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Seedlings of the sweet fern, Comptot~icrperegri71o ( L . ) Coult., grown aeroponically, were
inoculated with a nodule suspension to allow infection by the actinomycete-like organism which
causes nodule formation. Roots with early stages of infection and nodule initiation were fixed,
embedded in resin, sectioned, and examined. Infection is infrequent in Comptot~icrwith only a
few n o d ~ ~ l per
e s seedling root system. Infection via root hair invasion causes the retention of the
curled and deformed root hair in an intensely cytoplasmic state with ~xmificationof multiple
filamento~lsstrands of the endophyte. A limited cortical proliferation occurs in response to the
infection forming the prenodule; endophyte filaments grow radially inward from the base of the
infected epidermal root hair and invade a portion of the prenodular cells resulting in their
hypertrophy. Distal and proximal to the prenodule site, a number of primary nodule primordia are
initiated, varying from a few LIPto a dozen o r more. These primordia appear to develop more o r
less simultaneously under the s t i m u l ~ ~ofs the invading endophyte; they a r e like lateral roots in
their site of origin. occurring largely opposite the protoxylem poles and involving pericyclic and
endodermal cell proliferation, They differ in that the cortical cells external to each primordium
are stimulated to undergo divisions and these cortical cell derivatives are incorporated into the
developing primordium. The endophyte enters the cortical tissues of the lateral root on which the
prenodule has formed and then invades proximal and distal to the infection site, progressing into
the cortical tissues of each of the developing nodule primordia. A cork-like layer develops o n the
original lateral root in areas not occupied by primordia by initiation of subepidermal cell
divisions and wall thickening. Normal lateral root primordium formation occurs in the pericycle
opposite the protoxylem poles and involves cellular derivatives of the pericycle and endodermis
but no cortical cells, which instead are crushed and displaced by the lateral root primordium as it
develops. Nodule formation clearly involves complex chemical interactions, which remain for
further study, between the host cells and the invading endophyte.
CALLAHAM
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roots of Co~nptot~icr
Des plantules du Comprot~iaperegrina (L.) Coult. cultivtes en akroponique ont CtC inocultes
avec une suspension nodulaire pour permettre I'infection par I'organisme (actinomycete?) qui
cause la formation du nodule. Les racines porteuses des premiers stades d e I'infection e t des
nodules au debut de leur formation ont CtC fixCes, enrobCes dans la resine, sectionnkes e t
examinees. L'infection n'est pas abondante chez le Comptonia, seul quelques nodules seformant
sur le systeme racinaire d e chaque plantule. L'infection par envahissement d e poils absorbants a
pour effet d e maintenir le poi1 absorbant enroulC e t dCformk dans un Ctat cytoplasmique intense e t
de permettre la ramification d e I'endophyte en de nombreux cordons filamenteux. Une proliferation corticale IimitCe a lieu en reaction a I'infection c e qui permet la formation du prCnodule; les
filaments de I'endophyte croissent radialement vers I'intCrieur partir d e la base du poi1 absorbant Cpidermique infect6 e t envahissent une portion des cellules penodulaires, provoquant leur
hypertrophie. En position distale e t proximale par rapport au site du prCnodule, des primordiums
de nodules primaires se forment en nombres variant de quelques-uns jusqu'a une douzaine e t
plus. Ces primordiums semblent se developper plus ou moins simultanCment sous I'influence du
stimulus exerce par I'endophyte en progression; par leur site d'origine, elles s'apparentent a u x
racines latkrales puisqu'elles se situent surtout i I'opposC des pales de protoxyleme e t impliquent
une prolifCration des cellules du pkricycle et d e I'endoderme. Elles en diffkrent en ce que les
cellules corticales a I'extCrieur d e chaque primordium sont stimulCes pour entrer en divisions e t
que les cellules ainsi gCnerCes sont incorporCes dans le dkveloppement du primordium. L'endophyte pCnetre les tissus du cortex de la racine laterale sur laquelle le prtnodule s'est form&,puis
il envahit les parties distales et proximales i partirdu site de I'infection, et progresse enfin dans les
tissus corticaux d e chacun des primordiums nodulaires qui se developpent. Une couche ressemblant du liege se deveIoppe sur la racine IatCrale originale dans les rCgions non occupCes par
les primordiums; cette couche se forme par I'initiation d e divisions cellulaires sub-Cpidermiques
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et d'un epaississement des parois. La formation des primordiums racinaires lateraux normaux a
lieu dans le pkricycle a I'oppose des pdles du protoxylkme et implique des derives cellulaires du
pkricycle et de I'endoderme mais non les cellules corticales qui sont plutdt ecrasees et deplacees
par le primordium de la racine laterale a mesure qu'elle se developpe. La formation nodulaire
implique donc clairement des interactions chimiques entre les cellules de I'hbte et I'endophyte qui
les envahit; ces interactions restent a Ctudier.
