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ABSTRACT

The ultrastructure of the Gunnera/Nostoc symbiosis has been

examined with emphasis upon the possible mechanisms of the

cyanobacterium's entry into the cells of its host, G. kaalensis

(Krajina) St. John. Mucilage glands consisting of parenchyma cells and

fOIDld on the upper portions of Gunnera stems are entry sites for the

Nostoc. Gland cells have many features in common with other secretory

cells, most conspicuously numerous dictyosomes which produce large

mucilage-containing vesicles. The passage of mucilage to the exterior

of the cell is via granulocrine secretion. Nostoc cells are present

within the mucilage, in the channels which separate the papillae, and

within cavities at the base of the gland. Just below the gland, the

symbiont is intracellular.

It seems that entry into the host cells is by a combination of

three processes in which: a) areas of apparent cell wall invagination

are present in some Nostoc-containing host cells; b) the host cell walls

often appear to be modified in ways which suggest cellulolytic and

pectolytic activity; and c) other microorganisms may be involved in

entry since both fungal and bacterial cells are found within and between

the host cell walls in some glands.

Morphometric data show that thickness of the encapsulating layer is

not significantly different with respect to position in the host stem,

suggesting that walling-off of the symbiont occurs primarily at the time

of infection. However, deposition of the encapsulating layer in stages

may occur since sometimes wall stratification can be seen. The
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similarity of wall proliferations in Nostoc-containing cells and the

extensive wall labyrinths found in transfer cells suggest that nodule

cells represent transfer cells.

Symbiotic Nostoc cells resembled isolates which have been kept in

darkness. When isolates are illuminated the cell ultrastructure changes

as does cell shape. Heterocyst frequency does not seem to be influenced

by light conditions. Illuminated isolates form long filaments in

contrast to remaining aseriate or in short filaments, characteristic

for symbionts and dark-grown isolates. This suggests that the symbiont

can undergo a developmental cycle similar to some free-living species.

Although cell degeneration occurs in both the symbiont and isolates,

only the former shows osmiophilic reactions of the protoplasts

associated with vesiculation, breakdown of the Nostoc cell wall, and a

negatively-stained appearance of the thylakoids. Such degeneration

processes may be host-influenced.
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CHAPTER I

LITERATURE REVIEW

DISTRIBUTION AND USES OF GUNNERA

The genus Gunnera (Haloragaceae) is an ancient group of plants,

some 95 million years old (Jarzen, 1980), and consists of 30-50

herbaceous, perennial species (van der Meijden and Caspers, 1971). They

are found in Africa, the Malagasy Republic, Malaysia, New Zealand,

Tasmania, Solomon Islands, Juan Fernandez, the Hawaiian Islands, and

parts of Mexico and South America (Jarzen, 1980). Plant sizes are

variable, with upright stem portions of New Zealand plants often

reaching only 1 cm in length (Batham, 1943). The remaining species are

"large-leaved, stout-stemmed colonizers of high-altitude cliff faces,

landslides, and stream banks in the tropics" (Palkovic, 1974, cited by

Jarzen, 1980). Gunnera kaalensis (Krajina) St. John, one of the large

species and endemic to O'ahu, Hawai'i, may reach heights of 1-3 m

(St. John, 1946). The large Hawaiian plants are found along steep

slopes at altitudes of about 750 to 1500 m (St. John, 1946). Seven

species have been recognized by St. John in his monograph of the

Hawaiian Gunnera (1946) and they are distributed among five of the

islands, one species each on the islands of Moloka'i, Kaua'i, and

Hawai'i, and two species each on Maui and O'ahu.

Commercially, Gunnera seems to be of little value. Some of the

large species are used as ornamentals; G. chilensis Lam. and G. manicata

Linden, for example, are planted in the Strybing Arboretum, San
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Francisco (Graf, 1978). The Hawaiian plants, commonly known as 'ape'ape

(St. John, 1946; Neal, 1965), have not been used in any way (MacCaughey ,

1917) as far as is known.

ASPECTS OF THE SYMBIOSIS

Gunnera is unique because it is the only angiosperm with which a

cyanobacterium1 is associated intracel1u1arly. Silvester (1976) stated

that it is "probable that all forty species in the genus house Nostoc."

The symbiosis of Gunnera species and a cyanobacterium (N. gunnerae

Reinke) was described as early as 1873 by Reinke (Baas Becking, 1947).

Jonsson (1894) depicted the Nostoc filaments as passing intercellularly

through the cortex of the host. His diagrams also showed the presence

of a Chlorococcum species within large cortical cells and this organism

was, in fact, designated as the symbiont. Miehe (1924) concluded that

the Nostoc entered the host through root primordia; the middle lamella

became mucilaginous and the cells separated, forming channels, more

accessible routes for penetration by the Nostoc.

Miehe's results were confirmed, for the most part, by Baas Becking

(1947) who described the Nostoc as first being intercellular and later,

intracellular. He observed the development of roots below zones of

Nostoc colonization, the colonization being in areas of "wart like"

lOrganisms such as Nostoc will be referred to as cyanobacteria,
rather than blue-green algae, in accordance with the classification
employed in Bergey's manual (1974) where they are considered as a
division of the Kingdom Procaryotae.
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structures at the petiole bases. Miehe (1924), however, had considered

the Nostoc entry points as representing abortive roots.

The significance of "rosette-organs," structures comparable to

mucilage glands, was discussed in Batham's study (1943) of the vascula

ture of several New Zealand Gunnera species. These structures, observed

on seedlings, disintegrated at an early stage and were replaced by

Nostoc colonies which were said to have entered at these sites.

Several more recent investigations have re-examined the symbiosis.

Schaede's study (1951) of G. manicata depicted the Nostoc filaments

penetrating the host cell walls. His diagrams indicated that the

intracellular filaments were capable of piercing through cell walls on

several sides; thus, a single filament could have extended across

several host cells (Schaede, 1951). Schaede also observed the frequent

entrapment of cyanobacterial cells by Gunnera cell walls. His attempts

to culture the symbiont outside its host were unsuccessful although at

least two persons had previously reporte~ successful isolations (Harder,

1917; Winter, 1935).

Some information on the physiology of the Gunnera/Nostoc symbiosis

has been obtained using acetylene reduction and lSN• Silvester and

Smith (1969) confirmed that nitrogen was fixed in New Zealand Gunnera

plants which contained Nostoc colonies. The fixed nitrogen was

transported from the nodule, or Nostoc-containing tissue, to other

portions of the Gunnera plant (Silvester and Smith, 1969).

Becking (1976) and Silvester (1976) were both concerned with

nitrogenase activity, but reached different conclusions about the

effectiveness of the cyanobacteria in the older nodules. Silvester
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(1976) determined that the mean heterocyst frequency increased from 23%

in selected nodules from the apex to 65% in nodules 20 cm below the

apex. Becking (1976) acknowledged a greater proportion of heterocysts

in older stem tissue, but did not give substantiating data. The

Nostoc-containing tissues in the older stem portions were described as

vivid green in color and Becking (1976) suggested that "in spite of leaf

decay the glands in these parts remain active in nitrogen fixation."

The first ultrastructural study of this symbiosis was reported in

1970 by Neumann et al. who examined the large species, G. chilensis Lam.

They concluded that host cell wall invagination was the process by which

the symbiont, reported as unchanged from the free-living state, became

intracellular. Silvester (1976) and Silvester and McNamara (1976)

described physiological and ultrastructural aspects of some New Zealand

species. Although a mechanism for symbiont entry was not demonstrated,

they did discuss modifications of the Nostoc as it entered into the

association.

MORPHOLOGY AND ULTRASTRUCTURE OF CYANOBACTERIA

Many descriptive and developmental ultrastructural studies of

cyanobacteria have been carried out since the mid-1950's (Fogg et al.,

1973). A compilation of these data (Lang, 1968) resulted in several

generalizations on structure, particularly those of free-living forms.

The cell envelope or wall of cyanobacteria appeared multi-layered

when fixed with osmium tetroxide and consisted of two electron

transparent and two electron-opaque layers (Lang, 1968). Layer I was

the designation of that layer adjacent to the cell membrane and layer IV
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was the outermost. The multi-layered wall was absent from cyanelles,

inclusions which resemble some unicellular cyanobacteria, of Cyanophora

paradoxa Korschikoff (Hall and Claus, 1963, cited in Fogg et al., 1973)

and Glaucocystis (Fogg et al., 1973). Only a membrane served to

separate the cyanelles from the host cytoplasm. The wall was, however,

present in symbionts such as those within Gunnera. The membrane

delimiting the protoplast was described by Lang (1968) as a "mosaic of

functional sites" due to its apparent involvement in cell wall synthesis,

thylakoid formation, etc.

A mucilaginous sheath external to layer IV of the wall contained

fibrils which, in the case of Nostoc, formed a reticulum (Lang, 1968).

A small number of larger fibrils in the sheath of Nostoc sp. has been

reported (Tuffery, 1969). Thickness of the sheath varied with culture

conditions and cell age. Findley et al. (1970) found, for example, that

Chlorogloea fritschii Mitra had extensive sheaths when grown under low

light and much less sheathing when maintained under high light

conditions.

Numerous cell inclusions have been described for cyanobacteria, the

function of some remaining unknown. Structured (cyanophycin) granules

were perhaps the most prominent, composing up to 20% of the cell mass

(Brock, 1979). Older cells and spores contained more of these granules

than growing cells. This observation agreed well with the long-standing

idea that they were storage bodies. Simon's 1971 study showed the

composition of these structures to be a co-polymer of arginine and

aspartic acid.
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Spherical to elongate granules which averaged 30 run by 65 nm were

sometimes present between the photosynthetic lamellae and served as food

reserves. These granules were designated as alpha or glycogen granules

and could be digested with diastase (Giesy, 1964). Chao and Bowen

(1972) have shown their bipartite construction, but the subunits had not

yet been separated. The results of work done with Oscillatoria chalybia

Mertens led Giesy (1964) to state that these polyglucosidic granules

varied in number depending upon the availability of nitrogen, light

conditions, and cell age.

Nostoc is a heterocystous cyanobacterium, the heterocysts being

specialized cells which have differentiated from vegetative cells

(Fogg et al., 1973). A thick envelope external to the wall surrounded

the entire cell except in the polar area (Fogg et al., 1973). Utilizing

a variety of fixatives, Lang and Fay (1971) were able to separate the

heterocyst envelope into three layers. The innermost layer, that is the

layer adjacent to the heterocyst cell wall, has been designated as the

laminated layer; laminations were obvious in cells fixed with

glutaraldehyde and potassium permanganate, but absent when osmium

tetroxide was used as a post-fixative. The homogeneous layer appeared

as a uniform, electron-dense region and was preserved with both

fixatives and the post-fixative. Outermost, a fibrous layer was found.

The extent of this region was difficult to assess since it was closely

associated with the homogeneous layer and often seemed to blend into it.

Heterocysts contained some granules, alt~ough not to the extent of

vegetative cells (Fogg et al., 1973). Lipid droplets and glycogen
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granules, however, were often observed in differentiating heterocysts

(Fogg et al., 1973).

The thylakoid system of heterocysts differed from that of

vegetative cells, forming a reticulate pattern (Lang, 1968). At later

stages of development the lamellae concentrated at the polar regions and

formed a "honeycomb" pattern (Fogg et al., 1973). Degenerating

heterocysts lost cytoplasm and lamellae (Wildon and Mercer, 1963), but

Lang (1965) was unable to detect comparable changes in symbiotic

Anabaena azollae Strasburger.

Dying Nostoc cells associated with Gunnera chilensis changed

structurally (Neumann et al., 1970). The thylakoids broke down, cells

changed forms and collapsed; an osmiophilic, half-moon structure

remained (Neumann et al., 1970). Silvester (1976) also described the

"characteristic sickle-shaped cells" which were degenerating. Swollen,

vesiculated thylakoids of Nostoc cells in the Nostoc/Blasia symbiosis

have been associated with early stages of degeneration (Duckett et al.,

1977) •

Variations between symbiotic and free-living cyanobacteria have

been noted, but these differences seemed to have been linked to culture

conditions. Grilli Caiola (1972a, 1972b, 1974, 1975a, 1975b) has shown

that light, for example, greatly affected isolates from various cycads.

Other common differences included increases in heterocyst frequency in

symbionts (Silvester, 1976; Duckett et al., 1977; Stewart and Rowell,

1977), variation in amount of mucilage (Grilli Caiola, 1974), and

changes in numbers and types of granules. Such variability has added to

an already difficult task--that of identifying the microorganisms. In
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the earliest study of the Gunnera/Nostoc symbiosis (Reinke, 1873, cited

by Baas Becking, 1947), the symbiont name given was~. gunnerae Reinke.

Subsequent papers have referred to the microorganism as N. punctiforme

(Klitz.) Hariot (Harder, 1917; Winter, 1935; Silvester and McNamara,

1976). Goyal and Venkataraman (1964) described the difficulty of naming

symbionts, as those in cycads, for example, and cited the morphological

variation of cyanobacteria as contributing to the difficulty. They have

suggested adopting the same practices used in naming Rhizobium, that is,

the use of the infective classification (!. trifolii, for example, is

the symbiont of Trifolium). This system has been criticized for several

reasons, one of them being "symbiotic promiscuity" which has been

defined by Graham (1976) as nodulation of plants from one group by

Rhizobium of another infective group. Non-specificity apparently also

occurred in Gunnera. Bonnett and Silvester (1980) were able to obtain

successful nodule establishment in Gunnera with several Nostoc isolates

from other symbioses (Cycas, Peltigera, and Anthoceros, for example),

although Anabaena isolated from Azolla was ineffective in establishing

the relationship. The best means of resolving difficulties with

classifying these organisms would be the utilization of standard media

and growth conditions prior to describing morphological and

ultrastructural features.

DEVELOPMENTAL PATTERNS OF CYANOBACTERIA

Neumann and co-workers (1970) found no ultrastructural differences

between Nostoc cells occurring in Gunnera chilensis tissue and as

free-living isolated cells. Silvester and McNamara (1976), however,
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described several differences between symbiotic and free-living Nostoc.

These included: frequency of heterocysts, reported to be some eight

times greater in the symbiont; shape of Nostoc cells, ranging from

cylindrical in the free-living state to spherical in the symbiotic

condition; length of filaments, being aseriate or in short filaments

when symbiotic; and thy1akoid patterns, the thy1akoids being peripheral

in the free-living state as compared to the more scattered arrangement

typical in symbiotic cells.

These differences were perhaps not as unusual as Silvester and

McNamara had suggested. Lazaroff and Vishniac (1961) cited the aseriate

morphology as but a "transient stage of development in all autotrophic

or photoheterotrophic cultures." This developmental cycle in Nostoc

muscorum A (Allison strain) consisted of the following stages (Lazaroff

and Vishniac, 1961): 1) motile trichome; 2) aseriate stage, defined as

the phase when cells were in packets and "display no linear attachment

to one another in continuous chains"; 3) rapid filament growth;

4) envelope dissolution and loosening of tightly-packed filaments;

5) breaking of filaments at heterocysts to yield motile trichomes

(hormogonia).

Harder (1917) was one of the first persons to investigate

heterotrophic growth of cyanobacteria and tested a variety of carbon

compounds. According to Lazaroff (1973), Harder found that motility and

morphology were greatly affected by the environment and the presence or

absence of carbon compounds which could be metabolized. Under dark

conditions, rounded cells resulted while those of illuminated cultures
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were more elongated. The former cell morphology was thought by Harder

to be abnormal.

More recent works (Lazaroff and Vishniac, 1961; Ginsburg and

Lazaroff, 1973; Lazaroff, 1973) showed that variability should not be

considered as pleomorphism (general plasticity of form), but instead as

polymorphism, referring to formation of various morphological types in

the course of the life cycle (Lazaroff, 1973). Dark-grown aseriate

cells, when moved to light, showed more rapid growth and a resumption of

the developmental sequence (Lazaroff and Vishniac, 1961). Chlorogloea

fritschii, when maintained under low light, usually formed filaments

shorter than six cells in length (Peat and Whitton, 1967). Contrary to

earlier beliefs that continued darkness would keep the cells in the

aseriate stage, Lazaroff (1966) found that after approximately two

months differentiation would occur without illumination.

Sucrose-containing media and temperature elevation to 30°C enhanced the

differentiation.

Because extracts from light-grown cells could also trigger

continuation of the cycle, Lazaroff and Vishniac (1961) suggested that

some factor needed for cycle completion was formed only in the light.

Further work with various light sources showed that filament formation

was inducible by illumination with red light (650 nm); allophycocyanin

was probably the pigment involved (Lazaroff, 1973).

Ultrastructural changes have been described for the various

developmental stages of Nostoc muscorum (Ginsburg and Lazaroff, 1973).

Nostoc muscorum was grown in the dark, in continuous light, and in the

dark with subsequent illumination for various intervals prior to
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fixation. The first detectable sign (light microscope level) of

differentiation in dark-grown cells was formation of heterocystous

filaments after four days of illumination; after six days, "slender

rectangular cells" were observed. Cells grown in continuous light for

21 days formed motile trichomes and detached heterocysts were present.

Stage I of Chlorogloea fritschii was characterized by hormogonia with

a heterocyst frequency of 1.5%. At Stage IV (aseriate), however,

heterocyst frequency increased to 12% (Peat and Whitton, 1967).

Nineteen day old dark-grown cells of !. muscorum remained aseriate, as

did those with only two days of illumination (Ginsburg and Lazaroff,

1973). Old, dark-grown cells (58 days) were aseriate, although some

short filaments with attached heterocysts were observed.

Ultrastructurally, the major differences seemed to be

photosynthetic lamellar configurations and extent of granular

inclusions. Parietal structured and beta-granules, central polyhedral

bodies, and glycogen granules localized near lamellae were present in

the 19 day old dark sample; a pronounced sheath bounded the cell

·packets. Lamellae were in pairs and permeated all but the centers of

the cells (Ginsburg and Lazaroff, 1973). With two days of illumination,

granule composition changed. Glycogen granules were predominant and

fewer lamellae were present. These were described as more fragmented

and vesiculated. After four days of light, abundant parietal lamellae

were seen and the heterocysts showed prominent reticulate patterning of

lamellae. With an additional two days of light, lamellae appeared in

whorls of four and five; cells at this stage were elongated. Ginsburg

and Lazaroff (1973) summarized that aseriate cells typically had curved
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pairs of lamellae which were homogeneously distributed while seriate

cells showed parietal placement of lamellae which were in associations

of three, four, and five.

Utilizing Chlorogloea fritschii maintained under both high and low

light conditions, Findley et al. (1970) showed that lamellae in low

light cells were long and continuous while those in cells under high

light conditions showed swelling and vesiculation of the thylakoids.

These vacuole-like structures were absent from low light cells. Grilli

Caiola described vacuolation in cyanobacterial isolates from Cycas

revoluta (1972b) and Macrozamia communis (1974) which had been

maintained in light, attributing the vacuolation to senescence.

Although Grilli Caiola has examined isolates from a variety of cycads

(1972a, 1972b, 1974, 1975a, 1975b), these isolates have not been

subjected to an illumination sequence, thus making it difficult to

compare their ultrastructure with those in which a definite

light-determined developmental sequence has been elucidated (Lazaroff

and Vishniac, 1961; Lazaroff, 1973; Ginsburg and Lazaroff, 1973).

ESTABLISHMENT OF THE SYMBIOSIS

Ultrastructural studies have failed to demonstrate conclusively the

mode of Nostoc penetration of host cells. Neumann et al. (1970)

proposed entry via pinocytosis, eventually resulting in the Nostoc cells

being free in the host cytoplasm and surrounded only by a membrane of

host origin. According to Jensen (1970), pinocytosis is common in

various animal and fungal cells and may be possible in some vascular

plant cells. Novikoff and Holtzman (1976), however, stressed
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pinocytosis as the uptake of particles of molecular or macromolecular

dimensions, thus excluding something as large as a Nostoc cell. Plant

cells are additionally limited in uptake because of the presence of a

cell wall. Once this barrier is removed, however, as by digestion, the

resulting protoplasts may readily uptake bacteria (Davey and Cocking,

1972), yeast cells (Davey and Power, 1975), and nitrogen-fixing

cyanobacteria (Burgoon and Bottino, 1976; Meeks et al., 1978).

Silvester and McNamara (1976) stated that entry of the Nostoc was

intercellular through papillae of mucilage glands, structures they

considered synonymous with "rosette-organs" (Batham, 1943) and

"transformed root primordia" (Schaede, 1951). According to Silvester

and McNamara (1976), penetration of thin-walled cells occurred

subsequently, but the "actual process of cell invasion has not been

observed by either light or electron microscopy." In the New Zealand

plants examined, root primordia developed after Nostoc penetration so

that entry through root primordia was not implicated (Silvester and

McNamara, 1976).

GLAND CELL STRUCTURE

Although the gland cells of Gunnera have been suggested as the

entry points for the Nostoc (Batham, 1943; Silvester, 1976; Silvester

and McNamara, 1976), there have been no detailed studies on their

structure. It is likely that these cells share certain features found

in other types of secretory cells. Llittge (1971), in reviewing the

structure and function of gland cells, gave a list of features common

among cells of this type, including: a large number of mitochondria,
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the usual absence of a large central vacuole, a nucleus which is

"relatively large compared to the total cell volume," numerous

plasmodesmata, and a size smaller than adjacent parenchyma cells.

Akers et al. (1978) found a number of these characteristics in

secretory trichomes of Nicotiana tabacum L., cv Xanthi, including dense

cytoplasm, abundance of mitochondria, and little vacuolation.

Vacuolation was observed to increase, however, as secretion began.

With the onset of this process, the plasmalemma withdrew from the cell

wall and formed an "extraplasmic" space. Due to the infrequent

observation of vesicles, Akers et al. (1978) hypothesized that

"individual molecules or minute droplets of secretory products pass from

the cytoplasm into the extraplasmic space." The secretory product in

this case was an electron-opaque, dense substance. Lack of numerous

dictyosomes and their vesicles was also noted by Rosen and Thomas (1970)

in their study of Lilium pistil secretory cells. The stigmatic papillae

secretory cells, although thick-walled in comparison to adjacent

parenchYma cells, did not show the wall elaborations common in the canal

secretory cells. Because of the paucity of dictysomes, the authors

concluded that the secretion product must have originated elsewhere.

The product, its precursor material, or the organelle from which it was

released could not be identified. The canal cells, in contrast,

possessed many ~ictyosomes.

Horner and Lersten (1968) examined the dendroid trichomes of

Psychotria bacteriophila Val. leaves and cited the nucleus, numerous

vacuoles, and abundant amyloplasts as the most salient features of these

secretory cells. Endoplasmic reticulum was abundant, the cisternae
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being locally dilated and often seen in association with dictyosomes.

Small but numerous vesicles were produced by the dictyosomes and were of

varying densities with respect to contents. Dictysome size in secretory

cells was apparently quite variable as Mollenhauer (1967) described them

as large and with "greatly hypertrophied cisternae" in secretory cells

of okra. The small Go1gi-derived vesicles in Psychotria apparently

fused with the plasmalemma, the contents then being emptied into the

space outside the cell wall. During secretion, the cell wall appeared

to be a "loose fibrillar network" through which the secretory product

could diffuse. LUttge (1971) had generalized the secretion process,

stating that "slime secreted via Golgi vesicles is obviously forced

through the free space under hydrostatic pressure arising from the

water exported with the polysaccharide by the Golgi vesicles, plus the

turgor pressure of the cells."

