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Summary

A morphological analysis of the initiation and development of root
nodules of Elaeagnus angustifolia and Myrica ceriferainoculated with
pure-cultured Frankia strains DDB 011610 or DDB 020110 was
undertaken. From ultrastructural observations it was determined
that both of these Framkia strains can infect Elaeagnus by an
intercellular penetration mechanism and Myrica by the root hair
infection mechanism. This indicates that both of these strains have
the ability to infect host plant roots by either of two mechanisms. The
reverse, that FElaeagnus or Myrica could be infected by both
mechanisms, was not observed. The infection and nodule develop-
ment processes of these two plants in combination with these strains
were similar to observations made in previous studies (MILLER and
BaxkeR 1985, ToRREY and Carttauam 1979}, However, one exception
was identified in the development of the prenodule of Myrica when
infected with strain 011610, in that endophytic hyphae developed
vesicles within the cells of the prenodule. This event has not been
described before for any of the actinorhizal genera and may be an
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indication of less than optimal compatibility between the host plant
and the symbiont.
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Myrica; Nodule development.

1. Introduction

The nodulation of actinorhizal plants can occur by
cither one of two infection mechanisms. The first
mechanism, root hair infection (RHI), was considered
until recently the ubquitous mode of entry for Frankia
and has been shown to occur in the plant genera, Alnus,
Casuarina, Comptonia and Myrica (CALLAHAM efal.
1979, BErrY 1984). In this developmental process,
Frankia colonizes the root hairs and causes their
distortion in the form of branching or curling. A
Frankia hypha penetrates the root hair cell wall and the
bacterium becomes an intracellular endophyte. In
response to this invasion the plant encapsulates the
advancing hypha as it progresses toward the root

Plate 1. All figures are from Elaeagnus infected with Frankia strain DDB 020110.

Fig. 1a. TS of a root showing an infection site (/S) and 2 young nodule primordium (NP). x 154

Fig. 1 b. Frankia hyphae (arrow) penetrate the middle lamella between two epidermal cells (E). Root colonizing Frankia (F) can be seen on the

root surface. x 3,600

Fig. 1 ¢. Detail of the invading Frankia in the middle lamella between two epidermal cells. In this instance there appears to be two hyphae entering

through this single middle lamellar region (arrows). x 9,900

Fig. 1d. A densely staining material (M) secreted from the cortical cells partially fills the intercellular spaces (S) of the root cortex. Frankia
profiles (small arrows) can be seen embedded in this material. Often one or two vesicle-like structures (large arrow) can also be seen. x 2,780

Fig. 1 e. In mature nodule cells the Frankia differentiates nitrogen-fixing vesicles (¥), in this case spherical structures scattered randomly

throughout the cytoplasm. X 6,135
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cortex. A series of cellular divisions in the hypodermis
leads to the formation of a swelling termed a prenodule.
A nodule primordium is induced in the pericycle and
the Frankia filaments advance toward this by means of
intracellular growth. The actinomycete colonizes the
cortical cells of the nodule and continuous to infect new
cells as the nodule enlarges.

Only lately has the second mechanism, intercellular
penetration (IP), been identified (MILLER and BAKER
1985), and so far this has been observed only in the
Elaeagnaceae. This process differs considerably from
RHI in the fact that the advance of the bacterium is
almost entirely intercellular. Root hairs are few on the
surface of the roots of Elaeagnus and are notinvolved in
the infection process. Frankia cells colonize the root
surface and penetrate the cuticle of the epidermal cells.
Hyphae penetrate the middle lamella between two
epidermal cells and gain entry to the intercellular spaces
of the root. No prenodule is formed, but a nodule
primordium is induced in the pericycle. The Frankia
filaments colonize intercellular spaces of the cortex as
they advance toward the young nodule. Only after they
have crossed the nodule protoperiderm and colonized
the intercellular spaces of the nodule cortex do they
invade individual cells and become an encapsulated
endophyte.

