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ABSTRACT

Individual meristeles of the dissected dictyostele of the rhizome

are bicollateral in structure with two bands of phloem tissue occurring

interior and exterior to xylem tissue. Phloem is composed of parenchyma

cells and sieve cells with thick nacreous lateral walls. Both cell

types have oblique end walls. Xylem is composed of imperforate

tracheids. Bands of xylem sheath parenchyma cells occur between xylem

and phloem. Each meristele is surrounded by layers of pericycle and

endodermal cells. Catechol tannins occur in the cell walls of cortex

and pith cells adjacent to the endodermis. Tannins also occur in walls

of cells vf epidermal scales, and walls of cortical and pith cells

which occur in strands oriented parallel with the long axis of the

rhizome. In young cortical cells tannin occurs in small vacuoles.

These cells often have crystalline nuclear inclusions and plastids with

large starch grains. Paramural bodies containing tannin-like material

occur in areas of tannin deposition. These paramural bodies are in

close association with endoplasmic reticulum and multivesicular

bodies. Enlarged areas of endoplasmic reticulum also appear to contain

tannin-like material. Tannin deposits appear in four layers. The

middle lamella contains the most tannin. Older primary wall also

contains much tannin. However, younger wall contains little tannin

except for a layer directly adjacent to the plasma membrane.

Metaxylem is first to differentiate in each meristele. This is

followed by differentiation of metaphloem, protophloem, endodermis,

pericycle, and protoxylem. Maturation of protophloem, endodermis, and

pericycle occur first. This is followed by maturation of protoxylem,
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metaxylem, and metaphloem. Differentiation and maturation of tissue

appear to be entirely acropetal.

Development of sieve cells has been stidued in detail. Young

sieve cells can not be distinguished from parenchyma cells. Both cell

types have plastids with areas of electron dense stroma, few lamella,

and no starch grains, and elongate mitochondria with many cristae.

Multivesicular bodies appear to be involved with wall formation.

Smaller multivesicular bodies may be derived from envagination of

outer membranes of dictyosome vesicles. However, larger multivesicular

bodies appear to be derived from endoplasmic reticulum. Multivesicular

bodies are sheathed with endoplasmic reticulum after fusion with the

plasma membrane. Smaller vesicles are formed by evaginations of outer

membranes of these paramural bodies. Fibrillar and vesicle-containing

paramural bodies are associated with older walls.

Developing sieve cells are larger in size and contain larger

vacuoles than parenchyma cells. Spheres of phloem protein which

develop in sieve cells are also seldom found in parenchyma cells.

These spheres develop from single membrane bound vesicles associated

with both other cytoplasmic vesicles and endoplasmic reticulum.

Plastids at this stage of development contain small starch grains and

osmophilic globules. Mitochondria often appear torus shaped in

section.

The central vacuole of sieve cells apparently collapses. The

collapsed vacuole is stellate to saccate in shape and occupies very

little of the cell lumen. Sieve cells approaching maturity have very

thick walls. Nuclear disintegration occurs by swelling of the nuclear



iv

envelope and apparent release and disintegration of chromatin material.

No evidence of nucleolar release was observed. Degeneration of the

cytoplasmic matrix results in mature sieve cells with open central

lumens. Near the periphery of these cells electron opaque phloem

protein spheres, smooth endoplasmic reticulum, plastids with amorphous

content, and mitochondria with swollen cristae are present.
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CHAPTER I

Structure and development of the rhizome of Microsorium

scolopendria (Burm.) Copel. (Polypodiaceae) 1
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ABSTRACT

Individual meristeles of the dissected dictyostele of the rhizome

are bicollateral in structure with two bands of phloem tissue occurring

interior and exterior to xylem tissue. Phloem is composed of parenchyma

cells and sieve cells with thick nacreous lateral walls. Both cell

types have oblique end walls. Xylem is composed of imperforate

tracheids. Bands of xylem sheath parenchyma cells occur between xylem

and phloem. Each meristele is surrounded by layers of pericycle and

endoderrnal cells. Catechol tannins occur in the cell walls of cortex

and pith cells adjacent to the endoderrnis. Tannins also occur in walls

of cells of epidermal scales, and walls of cortical and pith cells

which occur in strands oriented parallel with the long axis of the

rhizome. Metaxylem is first to differentiate in each meristele. This

is followed by differentiation of metaphloem, protophloem, endoderrnis,

pericycle, and protoxylem. Maturation of protophloem, endoderrnis, and

pericycle occur first. This is followed by maturation of protoxylem,

metaxylem, and metaphloem. Differentiation and maturation of tissue

appear to be entirely acropetal.
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Introduction

The stem of Microsorium scolopendria (Burm.) Copel. is a

dorsiventral creeping rhizome that commonly grows on the soil surface.

Numerous adventitious roots are found along the lower and lateral

surfaces of the rhizome. Leaves and leaf traces are restricted to the

dorsal part of the rhizome. These leaves occur infrequently and may

be separated by internodes several centimeters in length. Thus, the

vascular tissue of the rhizome is mostly cauline in nature, with little

vascularization related to leaf traces. The uncomplicated vascular

pattern is ideal for study of development. This reason, along with

the availability of material throughout the year, prompted this study

of tissue development and maturation. This paper will first deal with

the individual tissues and then proceed to a study of developmental

sequences and the interrelationships of the developmental processes in

the tissues.

Material and methods

Samples, 2.5 mm in length, were taken from the apical 20 cm of

rhizomes of ~. scolopendria. Immediately after cutting, samples were

placed in Craf III (Sass, 1961) for light microscopy, and in

formaldehyde-glutaraldehyde fixative (Karnovsky, 1965) for light and

electron microscopy. Craf III-fixed material was aspirated for 30

min; the fixative was changed three times in a 24-hr period before

dehydration, and embedding was in paraffin. Material was sectioned at

10 wwith a rotary microtome, mounted on glass slides and stained with

tannic acid-ferric chloride and lacmoid (Cheadle, Gifford, and Esau,

1953). Further material for light microscopy was prepared, after
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fixation for 4 hr in formaldehyde-glutaraldehyde fixative, by the

method of Feder and O'Brien (1968), and embedded in glycol

methacrylate polymer. Material was sectioned 1-2 ~ thick with glass

knives, mounted on glass slides, and stained with 0.05 % aqueous

toluidine blue solution.

Material for electron microscopy was fixed for 30 min in the

formaldehyde-glutaraldehyde fixative, then cut into 1 mm cubes, and

fixed for an additional 4 hr in fresh fixative at about a C. Samples

were washed with three changes of 0.1 M phosphate buffer (pH 7.2), and

post fixed for 1 hr in 1 % osmium tetroxide in phosphate buffer at

about a C. After washing with three more changes of phosphate buffer,

samples were dehydrated with a graded series of ethanol, treated with

propylene oxide, and embedded in epoxy resin (Spurr, 1961). Thin

sections were obtained with a diamond knife in an LKB Ultratome 1 and

were placed on collodion and carbon support films on copper grids.

Sections were stained for 20 min with uranyl acetate (a saturated

solution in 50 % ethanol) and for 5 min with lead citrate (Reynolds,

1961). The material was examined with a Philips EM-75 and a Hitachi

HU-lIA electron microscope operated at 50 kv.

Free hand sections of fresh material and thick sections of

methacrylate embedded material were subjected to a variety of

histochemical tests as described.



Observations

Epidermis

The most conspicuous epidermal structures of the rhizome are the

large lanceolate peltate scales (fig. 4). Growth of each scale is

initiated by the periclinal division of a protodermal cell near the

apical cell (fig. 5). When mature each scale has a large stalk (fig.

6) and an acuminate tip which extends toward the apex of the rhizome.

The walls of the scale cells are refractive and dark brown in color.

A blue-black reaction with ferric chloride and a positive cherry-red

nitroso reaction (Jensen, 1962) indicated the presence of catechol

tannins in these walls.

A thick cuticle, not evident over the scales, covers external

walls of the remaining epidermal cells. These cells often contain

chlorophyll. Stomata have not been observed in the epidermis of the

rhizome.

Cortex and Pith

Cells of the cortex and pith cease to divide within a few

millimeters of the apical cell. These cells increase greatly in size

and develop large central vacuoles. Plastids with prominent starch

grains are often found in the peripLleral cytoplasm (fig. 7). Some

subepidermal cortical parenchyma cells also contain chlorophyll.

Scattered cells of the cortex and pith divide (fig. 8) and form

elongate cells which occur in strands oriented parallel with the long

axis of the rhizome (figs. 9-13). These strands of cells develop

thick catechol tannin-filled walls, and become fiber-like in older

rhizomes.

5



6

Endodermis and Pericycle

Cells of endodermis and pericyc1e arise from common mother cells

(figs. 14-16). Each mother cell is smaller in size than the adjacent

cortical cell and is often comparable to the procambia1 cells. The

two daughter cells, resulting from a longitudinal division of the

common mother cell, soon become different in structure. Daughter cells,

which comprise the outer layer of each meristele, develop into the

endodermis. These cells remain small in size, and rapidly accumulate

numerous lipid droplets in the cytoplasm (fig. 17). Deposition of

waxes of the casparian strip occurs in the walls of adjacent endoderma1

cells (fig. 18). No cytoplasmic structures have been observed to be

involved in the deposition of these waxes. However, the plasma

membrane of the endoderma1 cells appears to adhere to the wall in the

areas of casparian strips.

In older tissues waxes appear to be present only in the casparian

strip and not in other endodermal cell walls (fig. 19). The meriste1e

is structurally isolated from ground tissue by deposits of catechol

tannin in cell walls of cortical and pith cells adjacent to the

endodermis (figs. 1H, 13). It is not known whether the movement of

water and solutes is affected by these tannin wall deposits.

Daughter cells, which comprise the layer of cells inside the

endodermis in each meriste1e, develop into the pericyc1e. These cells

are larger in cross-sectional diameter than endoderma1 cells. Large

vacuoles are usually not present, and the nucleus appears pleiomorphic

(figs. 20-23). P1astids contain several starch grains and few

lamellae. Mitochondria appear spherical, or ovoid, and contain
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numerous cristae.

Vascular tissue

Individual meristeles of the dissected dictyostele of the rhizome

are bicollateral in structure, with two bands of phloem tissue occuring

interior and exterior to a band of xylem tissue (figs. 1,2). In each

meristele, thick-walled protophloem sieve cells occur adjacent and

interior to the pericycle (figs. 2, 14, 20-23). These cells often

become crushed in older tissue.

Bands of metaphloem occur interior to the protophloem in each

meristele (fig. 2). Both parenchyma cells and sieve cells are found in

the metaphloem. Sieve cells vary in size, with the cells having

greater cross-sectional diameters nearer the center of each band.

Both parenchyma cells and sieve cells have oblique end walls (fig. 25).

However, only sieve cells develop thick nacreous walls (fig. 31).

The xylem tracheids occur in a band through the center of each

meristele (fig. 2). The xylem elements nearest the pericycle are

smaller in diameter and constitute the protoxylem. These protoxylem

elements have annular to helically thickened walls. The metaxylem

tracheids are the cells with the largest diameters in the meristele,

and are found near the center of each meristele (figs. 2, 25). These

cells are imperforate, and possess thin pit membranes (fig. 24).

Parenchyma cells are only rarely found among or between the xylem

tracheids. However, in almost every rhizome studied a band of

parenchyma cells was present adjacent to the tracheary elements of the

xylem. These cells have been termed xylem sheath parenchyma cells

(Lamoureux, 1961). The conducting elements of xylem and phloem are
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thus, almost, but not always, separated by this layer of parenchyma cells

(figs. 2, 16).

Development and maturation of tissues

The epidermis is the first distinct tissue of the rhizome to

develop, and is a recognizable layer within twenty cells of the apical

cell. However, in the formation of scales, cell divisions occur in the

protoderm within ten cells of the apical cell. Development of these

scales is also very rapid and many of the scales have heavy tannin

deposits 1 rom distal of the apical cell.

In internal tissues of the rhizome procambial cells are recogniza

ble by their elongate shape and smaller diameter within 50 ~ of the

apical cell (figs. 26, 27). About 80 ~ distal of the apical cell,

metaxylem cells are recognizable. These cells appear enlarged and

have lightly staining nuclei (figs. 28-30). Although cell division

occurs adjacent to these cells (figs. Ie, 30), the enlarged metaxylem

cells develop directly into metaxylem tracheids without further

apparent cell division. These cells are among the last cells to mature

in the stele.

From a point 400 ~ distal of the apical cell metaphloem and

protophloem become recognizable (figs. ID, IE). The larger metaphloem

sieve cells, adjacent to the xylem sheath parenchyma cells, are the

last cells to mature in the stele. The smaller protophloem sieve cells

have thick walls and contain dense cytoplasm at this stage. Within the

next 100 ~, many of these cells contain lightly staining cytoplasm, and

appear to be functional (fig. IF).
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In each meristele, the layer of cells exterior to the protophloem,

undergoes a series of divisions at almost the same time as the

protophloem sieve cells become recognizable (figs. 14-16). Initially,

divisions occur adjacent to the protophloem, and, last, opposite the

protoxy1em poles. Maturation of these cells layers to form the

endodermis and pericycle occurs within the next 100 ~.

During the early developmental stages of the stele, cell division

occurs throughout the procambial tissue adjacent to the young metaxylem

cells (figs. lC, 30). However, with the enlargement of the metaphLoem

sieve cells and the maturation of the protophloem, endodermis and

pericycle, cell division is confined to the area between the protophloem

and metaphloem (fig. 21), the protoxylem region, and the region of the

xylem sheath cells. Cell divisions apparently occur in the pericycle,

but cells in mitotic division stages have not been observed in this

tissue.

Maturation of the xylem proceeds from the protoxylem cells to the

center of each meristele (figs. 1, 2). The first protoxylem tracheid

is mature at a point 2.5 rom from the apex, and the last metaxylem

tracheid is mature at about 30.0 rom.

Maturation of the phloem proceeds from the protophloem inward,

and from the radial margins of the meristele across the bands of

metaphloem towards the center (figs. 1, 2). Although sieve cells are

continually maturing within the metaphloem, the centermost sieve cell

in each band is the last to mature in the meristele (figs. lH, 2).

This maturation process occurs at about 40 rom distal of the apical cell.



10

Discussion

The measurements given in this paper are, in each instance,

averages for ten measurements, and are given only as a basis for

assessing the relative sequence and duration of the developmental

processes. Short lateral shoots of the rhizomes and rhizomes growing

under arid conditions may have mature tissue very close to the apex.

However, the sequence of the development of tissues in these rhizomes

appears to be the same as that described for the main axis of the

rhizome growing under favorable conditions.

That differentiation of the large metaxylem cells, from the

procambial cells, occurs early appears to be significant. These cells

are the first to differentiate, but among the last to mature. There

fore, there exist an extremely long period during which these cells

possess apparently functional and nondividing nuclei. The metaphloem

sieve cells, similarly, require a long maturation period. It is not

known how these cells affect the processes of differentiation of the

meristele, however, the remaining tissues of the rhizome appear to

mature soon after differentiation and do not undergo a long

developmental period. Thus, both the sequence of differentiation and

the order of maturation, appear to be important in the development of

the rhizome of M. scolopendria.

Differentiation and maturation in the rhizome appear to be

entirely acropetal. This is perhaps due to a lack of leaf primordia

near the apex of many rhizomes. However, the procambium does display

an orderly pattern (figs. 26-28). This non-random arrangement of cells

may be influenced by the apical cell and other meristematic cells of
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the apex or, possibly, by the existing vascular tissue. The arrangement

does not, in any case, appear to be related to leaf primordia.

lbe origin of the endodermis and pericycle from a common stelar

mother cell in~. scolopendria is not in agreement with the stelar

theory of Van Teighem (1882), who considered the pericycle to be the

outer limit of the stele. However, numerous workers have reported a

stelar origin for the endodermis and pericycle (Lachman, 1885; Gwynne

Vaughan, 1916; Williams, 1924; Chang, 1927; Johnson, 1933). Conard

(1908) reported, for Dicksonia, that these tissues had a common stelar

origin in the rhizome, and a common cortical origin in the root. As

the origin of all of the cells and tissues in almost all vascular

cryptogams can be traced to one apical cell, it has been argued that

the stelar and cortical groupings are artificial (Bartoo, 1930).