Akers et ale (1978) were not the only observers of an extraplasmic

space. In salt gland cells of Tamarix, an electron-translucent region

was found between the cell wall and the plasmalemma (Thomson and Liu,

1967). The clear zone outside the cell wall was suggested to be an

artifact of fixation resulting from plasmolysis, but this did not seem

to be a reasonable explanation as adjacent cells maintained.their

structural integrity. Instead, it was believed to be a reflection of

function. This clear zone should not, however, be confused with the

clear regions found between the enlarged plasmalemma surface and wall

projections (Scala et a1., 1968). In all cases, the wall thickenings

were apparently restricted to the outer walls of the secretory cells as,

for example, in Tamarix salt gland cells (Thomson and Liu, 1967).
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Of particular interest in the Horner and Lersten study (1968) of

glands of Psychotria is the symbiotic aspect. They emphasized the

necessity of the secretory trichomes in the life cycle "because their

secretion products support the bacteria in the apical cav J prior to

their entry into leaves" and the products themselves have served as a

possible source of carbon and nitrogen for the microorganism. The

thickened wall and apparent renewal of wall material in the mesophyll

cells lining the nodule may "provide a convenient carbohydrate substrate

for the bacteria" (Lersten and Horner, 1967). The outer wall of these

cells, that is the wall facing the intercellular bacteria, typically

appeared ill-defined. The mucilage secretion and thick walls of cells

in this region may have been specializations required for the

establishment and maintenance of a successful symbiosis.

Although mitochondrial frequency has been reported as high in all

secretory cells (Scala et al., 1968; Akers et al., 1978; Rosen and

Thomas, 1970; Thomson and Liu, 1967), structural differences were not

apparent or merely not emphasized except in the case of Tamarix (Thomson

and Liu, 1967). Some mitochondria appeared swollen and possessed

electron-translucent lumina; others were reported to show myelin

configurations. The authors cited an earlier work by Schnepf (1963) in

which he described mitochondrial swellings in Drosophyllum cells soon

after placing egg albumin on the leaves. Mitochondrial density and

structure would therefore appear to be linked with certain functional

aspects.
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CELL WALL MODIFICATIONS AND THE TRANSFER CELL CONCEPT

Neumann et ale (1970) briefly mentioned unusual growth and

thickness of host cell walls within the Nostoc-invaded Gunnera tissue,

but did not place much emphasis upon this observation. The other

ultrastructural studies of Gunnera (Silvester, 1976; Silvester and

McNamara, 1976) provided little information about the Gunnera walls.

Irregular wall thickenings suggested the possible presence of transfer

cells. Originally applied to certain cells in the phloem (Gunning et

a1., 1968), the term has been extended to "include all of the numerous

examples of cells with wall ingrowths known or suspected to function

in short-distance transport of solutes" (Pate and Gunning, 1972).

The extent of wall ingrowths in transfer cells was variable; in

thin sections for transmission electron microscopy, the walls often

appeared disconnected due to the thinness of the sections. The wall

projections often formed a labyrinth of long, fine extensions or, more

commonly, appeared fewer in number and formed dense ingrowths (Gunning

et al., 1971). Different patterns of wall ingrowths have been described

(Pate and Gunning, 1972): 1) around the entire cell except in the pit

fields; 2) only where walls border the external medium, as adjacent to

intercellular spaces, the lumina of xylem elements, etc.; 3) along a

strip of wall girdling the cell as is the case in some aquatic plants.

High phosphatase activity has been reported for the cell wall ingrowths

(Gunning et al., 1968; Gunning and Pate, 1969).

The transfer cell morphology occurred in haustoria, in outer and

inner endosperm layers, at the gametophyte/sporophyte junction in some
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lower plants (some mosses, for example), in hydathodes and glands, and

in nematode-infected root cells, to cite a few examples (Pate and

Gunning, 1972). Of particular interest was the presence of wall

ingrowths in some symbioses. By increasing the surface area of the

plasmalemma, the ingrowths may have aided in solute movement between

cells as in the case of the Nostoc/Blasia symbiosis (Duckett et al.,

1977). Few roots have been reported to contain transfer cells; Azolla,

however, did show transfer cell morphology in cells of the pericycle

(Pate and Gunning, 1972). In addition, the leaflets contained transfer

cells in several locations, these being in the hairs lining the cavities

containing Anabaena (Duckett et al., 1977; Warmbrodt and Evert, 1978)

and in endodermal cells of the leaflets (Warmbrodt and Evert, 1978).

Dense cytoplasm and abundant endoplasmic reticulum and mitochondria were

characteristic for transfer cells in addition to the wall and

plasmalemma proliferations (Gunning and Pate, 1974). In the case of the

Azolla/Anabaena interface, the increased surface area "might be an

adaptation facilitating interchange of metabolites between Azolla and

its algal partner" (Duckett et al., 1975). The occurrence of transfer

cells has not yet been described in Gunnera (Duckett et al., 1975).

The possibility of cell wall proliferation as a stress response

cannot be ignored. Kim and Fulton (1973) described wall ingrowths in

bean leaf cells infected by a virus. Duckett et al. (1975) proposed

that in Azolla, wall ingrowths may have been a traumatic response to the

metabolites of Anabaena. Hair cells of axenic Azolla cultures, however,

also possessed wall ingrowths. Therefore, it has been suggested that

the presence of transfer cells may have been either a constitutive
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feature or a response of Azolla to the culture media used in the study

(Duckett et al., 1975).

There has been a large body of literature generated recently

dealing with actinomycete-nodulated plants and these symbioses are

similar in many respects to that of Gunnera/Nostoc. Benson and Eveleigh

(1979) described a proliferation of host wall (Myrica pensylvanica L.)

(Myricaceae) localized at the actinomycete's point of entry. Similar

sites of wall thickening were also described for Casuarina

(Casuarinaceae) (Benson and Eveleigh, 1979). Callaham et al. (1979)

pointed to endophyte entry via penetration of a root hair cell wall at

an invagination of the wall described as being a "crook" or "sharply

folded region of the root hair." Fibril arrangement in this area was

random. Lalonde and Knowles (1975), however, found the host cell wall

characteristically reduced in this region where hyphae were embedded and

encapsulation was believed to begin while the actinomycete was

positioned in this manner. In Casuarina, the actinomycetes were

encapsulated by material of host origin which appeared similar to the

host wall in texture. The more regular fibril arrangement stained

light red/blue with Toluidine 0, as did the unmodified root hair cell

wall. In contrast, the "convoluted wall configuration" and the outer

layers of the root hair cell wall showed a dark blue staining reaction.

In Myrica pensylvanica, the capsular material appeared three

layered; an electron-transparent layer was found on both sides of a

fibrillar electron-opaque band (Benson and Eveleigh, 1979). They have

described the latter as similar in density and texture to the middle
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lamella, noting that the endophyte "sometimes travelled a considerable

distance within the middle lamella" (Benson and Eveleigh, 1979).

Lalonde and Knowles (1975) investigated the nature of the endophyte

encapsulating material of Alnus c~ispa var. mollis (Betulaceae) by

utilizing specific staining, electron microscopy, thin-layer

chromatography, and immuno-ferritin labelling. The capsule, in this

case, appeared to be two-layered. Both layers reacted to ruthenium

red/osmium tetroxide staining, showing they were of an acidic

polysaccharide nature. However, treatment of an endophyte suspension

with pectinase resulted in retention of the inner dense layer while the

outer fibrillar/granular layer was degraded when examined after 24 hr

of incubation. These results suggested differing composition of the

two layers. Hemicellulase and cellulase treatments did not disturb

either capsular layer. The relationship between the capsule and the

host cell wall was also examined; the host cell wall was positive for

cellulose while the capsule was negative. However, the capsule and

middle lamella both stained with ruthenium red which confirmed the

pectic nature of the capsule.

Abundant multivesicular bodies whose vesicles were of the same

density as those originating from dictyosome cisternae were observed in

Alnus; some vesicles could be seen fusing with the membrane enclosing

the actinomycetes.

Regarding the mechanism of actinomycete penetration of Alnus,

Lalonde and Knowles (1975) stated that their observations with the

electron microscope "suggested that the penetration of the host cell

wall was chemical rather than physical." Apparently pectinases were
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produced by the symbiont which allowed degradation of the methyl

uronides and pectates of the middle lamella. Presumably, these enzymes

also could have degraded the capsule. However, since capsule thickness

seemed to remain constant, the authors suggested a degradation/deposition

continuum. Absence of host cell rupture was noted by Benson and

Eveleigh (1979) in Myrica and, according to them, could have indicated

enzymatic invasion processes or the activation of repair mechanisms.

Host cell cytoplasmic changes were observed in Myrica following

nodulation and included nuclear enlargement, decrease in number of

starch granules, and an increase in dictyosomes and mitochondria (Benson

and Eveleigh, 1979). Vacuolation and tannin deposition increased in

Myrica (Benson and Eveleigh, 1979). Gatner and Gardner (1970) had also

observed nuclear hypertrophy in Hippophae (Elaeagnaceae).

Legume nodulation, at least in the case of soybean, differed in

several respects. First, thin-walled cells were infected with no

localized wall proliferation evident. Rhizobium cells did not become

encapsulated in wall-like material, but remained surrounded only by the

host cell plasmalemma. In some cells of ineffective nodules, that is

nodules which formed as a result of inoculation with the incorrect

bacterial strain, dilated endoplasmic reticulum with dark contents was

observed (Bassett et al., 1977). Sixteen days after infection, the

infected cells of such nodules had lost most of their organization and

showed formation of large vacuoles (Bassett et al., 1977). The

possibility of localized nitrogen deficiency as a cause of host cell and

bacterial cell ultrastructural changes was raised (Bassett et al., 1977).
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HORMONE LEVELS AND NODULATION

Lalonde and Knowles (1975) cited evidence that auxins (IAA)

affected pectin synthesis (Ray, 1962; Ray and Baker, 1965) and that

auxin content of nodulated roots differed from that of non-nodulated

tissue (Silver et al., 1966; Du11aart, 1970). Wheeler et a1. (1979)

have stated: "The presence of elevated hormone levels in many

nitrogen-fixing root nodules has also raised the question whether

nodules can provide an additional source of hormone for other parts of

the plant." Increased IAA levels have bEen found in various nodules as

compared with root tissue of the same plants (see Wheeler et a1., 1979).

Kefford et a1. (1960) grew clover in distilled water and were able

to detect tryptophan in both sterile and Rhizobium-inoculated medium.

Auxin could be detected, however, only in the inoculated sample, thus

leading them to suggest that tryptophan produced by the roots was

converted to IAA by the nodule bacteria (Kefford et al., 1960). Libbert

and co-workers (1966) investigated the ability of epiphytic bacteria to

contribute to the lAA pool. Only non-sterile Pisum plants gave a

positive result when their roots were immersed in tryptophan. In the

Avena coleoptile bioassay, greater curvature occurred with extracts from

the non-sterile system than from the sterile one. Of the 109 bacterial

types isolated, about 50% could convert tryptophan to lAA.

HORMONE LEVELS AND WALL-DEGRADING ENZYMES

There have been a number of reports linking lAA with increased

activity of cell wall degrading enzymes. Datko and Maclachlan (1968,
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cited by Hunter and Elkan, 1975), for example, reported that adding IAA

to Pisum epicotyls increased pectinase and cellulase. Adding 0.5% IAA

in lanolin to sections elicited the following responses in Pisum (Fan

and Maclachlan, 1967): 1) cellulase increases; 2) wall swelling;

3) cell division; and 4) cell wall disintegration. Quantitatively,

20-30% more cellulase activity was present in sections treated with

10- 6 to 10-~ IAA as compared with untreated sections (Fan and

Maclachlan, 1967). They noted that cellulase increase was "most

pronounced in sections where the level of endogenous auxin could be

presumed to be low."

Masuda (1968) has also raised the possibility of IAA inducing cell

elongation through regulation of wall-degrading enzymes.

Conflicting evidence regarding IAA and wall-degrading enzyme

increases was obtained in several studies (Bornman, 1967; Hunter and

Elkan, 1975). In the latter case, nodulated soybean was tested for

depolymerase activity and compared with untreated samples. No

significant differences were found using the viscometric method and

application of IAA did not affect enzyme levels. Hunter and Elkan

(1975) therefore concluded that quite possibly an increase of enzymatic

activity resulted during nodulation, but since the site of infection

itself was highly localized, the enzyme increase could have been

expected to show similar localization. Therefore, a method to determine

enzyme levels at the invasion site was needed.

Conflicting ultrastructural evidence has also been noted (Bornman,
•

1967). Bornman applied various hormones to cotton and Coleus explants

and examined the abscission zones of the petiole. Abscisin promoted
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lysigeny, while gibberellin was responsible for schizogenous breakdown

of the middle lamella and primary wall. Auxin, however, was found to

retard abscission and delay or prevent cell wall degradation (Bornman,

1967). In IAA-treated samples, staining for pectins revealed a

"relatively low rate of breakdown of pectic substances." Bornman

suggested that the auxin was inhibiting the degrading enzyme pectic

transeliminase which breaks down the pectic components.

Valdovinos and Jensen (1968), in studying the abscission zones of

tobacco and tomato flowers, noted similar changes in the cell wall as

reported by Bornman (1967). Walls seemed to swell and become flexible.

Invaginations of the walls were observed during advanced stages of cell

wall degradation, that is, middle lamella and primary wall degradation.

These wall alterations were attributed to auxin deficiency (Valdovinos

and Jensen, 1968), although no confirming evidence was obtained.

Yet another factor may be involved in the auxin/wall degradation

phenomenon. Phenols are "involved in a number of reactions, including

wall thickening, electron-transport, and resistance to infection"

(Czaninski and Catesson, 1974). It is known that some phenols may

influence IAA by acting as "auxin protectors" which inhibit IM oxidase

(Salisbury and Ross, 1978). The latter is responsible for destroying

auxin.

HYPOTHESES

Based upon the available information on the Gunnera/Nostoc

symbiosis and that of apparently similar associations, the following

hypotheses are presented:
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1. Nostoc entry is initially intercellular between stem gland

cells and also between cells within the nodule.

2. Since wall degrading enzymes may be involved in penetration

of host cell walls, Nostoc cells may be capable of pectinase

and cellulase production or such enzymes may be produced by

fungi and bacteria within the glands.

3. The Nostoc-containing cells of the nodule which show irregular

wall ingrowths are transfer cells.

4. Development of wall ingrowths and enclosure of the Nostoc

within host cell wall material must occur at an early stage

of infection. Thickness of the encapsulating layer in·'reases

with age.

5. Host cell cytoplasm shows progressive degeneration with

increasing distance from the shoot tip; degradative enzyme

concentrations may also increase comparably with distance from

the shoot tip.

6. Since Nostoc degeneration is widespread, Nostoc cells would

seem to be relatively ineffective in supplying the host with

fixed nitrogen. Morphometric data from nodule sections and

results of acetylene reduction assays should support this

hypothesis.

7. Differences between the symbiont and free-living Nostoc

isolates can be attributed to the effect of light deprivation

in blocking the normal developmental cycle.
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PROPOSAL

In order to test the hypotheses prese~.ted above, transmission

electron microscopy is proposed as the primary method of investigation.

Ancillary electron microscopic techniques such as cytochemistry and

morphometry will be used, particularly as applied to hypotheses four,

five, and six. These techniques, and their limitations, are discussed

more thoroughly in Appendix A. Morphometric datal will be correlated

with nitrogenase activity estimates obtained through standard methods

for measuring acetylene reduction (Silvester, 1976).

lpeachey, L. D., B. Eisenberg, and J. Hase1grove. Quantitative
analysis of electron micrographs. InfoL~tion from short course at
Marine Biological Laboratory, Woods Hole, December 9-14, 1979.
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CHAPTER II

ULTRASTRUCTURE OF GUNNERA KAALENSIS MUCILAGE GLANDS

ABSTRACT

Mucilage-secreting glands occur near the apices of Gunnera stems,

angiosperms with which the cyanobacterium Nostoc is intracellularly

associated. Light and electron microscopy were used to study the

structure of the cells within these glands. Cells involved in mucilage

secretion contained numerous dictyosomes which produced vesicles with

fibrogranular contents ultrastructurally similar to material which

accumulated in an extraplasmic space before passing through the cell

wall. Outer periclinal cell walls appeared thickened and tri-Iaminate.

Mucilage aggregates were present within all layers of these walls and

secretion appeared to be via passage of the aggregates between

microfibrils of the wall. Hig~uy vacuolated cells and those with dense

tannin deposits were also observed within the gland. Bacterial and

fungal cells appeared, respectively, within and between host cell walls

which seemed to be undergoing degradation. Nostoc filaments were

observed within the mucilage of Gunnera, as well as within the gland.
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In the Gunnera/Nostoc relationship, a symbiosis involving an

angiosperm and an intracellular cyanobacterium, mucilage-secreting

glands have been suggested as the Nostoc entry sites. Batham (1943)

found that "rosette-organs" on seedlings of New Zealand species

disintegrated early and noted that Nostoc colonies were present at these

sites. Silvester and McNamara (1976) stated that entry was

intercellular between papillae of the mucilage glands with subsequent

penetration of cells at the gland base, but offered no direct evidence

to support these events.

Metcalfe and Chalk (1950) described the glands of G. macrophylla

Bl. as "resembling shaggy hairs, with only narrow canals between them,

but covered with a cap-shaped layer of epidermal cells." Mucilages and

tannins were secreted from the gland cells and the secretory processes

resulted in the disruption of the epidermal layer (Metcalfe and Chalk,

1950). Ultrastructural observations of various gland cells have shown

that numerous mitochondria, usual absence of a large central vacuole,

and a large nucleus are among the features common in cells of this type

(LUttge, 1971). Irregular wall ingrowths, characteristic for transfer

cells, were found in some types of secretory cells (Schnepf, 1974).

The present study was undertaken to provide additional information

about the structure of the gland cells and the role they may play in

establishment of the symbiosis. The ultrastructure of gland cells will

be described for G. kaalensis (Krajina) St. John, particularly in

relation to the mechanism of mucilage secretion and to the presence or

absence of features which would support a role for these cells in the

infection process.
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MATERIALS AND METHODS--Gunnera kaalensis (Krajina) St. John was

collected from Mt. Ka'ala on the island of O'ahu, Hawai'i, at

approximately 1200 m above sea level. Stem pieces from mature plants

were excised and fixed immediately or fixed after transport to the

laboratory about 2 hr later. Voucher specimens have been deposited in

the University of Hawai'i herbarium (HAW).

For transmission electron microscopy, a stock Karnovsky's solution

(Hayat, 1970) was prepared using 0.2 M sodium cacodylate buffer (pH 7.4)

and diluted with additional buffer to 10 %. Calcium chloride was

omitted from the stock solution. Fixation was carried out at room

temperature for 3-4 hr and followed by two buffer washes (0.1 M, pH 7.4)

of about 0.5 hr each. Postfixation was carried out with 1.5 % osmium

tetroxide, buffered with 0.1 M cacodylate buffer, for 2.5-3 hr at room

temperature. Two buffer washes preceded dehydration in a graded acetone

series. At the 100 % acetone step, n-butyl glycidyl ether (n-BGE) was

introduced as an aid to infiltration as recommended by Kushida (1974).

Embedding in Quetol 651 low-viscosity resin followed. Some tissues

were embedded in Spurr's resin (1969) and, in this case, n-BGE was

omitted. Polymerization of both resins was carried out at 60 C for a

minimum of 24 hr. Blocks were sectioned on a Reichert Om U2

ultramicrotome with glass knives and silver/gold sections were collected

on uncoated 400-mesh copper grids. Sections were stained with 2 %

aqueous uranyl acetate, followed by lead citrate prepared as directed by

Venable and Coggeshall (1965). The sections were viewed with a Hitachi

HS-8-l electron microscope operating at 50kV.
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Acid phosphatase was localized by the method of Dauwalder et al.

(1969). Controls were processed without inclusion of the substrate,

sodium glycerophosphate (Nutritional Biochemicals Corp.), in the

incubation medium. Tissues were dehydrated, embedded, and sectioned as

described above. Stains were omitted from these sections.

Nostoc isolates from the host mucilage were prepared for scanning

electron microscopy (SEM) by fixing with Karnovsky's solution (Hayat,

1970) diluted to 33 %with 0.2 M sodium cacodylate buffer at pH 7.4,

post-fixing with buffered 1.5 % osmium tetroxide, and dehydrating with

acetone. A sample of the dehydrated cell suspension in 100 %acetone

was pipetted onto a cover glass fragment mounted on an SEM specimen stub

and the acetone was allowed to evaporate. Samples were coated for 2 min

with a Tousimis Samsputter coater and examined with a Cambridge S4-l0

Stereoscan operating at 10 kV.

Thick sections (1.5-2 ~) were cut from tissues processed for

electron microscopy and mounted on glass slides. They were stained with

the hematoxylin-safranin combination of Warmke and Lee (1976). Light

• micrographs were taken with a Zeiss Photomicroscope II.

RESULTS--Gunnera kaalensis (Fig. 1), endemic to the island of

O'ahu, had stems reaching 1-3 m in length and about 15 cm in diameter

(St. John, 1946). Metcalfe and Chalk (1950) described plants of other

species of Gunnera as being covered with a "variety of hairs, warts, and

emergences." The crater-like structures on Gunnera kaalensis stems and

petioles may be aerophores, structures which reportedly help in allowing

air to reach plant tissues which may be covered by mucilage (Holttum,
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1966). Mucilage-secreting glands were distributed around the stem

(Fig. 2) and retained their slimy, tufted appearance for 4-5 cm from the

shoot tip.

Observations of the mucilage glands on the upper portions of the

stems were made using both light microscopy and transmission electron

microscopy. Thick clumps of mucilage secreted by the glands covered the

shoot tip; plating a sample of the mucilage revealed the presence of

Nostoc filaments (Fig. 3) in addition to unidentified bacteria and

fungi. Transmission electron microscopy showed the ultrastructure of

the Nostoc cells present in the mucilage. Typical four-layered Nostoc

cell walls were present (Fig. 4), as were a few granular inclusions,

including polyphosphate granules and, possibly, structured (cyanophycin)

granules.

The mucilage glands were easily detached from the stem by gently

dislodging them with forceps. Examination of glands of various ages

showed that the youngest ones, those closest to the stem apex, consisted

of a mass of parenchyma cells bounded by a layer of epidermal cells

(Fig. 5). The epidermis, however, did not seem to be present over the

entire gland, even the youngest gland. Perhaps it had been ruptured

during mucilage secretion. From a surface view, discrete clusters of

cells within the parenchymatous mass could be seen (Fig. 5). The

second youngest gland was similar with the exception of outgrowths, or

papillae, now being present. Upon desiccation of the mucilage, a

central column of tissue surrounded by several ridges of dark cells,

presumably containing tannins, could be seen. Narrow channels were

observed between papillae of the glands (Fig. 6, 7). The outermost



32

cells of each papilla appeared distinctly larger and thick-walled

(Fig. 6, 7); the cells were columnar in shape while those beneath this

layer were more irregularly shaped (Fig. 7). Tannin-containing cells

were abundant at the base of the papillae (Fig. 7). Other glands

appeared highly disorganized as a result of cellular disintegration

(Fig. 8). This appearance was correlated with the presence of fungal

hyphae (Fig. 8).

