure at the following sampling.

Caleulated by subbracting the nitrogen content of eight
plants, less nodules, alt each sampling from the
corresponding Tlgure at bhe following sampling,

The Cigure in breckets represent Pixation (second
column) or transfer (third column) per day, obbained
by dividing the totel fixatlon or transfer Loy the
period by the number of days in the period.




i bef

growth of the plant, The £ivst was o shord iniblal stage in
whickh a large proportlion of the niitrogen fixed was vebalned by
the noduless This was Lollowed by a long peried of vigorous
growih in which a vrapld btransfor of fixed albrogen 4o the vest
of the plent ocourred, Finallys. a phase oggcurred vihen
nitpogen Cixablon was slowed down and ln which btwvansfer of
nitrogen from the nodule Lo bthe plant was highest,

Tirbanen and his collaborators (LO4WT7) showed that in
gseveral Legumes the rabe of Pimation of nltrogen was
paralleled by the development of hacmoglobin in the nodules.
Purther studies slong siniler lined have since been carrled
out by Jordan and Garrard (méﬁl) ond Heumonn (1952).

The nost recent expoviments on the development of the
nodule syablosis and - -on the vrates of fixatlon and bransfer of
nitrogen in lepume planbsg havé veen careled out by Pahbe
(L958u, 1958b)« In his Pivet paper Pate vecorded data obialned
Trom studies on bwo strains of Plsunm arvenses, The plants were
sown under Lield condltions In plots of low alirogen confhend
o which a nlipogen=free fertlliser was added prlor Lo sowing.
Tnoculation of thoe seedlings was ensured by the addidion of a
goed~appliecd #hlsoblia supplement and pandom sempling of the
plants was capiried oulb ot 3 « 7 day inbervals. AL each
sanpling it was necessary Lo havvest Lifty planis owing bo
yariatlion esused by the lack of conbrolled conditlons. The

data showed thad fizastlon of nitrogen comnenced btwenty~two




days afber sowing and continued fop approxmimately Lorty days
untll the begloning of Peruiting. Data on nitrogen Fixed showed
that per gm. of fresgh nodules 1t increbsed during the growth
phase Prom To0 mge 0 2 mozimum of 65 mg. per day. Of the
total nitrvogen fized -1t was observed thal approxmimately 82 pep
cent wasg trangferred fron the nodules bo the remainder of the

"

plant al tho twenty-twe dey slage, -Ancreasing to 100 per cent
afber approzimabely Fifty-Live doysa

In his second paper Pate (1958h) reported that in Vieia
sative the development of the symbiotice sysbem was very
sinllar 4o -that of P« apvenge whether the species was grown s
& sunner o a winber annusl,s Although no results were
avallable on the rate of trangfer of fixed nitrogen it was
obhaerved thoat the nodules became moab active in Tixation just
beflore Llowering., It was alpo obsevved thatb ‘when Vicia was
grown s a winter anoual fixzatlon ceased tenporarily during
the ¢old weather of the months of Docenbor and carly JFomiary.

in the non-legumes no lLarge-goale eyperiment on the
rabes of Dixation and transfer of fixed nitrogen hag heen
cavried oub, and a few daba ONly are availables In ordey ©o
secure the desired data it i necessary bo sampl.e a population
of podulated @iamﬁﬁ)gwﬁwing in e nitrogen-~-Lrte roobing medium
periodically through thelr growih escason.and determine the dry
weight snd tobtal nilirogen content of the vaplous parts of the
plants. As lndicated, this has now been @gn@ Tor a population

of alder plaonts in the firet year of thelr development.



BETHODS

=

Ralsing of nodulated slder plants.

The procedure followed in thils expepriument wes essentially
ﬁiﬁilaﬁ 0 that employed in the ralsing of slder plants in
Part I. Alder seed which nad been collected ab Milngsviae,
Dunbartonshire in Oebober, 1958, wes used, On Lth Mavch, 1959,
8 gme of this seed which had heen cleaned to remove scoles and
plant debris was pown spproximately half en inch below the
surface in vermiculite molsbened with quartepw~strength Crone's
gsolution after having been stoved prlor to this for several
months st +29°C. Bxperiments showed that germination in the
cene of coldwtreated seed was 5h per cent bebter than that of
secld stored throughout al room tenperatura.,

Transplanting of seedlings was coreled oub at the GO
leal stage, thirbty~one 24-1litre jars being set uvp. The
seedlings were insevted in /LY {thick rings of thickewalled
rubher tubing, Pive of these belng Litted into vegularly spaced
holes in Pive-inch squave toak tops which covered each Jar.