However, in M. scolopendria the cells of the rhizome, at the point of

origin of the endodermis and pericycle, appear sufficiently

differentiated to distinguish procarnbial cells from ground tissue. The

endodermis-pericycle mother cells appear to be procambial in appear

ance, both in cross sectional diameter and length, and are thus

considered to be stelar in origin.
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FIGURE 1

A, longitudinal section of rhizome, X 8. B, cross section of

rhizome, X 8. Individual meristeles of dissected dictyostele are

bicolateral in structure. C-H, cross sections of meristeles at

progressively greater distances from apex, X 170. Large metaxylem

cells are evident even in young meristeles. In E xylem is mature,

while centermost phloem sieve cells are not mature.
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FIGURE 2

Cross section of one meristele of rhizome, X 340. Phloem with

nacreous-walled sieve cells occuring on either side of a tangential

band of xylem. Endodermis and pericycle form layers of cells completely

encircling meristele. Thick-walled protophloem sieve cells are

adjacent to pericycle. A band of xylem sheath parenchyma cells occurs

between xylem and phloem. Arrows indicate the directions of

maturation of tissues. Details: en, endodermis; per, pericycle;

PH, phloem; X, xylem; XS, xylem sheath parenchyma cells.
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FIGURES 3-13

Fig. 3, habit photograph of M. scolopendria, X 1/9. The rhizome

grows on soil surface and is often covered with litter. Fig. 4, apical

portion of rhizome, X 1/2. Rhizome is covered with lanceolate peltate

scales. Leaf primordium at arrow. Fig. 5, cross section of rhizome

near apical cell, X 250. Three epidermal scale initials at arrows.

Fig. 6, longitudinal section of rhizome showing developing scale,

X 150. Fig. 7, electron micrograph of plastid from cortical cell

showing large starch grains, X 15,000. Fig. 8, mitotic division

occuring in cell of ground meristem, X 370. Figs. 9-11, cross sections

of developing cortical strands with thick tannin wall deposits, X 190.

Wall deposits do not occur uniformly around outer cells. Fig. 12,

longitudinal view of tannin strand dissected from rhizome, X 50.

Fig. 13, cross section of rhizome illustrating occurrence of thick

walled strands in cortex and pith and occurrence of tannin deposits

around meristeles, X 50. Details: s, starch grain; w, cell wall.
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FIGURES 14-19

Figs. 14-16, longitudinal and cross-sectional views of mitotic

division of endodermal-pericycle mother cell (arrows). Fig. 14,

longitudinal section with vascular tissue to right, X 400. Thick

walled protophloem sieve cells occur to right of pericycle. Fig. 15,

cross section of rhizome showing development of endodermis and

pericycle, X 500. Fig. 16, cross section showing dividing endodermis

peri cycle mother cell in region of xylem, X 600. Pericycle and

endodermis are well developed in region of phloem. Fig. 17, electron

micrograph of developing endodermal cell with large lipid droplets in

cytoplasm, X 8,500. Fig. 18, endodermal cell with developing

casparian strip, X 12,500. Little tannin has been deposited in

cortical cell wall. Fig. 19, endodermal cells from mature tissue

showing casparian strip and thick tannin deposition in cortical cell

wall, X 24,000. Details: C, cortex; cs, casparian strip; d,

dictyosome; en, endodermis; L, lipid droplet; m, mitochondrion;

mvb, multivesicular body; p, plastid; PH, phloem; per, pericycle;

pph, protophloem; X, xylem; xs, xylem sheath parenchyma cell.
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FIGURES 20-25

Fig. 20, mature pericycle cell, X 2,000. Cytoplasm appears thin

and vacuoles are small. Phloem protein spheres occur at arrows in

protophloem sieve cells. Figs. 21-23, cross sections of portions of

maturing meristeles, all X 400. Protophloem sieve cells between

pericycle and metaphloem have thick walls. Pleiomorphic nuclei occur

in pericycle cells and metaphloem sieve cells. Fig. 24, longitudinal

section of xylem tracheid showing end wall, X 18,000. A thin membrane

is present across scalariform pits. Fig. 25, radial longitudinal

section of meristele surrounded by ground tissue, X 200. Oblique end

walls of metaphloem sieve cells at arrow. Details: en, endodermis;

C, cortex; m, mitochondrion; L, lipid droplet; PH, phloem; pph,

protophloem; per, pericycle; N, nucleus; X, xylem; v, vacuole.
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FIGURES 26-31

Figs. 26-28~ cross sections of rhizome at 40, 60, and 80 ~ from

apex, respectively, all X 230. Procambia1 tissue is evident at a

distance of 40 ~ from apex and metaxy1em tracheids are present at 80 ~

from apex in this rhizome. Fig. 29, longitudinal section of metaxy1em

tracheids 150 ~ from apex of this rhizome, X 230. Fig. 30, cross

section of developing meriste1e, X 500. Metaxy1em tracheids appear to

contain many small vacuoles. Fig. 31, cross section of mature phloem

sieve cells, X 2,500. Thick nacreous walls of the sieve cells are

thinner or absent in regions of connections between cells. Numerous

phloem protein spheres can be seen in lumens of cells. Details: a,

phloem protein spheres; NW, nacreous wall; X, xylem.
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ABSTRACT

Apical rhizome segments of Microsorium scolopendria fixed in

formaldehyde-glutaraldehyde followed by osmium tetroxide were examined

to study fine structural details of sieve cell development. Young

sieve cells can not be distinguished from parenchyma cells. Both cell

types have plastids with areas of electron dense stroma, few lamella,

and no starch grains, and elongate mitochondria with many cristae.

Developing sieve cells are larger in size and contain larger vacuoles

than parenchyma cells. Spheres of phloem protein which develop in

sieve cells are also seldom found in parenchyma cells. Plastids at

this stage of development contain small starch grains and osmophilic

globules. Mitochondria often appear torus shaped in section. The

central vacuoles of sieve cells apparently collapse. The collapsed

vacuole is stellate to saccate in shape and occupies very little of

the cell lumen. Endoplasmic reticulum, which appears to be associated

with plasmodesmata during development, is often found near the

periphery of these cells. Sieve cells approaching maturity have thick

walls. Nuclear disintegration occurs by swelling of the nuclear

envelope and apparent release and disintegration of the chromatin

material. No evidence of nucleolar release was observed. Degeneration

of the cytoplasmic matrix results in mature sieve cells with open

central lumens. Near the periphery of these cells electron opaque

phloem-protein spheres, smooth endoplasmic reticulum, plastids with

amorphous content, and mitochondria with swollen cristae are present.
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There have been many ultrastructural studies of phloem development

in angiosperms and gymnosperms (see Esau and Cheadle, 1965; Weatherly

and Johnson, 1968; Eschrich, 1970). However, little is known of the

cellular processes of phloem development in the vascular cryptogams.

In Polypodium vulgare L., Liberman-Maxe (Maxe, 1966; Liberman-Maxe,

1968) has described the processes of nuclear degeneration and pore

development. Yet other processes of development are undescribed. This

study was undertaken to investigate cellular processes involved in

sieve cell development.

Material and method

Samples 2.5 rom in length were taken from the apical 5 cm of

rhizomes of Microsorium scolopendria (Burm.) Copel. Immediately after

cutting, the samples were placed in formaldehyde-glutaraldehyde

fixative (Karnovsky, 1965) and aspirated for 10 min. The samples were

then cut into 1 rom cubes and fixed for an additional 4 hr in fresh

fixative at about 0 C. Samples were washed with three changes of

phosphate buffer (pH 7.2), post fixed for 1 hr in 1 % osmium tetroxide

in phosphate buffer at about 0 C, washed with three more changes of

phosphate buffer, and embedded in epon. Thin sections were obtained

with a diamond knife in an LKB Ultratome 1 and were placed on collodion

and carbon support films on copper grids. Sections were stained with

lead citrate stain (Reynolds, 1961) and uranyl acetate (a saturated

solution in 50 % ethanol) and viewed with a Philips EM-75 and a

Hitachi HU-llA electron microscope.
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Observations

Differentiating phloem sieve elements were observed in the rhizome

at increasing distances from the apex. Phloem tissue could be identi

fied by its location between the metaxylem tracheids and pericycle

cells with older phloem tissue nearer the pericycle cells. However,

positive identification of young sieve elements is difficult. Because

of larger cross sectional size and thinner cytoplasm older sieve cells

can be distinguished from phloem parenchyma cells, but in the

procambium these two cell types cannot be distinguished.

The young procambia1 cells divide frequently and thus often have

an incomplete nuclear envelope (fig. 1). The cytoplasm in these cells

is very dense and contains numerous po1yribosomes. Plastids are found

with areas of electron dense stroma and no lamellae or starch grains.

Mitochondria are elongate with tubular cristae which arise from

invaginations of the inner membrane. Numerous dictyosomes and

dictyosome vesicles are present along with small multivesicu1ar bodies

and lipid droplets.

After cell division is complete the central nucleus becomes more

prominent (fig. 2). P1astids at this stage have very electron opaque

stroma, few light staining lamellae, and small starch grains.

Mu1tivesicu1ar bodies are present in the cytoplasm.

With the enlargement of the central vacuole in the metaph10em

sieve cells the cytoplasm becomes restricted to parietal regions and to

cytoplasmic strands which traverse the central vacuole (figs. 3, 4, 5).

In some cells these strands occur so frequently that in a single

section the central vacuole appears as many smaller vacuoles (fig. 3).
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Mitochondria in section often appears torus shaped (fig. 4). Plastids

contain osmophilic globules (fig. 5) and lipid droplets in the

cytoplasm are of increased size. Endoplasmic reticulum is found

throughout the cytoplasm and appears to be associated with the

plasmodesmata (figs. 6, 7). The electron dense core inside of the

plasma membrane in each cross section of a plasmodesma appears to be

endoplasmic reticulum passing through the pore (fig. 7). Microtubules

are also found near the periphery of these cells.

The phloem parenchyma cells become discernable from the sieve

cells during ~his stage of development. The parench)~a cells usually

remain relatively small and retain a central vacuole. The P-protein

spheres which develop during or following this stage in the sieve cells

are seldom found in the phloem parenchyma cells.

When the sieve cells reach mature size an unusual phenomenon

occurs. This is the collapse of the central vacuole. This process

has been repeatedly observed in many cells and appears to be a

distinctive stage of sieve cell development. The resultant vacuole is

stellate to saccate in shape and occupies very little of the cell

lumen (figs. 8, 9). The cytoplasm of the cell at this stage of

development appears to be less electron dense than earlier or later

stages. Plastids and mitochondria appear normal (fig. 10). However,

dictyosome vesicles may appear swollen (fig. 11).

The endoplasmic reticulum which is associated with the plasmodesmata

in early development continues to be associated with the developing

pores (figs. 12, 13). Callose, which is not as electron opaque as other

wall material, is found around each plasmodesma (fig. 13).
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As development proceeds the nucleus becomes pleiomorphic (fig. 15).

P1astids lose their internal lamellae, but retain starch grains and

osmophi1ic globules. Mitochondria appear to be smaller in size and

more ovoid in shape (figs. 14, 16). Smooth endoplasmic reticulum is

found near the periphery of these cells, often associated with

fibri1- and vesicle-containing paramura1 bodies (fig. 14).

Sieve elements which are approaching maturity have thick walls and

P-protein spheres with very electron dense spherical cores. Dictyosomes

appear to be functional in these cells even as the nucleus begins to

disintegrate (fig 16). The nucleus contains membraneous material and

has an enlarged perinuclear space. Swelling of the nuclear envelope

continues with eventual release and disintegration of the chromatin

material. No evidence of nucleolar release has been observed.

Dictyosomes and rough endoplasmic reticulum appear to persist for a

short period after the disintegration of the nucleus (fig. 17).

However, a short time later the cytoplasm begins to disintegrate (fig.

18). Smooth endoplasmic reticulum accumulates near the periphery of

the sieve cells along with P-protein spheres and p1astids (figs. 19,

20, 21).

In mature sieve cells the central lumens appear empty. Near the

periphery of these cells p1astids with amorphous contents and

mitochondria with swollen cristae are found (figs. 22, 23). Smooth

endoplasmic reticulum is found adjacent to the plasma membrane. The

P-protein spheres also occur near the periphery of the sieve cells and

occur in greater numbers near the pores. Unfortunately no median

sections of mature pores were obtained.
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Discussion

The collapse of the central vacuole of the sieve cells in~.

scolopendria early in development differs from most reports of sieve

element development. Buvat (1963) also reported that the tonoplast

retracted from the cytoplasm during the development of the sieve

element of Cucurbita~. However, other workers (Esau and Cheadle,

1961, 1962; Evert, Muramnis and Sachs, 1966; Behnke, 1967; Esau and

Cronshaw, 1967; Currier and Shih, 1968; Johnson, 1968; Evert and

Deshpande, 1969) have found that the tonoplast disintegrated during

development. Engleman (1965) described the mixture of vacuole and

cytoplasm after the disintegration of the tonoplast as "mictoplasm."

In M. scolopendria collapsing vacuoles have been repeatedly observed

in sieve cells of mature size. It does not appear to be an artifact

for four reasons. 1. Vacuoles can be seen in various stages of

collapse in adjacent sieve cells. 2. Normal vacuoles can be observad

in cells adjacent to cells with collapsing vacuoles. 3. No large

vacuoles have been observed in sieve cells at a later developmental

stage. 4. The cytoplasm appears less electron dense at this stage

of development than in earlier or later stages.

The early collapse of the central vacuole is not concurrent with

cellular rearrangement as has been reported in angiosperms.

Rearrangement of the cytoplasm does not occur until disintegration of

the nucleus is complete. This process of rearrangement appears to be

partially degenerative with complete disintegration of the cytoplasmic

matrix. The mature sieve cell is apparently bounded by an intact plasma
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membrane and contains only the membraneous or membrane bound structures

of endoplasmic reticulum, plastids, mitochondria, and phloe~protein

spheres.

Plastids contain starch grains during development of the sieve

cell, but starch is not present in the mature sieve cells of M.

scolopendria. This finding is in agreement with workers (Janczewski,

1882; Russow, 1882; De Bary, 1884; Terletzki, 1884; Lamoureux, 1961)

who have never noted a starch reaction with iodine in the sieve elements

of the vascular cryptogams. The plastids in mature sieve cells appear

to be degenerate. However, mitochondria do not appear to be degenerate.

These organelles are spherical to ovoid in shape and have swollen

cristae typical of mature sieve elements (Bouck and Cronshaw, 1965;

Esau and Cronshaw, 1968).

A nacreous wall, according to the definition of Esau and Cheadle

(1958), is present in the metaphloem sieve cells of ~. scolopendria.

These cells have a wall with a thick inner layer which is not stained

as electron opaque as the outer layer of wall. This finding is in

agreement with Lamoureux (1961), who found true nacreous walls in

other members of the Polypodiaceae as well as the Hymenophyllaceae.

The nacreous wall in M. scolopendria is presently considered to be

primary in nature. It appears less electron opaque and less ordered

than the sieve element walls of Pinus strobus which Srivastava (1969)

considers to be secondary.
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FIGURES 1-5

Sections of procambial cells and developing sieve cells. -- Fig. 1.

Procarnbial cell containing numerous polyribosomes and elongate mito

chondria (m). Plastids (p) contain only partially electron opaque

stroma. Dictyosomes (d), lipid droplets (1), and small vesicular bodies

(B) are also present. X 19,000. Fig. 2. Older procambial cells than

Fig. 1. Plastids (p) contain electron opaque stroma and small starch

grains. Small vacuoles (v) occur in cell to left. X 8,000. Fig. 3.

A developing sieve cell with several cytoplasmic strands traversing the

central vacuole (v). X 3,500. Figs. 4, 5. Peripheral cytoplasm in

developing sieve cells. Mitochondria (m) often appear torus shaped in

section. Plastids (p) contain osmophilic globules. The small vacuole

(v) in Fig. 5 appears to be derived from the endoplasmic reticulum,

but may be part of the large central vacuole to right. Fig. 4, X

24,000. Fig. 5, X 18,000.
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FIGURES 6-9

Sections of developing phloem cells. Fig. 6. Associations of

endoplasmic reticulum with plasmodesmata are indicated by arrows. Note

the area of callose adjacent to each plasmodesma. X 29,000. Fig. 7.

Grazing section of cell wall showing numerous plasmodesmata. The

dense core inside of the plasma membrane of plasmodesmata indicated by

arrows appears to be endoplasmic reticulum. A cross section of

endoplasmic reticulum (er) internal to the plasma membrane occurs in

the upper right. A mictotubule (mt) is present. X 57,000. Fig. 8.

Cross section of developing phloem. Cell in upper right is dividing.

Sieve cells (SC) have collapsed vacuoles (v) while cell to left

contains a normal appearing vacuole. A large multivesicular body (B)

occurs in sieve cell to the right. X 9,000. Fig. 9. Cross section of

developing phloem. Note collapsed vacuoles (v) in sieve cells (SC).

The cell to left contains a normal appearing vacuole. Mitochondrion

(m) is torus shaped. X 5,000.
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FIGURES 10-14

Sections of developing sieve cells. Fig. 10. Longitudinal

section of sieve cells after collapse of central vacuole. Plastids

(p), mitochondria (m), and dictyosomes (d) appear normal. X 18,000.

