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ABSIRAGT OF THESTS ON THE |
ROOT_NODUVES OF TNRTGA GALE Dn

WETLLEAN “1’{. FIEDGINR, r;.sQ.

A atud'r is sade of the developrent and st:motum of the root noduies
.af 321;;__ nt:t.lising, the waterwauliure %ec&hnique for the prowlng of the
plants, Gbsemtions axye-also madé on rield material. .

The geperal cultural methods axw desoribed and chueryvations made on the
parnimation and early,stageé of growth of the plant, o
| B‘ron.ﬁ sytological &i{i_@r_,me it ds qonqiudqd that #ha orga_nism résponsihle
for nofulation is a menber of the Act inonydetes and that it nﬁama} its way
into the plant via the roob halrs which _béﬁa{:ﬁe twisted and distorted in the
prc‘:aé_as;‘ ‘Hodules gin be obsewved. some U days after invculatilon, when the
plant ds at the 3 Leaf stape, and they ardse due to nerdstemtic divisions
of the payent mo» pericycie undoy the influence of "th-# oxganism, In the
young condition thoy are ved, due %o the presetice of anthogyanin, (not
haenoglobin as in the nodules of the leguminosae), It is :&;Amcteristia
of the nedules _“f;l'z{it' each develops a terminmal prolongabion texmced the “nodule~
root" which proceeds to grow upwards. The -ncaddle'bmnchea to give rise to
fresh lobeg which eventually fomn a alose c_r,luater enmeshed by the nodule root:

Tnternally the infected cellas of the nodule become an‘iam@d and the
éct&norwcate ean be éeen within them, The sotinomyeete threads hecome
swollen and aYe eventually digested secmetimes forming a dark clump within the
oells {in many ways similor to that seen in the digestive sells of the roots
of Neottda.) ftnpes in digestion ave deseribed and figuved,
Attempts to isolate the causative organisn are desorxibed. Al of

these have proved to bs unsuccessful, the isolated oxrganisms failing to induoe
nodnlation/
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nodulations An axamimﬁmn is made of previous aufhors atteupts at
‘isalatiox; and it ia aonaluded, despite clnins b0 the gonbraryy t.ha.t the
organism has not yet been isolated, A disoussion follows on the posaibie
reasons for failure end the avidame examined for the paaaibility of the
organismn being- an obligto synblont, |

Crosg-inoculaton experiments, using gerdain ﬁzizobi& and the endophytes
of the root nodrles of Alms and Myrica; arve desoribeds. From these it is
gonaluded that none .:;r the three axe cross inoculable.

A compayison is nade of {he effect of the i of the rooting medium on

nedule fomation in two nomn-legumes (lyrdea gole and Almis glubiinosa) with

that in a typleal legune, namely Tzifolium gmten_ge )uﬁi?;if}im'ﬂa.ta Qﬁtaim
by Bond (2951) on Jyxica gale and umpublished data on Alnys glutinoss kindly
commnicated to the author by Hr. T, Texguson of the Bc:;tamr' Iﬁpa:thént ’
Glasgow Univeraity. In oxder-to provide a diveot compardson, the author
has chiained data for Trifoliw i pratense by growing it, as were the two
non=legunes, in wmater culture at glls xanging fron 3.3 = 7.0 It is
showm that the endophytes of all three plants have dit‘fr-:mnt i tolemncor w

the endophyte of ¥, pratense camnot survive a f of 42 or lower; the endophy

of A, glubinosa can survive a gl of 4,2 but not of 3.3 or lower, The
endophyte of i, galé can su¥vive a ;ﬂ‘ of 3.3

Tt ie further demonatrated for i, gale and A. glutinosa that the reacti
of root and nodule tissue does not vary with the pli of the medium in which
the plants are srowing. In Y. gale the voot gl 18 5.0 ~ 5,3 and the
nodules 8 Buh ~ 58 over a solubion ¢ wamg of b2 = 7.0 . In
A plutinosa the root i is 4eD ~ 5.2 and the nodale pf 548 » 6.0 over a
solution/ |
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solution pil mnge of 442 = 740

The effect of combined nitrogen (as HalNO3y arﬁ (m#)zsoh) on
nodulation in Hyrion smle is investipated, together with comparative
data for Drifoldun pratense, and it iz shown that whereas a small
quankity of aorbined nitrogen (17.5 mgme, N/litve) nariedly depresses
nodulation (both as repnxds size and nurbey of nodules) in Prifolium,
corbined nitrogen (up to 4D mgus. N/litre) does not affect the nunber
of nodules found on liyrica; and that the nodules of Hyrica plants
recelving corbined nitrogen increase in size much more yapidly than those
developing in nitrogen free solution. It is comeluded that the effect
of combined nitrogen on nodulation is fundamentally diffevent in the two

plants and that the Myrieawactincmycete symbicsis is a less highly evolved

gystem than the legune~rhizobiun anzcointion since in the fomer there
is a superxfluous expenditure of raw mberials in the formation of nodules

in the presence of coxbined nitrogen,
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Root nodules of Myrica gale - Natural size,
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Xo GEBRERAL INTRODUCTION,

Myrieé gale {Bog Myrtle or Sweet Gale) is a
shrubby ﬁlant which ocecurs in bogs and wet wmoors in
Northern and Arctic Burope, in Asia and North
America., It is a dominant plant over large areas of
wet aceld peaty séils in Sceotland, N@rthernlﬂngland
aﬁd Ireland, Several other épecies of gxg;gg occour
in North America, but M.gale is the only species
nafive to Britain. |

' Aecording to Bentham & Hooker (1924) the

genus Myriea may be included in the Amentaceas ox

Catkin family together with Alnuws, Betula, Carpinus,
Coryius, ég;i&, Populue, Uuercus and Fagus, but
they remark that most modern botanists distribute
these genera into four families, one of which,
Myrioaeeae; is limited to the genus lyrica. This
latter is the procedure adopted by Clapham, Tutin
and Warburg (1952). It is of intebest to note that
‘rootunodules, gimilar in many ways to those ocourry-
ing on Myricam,are also found on the roots of alaus.
i Although the presence of nodules on the rooi
syétem has long been kmawn'fo be & regulér festure
of M.eale, they (in common with the other non-
Leguninous root nodules) héve atiracted relatively
littie attention, so thatv Fred , Baldwin and HeCoy
(1932) could statet~
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"There are many errors and confusion in the
reports on nou-~leguninous nodules, For»laok of
authentic information therefore, it is, in most
cases, imposslible to give an accurate picture
either of the causal agents or the siructure and
functlon of sueh nodulesg", Desplte the fact that
~twenty years have passed since the above statement
wag made, the position today is not much improved
other than for Bond's (1951) work on nitrogen
fixation by the nodules of Myrica gg;“.

& full accouant of the iavestigations of the
sixteen or so previous workers (starting with
Brunchorst (1886-87)) who have councerned themselves
with M.gale nodules will be presented in later
dections of the thesis, but & brief summary will
now be given in order to indicate the background
of existing knowledge against which the present
investigation has been carried out.

sunmary of the obscrvations of previous

invegtigators,

The root nodules of Myrica gale (see FProntis-
piece) take the form of mulberry-like nodule
elusters with a clothing of fine woots {"nodule
roots"), The manner in which ¥hese clusters arise
hag been sbtudied by several workers, who observed

that the simple primary nodule attains a length of
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2=-3 mm. and is terminated by a hodulearoot; Around
the base of the'latter;}secenaary nodules arise,
wsually three in ﬁumberg and these again terminste
in nodule-rootss Phis process is repeated, with the
aventual farmatioﬂ'df perennial clusters which
ocecaslonally attain the nisze of a walaut,

The study aflthe structure of the nodule
either of the original simpie nodule or of one of
the subseguently-~Tormed branches, has led most
investigators to the view that it represents s
modified lateral root, though difiering from a
true root in forming no root hairs and (prior at
least to the outgrowth of the nodule-root) din
having no raot-ca§ to protect the apical meristen,
In contrast with the legume nodule, it is in the
cortical regilon that hypertrophy of cells océurg
in the jyrics nodule, and it is in these cells
that the &n&oyhyte ocours. Most authors have
agreed thet hyphal structures are present in these
cells, and have variously councluded the endophyie
to be a true fungus or an actinomycete. Final peact
of the identity of the endophyte has. net been
obtained, since no investigator hes. suocceeded in
isolating in pure culture an arganism which by
satisfactory re~inoculation could be ghown to bhe

the true eundophyte.
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Uﬁtil recent fears the gquestion of the
function of the nodules of Myriea had scarcely
been investigated. There is now good evidence (see
the work of Bond below) that fixation of atmosphe
éric-nitrogen is agsociated with the noduies, 2Q
- that narmai growth of nodulated plants can be
ohtained in a culture solution firee of combined
nitrogen. It scems then that we have here a state-
'of symbiosis between highar'planﬁ.and endophy te
resembling in many respects that found in legumes.
This Tinding endows M,gale with especial ecologe
ieal significance, for thié species may well play
an important part in the Tixetion of aitrogen in
peat bogs where the pH is too low for the uormal
free living and symbiotic nitrogen~-fixing systens
0 operate. In the same invegfigation Bonéjnoticeﬂ
that the nodule~-roots have peculiar tropic proper-
ties.

seope 0f present investigation,

Bespite the volume of work done there are
vet meny aspects on which further information is
desired,and there are some fields which have no%
ag yet, been even touched upon é;g. the method .of
infection of the root by the causative organism
has not yet been investlgated; no one has

described the ecarly stages in nodule formation




-
nor the ovigin of tﬁe young nodule in the parent
100t there.is'much divergence of opinion on the
naturé of the.endophyte and ag 1is notéd sone
workexrs state théﬁ there is more than one organiﬁm
present iu the nodule. Even among those who agree
that it belongs to a particular group &.g. fungus,
.there is diﬁagfeement a8 t0 the genus and specics
to which it bélOﬂgs within fhe group. Again no two
aunthors have isolated the same organism from the

ﬁodules of Myrica zale and the re-inoculation

tests have heen inconclﬁsive. The inter-relation-
shipm between endophyte and host, the effect of
éndophyte_on host and host on endophyte have been
variously interpreted., The effect of exterﬁal
'féctors.(other $han pH) e.g. combined nitrogen,
on ﬁadulatian is an uwotouched field. No crosé—
ineculation expariments have been recorded in

order to determine whether or not Myrica is cross

inoculable with Alnup or with members of the

.. Lheguminosae.

The above are the aspects dealt with and
form the subject matter of this thesis,
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II. GENERAL CULTURAL MBETHODS WITE OBSERVATIONS

ON @HL GERMINATION OF MYhICﬂ GALE.

Yany of the omissions of previeus workers have
undoubtedly heen due to the difficulty in obtoining
young plants of Myrica. They are seldomn observed in the
Tield and the natural method of propagation appears to
be by off-shoots, The reason for searcity was discussed
by Bond (1951). He examined the pH of 26 soil samples
from mxﬁea gale stations in Vestern Scotlond and
found the mean to be 4.2 with a range of 3.7 - 4.8,
From his water-culture exﬁeriments he concluded that
the species is gro&ing at pH levels_below the optimum
for nodulated plants, At this pH range there was '
considerable moxrtality of seedlings in nitrogen-free
culture owlng to non-development of nodules. Coupled
with the low viability of seed this may explain the
rare occurrence of seedling plants,.

A few workers have raised seedlings of‘g.,gg&g
in the greenhouse but prior to the present investigation
no one is on record as having inoculated such seedlings
in order to obtain ample material of nodulated plents
for the study of nodule development.

Van den Bergh et al (1930) collected two samples
of seed in Holland in Qctober, Only 40% of the first
sample were full, 90% of the second. The firast sample

showed 5.5% germination after 49 days on & porous tile



in strong daylight, In Aiffuse daylight only 1%
zermination was obbained, From the ‘second of the
samples no germingtion was obtained; Seed was also
collected in January from under Myrica gale bushes and
this germinated freely in 50-60 days. Two types of
geedlings were observed by the authors in the grecn-
homse. The commoner type, also noted in th@ field,
shows the seed wall not carried up by the cotyledons
but remaining attached for shorter or longer time to
the top of the root.In the rarer tyﬁe, the’ geed, coat
is carried up by the cotyledons, The radicle bears
numerois roét hairs snd is lightly coloured.

The finéing&'avabﬁd (1951) confirm and extend
thoge of Van den Bergh, He noted that seed colledteﬁ in
September end stored at rod&-temperature showed only
1.8% gerxﬁ:i.nation, whereas similai' seed. collected in
January showed 8.0% germination.'Thié led him %o store
the seed in moist peat at low temperature ferlseveral
weeks prior to sowing. Snch-seed‘a¥oredrfor 1l weeks at
+ 2°C hefore sowing showed 15.3% germination. As=notsid
#ge Bond proceeded 1o inoculaﬁe-the young plants se
obtained and in this way raised large numbers of
nodulated plénts in water culture providing material)
for studies of nitrogen fixation. By using the =same
technique the present anthor has obtained material for

hig investigationy.
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The geeds wére pretreated according to the
methods deseribed by Bona-(aﬁézggumt) to increase peiw—
centage germination and then sown in horticultural pead
in {trays in a cool greenhouse, The latter were watered
from time to time with tap watexr and covered with a
glass plate to prevent gxcessive evaporation., Germine
ation ogourred in a few days and the hooked hypocotyl
emerged from the peat in 1-2 weeks. Germination is
epligeal and the two types noted above ss observed by

VYan den Bergh et =zl (1930) were seen namely (1) the

seed coat carried up by the cotyledons and (2) the seed
coat left hehind\on-the peat. The radicle is richly
clothed in root hairs, It is soon supplemnented by
sdventitions roots which arise from the hypocotyl.
These too are densely clothed with root hairs which
extend almost to the tip. The first true foliage leaf
appears some 56 wecks after sowing and the plants
were transplented from the peat some 2-3 weeks. later
i.e. when the first two foliasge leaves had unfolded.
Drawings of the various stages in gernination are
shown in Figures 1 and 2. QOccasionally a plant with

3 cotyledons was obzerved, The plants were transferred
from the peat to Crone's N-free solﬁﬁion, prepared as

followsi-




’18\11‘0 p 8

Stages in the germination of M. gesle. Note
radicle richly clotEadmicc, afe '‘pfixvasy =
(a) showing hook exnose the cotvliedons.rp has
been removed to expose the cotyledons,
(b) a further stage of (a)
In (a) and (b) the pericarp 4is carried
up by the cotyledons.
(¢) In this type the pericarp is left behind
on the peat,
(d) A young plant with cotyledons expanded,

X30



Figure 2.
Showing stage at which the M. gale plants were
usually transplanted from peat to water culture

in the experiments described in this thesis.
Note adventitious roots clothed with root hairs

vhich extend almost to the tip, X 1.5,
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KCL T.5 gas,
Cai304, 2Ho0 5.0 gmg,
Wgt0, .« THO 50 gms,
Ca3z(P04)o 2.5 gms.

F3£?041)2.8H20 205 g,

Distilled Water 10 litres.

+10 cc. of Hoaglands A=% solution

(Templemsn 1941) with molybdenun

added a2s described by Bond (1951).
The pH of this solution is approximateiy 6.3 and prioy
0 use was adjusted by means of HUL %o approximately
6.4, (This latter pH has been shown by Bond (1951) to
be a favourable one Tor nodule preduction), The roots
of the young plants had much peat'débris attached to
them and before transplanting most of this was removed
by brushing the roots in water. Thé Crone's solution
was usvally contained in glazed earthenware jars of
eapaclity 2 Litres and each jar was covered with =z teak
top which had been previouvely thoroughly waxed in order
0 lessen the possibility of fungal contamination. Fach
teak top had seven holes in it and the yaung plants
were threaded through these holes and heild in position
by meoms of small wedpes of rubber, |

Alternatively the Urone's was poured into

specinen tubes gige 3" x 1", Bach specimen-tube cﬁrk

was waxed and a hole bored through the centre to hold
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the young plant. whe glasgs tube wag covered with blsck
paper to exclude the light from the roots.

Growing the plants in water culture has proved
N veny heuﬁul . .
bo he a—his . Using this technique 1% has heen
possible o examine plants in the very eariieat stages
of nodulation and also to examine nodules daily, if
required, without cny upset to the nutrition of the
plant. This was particularly useful in studying the
mode of entry of the endophyte. Also, the mineral
content of the solution could be controlled and
nitrogen. galts added if desired.

Two oxr three days alter transplanting the Myrico
plants were inoculated,3ince no pure cultvure of fhe
endophyte was avaeilable an ivnoculum was obtained by
crushing nodules from the field,or from plants growing
in the greenhouse,with pestle and mortar, - in distvilled
water 0 whbich wag sdded a little sand. The débrie was
allowed to sebtle and the supernatant fluid kept for
inoculating puvrposes., This wag carried out by dipping
a camel hair brush in the fluid and then applying the
loaded brush to the Myriea roots. In sddition a few
drops of the fiuid was poured into each jar or tube,
The plaents were placed in the greenhouse whewve thoy
~ gcould obtain mexdwunm illumination. The jars weve
examined from time to time and distilled water added

to replace liguid lost through evaporation and
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transpiration,

Youngken (1919) stated that the endophyte
. paspes via the pitted vessels of the main root to the
stem and is conveyed by the transpiretion stream to
the floweré, bfacts and seeds, Dut this seed infection
has not been borne out in germinatiqn teste hy.Benﬁ
(1951) who did not find seed sterilisation necessary.
Plants of NMyrica have been grown from seed in the
Botany pe§§§¥EEZt of Glasgow Univeraity for a number
of years by Dr, Bond and by the present author,
Nodulgtion has naver yet occurred without prior

inoculation,
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IIL. s EVRLGMHCNT OF NOBULRS,

A, LUE TIRFEAPION BPAGHE.

Egggoﬁuetiﬁn.

As will be r@pertﬁé in s latoer ﬁgcﬁi@ng(nlﬁ)
inoculation of the roots of young plants of Hyriecs gale,
in the monner alveady &egaribeﬁ;iﬁ f@llawaﬁ'by tho
sppearance of nodules in éom@ ben daye. This pppoars fo
be the indubitable result of the entvy of whe @néaphyt@
gontoined in the inceulwn into the voots, and la the
present ﬁeeﬁion'we shall éﬁﬁeavamr to establish its
mode of entry.

S50 fmr.ag can be determined from the litevature
no previous. cboervations appear to huve been made on
this dnitial stage in the setbting-up of ﬁﬁ@ aymbigtic
relation in Hyrice. arzbergesr (1910} 4id stute thaib

"The tubereles dn Myrica gerifers originate Lyom small

adventitions roots which hear meny root hoirs and it is
guwibe possible that fhe fungus in some form munkes its
inroad through them or oy some epidermnl cell of the
growing root", but this sppears to have beon puve

SON Jeciure.

The mechanismn of infection in other non~lasuminous
aodula~Lorvning genera hag reoelved aéﬁe iﬂvggtigatiea,_
but 1ittle definite infovmation has smergsd. Hiltaer
{1903), Erebber (1931L-32) and Plothoe (1941)- obseyved

that the application of cvrushed-nodule inocwium b the
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roots of Alnus resulted in root—hair curiing but none
of them have figured the deformed root heirs. The
ouriing is of interest since, as is well known, @
deformation of root hairs is induced in leguninous

plants by inoculation with B-hizo'bium. Hiltner {(loe. c¢it.]

and Plotho (loc. cit.) considered the root hair
irregularities in Alnus to be induced by the endophyte,
but Krehber (loc. cit.) took a different view. He
ohéerved similar root hair features on uninoculated
alders growing in ﬁitrogen—free solution snd to &
lessexr extent on plants supplied with nitrate, and
thought they merely reflect a disordered nutrition due
to nitrogen etarvation. Alternatively he suggested that
the root hair deformation might be due to the injurious
effect of subatances (suecn ae tanuins) present in the
inoculum. This last suggestion 1s not, however, in
accord with his observations on uninoculated plants
alresdy mentioned, Peklo (1910) claimed to have
detected slimy infection~threads in the root hairs of
alder plants inoculated with an organism which he had
isolated and claimed as the endophyte, a elaim which
has not been sccepted by subsequent workers.(see Ixter

—asagm

Sectiéﬁ). Areularius (1928), working with Hippophde

rhomuoides, and Krebber (lLoe. eit.) and Plotho (loc.

cit.), working with Alnus, reported after careful

search that except for the deformation of root hailrs
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noted'above.aothing cuuid be said about the mechanism
of infection.