The culture solubion employed was full strength Grone's
niltrogensiree solutlion, Nodule forpmation was initiated by
inoculating secdlings on 23pd and 24th April, the method and

amount of inoculum being exactly similar 4o that employed in



the alder experiment described in Part . In order to assist
the plants during the perlod of nodule ﬁbrmaﬁien an addition of
L mg. combined nitrogen (as smmonium sulphate) per jar was nade
at thiﬁhstag&. Within fifteen days of inoculatbion developing
nodules were visible as red swellings on the root surfaces,

Subgoquent nansgenent of culbures.

During growth the plants were kept in a cool well~lit

-greenhouse and although it dig certain that no substantial

variation in conditlons ocourred along the length of the hench,
the precautlon wasg btakon of changing the position of the Jars
in syetematlic mammer at weekly intervals. Between fortnipghtly
renewal of the soluition no atbtempt was made to mainbain the
original pH level of 6.4 in the jJars, for slithough a drop in
pH dld occur, alt no time Adld it reach a eritlicel level, Prior
to the commencement of the periodlie harvests any obviously
abtypical plants were weeded oub, giving a starting total of
124 plants of approximately similar size and vigour at this
gtage, A reduetlion to three plants per jar was necessary at
the twelve~weeck stage in order to prevent overcrowding,
additional Jars being set up to allow for this reduction., It
may be noted that the congitruction of the teak tops permitted
trangplanting st a falvly late stage in growbh,

Sampling and harvesting of plantg.

As growth of the plants procecied a certaln variation
in size became evident and te compensate for thlie the plants

were classilied prior (o cach sampling into the three



following groupst- lavrge, wpedium and amali. Plants in each
group were btemporarily disbtinguished by means of a loop of
coloured wool round the base of each shoot. On nmost sampling
occaglionsg the nunbers of plants in these three categories proved
to be in the approximabte ratios- 1 large, 1 small, B nedium.
The sample of lLen plants harvested was on each occasion made
up by selecting plants at random from cach eategory in that
ratioc. Sampling was begun on 9%h June, 1959, the plants at
thls stage belng well-nodulated and already Tixing nitrogen as
indicated hy comparison with the control plants (see below).
Subsequent samples were baken al twelvewdoy intervals,

At harvest, data on leal nunber and length of wmain root
and ghoot were obtained, whlle separate dvy weight determin-
ationg were made of nodules and of root plus shoot in respecs
of each plant. Dry welghts were debermined by overnight
drying in a 95°C oven. The roots and shoots of the ten plants
conprising cach ssample were then combined and ground up,
aimilér treatment being accorded to the nodwles. Replicate
Kjeldehl analyaes were then carried oul on weighed sampleg of
guch ground maberisl.

As noted, the culiture solution and general procedure
in this experiment were essenblally identileal with those of
Part I, so that the conbrol plants already refervred to in
Part I (p.20) serve also to show that in %the present
experinent the plants had no unlntended aeccess to combined

nitrogen.



RESULTS

After the usual lag of perlod of 2 - 3 weeks, due %o
the faet that the nodules require time %o become fully
fuuctional, the plants began to grow vigorously, and favoured
by an unususlly fine summer, continued in this condliition untbil
the approsch of auvtunn and the termination of the experiment.

Data on plant growth and dry welght atl successive
harvests are pregsented in Table 13, typlesl plents belng chown
in Plate Z. As nobed below the Table, 't' testa showed that
the mean dry woelights of raot.plus gshoot at successive harvests
were significantly &iffa?@nﬁ, except in the cage of the last
praire. The data show thalt although new leaf formation ceased
after the seventh harvest, the plants continued Lo ineresse
in dyy matier well after thisg stage; during this later period
there was a vigorous expengion of the younger lesves. Dryy
weilghte per vlant at succemalve hervests are plotted in
Migure Ly the expected sigmold curve belng obbtained,

In Table 14 the percentage nitrogen contents of the
root and shoot materiasl and of the nodules are ghown, and also
the absolubte nltrogen conbtents per plant caleulated from the
percentage date together with the dry weight daba. A

contimious fall is shown in both colunns of percentage figures,



dounhtless as & result of the agerebion of products of nhoto-
pynthesis outabripping that of the products of fixabtlon. In
Figure 2 is plotted the absolube mitrogen content of root and
shoot at successive harveslts and also thet of the conpletbe
plant (derivable Lrom the data in Tables 13 and 1), and 1%
is clear from this figuve that ﬁhranghﬁmt the growbth season
the bulk of the nitrogen fixed was qulekly transfepred Trom
the nodules to the remsinder of the plant, 