In older glands, about 1 cm from the apex, masses of Nostoc could

be seen within the gland. They first appeared intercellular, between

the papillae, and at a later stage seemed to occupy cavities within the

gland at the base of the channels. Just below the point where the gland

could be detached from the stem with forceps, intracellular Nostoc cells

were observed (Fig. 6). Each nodule, or Nostoc-containing region, was

surrounded by several layers of cells which appeared to have rec~ntly

divided. This meristematic activity was initiated while the Nostoc

cells were still intercellular (Fig. 6). At about 10 cm below the apex,

glands were recognizable as somewhat circular patches of corky tissue

without papillae and no longer produced mucilage. The symbiont was

always localized under the mucilage-secreting glands and the mature,

corky glands.

The glands were not of homogeneous composition. Some cells were

characterized by dense cytoplasm, while adjacent cells were highly

vacuolated (Fig. 9). Acid phosphatase localization demonstrated an

abundance of the reaction product (lead phosphate) at various sites

within these cells, particularly along the membranes (Fig. 10). Large

amounts of reaction product were found in highly vacuolated cells while
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the dense cytoplasm of adjacent cells appeared only slightly granular.

Some plasmodesmata reacted postively, while no product was deposited

elsewhere within the wall (Fig. 10).

Other cells were marked by dense vacuolar tannin deposits. In

thick sections, the contents of these cells appeared darker (Fig. 11).

Two types of tannin deposits were observed, one giving the cell a fine,

granular appearance when seen in thin sections (Fig. 12) and appearing

homogeneous when viewed with the light microscope (Fig. 11). The other

type of deposit consisted of large, dense clumps (Fig. 13). In thick

sections, these cells appeared to have granular contents (Fig. 11).

Tannin-containing cells were also abundant in the underlying tissues.

In the cells having dense cytoplasm (Fig. 14), mitochondria were

abundant and appeared swollen, in most cases the profiles being

spherical. Dictyosomes, and especially vesicles derived from them, were

prominent (Fig. 14, 15). In a few instances, there appeared to be a

specific orientation of the dictyosomes, with the cisternae

perpendicular to the extraplasmic space. The dictyosome was the origin

of the mucilaginous secretion, or at least the packaging center, since

the dilated ends of cisternae contained fibrogranular material (Fig. 15)

similar to that found in the extraplasmic space (Fig. 16). Prior to

secretion, the cells were devoid of large vacuoles.

As vesiculation of the dictyosomes increased, the cytoplasm

withdrew from the cell wall, creating a space into which the mucilage

passed prior to extrusion through the cell wall (Fig. 16). Where the

secretion occurred, the microfibrils of the cell wall were less densely

arranged and three layers were distinguishable (Fig. 16). A
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less-compacted layer (layer II) was found between two fibrillar ones of

about the same densities. The outermost layer (layer III) was

approximately one-fourth as thick as the innermost dense band (layer I)

(Fig. 16). Mucilage was present there and its extrusion could account

for the distortion and apparent separation of the cell wall

microfibrils. Throughout all three layers of the wall small and

somewhat rounded structures were found (Fig. 16). These were believed

to represent mucilage aggregates since similar structures had been seen

in the extraplasmic space (Fig. 16) where mucilage was being secreted

prior to passage through the cell wall.

Gunnera gland cells did not show irregular wall ingrowths (transfer

cell morphology); instead their walls were characterized by variation in

thickness. Outer periclinal walls (Fig. 17) were much thicker than

anticlinal walls (Fig. 17). Spherical mucilage aggregates were seen

throughout the wall layers (Fig. 17, 18). Plasmodesmata, although

present, were not abundant in the gland cells examined.

Lysigenous intercellular space formation seemed to be occurring

within the gland (Fig. 19). In addition to a large accumulation of

mucilage, numerous vesicles were found (Fig. 20) within the mucilage in

these areas.

Both bacterial and fungal cells were observed within the distended

walls of some gland cells involved in secretion (Fig. 21, 22). Hyphae

were found between cells (Fig. 23), while the bacterial cells seemed

able to penetrate the cell walls (Fig. 21, 22). In both cases, the

walls and middle lamellae of these cells seemed to be undergoing

degradation (Fig. 22, 23).
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DISCUSSION--The structure of Gunnera kaa1ensis glands was similar

to those of Q. macrophy11a B1. (Metcalfe and Chalk, 1950), a species

found in the Philippines, Indonesia, and New Guinea (MacCaughey, 1917).

In both cases, narrow channels were present between the papillae, but

the epidermal layer covering the entire gland as described by Metcalfe

and Chalk (1950) was not observed, possibly having ruptured prior to

fixation. The youngest glands of G. kaa1ensis showed the epidermis as

only a layer around the edge of the gland. In general, the organization

of the G. kaa1ensis glands appeared unspecia1ized in comparison with

mucilage glands of Drosophy11um, for example. The stalked glands of

Drosophy11um consisted of three layers of cells overlying a group of

tracheids (Schnepf, 1974). Differential thickening of cell walls

occurred in the two outermost layers, in addition to cytoplasmic

differences. The lack of cell specialization in Gunnera glands, such

as additional cuticularization of some cells or the development of wall

protuberances within the glands as is common for many secretory cells

(Drosera and Drosophy11um, for example; Schnepf, 1974) presented fewer

barriers to the symbiont cells which probably entered at these sites.

Dense cytoplasm was a well-established characteristic of gland

cells in general, although this was subject to change with stage of

secretion. In Drosophy11um, for example, Schnepf (1974) found that

more ribosomes and smaller dictyosomes with fewer vesicles were present

in young, immature gland cells. In old glands, the cytoplasm was

reduced due to increase in vacuole size; few vesicles were present.

Cells actively secreting contained many vesicles, although the number of

cisternae within the stack decreased (Schnepf, 1974). In the present
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study, no quantitative observations of gland cell cytoplasm were made.

There was, however, a general increase in vacuolation with increase in

mucilage secretion.

Many of the gland cells of Gunnera which were examined appeared to

be in an active state of secretion a~ enlarged Golgi cisternae and

numerous vesicles containing secretory product were prominent. Of

particular interest was the swollen condition of the mitochondria.

According to Opik (1974), mitochondrial size may increase in cells which

are more metabolically active. In addition, "matrix opacity and the

extent of dilation of the cristae" may change during differentiation.

Plant cell mitochondrial configuration changes under various conditions

are not consistent, however. Therefore, it is difficult to correlate

these structural changes with metabolic changes. Osmolarity of the

fixative may also be responsible for mitochondrial swelling (Lee, 1977).

Localization for acid phosphatase showed that the enzymes were

primarily concentrated in the vacuole or along its limiting membrane.

Halperin (1969) had found acid phosphatases associated with the vacuoles

of carrot cells in culture.

Schnepf (1974) described three mechanisms of mucilage secretion:

1) through cuticular pores; 2) through ruptured cuticle; or 3) through a

permeable cuticle. Pore formation is apparently common, mucilage

secretion from Drosophyllum prOViding one example (Schnepf, 1974). In

Gunnera, however, where gland cells apparently lacked cuticles,

secretion was more closely allied with that of Psychotria where the

wall appeared as a loose fibrillar network (Horner and Lerstell, 1968).

Golgi-derived vesicles moved to the plasmalemma, fused with this
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membrane, and passed the mucilage into an extraplasmic space prior to

its passage through the cell wall.

Although many types of gland cells are characterized by cell wall

proliferations (Schnepf, 1974), there is a correlation between mode of

secretion and the wall increase (LUttge, 1971). Gunnera gland cells

lacked wall proliferations. Absence of the proliferations is typical

for systems involved in granulocrine secretion (LUttge, 1971) which has

been described as "intracellular transmembrane transport, resulting in

secretion vesicles followed by the extrusion of their contents by

exocytosis" (Schnepf, 1974).

Formation of intercellular spaces was occasionally observed within

the glands of Gunnera and would provide an additional avenue of mucilage

secretion. In the electron micrographs in which intercellular space

formation was observed, the process seemed to be 1ysigenous. The

vesicles present within the forming space appeared too large to pass

through the cell wall. However, the walls in these glands are

undergoing degradation and swelling, so perhaps such vesicles can pass

through a modified cell wall. The areas of intercellular space

formation in Gunnera were similar to those found in abscising pedicels

of Nicotiana (Valdovinos and Jensen, 1968) which the authors had

described as lysigenous in origin. With the light microscope, most

intercellular space formation, as in the cavity formation within the

base of the glands, seemed to be schizogenous. It is likely that both

processes contributed to intercellular space formation in Gunnera

glands.
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Tannins were abundant within gland cells of Gunnera kaalensis.

Defined as a "heterogeneous group of phenol derivatives" (Esau, 1977),

these compounds are present in most plant tissues (Hall et al., 1976;

Esau, 1977) and may occur within many cells of a tissue or appear in

idioblasts (Esau, 1977). In Gunnera, several tannin cells were usually

found in association although idioblasts were also present.

The function of tannins is uncertain, but in many cases these

compounds inhibit growth of microorganisms (Brock, 1979). This has

been examined particularly with respect to fungi, where increased

phenol-oxidase activity has been found (Hanchey-Bauer, 1978) in infected

tissues. These observations are particularly interesting since both

fungi and bacteria have been found within the mucilage and gland cells

of Gunnera kaalensis. Muse et al. (1972) stated that host cells

(Kentucky bluegrass) in contact with Helminthosporium hyphae collapsed,

as did those around the infection point. Pectin-trans-eliminase and

polymethylgalacturonase were detected via viscometric,

spectrophotometric, and maceration methods, but cellulase activity was

not detected. Deverall and Wood (1961) described an inactivation of

pectic enzymes following oxidation of phenols in Botrytis-infected bean

plants.

Isolation and identification of the microorganisms within Gunnera

glands would have been very difficult since there was no way to identify

infected cells other than microscopically and such manipulations could

easily introduce contaminants. In a brief survey of the mycoflora of

fruits of three Gunnera species (unpublished observations), including

G. kaalensis, several common fungi (Penicillium, Fusarium, Alternaria)
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and a few unidentified septate and nonseptate forms were isolated in

addition to several types of bacteria. Plated soil samples contained

a greater number of different organisms, but again, most belonged to

common genera. How the microbial populations of Gunnera mucilage and

glands differed from those of the soil and fruits is not known. It

would not be surprising, however, to find an increase in both numbers

and types since the mucilage may, in some cases, serve as a source of

nutrition for the microorganisms. A similar role for secretion products

had been suggested earlier by Horner and Lersten (1968) in reference to

the cavity bacteria of Psychotria.

Microscopic evidence obtained in the present study suggested that

pectolytic and/or cellulolytic activity occurred within the mucilage

glands of Gunnera. It is possible that the microorganisms observed

within the glands contributed to cell disruption and facilitated

penetration by the Nostoc, especially since cyanobacteria reputedly lack

cellulolytic activity (Fogg et a1., 1973). However, their presence does

not necessarily imply an involvement in establishment of the

Gunnera/Nostoc symbiosis.

Although several authors have stated that the mucilage glands

served as entry points for the Nostoc (Batham, 1943; Silvester, 1976;

Silvester and McNamara, 1976), little microscopic evidence has been

presented. Silvester and McNamara (1976) published light micrographs of

gland papillae with a layer of Nostoc on the papillae. In the present

study, Nostoc filaments were observed with the light microscope in both

mucilage glands and the mucilage itself. Entry of the symbiont occurred

after the papillae of the glands had separated and the channels,



therefore, had been formed. Usually only a few of the channels

contained Nostoc. Towards the base of the papillae, large cavities

packed with Nostoc were observed and at this point there seemed to be

cell proliferation, resulting in sheath-like arrangements of cells

around the cavities. Just below the gland, the Nostoc was

intracellular. At the electron microscope level, however, Nostoc

filaments were infrequently encountered. Since the young nodules

consistently appeared under glands near the stem tip, it is believed

that the glands do represent entry points for the Nostoc.

40
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Fig. 1-4. 1. Slope of Mt. Ka'a1a covered by Gunnera kaa1ensis

(at arrow). 2. Gunnera kaalensis stem tip· with stipules and young

leaves removed to expose mucilage glands (MG). Petioles indicated by

PT. Structures which may be similar to aerophores (AE) were

prominent. 3. Scanning electron micrograph of Nostoc isolated from

mucilage of Gunnera kaalensis. X 3,000. 4. Transmission electron

micrograph (TEM) of portion of two adjacent Nostoc cells present

within mucilage of Gunnera kaa1ensis. Typical four-layered structure

of Nostoc cell wall (W) was visible. X 39,000.
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Fig. 5·-8. 5. Light micrograph (LM) of young gland from Gunnera

kaalensis stem. Clusters of parenchyma cells (p) will separate to form

papillae in older glands. Epidermis (Ep) was still present near gland

base. X 340. (}~terial prepared by Earl T. Ozaki). 6. Diagram of

mucilage gland (GI) from G. kaalensis stem. Papillae (Pa) were

separated by channels (Ch). Outermost layer (Ou) of each 'papilla

consisted of larger, thick-walled cells (see 1). Epidermis (Ep) was

present at base of the gland, but no longer covered the gland, even the

youngest. At channel bases (see 2), Nostoc cells were first intercellular,

located in cavities containing mucilage (M). Just below the region

indicated at 2, cell divisions (CD) occurred and a sheath-like arrangement

of cells lined the Nostoc-containing cavity (N) (see 3). Nostoc cells

were eventually intracellular (In) below the gland (see 4). Scale = 100 pm.

7. ~1 of portion of G. kaalensis mucilage gland. Narrow channel (Ch)

separated the papillae (Pa). Outermost cells (Ou) appeared columnar;

underlying cells were more irregular in shape. Tannin-containing cells

(t) appeared darkened. X 200. 8. LM of portion of a disrupted mucilage

gland. Fungal hyphae (Hy) were observed. X 200.
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Fig. 9-13. 9. TEM of gland cells from Gunnera kaalensis. Some

cells were highly vacuolated (Va) and appeared to be in the process

of mucilage secretion. Other cells had dense cytoplasm containing

large, swollen mitochondria (Mi) and numerous dictyosomes (Di) and

their vesicles (Ve). The nucleus (Nu) appeared elongated. X 9,200.

10. TEM of cells from the mucilage gland which were processed for

localization of acid phosphatase. Reaction product (lead phosphate)

appeared as granular deposits (Pr) primarily in vacuoles (Va) or

associated with membranes. Some deposits occurred in plasmodesmata

(Pl). X 8,800. 11. 1M from gland cells of Gunnera kaalensis.

Tannin deposits in darkened cells were either homogeneous (h) or

clumped (cl), giving the cell a granular appearance. X 200.

12. TEM of cells from glands. Some cells contained dense tannin

deposits (t) within the vacuoles. X 8,000. 13. TEM of cells from

Gunnera kaa1ensis glands. Tannins (t) in some cells appeared as

large, electron-dense clumps. X 6,000.
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Fig. 14-16. Transmission electron micrographs of gland cells

from Gunnera kaalensis. 14. Cell showing dense cytoplasm.

Dictyosomes (Di) and their vesicles (Ve) were abundant, as were

mitochondria (Mi). Cell wall indicated at GCW. X 17,000.

15. Dictyosomes (Di) showing production of numerous large vesicles

(Ve). Fibrogranular material, believed to be mucilage (M), was present

within the dilated ends of cisternae and the vesicles derived from

them. X 41,500. 16. Fibrogranular material believed to be mucilage

(M) originated in dictyosome cisternae (Di), passed to the host cell

membrane (GM) via Golgi-derived vesicles (Ve), and then passed to the

extraplasmic space (Ex) prior to passage through the Gunnera cell wall

(GCW). The cell wall seemed to be tri-layered, based upon the

arrangement of microfibrils. Layer I, adjacent to the cell membrane,

and layer III, the outermost layer, showed microfibrils spaced more

closely together than layer II. Spherical aggregates (Sp) in the

extraplasmic space (Ex) and within all three layers of the cell wall

represented mucilage aggregates. X 12,000.
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Fig. 17-18. Transmission electron micrographs of cell walls

from mucilage gland cells of Gunnera kaa1ensis. 17. Thickened outer

peric1ina1 wall appeared layered (layers I, II, III). Outer wall

indicated at arrow. Anticlinal walls (AW) reduced in thickness.

X 5,500. 18. Enlargement of region of Fig. 17 indicated. Thick

peric1ina1 walls contained small, spherical structures (Sp) believed

to be mucilage aggregates. Layer I of the cell wall appeared to have

more closely aligned microfibrils than layer III which, in this

section, appeared to contain more widely spaced microfibri1s.

X 15,6000.
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Fig. 19-23. Transmission electron micrographs from gland cells

of Gunnera kaalensis. 19. Formation of intercellular space (IS) and

accumulation of mucilage (M) within the space. Vesicles (Ve) were

present within the mucilage. X 5,700. 20. Enlargement of vesicles

(Ve) in intercellular mucilage (M) which was shown in Fig. 19.

X 25,200. 21. Bacterial cells (B) appeared to be able to penetrate

cell walls of the host (GCW). X 7,200. 22. Higher magnification

of bacterial cell (B) within host cell wall (GCW). Mesosome (Me)

was present within bacterial cell. Host cell wall (GCW) appeared to

be undergoing degradation. X 22,300. 23. Penetration of Gunnera

middle lamella (ML) by fungal cell (Fn). X 19,200.
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CHAPTER III

ULTRASTRUCTURE OF THE GUNNERA/NOSTOC SYMBIOSIS:

MECHANISMS OF SYMBIONT ENTRY

Abstract. Regions of Nostoc-containing tissue (nodules) are found

embedded as deep as several millimeters within the stem of the host

plant, Gunnera. Electron microscopic observations suggested that

penetration of Gunnera kaalensis cell walls by the cyanobacterium is by

a combination of processes involving cell wall invagination, direct

penetration of the host cell wall through degradation of the wall and

middle lamella, and possible involvement of other microorganisms in the

degradation processes. Portions of the cell walls which were dissolving

appeared swollen, resembling walls of abscission zone cells.

Quantitative analyses of electron micrographs showed that encapsulation

of the Nostoc occurred at the time of penetration or soon afterwards.

Both host and symbiont cells appeared to degenerate; however, some

intact Nostoc cells were present even in the oldest nodules examined.

Nodule cells most often contained elaborate wall labyrinths which

surrounded the Nostoc cells. Usually such cells showed disrupted

cytoplasm or were highly vacuolated. Those nodule cells in which the

integrity of the host protoplast was maintained are similar to transfer

cells.

Introduction

The ultrastructure of the Gunnera/Nostoc symbiosis has been studied by

two groups. In the first study, the large G. chilensis Lam. was
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examined (Neumann et a1. 1970) while small species endemic to New

Zealand were used in several later studies (Silvester 1976; Silvester

and McNamara 1976). Results showed that host cell wall material

eventually surrounded the intracellular Nostoc. Silvester and McNamara

(1976) associated walling-off with post-entry degeneration events, while

Neumann et a1. (1970) suggested that entry was via pinocytosis and thus

the walling-off would have occurred early in the entry process.

Eventually the encapsulating material reportedly disintegrated, leaving

the Nostoc separated from the host cytoplasm by only a membrane of host

origin (Neumann et al. 1970).

The thickened walls within Nostoc-containing tissue, mentioned by

Neumann et a1. (1970), suggested the possible presence of transfer

cells. Gunning et a1. (1968) first used the term with reference to

certain cells of the phloem in which irregular wall ingrowths were

observed. Transfer cells now refer to "all of the numerous examples of

cells with wall ingrowths known or suspected to function in

short-distance transport of solutes" (Pate and Gunning 1972). Examples

are found in haustoria, in outer and inner endosperm layers, in

hydathodes and glands, and in some nematode-infected cells (Pate and

Gunning 1972). Ingrowths have also been noted in some symbioses such

as Nostoc/B1asia (Duckett et a1. 1977) and Anabaena/Azo11a (Duckett

et a1. 1977; Warmbrodt and Evert 1978). In the latter example, Duckett

et a1. (1975) have suggested that the increased surface area "might be

an adaptation facilitating interchange of metabolites between Azo11a and

its algal partner." Wall proliferations have also been noted in
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viral-infected plant cells (Kim and Fulton 1973) and may repres~nt some

type of stress response, at least in such cases.

This study, using Q. kaalensis, will provide additional information

about the symbiosis with regard to: a) what is the mechanism of Nostoc

penetration of host cells; b) does walling-off of the Nostoc occur early

in the entry process; and c) should Nostoc-containing Gunnera cells

showing wall proliferations be considered as transfer cells?

Materials and Methods

Gunnera kaalensis (Krajina) St. John was collected on Mt. Ka'ala, O'ahu,

Hawai'i, at about 1200 m. Stem pieces were excised and fixed

immediately or transported to the laboratory and fixed about 2 h later.

Voucher specimens were prepared and have been deposited in the

University of Hawaii herbarium (HAW).

A 10% Karnovsky's solution (Hayat 1970) was used for fixation. The

stock solution was prepared using 0.2 M sodium cacodylate buffer

(pH 7.4) and diluted with buffer to 10%. Calcium chloride was omitted

from the stock solution. Fixation was carried out at room temperature

for 3-4 h and followed by two buffer washes (0.1 M) of about 30 min

each. Postfixation was carried out with 1.5% osmium tetroxide, buffered

with 0.1 M cacodylate buffer, for 2.5-3.0 h at room temperature. Two

buffer washes preceded dehydration in a graded acetone series. At the

100% acetone stage, n-butyl glycidyl ether (n-BGE) was introduced as an

aid to infiltration as recommended by Kushida (1974) and embedding in

Quetol 651 low-viscosity resin followed. Some tissue was embedded in

Spurr's resin (1969) and, in this case, n-BGE was omitted.
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Po_ymerization of both resins was carried out at 60°C for a minimum of

24 h. Blocks were sectioned on a Reichert Om U2 ultramicrotome with

glass knives and sections were collected on uncoated 400-mesh grids.

Sections were stained with 2% aqueous uranyl acetate, followed by lead

citrate (Venable and Coggeshall 1965). The sections were observed with

a Hitachi HS-8-l electron microscope operating at 50kV.

For morphometric analyses four sample levels (0 cm, 10 cm, 25 cm,

and 60-80 cm from the apex) were examined. Four blocks were sectioned

from each level from each plant examined. From each block, five grids

were prepared and three micrographs obtained per grid for a total of 240

electron micrographs per plant. A microscope magnification of 4,000

was used; the negatives were photographically enlarged for a final print

magnification of 12,400. During printing, a plastic grid with 2 cm2

blocks was superimposed onto the photographic paper. Quantitative data

were collected by counting the number of intersections (points) which

fell over the structure of interest and expressing this as a percentage

of the total area covered by the lattice. A nested analysis of variance

was used to evaluate these results statistical1y.l

For cytochemical tests, the fixation schedule was modified. Acid

phosphatase was localized as directed by Dauwa1der et ale (1969).

