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(onaral Inbraductlon.

Phe Importance of the fixabion of abmospherie
nitrogen by blologleal moans In the maintenancs of a con-
tinuous supply of ecombined nlirogen for plant 1ife end
indeed fow life in general, is very great, A& balance
sheet for the agrlcultyral lands of the United States for
1936, quoted by Fogg (1958) shows an esbimebed annual loss
of 84 willion btons of soil nlbrogen, This niltrogen is
lest in various ways, meinly due to the rvemoval of cirops,
the lesching of soluble nitvogen compounds Lrom the soll,
soll evosion, and the actlion of denitrifying bacbexia,
Pertially offsebbing this amual loss was & galn of 16
million tons, of which 10 were asceribed to fizatlion by
blologleal agencles, compared with only & added ag fertllizer
oF manure, Although thesge flgures still show a net losg
of 8 million bens, were it nob for the blological fization,
the comblned nibtrogen resourees of the sgoll would swiltly
ron down,

The orgenisms capable of fiximg nitrogen awve pf two
maln btypes, free-llving ones and thoge living symblotieally,
The first cabegory comprlses soll bacterla sueh as Azebo-

boctey and Glostridium, some phobogynbhetie bacberle, for

exenple, Bhodogpirillum, Chromabinm, and Chloyobium, some




blue-green algae, and probably some soll fungl,

Bymblotlic nitrogen fixation 1s ilvmedistely associabed
with the root nodules of leguminous planba, Thely Importe
ance In agyiculbure has been realised for centurles, In
these nedules thers exisbe o symblotle union bétm@@n thoe

plant and the bacberium Bhlzsoblum, the bacberium providing

nltrogen Lor the plant while In turn reeelving from it a
gupply of corbohydrabe.
It ds mach less generally known, however, that certain
Anqiospe.mous
aﬁhﬁrkglﬂmtﬂ qulte apardt from the Leguminosee also hear root
nodules, These geners bogether with thelr gysbomatic

poaition sccording bto Engler & Dlels {1938) are as followsi-

Gepus Faund Ly
Myrleca Myricaceae
Aknas Betulecese
Hippophal
Blaeasnus filasagnaceas
Shepherdla
Casuoring Casuarinacens
Corlavle Corlariaceas
Coanotime  Rhemnaceso.

3lnee, however, these ave all woody genera wibth no lmnediate-
Iy obviocus agricultaral or sconomlic importence, they have

boen regarded rather as carilositles.
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That these nodules also were coused by the invasion
of the ye@ﬁ cells by a sell milcro-orgenism was SO0n e~
aliged, but, despite much study, the nature of the endophyte
hag notb yel been satisfactorily elucidated, PThis is meinly
dune bo the Lact thal an orgenism, capable of re-~infeeting
the appropriate plant, has nob so far been Isolated in pure
culture, Atbenpbts abt identification have thus rested on
the appesvance of tho orgenlsm in seectlons of the nodules,
It hag boen suggested by some workers to e sn Aeblunomycetbe,
others bave vegarded 1t as s mewbor of the Plasmodlophorales,
& bacterium, or & Hyphemy@@%@; A good review of this
literature is given by Hawker and Praymoubh (L851). Today ,
however, although the majority of workers Tavour She
acbinomyeetal nature of the endophybe, 1b sbill remains a
gabjeed of conbroversy.

Other symblotic asseelablang proved oy ¢laimed bo be
nitrogen fixing are to be found in the root nodules of some
Gymnosperms, the leal nodules of the Rublaceas, and certalin
lichens and liveruorbs. These asscclatlons wlll not be
dealt with here,

Althoush the existence of nodules on the voobs of the
’&EQVﬁ,&ngioap&ﬁmﬁ has been recorded sinece the ninebeenth
century and mch work has beon done in resbriched clircles

on bthelr cylbology, i1t ls neb unkil vevy recently thel the



phyaiologieal significance of these non-leguminous nodules
has been rigorously investigabed,
In the Bobtany Depariment ab the University of Glasgow,

howsvey, much Infomation has been obbained parblcularly on

the nablve nodule~bearing specles, namely, éﬁﬁﬂﬁ,giatim@sa

{L..) Gaerin,, Hyrles gale L., and Hippophed rhamnoides .,

together with Casuvarlne, a well known btree specles of

tropleal and subetropleal reglons, By means of growth
éxgarimamta in water culture, free of conbined nitrogen
(Bond, Ileteher & Ferguson, 19543 Quispel, 19543 Dond,
MacConnell & MeCallum, 1956; and Bond, 185%4). and of iso-
tople tiocoy experiments ilnvolving vhele p&énﬁs and later
detached nodules (Bond, 19565; 19%?&%; the property of {ixo-
tion of atmospheric nitrogen haes been conclusively demoi-
sbrated for noduluted planbts of the ahove specles, Thab
the nodule was the slte of flxatlon wag also shown by the
above means., The nitrogen nubri tlon of bthese plants has
alao been exbensively studled and it ls now clear that these
ﬂ@dﬁl@g have a similay funcition bo legume nodules,

Bvidence ig asccummleting that fixablon in non-legume
nodules has an lmporidit coological snd blogsochemical
rele, Hany of these planits are wldespread in thely
ocourrence alibhough in some eownbrles thelr dlsbribubion has
now beea severely affected by agrleunlbure, Possil pollen

vecords show them bo have been eapecially prominent in &



posteglhacial eraswhen Alous glutinese ls belleved 1o have

covered large aroas of Britain (Tensley 1939) y Hippophaé

likewise in burope (Welkew, 19585}, while ovidence provided

by Good {(194%) suggested that ot an even carlier time |
Coplaria wes pronilnent in meny regions of the worldd. Even

in the present day with so much land devoted 1o spgricultuve
thess genera ave e be found do guite oun sppreciable extent,
typically in poorx sollg. Indeed alder and bog myrtle grow

in acid sonditionsg in which logwaes con seldon thrive.
Asceodding bo figures guoted by the Forvestyy Comnission,
84,500 acres of Brltaln at the very lewst ave covered by pure

alder sbands, while Byrice gele covers large areas of boglond,.

Obgervabions by Crockex & Major (L958) ot Glacler Bay, sloske,
indicate that voder aldey thicikot, the develgpment of which
18 & vegular piege in the colonisslion of the bave aveas Lleft
by the recession of the glacliers, u counsidersble bulld uvp of
sell nitrogen occurs smounting %o 95 1lb. per acre annually.
This, no doubit, facilitates the next stage in succeasiony the
replocenent of the aldey by ﬁfitk& BPLCGe

Jf reeent years the soil enriching pryoperties of
somg of these none-legumes hove been axploited. An
jinteresting letter has been reeeived in Glasgow coungerning
such & schene by the Pacific Howvthwest Forest end lange

wEperinent Statdon, United Steteps Deparitment of Agriculiturc.
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Thelr recent studles, 1In Oregon, have indicated that inber~

planbed Alnus rubra incressed the grvowbh of assocliated

Douglas-Fivr, Over 27 yvears a 60% increase in soll nitrogen
was found for bthe Interplanted stands compared wlth those
having fir alone, A sinilorly significant Incrense in
foliar nitrogen was elso obbalned,

It 18 thus clear that these non-legumes are imporitant
in ecology and forestry. Purther experimental studies on
this group are clearly desirable snd Section I of this
thesig relabes to plant euliure studies in which the develop=-

ment and function of the root nodules in Shepherdila,

Blaoapmus, Myrica (M, cerifera) and Ceanobhus are investigated

A second rsason for the lwmportance of these non-
legume genepa and their nodules lies in the provision of new
maberial for sbtudylng the chemleal pathway of nitrogen
fixation, Isotople sbudies in the Unilverslby of Wisconsin,
by Aprison & Burrlis (1952) wsing isobople nitrogen, 15ﬂ 5
have shown exciged legune nodules to be capable of continulng
acbive fixation for several hours alber detachment frowm the
plant. Suech exeised nodules provide a much simpler and
more convenient medlum than whole plants in which to study
the mechanl gms o symblotic flxatlon, The infommation
obbained by Lfurther lasobopic study of these detached legume

nodules abt Wisconsin will be veviewed laber in the thesis,
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The observabions of Bond (1955, 1957b) showed thab
Pixation persists bo o notably greater degree in non-
legame nedules after detachment from the planbt, than in
legume nodules,  Henee not only do these nedules present
yebt another nibtrogen fixing sysbem for blochemical study,
they also provide mere favourable matorial than previcusly
abudied, Txperimenbts to be described in Secbion I of
the theals were designed to talke advantage of the

opperbunity times prosented,
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General mlbural Mebthods.

The same basiec bechnigues of plant culbure were
employed throughovt with the various genera to be cone
agidered in bthis Ssction, The plents were all grown from
aced in the Bobany Depariment greenhouses, The seed was
aown elither in wasghed sand meistened with diluted nibrogen-
free culture solution, or in hortlculbural peat molstened
with tap water, Lxzperience has shown bthat the nodule
endophytes in these non-legume genera, unllilke the legumes,
are parely ssed-borne, Thus sarface sterilisation of the
geed is unnecessary in order to gain conbrol over the subse-

guent incldence of neduls development,

Uabor culture Techuldques.

The seedlings, eibther when the cobyledons had expanded
or at the two-leal stage {(gyrica), were bransplaented into
wabtor culbure of nonw-agseptic bype. Woter culbure has previe
puwly been proved an ideal mediwm for the growith of those
non-Llegume nedule plants already studied in Glasgow, Ehe‘pg
snd nlbrogen level of such a medlum ave more easily controlled
then in sand euliure, and the root systems roadily inspected,

A nitrogon-free modiflcation of Crone's solubtlon was

the basice solutlon employed and was used 8% hall its normal
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sbrength, The worlk veported later on Myrlea suggested
thig dilutlion of the medium was advanbageous to growth,

The solubien was thus prepared as followsi-

KCL B5.75 g,
GaSQ&,QHéG 2,8 "
MgSQé.?HQG 2.6 "
Gag (PO4), 1.26 Y
FaﬁfFﬁé)QJQQQG 1.2 ®
Pigtilled wabter 10 litres,

5 ml, of & wminor slement mizxiure, based on Hoaglend's

A to Z gsolution (Templeman, 1941) with molyblenum added was
supplied to each 10 litre babeh of solubion prepared, This
solublion has a pll of 6,7, As conbainers, glazod sarthon~
. ware or gleass vesgsels of 2 or 8% libre capacity respochtive-
1y were used, They were coversd by waxed teak bops bored
wlthh 6 or 7 holes, Seetions of thick walled rubber tubing
were Llbtted into sach hole, the seedlings belng supported
in the cenbre of these by small rbber wedges, All jars
wore heat sterilised and tops Lesshly waxed before each
experiment,

With Blaeagnus, Shepherdla and Ceanothus seedlings

were Lransplanted as the cobtyledons expanded, and fop the
Pirst few weeks ol growbh in solubtleon they were suppllied

wlth combined nibrogen, reasons for this preeesdurse belng
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given labew, 20 mgm, anlitrogen per 1libre of zolutleon was
glven In the form of smmonium sulphabte, When plants grow
vigerously in such a solubleon, the pil falls rapidly. The
pH levoel of the solublons was thus cheeked Lrequently and
ad justed when negessary by bhe additien of the calculated
smount of sediuvm hydroxide, Seedlings of Myrlca weve

trangplanted sbralght Inbe the solution in which they were

10 be inecoulabed,

Inogulablon of Planbs,

Two days belore incculation the planbd were branse
ferved bto nitrvogen-free selution, Slnce the non-legume
andophybes have not yeob Deen obiained In pure culbure, for
nodulation purpeses en Iacculum was prepared by grinding
nodules from the appropriate plant in a morbar with sand
and water and then Liltering vthrough muslin, Thils filtrate
gsontalning o suspenslon of the nodule organism was then
applied to the reobts with o biush and one ml, added to each
Jax, Bince this incculum may also contalin some coumbined
nitregen or btoXle subsbances, 2 wml, of an sutoclaved semple
wag added bto each jar of plants which were Lo ssyrve as none-
nodulated conbrold,

After lnoculation the plants were grown on through the
sumnar, the pl of the solution belng checked vegulavly and

any Aprift covrreched, The enbtire euliure solublon wes
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rvenewed every four or f£lve weeks,

Hapvest of Planbg.

on harvestling the plants, the noduiles were removed
and breated goparabely from the roots and shooba, Dy
wolghts were cbialned for these tlssues by heablng in an
oven overnlght ab 969¢, Hitwogen esbiuablons were
obtained by individual KjJeldahl or micvo-Kjieldalil doteor

minatlong caryied out on mebterial Lrom eech plantd,
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SUUDEES  ON  SHEPHERDIA |

tobroduc blon.

Shepherdia end Blacasnus together with Hippophad

comprisge the Blasagnecens, membens of which are dlgbrle

abed throughout the worid, The genus Shepherdia cone

slabs of three gpoclen (S,canadensls, S.argenbes, and the

rarer S,robundifolin) which are limibed te Norbh America.

According to Vacoun (1B83) and Servetbaz (1909) and infor-
mabion recelved Trom Professor Walbon, Tthe firet two species
are of freguent cccurvence, growlng typically In the vicinltby
of water coursss end lakes bebween the latltudes 3562 and
65N, » It someblimes exbtendlng norih of the Areltlc Cirelse,

The first rocord of nodules for Shepherdls and indeed

for all three genera of bthe Flaeapgnocead appesrs bo have
been glven by Warming in 1876, Slnee then some weork on
thelr cybology bas beon abbempbed but 1ittle abttention given
to thelr physlological significance watil recently, Tobbe
and Hiltner (1904), however, grew o few nodulated and none

nodulated plente of S,canadensis for four years in sand

culbuve free of cowbined nitrogen. AL the end of this period
the two conbrol planks bad reached o mean helght of 25 em.,
while the obher five bearing nodules grow more sirvongly and

abbalined s final mean helght of 68 on, In view of the
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heolilght abtbalned by the eontrol plents it would appear that
the growih medium had nobt been enblyrely free from combined
nltyrogen, However, even baking this inboe econsideration,
the authors would etill seem o have some Justlflcabion
for thelyr benbatlve suggestlon of nitrogen fixation by Lthe

nodulated Shepherdlis plante,

Ag po mx'{,h@r Investligatios bhave been made inbo
this mmkﬁ,am . wnmﬁa& blon and exbtension would seem necessary,
Recenbly i :Ew @h*ys lology of the rpob nodules of

Hippophet rhomnoldes was examined, Bond, Flebteher & Fergason

(1954) by growbh experiments in niitrogen~free waber culbure
obtalined substantial evidence of niltrogen fization by bthese
apdules and Bond (1.988) conflrmed this point using lsotopilc
bechaigues., The effect on nodulation of varying the pi

and bthe addition of cowbined nitrogen to bthe medium was sube-
sefquently invesbigated by Bond, MacComnell & NMeCallum (1956).
Hodulation occurrved satlefactorlily wlthin the pH range 7.0
o 6.4 but not ab lower levels, The presence of coubined
nltrogen in the roobing mediun areatly reduced nodule fore
mation, no nofules developlng in the presencse of BO or 20 mgm,
gmnonlun nitrogen per 1libre of culbture solubtion and only
spaprse noduletion belng effeciod with 5 mgw, awmponium
nlbrogen., Tagse vesults were In conbrast Lo those of

Allison & Tumdwlg (1954) /{ for legume neodules and b some ovher
and’ others
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nop=-legune nodulated plents, .., slous end lyrica.
By similayr experiments confirmetion of nilrogen

fixebion in the roat nodules of Shoepherdis has now been

sought and related aspects Invegtigated. Some of the

folloying data obtaived for Shepherdia have already been

published (Gardneyr & Bond, 1057).
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Pralts of Shepherdls canadensis., Wubt,, were obbalned

from Chvrehill, Nanitobs, through Professeor N, W, Radforith,
Govminatlon sbtudies on geeds from these fruits by Bond In
1965 had showa that the pretyeatment of the seeds in molgit
gsend at 42°C for five weeoks prior o sovwing gave bobbter
regulis than gimilar stovrage elther at rvoom temperalures op
at =8¢, In, 1956, thevrefore, the seced was pretreated ab
4220 for several weeks before sowing in traye of sand
molsgtened with Crene’s solubion free of gowbined nilrogen,
The firat seedlings appeared afber 6 days and 65% germina~
tion was obibalned, When the cotyledons were beginning bto
spread the sesdlings were bransplanted from the sand and
thereal tey grown in water calture, ag described,
Preliminary nodulabtion studies hed been carried ot
in the spring of 1956 by Bond, when an incculum was prepared

from nodules of a plant of S.argenten, growing in Edlnburgh

Royal Botanie Gardens., Ho nodulation was obiained in this

axperiment, the veason nob belng obvious, However, Beond

lateor found satlsfactory nodulation e ccour when Shepherdia

roots wewe bimahed wibth a suspousion prepared from Hippophob

nedules,  Hoberg (1938) had already shown bthat Uinppophad

and Dlocagnug wers cross ingeunlsbdis and hence 16 would now

appear that the endephytes of the three gonera ave ldentieal,
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Por bthe maln 1958 experimenbs abbempls wors made Lo

obbain Shepherdia nodules Lrom Ganeda for Inoculatlon pup-
poses, Since, howevewr, this proved lupraecticable,

Bippopha? rhemnoldes nodnles Lyom 3b.dndrews, Fife, were

ugad in bthe properticn 3.5 gm. nodules to 100 ml, waler,
A asmall nuuber of plantg werve inoculabed when they had
rosched the bwo~leafl sbage Dud for the major experiment
inooulation was nob performed untlil the Touwr-~leal sbtagoe.

This major experioent was designed be Investigebte nob
only the possible nlitvogen flxing properbies of the planis
but also the effect of the pH (6,0, 6,0 and 7,9) of the
culture solution and the presence of small amounts of cColl-
bined nibtrogen (5 and 80 mpgm., nitrogen per iitre) on nodula-
tlon, Some IR0 plants were uvsed in this expeprlments,

nee npdules had appesred o the roots, counts were
made every second or third doy on esch plant for 6 weeks,
About this time when nodulation had become well established
eontinuous foreed asretlon of the euliuwe solution was pro-
vided, the bubbling tubes conslsting of fine bore glass

capillary with obliguely ground ends,
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Bxperinontal Besnibs.

In the 1956 experiment, ian vwhich iho plants were
inoeulated at Ghe four-leal sbage, nodules were found to
develop satisfactorily on the voobs lmmeprsed in solutbtlons
of pH 6,0 and 7.0, ut falled complebely Lo develop on thoge
alb pH 6,0, Uo neodules were found ou the yoots of unincculat-
el conbrol plants abt any of the three pH levels. Tt was

also shown that Shephordia plants were capable of growih ai

P 5,0 iF provided wlih cowbined nllivogen,  Hence bthe
feiluve of nedulablon at Lthis pi was due Lo the effect o
the nodule organlism wabher bthen on the hosit plant,

Noduletlon alse failled in the presence of 20 and of
5 mgm, ammoninm nlbrogen pév litre of culture solubion,
Uabts on the effect of pi and the presence of conbined
nitrogen on nodulation are glven ln Yable 1.

The plants supplled with combined nitrogen, albthough
without pedules, grew mere sbrongly In the early sbages than
thoge with nodules in nivtregen free solutlon, as shown in
Plate 1, The former plenbs bhed the sdvanbtage of aveilable
nliregen durdng the period before nodules had formed and
beocome DTunetlional on bthe lattsp, However, alfter aboub btwo
menths the roots of the conblined niitrogen plants ceased
growth snd sssumed an unhealbhy appearance suggesbing that

gultural conditlions were In some way unsultable, The pH ef



Yable 1.

Bffect of pil and the Prosence of Conbined

Hiltrogen on Nedulation in Shepheydia, canadensis.

L o e S b om ot sttt T e e ot
: Humbher
pH of Vgm, HH, - Total nunber of planibs
culbure per 1litre of i nodulated &
solution of culbtare planta get up weoka after
golublion inoculation
5,0 0 24 0
6,0 0 30 29
7.0 0 24 25
7.0 5% 18 0
5
7.0 20 12 Q

5

The ammonium conbent of the ouliure solution
wag detemiined periedically and furiher
amounbs added ag vequired to compensate for

upbalke by the planba,



Plate 1.

Plants of Sheiriierdia canadensis 5 weeks after
inoculation.

Left to right: Plants supplied with 20 mgm,
ainmonium-niWogen per litre of culture solution;
nodulated plants in nitrogen-free solution;

control plants in similar solution.

X 3/5).
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these solutiomsg wag wabehed ecarefully and certainly nevewr
fell below 6,0, Asration of these solubions was found be
hove ne benefielial effects on the voobs, The symptoms
wore however confined to these particular planbts and wore
invesbigabed latew,

In pitreogen-Lfree solution at pH 6.0 and 7,0 the first
nodules appeared 16 days afber Inocculatlon and practlically
all plants were nodulated in 4~5 weeks, Pigure 1 phows
that the total nuwber of nedules was greater ot pH 6,0 than
at pH 7.0 and that in both cases the nunber was gbill ine
¢roasing when reguler counting was terminabed after six
weeks, 17 weeks afbter inoculatlon, when scme of the plants
Wers hamvasﬁaé; the number of nodules per plant ranged up to
86, the Jarger nodules then showing a branched formation as
in other non-legume reob nodules, Plabe £ ililusbraies a
bypieal nodulated roobt sysbtem at this sboge,

Al though Lor the malin 1950 sxperiment the planis were
net Incculated unbll they hed atbained the four~leal sibage,
12 plants bad also been ineooulated vhen only two lsaves had
developed. Afber G weels one plant showed two nodules,
anobher ong, and Bhe wvemalinder were wn-nodulabed, Bond.,
YaoCennell & MoCollum (1968} had nobed & similer phenomenon

In the related genus Hippbphal wheve only 6 oub of 38 plants

inoculated at the cobyledon stage evenibually fovmed nodules,



PLANTS.