Obgervations,

As has been already noted, the roots of young

plants of Myrica gale were found to be richly eclothed

in root hairs, bvoth in plants tuaken from peat and those
‘grown in water culture. Inoculation had a marked effect
on the root hairs. When roots were examined
nicroscopically four or five days after inoculation 1t
was seen that the hairs had become twisted, contorted,7
and branched, and these effects became more fiarked asg
time went on.{Pigures 3 & 4). The root hairs of
uninoculated plants in nitrogen~free molution were also
examined, in the case of these plents w brushful of
sterile distilled water having been applied to the
roots instead of inoculum, Ro, or very occasional,
deformation of root héirs;waa ohgerved here. This
difference in root hair features between inoculated and
uninoculated planté becomss obvious 4o the naked eye
some‘three to four weeks éfter incewnlation, as is
glearly indicated by Figures 5 & 6.

The next effect of inoculation to be observed in
the roots was that some root hairs and many cells of the
" piliferous layer became filled with dense and somewhat
granular contents.{Figure 7). When tested by the method

of Vinson (1910), which depends on the use of nitrous




Pigure 3.

»

Photomicrograph of distorted oot hairs of
Myrica gale,
The plant growing in water culture was

inoculated with & suspension of M. gale nodules,
5 deys after inoculation
Freeh preparation,

X 900




Photomicrograph of portion of root of inoculated
plant of Hyrice gale grown in water culture.
Note distortion and twisting of the root hairs.
Fresh preparation 2 weeks after inoculation,

X 250.




Figure 5.
Myrica gale plantes growing ia Crone's solution in

specimen tubes, Plant (b) is uninoculated.Plants (a)
and (c¢) inoculated 3 weeks. Nodules are present but
not easily visible. Note that root hairs in (b) are
long; those in (a) and (c¢) are not easily
distinguishable because the twisting and contortion
tends to shorten thenm. X 2/3

PFigure 6.
Kyrica gsle growing in Crone's solution in specimen

tubes, Plant (b) is uninoculated, Plant (&) inoculated
3 weeks.

X 2/3




Pigure 7.

Piliferous cells and root hairs (rh) of M. gale
inoculated with nodule suspension. 4 weeks after
inoculation. Note contorted hairs filled with tannin
(t): normal root hair with no tannin (u).

X 250.
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ethers, these contents were found to.giVe the tennin
reaction, Thils tannin was never found in the corres -
ponding cells of uninoculated plants, so that it too is
taken to be a manifestation of the presence of the
endophyte.

A further feature observed several days after
inoculation was the presence of many rod-shaped bacteriu-
like structures attached end-on to thé.root hairs,
giving a curious pinmcushion‘effect. (Figure 8). In
fresh préparations in water,apparently similar orgenisms,
but now actively motlle, could be seen in the wvicinity
of the root hairs. Unincculated seedlings did not show
these organisms, which therefore appear to have origin-
ated from the inoeulum.

The root hairs of inoculated plants were
carefully examined for the presence within them of any
invading organiam,'but the development of tannin, noted
above, greatly interfered with this examination. In
microtome sections somé root hailrs appeared to contain
infection threads (Figure 9), but further examination
of these indicated that they were merely folds in the
cytoplasm hrought about by slight plasmolysle during
fixetion. Unliike true infection threads such as are
seen in root hairs of inoculated legﬁminous plants,
these "threads" could not be trsced heyond the
piliferous cell. An extensive search of fresh materiai,

unstained or vitally stained with Methylene Blue or



Figure 8.

Contorted and twisted root hairs (rh) of i,
gale inoculated with nodule suspension. Rote
numerous bacteria-like bodies (b) giving "pin-

cushion" effect. 6 days after inoculation.
X 250.



Figure 9.

Root hairs (rh) of M. gale with plaesmolysed
cytoplasm (p) giving erroneous impression of

infection threads,
E 250,
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Orysta@ Violet. and microtome sections stained wifh-
Saffaninfand Pagt Green and also with Sharmaﬁfﬁ (1943)
stain, failed to reveal any indubitable infection
threads within the root hairs, In someqpases; however,
motile rods of bacteria~like nature were observed within
the root hairs ond piliféraus cells (Figure 10). In
appearaneeAthéy were similar to thpsg previously
obssrved attached to the surface of the root hairs,.

Coneurrently with, or slightly later than,these
events in the root hairs, the cortieal cells of the root
become f;lléd with grahular tannin. In the trabecular
type of coxrtex (see hﬁéﬁggwgggc%ilamentﬂ of cells becone
twizted and contorted in & manneyr reminlscent of inféeﬁ;
ed root hairs (Fisures 11 and 12). These develoymeﬁts
prepsunably indicate the arrival of the endophyte. They
are not eonfined to ohe particular side of a root. Thus
all the trabeculae in any one section may be filled with
tannin and show contﬁrtions, suggesting that there is o
wlidegpread or mass infection.‘Subéequent stages in
nodule develdpment will be deelt with in a later Section

(11IC)

Another line of approach t0 the problem of
discovering the mechanism of infection was hy direct
study of the inoculum obtained by crushing no&ules,‘in

order to determine whether any characteristic organism

wag present. An actively-motile rod-shéped organism wag




Fipure 10.

Contorted and twistea root huirs (b) of M. gale

inoculated witn nodule suspension. lkote nuaerous

bucteria-like bodies within the hairs (a)j dark

masses of tennin(c), 14 dauys after inoculation.
X 500.



Figure 1l1.

Photomicrograph of T. S, of inoculated root of M.
gale, Note distortion of the root hailrs and cells
of trabeculae both of which are filled with tannin.

Stained Safranin and Fest Green.
X 240,



Figure 12,

Drawing of T. S. inoculated root of M. gale. Tannin
is represented by dots, X 240
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very abundant in o sanple of ingouvlun which =btctean
stood ot roow temporature for twenty hours after firsd
prepnration. Sonetimey the organlem gecurred ia shory
aheing o in fuacielesy 1t woes pondionlerly abundant
spound frmgﬁen%& of nodule tissug ond in some ooues 4
wag present within the ecells of suoh Dragments, It io
tempting o suggest that this orgaunisn repr@mmntﬁ 5
gtnge of the ondophyte, peréleuloerly sinsee in ibs
_ general appesrance it pesembled the orgoenisms
previonsly ovseyved ultvoched to aand in the viaiality of
the oot hales of inocealated plonte. It oast, however,
e renenbered that the luoouwlom uwndoebiedly included,
beslides the endopuyte, = aénwiﬂw?&ﬁle variety of othox
organdlons ag surdace eontaminants on the owlginal
nodulea,
Dizounsion.
?hﬁ.mOﬂ%'peﬁitive feature Tollowing incounlntion

of fyrics gale plants regorded in the proviouvs Jaction

g the deforvasntion of the woot halrs. Lo noted du {he
Introduction, this {eature has boen observed alsg ia
Atrag by previous werkers, Thornton (193%2) states thet
root hair curling is o prewrequiaside fop infection of

% ¢

degunmes By Bhisoblam, and thoat 3% is nonespeciflle since

al

Piltretes from oshor eroas<incoulsation specics of

Rudzoblws will induee the curlding, as will slao

Lilbrates fromn other a2oll orooniens (¥ilson, 1340).

Chen (1938) haw shown thet podt hnip onrding ainilay
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to that caused by rhizobial inoculation can be induced
by  indole acetic acid, and has alsv chown that
rhizobia produce this aubstancé. The same substance
does not appear to he responsible for the root hair
deformation observed in Myrica, sinée a test showed
that inoculation of Myrica rcoté with rhizobis, besides
producing no nodules (see Zmbow Saetioé%%f Thesis)
caused ne root hair response., On the other hand,
inoculation of Myrica plants with crushed Alnus
nodules or with an unidentified soil Actinomycete did
result in root hair deformation, althiough ne nodules
.F'were formed.

It seems almost cvertain that infection must
cceur through the root hairs. The only other possible
route would seem to be via breaks in the cortical
tissue at the site of lateral root emergence. Allen &
Allen (1840) conecluded that this was the method of

infection in peanut. In Myrica gale, however, the

pregent author has found nodules appearing on the
parent root far remdved from the site of lateral roots,
But it is not claimed that the presens
invegtigation has enabled the stages in the infection
process to be clearly traced. This is because of (a)
the obscuration resﬁlting from the grogss deposition of
tannin 3t the time of infeetion, and (b) the drawback

that 1t was not possible to study infection under
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agepiie conditions, i.o, with enly the Myrics voois
and the endophyta progent, Thus though the orgondom
@i@iug the "pin enshion® effect woy hove beon the
notued invading crgandon, Shers i plso the poowibiiliy
thnt 4% wes g aseprophytde form lntroduced pg a
sopndaminent in the inocnlun. An statoed In the previons
Segtion, booterin-like ovgunions were also deteoted
T wdthin root haire of doeculmnited plants, though nod
with sueh Pegalsrity aor in such guostity as sould
nave been desived. T% 4s pospible that it is in this
fomn that the endopbyte ontoys the rast. It wild be
shewn in Later Seotions of the Theuls thet the wrildoy
congiders the endoohybe to bs nn Aetin@myce%@. it e
wall knows thad $he thresds ov hyvhae of nany
ﬁé%ﬁmnmyg@tﬁﬁ break up into pertions whiﬂh’ﬂfé
indistingnichable froa baotoria, and indesd in cultore
meny dotinomyoctes ony beoome "baobtePial®. The
ﬂﬁgﬁﬂi&gﬁién af the invading ovgenism into sn indeation
threed 18 not acoooaapily o festure ol Actluomyests
snfeotion, Infection is Conmon Soaad of potele csuped

by Acbinonyees seabieps o effectad by vhort Leasths of

hyphae whioh penetrate and migrede, 6o such, withond
any epparent inerssse in leangth of the segaente,

A& Finsl point relutes to lialtation of Infeoiion.
Under sonditdons of water culbture the wausl seguenoe

i that following loooulsitlion of young tranoplants
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nodules appear at a limited number of £oci on the root
system, the latter being at this stage very limited in
extent. The extension of the root system i sub&équent
growth is nod, hoWever, followed by the development of
nodules at many new ;%ci, the mass of nodule tissue
heing inereased rather by proliferation of the qriginal
nodules. The same is true of plants carried on into a
gecond and third year, the nodules remaining for the
most part in a congested mass on the oldest part of the
root system, as will be shown by later illusitrations,
From one such plant, in its second year, the nodules
were excised in another connection. Within a few wecks
new noduies appeared at over lOOgﬁoci acattered all
over the root system. It seemed that nodule execislon
had removed some restraining influpence previously
inhibiting further nodulation. It -may be noted that
Nutman (1948, 1949, 1952), from his studies of
nodulation in legumes, has postulated the production
in the meristems of existing nodules and lateral roots

of a substance inhibitory to further nodulation.
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ITI, THE DEVELOPMENY OF WODULES (CONTINUELD).

B, THE BXTERNAL FEATURES

OF NOLULE DEVELOPMENT.

Iatreduotion.

Y%

—

Although many avthors (see = Section) have
deseribed the external appesrance of the mature nodules
there are only a few desoripticns of the nodules during
early stages of development. Chevalier (1900-02)
obgerved hut did net describe nodules on plants which
had only opzned thelr twe cotyledons, He noted too that
freguently s vootlet develops in the interior of a
nodule and proceeds to grow like a normal rooti,

|
Arzbervger (1910) working with Nyricu cerifera noted

that the nodules originate from small adventitious
roots whioch hesr many root hairs and th@t the colour
of the nedules varies from light grey to pink in the
youngest tubercles changing to flesh colour as they
age. Bottomley (1912) worked with Myrica gale., He
vemarkod thst the young wodules are visiblie first as
tiny swellings on the sides of the roots which grow
until they are two H0 thive millimetres long,

resembling at this stage Vieia nodules. From ithe dist-l

end of each nodule a hair-like 1rootlet grows oubt. Nach
rootlet {nodule root) which arises from the nodules i,
according 1o Bottomley, devoid of a root cap. Bond .

(1951) stated that in water culture at pH 6.3 and 5.4
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nodules becoame visible to the naked eye 2-3 weeks alber
inooulation and at this gtage forwed bright red
gwellings on the rootg. The red pipgment was ahown by
him to Lo saithoeyanin, not huemoglobin such as ocours
in the Llegune nodules. Nodulation was slower ond mors
aparse in more acid soluiiong, The red pigmentation of
the young nodules was gradually veplaced by o bhuif
colour, and aif'tey a few months few nodules wers wmbill
red. In a further paper Bond (1952) bhas noted ond
investigeted the upwsrd growth of the roots (nodule
roots} which emerge from the nodules. He has shown 1%
to be due to & negative geotpoplsm and considers that
the nodule roots probably heve an zeryting fanction,
Howker and Freymouth (1951) state thet,in their
experi@nae,néturally and artificially inocwlated
geedlings of non-leéguminouns nodule~bearing plaats 4o
net develop nodules until they heve reached a
considernble size, wheress inoculated clover seedliings
develop them soon sfter germination.

‘ Dhasrvations.

As noted already, these observallons en the
development of The nodule were nede on plaats growlag
in water culture., Inoculstion was effected ps desoribed
in the previous Hection. Drawings were mede from Hime |
¢ time under the dissecting microscope.

The nodnles appeared only oun those roobs which
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were reen to bhe richly clothed)with disvorted root
hairs. Wlcroscepically the nodules may often be
detected some ten days after inoculation ae lateral
swellings on the parent reoots. Although usually these
gwellings are rounded and each mavks tﬁe site of a
single nodule, (Figure 14) multiple infection also
oceurs fairly freyguentiy and the swellings may have a
tri~lohed appearance. {(Pigure 23). This should not be
confused with the branching of the nodule which takes
place at a later stage (meec p. 42), The time of
appearance of the ncdules however varied with the tlme
of the year, sometimes less, sometimes more than ten
days. The swéllings'are geen to cause more disruption
of the parent tissues then do the development of
leteral voots. To the naked eye the first nodules may
be visible some fburteen days efter inoculation, when
the plant is at the thres Leaf stage. {(Figure 13).
This is at a sbtage similar to that at which clover hag
been noted by the oresent author to form nedules. The
findings thersfore coincide with those of Bond (1951)
and are not in agreement with those of Hawker and
Fraymonth. (sese above].

The young nodules usually eariy develop a
reddish pigmentation (ap noted in the Intrcduction)
though thisg ig not inverliably so. Thus in reots which

are already pinkish in colour the nodule assumes a
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Young plents of M,gale, Seed sown in peat

25, 2. 52. Trunsplanted to water culture
l. 5. 52. Inoculated 5, 5., 52. Drawn 30. 5. 52.

Note presence of root nodules (n) X1.



Figure 14.
Young nodule (y) of M. gale in course of

formation. A few root hairs have been drawn (rh)
to show typical distortion.

2 weeks after inoculation. X 40,
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brillisnt red colour. In.whife roots on the other hand
the yowng nodules may have g pinkish tinge or in some
cases be cenbtirely colourliess, Yzxemination of sections
of  fresh moterial showsd that the énthocyanin-is in the
cell vacuoles and oceurs in the root and nodule cortex.
No pigment is present in the piliferoﬂs layer of the
rO0T. w00n, in ull cases, the nodules lose their red
pigmentation snd sssume the characteristic light brown
tint of the mature nodule., The time for this develop~
ment to take place is variable.

As the nodale emerges from the parent reot it is
at first globwlar but soon it becomes roughly peape
shaped énﬁ from its distal pointed end a fine root,

(t1900— 02}
the nodule-root, appears early, as noted hy Chevalier
(tqe) '

and hy BDottomley, in some cases a month to Lfive wesks

after inoculation, il.e.2-3 weeks after firsit appesrance

of the nodule and proceeds to grow upwards, (Figures
15-19), The nodule roots are white except at the tip
where there im a dark colouved root cap.(lMigures 20, 21)

As notved by Arzberger (1910) for Myrica cerifera

the noflule voots of foica gale also may send off side |
roots, These have been observed by the present'author i
hoth in the field and in water culture nmaterial.

(Figure 22). Bus it is much more common to £ind taem
unbranched. They are typically devoid of root hairs

though not invardebly so. Hailrs have been observed on



Figures 15 and 16.

Early stages in the development of nodules of
M. gele, Note formation of nodule-roots (r).
4=5 weeks after inoculation,

The root-hairs have been omitted for the oake of

clarity. X 8. and X 12,




Two steges in the development of nodules of
M.gele (&) 4 weeks after inoculation.

(b) seme nodulea 10 days later.
Note nodule-roots (r)The top of the solution
is to the left of the photograph.
Root hairs omitted for the sake of clarity.

X 5.



!
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Figure 18.
Inoculated roots of M. gale. Note very young

nodule (v), nodule-root (r) and lateral root (1r)

Root hairs omitted for sake of clarity. X 1 1/3.



Figure .

Young nodules from water-culture plant. Note
longz upward growing nodule-roots.

Natural orientation, Nat, size,



Pigure gg.

Young nodules of M.gale showing nodule-roots(r)

with proaminent root-caps (rc)
3=4 weeks after inoculation.

Natural orientation, X 10,




Figure 21.
Photomicrograph of terminal portion of nodule-

root of M.gale showing prominent root cap.

Fresh preparation. X 240.



Figure 22,
Field-nodules of M.gale. NHote prominent nodule-

roots (r) which eometimes branch. X 5.




- 25 -
a few noduie roots when in the very young condition
(Figure 23) and also soﬁe mature nodule roots may be
sparsely provided with fhem. Buat never are they thickly
clothed with hairs as are the roots. In this connection
it is of interest to note thét the nodule-roots never
bear nodules.

The branching of the nodule will be dealt with
in a later Section.@?) ‘ |
‘ Discuﬁéion,

The only aspect of this early development of the;
nodule that calls for discussion here is the
pigmentation.

It is of interest 1o note that there is ofien a
fair concentration of anthoecyanin in the roots of
those plants, growlng in nitrqgen free solution, which
have not been inoculated, and that this increases in
concentration the longer the plants are allowed to
grow. It 1s déep red particularly at the meristematic
zones e.g. the root tips. Presumably nitrogen shortage
becomes more acute as time goeés on and as the plant
ie actively synthesising carbohydrates then the C/N
 ratio will widen and it is postulated that the
reddening is due to the widening of the ratio. As
stated above the red pigmentation of the nodule is
more marked on rocts which are ﬁhemselveé reddish in

colour. These roots are already deficient in nitrogen



Figure 23.

Two stages in the development of tri-lobed

nodules of ¥.gale (a) drawn 4 weeks after
inoculation (b) the same nodules 2 weeks later.
Note nodule-=roots bearing root hairs, Tais 4s =n

unusual feature, X 15,
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Iand the increased meristematic activity due to nodule
formation further depletes the store and leads to @
deepening of the colour.

| In white roots the nodule may have a pinkish’
tingé or in some cages be coléurless. Pregsumably in the
white roots the C/N ratio is of such an order to prevent
reddening but the advent of the endophyte (which will
also'require nitrogen for its growth and multiﬁlieation}
and the consequent meristematic activity leads to a
- reddening in that areas duelfo & widening of the C/N
ratio. At this early Stége in hodule formation it is
presumed that the eﬁdophyte is not fixing enough
nitrogen to offéet the tewporary shortage. The white
roots which produce non-red nodules have enough nitfo~
gen to méet the demands of the endophyte and the
demands of fthe meristematic activity until sueh time asg

ob the nadule

the endophytepstarts fixing nitrogen from the air.
Consequently these nodules are never red in colour.
During experiments on the effect of combined nitrogen
on nodulation (see later Seetionuait wa g observed that
plants growing in N-free solution formed bright red
nodules. Those supplied with swall amounts (say 7T mgms
N per litre of solution) had pinkish nodules while
those growing in solutions containing 35 to 70 mgms had
nodules which were colourless or of a very pale pink.