Numerous studies have been undertaken to determine
cross-inoculation abilities among actinorhizal plants
and some studies have indicated the ability of certain
endophytes to nodulate genera of both of the above
listed groups (RoDRIGUEZ-BARRUECO and MIQUEL 1979,
RoDRIQUEZ-BARRUECO et al. 1981). These studies have
been criticized however, because they employed
crushed nodule suspensions or soils for inocula and
were not performed using pure-cultured Frankia. More
recent studies using isolated strains have shown that
indeed nodulation of two quite unrelated genera could
result from inoculations of a single strain (GAUTHIER
etal. 1984, SAINT-LAURENT and LarLoNDE 1984). From
studies in our own laboratory we observed that nodu-

lation could occur from a single strain in two plant
genera known to have different infection mechanisms.
Such phenomena could occur under several hypothet-
ical circumstances. Firstly, the plant could have the
ability to be nodulated via both RHI and IP mechan-
isms but each Frarkia strain would be restricted to only
one mode of entry. Secondly, the reverse could also
account for the observations, in that Frankia strains
could be capable of both RHI and IP modes of entry
but that a single plant could be nodulated by only one
mechanism. Lastly, both the plant and the actino-
mycete could be capable of both RHI and IP
mechanisms. In this study we have undertaken nodula-
tion and morphological studies of Elaeagnus and
Mpyrica specifically to determine which hypothesis is
correct. Two pure-cultured Frankia strains, DDB
011610 and DDB 020110, which are known to nodulate
both of these host plants were used as inocula.

2. Materials and Methods

2.1. Frankia Cultures

Two pure-cultured Frankia strains were used as inocula. Frankia
strain DDB 020110 was originally isolated from a specimen of
Casuarina equisetifolia (Casuarinaceae) from Kahana, Hawaii. This
non-pigmented strain is infective on Elaeagnus and Myrica but non-
infective on Casuarina. It is only slightly effective on Elaeagnus,
reducing only minimal amounts of acetylene. Its effectiveness on
Mpyrica has not been assayed. Frankia strain DDB 011610 was
originally isolated from a specimen of Alnus rhombifolia (Betulaceae)
from the San Bernadino National Forest near Idyllwild, California.
This red-pigmented strain is both infective and effective on both
Mpyrica and Elaeagnus; it is non-infective on Casuarina. Both strains
were propagated on DPM broth (BAKER and O’KEEFE 1984). Cells
were harvested by centrifugation, washed with sterile distilled water
and homogenized in a Potter-Elvehjem tissue grinder just before use.

2.2. Plant Material

Seedlings of Elaeagnus angustifolia L. (Elaeagnaceae) and Myrica
cerifera L. (Myricaceae) germinated on sand, were transferred to
hydroponic cultures jars containing a modified Crone’s solution
(BonD 1951). Six plants were inoculated with each Framkia strain

Plate 2. All figures are micrographs of Myrica cerifera infected with Frankia strain DDB 020110

Fig. 2 a. TS of a root in the plane of section of an infected root hair (JRH). All the root hairs projecting from the root surface are branched or

deformed. Note the Frankia hyphae in the hair (arrow). x 253

Fig. 2 b. Detail of the infected root hair and underlying region. The root colonizing Frankia (F) as well as the invading hyphae (arrows) can be

seen. Just below the root hair is the developing prenodule (PN). X 658

Fig. 2 ¢. Detail of the distal portion of an infected root hair. Some hyphal strands have become enclosed by the highly branched, deformed walls of
the root hair (arrow). The hyphae which have entered the root hair cell have become encapsulated by a cell wall-like material (EN). x 8,410

Fig. 2 d. Electron micrograph of a young prenodule. Encapsulated strands of Frankia (arrows) can be seen in the cells of the prenodule (PN).

% 1,600
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after one week in water culture and observed for nodulation after six
to ten days. Six plants were left uninoculated to test for contaminat-
ing Frankia. None of these control plants subsequently developed
root nodules.

23. TEM

Sections of root containing nodules at early developmental stages
were excised from the plants and fixed for 4 to 6 hours at 20 °Cin 3%
glutaraldehyde buffered at pH 6.8 with 0.1 M phosphate buffer. After
a brief wash in distilled water, the tissue was postfixed in 2% buffered
osmium tetroxide for 2 to 4 hours and then dehydrated in a graded
water/ethanol series. To ensure proper infiltration of the epoxy resin,
the ethanol was replaced with 1,2-epoxypropane. After 15 minutes an
equal volume of Polybed 812 epoxy resin was added to the solvent
and the mixture left overnight. The tissue was then subjected to 4
changes of fresh resin approximately every 8 hours. Individual pieces
of tissue were placed in fresh resin in BEEM capsules and poly-
merized at 60 °C for 36 hours. Thin sections were cut using an LXB
Ultratome III, stained with 3% uranyl acetate in 50% methanol for
15-20 minutes followed by alkaline lead citrate for 2 minutes, and
viewed in a Philips 200 TEM.