NUMBER OF NODULES PER 30

FIGURE |

2001

{507

Keolok

50+

10 20 30 40 50

DAYS FROM INOCULATION

Progress of nodule formation on Shepherdia canadensis

plants growing in culture solution of different piH,
The data for pH 7.0 were calculated from counts actually

made on 24 plants.



Plate 2.

Nodulated root system of Shepherdia canadensis.
from water culture, 17 weeks after Inoculatloa.

X 1/2).



19,

It is well koown bthat in lsgumes sn Iwmportent factor in
nodulation is the level of bhe carbolydrate/nitrogen ratble,
The hypetheals, propounded by Wilsen {(1940), is that a high
parbohydrate/nitroegen roatie favours noduls tlon and a low

ORLE imﬁ&h&tﬁ i, In view of the above findings Tthis fector

might alse be opepative in The ecase ol Hlppophat and

Shepherdin, Exg&?imﬁﬁﬁ5IWﬁre thag seb up ho best this

sappealbion, Hlppophed rvhomneldeg seedlings were trange

planted inte nlbrogen free solublen at the cetyledon stage
and growa Ltlus Loy the duratlion of ths experiment, Piffep-
ent groups of bhese plents were lunoculated at suscessively
later dates, The npilirogen content of simllsr planty in
simliar condltliony was delermuined st eselr lnoculation dabe,
The resulbs presented in Table 8 clearly show that, as the
carbohydrabe/nitrogen vetlo rose, the Infectibility of the
plon ts Incrvesnsd rapidly. In the last seb of planbs to be
fncoulsbed nodules appearved afber 11 daym, which 1s the
ghorbest time yet ezmpevienced for any non-lagume,

Similar investlgations were nmade with Shepberdia

conadensgls dn 19567, Although trouble was experlenced with

browning of The roots, so thal plenbts were nob malnbalned
after nodulation, the results In Table 3 do Indicate a

ginilar pleture bto those of Hi

After 17 wesks' growbh frow bthe date of lInoculation in



Effect of Nibrogen Status of Plant on

Infeclblon in Hlppophed rhsunoldes.

B P N T et ol L AN P oAb S HAF A i) 1 o e il MU S M S M 4 e O i o e B et T P o T e $ e e O et Nkt bt o
Pime of %W oon-. Fumber of Humber of Time of _
inosula- tent of plants plants aods, Total
tlon Qg Inogu- nodulated appeap- nuwber
(days from  wmabloewr labed alber 6 log after of
transplant~  0f slwmie woelss inceula~ nodule
dng ) lay plants tlon
{days)
2 8.8 11 2 46 2
15 5.1 10 4 3% 5]
36 2.8 12 10 1l 53
e

The soedlings were trangplanbted at the cotyledon
gbage into nibrogen~free solution and remaluned
In such & solubion ﬁhﬁﬁﬁghmmt. The % nitrogen

{dry wb. Dasis) of keimols of seeds = 7.4,
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the main Shepberdis experiment o nedulated and 5 non-

nodulated control plants were hawvesbed, Thege plonbs are
ghown In Plate 3 ond thelr hawest dabte pregsented in Table
4, The mest vigorous nodulated plants were selectsd to
asgegs mexinmun beneflit of nodulation, The conbrol plants
which had remsined witbhout nodules rew showed 1ittle further
growth, They hwad developed ineyveasing signs of nitrogen

ol leaves,

0

deflelsncy with premabture yellowing and los
The nodulated plants were novw obvlously supsrior to bhe conw
trol ones In shoot helght, root length, dyy welght end
niltrogen conbent, albthough there had been a Gtendency to
loge leaves befove nodulabion wap fully established,

Caloulations from the deba In Table 4 show that the
mean perveentage nitrogen content of the rools and shoots
together frow nodulated plants was 2,87 comparved with 4,36
for nodules alone, muech verlation belug shown in ithe nodule
figure for individual plaobs, Nodule dxry welght as o poye
cenbage of tobal dry welght amounted Lo 5,9, The percentage
nitrogen for bthe coutvol plants was 1,56,

The remaining plants were suvsequently mainiained over
" thie winter monlths, Bolutions were conbtlnuoualy asvabed
throvghout thils psriod and the solubtions completely renewed
Yrom tiwme to bLilwme, In spite of this, however, both roobs

and nodules became brown and seflt and 1% sppeaved that the



Plate 3.

Plants of Shepherdia canadensis at time of
harvest after growing for 17 weeks fixxn
date of inoculation in nitrogen-free

solution.

Left: Nodulated plants.
Right: Non-nodulated control plants which bad
shed all their leaves as a result of

nitroge deficiency, X 1/3),
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plants wewre not thrlving in culture solution. It thusg
hecame necessary to dlscard the plants.,

The growth of non-nodulabed Shepherdia plants in the

presence of combined nitrogen wos further studled in 1957,
If, in the presence of ammonlium nitrogen, the pH of the
solutlon was malntalned at 5.4, growbth was satisfacbory,
Plate ¢ shows plants so breabed, At this pH the roots

repalned healthy, In contrast to the Dindings of the pre-

vious summer, when the pH was kept at 7.0,



Plata 4.

Non-nodulated Shetfaerdla canadensis plants
in Crone*8 solution pH 5%4 with 20 mgm.

ammonium nitrogen per litre. X 1/4).
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Digougsion,

The condltions wader vwhich nodules are formed on the

roots of Shepherdia canadengls are very slwilar to those

already obbained by Bond, Mactonnell & WeCallum (1956) for

Hippophaed rhamnoides, although they differ appreciably

fron corvesponding date for Myrles and Alnus as given by
Bond, Floteher & Ferguson (1954), In partieular, the

Shepherdla nodule orgenism does nobt show such a great acid

tolerance as do bhose of Myriece and Alous since a pH of 5,0

Inbhibits nodulablon, Hodulation has alseo been shown in

Sheopherdia to be puch more songlibive to bthe presence of com-

bined nitrogen In the culbure medium than is the case in
Alnus and Hyrica.

The views exprossed by Nebbe & Hiltner (1904), that
the fixabion of atmospheric nltrogen may be associasted wlth

nodulation in Shepherdia are confirmed by the growih experi-

ment data provided in Table 4. These data show definitely

that nodulated Shephsrdln plants ave able to grow and in-

erease Lthelir nibrogen content in a solutlon froe of eombined
nibrogen, The high pereentage nlirogen conbtent of the
nodules compared wilth the rest of the plant indicabtes that

it isa indeed wlthin the neodule that the nitrogen is iniltially
fized, Additional evidence of fixeiion and of the nodular

function of the Tixablon hag recently been supplled by Bond
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(19570) by a short Herm lsobople test., Afber exposing the

ropt asysbems of nodulsted Shepherdia planits to an exeess of

i
free 00 For 72 bours the greatest accumulabtilon of the

lsobope fixed wes subseqguenily Tound in the nodules,

From saeh vesulbs It Jg clesr that in the Shopherdia
nodnie therve exlshs a symbiobtic welablonshlp bebweeon endo-
phybe and host plent simllar to thet of the legumes iIn
which the producks of nodular flxation are made avallable Lfor
ugse by the plant as a waole,

If, a8 has boen mentloned sarller, 1t ie true thab

notnles of all three genora of the Elaecagnacesme havbour

the sawme orgenlsm, then bthe use of Hlpponphad maberial Lo

Ineeulation purposes need not detvact from the ecologlcal
sigmificance of the above axperiments. Admitbtedly evidence

of fixebtion has only so far been obitained fox Shepherdilsa

plents in wabey culbure, but there appears to be no reason
ko donbt, however, that nodulated plants wnder fleld con-

ditions will be active in fixzabtlon, Snpport for this idea
i given by Hoss (1963) who holds, what may well be a wide-

spread view, that ihe presence of {,canedengls lg an indice-

Lion of poor goll conditlens. Raup (1941) found Shepherdila

b0 oceur very freguently in bhe arctic and sub-arcitic ro-
gioms of North America and gpeculabted that 1t might pogsoess

special golleenriching powers, Crocker & Major {(1955) also
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report that Shepherdis is prominent In the early stage of
plant succession on vecently deglaclated nrveas at Glacley
Bey. Unforbupsately definlte conflrmalbion of nodulation
of the plants In sueh sibtuabtlons is lacking. The reporits

do however suggest that the Shepherdis plant in the fisld

can grow in very poor solls and being able to obbtalin
nltrogen from the abuosphere, thrive, On dsecaying it will
then enriech the soll wibh nlibrogen and thus ald the growth
of other plants on the same area,

br, 4, Terasmae, of the Geographical Survey of Canada

has Informed us that hig unpublished pollen studies show

Shepherdia to have been of fLrequent otcurrence In early
poa® glacirl tlmes in Comada, Tms both in the present

and in the past Shepherdie would appear te be the Hew World

counterpart of Hippoghat,



SETLTES OF BLABAGRUS .

Inbroduction,

The genus Blassepnug comprises 30 specles which

oecnr widely in Asia, Hurope end North America, Many of
thege mpeclos can vegsbabe in slmilay condibions bo

Shepherdla and Hippophat, belng fouwxl along the edges of

vater courges, in dried up waber courses oOr on SC10e8.

Cortain species hewever (B.pungens end &, Henwyl) have

serophytic charachbers with leathexry leaves and spluy shootbs

and grow in solls not too rich in ealelum, Eyhorbensis

grows on bthe shores of the Medlterransen, As in Hippophad

gl gﬁﬁﬁhaﬁﬁi&g go in Elaecagpus, the thixd geous of the
Ela@@géﬁe@&@, nodnlabion appeoars bo be of genersl ocourrence
and has been recorded since 1876,

Wobbe & Hiliner (1904) prew two plants, one nodulabod

and the othey non-nodulated, of Byappuetifolls In send froe

of gombined nibrogen., After four years the nodulated plend
had attained a belght of 180 emn, compared with 24 cm, fer
the nnmwmadﬁla@@@ conbrol, A tentabive suggestion of
nityogen fixation by the nodules was hence put forward,

Zouwe yeors later, in the couree of experimenta which demone

atrated the cross-~ingculatlion bebween Elassmus and Hippophed,

Roberg (1933) reportsd slgns of the fixatlion of atmospheric
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nlbrogen ln bobth genera, Penosjan (1948), whose paper is
avallable only in susmaery form, also sbtabed that he had

eyvidencse thet nodulated plants of [le

savg were indepeondond
of the presence of eoubined nibrogen.

It was with the alm of putiing these rabher vague
eonjechives as to the funcitlon of the nodules present on
the voous of Elacponug on bo a Livmey basis, that the follow-
ing work vias um&érmmam. Part of thils work hag recontly

been published (Gariner, 1963),



HMothods.

o previous ianformebion on the germinabtion of

Bloeapmas seed ecould be found, E,unbellabta geed wag ob-

bained from Thompson & Horgen, seed wmerchants, Ipswich In
19658, Afber treatment ab 48°C for several wesks, uwhieh is

the waual presreatment for Hippopbe end Shepherdia seed,

the seoods were gsown in sand in Mareh 1956 bat no germinetlon

resulbed, Beed of D,onsustifolia was then obtained from

Vilmeorin-Andrleux, 8.4, Paviz, via Bdinburgh Roysl Bobtanic
Gordens, in Fehraary L0566, and sown in gand withoub any
provious treatment, A 48% germinabion rosulted, This
speacles was thus used throughout the folleowing simdies,
Jinee germination was not at all wiform, being spread over
6 woeks, the seedlings aveilable for looculation purposes
were not all at the same abtoge of developument ab a given tinme,
Ihis necesslbabed reather long term growth expeviments to
obtaln significant diflerences,

The tap reoot of these soedlings elougabed very
rapidly after germinabion, hence trensplenting of the seed-
Lings to waber eulbure was begun even beforve the eobyledons
hed expanded,

Two to three weeks after transplenting and while sbill
in mediuw conbalning combined nibrogen the ropots became

rather stunbed, This was thought to be due to lack of iron,
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and hence the pi of the golutlon was lowered Lo 5,5 and
feyric citralte added, This bUroatment appeared to be
affective and normal growth continued,

Ineoculation was effected by applying to the roots a
azepension of crushed nodules obbained (by the kindness of
the Gurator) from o plant of E,punpeng grewlog in Glasgew
Botanlc Gardens, The ineocnlum was used at a sbrengbh of
2 gms. of nodules ian 20 nl. bap watow, After 4 weeks no
nedalod h&é appearved on any of the planbts, and 1t was cone-
eluded thebt the fnooulwn had beon insctive. Ag noted al-

roady, according o Robervg {1933} the two genera Llaecagusg

and Hippophat are eross lnoculable, A furiher Inoccuwlum

was bhewvelore prepared from Hippophad rhoymoides nodules

growing in the greonbouse,

The plants wewve gsabsequenily grown through the summer
pnd over bhe following Winﬁartwith perlodic changing of the
enlinre solubions and Lrequent checking of their pH, The

plants weyre evenbually harvested 16 months after Inceulation,
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osults.,

oy, o O e 2 40

Ag the Lirst signs of nodule formatlion were noted

an

enly five days after the Inoculation with Hippophad

maverdial,. It 1s not sbsoluboly cerbain bte wivleh incculstion
the formatbion of these flrst nodules is to be ascribed,

though 1t is more probable that the Hippophat inceulum was

rosponslible,

By ben days from the date of the Hippophae? Inocula-

tion, however, numerous nodules wore presenlt on the roobts
of the plenbs incculaded in niltrogen free solution at pl 6,0,
flo nodules appeared on the corrveaponding plaats at pH 5,0
or on the wninccunlated conbrols, tnce nodulation had been
abablishied the plants began to make good growth in nitrogen-
feeo enliure selublon, Durdng the flrst seven weeks after
inoeulabtion the conbtreol plents which were without nodules
showed only feeble develoupmont and begen bo ghed their
leaves, whoreas the nodulated plants made sabilafecbory
grouth, Planbts soven weoks alber incceulatlon are shown in
Plate 5, whille Plate € illusbrabes a Ltypical root sysbem
from one of these nodwlabed plants, The nodules were whibe
in colour and beginnlng to shew a lobed structure due bo
bronching, )

Since nodules were nolb fowmed until late In July,

the plants were not harvested at the ond of their first



Plate S.

a

Vi)

Plants of Slaea”“nus anguatifolla 7 weeks

after inoculation¥®

Left % nodulated planta*

Hight:- non-nodulated control plants (X 1/4)



Plate 6*

Nodulated root system of Llaeagnus anguBtifolia

from water culture# 7 weeks after inoculation.

(X 3/6)



30,

season's growth ut allowed to grow on inbto a second,

In bhelr second season the nodulabed plants were gpaced

out, one per jar, some In 8% and obhers In 5 litre con-
talners, The solublion in certein jars was nov also serabed

In a maonner sinilar to theb slready described for Shepherdia,

" i -
Asppbion appeered “to sult the Elssagous plant, By the end

of the second seascn’es growth the roediles had become much
larper compound branched stiructuves, A typleal root
sysbem 1s shown in Flabe 7,

After 185 monbhs! growth the plants were harvested,
Typical planbs are shown In Plate 8 and the harvest data
progenbed in Table 8, Nodulated plants are geen to be
vastly superdor in svery way, namely in slszse, dry welightb,
and nitrogen content, to bthe ceontrol plants, From these
Plgures the pereentage nitrogen (on a dry welight basis) can
he caleulinted for the varisus pards of the plant, Within
the nodulated plant the highezat percenbtage nibrogen s to
be found in bthe nodules, the appropriate mean Ligures being
5.5% for thke nodules, 1,.8% for voots and 1.8% for the sheoobs,

The econbrol plants showed a mean % nibrogen of 1.5,



Plate 7.

Nodulated root System of Llaecagnus anmngustlfolia

after two seasons' growth inm water culture, (A 2/5).



Plate 8.

Plants of Elaecagnus anpnastlfolla after two
seasons®* growth in culture solution free of
combined nitrogen” the plant on the left

bearing root nodules. X 2/8).
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Discussion,

T4 would seem from the work of Hobewrg (1933} and

that veporbed im bhe previous sub~sectlon on Shepherdia

thab the nodules of all the Blacagnacese harbour the some
endophijrbe, IT this 1s Indesd trus bthen the use of

Hippophat nodules ag a soupres of lnoculuwm dess not debract

Prow the escolopical slgnificence of {thogse experiments,

The conditlons for wedulation ¢f Blacappgnug in water

culiure are, as far as bhey bave been sbudled, similar to

these already veportod for Shephordie, nodulation belng

inhiblited by acid condiblons, namely, & pid of 5,0,

Thet eonbrol plants of Hepngastifolls witheut nodules

showed very feeble development wiwreas nodulabted plents
grew sablsfaeborlily snd accumulated subatantial smounts of
nitrogen when grown for B seasons in splubtion Iree of cou-
bined nitrogen, can be seen from Tebls S and Platesd and 7.
5 iz obvious bthat Cixetion of atmospheric nltrogen was
assoelated wiith the nodulabesd planbs, and bhere ave good
regsons for coneluding thet the nodules are the site of

Pizablon, In the case of Blossgnug the only diveot

gvldeonce of this go fer obbained is tha®t the percenbage
nibrogen conbtent of the nodule dry meibbteor was btwlce thalt of
the rost of the plant. However, sihee there s every

indieabion bthat the nodule function is similer io all these
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non-legumes, it is permissidle to vefer o evidence baged
upon more flly sthudied pgeners whiech proves thalt the
funetion is nedunlar. Thas, as nobed by Gordaer & Bond
(1987}, if the nodules are remeved from a plant, Indications
of nitrogen deflelency prompily appesr in the plant; btesbs
wilth lﬁﬁ show That such planis heve neo vpovers of [ixabtion,
although the debachsd nodules do possess such powers,

bgain, when bthe roob systems of aodulstsd plants are ox-
posed to excess oo 9 for = short pericd, the highesd
enyichment is unfalilingly shown by the nodules, By anslogy

it theveflore soems reassonable bto conclude that In Blaeasnus

bhe nedules are vespounsible for the Tixabtion,
Boeguse of the difficulty that pure culbures of bthe
endophybes are not avalladble, bBhe nodulated plants of

Blacagnus (sad of the other genere consldered in the Thosils)

wore nob grown under psephtle conditions, Iv camot thus
At once be assumed that The nodule endophyte ls the agent
of the fization, as ls generally belleved for loguwmes,
Various crganisme mey bave been inbroduced in the Ineculum,
and it mipght be avgued that the fixeblon was due to a cone
tominabing organism agseclated wibh the nodules, I6 sl
howeveoy be coneluded that the nibrogen fizing ovganism ls
in symbilotic relatilonshlpy wilh the higher plant, for 1t is
phvlouvs that bthe bulk of the nibrogen Tixed quickly becowes

avallable to the higher plant, while the latter is the only
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sourece from whiclk the ovganlsm can gain carbonaceous
materiale, larvge smounts of which mae®b be witllised in the
pechlovenment of the obgerved flzaltion. Thus the fixetion
it he inbra-nodular, and since mosh cytologleal obasrvers
have geen only one orpgsnism within the nodule, there ls ab
pregent no reason Lo doubt thall the nedule organism is
vegsponaible fop the fTizabtlion agsoclated with those non-
legame nedules, Tous 1t may be concelufded that as In othex

non-legumes lnvestigated, so In Elaesapnus the nodules have

the same fureblon ag thoss of the legumes,
Although nitrogen fixabdlon daba have been obbalned

for only cne species of Zlacasnus, there sesms no reason

why obther nodulated species should not likewlse fix nitrogen.

The same argoment holds tene fer Shepberdls., and since from

a sbudy of bhe litereture 1t would appear thal nodulabion
1z widespreoad In both geners, It may neow be sald thabt the
vagord fopr nltrogen fixabion in the Hlesesgnacess is now
complobe,

A measure of ths nitvogen fized Ty o plant wey be
derived by subbrseting a mesn Digure for the nitrogen content
of gonbrel plonts from that of the nedulated ones, Maxi-

nom flgures were chbained for Shepherdls and Hlasarus from

Pablos 4 and 5, These are recorded Iin Table & together

wlth dabe for HippophaB., Pixabion by Elseagnus over two

sesgons compares - satisfactorily with the value for Hippophad




Table G,

Date Tor Nibtrogen (imed by Mewbevs of the

Flaeagnageae,

vy rean 4

Fixation per Plant
{mgm, nltrogen)

Plont
lst moason 2nd geason

Shepherdia
eanpdénsis

7.9 -

Bldgesmus

aneushlfolls

Hilopophal

2,
=

) 26 | 200
rhamnoides

¥ Dabe Leom Bondg, MacOonnell & MeCallum (1956),
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obtalned by the aultbor, Both these genera weve found o
benefit fyom aeratlon of bthe culbure selution, A typiecal

Hippophatd plant 80 reared by the subthor is shown In Plabs 8A

g a wholes, however, the Eleeognaccese would appear to be
gsonewhat slower nitrogen fixers then other non-legume planis,
A Pizabtion of 12800 mgm., nibtrogesn by the end of the second

AJ

vear lg reporbed in the following pages for Nyzlea pale.

Fizetlon in Shepherdla paritleularly appsars poow, 5 has

alrsady Leen pelnbed oub that eulluwral arrangemenbs whieh
have proved satlsfacbory for other modulated plants appesred

unsnitved to Shepheydia.

