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TLTLI0LOGICAL STUDIES Cw CILIICTLUIUS A TNIC.ITC

The Root Nodules and Some Cheracters of

the Caussl Crganism.

I. Introduction

The structure and fuuctions of the root nodules of non-
legwninous plents huve engeged the attention of nunierous in-
vestiszetors during a century. dJowever, in no case huas the
causal orgunism been clearly isolated and tested.

"he nodules of Ceacnothug americunus L. have been studied

by several investirators (6)* since Dr. Beal first called at-
tention to them in 1890 (3); and Pottomley (4) claimed to have

isolated & strain of Pseudomonas radicicola Eeij. from speci-

1ens collected in America by Rocendehl and others. 3ut Eote-
tomley (4) did not test the ability of his isolated organisms
to infect the host plsnt. Zurrill and Eonsen (6) chortly
thereafter felled to isolate any orgenism after many attempts
with & wide range of media; and on this account, the claims of
Bottomley heve been doubted by marny investigators.

The historie interest of Ceanothus americanus, as well &s

its use in ornsmental plantings, has made desirable a mnore de=-
tailed knowledge of the physiology of tnis plant. Furthermore,
thhe general ecological significance of the root nodules of
Ceenothus tsikes on added interest due to the inportant role
discovered for snalogous structures on legume roots; and tnis

*The parenthetical indices refer to the sutnors cited in the
litereture given after the conclucsion of this peper.
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2.
interest is not lecsened by the fact thet siailar functions

heve been attributed, even if on vague grounds, to the nodules
of such non-legumes &s Cycas (8), Iodocarpus (9), Alnus (8),
iiyrice (4), Elaéagnus (8), and Ceanothus species (4).

The obegervations renorted in this raper sre the results of
experinents undertaken with the purpose of discovering niore

substantiel bases for the cleims made for nitrogen assimilation

of Ceanothus americanus L., and to determine somne of the cher-

ecteristics of the causal orzunism of the root nodules.
II. Eistorical
When Beegl reported the presence of nodules on Ceanothus

amnericsnus to the Alerican Botanicsl Society (3), Atkinson be-

came much interested in them and immediately begzan the study

of their structure and of the casusal organism (2). e gave a
descrivtion of the mature nodules to wnich little has been added
by subsequent workers. Easing his findings upon the orgsnism

as it occurs in the host cells only, he referred it to a new

specles Mranxis ceanothi.

Among the later investigetors only Rottomley (4) and Cprati
(16) dispute this classification.

Upon the role of these nodules Atkinson niekes no correlative
field observations on growth, end he dismisses the whole matter
of symbiosis with the statement thet "so far as cen be seen they
(parasite) cause no inconvenience to their host". Ile reports
no atteupts st the isolation of the causal organism. Ie also
states thet the older hyphae are devoid of vrotoplasmic contents.

Arzberger in 1910 (1) repeated the structural and taxonomic

studies of atxinson without reaching different conclusions, but



3.
he &lso investicated tie enzymatic action of nodule sap. He
found & decided &bility of the Juice to peptize certain proteids
(blood fibrin) and from this concluded thut the empty hyphae
noted by Atkinson heve in all cases had their contents digested
by a proteolytic enzyme, which, &s he states, is probably se=-
creted by the host plant. He concludes thaet "Cymbiosis™ (nu-
tritive mutualism is most probably meant) "exists, which is
qu te apparent in the early stage."

In 1915 Rottomley (4) reported briefly some studies on the
structure and branching of the nodule and he also presented
data bearing upon the classification and nitrogen-gethering
ability of the causel organism. He claimed that the brenching
of nodules igs 1lateral and not dichotomous. e also isolated

an organism which he identified as & strain of Pseudomonas

radicicola Bei j., and from very limited experiments concluded

tnat it could assimilate very small asmounts of atmospheric
(elementary) nitrogen. From these few tests and without any
inoculation trials ne coacluded that "it is therefore evident
that the root nodules of Ceanotiaus are definitely concerned
with nitrogen sssimilation". lleither Arzberger nor eny other
investigator of Ceanothus had, up until 1918, reported any ef-
fort to correlate generul growth with degree of nodulation.

It was to be expected tuat investigators interested in leg-
wae nodule organisms would irwmediately try to confirm Rottom-
ley's conclusions. Especially Burrill and Zansen (6) tried
repeatedly to isoclste the organism by employing & wide rsnge

of the best I'seudomonas media; but they alwsys fuiled to get
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anytning renotely suggesting Iseudomonas radicicola from the

Ceanothus nodules, slthough the media used were always success-
ful in isolating various strains of rseudononas from various
leguminous species. ©Since Bottouley hsd used only ordinary
"Pgeudomonag culture solution", Surrill aumd Lunven judged that
Bottomley's conclusions were of doubtful taxonomic reliability,
end were rmore inclined to sccept atizinson's identification as
the correct one.

These invegtigetors were not able to grow the wild plants
or tneir seedlings successfully in sand cultures, nor does Bot-
tomley or wny otner investizator, excert the present writer (14),
report the successful growth of tnis somewhut festidious plent
when grown wder artificizl conditionse. Burrill and IZansen
succeeded in gprouting only five per cent. of the seeds even
efter treating ten minutes with concentrated sulfuriec acid,
while the writer at the beginning of this investiesation (1920)
(14) succeeded in obtaining regularly from forty-five to seventy-
six per cent., with the sulfuric acid treatment and tnirty-seven
to gixty~five per cent. by ordinary hend scarification with
ssndpaper.s Yart of this wide divergence mey be explained, in
tne experience of tne writer, by locality of seed production,
end pert msy be due to differences in umetnods of sterilization
&nd germination. In the puper referred to, the writer (1l4)
also reported effects of sterilized soils upon thne sprouting
and furtner growth of Cesnothus seedlings. Tuese efiects are
of importance in culturel work with tnis species, but they

need not be sumnurized here.
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5,
Jnus the roie of the rncéules, the correlation of treir rste
end mode of growth with generul growth, as well as the isola=-
tion and identification of the ceussal orgasnism, were all very
uncertain when the following experinents were begun. lioreover,
the successful growth of sterile seedlings, and esrecislly in
gterile sand cultures with and without nitrogenous fertilizers
-- niatters of the grectest iaportence in physiologic studies
of tanis nature =-- hed not been attempted.
III. Ixperimentsl
A. Growth and Distribution of Ilodules.

In order to correlete general growth with nodulation 1t is
first necessary to find e uethod of determining the age and an-
nusl growth rete of nodules. Otherwise, & positive correlation
between nodulation and growth in a perennisl of tnis type would
lead to error in case & plant had only slignt nodulation till
late in life. The wode oF branching in nodules mey slso be
related to the determination of their eges The following ob-
servati ons on these roints were made dwing two growing seeasons.

l. Xate of Growth and Fuctors Concerned.

a. Annual Growth and the Glass Plute llethod of Qbservation.
About two hundred nodules on twenty different plants were

carefully exposed. These were covered by gless plates ac-

cording to the metnod of l.chougel (9), to provide for later

exanninetions without disturbing the root system. Sinall

constrictions were noted on most rocdules and these were

searched for in other plants. The gignificance of these

constrictions was gt first not sporecicted, but by countirg
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them and compsaring with the age of the plant as shown by
the annuual rings of its hypocotyl, it was found that they
ggreed in most cases where the oldest nodules of plants
from two to five years were considered. All aiscrepancies
were due to brunching of the nodules in the first year's
srowth, and a previous failure to note thet in such ceuses
there is no constriction at the bases of the branches,

This discovery later proved to constitute a vcluable
criterion of rate of nodule growth in di fferent perts of
a given root system for different years and it leter formed
the basis for comparisons of nodule growth in di fferent
soils end habitats.
b. Cbservations on Lodules in situ.

During the sutwum, winter, and spring of 1918-19 and
only sutwan and spring of 1919-20, observations were made
gt intervals of two weeks. During the first half of the
first winter, which was a nild one, about thirty per cent.
of the nodules nearly doubled their growth as measured by
tnat of the summer, while forty per cent. only added from
one-fifth to three-fifths &s much. 2Jhe remainder grew
sligntly or not at all. Those nesrest the tap root grew
most rapidly.

o growth was noted during February or llarch, but in mid-
April it was resumed agein without stopping, till the next
Cctober when a severe winter set in. This did not allow
meesurewent again till Jenuary 1920 when no incressge over

the October's measurenents could be noteds Iate in the



following April slow growth was reswied sgein.
¢c. Observations on Lodule Growth of Flants texen to the
greenhouse.

Similer observations were made daily on the nodules of
five plants brcugnht to tne greenhouse from the sare hebitst.
dere some fifty nodules made a more or less continuous
growth for rnearly two years. Lach increesse in growth of
sufficient size to be measured tock place during arnd im=-
medistely following considerable jeriods (1l-2 weeks) of
sunshine. o other factor could be satisrfuctorily corre-
lated with nodule growth in tuese five plants.

cummarizing briefly, tnese observetions on Qute of
Growth indicated (1) that nodule growth continues beyond
tue normal growth period of tne tops if the sutunn and win-
ter are mild &nd tunat growth is stopped by very low termper-
atures, (2) that active nodule growth attends and extends
beyond a period of pnotosynthetic activity and therefore
most probably depends largely uron the products of photo-
synthesis, (&) that nodule growth is isodiametric or with-
out notable constrictions, when the conditi ons sre favor-
gble to general growth over loug periods (one or mnore
yesars), (4) thet the snnual constrictions of nodules nake
possible couparisons of nodule and genersnl growth in dif-
ferent parts or the ssue root system throushout the differ-
ent years of the plant's life,und finally (5) that the ef-
fect of different naubituts on nodule sand genersl growth can

tnus be mnore accurutely Jjudgede



2. 1ode of Ersnching in Lodules.

