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Summary

Quadriflagellate zoospores from an isolate of Cylindrocapsa geminella have been studied
ultrastructurally. Each swimming zoospore is enclosed within a delicate, loose-fitting, outer
investment which in grazing tangential section exhibits a pattern resembling wire gauze. The
chloroplast is axial and possesses numerous, irregularly shaped lobes, each joined to the
central pyrenoid region by a slender connection. A single pyrenoid per zoospore is typical,
but as many as 3 per cell have been observed. The pyrenoids have a distinctive structure;
the matrix is penetrated by branched cytoplasmic channels delimited by a double membrane
system continuous with the chloroplast envelope. Formation of new pyrenoids by bipartition
is common. Each zoospore has an eyespot consisting of a single layer of closely packed
pigment chambers positioned directly beneath the chloroplast envelope near the cell surface.
Contractile vacuoles are prominent near the flagellar bases and throughout their development
they are associated with numerous coated vesicles; membrane continuity is often observed
between the vesicles and the contractile vacuole. Subunits on the surface of the coated
vesicles appear identical to similar subunits occurring on the outer surface of both expanding
and fully expanded contractile vacuoles. Preliminary observations are given on the structure
of the flagellar apparatus.

1. Introduction

Cylindrocapsa is one of 2 filamentous genera assigned to the Cylindrocapsa-
ceae, a family included in the order Ulotrichales by many authorities (e.g.,
Frrrscu 1945, SmrtH 1950, RaMANATHAN 1964, BOURRELLY 1966) or in the
separate order Cylindrocapsales by others (DesikacHARY 1958, PRESCOTT
1962, Rounp 1971). Few morphological or taxonomic studies have been con-
ducted on the family in recent years (IvENGAR 1957, BoUrrELLY 1961, Horr-
MAN and HormanN 1975) and the present report provides the first ultrastruc-
tural information on the group .

1 In a recent paper, PickeTT-HEears and McDonarp (1975) gave an ultrastructural account
of mitosis and cell division in Cylindrocapsa involuta. However, as discussed later in the
present paper, I do not believe the alga they studied is Cylindrocapsa.
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Members of the Cylindrocapsaceae are oogamous and possess a combination
of unusual structural features which has stimulated interest in the group’s
phylogenetic affinities with other green algae. The oogamous condition is not
common in filamentous green algae, although it is characteristic of the Oedogo-
niales, Sphaeroplea, and the siphonous genus, Dichotomosiphon. Along with
oogamy, members of the Cylindrocapsaceae demonstrate an unusual type of
cell wall formation (for discussion see HoremaN and Hormann 1975) and
appear to be further distinguished by possessing vegetative cells with a single
axial chloroplast (IYENGAR 1939, 1957, BourreLLY 1961, Horrman and Hor-
MAN 1975). Occasional reports of a parietal chloroplast in Cylindrocapsa
have been questioned by BourreLLy (1961).

The present ultrastructural study is a continuation of investigations begun
on zoospore formation in an isolate tentatively identified as C. geminella
(HorrmaN and Hormann 1975). It was initiated in the hope that the ultra-
structural features of Cylindrocapsa zoospores and germlings would be useful
in helping to resolve the phylogenetic affinities of the Cylindrocapsaceae.

2. Materials and Methods

The Cylindrocapsa isolate used in this study is clearly oogamous (Fig. 9). Although it forms
quadriflagellate zoospores like Cylindrocapsopsis, its sexual characteristics are clearly those
of Cylindrocapsa. This isolate has been tentatively identified as a strain of C. geminella
Wolle which forms quadriflagellate rather than biflagellate zoospores. It has been discussed
in an earlier paper (HorrMan and Hormann 1975) which also gives details on culture
maintenance and zoospore induction.

Zoospores produced by induction were collected by pipette from the meniscus of the induc-
tion medium where they tended to concentrate. Before fixation, nonswarmers and debri
were removed by centrifugation. Active zoospores were then allowed to concentrate again
at the meniscus of the fluid in the centrifuge tube where they were collected by pipette
and transferred to the fixative. Germlings were obtained by allowing time for the zoo-
spores to settle prior to fixation.