2.4. Light Microscopy

For light microscopy 2pum semi-thin sections were cut on the
Uliratome from blocks prepared for TEM. The sections were heat
dried onto glass slides and stained with either 1% methylene blue or
1% toluidine blue in 1% sodium tetraborate. Observations were
recorded using a Leitz Ortholux II photomicroscope.

3. Results

3.1. Infection of Elaeagnus with Frankia Strain
DDB 020110

The mode of infection of roots of Elaeagnus by Frankia
strain DDB 020110 is by intercellular penetration and
colonization of the root cortex (Figs. 1 a and 4). Root
hairs were rarely found in those regions of the root

where infection took place. The infection sitein the host
plant root is readily visible as the epidermal and cortical
cells of the root are stimulated to secrete a material into
the intercellular spaces which stains intensely with both
routine light and electron microscope stains (Figs. 14,
b, and d). In this mode of infection Frankia, which has
colonized the root surface, penetrates the middle lam-
ella between two epidermal cells by enzymatic digestion
(Figs. 15 and ¢). In some cases there appear to be two
hyphal strands entering the root between the same two
epidermal cells (Fig. 1 ¢).

At an early stage in the infection process a nodule
primordium is initiated from the pericycle of the
vascular bundle (Fig.1qa). No prenodule or other
cellular division was observed in the root cortical cells.
As the infection proceeds, the Frankia grows through
and colonizes the root cortex in an amorphous material
which partially fills the intercellular spaces of the cortex
(Fig.1d). During colonization of the tortex, the
Frankia often gives rise to one or two small vesicle-like
structures (Fig. 1 d). The next stage of infection and
nodule development in this novel mechanism is the
same as has been reported earlier (MILLER and BAKER
1985) in that the Frankia filaments continue to grow
towards the nodule primordium, embedded in the
amorphous matrix. The hyphae then penetrate inter-
cellularly through the protoperiderm and ramify
throughout the nodule primordium in the middle
lamellae between the young cortical cells. Side branches
then arise from the Frankia hyphae and penetrate and
enter the cortical cells of the young nodule. Once inside
the nodule cortical cells the endophyte differentiates the
characteristic nitrogen-fixing vesicle cells. In mature
nodule cells of the association between Elaeagnus and

Plate 3. Fig. 3 ais a micrograph of Myrica cerifera infected with Frankia strain DDB 020110. All others are of Elaeagnus angustifolia infected with
Frankia strain DDB 011610

Fig. 3 a. TS of a root in the plane of section of an infected root hair (/RH) and a young nodule primordium (N P). The prenodule (PN) is visible in
the cortex below the infected root hair. To infect the nodule primordium, the Frankia will travel from the prenodule through the cortex (C)
towards the primordium. X 224

Fig. 3 5. TS through part of a young root showing two infection sites at the epidermis (arrows). The infection sites can be identified by the presence
of densely staining material secreted into the intercellular spaces. x 164

Fig. 3 ¢. Detail of one of these infection sites showing the dense material partially filling the intercellular spaces. x 625

Fig. 3 d. Electron micrograph of an infection site showing root colonizing Frankia (F) and a hyphal strand (arrow) in the intercellular material
below the middle lamella of two epidermal cells (E). x 1,950

Fig. 3 e. Frankia hyphae (arrows) are found embedded in the densely staining matrix material which partially fills the spaces between cortical cells
(C). x2,030

Fig. 3 1. Detail of the boxed part of the previous figure showing a hyphal strand embedded in the matrix. The similarity of staining reaction shown
by both the matrix material and the Frankia often make the endophyte difficult to detect, even by electron microscopy. x 17,500

Fig. 3g. In mature infected nodule cells the nitrogen-fixing vesicles (¥) are in the form of spheres randomly distributed throughout the cell.
x 2,540
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Frankia strain DDB 020110 these vesicles are spherical
and are found scattered randomly throughout the cell
(Fig. 1 e).