[Traduit par le journal]

Introduction
Root nodules of Comptonia peregrina (L.)
Coult., formed in symbiosis with an actinomycete-like organism, were described by Ziegler
(1960); evidence was presented by Ziegler and
Hiiser (1963), Stewart et al. (1967), and Fessenden et al. (1973) that these nodules fixed atmospheric nitrogen at rates sufficient to sustain
plant growth. Recently, Bowes et al. (1977)
studied the development of these nodules by
time-lapse photomacrography and demonstrated
that the nodules develop from the infection site
as a cluster of numerous modified lateral root
primordia.
Studies of the mode of infection and the
process of initiation of the primary root nodule
in actinomycetous nodules have been reported
for Alnusglutinosa (Pommer 1956; Taubert 1956;
Angulo Carmona 1974), Myrica gale (Fletcher
1955), and Casuarina cunninghamiana (McLuckie
1923; Torrey 1976). In Alnus, the infection was
shown to occur via root hairs which became deformed after the application of the crushed
nodule inoculum and then were invaded (Angulo
Carmona 1974). In Casuarina (Torrey 1976), deformed root hairs were found after inoculation
of seedling roots and nodules developed from
these regions, but root hair infection was not
demonstrated. In the latter study, the primary
nodule was described as a lateral-root-like
primordium initiated at the site of the initial
infection, which was subsequently invaded by the
endophyte and modified, producing the primary
nodule lobe.
Research with seedlings of Comptonia grown
aeroponically was undertaken in an attempt to
understand how the processes of infection and
nodule initiation occur.
Materials and Methods
Locally collected fruit of Comptotzia peregritla (L.)
Coult. were scarified, soaked 24 h in 500 ppm gibberellic
acid, sown in washed sand, and allowed to germinate in
the greenhouse with day and night minimum temperatures
of 21°C and 16"C, respectively, as described by Del
Tredici and Torrey (1976). When the seedlings had

produced four leaves (about 3 weeks), the sand was
washed from the roots and the plants were transferred to
aeroponic tanks (Zobel et al. 1976). The nutrient medium
supplied was 118-strength nitrogen-free Hoagland's solution (Hoagland and Arnon 1950); initially 20ppm
nitrogen from the regular Hoagland's nitrogen sources
were added to the medium.
After 1 week in aeroponic culture, a crushed nodule
inoculum consisting of I g of nodule ground to a fine
suspension in 20 ml of water (Bond et nl. 1954) was
brushed onto the root systems.
Whole root systems were fixed at intervals after inoculation in acetic acid -ethanol (I :3) for 24 h and transferred
to 70% ethanol for storage. Segments of root with root
hairs were used to make root hair preparations (Torrey
1976) for observation.
Roots were routinely examined under a dissecting
microscope for developing nodules; the earliest visible
nodules were excised and fixed for 24 h in a modified
Karnovsky fixative (Newcomb and Fowke 1974) for
histology. After washing with several changes of cold
sodium phosphate buffer (0.025 M, pH 6.8), specimens
were postfixed for 4-8 h (4°C) in 1% aqueous osmium
tetroxide, rewashed with buffer, dehydrated by 10%
increments to 100% acetone, and embedded in Araldite
resin. Sections cut at 1-2 pm on a Sorvall MT-1 ultramicrotome were floated in a drop of water on a microscope slide and gently dried over a n alcohol burner.