Fig. 11. Longitudinal section of sieve cells after collapse of central

vacuole showing dictyosomes (d) with swollen vesicles. X 12,000.

Fig. 12. Cell wall (w) between two developing sieve cells. Note the

endoplasmic reticulum (er) in the area of a plasmodesma. Phloem

protein sphere (PS) and a dictyosome (d) are present. X 33,000. Fig.

13. Cell wall in area of two plasmodesmata. Note area of light

staining callose adjacent to each plasmodesma. Endoplasmic reticulum

associated with a plasmodesma is indicated by an arrow. Phloem-protein

sphere (PS). X 46,000. Fig. 14. Endoplasmic reticulum associated

with outer membrane of two fibril- and vesicle-containing bodies (B)

near periphery of a sieve cell. Mitochondrion (m). X 24,000.
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FIGURES l5~ 16

Developing sieve cells. -- Fig. 15. Pleiomorphic nucleus in

developing sieve cell. Lipid droplets (1) and plastids (p) with starch

grains and osmophilic globules also present. X 15~OOO. Fig. 16.

Maturing sieve cell with degenerating nucleus. Note membranous material

within nucleus and enlarged perinuclear space. Mitochondria (m) appear

to have swollen cristae. P-protein spheres CPS) and dictyosomes (d)

are also present. X 25~OOO. Insert. An enlargement of portion of

nuclear envelope showing definite substructure to nuclear pore (arrow).

X 75~000.
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FIGURES 17-21

Maturing sieve cells. -- Fig. 17. Portions of nuclear envelope of

degenerate nucleus indicated by arrows. Dictyosomes (d) are still

present in this cell. X 20,000. Fig. 18. Cytoplasm in this maturing

sieve cell appears to be degenerating. X 16,000. Fig. 19-21. Phloe~

protein spheres (PS) rold a plastid (p) in the peripheral cytoplasm of

maturing sieve cells. Arrows indicate areas of light staining callose

adjacent to plasmodesmata. Smooth endoplasmic reticulum (er) occurs

adjacent to plasma membrane. Fig. 19. X 31,000. Fig. 20. X 20,000.

Fig. 21. X 38,000.



'-':·!~':·I:·
:" '~'.... ~

·...er

®

..
1. -....'~' ..

\:.

ioc:
".,
'~



44

FIGURES 22, 23

Mature sieve cells. -- Fig. 22. Two mature protoph1oem sieve

cells. P1astids (p) appear to be degenerate. Smooth endoplasmic

reticulum (er) occurs adjacent to plasma membrane. Developing

metaph10em sieve cell in upper right has thick nacreous wall (NW).

X 17,000. Fig. 23. Mature protoph1oem and metaph10em sieve cells.

Metaph10em sieve cell has thick nacreous wall (NW). Mitochondria (m)

have swollen cristae (see insert). Smooth endoplasmic reticulum (er)

occurs adjacent to plasma membrane. Arrow indicates phloem-protein

sphere in pericyc1e cell. X 11,000. Insert, X 24,000.
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SUMMARY

Multivesicular bodies free in the cytoplasm and fused with the

plasma membrane appear to be involved with wall formation in

developing vascular cells. Smaller vesicular bodies may be derived

from envagination of outer membranes of dictyosome vesicles. However,

large multivesicular bodies appear to be derived from endoplasmic

reticulum. Endoplasmic reticulum sheathes the multivesicular bodies

after fusion of these bodies with the plasma membrane. Smaller

vesicles are formed by evaginations of the outer membrane of these

paramural bodies. In later stages of wall development vesicles, which

contain both fibrillar material and smaller vesicles, appear both in

the cytoplasm and fused with the plasma membrane. The fibrillar

material is thought to be proteinaceous, perhaps, derived from the

cytoplasmic material in the smaller vesicles of younger multivesicular

bodies.
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Introduction

There have been many reports of vesicular structures associated

with the plasma membrane. Esau, Cheadle, and Gill (1966) referred to

all of these structures as boundary formations. More recently,

Marchant and Robards (1968) termed these structures paramural bodies

and divided them into two classes on the basis of their ontogeny:

plasmalemmasomes which are derived from the plasma membrane, and

lomasomes which are derived from other cytoplasmic membranes. Walker

and Bisa1putra (1967), Robards (1968), Robards and Kidwai (1969), and

Lehman and Schulz (1969) have discussed the structure of several types

of paramura1 bodies in detail. This paper describes the structure and

relationships of multivesicular paramural bodies in developing vascular

cells of the rhizome of the fern Microsorium scolopendria and

discusses the possible change of multivesicular paramural bodies to

fibril-containing paramural bodies.

Material and method

Samples 2.5 mm in length were taken from the apical 10 cm of

rhizomes of Microsorium scolopendria (Burm.) Copel. Immediately after

cutting, the samples were placed in formaldehyde-glutaraldehyde

fixative (Karnovsky, 1965) and aspirated for 10 min. The samples were

then cut into 1 mm cubes and fixed for an additional 4 hr in fresh

fixative at about O°C. Samples were washed with three changes of

phosphate buffer (pH 7.2), post fixed for 1 hr in 1 % osmium tetroxide

in phosphate buffer near O°C, washed with three more changes of buffer,

and embedded in epon. Thin sections were obtained with a diamond

knife in an LKB Ultratome 1 and were placed on collodion and carbon
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support films on copper grids. Sections were stained with lead citrate

stain (Reynolds, 1961) and uranyl acetate (a saturated solution in

50 % ethanol) and viewed with a Philips EM-75 and a Hitachi HU-llA

electron microscope.

Observations

In the early stages of cell wall development, vesicles derived

from the dictyosomes appear to contain one or more smaller vesicles

within their outer membranes (Plate 1, Nos. 1 and 2; Plate 3, No. 10).

Smaller vesicles may arise from invaginations of the outer membrane

of the dictyosome vesicle. These dictyosome-derived multivesicular

bodies appear to fuse with the plasma membrane (Plate 1, Nos. 3 and 4).

Larger vesicles which contain smaller vesicles are also found in the

cytoplasm (Plate 1, No.5; Plate 2, Nos. 6, 7, and 8; Plate 3, No.9).

These larger vesicle-containing vesicles are often associated with the

endoplasmic reticulum (Plate 1, No.5; Plate 2, No.7) and may be

derived from endoplasmic reticulum membrane (Plate 1, Nos. 1 and 2;

Plate 3, No.9). The larger multivesicular bodies also appear to fuse

with the plasma membrane.

Fusion of the multivesicular bodies with the plasma membrane

occurs often through pre-existing paramural bodies (Plate 1, No.3;

Plate 3, No. 11), perhaps because the former bodies protrude into the

cytoplasm. After fusion of the multivesicular bodies with the plasma

membrane, smaller vesicles continue to be formed. These vesicles are

formed from evaginations of the outer membrane of the paramural body.

Evaginations of this membrane appear to trap cytoplasmic material

within the evaginating vesicle (Plate 3, Nos. 9 and 10). The outer
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membrane of the paramural body appears similar in structure to the

plasma membrane (Plate 4, Nos. 18 and 19).

There is a definite relationship of the endoplasmic reticulum with

the multivesicular paramural bodies. The endoplasmic reticulum appears

to sheath the paramural bodies so that the membranes of these two

structures are in close proximity over much of the surface of the

paramural bodies. Plate 3, Nos. 12, 13 and 14 show the relationship

of the endoplasmic reticulum with two paramural bodies at three

different levels. The outer membrane of the paramural body also

appears to protrude towards the endoplasmic reticulum (Plate 3, Nos.

15 and 16). This relationship between the endoplasmic reticulum and

the paramural bodies is very consistent and was observed with almost

every paramural body observed.

In later stages of wall development vesicles appear, both in the

cytoplasm and fused with the plasma membrane, which contain both

fibrillar material and smaller vesicles (Plate 4, Nos. 20 and 21;

Plate 5, Nos. 22-25). These fibrillar-material containing paramural

bodies also appear to be associated with the endoplasmic reticulum

(Plate 5, Nos. 22, 24, and 25). Frequent occurrence of paramural

bodies indicate a fairly significant role for these bodies in cell

development (Plate 5, No. 22).

Discussion

The presence of paramural bodies in almost every major group of

organisms with cell walls (Marchant and Robards~ 1968) indicates the

function of paramural bodies in cell wall formation. However, the

exact function of these structures is difficult to understand. The
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recent report that paramural bodies are probably not related with wall

synthesis in fungi (Marchant and Robards, 1968) and the lack of such

structures in the cellulose-walled Pythium ultimum (Marchant, 1968)

seems to rule out the role of polysaccharide deposition by these

structures.

The role of multivesicular and paramural bodies in movement of

substances to the cell wall has been recently shown by Lehman and

Schulz (1969). Their description of multivesicular bodies in the

young developing cell plate shows that these bodies do not function in

movement of material from the exterior of the cell to the interior.

The multivesicular bodies in the developing vascular tissue of M.

scolopendria appear to develop from both dictyosome vesicles and from

endoplasmic reticulum membrane. This possible dual origin of

multivesicular bodies has been suggested earlier (Bowes, 1969; Lehman

and Schulz, 1969). The association of endoplasmic reticulum with

multivesicular bodies has also been shown (Pate, Gunning, and Briarty,

1969). However, in ~. scolopendria this association between endoplasmic

reticulum and paramural body appears to continue long after the fusion

of the multivesicular body with the plas.ma membrane.

It appears that the endoplasmic reticulum, sheathing a paramural

body, functions in secreting material near the outer membrane of the

paramural body. This material is then incorporated into the vesicles

which evaginate into the paramural body. Thus material moves across

the plasma membrane from the endoplasmic reticulum to the cell wall.

The fibrillar material in paramural bodies associated with older

walls can be from three sources. First, the material came from the
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cell wall. Second, it moved from the cytoplasm across the plasma

membrane along all surfaces of the cell and thus appeared to accumulate

in the paramural body only because of its invagination into the

cytoplasm. Third, it arose from the contents of the evaginating

vesicles which disintegrate within the paramural body. This third

source of the fibrillar material in the paramural bodies appears to be

the most probable.

The fibrillar material could have originated from the endoplasmic

reticulum and it is reasonable to assume that this fibrillar material

could be proteinaceous in nature. Although no cytochemical test has

been performed, the electron dense nature of the material when fixed

and stained with osmium, uranyl acetate, and lead citrate indicates

the possible proteinaceous character of the fibrillar material. Also,

the recently reported B-glycerophosphatase activity in cytoplasmic

multivesicular bodies with few internal vesicles (Halperin, 1969)

suggests the possibility of proteinaceous material in the internal

vesicles of paramural bodies, even though they show no acid phosphatase

activity.

The deposition of proteinaceous material by paramural bodies has

not been previously suggested. However,'movement of polar molecules

and large molecules to the exterior of the cell has been related to

these structures. Paramural bodies have been associated with the

deposition of the glucose amine, chitin, in fungal walls (Marchant

and Robards, 1968), with the deposition of waxes in cutinization of

Avena coleoptiles (O'Brien, 1967), and with the secretion of the

sesquiterpene, paniculide B, in Andrographis paniculata tissue
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cultures (Bowes, 1969). In the cortical cells of Microsorium

sco1opendr~a paramura1 bodies also appear to be associated with the

deposition of catechol tannins (Sakai, unpublished). If these

associations are valid, it would appear that the function of paramura1

bodies is the movement from the cytoplasm to the cell exterior, of

material too polar or too large to pass through the plasma membrane.
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EXPLANATION OF PLATES

Key to lettering: d, dictyosome; er, endoplasmic reticulum; fpb,

fibrillar paramural body; m, mitochondrion; mv, multivesicular body;

mvpb, multivesicular paramural body; mt, microtubule; N, nucleus; p,

plastid; t, tonoplast; pm, plasma membrane; v, vacuole; w, wall. All

scale marks on micrographs are equivalent to 0.25 ~.

PLATE I

Figures I through 5. Developing vascular cells in the rhizome of

Microsorium scolopendria.

No.1. Two developing cells with numerous dictyosomes in upper

cell. Arrow points to multivesicular body which may be derived from

part of the endoplasmic reticulum. X 30,000.

No.2. Enlarged area of No.1. Arrows point to a vesicle

containing dictyosome vesicle and a dictyosome vesicle which appears to

have invaginations of the outer membrane. X 65,000.

No.3. Multivesicular body which appears to be fusing with an

invaginated area of the plasma membrane (arrow). X 60,000.

No.4. Multivesicular body attached to the plasma membrane

(arrow). X 32,000.

No.5. A multivesicular body which is associated with the

endoplasmic reticulum (arrows). Also note the microtubules (mt)

associated with the plasma membrane. X 10,500.
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PLATE 2

Figures 6 through 8. Developing vascular cells in the rhizome of

Microsorium scolopendria.

No.6. Developing vascular cells with numerous paramural bodies.

Note the fibril containing paramural bodies (fpb) associated with the

apparently older, thicker wall and the multivesicular paramural body

associated with younger thinner walls (mvpb). 10,500 X.

No.7. A developing cell with a multivesicular body associated

with the endoplasmic reticulum (arrow). X 11,500.

No.8. A large multivesicular body in the cytoplasm of a

developing cell (mv). X 16,000.
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PLATE 3

Figures 9 through 17. Paramural bodies associated with the wall

in developing vascular cells of the rhizome of Microsorium

s colopendria.

No.9. Two paramural bodies. Evagination of the outer membrane of

one body appears to entrap cytoplasm. Note the endoplasmic reticulum

associated with the evagination (er) and the vesicle within the

endoplasmic reticulum of the cytoplasm (arrow). X 16,500.

No. 10. Surface section of an evagination of the outer membrane

of a paramural body. Note the vesicle within the dictyosome (d).

X 15,000.

No. 11. Multivesicular body apparently fusing with a protrusion'

of the plasma membrane (arrow). The electron dense material within

the protrusion may be lipoidal. X 25,000.

Nos. 12, 13 and 14. Sections through the same two paramural

bodies. Note the close association of the endoplasmic reticulum with

the paramural bodies in all three sections. No. 12, X 35,500. No. 13,

X 32,000. No. 14, X 34,500.

Nos. 15 and 16. Two sections through the same paramural body at

different levels. Note the protrusions of the outer membrane of the

paramural body. X 23,000.

No. 17. Paramural body which is associated with the endoplasmic

reticulum (er). X 20,000.
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PLATE 4

Figures 18 through 21. Mu1tivesicu1ar and fibril and vesicular

containing bodies in developing vascular cells of Microsorium

sco1opendria.

No. 18. Mu1tivesicu1ar body associated with the endoplasmic

reticulum (er). Note the fibrillar nature of the contents of the

large vesicle (arrow) and its similarity to the cytoplasm. X 41,500.

No. 18a. Enlarged area of Figure 18 showing the unit membrane

structure of the outer membrane of the mu1tivesicu1ar body (arrow).

X 74,500.

No. 19. Mu1tivesicu1ar body associated with the endoplasmic

reticulum. Note the fibrillar material between the endoplasmic

reticulum and the outer membrane of the mu1tivesicu1ar body (arrows).

Also note the elongate shape of some of the vesicles within the

mu1tivesicu1ar body. X 28,500.

No. 20. Fibril containing and vesicle containing (arrows)

structures within the cytoplasm of one cell. X 17,000.

No. 21. Paramura1 body with fibrillar material and vesicles

associated with the tonoplast (arrow). X 12,000.
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PLATE 5

Figures 22 through 25. Developing vascular cells of the rhizome

of Microsorium scolopendria.

No. 22. Low magnification micrograph showing the occurrence of

three paramural bodies within the one section (arrows). X 6,300.

No. 22a. Magnification of one of the paramural bodies in Figure 22

showing the fibrillar nature of the contents. 34,000 X.

No. 22b. Magnification of one of the paramural bodies in Figure 22

showing the fibrillar to granular nature of the contents. Also note the

unit membrane structure of the membrane of one of the vesicles and its

similarity to the structure of the outer membrane of the paramural body

(see arrows). X 34,000.

No. 23. Two large paramural bodies in older vascular cells. Note

the contact of a small fibril and vesicle containing body with the large

paramural body (arrow). Also note the contact of the outer membrane of

the paramural body with the plasma membrane of the adjacent wall.

X 9,500.

No. 24. Two bodies in a developing cell. Note the close

association of the endoplasmic reticulum (er) with the outer membrane

of the paramural body to the right. Electron opaque material between

the endoplasmic reticulum and the paramural body is indicated by the

arrow. X 25,000.

No. 25. A fibril and vesicle containing paramural body associated

with the endoplasmic reticulum (er). Note the extremely fibrillar

nature of the contents of the paramural body. X 34,000.
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SUMMARY

Sieve cells of the fern Microsorium scolopendria contain single

membrane bound protein spheres. They originate from vesicles associated

both with other cytoplasmic vesicles and with endoplasmic reticulum.