In determinirg the age of a nodule, the branching must
be considered, as has been previously pointed out. All writ-
ers except Zottomley spree thut branching is dichotormous or
rolychotonous. ZRottomley (4) stztes thst as nerny ss five
brancnes muy be formed in one year but tlizt they sre succes-
give. Such an interyrretetion of the rmode of branching is
inconsistent with the forration of annuel conctricticns as
noted sbove, becuuse branches do not occur between constric-
tions, except rurely in tne first yeur's growth, end lere
tne coloretion and otuer evidences of sii.ultaneous brenching
ere too strong to escure rnotice. Jhe follcwing observations
were tnerefore izde unon severel hundred noaules to deterwnine
upon whet grouwnd, if wny, such an interpretation ss tist of
Zottouley mi; ut rest. Three wetiods were Tollowed: thie
first congisting of neecsurenents of thie length of di- und

polychotomer™ breuunci.es; the gecond of lonzitudiasl and croce

cections of incipyient hrcnchings, and the third, spvliceble
orly in tie csce of the oldest nodules, a comrerison of ac-
tual age of the plout with the are of nodules as indiceted
by tne constrictiors detsiled etove.

The results of these olLservations ere sac fcllows: Firet,
in all cases (five hundred in number) of young nodule tranches
r.easured, toreir length was practically identicel witkhin the
group (tls. I end III); wihile in older breachings (six hund-

dred in nwiber), wneven growth in & brunch in corne succeeding

yesr, or z total cessation of prowth in ore or more-old



braaches of a sroup, zuve the arpesrorce of latleral out-
growth, incsuuch as thece 0ld Pranches were oftesn thinner
and were crowded out of rosition by the more sturd; bronch
of equel ege which ncd grester carceity for crowth,

The second rethod of evamiretion included ebout five hun-
dred nodules whose earliest branching stoses were lonsitudi-
nally, or in sowme cases treneversely, cectioned. tome of
these were steined after being psssed throuch the usuel
paraffin tecnnique schedule. A4ll showed the same rethod of
brenching in which the growing roint flattened or becamne
lobed, depending upron vwhet the future position &nd nurber
of brancnes was to be. Iuch lobe therefore becones a new
branch and thus ther must be cirmltuneous in origin even if
they chould not grow to ecquel length subseguently. The fig-
ure shown by 3ottowmley (4) is certainly that of & section
which does not follow tue long axis of esch brsnch (in o
pair), hence one seei:s older and r.ore develored than the
other. Only the csreful following of a coaplete series of
such sections of o whole nodule, or the use of younrcer stages
of brunching could avoid migjudgnent in this cornnection.

Thie general or longitudinal type (Fl. I,fig. 2) of infec-
tion and nodule formetion which wes rarely found by the writ-
er, produced as nuny as five branches sinultaneously and in
a row. In these as in otlier ceses, branching of the plerome
end stele is often accomplished before the apex of the rod-
ule snows much deforuation.

In using the third metnod of deternining the mode of
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branching, the oldest noduvules of plants from one to five
years cld were found most suitable. The spe of tne plant
usualiy was first determined. The snnusal constrictions were
then taken into eccount. ZThus in over two hundred cuases ex-
amined at random the sges of branches agreed exsctly.

When this test is applied in the reverse order, the first
psrt; viz., ege of rodule, in é small percentege of ceses,
eppears gregter then that of the plsnt by one year, as deter-
mined by the annuel rings of the wood. This is due to the
fact mentioned ypreviously that in the vigorous growth of some
young plants the msin body of a nodule or of a branch divides
while it 1s still asctively elonguting. 2Zut in such cases
the constriction st the point of branching is not evident as
it is in &ll other cases where branching ususlly occurs early
in the growing season. lioreover, the uniformity in color of
such exceptional brencnes, with tneir branch of origin, per-
sists far ut least two yearse

Briefly stated, thnese observations furnish no support for
the cleims of Bottomley that branching of Ceunothus nodules
is not sii.ultaneocus; but on the contrary, they indicate that
one wmay misjudge the type of branching, due to (1) faulty
sections wnen not studied in series; or (2) fzilure of some
nodule branches to grow, while their contemporaries monopo=-
lize the food and push them out of position; amd finelly (3),
that thesé facts moy cause inaccurate age comperisons to be
made.

d. Distribution of Lodules.

Miicroscopic examination of nodules has glwsys disclosed



11.
the fact that the corticel cells are neerly filled with
gterch. If the wetabolism of the perasite requires starch
or starch-foruing sugars and if it liberetes nateriasls of
benefit to the host, it would be interesting to see if nod-
ule distribution conforms to the most efficient location of
such a double function. The following observations on field
end greenhouse seedlings were made to determine whether nodu-
lation hes some regularity or not, end if regular, whether
this cen be correlated with other hebits of growth or fscts
concerning food distribution.

Cver one thousand root systems were carefully studied,
over seven hundred of which came from three different types
of habitut soils, two hundred were greenhouse seedlings from
seven 10 nine months 0ld grown in several types of soils,
wnile seventy were plants of all ages transferred from field
to greenhouse. The nodules were removed from these latter
plents which soon produced new nodules on new roots.

a. Of the seven hundred plants studied in the field two
. hundred of all sges were dug from a fine clsy soil. QThese
nad most of trneir nodules at a depth of from three to ten
; cine; &ud the largest, i.e., those of most repid growth, were
} located in tne uuper part of this stratum and mostly on or
;ery near tne prinary root. DBelow a fiifteen cm. depth the
nodules were small in diameter and of slow growth.

Three hundred plents dug from sandy soils showed & slight-

ly deeper distribution than was found in cley soil. DRelow a

fifteen cm. depth the nodules were slightly lerger and more
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nunerous than in the clay soil. 4 few were found &t one hun-
dred fifty cm. below tne surtface of the ¢oil which is about
seventy-five cm. deeper than the deepest found in the clay
soil.

Cver two hundred plants from a sandy losum soil had essen-
tially the saue distribution of nodules as those in the sandy
soile 48 found for the other soils, the lowest nodules here
showed the csmelliest diammeters and shortest annual growths.

b. The seventy plents brougnt to the greenhouse conformed
in every wuy to the distributions Just uentioned. The nodules
were removed and tne longer roots were pruned to fit them for
planting in pots having from fifteen to twenty cun. of soil.
Tney formed many new roots ana nodules, &nd the tops grew
luxuriently. 2Tae bottom root growth was especially heavy
due to boftom heat snd good aeration, but the nodules were
larger and nore nwierous in the uprer helf of the root sys-
tem. However, tne cGifferences between the lowest and highest
strata were not nearly so grest es in the field conditions
of these plants.

¢c. Three hundred greeninouse seedlings nsturally infected
by nebitut soil showed most nodule growth in the uprer two
to eight cie. Jhnese uvlants had amwple o;portunity for s dif-
tferent distribution. Iriority of infection and a possible
acouired i.wunity sre not fectors here, becuuse tne higher
(£l.VII) leteral roots bore nocdules, while tue lower roots
did not.

The explanetion for this distribution of aodules ss well
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Do

es for that of the field plants, it would seem, does not 1lie
in the veriation of oxyren supply &s a1l were well aerated,
except those from the clay soils wiich hed nwnerous nodules
at depths known to be poorly seruted. Lor does it lie in
tie water supply for the regions fevoring root growth nost;
i.e., those of optimum water supply were not trhe most highly
nodulate regions ot the root systens.

d. In sectioning the root crown to determine age it was
always found to be excessively thick for a plaant of such
size, &are, and woody character. 2Tiiis extra tiiickness tapers
off very rapidly in tue upper ten to fifteen cum. of its length.
Jdere the largest amounts of food are deposited s shown by
tne thicxness of the annual rings and liere nodule growth is
elways most repid and plentiful.

It would seen then, that this region of food deposit would
be most fsvoreble for the nourishment of perasites and at the
same time most favorable for the distribution of useful foods
or ¢ tinulants mece by them, to roots end shoots of the host
plant. The high degree of correlstion found between this
lodguent plece for food and location of most nodule growth
amounts to certeinty or casusation. A corresponding degree
of certainty might be anticipsted far & recinrocal distribu-
tion of the effect of the narasite upon the host if such
could be demonstrated.

Correlation of Lodulation with Growth.
l. I'ield btudies.

A8 previously noted, atkinson (2) did not consider the
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root nodule orgunisis of Ceurothus anericanus detrinental

to growth, wihile Arzberger (1) probcbly intended to convey
the oplnion that & nutuelistic sywbiosis exists. Bottomley
(4) cleimed that these nodules sre definitely associeted with
etmosrheric nitrogen essimilation, without giving proof of
the specificity for nodule prroduction of the microdrganiem
isolated. Burrill end Honsen (6) foiled to isolate an organ-

ism, and on this sccount, as well as because even IFseudomones

radicicola synthesizes only minute amounts of organic nitro-

gen in vitro, they congidered = wmutuslistic symbiosis involv-
ing nitrogen assimilation in these nodules, to be of very
doubtful existence.

If such & relationsihip does exist in naturael habitats,
tnen careful comparisons sawmong many plants of different de-
grees of nodulation snould give some positive indications
that the possession of nodules is of some adventuge to Cean-
othus, as is found to hold in the case of leguminous plants.
In view of these consideretions and of the foregoing detailed
methods of meking exact comparisons between the annusl growth
of nodules and general growth, the following observations
were mede on the total growths found in the field.