3.2. Infection of Myrica with Frankia Strain DDB
020110

The mode of infection of roots of Myrica by Frankia
strain DDB 020110 is by root hair infection (Figs.2a
and b). In this infection process Frankia hyphae
colonize the root surface, causing the root hairs to
branch and become deformed (Figs. 2 « and b). Some of
the hyphae become enclosed in a crypt formed by the
junction of a number of parts of the wall of the highly
branched, deformed root hair (Fig. 2 ¢). Somewhere in
this crypt region actual infection takes place by Frankia
hyphae penetrating the root hair. In response to this
penetration the hyphae become encapsulated by a host-
derived cell wall-like material (Fig.2c). The Frankia
grows down through the root hair and enters the cells of
the root cortex (Fig. 2 b). The cortical cells are stimu-
lated to divide giving rise to a small local swelling, the
prenodule (Figs.2b and d). Frankia hyphae then dis-
seminate throughout the cells of the prenodule
(Fig. 2 d). Once the prenodule is established, one or
more nodule primordia are initiated from the pericycle.
Each nodule primordium becomes infected by invasion
of the primordial cortex with Framnkia from the pre-
nodule. One such nodule primordium and its relation-
ship to the prenodule can be seen in the same plane as an
infected root hair in Fig. 3 a. Microscopic examination
of a mature Myrica nodule infected with this strain
revealed that the nitrogen-fixing vesicles in the cells of
the nodule cortex were club-shaped and were pre-
ferentially located around the cell periphery (not il-
lustrated) as previously described by Benson and
EveLEIGH (1979).

3.3. Infection of Elaeagnus with Frankia Strain DDB
011610

Examination of roots of Elaeagnus inoculated with
Frankia strain DDB 011610 showed that, in common
with the previous strain, infection occurred by inter-
cellular penetration of the virtually root hair-free roots
and the subsequent colonization of the cortical apo-
plast (Figs. 3 b—f). Infection sites and paths in the cortex
are clearly visible by the dense staining reaction of the
amorphous intercellular material (Figs.35b and ¢). In
contrast to Myrica, where one root hair infection event
can lead to the initiation of several nodule primordia,
more than one infection event is usually found as-
sociated with each developing nodule (Fig. 3 5). Once
again, rhizoplane colonizing Frankia break through the
cuticle and penetrate between epidermal cells. (Fig. 3 d).
As with the previous strain, an amorphous matrix
material through which the Frankia grows is present in
the intercellular spaces of the cortex (Figs. 3 ¢—f). Often
both the intercellular matrix and the cells of the
endophyte stain with a similar electron density, making
visualization of the actinomycete filaments difficult at
low magnifications. The presence of the endophyte
however, can be detected easily at higher magnification
(Fig. 3 /). In infected cortical cells of the mature nodule
the nitrogen-fixing vesicles are spherical and randomly
dsitributed throughout the cell (Fig. 3 g).

3.4. Infection of Myrica with Frankia Strain
DDB 011610

Infection of roots of Myrica with Frankia strain DDB
011610 was by root hair infection (Figs. 4 a and 5). In
common with the previous strain, the root hairs become
branched and deformed; the hyphae penetrate the hair
and move down through it into the root cortex

Plate 4. All figures are of Myrica cerifera infected with Frawnkia strain DDB 011610

Fig. 4 a. TS of a root in the plane of section of an infected root hair (IRH). An enlarged prenodule is visible (arrow) as well as part of a young
nodule primordium (NP). Heavy contrast is due to excessive tanninization which has occurred in the cortex and epidermis of the root. x 160

Fig. 4 b. A nodule primordium (NP), enlarged prenodule (PN) and infected cortical cells (C) can all be seen in this section. The areas delimited by
the large and small enclosures are Figs. 4 d and 4 e respectively. Part of the brittle, heavily tanninized cortex and epidermis have fallen out during
sectioning for electron microscopy (asterisks). x 162

Fig. 4 ¢. Detail of an infected root hair (/RH) and underlying prenodule. Hyphal strands are visible in the root hair and prenodule cells (arrows).
Many of the prenodule cells have become enlarged and contain endophytic vesicles (V). x 800

Fig. 4 d. Detail of the root cortex between the prenodule and the nodule primordium showing undifferentiated Frankia hyphae (arrows) in the
cortical cells. The hyphae make their way through this region to the nodule primordium where infection of the nodule cortex takes place. x 685