No association between these spheres and plastids and mitochondria was

observed. They appear to be related to phloem-proteins of the

angiosperms and gymnosperms and are termed phloem-protein spheres. In

mature sieve cells P-protein spheres are found in the peripheral

cytoplasm and may occur in greater number in areas of pores.

Introduction

The mature sieve elements of the vascular cryptogams are

characterized by the presence of refringent granules which are found

near the periphery of the elements and in the cytoplasmic regions

adjacent to the pores. These granules have been reported to be pectic

in nature (Stiles, 1910), mucilagenous (Rume, 1912), or proteinaceous

(Janczewski, 1882; Terletzki, 1884; Thomae, 1886; Boodle, 1901;

Lamoureux, 1961). They are not lipoidal and do not stain with osmium

(Janczewski, 1882). Recently Maxe (1964, 1966) described these

structures as electron opaque and enclosed within a single membrane

when fixed with glutaraldehyde and osmium. This paper describes the

development of spherical structures from single membrane bound vesicles

associated both with other cytoplasmic vesicles and with endoplasmic

reticulum, and confirms their proteinaceous nature. These structures

will be called phloe~protein spheres, as they appear to be related to

the phloem proteins (Esau and Cronshaw, 1967) of the angiosperms and
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gymnosperms.

Material and methods

Samples 2.5 mm in length were taken from the apical 10 em of

rhizomes of Microsorium scolopendria (Burro.) Copel. Immediately after

cutting, the samples were placed in formaldehyde-glutaraldehyde

fixative (Karnovsky, 1965) and aspirated for 10 min. The samples were

then cut into 1 rom cubes and fixed for an additional 4 hr in fresh

fixative at about O°C. Samples were washed with three changes of

phosphate buffer (pH 7.2), post fixed 1 hr in 1 % osmium tetroxide in

phosphate buffer at about O°C, washed with three more changes of buffer,

and embedded in epon. Thin sections were obtained with a diamond knife

in an LKB Ultratome 1 and were placed on collodion and carbon support

films on copper grids. Sections were stained with lead citrate

(Reynolds, 1961) and uranyl acetate (a saturated solution in 50 %

ethanol) and viewed with a Philips EM-75 and a Hitachi HU-llA electron

microscope. Free hand sections of fresh material were also subjected

to a variety of histochemical tQsts as described.

Observations

The phloem protein spheres, first found concurrently or slightly

after the disappearance of the central vacuole of the sieve cell,

contain electron dense centers and are bounded by a single membrane

(figs. 1 to 9). Their shape varies from spherical or ovoid to

irregular. Electron dense material also appears as fine granular or

fibrillar areas external to the electron dense cores (figs. 1 to 6).

The electron dense core in the early stages of development appears
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granular to crystalline in form (figs. 5 and 6). As the P-protein

spheres mature, all of the electron dense material accumulates in the

center of the vesicle forming a sphere (figs. 7 to 13). No internal

structure can be seen in these very electron dense cores.

Precursors to these P-protein spheres cannot be found in the sieve

elements prior to the first appearance of the young P-protein spheres.

However, the outer membrane of these P-protein spheres is often

associated with the endoplasmic reticulum (figs. 1, 2, and 5). In some

instances the membrane of both young and maturing P-protein spheres

appears to be continuous with the endoplasmic reticulum (figs. 1, 10,

and 11). Smooth vesicles (figs. 2 and 8) and coated vesicles (figs. 7

and 9) can also be found adjacent to the phloem protein spheres. In

one instance a vesicle appeared to be fusing with the outer membrane of

a developing sphere (fig. 3).

The mature P-protein spheres are still contained within a single

membrane. This membrane may be irregular in shape leaving an area

between the membrane and the core that does not stain (fig. 12). In

mature sieve elements the P-protein spheres are found near the periphery

of the sieve elements and are often in greater abundance near the sieve

pores (fig. 13).

P-protein spheres were subjected to a series of histochemical

tests as shown in Table I. Sudan tests for lipids and the ruthenium

red test for pectic substances were negative. The mercuric bromphenol

blue test for proteins was positive.



TABLE I. HISTOCHEMICAL TEST OF MATURE P-PROTEIN SPHERES

Test Results

73

Saturated Sudan IV in 70 % EtOHa

Saturated Sudan Black B in 70 % EtOHa

Aqueous ruthenium red (1:5000)a

Mercuric bromphenol blueb

aJensen, 1962

bMazia, Brewer, and Alfert, 1953

blue color
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Discussion

The P-protein bodies of angiosperms arise from spiny vesicles

(Newcomb, 1967). These spiny vesicles are derived from dictyosomes

(Cronshaw and Esau, 1968) or from the endoplasmic reticulum (Steer and

Newcomb, 1969). P-protein has also been observed within the endoplasmic

reticulum (Wooding, 1969). In angiosperms~ the spiny vesicles appear

to break down and release their contents to the developing P-protein

bodies. The development of P-protein spheres, from vesicles associated

with both other cytoplasrrdc vesicles and endoplasmic reticulum~ seems

to be a similar process. However, in~. scolopendria the vesicles

appear to fuse with the developing P-protein spheres. Thus~ P-protein

in M. scolopendria and probably other vascular cryptogams is in the

form of a single membrane bound sphere. Although reports concerning

gYmnosperms is conflicting (Murmanis and Evert, 1966; Wooding, 1968),

it appears that all vascular plants contain a form of protein in their

sieve elements. The P-protein spheres have been previously related to

the phloem plastid proteins of the monocots (Perrot, 1899; Behnke,

1965). However, in this study no relationship has been found between

plastids and P-protein spheres.
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FIGURE I

Developing sieve cell with two phloem-protein spheres indicated by

arrows. Note the close association between endoplasmic reticulum (er)

and outer membrane of the sphere. Plastids (p) and mitochondria (m) do

not appear to be associated with the P-protein spheres. d = dictyosome,

I = lipid droplet, w = cell wall. X 23,000.
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FIGURES 2-4

Developing phloem-protein spheres. Endoplasmic reticulum (er) is

associated with membrane of lower sphere and a dictyosome (d) vesicle is

adjacent to outer membrane of upper sphere. w = cell wall. X 19,000.

Fig. 3. Developing phloem-protein sphere with a vesicle apparently

fusing to outer membrane (arrow). d = dictyosome, w = cell wall.

X 25,000. Fig. 4. Irregular shaped phloem-protein sphere. Note

similar appearance of membrane of the endoplasmic reticulum (er) and

outer membrane of sphere as indicated by arrows. X 32,000.
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FIGURES 5, 6

Membranes of endoplasmic reticulum (er) shown in close association

with outer membrane of developing phloem-protein sphere. Two electron

opaque layers of plasma membrane at arrow. X 38,000. Fig. 6. Same

phloem-protein sphere seen in Fig. 5 at higher magnification. Electron

opaque core of sphere appears granular to fibrillar in structure.

X 75,000.
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FIGURES 7-11

Fig. 7. Three developing phloem-protein spheres are indicated by

arrows. Numerous coated vesicles occur left of center sphere.

Mitochondria (m) and plastids (p) do not appear to be associated with

developing spheres. X 23,000.

Fig. 8. Dictyosome (d) adjacent to phloe~protein sphere. Vesicle

indicated by arrow appears to be derived from dictyosome. X 44,000.

Fig. 9. Coated vesicles, indicated by arrows, occur adjacent to

ph1oe~protein sphere. X 44,000.

Fig. 10. Cross section of maturing sieve cell with numerous

phloem-protein spheres. Endoplasmic reticulum appears to be in close

association with outer membrane of sphere indicated by arrow. X 12,000.

Fig. 11. Enlargement of portion of Fig. 10. Endoplasmic

reticulum is closely associated with outer membrane of sphere. However,

a connection can not be demonstrated. p = plastid. X 50,000.
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FIGURES 12, 13

Fig. 12. Mature P-protein spheres adjacent to cell walls of two

sieve cells. The spherical core is electron opaque. Single membrane

is present around each sphere. X 38,000.

Fig. 13. Numerous electron opaque spheres can be seen near cell

walls and pores of sieve cells. Nacreous wall (NW) is thin or absent

in regions of pores. X 6,300.
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ABSTRACT

Rhizome segments of Microsorium scolopendria (Burm.) Copel.

(Polypodiaceae) fixed in formaldehyde-glutaraldehyde followed by

osmium tetroxide and post stained in uranyl acetate and lead citrate

were examined with the electron microscope to study fine structural

details of tannin deposition in cortical cell walls. In young

cortical cells tannin is present in small vacuoles. These cells have

plastids with large starch grains and nuclei which often contain

crystalline inclusions. When tannin deposition is first observed

large paramural bodies containing tannin-like material occur in areas

of tannin deposition. These paramural bodies are in close association

with endoplasmic reticulum and multivesicular bodies. Enlarged areas

of the endoplasmic reticulum also appear to contain tannin-like

material. Tannin deposits appear to have four layers. The middle

lamella contains the most tannin. The oldest primary wall also

contains a large amount of tannin. However, younger wall contains

little tannin except for a layer directly adjacent to the plasma

membrane. It is suggested that paramural bodies are involved in

tannin deposition and that the deposited tannin has a distribution in

the cell wall similar to lignin.
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Introduction

There have been few ultrastructural studies of tannins in plants.

Wardrop and Cronshaw (9) reported the appearance of phenolic substances

in Eucalyptus elaeophora ray parenchyma cells. They reported that

these phenolic substances arose in plastids and occurred at the

periphery of the vacuole after the plastids disintegrated in older

cells. Esau (1) also described the appearance of tannins in

differentiated Vitis cells, and Toriyama and Sato (8) described the

tannins of the central vacuole of the motor cells of Mimosa pudica.

All of these reports concern the presence of tannins in vacuoles.

This paper, however, reports the occurrence of tannins in the rhizome

of the fern Microsorium scolopendria and describes the deposition of

tannin in the cell walls of the cortical cells adjacent to the

endodermis.

Material and Methods

Samples 2.5 mm in length were taken from the apical 10 cm of

rhizomes of Microsorium scolopendria (Burm.) Copel. Immediately after

cutting, the samples were placed in formaldehyde-glutaraldehyde

fixative (3) and aspirated for 10 min. The samples were then cut into

1 mm cubes and fixed for an additional 4 hr in fresh fixative at about

o C. Samples were washed with three changes of 0.1 M phosphate buffer

(pH 7.2), and post fixed for 1 hr in 1 % osmium tetroxide in phosphate

buffer at about 0 C. After washing with three more changes of phosphate

buffer, samples were dehydrated with a graded series of ethanol,

treated with propylene oxide, and embedded in epoxy resin (7). Thin

sections were obtained with a diamond knife in an LKB Ultratome 1 and
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were placed on collodion and carbon support films on copper grids.

Sections were stained for 20 min with uranyl acetate (a saturated

solution in 50 % ethanol) and for 5 min with lead citrate (5). The

material was examined with a Philips EM-75 and a Hitachi HU-IIA

electron microscope operated at 50 kv.

Free hand sections of fresh material and thick sections of

methacrylate embedded material were also subjected to a variety of

histochemical tests as described.

Observations

The results of the histochemical tests on the wall substances

described in this paper are shown in Table I. The presence of tannin

is indicated by the blue-black color reaction with 35 % ferric

chloride in ethanol. However, there was no reaction at the lower

concentration of 1 % in 0.1 M Hel. The cherry red color reaction of

the nitroso test indicated the presence of catechol tannins in the

wall substances. Bleaching tests with 35 %hydrogen peroxide for

melanins and phloroglucinol tests for lignin were negative. Toluidine

blue-O indicated the presence of polyphenols by a blue-green color

reaction (Fig. 1).

The process of tannin deposition in the rhizome of M. scolopendria

begins about 3 rom distal of the apical cell, in the zone of

differentiation. However, tannin is found in cortical cells of

younger tissues. This tannin occurs in the small vacuoles which

appear to arise from the endoplasmic reticulum in cortical cells

adjacent to endodermal cells (Fig. 2). Young endodermal cells do not

contain tannin, but are characterized by many free lipid droplets in
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the cytoplasm. The cortical cells, on the other hand, have plastids

with large starch grains and nuclei which often contain crystalline

structures (Fig. 4). In both cell types, however, dictyosome vesicles

and small paramural bodies appear to be involved in wall synthesis

(Figs. 2 and 3).

When tannin deposition is first observed the central vacuoles of

the cortical cells are enlarged and fill most of the cell lumen. Large

paramural bodies containing tannin-like granular material can be seen

in the peripheral cytoplasm (Figs. 1, 3, 5, and 6). These paramural

bodies are associated with the endoplasmic reticulum (Fig. 3).

Plastids which contain starch grains are still present in the cytoplasm

along with occasional lipid droplets and mitochondria (Fig. 5). Two

other structures in the cytoplasm may be involved in tannin deposition.

These are enlarged areas of the endoplasmic reticulum and

multivesicular bodies (Figs. 5 and 6). Both of these structures

appear to contain tannin-like material.

In mature tissue an extremely thick layer of tannin is present in

the walls of the cortical cells adjacent to the endodermis (Fig. 8).

This tannin appears to be present only in the cortical cell wall and

the middle lamella and does not occur in the wall of the endodermal

cell. Channels appear in this thick wall as tannin is not deposited

in the areas of pit fields (Figs. 6 and 8).

Tannin deposition is not uniform throughout the cell wall. This

uneven distribution of tannin is most evident in the walls of adjacent

cortical cells (Fig. 7). Here tannin deposition is greatest in the

region of the middle lamella. The oldest layers of wall also contain
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a large amount of tannin. However, the young areas of wall contain

very little tannin with the exception of a layer directly adjacent to

the plasma membrane. This layer appears to contain newly deposited

tannin.

Discussion

Tannin deposits can be found in other areas of the rhizome

besides cortical cells adjacent to the endodermis. Deposits occur in

the walls of cells of the epidermal scales and also in the walls of

discrete strands of cells in the cortex which are oriented parallel

with the long axis of the rhizome. In all three areas deposition of

tannin appears to be a process associated with cell maturation.

These preliminary studies seem to indicate that paramural bodies

are involved in tannin deposition. These paramural bodies may rise

from specialized areas of the endoplasmic reticulum. In contrast to

Wardrop and Cranshaw (9) no evidence of plastid involvement in the

formation of tannin could be found. Starch may be consumed in the

metabolism of tannins. However, further studies will be required before

a full understanding of the cellular processes of tannin formation and

deposition can be reached.

The pattern of deposited tannin in the cell wall is very similar

to that of lignin deposition in wood cells (6). There lignin is found

primarily in the middle lamella and primary wall. The inner layers of

secondary wall contain little lignin. However, a layer of lignin,

termed the warty layer, similar to the layer of tannin adjacent to the

plasma membrane, is found in gymnosperm tracheids.
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The walls of the cortical cells and the adjacent endodermal cell

differ markedly in appearance. Although tannin is found in large

amounts in the cortical cell wall, very little is found in the

endodermal cell wall. Either tannin is unable to move into the

endodermal cell wall or it is not chemically bound there.

A cursory survey of the Terns suggests that tannin deposition

occurs in many ferns and is not an isolated phenomenon of the rhizome

of Microsorium scolopendria. Thus tannin deposition appears to be

evolutionarily significant.



TABLE I. HISTOCHEMICAL TESTS OF WALL SUBSTANCES

Test Reaction
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1 % ferric chloride in 0.1 M HCla

35 % ferric chloride in 70 % ethanol

Nitroso reactiona

Phloroglucinol testa

35 % hydrogen peroxide

toluidine blue-Ob

aJensen, 1962

bO'Brien, Feder, and McCully, 1964

blue-black color

cherry red color

blue-green color
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FIGURE I

Thick section of cortical cell (C), endodermis (EN), and pericycle

(PER). Polyphenols present in the paramural bodies indicated by the

arrows are stained a dark blue-green color by toluidine blue-D.

X 4,500.
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FIGURE 2

Small tannin-containing vacuoles appear to arise from the

endoplasmic reticulum, indicated by arrows, in the cortical cell to the

right. A casparian strip is absent between the two endodermal cells to

left in this young tissue. Numerous lipid droplets are present in both

cell types. Insert shows a small paramural body associated with the

plasma membrane of a young cortical cell. IS, intercellular space;

m, mitochondrion; p, plastid; v, vacuole. X 17,500.
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FIGURE 3

Multivesicular paramural body (mpb) along the wall (w) between two

cortical cells. Endoplasmic reticulum (er) appears to be associated

with the outer membrane of the multivesicular paramural body. Tannin

occurs in the vacuole (arrow) and also appears to be deposited as a

thin layer external to the plasma membrane. L, lipid droplet; t,

tonoplast. X 32,000.

