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An ultrastructural study of effective root nodules of the autumn olive (Elaeagnus umbellata Thunb.) demonstrated the
presence of hyphal and vesicular forms of the actinomycete endophyte. No sporangial forms of the endophyte were observed
within these nodules. The hyphae contained septa, prominent nucleoid regions, and many ribosomes. The endophytic vesicles
were initially nonseptate and then became multichambered as a result of the inward growth of complete and incomplete septa.
Glycogen particles were numerous in nonseptate and early stages of septate endophytic vesicle formation and in adjacent
hyphae but were absent in more developed stages of septate endophytic vesicles. The endophytic vesicles also contained
prominent nucleoid areas, vesicular mesosomes, and crystalline-like striated bodies. A capsule, probably derived from host
Golgi cisternae and profiles of dilated rough endoplasmic reticulum, surrounded both forms of the endophyte. The endophytic
vesicle cell walls consisted of an outer layer continuous with the hyphal cell wall, a middle clear area or "void space," and an
electron-dense inner layer. The "void space" of the endophyte cell wall was resolved into many thin laminae by freeze-fracture microscopy. The laminae were presumed to be different from the outermost cell wall layer because they were washed out
in the solvents used in preparing specimens for the TEM.
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Une Ctude ultrastructurale de nodules efficaces de 1'Elaeagnus umbellata Thunb. montre la presence des formes hyphiennes
et ~Csiculairesde l'actinomycbte endophyte. Aucun sporange de l'endophyte n'a pu &treobservC dans ces nodules. Les hyphes
montrent en plus des septations, d'importantes zones nuclCoYdes et des ribosomes. Au debut, les vCsicules de l'endophyte ne
sont pas septCes, mais elles le deviennent avec la formation de locules multiples provenant de l'invagination plus ou moins
complbte des septations. Les particules de glycogbne abondent dans les vCsicules non septCes et aux premiers stades de la septation, ainsi que dans les hyphes adjacents mais font dCfaut aux stades plus avancCs du dCveloppement des vCsicules septCes.
Les vCsicules de l'endophyte contiennent aussi des plages nuclCoi'des bien visibles, des mCsosomes ~Csiculaireset des corps
striCs crystalloYdes. Une capsule, probablement dCrivCe de l'appareil de Golgi de l'hbte, et des figures de rkticulum endoplasmique mgeux dilate entourrent les deux formes de l'endophyte. Les parois cellulaires des vCsicules de l'endophyte comportent une couche externe en continuit6 avec les parois cellulaires de l'hyphe, une zone mCdiane claire (espace vide) et une
zone interne dense aux electrons. La microscopie en cryofracture rCvble que cet espace vide est constituk de plusieurs lames
minces. On presume que ces lames different des couches pariktales les plus externes parce qu'elles sont CliminCes par les
solvents utilisCs lors de la preparation des spCcimens pour la rnicroscopie Clectronique par transmission.
[Traduit par la revue]

Introduction
An endophyte was isolated from effective root nodules of
Elaeagnus umbellata, cultured in vitro, and subsequently
identified as an actinomycete (Baker et al. 1980). This
actinomycete induced the formation of ineffective nodules on
E. umbellata (
~ et al.
~ 1980),
k
~which~ morpho~ogica~ly
effectiveE'
but did not fix
molecular nitrogen. The actinomycete endophyte of these
ineffective nodules consisted of only the hyphal and sporangial
forms and lacked endophytic vesicles, which were present in
effective E. umbellatanodules (Baker e t a 1 1980) The Present
was undertaken to
the differences in fine structure
and development between effective and ineffective E. umbellata root nodules, the mo~hogenesis of the e n d o ~ h ~ t i c
vesicles, and the role of host cell organelles in the differentiation of the infected cells, which are the site of nitrogen fixation
in this symbiotic association.
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Materials and methods
Plant material
Seedlings of Elaeagnus umbellata Thunb. were grown in aeroponic
culture tanks (Zobel et a/. 1976) with their roots in a mist of oneeighth strength Hoagland's solution ( ~ o a ~ l a nand
d ~ m o n1950)
minus combined nitrogen, in the greenhouse at Harvard Forest with
day and night minimum temperatures of 21 and 16"C, respectively.
The plants were inoculated with crushed nodules obtained from plants
of
umbellata growing in aeroponic culture,
Fixation, dehydration, and embedding
Approximately 50 young nodule lobes, harvested 1-3 weeks
inoculation, were fixed intact or sliced in 2 % glutamldehyde in either
0,025 potassium phosphate or 0,025 sodium cacodylate buffers
at pH 6.8 for 2-4 h at room temperature. The tissue was rinsed with
buffer, postfixed in 1 % osmium tetroxide in buffer, rinsed again in
buffer, slowly dehydrated in acetone, and flat embedded in Spurr's
resin.
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FIG. 1. Light microgmph (LM) of a recently infected cell. A few hyphal filaments (small arrowheads) are present in the central mass of cytoplasm near the nucleus (N) and in a small cytoplasmic strand (large arrowheads). Phenolic deposits (Ph) are present in an adjacent uninfected
cell. X 1240. FIG. 2. LM of a section stained with the fluorescent Schiff's reagent, after mild oxidation in periodic acid, demonstrating the polysaccharide nature of the capsule (arrowheads) surrounding the hyphal filaments in newly infected cells. Nonspecific fluorescence is present in the
nucleolus but not in the nucleus (N). x 1170. Ve, endophytic vesicle. FIG. 3. LM of an infected cell containing more hyphal filaments (single
small arrowheads) in the central region of cytoplasm than cell illustrated in Fig. 1. Two profiles of branching hyphae (large arrowheads) are
shown. Adjacent infected host cells contain many septate endophytic vesicles (triple small arrowheads). x 1430. FIG.4. LM of an infected cell
containing hyphae (single small arrowheads), septate endophytic vesicles (single large arrowheads), a large lobed nucleus (N) with a large
nucleolus (double large arrowheads), and numerous vacuoles (V). The most mature endophytic vesicles stain darker and exhibit a void space
(double small arrowheads). x 1100. FIG. 5. LM of a section, stained with the fluorescent Schiff's reagent, of an infected cell showing the
polysaccharide composition of the host cell wall (CW), the capsule (large arrowheads) surrounding hyphae (H) and endophytic vesicles (Ve), and
septa (small arrowheads). x 950.
Sectioning and microscopy
For bright-field microscopy 0.5-pm sections were stained with
0.05% toluidine blue 0 in 1% sodium tetraborate (borax) over an
alcohol flame. For transmission electron microscopy (TEM) silver- or
gold-colored sections were cut with glass knives, stained for 30 min in
saturated urany 1 acetate in 50% methanol and for 5 -7 min in 0.02 %
lead citrate (Venable and Coggleshall 1965), and examined with a
RCA EMU 4C electron microscope.
Histochemistry
Two histochemical procedures for the demonstration of carbohydrates were utilized. For epifluorescence microscopy 0.5-pm sections
were mounted on glass slides, placed in sodium methoxide (Erlandson et al. 1973) for 45 min to remove the epoxy resin, placed in 1%
periodic acid at room temperature for 10 min, stained with the fluores-