Actual correletive studies were preceded by & general
gurvey of ecologic conditions such a8 topography, type of
soll, and associated plants. The »nlants were not dug at
rendom on sccount of the great ggce of some and on account
of lack of very young plants in the first habitat due to

excessive pessturing. Eguel sempling in different types of



15,
£0il end a fair representation of the different ages from one
to ten years were always sowht so far as the growing reterial
wo uld allow. Lefore digging, the individuals were studied in
a genersal way as to size, vigor, color, and brenching of stems,
end their blosctoming or fruiting hasbits. After cureful digging,
the sge of the plant, disposition of nodules, end comparisons
of their annual growths with those oif the annusl rings in the
root crown, were nade =snd in most cases rough weirhts were &l-
so tan. Tne duta are rresented by hebitats as follows:
A. Pirst Hebitat

This hebitat is & low gently sloring hill whose flat top
consisted of fine ce lcareous cley and whose sandy sides were
gullied in such a wey es to prevent the deposition of the clay
washed off tne t op. Tne exposure is to the south snd esst.
ornell clwaps of poplur, white oex, hickory, and sunac occur
over this twenty-acre tract. but the onen spaces have been oc-
cupied during tne last tWo decuades by rear trees. The arees
occupied by Ceenotius are low in nitrogen (below 0.05 per cent.)
end variable in ecidity (Ifhe. 6.5 to 6.9). The clay soils are
go close~-textured thet drouth effects often appeer.

The numbers and sges of plunts dug frow this Hwbitul sare
as follows: thirty were from five to six yeurs 0ld; eighty fron
from seven to eight yesrs o0ld; seventy frowm nine to ten years
old,end twenty were from ten to twelve years old. Tneir dis-
tribution according to aze and relative smount of noduletion

is shown in 2<ble I,
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Table I. Distribution of Cegnothus amnericenus

gccording to age, size, &nd nodulation in Iubitat 1.

———
age of :(Total : Ty»e of nodulation and relative size
snucber: of nlsnts dug.
seed- : of
iseed- : roorly : i.edium; Zeavy : Very hesvily
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Seedlings, as distingmirhed fro.: rlantec rede by gtolon~
like growth from very old plantc.

¢

** About 100 seedlings from two to three years old cre not
included, because at;rricel, due to chaude and crowding.

It vill be noted thet in this totel of two hundred ard
five rlunts exunined, fifteen were vpoorly nodul=te, trirty-
eix were of nediwa noduletion, one ruundred and sixteen were
reevily noculazte, while thirty-ei it were very heuvily nocdu-
late. Tne poorly nodulzte rlents were ell <nell snd their

averagse weirnt at the se.e agze wog wbout 1elf of thet of tke
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next group, esch of which hed from one to three foir-sized
rodules (Pl. III) es o0ld as tke plart itcelf; i.e., infection
uiid nodule growth tesun soon safier the srroutine of the seed.
Jhe nodules of the smgller plants were co new that ther indi-
cated late infection. 2ue one-hundred sixteen heevily nodu-
late plunts had from three to ten very lerge snd ruch-branched
nodules on the mein root end nmuny smaller ones anong the sec-
onGery roots. DThece plonts averaged over twice the weizht of
tnose.in tne lediwa nodulste group owing to profuse brenching
of tons (¥l. II, tor) and heuvier root systeu. Young rplants
of this group were Ifreguently suppocsed to be several yeurs
older than the age shown by tne nwaber of zrnual rings end
bud sesrs. The very heevily nodulate group of thirty-eignt
rlants (¥1l. I1) hed their nodules distributed as in the heav-
ily nodulate groud, but the nodwle brs.uches were densely pecked,
aiid these lar;e dense nodules covered the tep root as well es
the lerge lateral roots to such an extent thet the observer
would exwect & detrimental effect on top growth if the rela=-
tionship were purely perasitic. Yet the size end weicht of
tons alone rengzed from two to three times thet of the heavily
nodulste groups, while the root systems bore a similar ratio
down to a depth of over ose metre.

In this hubitat, rapidity of nodule end general growth go
hard in nheind, and the total growthe sre vestly different in
tne different prouns based on emount of nodulation end suge.
In general, the nlants of clay s0il were snaller than those

of sandy so0il. 2Qiiey hed fewer nodules, due pogcsibly to a
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liritztion pleced upon infection by this close-textured soil
-~ & phenomenon also noted for greenhouse seedlings when
plarted in & clayey soil which had been comnected by wet
sterilization.

Z. cSecond Izbitet.

This tract of about six scres lies on thé sides of & nar-
row vale or glen trending north and south. The s0il consists
of fine s=ud only, and ie roughly covered on the esst side by
brambles, suuac, and rock rose, while the west side is cov=-
ered by redi and white ogk and hickories standing in rather
open foruation., The total soil nitrogen content of this ares
(0.06 to 0.07 per cent.) is only slightly higher thuan that of
the first hsbitat. DBoth sides of this valley receive niuch
less sunlight then the first hebitat and growth, in general,
is notably less in amount even though the humidity is slight-
ly higher.

The numbers of plants dug from the second hebitast and stud-
ied as in the first hsbitet are as follows: two hundred and
seventy-eight were from one to two years o0ld; two hundred and
gixty-seven from three to four years o0ld; one hundred and fif-
ty-eight from five to six yesars o0ld; eighty from seven to
eight years o0ld; eand thirty-three from nine to twelve years
old. DTneir distridbution, according to degree of nodulation,
is shown in Table II.

anongst this totsl of eight hundred sand sixteen plants
forty ure poorly nodulste; two hundred sre of nedium nodula-

tion; three hundred and ninety-six heavily nodulate; and one
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Table II. Distribution of Ceanothus smericanus

according to age, size, and nodulstion in Habitat 2.

h

Age of: Total : Tyre of nodulation end relative size
snumber of plants dug.
seed- fsegg- f Poorly :liedium : hHeavy : Very heavily
lings : 1ines ‘nodulate:inodulation:noduletion: nodulste.
g3 =7 ¢ Small : lledium ¢ lerge : Very large
: ¢ plants ¢ »nlants : plants nlants.

1l year:; 111 : 7 : 19 : 63 : 22

& years: 167 : 11 : 38 : 85 : 85

3 " ¢ 163 : 9 : 41 : 79 : 34

4 " ; 10¢4 : B i 2T as 28

5 "™ : 8l : 4 : 22 i 34 21

6 " : 7T : 3 : 20 35 19

7 " : 5% : 1 : 16 25 12

8 " 27 &1 .. 8 14 5

9 " : &6 3 o : 9 : 16 : 1

10 "+ B i .. 1 2 2

11 n : 1 3 .o : . : .o : 1

12 n : 1 oo : oo : 1 : oo
Totels : 616 40 : 200 : 396 : 180

f——

hundred end eighty very heéavily nodulste. The distribution
is better here among the younger plants thaen in the first
habitat, because pesturing has gpparently been very light
within the previous four or five years.

The differences anong the younger seedlings were not so

gepparent, as between heavily nodulate and poorly nodulste
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older plants (¥l. III), but ceareful measurement thowed thet
they were relatively almost as greet as emong the older
groups. In this hebitet (Table II), precisely the same rela-
tions hold &s those found in the first habitst.

The dis tribution over this area is much more reguler than
in the first hebitet end it is difZicult to believe that these
rlants sre herediterily so different emongst themselves, so
far as vegetaetive thriftinese is concerned, &8 to csuse such
great variations in size independently of, or rather with,
the handicap of the nodules which sre xnown to store cuanti-
ties of foods wnich tuey seem never to disgorge, and to har-
bor a parasite which nmust feed on organic foods.

In this Lxabitat, heavily nodulate viants blossoued niore
copiously end uniforiiy and fruited uiore Lesavily tinen tine
poorly nodulate nlants. ZTue annusl growtiis in tnickness of
tie tap root ard sttached nodules paralleled thut of the
neighboring srea, while the nodules «t greuter depths thsan
fifteen or twenty cm., Lr.de much lesc growth in length and
tnickness. Some untnrifty seedlings of one ceason's growth
were focund with very minute nocdules or none. <oOlie dead ones
with no nodules were found in the samne areas where sufficient
noisture end sunshine were rresent. Tiiece seem to indicate a
survival value for nodules which could not, however, be es=
teblished with the sauell nunbers; viz., seventeen non-nodulate
snd dead, and twelve plants with niinute nomlec, which bsre-
ly survived taeir first winter.

vwanarizing the dsate from these field studies it is found

tnat:
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l. flents sre larger, heavier, end wore thnrifty, in propor-
tion to tune nuwber of lsrze nodules found on tneir roots.,

2. These nodules &are found in thne unrer overt of the root
gyc tem near to or upon the primary root.

Je veed bearing is neavier and fruits rinen leter in tie
heavily noaulate plants tnen in poorly noculete vluntse.

4. Very younr seedlings waich were heuvily nodulzte with-
stood winter conditions snd comretiticn better tiion poorly
nodulate rlantg, snd o few very sncell non-nodvlate seedlings

died frowm no @ vwerent csluwe.

)
2. CJreenhouce xneriiente.
Ae. Lrrouting of Dormant Pleld rlerts.

Jhe positive corrveleticus tetween rrowth erd nodul=tions
fouud in tie Tield gtudies goon ruiged Lre cuestion whe ther
o correiation between forced jrowith or errouting from the
dor.unt condition might not be fouad ard wnether tue conplets
removal of nodules would lixzve a notutle efiect uron sprouting
from dor.arcy. Severul series of fleld plants were tlested
in tie greenhouse. Die plents were cug very esrly in the
suring and were tested in two cseries uas follows: Series I
consisted of plants of different degrees of nodulation; Ceries
II consisted of fifty rairs of rlents, each reir being slilke
end one plent of ecch preir neving ell its nodules removed be=-
fore srrout ing.

Ceries I.
The forty plants of tris egeries were celected to reprecent

the various degrees of nodulation found in the field studies
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described above. nly plents four, five, end six yesrs old
were represented on account of convenience in potiing. Fobi-
tst soils end greenhouse cormnost were used in =n egual number
of cuses, znd bottom hesat wus used to chorten the dorisncy
reriod.