Controls were processed without inclusion of the substrate, sodium

glycerophosphate (Nutritional and Biochemicals Corp.), in the incubation

medium. Tissues were dehydrated, embedded, and sectioned as outlined

lpeachey, L. D., B. Eisenberg, and J. Haselgrove. Quantitative
analysis of electron micrographs. Information from short course at
Marine Biological Laboratory, Woods Hole, December 9-14, 1979.
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previously. Stains, however, were omitted. For localization of

cellulase, Nostoc-containing pieces of Gunnera stem tissue were fixed in

10% Karnovsky's solution (Hayat 1970), buffered with 0.2 M sodium

cacodylate (pH 7.4), for 4 h at 4°C. Ten changes of 0.1 M buffer were

made overnight at 4°C. Cellulase was localized by the deposition of

cuprous oxide following incubation in carboxymethyl cellulose (CMC) and

Benedict's solution (Bal 1974). The procedure outlined by Bal (1974)

was followed except that incubation times in both CMC and Benedict's

solution were increased to 20 min each, as recommended by Lieberman

et al. (1978). Controls were incubated without CMC.

Specimens were prepared for scanning electron microscopy (SEM)

according to the steps outlined by Chambers and Hamilton (1973). Both

Spurr's resin and Quetol 651 resin were used. Samples were mounted onto

SEM specimen stubs, coated for 2 min using a Tousimis Samsputter coater,

and examined with a Cambridge S4-l0 Stereoscan operating at 10 kV.

Results

Gunnera kaa1ensis, endemic to the island of 0' ahu , had stems up to 3 m

in length (St. John 1946), the upper 10 em or so containing tufted,

mucilage-secreting glands. In older portions of the plant, the glands

remained only as corky patches. Beneath both the mucilaginous glands

and the older structures, nodules were localized; the regions of

Nostoc-containing cells were sometimes embedded as deeply as several

millimeters to a centimeter within the stem. Several striking cellular

features were present: a) the predominance of dead Nostoc cells

(Table 1) as indicated by their collapsed, osmiophilic appearance;
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b) the highly contorted cell walls of infected host cells which showed

some dissolution of the middle lamella and cell wall; and c) the

deposition of encapsulating layers of host origin which often seemed to

occupy a majority of the host cell.

Morphometric analyses (Table 1) showed the variability of certain

structural features from level to level, that is, within samples from

the stem apex towards the stem base. Intact Nostoc cells were greatest

in volume in subapical tissue, in this case, at the 10 cm site. Dead

Nostoc cell volumes did not show consistent patterns of increase or

decrease along the stem gradient. Highest volume occupied by dead

Nostoc reached 12% (Table 1); the greater volumes of dead Nostoc cells

were found either at the apical sites or at the lowest sites sampled.

Within infected host cells of each level, Nostoc cells in various

stages of development and degeneration were observed. Degenerating

cyanobacterial cells became highly osmiophilic, but at early stages of

degeneration internal structure could still be discerned. Structured

granules, nitrogen reserve bodies, were often prominent (Fig. 1) and

were usually the only identifiable granules remaining in the

degenerating cells. Thylakoids repeatedly appeared with negative

contrast (Fig. 1) and in most cases, the Nostoc cell wall was no longer

discernible.

Heterocysts and vegetative cells were distinguishable, in spite of

degeneration, on the basis of presence or absence of the heterocyst

envelope and granules. The envelope--a thickened, tri-Iaminate area

external to the cell wall of a Nostoc heterocyst--remained clearly

defined even in dying cells (Fig. 2).



Table 1. Morphonetric analyses of Gunnera stem nodules. Percentage of host cell volume occupied
based upon averages of 60 micrographs obtained from four blocks of tissue at each sampling level

Measurement Levels (distance Significant differencea

from apex in cm) 0 10 25 60-80 between levels

Plant number 1 2 1 2 1 2 1 2 1 2

Volume of host cell occupied (%)

Intact Nostoc 1 Xb 6 17 1 14 3 5 + +
protoplasts

Degenerated Nostoc 12 X 6 4 6 7 11 12 + +
protoplasts

Encapgu1at ing 15 X 12 11 12 14 22 17
layer

a F-test used to determine significant differences at the 5% level.
no significant difference = --

Significant difference = +;

b X = apical sample for plant 2 contained no detectable Nostoc in thin sections

0\
N
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Intact Nostoc cells often contained large numbers of glycogen

granules within both vegetative cells and young heterocysts (Fig. 3).

Within vegetative cells, large structured granules were usually

prominent (Fig. 4). Free-living Nostoc isolates from Gunnera stems also

contained glycogen granules, but never in the high densities encountered

within some symbiotic cells.

Thylakoid patterns of vegetative cells were variable, but usually

the membranes were associated in whorls of several lamellae (Fig. 5).

Heterocyst thylakoids were more consistent in arrangement and usually

appeared as a network throughout the entire cell (Fig. 5).

In all nodules of the host which were examined, contorted host cell

walls were observed. These walls took on a swollen appearance, the

majority of the space being electron-transparent (Fig. 6). Both the

middle lamella and cell walls appeared to be dissolving (Figs. 4, 6) and

the cell walls were reduced to narrow, dark fibrillar bands which

bounded the protoplasts. The microfibrils were not densely arranged and

thus gave the wall a loose, fibrillar appearance (Fig. 7).

The Nostoc cells appeared to have entered the host cells via

disruption of the middle lamella and host cell wall. Within these

regions, the Nostoc cells seemed to have been entrapped by the host cell

walls and middle lamellae (Figs. 8, 9). Folds occurred in a number of

host cell walls and were, perhaps, comparable to those found in cells of

actinomycete-nodulated plants. At these sites, the host cell walls

appeared to fold back and serve as the surrounding matrix for Nostoc

(Fig. 9). Such host cell walls usually lacked well-defined microfibril
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layers and, in rare instances, thin microfibril layers seemed to split

apart and blend into the mucilage sheaths of Nostoc (Fig. 10).

Localization for cellulase failed to establish specific sites where

the enzyme could be found. Precipitates (cuprous oxide) were found

within Gunnera nodule cells, but diffusion of the enzyme may be

responsible for the somewhat unspecific precipitate (Fig. 11), that is,

precipitates not consistently localized with any organelle or site. In

other cases, difficulties with diffusion of the substrate may have

limited the reaction to certain areas. Adjacent cells which lacked

Nostoc contained some precipitate, again not highly localized. No

precipitation occurred in Nostoc cells isolated from G. kaalensis and

maintained on medium supplemented with carboxymethyl cellulose (Fig. 12).

At certain sites, Gunnera cell wall invaginations seemed to have

enclosed Nostoc cells (Figs. 13, 14). Both scanning electron

micrographs (Fig. 13) and thin-sectioned material (Fig. 14) showed

invaginations of the cell wall. The wall and middle lamella were both

involved in formation of the encapsulating layer (Fig. 14). Such

invaginations of wall and middle lamella in encapsulating the Nostoc

could explain the relationship of the innermost, electron-transparent

zone of the encapsulating layer and the outer, more fibrillar region.

The electron-transparent region appeared similar to the dissolving

middle lamella, while the fibrillar area corresponded to cell wall in

appearance. Grazing sections of encapsulated Nostoc more clearly showed

the fibrillar nature of the outer region (Fig. 15). Continuities

between the host cell wall and the encapsulating layer were frequently

seen (Fig. 16) and small pockets of cytoplasm were sometimes isolated
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among these connections (Fig. 16). In all cases, the encapsulating

layer appeared more electron-dense towards its outer edge and thus of

comparable density with the host cell walls in those regions (Figs. 16,

17, 18). The inner portion of the encapsulating layer was similar to

that of the dissolving middle lamella (Fig. 17).

Sections were found infrequently in which two-stage encapsulation

of the Nostoc was present (Fig. 19). In these cells, Nostoc was

observed within the middle lamella/host cell wall region and the wall

was apparently enclosing the Nostoc cells. Such wall/middle lamella

regions appeared less dense than adjacent sites at which Nostoc cells

were not entering (Fig. 19). Additional wall material of host origin,

more osmiophilic and granular, seemed to be deposited around Nostoc cells'

which were already walled-off by a less dense layer (Fig. 19). At all

levels examined, vegetative cells were immediately surrounded by an

electron-transparent region of variable thickness, followed by the

encapsulating layer (Fig. 20). In free-living Nostoc cells, a fibrillar

mucilage sheath would .normally be found in this region. In most

sections of symbiotic Nostoc, mucilage sheaths were not apparent, nor

was fibrillar material seen in freeze-etch replicas of the material.

However, occasionally fibrillar material does appear in some sections

(Figs. 9, 10) and is suggestive of the mucilage sheath.

Morphometric analyses of encapsulating layer volumes showed that

there were no significant differences with respect to sampling levels

(Table 1). Although greatest volumes occupied by this layer were found

at the most basipetal site sampled (60-80 cm below the apex), the lack

of significant differences suggested that encapsulation occurred early
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in the invasion processes without subsequent deposition, or degradation,

of wall material. Condition of the host cytoplasm undoubtedly

influenced events in the encapsulating processes. Generally, few cells

within the nodules showed highly active cytoplasm and dictyosomes were

not particularly abundant (Fig. 20). In some cases, Golgi-derived

vesicles appeared to fuse with the encapsulating layer (Fig. 21), but

they did not seem to occur in sufficient numbers and size to contribute

appreciably to the encapsulation layer. Nuclei were infrequently within

the plane of sectioning and appeared irregularly lobed (Fig. 22).

Nostoc cells often appeared adjacent to the areas of lobing (Fig. 22).

In addition to typical, "sausage-shaped" mitochondria within the nodule

cells, a second mitochondrial population 2ppeared (Figs. 20, 23). These

organelles were slender, fingerlike structures which apparently

represented parts of one or more branching mitochondrion (Fig. 23). In

general, however, nodule cells lacked dense cytoplasm and were usually

occupied predominantly by vacuoles and the encapsulated Nostoc

(Fig. 24).

Since host cell cytoplasm usually appeared highly vacuolated and/or

disrupted, acid phosphatase localization was attempted. Observations

with the electron microscope showed that best results were obtained with

an incubation time of 45 min; the precipitate was in sufficient quantity

to be easily detected in thin sections and yet remain localized. In

longer incubations, the precipitate tended to be diffuse. The lead

phosphate reaction product occurred as a dense, granular deposit. In

cells near the stem apex acid phosphatase was particularly widespread

and appeared to be associated with the plasmalemma, dictyosomes,
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endoplasmic reticulum, and tonoplast. However, there appeared to be a

gradient of reactivity. Heaviest deposition was associated with the

plasmalemma, while that found at the tonoplast was considerably less.

This may have been an example of reaction product diffusion from the

active site, the plasmalemma.

In older tissue, nodule cells were either densely packed with

Nostoc or highly vacuolated. In the latter case, acid phosphatase

activity appeared to be associated with the plasmalemma. The enzymes

apparently were not present within the wall although wall degradation

seems to have occurred (Fig. 25). High activity was associated with the

outer surface of the encapsulating layer, probably at the plasmalemma

(Fig. 25). Controls, pieces incubated on media lacking the substrate,

showed no reaction product.

The condition of adjacent cells lacking Nostoc was variable. Some

showed dense cytoplasm, while the majority were highly vacuolated. In

many cases, the vacuoles contained tannins (Fig. 26) which appeared

either granular or clumped, similar to the deposits found in gland cells

(see page 33).

Discussion

One of the most striking results obtained from morphometric analyses of

nodules at various points along the stem was the large volume of dead

Nostoc cells. There appeared to be two points of high volumes of dead

Nostoc, these being at the apex and at the most basipetal sampling

region (Table 1). The two intermediate regions sampled showed much

lower volumes of dead cells. This suggested that relatively few Nostoc
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cells successfully establish themselves at the apical sites. Those

cells which do survive may divide and thus increase the volume of intact

cells in older nodules. At the oldest sites sampled, however, there

were large volumes of dead Nostoc cells.

At all levels of stem examined, Nostoc cells at various stages of

degeneration were encountered. Thus there are no developmental patterns

of the Nostoc which can be described as sequential with reference to

developmental patterns of the host. This suggests, perhaps, that a less

intimate relationship exists between these two organisms than in some

other symbioses. For example, four to six cyane1lae (Cyanocyta

korschikoffiana Hall and Claus) were found within each cell of the

flagellate Cyanophora parodoxa Korschikoff and a synchrony in cell

division of the two components seemed to exist (Trager 1970). Trench

et a1. (1978), however, have presented more recent evidence that

synchrony does not exist since some cases of eight cyane1lae per host

cell have been recorded.

Entry of cyane11ae into these organisms can be explained more

easily than entry into p1attt cells such as Gunnera where the cell wall

presents a barrier. Napoli and Hubbell (1975), in discussing entry of

Rhizobium into legume hosts, summarized the possible entry mechanisms

which had been suggested by several earli~r investigators. These

included: 1) structural processes or entry first by smaller coccoid

forms which could pass between "gaps in the cellulose microfibrils";

2) cell wall invagination or "redirection of plant cell wall growth at

a localized point"; and 3) enzYmatic processes or penetration of the

host cell wall "without pronounced structural disruption." In the case
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of Nostoc entry into Gunnera cells, there is evidence that two of these

processes are involved.

Although the first mechanism--entry via small coccoid forms--is not

a consideration in Gunnera, the possibility of other microorganisms

being involved has already been discussed with reference to the mucilage

glands (see pages 34, 38-39; Figs. 21-23). Some of the early work on

the negatively geotropic roots of cycads stressed the importance of

microorganisms other than Anabaena or Nostoc in bringing about the

development of these unusual roots. Spratt (1915) concluded that

infection of cycad roots by bacteria (primarily Bacillus radicicola)

stimulated development of the apogeotropic roots. Azotobacter and

Anabaena subsequently entered the roots. McLuckie (1922), in studying

Macrozamia spiralis Miq., attributed growth of the apogeotropic roots

to infection by soil bacteria which caused growth of cortical cells.

The bacteria were believed to be nitrogen-fixers. In general, McLuckie

seemed to have emphasized the presence of bacteria rather than that of

the cyanobacterium. Chamberlain (1966) had suggested that in

apogeotropic roots of cycads, "bacteria, or 'bacteroids,' get in very

near the tip and cause some distortion, which seems to prepare the way

for the entrance of a blue-green alga, Anabaena." Wittman et al.

(1965), however, stated that they did not make similar observations of

bacteria within the apogeotropic roots of the same species. More

recently, Grilli Caiola (1975) failed to find any microorganisms other

than cyanobacteria in electron microscope studies of Encephalartos and

Cycas. The nature of the association of the bacteria and fungi found in

Gunnera kaalensis is not known. Although it may be a casual association,
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even a case of contamination, the possibility of symbionts other than

Nostoc cannot be discounted at this time. Interestingly, Schaede (1951)

had compared the mechanism of Nostoc entry into cells of Gunnera

manicata as similar to those of fungi and bacteria in dissolving cell

walls. He did not find bacteria inside the host (Schaede 1951).

The second possible entry mechanism, that of cell wall

invagination, has been applied to several symbioses. Neumann et al.

(1970) had suggested that invagination processes were involved in Nostoc

entry into G. chilensis Lam., with subsequent degradation of the

encapsulating layer. Although some sites which could best be described

as invaginations were found in G. kaalensis, several differences from

the process described for G. chilensis (Neumann et al. 1970, Fig. 16)

were found. First, the pinching off of encapsulated cells, as suggested

by Neumann et al. (1970), does not necessarily occur in all cases since

numerous points of connection between the host cell walls and the

encapsulating layer were observed frequently in G. kaalensis. Second,

by quantitative analyses it was shown that the encapsulating layer did

not increase in volume within older nodules, nor did it decrease.

Silvester (1976) stated that the encapsulation of Nostoc occurred only

when the Nostoc were dying and that the Nostoc "became enclosed within

a wall which appears continuous with host cell wall." In both of these

earlier studies, thicknesses of the encapsulating layer were reported to

change with age of the nodule, Neumann et al. (1970) having described

thickness decreases while Silvester (1976) described thickness

increases. The observations presented in both papers disagree with

those of the present study and do not have a quantitative basis. In
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Gunnera kaalensis, the lack of significant differences among the

encapsulating layer thicknesses indicated that the layers remained

constant. This encapsulating layer appeared as two bands, the innermost

being electron-transparent and similar to disintegrating middle lamella

in density. The outer band, a narrow fibrillar region, resembled the

disintegrating host cell wall. It seems likely, therefore, that at

least some of the encapsulating layer would be laid down at the time of

penetration. However, it is possible that degradation and deposition of

new encapsulating material balance one another, as was suggested in the

association of an actinomycete with Alnus (Lalonde and Knowles 1975).

In this case, the pectinases produced by the symbiont which degraded

the middle lamella probably could have degraded the encapsulating layers

since these were also of a pectic nature. The constancy in

encapsulating layer thicknesses suggested that the material was thus

being replenished.

Napoli and Hubbell (1975) have also described cell wall

invagination of root hairs in the establishment of the Rhizobium/

Trifolium symbiosis. Using serial sections through an infection site,

they have presented rather convincing evidence to support an

invagination process. The tip of the curled root hair, and therefore

the extra wall material resulting from the formation of the curl, was

often seen at the invagination site (Napoli and Hubbell 1975).

Callaham et al. (1979) described entry of actinomycetes into root

hairs of Myrica as a penetration of the root hair cell wall at an

invagination of the wall where pronounced deposition of wall material in

elaborate configurations was also present.
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Folded regions of G. kaalensis cell walls seemed to be analogous

with folds of root hair cell walls (Napoli and Hubbell 1975; Callaham

et ale 1979). However, at these sites in Gunnera large amounts of

Nostoc were present within the wall adjacent to the fold, rather than

within the fold itself. Although invagination processes may have a part

in establishment of this symbiosis, such processes are not strictly

comparable to those described for other systems (Napoli and Hubbell

1975; Callaham et al. 1979).

The last mechanism to be discussed, an enzymatic process, is the

one favored to account for the majority of the invasions in

G. kaalensis. In discussing the penetration of the red alga Porphyra

by Pythium, Kazama (1969) stated that lack of structural alterations to

the host cell wall and adjacent cells may indicate mechanical

penetration. However, chemical forces were most likely involved when.

wall thickening occurred around the lesions (Kazama 1969), seemingly

limiting the spread of the fungus. On the basis of ultrastructural

studies, no conclusions were reached regarding the mechanism (Kazama

1969). Ljunggren and Fahraeus (1961, cited by Napoli and Hubbell 1975),

who suggested the enzymatic basis for Rhizobium entry into root hairs,

believed that the microorganism stimulated host pectinase activity and

that entry would be without "pronounced structural disruption" of the

host cell. The absence of host cell rupture in Myrica was noted by

Benson and Eveleigh (1979), suggesting to them that enzymatic processes

or activation of repair mechanisms were involved.

It has been shown in a number of cases that nodulated tissues, in

general, have increased indole acetic acid (IAA) levels as compared with
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controls (see Wheeler et a1. 1979, for references). Although no

extensive studies of hormone levels have been done with Gunnera, the

possibility of hormonal effects in the symbiosis was discussed by Baas

Becking (1947). Using an Avena co1eoptile test, it was shown that

Nostoc-free tissues had no effect on Avena while Nostoc extracts

elicited an auxin-like response. As far as is known, subsequent

research into IAA levels in Gunnera was not undertaken. No assays for

IAA were performed in the present study although N~ isolates were

tested for tryptophan, a common precursor of IAA. Negative results were

obtained.

The swollen condition of Gunnera cell walls within the nodules is

comparable to cells in abscission zones of various plants. Bornman

(1967) presented electron micrographs of IAA-treated Coleus and

Gossypium showing that cell wall disintegration was delayed or

prevented. Cells from gibberellic acid-treated material showed

disintegration of the middle lamella, similar to observations made of

Gunnera kaalensis nodule cells. Bornman (1967) suggested that

gibberellic acid may activate pecto1ytic enzymes.

Valdovinos and Jensen (1968) showed similar cell wall alterations

in abscising pedice1s of tobacco and tomato. Middle lamella and primary

cell wall disintegration were shown in electron micrographs. After cell

walls had disintegrated appreciably, invaginations were seen. Wall

swelling was described and the invagination process was probably

possible as a consequence of this swelling (Valdovinos and Jensen 1968).

In this case, swelling and disintegration of the walls were attributed

to auxin deficiencies (Valdovinos and Jensen 1968).
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On the contrary, other investigators have associated IAA with

wall-degrading enzyme increases. Halperin (1969) mentioned unpublished

results which showed that high levels of cellulase were present when

carrot cells in culture are given auxin. Fan and Maclachlan (1967)

found that by adding IAA to Pisum sections, wall swelling, cellulase

production, cell wall disintegration, and cell division increased.

These changes could be similar to what occurs in the process of Nostoc

entry into Gunnera. Evidence has been obtained for wall swelling and

disintegration in the present study and the establishment of various

symbiotic nodules (in legumes, for example) in regions of cell divisions

is well-known. Unfortunately, Fan and Maclachlan (1967) did not present

electron micrographs showing the described cell wall alterations which

makes comparison with those from abscission zone studies (Bornman 1967;

Valdovinos and Jensen 1968) impossible.

In nodulated soybean, Hunter and Elkan (1975) found no depolymerase

increases when compared with control plants. Auxin application also had

no effect on depolymerase activity. Rather than interpreting their

results as a lack of enzyme activity, Hunter and Elkan (1975) raised the

possibility of enzyme loca12zation at the entry site. Therefore, more

refined methods would be needed to detect enzyme activity differences.

Cytochemical localization would be particularly useful in this and

comparable symbioses. However, there are problems associated with the

cytochemical method used for cellulase (Bal 1974) such as pH, substrate

specificity, and "multiplicity of the cellulase-enzyme-complex." In

addition, cellulase tends to diffuse from the active site, which then

gives false localization (Bal, personal communication). Although the
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sites of cuprous oxide precipitation within the Gunnera kaalensis cells

may not truly reflect the sites of cellulase, they do suggest that

cellulolytic activity is present. Bal et al. (1976), however, have

cautioned that "the presence of any hydrolase which releases reducing

power" would cause cuprous oxide precipitation. Since precipitates were

not observed in sections of Nostoc isolates, it seems likely that the

host must be present for enzyme production to occur. Whether the enzyme

was of host (Gunnera) or symbiont (Nostoc) origin is unknown.

After Nostoc invasion of host cells, the Gunnera cells usually

appeared highly vacuolated or disrupted. In those cases where intact

cytoplasm was present, the nucleus characteristically was large and

irregularly lobed. Silvester and McNamara (1976) had also described

large, convoluted nuclei in other species of Gunnera. Gardner (1976)

described lobed nuclei in infected cells of Hippopha~, but did not

discuss their significance.