Slides were stained while still warm with 0.05% toluidine
blue 0 in 1% sodium borate. Cover slips mounted with
immersion oil were sealed with fingernail polish.
When serial sections were required, rows of water
droplets were placed on gelatin-dipped slides and each
section was placed in a droplet after being cut. Slides
were dried on a warming tray (70°C) and stained and
cover slips were mounted as above.
Terminology
The literature concerning the development of nonleguminous root nodules is somewhat confused with
respect to the terminology describing the early stages of
these nodules. In this paper, the terms prenod~tle and
primary nodule will be used after the fashion of Becking
(1975). The "primary nodule" described by Quispel
(1974) and Angulo Carmona (1974) corresponds to our
use of the term prenodule, and reference made to their
work will be interpreted according to Becking's terminology. The prenodule consists of the initial, unorganized and limited cortical proliferation formed in
response to the invading endophyte. The primary nodule
includes all primordia which initially arise in response to
a single infection of the lateral root and become OCcupied by the endophyte; a primary nodule lobe is one
of these primordia. A tzodule root develops from the
terminal elongation of a nodule lobe, whether primary or
formed subsequently.
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Observations
Response to the Application of the Inoculunz
Root hairs developed about 1.5-1.8 mm behind the lateral root apex and elongated to their
maximum length 4.5 mm proximal to the apex.
In the aeroponics system, root hairs were retained intact, though not necessarily functional,
for as long as the primary root cortex persisted.
In the older portions of the root, the root hairs
became senescent and sac-like, decreasing
slightly in length and increasing three or four
times in diameter. Before the application of
the inoculum, developing root hairs appeared
straight and unbranched.
After inoculation, periodic inspection of the
root revealed no regions of curled or deformed
root hairs although debris from the inoculum
frequently adhered to the root hairs and caused
them to mat together. Root hair preparations
made by slicing discs of fixed roots such that the
root hairs extended radially (Torrey 1976) also
failed to reveal deformed or infected root hairs.
Nodule primordia became apparent at 12 days
(minimum) to 21 days after the inoculum had
been applied. Typically, only one to three
nodules were formed on each seedling root and
these almost invariably occurred on secondary
lateral roots with the exception of one which
was observed on a tertiary root. The position
of these nodules in the upper part of the root
system corresponded to the region of growing
root hairs at the time of inoculation. Invariably,
the nodules were first observed in regions with
postemergent tertiary lateral branches.
Rhizosphere Events and Infection
Owing to the low frequency of nodulation in
these plants and the lack of deformed root hairs
which would identify areas in which early events
leading to nodulation might be occurring, it was

necessary to study sectioned specimens of very
young nodule primordia to identify the early
stages.
Developing nodules were sectioned serially to
facilitate spatial reconstruction of both nodule
form and endophyte proliferation within. In each
specimen, a single infected root hair was found
in the center of the developing primordial cluster
external to the prenodule (Figs. 5, 14).
The infected root hair usually was curled; at
the tip or sometimes close to the base, the hair
was slightly deformed. The deformation consisted of a local protuberance and invagination
of the cell wall (Figs. 1-4). Highly branched
root hairs were never observed. A number of
infected root hairs from different specimens
were observed and in each case the endophyte
was traceable to a point near the invagination
(Figs. 2, 3). However, the actual penetration of
the cell wall was not resolvable with the light
microscope. Endophyte hyphae in the root hair
varied from 0.8 to 1.5 pm in diameter (including
the enveloping wall) and were observed to be
branched such that 6-15 separate strands could
be found at the base of the root hairs (Fig. 3).
These hyphae penetrated the cell wall individually at the base of the root hair and were found
in the middle lamella or entering the underlying
cortex, having penetrated the adjacent cell wall
(Fig. 1).
Many undeformed and uninfected root hairs
were observed in sections of this region; only
in the infected root hair were the nucleus, cytoplasm, and vacuoles observable. Neighboring
uninfected root hairs were senescent and empty.