~he srrouting dutu are as follows: twelve reavily nodulate
rlants srrouted one weex earlier tuen fifteen plunts of medi-
uz nodulation, and there wus no difference as between hebitsat
so0il and greenhouse comnost., IThirteen poorly nodulsuate plants
were not only from one to two weexs slower in sprouting than
tiie mediwn nodulate, but they hed fewer snd nuch snslier
shoots. Later field exauinastions to the number of over one
hundred, showed similer differences. The extremes of these
differences nmust zive the advantage of zn early stert, egui-
valent to two or three weexs of prowth in the srring, before
snading in forested areas occurs.

Series II.

In order to see if living nodules exXercise a direct or im-
mediate effect upon swouting, the following three sub-series
consisting of one hundred dor.ant field rlants were gprouted
in the greenhouse. ZThese were carefully selected in pairs
of equel size, noduletion, age, and hsbit (Pls. II end III).
All nodules were corefully removed from one plant of each
palr before potting.

fub-series A.
The first sub-series consicsted of fifteen pairs of one-

vesr 01d seedlings cerefully dug -end cerried to tiie greenhouse
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in woist soils. LAfter cerefully metd.ing the peirs and prun-
ing off tihe nodules with & sherp scalpnel the whole root syu-
tem wes notted. The peirs were numbered (Pl. V) end the de-
nodulsted plant wes labeled "-H". $ix of these nairs were
hesvily nodulate &nd nine were of medium noduletion. After
four weeks of syrouting, notzble differences tetween nodulete
end denodulate plants of each rair existed. The leaves of
the nodulate ("+i"™, Fl. V) were in all cases somewhat lerger,
pior e numerous, and more tlrifty in eppeerance than those of
the denodulate rlents and the new stems (cscercely visible in
P1.V) were from two to five times as lorng in the nodulate as
in the denodulste plants. There was no exception in this
sub-series, 81l plents of which came from & smsll usrea of
uniform soil end other conditions. The nodulste pleaits
showed larger differences in growth eccording to noadulstion
thean the denodulste plants. Lo injuries to roots due to re=-
moval of nodules could be found severcl weexs leter, and ell
wounds were covered by heslthy calious tissue. In this sub=-
series the nodules seem to exert é very noticeable effect
upon the rate of sprouting.

Sub-series B.

The second sub-series consisted of twenty peirs of plants
from three to six years old (Pl. II, lower figure)., These
were heavily top- and root-pruned after cerefully mmtching
pairs. The nodules were removed &s in sub-series A, but the
rlats were put into suitebly larger pots holding from one to

two kilograms of soil. These, &as in sub-series A, were care-
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fully ton watered with ruinwater and xept at thirty to fifty
per cent. of scturation.

In a few weeks the differences were even more notable as
between nodulate and denodulate plants trhan in the first svb-
cseries e¢nd the differences continued to increase for more than
two months. While the root systems of these were very severe-
ly reduced, the number of potential shoots or buds was prob=-
ebly even more reduced (to three nodes) by top pruning, thus
probably heving the effect of exaggerating the differences in
the peirs due to the presence and absence of nodules. It is
scarcely probsble that the extra wouwding due to the careful
renoval of nodules could muire such & difrerence between plants
thut had been so equally severely wounded in both tops eand
roots. Allt;génds were well cealloused over,

Sub-series C.

™he third sub-series congisted of older plunts than those
of sub-series B. The fifteen pairs ranged fram five to eight
vears o0ld and were pruned and otherwise treated as sub-series
B, except thet three of tne denodulate plants were watered
more heavily than their nodulate e tes.

No differences due to extra weter or t o richer soils could
be noted snd the whole sub=-series beheved exzctly like the
second sub-series of which it mey be considered a continuation.
The smgll fluctuations in water content throuchout &l1l these
sub-geries is very probebly of small consequence. 2Zut the
correlation of more rapid syrouting with the presence of nod-

ules, or the converse,-- the consistent retardation of sprouting
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accompenying the removsl of nodules, is present thrcughout,
being riore 1merred in the older and more severely wournded rairs.

Prom these dute it seeuws cleer that Cewrnotius receives not
only a genersl benefit to growth from the possession of nod-
ules, but that tiere is en iic.edicte benefit or sdvantese se-
cured duwing the sprouting period. whether this effect is due
to hormones, to nitrogenous or czrbohyireste foods stored or
rnede in the nodules is not as yet cleesr.

e Sterile end Lodulate Seedlings.

“he experirents end field observations alresdy given do
not answer the question as to whether Ceznothus cen grow nor-
melly without nodules nor do tiney incdicete whet the emount of
growth would be in case non-nodulate plunts could be grown
ertificially. In order to get cone lignt on these gquestions
the foilowing series of seedlings were grown in two different
soils. One was the soil of the second hubitet yreviously
studied; while tune otrer was a Tertile, fine-textured green-
house conpost containing Qe&1 per cent. total nitrogen, tnus
being three tiues as fertile in respect to nitrogen as tle
habitat so0il used.

beedlings were from seeds that hed been carbonized by
treating ten minutes with pure sulfuric acid. These were
plented in cterilized ecoils &nd transferred sfter & weel's
growth to pots of esterile €0il, by the use of & specially
constructed plarting tweezers with broad blades, which re-
roved the unbrenched risry rcot without injury.

For the rroduction of rnodulste seedlincs (ié) the seeds

were plented in hubitaet €o0il tuten from e region thickly
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covered by meture wild Cearothus plsats. 20 avoid soil ef-
fects, tnis srrouting soil wzs carefully woeshed frorm the
rootes when treneplanting.

Lhe rots were well paced withh moist s0il wnid slerilized
et verious recsures, cubseruent recults srnoving thst weating
gt a precsure of two pounds _er gjusre ianch wes cullicient to
orevent nodule foretion. The following ceedlinze were Jrown

in the two woils neried: 1n thie greennouse compost, el hity-

v
elgnt were in sterilized coll aind eisnty-five 1a uuacterilized

vo0ile OFf the twenty-two yer cent. of infected rlonts crown

in thie¢ ¢0il only & few were gccidentol, the remasinder heving

been infected in the wnsterilized Mbitat coll during gefmina-

(&

tion. Ctlerile cprovted seedlincs develonped no nodules in tris

l_l

goil, elthouch it was well-inected by Iseudononas redicicola

strains, as ghow. by the crowxth of rei, white, sweet, ond aol-
give clovers with nodules. Ilecalling Dottenmley's identifice-
tion of tune ceusal orguorism, it is cleaer thet even if it were

& isencdomonss thLe veriety or strszin which osttacks Ceanothus

certuinly wes not present in this soile 4lthouch the neurest

2

Ceanotrue lbitat wes only gbout tvo nmiles distent, & wider

igtribution of Igeudomonus, by wind, migit be exrected. This

(o]

lezds to tie idea that tie ceusel orpeonism muy be a lese easily

distributed one &nd tiherefore not & veriety of Iseudomonas ru=-

icicola, as Lottomley (4) cleined. The plants grown in the

(o]
Q

compost s0il and their degree of noduletion are given in Quble
III, their weirhits sre given in Tcble IV, &nd their nitrogen

content, in Tuble V.
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Jcble III

Laboretory teedlings Found Infected

|

— ——
—_— - —_——

Totsl nuuberirlonts with: zewvily: not

rleats and soils : rlants : nodules tinfectedivisibly
: studi ed : 1110 nodules :;infected
Trertile compost : : : :
oterilized : 83 116 : 3 169
liot sterilized : 8D 17 s 8 160
Totals : 173 3C 3 5 : 135
gebitat soil ; : : :
Sterilized :105 : 13 s 7 : 85
ot sterilized 161 3127 : 22 : 12
Totels : 266 3 140 29 97
Totels, both soils: 439 173 34 232

Cf the two hundred and sixty-six plants grovn in habitet
soil, one hundred and five were in sterilized and one hundred
and sixty-one in unsterilized pots. Of the twenty per cent.
infected plunts in the sterilized soil, &ll but two were in-
tentional. ©2he data for nodulsastion, welsht, ard ritrogen con-
tent, resvectively, are piven for cougarison ,with those of the
plants grown in compost soils, in Te¢bles III, IV, and V.

Tnis tuble shows the considerasble nwaber of two hundred and
thirty-two non-nodulate plunts wunich were growa for nore than
eight moatlis coutinuously. The heavily nodulete plants were
few and nostly 1in inoculated soil, whereas the nedium nodulate
plants were sufficiently numerous for feir conmparison with

other groups.
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The fact that all these plants hed grown only one season
and thet a srecial type of infection not found in the field,
appeared in considerable nwabers rizde necessary a slichtly
different classification from that euployed for field seed-
lings. This speciel type or group nsmed "mony infections™
in Tuble III, hsd its roots literally covered by infections
wiich did not seem able, for some unknown reason, to develop
into nodules. Very few infections (Pl. IX) had sterted to
produce minute nodules &t the age of eight months, but judge
ing by their position on the older roots as well &s on the
younger ones, these infections nust huve tsken place us the
roots were formed. DJhe only factors which correlste with this
failure to develop nodules are bottom neat and thorough nixing
of the soil before vlanting, which, however, is not applicable
to the ten plunts in sterile soils. Two of the five plents
with neny infections in compost are accidentel, wiile three
were gprouted in infected soll, end even though washed when
transplanted, must heave carried over some so0il as inoculum.
This?gf%o expleins the occurrence of the seven heavily infect-
ed plants in the sterilized habitat soil.

It will be noted that there is a decided correlation between
growth and degree of nodulation gs found in the field studies.
lioreover, the non=-nodulate plants are nuuerous enough to be
decicive as to how this species of Ceznothus behuves without
nodules, sesnd how tnis benavior is effected by a very fertile
goil.