FIGURE 4

Nucleus (N) in upper cortical cell contains numerous crystalline

structures. Tannin in the vacuole is indicated by arrow. Tannin also

appears as electron opaque material external to the plasma membrane of

this cell. A casparian strip is absent between the two lower endodermal

cells. The nucleus of the endodermal cell lacks crystalline structures.

L, lipid droplet; m, mitochondrion; p, plastid; t, tonoplast. X 36,000.
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FIGURE 5

A large paramural body (b) along the wall of a cortical cell

adjacent to the endodermis. Tannin occurs as electron opaque material

external to the plasma membrane of the two cortical cells to left and

within the paramural body. Tannin also appears to occur in enlarged

areas of the endoplasmic reticulum indicated by arrows. A plastid with

large starch grains (s) does not appear to be associated with the tannin

depositions. The large multivesicular body (mb) may be associated with

the paramural body. A casparian strip (cs) appears to be forming

between the two endodermal cells in lower right. The multivesicular

body in this cell has smaller vesicles than that of the cortical cell.

X 21,000. m, mitochondrion; p, plastid.
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FIGURE 6

Three large paramural bodies along the wall of a cortical cell

adjacent to the endodermis. The two upper paramural bodies are not

connected with the plasma membrane in this section. Tannin appears in

the paramural bodies, external to the plasma membrane, and possibly

within enlarged areas of the endoplasmic reticulum (arrows). Tannin is

not deposited in the areas of plasmodesmata between cortical cells and

endodermal cells. X 17,000. d, dictyosome, L, lipid droplet;

m, mitochondrion.
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FIGURE 7

Wall between two cortical cells showing four layers of tannin

deposition: 1 - middle lamella has greatest amount of tannin~ 2 - older

wall also has large amount of tannin~ 3 - younger wall has little

tannin~ 4 - wall adjacent to the plasma membrane appears to contain

newly deposited tannin. Tannin in the vacuole (V) has an unusual

structure. X 33~SOO.

FIGURE 8

Walls between a cortical cell~ to right~ and an endodermal cell.

The tannin filled cortical cell wall is approximately nine microns

thick. Little distinction can be made between the amount of tannin in

the middle lamella (1) and the older cell wall (2). The younger wall

(3) contains little tannin with the exception of a layer of tannin

adjacent to the plasma membrane (4). Channels occur in the thick wall

in the regions of plasmodesmata. The endodermal cell wall (EnW) contains

little tannin. X 11~OOO.
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Introduction

The processes of translocation of photosynthates in plants have

been the subject of investigation by botanists for many years. One

approach in these investigations has been the study of phloem

development to determine the meristematic origin and structural

maturation of the functioning phloem. The information gained from such

studies has not only been of benefit in our understanding of the

processes of translocation but has also been of phylogenetic significance

and of importance in our understanding of general morphogenetic

processes. Phloem development in gymnosperms and angiosperms has been

studied extensively, but relatively few studies have concerned

themselves with the development of the phloem in the vascular

cryptogams. There is need for much investigation in this area. As a

basis for these studies it is necessary to review our present knowledge

of the phloem.

Scope of review

Literature concerning the structure and development of the phloem

has been reviewed extensively from various aspects (Esau, 1939, 1950;

Esau, Cheadle, and Gifford, 1953; Esau and Cheadle, 1965; Esau, Currier,

and Cheadle, 1957; Zahur, 1959; Lamoureux, 1961; Den Outer, 1967;

Weatherley and Johnson, 1968; Eschrich, 1970). The structure of the

mature phloem of the vascular cryptogams has been studied and reviewed

in particular by Lamoureux (1961).

This review will be concerned with the studies of the phloem of the

vascular cryptogams and recent pertinent work on the phloem of the
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gymnosperms and angiosperms. Detailed descriptions of the mature phloem

of the vascular cryptogams or particular aspects of the early work on

the phloem of the angiosperms and gymnosperms may be obtained from the

previously cited reviews.

Origin of tissues

In the vascular cryptogams, secondary growth occurs only in the

corm of Isoetes and the stem of Botrychium (Foster and Gifford, 1959).

Elsewhere, the phloem tissue and all other tissues are formed by primary

growth from the apical meristem. With the exception of a few lycopods

(Sinnott, 1960), this apical meristem contains one initial, the apical

cell. Derivatives of the apical cell divide and differentiate in

forming the plant body. In some instances (Bartoo, 1929; Barclay, 1931),

it has been possible to trace directly the lineages of cells from apical

cell to mature tissues. However, distinct patterns of cell division

frequently are not evident.

Because of the distinct zonation in the mature roots of the

phanerogams and the mature roots and shoots of many of the vascular

cryptogams, it has been postulated that the mature tissues could be

grouped into regions which would reflect their meristematic origins.

One such theory was that of Hanstein (1868, in Strasburger, 1908), which

proposed three regions of ce~ls or histogens in the apical meristem.

According to Hanstein, the outermost single layer, dermatogen, formed

epidermal tissue; the next, thicker, layer, periblem, formed the

cortical tissue; and the innermost non-layered region, plerome, formed

the vascular tissue and pith. A second theory of tissue systems was
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that of Sachs (1875, in Foster, 1949). This theory proposed three

mature tissue systems: the dermal system, composed of epidermal and

cork layers; the fascicular system, composed of the conducting tissue of

phloem and xylem; and the fundamental or ground tissue system, composed

of the remaining cortical, ray and pith tissue. A third important

theory of tissue systems was that proposed by Van Tieghem (Van Tieghem,

l884~ l888a, l888b; Van Tieghem and Douliot, 1886, 1888). This theory

considered the primary structure of root and shoot to be composed of a

central stele (including vascular tissue, pericycle, pith and rays)

surrounded by the cortex (the epidermis comprised the outer layer of the

cortex).

A problem that is inherent in these artificial groupings of cells

lies in the delimitation of the groups. Van Tieghem recognized the

pericycle as the outer boundary of the stele, and the endodermis as the

inner boundary of the cortex. In Pteris, Van Tieghem and Douliot (1888)

found the two tissues to originate from separate mother cells. Most

authors of recent textbooks of plant anatomy (Esau, 1953, 1965c; Stover,

1951; Haupt, 1953; Fahn, 1968) use Van Tieghem's system and include the

endodermis in the cortical tissue and the pericycle in the stelar

tissue (The textbooks of Eames, 1936, 1961; and Eames and }1cDaniels,

1947 are exceptions). However, ontogenetic studies seem to show that

the origin of the tissues may vary among the different groups of plants

and also among different organs of the same plant.

Unfortunately, a clear understanding of the relationship of the

developmental pattern to phylogeny can not be obtained from the

literature due to a number of conflicting reports. In Schizaea
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(Schizaeaceae), Bartoo (1929, 1930) found that the endodermis was

cortical in origin while the pericycle was stelar in origin. On the

other hand, Prantl (1881, in Lamoureux, 1961) found that both tissues

were stelar in origin and Boodle (190la) found that both tissues were

cortical in origin. Similar conflicting reports are found in the

literature for Marsilea (Marsileaceae) (Russow, 1872; Van Tieghem,

l888b; Mager, 1907; Sossountzov, 1968), Selaginella (Tansley and Chick,

1903; Van Tieghem, 1888a; Barclay, 1931; Strasburger, 1891; Vladescu,

1889), Pteridium (Polypodiaceae) (Nageli and Leitgeb, 1868; Van Tieghem

and Douloit, 1886; Jeffery, 1917), Hymenophyllum (Hymenophyllaceae)

(Boodle, 1900; Van Tieghem, l888b), and Salvinia (Salviniaceae) (Mager,

1907; Bonnet, 1955) among others. It does appear, however, that in the

root of Psilotum (Mager, 1907) the pericycle is ste1ar in origin while

the endodermis is cortical. In Nephrolepis (Po1ypodiaceae) (Lachman,

1885), Lygodium (Schizaeaceae) (Gwynne-Vaughan, 1916), Cheilanthes

(Po1ypodiaceae) (Williams, 1924), and probably Eguisetum (Johnson,

1933), the endodermis and pericyc1e are both stelar in origin, while in

G1eichenia (Boodle, 1901b) both tissues are probably cortical in origin.

Origin of the endodermis and pericyc1e, though, may not even be

genetically consistent. Bartoo (1930) reported that in Schizaea pus ilIa

the pericycle shared a common cortical mother cell with the endodermis

in the rhizome and leaf, but was ste1ar and separate in origin from the

endodermis in the root. Also, Conard (1908) found the endodermis and

pericycle in the root of Dicksonia (Dicksoniaceae) to be cortical in

origin, while both were stelar in origin in the rhizome.
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Thus, separation of cells into such groups as stelar tissue or

cortical tissue can not be made consistently according to meristematic

origin. That is, the position of the cell in the mature organ does not

necessarily reflect its meristematic origin. Developmental studies are

required to determine the origin of tissues since the origins may vary

between taxa and among organs of the same taxon.

Development of the tissues

When Russow (1872) first termed the earliest formed sieve elements

protophloem, he noted that there were no differences between the

protophloem sieve elements and the later formed sieve elements (the

metaphloem of Van Tieghem, 1887). That is, the protophloem was

separable from the metaphloem only in the time of appearance. In

following the development of the tissues, Russow found the protophloem

to mature first, followed by the first-formed xylem or protoxylem. This

was followed by the endodermis and the rest of the tracheids, sieve

elements and parenchyma cells.

Subsequent developmental studies have also shown the protophloem

to mature before the protoxylem in many cases (Lesage, 1891; Perrot,

1899; Chauveaud, 1903; Lachmann, 1907; Chang, 1927; Bartoo, 1930; Kruch,

1890). This order of development is evident in Eguisetum (Queva, 1907;

Vidal, 1912; Johnson, 1933; Golub and Wetmore, 1948). However, other

workers found the protoxylem to mature before the protoph1oem in

Lycopodium (Turner, 1924), Selaginella (Barclay, 1931; Jacobs, 1947),

and Osmunda (Zenetti, 1895). Not all reports were in agreement, however,

Strasburger (1891) and Faull (1901) found both the protoxy1em and



114

protophloem to mature at the same time in Eguisetum and Osmunda,

respectively.

In mature tissue, protophloem elements may be crushed, stretched

and no longer discernable or they may be completely destroyed (Petry,

1914; Weinreich, 1925; Ogura, 1938; Marsh, 1914). The protoxylem may

also be of the same size and appearance as the later-formed xylem

(Russow, 1875; Williams, 1924; Bierhorst, 1954b, 1960). Thus, in the

mature organ there may be no real distinguishing evidence of the

developmental sequence of the tissues.

Protophloem sieve elements and fibers

The literature is not clear as to the presence of fibers in the

vascular cryptogams. Dippel (1864), in the first description of the

phloem in the vascular cryptogams, reported the phloem to be composed of

sieve elements, parenchyma cells and fibers. Dippel's fibers were

thick-walled and were the first cells to form in the developing phloem.

Russow (1872) termed these cells protophloem and considered them to be

thick-walled sieve elements. Russow's views were supported by

subsequent workers and these cells are now generally accepted as sieve

elements.

Other fibers (elongated sclerenchyma, Esau, 1965c), though, have

been reported near or in the phloem of petioles of Adiantum trapeziforme

(Polypodiaceae) (Trecul, 1869; Potonie, 1883; Thomae, 1886), the

Hymenophyllaceae (Russow, 1872; Prantl, 1875 in Lamoureux, 1961; Thomae,

1886; Potonie, 1883), the Gleicheniaceae (Russow, 1872; Thomae, 1886;

Palm, 1937; Gwynne-Vaughan, 1901), the Schizaeaceae (Russow, 1872;
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Thomae, 1886; Potonie, 1883; Boodle, 1901a, 1903; Prantl, 1881, in

Lamoureux, 1961; Gwynne-Vaughan, 1903, 1901, 1916; Parmentier, 1899;

Lamoureux, 1961), Matonia (Matoniaceae) (Gwynne-Vaughan, 1901),

Hemitelia (Cyatheaceae) (Parmentier, 1899), and Loxsoma (Loxsomaceae)

(Parmentier, 1899; Gwynne-Vaughan, 1901). However, the criteria used

to distinguish these fibers or fiber-like cells from sieve elements have

not been consistent.

Boodle (190la) reported the presence of refractive spherules in

these fibers, but considered them to be metamorphosed sieve elements.

Gwynne-Vaughan (1901, 1903) considered the presence of a nucleus and

the lack of refractive spherules indicative of fibers. Lamoureux (1961)

could not find nuclei in his studies, but reported that the walls of

these cells were distinctly two-layered. He also found that the pits of

these cells lacked callose and were more ellipsoid in shape than sieve

element pores. All of the cells described by the various authors as

fibers or fiber-like cells had walls which were lignified. Also many of

these cells were of the same shape as sieve elements, and were often

found in the locations where sieve elements would be expected to be

found.

Lignification of phloem in the angiosperms has been reported

(Vesque, 1875; Boodle, 1902, 1906; Wilson, 1922; Evert, 1963b) and

lignified sieve elements do occur in Tmesipteris and in Psilotum

(Dangeard, 1890-91; Ford, 1904; Sykes, 1908; Sahni, 1925; Lamoureux,

1961) and possibly in Lycopodium (Linsbauer, 1899). However,

developmental studies are required before the cells which have been

described as fibers or fiber-like cells can be ascertained to be true
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fibers or lignified sieve elements.

Parenchyma cells

In the vascular cryptogams, the parenchyma cells in the vascular

bundle can be separated roughly, by location, into four groups

(Lamoureux, 1961). The parenchyma cells between sieve elements and

endodermis are termed pericyc1e (starch sheath, De Bary, 1877; Palm,

1937; phloeoterma, Strasburger~ 1891; phloemscheide, Russow, 1872;

periphragme, Dangeard, 1890-91). Parenchyma cells between sieve

elements and tracheary elements are called xylem sheath (xylemscheide,

Russow, 1872). Parenchyma cells among the tracheary elements are known

as xylem parenchyma cells, and the parenchyma cells located among the

sieve elements are termed phloem parenchyma cells. Lamoureux's cross

sectional topographic groupings of parenchyma cells are entirely

artificial, i.e., the parenchyma cells may not fall into any obvious

group and, moreover, a particular group may at times be absent

(Lamoureux, 1961). However, this is a very useful system and it will be

used in this review.

Various substances have been reported from these parenchyma cells

of the vascular bundle. Starch is often present (Dippel, 1864; Russow,

1872; De Bary, 1877; Janczewski, 1882) and stains blue-black with iodine.

Oils are also present in the vascular parenchyma cells of various

species of Lycopodium (Lamoureux, 1961), and fats have been described in

the xylem sheath cells of Osmunda (Weinreich, 1925) and Lycopodium

(Russow, 1872; De Bary, 1877; Strasburger, 1891; Lamoureux, 1961), in

the secondary vascular tissue of Isoetes (Lamoureux, 1961) and in the
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xylem sheath and pericycle of the roots and the xylem sheath, pericycle

and phloem parenchyma cells of the rhizome of Botrichium multifidium

subspecies silaifolium (Lamoureux, 1961). Tannins have been reported to

be present in the vascular parenchyma cells of species of the

Schizeaceae, Hymenophyllaceae, Gleicheniaceae, Dicksoniaceae,

Cyatheaceae, and Polypodiaceae (Lamoureux, 1961). The presence of

nodules of silica in the xylem parenchyma cells of Lygodium

(Schizeaceae) (Boodle, 1901a) has also been reported.

The phloem parenchym cells are usually elongate (cambriform,

Pontonie, 1883) with peripheral cytoplasm and a large or elongated

nucleus (Janczewski, 1882; Lamoureux, 1961). Starch is usually present

in these cells, but may be absent in cells adjacent to sieve elements

(Potonie, 1883; Boodle, 1899; Perrot, 1899). These cells are filled

with albuminous material and are connected with the adjoining sieve

elements through communications in the walls (Perrot, 1899). In the

rhizomes and stems of Eguisetum these communications in the walls

sometimes have callose on the sieve element side of the pore (Lamoureux,

1961). Cells with these characteristics are called albuminous cells in

gymnosperms (Srivastava, 1963a).

Companion-ceIl-like phloem parenchyma cells are also found in the

vascular cryptogams. In the root of Eguisetum, two parenchyma cells,

called annex cells, and one protophloem sieve element are regularly

derived from the same mother cell (Chauveaud, 1903). These annex cells

are ontogenetically related to sieve elements, but do not differ in

size, shape, or in their cell contents from other vascular parenchyma

cells. Presently, these annex cells are not considered to be companion
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cells (Lamoureux, 1961). Interestingly, cells similar to the annex

cells are not found in the rhizome and stem of Eguisetum where sieve

tube members are found (Vidal, 1912; Golub and Wetmore, 1948; Lamoureux,

1961).