Surrounding the infected root hair, many
microcolonies of rod-shaped bacteria were observed growing on the root surface or within
dead epidermal cells (Fig. 5). The highest concentration of these colonies coincided with the

FIGS. 1-4. Longitudinal sections of a series cut through a n infected root hair. Endophyte filaments
(en) visible throughout the root hair appear as small segments in the thin section. Microcolony of
bacteria (large arrow, Figs. 1 and 4) is visible within the crook of the deformed root hair. Accumulation of material within the root hair at the point of invagination (small arrows, Figs. 2-4) surrounds
the endophyte. Theendophyte has entered the prenodule beneath the infected root hair. Bar = 15 pm.
FIG. 5. Transverse section of a lateral root at the level of root hair infection showing prenodule
development. Four primary nodule primordia were located within 200 pm proximal and distal t o
this level. The infected root hair (small arrow) is centered over the prenodule region which may be
compared with the unproliferated cortex at the upper left. Endophyte (en) occupies large cells in the
prenodule which are dispersed among uninfected cells containing starch (st) and tannin-filled vacuoles
(tc). Intercellular air spaces (is) exist within the prenodule. Periclinally divided outer cortical cells
(large arrow) mark the developing superficial periderm. Pericycle, pe; endodermis, end; protoxylem,
px. Bar = 30 pm.
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area immediately surrounding the infected root
hair (Figs. 1-4) and the colonies were only infrequently observed elsewhere on the root surface. The relationship of these bacteria to the
endophyte has not been determined but no observation of a distinctly filamentous prokaryote
outside the root hair was made.
The Prenodule
The development of the prenodule was described by Becking (1968) and Angulo Carmona
(1974) in studies of Alnus root-nodule development as a limited proliferation of the cortex
beneath the infected root hair in response to the
invasion of the endophyte. It was not possible in
this study of Comptonia to obtain specimens
showing only the prenodule stage, but anatomical evidence for the formation of the prenodule
was found in each specimen which was sectioned
(Figs. 5, 14), suggesting that its formation is an
obligate step in nodule development. Cortical
cell divisions and hypertrophy accompanied by
endophyte invasion characterized prenodule
development in Comptonia as in Alnus. The
prenodule tissue itself was free of nodule primordia although these may occur adjacent to the
prenodule (Figs. 10, 14) both proximal and distal
to the infection site.
Only some of the cells of the prenodule were
invaded by the endophyte; these cells were
densely cytoplasmic and contained numerous
small vacuoles dispersed through the cytoplasm
(Fig. 5). The uninfected cells of the prenodule

contained many starch grains and their large
vacuoles were full of what are presumed to be
polyphenolic compounds or tannins on the basis
of the toluidine blue 0 staining reaction (Figs. 5,
14).
The cells of the pericycle and endodermis
beneath the proliferated cortex were more enlarged than in areas in which cortical proliferation had not occurred (Fig. 5) and such cells had
undergone division (Figs. 5, 14). These divisions
never led to the formation of an organized
primordium since the intact prenodule zone could
still be found in older nodules. In the outermost
layer of the prenodule, tangential divisions occurred (Figs. 5, 14, 20) giving rise to a periderm.
In the immediate region of the infected root
hair, only primary cortical cells occurred so that
the root hair cell persisted.

Primary Nodule Formation
The primary nodule developed in response to
and in close proximity to the root hair infection
with the initiation and development of multiple
modified lateral roots referred to as primary
nodule primordia. Peripheral to the prenodule,
in an area extending in some cases completely
around the circumference of the lateral root, and
up to 1000 pm proximal and distal to the point
of infection, primary nodule primordia were
observed in various stages of development. From
3 to as many as 14 primordia developed in
response to a single point of infection. Primordia
farthest from the point of infection were only

FIG. 6. Transverse section of a lateral root showing a very young primary nodule primordium
in median longitudinal section. The primordium is opposite the protoxylem (px) and is composed
of derivatives of the pericycle (pe), endodermis (end), and cortical cells (scc). Intercellular spaces
(small arrows) mark the cortex-endodermis boundary. Primordium is 630 um distal to the site
of infection and does not contain endophyte. Bar = 50 urn. FIG. 7. Transverse section of the lateral
root at a position near median to the young primordium shown in Fig. 6. The identity of the pericycle
(pe), endodermis (end), and subdividing cortical cells (scc) is shown more clearly. This may be representative of an earlier stage in the ontogeny of the nodule primordium. Bar = 50 pm. FIG. 8.