By comverison of non-nodulate plants of the fertile soil
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witn the heavily noaulate plants of tne poor hebitat soil, &
nitrogen function of nodules myy be indicated, whose msgnitude
in terms of soil fertility caen be directly resd. And thnis
correlation is mainteined to a high degree in the fertile éoil,
where, according to experience with legumes, it would herdily
be expected. If nodules exercise a nitrogen effect uron growth
then it is apparent, from the hsbitat soll plant data, thet in
one segcson a plunt with many large nodules has a six to one ad-
vantoge over the non-nodulate or sterile plant. The weights
of most of these plants sre given in Tcble IV.

The welghts of individuals did not vary enough from the
averages to cause overlavving of the groups. Unfortunately,
poime plants were destroyed before the decision to weigh and
dete rmine tne nitrocen content, was reached.

It is remsmrxuble tigt plants with rneny infections were not
fourd in the field studies. It is &also re.ariable trnet these
infections have the saue degree of correlation with growth as
is found in tne group of mediwn nodulate plunts.

This ratio between non-nodulste and nodulate plants, con=-
gidered as a nandicup, mey explain tue finding of the susll
number of dead non-nodulste seedlings in the field which, as
roted previously, feiled to swvive the winter. Cince the
soils had enough nitrogen to meke good growth, it is possible
that the pmrasite in the nodules excretes some hormone-lilce
body which enegbles the roots to teke up amounts or tyres of
nitrogzen not otherwise avuilstle. Thet nitrogen is here posi-
tively involved is sufficiently enparent from the deta of

Tcbhble Ve
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Teble IV.

ory welght of Luboratory Leedlings

0il and groupsivescriprtion iuwibter : Total i Averuge
: + of ¢ welgnt @ weight
of plente : of plunts ¢ plants:iin grzims ;3 of oune.
: : seir-dry. ¢ plent.
Fertile compost: : : :
Group I ‘Large nodules: 9 '3 7.520 « 855
Group II suiediwa " : 5 ¢ £&.,670 814
Group III sonell " : 1l 445 ¢ 445
Group IV ¢ Iio " ¢ 1256 & 54.340 «425
Group V shicwy infec- . :
tions (Pl.IX): 2 ¢ 1l.370 .685
dchitet soil : : :
agroup VI suarge nodules: 42 ; 18.195 43
Group VII illediwn " : 40 : 84660 +216
Group VIII :sonrall " : 30  $.900 131

Group IX T o " : 71. s 4.980 «Q70
Group X sipny infec=-

o0 oo

ee o»

itions (Pl.IX): £b 6.200 «208

!

Lote: The decision to deteruine the dry weight of these
plants was not reached until uf ter some plents hed spoiled
gubsequ;nt to the regular noduletion studies of the root
gysten:s, hence the nwibers of plurnts sre smaller than in

\

Teble III.



Teble Ve

uwitrozen in Lsborgstory Cleedlings and QRoots

Fart of plant :0ven- :ach per : rer cent.*: Totsl

tuken, end nitrogen: dry : cent. ; nitrogen : nitrogen

esticetion nethod : mois~ ; oven- | oven-dry :oven-4dry
used. : ture : dry : besis : rlant, gnms.

Kjeldehl metrod

o
oo
L
L]

Whole plants
Large nodules, : 6.60 5.60 2.056 ¢ 0.0171
Compnost sail.

woole plants

Io nodules, ¢ T.86 6.27 2.14 : 0.0098
Compost soil.
Whole plents
lleny infections, ¢ 7.46 : 10.38 : 2.562 : 0.017%

Compost soil.

Whole plents
Lerge nodules, : 8.60
Hebitat soil.

12.60 2.45 : 0.0107

Whole plants
1i0 nodules, ¢ 8.80 : 11.60
Zebitet soil.

o
o
.
(&)
w»
.

0.0018

Whole plants
weny infections, ¢ 7.33
Zebitat soil.

(X4

* Dhese sre averages of closely agreeing duplicate deter-
ninations. Blanx determinations for nitrosen in reuagents
were made sand deducted, for tne sbove results.

The concentration of nitrogen in tune air dry plants of
the conpost soil averuges lower tnan in the habitat soil,
but concentrution of nitrogen of the plents with ceny in-

fectlons is in the reverse order, in compost soil.
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It is remarkeble that the non-nodulate plants of hutitat
80il had the highest nitrogen concentration but less then
one-fifth of the total nitrogen found in the nodulste, and
about one-third the totul nitrogen found in the heavily in-
fected plants of the sue so0ils In the rich compost these
differences are not so greut, tlhe total nitrogen orf the non-
nodulate plants being slightly over one-half tnat of the nod-
ulate and heevily infected plants. The latter two grouns
sre identical even though the nodulete plants are far heavier,
as showi in Tsble IV. 7The non-nodulate plunts of tiis so0il
contuin over five ti.ies the nitrogen found in the saLe group
of tie poor solil and also serve to eiphasize the nitropgen re-
lation of nodules to tine growth of the nlant. But whether
tnis is one of stinulation, easbling tne roots to absorb more
nitrozsen from thne poorer soil, so tuauat the nodulste nlants
of the poor soil were uble to pget as much nitrogen as the
non-nodulate plants got from the richer (three times) soil,
or whether the nodules were the sest of nitrocen synthesis,
caunnot be finally determined by these deta slone. Nor do the
date of enhsanced sprouting given under greenhouse correlstions
answer this question, which will be further considered under

the physiology of tune causel organism in the following division.

C. Tne Cuusgl Crranisn
According to the descriptions of Atzinson (2) and Arzberger
(1), the organism is hyphul and brencned. Atzinson referred
it to the genus Yranxis of viiich he considered it & new spe-

cies, I. Ceunotii. arzberger, &8 well as Lurrill and Zunsen
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(6), consildered this clessificetion moure sccurste tnmn that
of Bottoumley (&), who placed tue orzunisw awwong tue bacteris,

geteting thut its cnaructers were tnose of iceudouonas; he

Lointained thet its morphology (rot publisied) as well as the
fauct that il chowed fixation of etuoepiieric nitroren in nin-

ute wuocvnts, prleced it smong the stroine of Ise redicicola,

Srratt (16) who stuCied nodule forrztion, nccepted this cles-
sificetion. ZIottouley h=d not tried the infecting sbilities
of the orrenism isolated, end gs llere was soue rrobebility
thzt a pleomorplism wmiyut e found wiich would c¢lear vy these
conflictingz views, tue folloewlins: exoperirente wnon isolstion
vi.@ InTection were directed towerd this eund.
1. ZIcolztion Lietiouds.

seterial, corsisting of Liny nodulute plante which were
telren from & sundy soil, wes rotted sné ullowed to grow in
tl.e greennouse us coon as tne recting period wus broien.
Tnis period lasted in yroportion to tie luteness in the zu-
twn st which trey vere dug. Jiiogse dug st mid-Cctober re-
mained dornant three weexs, wiiile those cduy in mid-lioveulber
from tiie cuue srees reumeined dorrant froa six to seven weeks

wider sinilsar greenhouse conditions.

-

&s JThe bucterizl redia consisted neinly of crours et firet,
but lster seversl licuid medis were alco emprloyed. The s=aers
ney roughly be divided into stronsly nutrient ard dilute
groups as followes

Strongly nutrient:

(1) Ioteto Agar witnh two per cent. dextrose.

(2) Lutrient ager with one to two per cent. pentone ard



oze to Two rer cent. suctrs.
() wutrient aper with one gnd ore-itslf rer cent. pen=-

tone wid two rer cuent. glycerin.

T
)

wilute n.edia:

(1) acer witn nutrieant selts zcd Cewnotiius julce.

(2) ager with nutrient selts and ecpsreging

(

) Solutions of sults and asvuresin wand sursr, (wogtly

(¥)

Coons' syntinetic wmediw).

(4) Cewnotaus juice, sterilized or filtered. Coulbina=-
tions of these; e6.g., Cecnothus juice boiled or filtered
(rew) wes also used with slants of the various szszrs for
nrovegation end “or nodule tissue cultures.

‘re rotato acer was prepared in the usual way by steeping
diced potetoes crd stresining the ktroth into the arsr, efter
wiich dextroce wae added.

Tne wutrient acar wus prepared from grournd beef in the
usunl wey, except that the raw juice was heated to boiling
and partly cleured with whites of ergs before being added

at 60° to 70° C. to the agur which conteined the neptone.
in soue caces filtration tmrough fla.nel wis necessarye
Glycerin and sodiwa chloride were edaed to tue cold rneat juice.

Tne Ceunothus Juice was prerared frow roots and subterra-

nean sproute in sbout ejual prosortions, ten graums of this

material being rround in & morter sad 50 cc. weter being

- . 17 OSZ-I-\ . 1 ~
added luter. Thne nutrient salis were vodiwn phosphti

(vigdswlq) eréd iuguesiws sulfute in the rroportions uced by

Coong (7).
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In geaerul, the relative velues of thege redis are in pro-
portion to their density amd nitrogen content; the utrient

ceaer with glycerin beinz the best, Iotato ager srd Asncregin

[3y]
cq

ars or solutions being intermediazte, &nd the nutrient scslt

end Ceanothus Juices being weaikest in thelr ebility to bring

out many &nd lsrge colonies. At the beginning, & nutrient
agar with tennin in low concentrstions was used but a comrer-
ison with nutrient sgsr growth showed the sdvisability of
discontinuing its use.

The two rmedia finally used continuously were Lutrient gly-
cerin agar, &s sbove described, and the asparagin agar of
Coons. Jhe latter tends to remsin clearer after growth of
colonies, permitting & better view of what huppens under the
colonies. It is &lso free from the tyrosine coloruation pro-
duced by several orgeanisms in the Liutrient glycerin egsr,
elthough this was reduced sore by reducing the amount of rep-
tone.

b. Yrocedure in Isolation.