In the angiosperms and gymnosperms, sieve elements are reported as

almost always associated with companion cells or albuminous cells.

However, possible exceptions may occur in the protophloem (Resch, 1958,

1961). Much emphasis has been placed on companion cells in the

literature as they are ontogenetically related to the sieve elements and

also appear to be physiologically related.

Companion cells usually display numerous pits, dense and often
somewhat homogenous cytoplasm, and thin walls that commonly
bulge into the lumen of the sieve elements with which they are
ontogenetically associated; companion cells also frequently
have irregular forms not duplicated by other cells.
(Cheadle and Esau, 1958)

In some cases companion cell walls are thickened. In Pisum and Vicia

faba, and possibly all Papilionatae of the Leguminosae, companion cells

are characterized by trabeculae or wall extensions which intrude into

the cytoplasm and appear similar in structure to nacreous walls (Wark,

1965b). These extensions are uncommon on the walls between the

companion cell and the sieve element which bear the typical sieve-

element-companion-cell-connections. These connections are characterized

by being simple pores on the sieve-element-side of the wall, but branch

into many plasmodesmata on the companion-ceIl-side of the wall

(Engleman, 1965b; Esau and Cheadle, 1962b; Wark, 1965b; Northcote and

Wooding, 1966). Callose occurs on both the companion-ceIl-side and the

sieve-element-side of the pore, but it is usually associated only with

the sieve-element-side (Evert, 1963a; Engleman, 1965b). An endoplasmic
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reticulum has been found associated with these pores and is thought to

pass through the pores and connect the peripheral endoplasmic reticulum

of the sieve element with the endoplasmic reticulum of the companion

cell (Esau and Cheadle, 1962b; Evert, et a1., 1966; Esau and Cronshaw,

1968a).

The contents of the companion cells have been described as very

dense (Hoh1, 1960; Esau and Cheadle, 1962a; Wark, 1965b; Esau and

Cranshaw, 1968b; O'Brien and Thimann, 1967b). This dense appearance of

the cytoplasm has been attributed to the absence of large vacuoles and

the profusion of ribosomes in the cytoplasm (Esau and Cronshaw, 1968b).

Slime bodies (see section on protein inclusions in this review) have

also been found in companion cells and their dispersion in mature

companion cells has been thought to add to the density of the cytoplasm

(Esau, 1948, 1961, 1965b; Evert, 1963a; Evert and Murmanis, 1965b; Shah

and Jacob, 1967a; Esau and Cranshaw, 1968b).

The nucleus of the companion cell and that of the phloem parenchyma

cell appears similar (Evert and Murmanis, 1965), but the companion cell

nucleus may be elongate and may contain a conspicuous nucleolus (Wark,

1965b). P1astids in companion cells have few internal lamellae, little

or no starch, and denser contents than mitochondria (Wark, 1965b;

Engleman, 1965b; Esau and Cronshaw, 1968b; Evert, et a1., 1966).

Mitochondria are very numerous in the companion cells (Wark, 1965b;

Engleman, 1965b). Their abundance in the companion cells compared to

the numbers in sieve elements was perhaps the reason that Hoh1 (1960)

proposed an unequal distribution of cytoplasm during cytokinesis.

However, the large number of mitochondria in the companion cell is
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probably due to increased formation of mitochondria following cell

division (Wooding and Northcote, 1965a). Golgi bodies are also present

in companion cells, and are more common in the younger companion cells

than in those more mature (Engleman, 1965b; Wooding and Northcote,

1965a). An endoplasmic reticulum in companion cells is often in

structures which resemble parallel arrays (Esau, 1965b).

Albuminous cells are cells which are not ontogenetically related

to the sieve element, but appear to be physiologically related and in

intimate connection with the sieve element. The best criteria for

defining these cells are their connections with the sieve elements

(Srivastava, 1963a). The contents of albuminous cells and the

connections between albuminous cells and sieve elements are essentially

similar to companion cells (Srivastava, 1963a; Grillos and Smith, 1959;

Srivastava, 1963b; Murmanis and Evert, 1966; Srivastava and O'Brien,

1966; Wooding, 1966; Alfieri and Evert, 1968a, b) and albuminous cells

and companion cells differ primarily in their ontogeny. Albuminous

cells are also usually found in gymnosperms whereas companion cells are

usually found in angiosperms.

Phloem parenchyma cells are typically highly vacuolated and contain

plastids with better-developed grana than those found in companion cells

or albuminous cells (Esau and Cronshaw, 1968b; Hurmanis and Evert,

1966). These three types of cells, i.e., albuminous cells, companion

cells, and phloem parenchyma cells, are not always unequivocally

distinguishable from each other, and distinct connections in the walls

to sieve elements are necessary to distinguish companion cells and

albuminous cells from phloem parenchyma cells (Esau and Cranshaw, 1968b;
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Alfieri and Evert, 1968a, b).

Recently a fourth type of parenchyma cell was reported in the

phloem of minor veins in leaves, especially in members of the family

Leguminosae (Gunning, et al., 1968). These "transfer cells" have dense

contents, a large nucleus, vacuoles, chloroplasts with grana and starch

grains, numerous mitochondria with well-developed cristae, dictyosomes,

an endoplasmic reticulum, some polyribosomes, and numerous wall

protuberances that were less abundant on the walls contiguous with the

sieve element. These "transfer cells" may be sister cells of the sieve

element (Gunning, et al., 1968) and are therefore very similar to

companion cells.

The conducting elements classification

The sieve elements of the phloem can be classified into two groups,

sieve cells and sieve tube members (Cheadle and Whitford, 1941). The

former cells are characterized by having pores of similar size dispersed

over all walls and not organized into specialized sieve plates. The

latter are a part of a longitudinal series of cells disposed end to end,

with transverse to oblique end walls bearing pores organized into sieve

plates, and with sieve plate pores larger than those of lateral sieve

areas. Sieve tube members are more specialized than sieve cells; sieve

tube members with transverse end walls and simple plates are considered

more specialized than those with oblique end walls and compound sieve

plates (Cheadle and Whitford, 1941; Cheadle, 1948; Cheadle and Uhl,

1948; Zahur, 1959; Den Outer, 1967).
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In the vascular cryptogarns t almost all sieve elements are sieve

cells. The only exceptions occur in the rhizome and stem of Eguis~

(Lamoureux t 1961; Agashe t 1968) and in the root of Marsilea (White t

1961) where sieve tube members have been found. The sieve cells differ

in form within the vascular cryptogams having end walls that vary from

transverse to very oblique. The sieve cells of Selaginella t Isoetes t

Azolla t the Ophioglossaceae t and the Marattiaceae have end walls which

are usually transverse to slightly oblique. Eguisetum, PSilotumt

Salvinia t and the Marsileaceae have sieve C' ~ls with end walls which are

transverse t slightly oblique or definitely oblique. And in Tmesipteris,

Lycopodium, the Osmundaceae, Schizaeaceae t Gleicheniaceae,

Hymenophyllaceae t Cyatheaceae t Dicksoniaceae t and Polypodiaceae sieve

cells have end walls which are usually oblique or very oblique

(Lamoureux t 1961).

In the gymnosperms t all sieve elements are probably sieve cells t

and in the angiosperms most sieve elements are probably sieve tube

members (with the possible exception of Austrobaileya scandens, Bailey

and Swamy, 1949). Sieve elements are also found in the algae, in

particular t the brown algae Macrocystis pyrifera (Parker and Philpottt

1961b; Ziegler t 1963) and possibly some red algae (Hartmann and Eschrick,

1969). Polytrichum, a moss t also has special conducting cells (leptoids)

in the stem and sporophyte axis and similar cells in the leaves (socii)

(Eschrich and Steinert 1967 t 1968a, b; Hebant t 1964b t a, 1966a, b, 1967a,

b, 1968a, b t 1969).



123

The conducting elements -- evolutionary trends in the cryptogams

Apparently evolutionary trends of the structure of the sieve

elements in the cryptogams do not follow the same lines as in the

angiosperms. If the degree of inclination of the end wall is used to

separate primitive from advanced taxa, primitive and advanced

characters are often mixed within certain groups (Lamoureux, 1961).

Hebant (1968) has attempted to explain evolution in the sieve elements

of the cryptogams. The primitive form of sieve element with slightly

inclined and poorly differentiated end walls was found in the phloem of

Psilotum, Rhynia, the roots of many of the cryptogams, and in the

leptoids of the mosses (Hebant, 1968). From this primitive form Hebant

described two lines of evolution. The first and larger line had sieve

elements with strongly inclined end walls, and with sieve areas on end

and lateral walls equal. Lycopodium and the leptosporangiate ferns were

included in this group. The second line of evolution had sieve elements

with horizontal or less inclined end walls which were differentiated in

a high degree, and resembled sieve tube members. The more highly

evolved eusporangiate ferns, the ligulate lycopods and Eguisetum were

included in this group. Whether these evolutionary lines of Hebant are

actually phylogenetic remains speculative.

The conducting elements -- substructure

Lateral walls

The lateral walls of the sieve elements of the vascular

cryptogams are characterized by their thickened glistening appearance in

fresh sections (Van Tieghem, 1870). The thick-wall stage of development
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of the sieve element has been called "differenciation nacree" by Leger

(1897). The French term nacre -- like mother of pearl -- was the root

word for the term nacreous wall. Esau and Cheadle (1958) defined the

term nacreous wall specifically as the inner layer of the wall of a sieve

element if this layer was morphologically distinct from the outer layer.

Thus, the thickened walls of the protophloem sieve cells of many of the

vascular cryptogams would not be considered to be nacreous walls as

defined by Esau and Cheadle, since these walls are morphologically

uniform.

Actual nacreous walls probably were first described in the

vascular cryptogams by Van Tieghem (1870), who found walls of sieve

elements with a shiny gloss and greatly thickened. Russow (1872)

stained the nacreous sieve element walls of Marsilea with a zinc-chlor

iodide solution, and found the inner layer of wall more highly hydrated

and a deeper blue than the outer wall layer. The deep blue color was

indicative of cellulose. Other workers have also found cellulose to be

common to nacreous walls (Janczewski, 1882; Lesage, 1891; Sen, 1968).

In a comprehensive survey of the vascular cryptogams, Lamoureux (1961)

found true nacreous walls only in the Hymenophyllaceae and

Polypodiaceae. In all the other vascular cryptogams studied, sieve

element walls were thicker than those of adjacent parenchyma cells but

lacked a true nacreous wall layer. The occurrence of the nacreous wall

may also be dependent on the age of the tissue and in older tissue the

sieve element wall may become as thin as in adjacent parenchyma cells

(Esau, 1939).

Nacreous walls are also found in angiosperms and gymnosperms.
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In these plants it may als.o be non-permanent. In Smilax rotundifolia

nacreous walls are only present for the first growing season, after

which the sieve element walls become thin (Ervin and Evert, 1967). The

occurrence of nacreous walls in the angiosperms and gymnosperms does

not exhibit any apparent evolutionary trends. Nacreous walls are

commonly found in Pinus (Srivastava, 1963a), Degeneria (Sakai and

Lamoureux, unpublished), Nymphoides (Mehta and Spanner, 1962; Mehta,

1964), and the Magnoliaceae, Annonaceae, and Calycanthaceae (Esau and

Cheadle, 1958). They are not found in Ginkgo (Srivastava, 1963b),

Metaseguoia (Kollmann and Schumacher, 1961, 1962a, 1962b, 1963, 1964;

Kollman, 1964, 1965), the leaf-bearing Cactaceae (Srivastava and Bailey,

1962), and the Berberidaceae, Bignoniaceae, Juglandaceae, Lardizabala

ceae, Oleaceae, and Winteraceae (Esau and Cheadle, 1958). In other

families and genera, the occurrence of nacreous walls is usually not

consistent (Esau and Cheadle, 1958).

Nacreous walls in the angiosperms and gymnosperms display a

wide variation in thickness among the taxa (Esau, 1939, 1950; Es~u and

Cheadle, 1958). They are unevenly thickened (thin near pores) and

sometimes lamellar in appearance (Mehta and Spanner, 1962; Srivastava

and O'Brien, 1966). The nacreous layer is richer in cellulose than the

outer primary wall layer, staining more rapidly and intensely with

chloro-zinc-iodide and I2KI-H2S04, but not as rich in total wall

polysaccharides, staining less intensely with the PAS reaction,

toluidine blue 0, and other common stains (Mehta and Spanner, 1962;

Esau and Cheadle, 1958; Cheadle and Esau, 1958; O'Brien and Thimann,

1967b). The nacreous layer stains very lightly or not at all with
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ruthenium red indicating it is very poor in pectins (Cheadle and Esau,

1958). It is also not highly hydrated as it does not markedly shrink

when fixed, dehydrated and stainp.d for slides (Cheadle and Esau, 1958).

Formation of the nacreous wall is completed in the early part

of the development of the sieve element, before general reorganization

of the cell contents occurs (Bouch and Cronshaw, 1965). Dictyosomes or

Golgi bodies are involved in the deposition of polysaccharides (Wooding,

1968a, Buvat, 1963b, 1963d) and microtubules parallel with the

polysaccharide microfibrils of the wall are often found near the

plasmalemma (Evert, Murmanis, and Sachs, 1966). An endoplasmic

reticulum (Buvat, 1963b, 1963d), numerous polyribosomes and deeply-

staining plasmalemma (O'Brien and Thimann, 1967b) have also been

associated with nacreous wall development. As noted earlier (Ervin and
~.

Evert, 1967), the nacreous wall may disappear after one year, but it may

also persist until the collapse of the sieve element, increasing in

chromaticity and lamellation before complete collapse (Cheadle and Esau,

1958) •

Wall structures similar to the nacre:ous \valls have been also

reported in companion cells (Zee and Chambers, 196~; Wark, 1965a, 1965b)

and in specialized "transfer cells" in smaller veins of leaves

associated with sieve elements (Gunni~e. et al., 1968; Gunning and Pate,

1969a; Pate and Gunning, 1969). Wall protuberances also occur in

vestures of pits in xylem tissue (Schmid and Machado, 1968), in fern

placenta (Gunning and Pate, 1969b), and in salt glands, other leaf

glands and nectaries, embryo sacs, and in the haustorial foot of a moss

sporophyte and parasitic angiosperm (see references in Gunning, et al.,
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1968).

Dictyosomes

Although dictyosomes (Golgi apparatus) are probably present in the

early stages of development of the sieve elements of the vascular

cryptogams, their presence has never been reported. They are found in

developing sieve elements of angiosperms and gymnosperms (Bouch and

Cronshaw, 1965; Englemann, 1965b; La Fleche, 1966; Srivastava and

O'Brien, 1966; Wooding, 1966a; Northcote and Wooding, 1966). In the

developing cell plate, vesicles of this Golgi apparatus appear to fuse

and form the middle lamella (Zee and Chambers, 1968). Later in develop

ment, the Golgi vesicles appear to carry material to the plasmalemma

and the developing wall (Buvat, 1963b). When tritiated glucose is fed

to developing sieve elements, the labeled glucose is found in both the

developing wall and in the Golgi apparatus (Wooding, 1968a). Also by

means of a modified PAS reaction, polysaccharides can be localized in

the Golgi apparatus and in the wall (Pickett-Heaps, 1967a, 1968).

These observations seem to indicate the role of the Golgi vesicles in

the deposition of wall polysaccharides.

One of the basic mechanisms in the function of the Golgi apparatus,

i.e., secreting materials to the cell wall, was illustrated recently by

Grove, Bracker and Morre (1968). They found, in the hyphae of a fungus,

a transition in membrane morphology from an endoplasmic reticulum-like

structure near the pole closest to the endoplasmic reticulum, to a

plasmalemma-like structure at the pole where the vesicles were secreted.

Golgi vesicles would thus easily fuse with the plasmalemma whereas

vesicles from the endoplasmic reticulum would not.
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In older sieve elements, the Go1gi apparatus is absent (Eng1emann,

1965b; Srivastava and O'Brien, 1966) and the Go1gi apparatus has only

been reported from mature sieve elements by Kollmann and Schumacher in

Metaseguoia (1963, 1964).

Microtubu1es

Microtubu1es have also not been reported from the sieve elements of

the vascular cryptogams. They were first reported from plant cells by

Ledbetter and Porter (1963, 1964), and were found in association with

the plasmalemma. Microtubu1es have been studied especially in cells

with secondary wall depositions, where they appear to parallel the

cellulose microfibri1s of the developing wall, and appear at a time

which suggests that they may be involved in the formation of these

microfibri1s (Hepler and Newcomb, 1964; Cronshaw, 1965; Esau, Cheadle

and Gill, 1966; Robards and Humpherson, 1967).