Numerous mitochondria had been noted by Silvester and McNamara

(1976) in Gunnera cells prior to cytoplasmic degeneration. In

G. kaalensis, two mitochondrial populations were distinct, the first

consisting of typical, "sausage-shaped" organelles and the second

population including smaller, irregular mitochondria which seemed, in

thin sections, to be parts of one or more large mitochondria. Branching

mitochondria have been confirmed by reconstruction from serial sections

(Hoffman and Avers 1973), as have those which are folded and tubular

(Kazama 1980). Benson and Eveleigh (1979) noted different mitochondrial

configurations in nodule cells of Myrica and adjacent, non-infected

cells. Within the actinomycete-infected cells, the mitochondria seemed
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dilated when compared with those of uninfected cells. They associated

dilated appearance with senescence (Benson and Eveleigh 1979). In

actinomycete-nodulated cells of Hippophae, Gardner (1976) stated that

up to 2000 elongated mitochondria were found per cell, much higher than

the number in uninfected cells. Although mitochondrial counts were not

made for Gunnera kaa1ensis, the presence of abundant small mitochondria

(or branches of one or more large mitochondria), in addition to t)~ical

mitochondria, suggests an increased need for energy in these infected

cells. Although only speculation, the increased energy is perhaps

needed to support increased metabolic activity of the host in production

of additional wall material.

Similarly, the production of phenolic compounds within Gunnera

cells may also serve as a defense mechanism since heavy deposits of

tannins were found in cells adjacent to or several cells away from

Nostoc-infe~ted cells. Tannin deposits were common in other symbioses.

Gardner (1976), for example, found many tannins in uninfected cells of

Hippophae and discussed tissue preparation and sectioning problems which

resulted from these compounds. Benson and Eveleigh (1979) described

tannin increases in infected Myrica cells, but their micrographs do

not show deposits as extensive as those of G. kaa1ensis. Extensive

vacuolar deposits in both infected and non-infected cells were obvious,

however, in micrographs of Myrica presented by Callaham et a1. (1979).

Schaede (1951) had discussed the distribution of tannins in both the

mucilage and cells of G. manicata Linden and suggested the importance of

these compounds in eliminating some of the many microorganisms found,

for example, in the mucilage. Since phenolic compounds are often
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associated with infected plant tissues (Dickinson and Lucas 1977), it is

quite possible that their presence in Gunnera serves a similar purpose,

that of inhibiting the growth of a pathogen, perhaps even the Nostoc.

In general, both host cells and Nostoc cells eventually appeared

dead, suggesting the presence of degradative enzymes. Halperin (1969)

found acid phosphatases localized in carrot culture cell walls,

vacuoles, and sometimes in Golgi bodies and nuclei. He reported

widespread deposits throughout the cytoplasm, walls, and some organelles

of dead cells. In Gunnera kaa1ensis, acid phosphatases seemed widely

distributed throughout the cytoplasm of uninfected cells, the heaviest

reaction being localized at the plasmalemma. If, as Halperin (1969)

suggested, widespread deposits indicate cell death, then these Gunnera

cells would be classified as dead. This seems reasonable since

organelles were often unidentifiable. In Nostoc-infected host cells, a

dense precipitate was con~istently associated with the plasmalemma

adjacent to the cell wall and also where it followed the Nostoc

encapsulating layers, extensions of the host cell wall. Slight

precipitation occurred within some of the Nostoc cells and the

encapsulating layer. Heavy deposits at the plasmalemma have been

documented for transfer cells (cells with irregular wall proliferations)

(Gunning et a1. 1968; Gunning and Pate 1969; Maier and Maier 1972) and

the presence at comparable sites in Gunnera kaalensis may be used as

supportive evidence for classifying these cells as transfer cells. It

is suspected that the presence of acid phosphatases at the plasmalemma

may facilitate degeneration processes in the Nostoc. The presence of

acid phosphatases within host cell walls, particularly disintegrating
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walls, was expected since Halperin (1969) had reported that when 2,4-D

was used in the medium for carrot cell cultures phosphatases were

present at the sites of cell wall and middle lamella disintegration. No

such reaction product deposition was found in the walls of Gunnera. To

confirm the role of auxin and acid phosphatases in Gunnera, tissues

should be treated with auxin prior to enzyme localization.

The results of ultrastructural analyses of the Gunnera/Nostoc

symbiosis lead to the following conclusions:

1) Nostoc invasion of host cells seems to be via one or more

of the following (Fig. 27):

a) degradation of the host cell wall by enzymes of host

or symbiont origin, allowing direct entry of the

Nostoc

b) invagination of the host cell walls

c) degradation of the host cell walls by other

microorganisms, although evidence for this is weak at

this time

2) encapsulation of the Nostoc occurs at an early stage,

probably at the time of host cell penetration, and the

encapsulating layer remains at a constant thickness

3) transfer cells are present within the nodules. Nodule

cells showing wall labyrinths (Nostoc-encapsulating

layers) should be considered as transfer cells although

usually devoid of cytoplasm; cytoplasmic degradation is,

presumably, a consequence of Nostoc entry, as is

development of wall labyrinths.
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Fig. 1. Transmission electron micrograph (TEM) of degenerating Nostoc

cell from stem nodule of Gunnera kaalensis. Structured granules (8)

and thylakoids (T) which appeared negatively stained remained as the

only identifiable components. X51,600

Fig. 2. TEM of Nostoc cell from subapical Gunnera stem nodule.

Degenerating heterocyst (DH) surrounded by fibrillar encapsulating

layer (En) of host origin; intact vegetative cell (Vg) was connected

to the heterocyst and also surrounded by encapsulating layer. Membrane

of host origin (GM) encircled the encapsulating layer. Heterocyst was

identified by presence of thick envelope (E). X16,800

Fig. 3. TEM of heterocyst from uppermost nodule region of Gunnera.

Glycogen granules (G) were abundant and thylakoids (T) were throughout

the cell. Thick envelope (E) used to identify the cell as a

heterocyst. X25,200

Fig. 4. TEM of portions of two Gunnera cells. Gunnera cell wall

(GCW) appeared to be degenerating, while middle lamella has apparently

already been degraded (ML). Continuity between Gunnera cell wall and

encapsulating layers surrounding Nostoc indicated at A. Most symbiont

cells have degenerated; the majority were heterocysts (DH = degenerated

heterocyst). Intact vegetative cell (Vg) contained prominent

structured granules (S). X2,500

Fig. 5. TEM of cells from Gunnera stem nodule. Thylakoids (T) of

vegetative symbiotic Nostoc cell (Vg) appeared associated in whorls.

Within the heterocysts (H), thylakoids (T) appeared as a network.

Tannins were present in adjacent cells and appeared as clumped (cl) or

homogeneous (h) deposits. X4,200
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Fig. 6. TEM of host cell wall (GCW) in Nostoc-containing tissue.

Nostoc cells were degenerated heterocysts (DR). Middle lamella (}~) was

not yet dissolved. X8,OOO

Fig. 7. TEM of apparent dissolution of host cell wall which resulted

in loose, fibrillar appearance of the cell wall (Fr). Portion of

degenerated Nostoc cell shown at N. X18,800

Fig. 8. TEM of degenerated Nostoc heterocyst (DR) embedded in Gunnera

cell wall (Ga~) which appeared to be dissolving. Middle lamella was

also dissolving (MLD). X8,400

Fig. 9. T~I of Gunnera kaalensis nodule cells. Nostoc cells appeared

trapped within host cell walls (GCW) at several places. Folds (f) of

host cell wall were seen at some places, possibly serving as entry sites

for Nostoc cells. Degenerating heterocysts (DR) and degenerating

vegetative cells (DVg) were present. Some intact Nostoc cells (N) were

present. X3,400

Fig. 10. TEM of region indicated in Fig. 9. Thin layers of microfibrils

of Gunnera cell wall (GCW) at arrows seemed to be splitting and blending

with mucilage (M) surrounding Nostoc cell (N). X22,800



..

.2

...1ojGCW.o

.. /
.. / 10



83

Fig. 11. TEH of Nostoc cells (N) within host cell treated for cellulase

localization. Reaction product (Rx), cuprous oXide, appeared as dark

granules which were found throughout the encapsulating layer (En) which

surrounded Nostoc cells (N). X6,400

Fig. 12. T~I of isolated Nostoc cells (N) from Gunnera kaalensis which

were maintained on inorganic medium supplemented with CMC and processed

for cellulase localization. No reaction product was observed. X7,100

Fig. 13. Scanning electron micrograph (SEM) of Gunnera cell wall

invagination (I). Two Nostoc cells (N) were found within the invaginating

region. X3,OOO

Fig. 14. TEM of apparent host cell wall (GCW) invagination (I)

containing a degenerating heterocyst (DR) and a degenerating vegetative

cell (DVg). Middle lamella (~~) appeared to be dissolving. Rost cell

membrane (GM) limited the encapsulating layer (En). X7,800

Fig. 15. Tm1 of encapsulated degenerated Nostoc cell (N). Grazing

section of encapsulating layer (En) showed electron-dense, fibrillar

nature of outer region of the encapsulating layer. Xl1,200

Fig. 16. TEM of splitting of host cell wall (GCW) and continuities

(A) of host cell wall with encapsulating layer (En) which surrounded

Nostoc cells (DR = degenerated heterocyst). Isolated pockets of,

cytoplasm were present between continuities of host wall and encapsulating

layer. Outer region of encapsulating layer (OR) appeared similar to

host cell wall. XS,900
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Fig. 17. TEM of Nostoc cells (N) within Gunnera cell surrounded by

encapsulating layer. Outer region (OR) of encapsulating layer appeared

similar to dissolving host cell wall (GCW); inner region (IR) of

encapsulating layer appeared similar to 'dissolving middle lamella (ML).

X9,2uO

Fig. 18. TEM of degenerated heterocysts (DR) surrounded by encapsulating

layer (En). Outer region (OR) of encapsulating layer showed same density

as host cell wall (GCW). X4,800

Fig. 19. TEM of Gunnera cell which showed two-stage encapsulation of

Nostoc. First, Nostoc cell (N) appeared surrounded by low-density,

fibrillar layer (a) similar to dissolving middle lamella (~1L) and

host cell wall (GCW). More osmiophilic host cell wall material (b)

appeared to be deposited after a, further walling-off Nostoc cells (N).

XS,200
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Fig. 20. TEM of symbiotic Nostoc cells. Vegetative cells (Vg) appeared

surrounded by an electron-transparent zone (2). Encapsulating layer (En)

surrounded both vegetative cells (Vg) and heterocyst (H). In host

cytoplasm, dietyosomes (Di) and mitochondria of two sizes, the larger

"typical" mitochondria (~i) and small, fingerlike organelles (m) were

present. XI0,000

Fig. 21. TEM of dictyosome (Di) vesicles (Ve) in Gunnera cytoplasm.

Apparent fusion (Fs) of vesicle to encapsulating layer (En) which

surrounded symbiotic Nostoc cell (N). X36,OOO

Fig. 22. TEM of Gunnera nucleus (Nu) which showed lobing. Nostoc

cells (N) were found adjacent to the nucleus. X24,000

Fig. 23. T~l of Gunnera nodule cell. Typical mitochondria (Mi) were

present in addition to small, slender mitochondria (m). X32,700

Fig. 24. TEM of Gunnera nodule cells. Cells contained large vacuoles

(Va) and many degenerated Nostoc heterocysts (DH). X4,000
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Fig. 25. TEM of Gunnera nodule cell. Acid phosphatase, as shown by

granular reaction product (Rx), associated with interface between Gunnera

plasmalemma (GM) and encapsulating layer (En) surrounding Nostoc cells (N).

Lack of activity in host cell wall (GCW). XI7,700

Fig. 26. TEM of Gunnera nodule cells. Cell adjacent to that containing

Nostoc cells (N) showed tannin deposits (t). X4,OOO

Fig. 27a. Entry via host cell wall invagination. In 1, Nostoc cell (N) is

outside Gunnera cell. Host cell wall (GCW) unmodified. Invagination of

cell wall (GCW) begins in 2; wall appeared modified (microfibrils not densely

arranged). In 3 and 4, invagination became more pronounced, with cell wall

(GCW) appearing to seal off Nostoc cell in 4. Nostoc cell eventually

enclosed by encapsulating layer (En) similar in density to modified host

wall (5). Additional wall material (En-2), increasing encapsulating layer

(En-I) thickness, may be deposited (6). Although diagram depicts invagi

nation as pinching-off the enclosed Nostoc cell, this probably does not

occur in all cases, resulting in continuities of host cell wall and

encapsulating layer (7); additional walling-off shown in 8. 27b. Entry via

cell wall degradation. In 1, Nostoc cell (N) is outside Gunnera cell.

Cell wall (GCW) swelling occurs (2) and Nostoc appears to move into wall

at a site where microfibrils (Mf) of wall separate (3). Nostoc cell

presumably passes out of wall (GCW) via separation of microfibrils (Mf) on

opposite side of wall. Since Nostoc cell (N) passed through wall no encap

sulating layer would be present (5) or would consist of only a thin layer

of material adhering to the Nostoc. Deposition of encapsulating layer (En)

probably occurs soon after entry into cell. For simplicity, middle lamella

and plasma membrane omitted from diagram.
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CHAPTER IV

A COMPARISON OF THE CYANOBACTERIAL ENDOSYMBIONT OF

GUNNERA KAALENSIS (KRAJINA) ST. JOHN

AND ISOLATES: LIGHT EFFECTS

ABSTRACT

Isolates of the cyanobacterium, Nostoc, from stem tissues of

Gunnera kaalensis (Haloragaceae) subjected to varying periods of light

exposure differed morphologically and ultrastructurally. Dark-grown

cells appeared round and aseriate as compared with the more elongated

shape and filamentous morphology characteristic for illuminated cells.

Thylakoids were reticulate in dark-grown cells and structures resembling

prolamellar bodies were observed. Thylakoids flattened and formed long

rows parallel to the wall in cells under continuous light for several

days. In cells illuminated for several weeks, thylakoids became

distorted. These results were compared with characteristics of Nostoc

within Gunnera cells. In the symbiotic state, Nostoc cells were usually

rounded and aseriate. Overall, heterocysts were as abundant as

vegetative cells and intact heterocysts occupied an average of 8 % of

the host cell volume; intact vegetative cells occupied an average of

10 % of the host cell volume. In vegetative cells, the thylakoids were

peripheral and appeared as whorls of lamellae; heterocyst thylakoids

were comparable to those of free-living cells. Unlike Nostoc isolates,

many of the cells within the host tissue had the appearance of

degenerating cells, marked by osmiophilic remnants of the protoplasts.

The developmental sequence observed when isolated cells were exposed to



97

light paralleled those of other free-living Nostoc species. The

rounded, aseriate appearance of the Gunnera symbiont is at least

partially influenced by light deprivation since these cells resembled

isolates grown in the dark.

It has been said that "Cyanophyceae in general, and especially

those living in symbiosis, are characteristically pleomorphic and

polymorphic •••• " (Grilli Caiola, 1975a). This statement aptly described

the Nostoc found intracellularly associated with species of Gunnera.

Neumann et al. (1970), however, concluded upon the basis of

ultrastructural studies that symbiotic Nostoc cells of Gunnera chilensis

Lam. and free-living isolates showed no differences. Contrary to

Neumann and co-workers, Silvester (1976) and Silvester and McNamara

(1976) described several differences between the symbiont and

free-living isolates from New Zealand Gunnera species, these being:

thylakoid arrangement, being peripheral in the free-living form and

scattered in the symbiont; frequency of heterocysts, reported to be

eight times greater in the symbiont; shape of cells, ranging from

cylindrical in the free-living state to spherical in the symbiotic

condition; and length of filaments, being aseriate or in short filaments

when symbiotic.

These differences were perhaps not as unusual as Silvester and

McNamara (1976) suggested. Lazaroff and Vishniac (1961) described a

developmental sequence for Nostoc muscorum A (Allison strain) in culture

and showed that aseriate morphology was but one stage in the

developmental sequence. Grilli Caiola (1975a), in studying a number of
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cycad symbionts, noted that the Nostoc cells in association with

'Encephalartos altensteinii Lehm. were round to oval, while those in

culture were oval in shape. Isolates of Nostoc from Cycas revoluta

Thunb. maintained in room light showed a round to oval morphology which

more closely resembled the morphology of the root symbiont (Grilli

Caiola, 1972a). Isolates in continuous light were described as more

polymorphic (Grilli Caiola, 1972a).

Harder (1917) was one of the first persons to examine heterotrophic

growth of cyanobacteria. According to Lazaroff (1973), Harder found

that motility and morphology were greatly affected by the environment

and the presence or absence of carbon compounds which could be

metabolized. He had observed rounded cells resulting from growth in

darkness as compared with elongated cells present in illuminated

cultures.

The ultrastructure of light-induced cellular changes in !. muscorum

was studied by Ginsburg and Lazaroff (1973). Dark-grown samples were

aseriate and showed paired photosynthetic lamellae. With 6 days of

illumination, lamellae appeared in aggregates of four and five and were

whorled. Cells were elongated at this stage.

The present study was undertaken to examine two aspects of the

Gunnera/Nostoc symbiosis. First, Nostoc isolates from G. kaa1ensis were

subjected to different light periods and examd.ned with both light and

electron microscopy in order to elucidate the effect of light on cell

morphology and ultrastructure. Second, the ultrastructure of the

symbiont was described and compared with that of the isolates in order
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to determine if absence of light could account for the differences

between symbiotic and free-living cells.

MATERIALS AND METHODS--Gunnera kaalensis (Krajina) St. John was

collected at about 1200 m from Mt. Ka'ala on the island of O'ahu,

Hawai'i. Stem pieces were surface-disinfected with 70 % ethanol for

3 min, transferred through two changes of 10 % sodium hypochlorite,

and finally passed through two changes of sterile distilled water. The

pieces were transferred to Bunt's (1961) inorganic medium in 1.5 % agar

(Difco). The medium was slightly modified by using only 55.0 mg CaC03•

After several weeks under either continuous light (14 watt,

fluorescent bulbs) or 14 h light and 10 h dark at 25 C, cyanobacterial

growth was observed along the edges of the stem pieces. Samples were

streaked onto fresh medium and subsequently transferred several times

to fresh medium. Isolates were kept in continuous darkness for 15 days

and then exposed to continuous light (120-140 ft-c) for 2, 4, 6, or 14

days prior to fixation; a 2l-day old dark-grown culture was also fixed.

For each time interval, samples from three plates were pooled and fixed

with 33 % Karnovsky's fixative (Hayat, 1970) buffered with 0.2 M sodium

cacodylate (pH 7.4) at room temperature for 3.5 h, rinsed at least two

times with buffer and post-fixed with 1.5 % buffered osmium tetroxide.

Dehydration with a graded acetone series was followed by embedding in

Quetol 651 resin (Kushida, 1974). N-butyl glycidyl ether (n-BGE) was

used as an infiltration aid as recommended by Kushida (1974).

Optimal preservation of Gunnera stem nodules and the associated

Nostoc was obtained with 10 % Karnovsky's solution. The stock solution
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was buffered with 0.2 M sodium cacodylate (pH 7.4). Fixation was

carried out at room temperature for 3-4 h; a 2.5-3 h postfixation with

1.5 % osmium tetroxide, buffered with 0.1 M buffer, followed. Rinses

and dehydration were as described above. Some samples were embedded in

Quetol 651 resin as described previously, while others were embedded in

Spurr's resin (1969). In the latter case, no n-BGE was used.

Sections were cut with glass knives on a Reichert Om U2

ultramicrotome and gold/silver sections were collected on uncoated

400-mesh copper grids. The staining procedure consisted of filtered

aqueous 2 % uranyl acetate, followed by lead citrate prepared as

directed by Venable and Coggeshall (1965). Sections were observed with

a Hitachi HS-8-l electron microscope operating at 50 kV.

For morphometric analyses of Gunnera nodule tissues, four capsules

of embedded tissue were selected from each level (distance from the

apex) from each plant which was examined. These levels were: apical,

10 cm below the apex, 25 cm below the apex, and 60-80 cm below the apex.

From each block, five grids were prepared and three micrographs obtained

per grid for a total of 240 electron micrographs per plant. A

microscope magnification of 4,000 was used and the negatives were

photographically enlarged to a final magnification of 12,400 during the

printing process. A plastic grid with 2 cm2 blocks was superimposed on

the photographic paper during printing. Quantitative data were

collected by counting intersections (points) which fell over the

structure of interest and expressing this as a percentage of the total

area covered by the lattice. In this case, total micrograph points
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reached approximately 26,000; the analysis was repeated and thus the

final number of points counted reached 52,000.

Replicas of Gunnera nodule tissue were prepared by freeze-

fracturing and etching techniques. 1 Material was fixed in buffered

(pH 7.3, 0.025 M) 4 % glutaraldehyde for 2.5 h, then either stored in

buffer or in 30 % glycerol after a brief rinse with buffer. The

material held in buffer was glycerinated just prior to freezing.

Other samples were excised and placed immediately in buffer until all

pieces had sunk, then placed in a glycerol gradient. Samples were

frozen rapidly in Freon 22 and placed in a modified Denton DFE-3

freeze-etch unit cooled to -196 C. Samples were etched for 3 min after

fracturing and shadowed with platinum and carbon. Tissues were digested

with a chromic acid/sulfuric acid cleaning solution and the replicas

were mounted on uncoated 400-mesh copper grids or on formvar-coated

freeze-fracture grids (Pe1co). These were examined with either a

Hitachi HS-8-1 or a JEOL 100S electron microscope.

For scanning electron microscopy (SEM), isolates of Nostoc were

fixed for 4 h in 10 %Karnovsky's solution prepared with cacodylate

buffer. The material was postfixed using 1.5 % buffered osmium

tetroxide at room temperature for 1 h. Following two buffer rinses and

a distilled water rinse, the material was dehydrated with graded

concentrations of acetone, and having been in 100 % acetone for

approximately 1 h, was mounted on the SEM stub. A Pasteur pipet was

lSteere, R. L., and J. Rash. Freeze-etching in electron
microscopy. Information from short course at Marine Biological
Laboratory, Woods Hole, May 4-9, 1980.
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used to dispense a small amount of the acetone/culture mixture onto the

surface of a cover glass fragment which had been adhered to the SEM stub

with silver paste. As soon as the acetone evaporated, the specimens

were coated for 2 min with a Tousimis Samsputter coater and examined

with a Cambridge S4-l0 Stereoscan operating at 10 kV.

Unstained samples of living material were observed and photographed

with a Zeiss Photomicroscope II. Light micrographs were used to

determine heterocyst frequencies in isolates under various illumination

conditions and in determining length to width ratios for individual

cells.

Identification of granules in Nostoc cells was done by comparing

transmission electron micrographs with the literature on cyanobacterial

ultrastructure. Fogg et al. (1973) and Fuhs (1973) provide thorough

treatments of granular inclusions.

RESULTS--Ultrastructure of isolates--From the extensive literature

on cyanobacterial ultrastructure that has accumulated in recent years,

a general picture of these organisms can be presented (Fig. 1). The

cell wall of both vegetative cells and heterocysts (the sites of

nitrogen fixation) consisted of two electron-transparent layers and two

electron-opaque layers designated as layers I through IV (Lang, 1968).