Anderasen (k953) has reported the scourrency of

Blasagous poldlen In esrly post glaciel deposgits In Cenads,

while Major (1957) in & personal letier wveporbs bhad

Blesagmus coours on recenbly de-glaciated aress of Alaske

where ib grows vigorously on the nlimogen deficlent soll
snd bhe concludes thet i1t may function as does the alder as
a soll eoardeher, From such daba It weuld indeed mppear

had
bhat Blassenug may havaixm the paegbt and sHill hwa In the

present & parit to play in the Llegeochemisbyy of soll

nitrolen .



Plate 8A

liiodvilatecd plant of Hjppophae grown
for two seasone in nitrogen-free water culture.

(X 1/8)



STILIES O  MYRICA,

(a) Myrics gals. L.

Asg already mentioned in the General Inbroductlion,
mach work has been carried out in Glasgow on the physio-

Logical function of the root nodules of Myrlca pale,

Conclugive evidence of nitrogen fixation by these nodules
hag been obtalned by Bond (151, 1985), As noted by
MacConnell & Bond (1956%) a souvce of inconvenience in all
these previouns experimenbs with M,pale has been bthal when
sgedlings are hr&napl&%e@ from péa% traya to water culiture
with Crone's solubtlon and thelr roots trested with crushed-
nodule lnoculum, & conslderable mortality ocourred in the
young plants, prior to or during the sarly stages of nodule
formation, The present author bas conducted trials with
the object of finding the reason for this loss of plants,
which contrasts with the almost 100 percent establisbment

of nodulated plants usually obiained wilibth Alnusg, Hipphophad,

Casuaring and other genera,

CThe following were considered as possible reasons
for the unsatisfacbory sastablishment -
(1) Crone's solution asg wusually employed may be unsulbed to
M,gale, and in partleuler may be too concentrated:
(2) the nitrogenous reserves of the seeds may be Loo small

o maintain the young plants untll the nodules begin to



&6,

supply {ixed nibrogen;
{(3) the crushed-nodule incculum might conbain substances
(e.z., tanming) Injuricus bHo wroobs, or alternatively the
Incculum in the svrength previcusly employed might contain
oo few endophy tic cells to gilve maximm nodule formation,
Ant@xpeﬁiment was set up to provide Information on
the firsﬁig;d last possiblilties. Seeds germinated in peab
alfter the usual pre-treatment at 42YC for several weels
were btransferred Lo weater culture at the Utwo-loafl stage in
July 1965, Three culbture solubtlona wexe employed, namely,
Crone's nitrvogen-ires solubtlon ab MlIl strength and also at
guarter strengih, and & Hoagland nltrogen-free solution
{(Hoagland & Axnon, 1950) which, at one-gquarber of its normal
sbrength, was favourably reportbted on by Quispel (1954) as a
medium for the ailbvure of young plonts of Alnuﬁ.% Data

for the gross composliion of these solublons are as follows:-

* Hoaglend's KC1 0,95 gm,
H-froe aCly l,3¢g ¢
soln, MgS0, 1,20 *©

(iluted form) KH, PO 0,34

B4
Digtilled water 10 libres
4 10 ml, A « Z soln,

4 1.0 ml, Pe tarbtrate (satbt.).
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Disaolved mabter, Undigsolved mabbe

gm. per Litre g, per litre

of gsolublon of solution
Crone's, full strength 1.64 g 0,61
Crone's, guarber strengih Owdl Vald
Hosgland's, quarter sbrength 0,39 0

All solutions were adjusted to and malinbained at pH 5.0 during
the duration of the experlment, Twenty plants, dlvided bebween
four jars, were sebt up for each solution and with sach solubion
gmell amounts of cowbined nibrogen in the form of ammoninm
sulphate were added to cevbain Jars,

Inoecula were prepared Lrom nodules of fileld plants,
both at the normal sbrength of 3.5 gm, nodules éusp&nde@ in
100 ml, waber and ab btwice that glrength, The inocula wore
applied o the voots in the usual way,

The progress of the experiment during the two months
following inoculation is indlcated in Table 7. Ag In pre-
vious experiments, there was 8 considerable loss of plants in
full strengith Crone's solubtion, which the provision of small
amounbs of combined nitrogen did nobt prevent, The logs was
greater when the stronger inocoulum was employed, The dead
plants showed no or very sparss nodulation, prebably because
the planbts were alrveady unhealbhy and enfesbled at btime vwhen
nodule formatlon should have been active. The deta show that

in the dilubted Crone's and Heoaglandls solubtlons the exbent of
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nodula tlon aond the establishment of the planbs were maeh
luproved., The pregence of the low level of combined
nit rogen provided in some Jars appears bo have been ad-
vantageous,

These resulbs indleate that the difflculiies previous-
1y encountered in eatablishing M,sale plants in waber culbure
were due to Crone's solubtlon as usually employed being too
concentrated for these particular plants, Betablishment
1s satisfactory In gquarter strangth Cronet's solublon or in
g Ailuted Hoagland solubion. Of the two letber solubtions,
Cronets, pardlenlarly when combined nitrogen la presenbt, isg
preferable because of its superlor bulfering power, as
denonsbrated by HMacCommell (1956},

The comparison of growth in the different solublons
wag digecontlinued in October, LOBE, and the plants which were
required for subsequent use  In blochemical studies, were all
transferred to ¢guarter sbtrengbth Crone's gsolution and over-
wintered, In the following season, the solutlon was grad-
nally increased bo half-sitrength and the plants showed most
prolific growth, entirely on nodule nllrogen, and as a group
thelir rvapldity of growbth grestly exceeded the aversge shown
by previous populations of IH,gale planbs grown in full
sbrength Crone's solution, Plate 9 shows the abhundance of

the nodulatlion ¢arly in the second season, while Plate 10



Plate 9

Nodulated root system of I4yrica gale showing
abundant nodulation and the upwardly growing

nodule roots® early in the second season.
(natural size)
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Indicabes the shoot growbh by the heginaing of August of

the second saagan.. A typleal plant harvested in Sepbember .
1958 after 14 months' growth, for 7 of which it had been in
thie leafless condition, was found to conbaln 486 mgn,
nltrogern., The maxlmam nltrogen conbent obtalned by ithe
previous workers afber a full season's growsbh (7 months)

was Y8 mgm, Even allowing for the small amounts of combined
nibtrogen added in 19565 there ls a merked luprovement in
growbh, Pull havvest daba are gilven in ?abla S,

The above findings provide valuable evidence of bhe
activiby of the nodules of HM,male in the fixetlion of abtmos-
pheric nibrogen, and of the abillty of the noduleted plani
to grow lusariantly and pewvfecily normally in a culturse
golution free of combined nltrogen, In 1956 a second crop
of M,eale plants was sbarted, again In the dilubted Crone's
solution, Two bypleal plants barvvested at the end of Lheir
gecond season's growth atbtalned a total nlirogen contenlt of
1284 and 1266 wmgm, respecltively, indicating that these plants

algo have gshown luxurdant growbh,



Plate 10.

Three typical nodulated plants of liyrlca gale
in early August after 14 months* growth In

water culture. X 17/6)
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(b) Myrice cerifera L.

The genus Myrles conslslts of 45 gpecles distributed
throughout the temperabe and sub-bropleal reglons of the
world, It appears from the llberabture that nodulation is
typleal for the gemus, However, M.gale L, is the only
specles in which the physiologlcal funetionsg of the nodules
have been investigated bto any signlflcant exbent (see
General Inbroduction),.

i, corifors L., the "wax-myrtle" ls nabive only to

North Amsrica, where It has s wmore soubbevrly dlsbtribubtlon
than M,gale, Van Dersal (1938) shows 1t as occurring in
the South-eastern reglons of the Unlted Statbes, In babit
it varies Lfrom & small ghrub to a LB metre tree and ig bto
be found in sendy swamps or wel woods baiﬁg confined almosd
enblrely to coastal reglona (Ymungmma,~1919).‘

Harshberger (L1905} would seen to hmve been the Pirst

Lo precowd the presgence of nodules on the roobs of H,cerxifera,

although thelr presence on M,gale and ¥,mubra had already
been noted by Bruncheorst (1886) and Shibabs (1902) respective-
ly. Barly workers were entirely conceyned with the mor-
phology and cybvology of the nodule, Youngken (1912) claimed

the isolation of an Agbtinomycete, from M,cerifera nodules,

which when reinoculated onbo the roobs Fformed Incipient
nodules, Howevewr, the control plentbts also became ae@ml&ted,

and Fletcher (19565) criticised Youngken's clalas.
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A few conjectures as to whether the function of these
nofules was analogous to that of the legume nodule were

made fram-ﬁima to btime, bud no attempts were made bto confirm
this experimentally.

Seed of M,cepifera was oblalned Lyom Theupson & HMorgaan,

Ipswich, Trials by Bond (1951) showed that the begh
germlnation of M,gale seed wasg obboined alter 4 weeks pre-
treabtment In moist peat abt 42°C, No such data were avallable

for M.cerifera, tut Barbon (1932), working with M.cavolinensis,

8 closely related specles to N, cerlfern, reported the highest

noreentage germination after three months' storage abt +2°C,
P é 3

In 1956 a germinabion of 27% was obtained for M,cerifera

afber four weeks'! sborage at +42°C, Afber six months' stor-
age in the sbhove memner in 1957 the goed bLegan bo germinale
in the refrigerator,

Blnce only a small quantity of seed was available, bLhe
culture conditions best sulted for M.umale (see previous sub-
section) were employed, The seedlings weve thus Ltrang-
planted ab the two-leaf sbage into % strengbh V-free Crone's
golublon of pi 5,0, To some Jars 10 mgm, nitrogen (as
amponivm sulphate) per litre were added,

Por Incculation mrposes, since material of M,cerifera
1tgelf was not avallable, nodules from M,gale plants growing
in the greenhouse were ussd 1n bhe proportion 7 gm, nodules

to 100 ml, waber.
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in both years In vhich nodulation was stadlied, the

Tormation of nodules on M,cerifera was slow, 4 weeks or

aven & being required before the Dirst signs of nodules

appearad, No nodules appeared on the wnincculated contyol
@;anﬁa or on incculated planits vhich had beeon given 10 mgm,
nitrogen psy Llbre of culbure solubtion, Nodulation was in
all cases very asparse and was certainly nob a&m@afabla with
that obbained in i, l@funﬁar glmilor condibtlions, One

SR8,

possiIbility was that the culbural conditions wers not sult-
able, bubt against thils was the finding that bthe plants grew
vigorously when supplised with combined nltrogen, Another
possibility was bthat there might be a specles dlfference in
the nodule orgenism, Shibata & Tabara (1917) claimed from
oytologleal $tud1a§ that the endophybe present in The

nodules of Horubra, ¥,cerifera L,, and M,adenpphors Hance,

wag ackinomycebtal in vabure while thel In Gale gale, CK,

Sehn, {Myrlea gale, b,) was entively different. The present

suthor's experience doesg nobt beawr this oub, bub it may well
be bthat the l,gale endophyle ls only partly adepled to

gymblosis with M,cerifers,

The nodules when £irvst fomed often showed a pink
colour as observed by Pond (1981) for i,gale, Az a result
of branching the young ncdules developed a lobed stiue bure

out
and, again as in M,gale, bthe Lips of the lobes gr@wLﬁarmimg



upwardly growing "nodule-roots®, These nodule-rcoots wore
at flvst unbranched but later they Lfrequeably produced
lateral voots. This cocurrence of laterals is rarely seen
in M.pale., In one insbance the feormablon of 2 nodule on a

nottule~root wes noted ln H,.cerifera, These upwardly grow-

ing wvoocts are thought bto have a similawr signillicance o
those of M,pale which ave consldered Lo ald venillation of
the neodale which g otherwise covered in a leyer of cork
tlssue, Since theye has been no opporbtunivy to examine

fileld material of l,cexiferva nodules, it is impossible to

hnow whether, as Is the case in HM,gale, this upward growbth
off the nodule~roota also oc@rs in naturve, Araberpger
(1910} while studying fleld meterial nobed that a peenliariby

of M,eerifera nodules was bthat "their tipe grow out into a

naverow thread-lilke structure of ten attaining 1,5-% cm, in
length, This again sends out lateral branches which may
be found enbtwined among the roobs and grass blades," How-
aver, no definite menblon can be Ffound as o bthelr orienita-
tion In the field, The wodule vroots bear at thelr tips
nomual roob halre, wheress the reolt bhalirs of the main roobs
in the reglon of nodule formation weke alwayy found bo be
distorted as in M,pale (Flelcher, 1988), Drawings and

photographs illustrating these nodule feavures ian ¥,cexifers

ave shown in Plates 11 and 12,



Plate 11.

Hoot Byormia of first year x*yrlca oerlfera plants
showing sparse nodulation and the upwardly growing

nodule roots. X 1/2)



Plate 12.

negion 01 distorted
root hairs.

(»<0)
Top right:- Part of a root system of i«iyrica cerifera
showing lateral roots arising on the upw\y.rdly growing

nodule roots.

Drawings shpw formation and branching of the nodule roots.
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The growith of the noduless in culbure solution was
however very slow, snd although by the autuwun the nodulated
plants ghowed o superlorliy over the non-nodulated ones,
this wasg not consldered great enough %o provide conclusive
evidence of fixatlon by growth measuremsnis slone, A btest
wibh fsotoplc nitrogen, Isﬂy war Therelfore carrled out,

Two Lirset year plants, one wilth asnd the other withoutb
nofdules, were exposed in Soptember L9BY to en atmosphore
conbalining excess Lroe 15ﬂq The rool syabem of easch plant
was seoaled Into a special bobttle containing culiture solution
and & 30 mi, gas gpace which was then charged with the lso-
topic gas mixzture as willl be described in Dxperimental
Methods, 3ecbtion II for "attached" nodules, By this pro-
cedure the roob systems wers exposed to o gas mixhure
indtlelly conslsting of 20% oxygen, 164 nitrogen with 36

£ e s .
L. 1&ﬁ, and 657 argon, The plents were left

atom per cen
gealed in this manner for 3% days under the prevailing
greenbouse comdlibions, Ho gigns of deterloration in the
piants were observed as o roesult of this enclosure, The
plankts were bthen submibbod to Kjeldahl snalysls, the re-
sulting distillates belng evaporatsd down to small volume
and subsequently sgaayed for lﬁﬁ in & Mass Spoctrousber,
Ths inorcage in 1ﬁm'ﬂonten%y ag atom paer cenb., of total

nibrogen over ths nowvmal value is glven In Table 9 for each



GG,
el - - 3 * 3&5' P - -
plante. A considersble luerease in I content is shown

by the nodulated plant. There is no significant increase,

£
%

however, in the %K content of the plant yithout nodunles,
pinee the sppevent lncreaese falla ghort of the signiflicant
differense reguired,; namely 0.008,

The date presented elearly show that the fizstion of
free nitrogen was apsoeisted with the »oot systen of the
nodulated plent but vot with thot of the non-podulaied
plant. By analogy with previous work on non-leguwie sysiens,

it ean be dedused that those nodules of M. gerifeve poasens

powery of nitrogen fixetion. YThus the naburel piloneering

of soudy showes by M. ceviferfiis in keeping with the

pespession of nitrogeon Lizing nedules by means of which the
fortiiity of thoe sond is gradually ralsed and made mexye

sulteble Tor the growith of other plaubs.



Harvest and Isotopic Date for Myrica cepxifera,

Lable @,

Type of Plant Dyey welght . Nibrogen content | Abom % Loy
(mem. ) (mgm, ) 8XCO8S

Nodulabed &4 W G, 672 0,873

Hon-nodulatad 2L.5 G.182 0,007

Plants bad grown for 3 months in niltrogen-free

culiture solubtion before exposure of their roob systens

to excessn ree

15

"N for 3% days.
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SPULLES ON CEANQTHUS,

Introducblon.

Phis substantial genus comprlsing some 40 species ig
the only genus of bthe famlly Hhamnaceae to bear root nedules,
The genus is native only bto Norith fmerlecs bhough it hasg
beenn intreduced into other countriecs fLor ormnamental plantm
ing In gardens and shrubberies, In such situationsg, in
Britain at least, it doea not form nodules, bthe nodule
organlam presumably belng absenlt from these soils, |

Ceanoblms speciss arve of ben prominent members of the native

fleva of Worth Americea partlcularly in reglons in which
forests have been Lelled or burned, ’Tmara they grow rapld-
1y and Porm dense thickebs, Van Dersal (1938) glves dig-

tributlion meps for 38 specles of Cesnmoblias In the Unibted

States and 1t 18 clear that the genug has a very wide dlgw

byivublon, Some of the besgbt known specles are (,ameprlcanus

(Jergey~tea), C.,velutious (Snowbrush), C,inbegerrlimug

(Deorbiush) and C,ovabus (Redroot).
Atbention was firat drswn teo nodules on the roots of

Coanobthnus when Beal (1890) exnibilbed "tubercles® on the

roots of (,americanusg bo the American Assoclation for the

Advancement of Sclence, Bottonmley (1915) claimed the iso-

latlon of Daclllus padicicola from Ceenebhus nodules, and




Prom limlted experiments this orvgonlism was repubsd to
asgimilate small amouwnts of abmoespheric nitrvogen. Sincoe
he made no abtoempt bo reinceulabe plants with this organism
and thusg prove its ldentliy wilth the endophybe, 1itile
abtltenblon can b@ paid to this claim,

Wahlenberg (1930) veferrved to the rapld regeneratlon

of Ceanoblms, especlally (.velutlnus, afbter fovest fires, and

poinbed out that The nodules, I they were nlitrogen~fixing,
might play a valuable part in restoring fertility alter the
loss of soil nitrogen by fire, Quiclk (1944), reviewing work
on plant successgion Iln the Sugaer Pine Porests of California,

diseussed the lwmportance of (,cordulatug as a ploneer in

such areas and the posslbillby of nibrogen rizatlon by the
nodules, It is tentatlvely suggesbted that the genus, he-
cause of its widespread abundance, may assist soll ferbtility
and be an important facbor in the development of high quality
sltes for the growbth of timber, The data presented on the
growth of meedlings in pol culture appeared Lo Indicabe such

a soll improving effecet for Ceanpthus although no deiinite

conclugions as to nitregen fizxation were actually drawn,
b
Bond (L9557 raised two seedlings of Ceenobhus

azureng and seeured nodulation by the application of a
crushed-nodule Iineoculum prepared Lrom the combined nodular

maberial of C,velubtlimig and C,integerrims sent by alr-

mall from Califeornia. These two plants showed clear abllity
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to grow In water culbure free of cowbined nivrogen, By
exposuro of the roob system of one of these planbs to

oxcess free +OU guite e¢lear evidence of the occurvence of
fizablon In the roobt system, and by analegy with othew
genoeva, in the nodules in particulsr, was obtained, Plate 13
shows one of these plants, 30 far as ls lmown these date

provide the only published evidence of flxation in Cesnotbthus

nodules,

Becently, however, access has been oblbained to an
unpablished thesis pregsented at the Michigan State Unlversity
of Agriculbure & Applled Sciences, by Petry (1925) in which

there is a valuable study of leanobthuwg with speciasl reference

to nodule Tormallon, Petry secured nodule formatlon in

C.ameprlcanus by germinabing seed in babltat soll and then

compared the growth of nodulated and non-nodulabted planbs

in the greoenhouse in a sendy seil falirly low in nibrogen

and also In a ferbile greenhouse compost, The data shown

In Pable o were obbtalned after elght months' growth, The
improvement of growbth abtending the presence of nodules is
clearly marked parilicularly In the sandy solil, Since this
soll was by no means free of combined nitvogen, Pebry felb
uneble bto reach a firm coneluglon thal nedules were nibtrogenw
Pixing and referred to an albernative possibillty that the
presence of the nodules might In some unknown way have

gtimulabed the roots to absorb more combined nitrogen fLrom
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(X z2fs)

Nodulated plant and root ayetem of Geanothua

azureuB grown in nitrogen-free culture solution

by Bond in 1955.
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the soll, Petry also ghowed that there was & corpvelation
hetwoen vigowr of the plants in the £ield and the number of
nodules borne and that the removal of nodules led o a
logs of vigour,

In view of the possible lmporbence of Ceanothus

scologleally and in connectlon with forestyy the present
aubhor planned a series of experiments for the further study
of the development and functlon of these nodules, The
gxperiments of Bond (1957 In Glasgow described above,
suggesbed that no partienlar diffliculity atbtended the eultiva~

tion of nodulated Ceauothus planbs in water apart from

breaking the sitrong dormancy of the seed, Information on

this last aspect was subsequently obbained,
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Comparison of growbth of nodulated and non-

nodulated plants of Cognotlme amerlicanung In

two solls (from Pebwy, 1985),

i
]

LS
i

e

Non-netulabed Plants

ity

Nodulated Plants

S0l Meon aip- | Mean H Hean alpr- Hean N
Type dry wolght! content dry welight | content
- pey planb per plant per plant per plant
{mgm, ) {mpgn, ) (mgm, ) (mgm, )
Sandy , VO 2 450 13
low H -
Gresnhouse 440 9 aLo 177

compoat




Mothods apd Hesulbts,

Ag already loplisd, Pond in hisg 19585 experluments

obbalned poor germinabtion of Cganothus sced, On closer

gbudy of the liberature relabling to this genus, however,

1t beceme clear that the seed Is apt bo exhlbit persistent
doxmency vwnless drastleally treated, Pebry (1925) broke
this dommancy elither by treabment with concentrated sul-
phuric acid or hand gscarification wibth sand paper, Van
Dersal (L938) by heat treatment, and Guick (1944) by cold
treatment followed by heatb, It ig of interest in thls con-

nacblion thab the rapid sppearance of Ceanotlums sesdlings

after forest flrves is thought to be partly due to the broalk-
Ing of the seed dormency by the heab of the firve.
The present aubhor achleved gatlsflactory germinabion

ranging up to 7B% with several specles of Ceasnotlms, The

seeds were elther scarified with send paper or imaersed in
water, heated to 80°C and left thus for five minubtes, As
bhe quantliy of seed of eny one species was limlted, com=
parisons of btreated or untreatsd seed were nobt abbempted,
However, where possible different btreatments were compared
for o parbicular gpecles, and it would é@em that differvent
specles requlire speclific treabments, On scarlfication with

sand paper C.Follosus gave 40% germination although no gor-

minatlion was obbained when heal breotment wag applied,
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Some specles gave no germinabtion despite differing pre-
treatments; probably the seed was non-viable.