cent Schiff reagent (Culling 1974), examined with a Leitz epifluorescence microscope, using a broad band filter system (BG12 exciting
filter and K515 suppression filter), and photographed using either
Kodak Tri-X or Ilford HP5 film processed at ASA 1600. A bright
yellow-gold color indicated the fluorescence of starch grains, cell
walls, or other insoluble polysaccharides. For TEM, silver- or goldcolored sections were mounted on Formvar-coated stainless-steel
grids and stained using the periodic acid (PA) - thiocarbohydrazide
(TCH) - silver proteinate (PATCH) method for carbohydrates
(Freundlich and Robards 1974). Controls as previously described
(Newcomb 1981a) had no reaction, while fine electron-dense particles occurred over the carbohydrates in the treated samples.
Freeze-fracture electron microscopy
Nodules were allowed to infiltrate overnight in a cryoprotectant
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solution of 25% glycerol and 25% sucrose in 0.025 M potassium
phosphate buffer pH 6.8. The next day small pieces of nodule tissue
were frozen quickly in Freon cooled in liquid nitrogen before being
fractured and subsequently coated with platinum and carbon with a
Denton freeze-fracture unit. The tissue was digested from the
replicas with chromic acid cleaning solution. The released replicas
were cleaned with several rinses of distilled water, mounted on
Fomvar-coated grids, and examined with a Philips 300 transmission
electron microscope.

Results
Nodule morphology
The nodules of E. umbellata consisted of numerous nodule
lobes that did not bear nodule roots. The number of nodule
lobes was related to the age of the nodules with older nodules
having more nodule lobes than young, developing nodules.
Nodule anatomy
The arrangement of cells and tissues in the nodule lobes of
E. umbellata was similar to those patterns observed in other
actinorhizal root nodules (Becking 1977; Newcomb et al.
1978). A central vascular cylinder was surrounded by an inner
cylinder of endodermis and an outer ring of cortical tissue, the
middle layers of which were infected by the actinomycete
endophyte. The nodule lobe meristem, which consisted of isodiametric cells containing many small vacuoles, was located at
the distal end of the central vascular cylinder of each nodule
lobe. Mitoses were observed only in the nodule lobe meristems. Endophytic hyphae grew towards the nodule lobe meristem and infected cells which were recently derived from this
meristem. The endophytic actinomycete hyphae proliferated
within the infected cells (Figs. 1 , 2 , and 3); the host cells grew
and eventually formed large infected cells containing both filamentous hyphal and spherical vesicular forms of the endophyte
(Figs. 4 and 5). The outer covering of the nodule lobe consisted of either epidermal or phell&en cells, the vacuoles of
which usually contained large phenolic deposits.
Penetration of host cells
Endophytic cells were frequently observed in the host cytoplasm and within intercellular spaces, as reported by Miller
and Baker (1985). In this study hyphae growing inward from
the intercellular space into the host protoplast were observed
only twice. ~ntercellularhyphae were bounded by an endophytic plasma membrane and thin actinomycete cell wall,
while hyphae growing intracellularl~were always surrounded
by a capsule (Figs. 2 , 5 , 6 , 7 , and 8). In a few instances, the
capsule was observed to be continuous with the host cell wall.
Proliferation of endophytic hyphae
Newly infected cells contained many vacuoles of various
sizes and the cytoplasm was concentrated in the central part of
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the cell (Figs. 1 and 2). Most of the endophytic hyphae were
found in this central mass of cytoplasm, although hyphal filaments were also present in cytoplasmic strands outside the
region (pigs. 1, 2 , and 3). ~h~ capsule surrounding the
intracellular hyphal strands fluoresced after being stained with
the fluorescent Schiff's reagent, demonstrating that it consisted
P
~ (Fig. 2)' The
~ e n d o ~ h ~Yt ihc~ ~ h awere
e ~
bounded by the actinomycete plasma membrane and the microbial cell wall, which was continuous with the transversely
oriented septa (Figs. 7 and 8). The capsule layer which surrounded the endophytic hyphae was initially very thin and
became thicker, although not uniformly, as development proceeded (Figs. 6 , 7 , 8 , 12b, and 13). The host plasma membrane separated the capsule from the host cytoplasm, but this
membrane was not always well preserved or resolved when the
capsule was very thin and presumably growing rapidly
(Fig. 7 ) . Cytoplasmic vesicles with fibrillar and granular contents appeared to fuse with the capsule and surrounding host
plasma membrane (Figs. 6 and 8). Some of these cytoplasmic
vesicles were enlarged (Figs. 6 and 8). The source of these
cytoplasmic vesicles was not clear. Profiles of rough endoplasmic reticulum containing granular and fibrillar material
were common in these infected cells, containing growing
hyphae, and Golgi bodies were less commonly observed at this
stage. However, in later stages of infection the capsule and the
bounding membranes of cytoplasmic vesicles stained positively although weakly with the PATCH reagents, while the
contents of the cytoplasmic vesicles, Golgi cistemae, and
dilated ER did not stain or stained weakly (Fig. 14). Much of
the staining associated with the endomembrane system was
associated with membranes. Since serial sections were not
examined, it is not possible to distinguish between grazing and
median sections of components of the endomembrane system.
The endophytic hyphae contained numerous cross walls or
septa, abundant ribosomes, large nucleoid regions containing
many fibrils in the center of the filament, and membranous
structures which occasionally appeared vesicular (Figs. 6 , 7 ,
and 8).
As the hyphae grew, the amount of host cytoplasm increased, as did cell volume. Eventually the hyphae penetrated
most of the cytoplasm of infected cells (Fig. 3).