Material for electron microscopy was fixed in 2 ways. One method involved fixation over-
night at room temperature in 2% glutaraldehyde made up in soil-extract (i.e., the super-
natant from soil-water medium). After rinsing in soil-extract several times, the material was
post-fixed for 6 hours in 2% OsO, at 0C. Other material was fixed for 20 minutes in
2%/o OsO, made up in 0.1 M Serensen’s buffer (pH ca. 7.1). In both instances, the fixed
material was dehydrated through a graded ethanol series to absolute ethanol which was
then exchanged for propylene oxide. The dehydrated material was gradually infiltrated
with a mixture of Epon 812/propylene oxide (1 :3) and then polymerized in fresh pure
Epon.

Sections were cut with a diamond knife on a Porter-Blum MT II ultramicrotome and mounted
on grids with pure carbon films or carbon-stabilized, formvar films. Conventional methods
were used to stain the sections with uranyl acetate followed by lead citrate (REyNoOLDS
1963). Whole cells were prepared for electron microscopy by placing a drop of swimming
zoospores on a coated grid, fixing them for 20-40 seconds in osmic acid vapor, drying
the grids, washing the grids with distilled water to remove salts and other contaminants,
and final drying followed by shadowcasting with gold/palladium in a vacuum evaporator.
Sections and shadowcast whole-cell preparations were examined with a Hitachi HU-11A
electron microscope.
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3. Observations
3.1. General Features of Cellular Organization

Free swimming zoospores vary in shape from ovate (Fig. 10) to nearly spheri-
cal] (Fig. 1) as seen in longitudinal section. In size, they range from 13-20 um
in length and 10-17 um in width (HorrMaAN and Hormann 1975).

Near median, longitudinal sections of mature Cylindrocapsa zoospores
(Figs. 1 and 10) show a consistent pattern in the arrangement of the major
cell organelles. The pyrenoid (or occasionally several pyrenoids) is always
near the center of the cell or slightly posterior. Immediately anterior to the
pyrenoid is the nucleus (Figs. 1 and 10) within which one often observes a
nucleolus (Fig. 1). Anterior to the nucleus are the contractile vacuoles
(Figs. 1, 10, and 19) while the flagellar apparatus is found at the extreme
anterior position (Figs. 1, 10, 19, and 32). The quadiflagellate nature of the
zoospores can be readily determined in living cells (HorrmMan and Horman~
1975) or with shadowcast preparations of whole cells studied with the electron
microscope (Fig. 5).

Most of the zoospores examined possessed numerous, irregularly shaped, very
dense globules distributed in an irregular fashion at the surface of the plasma-
lemma (Figs. 1, 6, 10, 19, and 32). These globules vary greatly in size (Fig. 1).
Although they may occur anywhere on the plasmalemma, they are usually
most common at the anterior end of the cell, particularly on the flagellar
sheath (Figs. 1 and 32). They are also occasionally found on the inner surface
of the contractile vacuole membrane (Figs. 6, 22, 26, and 29) and may even
occur within the membranous elements of discharged contractile vacuoles.
Their function is unknown.

The origin of these dense, surface globules is uncertain, but they may be
derived from small vesicles occasionally observed within the cell which con-
tain material of similar density. These dense vesicles should not be confused
with the far more numerous and relatively larger vesicles of somewhat less
density which are common in the anterior region of most zoospores (Figs. 1,
6, and 10). This latter type of vesicle is almost certainly Golgi derived and is
similar in appearance and position to zoospore vesicles in other green algae
which are thought to be associated with zoospore adherence during germina-
tion (e.g., HorrmMaN and MaNTON 1962, MANTON 1964, Evans and CHRISTIE
1970).

Although the zoospore lacks a cell wall, it always possesses an unusual and
very thin outer investment (Figs. 1-3, 6-8, 10, 15, 19, 20, 22, 27, and 38).
This outer investment appears loose-fitting and a wide “space” frequently
separates it from the plasmalemma, particularly at the posterior end of the
cell. The investment completely surrounds the cell except for small discon-
tinuities through which the flagella emerge (Figs. 1, 10, and 37). Structural
details of the outer investment will be discussed at length later in the paper.
Protoplasma 87/1—38 13
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The shape of the axial chloroplast, with its central pyrenoid, is difficult to
discern in most zoospores, especially when large grains of stromal starch are
present (Figs. 1 and 10) which result in swollen regions in the chloroplast
lobes. With single sections, this creates the impression that the zoospore con-
tains many small chloroplasts. However, serial sections clearly show that
the swollen segments are all interconnected, although these connections are
sometimes very tenuous. A few thin connections are evident in Fig. 10.