The coloration then appears to be primaxrily
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due to a nlirogen shortage. But light, quite apart from
its efiect on photosynthesis may also play a part,
Nodules éeveloping ot roots which were exposed to
light from time to time, were of a much more brilliant
red than those develéping on roots in darkness. The
loss of red coloration is no doubt due to the fact that
the endophyte within the nodule fixes nitrogen in
gufficient guantities required for its own and for the
nodule's growth, Red-coloured roots also become white
as the nodule suppiies the host plant with nitrogen
compounds,

A& discussion on the morphological nature of the

nodule-root will be reserved uwatil the anatomy of the

nodule~-root hag been examined,
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THE_DEVELOPMENT OF NODULES (CONTINUED).

G THE TINTERNAL FEATURBS OF NODULD DEVELOPMENT.

introduction.
The study of the early‘develoyment of the
nodule within the parent root'appears to be almost an
neglected field , probably due to the laeck of material. .
Chevalier (1900-02) from s microscopical examination
of mature nodule sections, because of theif internal

structure and location, considered that they were

modified side rootz. Dangeard and Traka (1929) on the
other hand stated that “"The fofmation of nodules is
'aua to the praliferation.of the ecortical cells
{presumably of the pavent root). Under the influence of
the parasite it thus produces reglons of contamineted
cells vwhich can completely enclose the vascular
eylinder", Hawker and Fraymouth (1951) gstated that the
nodules were modified lateral roots.

Methoda.

The material for the ptudy of the internal
features of nodule development was again obtained
"mainly from plants growing in water culture, VWhere
field material could be obtained it also was examined,

One month after inoculation the lyrlea gale roots

growing in water culture showed various stages in nodule
ation ranging from incipient nodules showing s mere.

red swellings of the root to easily discernible
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nodules with prominent nodule-rootss Samples of the
various-atages were collected. Jinse nodulation is =
continuous process, at lLeast in the growing season,
it wae hoped that some very early stages in nodulation
not externally visible microscopieally, would also be
revealed in microtome gections. |

The rooté and nodules were fixed in Bouin's

~ (Sass(1a5)

fluidAfor twenty-four hours under soMme negative
paéggﬁégi Bouin's fluid was invariably uweed in these
anatomical investigations and gave eénsistently good
resnults, there being velotlvely slight plasmolysis
after its use on even  the most fragile E&éggés, Coe
root-hairs,

The material was embedded in paraffin wax, and
micwvotomne sections were cut, These were generally
szﬂ,in thickness execept for those 8tained for suberin
which we?e Eeﬁw»ﬁanﬂ sections of fresh material were
als0. cutbe | |

Barly in the investigation the stain employed
for microtome sections was-iari '-*ﬁ“HﬂPmatoxvlin and

CCha-wube\'lww iq15). _
Orange G.AThis was later replaced by Safranin and Fast

Greeg§%h£§%?gave good resulits for general anatomical
purposes, tut for ceytologieal examination the bhest

stain was found o be Tannic Acid and Iron Alum with
gafranin and Orsngs ¢. (Sharman (1943)) which gave a

greater degree of differentiation and enabled one to
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plck out the various features more easily. For the
investigation of the distribution of suberised
tissues tﬁe stain employed wags Sudan 1l1L and the
method employed was that described by Bond(1931). It
wasg a8 followsi< A Goliodion Clove Qil fixative was
employed consisting of equal parts of the two
constituents, Sections were cut 26}vin thickness in
order to make for ease of handling and manipulatlon.
The geections were stretched in the ususl way on a
slide ameared with glyéerine and transferred to
slides smeared with the Goliodion Clove 0il fixative.
The slides were transferyed té a 30° ¢ incubator and
left there for 24 hoﬁrs t$ effect fixation of the
sections to the slides, They were then dipped in xylol
to d;esolve the wax and transferred through the
alcocohols to water, The slides were Then transferred o’
half strength "Milton" for ten minutes to clear,
washed«infrunning water for thirty minutes, then to
50% aleohol and finally into a solution consisting of
equal parts absolute aloohol and-glyeerine. The
gections were atalned with Sudan IIX hea'tinb gensly
over a bunsen flame, The Sudan II1 stain consis ted of
0.01 gms. Sudan IIT dissolved in 5.8 co. 95% alcohol,
5 ce. of glycerine being then added; The gections
after staining, were washed in glycerine and finald’

mounted iun glycerine jelly.
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&ram'gﬁﬁ%niﬂ wikss somehlwmes u&e&\but whe rogults
werae very variable, ond 1t wes consldered unsultable
for. thic mntordel. Tihs diateibution of woody tiaaueé
wan detormined by giaining cections with
phloroglueinel ougd HOL,

Obsoarvntions and Digounsioh.

\s seen in trensverse sectlon {(Figuves 24, 25}

the normal, uninfected root of Hyrice gale growing in

wotor culdture conelsoty oftw

{L)Piliterons Lever consioting of flattencd

irregalorly shopsd oslls which in ﬁhé young roots 2pe
prelonged t@.form roob-nninrg.

{2)Coxtox ~ the eppesyance of the cortex depuads
upon the soturdty of the poot. Thuo in the youns cous |
diticn it consisis of pervenchymetousn gells with amsil
sir ppoecs betwesn ghe coellde. In the more maturs
sondition the ocortes is made wp wmainly of twhbwonlae
tach truwveduls 1o usually only one eoll in widih and
between the strands Thero are larse air opoccs. The
endodernis conalsts of small olonely-Titting cells,
in wideh In the young condition, the Cosparian stxip
aan ho olearly sean, 48 the root hoecowmes older the
sndodernis pﬁﬁﬁaa into the necondary condition apnd
ite eells boeome lmprepnateod with fansin and with o
subotance reforred o by Shevaller (1800-2) as

gwnmy Ldendin oy wound sum, and he Lists the vardous




Photoaicrograph T.5. of uninoculsted root of
M.gale, Note roo* hairs, cortex, endodermis,
central cylinder,

Stained Safrsnin and "fast Green. & 259.




Figure 20,
Fhotomicrograph T.S. of uninoculated root of

K.gale ( more mature than that shown in Figure
25).

Note that in this cace the cortex is made up
largely of trabeculse,

Stained Safrsnin and Fast Green. X 250.
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reactions ny which it is id@ntitied.

(3) The Vascular Oylinder consistlnw of xylém,

phloem, cambium and pcrICycle. The xylem 1q roughly
tetrarch in ¢ tructure hut at times may appear almost
circular, The xylem clements are never hoavily |
lignlfiod in the water culture roots and aro thickened
mainly with cellulose with aep031ts of Lignin at tho
corners. The phloeu ig not easily dxstznuulshabie
from the p@rlcyele in transverse section. |

The earliest stﬁgeg that have been ;ound in the
devélopment of the nodules are those shown in Figares
26~29 when the nodule is seen ags an almost sphexicad
mags of undifferentiated cells enclosed by the parent
rdot endodermis. The cells arise by éivisioné taking
place in the pericycle. The presence of the endophyte
in the célls is not easily détermineﬁ due to the
heavy deposits of tennin within most of the cells.

An ocecagional eell may be noted however in whioch the
endophyte can be sgeen as meshes_of extremely fine
hyphae, less than 1/u, diameter, together with ﬁhe
nucleus and cytoplasm of the cell.

Biven at this very early stage thé young nodule
may be easily distvinguished from a ybung lateral root
(Figures 28, 29) becouse of their rempeétivelshapes.
The leteral root is cylindrical or perhaps even

conlcal and its emergence ocauses little disturbance




Pisure 26,

PRotomicrograph of young nodule (n) of M.gule
within the parent root (r) which is scen in
transverse section,

Note that noduie cells are filled with darkly
staining tannin, Note endodermis (e).

Steined Safranin and Fast Green. X500.



Pigure 27.
T.5. Root of M.gele showing young notule

forming (n) Note endodermis (e) and root

hairs (rh). X240




Figgrez 28.
Photomicrogranh of T.5. of root of u.gale

showing lateral root forming at (1) and

nodule forming at (n).

Stained Sharman's method. X240.




Figure 29.
Drawing from Figure 28 to show details of

nodule formation (n) and lateral root
formation (1lr). Note endodermis (e) xylem of
parent root (x) and parenchyma of parent root

(pr). X450.
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of the surrounding tissues of the parent root. (Figure
30)« The nodule, on the other head, is almost
apharicél (Pigure 26) and there ig fairly well warked.
disruption of the surrounding tissues even, as
previcusly noted, in .some cases leading to an obvious
éplitting of the parent root. (Figure 31). And of
course the nodule cells are mostly filled with tannin
precipltate which is absent from the cells of the
young root.

The young nodule has no vasceular strand ox
recognisable plerome, Neither has 1t a protective cap.
Eventuslly an apleal meristematic zone 1is estahblished
and gredually a centrslly placed vageular strand iz
differentiated which links up with the vascular
ctdesues of the parent root. (Figure 32). The apical
meristematic cells are smaell and densely filled with
tannin so that it is difficult to decide whether the
endophyte is present within them, But Farther back
towards the base of the young nedule, where the cells
are enlarging, ths endophyte can be clearly seen
within some of the cells of the cortex as a closely
coiled masa of hyphme, the diameter of the hyphae bheing
less than lfufﬁEﬁiﬁﬁﬁiﬁr. These infected cells are
enlarged and distributed without order through the
cortex. They will be deslt with ia more detail in a

later Section. The remaining cells of the cortex sre

(iv8)




Figure 30.
Photomicrograph of lateral root (1) emerging

from the parent root which is seen in

transverse section.

Stained Sharman's method. X240,



Figure 3 8

Early stagee in nodule formation of M.gslie,

Triple nodule in course of formation at (e).
Young nodule (b) showing through split cortex
of parent root (c).

oot hairs omitted for amke of clarity.

5 weeks after inoculation. X12.




Photomicrograph of young nodule (n) emerging
from the parent rcot (r). Note that even a$
this stage the tip of the nodule is being
prolonged to form a nodule-root.

4 weeka after inoculation.

Stained Sharman's method. X120.
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filled either with tanain or sterch grains,

Soon after emergence of the nodule from the
parent root a cork cambium is established in the
outer cortex and this ocuts off 2=3 layers of cork
cells to the exterior, As these cells become
suberised they presumably isolate the nodule from
communication with the external medium be 1t water,
soil or air. Its main communlcation must then be
vis the nodule~-root which remains unsuberised for
the greater part of ites length, and also via the
main root.

It may be instructive at this point to
degeribe the origin and structure of the leguminous
nodwle so that it can be compared with the Myrica
nodule.

According to Allen end Allen (1950) there
are two types of leguminous nodule as regards
origin. In the exogenous type (which iz by far the
nore common) infeetion is limited to the
parenchymatous gells of the cortex., Aside from
vascular linkages the endodermls and those tissues
within the central stele oi the root are not
éirecﬁly concerned in itheir formation. Lndogenous
legume nodules, on the other hend, comprise tissues
ﬁhich are differentiated entirely from the

pericyclic cell proliferations.
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The lyrica nodules, as noted above, are
endogenous in origin arising ifrom the pericyelea

Investigators are in agreement that the
histological patterns of legume nodules from widely
gifferent plant species are remarkably similar. Four
areas are consplcuous in median longitudinal
sections of all nodules, The exterior consists of a
spongy layer of 1loosely packed cortical parenchyma
cells generally devoid of prominent contents
{ suberised cells in liyriea). Within this nodule
cortex is contained a peripheral vascular system
( central in Myrica) which unites with the primary
xylem groups in the root stele., Innermost (pith'or
medulla) is the infected area , many cells of which
are'paeked with baecteria.(The infected area in
Myriga is cortical). Meny of the uninfected cells
are packed with starch gvasins. A meristematic zone
of compact, small actively dividing non-invaded
celles is found between the distel ends of the
vascular branches and the outer boundary of the
bacteria~-filled region.- (The meristematic zone in
Myrice is termihal snd it is difficult to vell
whether or not these cells are invaded due to the
masking effects of tannin),

To return to the Myrics nodule.'Soon after

differentiation of the vascular strand the tip of
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the nofiule, as already noted, is carried forwaxrd
as a fine nodule~root which has & prominent root-
cap {Figure 33). Close exemination of the cells of
this nodule-root fails to reveal the presence of
the endophyte and as slready stated it never bears
root nodules, Why the hyphae of the endophyte stop
short at the apex of the nodule and do not pass
into the nolule root is unresolved. This may be
related to the absence oﬁ;sparse coating of root=
hairs though no doubt eother explenations are
possible, e.g as noted later (p8l.)the endophyte
may be micro-aerophilic and il these are aerating
orgens as suggested by Bond(1952) then the
concentration of oxygen within them may be too
high foxr the endophyte. Examination of sections
of such nodule~roots shows that the general
structure is similar to that of the normal root,
there being many air-spsces in the cortex which
1s composed of trabeculae, Nodule roots from field
material collecited in November were gslso egxanined,
In them it conld be seen that thers were abundant
air spaces. but not all hodule-roots were alike in
structure. The me jority showed trabeculae passing
from the ovtermost layer of the cortex to the /
endodermis {Figuve 34) closely resembling the

young roct structure already described. A few -

e




Figure 33.

Photonicrogmph of L.S. of root-cap of

nodule root of i.gale.

Stained Safrenin and Fast Green. X 240,
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showed no evidence of trabecula®y structure., (FPigure

35). The reason or yeasons for this diversity of

structure 1ls not clear but it may be related Ho

the conditions under which the plant is srowing.
Thus the trabecular type of nodule~root, invariably
present in plants growing in water culture, may as
a‘reéult of some cansal mechandsm be defeloyea in
watér-logged soils thereby effecting greater aerat-
ion, whilst the other type le developed in drier
soils where there is not such an acute oxygen
shortage,

Regarding the distribution of corky tissues
within the nodule-root, many sections of field
nodules with prominent nodule-roots, again
oolleoteé in Novenmber, were cut and stained with
Sudan 11l. By means of 1oﬁgitudinal seations it
could be seen that the nodule was covered, as
already described, with a well developed cork
layer and that this extended for some short way
into the nodule-root, (Figﬁre 36)., The origin of
the cork layers in the two organs, nodule and
nodule~root, is however different, In the case of
the nodule 1t wlll be remembered the cork layer
is formed from a cambium which arises in the
outer cortex, The cork layer in the nodule-root

on the other hand is formed by the suberisation




Figure

TeS. Nodule-root., Note epidermis (ep),

trabeculne (tr), air-spnces (a@s) and

 X50.

endoderais (en)., Field meaterisl.

FPigure

Note that in this there 13

Je NOdule=root,

T.

no trabecular structure such as seen in

X50.

flgure 34, Field material.
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Figure 36.

() L.3, apex of field-nodule of ¥,gule

showing distribution of suberised tissues
(dotted) X50.
(b) portion of base of nodule~rcot showing
suberised exod-rmis. X160,
ep - eplderalis
ex = exodermis ) of nodule-root.
en - cndoﬁarmia)

¢ce = cork layer of nodule,
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of an already existing exodermis.(IMigures 36 , 37).
External t0 this cork layer the epidermis of the
noduleurobt can c¢learly be seen.

The endodermiz of the nodule-root, consist—
ing of closely fitting brick-shaped cells, ié
heavily suberised and stains well with Sudan II1IX.
It can be clearly seen in both the longitudinal
and transverse sections,(Figures 36, 37). Beneath
it is the pericycle consisting of large
irregularly-shaped cells and internsliy is the
xylem which resembles the xylem of the root in
being roughly tetrarch in shape and in having its
elements mostly thickened with cellulose with
deposits of lignin at the corners, ﬁgain the
phloem and cambium are not easily distinguished,
There has been some doubt ag to the morphological
nature of these nodule roots. This is of éspecial
intersst in view of thelr abnormal tropic
behaviour. Chevalier (1900-02) reportéd them as
having a "pseudo” root cap Tormed of suberised
tissues (presumasbly derived from the mother nodule)
Bottomiey (1912) shated that they were deveid of
a root cap.

A root cap has been demonstrated by the
present author (Figure 33) and though its tissues’

do become suberised latierly, close examination




Figure J37.

T.5. of base of nodule-~root showins

distribution of suberised tissues (dotted)
X160.

ep —-epidermis ¢ - cortex,

ax -axodermie p = pericycle,

an =endodermis
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shows that they are deyived from meristematic cells
situated near the root tip.

The presence of root caps on the nadule—root%
the faet that they occagionally bear root-hairs,
and their central vascular sﬁrand)would appear te
establish them as true roots.

The nodule may‘ha.looked upon as a nmodlfied
root the developizent of which has for a time been
arvegted by the nodule~forming process,

Thus the preseat author's views regarding
the morphologieal natvure of the nodule coincide
with those of Chevelier {1900-02) snd Hawker and
Fraymouth (1951) rather than with those of
Dangeaxd and Trnka (1929); but they are better

founded on observation,
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SUMMARY OF SHECTION IIX.
The water culture technigue is wtilised for the
first time 1in & sbudy of the development of the

root nodules of Myrica gale,

Cbservations are made on the germination of

Myrica gule seeds.

The root hairs of inooculated plants are twisted

"and contorted and this is 2 manifestation of the

‘organiem responsible for nodule formation,

It is thought that the organiom responsible for,
nodulation enters the plant,via the root hairs,
as bacteria~like bodies which are portions of
Actinomyces threads.

The external and internal features of nodule
formation ave described. The nodule arises in
the pericycle and in the young condition is
generally red due to the presence of anthocyanin,
It is at first spherical but gradually becomes
peay shaped and from its ddstal end a nodule-

root grows out and grows upwards, The latter

“geldom bears root hairs but has a trae root cap.

A central vascular strand conneects the nodule
to the vascular system of the parent root, This
strand continues into the nodule-root., The
cortical region of the nodule is hypertrophied.

The nodule ie enclosed in a cork layer,
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9., From its morvphological and anastomical features
it is concluded that the nodule is a modifled

Lateral root.
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IV. THR MATURE NODULE.

Ao TATERNAL FL!L"JU?,,",

lntroduction,

Many awthors have described the external
features of the mature nodule of Myrlca namely,
Branchorst (1886-87) Chavalier (1900-02) Arzberger
(1910) Bottomley (1912) Youngken (1919) Arcularius
(1928).Asonaequently there is not much that is
original in this Sectien. But the material has beon
re-oxemined snd the description is inecluded here
for the salke ¢f completeness,

Obgervations.

The original nodule terminates as already
described in a nodule-voot. Neor the junction of
the nodule~root and the nodule, new merigstems
(usually three in number) are initiated and these
give rise to new nodule lobes cach of which terme
inates in a nodule~rcot, The process continues &0
that eventually & close cluster of nodule lobes is

@prmed_which_ig the field attalns. the size of a .

'hazel+ 'ﬂUtl'i Dre Hond, of this Depovimumt, has showmn to the progent |
g abhor o olugbor as Hig as a zolf ball feon o thyso
1 your o3d pleni groving in wakoy uul*i.ura. U‘ag?}‘g) ,
ﬁaiij.(£§?§E353ﬁ3 When grown in water-culturv ﬁhe
nodules may be completely concealed by the

uprwardly growing nodule=roots. (Figures 19, 39-42).




Figure 38.

(a) iodule mess (n) (plus supporting roots)

at the top of the root system of a three
year old Myrics gale plan% in water culture
X5/1

(v) same specimen sawn in half X6/7




Pisure 139.

18t year water culture plant, Note upwardly
growing nodule roots, 27. 9. 50. X3,

Figure 40.
2nd year water culture plant. Note upwardly

growing nodule roots. 18. 8, 49. X1/10.