Microtubu1es are found in the sieve elements of angiosperms and

gymnosperms where they appear as in other cells -- parallel with the

microfibri1s of the wall and associated with the plasmalemma (Wooding,

1966; Srivastava and O'Brien, 1966; Evert, et a1., 1966; La F1eche,

1966; Zee and Chambers, 1968). As the diameter of a microtubule is from

230-270 ~ (Ledbetter and Porter, 1963, 1964), they are easily

distinguished from the smaller slime fibrils of the sieve elements

(Wooding, 1967). Microtubu1es are present in the cells until the

nucleus shows signs of alteration, and are not present in the mature

sieve elements (Srivastava and O'Brien, 1966; Behnke, 1969b).
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Callose and the pores

The small size of the pores in many of the vascular cryptogams has

made the detection of callose difficult. Many earlier workers were able

to detect callose (De Bary, 1877; Poirau1t, 1891; Perrot, 1899; Boodle,

1899; 1901a, 1901b; Faull, 1901), but not in all vascular cryptogams.

Janczewski (1882) reported callose to be present only in Pteridium.

More recently, Lamoureux (1961) found callose to be absent in only a

few vascular cryptogams (Psi1otum, the Ophioglossaceae, and the

Marattiaceae). Callose has been reported in Botrychium of the

Ophioglossaceae (Russow, 1881, 1882), in Psilotum (Want, 1963), and in

the closely related genus Tmesipteris (Lamoureux, 1961). These

differences in reports concerning the presence or absence of callose can

probably be attributed to fixation methods, as more rapid fixation would

not allow for large amounts of reaction callose to form. Experiments

using slow methods of fixation, or the use of electron microscopy will

probably reveal the presence of callose in all vascular cryptogams.

The small size of the pores has also made it difficult for many

workers to determine whether the pores were actually perforate. Many

workers believed the pores to be perforate, but often filled with dense

material (Dippel, 1864; Russow, 1872; De Bary, 1877; Ter1etzki, 1884;

Thomae, 1886; Poirau1t, 1893). Other workers considered the pores to be

closed (Janczewski, 1882; Potonie, 1883; Poirau1t, 1891). But it was

not until the electron microscopic studies of Maxe (Maxe, 1964, 1966;

Liberman-Maxe, 1968) that the pores were definitely found to be open

and not closed by a membrane.
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The presence of callose in mature functioning sieve element pores

of angiosperms and gymnosperms has also been the subject of such

controversy. Evert (Evert and Derr, 1964a) considered that callose was

normally absent from the mature sieve element, and only present as an

artifact produced by injury to the sieve element before fixation. A

recent freeze etching study by Johnson (1968a), in which the intact

phloem was frozen within 0.01 seconds, also failed to reveal callose in

the pore areas. However, the work of Feingold, et a1. (1958) showed

that in vitro synthesis of S-1,3 D glucan (callose) from UDP-D glucose

required the presence of some callose before more callose could be

synthesized. Thus probably a small amount of callose is present in the

pores of all sieve elements and is the base from which the rapid

synthesis of wound or reaction callose occurs (Wooding, 1968b; Northcote,

1969). Whether the amount of callose shown in micrographs of sieve

elements is present in undisturbed sieve elements is not certain.

Callose is a S-1,3-D glucan (Kessler, 1958; Crafts and Currier,

1963). Callose in pollen tubes (Kessler, et a1., 1960), pits of

parenchyma cells (Currier, 1957; Currier and Strugger, 1956; Currier

and Shih, 1968), sieve elements, and in other cells (see Esau, 1965c)

is essentially of the same structure. Callose synthesis in vivo has

been shown to be promoted by many substances. Aniline blue (Currier,

1957), borax, ammonia, indoleacetic acid, triiodobenzoic acid (Lerch,

1960), barium acetate (Eschrich, 1961), boron (McNairn and Currier,

1965), eosin (Schumacher, 1930), cyanide (Ullrich, 1963), phosphate

buffer, and 2% sucrose (Currier and Shih, 1965) all promote callose

production. Heat to 45° C (Webster and Currier, 1965), low



131

temperatures (Majumder and Leopold, 1967), and injury can also cause

increased callose production. Engleman (1965a) has especially studied

the formation of wound callose. He found that if the tissue is killed

four seconds after the phloem is cut, only small amounts of callose are

present, yet thirty minutes later massive deposits of callose are

present and the pore areas are completely plugged.

Massive deposits of callose are also found normally in sieve

elements in the winter (dormancy callose, Esau, 1965b; Evert, 1962),

and in senescent sieve elements (definitive callose, Derr and Evert,

1962, 1967; Davis and Evert, 1968). The deposits of definitive callose

may persist over the winter, but usually disappear before the collapse

of the sieve element (Derr and Evert, 1962; Davis and Evert, 1968; and

others). Dormancy callose, which is associated with the retardation

of translocation of woody plants in autumn (Zimmermann, 1964) and cold

temperature (Ullrich, 1962), can also be reabsorbed and the associated

sieve elements become functional in the spring. Esau (1948, 1964,

1965b) and Hepton and Preston (1960) have found thin cytoplasmic

threads through the dormancy ca1lose s connecting the two associated

sieve elements. In the spring, callose appears to be dissolved first

next to these cytoplasmic strands.

pH also appears to be a factor in callose formation and

dissolution. Eschrich (1961) found that alkalinity (pH 7-8) favors

callose synthesis whereas weakly acid conditions favor callose

breakdown. This appears to correlate with the finding that the phloem

sap of Tilia and Acer has a pH of about 4.8-5.6 in February and March

and a pH of about 6.8-7.6 at other times of the year (Ziegler, 1956).
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It should also be noted that callose plugs induced by ultrasonic

vibrations may persist for up to eight days, but are also reabsorbed

(Currier and Webster, 1964). The pH relationships of this process,

however, have not been studied.

Pore development

The development of pores in the sieve elements has been studied

in two members of the Po1ypodiaceae by Hume (1912, Pteridium agui1inum)

and Liberman-Maxe (1968, Po1ypodium vulgare). The two described

processes are very similar, differing only in some details. In an early

stage, the sieve element walls are thin and the cell is filled with

protoplasm, but as the diameter of the cell increases, the protoplasm

thins into a parietal layer and the walls begin to thicken. Thin

protoplasmic threads or plasmodesmata are found crossing the walls in

the future sieve areas. Later, a protoplasmic nodule is found in the

region of the middle lamella. The nodule and the plasmodesmata are

lined with plasmalemma (Liberman-Maxe, 1968). Callose basins or cups

are found around each plasmodesma on each side of the middle lamella.

The median nodule enlarges and the callose is dissolved from the

interior of the cell to the middle lamella (Rume, 1912) or from the

middle lamella outward (Liberman-Maxe, 1968). An open pore is left,

with no callose present. The lack of detectable callose in some cases

was thus due to the mature state of the tissue studied (Rume, 1912).

The pores are lined with a plasma membrane; refractive spherules and

endoplasmic reticulum are often founG within the mature pores

(Liberman-Maxe, 1964).
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The development of the sieve element pores in angiosperms and

gymnosperms has been thoroughly studied. Early in the development of

the sieve element, an endoplasmic ~eticu1um marks off the site of the

plasmodesmata in the cell plate (Zee and Chambers, 1968). Very young

sieve plates appear to lack callose (Engleman, 1965b). Later in

development an endoplasmic reticulum is found closely applied to the

plasmalemma in the sites of the future pores (Esau and Cronshaw, 1968a).

It is very probable that the first callose is formed in the future pore

sites before more than a few microfibri1s of the primary wall have been

synthesized. The callose and the endoplasmic reticulum would then

prevent fusion of the Go1gi vesicles with the plasmalemma and the

development of the cellulose wall (Frey-Wyss1ing and MUller, 1957; Esau,

1964; Esau and Cronshaw, 1968a).

, The process of pore perforation is thought to begin by a

dissolution of the compound middle lamella (Tamu1evich and Evert, 1966;

Esau, Cronshaw and Hoefert, 1967; Esau, Cheadle and Risley, 1962; Esau,

1964) although Krull (1960) and Kollmann and Schumacher (1963) thought

that the middle lamella formed the median nodule mechanically in

relation to the rapid and extensive expansion of the walls (Murmanis and

Evert, 1966). In support of the latter concept, Murmanis and Evert

found median nodules in all plasmodesmata of the parenchyma cells.

Later in the perforation process, the callose is dissolved on

either side of the median nodule (Tamu1evich and Evert, 1966; and

others), and the few cellulose microfibri1s in the pore are removed by

mechanical means (Frey-Wyss1ing and MUller, 1957). (These few

microfibrils in the pore may be the delicate membrane seen in the
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macerated pores by Volz, 1952.) Cellulase is probably not involved in

the formation of the pores as this process does not resemble the

formation of perforations in transverse walls of axial parenchyma cells

which involves cellulase action (Murmanis and Evert, 1967).

In gymnosperms, which have pores scattered on the radial walls

(Huber and Kolbe, 1948), more than one plasmodesma may be associated

with the same median nodule (Wooding, 1966; Srivastava and O'Brien,

1966; Evert and Alfieri, 1965; Hepton and Preston, 1960). Wooding and

Northcote (1965a) described the simple pores of angiosperms as an

evolved form of these branched pores. The mature pores are lined with

a plasma membrane and contain an endoplasmic reticulum (Srivastava and

O'Brien, 1966; Behnke, 1965a; Esau and Cranshaw, 1968a) and numerous

protein fibrils. It is not known whether these protein fibrils fill the

pores naturally (Anderson and Cronshaw, 1969; Cronshaw and Anderson,

1969; Siddiqui and Spanner, 1970).

The presence of callose, or the amount of callose present, if it is

indeed present, is undetermined. However, Esau and Cheadle (1959), by

treating callose as a natural structure in sieve elements, found that

about three-fifths of the transectional area of a mature pore is

occupied by callose. They also found a thicker callose cylinder in

older sieve elements. The transverse cell area occupied by pores was

greater in scalariform plates, but the area occupied by the strands was

greater in simple plates. They therefore concluded that an

increase in (the) size of (the) connecting strand is a more
significant aspect of (the) evolution of sieve elements than
(an) increase in pore size.
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Kursanov (1963) and Zimmerman (1960) thought that the sieve plate

was involved in a special metabolic function. The reports by Esau and

Cheadle (1955) and Zahur (1959) of the tendency in the supposedly more

advanced angiosperms for anticlinal divisions in the cambial initials

to produce shorter sieve elements (more sieve plates per unit length)

would tend to support this idea.

Eschrich (1965) believed that it was the callose which was

physiologically important. He thought the function of the callose was

to imbibe, non-osmotically, water from the symplast and release it into

the apoplast, thus allowing for short-time compensation of sugar

balance in osmotically regulated transport systems. Others (Currier

and Shih, 1968; McNairn and Currier, 1968) thought callose functioned

as a means of blocking the sieve element off from the translocation

system if it became injured. The auto-radiographic studies of Wooding

(1966, 1968a) support this function of callose. In sycamore and pine,

which were fed tritiated glucose (6-3H-D glucose), the radioactivity in

mature sieve elements was localized only in the callose of the pores,

indicating that the formation of callose was a response to injury.

Endoplasmic reticulum

An endoplasmic reticulum was first reported in the sieve elements

of a vascular cryptogam (Polypodium vulgare) by Maxe (1964). She

reported that it filled the pores of the sieve areas and also was

closely appressed to the plasmalemma in a vesicular form. Later, she

(Maxe, 1966) reported that it formed stacks that were in association

with the nuclear envelope in young sieve elements and in association
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with the plasmalemma in mature sieve elements.

The structure and development of the endoplasmic reticulum of the

sieve elements is better known in angiosperms and gymnosperms. In a

very early stage of development of the cell plate~ the endoplasmic

reticulum is found between platelets of wall material, where it marks

off the future sites of the plasmodesmata (Zee and Chambers, 1968). The

endoplasmic reticulum apparently remains associated with the plasmodes

mata (Esau and Cranshaw, 1968a; Buvat~ 1960a), and slightly later in

development, it becomes applied in localized areas to the plasmalemma,

thus delimiting the area of the future pores (Esau, Cheadle and Risley~

1962; Esau and Cheadle~ 1965; Northcote and Wooding~ 1966; Esau and

Cronshaw~ 1968a). Ribosomes have been found at this stage on the

endoplasmic reticulum in the pore areas, away from the walls but not on

the sides facing the plasmalemma (Northcote and Wooding~ 1966).

Ribosome helices have also been found in companion cells (Wooding~

1968c). Esau and Cranshaw (1968a) found the association of the

endoplasmic reticulum and the pore sites, only until the callose

platelets of the developing pore were fully formed. This perhaps

explains why Bouch and Cranshaw (1965) and Evert, et al. (1966) were

unable to find any close association.

The endoplasmic reticulum has also been reported to sheath the

plastids (Murmanis and Evert, 1966; Wooding and Northcote~ 1965b;

Northcote and Wooding~ 1966). However~ no consistent association was

found by Evert~ et al. (1966) and Esau and Cronshaw (1968a). Northcote

and Wooding (1966) also reported that the endoplasmic reticulum formed

stacks of membranes near the nuclear envelope as Maxe (1966) reported.
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The endoplasmic reticulum is also associated with developing slime

bodies. Earlier workers (Beer, 1959; Murmanis and Evert, 1966; and

others) regarded the endoplasmic reticulum associated with the slime

bodies to be a double membrane around each body. Later workers have

shown that the slime bodies are not bounded by a double membrane, but

are actually bounded at times by the endoplasmic reticulum which

possibly functions in the formation of the slime body (Northcote and

Wooding, 1966; Esau and Cronshaw, 1968a).

Earlier, it was thought that the endoplasmic reticulum became

vesiculated and degenerated in the development of the functional sieve

element (Kollmann, 1963; Kollmann and Schumacher, 1962b; Bouch and

Cronshaw, 1965; Srivastava and O'Briend, 1966; Beer, 1959; Esau and

Cheadle, 1962b; Buvat, 1963b). However, it is presently thought that

this vesiculation of the endoplasmic reticulum is actually an artifact

induced by improper fixation (Kollmann and Schumacher, 1964;

Tamulevich and Evert, 1966; Esau and Cronshaw, 1968a). With the

disappearance of numerous ribosomes from the cytoplasm and from the

surface of the endoplasmic reticulum, there is an appearance of a smooth

endoplasmic reticulum, located close together and called "sieve tube

reticulum" by Bouch and Cronshaw (1965) and later "sieve element

reticulum" by Srivastava and O'Brien (1966). These stacks of numerous

membranes, either parallel or perpendicular to the lateral walls, have

been found in almost all sieve elements studied (Mehta and Spanner,

1962; Behnke and Dorr, 1967; Esau, 1965b; Bouch and Cronshaw, 1965;

Wooding, 1967; Zee, 1969a).
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A second network of the endoplasmic reticulum closely applied to

the plasma membrane and continuous through the pores has been described

by Esau and Cronshaw (1968a). This parietal endoplasmic reticulum

layer had been described by earlier workers (O'Brien and Thimann, 1967b;

Evert, et a1., 1966). These workers failed, however, to recognize the

fibrillar proteins within the pores and considered the pores to be

fined with cytoplasmic endoplasmic reticulum (Kollmann, 1963, 1964;

Killmann and Schumacher, 1961, 1962a, 1962b, 1963, 1964; see also Mehta

and Spanner, 1962; Ziegler, 1960; Parker and Philpott, 1961b). The

endoplasmic reticulum of the pores as described by Esau and Cronshaw

(1968a) occupies a parietal position in the pore and does not

appreciably affect the cross sectional area of the pores.

A third type of membraneous structu:.;e described as "gitterartig"

(lattice-like) by Behnke (1965b, 1968b) and "quasi-crystalline" by

Wooding (1967) may be tangential or paridermal sections through the

parietal cytoplasm or the sieve element reticulum (Eschrich, 1963b;

Johnson, 1968b; Esau and Cronshaw, 1968a). The lattice-like body as

described and illustrated by Behnke is particularly interesting due to

its very regular network structure. As these lattice-like bodies are

also present in mature sieve elements, the endoplasmic reticulum is now

thought of as mature rather than degenerate. However, it should be

noted that Spanner and Jones (1970) thought these structures were

actually plasmalemma penetrating the wall in irregular microvilli.

Plasmalemma or plasma membrane

A plasma membrane is present on the outer boundary of the
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cytoplasm of the sieve cells and in the mature pores of the sieve

cells of the fern Polypodium vulgare (Maxe, 1964, 1966; Liberman-Maxe,

1968). However, it is not known if this plasmalemma is selectively

permeable as in angiosperms and gymnosperms (Currier, Esau, and Cheadle,

1955; Kollmann, 1960a).