Nodules wihich were unbranched 2rnd several years old were
washed sud in some cases sterilized by chlorazine or by rer-
cury bichlcride, for from one-helf to one minute, then dried
wnder sterile conditions.

At first these were crusned before plating, but this
brousnt out too many soil orgunisus from the unsterilized
nodules, while the sterilized nodules resulted in blank plates.
Peeling of nodules wes then resorted to, under & lerce reading

glasse nis still brought forth a wide variety of orgunisms
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with no charscteristic colonies. 2Juen tne tips of dry nodules
were broken off and the nodules were methodlcelly peeled in
g revolving pair of tweezers, mounted fertically on a pinion.
This resulted in sterile plates amd tiscue slants. IFew spe=-
cles were obt:iined and these veried greatly. They were =211
too large and too unlike the nodule orrsunism in vivo, to be

fifteen
tried out in the production of nodules. Levertheless, tReive
of the most lixely ones were tried in sterile culture,, de-
scribed later, but without producing nodules.

finelly, the nodules were ligntly scrared under a cstream
of sterile nutirient salt solution and only the tips were
useds Tnis brournt out rultitudes of siwmilar colonies, about
the first of april 1925. Jhese were inniediately multiplied
on slents from wrich in a few duys & heavy growtn of inoculwa
was producede.

Tne lonoculum was prepsred by softening the growth on agar
slants with & few cubic centineters of sterile nutrient salt
solution (I1i/1%3 concentration) described later. Ihis was
stirred carefully with a transfer needle, then decunted into
100 cc. of gsinilar solution which was poured unon the roots
of the sterile seedlings, using srecial precsutions to pre-
vent contaminations In the earliest tests, the roots of the
seedlings were placed into such inoculum for severasl minutes
previous to plantinuge.

In platiaz, tihe nodules were first crushed in & sterile
mortar, wider a glass cover using sbout 10 cce of sterile

sault solution for from two to five scraped nodule tivs. C(ne
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dilution oaly was needed, aid tuis was usuuliy uude by pouring
g drop or two of the mixed first tube, virich itself Laud only

& few drors of crucned nodule juice, froa tne rortar, into a
second tube. Contsuinations were few in tiie second dilution
wiich usuelly contained from fifty to two hundred colonies

of the csusal orcanism whose deceripnstion from prelininary
stucdy follows.

2. OSome Churacters of the Causal Crianisn.

:lorrnologically, the orrenism in culture, is & minute rod
0415 nmicron to C.20 nicron in diumeter at firct. This nay
increacse to 0.50 micron or more at full growth. Ite lencth
ig from two to five or more micronus, Gepending on tve grd ne-
diwa of growith. It shows motility, but flagella sre éi fficult
to denonstrete. In fauct, it is doubtful wietner true fl&éella
occur, as the polar rrojections rey be foriied as tue rodés
bresak spart. Threuds wre forumed, wWiiciu seem to brancil in age,
trus corressonding witlh fresn thnreads in the grovirng nocule
tiv wihere sevta or disjunctione of cells sre lrrd to denon-
straute, wid wiere tiie dlaueter 187 be grester wid wcre vari-
ebie,=~- the ernus eseciully vecondny tiicwened or club=-sinaied

R

et meturity. In vitro, taese clulled ends leve rarely heen
seen, wrd breigching 1s aled not coil.one 2Mron sour celonies
tice yowyger cells rre goewhet wrenn pogitive, but in vivo
they sre strow 1y so.

Jnie colonies zre rousnly circeular end slicntly reised ot
thre edires, especlelly on wilute nedis; wiiile on strorn: recdia

tiiey beco.ie #lizoet nemlsphericel, snd cununce fromm the firet

oyelescent tluish tince to & dari browan color in eight to
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ten deyse  Occmczlonelly tuey cre ascocizted intinetely with e
filesuwentous fungus, wioce threuds they follow aund with wiich
grwaous root-lice proceccges sre forned, loeoxing live gnerled
roots. Juese penetrate tle wgur or tney rediste out on the
gsurfuce, Toruing stur-line surfece coionies. CGrnce it wus
found associsted with u yeest, but tuise coubinstici could uot
successfuliy be trunsferred.*

Loize puyciologicel charucters were examined in the follow-
iy experiventsy

a. actions oa Ltirclies.

Tne maeterials used in the c¢toreh resetion tests weore:

rotato Stereh, Corn Ltorch, g Jecroti:vs Nodule Stourch.,

‘hegse were pluced in &0 cce. Irlenueyer flusise end cfter thre
eddition of 15 cc. 0f heavy inoculwa and three yper cent., tol-
uol, were iancuveted st £689 C. for ten agys with the follow-
ing results:

(1)« ¥lask with potsto starch and boiled inoculw:, no
gction.

(2) Plesk with votato starch and inoculw.d, wluost cowplete
solution of sll greins.

(o) Flesk with corn sturen end sterile inoculwa, no saction.

(4) #lusk with cora sterch umd inoculun, very decided dis-
intesration of nost gruins, cue to o centripetzl action re-

senbling the drillics of wmeny holes towerd tie center of the griin.

(>

¥ It wus felt tuut more extencive bucteriological studies of
the ceusal orpuenism tnsn are nere given, should not be permitted
to deley the completion of tnis tunesise Cuch studiee sre, how=-
ever, beiny nede for future publicetion.
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(8) Cecnotovs nodule sturch with sterile inoculum ruve
ro result.

(6) Cecnothus nodule etarch with inoculun ¢lhowed trro trres
of.solution; one a hollowiir=out of the groins from one point
which was elso noted in the poteto stwrch experilient, the oth-
cr action vias one of egual solution over the whole surface of
tne gruine.

(7) kew filtered nodule juice zlone seemed to get sowmewhet
lecs on thhe nodule sturch than when tre inoculw: was adced.

b. 4seletion to Atuiospheric Witrogen.

Lince Lottomley (4) hud clslned nitroyen fixetion with a
linited series of tests on licuid redis ant since the orgenisn
here described seewuied to thrive fur better on solid wmedisa,
fourteen difrerent cultures of known conwvosition (the controls
cave dluost exactly the suws of iangredients) were set wp &s
foilows:

Lutrient Glycerin Agcr (surfece inoculeted):
(1) Three flasxs of {1he pure orcenien,
(2) Three flasits of the organism inoculated with & combin-
etion of the orgenisn snd e fungus, the cormmoner of
the two previously mentioned.

Cooans' Synthetic Agcar (surfece inoculeted):

—_
o
——

2wo flasks of the pure organism.

.\
N

Two flasxs of the above-nentioned coribinstion.

,\
o
o

Jwo cnecxs of each combinetion (l.e., two of [jutrient

azar and two of Coons' synthetic) were &lso run.



These had &z eguel auocunt (5 cc.) of sterilized
inoculu saded.

The 150 cc. ager used in each flusik wes solidified arainst
the sides of 600 cc. Ljeldahl flesixg, by spinning then in a
verticul position in & centrifuge. DThis greetly incresused
the surfuece area for the aerobic growth of thre orgunisu.
after fifteen duys' growth they were subjected to the modi-
fied djeldanl an:lysis as wsed by Dristol and Iuse (6) witu
tne following results (ZJwcle VI):

ere sonewnut lereqer guins sre shown in itne nutrient glycer-
in tien were found by Lottouwley (4) who used 1.0 cce rer cul-

as agaenst

ture flask, ! 150 cce IMere used, the surtece being
muck: grester, and rrobebly constituting & fector in syntuetic
gctivity. ZIhese geoins ure sleo lerger then those found by
L0nnis sand rillei (14) for Azotobuecter in u glycerol nediun.

The associcted fungus secus either to reduce the action
of the becteriun on gaseous nitrogen or else to posgsess some
gctivity which liberates nitrogen in some gaseous form frou
the orrenice nitrogen jresent. Lo prcvision wes rede in tlrese
exneriients to retrieve uny cowbired nitrowen lost in this
wmerner, nor to detect the reduction of orranic nitrozen, hence
it sy not be known frou these exuverirents alone whetlier one
or both of tiese actions toox plsce.

Inlue Coous' Ager wiich in.d only sbout oune-fourth «s nuch
nitrog-en, tune poins lie too nexr tie exreriuentud error to ve
gisnificeat. Jie scidity of tane iwecla was between 0.7 and
068 pd 2t tue Legimning of tue exjeritent wnd ned cruuged

only sli.intliy «t the end.
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Juble VI

Litregen Mixetion by tie Cruonotine Crocalen

. .~ . Nitrogen in s Guln over Aver-
wediun ecd Sulinre : Coutrolsigulture,Grems: wee of Controls
’ . g hd

i

Wutrieat Glycerin : :
at Ty

Flas: 1. Fure cul- : : 0.C5H9%6 : 0.CC&d
ture

Flosg 2. Yure cul- @ : 0.05¢6 : 6.004C
ture

Flasg ¢. Pure cul- : : 0.0608 : C.0050
ture

Flesg 4. N0 Oriun=: : G.0087 : 0.00¢4
isas

ilasg be WWO orgui-: : 0.00uH : G.0CCh
isls

Flast 6. LWwO orgudi=: : 0.0690 - 3 0.0ue?
isL.s

Plasg 7. : 0.Gook :

FPilusk b. s - 0.00674 ¢ :
aAverase + 0.0bue :

Coons' vyitunetic : : :

apal

Flesz 1. Pure cudi=- : 0.01lu9 : U.0CUB
ture

Flesg 2. Yure cul= : 0.01L8 : U.0ULD
ture

Flusg ¢o TWO0 OTiwii=s : 0.0159 : O.0LC6
isi.s .

flesg 4. 70 orgun=i : 0.01loY : 0.0006
isiis
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In dicestiag tnese cultures it vies nclea thit the controle
were Luch iuwsle resletent to colbustion thho the cultures of

eituer tie Oriwnle.s wlomne or ol o orsownicks tecgpetner, the
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digestion of tue cuulivis requiriuy shout two wouwrs lownyer,
ail about £5 cc. wnivre o trne dlgesting scld. Luis seens to
indicule cousiaerwble disintegrating power of 1ie cauusul or=-
Salisl as 1t LrY0wWe On G oY

ve. Infection of Roots of Ceunotaus wid rroducticn of locules.

a. llethoas.