Pigure 41.

2nd year plant from water culture. Rote
thet the nodules are confined to the upper

part of the root.
Note also the nodule-roots. 19/5/51 X3



Pigure 42.
2nd year plant from water culture. Note that
the nodules are distributed over the root
system.
Note also the nodule-roots. 2/7/52 X 1/3.
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The appesrance of fileld nodules depends on
the time of y@ar.that they are ealléeted. Thﬁg
thoge cellected in June show the pfemence of
prominent winlte nodule=roots which may bhe Hwo
inches long. {(Figure 43). During the winter however
the nodule-rogts wither and when geen in marehQMay

may consist of wispy brown threads, (Frontispices).




Fileld nodules colilected and photogr:phed
27. 6. 51,

Note prominent nodule-roots. Nat. size,
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IV. THE MATURE NODULE ( CONTINUED).
B, INTERNAL TEATURES.

TO(X) GRNERAL ANATOMY.

Introduction.

The internal»struoture of the nodule nas also
been the subject of investigation by nany authors,
namely, Brunchorst (1886»87), Chevalier (1900-02),
Arzherger (1910), Bottomley (1912), Shibata and
Pahara {(1917), Youngken (1919), Arculariﬁﬂ (1928),
Dangeard and Trnka (1929) and Schrmede (1938-39).
Bonaseguently $he main features of its anatomy are
well establighed. But as we shall see in'a later
Seatiogﬂziére is congliderable disagreement as 10
the eyﬁolﬂgical details particularly. those felating‘
to the fTorm of the endophyte. |

Observations.

There is no essential difference in the
anatomy of nodules collected from plants growlng
in the fileld and nodules from plants growing in
water culture in the gfeenhouse. Both types have
been examined. In transverse section of a nodule
the following tissues mey be noted:=(Figure 44)
(1) an outermost covering consinting of 24

layers of narrow elongated suberised cells.
Thiv layer {es alrcady noted) effectively

shuwts off the nodule from the exterior.
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S. of nodule, Note

Figure

Photomicrograph of T

cork layer (¢) well marked endodermis (e)

infected cells (i) tannin cells (t).

X35.

Steined Safranin and Fast Green.
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Thege cells are filled with a substance which

davestization has shown +to be summy lignin or
woﬁnd S e
(2) =a falyly wide hypertrophied cortex in which
we may wmake out the Tollowlng types of cellsi-
(a) Large cells containing the endophyte.
These cells are 2--3 times larger than the
uninfected celle. The walls of these cells
are swberised acceording to Chevalier (1906
02). Shibata and Tahara (1917) and Schaede
(1838-39) étate that they are lignified,
Investigations by the present author have
shown that both lignin and suberin are
present on the cell wall. The presence of
both lignin and suberin is not surprising.
Butler and Jones (1949) state that Ligni-
fication is ovne of the commonest mcdifi«-:
catlons of c¢ell membrsnes in the path of
an invading mycelium; invasion is
followed commonly by suberisation or
wound cork, They remark thet the defence
mechanisw is far from being invarisbly
guccessfal.
(v) Wormal uninfeoted cells. Thewse often

contain sterch grains., In them the




i
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eytoplaesm and the nuéleus is cleaxrly seen.

Some of the uninfected cells contain tannin

in densely ataining masséa.fln these ;t is

difficult.to detect the preéance»of ¢ytoplasm

and nucleus. | .

(c) endodermis - in the mature nodule this is
in the secondary condition. Each cell,
except :Qr.an occasional passage cell, is
éubex?i'sgd agd lignified end densely fillec
‘with. $annin.

(3) ?he.cehtfalféy;inaer consiating of t-

{a) fhé pericycle lying within the endodermis
eohsist§ of some 3-4 layers of irregul=-
arly shaped living cells,

(b) The phloem is poorly developed and not
easily‘éistinguished.

{(c) Tne Xylem 1s prominent; tetrarch in
‘structure, The thickening i3 mainly of
cellulose with deposits of lignin at the
corners. This feature has already been
noted for root and nodule~root and may be
related to the wet conditions under which
Myrica gale is usually found growing.

(d) Coembium cannot be easily distinguished,
It seems likely, however, that some form

of secondary thickening must be brought
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infc ﬁlay where the nodule joins the parent
foot”for the original vasculér-tissue would
seem to be inadéquate for supplying the needs
of nodules the size of golf balls.

A transverse section cut near the base of the
nodule may avpear trilobed,(Figure 45) due to the
branching, as will the central cylinéer which sends
one branch tc each lohe. In longitudinal seetion
the lobing and re~lobing can be clearly seen with
the meristenatic apicés showing dense tannin-filled

cells. (PMigure 46).




Figure 45,
Photomicrograph of T.5. of three-lobed

nodule. Note cork lsyer (c¢) and well
marked endodermis (e)
The dark masses are tannin-filled cells.

Stained Haematoxylin and Oreange G. X35,




Pirure a5.
Photomicrograph of L.S. of lobed nodule

showinr new lobes forming (1) and nodule=roots
(rt). Note that one of the nodule-roots shows
presence of a root-csp (rc) snd that another
shows formation of lmter»l root (ir).

Stained Safranin snd Faat Green.

Top of solution is to the left of the Fi.ure.
X 70.
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{2)s CYPOLOGICAL STUDY.

‘Introdu¢t10n.

(YY)
It will be shown in a later Sactianjhat the

present author has been unable to 1solate the

-en&ophyte. Lacking then a pure culture, the basis

of identification mist rest primarily upon Cyto-
logical evidence. It seemns to . the pre sent author
that the identification must no%‘pe{carried too faxr

on thie basis and a tentative attempt ie made in
- The endophyie

.,this beetion to determine whether i be bacterium,

actinomyeet@, nyxomycete or.fungua,;without however
attempting'to asaign it $o a paitibuiar genus or |
species, Brunchorst (1886-87) who was the first to
note and describe the root nodules ot M, ale,
believed from a cytelogical examination that the
endophyte was the same rungus a8 he had previoualy

 described (Brunchorst (1886«88))38 occurring in

the nodulee of Alnus, namely Frank&gigubtilis. He

was in some doubt as to Fpenkie's systemetic |
position, alnce the Sporangial characters reaemblédé
the Mucorineae or Saprolegnigles but the septate
hyphae of Frankia counted sgainst this. loeller
(1830) exmmined thé'nodules~and though agreeing
that the endophyte belangé&“to'the'genus Frankin
thought that it differed sufficiently from Frankia

subtilis on account of its short hyphae and club
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shaped sporangla t0 be asgligned to a new epecies

which he named frankiu brunchorastil. He described

both F.subtilis and F,bruachorstii as being

ageptate or unicellular and assigneé them to the‘
Hyphomycetes. Chevalier (1900~02) in an excellent
monograph on the Myricaceae dealt at some leagth
with the nodules occurring on variouns Myrica species
particularly M.gale. He accepted the endoPhyté an

Trankin brunchorstlii but promised another memoir on

it organisation and biology. (This memoir has not
peen published.) The vaerious cells occurring in the
nodule were examined in some detail: partienlarly
the cells in which Frankia occurs, snd the changes
e¢ffected in these latter cells, e,g. disappesrance
of stareh, hypertrophy and final disappearance of
the nucicusy suberisation of the wells of the cells.
Shibate (1902) differed from Brunchorst and Moeller
on the.naﬁure 0Z the endophyte. He thought that it
was an achinomycete, showing threads which broke up

into bactereid-like particles. Harshberger (1903)

cexanined the nodules of Myrica cerifera and

described thelr exwernal and in%ern&l form, e used
dried museum material which he first boiled and

then treated with 35% alcohol and from this materisl
he cut sections. from an examination of these

sections he consideved. that the genus Frankia
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should be pleced aneng the Gomyestes clone Lo the

genera Jythium and Yeronospora prifnelpelly beosuso
of the coencoytic hyphaey but in the absency of
oogondls and zroenonlidlia Heyuhberger promuriied thetd
whe r@iati@nakip CEnney e iAnodsted upon. Lt xeoems
o e greaent awthox thai shaervations on such

meterial can hove Litile value. Avsberger (1910)

worked  priuoelpally wish Hyrlea gevifers but alse

-docked ot Hapede and M. asplesifolis, Rogarding the
identity of thé\&rgaﬂiﬁm ne svated that 13 isn
aifiiould to place systenatienlly on the bacis of
nodule cytology but thouneht Shibste (1902)

fprobebly correct in placiag 36 with fcebtinomyocs¥.

lie noted the prosence of clubelike sdrueteres ab
%h@'ﬁafiph@ry of the awtinmmyéeﬁ@ rosatie, They
wore also neted by Fekle (L9L0) who deult meinly
with the isolotion of the enﬁaphyte {see¢ next
Seotion) bulb nleo dealt with ths host-endophyte
volaticonoship. He {(Pello) deseribed, in some detail,
the digeation ef the endophyie to form a struoiuyee
legs clump, Bottomley (L8L2) eonesidered that She
Pinfeoted eella™ of the nodule of iyriee gale are
filied with baoteria, not fungl ov aetiaamyéﬁtmm

a3 Shovght by previous workers. He steted that the
erganizn regponasinle Loy nodulation wag a Ea@tefium

close to Beciliue vedlcicolse He did find drue
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fungal hyphse ranifying through the cells of the
basal zone of the nodules and sometimes filling

the ¢ells in old nodules, and thought that these,
interpreted by him &s due {10 a secondary iunfection,
were wroungly considered by earlier workers to be

. the cause of the nodules. Shibata and Tahara (L917)
eriticised Botitomley's findings for Myrica. They
state thal the "bacteris" seen in the nodules were
probably artefacts due to faulity micro-~technigue.
They remérked that it is scarcely possible that
Bottonley's material ﬁhould have differed o much
from that of all the other aathors, They did not
commit themselves to an ldentification. They figurs
huge c¢lub~Like bodleu occurring within the infected
cells, at the ends of the hyphse of the endophyte.
Youngzen {(1919) dealt with the morphology, taxonomy
and distrivution of the dyricaceae in the Rastern
United States. He examined the nodules of & number
of Myrica specles including M.gale and describad
their struclture and histology. The respounsible
organism is, according to him, an Actinomycete which

he named detianomyces myricarun; also it is a

parasite snd passes via the pitted vessels of the
main roote to the stem, being conveyed by the
transpiration strean to the flowers, bracts and

fruite. He noted the club structures sesn by
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poaviousg authofﬂ and agreed with Chevalier that the
nucleus of the infected eell bhegomes hypertroghied
and periches. Arculewvius (1G928) dealt with the

anatony and histology of the nodules of dyrics zole

and the pluni~endophyite relaitionship. According to
big Tindings the endophyte i eventunlly digested
vy the host ¢ell, mueh 2s 1z bhelieved to heppon in
Neobids. He aluo figuved structurss which he thouvght
e be symblotie bavteris which he likensd o the .

baagtereolds of loruues in sddition Lo the normeld

endophyte., Hegurding the Latter, l.o. the norasl

endophyte, he is in some doubt sy to iis syutematic

position, He obzeyrved that the host nucleous shows

(9]
T

shenges of form and is sald to he cleaved, He was
unable to ses sy cluabs in aoedale seotions,
Dangeard epd Trazs (1929) Lrom oy bologicel ‘examin-
athon thought thet ths sendophyte of dyrican ale is

2 Yilsmeabous bacterium winioch con bereak up indo

plecas of varishls length. It has ceytaln pointa
of rasewdlance.to dhizoblua but the filaments

Justify a distinet genug for which they propoge

the neame Bpdzcobactenivm and the spseles s

Uhizobseoterivg ayvicne, They sey that this showld

not ke confused with a trne myceliun which otfben
develops sbundanitly in the inteveelluwlar spacesy oF
the reot cortex. The relationanip botween plant snd

bagterium ls interpreted asone of symbiocsis, They
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state that the nueleus of the infected cell
congerves its vitality to the end-without notable
changes in volume ovr in strﬁcture. Schaecde (1938~393)
dealt principaliy with the life history of $he

endophyte within the nodules of Myrica gale. The

report by Bottomley of the presence of bacteria in
the nodules is noted.and agreement expressed with
shibete and Tabura's view that Bottomley was iun
ervor. Schaede noked thieck (2~2.%/u) and thin (less
than l/w) hiyphae within the nodule but wes unable

to determine whether one developed from the other or
whether there were two ovganisms present. Digestion |
of the hyphee is noted nmond descrived. On some rare |
oecasgions hacteroid formation has been scen, He |
congidered the endoghyte to be an actinomycete.
Regarding club-formation he stated that it is
-infrequent. He looks upon the huge clubs degeribed
and figured by Shibeta and Yehara ss monstroaities.
He observed that the nucleus of the host cell
entarges sometimnes $o’ the point of bursting. His
paper ls accompunied by excellent illustrations,

Hawger and Freymouth {(1951) examined the nodules of

species of Blaeagnus, Hipnoph8e, Alaus and Myrica.
They concinded that in all of these the endophyte is
a wmemwber of the Plasmodiophorales bat whereas those

of Elaecagnus, Hippophféie and Alnus could well be
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included dn the genus Plsongdiophors that ol Fyriocn
must o dnto a coeparate geuus. They o sg for ag Lo
gay that the endophyte in shis plent "ls in auny
ways an approsceh o the aotiaomyeedoo™ but still
insiet thet when mudern fixatives srse uesd, bhere
BOC B8 MU wmllé and no "obviouvs contuining welleY
while in fresh natoerial the girends ave even loss
Likae hyphee, ?réaumuhly thoy laply that with sldaw
end ises perfect flxativesn, appagoat contuining
walls wisht afiﬁ@ gg ardolacte. They noted that the,
width mnd branching of the ateonds are iy
varleble, They descordbe asad fignrs clubeshaped

bodics walch they Pregapd ag gpoyengle which byensk

&

Cup dnto packets soon alter they ave formed. Yhe
i ' pairtloles heve baen 0héﬁ?V@d by theans gubhors Lo
nove with o danoling movenents Thoy awre btadpole
shoaped with the posterlor end pointed.

Thow wo have many contldebing viows and
intorpraetotionsy some belieoving that the aauaativé
organien le o baeteriuvm, othors thut It is an
ackinonyeats, othars that % s o Jungos and aBill
otheras thet it lo one of the plosnodioohorales.
wome oudhors believe that there mey he morve than
ong ovgandam present. I3 is the opinion of the

b3

pregent aswthor thut it may be posvible to vecunolile

many of these dlvergent viovse
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Observations and Discussion,

The wall of the infected cell is at first

composed of cellulogse but the cell increames in

"esize with the advent of the endophyte and lignific-

ation takes place early. The infected cell may, os
noted, be 2-3 times the size of the uninfected cell,
and becomes filled with a dense network of very fine
mycelium, the hyphae being less than %ﬁuin diameter.
(Figures 47, 48). Indeed it_is extremely difficult
to see individual hyphae at this stage. The “ray
arrangement” of the typical actinomycete is not
always observed but may be seen in a number of
cells, Cell cytoplasm is not easily detected in the
infected cells but must still be present sinee the
nuecleus can be clearly seen. As noted abd?e! there
are confliqﬁing views on the fate of the nucleus.
The observations of the present_author are that the
nucleus may double in &lze, becomé lobed and show

a prominent nucleolus. (Figure 48). The nucleus
persists for a long time and may even be seen in
the cells in which the hyphae are empty and

swollen. Eventually, however, it disintegrates,
becdming indistinguishable from the mass of
collapsed hyphae., These observations are generally
in accord with the findings of tﬁe above suthors

other than Dangeard and Trnka. It is difficult to




Pigure 47.

Photomicrograph of nodule cells of M.gale.
Note enlarged cells filled with the endophyte
(e) and small uninfected cells some of which

are filled with tannin (u) end some with
starch grains (s).

Stained Safranin and Past Green. X1800.



Fisure 4§.

Photomicrograph of nodule cells of d.gele,

Note that the infected cells contain masses
of the endophyte in which it is difficult
to distinguish the individu=l hyphee. Note |

lobed nucleus at (n).

Stained Safranin and Fast Green. X1800.
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see how their findings can differ so much from the
others unless by an ervor of technigue ox
observation, Schaede (1933w39) noted thet ocessione
ally very small starch grains can be detected in
the dnfected cells and states that the disappearance
of starch is significant for the physiological
relation 9f hest and endophyte. The findings of the
present author are that the infected cells may at
first contaiu, as 4o many of the uninfected cells,
gharsh gralins, but these arve dlgested , presunably
by the action of the endophyte, although possidly
by the action of the host eell in an atbtempt ho
neet the food demands of the endophyte. A few
starch grains may be found in cells in which there
are only a few strands of'hyphae but @s the hyphae
£ill +bte cell so the starch grains disappear.

wiarch gralns may alse bhe séen in the bacter-
gidal cells of the legumianous nodule, Fred Baldwin
and MeCoy (1932). note that as the nodule degenerates
gtarch beging %o disappesr. From this it has been
inferred that the sbarech serves as a gource of
energy for nitrogen fixatilon. But lthey report
Beld jerinck as stuting that the baoberia are unable
to sttack starch. Unfortunztely the physiology of
the Myrica endophyte cannot be studied until the
organism dis isolated in pure bulture.

-
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$ingle hyphae or strands of hyphae can be
geen passing from cell to cell (Figures 49, 50).

No, ox wvery occagilonal, septe can be observed in

 these hyphae but in some, bacterid-like bodies
 lying end to end may be seen (Pilgure 51). These

mey represent some of the hyphee in course of

segmentation as noted by Shibata (1902) leading te

the formation of the bacteria which have been .

observed (see eariier Section) in and around the
root hairs. It is here of iaterest to note thot
Butler and Jones (1949) obgerve that,according o
Imtmon gt al, the spores abstricted in scguents from

Actinomyces sgmbies mey look more like segments

of the filament tﬁan organised spores. This
segmentation méy”héve led to Dangeard and Trnka
(1929)iconsi&eriné'that;the,enddphyte is a
“filamentous bacterium™ whiéh may break up into
piéoeé.‘%hesé bodieézwere also. ohserved by éhihata
and Tehara {1917) and Schaede (1938-39), As the ecell
grows older it appears that the oontents eof the
hyphse are digesfed,jwhe%her.yy the aofien of the
hogt cell or because afsa shéftagetaf_food after
exhaustiﬁg the hos% %Sll”isnnat clear. The former
appears fo he the more:likely since it is oftéﬁ'
possible to f£ind the host eell nucleusa still
present alter the hyphagfhave'laat_their contents,

. 5



Figgre 42.

Photomicrograph of nodule cells of M.zalee.

Note swollen hyphae pussing from cell to
cell.

Stained Sharman's zethod. X1800,




Fizure 50.

Nodule cells of M.gale. Note infected cells
(ic) containing partially digested swollen
hyphae which pass from cell to cell. Note
also (u) uninfected cell, X800,



?isgre 21.
Nodule cells of ¥.gale showings “"club

formation"(e). The clubs in the two lower
cells are seen in median section: those 4in
upper cell in transverse section., Note also
strands of segmented hyphee (s) pessing

from cell to cell, X1400,
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‘ﬁhese nyphae can be seen as empty branching threads
some EuE.Q/pin diemeter. (Figures 52, 53, 54, 55),
The empdy branching threads are distorted and
twisted this belng probably a manifestation of age.
It is at fthie stage that the nucleus of the host
ceill begins %o disintegrate; The diameter of lhese
hyphae hag probably leﬁ many authors to state that
they are fungal but'it is the conviection of the
present author Shat they ére derived from the fine
( less than %/LJ hyphae which are of actinomydetal
Aimensions. Schaede 2i§39) noticed both there thin
and thick hyphae but could not decide whether the
thick developed from the thin hyphse .or whether
they are new growthe. He nofed that the fine hyphael
are ab firat present along side thé stout ones hut
later dissppear. He did acole hyvhae at the base of
the nodule wnose contentn had been digeéteﬁ. It has
been the =xperience of the present author that the
thick hyrhae are never found in young nodules. In
them the thin hypbae are found exelusively.ln older
nodaules thin and thick hyphae may he found aand
when present the thick hyphae are always faund'$¥
the base, i.,e. the older part of the nodule.
Purthermore starch is sometimes found in cells
with Tine hyphse but never in cells with thick

hyghae.