Layer I appeared innermost or closest in position to the plasmalemma

(Fig. 1). The entire wall measured 30-50 nm in thickness; the

plasmalemma appeared about 7 nm in thickness (Fogg et al., 1973). In

heterocysts, additional layers composing the envelope appeared external

to the cell wall. The envelope consisted of an innermost laminated
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layer, an intermediate homogeneous layer, and an outermost fibrous layer

(Lang and Fay, 1971). A fibrillar mucilage sheath was located external

to the cell wall of vegetative cells (Fig. 1). Internally, both

vegetative cells and heterocysts had a less dense central region, the

nucleoplasmic region (Fogg et al., 1973), where DNA fibrils were

localized. Thylako ids , or photosynthetic membranes, were found in both

heterocysts and vegetative cells (Fig. 1). Granular inclusions were

typically present within vegetative cells; only a few types were

observed within heterocysts, although these cells were usually devoid of

granules. Some of the more common inclusions were structured

(cyanophycin) granules which are probably nitrogen reserve bodies

(Simon, 1971), polyphosphate granules, polyhedral bodies, and lipid

droplets (Fig. 1).

Cyanobacterial isolates from Gunnera kaalensis kept in darkness for

21 days usually formed only short filaments of less than eight cells.

Cells from this sample were rounded in most cases (Fig. 2), but where

densely packed they assumed a more oval, or flattened, shape.

Approximately 90 %of the cells were vegetative. Extensive sheaths of

fibrillar mucilage enveloped the cells and filaments, but no fibril

orientation was obvious (Fig. 2, 3).

Granular inclusions were present, the most prominent being

structured granules. These appeared as spherical to oval, dense bodies

usually at the cell periphery (Fig. 2, 3). At higher magnifications,

their substructures could be discerned (Fig. 4) as light and dark areas

forming a granular matrix. Aside from their prominence due to their

osmiophilic nature, the structured granules were also very numerous.
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Polyphosphate granules were present in only a few cells (Fig. 2) and

often only fragments remained. These granules were susceptible to

fixation and sectioning procedures and were easily destroyed by the

electron beam (Fogg et al., 1973). Holes in some cells probably marked

the sites of former polyphosphate granules. Few other granules could be

identified, some probably being polyhedral bodies (Fig. 5). Lipid

droplets were also present, usually at the cell periphery (Fig. 5).

Photosynthetic lamellae permeated the dark-grown cells, forming

clusters of parallel lamellae which were either present as sheetlike

stacks (Fig. 5) or as lattice-like configurations (Fig. 5) similar to

prolamellar bodies of angiosperm chloroplasts and distributed throughout

the cells (Fig. 5). Circular patterns of thylakoids were not uncommon.

With exposure to light for various periods, marked changes in

thylakoid arrangements occurred. The lattice configurations so common

in dark-grown samples were not observed in those cells illuminated for

2 days and the photosynthetic lamellae appeared to be flattening into

long strands at the cell periphery. This pattern of thylakoids became

more obvious with an additional 2 days of illumination. After 6 days of

continuous illumination the thylakoids appeared long and in rows

parallel to the cell walls (Fig. 6). Some cells began to show thylakoid

distention and vacuolation. Distention and vacuolation were quite

prominent in l4-day illuminated cells, the majority of the cells being

affected (Fig. 7).

Granule composition changed with light exposure. The structured

granules were less numerous than in the dark-grown cells. The l4-day

light sample differed, however, in again containing many structured
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granules (Fig. 7), although they were neither as large nor as numerous

as in the dark-grown cells.

The size and frequency of po1yphosphate granules seemed to increase

with lengthening of the illumination period. These structures appeared

rounded with an electron-opaque periphery (Fig. 7). Glycogen granules

were sometimes seen in association with the thylakoids of light-grown

cells.

Cell shape differed with light treatment. Initially the cells were

spherical but elongated with illumination. The shape change was

especially pronounced in the sample illuminated for 6 days (Fig. 6).

However, when length to width ratios were determined at the light

microscope level for continuous dark, continuous light, and samples

illuminated for 2 and 6 days, the only significant difference was

between ratios for continuous light samples and those illuminated for

2 days. Filaments were, in general, longer when grown under light

(Fig. 8). More mucilage seemed to be associated with the cells

illuminated for 14 days (Fig. 7), although a trend of increase from dark

to light could not be seen.

Heterocysts were present in all samples, but not particularly

abundant in any (Fig. 9). From heterocyst frequency determinations in

which at least 200 cells were counted, 8 % of dark-grown cells were

heterocysts. After 2 days of light, the heterocyst frequency had

decreased to 5 %. With a total of 21 days of light, only 6 %of the

cells were heterocysts.

Heterocysts were identified ultrastructurally by the presence of a

thick, tri-Iayered envelope external to the cell wall and by the pore
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channel which connected the cell with the adjacent cell or cells (Fig.

10). Osmiophilic deposits occluded the pores of some heterocysts

(Fig. 10). Heterocyst thylakoids tended to be reduced and of a

reticulate configuration. One striking feature was the apparent

degeneration of heterocysts in the samples illuminated for 6 days and

14 days. The thylakoids were sinuous (Fig. 11) or fragmented and

vesiculation was apparent. The vesicles were located between the cell

wall and the heterocyst envelope (Fig. 11).

Endosymbiont ultrastructure--Within the Gunnera cells, the

cyanobacteria occupied a large percentage of the total cell volume

(Fig. 12) as calculated by morphometric analyses (Table 1). Nostoc

protoplast volume occupied up to 21 %of the host cell volume. If

sheath and envelope volumes are added, up to 39 % of the host cell may

be occupied by Nostoc.

Heterocyst volumes were high when symbiotic. Results from

additional morphometric analyses indicated that the host cell volume

occupied by viable heterocysts ranged from 3 to 12 %, as determined from

sections obtained from four sites between the host plant apex and 90 cm

below the apex. Average volume occupied was 8 %. Viable heterocysts

comprised, on the average, 33 % of the total cyanobacterial protoplast

volumes along the stem gradient. Values ranged from 14 to 49 %, with

the lower figures representative of older stem regions.

Characteristically, the thylakoids of heterocysts were diffuse

throughout the entire cell (Fig. 13) and granular inclusions were

reduced or absent, although differentiating heterocysts contained



TABLE 1. Morphometric analyses of Gunnera stem nodules. Percentage of host cell volume occupied based

upon averages of 60 micrographs obtained from four blocks of tissue at each sampling level

Levels (distance Significant differencea

from apex in cm) 0 10 25 60-80 between levels

Measurement Plant number 1 2 1 2 1 2 1 2 1 2

Volume of host cell occupied (%)

Total Nostoc 12 Xb 12 21 7 21 15 17 +protoplasts

Total Nostoc
protoplasts plus 30 X 26 38 21 39 32 38
sheaths and envelopes

Intact Nostoc 1 X 6 17 1 14 3 5 + +protoplasts

Degenerated Nostoc 12 X 6 4 6 7 11 12 + +protoplasts

a F-test used to determine significant differences at the 5 % level. Significant difference = +;
no significant difference =-.

b X = apical sample for plant 2 contained no detectable Nostoc. ....
o
'-J
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abundant glycogen granules (Fig. 14). Each heterocyst had a single pore

channel, if terminal, or two channels if in an intercalary position.

These served as connections between the heterocyst and adjacent cells

(Fig. 15). External to the four-layered wall typical of cyanobacteria

(Fig. 16), the heterocysts had three additional layers which varied in

appearance with fixation methods. An electron-transparent zone

throughout which curving, electron-dense bands are dispersed represented

the laminated layer, in accordance with the terminology of Lang and Fay

(1971). This layer was just external to the Nostoc wall (Fig. 17).

There appeared to be no consistent width for this layer; the variability

in thickness was possibly due to the plane of sectioning. An

electron-dense line or zone, the homogeneous layer (Fig. 17), bounded

the laminated layer and it, too, varied in width. In sections passing

through the pore channels, the localized thickness of the homogeneous

layer at the pore channels became apparent (Fig. 15). The outermost

envelope layer, the fibrous layer, often appeared reduced or absent.

Symbiotic vegetative cells differed markedly from the heterocysts.

Vegetative cells usually contained a large number and variety of

granules. Structured granules were most prominent and it was not

uncommon to find vegetative cells occupied by very large structured

granules (Fig. 18, 19). Many vegetative cells contained glycogen

granules. These appeared as electron-opaque structures lying between

the thylakoids (Fig. 20).

Lipid droplets and small polyphosphate granules were found in

vegetative cells. These inclusions were, however, seemingly

insignificant in volume in comparison to the structured granules.
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Thylakoids were distributed more towards the cell periphery of

vegetative cells than in heterocysts, as seen in both thin-sectioned and

freeze-etched material (Fig. 21, 22). The lamellae in vegetative cells

seemed to be associated more in aggregates than those of heterocysts,

where two lamellae appeared to associate (Fig. 21). Although lamellae

sometimes were dispersed throughout vegetative cells, they tended to be

more densely packed.

Vegetative cells were also distinguished by the absence of the

envelope. These cells normally had mucilaginous sheaths external to

their walls, but sheaths were rarely seen in sections of symbionts

(Fig. 21). The region adjacent to the Nostoc cell wall usually appeared

electron-transparent (Fig. 21). At some distance from the Nostoc cell

wall, a fibrillar encapsulating layer was visible and probably

represented wall of host origin (Fig. 23). Host cell membrane

surrounded the encapsulating layer (Fig. 23) during the infection

process. The walls of vegetative Nostoc cells appeared comparable to

those of heterocysts in thickness and layering (Fig. 16). Occasionally,

cross wall formation was observed, indicative of cell division.

Irregularly shaped, dense remains of Nostoc protoplasts were

frequently observed within the host cells. Four to 12 % of the host

cell volume, determined morphometrically (Table 1), was occupied by such

protop1asts which were categorized as dead due to their loss of

structural integrity (Fig. 24). The protop1asts were highly

osmiophilic, often to the point of obscuring any remaining internal

structure. In other cases, the protop1asts appeared darkened and

contorted or irregular in shape, but granules could still be discerned.
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Thy1akoids often appeared as if negatively stained (Fig. 24), that is,

as series of electron-transparent membranes against a dark background.

In most degenerating Nostoc cells, the wall usually did not remain.

There were some apparently degenerating cells, however, in which the

wall remained as a layered structure (Fig. 25, 26). Such cells appeared

lysed; the cell contents were dispersed and usually highly granular.

These granules were similar to glycogen granules in size and shape. In

heterocysts, large osmiophilic plugs were sometimes present near the

pore channel or within the channel itself. Presence of plugs was not

correlated with specific cytoplasmic changes as blocked channels were

present in both intact (Fig. 15) and degenerating cells.

Final steps in Nostoc degeneration seemed to be vesiculation of the

osmiophilic protoplast and thylakoid fragmentation (Fig. 27).

Vesiculation was also observed within the heterocyst pore channels

(Fig. 27).

With regard to shape, symbiotic Nostoc more closely resembled

isolates grown in darkness than those of the illumination series

(Table 2). the similarity extended also to thylakoid patterns with the

exception of the "prolamellar configurations" which have been found only

in dark-grown isolates. Granule composition of symbiotic Nostoc

resembled that of dark-grown cells and those illuminated for 14 days.

No isolates showed the high numbers of heterocysts found in Gunnera

cells nor did cell degeneration processes greatly resemble those in

symbionts.



TABLE 2. A comparison of some cellular features of Nostoc intracellularly associated with Gunnera

kaalensis and as isolates subjected to various periods of continuous illumination

Cellular feature Symbiotic Nostoc

Isolated Nostoc

Dark-grown >14 days light

2, 4, 6 days light

Cell shape
and arrangement

Thylakoid
pattern

Granule
composition

Round; aseriate

Peripheral to
central; aggregates

Numerous large
structured granules;
many glycogen
granules; few
polyphosphate granules

Round; aseriate

Reticulate;
aggregates;
"prolamellar
configurations"

Numerous large
structured granules;
few polyphosphate
granules

Rectangular;
short filaments

Flattened; in
rows parallel to
cell wall

Structured granules
few and small; some
glycogen granules

Oval to
rounded; long
filaments

Distorted due
to vacuolation

Numerous
structured
granules;
some glycogen
granules; few
polyphosphate
granules

~
~
I-'



TABLE 2. Continued

Cellular feature

Heterocyst
abundance

Cell degeneration
characteristics

Symbiotic Nostoc

aAverage 33 % of
total Nostoc volumes

Protoplast distortion;
osmiophilic protoplasts;
vesiculation

Isolated Nostoc

Dark-grown >14 days light

2. 4. 6 days light

Relatively few (5-8 %b); did not seem affected by light

Vesiculation; no osmiophilic reaction

aDetermined from morphometric analyses from electron micrographs.

b .
Determined from heterocyst frequency counts made with the light microscope.

~
~
N
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DISCUSSION--Changes in Gunnera kaa1ensis symbionts were comparable

to those of other symbionts and free-living cyanobacteria subjected to

various light intensities and illumination periods. In isolates from

Encepha1artos, a 12 h 1ight/12 h dark cycle (1200 1x) was sufficient to

bring about a change to oval cell shape (Grilli Caiola, 1975a). Gunnera

kaa1ensis isolates also demonstrated shape changes; those cells exposed

to light for several days were more rectangular than either dark-grown

isolates or the symbiont. The pronounced rectangular shape was,

perhaps, due to cell growth prior to cell division. Cells in this

stage lacked structured granules, which may have been used to support

cell growth. Those cells exposed to light for 14 days were again more

spherical. However, some cells rectangular in shape were observed and,

in these, division was occurring. Thus it seemed likely that the

rectangular shape of cells could be associated with an active stage of

cell growth just prior to division.

Ratios of cell length to width failed to show significant

differences except between continuously illuminated isolates (21 days)

and those having received 2 days of light. The 21-day sample had a

greater cell length to width ratio which could be attributed to cell

growth prior to division. In general, more instances of transverse

wall formation (indicative of cell division) were observed in samples

illuminated for more than 4 days.

Grilli Caiola (1974; 1975a) had noted the shapes of cycad symbionts

as round to oval. These organisms were associated intercel1ularly with

their hosts, for the most part, and would probably have received a

minimal amount of light. In the case of Gunnera, the Nostoc was mainly
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intracellular and also likely to have received little light. Silvester

(1976) found a lack of photosynthetic activity in the New Zealand

species tested which he suggested could have reflected an absence of

activity due to insufficient light. Morphologically, the vegetative

cells associated with Gunnera kaalensis were rounded and, in that

respect, similar to those described for New Zealand species (Silvester,

1976; Silvester and McNamara, 1976).

Silvester and McNamara (1976) showed electron micrographs of early

stages of Gunnera infection and, in this case, the cells were clearly

elongated. At this stage light would probably not be a limiting factor

in the developmental sequence of the Nostoc since the cells would not

have been deeply embedded within host tissue. Light-determined shape

changes have been shown in free-living N. muscorum; Ginsburg and

Lazaroff (1973) noted the cell shape as slender and rectangular after

6 days of illumination. With 21 days of light, motile trichomes and

detached heterocysts were observed. In the case of G. kaalensis

isolates, motile trichomes were produced upon exposure to light for 2 or

more days as evidenced by terminal tapered cells and the short lengths

of filaments.

The isolates from G. kaalensis seemed to fit the developmental

sequence described by Lazaroff and Vishniac (1961) in that motile

trichomes, aseriate colonies, long filaments, and detached heterocysts

were all found after controlled exposure to light. However, as an

endosymbiont, various stages were not observed. It is therefore

suggested that motile trichomes represent the infection state, followed

by differentiation to the aseriate stage. Normally, filament elongation
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would follow, but when within the host cells, where little light would

reach the Nostoc, growth seems to have been arrested and thus long

filaments are absent or very infrequent. The Nostoc did possess the

potential for completing the sequence when illuminated, as shown here.

Contrary to earlier beliefs that continuous darkness would keep the

cells in the aseriate stage, Lazaroff (1966) showed that filaments would

occur after about 2 months of darkness. Sucrose-containing media and

temperature elevation to 30 C enhanced the process. It is possible that

older isolates from Gunnera would show differentiation in the dark, but

such cells were not examined in the present study. Silvester and

McNamara (1976) described host cell degeneration 6 to 8 weeks after

invasion, with Nostoc degeneration following it. It is therefore likely

that Nostoc differentiation would not occur because at about the time

when it would have been expected to occur, host cell breakdown has

seemingly triggered collapse of the symbiont.

Thylakoid configurations were subject to change with illumination.

In dark-grown cells the thylakoids appeared scattered and formed

aggregates. Lattice-like configurations resembling prolamellar bodies

were present only in some dark-grown cells. Lang and Rae (1967) first

described similar structures in Anabaena cells 3 to 4 months old and

grown under a 16 h light/8 h dark cycle. The prolamellar-like bodies

were absent from young Anabaena cells. Lang and Rae (1967) concluded

that, in this case, cell age determined the formation of these

structures rather than absence of light since the Anabaena cells had

been illuminated. In flowering plants prolamellar bodies are found

within plastids of etiolated cells and develop into lamellae when the
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cells are exposed to light. The prolamellar-like bodies observed in

Nostoc isolates from G. kaalensis resemble those of flowering plants

rather than the Anabaena observed by Lang and Rae (1967) since the

Nostoc isolates only contained the structures when cells were deprived

of light.

Upon exposure to light, the thylakoids of Nostoc isolates appeared

flattened and positioned close to the cell wall, corresponding to the

parietal lamellar type described by Ginsburg and Lazaroff (1973) in

N. muscorum. The symbionts of Encephalartos and Dioon also showed a

parallel, "lamellar" type of thylakoid arrangement located near the cell

wall (Grilli Caiola, 1975a, 1975b). Gunnera isolates in which the

lamellae were parallel with the wall were, as noted previously, in the

process of dividing. Rearrangements of thylakoids into long arrays

paralleling the cell wall could help to ensure an adequate supply of

these membranes to each of the two cells produced by the division.

With 14 days of illumination, the lamellae assumed whorled

configurations which were associated with pronounced vesiculation.

Cells were rounded at this stage. Ginsburg and Lazaroff (1973) found

the thylakoids in whorls of four and five in the free-living species,

N. muscorum, with an illumination period of 6 days, but did not describe

vacuole formation. It was, however, found in Cycas revoluta isolates

(Grilli Caiola, 1972b), as well as in those of Macrozamia communis

(Grilli Caiola, 1974). Vacuolation was associated with senescence by

Grilli Caiola.

Thylakoid patterns in the symbiont were difficult to distinguish in

the micrographs shown by Silvester (1976). In other micrographs, the
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thylakoid patterns in vegetative cells seemed to be highly reticulate

(Silvester and McNamara, 1976); the authors described the arrangement

as scattered and random. The association of lamellae and formation of

aggregates which were common in the intracellular Hawaiian symbiont were

not obvious from the published micrographs of Silvester and McNamara

(1976). Although some thylakoid arrangements found in dark-grown cells

isolated from G. kaalensis (for example, "prolamellar configurations")

were not observed within the cells when symbiotic, the overall thylakoid

patterns in symbiotic and dark-grown isolates more closely resembled one

another than any of the other samples.

Granule composition differed markedly in the illumination series.

With light exposure, there seemed to be an increase in both number and

size of polyphosphate granules and a decrease in structured granules.

The l4-day light sample again deviated from the pattern, showing an

increase in structured granules. These were smaller and fewer in number

than in the dark-grown cells, but still of considerable prominence.

Composed of a co-polymer of arginine and aspartic acid, they are most

abundant in spores and older cells (Fogg et al., 1973). In some

symbioses, these granules are not abundant within the cyanobacterium as

shown, for example, in the phycobiont of the lichen Peltigera (Stewart

and Rowell, 1977). Grilli Caiola, however, found numerous large

structured granules in a number of cycad symbionts, including those of

Dioon (1975b), Macrozamia communis (1974), and Encephalartos

altensteinii (1975a). Although some vegetative cells within New Zealand

plants contained granules, these were not discussed by the authors

(Silvester and McNamara, 1976) and the micrographs were not of
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sufficient magnification to allow identification. In G. kaa1ensis the

symbiont was conspicuously occupied by structured granules which

suggested that at least some of the fixed nitrogen was stored within the

cells of the cyanobacterium rather than entirely utilized by the host

plant. Since the components of structured granules have been determined

as arginine and aspartic acid, it has been suggested that the bodies

are serving in nitrogen storage (Simon, 1971). Whether this storage

mechanism represented an excess of fixed nitrogen--that is, beyond the

levels needed for the Nostoc and its host--or whether it in fact

represented a localization of nitrogen for the symbiont due to inability

to transfer it to the host, is not known. In at least some symbioses,

such as those in which the symbiont receives little light, the

distribution of structured granules contradicts observations made by

Fuhs (1973) that the granules disappear in the dark. From the study of

G: kaa1ensis stem isolates, it seemed that light was not a critical

factor since both light-grown (14 days) and dark-grown samples contained

many prominent structured granules.

Although heterocyst frequency did not seem to vary with light

treatment of Nostoc isolates from G. kaa1ensis, numbers were considerably

greater in the symbiotic state, as had been noted earlier by Silvester

(1976) and Silvester and McNamara (1976) for Nostoc symbionts from New

Zealand Gunnera. No direct comparisons could be made between the

frequencies given by these authors and the figures obtained in the

present study. In the former case, heterocyst frequencies of the

symbiont were determined as a ratio of number of heterocysts to total

number of Nostoc cells. This method did not reflect the heterocyst
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composition of the cell population as heterocysts were larger and thus

would have occupied greater volumes than vegetative cells. In the

present study, however, morphometric analyses were undertaken so that

the heterocyst volumes could be quantified and expressed in relation to

both host cell volume and total Nostoc volumes. The size differences

were thus taken into consideration. That viable heterocysts made up a

large percentage of total Nostoc volume occupying the host cells was not

surprising since the important role of such cells in nitrogen fixation

is well known. Haselkorn (1978) had, in fact, described the entire

symbiont as representing heterocysts and the host as vegetative cells,

a comparison which seems somewhat presumptious, but nonetheless does

emphasize the importance of heterocysts in symbiotic cyanobacteria such

as Nostoc.

Some of the factors which have been linked with heterocyst

differentiation include carbon to nitrogen ratio (Fogg et al., 1973),

nitrogen starvation (Vasconcelos and Fay, 1974), and a requirement for

light (Kale and Talpasayi, 1969, cited by Fogg et al., 1973).