Morphogenesis of endophytic vesicles
After the endophytic hyphae had ramified throughout most
or vesicles (
B
of the host cytoplasm, spherical
vesicles is an unfortunate and imprecise term (Newcomb 1976;
Fontaine et al. 1984), these in vivo structures subsequently are
called endophytic vesicles to distinguish thkm from
prokaryotic mesosome-type vesicles or host cytoplasmic
vesicles derived from endoplasmic reticulum or Golgi material

FIGS.6-8. Specimens were stained with uranyl acetate and lead citrate. Fig. 6. Transmission electron micrograph (TEM) showing a portion
of an infected cell containing only the hyphal (H) form of the endophyte which is surrounded by a capsule (single large arrowheads) and
possesses septa (double large arrowheads), prominent nucleoids (Nc), and electron-dense regions. Also shown are plastids (P), one of which contains starch (S), Golgi bodies (G), rough endoplasmic reticulum (small arrowheads), large cytoplasmic vesicles (FV) apparently fusing with the
capsule, and mitochondria (M). x 14 330. Fig. 7. TEM showing that the endophytic septum (Sp) is electron dense and continuous with the
hyphal side wall (small arrowheads), which is bounded by the capsule (C). Note the numerous small vesicles (possibly part of a mesosome or
artefacts) in the endophyte and the numerous ribosomes (large arrowheads) in both organisms. X 55 020. Fig. 8. TEM showing a portion of an
infected cell that contains only the hyphal form of the endophyte. Shown are the hyphae, the actinomycete plasma membrane (single small arrowheads) and cell wall (double small arrowheads), a septum (Sp), and capsule (C). This septum appears thicker than that illustrated in Fig. 7
because of a grazing plane of sectioning. The capsule may form by the addition of fusing cytoplasmic vesicles (double large arrowheads). The
microbe possesses prominent nucleoid (Nc) regions, numerous ribosomes which occupy most of the electron-dense regions of the endophytic
cell, andmany cytoplasmic vesicle-like structures (single large arrowheads). Small tubular structures (single large arrowheads) and other membranous components (triple small arrowheads) are also located in the central region of the hypha. A single plastid (P) is illustrated. X 45 440.