]

In 1966, B0 young plants of C,.rigldus, C,ricidus Var,

albug, and C,"Topas", raised from seed obtained from the Royal
Botanic Garden, Bdinburgh, wers seot up in the usual manner

in water culbture at pH b or 6 and glven low levels of com-
bined nitrogen pending the arreival of the noduleg for
inoculation, Growth of the plants was satlsfactory and

very long white roots were formed,

Nodules from C,inbegerrimig were veeceived sarly in

June by alr-wmall from Dy, W, W, Wagensr, of the Callifornia
Forest & Range Lxperiment Stabion, U,5, Deparbment of Agrl-
culture, Owing to the labtensss of the spring thaw, howsver,
the nodules had proved difficult te obltein and only a small
guantity was sent, An Inocuwlum wag prepared by grinding
0.8 gm. nodules with 3 ml, water and applied to the roots
in the usual way, No nodules resulbed frowm bthis inocula-
tion, although the plants remsined ressonably healthy (con-
gsldering they were In nitrogen free solutlon) and were kept
under observablon for a porlod of four months after inoculatilon,
Bince bhe treatment of these plants differed in no
mabterinl way Lfrom Bond's bests of the previous yeur, this
failure to obitalin nodulatlon was rather surprlsing, Ad-

mittedly the plants grown dld nob inelude Bond's species
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(gmgggrﬁgﬁ) since geed was uwaprocurable, while the nodules

used Tor inoculation were Lfrom (. integerrinmus rather than

from that species and (,velutinus, but at the time bthese

differences were nobt thought imporviant, The fallure of
nodulation was thus aseribsd to the swmall quanbtlty of
inoenrlum available,

Az, in the spring of 1987 an offer of nodules was vre=-
celved from the Divecltor of the Porest & Range Experiment
Station in Portland, Uregon wherse large gquantitles of easily
scceaslble material were available, further sowings ol seed
were made and 150 gseodlingssed up In water culbure. Bome
200 seeds of C,azureus were obtained frowm Thompson & Morgan,
Ipswich, but desplibe various prethSatménts none germinated,

The seedlings used were chleflly of C,thyrsillorus and

C.foliogus with smaller muwbers of C,rigldus and C.pavedii,

Three generous samples of nodules were rvecelved by
sir-mall from Rogsburg near Oregon at the beginning of May,
June end Jduly respecbively, avwriving € days after collectlon
apparently in goeod condition, Some very lerge nodule
clugters were included as shouwn In Plate 1&, The first

two nodule consigrments wewe of (,velublmig, var laevigabus,

wirile the third conbalned in addlblon nodules of (C,intew
gorrlmig., On recelpb of each bateh of nodule materlal,
inocula were lmmediatbtely prepared by grinding 10 go. nodules

dn 100 ml, wabter and applled to the roots in the usual way,



Plate 14.

Large nodule oluster of Ceanothus velutlnus*
var. laevigatus collected from -t“oseburg, Oregon#

X 5/6)
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Despite these repeated inoculations no significant nodula-~
bPlon was obtalned, Only In Septembeyr 19567, 9 weeks alter
the final Inoeculation, did one to two nodules appsar on HThe
roota of each of thres planbs, Ag In the previous year,
the plants vemalned in healthy condition, apart from the

expecbed gyuptoms of nibtrogen deficlency during the summer,
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Uiscussion,

The egtablishment of a symblosis under artificial
conditions lg liable o prove dlificult at any time when
little previous Information Is avallable, but it is esgw=
pocially so when thewve ls the added compllication of obtaln-
Ing endophyte materlal from abroad,

Nodulation wag, however, achleved by Bond in 1955 (see
above) snd in light of thls much thought was given to the
experimental procedure which in this case bas proved un-
suneccesasful, The oanly obvlous subsbential difference was

that the Usanoblug species grown did not include that in-

which nodunlation bhad preciously beeon established and although

a mixed inoculum from C,.velublnus and C,ntegervrimug was used

in the final inococulatlon, previocus wmalerial was Lrom

C.velutinug slone, It is poseible that In this larges genus

(ag in the Leguminosae) there is a sgpecles specifilcity, in
that not all species are cross-inoculable, the few nodules
vhich were obtained in the present aubhor's experviments
béimg dae Lo the presence of the corrvect endophybe in the
goll adhering to incoculwm manterial, However, thls aspect
would be Aifficult to Investigate unlegs easler access o
geed and nodules of a range of species was avallable.
Atvempts Lo seoure nodules of the specics of seed avallable

wore made, bult proved unsuccessiul,
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A second possibllity s that infecbtblon from crushed-

notnle inocula is unreliable in Ceanobhusg and thalt Bond

happenad o be foritunate, Ihis, 1t may he nobed, seems

to be btrue in Coriaria accordlng vo Glasgow experience and
that of two other invaa%iggtmr& (Bond, personal communicatbion).
It appears that the organism in bLhe nodules of this genug

is nobt capable of further infection and Infection can only

oecur by means of cells of the endophyte exisbing in the
apll,
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SUMHARY O SECTION I,

1., Hodulation of Plant,

Successiul methods of obtaining nodule formation on

the reoots of Shepherdis canadensls, Hutt,, Elaeapnuy anguatl-

folle L., and Hyplen ceyifers L,, growing in nlbrogen-free

culbure solubtlon have bheen found, Abbtompls to obtaln

nodualetion in varlious specles of Usanothus have go fay proved

nnsuccessful,  An improved mebthod of culbturing nodulated

plants of Myrice pale L, hag heen developed,

The effect of variatlion of the pH of the culburs

golution on nodule formation in Shepherdla and Elasagnus

hag been studled and resulbts very simllar to those obtalned

in previous invegtigations Iln this Depariment for Hippophab

are reporived,
The pregence of combined nitrogen in the culbure

medium also produced an effect on the nodulation of 3hephewdia

gimilar to thet on Hlopophad. The additlon of guall amounts -

O mgm, nitrogen per 1libtre of culbture solution - Inhiblted the

formabion of nodules,

2, Pixabtion of Atmospheric Nitrogen.,

By means of long~-term growbh expecimenbg it has been

demongbrated that the root nodules of Shepherdian and Tlacapnus

ave capable of fixing atmospheric nltrogen, Thege findings
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together with the previcus work oo Hippophad complete the

vocord of nitrogen fixablon Tor the Blaeagnacese,
K X, » ;“ &
A ghort term lsotoplc experiment employing 195 hag
shown that nitrogen Lixebtion ls assoclated with the nodules

of Myrlica cerifere,

b Boologleal Hignlflcance,

It has been polnted out that these non-leguminous
nGQmia plants are widely disbributed at the present time,
oecurring typleally in poor solls such ag sendy shores,
recontly deglaciated areas or land devastated by fire,

By the possession of specisl facillitles for ubtilising abmose
pheric nitrogen bthese plenbts wonld be able bto enwvich these
golls and thus allow them bo he colonised by ebher plankts,

Fossil pollen evidence Indiecates that Shephepdia and

Llasagnug oceuyred In posit-glaclal times and it has been
sugpested that these non-legume plants may also have been

imporbtant biogeochemlically in the past.
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Within the last twenby years many biochemical pro-
blems hitherto virituelly Inscluble have been elucidated
by tho use of lsobople tracer metvhods Gogethweyr with the
aoplicatlion of the moye Pecenitly developed diromatographic
bechnigues, Our knowlodge of nitragen wmetaboliesm in
particulay both Iin plants and animeals hag advanced greably
gince the avable isotope of nibrogen, xﬁﬂg became genorally
available and the bechnlgues of separating homologous amino
acidg established, Reeont blochemical sbudies on the pathe
way of blologleal nibtvogen fixabtion have involved bobth these
pPrOcesses,

A yevlew of the chemicel mechenism of nitrogen Diza-
tlon by Wilson (1940) revesled two main theories as to the
nature of bhe key Intermedisbe bebwesn molecular nitrogen
and the fireb crgenlce nibrogen compound assimllated, Those
wore the classical "smmonia® theory and the more rocent
hydroxylamine® theowy,

By enalogy with the artificial industrial Lization
of ataospheric nlitvogen and the nlbrogen mebabollism of
ordinary plants, meny workers suggested, withoubt any experl-
mental basls, that swmonis was an inbtermediave in biologleal
nitrogen Fixation, Jostytschew & Ryskelisehuic. (1925)

showed that 25% of the nlbreogen exereted by a young culiure
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of Anosiehacter consisted of awmmonis, the vomainder belug

amine nitrogen. Lhis excreted nitvoegen was baken os
rapresenting intermediastes of finabtlon rethuer thon AeCOme

o~

tne PV Peodaet of o Liaion o litwea "0y "ulta “aniie “Befda o8
the fivet preduet of fixation followed by the anine scids.
This work was eriticised on the grounds that the cultures
may noet have been ypure and that the gompounds cxnereted
need not kpave been iniltial in fommwiion. Vinogradsky
{3986) clalmed thet asvwonis was also the key interwediste
in pymbiotle fixstion by lezume nodulesn bub bis cledim wvas
not upheldd by any relicble eipoerimental evidence. _

The more popnley hydrosylanine theory hoed been HPoe-
| posed by jﬁl@m' (1931} on purely bypotheticsl prounds. Howe
évaﬁg the finding Shat &ﬁg@ﬁﬁiﬁ aclid was the initial pro-
dunot excreted by jﬂuﬁg legune nodules led Vivitsunen & Lains

(L939) to propose the following mechsvismie

W o —> hydroxylenine QHLIG-
: —_— siecinie —> agpartic acid
+ : aeld

oxalasetic
aeid

The subsequent finding of exalacetic aecid in jegume planis
together with the detection of trpoes of the oxlme in 6=
grobed products was regovded as fuyther proof thet hydrosyle
erpine wos the key lntevmediste of fixation. 4 similey

gxgretion of oxime had been reporited eariier by Lndres
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{(1934) from Agobtobacber where 1t bad beon regarded as a HLy-

product of metabollism, Virtanen (1939) rejeeted the
ammonls hypothesis on the grounds that only once had o btrace
of glutamic scid been found excreted and in contyast bo
hydroxylonine, amuonia wveachs equally well with oxalacetle
acld amﬁ\c&—k@tagint&rie aclid, Rence, if ammonia is an
iﬁ%@ﬂﬁﬁ@i&t@lﬁﬁbﬁ asparblc and glutamle selds should be
formed and exerebted, The formation of aasparblc acld fyom
ammonla end fumaric acld was also suled oub a8 no ogparitase
had been detected In bhe nodules (Virbanen & Lains, 19258),

Thug in 1940 the lubermediate wrole of hydroxylamline
in nitrogen figﬁﬁimm appeared the more atitractlve theory.
Later, howover, several worlers ﬁ?t@mﬁt@ﬁ o repeabt the work
of Virbtanen on legume nodules ﬁmﬂ;inV%@ﬁig&ﬁ@‘ further the
products exerebed, Those workors Lailed to cobbain any sube
gtantial sxereblon of nltrogen fvom the nodules and it was
impossible bo galn conflrmsblion of Vivibanen's resulis,
Viebenen's work was also critlclsed as there was no evidence
that the compounds excreted borve any welablon tw the Inilbial
gompounds of fixation,

In the early nineteen zforities the Wisconsin group

b

asgoclated with PV, Wilson and RH, Burris, inbroduced the

15% as o tracoy in the

uge of the stable isobope of nilirogen
study of the pathway of nitrogen fizatlon, Bapris (1942)

{u
gbudied the dlzsbtribublon of Tixed lQﬁ In Azobobacter which
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had been supplied with excess fres 1% ror shovt periods,

Although hampered by the Incomplebte separaition of the
amino acldy, Burwrls showed that the greatest percentage
oxcess *OF was in the glubemic and agpavitic fractlons and
Indeed that the glubamic showed the greaber envichment,
Thisa high level of g an glutemlc acld was regavded as
gvidence lu fovour of ammonla pather than lhydrozylomine as
the Inbtermediate of fizmablon, ﬂ *

Parther daba poinblng to the signiflcance of smmonils

in fization by Azgbobacteor was provided by Bupris & Wilson

(1946), A culbure grows on molecular nitrogen was supplled
with asramonia labelied with 9y, The eells dmmediately
stopped fixing nibrogen and usged the asmonls ag bthelr oxe
clugive source of nitvogen. Wnen Mu.labelled nibrate was
supplled, however, no +O8 was found in the cells For 30
mimabes, In contyrast to lits detechion in one minubte when 15y
ammonla was gsupplied, It was thus concluded that cells
grown on nitrogen bhave prefermed within them all the enzpyues
neceggary Loy the utilisatlon of awmmonla, hence when smmonla
ig supplied lrom an exbernal souree it la incorporabted
Imvediately inbto the eells, This also suggested that in
the fixabtlon of nibrogen amuonia wasg an Intermediatbe, The

Agobobactor, on the other hand, mast adepdt iteelf Lo the

ubilisation of anlbraba,
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Moinly in visw of this now lsobtople evidenceo
Yirsanen {1§&?39~aman@@& his postalabted scheme for the
mechaniam of Fixetion, The fact that abt this time ne
snzymes were konown which would catalyse the veactblon betbwesen
gdronylanine and the o«-kebodlecarboxylic aclds vherensg
that formlng glubtamic scld from &~keboglutariec acid and
amnonio waes well Inown in plants, also Inlluenced Virbanen,
However, the lsoboplc wesulbs do not exclude the possibility
of hydroxylamine ag a precursor of amuonia in Dixation and
thas Virbanen suggested that possibly hydwozylamine was
chilefly veduced to ammonia and the formation of the oxiwe

was o non enzymetlice alds veactlon, thusse

Ry wermeed  hgdpoxylamine .. » ammonia
i
«'%w. ‘:}ﬂ

oL~ ketodilcarboxyllic « - ke todicarboxylic

aclidg ﬁ acids

v v

oxine > aminodicarbomylic

aclds

(aspartic & glubamie)

Rogenblum & Wilson (1950) established that Clogiri-

dlum pagbourlopum excreted Into the medluwm a covsiderable
porblon of the nltrogen Pixed, Az up bo BOY of the bobal
nitrogen fized way be excrebed by bhls anaerche and ag

axcretlion begina in the early steges of growbh, it was thought
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that such exerebted nlbrogen might arige ag an inteprmediate
in fizetion rather than & product of mebtabolic decomposiition,
Zeliteh, hogenblum, Burris & dilson {1951a) supplied aciive-
15

1y fixing Clostridium cells with ’ﬁﬂm for o shorb tine,

Fproe ammonls with an exbremely high 15 concentration wes
isolated from bthe mediuwm, womewhat lower concentratliong,
buat ¢ ﬁill’ammﬁiﬁ@rably in excoess of the average el ther of
intact eells or gupsrnatant medinm, were found in the amide
fractlon, These dabte with the anaerobe provide direct
gsupport for the view that anmuonis is & koy inbermediate in
Dilologicel nitrogen Lixabion,

The ehromatographlc separetion of amino aclds
developed by Moows & Stein (1948) first on sterch and later
on lon exchange coluwmms offered o means of studying the
chemical pathwey of nitrogen Lixabtlon aud was employed by
Zoliteh, Hosenblum, Buwvrls & Wilson (1951b) to sbtudy the

15

distribubion of fixed § In Clostridiwm, Afver exposure

" E‘\ )
to free nitvogen or ammonia enviched with &Qﬁg the cells
ware hydrolysed with OF HClL, The amine acids of the
hydrolysate were separabed on & gbtaveh colunm. Repardless

15 was gupplled to the eells the 15 yag found

of how the
in highest concentwatlon in the glutemie acid,  Ammonis,
alanine and asportic acldd bad an apprecleble enwrlchument

% : @ 2 Py e "
while the bhasie aminge acidsg were low in 1“&. I ammonia
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lg an Intermediate in nitwvogen fization and is used o form
glutomic acid, the 19 concentration of the free ammonis
should be ag hipgh aw ovr hilghew than that of the glubemic
acid, Tt wanp argued, however, that the hydrolysis of the
sells would libervate clder unlabelled ammonia from emides
and thus dilute the 185 of the Free gukaonia , Theae rasulis
together with the previous findings of Zelibteh ¢t al,

{1951b) that lesbrldiun excreted exbremely highly labelled

amnonia into the medium lun a very short time wope takon as

indicabtive of the role of amnonia In Tixstlion io Cleogtxidium,

On the principle that infovma tion concerning Aiffere-
I .

ent bypes of nitrogen fixing agenbs is inberently inberesi-

ing and useful in examining the comparebtive biochemlstry of
flxatlion, other sueh orgenisms were examined in the above
menner,  wall, lagenknecht, Newbon & Burels (19562) ine
vagbigated the dlgbrlbution of {ixed 8% 9nm the PROGO~

gynthetic bacberla, Bhodospirillum, Gm*mmtima and Chloro-

backerium, whille Magee & Burris (195&) studied the blus-

greon alga: Nosboe, In each organlsm an isctope distriin-

tlon simllarp ‘{ that found in Clostridivm wasg obtained

whobther +OW gupplied as nibrogen or ammonia,

The Wisconsin group have algo carried out similar
eiperinonbts with legumes, but gresbter technlcal problems
avoss here, Large nmumbers of plants were required to

yleld sufficlent nodule meberial for isotople assay alter



65,

fractionablon, and o have wholly enclosed the plants to
expose ihelr nodules wo 184 would heve been very exbravag-
ant Iin isobope. To expose the root aysboms alone was more
aconomical bubt Involved the usge of roelher dublous sealing
devices at the base ¢f the sboobs while 1t wag also lnown
that the labelled free nitrogen tended to escapo through

the shool blssues to the exbernal abmosphere, With elther
procedure part of bthe labelled products of fixatlon would be
logt from the modules into the plant durlng the period of
LEPOBUTE,

Thepre would be many adventages I nodulss could bhe
detached prior to exposure o the 15&, However, ever since
nodulens wore reallsed to Le the sibte of fimation, vRsuccesge-
ful attempts woere made bo demonsbrabe that these nodules
conld continue aotive Lizmablion after debachment, It had
been hoped thalt the use of ihe highly sensiltive lsobople
method would detect fixetlon. %m?ﬁié, Bepling, Wahlin &
Wilson (1943) however, found anly occasional positive evid-
ence fov :ixaﬁi@n in debached leguwme madgl@s using 15%,
Machata, Purrls & Wilson (1947) and Tove, Niss & Wilson (1950)
tried to aﬁimula%@ fixation by adding various subsbrates bo
the nodules, mbt in bobh cases results were still Incon-
c¢luaive, Therefore in the Lfirst fractionablon experiment

Zalliteh, Wilson & Burris (1988) exposed the roob sysbems of
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nodulated Soybean plante to an atmosphere enriched with 15ﬁ,
The subsequent disbzibabtlon of the isobope in the hydrolysed
acld exbract of the nodules once sgain wvealsd that glubam-
ic acld conbained over twice as mch 29§ ag any other amino

acid and over three Uimes bhot ol asparitle acid,

n 1952, however, Apriscn & Burris, by rvestricting
thelr lsotopic analyees to the soluble nlivogen fractlon of
the noduls rather than the btobal altrogen, obbalned covi-

sigtent evidence of Pixzation by exclasd logume nodules,

The results indicabed thot fizxation decreased rapidly with
time, and ceaged completely alter six hours. The fization
afber debachment s lnsufficlent to increase the avevage 1o
content of the bobal nitregen of the nodule by a significent
emount, Using debached nodules Aprison, Hagee & Durris
(1954) further Investipabed the chemical pathway of fizatlion
in Soybesn nodules, The alstribubion of fixed 10K was
exomined after exposure periocds of 1 to 2 hours, A
appreciable quantlitics of amide nibrogen were Progent, Pros
sanblions were talken to avoild hydrolysis of the exbract be
fore fractionation, Despite this the freo anmmonia and the
amide amumonia whether from asparagine or glubtamine had much
Tower +% goncentrations bhan glutamic a2cld, vwhich contained
the highest of any amino acld or ulbra violet-absorbing
compound exemined. Aprison gb gl., abtbributed the low

labelling of the free amwmonia bo ids dilution by ammonia
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@wo&mceﬂ catabolically by senescent tlasue of the nodule,
The resulia were therefore pegarded as in accordance wilih
the general pleture of nitwogen Fizmation formed by oxaring
tion of other orgenlisms,

Tt would thus appesar bthal the diverse aysbems examined
by the Wisconsgin workers, namely, aerobic and anseroble
bacteris, photogynthetic bacterla, blue-green algae and
legume nodules possess the same end product of ixabtion,
namely glutamic acld, This iz considered Ty the Wisconsin
workers o be in accorvdsace with the proposed pathway fowp
fizxation glven on page 62 , with the aino acid gynthesis
from ammonia belng bhe main pathway in & guentitative gense,
Althousn these workers have abtltomphbed %o Investigate fuwrther
the suggested vole of hydroxylomine in Pization, greater
tecimical difficulties arise and so fary ne conclusive re-
gonlis have been dhitained, while Vi@ﬁéﬂ@n {1.956) hasg Found
it impossible bto renew his esrliier resulbs concernlng bhe
pragence of oxiwmes in legumes,

Most of the recognised nitwogen Llixing systemy have
thna now besen investigabed, However, no atitention had been
pald to the non-legume root nodules,  As mentioned in the
General Introduction and from the resulils pr@&@ﬁﬁ@@'im
Seatbion T of this bthesis, it lg clear Thet these nodules
possess bhe same physlologleal signiflcance asg do legume

nodulos, The non-~legume nodules, however, dlifer greatly
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‘é

from thelr leguwme counberparts in the nabure of the endo-

phyte and the orgenigation of the tisgues (ses Fipuve B).
It wag Lthus of inbtevest to lnvesbtigebe Lhe wmechamisn of
fixatlon in these nodules, Lt waes considered ithait such
an Investigation gave the opporbunily for a comparative
bilochemical gsbody, which might well prove of value in

glucidating the fixation process as a whole. By viritue of
1ts greater capacilby for Limstlon affer debachment frowm the
plant {(Bond, 1857b) the non-legume nodule provides move
favourable maberdal than previoualy avallalbile for studying
the symbiobtle fizatlon procesns. Since the aldeyr had been
mogt extengively etudiesd with wvespect to fization in Glasgow,
it was chosen Topr the firgt blochemical d%mdi@a

In preparablon for isoboplc ezxperiments some prew

Lininary lnowledge of the nibrogenous consbtltuenbg of the
plant is reguired, The free asmlno acids of bwo Furopean

speclies ol alder, f,plubinosgs end & incana have been sbhadied

by paper chromabography by Hiebbinen & Virtanen (1952),
Citrulline was ghown bto be the predominabling free amino acid
of the nodules accounbing for about O, 2% of the nodule dry
welght in summer, rising to 0,9% in avbumn and to almosi

2,0% in winber, It algo occourred in smaller guantitisa

ian the roobs and leaves of non-nodulated planbts grown on
combined mﬁthQQm, and hence 1% was nob agspciabed specifi-

cally with nitrogen fizxation, This appears to be the firsd
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zepoxt of citzulline in higher plemts since its dlscovery
by Wade {19304 ln the water molon. 1t becaome well known
however, in the intervening yearg ln enimel meinbolisn as
avn intermeddate in the Krcbs "oyxnlithine oyelel. Giher
gnine aselds fonnd in alder nodules by Miettinen & Virtonen
were glutanic oud apperitic aclds, Y-anino butyric aeld
and traces ¢f eyginine and orpithine. No saides wers found
in the alder, 2 steiking difference Lyem the legune nodule
in whish ssperegine and gluntanine were abundant. MHiettinen
and Tirienon sttyibuited to citrulline in the alder the rele
of nitrogen gtevags and transport ustally attributed to the
anides of other planis.