Flgure 52,

Photomicrograph of nodule cells of H.gale,
Note (b) Infected cell in which are strands
of partially digested swollen hyphae.

(¢) Infected cell in which the hyphse are
clumping due to digestion,

Stained Sharmen's method. X1800.




Pigure 53.
Photomicrograph of nodule cells of M.gnle.

More advanced stage of digestion then shown
in Figure 52. Note (a) uninfected cell filled
with tannin. (b) infected cell in which are
strands of partially digested swollen hyphae.
(¢c) infected cell in which the hyphae are
elmost wholly digested and form a dark clump.
Stained Sharman's method. X1800.




Figgre 21.
Nodule ocells of ik.gale. Note purtially

digested hyphee within infected cell(h)s
lobed hypertropinied nucleus with prominent
nucleolus (hn); uninfected cell (u) with

nucleus (n). X800.




Fim, re 250
Noduls cells of ¥M.gnle. Note infected cell
with partislly digested hyphese (h): clump

of digeated hyphae within infected cell(c);

ininfected cell (u) with nucleus (n).

X300,
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These facts would seem ho indicate that the
thin hyphae precé&e the thilek hyphae in ﬁime.
Whether the former give rise to the latber is
conjectural,but if it is not so then there must he

two organisms capable of causing nodule formstion

in Hyrica guale slnce both types of hyphae ecause
enlargemnent of the cells in which they are found,
Purthermore the thick hyphae are never found in the
aodule in the Living sbtate sinhce they i.e.the hyphae
are always empty. Regerding Hawker and FPraymounth's
findings (see fntroduction) for Myriea, the virtual
abéence of cross walls need not count against the
organism being ap actinomycete. Heunrici (1945)
states vhat although there is some difference of
opinion concerning the coccurrence of septa in the
mycelium of actinomycetes, most investigators deny
the ezxistence of sepia. The oresent author has
examined fresh material of W.pale nodules both fron
water culiture maverial and from the field and has
observed what are uadounbbedly aotinomycet@ hyphae
within them (Figure 56), Even in this fresh condit#
ton they have obvious contaleing walls. These walls
cannot then be dismissed ay artefacts due to faulty
fixation,

Hegarding the varliablilty in width and

branching of the strands observed by Hawker and




Fi re ®

Hand section of field nodule of M.gele
showing actinomycete hyphae (h) passing
from cell to cell. X1800.
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Fraymouth this is not an uncommon feature of
endotenphic fungl and bacteria e.g. 1t is ocbserved
in the hyphae of the fungus causing endotrophiec
aycorvhiza of orchids and ‘there is great
variaobility in the width of the rhizobis within
sy one legune nodulé.

The club-like endings ouserved by Hawker and
Fraymouth and others have been noeted by the present
éuﬁhor {(IMigure 57) but he has been unable to make
out any details of thelyr internal structure, Thelr
very infrequent appearanrce wounld appear to count
agalinst thenm being reprodfuctive structures and i+t
seems much nmore likely that the swelliungs are due
o the sction of the host cell upon the endopbyte.

In view of the above evidence, so far as can
be oceduced from nodaule cytolozy., it is considered
that the orgenism responsible Tor nodulation in
Myrica gale dis an actinonycete.

bIt seems reasonable fthen to assume that there
is only one organism and that the thin hyphae give
riee to thick empty hyphae as they age. This
gwelling of organisme as they age is readily

obzervable in the bacteroids of Rhlzobium and it

is consgidered thal a similar process ls taking

place heve.




Fizure 21.

Noduie cells of M,gale showing "ray
arrangement" of actinomycete endophyte,
within infected cells (1). Also club
formation and lobed nucleus with proainent
nucleolus,

Note also (u) uninfected cell. 21400,
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SUMMARY OF BRCTION IV,

An examination is nade of the mature nodule of

Myrica gnle, Both the externel and internsl

Tentures of field and water oulture materisl

“are desoeyibed,

On the ﬁaaia'of eyvtological evidence it i
coneluded that although thin snd thick hyphae
are c¢hserved there 1o only one organism present
ia {he nodule and that it is an agtinonycete,
It 1s vproposed thet the thin nygh@e as they age
pgive rise to the thick, |

Stages in digestiéﬂ of the countents of the

hyphae are desceribed and figured,
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V. THE ATTEMETED ISOLATION OF WHE SNLOVHYNE.

introduction,

A namber of attempts have hoon nade by
previous avthors $o isolete, in pure cuvldbure, the
organisn reﬁponaible Tor the formation of nodules
on the roota of Myrica.

The first atvempt was that by Peklo (1910)
who elgimad to have imolated the orgenicm on a
heerwort mediur ae 8 rich slimy zwooegloeal thresd,
tle did not state whether this ﬁam 0n Aetinom&ee%@.
lo Paported that he wae also succemsivl uesing 6
wineral goiuntion to whiell wag added aoparvaegine and
mannitol. The nodule material wes Tirslt washed,
then the nodule plecas rototed in & bunaen flame
until they hegan b0 bura, placed in the mediun
and erpshed by mesns of & sterile glase rod. Hut

owing Lo lack of seedlines Peklo perfoymed no

re~inooulation tests with his dsolutes. Bottomley

(1912), using maliose agar medinm, iscleted an
organism simllar to B. radicicols. The nodules
ware gierilised by means of meld mercuric chloride.
His re-~inoculation experiments app2ar to e veyy
unsatisfactory since he used six young plants two
of which posscosed nedules vwhen planted. OFf the
remaining fore two showed getive growith vhen

watered with a “"liquid culture of lMyrieca nodule
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organism " but i% 1ls not steted in the body of the

paper whetnoy thlg we

i
(7
we

B

agcompaniad hy nodule form-
ation, though thero l1ls a statement to this effect
in the summary, Youngken (1919) claimed to have

isolated the orgenism which rauses nodulation of

Myries cerdiioera snd " prdbably most, 1f not all, of
these lesions on other plants of the Myricaceae",
Tuberele clusters were washed thoroughly with clean
water and ftransferred inte a test tube with 1:1000
corrosive sublimate for 20 seconds. They were then,
by means of sterile forceps, put into a tube of
sterile distillied water and cut up into small
piecas with a sterile scalpel, The fragments were
transferred to five tvbes of sterile slani agar,
and stored in & dark closet for several wecks. ALL

five culitures vevealeo febinomyeced rosetles, non-

septate thin filaments and rods of different sizes
as well ag cocous forms, «ll of which stained well
by Gram's method, Adccordlug to Younglhen the coccus
forns aye probably for the most part,. producls of
the degeneraticn of the above filément. The

Aetinomvces rosettes were found in the dspths of

the agar " thus showing the anaerobic nature of
the oxrganism®,

Five seedlings of H.,cerifera were removad

from the soil and thelr roots washed in watew,
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dipped quickly into.l:lOQO coryoaive sublimate and
then washed in sterile distilled water. Small

portions of the Actinomyces culture were pricked

into the roots of four seedlings. One negative
control wag pricked with a sterile needle. Taeh
seedling was then planted in & pot with stervile
sand, placed in the greenhouse and dsily watered
with sterile Knop's solution, After nine weeks the
plants were examined for tubercles., According to
Youngken these were found in "a'primitive state”
at the points of inoculation on all but Hwo
inecluding the control. Thin hand sectlons revealed

the presence of jetinomyces in the same condition

as obgerved in cells of {tubercles of M, cerifera.

He named the isolate Agtinomyees myricarum bub it is

noteworthy that there is no referance to reaisolation
from the inoculated roots., Areuwlerius (1928) nade
unsueeessful athempts t$ isolate the organlism on
"Riomalx" agar. Hawkewr and Fraymouth (1951) state
"Neither we ourselves wor Miss S, Mount (unpﬁblishéd)i
have been asble to cultivate these. organisms (those |

responaible Lox nodulation of Myrica, Alonus, Hippgg—i

hée and Blacsgmus) hy methods which sufficed for the |

~E——————

isolation of the clover bacteriwm. This is additional,
evidence that they ars not identleal or even slmilars

It is not stated whother they attempted other methode




Methods and Results.

The present suthor has mede many sttempis

t0 isolate the endophyte of Myrice gale but none

has proved to he successiul. They are as followste

Lot Attempt -~ 26/1f5ﬁ.'

The nodules were iaken from plants growing in water
culbure solubtlons in the greemhouse and were
gterilisad by various wethods 1w -

1) By Llaming, Whie was the method degeribed by

Pekle {1910), The nodule pleces were first waghed
in water and then rotated in the dbunsen flame
untll they singed,

2) By Bottomley's method. Nodule pieces submerged

in the fellowing fluwid ( cone. HCL 2.5 gns.

HgClol 0 g, dlstilled water 500 ca) for two
ninutes , then washed freguently in sterile

distilled waler .

3) By Youngken's nethod., Neodule pieces shsken in

0.1% Hgﬂlr for thirty seconds than washed
freguently in sterile distilled water.

4) By wsing hydrogen psroxide, Nodule pieces
¢ .

shaken for fifteen minutes in 15% HpOp and then
washed frequently with sterile distilled waten,
Hutrient agar pH 7.0 wag used as the medium and
elght Fetri plates of this medium were poured.

2 plates were inoculsited with crushed nodules
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sterilised by flamings; 2 incenlated with crushead
nodules sterilised by Bobtitmley'!s method; 2
inogulated with crushed nodules slterilised by
Youngken's method; and 2 lnoculuted with crushed
nodules sterilised by HoOo. The plates were incubat-
ed at 24%C,
ﬁgggkﬁg. 72 hours atfter inoculation all elght
plates showed growth of a Grem -ve bacterium, By
12/2/50 i.e. some L7 days sfter plating,six
coLonies of an asctinomycste had appeared on ¢ne of
the plates . Yubcultures were taken of both the
bacterium and the actinomyceta. Two jars {(i.e. 14

planis) of young Myrica sale plants growing in

Crone's sciutioa were inoculated with the bhacteriunm
and two Jars of plants with the actinoﬁyeete.
Neltoer sed produecsd any nodules slthough the root
hairs of the plants lunoculated with Bhe actinomy-
cete showed contortions. Genterold plaﬁts incculated
with c¢rushea nodules produced nodules.

2nd Attempt - 4/4/50,

Twenty nodules {from plents growing in water
culbure in N-free Crone's solution in the gresn=—
house) wore surface sterilised with acid mercurie
chloride (Hottomley's fluid) for two minutes
followed by wix waushes of sterile distilled water

over a periocd of 30 minutes. A furbther twenty were
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surface sterilised by shaking with 0.1% HgCly for
30 seconds (Youngken's method) and washed with
geveral changes of sterile distilled water,
The forty nodules were then transferred to a
sterile FPetri dish, Bach nodule was plecked ﬁp
singly &ith sterile Torceps and cut in half with
a sterile Scalpei. A Little of the tiggue was
scooped out of the centre of each nodule with the
tip of a sterile scalpel and the tissue wmacersted
on the inside edge of a tube of mntrient agar pH
T«0 kept liguid at 40°¢ in a water bath. Bach tube
wag rotated so that the tissue was well mixed
thrdugh the agar. The agsr was then poured into
Petri dishes, allowed to set and incubated at 24°C.
Thus forty plates were set up.
None of the above plates‘developed an actinomycete
though they were kept %ill 6/6/50 i.e, 8 weeks. A
few femained coupletely sterile. The majority were
overgrown by various fungi and bacteria e.g.

Fenicilliunm sp.Asperegillius sp. Bhizopus, Mucor and

various yeasts; Baclllus subiilis, Bzcet. prodigi-

osum, Staphylococcus sp. Microcooceus sp.
3rd Attempt -~ 27/5/50,
Plothe (1941) claimed to have isclated the

endophyte of Alnus on glycerine agar. He sterilised
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the nqdulaa merely by cloaning thoroughly da
soapy wateyr, rinsing many times iun distilled water
then Llaming. ®hie method (with olight wodifice b=

39n$) was wdoptod Tor flyricon gales fThe nodules

which were obislned Prom plants growing in the
field were sheken for LO~L5% minutes in 1A sosp
golution, then washed several tiwes in sherlile
distllled weter, crusibed and plated on glycerine

-

pegar {20 plyoerines 1.2% haeteriological puptone

( v".:):ia :

s,

&

sho wsed de Witke)y 0,8% Lab. DLemeo (¥lotho

uged hleblsy ment exitract) 0.2% Hell). The plates
were Lnenbated at 2490,

Begudla.

Pwo aghilnonyecetas weve inclated from theae plates.
Gpe (yeilowish in colour) on 5/6/50 Another, {(vwhite
wrdnrled) on 20/6/50. Inoculetion experiments were
carriad out wAth boll dselations. Ywenvy five
nidants growing dn H-free Crenets were lnoculated
wilth dhe Dirst dsolate and dwenty witn the second.
Pwo montha latéﬁ there was 0o sign ¢f nodulstiot,
Contyol plente inegculated with crushed nodules

ghowed noduletlon at this tine,

44k Attewpt - /6450,

The sane nediun ag above was employed 1.6, glycer-
ine sger. The field nodwles were washed with 1§

goap, a8 above. Washed with sterile distilied sator.
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Each nodule was cut in half with & gterile scalpel
and the centre portion scooped out and plated,
seven plates were set up in this way and incubated
at 24°C.
Regults,.
By 9/6/50 a white wiinkled actinomycete (similar to
that isolated in 3rd Attempt) appeared on one of
the plates, Twenty flve plante growing in N-free
Orone's were inoculated with this isolation but no
nodules developeﬁ._(&mntrols with erushed nodules
were pogltive).

5th Attempt -~ 29/6/50.

It waa thought that the organism might require
anaerobic conditions for grdwth, s0 the following
apparatus was set up. & Petri dishes of glycerine
agay were inoculated with crushed greenhouse
nodules sterilised by Boltomley's method. The
dishes were placed on a plate and a Jjar with a two-
way stopper placed on top. The jar was sealed to
the plate by means of vaseline. & continuous
stream of 0O, from a cylinder was allowed to pass
through the Jar digplacing the air in the jar. The
CO, was allowed Vo pass 1n for some giX hours
initially and then for one hour in each of the
subsequent days, thus maintaining anserobic

conditions. The plates were ineunbated at room
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temperature,
Reésults.
No actinomycetes appeared on the plates.

6%h Attempt - 29/6/50.

Parallel with the above, six plates of glyecerine
agar werse inoculsted and incubated aerobiecally at
2490,

desults.

No aatinomycetes appeared on the plates. -

Tth Attempt - 28/7/50.

Peklo (1910) reported that he used the following
meédium with godd results for the isolation of the
endophy®te of Alnusg.

Disﬁilléd Water......;-o......naoo Cc. f—
K:QHPOI; Pl s st e rsedtbevavant b lgT-
KH2P04 P00 T INEPIEPIIARRAaTENEIRROOESY 1 £l
Mg504 Sl B veas e s aNasEBIEAB AN 0.0 ke
ﬂacl P * A0 mE 6 R DI NCGY SN S Es 0.2 E?:m.
CBClg CesissbentbsustBtIbORE TS Qel Zlla

The above portion well shaken 3 not filtered, then:
Avove mineral solutlon +.......100 co.

Bistilled %yiﬁ.ter .00.'..'...0...400 cc-

A.’:’iparagiﬂo ers i es0tesR TR ORGRE S 2%11180

Bannltol covieeceressrensescase 10 gns,

F&QCJ.._S ....o.........\.-......so.traceo
Agar P e L ARABILIER AP OIS SERTBAESIDEBIEOR 075%0

This medium is clear and colourless.
It was thought that it would be worth trying this
out with nodules of Myrica. Plates and slopea were

prepared using 2% agar. Greenhouse nodules were

sterilised by singeing in the bunsen flanme ( as
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recommended by Peklold. They were tﬁan crushed, waing
a sterile glass wed, in v sterdile Petri dish wlth a
1ittle sterile distilled water, A loeepfivul of the
inoculunm was spresd on ho each of L2 Tetrl dishes
and 1L silopes of the shove agar, and incubated at
240,
Oune wmoeuth after lnoculetion only one plate oud of
the 12 showed the presence of an sotinomycete. ALL
others ware countaminated with vavrious organisms. Of
the slopes, 10 remgiﬂed gterile; one was contewin -
ated with 2 fuagus, Inoculetion experimenta were
caryiea owl with the actinomycete., Four jars (i.e.

28 plantz) of dEywricuy gnle were set up in N-fres

Crone's solution and incceulated but all failed to
develepr notulas,

8th Attenpt - 25/9/50.

FPeklo (L9L0) reported the isolatlon of the Alnus
eandophyte using the following nediuni-

Bearwort coiiaceancasascnacnsenead00 o,
Distilled wator., e concncnrsses450 CCa
KoHPO4L 6n-neessesssasnsnearansses O gms,
BoU03 snceorivenvasnsesesnavensss O gmu,

Phis mediwn was used for attempted isolatlion of the
Myvica endophyte. The pH before autoclaving was 9.12.

Tt was distributed iz 130 ce, asmounts in conicel



flasks and sterilised by antoclaving a2t 1% Lbs.
pressure for 1§ aiuntes .Greeniouse nodules were
sterilised by singsing, crushed with e¢terile water
i g sterile Petrl dish, incculated into flssks

which were incubated ot 249C.

C‘}
a

Reguly

W

A£1], the flasks remained oomglﬂtelv sterile. 7/11/50,
Thiz wesz thought to be due to the high pH and co
the following wvas ationpteds

94¢h Atbempt - 10/10/50,

The Tollowing mediun wag pade upe--

Beerwolt cocsscomscocrasscersesas 30 2o,
Viatllled watel cevecessancnsesesdB0 CC,
KoHPOA weveonsensunvenscusessnane Leb gms,
KUy csccscarccanncserrrenssess LoD LS.

Thals guve a medlum of pH T.6., It was tubed in 10
eca. clountis and sutoclaved L% lus. /1% minuted,
The tubes were lnoownlasted with singed, crushed

pre eenhouse nodules. L6/10/50. Ten tubes were wvet
up.the above medium plus l.95% sgar was alse made

up and suhoulivres made from each of the tubes on
to the agar distributed in Petri dishes.

Results.

One plate remained steriie, two showed the presance
of a fungus with extremely fine hyphae, four the

sresence of an ascosporic yeast and six a



zoogloesl mass of » motile rod -~shaped bacterium.

Inocculztion tests were performed on Myricu gal

-

plants growing in N-Tfree Urone's with all three
isolates (1) fuagus (2) yeast (3) bacterium, bus
there was no nodulation. ( 12 plants were tested
with eseh isolation), |

10%h Atbempt - 20/2/51.

Jensen (1928) weported the isolation of an mcetine

omycete (Actinouyeces acidophilus) from the soil on

an aclid medium. The orgenism was never found
groving on negtral or alkaline media such zs are
commonly employed for ithe leolatlon of actlaomy-
cetes. The orgmnism appeareﬁ t6-live only in acid
madia, a property hitherto Wwkineown to the aebtinomy.
cetes, Jeasen's mediuwm was u%iliéad for the
attempited dsolstion of ﬁhe!ﬁggﬁgg organisn.

e 20 pms.
igz.ﬁipﬁil"aﬁ'ille L R A . I LN R IR I ) 2.0 gmﬁo

: wha oo
D@Ktr.i‘ﬂfﬁﬁ Q@ &t DA oV Ee® P E&e O A RN ST R

-

Ki—:{?};‘oq“ YA 2 R T B G ED YT RO CEE RN SN 2.{) {éml‘a.

&I,\{__’;SO,;‘ 4 8 3 Ja B e 5 A4 IO EIEC NET OO R D O;’j :?;ﬂ‘lf:‘i.
Nﬁ(}l LIRS IR B A B I B N B B BRI BE B RN N 005 glﬂs.