~
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in eukaryotic cells; the term "Frankia vesicle" is used to refer
to structures similar to endophytic vesicles formed in vitro.)
developed laterally on short hyphae or stalks (Figs. 12a, 12b,
and 13). In a few instances, endophytic vesicles formed when
only a few hyphal strands were present (Fig. 2). The endophytic vesicles formed throughout the host cytoplasm (Figs. 4,
5, 1la, 12a, and 13) and were not restricted to any particular
region of the cytoplasm. Neither the endophytic hyphae nor
endophytic vesicles invaded the nucleus, although the capsule
was located sometimes in close proximity to the nuclear envelope, even penetrating narrow pockets of cytoplasm located
between nuclear lobes (Figs. 4 and 10).
In TEM preparations the specialized endophytic vesicle cell
wall consisted of a well-defined outer layer continuous with
the hyphal cell wall (Figs. 9 and 12b), a middle clear area or
"void space," and an electron-dense inner layer (Figs. l l b
and 12b). In freeze -fracture preparations (Fig. 19) the "void
space" of the endophytic vesicle cell wall was resolved into as
many as 30 thin laminae. Together these three layers form the
thickened endophytic vesicle wall which is referred to as the
endophytic vesicle envelope. The plasma membrane of the
endophytic vesicles and stalks was continuous with that of the
hyphae (Figs. 9 and 12b). The capsule surrounded the endophytic vesicles and stalks and was continuous with portions of
capsule surrounding the attached hyphal strands (Figs. 9, 12b,
and 13).
Initially the endophytic vesicles were nonseptate (Figs. 9,
10, 1la, and 1 lb). Subsequent septa formation subdivided the
endophytic vesicles into many compartments of irregular
shapes and sizes (Figs. 4, 12a, 12c, 13, 17a, 17b, and 18).
components of the septa were continuous with the inner layer
of the endophytic vesicle cell wall (Figs. 12c, 13, 17b, and
18). The septa grow inward from the edges of the inner layer of
the endophytic vesicle cell wall and may be either complete,
ending at another region of the inner endophytic vesicle cell
wall or another septum, or incomplete (at least in the plane of
section), usually terminating near a mass of small vesiculate
structures (possibly mesosomal; Figs. 12b, 17b, and 18).
Within the endophytic vesicles the septa were straight or
curved (Figs. 13, 17a, and 17b). The septa have a thin,
electron-dense, polysaccharide (PATCH positive) wall layer
(Figs. 17b and 18) and are bounded by the actinomycete
plasma membrane. There is a very thin electron-transparent
space present between the electron-dense central layer of
septum wall material and the adjacent plasma membrane (Fig.
18), indicating (because this space is much smaller than a
"void space") that the laminae similar to those present in the
endophytic vesicle cell wall are not present in the septa.
Both nonseptate and septate endophytic vesicles possessed
prominent electron-translucent nucleoid regions containing
many fibrils (Figs. 9, 1lb, 12c, 17b, and 18). Much of the
remaining volume of the endophytic vesicles was occupied by
an abundance of ribosomes, which were packed tightly
together contributing to the electron-dense appearance of these
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structures (Figs. 9, l l b , 12c, 16, and 17b). Membranous
structures, both tubular and vesiculate in appearance (Figs.
1lb, 12c, 15, and 17b), which were present within endophytic
vesicles and hyphae, probably correspond to the mesosomes
observed in other bacteria, although only one connection
(Fig. 17b) between these structures and the endophytic plasma
membrane was observed in this study. In septate endophytic
vesicles parallel arrangements of alternating electron-dense
and electron-translucent sheets (Fig. 17b) were present and
resembled the striated bodies observed in other Frankia dndophytes (Lalonde and Knowles 1 9 7 5 ~Newcomb
;
et al. 1978).
Nonseptate endophytic vesicles often contained numerous
rosette-shaped particles which stained positively with the
PATCH reagents and thus consisted of carbohydrates and
probably glycogen (Figs. 14 and 16). These particles were also
numerous in nearby hyphae and were less common in endophytic vesicles containing a few septa (Figs. 17a and 17b).
Endophytic vesicles containing many septa either lacked glycogen entirely or contained only a few particles (Figs. 17a and
17b). Hyphae located in infected cells containing endophytic
vesicles often appeared empty or less electron dense than
hyphae of cells lacking endophytic vesicles, and possessed
many glycogen particles and mesosome-like structures and
either empty regions or areas containing few ribosomes (Figs.
4, 13, and 15). The empty regions were possibly the result of
inadequate preservation and (or) physiological or developmental changes.
Capsule
The outer surfaces of the endophytic vesicles and stalks were
separated from the host cytoplasm by the capsule and host
plasma membrane (Figs. 1 lb, 12a, 12b, 13, 14, 16, and 18).
The capsule located around the endophytic vesicle and stalk
was continuous with that surrounding the attached hyphal filament (Figs. 12b and 13); similarly the host plasma membrane
was continuous around the capsule surrounding both forms of
the endophyte (Fig. 12b). The capsule was thinnest near nonseptate endophytic vesicles and was thickest near more
developed septate endophytic vesicles (Figs. 9, 12a, and 13).
Accordingly, capsule growth appeared to occur most rapidly
near nonseptate endophytic vesicles and hyphae as evidenced
by the presence of many large cytoplasmic vesicles containing
fibrillar and granular material. The cytoplasmic vesicles
apparently fused with the capsule and surrounding host plasma
membrane (Figs. 6, 7, 8, 9, 1l a , and 1lb). Golgi bodies, profiles of dilated rough endoplasmic reticulum, and cytoplasmic
vesicles (whose origin is unclear) were situated near the growing capsule (Figs. 6, 7, 8, l l a , and 1lb) and were generally
absent near mature septate endophytic vesicles (Fig. 13). In
addition, large multivesiculate bodies were sometimes present
near endophytic vesicles and hyphal strands (not illustrated).
The capsules of both hyphae and endophytic vesicles as well as
the endophytic and host cell walls were stained positively by
the PATCH procedure (Figs. 14, 17a, and 17b). The contents

FIGS.9 and 10. Specimens were stained with uranyl acetate and lead citrate. Fig. 9. TEM showing young, nonseptate endophytic vesicles
(Ve), containing many fibrils (small arrowheads) in prominent nucleoid (Nc) regions. Each of these endophytic vesicles is subtended by a stalk
(St). The capsule (C) surrounding the endophytic vesicles and hyphae (H) appears thin and loosely arranged and may be in the process of being
formed by fusing (large arrowheads) cytoplasmic vesicles containing fibrillar material. No "void space" (VS) is associated with the young, nonseptate endophytic vesicles, but one is present near adjacent, more developed endophytic vesicles. x 36 190. Fig. 10. TEM of an infected cell
showing endophytic vesicles (Ve) and hyphae (H) in close proximity to the nuclear envelope (NE) but outside the host nucleus (N). The endophyte was not observed to be within the nucleus in this section or any other section examined in this study. Note the prominent capsule (large
arrowheads) surrounding the endophyte. A "void space" (VS) is present between the inner layer of the shrunken-appearing endophytic vesicle
and outer layer (small arrowheads) of the endophytic vesicle cell wall. x 14 550.
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of the large cytoplasmic vesicles apparently fusing with the
capsule gave a weak reaction with the PATCH reagents as did
some of the small "free" Golgi vesicles, but the contents of
the dilated RER were not stained (Fig. 14).