Heterocyst differentiation has, however, been observed in dark-grown

material (Ginsburg and Lazaroff, 1973) and Silvester (1976) suggested

that low light was responsible for the high percentage of heterocysts in

Gunnera cells. In contrast, Grilli Caiola (1972a) observed both

heterocyst and akinete frequency increases in Cycas revoluta isolates

which had been grown under continuous light. Age of cells may have been

important as it was noted that in old cultures under constant light

approximately 90 % of the cells were heterocysts. Isolates of Nostoc

from G. kaalensis did not seem to show increased differentiation of
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heterocysts under any of the light conditions examined. This lack of

difference may be an indication of a low carbon to nitrogen ratio. In

both dark-grown cells and those exposed to light for 14 days, structured

granules were prominent, indicating that nitrogen was in excess. In the

6-day illuminated sample, these granules were sparse. However, the

cells seemed to be increasing in size prior to cell division. In the

l4-day illuminated cells, where the carbon to nitrogen ratio might have

been expected to be greater as a consequence of photosynthesis, the

thy1akoids were displaced due to vacuolation. Vacuolation has been

associated with cell senescence and would therefore explain the lack of

differentiation to heterocysts. In the case of the symbiotic cells,

there was a high proportion of heterocysts or differentiating

heterocysts, although the presence of large and numerous structured

granules within vegetative cells would indicate excess nitrogen. The

host cells may possibly have supplied large amounts of carbohydrates to

the Nostoc, thus offsetting the high nitrogen levels indicated by the

presence of structured granules. In addition, many symbiotic cells

contained numerous glycogen granules. This would indicate that

carbohydrates are in excess and can be stored as glycogen. Wildon and

Mercer (1963, cited by Fogg et al., 1973) found abundant granules in

Nostoc muscorum which had been grown heterotrophically. Isolates from

G. kaalensis maintained under both continuous light and continuous dark

on a medium supplemented with carboxymethyl cellulose seemed to have a

large number of heterocysts (unpublished observations). This suggested

that the carbon source may also be important in determining heterocyst

differentiation and warrants further investigation.
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The morphological and ultrastructural variations between symbiotic

and free-living Nostoc as described by Silvester (1976) and Silvester

and McNamara (1976) in New Zealand species of Gunnera could be under the

influence of light. As shown with isolates from the Hawaiian species

(Q. kaalensis) cell shape, thylakoid patterns, and filament lengths were

subject to change depending upon light conditions. The symbiotic cells

and isolates maintained in darkness were similar in several respects.

The increase in heterocyst frequency cited by Silvester (1976) and

Silvester and McNamara (1976) was, however, a difference which did not

seem to be light-influenced.

An important event was cell degeneration of Nostoc associated with

Gunnera kaalensis. Previous ultrastructural studies of the

Gunnera/Nostoc symbiosis referred to the irregularly-shaped osmiophilic

remnants of Nostoc cells (Neumann et al., 1970; Silvester, 1976;

Silvester and McNamara, 1976). Similar configurations have been

observed within G. kaalensis cells and with greater frequency than in

plant material examined by others (Neumann et al., 1970; Silvester,

1976; Silvester and McNamara, 1976). Little'information is available on

cyanobacterial cell degeneration, aside from effects of cyanophages on

cell structure. The Nostoc cells associated with Blasia have been

described as containing swollen, vesiculated thylakoids in the early

stages of degeneration (Duckett et al., 1977). Micrographs of

disintegrating Nostoc cells of the lichen Pe1tigera also showed

vesiculation of the photosynthetic membranes (Peat, 1968). Osmiophilic

degenerating cells were not described, nor were thylakoids with a

negatively-stained appearance, a common occurrence in degenerating
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Nostoc cells within G. kaalensis. The staining of the thylakoid loculi

in these cells resembled that found in chloroplasts of Nymphoides indica

(Van Steveninck and Van Steveninck, 1980). These staining reactions

were found in chloroplasts of lower epidermal and sub-epidermal cells of

mature floating leaves. Wellburn and Wel1burn (1976) found similar

negatively-stained thylakoids in chloroplasts of the "resurrection"

plant (Myrothamnus flabellifo1ia We1w.). They did not, however, offer

explanations for the appearance. Such densely staining regions have

been associated with thylakoid development (see Van Steveninck and Van

Steveninck, 1980, for references) rather than degeneration. Although

these appearances may have been due to preparation methods (Van

Steveninck and Van Steveninck, 1980), it seemed more reasonable, in the

case of the symbiont of Gunnera, to suggest changes in the membranes

themselves since adjacent Nostoc cells contain thylakoids of normal

staining reactions. The difference seemed to lie in the degeneration

process or processes since healthy-appearing Nostoc cells contained

normal thylakoids, at least in respect to staining. Such degeneration

processes do seem to represent variations between symbiotic and

free-living Nostoc which are not light-determined.

Results of these comparisons between symbiotic Nostoc and isolates

maintained under various light periods provide evidence that light

influences, to some extent, the cellular organization of isolates from

Gunnera kaa1ensis in much the same way as it affects free-living

species. However, two major distinctions between Nostoc isolates and

those cells in the symbiotic state are increases in both heterocyst

frequency and in cell degeneration in the symbiont. Neither of these
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characteristics seemed to be light-determined from which, therefore, it

can be concluded that other factors, alone or in combination with light,

contribute to these differences.
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Fig. 1-4. 1. Diagram of Nostoc heterocyst and vegetative cell.

Four-layered (L I--L IV) cell wall (W) and plasmalemma (PM) were

found in both types of cells. The envelope (E), composed of laminated

(La), homogeneous (Ho), and fibrous (F) layers, was found external to

L IV of the wall in heterocysts. Vegetative cells had mucilaginous

sheaths (M) external to the cell wall. Thylakoid (T) arrangement

varied between heterocysts and vegetative cells. Structures often

observed in vegetative cells included structured granules (8),

polyhedral bodies (PH), polyphosphate granules (P), and lipid droplets

(L). Osmiophilic plugs (0) often occluded pore channels of

heterocysts. DNA located in nucleoplasmic region (NP).

2. Transmission electron micrograph (TEM) of rounded to oval

dark-grown cells of Nostoc isolated from G. kaalensis. Structured

granules (8) were large and peripheral; polyphosphate granules (P)

were sparse. Mucilaginous sheaths (M) surrounded filaments. X 4,000.

3. TEM of rounded cells of dark-grown sample which contained many

structured granules (S) and were embedded in mucilaginous sheaths (M).

A differentiating heterocyst (H) was present. X 5,600. 4. TEM of

enlarged structured granules (S) from Fig. 3. X 32,000.
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Fig. 5-8. 5. TEM of sheet-like stacks (SL) and lattice-like

configurations (LL) of thylakoids which were observed in some

dark-grown cells isolated from G. kaalensis. Polyhedral bodies (PH)

and lipid droplets (L) were present. X 16,700. 6. TEM of

G. kaalensis isolates which had been illuminated for 6 days.

Thylakoids (T) were long and often parallel to the cell wall.

Polyphosphate granules (P) were more numerous than in dark-grown

cells. X 16,700. 7. TEM of isolates from G. kaalensis which had

been illuminated for 14 days. Vacuolation (V) was prominent and

thylakoids (T) appeared to be whorled. Polyphosphate granule (P)

appeared damaged; structured granules (S) were abundant. X 8,000.

8. Scanning electron micrograph (SEM) of Nostoc isolated from

G. kaalensis and maintained under continuous light. X 3,600.
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Fig. 9-12. 9. Light micrograph (LM) of filaments under

continuous illumination. Heterocysts (H) were few in number. X 660.

10. TEM of differentiating heterocyst (H) from isolates illuminated

for 4 days. Thick envelope (E) located external to Nostoc cell wall

(W). Pore channel was occluded with osmiophilic material (0).

X 19,200. 11. TEM of degenerating heterocyst from Nostoc isolates

illuminated for 6 days. Thylakoids (T) were sinuous and vesiculation

(Ve) was obvious. X 27,900. 12. TEM through Gunnera kaalensis

nodule tissue. Portions of two host cells containing symbiotic

Nostoc enclosed by encapsulating layer (En). Most Nostoc cells were

degenerated heterocysts as, for example, at DH. Single intact cell

(Vg) was vegetative. Host cell wall indicated at GCW. X 5,000.
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Fig. 13-17. TEM of freeze-etched heterocyst (H) of symbiotic

Nostoc. Thylakoids (T) appeared as a network throughout the

heterocyst. Envelope (E) of heterocyst was observed. X 19,800.

14. TEM of differentiating heterocyst (H) which contained numerous

glycogen granules (G). X 26,000. 15. TEM of two adjacent

heterocysts (H) of symbiotic Nostoc. The cells were connected by pore

channels (PC). Large osmiophilic deposit (0) was localized at the

base of the pore channel in one cell. Laminated (La) and homogeneous

(Ho) layers of the envelope appeared well-defined. Layering within

laminated region was not obvious in this section due to fixatives which

were used. X 32,400. 16. TEM showed that four-layered cell walls (W)

were present in both heterocysts (H) and vegetative cells (Vg) of

symbiotic Nostoc. X 24,000. 17. TEM of symbiotic Nostoc heterocyst.

The thick envelope showed two regions; the wide, electron-transparent

layer (La), occasionally marked by dark curved bands corresponded to

laminated layer. Homogeneous layer (Ho) was external to the laminated

layer. Fibrous layer could not be discerned in this section. X 5,900.
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Fig. 18-22. 18. TEM of vegetative cell (Vg) of symbiotic Nostoc

which contained prominent structured granule (S). X 13,500. 19. TEM

of structured granule (S) showed substructure as light and dark areas.

X 85,800. 20. TEM of vegetative cell of symbiont which contained

numerous glycogen granules (G) between the thylakoids (T). X 18,500.

21. TEM of symbiotic Nostoc cells. Heterocyst had thick envelope (E).

Vegetative cell (Vg) lacked sheath external to cell wall, the absence

of the sheath haVing been confirmed by freeze-etched samples.

Thylakoids (T) appeared as peripheral aggregates of short lamellae in

vegetative cells, while those of heterocysts appeared dispersed

throughout the cells. Two lamellae (Lm) often appeared associated

in the heterocysts. X 10,800. 22. Freeze-etched symbiotic Nostoc

cells. Heterocyst (H) showed netlike arrangement of thylakoids (T)

while those of vegetative cell (Vg) were more peripheral. Sheath

around vegetative cell was absent. X 13,600.
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Fig. 23-27. 23. TEM of symbiotic Nostoc of Gunnera kaalensis.

Encapsulating layer (En) of host origin surrounded Nostoc (N) cells.

Host cell membrane (GM) was external to encapsulating layer. Some

heterocysts appeared to be degenerating» as shown at DH. X 9,000.

24. TEM of degenerating heterocyst (DH) of symbiotic Nostoc. Thick

encapsulating layer (En) surrounded heterocyst. Thylakoids (T)

appeared as if negatively-stained (inset). X 14,000. Inset X 43,700.

25. TEM of degenerating symbiont cell in which wall layering (W)

remained visible. Abundant granules (G) were similar to glycogen

granules. Some thylakoids (T) remained visible. X 21,600. 26. TEM

of degenerating symbiont cells. Wall layers (W) and thylakoids (T)

remained visible. X 28,800. 27. TEM of portion of dead Nostoc

filament associated with Gunnera kaalensis. Advanced stage of

degeneration appeared to be fragmentation of thylakoids (T) and

vesiculation (Ve). Vesicles were observed within pore channel (PC) of

heterocyst. X 19»500.
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SUMMARY

The Gunnera/Nostoc symbiosis was investigated using Gunnera

kaalensis and its symbiont, Nostoc sp. Results of l~ght and electron

microscope studies on stem tissue and Nostoc isolated from the stem have

emphasized the complexity of the association, particularly entry processes

of the Nostoc. Mucilage glands near the stem apex apparently do serve as

initial sites of Nostoc entry. The most immature glands, those nearest

the apex, showed no nodules or regions of Nostoc-containing tissue

underneath the mass of secretory cells; initial stages of Nostoc entry

coincided with separation of the clusters of parenchyma cells to form

fingerlike papillae and disruption of the epidermal layer. Mucilage

secretion appeared to be associated primarily with the thick-walled cells

near the surface of the papillae. At the bases of the channels, breakdown

of the tissue created mucilage-containing cavities in which Nostoc

filaments were abundant. Cell divisions initiated in this region formed

a sheath-like arrangement of cells surrounding the cavities. In the next

stage observed, Nostoc cells were intracellular, having penetrated cells

at the cavity bases. Meristematic activity and the sheath-like cell

arrangement around the Nostoc-containing cells persisted in this region.

The process by which the symbiont penetrated host cells appeared to

be a combination of several mechanisms. Ultrastructural evidence showed

that Gunnera cell walls were modified in those areas where the symbiont

was localized, that is, the microfibrils did not lie as close in proximity

to one another as in unmodified walls. The wall/middle lamella region

therefore appeared somewhat electron-transparent with the exception of a

thin hand of microfibrils which often remained near the protoplast. In
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some cases, bacterial and fungal cells were observed in these areas of

dissolution, possibly serving as sources of pectolytic and cellulolytic

enzymes which could facilitate Nostoc entry. However, since such micro

organisms were not consistently encountered with each nodule examined,

their role in infection would seem to be secondary, at best. Two other

mechanisms probably account for the majority of Nostoc entries, these

being: a) host cell wall invagination, and b) host cell wall degradation

(Fig. 111.27, pg. 90). Neumann et al. (1970) had hypothesized cell wall

invagination as the means by which the symbiont of G. chilensis entered

the cells of its host. A similar process is believed to occur in G.

kaalensis with several diff~rences from the pathway depicted by Neumann

et al. (1970). First, host cell wall alterations (reduction of micro

fibril density) are seen at the ultrastructural level (Fig. 111.6, pg. 82).

Second, the invagination with its enclosed symbiont cell or cells is not

always pinched off into the host cell. Many instances of continuity

between the host cell wall and the encapsulating layer around the Nostoc

were observed (Fig. 111.14, pg. 84; Fig. 111.16, pg. 84). Although such

configurations could correspond to step 4 in Figure 111.27a (pg. 90), the

stage just prior to pinching-off, the frequency with which these profiles

were observed and the often massive deposits of wall material at the

connection with the host cell wall (Fig. 111.18, pg. 86) seem to indicate

instead that at least some of the invaginations remain as such. Third,

Neumann et al. (1970) described the eventual degradation of the

encapsulating layer which would then result in the Nostoc cells remaining

isolated from the host cytoplasm by only a membrane of host origin.

Cursory examination of sections through G. kaalensis nodules gave the
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opposite impression, seeming to indicate the addition of wall material

with increasing age of the host stem. By sampling large numbers of

electron micrographs from a variety of tissue pieces, morphometric

analyses showed that the thickness of the encapsulating layer was, in

fact, constant, or varied insignificantly in thickness from acropetal

to basipetal sections of the host. This indicated that either the

encapsulating layer was deposited early after infection and remained at

that thickness or that there was a deposition/degradation continuum as

had been suggested by Lalonde and Knowles (1975) for Alnus. A continuum

implies the presence of metabolically active host cells, cells which are

producing degradative enzymes and wall precursors. The majority of cells

within Gunnera nodules appeared to be either highly vacuolated or dead.

Thus, a continuum probably does not exist in G. kaalensis, the constancy

of the encapsulating layer thickness likely attributable instead to walling

off early in the infection process.

The second of the entry mechanisms involves degradation of the host

cell wall and entry of the symbiont through the cell wall (Fig. III.27b,

pg. 90). Swelling of the cell wall is associated with this mechanism and

the wall subsequently appears rather electron-transparent or with only

thin bands of microfibrils remaining (Fig. 111.7, pg. 82). The micro

fibrils seem to separate at the point where the Nostoc is positioned

(Fig. 111.10, pg. 82; Fig. III.27b, pg. 90). Comparable wall swellings

have been associated with cells in abscission zones of tobacco and tomato

flowers (Valdovinos and Jensen, 1968). These wall alterations were linked

with auxin deficiencies. However, more often wall alterations seemed to be

associated with auxin increases. Fan and Maclachlan (1967) had described
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cellulase increases, wall swelling, cell divisions, and cell wall

disintegration in auxin-treated pea sections. Of these, microscopic

observations have confirmed the latter three in Gunnera kaalensis.

Quantitative cellulase determinations have not been attempted for this

symbiosis, but electron microscope localization for the enzyme has shown

its presence in Gunnera nodule tissues. Sections of isolated Nostoc

cells did not show any precipitation, inferring a lack of cellulase and

the necessity of the host's presence for enzyme production. The struc

tural alteration of the host cell walls as seen with the electron micro

scope also suggested that cellulolytic -- and pectolytic -- enzymes were

involved. Whether these wall alterations are linked with auxin increases

in nodules has not been investigated in this study, but would provide an

avenue for further study. Along these lines, it would be interesting to

examine the role of phenols in the nodules since these compounds were

abundant in the nodule region. Perhaps these substances are serving as

auxin protectors (Salisbury and Ross, 1978), the auxin then eliciting the

responses described above. Czaninski and Catesson (1974) also briefly

had mentioned the involvement of phenols in wall thickening.

The wall thickenings within Gunnera nodule cells may be comparable

to those of transfer cells. Although Pate and Gunning (1972) used the

term in reference to cells "known or suspected to function in short

distance transport of solutes," most research at this point has concen

trated on describing the positions of such cells and speculating on the

significance of the location in relation to transport. The transport

function undoubtedly has been emphasized as a result of these cells first

having been described in the phloem. However, the most outstanding
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morphological characteristic of transfer cells is wall proliferation, a

feature found in Gunnera nodule cells. On this basis, therefore,

Gunnera nodule cells should be considered as transfer cells.

In the Azolla/Anabaena symbiosis, Duckett et ale (1975) suggested

that the increased surface area provided by wall proliferations in Azolla

transfer cells could be "an adaptation facilitating interchange of

metabolites between Azolla and its algal partner." In the Gunnera/Nostoc

association, much emphasis has been placed upon nitrogen fixation and

the transport of fixed nitrogen from nodules to other parts of the plant

(Silvester and Smith, 1969; Silvester, 1976). In Gunnera kaalensis, it

was hypothesized (pg. 25) that the symbiont would be relatively ineffective

in supplying the host with fixed nitrogen since many Nostoc cells within

the nodule appeared to be degenerated. Morphometric data did show that

degenerated Nostoc cells, including heterocysts, occupied a considerable

percentage of the host cell volume (Appendix B), but a correlation between

amount of acetylene reduced and morphometric data was not found (Appendix

b). Results of the acetylene reduction assays (Appendix B) served to

point out the extreme variability between replicates and reinforce the

need for additional tests.

The characteristic appearance of the degenerated symbiotic cells

(osmiophilic protop]asts and "negatively-stained" thylakoids) was not

associated with degenerated Nostoc cells which had been isolated from

G. kaalensis stems and, therefore, seems to be host~influenced. Other

cellular differences between free-living Nostoc isolates and the symbiotic

cells were influenced by the presence or absence of light. However,

heterocyst differentiation was not affected by light, the cause of

increased heterocyst differentiation in the symbiont remaining unknown.
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APPENDIX A

ELECTRON MICROSCOPIC TECHNIQUES AND THEIR LIMITATIONS

In view of the changes which occur in Gunnera cells within the

nodu1e--for example, degeneration of host cell cytoplasm (Silvester and

McNamara, 1976) and increase in heterocyst frequency (Silvester, 1976;

Becking, 1976)--the Gunnera/Nostoc association seems an appropriate

one to be analyzed with cytochemical and morphometric techniques.

MORPHOMETRY

Morphometry is based upon the De1esse principle (1847, -cited by

Weibel, 1963): "If a section is placed through a tissue volume

containing a given component, the fraction of the area covered by

transsections of the component will be equal to the fraction of the

volume occupied by the component." Therefore, a section is considered

as a two-dimensional sample of a three-dimensional system and all

sections are assumed to be of equal thickness.

Sampling is of primary importance in ~orphometric studies. The

distribution of Nostoc within Gunnera would seem to fit Weibel's (1963)

criteria for randomness: 1) units under examination do not show

stratification; 2) randomness refers to the distribution within a

particular part of the tissue; 3) sections through the tissue, in any

plane, will result in identical pictures; and 4) degree of randomness

may be specified for each picture examined. Since the distribution of

Nostoc within host cells of the nodule appeared random, techniques of
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random sampling, the most efficient and most reliable (Weibel, 1963),

may be used.

For electron microscopy, sections are viewed at low magnifications

(3,000 to 6,000 times) and the resulting negatives are enlarged

photographically to 15,000-30,000 times (Williams, 1977). One of the

several analytical methods then may be applied. In the Gunnera/Nostoc

study, point analysis was used by counting points of intersections over

the structure of interest and expressing this number as a percentage of

the total cell volume. All micrographs were taken at a microscope

magnification of 4,000, then photographically enlarged to 12,400. A

2 cm2 lattice of points was applied to all micrographs (Fig. 1).

Williams (1977) found that measurements of the same micrographs made by

p1animetry, point analysis, line analysis, or paper weighing were

similar. Regardless of the method selected, several sources of error

in obtaining the micrographs must be considered. First, microscope

magnification should be calibrated regularly. Williams (1977) suggested

including a micrograph of the calibration grating replica with each

group of negatives. Second, distortion of the image in the microscope

and compression of thin sections in the direction of the cutting stroke

are other sources of error (Loud et al., 1965). In general, errors may

be placed in one of four categories: statistical, systematic, operator,

or specimen. 1 Statistical errors would include the natural variability

of the sample, non-independence of measurements, and sample size.

Ipeachey, L. D., B. Eisenberg, and J. Haselgrove. Quantitative
analysis of electron micrographs. Information from short course at
Marine Biological Laboratory, Woods Hole, December 9-14, 1979.
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Structural changes during tissue processing, such as shrinkage, and

microscope errors (such as magnification fluctuation) are examples of

systematic errors; operator errors include bias in selecting areas to

be photographed and failure to correctly locate and identify the

structure of interest. Non-randomness in structures represents one type

of inherent specimen error. 2

CYTOCHEMISTRY

Cytochemical techniques, when applied at the ultrastructural level,

can provide useful information. Since high phosphatase activity has

been reported localized at the cell wall ingrowths of transfer cells

(Gunning et al., 1968; Gunning and Pate, 1969) and acid phosphatases are

abundant in degenerating cells, the localization of the enzyme could be

helpful in determining a developmental sequence in the Gunnera/Nostoc

symbiosis.

That acid phosphatase could be localized for electron microscope

observation has been known since 1955 (Goldfischer et al., 1964).

Problems existed at that time and, unfortunately, still do exist

although not in the same form. The most commonly used method, that of

Gomori (1939), worked on the premise that "phosphate ions, liberated by

enzymatic hydrolysis of various organic phosphates serving as

substrates, will be trapped in statu nascendi (at site of formation)

by metal cations present in the medium, to form highly insoluble

precipitates" (Essner, 1973). The Gomori technique localized acid



149

phosphatases, that is, phosphomonoesterases II, a group of "nonspecific

enzymes that hydrolyze a variety of organic esters with the liberation

of phosphate ions" (Essner, 1973). Although a number of substrates may

have been used, a-glycerophosphate was most frequently employed.

Halperin (1969), for example, tested a-glycerophosphate,

glucose-6-phosphate, glucose-I-phosphate, and p-nitrophenylphosphate in

studying acid phosphatases in carrot cell cultures. All showed

hydrolysis at the same sites, but a-glycerophasphate gave the best

results.