.FEBCJ.s -lo-n.a-unnlnu‘.acn.t-nt- O-l gm&'}.
é\gar‘ .'BIIRI(0&!@6......‘.&.125 gﬂis.
j.}iS'til:}.Elfi ‘JVé-‘ﬂ\\t:u':*l‘ upua.uenesc.nol{-’)o(} (-:(30

fwo Lots were made up, one batch pH 4.12; Ghe
other pH 5.1z {(hy pl meter).

Two methods of gterilisation of nodules were

employades -
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(1) Shaken up for 2 minutes in Bot%omley'# fiuid,
followed by freguent washing in sterile distilled
water._The nodules were crushed in sterile
distdlled water in a sterile Petri dish.
(2) Bhaken for 30 secvonds in Q.24 HgCl, followed
hy frequent washing in sterile di%filled water.
The nodules were crushed in sterile distillied
water in 8 sterile Petri dish.
Inoculated plotes of agar were incubated at one
off two temperstures 24°C op 30°¢.
To sum upi~ Flstes set up 20/2/51.
(a) Nodules sterilised by method (1) plated on
Jensen's mediva o 4.12 - 6 plates.
(b) Nodules sterilised by method (1) plated on
Jensen's medium o 5.12 - 6 plates.
(c) Fodules sterilised hy methed (2) plated on
Jensen's wedium pH 4,12 - 6 plates.
(4) Nodules sterilised by method (2) plated on
dJensents medium pH 5,12 ~ & plates.
411 of the shove 24 plates were incubated at 24°¢,
In addition a duplicate series of “the above were
set up -~ again 6 plates of cach —~ and labelled (ez
(£), (g} 2nd {(h). These were incubated at 3000,
No activenmycetes were present on any of the plates

when they were examined 28/2/5L1. Plates (a) showed




most of the nodule pieces surrounded by a greenisgh
coloursd Tungus. Subcultures were taken of ithis
organism. One of the plates from(b) also showed
the presence of this fungus. |

{o) aaowéd the presence of a finely
filomentous fuagus, white in celourw. This fuagus
WG aisc present on 3 of the plates of {d); 2 of
the plates of {8)3 9 of the plates of {£f); 3 of
tine plates of (k).

Inoeulaticu-experiments witch both of these isol=

ationg failed to lunduce nodulsation on WMyrica gale

plants growing in watsr culture.

Uiscussion.

As noted In the introduction to this Section
Peklo (L91C) performed no re-lnoculation tests
with bis isolate. Without such evidence of
re-ingculstion it is surely impossible to accépt
prool of identification of the supoosed disolate.
Until some worker i able %o demonsirate nodulstion
kX Myrica gale plants using a pure oculture of
imolated ovganism then ne cannot clalim to have
isolated the causative organism, Furﬁhermore,
attempts by the present authofato vepeat Peklo's
isolation methods have falled, Attempls were made
using the beerwort mediuve described by him and

sterilising the nodules by singeing as recommended.
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Peklo gtates that the nodule piece§ should be
rotated in the bunsen fleme until they glow., Thig
was thought by the present zuthor o be rather
dragtic and so the pileces were merely passed
through the bunsen {lame a few times before being
crushed in the mediuvm, Tven with this modified
Vireatment the beerwort medium remained completely
sterile six wesks after inoculation. This perhaps
wag not g0 very surprlsing since the original pH
of the mediws was 9,12,

Reduction of the pll to 7.6 of a fresh vatch

of mediuvm and re-tunoculation resulted in the growth,

among other organisms, of & zoogloeal mass of
pacterin whinh may have covresponded to Peklo's
iéolate. Hut dnoculation of lyxrieca gole plants
with thisg zoogloenl wass Lailed to effect nodul-
stion.

No ona has substantisted Bottomley's claim
to have isol-ted the endophyte. As noted in the
introduction to this Jesetion it is not sure
whnether or not nodules were produced after
inocuwlation with the bacterium he isolated. IT
nodulation Adid oceur then it shoﬁld not necessorily
be ascribed to the presence of the culture
organism, since, earlier, some of the wninoculated

controls also developed nodules aad had to be
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discarded. Indeed Dottomley's dsolate may be
regarvdsd @a a. contaminent and not as the endophyte
for the Following reasonsi— |
(&) The inadeguscy of his re-inoculation experie
ments. )
{p) The failure of any workers %o repeat his
isolation »esulis.
(cj Cytological exumination of the nodule indiestes
tnat the responzible organism ig not bacterial in

natnre .

(d) Juoculstion of ¥yries gale plants with various

agtrains of Rhizeblum has failed to effect
. y ) - (V1) cross i
nodulation., { ee later beotlonAon m-inoculastion

experdnents). This does a0t of course exclunde the
posalbility of the organism within the Hyrics

nodules boing g speciallsed sbrain of Rhizobium

which 1s anot oross—-incoculable with obther strains.
Aa noted in the introduction Youngken (1919)
also claimed to neve lsolated the endophyie and

the presznee of Ac%inomyces threads in cells of the

roots pricked with his desolate appears H0 have

satisfied nim as to 1ts nutures but the claim will

1

not bear crifilceul examination, and his resulis

cannot be accepted, Many sttempts have been made

by bthe present suthor to repeat Youngken's findings

using Myrica gale and sterilisdag the nodules by
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the methoed recommended by him, namely, shaking up
for 20 seconds in L:1000 corrosive sublimate
followed by repeated washings in sterile distilled
~wager. A variely of agsr media have been used and
although actinomycetes have been iscluted on some
of them, none of the isolates have produced
nodules when zapplied to the roots of young Myricd
gele plants in water culture.

Tounghken's work may be discounted then
becanse of his fallure to perform satisfsctory

rewinoculation tests with Actinomyces myricerum.

Finally, Arecuwlarius (1928) and Hawker and
Fraymoath {(1951) have reported unsuccesaful

attempts to isolate the endophyte of Myrics sale

nodules.

Thus $ix workers, including the precent
autaor, have reporvted nttempts o isolate the
endophyte of fiyrica nodules and no doubt there
are many vureported attempts 0y other workers.

ALL have becen unsuccessful foxr all isoclations fail
at the critical test of satisfactory re-inocculation

The failure to isolate the causative orgenism

from the nodules of Myrice galé is dissppointing

but wot wholly unexpected. Indeed, despite the
ountsbanding example of the root nodules of the

heguminosae from wnich the causative organism can
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be relatively essily isolated, ncdular organisns
and mycorrhizal forming fungi have remained
difficult and often impossible to isnlate e,g. the

organisms responsible for nodulation of the roots

of Alnug, Hippophie and Ilaeagnus have not yetb
been grown apart frow the hogt plant. The sauge of
isgolaetion of Rhlzobivm from the nodules of the
Leguminosae should be regarded as the exception
rather %han the rule. Regarding mycorrhizae in
general Kelley (1950} states that " isolating the
Tunana difeeﬁly from the mycotrophic orgen hag
proved, in moat. chsesy impracticeble?, As nated
Hawker and Frayuouth (1955) consider that the
andoohyte is a member of the Plasmedioﬁhorales.

I so then this would explein the failure of many
anitnors o iﬁaléte it. But in the previous Section
(p48.) of thisz thesis 1t is deduced from cytologi-
cal examinetion that the endophyte ig o member of
the sctinomycctes. Is then +thé relationship o he
reguarded as belng of an obligate nature? The
presence of nodules, and counsequently of the
organdism i nol necessary for the healthy growih

of the Myricsa gale plant. Supplied with an

inorganic source of nitrogen, such as NalNOy ox
HeyN04, uvainoculated and non-nodulated plants of

Myrica gale will grow excellently and produce
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yilable see&. Clesrly then, the presence of the
organism 18 not necessary for the growth of the
plaity but the guestion Temeing ~ can the orgonlawm
survive without the presence of the plani? The
teilure, so Tur; to culture the organism on any
of & wide renge of axrtificel wedis {(nvtrient agar,
glyceoring sger, minaval salt agar, beerwort liguild
gnd gear, Jensen's agar) using n wide range of pHs
(4,02 ~ 9.12) and varied mothods of surface sterile
ising the nodules { by fluming, by H 200 , by

~

Hgllls , by HCL + Hgtle , by washing in soapy waber)
world indicnte Uhet the ocgunism is, al least nosd
rasdly cultfureds But 4t shonld not be assumed :vom
thds That 1t conaot be cultured, It may be that the
organism is very exsebting in its food requirements
and we suave ot yet it upon the composition of
the cormecth wadlwny or gerheps the ol teolerance ig
parcow Lhough this woulld not appesyr Ho be so Lfrom
Bond'ta (1954) finding that nodulstion can ococur
over & faidrly wide range 3.3 = 6.3 (the latter
veing the highest pl Gested by Bond), But it
should he Pn‘mb\ ed thet this merely indicutes
that the owganism csn survive for & time in media

of these pds not that Lt can multiply in them,for
_ . . . VUA)
b will be shown in & Later becticnﬂ&hat there is

no correlsztion between the pH of the nedium snd
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the pH of the sap ol roots‘of Myriez gsle growing
an the wmedium. Despitbe the fLaotv that the externzl
piis fange betweaen 4,1 aud 0.9 the pl of the roois
remain counstant bebtweern 5.0 and 343, .The ovgeaniesn
then nseds to survive Tor only a sihort spyell in
the adverse phg helore entering the plant where s
suitable pd is presant.regardlesw of the pH
existing in the exterasl solubtion.

Yowsibly, algo, the organism is microaecro-
philic. The present author has made one éttempt o
isolate it under micro-aerophidic condltions
without success bud nany aore attempbs must be
wade before the possibilisy is diﬁcarde&. dyrica
gale is usually found growing in wet boggy
situations where one could reasonably assune thatb
thers was an oxXygen saortage. Furitler we have
alyeady notvted thiat a cork layer is formed round
the nodule at a felvly sayxdy stage ol development,
This too weunld tena Lo cubt down the amounit of

oxvgen avellable to the organism within the

nodule. e have slready noted,(g)gé,) that the orgsul

s
ism is never Tound ian the nodule-roots emerglug
From the nodule tips. We have also already noted
thot PBond (L952) cousiders that the nodule~rootsn
are aevating organg, and it may well be that the

organism is prevented frow migrating to ithen



becavse ol the reletively high concentrstion of
oxygen precent there. ALL of the abtove remaris
point vo the poseibility of the orgenisn being at
ieast portielly aneerebic oy micero-asrorhilic,

LT the orgonicm ds an okligate sywmblont, how
doeo 1t get [row plant o ploat? If spores viere

.

tormed, theo infecblon could be establlished by the
B pOTES begoudlng sittached Yo the roots and germinat-
ing thers 20 that the orgealism would not have {o
sprophytlecally st ail. Oytological examla-
ation by the peresens awthor hes falled Lo reveal
the presence of spores but Hawker and Frayuouhi(
1531 ) have observed particles formed from the
bhreckJdown 0F bthe previously noted verdnhersel clubs
(p54a, These may be spores bult the present awthor
hae been unsble e decect diacrete contents within
the clubs (see p60.).

Mepe remsing hovever the posslibility thet
the bueteliul pleces 1mméﬂiﬁtely #o into a spoxe
fora when lhey sre shed into the goil from the
nodules and do nod germinate again uwatlil they are
witnin the riisovphere of ¢ Hyrica plant. Germine
etion would result in the Tormatlon of the baclzria
neted Lo ¢ previous Sectlon, which penetrats the
0ot hairs and ioitiaste nodulaticn, Bramianation of

the supernwtant fivid from crushed nodules has




- 83 ~
failed to reveal the presence of such spores
though this does not discounﬁ the pbssibility of
their oeccurring in vature,
lMost of the foregoing is conjectural and

mast necessarily be so0 until either the organism
18 isolated in pure culture or sulficlient wovkers
have yeported failure to do so and 1t may then be

classified as an obligate symbiont,
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SUMMARY OF SECTION V.

{a) Attempts avre described to isolate the organisn
- responsible for nodulation of Myrica gale. ALl
0f thege have proved {0 ﬁe unsuecessful.

{b) An eﬁamination'is made of the results of
previous authors' attempts at isolation and i+t
is concluded, despite cleims to the condravy,
that the organisw has not yet been isolated
gince no satisfactory re~inoculation tesis
have been performed.

(c)‘A discussion follaws;on the posgible reasons
for failure and the evidence examined for the
pogsibility of the orxganism being an obligate
symbiont,



VI. CROSS-INQUULATION EXPRERIVENTS,

Introduction.

There sppeay L0 hnve been no cross-inocule-
ation tests carried out between dyrica and other
,mnd memhers
of the Leguminosae)to determine whether the

nodule~forming plents such as Alnus

various endophytes nre cross laooculable or not,.

Roberg (1933-34) has pepformed cross-inoculation

experiments between Alaus and the other nodule

A i R L

formers, Elaeaagnus and Hipgoghﬁe, His conclusions

were that Wiaecagnus and lippophie are nodulated

by the same organism but that 4lons contains a
different ovgenism, It is of interest to nobve that

Elacagnus and Hippophde bhoth bhelong to the

Tlaeagnaceae family while Alnus and Myriloa
according to Clapham,Tutin and Warberg (1952) are
in the Betulacrae and Myricaceae yegpectively.
Bentham and Hooker (1974) however remark that

gome anthors would unite Alnusg and Myrieca together

with saveral other gensere (e.g._Gorylus, Fogus)in

the 4mentacene or Catkin family.

liethods and Resultg.

These experiments were carried out on Myrica
1Y LhCE,

gale and Alnupg glutinosa plants growing in N-free

Cronets solution, They were obtained by the geraine

ation of secd in peat as already described for
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Hyrics gale exceept that ne pretrestment woeg

v R RS bt

neeRgnary Tov Alnne saed, and after epproximately
two monthn wers bransgferred elitner to sterillsed
Z-idtre Jaws or l-Llibre beskers sach containing
the Croce's., In orvder to obbéein an inoculum of
Myrien andoohyve e method wsed was thnt
dEEEFIDed on r 10 . & sisilar method wsing Alnus
ziodeles pielded &ﬂ'inmmalam of alnuz endophyte,

Cultures of [higzobiuw wers nsed consipting of a

mized gusvension of tae fallowing streinot- Pea
ALTe Fea g, Clover ¥, Iaoeyas Aliy ALL wewe
gebive nodalo={nrasss o thamr approprinte hostse
sact of the strains was grow on @ slove of yeaste
wannl ol agary for ons week al 24%C and then the
groxth wns suspanded lo sbferdile dletlilled watal,
The four suapeasions oo obiuined were then wixed
fogether snd »n eonal voiume of the totsl added
to b ecagulalts Jare. Inoconlation u‘sim: “he
dyrica. and Alnus ineculum was us desoribed for
Wyrdce Lo ﬁﬂ.ﬂﬁfliﬂr Sestlon, nuomely applying
losded cemel hair brush of ilooculum to the roohs

VR N

of poauizite planbs end tbhen adding s Little of
the daoculws o each Juaxs
“\ I“’ ;’n{} n* 3‘”‘ I..

pitact szi;‘.,,.ii%:%.%z%@%a.im ou Myrien gale.

Twa Jars L,e L4 plents of Syrles gole growing in

N




Crone's solution adjusted to pH 5.4 (suiteble for
noculation dn Myrdes gals) were inoculnbed with =

suspenaion ¢f isobiuvs on L3/%/50. Theve was no

evidenae of nodnlatien by the tilme the expevinent
was dissontinued on 147/50.,

HOL LTIV i AR 2
WA PARLENET Za

Eiffect of Alous incoulom on Zvedca malo.

Lwo Juam dew. L# plonts of Myrion gole growiog in

GCrous'a solution adjusted Lo pl %4 were incoulntsd
with 0 Aduws dnooulne on L3/9/%0. Yhe experiment
wis disconbinued on 14/9/90. Thers wag no evidangs

of nodulsiici.

LA e 1 YL VNG B At ek o PRI ST Sy

Eifeog ol Myrleo geala jnocoulium on Alnus slubingso,.

20 plents ol Alous ziutinese, growing in Uponn's
polution o 6.5 {Yerguson (wnpublilshed)) hog
phown that eptiaun pil Tor nodalation of Almws lies
petween § oad T) wave inooulated with s Myricn
Zals dnpoulum an 317591 sud Tuether inosulotion
of the swms plownts was ropeated on 2/6/§L and
pepdn on 237679, The plents wers inspectes fox
podules on severel ocosmlons snd Linnlly on 4/9/5%.
There way no ovidence of nodulation.

Lt may be nohtod sthat no conldrols wors used
im bhe above exverdmonts hecswse sigiler inoeuls

used on weny previove oceesitons had always
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indueed nodulation, when applied‘to the eorrecf'
hoat plant e.g. Myrics inoculun to Myrica gale
plants. In the experiments which follow the Myrica
inoculum was obtained from nodules of plants which
had been reared from seed in the greenhouse. It
was not known for cevtain wnether such an inoculum

would induce nodulation on Myrica gale planis.

Consequently controls had to be set up.

EAPERIMENT 4,

Group A. 30 plants of dlnus glutinosa, growing in

Crone's solution pH 6.3

Group B. 30 plants of Myrica gmle growing in

Crone's solution pH 5.4.

Group C. 20 plants of Alnus glutingsa growing in

Crone's solution pH 6, 3.
Plants in Groups 4 and B were inoculated on 29/7/51

with an inoculum of lywrica gale from the green -

house. Group ¢ was left uninoeulated.

By 4/9/51 fifteen vplants from Group B had formed
nodules and were thrivivgs also three others of
Group B had formed nodﬁles but had later died.
These results show that the inoculum was active,
No nodules had formed on the pleats in Group A
nor in Group G

The regults of these crogs-inoculation experiments

may he tabulated as follows 3w
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Plant inoculated. -

A
A

(SRR

Source of Inocuium | Myrien sale  jAinus gluﬁ%ﬁeﬁa
ﬁhizobium-_ S
Pea 317 _
Pea HX mixed |no wodulation ! not done
Clover P |
Imcerne A%_

Alnus glutinosa. no nodulation | nodulation

Myvriea ga;e." nodulation no nodulation

From these results it may be conecluded that the
- wame organism is not respongible for nodulation

in Myrica gale and Alnue glutinosa, or at least

there is a fiffevence in the strain of the two
organisms, despite the existence of taxonomic
affinities between the two hﬁst plants. The fact
that the rhizobia utilised did not nodulate

Myrica gale does not mean that there is no

‘&hizobium capable of doing so. There are many

which were not tested and it 1s always a
possibility that ifzg'Rhizobium is responsible

then it dis

-one which can nodulate Myxrics and no

nther plaﬁt.
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VII, UBPFRCE OF SOND ¥XTERNAL FACTORS OF NOLULATION.

A, THE BEFECT OF pB ON NCLULATION 1IN MYRICA GALS

COMPARED WITH CHAT IN ALNUS AND TRIFOLIUM.

tntroduciion.