endophytic vesicles, and when isolated and cultured in vitro,
be able only to induce the formation of ineffective nodules on
inoculated seedlings. It is also possible that soil-grown
actinorhizal nodules may contain more than one strain of the
endophyte (Benson 1982), as has been established for certain
' 'Void space ' '
Rhizobium-induced nodules (Noel and Brill 1980). Similarly,
The
of
formed nonseptate endophytic
there may be spore-positive and spore-negative strains of the
vesicles were tightly adpressed
the
Frankla endophyte present in a single nodule or a single field
(Figs. 4, 9, la, and 12'). However, later 'lages of nonse~tate site. FieldFgmwn E. umbellata nodules could
Frankia
and septate e n d o ~ h ~ t i c
had an
strains such as EuIl, which does not form endophytic vesicles,
space between the endophyte cell wall and capsule (Figs. 1 2 ~ , along with other strains that form endophytic vesicles.
13,
16, and 1 7 b ) This
lermed the "void 'pace"
Although pnsence of sporangia in the nodule has been asso(Lalonde et 01. 1976), was smallest near nonseptate endophytic
ciated with ineffectivity in previous
(Baker et al.
vesicles and was largest near the more
septate
1980), then has been no direct =lationship between effectivity
structures (Figs. 1l a and 13).
and sporangia found in more recent studies (I. M. Miller and
D. D: ~ak;, unpublished observations).
Cytology of host cells
The presence of "bacterial," hyphal and vesicular forms of
The most distinctive host organelle of infected cells containthe endophyte in E. angustifolia root nodules has been reported
ing both stages of the endophyte was the large, extensively
by Henry (1979). It is most probable that the bacterial forms
lobed nucleus which contained a prominent nucleolus and
described by Henry (1979) were merely oblique sections of
small amounts of condensed chromatin (Figs. 4 and 10). The
nonseptate regions of hyphae. It is important to note that
nucleus is not extensively lobed in cells containing only endosimilar bacterial forms have not been observed in other ultraphytic hyphae. Only small vacuoles were present in infected
structural studies of actinorhizal root nodules nor were any
cells containing endophytic vesicles (Figs. 4, 5, 1la, 120, and
such structures observed in this study or an ultrastructural
13), while large vacuoles are located at the periphery of the
protoplasts of younger infected cells (Figs. 1-3). Some
study of Elaeagnus nodules (Anonymous 1977).
vacuoles contained granular material (Figs. 1l a and 12a).
Ontogeny of endophytic
Numerous plastids were present and contained an electronIn effective nodules of E. umbellata endophytic vesicles
dense stroma and few lamellae (Figs. 6, 8, 120, and 14). Mitowere initiated as terminal swellings of short, lateral hyphal
chondria were present throughout the host cytoplasm and had
an empty appearance possibly because of poor preservation filaments or stalks. Differentiation of the endophytic vesicles
involves enlargement of the swellings, formation of internal
(Fig. 6). Phenolic deposits were generally absent from infected
Septa, and an increase in
number.
cells but were common in adjacent uninfected cortical cells
(Fig. I). Microbodies were apparently absent in both infected
The
in vitro
Frankia strain HFPAr13
and uninfected cells. plasmodesmata were observed rarely in
vesicles showed many similarities with the in vivo ontogeny of
endophytic vesicles in E. umbellata nodules. The removal of
ultrathin sections of these nodules. ~h~ host cell walls of
combined forms of nitrogen from the culture medium induced
infected cells were not suberized or lignified.
the formation of Frankia provesicles, which were terminal
swellings, ca. 1.5 pm in diameter and phase dark when
Discussion
examined with phase contrast optics (Fontaine et al. 1984).
Endophyte morphology
The Frankia provesicles developed a few incomplete septa in
The endophyte of effective E. umbellata nodules exhibited
electron-dense cytoplasm which was separated from the subtwo morphologies: filamentous hyphae and spherically shaped
tending stalk by a septum. The Frankia provesicles did not
vesicles. The sporangial form of the endophyte was not
show activity in the acetylene reduction assay (Fontaine et al.
observed within these nodules. Ineffective E. umbellata
1984). Maturation of the Frankia provesicles produced larger
nodules contained the hyphal and sporangial forms of the
Frankia vesicles which contained more septa, were phase
endophyte but lacked the vesicular form (Baker et al. 1980).
bright when examined with phase contrast optics, and showed
These facts provide indirect evidence that the endophytic
nitrogenase activity. While on a structural basis it would
vesicles are the site of nitrogenase activity. The difference in
appear that the nonseptate endophytic vesicles of E. umbellata
resemble the Frankia HFPArI3 provesicles, it is not known
the morphogenesis of Frankia in ineffective and effective
E. umbellata nodules was most likely due to the presence of
when nitrogenase activity commences in E. umbellata
nodules.
different strains of the microorganism. Some Frankia strains,
such as EuIl (Baker et al. 1980), may lack the ability to form
The random arrangement of endophytic vesicles in the
FIGS. 1l a and 1lb. Specimen stained with uranyl acetate and lead citrate. Fig. 1la. TEM of a portion of an infected cell containing hyphae (H)
and mainly nonseptate endophytic vesicles (Ve). Two endophytic vesicles, which contain (in this plane of section) several septa (Sp), are shown.
Compare the appearance of the earlier (Fig. 9) and later (Figs. 12a and 13) stages of the endophytic vesicles with those shown in this figure.
Small vacuoles (V), numerous cytoplasmic vesicles (single large arrowheads), and profiles of endoplasmic reticulum (single small arrowheads)
are also present. "Void spaces" (double small arrowheads) are present near the septate endophytic vesicles but are absent near the nonseptate
endophytic vesicles. X6480. Fig. 1lb. Higher magnification of the outlined region in Fig. 1l a , showing numerous cytoplasmic vesicles (cv)
containing granular and fibrillar material, near and possibly fusing with the capsule (C) surrounding the nonseptate endophytic vesicles (Ve) and
hyphae (H). Ribosomes (single small arrowheads) are abundant in the endophytic vesicles. Nucleoid (Nc) regions, containing fine fibrils (double
small arrowheads) are present in the endophytic vesicles and hyphae. Some cytoplasmic vesicles possess smaller vesicles (double large arrowheads) among their contents. A "void space" is beginning to form between the inner (triple large arrowheads) and outer (triple small arrowheads)
endophytic vesicle cell walls. x 24 700.
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FIG. 13. Specimen stained with uranyl acetate and lead citrate. TEM of a mature infected cell illustrating septate endophytic vesicles (Ve),
hyphae (H), plastids (P), and a portion of the host cell wall. The capsule (C) surrounds both forms of the microbe. A prominent "void space"
(vs) is present between the inner (single small arrowheads) and outer (double small arrowheads) layers of the endophytic vesicle envelope but is
absent near the hyphal strands. Note the empty appearance of the hyphae in contrast with the electron-dense endophytic vesicles. Note one endophytic vesicle (upper-right portion of figure) is less electron dense than others. Cytoplasmic vesicles are much less numerous than in earlier
stages (Figs. l l a and 12a). ~ 8 7 6 0 .