Tonoplast

Although the presence of a tonoplast or vacuolar membrane in young

sieve elements of the vascular cryptogams has been implied by the

descriptions of parietal cytoplasm, a tonoplast has never been

specifically demonstrated in these young cells. In mature sieve

elements a tonoplast is not visible in the micrographs of Maxe (1964,

1966; Liberman-Maxe, 1968).

In angiosperms and gymnosperms the presence of a tonoplast in the

mature sieve element was at first uncertain (Schumacher and Kollmann,

1959; Ziegler, 1960; Kollmann, 1960a, b; Mehta and Spanner, 1962).

Later, Esau and Cheadle (1961, 1962a) reported that the tonoplast

disintegrated during development and the contents of the mature sieve

element were vacuolar in nature. Buvat (1963a) differed in his opinion.

He found that the tonoplast collapsed before it disintegrated, leaving

mature sieve elements with contents of a cytoplasmic nature. Engleman

(1965b), describing the mixture of cytoplasm and vacuole, termed the

mature sieve element contents "mictoplasm." Subsequent workers found

the tonoplast to break down in development, leaving contents similar to

Engleman's "mictoplasm" (Evert, Murmanis and Sachs, 1966; Murmanis and

Evert, 1966; Srivastava and O'Brien, 1966; Behnke, 1967; Esau and
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Cronshaw, 1967b; Currier and Shih, 1968; Johnson, 1968a; Evert and

Deshpande, 1969).

The breakdown of the tonoplast is concurrent with general

reorganization in the sieve elements. However, the vacuole does not

appear to be lysosomal in nature, as the plasmalemma is still functional

in the mature sieve element (MatiIe , 1968, personal communication).

Nucleus and nucleoli

In the vascular cryptogams the nucleus of the sieve elements

disintegrates during development. Thus the nucleus is usually absent

in mature sieve elements. An exception is found in Isoetes where a

degerate nucleus in mature sieve elements has been commonly reported

(Stewart, 1947, 1948; Cheadle, 1956; Esau, 1954; West and Takeda, 1915).

Extruded nucleoli have also been reported from the mature sieve

elements of Psilotum (Want, 1963).

The process of nuclear disintegration has been studied in

Polypodium vulgare by Maxe (1966). In young developing sieve elements

the nucleus elongates (in agreement with Sen, 1968) and contains

nucleoli and dense chromatin granules. The nuclear envelope has

numerous vesiculations and the nuclear envelope pores are filled with a

dense material. Shortly aftp.r, the vesiculations of the envelope

disappear and the endoplasmic reticulum becomes stacked adjacent to the

nuclear envelope. Later, the dense chromatin granules move to the

periphery of the nucleus. In the final stage before breakup, the

nucleus appears very condensed in size and highly chromatic. After

breakup of the nucleus stacks of endoplasmic reticulum and nuclear
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envelope fragments appear along the periphery of the mature cells.

A similar process of nuclear disintegration has been reported from

the angiosperms and gymnosperms (Salmon, 1946-47; Northcote and Wooding,

1966; Zee and Chambers, 1968). Differences are present however. During

degeneration the nucleus becomes deeply cleft and nucleoli often

extrude through the nuclear envelope into the cytoplasm (Esau, :",'47,

1966; Evert and Murmanis, 1965; Engleman, 1965b; Kollman, 1960a, b;

Davis and Evert, 1968). Necrotic nuclei are commonly found in the

mature sieve elements of the conifers Juniperus, Larix, Picea, and

Pinus (Evert and Alfieri, 1965; Wooding, 1966; Alfieri and Evert, 1968b;

Murmanis and Evert, 1965). Nuclei are absent though in the mature

sieve elements of Ginkgo (Srivastava, 1963b).

Mitochondria

Mitochondria are present in the sieve elements of the vascular

cryptogams (Maxe, 1964, 1966). Though they have not been described

specifically, the mitochondria of immature sieve elements appear

slightly elongate with inner tubules. In mature sieve elements the

mitochondria were described as degenerate with swollen inner contents

(Maxe, 1966).

In the angiosperms and gymnosperms the mitochondria have been

better studied. In young sieve elements the mitochondria are usually

elongate with well developed inner tubules (Engleman, 1965b; Northcote

and Wooding, 1966). They are often difficult to separate from plastids

in this young form. In mature sieve elements, mitochondria were thought

to be absent or extremely degenerate by the early workers (Ziegler,

1960; Hohl, 1960; Duloy, Mercer and Rathgeber, 1961; Esau and Cheadle,
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1962b, 1965; Esau, 1963; Beer, 1959; Engleman, 1965b; Evert and

Murmanis, 1965; Wark and Chambers, 1965; and others). Several of the

early workers, however, believed the mitochondria of mature sieve

elements to be normal in appearance or with slightly enlarged internal

membranes (Falk, 1964; Kollmann and Schumacher, 1964; Behnke, 1965a;

Bouch and Cronshaw, 1965; Murmanis and Evert, 1966; Northcote and

Wooding, 1966; Tamulevich and Evert, 1966; Esau, Cronshaw and Hoefert,

1967). Currently (Esau and Cronshaw, 1968; Currier and Shih, 1968;

Zee and Chambers, 1968) the mitochondria of mature sieve elements are

thought to be non-degenerate and with numerous internal membranes.

Mitochondria with displaced internal membranes are thought to be

artifacts.

Plastids

There is only one report of a plastid found in a sieve element of

a vascular cryptogam. Maxe (1964) shows what she considers to be a

structure resembling a degenerate plastid in a mature sieve cell of

Polypodium vulgare. This "plastid" has what appears to be two outer

membranes and amorphous contents. In Isoetes (Stewart, 1948) reference

was made to a single large plastid in the anomalous cambial cells, but

no plastids were described from sieve elements.

Starch has been reported in sieve elements of the vascular

cryptogams on only two occasions. Dippel (1864) reported it in Pteris

aquilina (Pteridium aquilinum) and Want (1963) reported it in Psilotum

triquetrum (P. nudum). The validity of these observations is doubtful,

as other workers (De Bary, 1877; Janczewski, 1882; Russow, 1882;
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Terletzki~ 1884; Lamoureux~ 1961) have never noticed a starch reaction

with iodine staining in the sieve elements of any of the vascular

cryptogams. With iodine a yellow coloring of the refractive spherules

was the only detectable reaction in the lumens of these cells. (A

similar reaction was reported by Esau~ 1934~ for Beta plastids.)

In the angiosperms and gymnosperms the starch found in the sieve

elements is of a peculiar nature. With I2KI the "sieve element starch"

is characteristically stained red (Cheadle and Esau~ 1958; Srivastava~

1963; McGivern~ 1957; Esau, 1939~ 1950; and others). This red stain

rather than the blue-black stain of normal starch is indicative of the

low degree of polymerization of the "sieve element starch" (Esau, 1966).

It has been described by Palevitz and Newcomb (1970) as a highly

branched molecule with numerous a - (1 + 6) linkages. There is often

more than one starch grain per plastid, and these grains are contained

within the plastid in the mature sieve element unless it is disrupted by

fixation (Cheadle and Esau, 1958; Englemann, 1962, 1965b). The starch

of Dioscorea is dissolved by action of a 0.1% a-amylase (Behnke~ 1967).

The plastids of the sieve elements in all stages of development

never display any large degree of elaboration of the inner membranes.

In the mature sieve element they appear degenerate with the two outer

membranes and few internal membranes (Esau and Cronshaw, 1968b). Starch

is not the only inclusion found in plastids of sieve elements.

Crystalline structures are reported from the sieve cells of Pinus by

Srivastava and O'Brien (1966). These structures are rhomboid to cuneate

in form and are very large in older sieve elements (1-2 ~). Similar

structures were reported by Murmanis and Evert (1966). In Beta
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(Chenopodiaceae) a proteinaceous fiberous ring has been found in the

plastids of the sieve elements. These rings are about 1 ~ in diameter

and are enclosed within plastids with sculpturing of the outer membrane

(Esau, 1965a). Very similar plastid inclusions have been reported in

sieve elements of Tetragonia expansa (Aizoaceae) (Fa1k, 1964), Pinus

(Wooding, 1966), and many members of the Caryophy11a1es (Behnke, 1969c).

Buvat (1968) has also reported crystalline proteins in p1astids from

protoph1oem sieve elements of Hordeum sativum.

In the monocotyledons very characteristic protein inclusions are

found in the sieve element p1astids (Behnke, 1967, 1968a). Salmon

(1954) considered these as lipoidal. These protein inclusions are

described as wedge shaped and arranged in a circle as in sections of

pie. Behnke (1968a) describes these inclusions from Asparagus,

G1oriosa, Dioscorea, Spironema, Tinantia, Saccharum and~. They

have also been described from Elodea (Currier and Shih, 1968), Avena

(O'Brien and Thimann, 1967b) and Tamus (Behnke, 1967) and are probably

characteristic of monocotyledonous sieve elements. They were not found

in sieve elements of the Nymphaeaceae (Behnke, 1969a). These

proteinaceous inclusions have been compared to the refractive spherules

characteristic of the sieve elements of the vascular cryptogams (Perrot,

1899), and Behnke (1965a, 1967, 1968a) supports this view.

Proteinaceous inclusions:

refractive spherules

Refractive spherules are characteristically present in the mature

sieve elements of the vascular cryptogams. They have been reported to
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be pectic in nature (Stiles, 1910) or mucilagenous (Hume, 1912), but the

majority of studies have reported albuminous or proteinaceous spherules

(Janczewski, 1882; Terletzki, 1884; Boodle, 1901b; Lamoureux, 1961).

Maxe (1964, 1966) describes the refractive spherules to be electron

opaque (with glutaraldehyde-osmium) and to be enclosed in a membrane.

As the development of these spherules has not been studied, it is not

presently known if these structures are related to plastids or slime

bodies.

Proteinaceous inclusions:

slime or phloem proteins

Characteristic protein components have long been reported from

mature and developing sieve elements of the dicotyledons (Esau, 1939,

1950). The protein structures, termed slime and slime bodies for the

respective mature and developing states, have also been recently

reported from the gymnosperms and monocotyledons (Evert and Alfieri,

1965; Murmanis and Evert, 1966; Behnke, 1965a; Behnke and Dorr, 1967;

Currier and Shih, 1968; Wooding, 1968b), but they have never been found

in the vascular cryptogams. Salmon (1947) found lipids, and Buvat

(1963c) found RNA in these slime bodies, but these findings have not been

confirmed by other workers.

Early electron microscopists described the slime bodies as lamellar

(Hohl, 1960), lamellar and fibrillar (Schumacher and Kollmann, 1959;

Buvat, 1960; Ziegler, 1960) or fibrillar (Huber and Liese, 1963; Hepton,

Preston and Ripley, 1955; Duloy, Mercer, and Rathgeber, 1961; Mehta and

Spanner, 1962; Es chrich , 1963a, b; Kollmann, 1960b; Engleman, 1963; Falk,
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1964; Bouch and Cronshaw, 1965; Esau, 1965a; Johnson, 1966). Later

workers have confirmed the fibrillar nature of the slime and have found
o

the fibrils to have a diameter of 220-240 A (O'Brien and Thimann, 1967b),
o o

170-250 A (Englemann, 1965b), 170-220 A (Tamulevich and Evert, 1966),
ooo

150 A (La Fleche, 1966), 120-150 A (Behnke and Dorr, 1967), 100-150 A
o

(Kollmann, 1960b), or 100 A (Behnke, 1965). Wooding and Northcote

(Wooding, 1967; Northcote and Wooding, 1966) reported the presence of

two sizes of protein fibrils. The fibrils in the slime bodies were
o

180-240 A in diameter and the fibrils free in the lumen and in the
o

pores were 80-100 A in diameter. Johnson (1968a) also reported two
o 0

sizes -- 240 A fibrils in bundles and 163 A fibrils in the pores.

Cronshaw and Esau (1967, 1968a) have made a complete study of

phloem protein or "P-proteins" (Esau and Cronshaw, 1967a) in the phloem

of Nicotiana and Cucurbita. They reported four types of fibrils. In

Cucurbita there were two types of slime bodies or P-protein bodies.

The larger protein body was made up of very small fibrils, the P3

proteins. These P3 proteins appear to polymerize in development,
o

forming larger tubules (179 ± 8.2 A diam.) termed P4 proteins. The

second and smaller type of P-protein body usually occurred as a

satellite of the P3 body in Cucurbita, but in Nicotiana it was the only

form of P-protein body and was composed of PI proteins which are
o

242 ± 3.6 A in diameter. These bodies were reported to break down and
o

form the P2 protein which were fibrils 149 ± 4.5 A in diameter. These

P2 proteins were the slime of mature sieve elements of Nicotiana.

In the development of the sieve element the protein bodies

originate as small groups of fibrillar material in the cytoplasm.
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These groups grow in area and exclude all other cell organelles from

their interior (Cronshaw and Esau, 1968a). Newcomb (1967) and Cronshaw

and Esau have found coated or spiny vesicles to be associated with the

development of these bodies, and Cronshaw and Esau (1968a) consider these

vesicles to be derived from the golgi vesicles. Wooding (1968a) has

found that radioactive phenylalanine is only incorporated in the

developing slime bodies of developing slime elements and considers that

during the formation of slime bodies all other synthetic processes are

probably stopped. Tucker and Evert (1964) also reported slime body

dispersal to continue through the winter in Acernegundo. Nuclear P

protein has also been reported in sieve elements of Tilia americana

(Evert and Deshpande, 1970).

Later in development the slime bodies reorganize and form the

fibrillar proteins (or slime) of the mature sieve elements (Cronshaw

and Esau, 1967, 1968a; Zee, 1969c). Lester and Evert (1965) found acid

phosphatase activity in this slime, but Zee (1969b) did not.

There has been much controversy over the structure of the mature

sieve element contents. Thaine (Thaine, 1961, 1962, 1964a, 1964b,

1964c, 1969; Thaine and Bullas, 1965; Thaine and Preston, 1964; Thaine,

Probine and Dyer, 1967) has put forth a complete system of translocation

in the phloem based on strands in the sieve elements (see also Canny,

1962). Thaine's strands are unique in being membrane-bound cytoplasmic

tubules containing mitochondria, small plastids and thread-like

structures, possibly endoplasmic reticulum, in a matrix of fluid

endoplasm. Structures similar to Thaine's have never been reported in

the phloem sieve elements by workers other than Thaine. With the use
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of glutaraldehyde, osmium tetroxide or potassium permanganate, which

Thaine found would preserve his structures (Thaine, Probine, and Dyer,

1967), these tubules are still not evident in electron micrographs.

A different type of strand, however, has been reported in the

phloem sieve elements (Evert and Derr, 1964 a, b; Evert and Alfieri,

1965; Evert and Murmanis, 1965; Murmanis and Evert, 1966; Parker,

1964a, b, 1965a, b). This type of strand is proteinaceous, according

to Parker, and is composed of protein fibrils as shown by Evert's

electron micrographs. Whether these strands exist or not in the

functioning phloem is not known as the protein fibrils mayor may not

occur clumped into strands in the normal state (Fensom, et al., 1968;

Crafts, 1968).

Summary of development

Presently we have a fairly good understanding of developmental

processes as they occur in the sieve elements of the angiosperms and

gymnosperms. But, it should be recognized that any summary of sieve

element development pertains only to the angiosperms and gymnosperms

and not to the vascular cryptogams, as these processes have not been

described for the latter group at present.

In young sieve elements of the angiosperms and gYmnosperms,

numerous dictyosomes and microtubules may be found which appear to be

active in cell wall formation. Concurrently endoplasmic reticulum

appears to prevent wall development in the areas of the pores.

Slightly later, coated vesicles appear to function in formation of the

developing slime bodies. As these processes are occurring, the vacuole



149

enlarges and fills the center of the cell. The nucleus is also changing

in structure to one with parietal areas of chromatin-like material.

Mitochondria appear elongate at this time and p1astids have few internal

membranes. However, starch and possibly proteins may be forming within

their matrices.

At a time triggered by some unknown factor all the cell organelles

appear to undergo reorganization. The tonoplast and nucleus

disintegrate, possibly leaving small fragments of membranes in the

mature element. The endoplasmic reticulum becomes reorganized and forms

stacks near the periphery of the cell and a network of membranes near

the plasmalemma. Go1gi bodies and micro tubules disappear. The

mitochondria become spherical in shape and may have slightly swollen

internal membranes, but do not appear to be degenerate. The p1astids

appear to be composed of only the two outer membranes with starch or

protein granules within the matrix. Concurrent with all these

processes is the opening of the pores.

The mature sieve element of the angiosperms and gymnosperms then

appears to be filled with the protein fibrils that result from the

reorganization of the slime bodies. The sieve elements are continuous

with each other by numerous open pores in their mutual 'valls which

contain protein fibrils and endoplasmic reticulum.
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