Fig. 4 e. Part of the prenodule enclosed by the box in Fig. 4 ¢ showing vesiculation (V) of the endophyte. x 850

Fig. 4f. Electron micrograph of a prenodule cell. Club-shaped vesicles (¥) distributed around the cell periphery with hyphal elements more
centrally located is a morphology usually only observed in mature infected nodule cells. x 2,500
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(Fig. 4 b). Once in the cortical cells of the root however a
radical departure occurs from the typical process of
nodule formation as described by Torrey and
CaLLaHAM (1979), (Figs. 4 a and c). The first infected
cortical cells below the root hair become more hyper-
trophied than normal and the Frankia differentiates
vesicles (Figs. 45, e, and f). The vesicles formed are
club-shaped and arranged around the cell periphery
(Figs.4 e and f). While this morphology is typical of
mature infected nodule cortex cells it is highly atypical
prenodule morphology. It does not, however, appear to
affect the function of the prenodule; hyphal strands
leading from the prenodule through the root cortex
towards the developing nodule primordium can be seen
(Figs. 4 ¢ and d).

4. Discussion

The nodulation of two rather unrelated actinorhizal
genera can indeed occur from the infection of a single
pure-cultured Frankia strain. What is more significant
however, is that the nodulation process may be differ-
ent in the two host plants, a point that we have
demonstrated in this study. From our results it is
apparent that the host plant has the capability for only
one mode of symbiotic infection, whereas the bacterial
symbiont may have the capability for more than one
mechanism. Therefore in cross-inoculations the devel-
opmental sequence of nodulation is determined by the
host plant. ‘

Developmentally “flexible” strains such as those which
we have reported here may well be common as they
would appear to have ecological advantages over
“restrictive” strains. However, although they are sym-
biotic with more plant genera they perhaps are less
compatible with each host plant than a “restrictive”
strain might be. This is a hypothesis which we are
currently investigating. Early events in the infection
process by the intercellular penetration mode (IP) differ
from events in the root hair infection mechanism (RHI)
in two major ways. Firstly, in RHI the actinomycete
penetrates through the cell wall of the root hair while in
IP the Framkia enters the plant by penetrating the
middle lamella between two epidermal cells. This
method of entry into the plant is not unlike the way in
which some pathogenic fungi enter plant tissue. It may
be that, like these fungi, the Frankia secrete cell wall-
dissolving or pectinolytic enzymes to gain entry to the
root. The second main difference is that in RHI the
infection process is intracellular while in IP it is
extracellular. In RHI it has been shown (LaLoNDE and

K~NowLEs, 1975) that the host plant cells secrete a
pectinaceaous encapsulation material around the
Frankia which acts as a nutritive substrate for the
growth of the endophyte. It may well be that in TP the
intercellular matrix material in which the Frankia is
found is also a host plant cell secretion serving an
analagous function to the encapsulation material in
RHI. The presence of endophytic vesicles in the pre-
nodular cells of Myricainoculated with DDB 011610 is
the first such report of its kind. This observation
suggests that interactions between the host and the
bacterial symbiont are dynamic and not predetermined
by either symbiont. Therefore we might expect to see
other differences in nodule development between hosts
and Frankia strains in other combinations.

It should be noted that the symbiotic morphology of
Frankia is determined by the host plant. RoprIQUEZ-
BarruECcO and MiGUEL (1979) reported that vesicle
morphology always was the same in individuals of the
same genus even if the inoculum came from crushed
nodules of another genus having a different vesicle
morphology. LaLoNDE (1979) demonstrated the same
phenomenon with inoculations of Alnus (forming
spherical vesicles) using the pure-cultured Frankia
strain Cpll which produces club-shaped vesicles in
Comptonia. Bach of the strains in this study formed
spherical vesicles in Elaeagnus, but formed club-shaped
vesicles in Myrica. Vesicle morphology in these flexible
strains is similarly modified by the host during the
development of the symbiosis.

The induction of symbiotic root nodules in actinorhizal
plants is a complex interaction between the host plant
and Frankia. Developmental pathways will differ
among host-endophyte combinations and cannot nec-
essarily be classified into simple categoriecs. More
studies of nodule induction, morphology and physi-
ology will be required to fully understand the range of
symbiotic compatibility within the actinorhizal
symbioses.
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