Plents wiose roots are to be tested by infection muct be
gterile tanroughout. Cuch plants were wroduced cs follows:

Tall culture diciies were vreptred as germinators, by adding
a layer of sund, vrevioucly digested with hydrochloric ucic
and thorougnly wuesned (free of chiorides). 7o tiis was adced
a sterile sualt solution oripineliy composed of sodiwi acid
pnospnute, celciwa chloride, snd ..ognesiwi sulpnute in equi-
Lolecular progortions, tne total heving an /180 concentra-
tion with no iron rresent. These were sterilized st fifteen
pounas' vressure in tne wvutocluve. Seeas wiich nad been cur-
bouized witiu strong sulfuric sucid were tunen, under aseptic
precantions, planted iu tnese perminators ot distunces of one-
nulf incn or wore froiwu eacn other. Soue seeds were internally
infected with fuugi by en insect wnichk deposits 1its eggs witn-
in tue seed, but wnilé tuese seeds would not sprout, yet, since
tne cerbonized seed cout furnisned a good uedium for growth,
tue fungi wouwld emerge, sporulate and becouie a uenace to the
Bterile plantlets. Tiie latter were tested out on nutrient
agar till the sterile ones could be certuinly judsed by appear-
ence. The sterile seedlings weré then planted into t¢terile

culture tubes or cisnes wsuving & nutrient solution of tre
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saiie cowmposition as tuwt of the geruwinators excect tnut each
culture (except in i1ie carliest tests) nhad =zaced to it enough
calciwa cerbonate of 1i/lU0 solution to briug tie totul calci-
um conceatration to 11/400 streugtn, wid enowh ferrous sul-
phate to briag its own finzl concentration to 1./6000 or
1./10,000. A&t first grester dilutions of iron were used but
seedlings beceaiie etiolated after four or rive weeks' growth.
Tne celcium wnick was at first wdced in the form of carbonute,
although present in fine suwspension did not enzble the plents
to thrive due, pernavs, to the toxic effect of the mugnesiun
wnich epparently could not be belenced by the ample amount of
calciun present. Luter, when the celcium wus introduced, noct-
ly as chloride, the aifiiculty disappesred.

The seedlings were ut first traisplsnted with a strong traens-
fer neeale, but tnis waes too hazardous. A special trensplsnt-
ing forceps was desiguned wadG uude of nichrome wire in such s
way tnet its Jaws could not cruch the tender plaentlets, but
would still Lola tnewm fimuly. Lo plants were lust by dropping
or breasing of roots sfter tuese forceps were used, wna tne
element of tiie was greutly shortened thus naxing aseptic con-
ditions wmore certuin.

After transplanting, tue roots were flooded with & to 1lU cc.
of tne inoculum, prepared in sterile solution &s previously
described under the ueud of isolation nethods, but during the
testings of tne first isolations the rootlets were subuerged
in the inoculum seversal n.inutes before trensplanting.

The nunbers of inoculation cultures with the csusal orgenism,

end toe results obtained are ss follows:
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b. Inoculaetion Cultures.

About fifteen different orgunisns which were isoluated dur-
ing tne year 1924-25 were tested out in tube cultures without
resultse Thet these organisws did not possess tue proper nor-
phology was of couwrse known st tne beginuing. Tuey &lso pre-
sented no constant picture on the poured plutes, but it wus
felt tnut the morphology of the causal organism wicut be dif-
ferent in vitro from that in vivo, &nd thet it might sppesr
in isolation plates only sporuadically due to the possibility
tnaet the meaia used mignt not be suituble to its gxrowth, or
that it night teve a cdormunt stuges It is not here considered
feasible either to describe these non-infecting organisms or
their cultures (usually consicting of six tubes with two checks
eackh) .

The cultures in wnicd. infecticn took place and in which
soue nodules were proauced were the following:

In lurge test tubes (37 wmw, wide and &C0 mme. long) nine
cultures (two controls) were rnade of tne pure culture wnd nine
(two controis) of the orgunism ussociated with & fungus (as
previously described uader tue physiology of tue orgunism).
These tuuves had 90 gra.s of acid-washea saud and vd cc. of tne
non-nitrogcenous solutions. Growtn was always good in the
ciiéc<se A similer set wes also furnisned with culcium nitrate
instead of chloride unc carbonate us aescribed above. These
luede especially good growth and as compared with the growth of
wild plents under coupetition, tneir growth was phenonensl,

indicsting that these stclts with the suand ere not & handicap.
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In capsules wnici. had been used .ostly &s crhecks in the
speciel testing of previous orgenisus, the same proportions
of sand and non-nitrate solution tests were also carried out.
These contuined olaer plants which were growing clowly and
consisted of the foilowing numbers:

12 nodulate cultures (all but three finully sterile; i.e.,
no otner orgunisms present), of wi.ich €ix had the pure culture
inoculation and six tne combination inoculaticn of fungus and
cansal orgunisu;

10 non-nodulste controls (eigint originelly and finelly
sterile), wulchn hud sterilizea inoculun adued, to eruwlize
tue nitrogen cantent of the culture;

Finally, thirty-four pot cultures were set up nuving turee
plants each. <Tne tube cultures all nad one plent eacn, wiile
tne cupsule cultures hud from one to tauree plents esach. The
$0il in the pots was not sterilizea but was carefully tuxen
from sandy subsoil seversl miles from eny Ceenoti.us habitut.
Of these cultures, elgnteen were inoculeted und sixteen were
used &s controls. Half of the inoculuted pots were supnlied
with pure culture inoculum znd half with the combinstion in-
oculum, as previously describeds.

Jhe results (to June 1lUth) are as follows:

&0 of tine pure culture tubes proauced nodules while sev-
erel otners nuve infections. Lot all huve been coupletely
exawined.

all inoculutea cepsule cultures were intrected wind of the
twelive, nine produced laxrge noaules, five o1 wiicn were in

pure culture (2l. IV) suc {inwlly free frowm otuer orgwiisus,
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whnile 0% tue four ve.ich hed dead tre cowbinstion inoculwy in-
troduced, two were finaliy fiee Irom Ootuer Orgeiicin€ wlid tWO
were not free, nhaving becorie contuninated by wl cdlgtie

Jen uninoculuted crecxs were &ll sterile; i.e., tier had
no inrections uud no nodules.

It scews taxt noaudle growth in send cultures is very slow,
end that the seedlinge in tube cultures sre t00 ;oung to heve
develorea nouules in tne rour weexs' growth wiich tlher leve
neaes nis is borne out by the feet thnnt in aw s ecicl series
a0t sbove deleliled, nocules were forrned 1a four weezs in every
cuse (fifteen in wumber) wuere co0il infusion from leavily in-
oculuted re.bitzt soil wus used upon sterile gorden soil. All
controls of rew or sterilized scils exuwined (twenty in nunber)
nave been found free of infections end nowules.

Platings Lwde Iroir the inoculutea saund cultures suowed thut
tune or;wniswm wus present in very wawall nuwbers, indiceting tunet
it does not tarive wwer thnese conditions. Eince it is of iu-
portwice to re-isolute from the wnodules spperently produced by
pure culture inoculstion, tue following triasls vere .udel

4. Re-ico.ation of tne Orgzanisu.

a. Pour lurse noaules (rl. IV) were curefully scraped cud
ciusned &S .reviously described under isoletion of lre organ-
isw. Twelve plates were poured including six dilutions. Zoth
nutrient glycerin and Cooas' syntnetic sionr were uced.

b. Thnese platings in two doys resulted in :eny suell colo-
nies having the peculisar blue color of the original rure cul-

tures. Their norchology end steining resctions cre identical
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witn tue originsl from viiich the inoculwa was preperec. One
nodule frow tne cowbination inoculwnm wus sepurately pleted,
but it showed only the cutructers of tnose derived Frowu pure
inoculum nodules, tnus indicating tuet tiis fungus does nct
survive, wnd tuuet it is not, in sucn experi.ents, essenticl
in inzection.

Wwnether tne previous cassage tnrough egur nedia had any
hustening effect on the growth of these colonies, or whether
thhe riedia were better sduvted tihon the original wmedisa of iso=-
lation of tne saize formula, is not lknown; but they develoned
in sbtout holf tre tiwe, or at twice the rzte of the original
colonies.

Qnus it is clear thet the organism here isoluted, whatever
nay be its flnul clussification, nas tne wbility to infect

Ceanotnus auericanus undaer suituble conditions, and thet it

cun be re-icoluted from unconteminated cultures, und from the
noaules produced by inrfection with & pure culturse.
General Discussion.

a8 wes stuted in the nistoricual pert, no correluative eco-
logicel datu on growth, s releted to nodulation, hsd been
given by & previous writer. The deteruinaztion of tne uge,
and if possible, tre wnnual growtns of tne nodules had to be
wuae before accurcte correlation with general growth could be
mude. Yeor by year, wge determ.onetion wus elso neceseary,
inasnmuch as tne sniount of nodule tissue is not slways nropor-
tional to the age of the plent for a given numnber of nodules

and in & given soil. A plant et first lightly nodulete nsy
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becoile neavily nodulate after it is several peurs o0ld znd yet
not ..ake up in growth sufticiently to correlate asccurately
with its numbers of nodules unu tueir awount of noaule tiscue.
Wuen such exceptioual cuses ure uvroperly excluded by the uc-
curat e aetermination of wnnual growths and wge of nodules,
tne tabulations snow great reguiurity wia strong correlation
of geaneral growth with aodule growth, as preseanted in Tubles
I, II, ana III. The more accurute ary welguis 01 greennouse
seedlings bear out tue relutionship found in tue riela, and
in sgaaition tne totel nitrogen of greenhouse plauts gives
gowe indication tnut & nitrogen assiwilating function in the
nocdules is concerned. 2ne uniforaly swall size anc low nitro-
gen of non-nodulate plants rules out heredity, sad nuokes a
special nitrogen avidity of roots for soil-nitrogen less
probut le.