As tho methods of f&i@‘iﬁ'ﬁmm gnd Virbanen (loec. cit.)
yielded enly semi-guembibative date, o further quantitetive
suwvey of the individupl amino scids present in the free
state in the noduleg of the alder was desirable . This

&
W pm;ﬁ. cgularly 80 when subseguent | wlii investigations
were plenned , since ¥ee relabively lerge samples of
nitrogen aye yequired for gsoay i o BLSS {‘5},’)@@'&3&3@&1&%'@3@3’2’;
The yield of individuel smine scids te be expecited from
& gilven welght of nodules had thus to be deternined.
The work to be desecribed in this Seetion of the

Thesis conslste therelore of experiments with flnuvg

glubinoge and Myries gele in which the nodules ave

15 X Vs
exposed to excess N and their nitrogenous fractions

3

aapayed fox isotope gontent. Studies of the natuve
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of the nitrogeseous subpianees present in dhe nodules of

Hippoohee rhameldes and Cagearins cupninghemisng heve

[EUE et VN AR

alee been made but these nodules have not boen exposed

The work deporibed ln thip payt of the Thesls »@w
presents & joint lnvestigatioa esonducted by the authey,
Dete Go Leok and Ir. G. Dond. The lLabter suggested the
investigavion and provided the alder plenits utilised,
while he and the suthor joindtly @w?wi@d out the exposure of
all the nedule moterial %o eXceuss &éﬁ. The subgseqguent
analyticol snd chyomaitogrephicnl operationn vere perfcrmed
under the supevvigion of Dy. Leaf. In the case of the
Alpues material the operatieons were cervled out jointly A
with him, but the authoy persenally perfeymed the snelytical

operations or the molerial of the thise other genera.
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METHODS.,

Plant Material Used,

Bxploratory work on the exbraction and fractlionacion

of the Lree smino sclids of Alnus plutinoss was carpried vut

using field nedules colliected from Milngavie and Stockiew
mulyr, Dunbartonshire, For the main experiments lnvolving
axposure o excoess free 35 material was provided by Lfivst-
vear alder planba whieh had been reared from seed In the
greenhousa, Av the two-leal sbage the seedlings had been
sransplanbed fyom the sead in which they germinabed inbo
nitrogen-free Crone's culbture splubtion (pH B=6) and
inoculated in the usual manner (see Genewral Methods,
Sectlion I). The nodule materlsl wasg exposed Lo an atmosw
phere contaluing excessa free 0% 4n 1955 bebuween 8th and
14th Septenber, by which Uime the planibs had atiained a
mean average height of 16 em, Farther sxposuves of
nodules ffam“%iﬁilar materlal were mede in Augusb, 1956 and
KREEN Typical plants used are ghown in Plate L5

Mywlea pgale nodules were likewise obialned Lrom

groenhouse~-pvoared planbg, In this case in thelr second
seagon of growbh, Typlcal plents ave shown in Plabs 10,
Seobion T, Nodules were exposed Lo excess 9N betweon
S0bh July and 9th Auvgust, 19506, Matverial for paperw

chrome bographlcal analysls of Hilvpophag and Casuaylng was

-




Plat» 15,

(x 1/g)

][firBt year nodulated alder plants typical of those

16
exposed to excess free N.
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also obtained from plants reared In the greenhouse, in the

3

lantber case by Ly, G, Bond, Hodules of Aloug rubin were
§ .

ghtalned from maberial sent by alr-mall From Amewlea,

e D W e : . 8
Exposure of HNodwlos to emcess fyee 19,

Although detached nedules are much sispley to work
with than whole plantes, 1t was desiveble bo ascertaln vhethew
devachment in any way albered the course of the flxation in
the nodule., It nmast be remenbewred thabt when using de-
tached nodules in short term oxperimenis lrvegular metabol-
igm due bo injury may bave an imporbant effect, while in
longer exposures bhere may bs an wnnabural accumulabtion of
nitrogen compounds in bthe nodules sinee no btransloeablon
to the proots and shoots can cceury, In the 1985 experi-
ments wlih alder therefore, noGules were in some caged GX-
pesed to isobople nibrogen bafore detachment from bhe pland
and in obthew cases after dobachmentb, M all subseguent
isobople work detached nodules were employed,

FPor such experiments gaseouws nlbrogen contalning
GRCOSY L35 yos prepared In a nlitvometer by the acbion of
godium hypobromibe on smmeniuvm nibtxrate containing 36 abom

s
1oﬁ

per ceanl, in the emmonium radlcesl, The nitrogen wag
transferred Lo a gos buretbe end thoroughly shalon wilth
5% sulptuaric scld to remove any traces of labelled amuonia

which might be prosent, Using this enviched nitrogen gasg
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mixtures of the desived componltlon .weve then prepaved,
When abbached nodules were to be empossd Ho excess
Wy phe procedure described by Bend (1958) was followed,
The plants intended for use wers inserted ot an carly
stage In growth Into special 2 holed rubber stoppewrs
designed bto £36 the bottles In vwhiceh the root systems were
to be exposed to the pas, Untlil this tinme the plants and
sboppere were ploced in large tabes of eulture solubtlon,
When deaired the stoppers and plants were L£itted inbto wide
necked bobiles eamh&kmia& culture solution and a gas gpace
of 30 ml,., as showa in Fi@ﬁ?@iﬁ. The base of the
sbem was sealed bo the rubber stopper with plasticine,
Ten bobitles wore then atbtached to a capillary menifold and
the whole sysbem evamatbed to /5 of an abmosphere £ive
tim& . belng wefllled on each occaslon with argon, Thisg
was conslidered bthe most sffective procedure ag wider con-
plete evacuation the pi&gt%@ ine geal doos not alvays remain
alr-tight, vhile injury of dellcate plant btissue way alsc
regult Crom complete evacuablon, Finally the sysbem was
evacuated to bhalf an abtmosphere and the special gas mixbare,
40% oxygen, 20% niltrogen (36 atond 1@K} and 40% argon, was
admnitied until the pregsure was reabored o narmalg By
thilg @Wogedur@ the rool systeons were expoged Ho o gas mizniure
iﬁidellj esaslmting of 20% oxygen, L0% enviched nibrogen

and 0% argon., The bobtles woere lolt in open comnecbtbion
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wlth the menlfold for 3 hours, under e provailing groen-
house conditlions (avervage bempevabture BHOU), The plants
were then removed from the bobtles and the nodules plcked
of'f ag quickly ag possible and gbored Iin golld carbon
dloxide pyior o exbtracilion. Four sueh sxposures were
mode in 3epbowmber (1l-14th) 1955, the avevage welght of
nodules obbained in each »un belng B.B g,

When nodules were o be exposed o excass Wy apser
detachment from the plant the nodules were placed in
gpecial tubes and those attached to the manifold ag dhown
in Plave 10, The wibes employed werw of 25 mi, capacity
snd 1 gu, nodules bogobher with 0.8 ml, culbure solution
vAS ylace& in each, In early experiments 8 tubes wero
attached o the manifold for sach exposure, This procedare
involved wemoving nodules from an average of 37 plants,
whilch btook about 30 minubes, Ag the mbe of fixzabion falls
off afber the nodule lz deltached Lrom the plant, 1t was
degirable to keep this intewvval to & minilmmm ond in labter
oxpeviments only 4 tubes were atitached to manifold ot one
time, tims reducling the Inberval Do ltween debaclhument and
exposure to 1O mlaubtes at the most, ATber atbtachment to
the manifold the whole apparabug was fully evacuated and Btho
previously prepared gas mixture (209 oxygen, 10% nitrogen
with 36 atom per cent, 15&5 ond 70% argon) adnitbed untll

atmospheric pregsure was vestored, The btubes wore cloged



Plate 16

m
A pparatus used to expose "detached” nodules
15
to an atmosphere containing excess free N,
(i V«r)

Photograph by courtBoy of Dr« $» i3ond<
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and removed to a BHOC i@&ub&tm?& LAfber Gtlw desired ex-
posure to bthe N, the tubes wers opened snd the nodules
removed amd.$ﬁﬂreﬁ in ﬁ@&iﬁ carbon dioxide prior to
axbraction,

Fodules used in experimenies in 19585 were exposed to
exeess lsotope for a poriod of 1 hrs. The vosulbs of
thepe @.zagg@.mﬁ'*@m bogether with furither evidence on fixation

aldey .
Ty ﬂ@ﬁ&@h@dﬂnedml@a obbalned by Boad (1957b), led bto the
period of exposure in suﬁéaqu@n% axperiments beolng shoriten-
of to ¥ hour, TPhe shorbter the exposure bime the casien
1% should be to distinguish inlibial products of fixatlon,
vyrics nodules were exposed 1o léﬂ foxr periods of 2 to 4% hour.

Extrnction of Nodules.

Unlike the wadioactlve isotopes, the assay of sitable
isobopes in 8 mess spectrometer reguires a relabively large
smount of wmaterial, In the cage of 15%, a minimun of
04 mgm, nibtrogen is regairved, Silnce amino aclds are
mﬁrmﬁlly pregent In living cells In the free state in only
small proportions, sn sxperiment vsing lﬁﬁ and desligned %o
investigate the free amine acids speeiflcally mst bo cons
duacted on a very large scale, In thelr eavly cxzpevimonts
the Wilsconsin workers obbtalned the necesgsary quanbibles of
miﬁﬁé@@n by hydreolysis of their 48 HCL exbtracts, It is,
howover, possible that an emino acld which is present only

in wninuvte smouwnt In the free state could posdess a high



7.

l@& content, % 1g equally ppasgible that lavge quantities

of thig amine acid could ocour bound in pepblde or provein
of the cells. Isobopic asgay of the amine acids efber
bydrolysia would record a low 10y %ﬁﬁ%@mﬁ for this amino
acild, in no way reflvcebing ibs coriginal high enriehment in
the froe svabe, On Hthe other hand, aminge aclds pregsent
in velatvlvely large quantlties In bthe free sbtabte (6.g.,
gilubemic acid) may nob be dilubted bo an equal exbent on
hydrolysis and vhus en amblguous pabbern ig obbained Lop
the distribubion of the fixed 19§ in the cells. For this
reagon 1t was desived bte lavesbigate speciilcally the free
anino acidas of the aldey» nodule,

In the Wisconsin experiments with orelged legumme
nodules exbyaction was by 0,0674 phogphate bufler pH 6,5
and proteln weas precipibated with b&ﬁie lead acebate,

Uhis was vejecbed in the present worlk dus Lo bhe bendency
of the precipitabe 6o adsorb amino aclds and peplides,

Mletbinen & Vietanen (1952) extmacted the free amino
acids of the alder nodules with 70% alcohol, Sueh on
axbract was Pound in the present work bto contain subgbanees
whieh on deying prodused a dark gam and Interfered with
subsequent sepavation, The amino acids were separabed by
Hiebblinen & Virtenen from this resinous materiel by abseorpilon
on the lon exchenge vesgin, Dewex 2, However, as a guanti-

tabive separation of the smino aclds was desirved, thewve
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were bwo objectbions to the sbove procedurs, In the Ilpgt
Inatance Towex € would not rebaln the basgic amine acldg
aad awmmonlia guantlbtatively and secondly 1b was found thab

art of the ¢ltrulline was 1n some manner changed on abe

3

sorption onto Jowex 2, The exact nebture of this change
has not 3o fapr been elucidabed, tut ornibthine was produced
together wiith a compoand which wasg ¢lubed shead of ecibrul-
line from Dowex 50 and yielded omnibthine and citmlline on
hydrolysis,

Since agqueous golventis dld not appesr hé exbract gam
producing matewrlals, preliminery btrials were thevefora cone
duecbed using four such sxbractents, namely, O,1N HCL, 3H
HOL, 0,1 phosphate baffer pi 6,8, and watew, It wasg
finally found that 0,18 HCL gave the highest yield of
nitrogen exbrected (approximately 20% of tobal nodule
nitrogen), smd on lyophilisation yislded a vwhite frlable
regidue, The additlon of gromd gless durlng the exbraction
was nob found to improve the yileld of blbrogen extracted,
The nodules weve thevefore homogenised in rovghly 10 gu,
toks in an ico-cooled Nelco blender with O.1W HEL (9.0 ml,
HOL to 1 gm, nodules) for & minubes. Afber centriiugabion
at 09C, the vosgidus was ro-esxbtracted with half the volwme
of 0,11 HCL initlally used, The resulting supernaiants
wore bhen cowmbined, freeze dried, and Tinally mken up in

5 wml, citrabte buffer pi H.1L, In this form the extracts



were stored at ~-6%C until raguirved for fractionation,
Preliminary experiments showed that 10 gm, of Alnus

clubinoga nodules was bthe mazximam quantibty, the extract of

wnich could be convenlenbtly Lractlionated on a 0,9 x 150 cm,
column of Zeokarb 2285 (as @eﬁaribﬁd,balmw). Therefore, of
the nodules expossd Ian Sepbember, 1855, bwo 10 ga, lobs of
detached nodules were extracted separvately (Bxbracts 1 & 2).
Ihis resulbed In some bualking of mabterisl exposed on dlifer-
oul days, The same procedure was followed with the atbach-
ed nodules (Bxtractas 3 & 4), In 1956 ten one gm. babehes
of detbtached nodulss wewe ﬁﬁpéa@d on the same aflbornoon and
extracted togebher lmmediately afterwards (Extraot B). A
gimllar procedure was also employed wilth the nodules picked
in 1957 (Bzxbtract 8),

Hodules of Mywlea gole were exbracbed also in 10 gn,

~lots as described for the alder nodules In 1956,

Paper Chromatographic Anslysis of the Nodule Extracts.
Preliminary quantitablve investigatlons of the amlno

acid composltion of nodule extracts of Aluus glubinosa,

Almug vubra, Myrica gale, Hippophad rhamnoldes, and Llaguaring
wore carrisd out by means of two dimenslonal paper chromabo-
graphy . Sanples of the exbtracts were examined both before
and after hydrolysis ab 1L8°¢ for 24 nours. The solvent

sysbens smployed were bubtanocl - acebic acid - wabter In Lhe
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rabtlo 4:135 by volume In the first dlmension followed by
water~gatbturated phenol (in the presence of amwonle vapour
and KCH) In bhe second dimension, Whatman No,1 filter
paper wasg used throughout, The amino acids were debected -
by spreying with 0,2% ninbydrin in 60% ethenol to which 1%
acotic acld and a brace of colllidine hed been added, The
celour was developed In an oven ab 90°C for five minates,
The proesence of c¢ibtrulline was confivmed by spraying with

the p-dimethyleminebenszaldebyde reagent of Fowden (1981).

Precblonation of Gomponents of Alnus glubinoss Extyacts.

The nibtrogernous components of the alder extracts wevs
geparated by lon exchange chromatography on a o¢olum of a
sulphonatbed polystyr@ﬁa regin by the procedure of Hoorve &
Stedn (1954), Zeokarb 225, bhe Brilitish equivalent of the
Dowex 50 usged by the above authors, was employed, the regin
having a nominal degree of cross linking of B3, Ag prow-
Liminery Lfractlon of bthe extract on Yowex B had resulted in
a low yield of c¢ibruliine the exbract was applied o the
coluwun directly wibh no previous manipulatlon except concen=—.
tration bo a suibable volume, he pH wag then adjusted to
2.0 and the charge applied to a 0.9 x 150 om, column of the
Zookarh 225, Elution was by eltrate buffer of continuougly
inﬁrﬁaﬁiﬁg pH and lonic strength, The effluent from the

column was collscbed In 1.5 to 2,0 ml, fractions on an aubo-
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meebice frachion collector by Hhe drop counbing mebthod,

Porbions (0.1 to 0,2 mi,) of alternabte fraclbions were
analyased for amino nibrogen by the phobtometric ninhydrin
mebhod of Mpove & Stein (1948}, e muﬁifi@d ninhyd rin
reagent suggested by Cocking & Yemm (1954) was used because
of ibe greatey shabillity, A plot of colour intensiby
agalngt effluent volumwe was then made in which sach psaly
represents one or wore ninhydrin pogsiitive substances, These
were then tenbtabively identifiled by thelr position of elution
from the column as compared with the petiern obbalned by
Woore & Steln {1964} for s prepared mizture of 80 components,
A preliminery analysis of a protein hydrolysate had establlshe
ed thet 18 amino aeclds were eluted In the same order as found
by Hoore & Sheln,  However, as bthe method of extbtractlon
enployed extract peoplbide maborlal as well as amino mcilds, the
Ldentity and purity of each peak was conflvmed by paper
ehromatography,

The pregence of salt Interfeves wlth paper chromato-
graphic separations, As elubtion from the column was by
cltrate bhulfer, ithe salt had to be removed bLefore the samples
counld be appli@ﬁ'%m the pape®, An electrodialytle method
using ion exchange membranes desceribed by Wood (1856), was
Cbrled, ut was found wsatisfactory as the wemoval of the
cibtrate lons proved exbtremely slow compared with the sodium,

Thus by the tlme the galt bhad been complebely removed a lavge
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proportion of the amino acidg had also been lost, The
sclidic and neubrel amlino acid containing fractions were
therelfore freed from salt by passing them through a column
of Dowex 2 (0.9 x L.2 ocm,) in the hydroxyl form, The ecolumn
was then washed with wabter unbil the effluent was nsubral,
when the smino aclids were elubted with normal acebtic acid
(Dréze, Bigwood & Meoove, 1ub4), Cibrulline had previously
been found to be recoversd dn low yields from Dowex 2 bat
nopmally there was such a high concentratlon of clitmilline
progent in the extracts that paper chromabograms conld be vun
with no previcus removal of a8t from the appropriate
Practionsa, Even where desaliing was necegsary some c¢ilbrul-
ling was recoversd and therefore for qualibatlive purposes
this technigue was satisfactory. The above subhors also
described a method foy freelng baslc amino aclds from salt
by adsorpbion on a columm of Zeckarb 225 in the hydrogen form.
This method proved unsablisfactory, It was found that Ly
nglng the Zeckarb in the ammonium form beblter wresults could
be gbtalnad, Afler the charge had been applisd to the
column (0,9 = 1.0 cm,) it was washed with 0,018 sceble amcid
and bhe baslic amino acids glubed wlbh 0,00 ammonia,

Balt free samples from cach peak on the ofiluent
curves were examined by btwo dlmenslonal paper chromabograplyy

{as deserlibed previously) both before and afbter bydrolysis
ot 115°C for 24 hours wilth &M HCL, It was Tound that the
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amino aclidg were sluted from the Zeokarb 2RO in bhe sowme
gequence in each experiment, bhis sequence beling simlley
to thaet of Hoore & Stein (195%)., TIn contrasts to this, how-
sver, e smmonia poak varlsd In pogition, In 8 best rmn
with a @mlxiure of lknouwn composlitlion smmonia o¢cupled the
position recerded by Noore & Sbeln, belng olubed just ahead
of ormibinine, As no such peak was oblained oun fractionablon
of the alder extracts, it was ab Llrst thought that these
sxbracts conteined ingufficlent ammonia for debecltlon, As
ammonia canncot be debscted by paper chromabography, It was
nob lmumediately veallsed that Lt was being eluted bogether
with another amine acid. In one fractlonation the ammonia
overiapped the ornithine peak while in the me joriliity of othsprs
it was found wlith the Y ~amine bubyrisc aclid, After this
wag realised, the ammonla was separeabted from bthese Lfractions
by malking them allkeline and sereblpg 1t inbo 27 boriec acid,
The free ammonla in Exbrect 6, however, was removed belore
it was placed on the column for fractionation by making the
axtract slightly salkaline with calelam hydroxide and asplzalb-
ing the smmonis Iinto boric acid,

e te bthe high concenbration of citrulline in the
alder extrachty there was a certaln fallure of regeolublon in
thet the cltrulline tendad to overlap bobth the glycine and

alanine peaks, Since boith these amino aclds wers present



only as traces, no further separation was abltempbed,

VMoore & Stein (192B4) rveported thal undser btheir
Fractionation conditions on & long column of Dowex 80
glubamine was alwogt bobally desbroyed, Alder nodules
were tlms exemined Independently for the presence of glubt-
smine and traces of asparagine, It was also thought thalb
the extraction with 0,18 hydrochloric acld as employed above
might decompose glutemine; bence a sample of nodules. was
specially extyacted wiih water and bthe proteln proclplitated
with bungstie ecid, The free ammonla was . rémoved by
making a portion of this extroct alkeline and asrating the
gamonila Inbo 0,088 sulphuric acid, It was then esbimated
with Wessler's reagent, Any glutanine present in the oxw
tract could be detected by wvemoving the smide nitrogen of
the molecaele ag ammonla. The method employed for this
purpose lg deseribed on page 88 fLor lyrlca extracts, Any
amuonia so liberaled could then be serabed Into sulphuric
aeld and esbimated éﬁahove. By similay mesns the presence
of asparogine in the exbtwact was also invesblgated, By
bthese methods, however, no btrace of ellther glutamine or
asparagine could be found, Parther Investlgablons were then
stbempbed by wemoving the free dicarbesxylic acids (aspartic
and glutamlc) from an exbract of the nodules on a golum of
Amberlibte 1.R.4B (see page 8. The exbract was then

hydrolysed and subseyqueantly re-~axamined for the presence of
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dlearboxylic acldg, but nons were found,

T the 1855 experimenis each fraction from the column
wos also sxemined Loy the absorpblon of ulira-violet light
of wavelength 260 L This was carrled out using a Unicawm

spoctropnotometer (5.7, HOOJ,.