In this Section of the thesis & comparison
will be made of the afifect of the pll of the root-
ing medium on anodule formation in two non-legumes

(Myrica gale nrad ﬁ;ﬂ&g'g&gﬁgﬁgﬂ%) with that in a

typieal legume namely Red Clover - (Prifolium

pratensel). The value of such a comparison lies in
the Light that may be thrown on the nature of the
various endophytes, peprtlewnlariy as regsrds theiy
Pil reqmiremenﬁa;

For this purpose the data obtalned by Bond

{1951} on Myriecs gsle snd ungublished data on
|

Alous giubinoss Kindly communicated to the author

by WMr TP.Ferguson of the Botany Department,
Glasgow Upivernity will bé utllised. In order to
vrovide & diveot oompariaoﬁ the autﬁcr nas
obtained déta for the pB effect on Red Clover
grown, =28 were the two unon-legumes, in water
culture. Previous suthors have studled the pH
effeot in Red Clover grown in bther rooting media
SeSe Bryan {1923), Virtanen (1927) and Jensen
{1943); Bryan using sand cultunre, Virtanen sand

culbure and Jensen agar culture., The results of
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all three authors are in general agroement.
Bry%n neted that there is podr nodulation at pH
4.0 2nd none at pH 3.0 or below; Virtanen that
nodules can be vproduced at pH 4.63 and Jenaen“
that although there is slight nodulation at i
| 4.4 -~ 4,5 there is none st pH 4.3 or below,
 In addition to the above investigations, a
cogparison is made of whe pHa of root tissue,
- nodule tissue and the medium in which the plante
ﬁra'growing, of both Myrica and Alnug in order
to determine whether or not there is a‘eorrelation‘
between external end internal pH., Such an investiu
gation will obviously yield important data relating
to the effect of pH on nodulation. Jensen (1943)
has obteined data of this kRind for various speoies

of Trifolium. He grew I,revens, T.glomeratum and

T.,subtegraneum in golil in which the pH ranged

from 5.0 = 7.5, The root tissue pH of such plants
ranged from E.S - 6,0 only, and the nodule tissue
from 545 ~ 6.3

Similar experiments were carried out with

T.subterraneun growing in sand ranging from pH

S.l.u 6e5. The nodule tiseu? pH“ranged from 5.56=
£.08 only. No figures are given for roo% tissue
pH, Finzlly Z.repens plants were grown in agar

at pH 5.3 = 5.5, The nodule tissue pH was 5.7.




Agalin do Yigwree aze gilven for root tilpsue pid,
Hethodsn.

In the inveatigations carrled oat by load

(1950) oo dyricy sele ond by Ferguson {(unpebllshed)

on flons giuiinosy, the plants wece [ivet germin-
shed Qeow veed in peatd and tranupluntnu ah an
narly stuge { -4 foliage loaves ghowing) to
Cronets Nelree goinitlon in -iitre Jarss The pd
whs A jusbed as raguired by seliitable addition of
suiphurie sceid or sodivm hydroxide. There warpe

T opionts por jul. ‘

ontialiw the anme avthodw wora enployed

by the present cuther for the Trifoliuva peotense

iavestization. The seeds were geralunted ir
waabhed swnd du glaﬁa'troz;hu, bBeing watored Deom
time e bime with Cronets Nefreo soluilion, They
were transploniodd when tie fivet folinge loaves
were showing Lo wyﬁns‘n f-froe gelubion + fhe
gAnoreelononts A-L solution in 2elitre Jgr“.
Taere were T plants per . juarse 1 mgn.
copbined-N (ag o sclution of BlLN03) wes added
por Litee of solution to prevent the plante
dying ofl dn the sarly siagese Inooulabion waw

derried out welng Clover aiyruin 49 of i idan L10e

The pds of vhe vardous solutlions were adjusted

by adding H/L Hgiildy or S5/L Badi ag Penumrcd.
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The Ffollowing Jjors were set upie
Jars 1 - 53 pH adjusted to 3.
dJara 6 -103 pH adjuzted to 4,
Jars 11 ~-15; pH adjusted to 5.4
dJars L6 -203 pH adjusted to 6.3
dJars 21 -2%; pH adjusted to T«0

XV VY

AlL tae plants iu the above jars were inbculated

with_ﬁhizobimme

In view of the resulvs of previoué authors,
partioularly Bryan (1923) it was thought that
there would be a dying-off of the plants at the
three Lower pis nemely 3,3, 4.2 and 5.4 and in
order %o dstermine whether this dying-off was
due to the hermful effeot of the low pH on the
plant, or to & lmek of nitrosen due to failure
o nodulate, duplicaie Jars wefe get up fdr these

pis containing uninceulated plants growing in

Grone's solution + EH4N03f Initially 20 mgms.
combined-N / litre wae added and then 20 mgms.
per litre every alternate day until a total
concentration of 140 mgms.-combinéé~ﬁ / iitie
weg achleved. Jars were set up‘és followgs=

dar 14 piH adjusted to 343 | ALY of these jars
dar  GA pH adjusted to 4.2 | contain 140 mazms
Jar L1A p¥ edjusted b0 $i4 | combined-N / litre.

ek .

Pransplenting was carried out 8/2/52 and the plants

inooulated the same day. They were then placed
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under a battery of fluorescent.tubes in @ cool
gfeenhauﬁe as deseribed by Low {(1948). The
intensliy of the artificial 1light alone at plant
level {12 cms. below the fluorescent tubes) was
approximately 300 ft.-cendles, the light being
supplied Tor sixtern houls each day.

The pias of =ll Jars were checked on naking
up the solutions, again afier distributing the.
solutions inte jars avd again after transplanting,
Subsecuently the pHs were checked evéry three days
and adjusted i recessary. 'he . experiment was

terninated 14/3/52,
| The methods émplbyed for the determination
of tissue pHs of Eggigﬁrand Alnus were eassentlally

the same as those deseribed by Jensen (1943) for

Peifoliwn except that the plantes were grown in
water ouliure soiutions and the pHe adjusted
every day or two as rvequired. The roots wefe
carefully washed twoe or three times with
distilled waser, all nodules picked off and the
root meterial welghed and cut into small pleces
with scissors 2nd crushed in a mortar by means
of a glass pestle with ten times its weight of
diatilled water. The nodules were treated in'a
similar mamer. To both cases the expressed

fluid was used for pil determination which was
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carried out by means- of ah electric pHl meter,
Jensen did not dilute ﬁis root material with
water; but he diluted the nodules with their own
weight of distille& water, He observed that the
addition of small amounts of dilute acid or
slkali showed fhat the nodule tissue had high
butffering cepacity so that little change in pH
is likely to result from dilution with water; The
present author's findings are in agreement with
those of Jensen. Thus the pH remained quite
constant whether the root {or nedule) tilssue was
diluted once, five times, ten times or twenty
ﬁimeslwith distilled water.

Obgervations on Trifolium pratense.

NMany of the plants in solution st pH 3.3
wers dying off by.21/2/52 (i.e. some 13 days after
setting up the experiment) and all were desd by
12/3/52 although those supplied with combined
\nitrogen lagted longer than the inoculafed plants,
There was no evidence of nodulation.

When examined on 21/2/52 all plants in solution
at pd 4.2 were healthy. By 26/2?%3 the leaves of
the plants growing in H-free solution were
recoming chlorotic although the plants supplied

with combined nitrogen, at the same pil, were
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growing sitrongly and continued to do so tili'the
experiment was terminated on 14/3/52. On this
date the incculated plants were dead or dying.
There was no m'r:i.ﬂence of nodulation,‘
A% pHs 5.4, 6,3 and 7,0 the planis grew strongly
- and bhere was very good nodule~formation,
The plants, supplied with combined nitrogen,
growing at pH H.4 were bigger and stronger than
the corresponding nodulated plants at the same pH.
Many of the above observeiions are illustrated in
Ziguves HU=62, |
The main Tindings fér the experimeht are

sunmarised in Table 1. {(p 97).
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TABLE 2,
REACTION OF ROOT NODULES AND ROOTS 0F MYRIGA GALE

COMPARED WITH REACTION OF THE MEDIUM.

p of pH of pH §f I
:aolution. roots. Inodﬁles.
=SS S S—
| 4.2 5.0 582
54 '5.32 5.50 :
6.3 5418 5e42
7.0 513 ] 5.54

One. sample. of roots and nodules was tested at each

of the above solution pHs.
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BABLE 3.
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Bmon result for

pH of wii of il of

aglution. POOt8. nodules.
Gutd H.08 He3ad
Hed 1,43 {50%
50;‘5 ‘5,21 6.9
TeO %al8 6.06

two tests,.

roote and nodules iu
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PRoengaion.

Yeom Bavie 1. 1% omn rosdlly be oboperved
that do this clover oxperiment no podulstion
ooourrad ad pi 3o 3 nor ob pil 4.2

AT i 303 2ll of the plsots dled off withe
oud meking pny spproecinble growih even whow
-ﬂ&ppli&ﬁ with 140 mums. nitrate N7 Litve. Dooth
in Shis osed wss not then dus €0 9 altrogen ghopie
age but beesuse the pH naé an advarse offect on
the Lover plante. AL pi 4.2 on the other hond
thae plents swpelied with 140 mama, ndtrato ﬁ /
titre agrow sxeellontive The pi wse therafove
auiteble snd the death of the plswis locking

added nitzete H conld be diyeetly asoribed §: the
failure o nodulete and the failure to nodulabe
enuld dn 8 Like nmanpey by éaeri%ed 0 the fallure
of the Shizobium argmui@m to survive this pH of
dede o0d nudulation ccourred a@tgﬁw Sady 63 and
Tod wnd the wajority of plovts nt thesse plis
thrived, Thus the orpaniom i ad Leaat able %
csurvive thens piles. The wpper Lindd hes not boeen
awﬁéwminwa dut the lower 1ies somevhers bebweoan
pil Aded tnd Heda |

The findines then arxe i pecord siith thoue

ﬁxyan,{&?&}}, Vagtanesa {1927) and Jengen {19333
opmperison of pil effeods oon now he mode

in reapeet of Teivolium nrgtw WG ig‘aen wale

ST A et iR
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and Alnus glutinosa, all the plants having been

grown under similar conditions in water culture.

‘Bond. (1951) found that some nodulation can

occur on Myrica gale growing in water culture at

a pH of 3.3, Good nodulation ocourred at pH 4.2,
5¢4 and 6.3, The best growth of plants and the
greatest a?y weilght of nodules wég ét pH 5.4,
Eergpsan;(unpubliahed) found that there wés no
nodulation on Alnus glutinosa growing in water
pulﬁﬁrg_at pH 3.3 but that‘there was nodulation
at PH14?21 5,4! 6e3 and ?.Q, The best growth.of
plants and the greatest dry weight of ﬁoduléé
wag 8t pH Sede .

Theéarfindinga and those;of-the preﬁént
author for Trifolium pratense are best expressed
in the form of a.graph’whiehAis attached (Figure
58). |

To summarise 3~ The endophyte of ZTrifolium

pratenge cannot survive a pH of 4.2 or lower, The

endophyte of Alnmg glutinogs cen survive a pH of
4.2 but not of 3.3 or lower. The endophyte of
Myrica gale ocan survive a i of 3.3

The findings confirm the Cross Inoculation
Bxperinent findings that the same organism is not
responsible for nodulation in lyrics gale and
Alnus glutinosa. It should of course be noted



o LOZ
that thesos Tindlass do aob giesn that Sthe varlonw
@nﬁ@@hyt#w amn multlevly sad prow ot the plag ot
whiok $hey can affect nodulatlon. It merely
menny Shet theay can swrvive these pia {(In soss
cunaes perhads only for o shord tims). Ones Aok de
Whe plaat the endopbyte must be able o wmulvinly

-~

bt se noted soritiey denisen {1943) hes shown Lo

$he species of Yelfeliuvm thot there is no divect
corealstlon bhebtveen esternal sud internnl niio.

&

Thae presontd esubhoy hss shoewn $had bhe gane holds

good for Eyrdces sale (Toble 2) end Alpus ziusinoes

{Table 3). Although the reveotion of the molubicns
An which the plande wers growing wanged £Hom dl.de
Tad y the pl of tThe yoot tlswmes and podnle bisgsce
o ﬁgg%ggggg&g vomaiosd fslrly eonstunt ab 5.0 -

He ) pud Se4d = B.82 vospscetively.(See Table 2 p9s),

Similerly with Almus sivtinegs the pil of

whe oot dlasne wan 4,93 » 5,251 and $hat of the
nodule disoue 5.0 « 5,05, (See Table 3 p 99).
This csplaine Bond's {LOS1) Pinding fop

dyrion sele thet "at pi 3.3 wany ploate felled

o Lorn nodules and goon died hud one of fhe
plants widel 4id Fore ngdulon at this kotter off

grew foivly edronsly™ ond also, asn notad, thed

denoen (L943) Sfevnd thet jbhizobiwg wes killegd

within one 0 theee doye in o wall bulfered
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sucrose~yeast extract et pH 7.6 - 8.7 although
good nodulation can he obtained on inoculated
plants at this latter pH.

The organisms in these cagses were able to
survive the adverse pHs long eanough to penetrate
the root. Once within the root of the host plant
they found a more suitable pH and proceeded to
‘multiply with consequent ﬁodulemprdduction.
Regarding thé identity of the organisms

responsible for nodulation in Myrica gale and

Alnus glutinosé this ekperiment does not reveal
a great deal e.g. any of the organisms, bacterium,

actinonycete, fungné or nyzomycete (though

probably not ahizobium) could survive the
demonstrated pﬁs.at which nodulation occurred.,
From Jensen's (see Introﬂuction) findings
"1t can be ascumed that Bhizobium trifolii
mﬁltﬂ@%&es rapidly at pH 5.5 -~ 6.0 since this
is the iﬁternal'pﬁ of the root inwhich nodules
are formed., Similaxrly the piresent author's
findings for Mxriéa ggle and Alnus glutinosa
indieate.thaﬁ the endophytes can multiply
rapldly at 5.0 - 5.3 and 4.9 ~ 5,2 respectively.
This does not imply that these are the optimum
pHs for growth, Bacteria and actinomycetes in

general prefer a neutral pH for growth. Many
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excepbions $o this sre Kknowa among the baotarisa
and es noted ¢arlier in this thesis, densen (1928)

demonstrated s group of actinomycetes = Achinomyces

Cseidophilus~which grew readily on an ageX wmedium
of pH 3.8 - 4.0, The findings of the experiment
30 ﬁot %hﬁrefgr& count ug&ima% the poasibility

of the orgenism responsible for nodulstion of
Myrics gg&gzhaing an sotinouycste, as the present

pathor has concluded from cytological investigation.
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Figure 59. Figure 60.

Jars of plents of Trifolium pratense grown in water
culture,

Figure 59

Flgure 60

at pH 4.2, Jar on left contains inoculated
plants grown in N free solution. Ko
nodules formed,

Jar on right contains uninooulated plante
with 140 mgma. combined K/litre added to
the solution,

at pH 5.4. Jar on left contains inoculated
plants grown in N free solution. Nodules
were formed.

Jar on right contains uninoculated plants
with 140 mgmns. combined N/litre added to
the solution.

All plants 7 weeks old, X1/10th



Piﬁure 61.

Plants of Trifolium pretense grown in water

culture at ph 4.2. Plants T weeks old.

The two plants on the left were inoculated
and grown in N-free solution.

Ko nodules formed,

The two plants on the right were uninocul-
ated,vith 140 mgns combined N per litre

added to the solution. X1/5th.



Figure 62.
Plants of Trifolium pratense grown in water

culture at pH 5.4. Plants T weeks old.
Plant on left was inoculated and grown in
N-free solution, Nodules were formed.

Plant on the right was uninoculated, with
140 mgms. combined N per litre added to the
solution. X1/5th.
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SUMHARY OF SECTION VIT A,

(1) The effect of pH on noduletion of Trifoliunm

ot i v

technique,

(2) The results are compared with the findings of

O Y O

glutinoss.

(3) I% is shown that the endophytes of the above
three plants have different pH toleranceé.

(4) Iv is demunstrated for Myriea and Alnus that
the reacotien of oot and nodule tissues doos
not vary with the pfl of the mediunm in which
the planis are -growing.

(5) The findings confivi the Cross Inoculation
Experinent findings that the organisms

responaible for nodulation of Myriea gale and

Alnus glutinosa sre Jdifferent orvgsnisms.

(6) Also that thoase orgunisms are different from

that oFf legumes in rvespect of acld tolerance.
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Vil EFFEC@ OF SOWNE EXTERNAL PRATURSS 0N NODULATION
o | | (continuved)
B, THE ErFFECE OF COMBINED NITROGEN OR NODULATION
IN MYRICA GALE, WETH COMPARATIVE DATA FOR

TRIFOLIUM PRATENSE,

Intreduction.

A well known feature of the legumethizobium
symbiosis is that the extent of nodule formation
(including both number and size of nodules) is at
i1ts maximun when the plant is grown in a medium "
free 6r almogt free of available combined nitrogen.
Nodule formation is 1essehed when appreciadble
amounts of nitrite. or ammonium nitrogen are
present. Asg an instance of thig, data obtained
by Thornton and Nicol (1936) are shown in Table 4.
{see p.207).
The data show that the addition of the nitrate
reduced both the mumber and the size of nodules,
the size oﬁ noﬁﬁle being reﬁuced bafore;a
" peduction in number was apparent. The higher
levels of;nitrate employéd in this expériment
are of coursé far in excess of those normally
suppliéd in sand or water culbure of Plants,
Thus Crose's solution (full foriwula) contains
140 mgmg. nitrogen per litre,

Thornton and Nieei gtate that ~-"Repressive

effeots with increasing doses of nitrate showed



.ﬁoﬁwﬁﬁam_mamwaﬁu

z svone PTAY o€ UDBE ‘DUBS 6yl 0F 1I8%S 42 poppe TV

2o

670 970 L

zZT%0

86 *0 9% L

170

29°0 | Lo 0z

107

92°0.

€50 et €€

¥Eo

T 9

62°0

LA B
R RSN B
L S
o

-

o3

05

SLO0E £0 I

R il

(2usTd/omdy

HE

(mm)  lzwvid mnd

(3ueTd/euly | SHIDHON 40 praw% 5 *...mﬁuammmm_.

‘_
gt

SIOT 40 Gi ANG |HIONIT NEAW |50 HTEWDE N-%
(TEOTH CRY HOLNIOHS A0 Y&VA)

.rkmg oOf NI &mqwﬁQ%ﬂm. jifes me@ SINHIVEGIN J0 LOESdE

3

fa

T SR

FELTNF5




- 108 -
themnselves most clearly in reduced numbers of
nodules and in reduced.nedule length, With other
indices of growth, e.g. dry matter, the effects
were either substantially independent of the amount
of nitrate added or else tended t9 hove a maximum
at sbout the levels of l~4;gms?,gf NaNO3 rer pot
(163-651 mgms,ﬁ); when there was a waximum it was
sel&om.pronbunoed. The mean root weights showed
. with increasing doses of nitrate a decline that
is jJust statistically significant."

- In alreceny_papér,.Viriéngn'(lgﬁl) has shown
that infan‘unnamgd;legqme,:noau%atiQn gqé nitrogen
. fixatieg'gre.mueh‘leﬁa;;ﬁ@ibiﬁed by ammonium N
than by nifrate:N;-mhis, $t may be noted, is at
Variance with the general literature.

‘There has been much discussion gs*io the
explanation of the reduction in nodulation of
legumes in the presence 9f‘co@bined.ni£rogen.
Reviews of the 1itera£ure on the subject are
. présented by Fred, Baléwin and MeGoy (1932) and
by Wilson (1940). An early suggestion (by Hiltner)
wag that the greater vigour of z young leguminous
plant supplied with combined nitrogen from the
commencement of growth is associated with‘a degree
of immunity to invasion by the nodule'baotéfia.