infected cells of E. umbellata is in contrast to the polarized
arrangement of endophytic vesicles in some other actinorhizal
nodules. For example, in Comptonia peregrina the endophytic
vesicles are located in the peripheral regions of the protoplast
(Newcomb et al. 1978) and in Coriaria arborea they were
oriented perpendicular to the tonoplast (Newcomb and Pankhunt 1 9 8 2 ~ )The
. mechanisms controlling the arrangement of
the endophytic vesicles are unknown but may involve the
localization of hyphal branch sites prior to the differentiation
of endophytic vesicles and stalks.

Laminae and the endophytic vesicle envelope
The specialized natuare of the "Frankia" vesicles and subtending stalks in culture has been demonstrated by phase contrast optics (Torrey and Callaham 1982; Fontaine et al. 1984).
Observations using anoptral phase contrast optics and polarizing filters led to the prediction that the Frankia vesicle outer
layer consisted of thin laminae (Torrey and Callaham 1982).
Unfortunately the outer layer of the envelope of Frankia
vesicles is not well preserved by either chemical fixations or
rapid freezing - freeze substitution (Torrey and Callaham

FIGS. 12a- 12c. Specimen stained with uranyl acetate and lead citrate. Fig. 12a. TEM of an infected cell containing both young and older,
more developed endophytic vesicles (Ve). The more developed endophytic vesicles are more electron dense than the younger stages. A "void
space" (vs) is present near the more developed endophytic vesicles. Also present are numerous small vacuoles (V), plastids (P), mitochondria
(M), and hyphae (H). X5410. Fig. 12b. Higher magnification of the outlined portion in Fig. 12a, illustrating the short stalk connecting the endophytic vesicle to a hypha (H). Septa (Sp) are present in the hypha at the base of the short connecting stalk (St) and within the endophytic vesicle.
A "void space" (vs) separates the inner layer (single small arrowheads) of the endophytic vesicle envelope from the outer layer (double small
arrowheads) of the endophytic vesicle envelope to which the capsule (C) is adpressed. The "void space" extends down the short connecting stalk
(St) but is not present near the main hyphal strand. Note that the capsule is continuous and surrounds the hypha, stalk, and endophytic vesicle.
Numerous ribosomes and a few membranous structures are present in the endophyte. A few lipid (L) droplets are also present within the microbe.
x 39 910. Fig. 12c. Slightly higher magnification of Fig. 12b printed lighter to illustrate the inner (single small arrowheads) and outer (double
small arrowheads) layers of the endophytic vesicle envelope, the actinomycete plasma membrane (single large arrowheads), developing septa
(Sp), and electron-translucent nucleoid regions (Nc) containing fibrils. The junctions of the septa and inner layer of the endophytic vesicle cell
wall are designated by double large arrowheads. x 46 280.
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1982; Lancelle et al. 1985). Freeze - fracture electron microscopy demonstrated the laminated structure of the Frankia
vesicle envelope; as many as 12- 15 thin laminae were observed in Frankia CpI1 grown in culture (Torrey and Callaham
1982). The stalk possessed fewer laminae than the Frankia
vesicles and no laminae were observed to be surrounding
spores, sporangia, or vegetative hyphae (Torrey and Callaham
1982). The present study has demonstrated that similar
laminae are present in the outer boundary of the endophytic
vesicles of E. umbellata nodules (Fig. 19). Similar laminae
may be observed in published freeze-fracture electron microscope micrographs of field-grown Alnus crispa nodules
(Lalonde et al. 1976); these authors interpreted the layers as
capsule, but in view of the present study and that of Torrey and
Callaham (1982), a reinterpretation of these layers in A. crispa
suggests that laminae are also present in the endophytic
vesicles of this species. More freeze-fracture studies with
actinorhizal nodules of other genera are necessary to establish
if the laminae are a regular feature of endophytic vesicles. The
nodules of Casuarina are especially interesting because no
endophytic vesicles are formed in vivo (Torrey 1978; Berg
1983). No void space is present near the endophytic hyphae
(Berg 1983). Obviously studies using freeze-fracture methods
to determine if laminae are present in the Casuarina endophyte
would be most interesting.