Dogradation of the Clbrullline Molecule,

The eitrmuliline lsolated from the alder exbraclts was
found to contain & considerable excess of 19N and as there
are bthree nibrogen abtomsg Iin the molecule, 1t was of Inberest
o find out whebher thiz excess 15% was evenly or otherulse
distributed anmong the nibrogen aboms, It wag planned to
investigabe this point by aplititing the citwulline to
orpithine and swmmonis,

The yremovel of the carbsmyl grouping fvom clbrulline
was first abtteumpbed by hydrolysls with nowvmal sodiuvm
hydroxide, However, vesults were unsablsfactory and the
high concenbrabion of gsodivm interfered wlithh the finel
Kjoldahl digestlon, & modification of the mebthod of Hirs
& Rittenberg (1OB0) was congeguenbly used, As the c¢itralline
gample was inilbially in citrate buflfer, the cilbrabte was re-
aeved by precipibatlon with barlum, The solubvlon was then
rendered 1,20 with reagpsct Lo bharium hydroxide and rvefluxed
for 80 hoursa, the amwonla thus liberaited beling conbinuovsaly

aorabed in & sbresm of smmonia-free nitrogen Into 2% boric



acid, It was found necessary to lncreage the concentrabtlon
of barybta from 0,088 to L.28 To obialn couplebte hydrolysls,
possibly bacauge the concenbtrabtion of cibralline was vevry
mueh lower than in the sxperimends of Hlers & Ribtbenberg.
Bafore Kjeldehl digestion of the ornithine residue, the

bardum was renoved by precipliation with sulphuric acld,

Pracblonasblon of Myrlieca male nodule esxtracis,

In a preliminary experimenlt an exbtract of HMyrlea
nodules was snalysed as describsd above for Alnus exbtractis,
bub 1t was found that the guanbtlby of asparvagine prezent was
guch that the resolution of the column was reduced and the
asparagine peak overlapped those of ssgpartie acid, serine
and glutamlne, Hegolution could have been improved Wy the
uge of a larger column, but ihe mobthod suffers Lrom another
dlgadvantags, Unlike alder, the Hyriecs extracts were shown
by preliminery paper chromtography to contalin some gluilamine,
YMoore & Stein (1954) Pound that glubawine was to a large
sxbent destroyed (255 yield) under theiv conditions of separa-
tion, Hence for Myrlea extraclts an alternative mode of
fractlionatlon wasg sought,

The aclidic smine aclds, aspartic and glutamlc, were
Pirat separated from the neutral and baslc ones by adsorptlion
on a colum of Awberlite 1.8, 4B (80 x 0,9 com,) using a

modification of the procedure of Hirs, Moore & Steln (1852).
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The column was prepared uasing & calclum acebabe buffer yvather
than an ammonium bulfer, it is eribical for +OH agsay bthet
the samples be wneontaminated by ordinary smuonisa, The use
of an smmoniuvm buffer would nobt only dllute the free nmmonia
fraction bab proved difficult bto remove complotely from the
amino acld fractions, Caleivum ilons are readlly removed

from the effluent as the oxalate, The calelum bulfer one
ployed wes 0,038 with vesgpect Lo calelum and had a pd of

&5, When the charge was applied Lo the eolumn the neubral
and baslic amino aclds passed stralght thww&gﬁ} agspartic

and glubamlce aclds were vrebalned and were subsequently
geparated fxom me another by gradlient elution, The gradlent
was obtained by running normal acetic acld inbo a vesprvolr
of 100 ml, ecapacity initlally charged with the calelum acebate
buffer pH 4.5 and stirred by a megnebic stirrér.

The calelunm presenb in the fracbions containing the
neabral and basic amino acldy was removed as the oxalate and
the resulting solution concentrated to small bulk, The pkH
of this solutlon was adjusted o O am& it was then applied
to a short column (15 = 0,9 em,) of Zeokarb 8285, AL this
pH only trypbophan, smonia and the baslic amline aclds were
retalned, These were geparated using the buffer gysbtem
described by Moore & Stelin (1951).

The early fractions from thils colwum conbtalinlng glub-

amine, esparagine and the neutral anlno aclds were bulked
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together, Phospbate«~borate buffer was then added 6 give a
final concenbration of 0-03M Pé:' and pH of 6.5 and his mixture
heated for bwo hoars ab lOOQG, This treatment reomoves bhe
smlde nitrogen from glutamine (Pucher, Vickery & Leavenworih,
1935), as anmonla, The golubtlon was then made alkallne with
sodium hydroxide and the ammonis acrabed inbo 2% boric acid,
Biffloultiles were, however, encountered later when brying bto
Ires this solubion from sodium salts, In sabsequent experi~
menbs, bherefore, the m&thqﬁ was emended by the uso of cal-
cilum hydroxide, the caleclum belng readily removable by pré-
cipitation am the oxalabe, After asratlon of the ammonia
the golution was neutralised, wade normal with regpect o
sulpluric acid and refluxed for three hours at 1L00°C,
his procedure hydrolyses asparagine to asparitle acld and
the pyrrollidone carvhoxylic acld formed from the glubtamine to
glubamic acid, The ammonle Liberated from asparsgine wag
aerated inbo boric acid.

The neubtral amino aclds together with aspartic and
glutamio acids obbained from the hydrolysis of asparagine
snd glutamive respecblvely were Linally separated on a colum
of 4deokarh 285, The teclmigue already described Lor the
Alnus exbracts wes employed heve, TFigure 4 summarises the
fractionation procedure f@rvﬁggggﬁuaxﬁr&a%s,

The above mobhod of fraatimnatiﬁn guccesafully over-
comes the difficulity whlch arose previously due to the

pregsenceo of glubamine and the large qmaaﬁiﬁv of agparagine
E? e B  al



Flgure 4,

Frgobionation Procedure for Myrica male exbracts,
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in the extractbs, However, 1t did possess one disadvantage,
In preliminary paper chromabography of Myrica extracts a nine
hydrin positive spob was debecbed in the arginine poslbtion,
When bthe exbract was Lfractionated Lirst on deckarbh 825
arginine was elubed in the expected posltion In the effluent
curve bogebher with btyyptophan, On uaing the revised
fractionatlion procedurs, however, arginine could not be de-
tectbed in ibs expected posiitlon in the effluent Lrom the short
Zeokarh column, It was later discovered that in faci the
afgimim@ was being rebavded on the Amberlite 1,H.4B vesin
and was eventually belng elubted btogether wibh the aspevriic
aecid, This rebtardation of the arginine appesrs Lo have

been causged by the formabtion of a complex salt between bLhe
caleium of the elubting puffer and the guanldine group of ithe
arginine,

The fractions from the Amnberlite columm contaianin £
the agpartic acid and arglnine of Exbract 2 were concenbrated
to small bulk and applied to a short colum (1 = 7 em, ) of
Zeokarbh 225, the pH having bheen adjusted to 85,0, Using the
procedure of hoeore & Svein (195 1%1?&@@ 87 » the aspavtic acld

and the arginine were elubed separabely,

Preparabion of ssmples for Isotoplc Analysis.

™,
Agaay of B in a mass spectrometer requires the

nitrogen sample bo be in the form of elementary nibrogen.
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The compound to be examined is first converted Lo ammonia
by the Kjeldahl procedure and then to nitrogen hy the
action of alkaline hypobromlite,

The contents of the tubes corresponding Lo a glven
pealt on the effluent curve wevs combined, evaporated to
gmall bulk and subjected bto Kjeldahl digestion, Using
the mercury cabalyst of Hiller, Plagin & Van Slyke (1948),
& alx hour digestlion was found sufficlient to remove subw-
stances which might interfere in lasobtopie analysls (Ribten-
berg, 1948), The vesulibing ssmonla was distilled inbo 2%
boric acid, bibtrated with O, 088 HCL, evaporabed to amall
bullk and gstored for analysis of lﬁﬁ.

In the fractlonation of the Alnus exbracbs, the basgic
amine acids, partleularly arginine, having high vebenbtlon
values on the Zeokarb 825, emerge late from the coluwm
eluted by buffer of very high gald content, dueh fractlons
are extremely difficult bo dlgest by ths above means, The
galt was rewoved from the arginine containing Lractious by
absorbing the avginine on a column of Zeckarb 225 in the
apnonium form, The column wag then washed with 0,01
acebic acid to remove the c¢itrate lons and the arginine
finally Liberated with ©,008 smmonla, The ammonia was 1re-
moved belfore Kjsldahl digestlon by repeabed evaporatlions in
a vacunm desiceator after the addltion of a small amount of

godlum hydroxide,
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The free somonls fracilon from the column was mnde
alkaline and the ammonis servabed into 2% fovmic aeld.

For spectrometrle agssey e minilmmm sample of 0.4 wmegnm,
nitvogen is requived, As some of the componenbs on separs.
tlon 4id not yield ag much ag this, the reguired amount wag

made up with cordinsvy amuonium sulpbabte, snd ithe resulbs

By

ohtained correcihed fox the dilution ol the e maxle

mam deviation obtained in conbyol saxplesn due o experimental

1&5"

epror was 0,004 per cent, N over the newmel walue, Thue

*

an pbon perveent, exceds of ©,0L0 ds signilicant,

-



BRESU LTS,

Hitrogonous consbibuenits of the Alder nofule oxbrachs.

The snalysis of the exbrach from one partleular habeh

of Alvus pglutinosa nodules (Exbract 1) 1s shown in detail

In Plguve 3, These nodules had been debached prlor to ex~
posure Lo excess 1% and in this case podules axposed on
one particular day bad also been extracted together, The
graph shows the distrlbutlon of compounds absorbing uwlbra-
violeb 1light ab %ﬁ@»nyu and also of ninhydrin posibive
consbituents,

It is cleayr that the alder exbract conbalns many sube-
sbances which absorb wlbra-violet 1ipht. Some compounds
are probably in the main purines or pyrimidines or thelr
derivatives, Ihe abseorpbion apectra of these pesks, exemlin-
ed over the range 800 Lo &S00 %p*, proved unrecognisable, ex-
copt In three cases, These appeared to be homologous,
pealk & conbalning uridylie acld, B, ¢ybidylle acid and C
guanyllc acld or derivabives of these substances, e ro-
maining pealts In the effluent curve appeared bto repregent
elither wixbares of ultra-violet absorbing componilds Or may-
e more complex compomwnds whese absorphion spectra are shill
unlgown, The exbinebion values obbalned for these compounds
suggested, however, that btheve was not gsuifliclent meterial

present for isocbopic asssy, while the complex nabure of the
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vesulbs also Indicabed that a great deal of work would be
enbtalled in their separation and identilficabion, Henee no
further work wss exponded on these compounds,

On invesblgatiion of the ninhydeln positive peaks
elubed from the colusn, 1t wag found bthebt in additlion bto froe
amine acids the exbract also conbalned a number of peptides,
Hoore & Stein (1954) veportbted thabt, as well as swmino acids,
small peplblides could pags bthvoagh Dowex 50 resin and thus be
sepasvated on the some principle as the amino acids themselves,
Those present in levgest amount were mostly conconbyated In
the early fractlons around and in a few cases almost com-
pletely obscuwring bthe aspaviic acid peal, Ag they were
eglubed from bhe columm In bthls posibtlion these peptides pre-
sumably bore an overall negabive charge due to the predomin-
ance of dlecarboxylic amine acid residues, There wag in-
gufllcient maberial Loy completbe characterisabtion of these
nopbides, bubt paper chromebography showed that alfier acid
hydprolysis all yislded aspartic and glutamic aclids, salenine,
serine and glycine, Obhers conbtalined in addition threonine
or a baslc amino acid, elthoer ornlthine or lysine, Othewp
simple peptides conbalning a prepondersnce of basic smino
acid waldues and hence besariag a more pealblve charge were
found in smaller amounis in later fractions, Two of these
pepbtides are of partioular Intevesb, One, wnlch appeared as

a spike in the cystine peak in Ixbract 1 (Flgure 5), yilelded
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on hydrolysls glubtenlie acld, omithine, cltrulline,
hydroxyproline, and an unkuown spot near the valine posliblon
ort a bwo dlmensional chrwomatogram,  Hitherto cibtrulline has
not bheen encounbered in combined form in the tlisaues of
highor plunts, although Smith & Young (19568) detected it iIn

the protein fraction of the alge Chondrus crlispusg, The obther

peptide of Interest otcurred as a small peak lmnmediatbely preo-
ceding leucine In Experiments 4 and &, These fractions also
conbained ulitra-violet abserbing material and 1t was only
efbey hydrolysls that it was possible Lo separate the pepbide
material from that abgorbing ultra-violet light, on a paper
chromatogiamn, It thuas appeaved that the ultra-violet absorb-
ing compound was linked to bhe peptide materisl, Suel cone
paunds are hoown to occur In bacterla although their function
hasg not yel been elucidabed (Park, 1852), From spectral
analysls and chromabogrephic svidence the ultra-violed
maberial was suspected Lo he a uvrldine derivative, while the
peptide frechion after hydrolysis yielded glubamie acid,
glyoine, serine, slasnine, valine and lysine, Howevsr, owing
to the small guantlity of maverial available, a fuller
characberigation was neb posagible and further work ls desirabl
The free amino aclid composibion of the slder sxtrachts
ig glven in Table 11, The extracts fvom nodules exposed in
Sepbenber 1955 congisted malnly of eltrulline, glutamic acld,

Y -amino btutyrlc acld and arginine in descending order ol



Table 1.

Amino scid composlitilon of exbracts ol alder nodules,

Results arve oxpressed in tems of mgm. nitrogen per 100 gnm,
fresh welsht of nodule maberial, A dagh (=) indicates
thet there was ingufflclent materlal for confirmation and
{(+) indlcabes that the aminoe acld was shown to he present
hut the amount was nobt estbimabed,

Exbtract No, : P s e 5
__Exposure fype * v D Y & D
~§;r%g§gfﬂgmggﬁg§ﬁum 00 00 - 180 180 50
Agparbic Acld 0, &k % 0,862 e s
Glubomic Acld 4 o 0D L.54 .71 158 1,90
Cabrulline 53,0 5,60  17.20  9.05  6.64
Valine 0,89 - 6,81 .08 -
Cygbine 0,70 - . 0,06 -
Igoloucline - e 0.09 0,13 -
Laucine 0,10 - g,08 0,17 -
Tyrvogine 0,8Y 4 - 0,18 -
) o }---0‘4@7
Phenyl Alanine 0,18 - - -
Yéﬁﬁglﬁmtyrie Acid 1.15 0,51 }-_ o 1,54 1.18
Aramonda, 2,17 e 5.04 0,80
Oraithine } B89 0,67 0,70 0,06 0,20
Lygine 0,70 0,381 0,83 e 024
Histldine ‘ 1,70 0,63 e - 0,25
&vgimina o} o+ 3,53 3.52 1o 15

% D Andicates Bhat the nodules were detbached prior Lo
sxposare to LoW while A inmdicalbes that the nogules were
gtill abttached bto the pleants when exposed Lo +9N,

Thne aspartic acid Lracbions were glightly contaninated
with peptides,



magnitude, smaller amounbs of various obher smino acids

and of pmmonis were also present, Tn accordance with the
resulbs of Mietilpen & Virtamen (19852) no glutamine or
asparagine was debected in the alder nodule exbracts. How-
ever; & nobable wariabtlon belween extrects Lrom diffsrent
hatehes of nodules was obiained In reapect of the absolute
amounts of the warlous amino acids and hence of the toial
smino acld conbent, This veriation is particularly obvious
in the esse of eitrulline where results range from 6 to BI mgm,
>ibralling nitrogen per 100 gm, fresh nodules In samples
collected within a few days in Septewber, Hlebtinen &
Virtanen (1952) found thalt as winter approached and the

alder plants begen to gshed thelir leaves, the concenibration of
cityvulline rose vepldly in the nodules, to fall sgeln in the
gpring, when the plant beceme actlve once more, hetual
valoues obrbalned Dy these workers expressged in the same borms
ag above wexe 12, 18 snd 120 mge, e¢lbmilline niltrogen for
nodules collected in May, June and Jaymary respeobively, It
saems that even esarly in Sephbember the &lﬁ&yﬁAin Glaggow were
preparing for the winter domaaney, Thils might not affect
a1l the planbs et the seme bime hence glving rise to the
variatiors between exbraecbs, Cartainly, since Lthe aldsers
wore all from apperently wnifovm plants and oll exbractions

were @ffescted in exactly the same way, bthe variation in amino
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acld conbent must be due elther Lo physiclogliesl differences
in the plants themselves or o differences in wesbher con-
ditions which could glve rise to variabtion in type of
motabollism from dey bo day. The exbract prepared Lrom
nodnles expomed In Augast 1956, one month earlier than in
Lhe previous yvesr, showed & low clbralline contendt as would
be expected under summer condltions. In other ways this
oxbract wag similar to thoze of the previous yeax, Ty
elucidate these Lfluncbuations In the clitrlline conbent of
e nodunles properly, howsver, an entively different Lyps of
exporimant would e necesssyy,

The qualibstlve examinatlon of Alnusg rabra nodules

indicated that climlline was again the predominent free
snino soid, The disteyibutlion of obther anino acids was also

found to be simllar to bthat of Almug glubinosa, The resulis

are vecorded in Table 12.

istrlby blon of Clixed 1&ﬁ in Alnug glublinoss nodules.

It was originally intended to pool corrssponding
fractions from different exbracts to provide suffliclent
nibrogen fow 15%ia$$ay of ag meny constlbuents as possible,
However, because of bhe varisatlion In the compogition of dlffeor-
ent exbracbta, it was thought besgt Lo have separate agsays,

This reducted the mumber of fractions avallaeble fow sssay.

15,

ine dlstribubion of i among the compounds separated



Comparison of the Free Amino Acld Composition of bthe
nodules of some non-Leguminous Planbs,
were pleked in late August -~ early Sspbomber.

Table 12.