Median longitudinal section of an older primary nodule primordium. Protoxylem (px) and metaxylem vessel (v) of the transversely cut lateral root are marked. Additional layers of subdividing
cortical cells (scc) have formed and the heavy walls (large arrows) provide eviilence for the origin of
these cell populations from cortical cells. Subepidermal cortical cells (*) d o not participate. Intercellular spaces (is) are present only between outer subdivided cortical cells. Primordium has not been
invaded by the endophyte. Bar = 50 Fm. FIG. 9. Median longitudinal section of nodule primordium
which has stretched the outermost cortical layer (c). A central cylinder (cc) and nodule cortex (tzc)
have been delimited within the primordium. Tracheary elements (te) occur at the base of the primordium abutting the lateral root protoxylem (px). Large arrow marks the vestiges of heavy cortical
cell walls within the primordium. Intercellular spaces have been obliterated. The primordium shows
no infection. Bar = 50um. FIG. 10. Transverse section of lateral root through a portion of the
prenodule region (tangential to Fig. 5) and median longitudinal t o a primary nodule primordium.
Endophyte (en) present within the prenodule is advancing acropetally into the nodule cortex (t~c).
Central cylinder of the lateral root, cc. Bar = 75 um.
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slightly slower to develop than those immediately
adjacent to the prenodule. These primary nodule
primordia were initiated very soon after the
initiation of the prenodule and were not preexisting lateral roots.
The spatial relationships among the components of a nodule formed from one infection
site are summarized diagrammatically in Fig. 22.
In this nodule, 12 primary nodule primordia
initiated within a total distance of 1.35 mm from
the root hair infection site and prenodule. The
three-dimensional form is diagrammed in Fig.
22A. The root hair invasion and prenodule
development occurred on a tetrarch lateral root
near an already developed tertiary lateral root
(LR). Most newly initiated nodule primordia
(a total of 12) formed opposite two of the four
protoxylem points on either side of the infection
site. One primordium formed opposite each of
the other two protoxylem points (see Fig. 22B).
Two primordia formed opposite phloem poles.
Thus, the stimulatory influence of the infection
on primordium formation was concentrated on
the side of the root near the infection. This
influence extended about equally distal and
proximal to the infection site. At the time of
fixation, the primary nodule primordia were all
of closely similar developmental stages, suggesting a common time of initiation and rate of
development.
In the youngest primordium observed, periclinal divisions and an occasional anticlinal cell
division had already occurred in the cells of the
pericycle, endodermis, and cortex opposite the
protoxylem pole (Fig. 6). Cortical cells had subdivided within the original cortical wall and the
derivatives were smaller and more cytoplasmic

with each successive division (Figs. 6, 8, 9).
Activation of cortical cell cleavage spread
radially outward (Figs. 6, 7, 8), and with the
exception of the outermost cortical layer, all
cortical cells in the region of the developing
primordium were stimulated to divide (Fig. 9).
Although the planes of division in the subdividing cortical cells initially showed random
orientation, some degree of order existed in the
primordium owing to confinement within the
original cortical cells which became more closely
appressed (Figs. 8, 9). At this stage, the original,
heavy cortical cell walls and intercellular spaces
were still evident (Fig. 8).
Further divisions occurred primarily in the
cortical derivatives, and with cell enlargement,
intercellular spaces disappeared and the original
cortical walls became less distinct (Fig. 9). The
outer cortical derivatives became incorporated
into the nodule meristem while radial enlargement, vacuolation, and absence of visible mitoses
characterized the more proximal and central
cells of the primordium.