"Void space
The "void space" was most prominent adjacent to mature
endophytic vesicles and their stalks but also may be detected
near some nonseptate endophytic vesicles (Fig. 1lb). A "void
space" was not observed in freeze-fractured specimens, indicating that this electron-transparent space is an artefact induced
during chemical fixation and dehydration (Lalonde et al.
1976). This artefact may result because the laminae, which
may be specialized lipid layers (Torrey and Callaham 1982),
are poorly preserved by glutaraldehyde and osmium tetroxide
and are then solubilized by the acetone used for dehydration,
forming an electron-transparent area between the inner and
outer endophytic vesicle cell walls. Shrinkage of the septate
endophytic vesicles during dehydration prior to embedding
may also be involved in the formation of the "void space".
This shrinkage along with poorer penetration of the fixatives
through the more complete inner and outer cell wall layers of
"
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septate endophytic vesicles probably contributes to the
electron-dense appearance which obscures good resolution of
ribosomes in chemically fixed septate endophytic vesicles.
Frankia vesicles preserved by freeze substitution revealed
clear images of the "void space," ribosomes, and other subcellular structures. Comparable specimens prepared with
chemical fixatives exhibited a "void space" along with poorer
images of ribosomes and other subcellular structures (Lancelle
et al. 1985). Interestingly, in E. umbellata nodules the "void
space" is much smaller near nonseptate endophytic vesicles;
presumably, the laminae are being formed at this stage. The
"void space" seen in E. umbellata is very prominent compared with species such as Alnus. Whether this difference is
related to the large number of laminae is uncertain because it is
not possible to count the number of laminae in the published
micrographs of A. crispa nor was the number of laminae
reported for this species (Lalonde et al. 1976).

Glycogen and morphogenesis
The rosette-shaped, PATCH-positive particles present in the
endophyte of E. umbellata nodules resembled the glycogen
particles, which could be digested with amylase, observed in
M. pensylvanica nodules (Benson and Eveleigh 1979). In the
effective E. umbellata nodules of the present study, glycogen
granules were abundant in nonseptate endophytic vesicles and
nearby hyphae but were present in lower frequency in septate
endophytic vesicles and associated hyphae. It would appear
that the disappearance of the glycogen was associated with the
growth and morphogenesis of the endophytic vesicles. Similar
developmental patterns were observed in Comptonia peregrina
(Newcomb et al. 1978) and Chamaebatia (Newcomb and
Heisey 1984) endophytic vesicles, as well as Frankia sp. strain
HFPArI3 vesicles formed in vitro (Fontaine et al. 1984).
Frankia sp. strain HFPCcI3 vesicles grown in vitro and prepared by freeze substitution lack glycogen, which was present
in the subtending hyphae (Lancelle et al. 1985). Glycogen
levels decreased in cultures of HFPArI3 during periods of high
metabolic activity (Lopez et al. 1984). Glycogen was also
observed in the hyphae of the endophyte within Coriaria
arborea nodules, but there did not appear to be an association
between glycogen levels and differentiation of endophytic
.
may be
vesicles (Newcomb and Pankhurst 1 9 8 2 ~ )Glycogen
utilized for endophytic vesicle growth and differentiation as

FIGS. 14- 18. Specimens stained with uranyl acetate and lead citrate unless stated otherwise. Fig. 14. TEM of specimen stained with PATCH
procedure. Numerous small positively reacting particles, probably glycogen (GI) granules, are present in the hyphae (H) and nonseptate endophytic vesicles (Ve). Only a very weak reaction has occurred in the capsule (C), cytoplasmic vesicles (cv), Golgi (G), and the outer layer (double
small arrows) of the endophytic vesicle envelope. A stronger reaction has occurred in the inner layer (single small arrowheads) of the endophytic
vesicle cell wall and actinomycete plasma membrane (single large arrowheads). An incomplete septum (Sp) and a "void space" (VS) are
present. x 27 700. Fig. 15. TEM of a portion of a hypha showing numerous rosette-shaped glycogen granules (large arrowheads), membranous
structures (MS), endophyte cell wall (small arrowheads), and capsule (C). Note the numerous ribosomes on the right side of the septum (Sp) in
contrast to the few ribosomes present on the left side. x 24 860. Fig. 16. TEM of a nonseptate endophytic vesicle (similar to that shown in
Fig. 14) showing rosette-shaped glycogen (Gl) particles, capsule (C), inner (single large arrowheads) and outer (double small arrowheads) layers
of the endophytic vesicle envelope, actinomycete plasma membrane (double large arrowheads), fibrils (single small arrowheads) in the nucleoid
(Nc), and the "void space" (vs). X 32 920. Fig. 17a. TEM of section stained by PATCH procedure showing numerous small positively stained
glycogen (Gl) particles in the hyphae and only a few in the septate endophytic vesicles. x 10 450. Fig. 176. Higher magnification of the outlined
portion of Fig. 17a. Glycogen (Gl) granules in a hypha (H) and endophytic vesicle, nucleoid (Nc), the inner (single small arrowheads) endophytic vesicle cell wall, the~centralregion (triple small arrowheads) of septa (Sp), endophytic plasma membrane (double small arrowheads), and
host plasma membrane (single large arrowheads) are stained by the PATCH procedure, while the capsule (C) and outer layer (double large arrowheads) of the endophytic vesicle cell wall reacted weakly. Note the small space between actinomycete plasma membrane and the inner layer of
the endophytic vesicle envelope. A striated body (SB) and a mesosome-like structure (Me) are present near septa in the endophytic vesicle. A
large "void space" (VS) is also shown. x 28 250. Fig. 18. TEM of a septate endophytic vesicle illustrating the continuity between the inner
layer (single small arrowheads) of the endophytic vesicle envelope and the central electron-dense layer (single large arrows) of the septa (Sp).
Also shown are the "void space" (VS), outer layer (double small arrowheads) of the endophytic vesicle envelope, actinomycete plasma membrane (triple small arrowheads), capsule (C), and nucleoid (Nc) regions. x 27 770.
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FIG. 19. Freeze-fracture electron micrograph showing numerous laminae (arrowheads) in the fractured endophytic vesicle cell wall. Approximately 30 laminae may be counted in the upper region of the figure. x 55 830.