The nodules

Ainus Alons | Mgrlcea | Hipvophsad | Casusr-
glutinoss! mbra { gale rhaamoldes)  ina
Agpartic Acld 0,48 A+ 2,58 4
Glutamlic Acid 1.32 el 5, L6 oot A
Asparagine - - 16,80 el o
Glutamine - - 2,80 <o el
Cibrulline 2,08 oo - - -
- Serine v - - g -
Glyeine - A+ 0,18 s -
Threaonine - - - - 4
Alenine - 3 .12 e A
Valine 0,05 o+ 0,25 o A
Yﬁﬁg“&wtyfic Acld 1,34 2,186 A4 +
Higtidine - “ 0,25 e .
Lysine ~“ . 0,18 - -
Qrnithine 0,08 - - - -
Arginine 5,68 sh & - -
Leeline 0,1% P 0.42 4 -
Teypbophan - - o5 - -

Where a gquentibabive exewinetion bas been made the Tigures
roprosent mgw, nibrogen per 100 gm, fresh wi. nodules,

Where only qualltative paper chromebographic Investlgatlonsg
bave toen carried out, the concenmvrations ¢of ths amino aclds
have been indicatad by +, 4+ and 444 gecording Lo the faint,
moderate or high colour intenskdy of bhe ninbydrin spots on
the ehromabograns. The colour intenaldty 1z a funcilion of
the concenbraitlon,

* C,ounninghanlang,
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ig ghown in Table 13, Although fixsation fally of i alber
detachment of the nodule from the plant (Bond, 1987h), and
deaplie the exposure perlod Tor the detached nodules being
mieh shorvber than thaet for the attached ones, it is the
detached nodules whieh econitaln the greatest envichmend of
L9, The nitrogen Lized in nodules vwhich are abbached Lo
She plant is quilekly branaslocabed bto the shoot (Bond, 1958},
Whsn the nodules are desached, however, no branslocabtion is
possible and hence ihe nibtrogen fixed accounulabes In the
compounds of the salls, Debachment also cubs off the nodules
gouree of cavboliydrates, However, over one and a hall hoars,
the longest exposure period employved, thils does not appeaw
to have produced eny mavked effect. The dlstribution of 49y
shows & similar paltbern whether the nodules waere abbachsed bo
ar detached from Bhe plant dupring exposure,

O the fractlions analysed the highest concentzationsg
of 19§ were to be found in the Free amino aecids, bhe ulbro-
violet abporbing componnds and the pepbtides bobh showing a
lower enrichmont, Bn each bateh of noduless exbracited
slotanic seid showed the grontest overall envichment wibth
15Ni It always eunceofed that of the Tree sumonie, Dther
amine aclds showing appreeciable lﬁﬁ'@mfi@hm&nﬁ were cibxulline
agpartle acld and Y~&mim@ bubyrie acld, It should be noted
that although fractions conbaining amine aclds sometimes

slao conbained subabances ebsorblng ulbtra-violet light, this



£
Distributlon of extess freo &Qﬁ In the congitibuents of
nedule exbracty of Alous slutingsa.

Resulty are given as abom per cent, excess over the nozmal
value (0,375 atom per cenb,).

Extract Wo, L R & & S 6
Dake of Bxposuve 1985 | 1955 | 19565 | 10565 1986 | 1087
Type of Exposure Y b A A D D
Period of Lxposure S0 8o | 180 | 180 B0 30
(ming) |

Poptides 0,31 0,09 0,08

0.59 018 0,04

1,06
Agsportic Acld 0,210 - 0,208 - - “a
Glutamice Acid 1.800] 0,956 0,450 0,287 9‘259 0,358¢
Gltrulliine 0,801 0,870 0,841 Q. 348 0,179 -
Y-illg~Batyric Acld 0,680601 0,348 0,176 - - -
Apglinine o = 0.034} ¢,012{ 0,018 -
brwnondia e w S w G187 0,040
TV Absoybing 0. B30 0,090

Gompounds 0,591 | 0,061

g
%

(3=
A - nodules abtbtached o plant during expesure bo 1“&

" " . 5,
B o« nodules detachaed Tyom plant prilor to exposure Lo iﬁﬁ&
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conbaminatlon was Insufficient to affect the Lsolbopie
analyasla, Por exsmple, the subasbtance overlepping the
glutomlc acld peak {(Pilgave 6) wes assumed %o be guonylle
a0id on the basgls of spectroscopla svidencs, I thisg ig
so the vatio of gusnylile acid nibrogen o glutamic acld
nitrogen 12 only 11400,

Gityulliine wes always found to bave g considerable
5ﬁg in one ecase (Exbtract B8), even approaching that of
glubanle acld, 4As nobted alveady, in the summer montha,
vhen the nedules are most active in Lixation, the clbxulline
content of the noduleg is low, It dg dnberesting that in
Extract 2 the concentratlon of cibrulline is the lowest e«
corded Iin PTable 11, g alveady menbloned, the elbrulline
peak tends bo overlep the small glyeine and slanine penkss
& chock was thervefore made o aseertaln iX this in any way
affected the O value meecorded For cliérulline, The btubes
contalning the clbrulline from the column were arrenged into -
grouns before Kjeldahl digestion and analysed seporately fop
lﬁﬂ, Ko aiwn?“ln&ﬁt differences wore obbtained, showing bthal
the guantibies of glyelins and alanine pregent wowe insuillc
lent Bo affect valldity of the 15y agsay for c¢librulline

The eitywlline noleenlo coutained congidevable oxcoegs

-
i”ﬁ'amﬂ ag 1t alaso conbtalns three nlitrogen atoms per meolsoule,
1t was of interest to exsmine the dlstribubion of ithe 19

shroughou t the moleecunls, A portion of the ¢ltruiline

gamples wag thus degraded o ormithine and ammonia ag



Table 14,

5 Y 5 LS a2
Distritution of 18y in eltrulline from Alnus clabinose

e

nodules exposed to +ON,

Hesulbs are glven as abom per coenb.
value (0,370 atom per cant.).

geass ovar the nopnal

Brbract Wo, 4 5

- 1% ; B,

Brposure Typoe A D

Davatlon of 15

exposure bto TN 180 30

{ming, )

Citmliine ftotal, found 0,048 G179
s i 9 & 5«31{3 s {x » ?Mu T Q. 131.

Garbamyl niltrogon 0878 0,380

Ornithine nitrogen 0,18Y 0,076

D« nodules deltached rom plant prlor to exposure

3
bo +ou,

B
15w .

A « nodules ablached o plent during exposurs to
excess Iree
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degcribed in "Helthods", The mase speetbromebric resulbs
pregented in Table 14 show that the ammonla niirogen Ge-
rived from the carbanyl grouping of e¢lbrulline was muech
more highly labelled then the ocmithine nilbrogens, A come

pariseon of TYables 13 snd 14 weveals the interestlng facth

o

that the eavbeouwyl vibrogen of elbzulline conbelins the hilgh-
est concentrabtio of lﬁﬂﬁ exceeding even that ol glatamic
acid,

Prom the data avallable fox Bxbract 4 1b cmerges
That 680-70 per cenlt of tho oxcegs 35y pragent in the exbract
ig accounted for by the frxacbions shown in Table 135 subject
bo an addition calceulated from other Exbracts for g - ino
butyrlic acld and smmonis, Lt is presumed that there was

a glmilay recovery in the other exbracts,

Hilbtropenous constlivents of Myrice pale and other non-lesume

notule extvachs.

Myrice gale no@nles wers examined with s view to sub-

sequent isotopic lpvestlgatlon and pesulis are thus quantile
vatlve In nature, and in this sense can be ecompared with

those of Almns plutinesa., As the lsotopic dota obtained

Lyom bhe alder sxpewrimenits indicabed that It is in bthe froe
amino acids &hat the primary products of Limation are to be
found , only ninbyderin poslitive subsbances fyom ¥Myrica exbracts

were investigated,
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Very little poptlde maverial was deteecbed 1n the X~
tracts, This may bave been due to the different mods of
fractlonation employed fovr Iyplca or there may indeed have
been wmuch less in the exbrach, The prelimlnaxy Iractliong
tion on & Zookardh 220 colun as for Aluug, however, also
indlcated the absence of pepblide maberial, while bthe frec
amino aclds aﬁﬁ amides exbrasted asccounbed Ffor 65% of the
total nitrogen exbtractbed. In the alder noQules free amino
acids accounbed for only 280% of the tobtal exbracted nlbrogon,
The results for a btypleal Myrica noduwle extract are gilven ln
Tahle 12, and Table 15 records the composition of the nodules
which bhad been exposed o excess iree 18y pow vaprying periods,

In coech case the exbract nibrogen contained 15 to 20
per cent of the total nodule nitrogen, Asparagine alone
- accounted for 27 to B04 af the bobal nibrogen of the exbract,
Trypbophan, glubanlce and sgparbtle scids and ammonla were
alaso present In considerable gquanbtity togebher wlth smaller
amounts of glubsmine , arginine, Y ~amlno bubyric acld, alanine,
glyeine, leuclne, and valine, Ho e¢ibrulline was debecited in
Myrica nodules.

No great variation in the compositlon of the exbracis,
as was encountered with the alder material, was evident with
Myrica,  The patfern of Ireo amlno aclds was very simllar in
all exbtracts exmmined,  The lMyrlce nodules were barvested at

the beglnning of August, 1966, and thus earlier in the ysar



Aminoe Acld Composltlon of Eka@gts of Hyrlen gale
notules previoasly oxposed io oxceas +9H,

The mesulbs are expressed in mgun, nibrogen per
100 gm, fresh welght of nodnles,

Bxbract No. 1 ¥ 2 3
Exposure bto LON 180 50 45
(minubes)
Asparbic Acld 25,97 5.5 12,67
Glubamic Acid .2 6.4 5.6
Asparaglne 18,9 27 .5 : 18.%
Glubamline 2.9 2.8 2.6
Glycine + 0.6 4
Alanine 0.5 1,6 1,8
Valine 4 0.4 0.4
Y =N 'ﬁ'g butyrlic aeid + 2 2.5
Trypbophan 2.6 | S0 6,6
Arginine | At 3.9 el
Ammonia 2.5 5.0 D5

* Wentral amine acids not retrieved,.

T Aoparbtie seld fractions eonbaminated with arginine.
(+) indieates that the amino acld was shown o be
pregent in traces, but the swount was not esbluated,
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than those of Alnus. Ab thls tlme of the year the plants
would be very active In Lfixatlon and there would be less
likelihood of varlation bebwesn nodules exbracted within a
few days of ecach other,

The yilelds of glubamle acld and ammonla obtalned from
the hydrolysis of glubtamlne agreed closely with the theoreti-
cal expectatlon, indicating that the trsatment applied was
not Liberating any ammonla by the hydrolysis of other come
pounds or of glutemine In peptide maberial, A simllar
slituation was encountered with asparagine.

Tn Bxbract 1 (Table 18) a large proportlon of the
neutral amino acids was lost owing to the additlon of large
quanbltiss of sodlum hydroxlde at varleous sbages in the
fractlonation procedurs, As mentioned previowsly, the ro-
woval of this sodium on Dowex B prior Lo the final stage of
fractionation led to a considerable loss of The neubral
amine acids, In Extracts 2 ond 8 caleclum hydroxide was sub-
atltubed for the podium and the neubral amino acids recovered,

The resulis of the qualitabtilve paper chromabographical

exenination of extracts of Ulppophed #Femnoldes and Casuarine

cunninpghanisna are detalled In Table 12, In Hippophad as

in dyrlca asparagine predominated whlle In Caguarina glut-

anine wasy dominant, The distributlion of obther amino acids
in the nodules of both these planits was fouwd vevry simlilar
to that of Myrica apart from the fect that no Ltryptophan was

daetected,
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Digtribubion of ?i@g&,ldm in Myprica nodules,

The dleteibution of 180 among the compounds separabed
from the Myvles exbracts iIs gilven in Table 16, Exbtrect 2
was found Lo conbain B2 per cenb of the bobal lﬁﬁ fixed by
the nodules, while Exbract 3, prepared {rom nedules glven
a shorter exposure to the isoiope, conbalined 89 per cent of
the total fized Yy,

In each babteh of nodules exbracted, the amlde group
of glutawmlne was found to contain the highest concenbration
of 19y, Agpavagine In its amide group, glubamic acid and
the free ammonia showed somewhet lower but subsbantial ene
richments , while tyypbophan and alanine aleo centained
apprecliable lﬁﬁ. The free amonla was never found to contain
a greater enplehment than did bthe glutamine, but in Exbract 2
1t did exceed that of the glubamle acld, The glycine and
arginine exbtrected showed wory slight enrichment .

It has been menbloned proviously thab En'Exmr&c% 1
the neubral amino acida wewve not relrieved, hence no 15&
date are avallable for Y ~amine bubyric aeid, In Exbract 2
the T~aminm bubtyrie acld Lraction was unforbanately lost and
In Bxtract 3 at bthe time of wrlting it has not been analysed,

Due o the method of fractionation employed for HMyrica
gxtracts, aspartic scld and arginine were found bo be elubed

together, Thls point has already been discussed on page



dable 10.

il Al * c‘ 4 2. )
Matribution of excesns free l@m in the constituents
of neodule exbracts oi Nyrlca gele,

Results are glven as abtowm per conb, excess over the

n

nommal figuve (0,375 abom per cent,).

Exbract Wo, 1 2 5
| Lorigy Of eposure 120 80 45
{minates) '
Total nodule niltrogen - ¢,.069 0,070
Bxbtract nitrogen - 0,354 0,572
Asparbie acld 0,186 * 0,427 0,040 ¥
Glutamic aclid 1,087 0, 602 0,585
Asparagine (amlde W) 1,127 0,508 0,560
i (amino N) ¢.938 0,148 0,196
Glutamine (smide M) 3,140 1,480 1,684
i {amino W) 0,851 0,480 0,261
Glycine - 0. 054 -
Alanine 0,270 0,810 0,156
Trypbophan 0,508 Q0,359 0,388
Arginine 0,018 0,002 -
Anmmnonia 0,876 0,736 0,540
PYeptide - 0,056 -

*® Agpertle acld peak contaminated with arginine.
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of the "Mebthods"., It wag only in the ecase of Hxbract 2,
howevsr, that the two aminoe aclds were satisfactorily
ﬁ@paraﬁeﬁ and. U data acquired for esch individually., A
) anaiysi& feor arglinine lg also avallable for Exbract 1L
although the only avallable value for aspartiec acild was
obtained beflore 1t was mgalised that there was arginine
nyrasent . Howewer, from Table 16 1t is clear bhat arginine
contains only a very low concenbrabilon af_laﬂ in emeess of
1ts novaal value, This therefore explalins the low values
oblained foy the "agparitic acld" fractlons from Hxbracts 1
and S, |

The isotopic dabe axe mogt complebe for Bxteact 2 and
it can be ealeulated that the compounds shovn in Table 16
account for 67 per cont. of the totel 9% of the exbract,
gimilar values can be obialned for the obher extrects, and
1t would indeed seem that 65 o 70 per cent. of the +ON
fixed in compounda of the exbtraect has bheen recowveved in the

froe aninoe acids and smmonis,
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The Hilbrogenong Constibuonts of the Nodulesn.

A comparisen of the free awino aclid compesition of
the nodules of bthe non-legumlpons plants examined (Table 12)
reveals bthat apart from Alnus specles the nodules conbtain
alther asparagine oy glutamine as their predominent con-
stituend,; and In general thelr amino aclild compoglitlon 1s
gimllsyr bo that found in the nodules of leguminous planbs
examined by Aprlson, Wages & Burris (1954) and by Sen &
Burne {19563),. The wnodules of the alder alone are devold of
asparagine and glubamine and contaln In their stvead clirlline
The examination of bthe nitrogerous consitlituents of

Alnus glubinoga nodules ghowed that in agreement with

Hiettinen & Virbanen (18582) eitmlline ia quenbitatively the
most doportant free anling acid pregsent., Cibrualline wes
also shovin by these subthors to prefomlnabte in ths nodules of

Adnus lneana, whlle a simllar finding is now veporied in

Pable 12 Tor Alvus rubra. 16 would thas seem probable that

the presence of ¢lbrulline ls chavseloristic for Alnug as a
genus,

The nodules of Alrmus glutinocsa were also found Lo con-

baln appreclable amounbs of glubawmlc scid, asparbtle acid, and
Y~amine butyreic acid togebher with arginine and ornliliine.

The finding of free ornithine in plant tlssues is unususl,
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o

In snilmael mebebollsy, however, oralihine is woll lmown and is
closely relabed In mobtabollism to elbtrulliine and avginine,
Arginine lg an importanit consbituent of proteins in hobh
plants and animals,

Since bthe Linding of cltrulline In the alder by Miettin
an & Virbanen (1962) varilous a%ha? veporbs of lis occurrence
in the plant kingdom heve heon veporied, Renter & Wolffgang
{1958) reporved 1% as exuded in large gquantitles in the bleed-
Ing sap from roobs and stems of gpecies of both genera of
the Betulaceas, Llpug and @gﬁg&@van@ also In the closely vee
lated genewa Corylus end Corpimg. Later Bollard (1957)
fouond clirulline o be o consbibtuent of the xylem sap of 29
unrelated woody genera in § of whaleh it wes 2 major congbi-
tuent and appesred o replace bhe asparagine and glubsmine
of other plants. Ingbtances of the occuprrence of c¢lirulline
are Klao fovtheoming fopr the lower plants, Fouden (1851)
detected 1t among the free amine aclds of two specles of

hlorells, Mansford & Reper (1964) found 1t Lo comprise 6,3

per cent, of the soluble nlitrogen of Funeris hygromebrlss,

and Linko, Holum-Hansen, Besshem & Galwin (Lo57) have alse
reported 1is presence in certain blue-green algas,

This widespread oecurrence of ¢ltmlline in the planb
kingdom togethwr with the fact that 1% hasg not been found in
all wnon-legume nedules emphasligos Mlebtinen & Vivbtanen's

cbgervationg that eltrulliine was nobt speclfiecally related bto



nibrogen Lixation,

The metabolic function of ¢ibralline is well known in
oninal tiassues, Krebs & Henseleit (1932) found thelt orni-
thilne, cibmlline and arginine were Inbermediates In the
produe tlon of ures in the mommallan liver, To explain these
regults Krebs formmlated the "ornithine eycle” as ghown in
Plguro G, This eycle is now congldered t?f; apecial
adaptation In mammals of the more wldespread mechenlsm for
srginine agnthesis (Ratner, 1956),

The only dlrech evidence for the exlstence of a ures
gycle In the plant kingdom is thab glven by Srb & Horvowlbsz
{1944} who demonstrated lba presence by genebleal technigues

in the fungas Yeurospors orossa, Howaver, vecent worls of

Coleman & Hegarby (1957), in whieh barley and vhibe clover
wore fed wilth ﬂrﬁithiﬁ@»%l%Gg showed thad enzymes capable of
sonverting the emithine to elbmilline snd arginine were
present, An engyme whlch could convert arginine o ormi-~
Ehine algo appesred Lo De opevatlve. Sueh findings indicate
that many of the enzymes of the Krebs crmithine cycle are
pregsent in barley and whibe clover and the suthors supgesbed
that they way have a place in the nibrogen meitsbolism of
thege and obhey planbtsg,

Miettinen & Virbenen (19853a) found no evidence for the
participation of elitrulline in such a eyecla In the aldew,

The alder was shoun Ho be devoid of avglnlpe schlvily and
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only negligible amounts of ures were dotechsd, 1% was vhus
suggested that in the alder, clbmlline replaced the emides
of other plants and acted 68 & 3tore of and as & meong of
sransport for the olbtrogen within the planit,  Reuter (198Y)
subsbantiated this and exbtended the ldes Lo other plants,
The existence ol elbrmlline asg o major constibtuent of the xylem
gap of such plants, although not definlibe proef, does suppord
this theowvy., In g further lnvesbigabion of bthe r8le of
elbtmilline in the alder, Mlebtinen & Virtanen {1985h) veported
s8light but posibive evidenge of the trensfer of eitrulline
nitvogen to o -~kaboglutarie asid In the leaves bubt not in any
obher part of the planb, The fact that such a veaction 4did
not Lake plaece in the nodules was vegoarded asg conforming to
the suggestlon that Is cibralline the nlbrogen fixed in bLhe
nofdules was transporied for uge In obher parbs of the plant.,

Linke gt al (1857) likewise foand no evidence Tfopr the
operabion of ithe uwrea eycls In the blue~green algee, ALl
efforts to detect Tree arginine or urea in gsuch alpgss wero
negabive, These aubheowrs Aid, howevsre, favour a cyelic process
of some deseripblon for the formetlion ol elbrulline and suggssb-
ad thast it wmight function as & weans of transfer of nitrogen
from smmonia to the snino scidg or possibly as a sbeorage pool
for the cavbamyl group fer nueleotide pynthesls.

The dsotopic data presenbted in Table 13 of this thesis

, . _ 5.
show thaet sayginine iz very sllghtly enwviehed with lQﬂ compared
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with eibmiline, Thug 17 srginine ls fowmed Trom cltrulline
in the alder nodulss, ag seems hizhly probable, its wrabe of
fomabtion mst be oxiremely slow compared with the rate of
formaltlon of cibwalline, This would therefore suggoest thalb
the citrlline ln the alder nodules has sowe other rfls In
addition to Bhat of srginine gsynthesis, posaibly that of
branslooablion,

I% has besn shown that 2530 per eonbt, of the soluble
nik mgmy Myrlen nodules extracbed with 0,10 HCL was in 3he
form. of aﬁpaxagimﬂ. Table 12 Indicabtes thal ssparagine was

aloso predominant in Hlppophe? nodules and that in Cagvarine

glutemine book 1ts place. Traditlonally asparagine and
glubamine wers vegarded as fugebloning in the hlgher plants

ag resevelrs for excess ammonle end as o means of transporh for
nibrogen fyom one parit of the plant o the other, The diptri-
bution ef obher smino acids was essenbislly similar to thab
ohiained in Alnus exbracbs, apart from no citralline ow
ornithine belag found, Hyrlea nodules 4ld, however, differ
from the others szxaminad Ian that bthey conbalned trypbophan.

Sen & Burme (1953) alse rveported trypbophan from leguome nodule
extracte,  In general mebtabollsm this aming scld is lmown as
g procurser of bthe vitamin, nleobinie acld, seversl plgments,
and an anlmal hormone, B plant mebabolism in parbiceuwlar,
howaver, trypbophan is of Interest Because of ibs welatlionship

with thie suxin Indole acetlo acid,
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The Yathway of Hibrogen Fizetlon in Alnus glubinosa.