The sprouting of nodulute versus denodulste plants rein-
forces this indication, but inasmuch as the root sycters in
sole pairs were heuvily vruned eand cid not ugain becomne normal
in extent, eitner s stinulating action upon the roots is in-
dicated, whereby greater ebility to rewove nitrogen frowm the
soil is acqguired, or, wuaut is more probuble, thhe youth of
roots wexkes8 thew mnore efiicient in absorption. These consid=-
erations ke & derfinite decision as to the exuct total uction
of nouuluation upon geierul growtn iwpossible.

Tue preliminury studies on the worpnology snd physiosogy
of tne cuusal orgenism, nwue further discussion of its taxonomy

unprofiteble till niore aetuils wre wvuilable, but the tendeacy
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to accuumulate nitrogen in vitro lenas very strong if not finel
support to the tuneory tonut tne nodules are the seat of soue
nitrogen accuuulation. iHowever, even if tnis should be vwroven
by the later anaslysis of nodulate versus non-ncuaulate plents
as grown in sand cultures (where no combined nitrogen is pres=-
ent in nutrient solution), the sveciul stimuletion to genersl
growth, by s.aell smounts of nitrozenous or non-nitrorenous
bodies, niade only in the nodules or in enlarged infections,
is not excluded.

Tne following principal couclusions rwy be drawn from tie
observational and experiir.ental deta presenteds

Conclusions.
1. A strong correistion betweeun growth ana amount of root

noaulation is cnown in Cewnothus umericunus by field (wild)

plunts of aiiierent 4 es «lia by greennouse seedlings of oue
season's growth.

2. Tue poorest growth of non-noailute seedlings was iiade
in tre poorest soil while good growtn wus rade ian tne nitro-
gen ricun soil. Tne growth of tne lstier was as neavy &s thnat
made by very noaulate plunts in poor soil and conversely, indi-
cates tnat there is eltner a nitroren sccwsulation or & root
stimulation, or both, due to the nodules, whick is ecuivelent
to the advantuge accruing from a nitrogen fertile so0il.

3. Dorwmunt plants brought into the greenhouse und forced
into sprouting suowed euriier svrouting winere nodules were
sbundant; sowewnut luter cproutiag, wonere few in nwaber; &and

returaed sproutling winere noaules were removed.
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4. Jne czusSal orpwunism isolated acd preliuiusrily de-
scrived is uble to dissolve nodule wid¢ otner stercnes. It is
elso wvble to cause tue fixation of very wuadll w.ounts of ni-
trogen in vitro, wnich suppofts tue theory thnut the nocules
are the seut of nitrogen accuuuletion.

b. Tue causal orgunisnm was re-icoleted und its morrhologs-
ical charscters were found to have reuwined constent in vitro.
Tnese cuwruacters vearied souewnut from its morpholopy within
tue nodules.

6. Ceunotnug seeclings Lwae very ¢ood jrowth in sterile
conaul tiows, 1T supplied witn certain concentratiounus of sults.
Tnose supplied with nitrate wnd sufticient iron r.ede tize niost
rapia growth.

7. 2Tne genersl conclusion follows tiet o nitrogen sceili-
laetion fuuction is rendered f%r imore probuble by thece ob-
servations, but anotaner sseciul stiuuistion to growth by tie
root nodules is not trereby ruled out, and botn fuactious wey

exist witnin tune noaules of Cewnotrus s .ecies.
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54.
B LALATION OF PLATZE

Plcte I. Iodules of different ages, showing branching and
positions relative to roots.

Figse 1 &nd 27 represent nornal rootse.

Figse 2, &, 0, and 7, und 54 represent comnmon nodules one
vear old or lesc.

Figs. 4, 5, 9, 10, 12, 14, 19, 20, &6, and 28 represent
nodules from 2 to & years old.

IMig. 8 represents a tetrachotonous nodule.

ifig. 9 represents a brencihed nodule, one branch presenting
a pentachotomous branching.

Figs. 11, 1o, 19, 31, 92, and co represent nodules in
positions wnich are unusual for roots.

Fige 11 shows a fasciated nodule extending over a whole
infection.

Pigse 15, 16, 18, 21, and <5 represent very young nodules,
figs. 17, 21, 2z, ko, <4, k9, and ol represent infections
waich can develop into visible nocdules withia s short

tiwe.
Pigs. 20, &8, uwnd ©b represent trichotouies.

Plute II. Upper purt of Plute represents fruiting tops of
two plants, 8 years old from habitat 1.

Fig. 1 represents a Leavily nodulate plant which Lud 4
lurge nouules neur tne crown uiad severul other smaller
ones near the upper part of the pri.ary root.

Fige. 2 represents a very large piant with 11 very large
nodules on the priumery root and its lurge branches near
the crowne. Over a score of nediuu-sized nodules were at-
tacneda to sualler roots near the larger nodules. The wood
of this plant is over twice trat of plant in Fig. 1.
Lower part of Plate represents nert of sub-series b, top
and root pruned and forced to shoot in the greenhouse.
llemabers in esch of these © neirs were enual in cize, nod-
ulation, uand uge. The uinus nember of each peir hed its
nodules removea when potted. &Eprouts shown were developed
in three weeks. Yulrs 2 unac 7 were very heavily nodulaste.
These plants range from o to 6 years old.

rlate III. ©Seedlings 1 and 2 yeurs oid, ur duy from hubituat
2, plot o, fertile soil (Phot. 1 x).

Figse 1 unia 0 are poorly nodulute rlunts two Jeurs old.

rige &, o two=yeur old neavily nodulste plant wi.ich grew
within o sZew feet of tnose in ripse 1 guna oo

Pilge. &, wnoderately neuvily nodulute oue-jyecur olc plant,
neurly wus large us two=year ola plunts in Pigse 1 wid 2.

Pigse o wnd 6, pruecticully non-noduluate viants 1 yesur olide.



Fiyse b an€G ©, pructicalliy non-noculate plezite one jJewr
old. 1'ige o aid two winutle nocules nesar tne aisial ena
of tne rinury roote.

Plazte IV.e Leedlings ¢roin in sterile cuna culture.

widule plent froin two orpenism inoculwie  Sniwll plunt hes
nodule on cdeud tup roote. (Circular spots oun stem of riynt
noeae plent snd wuong lesves wre bubbles. Glass rods were
nececcary to zeepn coue roots below tie surfuce ol tie weter
in the disn)e. Sowe 07 these nodules wre lore breiached thun
thor e nuturully sroduced.

Plete Vo Wwhole, one- erc tuwo-yewur seedlincs of rioderzte ncdu-
lation forced ¢ weexe in greenhouce (Zub-ceries &), lTembers
of sedirs were ulizost identical in size, shire, unt sriount
of moaudiution, but puaire vuried in vize wnd shunme. The
‘uinusvluiat o ecch rnuelr was denodulated. Tue difrerences
were olignt, but cusily eusuruble and tiiey were coasiotent.
(aot. 1/ x).

rlete VIe A series of -Tec:niOusge Leedllin's lncluclng noaulute
woid non=nodulate plwiie Wolndln liae cuee pOlse  Tix.e [lanto
lias pOtL 4,0, 1,8,9,10,04, (e 12 wre neeveo oluewtes S0t O

LG x\:I‘CL' IVIVRVRVEUE T eI e e wy vzt e V(B Lo Wwio e G0 LOW LUl LE S .

, ’ 9,
duuudes witer O woutus' (rowtn. I.ler..eul.tse

- PR o « :
6 odllun aaG, 49

&« rule, lateraedlute aovcudutione. (faot.e 1 ¢ x).

vinedaest dloate inoLcts o,4,0,7, e Ll e rocticedliy no

riete VII. Larce [ dlenits fvoa cot 9 chown in rlate VI. Thcece
licuctrote o 0T tiae wel new rouprs 0T Zublie IV,== Mige 1 rel-
reseciatling orouy VILI; 2lge w, urouy VII; il d'ige o Grouy
VI. (.Plloto 2//() X)o

I'lute VIII. LRoot sy otens 01 piwits shown in pot 2, Ilate VI,
(£/0 x)o rlent 1 ot left nes cevertl yowse but lorge nodules
inaiceting Llote iurection. »rlent & nus a few suedl young

noaules. Yluut ¢ nus 0o ewsily visluvle nodules, but it nas

wany oia infections, shiown in detuil (£x) in Plate IX. This
aiouwalous conaition wus foumd in o relatively s.uc.dll nwuber
of pluznts (Group X, Qwble IV). 2DQuis group of »nlunts miade as
zood growtn &s tue youny rewvily dodulute plunts.

rlute IX. Yurt of root systeyp of plaent o, Plute VIII, showing
Luwny infections wnd incinient nodules (awgnified 2 x)o In-
tfections wnd nowules tre indicated 2t I, At Io a joung root
hus penetrated sn infection.

Tlute u. llore deteiled (4:x) nhotorrunh of nodules showa (8x)
in rlate IV.

1 ‘ T4 3 ~ . 3oy 9 4 donp L3 s o
Plate (I. Vinter(top fisure) ana opcirves(oottom 11 e)
placerent ol sterile wud culitrics.
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