Cortical cells between developing primordia
appeared to be activated later than those directly
involved with primordium formation (Fig. 11)
and their subdivision into smaller cells was less or
completely lacking. The outer derivatives of
divided cortical cells differentiated into a corklike layer which was continuous with similar
tissues of the adjacent primordia and the prenodule. The central and inner derivatives of the
original cortex redifferentiated as primordium
cortex but the central layer remained cytoplasmic and contained many small, dispersed
vacuoles (Fig. 16). The cytoplasmic central layer
was devoid of intercellular spaces. The numerous

FIG. 11. Transverse section of a tetrarch lateral root with two adjacent primary nodule primordia
(uninfected) cut in median longitudinal section. Cortical tissues opposite the protophloem pole (P)
were stimulated t o proliferate (scc) later than those contributing to the primordia opposite the
protoxylem poles ( x ) . Bar = 250 pm. FIG. 12. Endophyte invasion of the prenodule and nodule
cortex by penetration of the cell wall. In regions of dense endophyte penetration, the cell wall is
apparently broken down, leaving only small portions of the wall at the periphery (small arrows).
Small uninfected cells nearby show one large vacuole and contain much starch (small arrowheads).
Bar = 10 pm. FIG. 13. Endophyte near the infection site frequently grows within the middle lamella
or along the cell wall (large arrow). Endophyte hyphae sometimes appear to have grown into the
nucleus (small arrows). Bar = 10 pm. FIG. 14. Transverse section of a lateral root showing the development of the prenodule region under the infected root hair (cf. Figs. 1-4). Two primary nodule
primordia, cut in longitudinal section (left), also occur at this level. Endophyte is within the cortex of
the developing primordium (area enclosed by box) only five cells from the infected root hair (irh).
Note the periclinally divided outer cortical cells which give rise to the superficial periderm. Bar = 75 pm.
FIG. 14a. Enlarged view of the region enclosed by box in Fig. 14. Endophyte (arrows) is very sparse
in the newly infected cells. Bar = 10 pm.
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primordia were thereafter connected both to
each other and to the prenodule by a continuous
cortex and were covered by a continuous corklike layer
(Figs.
15, 16).
. Endophyte Invasion
Once having entered the root hair, the endophyte rapidly invaded the immediately adjacent
cortical cells, first initiating the prenodule and

thereafter passing from
to
through
radial or tangential walls into the cortical tissues
the
primordia.
activity of cortical cells was observed along the
path of the invading e n d o ~ h ~ (Fig.
t e 21). The
invasion seldom involved the whole cortex of the
infected root but was limited to about half of
the root cortex area at the level of the infection
(Fig. 5). Figure 14 shows a root section in which
the cortical cells of a nodule primordium were
invaded by endophyte after the hyphae-like infection has crossed only six cortical cells after
leaving the root hair. Other primordia of the
same nodule which had developed at a greater
distance proximal and distal to the infectibn site
were not yet infected (Figs. 6, 7, 8).
During the initial invasion phase, the endophyte was largely comprised of fine threads
(Figs. 5, 12, 13, 14a); no extensive proliferation
of the endophyte within the cells was observed
at this stage nor were club-shaped terminal
swellings seen. Only much later in nodule development were hyphal branches observed to
fill the cell and enlarged terminal structures
formed.
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Thus, the path of endophyte invasion involved
first the root hair, then the cortical tissues of the
root forming the prenodule, and thereafter the
newly differentiated cortical cells of the primarv
nodile primordia as they developed. such a path
was first radially inward from the infection site
and then longitudinal in both the
and
the distal directions. Within each primordium,
the endophyte migrated in the young cortical
cells acropetally toward the primordium apex.
Thus each primordium was invaded as it developed. The endophyte did not advance in the
root tissues beyond the
nodule
primordia in either the
or distal
direction.
Lateral Root Development
Lateral root development was studied to determine whether cortical cell involvement was also
characteristic of normal lateral root formation in
Comptonia. Lateral roots were always initiated
in the pericycle opposite the protoxylem poles.