In some cases, light and electron microscope observations agreed,

but others showed discrepancies. Sexton et al. (1971), in particular,

noted activity in root tip cell nuclei fixed for electron microscope

observations, but not in material which had been frozen and sectioned

for light microscopy. This variability was attributed to section

thickness since those pieces for light microscopy were thinner than the

initial thickness of pieces fixed for electron microscopy (which are

sectioned just prior to observation). Gahan and McLean (1969) observed

precipitation in Vicia faba L. nuclei with increasing incubation time.

Nuclear reaction perhaps served to indicate artifact formation due to

overincubation.

The glutaraldehyde routinely used for electron microscope fixation

often inhibited acid phosphatase activity (Sexton et al., 1971) although

the effect varied with the tissue (Essner, 1973). Karnovsky's fixative

(glutaraldehyde and paraformaldehyde), which yielded particularly good

results with Gunnera tissues, was an even stronger inhibitor than

glutaraldehyde alone (Essner, 1973) and little (Fig. 2) or no reaction
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product (Fig. 3) was observed in Gunnera tissue fixed with Karnovsky's

solution. In aldehyde-fixed tissues, therefore, an absence of reaction

product may not have indicated a lack of enzyme activity, but merely

resulted from enzyme inhibition (Go1dfischer et al., 1964).

A number of problems may occur with the reaction product (Essner,

1973), these being: 1) possibility of diffusion from active site;

2) precipitation as discrete, coarse particles often too large to be

conclusively linked with a specific location; 3) formation of a

continuous deposit after long incubation periods and reaction product

accumulation. Several of these problems can be minimized by monitoring

incubation time so as to avoid overincubation. Should reaction product

diffusion still occur, false localizations may be detected by examining

sections for a density gradient. Density will decrease with distance

from the active site (Go1dfischer et al., 1964).

The apparent lack of acid phosphatase association with a specific

organelle further complicated the question of whether plant cells have

lysosomes. DeDuve favored abandoning the term. "lysosome" in exchange

for "vacuome" when referring to plant cells (Matile, 1974). The latter

term included the endoplasmic reticulum (ER), Go1gi apparatus,

1ysosomes, vesicles, and the extracellular space (Mati1e, 1974). This

inclusive term more accurately described the potential distribution of

these hydrolytic enzymes (Berjak, 1972). Matile (1974), in fact,

attributed no functional meaning to the "lysosome" in plant cells since

"it will be seen that the digestive function attributed to lysosomal

enzymes never represents the exclusive function of the lysosomal

compartment."
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Acid phosphatase activity has been localized in various components

of the vacuome. The Golgi apparatus and its vesicles in various cell

types have shown reaction product (Figier, 1968; Gahan and McLean, 1969;

Dauwalder et al., 1969; Matile, 1974). Some investigators reported that

the reaction product was restricted to only one face (Dauwalder et a1.,

1969; Halperin, 1969), while others mentioned no polarity (Zee, 1969;

Matile, 1974). Restricted acid phosphatase activity had also been noted

in animal cells; motor neurons of the spinal cord and cerebrum and

cerebellum neurons showed activity in only one of the several cisternae

(Goldfischer et al., 1964). Very low activity was associated with the

Golgi vesicles (Goldfischer et al., 1964).

Enzyme activity has also been associated with ER vesicles (Zee,

1969; Figier, 1968; Matile, 1974), the plasmalemma (Figier, 1968; Hall

and Davie, 1971; Maier and Maier, 1972), and the cell wall (Halperin,

1969; Hall and Davie, 1971; Matile, 1974). Various other sites of

deposition have been named. Of particular interest are observations

(Halperin, 1969; Matile, 1974) on mu1tivesicu1ate bodies (MVBs) which

seemed to be transporting their contents to the cell wall space. In

Halperin's carrot cell cultures, wall degradation accompanied cell

aging, but the MVBs present in the wall space never showed enzyme

activity although the wall itself showed precipitates. In

Nostoc-containing Gunnera cells, the reaction product was repeatedly

localized at the host cell wall/plasmalemma interface (Fig. 4, 5).

Control sections from material incubated in the absence of the substrate

failed to show any precipitate formation (Fig. 6).



From the preceding discussion, it should be obvious that acid

phosphatase localization is subject to variability which may be a

consequence of the methodology employed and/or inherent cell

differences.
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Fig. 1. Grid spacing used for morphometric analyses. Point

intersections over the structure of interest were counted and

expressed as a percentage of total cell volume. A 2 cm2 lattice

was applied to each transmission electron micrograph; the final

magnification of each micrograph was 12,400.
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Fig. 2-3. 2. Slight deposition of reaction product (Pr) along

encapsulating layer (En) of host origin which surrounds Nostoc cells

(N). Tissue was fixed in Karnovsky's solution. X 25,000. 3. No

reaction product was found in some Gunnera nodule cells which were

fixed with Karnovsky's solution. Preservation of cellular details

was superior to that of glutaraldehyde-fixed material. Gunnera cell

wall at GCW, encapsulating layer (En) surrounds Nosto~. Most

symbiont cells were degenerated heterocysts as, for example, at DH.

A single intact cell, a vegetative cell, was present (Vg). X 5,700.
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Fig. 4-6. 4. Acid phosphatase localization in Gunnera nodule

cells. Heaviest precipitate (Pr), indicative of enzyme presence,

occurred at Gunnera plasmalemma (GM)/cell wall (GCW) interface.

Degenerating Nostoc heterocysts (DH) were abundant. X 9,200.

5. Reaction product (Pr), indicative of acid phosphatase activity,

localized at host cell wall (GCW)/plasmalemma (GM) interface and

along edge of encapsulating layer (En). Degenerating Nostoc (N)

cells were present. X 14,000. 6. Section from control.

Nostoc-containing Gunnera tissue incubated without the substrate,

sodium glycerophosphate, showed no precipitate formation.

Degenerated heterocyst (DH) surrounded by encapsulating layer (En).

X 18,000.
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APPENDIX B

NITROGENASE (ACETYLENE REDUCTION) ACTIVITY,

IN THE GUNNERA/NOSTOC SYMBIOSIS

Nitrogen fixation has been confirmed in some species of Gunnera by

use of both the acetylene reduction technique and lSN (Silvester and

Smith, 1969). Using the small New Zealand species, they showed that

nitrogen was rapidly fixed in the nodules and subsequently transported

to other portions of the host plant.

Since the heterocyst has been determined as the site of nitrogen

fixation (see Fogg et a1., 1973, for discussion) there have been

attempts to correlate heterocyst frequency with nitrogen fixation rates

(Jewell and Ku1asooriya, 1970). In Gunnera a1bocarpa (Kirk) Ckn.,

Silvester (1976) found the highest nitrogenase activity 5 cm below the

shoot apex. He had examined four sites along the stem, the last being

20 em below the apex. A range of 23% to 65% for heterocyst frequency

at various sites along the stem was found for these samples (Silvester,

1976) with a corresponding change in color from deep green to gray in

the nodules. In older nodules, heterocyst frequency was sometimes as

high as 90%. In the symbiotic state, heterocyst frequency in Nostoc

was about eight times greater than in the free-living state (Silvester,

1976).

This investigation using G. kaa1ensis (Krajina) St. John was

undertaken to determine: 1) if nitrogenase activity (acetylene

reduction) occurred in this species; 2) if optimal activity was

localized consistently; and 3) if morphometric data from electron
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micrographs could be used in estimating Nostoc content of the nodules

and how this compared with estimates of Nostoc from chlorophyll a

extractions.

MATERIALS AND METHODS

In the first experiment a mature Gunnera plant was cut on Mt.

Ka'ala, O'ahu, and used immediately for the acetylene reduction assay.

Test tubes (18 mm diameter) from which the ends had been removed were

fitted with rubber serum stoppers and inserted into the stem at various

sites (Fig. 1). Three tubes were inserted at each site and argon was

added immediately via a syringe. In preparing acetylene for incubation

of the sample, 1 ml of pure acetylene was added to 10 ml of air space.

After 15 mint a 3 ml sample of gas was removed from each tube via

syringes. An additional gas sample was taken from each tube after a

total of 60 min. Controls consisted of gas samples from tubes which had

been inserted into the petiole, an area which lacked Nostoc cells.

Samples were transported to the laboratory for analysis on a Bendix Gas

Chromatograph 2500.

Small pieces of the Nostoc-containing tissue from the incubated

regions were fixed in the field after the tubes had been removed from

the plant. A 10% Karnovsky's solution (Hayat t 1970) prepared with

0.2 M sodium cacodylate buffer (pH 7.4) was used. Calcium chloride was

omitted from the stock solution. Fixation was carried out at room

temperature for 4 h; postfixation was done with 1.5% osmium tetroxide,

buffered with 0.1 M sodium cacodylate t for a period of 3 h. A graded

acetone series was used for dehydration of the tissues; following 100%
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acetone, a small amount of n-butyl glycidyl ether was added as an

infiltration aid (Kushida, 1974). Embedding in Quetol 651 followed and

the samples were polymerized at 60°C for a minimum of 24 h. Blocks were

sectioned on a Reichert Om U2 ultramicrotome with glass knives.

Gold/silver sections were collected on uncoated 400-mesh copper grids

and stained with uranyl acetate and lead citrate. The sections were

examined with a Hitachi HS-8-l electron microscope operating at 50kV.

For morphometric analyses, two blocks were selected at each sample

site and two grids prepared from each block. Three micrographs were

obtained from each grid. A microscope magnification of 4,000 was used

and the negatives were photographically enlarged 3.1 times. Total

magnification was 12,400. During printing, a plastic grid with 2 cm2

blocks was superimposed onto the paper. Quantitative data were

collected by counting numbers of intersections (points) which fell over

the structure of interest and expressing this as a percentage of the

total area covered by the lattice. In this case, the total number of

points covering a micrograph was 108. For distinguishing between intact

(Fig. 2) and dead (Fig. 3) Nostoc cells, the morphological criteria used

included shape, degree to which thylakoids and granules could be

discerned, and extent of osmiophilic reaction. Heterocysts (Fig. 2)

were distinguished by the usual absence of granules and the presence of

pore channels and a thickened envelope external to the wall.

In another experiment, nodules were exposed by removing the surface

layers of the stem and excising pieces (6 rom in diameter, 1-2 mm in

thickness) with a cork borer. Five sites were sampled along the length

of the stem and samples prepared in triplicate at each site. A sample
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consisted of two pieces of stem tissue placed in a 35 ml bottle, capped,

and immediately flushed with argon. Acetylene was added to each bottle

as previously described. The bottles were kept in room light and at

room temperature during the incubation. The first gas sample was taken

at 30 min and the second after a total of 120 min. As controls, some

pieces from each sampling site were incubated without the addition of

acetylene; other controls consisted of host tissue without Nostoc.

Ethylene standards were also prepared. After completing the gas

chromatography, the nodule pieces were used for chlorophyll extractions.

Hot methanol was added (5 ml per bottle) and the samples were stored in

the dark at 55°C for 3.5 wk prior to assaying. A Bausch and Lomb

spectrophotometer 20 was set for a wavelength of 665 nm for chlorophyll

a. Chlorophyll a content was calculated as 16.5 A665(mg 1-1) and

corrected for the dilution used (Sestak et al., 1971). Host tissue

chlorophyll a content was determined by' extracting from stem pieces

lacking Nostoc and subtracting this from the Nostoc-containing samples.

The corrected value thus represented chlorophyll a content of Nostoc.

In the third experiment, two plants were used. For each plant,

a series of stem discs obtained as described previously was placed in

similar bottles and processed for acetylene reduction analyses as

before. At each sampling site on each plant, three replicates were

used. However, gas samples were removed for analyses after 30 min and

60 min. From one plant, a set of tissue segments from the bottles was

used for morphometric analyses. Pieces from each sampling site were

fixed. The fixation procedure was similar to that described earlier

except the time in Karnovsky's solution was extended to 20 h and Spurr's
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low viscosity resin (1969) was used for embedding. N-butyl glycidyl

ether was omitted.

From the second plant, the tissue pieces were used for chlorophyll

extraction after the acetylene reduction had been completed. The discs

were ground with a small amount of calcium carbonate and suspended in

5 ml of 80% acetone. This was diluted to 10 ml in order to get on-scale

readings. Absorbance readings were taken on a Bausch and Lomb

spectrophotometer 20 with the wavelength set at 665 nm for chlorophyll

a. Chlorophyll a content was calculated as 13.7 A665(mg 1-1
) (Sestak

et al., 1971) and corrected for the dilution. Chlorophyll a for Nostoc

was corrected for as described previously.

RESULTS

Results of the in situ incubation and corresponding mor.phometric

analyses are shown in Table 1. Of the five stem regions sampled,

greatest acetylene reduction occurred at 10 cm from the stem apex, the

site at which the greatest volume of intact heterocysts per volume of

host cell was found (Table 1). Acetylene reduction rates were lower

in all samples basipetal to the 10 cm value, as was the rate of the

sample from the stem apex where no Nostoc cells were observed in the

electron microscope. Rates of acetylene reduction were much higher

when excised stem discs were used (Table 2) and the greatest activity

occurred at the uppermost sampling region. Nostoc was observed within

this tissue sample; approximately 9% of the host cell was occupied by

intact heterocysts.



Table 1

aIn situ nitrogenase activity (acetylene reduction assay ) and morphometric analysis---
of Gunnera kaa1ensis stem nodules

Morphometric datab (%)
Distance of Acetylene
nodule from reduced vN vND vND vNI vHI vHI Activity

stem apex (cm) (n mo1e/h/cm3
) vG vG vN vG vNI vG indexc

1

0 1 0 0 0 0 0 0
1

X =1

85
10 14 21 2 10 19 69 13 4.0

x= 50

7
25 3 22 6 27 16 59 11 0.4

X =5

4

55 3 14 8 57 6 50 3 1.0
1

x=3

0\
V1



Table 1 (Continued)

In situ nitrogenase activity (acetylene reduction assaya) and morphometric analysis

of Gunnera kaalensis stem nodules

bMorphometric data (%)
Distance'of
nodule from

stem apex (cm)

Acetylene
reduced

(n mole/h/cm3
)

vN
vG

vND
vG

vND
vN

vNI
vG

vHI
vNI

vHI
vG

Activity
indexc

85
1
1

x =1

dControl 0

eCorrelation: r = .39

r p • 05 = .878

18 8 44 10 69 7 0.1

aAcetylene reduction measured using tubes with a 20 ml volume which were inserted into the stem to
enclose approximately 3 cm3 of stem tissue.

bValues represented percentages and were obtained from averages of twelve micrographs. vN = volume
of total Nostoc; vG = volume of Gunnera cell; vND = volume of dead Nostoc; vNI = volume of intact
Nostoc; vHI = volume of intact heterocysts.

.....
0\
0\



Table 1 (Continued)

In situ nitrogenase activity (acetylene reduction assaya) and morphometric analysis

of Gunnera kaalensis stem nodules

cA iii d _ acetylene reduced (n mole/h/cm3
)

ct v ty n ex - vHI/vG

dControl ; uninfected Gunnera tissue incubated with acetylene.

eCorrelation determined between average acetylene reduced (n mole/h/cm3 ) values and vHI/vG;
r p. 05 determined for two-tailed test.

0\
"'-J



Table 2

aNitrogenase activity (acetylene reduction assay ) and morphometric analysis

of excised Gunnera kaalensis stem nodules

bMorphometric data (%)
Distance of
nodule from

stem apex (cm)

0-3

10

25-30

Acetylene
reduced

(n mole Ihlcm3 )

837
512

x= 674

75
219

x= 147

21

vN
vG

21

28

26

vND
vG

o

3

10

vND
vN

o

11

38

vNI
vG

21

25

16

vHI
vNI

50

48

46

vHI
vG

9

12

7

Activity
indexc

75

12

3

90
7

23
x= 15

dControl 0

eCorrelation: r = .39

r p , 05 :: .950

21 14 67 7 51 3 5

....
0\
00



Table 2 (Continued)

Nitrogenase activity (acetylene reduction assaya) and morphometric analysis

of excised Gunnera kaalensis stem nodules

aAcetylene reduction measured using nodule pieces with approximate volumes of .06 cm3 •

bValues represented percentages and were obtained from averages of twelve micrographs. vN = volume
of total Nostoc; vG = volume of Gunnera cell; vND = volume of dead Nostoc; vNI = volume of intact
Nostoc; vHI = volume of intact heterocysts.

cA iii d _ acetylene reduced (n mole/h/cm3
)

ct v ty n ex - vHI/vG

dControl = uninfected Gunnera tissue incubated with acetylene.

eCorrelation determined between average acetylene reduced (n mole/h/cm 3 ) values and vHI/vG;
r p• 05 determined for two-tailed test.

....
0\
\0



Table 3

aNitrogenase activity (acetylene reduction assay ) of excised Gunnera kaalensis stem nodules

Distance of Acetylene Chlorophyll a
nodule from reduced in samb1e Acetylene reduced (n mo1e/h/cm 3 )

stem apex (em) (n mole/h/cm 3 ) (ug) Chlorophyll a (llg)

8 25 7 4
122 12 10

x=7

25 30 19 2
878 23 38

x =20

35 214 24 9
41 21 2

111 23 5
x =5

65 39 22 2
39 16 2

x =2

.....
-..J
o



Table 3 (Continued)

Nitrogenase activity (acetylene reduction assaya) of excised Gunnera kaa1ensis stem nodules

Distance of
nodule from

stem apex (cm)

90

Acetylene
reduced

(n mo1e/h/cm3
)

21
21

Chlorophyll a
in samb1e(\.I g)

12
16

Acetylene reduced (n mo1e/h/cm3 )

Chlorophyll a (\.Ig)

2
1

x =2

Contra1c 0

dCorrelation: r = .40

r p.05 = .602

aAcety1ene reduction measured using nodule pieces with approximate volumes of .06 cm 3 •

bValues represented chlorophyll a from Nostoc within the host tissue; chlorophyll a from host was
excluded. Chlorophyll a determined by: chlorophyll a = l6.5A665 (mg 1-1) and adjusting for volume
used for extraction.

cControl = uninfected Gunnera tissue incubated with acetylene.

dCorre1ation determined between acetylene reduced (n mole/h/cm3 ) and chlorophyll a (\.Ig);
r p• 05 determined for two-tailed test.

I-'
-...J
I-'



Table 4

aNitrogenase activity (acetylene reduction assay ) of excised Gunnera kaalensis stem nodules

Distance of
nodule from

stem apex (cm)

0-3

10

25-30

90

Acetylene
reduced

(n mole/h/cm3
)

17

158
823

92

583
72

2400

219
46
26

Chlorophyll a
in samEle

(ug)

5

1
10
10

40
30
30

50
50
30

Acetylene reduced (n mole/h/cm3 )

Chlorophyll a (lJg)

3

158
82

9
x= 83

15
2

80
x =32

4
1
1

x =2

Controlc 0

dCorrelation: r = .06

r - 6p.05 - . 32
.....
-...J
N



Table 4 (Continued)

aNitrogenase activity (acetylene reduction assay ) of excised Gunnera kaalensis stem nodules

aAcetylene reduction measured using nodule pieces with approximate volumes of .06 cm3 •

bValues represented chlorophyll a from Nostoc within the host tissue; chlorophyll a from host was
excluded. Chlorophyll a determined by: chlorophyll a = l3.7A

665
(mg 1-1) and adjusting for volume

used for extraction.

cControl = uninfected Gunnera tissue incubated with acetylene.

dCorrelation determined between acetylene reduced (n mole/h/cm3 ) and chlorophyll a (~g);
r p• 05 determined for two-tailed test.

~

"'-J
W
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Results of acetylene reduction of excised pieces related to

chlorophyll a content of the pieces showed that highest activity

occurred at 25 cm (Table 3) and 10 cm (Table 4) below the stem pieces.

In all four assays, no correlation existed between rate of

acetylene reduction and morphometric data (Tables 1 & 2) or chlorophyll

data (Tables 3 & 4).

DISCUSSION

Highest nitrogenase activity (acetylene reduction) was not

consistently associated with anyone site along the Gunnera stem,

although the data showed that greatest activity is within 25 cm of the

apex. The low rates of acetylene reduction in the in situ experiment

(Table 1) suggested that cell layers above the nodule could be

inhibiting diffusion of the acetylene to the Nostoc.

Since Stewart et ale (1968, cited by Jewell and Kulasooriya, 1970)

suggested that heterocyst abundance and acetylene reduction seemed to be

correlated, a number of studies have employed counting of heterocysts

and relating such values to acetylene reduction. Silvester (1976)

indirectly used heterocyst frequencies in explaining nitrogenase

variation and found that frequencies increased basipetally in the New

Zealand specimens he studied. In Gunnera kaalensis this trend did not

appear, since at all but the uppermost sampling sites (Table 1)

heterocyst volumes represented about 50% of the intact Nostoc cell

volume. However, the total volume of intact Nostoc cells--and also

intact heterocyst volumes--decreased basipetally. This could explain

lowered rates of acetylene reduction at these sites. Although general
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trends (i.e. decreases in acetylene reduction rates and volumes of

intact heterocysts towards the stem base) were observed, there were no

significant correlations between reduction and volume of heterocysts.

Pigment content and/or nitrogen content have been used in providing

a measure of Nostoc. Such methods seem to encompass several problems,

the most outstanding being the effect of degeneration processes on these

substances. In the case of G. albocarpa, low frequencies of

degenerating cells of Nostoc were recorded and degeneration reached 15%

only in the oldest stem nodules examined (Silvester, 1976).

Degeneration, therefore, may not be as important as in G. kaalensis

where dying or dead Nostoc cells most often accounted for a greater

proportion of the total Nostoc volume, as high as 67% (Table 2). No

correlations were found between acetylene reduction rates and

chlorophyll a content of the nodules.

These experiments can be summarized as follows:

1) Acetylene reduction (nitrogenase activity) does occur in

the Gunnera kaalensis/Nostoc symbiosis and the reducing

activity is attributed to the Nostoc since host tissue

lacking the cyanobacterium showed no appreciable activity.

Highest activity occurred within 25 cm of the stem apex.

2) No correlations were found between acetylene reduction and

the amount of Nostoc present. This was true for both

morphometric estimates of Nostoc volumes and Nostoc

estimates on the basis of chlorophyll a content.

3) Extreme variability between replicates was often found,

indicating the need for a much larger sample size.
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Fig. 1-3. 1. Gunnera kaalensis stem prepared for in situ

acetylene reduction assay. Tubes (T) were inserted into the stem over

regions known to contain Nostoc. Stem tip indicated at arrow. Leaves

were removed for ease of tube insertion; bases of petioles (PT)

remained. 2. Transmission electron micrograph (TEM) of tissue 25 cm

below apex used in acetylene reduction assay (Tables 1 & 2) and

processed for morphometric analyses. Point intersections over the

feature of interest were counted. Heterocyst (H) identified by the

presence of thick envelope (E) and oblique view of pore channel (PC).

Grid spacing was 2 cm2
• X 12,400. 3. TEM of tissue 25 cm below apex

used in acetylene reduction assay (Tables I & 2) and processed for

morphometric analyses. Point intersections over the feature of

interest were counted. Nostoc cells with irregular shape and

osmiophilic appearance were categorized as dead (D). Grid spacing was

2 cm2
• X 12,400.
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