A8 da shown 1n the Inbroduction bto this Section, the
isobopic gstudles of the VWisconsin group have provided two lines
of avidence on the pathway of nitrogen fizetion In genoral,

Corbain nitrogen fizing orgenlsms, Loy sexeuple Clostridium,

axcrobe a lavge proportlion of the fixed nlitrogen inito the
mediui, Vhien sueh cells were exposed bo excess [ree 15ﬁ5
this excretion was found to conslst lavgely of amnonia contain-
Ing an exbremely hlgh 15% concentration, it was therefore con-

cluded that this ammonla was an Intermedlabe in fixatlon ratherp

)
R4

than & produet of decomposition,

Yhe study of bthe dlstribution of fixed 0y within the
colls of most of the hnown nitrogen fixers and in logume
podules Invarlably showed that Subamic seld contalined the
195 ol any compound Isolated, This

ihe
together with the finding ﬁhaﬁkiamtope Alstribubion was essenti.

greatest concentwation of

ally the same whethey bhe 137 was supplled as molecular nitro-
gon or ag anmonisa ves regarded as lmplylng that ammonia was an
inbermediate In Lixatlion, However, only in legume nodulss was
gn unhydrolysed cell exbract examined and the sbove work can bhe
criticlzed on the grounds that random dilutlon of the free amind
aclde could ocouw, Another Aifflculiy was that the labelling
of the fwee ammonlia was never found to exceed thai of the
glubamic acld,

In the aboveo Madison experiments exposures of at least
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ore ba btwo houvs had Desen smloved, Sinee the present work
at Glaggow was begun, A1Iisen & Burrls (L957) In Wisconsin
have wbackled the problewn of demonstrating the nabtire of priw
mery producbty of Limablion by‘ﬁﬁing the appyroasch employed by
Galvin o elucidate the pathway of photosynthesis, It was

£
1Q§ 100 pew

argoed thald af ter an Infinlitely short exposure Lo
conb, of bthe tolal 18y fized should be In the eavliest pro-
duchs of Tizablon &mﬂ:wiﬁh incpreaging exposure time the pere
cenbage of the bobal 15y In these producia ﬁhaniéAﬁ@ayaaﬂaﬁ

AT ber demongbrablng that in Azobobacber easlly debecltable

levaels of 98 wers present In o number of compounds in the
catls and iu the medium efber one minvibe's fizmation, the above
suihors showed by a kinetic analysias of the laobtope accumlated
from short sbeady sbabte sxposure of one to Live mlmuves, thad
only the amide mlibtrogen of the cslls and the smmonia of the
medium fulfilled the conditions for the primary products of
flzation, To the Wisconaln woriers this congbibtubed final
proof of the intemmedliaibe r8le of ammonia In nibtrogen filxation,
IH mueh be rewmembered, howewer, that this only applles so far

to Arobobasten,

When consildering the L8y data obtained In Glasgow for

the Alnus plublnoss maberial, 1t mash be gbated that the ldeal

proof thalt emponla congllbubes an intermediate in the Lixabtlon
by these nodules would be tho iselablon of free summonle cone

taining bthe greatest enrichment of heavy niilrogen, In none
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of the experivents was this found, The low labelling of
the snmonia fraction was ab Livet thought to be dae Lo
dllution during the frectlonabtlon process, In aun effort

o ovsreonme thils the free samonlia In Exbract 6 wags, a8 nobed
sarlier, remnved befove the fractionstlion of the awino aclds
wag beogun, In this cage the glatamie acid once mores i
hibited & greaber envichment than 4ld the awmonia. Indeod
in Bxtvact 6 the proporition of By 10 ammonia to tmt in
glubamic acld was even lower than bhad been found in the
obhsr frae tionablon, However, 1t must Dp remembersd that
the nodule 1s 2 complex nlirvogen-Tixzing sysbenm, It eonsisis
of endophybte cells 1o or on whieh Bhe niltrogen iz fixed
together with host ceslls which ape presumably unconcerned

in the fixabtlon tut Into which a great bulk of the vroducis
of Lixetlon are passed snd further mebtabolised for Lranspord
to obher parts of the plant, Hence the smuonls and obther
nitrogen fractiong extracted Lfrom Tthe nelules by homogenisa-
tlon probably conslst of a complex mizxbure derived from
different smeces, Compounds contalining newly-Lixed
nibrogee are obbained from the endaphybte and neighbouring
colls, whereas many hoad cells will supply mmoeh olded wnwe
lebelled nilbrogen, As bthers are many ways in which ammonia
nmay be produced cababelleally by the labiser cells, 1t isg nob
porbaps surprising that highly lebelled amuonila has not been

lgolated from the nodule homogenates,
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Bince bhe fres grmmonis 1tgell doss nob show bhe
prosbest 15y onrlcdinont, informabion concevning the v8le of
apmonia In the fizablon in elder nodules can only be gained
feom experiaents of the present type by considering the
neture of the constitneabs inte which the Pixsd 91 passes,
In conbrast Lo the wany ways In whileh swronls can be formed
epbabolically o Living cells, theve are few lmown in which
free amnonia can Lo sssimlilated, The princlpal oneos known
a.:s’*@ ag followng -

1e ok =kebto glubaric seid 2+ gmmonis -y glubamlc acid

"2, givnbamic acld s lubamnine
oxr A E3N 1111107 Y 2 RER—- o1

aaperbic acid /MparaLing

5. carbon dioxide +4 PO 4 4 ampgonia ——> Garbamyl phosphate
< N\
cllzulline pyrididines
The slder godule appears Lo pogsess no aaparagine op
giuteming and albhough the nuelsooitlde consbtibuents heve by
no means besn igerouvsly Invesbigated, preliminary expori-
menbs Indicated that they do not possess as greab envichment
28 Qo the free amino aclde, The genewval overall dlsbribubion

152}1 in the alder nodule showa In Tables 195 indi-

of the Cixed
cabes that glutamic scld eonbained the highest concenbraltion
of 0y, Other compounds showing warked enrlchment weve

agpartic acld, Yy -amino abyric aclid, fvee amsonla and
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clbmiline, Superficially this Jsotope distribubion agrees
closely with the results obteined by the Wisconsin group
for obthsry nilrogen fixing -s:;;'ss't:wma . It wonld smuggest thab
khe Cixation proosss In legwnes and non-leguume nodiles ob
leanst la Durdamentally aimlilav, It eould e argied thatb
in the fizatlon, Howavor, the digteilw tlon of Ltho 1By
in eibrulline provides Lfuapther and more convincing evidence
In fevour of this, for as nobted alroady, & comparison of
Tebles 13 and 14 dhowg thet the cavbomyl nitrogen of clirull-
ine possgesged the highest labelling deltested In the exbract,
surpasaing even that of the glubamic scid, |

I aodmal tlagues and In bacteria the blosyathesls of
eitrulline asn part of the Kyebsg ormithine cyele iz envisaged

Wy Hall, Mebzenberg & Cohen (1956) as heing as Pollows i

N

. - — Engyme 1
L COn + Ny AP - } Qaz:haznyl ?hOEB-
H 3 . b 7 N
Wg ' 4 acebyl glubamic phabe

anid

Bazyae 11
2, carboamyl ghosphate 4 ernithine > ciltwalline 4+

The scebyl glubanle sclid has heen shown bto be cata-
lytically s¢btive in the synbheslis ¢f carbamyl phosphate, the
&m imnediabe ;Qx’*mmé?&mf of the carbawmyl group of citmlline,
Phuig the carbamyl grouping is devdved diwvectly from the

amnonia and the carbon diloxide, nobt Trom bthe glubamate,



It should be noted that bthse aynthesls Involves & fizablon
of G0a.
o
Tinko . Helmedonsen, Bassham & CGalvin {1957) found that

1

when 1‘3‘60,} was supplled bo Hogboe the ¢ was rapldly in-
5 LTRSS M A S )

[y

corporated nbo the carbamyl groenping only of he eitruiline,
Thig result would appear to supvorb a aimilar mechanigm fop
the synthegls of cltwlliine In one branch abt least of the

plant kingdom, nawely, the blue-grean algas,

fed
he distribution of 0¥ fized in the ecibralline of
the alder nodule is consgilgbent wiith thils mode of Lorumblion
In the highey plants also, It moveover indicstes thal
there nmast be & sappnly of highly labelled free smmonla in
the nodule, Hence by virtue of 1ts diffevence from obther
syatens ezamined the alder provides nsw evidenee thad in
nibrogen :ﬁ";i}mti on bhe formation of snmonis precedss Ghe
formabtion of free amline aclids,

The pregence of such & mechanism Yor the synthegis of
clbrilline in the slder could suppord the suggestlion of
Livko eb al (1957}, slveady mentloned, thaht citrulline may
funclbion as an Intermediante bebtween ammonis and the smino
acids, The lower labelling of the glutemic aclid counld bhen
be accounted for by visnaliging tUhe pathwey of fixation
being as followste

Hy e i@fﬁ——-—-& citrmlliing cee—y glubamlce acid ~—-—1

obther amino aclids,
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Biebbinen % Vietanen (1253h), however, sould £ind no evidence
of the tremafer of cltruiline nitvogen te &« -keboslutaric
aelid in the alder nedules, Juch a scheme would, indesed,
enball the synthesies of glubtamie acld by a peaction hitherbo
uplnown o ma ﬁé&&wm am end, whille Fhevre is no vesson why this
should nobt banpen, the data can bhe just as veadily explained
on the basls of koowm reactlong, I% ds, therelove, sugpest-
ad Bhat 8 mors 1lilkely pathway of sssimlilabtlon in the aldexn

ig ag Mollows i

4

arginine
cliralliins

A gpans Loos bl on
~n

~~ glubsnmis acid > other amino
acids,

The higher labelling of the elbrmilline cavbamyl nibrogen
comparvred with that of glubamle acid may be explalned if
ronchion A is more rapld than reachlion B, The faat that
the formblon of c¢lbralline from ornibhine is reversible eand
hoth repctions mey be opsrating to some exbent at the same
Bime may also explain thse high enclichment of ¢lirnlline, as
In this way the climlline wmoleoeuls forms an effectlve Lwrap
for the L5y . On the other hand the formation and brealdown
of glutamic scid in the cells iz gquibve dlsebinedt and possibly

aven occurg in diffevent parts of the ocells,
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The mueh loweyr labelling of the ornlthine-nitrogen
of the citrulline molecule presumably indlcabtes thal the
formation of that subgtance from omithine ls a much nore
rapld reactlion than thoeose leading vo the formatlon of
ornlthine and that the preecuvsors of ovnlihlne wepre lavgely
preformed before the experiment began. Other free amino
acids with substantial lgﬁ enrichments are aspartic acid
L and Y -aminebutyric acid, both of whilch are in closze
wmetabolic relation with glubtamic acid,

In congldering the above lnberpretetion of the data
obtained for alder nodules, 1t has to be borne in mind that
not all the exeess Y9N in combination in the oxbracts was
accounted Lo, 1t hag alrveady been noted thabt data avall-
able in respect of one parbticular Extract (Ne,4) indicate
thet the fracbions lsolated snd sssayed accounted for 60 to
70 per cont, of the tobtal excoas lﬁﬁ present, This 1s an
agpect which will be congldered agaln after the Myrlca data

have beon discussed,

F&ﬁhway of Hitrogen Fixsbtion in Myrica gale,

Although only 15 per cent., of the tobal nodule anlirogen
o
wos exbtrocbed, it was found thab of the T°§ Fixed by the

nedules of Myrica male B0 to 90 per cent., was to he Lfound In

\ ; 1k
the extryact, Thas In Bxbteact 2 after exposurse Lo ﬁﬁ for

o e
one hour 82 per cenb, of bthe 1°¥ fixed by the nodules
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appeared in the exbract, while in Extract & after an ex-
pogure of 40 minuvbes B9 per cenb. of the ilsobtope fized vwas
in the exbract, This conflrms the expectation that 1t ls
in the soluble nibrogenous congbituents that the primary
produets of fixetion are most Likely to be found, It can
be caleulated that the cowpounds isolated and analysed for
15g {Table 18) aeccount for 60 to 70 poer econb, of ihe bLobtal
195 of the extwract, The major pard of this BN accounted
for is to be found In seven subsbantially lebelled compounds,
namely,,glutamin@, agparagine, glubamic aeld, aspartic acild,
free amnonla, mlaniu@ and trypbophan, These compounds

mist therefore be of IJmportance 1L not ag direct products

of fixetion then as early products of assimilation,

Ag nobed saxrlier, Pable 16 shows that the greatest
excens of PN occurs in the amide group of glubamine,
Agparagine In its amide group, glubtamic acld and the free
amnonie show somewhat lower bub substantilial eanvlchments,
while alanine and btiypbophen bogether with the amino groups
of the amides also contain appreclable 15&. The glycine
ad arginine exbracted show very slight enrichment,

The only known mode of synthegis of glutamine Iln vivo,
elucidated by Elliobt (1951) in homogenates of Lupinug seed-
lings and confirmed by Webaber (1953) using exbracts of

bean geedlings, ls as follows i~
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By ’”*‘4‘
Ly

Glutamic acld %Zﬁﬁﬁ 4 AP

» Glubamine 4 ADP

This rescbtion ig very simnilar o that lnvolved in the syn-
thegis of clitmilline and would again polnt Lo ammonia as

an intermedliate of fixetion, Free ammonla with a greater
enrichment of 5N than The glutamine amide nibrogen has nob,
howover, bsen isolated from the HMyriea nolules, albthough in
one case (Bxtract 2) the enplchment of bthe sumonia 41d ex~
ceed bihmt of The glubtamlc acid, The digtribubtion of bthe
fized PN in the extracts of Myrleo nodules showing the greab-
est enrichment to ceccur in the amide group of glutamine
would therofore appear to Indicate & very ¢lose parallel
between the fixablon process in Myrice and in Alnusg and to
support the hypothesls that ¢itrilline in the alder replaces
the amides ol other plents,

Agparagine also wasg found to carry a subsbantial con-
cenbroblon of 1ﬁﬁ in its amide nltrogen., Although not so
mieh is known aboub the synthesls of asparagine as ls the
cage for gilutamine, 1t is Hhought to e gimilar o that of
the latier substance. It ia very difficult to compare the
igobople results for bhe btwo amides. The pool of asparagine
In the nodules is wvery mach greabteor bthean that of glutamine
while nothing is Imoun as to the relaltlive rates of formation
of these amldes,

Other amine acids conbalining subsbtantlal cxcens 154

inelude glubamlc acld, aspartic acld, alanine and tryphophan,
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Aspartic acid and alanine are normally considered asg belng
clogely related motabolically to glutamle acld end wounld

-
hence be expected to conbaln maeh 1”&,

The r8le of trypto-
phan in nodulay metabollsm is of Incldental Inberest owing
0 dte connecblon with the auxin, Indole acetlic ascld, It
is poseibvle that it 1s by weans of auxin producblon that bthe
endopbyyve ls dble to stlamumlate nodule production, It wonld
be of interest to ascerteain the distbributlon of 15 between
the nlbtrogen aboms of the molecule,

In each expeviment the 1o coneontratlon in the amino
groups of glutamine and agparagine ls definitely less than
that of the free glutamle and asparbtlc acids, This could
be explained 1 the synihesls of the amides btook place at a
different locablon in the cell from that of the glutamlc
and aspavtic aclds,

The isobopic resulbs would iherefore sugmest thabt in
the Myrlea nodule the fixabion process could be represented

ag follows -

agsparagine

‘1}32 comennonn o wn v ooy }Lé —» glubtamine
,/),other
glutamic acld — 5 amino
™ acids

The amlne acld content of legume nodvles is very
2o
gimilar to that of Myrica., The digbributlon of 1% rixea

under gsimllar condlblons in debached soya bean nodules afber
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exposure to excess 181 for one heur as studied by Apwyison,
Wagee & Burels (1864) was, however, rather different e from
that found above. In the soya bean glutamlc acid contvained
the greatest envichment of 1551%‘ s *‘s’he{ amide nitvrogen whether
from agparvegine or glubamine beling only poorly labelled,

It is concelvable that in the two types of nodules the pro-
cegses of fixation or agssimilabion might differ in detail,
It bas been noted alveady bhat straeturally legume and non-
legume nodules are guite diffevent and that thelr endophytos
ares of diflferent types. However, 1t mast also bhe romenberoed
thet vhen legume nodules are detached from the plani the
Tizetlon felle off very mach morve rvapldly than is the case
with non-lsgume nodules, Thme the differencos In bthe roe-
gults obtained of the two Bypes of nodule could be explained
by the fizablon In the legumes having Lallen off afiter one
houy while Alnus and Myrica were still sctlvely fixing,

More information on this polnt could be obtalned by ezxposing

the soya bean nodules {or a mach shorter time to 18y
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In conelusion 4t can be sald that In both Alnus and
Myrica nodules the bulk of the fixed 15y appears in organlce
compounds viiich are likely to arige by reacbtlons Involving
aymonia, polnting to the formation of that compound asz an
intermediate preoducht of {ixablon, The ammonia appesrs to
be the means by which the fixed nibtyogen ls Ineorporased
into orgenic sompounds, and 1t would thus bo bebbter to regavrd
the ammonia as the end product of the flxeblon process and
the elteulline and glutemic acld of g;ggg,g;?tha amldes and
glutemlc acld in Myrica as the primary sssimllatlion products.

Ag gtressed alvesdy, froe ammonia showing & labelling
grester than thet of any orvgenlc nibrogen hes not been lsolat.
adl from these nodules, Thig Aiffieulby was alse encounbtered

k3

in expeoriments at Madison and 16 has been suggested in some
quarters thet hydroxylamins rather then ammonla might just
as easily be the end produet of Lixatlon, However, as no
reactions heve yebt been digcovered Uy means of which the
nitrogen of hydroxylamine can be dlvectly inecorporated into
glubamic aclid, the amides or clbmilllne, thils suggestion
seems guite untenable in view of ocur resulis,

Ag mentioned alveady, 1t is necessary o bear in wmind,
howsver, that in both geneva rather loss then bthree-quarters
of the Iixed 1‘% of the exbracts was recovered, At present
linitatims of bechnigue and ineomplete knowledge of the full

range oi niltrogencus constliuents occurring in plants make 1t
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a E - ..55? F 2 »
gearecoly practicebls to locabte all the 19 ; end there is

thua Bhe possibility theb some 8o far undetected substance
was present in the exbracts In a hlghly~labelled forn,
Enowledge of such a subotence might neocessibate sone re-
Interpretation of the date, Bash & Buprris {(1957) recently
roported that a re-exauinabtion of soya bean nodules afber
axposure to exeess free 195 nas revesled thab dilhydro~
pyridaginone~-S«carboxylle acld contained s hilgh enrichment
of 10H frequently excesding bthat of glutamic acid.,  They
were led bto look for bhils compound as e resuld of experlimenbs

in vhich labelled hydrasine had been fed to Azoiobacter,

The fMmll lmplicatilons of this report, which is of & pre-
Liminery nature, romain to be sssessed,

Interesting and slgnificant as the results of iscbopic
experiments with legame and non-legume nodules and with freo~
living nitrogen flxing organismsg ave, it is posglble that
the next major advanceg in the elucldation of the chemical
mochaniam of fizablon will be achleved uwhen mebthods of pre-
paring cell-fvee extracts rebalning the power of fixabtion
have been perfected, The simpler gyasbem thus provided would
greatly facilliate investigatlon, partieunlarly perhaps of the
nature of the Intermedianteg, 1 any, preceding the ammonia
which, on present evidence, appears to be the form into whilch
the fixed nltrogen ila brought prior to enbry Into organic

comblination, Mony unsucceessful attempbs roviewed by Burris
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(12586) have been made to prepare gsuch exbracba, mostly Lfrom

Azobobacher, but rocently Nason, Takabaghl, Hoch & Barris

(1957} weported thet essenblially cell«fras ocxbracts prepared

from that orgmlism by a method of sonlc ocsclllatlon dhowed

& definite capaclty for nltrogen {fization. Farither sbudies

aglong bthese lines may yleld additionsl informaltion cenceraing

the mechanlsn of blologleal Pixeblion of nitrogen.
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SUMMARY T0 3BCTION TT,

The nitrogenous congtivuents, parbdleularly the free amino
polde, In 0,1 HOL exbtracts of the root nodules of Slnug

rlubinoga, Alous vubrea. Myrlea gale, Hlppophae rhamnoides,

and Casuarinae cunnlnshemisna heve boeen investigabed guall-

tabtively by meang of bwo-dimensional paper chromsbography,

bobth befove and after hydrolyais, oo oxaminadtlion of the

exbrachts of the nodules of Alams glutinopa and Myrlea sale
hag bheen exbended o & morve gquantitabtlve basis by chromato-m

graphy on lon sxchange resins.

It wes found that elbtrulline was Bhe predominant free amino
geid of the nodules of the Alrws species, whille elther
asparagine or glubamine predominabted in those of the othor

genera,

Hoduleas of Alims glublinosa and Myrica male wevs exposed fop

periods of 30 mimbtes to 3% hours bo an atmosphere conbain-
ing excessg Trse 1ﬁﬁ, and the dlatzibubion of the fixed iso-

tope in the nodule exbracts thon studled,

[ i .
In Alnug the greatest eoncenbration of 19N was found in the
cavbmuyl group of citiullilne, whereas in Hyrica It oecurred

1 the amids group of glubamlne,
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&, Although ithe free mmmonia of the exbracts wag never found
to ezhilblt & greater labelling then that sheown by bthe
orgenle groups smenbloned In Heading 4, the fact that ths
bulk of the fMxed lgﬁ appesred in organlc compounds whieh
ave 1ikely to arise by vescilons dirvecltly involving ammonia
polnts Lo the formebtion of that subsbince as an early pro-
duct of Lixabtlion, and as the form In which the fixed nlibtrogen

snters into orgenle eombinablon,

8, In respect of bthis luwportence of amuonis ithe path of fixa-
tlon in the non-legume root nodules appsars tw bHe aimilar
o that In logume nodules and free~living nlirogen fixers

examined previously by obher workewrs,
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