The pericycle cells initially increased their cytoplasm and divided by very precisely oriented periclinal and anticlinal divisions. The endodermis
also became more densely cytoplasmic but
divided only anticlinally (Figs. 17, 18), forming a
mantle over the developing primordium. Periclinal divisions in the outer layers of the pericyclic derivatives produced a root cap (Fig. 19)
of two or three cell layers by the time that the
primordium had penetrated the cortex. A sharp
distinction between the epidermis-cortex and
central cylinder (cc) reflects the more orderly

FIG. 15. Transverse section of triarch lateral root with three primary nodule primordia developed
at about the same level. Unproliferated remnants of the lateral root primary cortex (arrows) are
attached to the surface opposite the phloem poles. Bar = 100 pm. FIG. 16. Enlarged portion of
Fig. 15. The proliferated primary cortex of this region has begun to redifferentiate as a periderm
(pd). Endophyte (small arrows), which invaded the more cytoplasmic region of the cortex from the
prenodule, distal to this section, is seen in transection. Note the mitosis (large arrow) near the endophyte invasion. The endodermis (end) and pericycle (pe) of the lateral root are continuous with those
of the two primordia. Small arrows mark the Casparian strip of the endodermis. Bar = 50pm.
FIGS. 17-19. Transverse sections of a Cotnptonia lateral root showing normal lateral root primordia
cut in longitudinal sections. Fig. 17. Increased cytoplasm and division in the pericycle (pe) opposite
the protoxylem ( p x ) mark the early development of a lateral root primordium. Endodermis (end)
also increases in cytoplasmic content. Cortex, c. Bar = 20 pm. Fig. 18. Anticlinal divisions of the
endodermis (small arrows) extend this layer over the growing primordium. Note the orderly planes of
division in the primordium and the crushed cortical cells (arrows) outside the primordium. Bar =
25 pm. Fig. 19. Late state preemergent lateral root, which is still sheathed by endodermal derivatives
that contribute to the root cap (rc). A central cylinder (cc) is delimited within the primordium. Note
the collection of crushed cortical cells (arrows) at the apex of the primordium. Bar = 25 pm. FiG. 20.
Detail of the formation of the periderm. Either before or after proliferative divisions of the primary
cortex, periclinal divisions occur in the outer cortical cells (large arrows). Uninfected cortical cells
accumulate starch (small arrows) and tannin, the reticulate substance in the vacuole of the same
cell. Bar = 10 pm. FIG. 21. Mitosis (large arrow) in an uninfected cell near the invading endophyte
(small arrows). Bar = 10 pm.
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FIG.22. Diagrammatic representation of a young nodule with multiple primary nodule primordia.
(A, left) A three-dimensional view showing the position of the primordia along the root distal (D)
and proximal (P) to the root hair infection site (I). A lateral root (LR) already present at the time
of the infection is shown. (B, right) A circle representing the cross section of the root showing the
position of the primary nodule primordia (largely opposite the protoxylem poles) and their distances
in micrometres proximal or distal to the infection site (IRH). Most of the primordia occur at the
xylem poles on either side of the infection site.

development of normal lateral roots. Crushed
cortical cells were visible at the edge of the
primordium (Figs. 18, 19) and no cortical cell
division or contribution to the primordium was
evident. Thus lateral root development is distinct from that of primary nodule primordium
initiation.

In Casuarina cunningl~arniana,Torrey (1976)
showed that root hair deformation was prevalent after application of nodule suspension
to the seedling root systems in water culture,
but he failed to observe infection filaments. We
have subsequently found such infections in
Cas~iarinain very low frequency. In Comptonia,
root hair deformation and infections are both
Discussion
rare events. However, every infected root hair
The infection process in actinomycete-in- observed was curled or in some way deformed,
duced root nodules, including Alnus gl~rtinosa, suggesting that hair deformation is an essential
Comptonia peregrina, Casuarina cunninghamiana, step in the invasion process. Clear evidence conand Myrica gale, has been shown to be via root cerning the process requires further detailed light
hairs. This generalization brings together the and electron microscopic analyses.