In other words the legume is able to "Light off®
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the infection. A different view taken by other
authors was that combined nitrogen exercised, in
the rooting-m@&ium, a harmful effect on the nodule
wacteria and reduqeﬁ their infective powers; but
in this connection it may be noted that experiment
has shown that the ouitlvatmon of the orgonism on
medda eontaining nitratp at levels inhibltary to
nodulation,'results at leaﬁt in ne per91st1ng
lowering of infectiveness. Thera is, however, some
evi@ence which‘seems'to snggest that a relatively
low concentration of nitrate in the cell sap of
the 1egume restricts the growth of the organism
thera. |

Yet.another explénafion dréws attention to
thé ﬁrobable effeoct of an ample supply of combined
nitrégen in reducing the smount of earbohydrate
available within the Ipl'ant‘ for the davelopment of
the bacteria and the nodules.Rapid synthesis of
protein by the plant protoplasm will veduce the
carbohydrate lével and; it ig suggested, thus
hinder nodule development. In extension of this
proposal, Wilson (1940) has urgued that the
eritical factor is the carbohydrate-nitrogen ratioc
prevailing.within the legume tissues. In general
a high ratio favours nodulation, a low ratio

depresses nodulation,
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Hpsentlally 1t eppouds t0>%hﬂ aurthor this ia
merely another way o deseribing @&ﬁ‘ﬁﬁéﬂyveﬁ,
PHENOMSNS, ‘

Thoenton and Budort (1936}, in o micraéampical
wtuﬂy'uf nodals developmendt in the presence of
ﬁiﬁruﬁﬁp found no oleny evidsnee of a dhortege ef
carhohydeate and in Yoot noted an eXeesHive
whickending of w&l&-wéll@. |

)

Tho Investigations of Thoraton {10516) show
thet the effect of comblped aittrogen bhoglna to

A,

operate at a very serly stuge in the infeation
proceas, sinee ke Jpound that i $he éwe&%neg of
'ni%ra%@ the onpling and deformation of the oot
Bairvs (e normeld pmmd@ o infection) is dinimished.
Thene ook hﬂ&f eifeets have subscegquently beon
showa 0 be due $o & produsition of iundole pootis
acld by the %e&twria (pel8 of thesds), and it thus

ays bhst the aoffect of the nitrote musdt eithoy

,
Pés
%

@O

-

b To reduce hhe seoredion of this aubstence o Yo

reduce the resctlon of the oot bolrs towards it
In wiew of the meay similapiities that axisd

bBedween fonelagtme 000t nodule @lﬁnﬁﬁ paG Legunes

- For example; the ocourvence of nltrogen fixation

&ﬁd_%he general stote of symeiesis exictent betwcen

hoet plant and andophyte - dv.piil be of interect

o doetermine whether s further rasemblaneoe oxishd
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in respeet'df théléffact of combined nitrogen on .
noduiatiun. No prééiﬁus investigation of this
Iqﬁeétion has been reported for any non-legume.
..Roborg (1933-34) after finding that uninoculated

plantg of Alous Hipg phie and flacagnus grew

'satisfactorily i auppliad with combined nitrogen,

| stated that unﬁar such conditian the plants “do

| not need to form noduleﬁ“ but he did not put the
matter to actuql tests The present writer has
studied the effeet of combined nitrogen on nodul=-
gt;on in i grica gg&g groving in water culture and
hag also carried out a similar experiment with

_feﬁ cio#er (Tfifoliﬁm,prétense) in order to provide
6omparable dataa-ﬂrevidus éuthors have reported on.
the effect of'combined.ﬁitrngen on nodulation in
red clover, but not (except for a very early
1nveqt1ﬂation by De Vries (1877)) in respect of
plants grown in water culture. '

| | . Methods.

Myrica gaie.

' The procedﬁra for water culture was similar
to that already described (pe 9 ), 2-litre glazed
earthenware Jars belng used with six or seven
plunts per Jar. The pH of the Crone's solution
( nitroéen—free formula) was adjusted to 5,0 before

uze, and the pH of each jor was frequently tested
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daring the course of the experiments end corrected
where necegssary by sultable sddlition of acid or
alkéli to restore the pH tc 5;0; Comhined nitrogen,
in the form of sodium nitrate or ammoniwn sulphate,
was added %o certain‘bf the Jare_immgdiatelj after
.transplmnting and prioxr to inoculation. Four levels
of combined nltrogen wedre érranged;.namely, 0, 35,
h70 and 140 mg¢. nitrogen per litre of ‘eulture
solution., The highest of these (140 mg: per litre)
is that provided in the form of potassiuwm nitrate
by the,“full?-crohe’s formula and may be agsumed
to. provide fally faf thefrequiremanta.of'nurmal
plants. Inoculation was effected by the method
previously described, l.e,by means of orushed
nodule inoculums

Red clover (Trifolium pratense),

After being surface-sterilised by means of
alcohol and 0.1 per cent. mercuric chloride, red
clover seed was sown in antoclaved sand, contained
in glass troughs, and moistened with Grone'é
solution. At the stage when the first foliage leaf
had formed, the clover plants were transplanted
into water eulture, Crone's ﬁolution (nitrOgen-free
formula) adjusted to pH 6.3 being used. In this

cagse the effect of nitrate-nitrogen only was

investigated, since in general the effects of
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ammonium and nitrate saita:are very similar,
despité Virtanen's (see Introducticn) finding for
an unnamed legume. Appropriate smounts of sodium
nitrate were added after transplanting to give the

same levels as were employed for lMyrica gale,

éxcept that an exﬁfa level (17.% mg. nitrogen per
litre) wasjintrbdueed..The_plants were then
inoculated with an effective strain of clover
&hlzobium (Rothamqted No.49) by adding %o each jar
an egual amount of a suspenaion of this organism
in sterile water. |

This experiment with'clover was carried out
~iﬁ winfer timé, the.plants being placed under the
“batteries 6flfluorescent lights previously
described (pe. 94 ). The pH was frequently tested
and correbted to 6.3 as nebessa:yb

| Results.
Myrica gale.

An expefiment relating to the effect of
nitrate-nitrogen on nodulation was set up in water
culture on 21/8/51 and terminated on 11./10/51.

. Observations made on the latter date are presented
_in Table 5. (see p.114).
in additian it wae noted that the strongest

plants were those reeceiving 35 mg. nitrogen per
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shoot helight and root length of 10 - 11 cm,
compared with 6 -« 7 cm. in respect of the plants
at the three other levels, The 35 mg. plants also
showed the best.development of nodules and nodulee-
roots, Statistiloal analysis confirms that the
number of nodﬁles'in these plants'was significantly
greater than in the other geries., The higher levels
of nitrate seem to have exefted a toxic effect on
the plants. Thus those reéeiving 70 mg, nitrogen
per litre showed inferior growth to those at the
35 mg. level, snd at the highest level twelve
plants died off at an early stage in the experiment.

The conclusions 4o be drawn from this experi-
ment are (a) a moderate addition o? nitratee=
nitrogen (35 mg, per litre) leads to increased
growth of the plant, indicating that the nitrate
was béing utilised by the plant, and this was
accompanied by more numerowns and better developed
nodules than in the absence of combined Nj (D)
with concentrations of nitrate greéter than 3% mgus,
per litre the extént of nodulation wasg gtill ase
great as in the absence of nitrste, but the growth
of the plants was not indlcative of much abeorption
of nitrate. Taken by themselves the results
obtained at the 70 and 140 mg, levels merely show

that the presence of large amounts of combined
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nitrogen in the external solution {as diétinct
from in the plant cells) does not interfere with
the process of infection. '

An experiment to investigate the effect of
ammonlum nitrogen on nodulation in Myrica gale
wag set up on 30/6/52 and terminated on 4/8/52,
Observations made on the latter date are indicsted
in Table 6. |

All the plants receiving combined nitrogen
grew better than those in nitrogen~free solution,
the mean combined shoot height and root length on
the former being 12 em. as compared with 6 cm. in
the Nefree plant. Thild difference hecame manifest
at an eariy gtage in the experiment, prior to the
development of noduleg, and was thus clearly due
to thie sbsorpiion énd @ﬁiliaation‘of the ammonium
nitrogen. There was né;aignificant differcnce
between the growth of plantz at the bthree levels
of nitrogen, suggesting that the lowest level
satisfied the requirements of the plants.

The presence of the ammonium nitrogen had
no clear ¢ffect on the number of plants nodulating
or bn the average number of nodules per plantg.

It was observed (data not shown in table)‘that in
presence of ﬁhe éombined nitrogen the nodules and

nodule roots were consilderably larger by the time
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of harvest than in the plants dependent on
nodule nitrogen alone,

FigureISB,_a photograph taken shorily before
terminabting the experiment (five weeks after
inooulation) illustrates many of the above atate—
ments. Some of the plants growing in the presence
of 140 mgms. smmonium nitrogen were allowed to
continue growing for a further six wéeks; during
which time the ammonium nitrogen solution wés
renewed., There was no interference with thé

process of nodule formation.(see Figure 64).

Red Glover (Trifolium pratensge).

| In an exyperiment to assess the effeet of
nitrate~nitrogen on nodulation of red clover,
yvoung plants were set wp in water culturé on
11/12/51 and inocwlated the following day. Growth
was allowed %o continve until 8/1/52 when
harvesting wes commgneed. Data then ohtained are
presented in Teble T. |

It is colear thot the presence of only 17.5

ng. nitrogen per litre of culture solution had a
notahle reducing.ﬁffecﬁ on the number and size of
nodules, The dry welght of the plents was
appreclably greater with 35 or 70 mg. nitrogen
supplied than with 17.5 mg. or no nitrogen as is.

t0 he expected lu a short-term experiment where
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Piggre 6}0
Myrica gale plants from experiment showing

effect of ammonium nitrogen on nodulation.

L to R

1) without combined nitrogen.

2) 35 mgms. ammonium N / litre of solution.
3) 70 mgms. ammonium N / litre of solution.
4) 140 mgus. ammonium N / litre of solution.
Note nodule formation in all plants.

Five weeks after inoculation. X



Pigure 64.

Later stage in growth of Myrica gasle plants

in water culture + 140 mgms. ammonium N /
litre. Note continuation of nodule
formation.

11 weeks after inoculation. X3/10.
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the plants with 1little or no nitrogen were still
feeling the effect of nitrogen shortage. If the
experiment had been allowed to continue for a
longer period, no doubt the nitrogen fixed by the
nodules would have compensated these plants for the
absence or shortage of nitroger in the solution
and they would have caught up with the ﬁlants
growing in the 35 or 70 mg. nitrogen. The dropping
of the dry weight st the 140 mg. nitrogen level
may have been due to 8 8light toxie effect of this
concentration on the plants,

Discussion,

The experiment with red clover served. its
purpose by confirming that under the particular
conditions of water culture employed, the
~characterlistic effect of ocmbined nitrogen on
nodulation in iegumes could bhe demonstrated,

The rgsults with %2&&8&.5&%2 were quilte
different. Here the enhanced development of the
young plant conseguent on the presence of avallable
combined nltrogen from the time of transplanting,

- was sccompanled by the formation of at least as
many nodules as in the absence -of combined nitrogen,
and the nodules increased in size much more

rapldly. There thus appears to be no interference

with the infection process, and after that stage
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the nodules share iu the laproved nutrition of the
pla#t. |

The present writert's expefiments were not
intended 40 yield information on whether or not-
the nodvles forming on Myrica gale in the presence
of combined nitrogen maintained {their novmal |
Tunoctlion of nitrogen fixation. This would be a
matter for a separate dnvestigation., It 1is guite
possible that the stronger development of nodules
was aceémpanieﬁ by eunbanced fixetion. There is no-
clear evidence that in legmmes.the reduction of
fixation of nitrogen observed'iﬁ the preseance of
combined nitrogen exceeds the extent of reduction
in nodulation,

The data for Myrica gale show that the growth
of the plants supplied with ammonium nitrogen
greatly exceeded that of the plents dependent on
nodule nitrogen alone. This seems at first
gurprising in view of the experience of Bond
(1951) that plents of the latter type grew aa
strongly a9 nou-nodulated plants receiving nitrate-
nitrogen. Lt must, however, be noted that in the
pregent writer's experiment thepgrowth period in
watexr culture was only 5 weeks, whereas in Bond's
cage it was 6 months. Bond {(private comnunication)

noted that at first the nitrate plants grew more
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strongly,.and only at a later stage did the
nodulated plants catch up.

The suggestions that have been made by
previous suthors concerning the effect of combined
nitrogen in legunies were reviewed in the
Introduction. It was noted that there was no
¢clear idea as'td the sequence of évents.'It
appears to the wgiter that the pfesehce of
incréasga smounts of combined nitrogen in the
legume tissues must result in {a) some aiminutidn
of the gfowthmprOmoting stimulus whiéh the bacteris
apply.firstly to the tissues of the mother root
and later to the nodule tissues, or (b) a
redistribution of food substences so that less
“becomes available to the developing nodﬁles,i.e.
there is a differential ad justment of "gink"

. Valueg, comparable to that which appears to occur,
for example, in many plants, quite apart from
legumes, whereby in'thé presence of an abundance
of coumbined nitrogen, top growth is favoured at
.the expense of root growth, It appears in the
legumes, however, that the reduction in noduls
growth far outstrips that in the roots, so that
a differential effect as between ﬁoéulas and roots
mustvbe assumed, This latter is essentially the

explanation favoured by several previous workers
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‘but at present it does not seem possible to
choose finally between (a) and (b). Possibly
noth maj_applye B

The view of‘Thofnton (19%2) about the
- clasegical "symbiosis" between leguminous plant
legume ncdule bactéria i9 that the "symhi&sis"
is in effect = cbntrolle& parésitism. Thornton
and co-wo?kers have demonstrated the exiastence of
several forms éf relationships between the
1eguminous,host~piant end the bacterial endophyte
of its nodules. In one of these, the strain of
nodule bacterium is virtuwually parssitic; it forms
large numﬂers af smali.nodules which singly are
almost inefifective in nitrogen-fixation: In other
forms which may be ecalled more customary ox
"Hypical", the bagteria tend to form relatively
large nodules, each effective inlfixing nitrogen
provided combined nitrogen 1s not present in _
amounts greater than what cén be token up in the
ordinary way hy the roots.

It 18 perhaps not unnecessary to say that
the fundamental modes of nitrogen-nutrition in'
leguminous plants (nodulated or not) are no
different from those of any other plant nourishea
solely by its roots; but many species of

leguminous plants, and also the carnivorous



plants, can benefit from a source of nitrogen

ad@itional to what 1s abeorbed by the roots, If

exeess combined nitrogen is present, bacterial
nitrogen~fixation is interfered with: either
because nodule-formation is impeded gb initio.

or benauseunoduies already formed. either tend to
cease 1o grow and to develop new bacterial tissue,
or tend to become senescent owing to an onset of.

- pronounced parasitisme Still another manifestation
appears when the”vascular gtrandsg do not develop
(an extreme but illugtrative phenomenon which is
probebly nct’énéountéreﬂ in nature), or when the

_ supply of soluble carbohydrate from the'host
plant to the nodule and its endophytic bacteria
iz otherwise cut off, as by darkening a plant
alregdy bearing normal efficient nodules. The
laat-pentioned instance, indeed,suggests that
even in '"normally" well-nodulated legumes the
bacteria may be symbiotic by day and parasitic

by night. ‘

The-lésaen of the last two instanoces is
that parasitiem by hnormal" legume nodule bacterias
within the host plant 1s averted only hy
sufficiently abundant supply of-soluble'carban
hydrate: failing which, the bacterla ettack the

insoluble carbohydrates and pectinous and allied
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substances of the celle-walls of the nodule.
Combined with the observatioas sbout the effects
of exceasive ocmbined-nitrdgen supply upon %he
activitiesrdf ﬂddule'bacteﬁia within the legume
nddulea, it appears that the kind of -mctivity
manifested by bacteria withinlthe légume nodules
must be influenced by the ratio of soluble carbo-
hydrate to combined nitrOgen‘pfesen% in chemicélly
simple Torms easiiy'salﬁblé in ‘water. |

Gompaﬁe'now the vesulte obimined with Myrica
gale and with cl0ver.'The‘éésentiai’ﬁifferenee'
seems to be that while in both cases the develop=
“ment of the plant itself is stimilated by the

presence of combined nitrogen in the rooting

medium, in Egriga zale the nodules both in
regpect of numbsr and sige share in ‘this improved
nutrition, whereas in clover théy do note.
Consideratioa has been given to the
possibillty that this difference in result dées
not indicate any fundamental divergence in
behavidur, but was due to difference in expéri-
mentsl treatment. Thus on aceount of the slow
development of the Myrice seedlings it was
necessary to allow a period of two months before
the'seedlingS‘Were of suitable slze Tor transe

planting into water eulture. During this period
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the yéunglplants were growing in horticultural
peat of low available nitrogen contont. Thus by
the timie of imoculation a relatively hish carbo-
hydraté-nitrdgeﬂ'ratio (a8 compared with that in
the clover) was probably prevéiling in the plants.
This'éssumg%ion is supported by the tenaency‘tB
aﬁthbeyaﬁim-formation noted in shoots and roots.
This high ecarboliydrate-nitrogen ratio even in the
préseneé of combined nitrogen might persist long
enough for the earlier stuges in nodulation to be
accompliShe& a$ sneccessfully as in the nitrogene
free?solﬁ%ibn._it would however seem likely that
féirly'éopﬁ the’f&t&b would £all as absorption of
the combined nitrogen proceeded, and, if events
were ruﬁniﬁg"pafailel to those in legumes, the
subs@@ﬁent development of the nodules would be
retarded.381nce there wes no sign of this {gce
FPigure 64) 1t is concluded that ?he'éffeet of
combined nitrogen an—nodulatiOn'ia fundanenitally
different in the twe plants. The ﬁbﬁule appears
to be move of &n integral part of the plant,
physiologically in Mzriea“thag;in the legumoe.

Some leguminous species {é;g. Judas tree
(Cereis siliguastrum)) ave known not to bear
nodules, and may thus be relies of & ptage of

evolution bhefore other legumes hed acguired the
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ability o emist in partnevabip with miorsw
organliemn in nodules on roots or lLenvas.
\ ¢

| From the stondpoint of $he émon&my of the
plant, the Mygrdics - actinomycobte syabiosls scoms
o be & lees highly evolved systen than the logume
nRaizohium associntion {wheve thet oxists). The
view may be tsken that, as far oo present
Enowledge goag, the micrabisl pertuer in gggggﬁ
nodules 1s more neerly o trud syabiont thon ere
the baecteris in legume nodulesi thaeve 19 evidenos
that the legune-prhizoblun necocisntion is fundame
mentally parasitic snd there is no evideaee oF
sugrestion that the Myrica - asctinomycoetde
asgooiation is parvasitic. On the contrary, the
S evidenes of the present work that the effects of
the Hyrien - getinemycete sasccintlon peesist
unchanged whedther only little combined nitrogen
is present ag provably ocovrs in the asadtural
Hyrioa habitat or whether combined anitrogen io
mede abundant, etwmngﬁh@mm‘th@ view %hat>ﬁh@
Myedion - aebtinonyeete asgociation in o true
symblosia, )

In so far ag the manife#tation of "eymbioaiax®

Petween legume and rpootenodule baotervia ise
contbrolled by the plunt, or is en expression of

the resevion of plant + booterde towards an
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excessive supply of combined nitrogen in the
’woot’surroundings'(th&t is to say, leaving out
of acgcount the existence of straing of roote:
nodule bacteria which are intrinsically virtual
paraslies) the legume may be sald to pogsess
mechanisns which, in the presence of aiilffiqien*t~
combined nitrogen, ﬁﬁiﬁably reduce the. expenditure
of plént materials for the process of symbiotic
nitrogen~-iizetion when nitrogen-fixation is
vholly or pariliy superfiuous. Myriega, in.
assoglation with ibs nodwlar acbinomnycete, doeé
not exhdibit any such’meohanism; at leant none
has been deteotéd-%o detragt.from a eomclusioh
that the Mgriummactinomycete_associaticn,iela

true symbiosis within the nodules of Myrics gale.
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SUMMARY OF SECTION VII B,

l, The effect of cowbined nitrogen on nodulation

of Myrica gale is compered with ite effect on

a typieal legume - Trifolium pratense = both

species being grown in water culture.

2. 1t is shown that whereas a small quantity of
combined nitrogen (1?.5’ggms. N/litre)
markedly depresses nodalation {(both as regards

size and nuwber of nodules) in Trifolium,

combined nitrogen (up to 140 mgms. N/1litre)
does not affeet the number of nodules found
in Mgriqa; Furthermore, the nodules of Myrica
plants reeeiving nitrogen inérease in size
much more rapldly than those devéloping in
N-free solution, | -

3., It is concluded that the effect of combined
N on nodulation is fundamentally different in
the two plants.

4. It is suggested that the Myrica -actinomyeete
symbiosis is a less highly evolved system

than the 1egume-gnizobium association since in

the former there is a superfluous expenditure
of raw materials in the formation of nodules

in the presence of combined nitrogen,
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