well as for support of nitrogenase activity (Fontaine et al.
1984). However, other carbohydrates may assume this role in
some strains of Frankia. Glycogen was not observed in the
endophytic vesicles of Discaria and Dryas in ultrathin sections
which were stained with the PATCH procedure (Newcomb
1981a; Newcomb and Pankhurst 1982b).

Are mesosomes artefacts?
Mesosome-like structures appeared to be associated with the
growth of the septa within the endophytic vesicle as is the case
in other bacteria. However, mesosomes were not observed in
Frankia preserved by rapid freezing (Lancelle et al. 1985).
While it appears likely that mesosomes are artefacts induced

NEWCOMB ET

during specimen preparation (see references cited in Lancelle
et al. 1985), the possibility cannot be dismissed that the
physiological differences associated with in vivo and in vitro
conditions regulate the formation or absence of mesosomes in
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Frankia.
Chemical Jix~tionversus freeze substitution
Unfortunately, it is not possible to observe the fine structure
of nonchemically fixed nodule tissue because only very small
pieces of tissue for electron microscopy may be preserved by
rapid freezing and freeze substitution (Plattner and Bachmann
1982). Only the outer 5 to 10 pm of rapidly frozen specimens
is well preserved. Freeze-substituted specimens of Frankia
strain HFPCcI3 revealed several differences with chemicallv
fixed material in addition to the above-mentioned electron density of endophytic vesicles. Freeze-substituted material had
smooth profiles of the plasma membrane with no space being
present between the membrane and the inner layer of Frankia
vesicle envelope, a lack of discernible nucleoids in the Frankia
vesicles, clear images of ribosomes, large cytoplasmic tubules
in hyphae and young sporangia, bundles of microfilaments in
Frankia vesicles, and no separation of envelope or wall layers
(i.e., no "void space") (Lance11 et al. 1985). In the present
study of chemically fixed specimens, no microfilaments or
larger tubules were observed, nucleoids appeared distinctive in
both hyphae and sporangia (Figs. 7 , 8, 9 , 1 l b , 16, and 17b), a
very small space was present between the microbial plasma
membrane and cell wall (Figs. 12b, 14, and 17b), and images
of ribosomes were clearer in nonseptate endophytic vesicles
(Figs. 10, l l b , and 16) than in septate forms (Fig. 12b).
Endophyte-induced changes in host fine structure
The invasion and subsequent growth of the actinomycete in
the host cortical cells results in very noticeable changes in the
cytology of the host. The infected cells become larger than the
adjacent uninfected cells. The increases in nuclear and
nucleolar size, number of ribosomes and profiles of endoplasmic reticulum, and volume of cytoplasm are evidence that the
infection stimulates biosynthetic activity in the host. Similar
changes occur in other actinorhizal nodules (Newcomb et al.
1978; Newcomb 1981a) and in leguminous nodules
(Newcomb 1976; 1981b). The increased biosynthetic activity
is necessary, in part, to synthesize more plasma membrane to
enclose and separate the endophyte from the host cytoplasm.
The numerous cytoplasmic vesicles and multivesicular bodies
near the capsule are indirect evidence that some host biosynthetic activity is involved in polysaccharide production and
thus capsule deposition. It has been suggested that the capsule
is synthesized by the endomembrane @stem because no-capsule is formed in vitro (Newcomb et al. 1979) and often cytoplasmic vesicles, Golgi vesicles, and profiles of dilated
endoplasmic reticulum appear to fuse with regions of host
plasma membrane bounding the capsule (Lalonde and
Knowles 1975a, 19756; Newcomb et al. 1978; Newcomb
1 9 8 1 ~ ) Since
.
unspecialized plant cell walls generally offer
little resistance to ion movement, it is difficult to explain how
the capsule, which is reported to consist largely of pectins
(Lalonde and Knowles 1975b), contributes to the success of
the diazotro~hicmicrosvmbiont in actinorhizal nodules. This
is particularly puzzling because Frankia fixes nitrogen in vitro
only when Frankia vesicles are present (Tjepkema et al. 1980).
No capsule is present in vitro and thus it would appear not to be
required for nitrogenase activity, at least in vitio. However,
capsules have been observed to surround the hyphae and endo-
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phytic vesicles in all actinorhizal nodules studied by electron
microscopy. The capsule, if it is functionless, would appear to
be a wasteful use of photosynthate particularly if the supply of
photosynthate is rate limiting to nitrogenase activity. On the
other hand, encapsulation may be a necessary device whereby
the host exercises continued control over an invading microorganism.
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