infection processes of non-legume and legume
The most confusing reports in the literature
nodulation. Root hair infection was clearly concerning nodule initiation center on the initial
demonstrated (for Aln~isgllrtinosa) by Angulo events; these have been clarified by the present
Carmona (1974) (cf. also Angulo et al. 1976) and study. In Cornptonia, the endophyte enters the
had been reported earlier by Pommer (1956) and root hair, produces multiple threads which pass
Becking (1968). In this study, root hair infection from the root hair base into cortical cells, diswas proved for Comptonia and, in studies to be solving tangential and radial cell walls, and then
reported separately, has been shown conclusively further invades cortical tissues. Cells of the
also for Casuarina and Myrica.
cortex in immediate proximity of the invasion
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are stimulated to enlarge and to divide. This
hypertrophy produces a distinctive structure, the
prenodule, which is evident macroscopically as a
small protuberance. In Casuarina, the prenodule
is brightly pigmented, unlike Comptonia. Cells
of the prenodule are occupied by the invading
endophyte.
Primary nodule primordia are induced more or
less simultaneously with the development of the
prenodule but at other sites, either proximal or
distal to the infection site. These arise endogenously by pericyclic and endodermal pro
liferation but soon involve also cortical cells
which are stimulated to divide and are incorporated into the developing primordium. Such
primordia do not precede the prenodule in origin
as suggested by Becking (1975). Rather, they are
formed in response to stimuli produced by the
endophyte invasion as proposed by Angulo
Carmona (1974). In Comptonia, up to a dozen
or more primary nodule primordia may be induced more or less simultaneously. In Casuarina,
usually one such primordium is initiated at an
infection site which subsequently forms secondary lobes (Torrey 1976). As has been shown by
Bowes et al. (1977), secondary lobes develop
rapidly on the shoulders of primary nodule
primordia in Comptonia, and in a matter of a
few days, a complex nodule has formed.
Primary nodule primordia have in common
with lateral roots their endogenous origin and
pericyclic and endodermal involvement. Like
lateral roots, primary nodule primordia usually
are initiated opposite protoxylem points and
develop radially outward. However, nodule
primordia are distinct from lateral root primordia in the time and place of their origin, always occurring only in relation to a root hair
infection site. Also the nodule primordia are
distinctive in that their development involves the
incorporation of cortical derivatives into the
primordial structure itself. The stimulation of
cortical cells into division results from the Dresence of the endophyte and raises questions as to
the nature of the stimuli produced by the actinomycete which elicit responses in host cells. Little
is known about hormones in nodules of this
type (cf. Angulo et al. 1976). Auxins are claimed
to be involved in nodule formation in Alnus,
Myrica, and Casuari~za(Silver et al. 1966; Dullaart 1970) and cytokinins have been reported to
occur in Alnus and Myrica nodules (Bermudez
de Castro et al. 1977). Clearly, complicated
interactions occur between host and symbiont
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to make the programmed development of complex multibranched nodules possible.
It is interesting to note that the endophyte is
restricted to specific tissues in the host root
system. Only cortical cells are invaded and only
in certain regions of the cortex. Neither central
cylinder nor the outer cortex-periderm complex
shows infection. Similarly, the meristematic
areas of the nodule primordia and lobes are
free of endophyte. Almost nothing is known of
the nature of the control exercised by the host
on endophyte invasion.
In all of the stages of endophyte invasion
described here, the endophyte remains in an
invasive mode. Relatively thin filaments are
evident, initially sparsely distributed in the
cortical cells and only later ramifying as a dense
filamentous network filling the cortical cells. In
these early stages, terminal swellings and compartmentation are not evident. Later, the
swellings reported also in Alnus are observed in
Comptonia, appearing apparently as a later
ontogenetic stage in the development of the
endophyte in the host. It should be noted that
N, fixation as judged by acetylene reduction occurs early in nodule development, placing in
doubt the view that the enzyme nitrogenase is
found only in association with the enlarged
terminal swelling stage of the endophyte
(Becking 1977).
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