Each zoospore contains a single eyespot within the chloroplast. This occurs
near the plasmalemma in an equatorial position or slightly anterior (Fig. 1).
Numerous Golgi bodies are conspicuous within the zoospore. These are most
predominant in a perinuclear position (Fig. 1) although they may also
surround the pyrenoid as in Fig. 11. Mitochondria, although scattered
throughout the zoospore, are usually most prevalent at the anterior end
(Fig. 1). They are relatively elongate, sometimes branching, and exhibit
numerous flattened cristae (Fig. 4) as is typical of many green algae. Fre-
quently, one observes a dense amorphous region between a mitochondrion
and an adjacent chloroplast lobe (Fig. 4, arrow).

3.2. Outer Investment

At low magnification, the outer investment appears in cross-sectional view
as a delicate dense line (Figs. 1 and 10). At higher magnification (Figs. 2-3),
it appears as a regular pattern of alternating dense and less dense regions
which resembles a “dotted line” ca. 10~12 nm thick. The explanation for
this pattern becomes apparent when one observes the investment in grazing
tangential section (Figs. 7 and 8). A relatively large area of an investment is
shown in such a section in Fig. 7, while a smaller region is shown at higher
magnification in Fig. 8. The investment appears as a gauze-like network with

Abbreviations (apply to all figures):

b = basal body of flagellum, ¢ = chloroplast, cv = contractile vacuole, ce = chloroplast en-
velope, g = Golgi body, i = thin outer investment, p = pyrenoid, p/ = plasmalemma, m =
mitochondrion, » = nucleus, n# = nucleolus, r = flagellar root; s = starch, v = dense vesicle
characteristic of the anterior end of the zoospore. The cells in all illustrations were fixed
with glutaraldehyde unless otherwise stated.

Figs. 1-4. Fig. 1. Median longitudinal section through a zoospore of Cylindrocapsa showing
the relative positions of major cell organelles. Note particularly the nucleus, pyrenoid, con-
tractile vacuole, outer investment, and eyespot (arrow). Three connected segments of a chloro-
plast lobe are shown between arrowheads. X10,000. Fig. 2. Cross section through the thin
outer investment illustrating its perforated nature which gives it the appearance of a “dotted
line”. Beneath it lies a part of the cell including pigment chambers of the eyespot. X 80,000.
Fig. 3. Another cross section through the outer investment lying close to the cell surface.
X 80,000. Fig. 4. Section through mitochondria showing flattened cristae. Note dense material
between mitochondrion and adjacent chloroplast lobe (arrow). X 38,000
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a regular arrangement of minute perforations to form a pattern of two sets
of parallel lines intersecting at right angles (Figs. 7-8). The parallel lines
have a constant spacing with a periodicity of ca. 14-15.5 nm. The regular
pattern of small perforations explains the “dotted line” appearance when
examined in cross section.

Fig. 7 shows a relatively large area of investment with the regular gauze-like
pattern. However, near the bottom and right-hand margins there appears
to be some discontinuity in the pattern with a slight shifting in the orientation
of different “patches” of parallel lines. Such discontinuities are apparently
very common. A good example of many patch-like discontinuities within a
small region is seen in Fig. 8.

3.3. The Chloroplast

Single sections through a zoospore (Figs. 1 and 10) present a somewhat con-
fusing picture of chloroplast shape. In fact, the zoospore appears to contain
many irregularly shaped chloroplasts when a single section is examined. Serial
sections are required to determine that this is not the case. Although a com-
plete study of all sections through a cell has not been obtained, there is suffi-
cient evidence based on many series of sections to indicate that all chloroplast
portions are interconnected within the zoospore to form a single axial chloro-
plast of complex shape.

The central portion of the axial chloroplast includes the region of the pyre-
noid (or sometimes several pyrenoids). Thin connections radiate from this
region and each expands and branches to form a complex peripheral lobe.
Each lobe consists of a more or less ramified system of swollen segments
joined by tenuous connections. Three connected segments of such an expanded
peripheral lobe are shown in section on the right side of the zoospore in Fig. 1
(between the 2 arrowheads). Large grains of stromal starch frequently result
in enormously swollen chloroplast segments (Figs. 1 and 10). Since the con-
nections between swollen chloroplast segments are often very tenuous, it is
seldom that a single section shows continuity between the pyrenoid and the
peripheral portions. The swollen segment to the immediate left of the pyre-

Figs. 5-7. Fig. 5. Shadowcast whole-cell preparation showing a zoospore with its 4 isokont
flagella. The region of flagellar insertion is just beneath the cell at the upper left-hand
margin. X3,200. Fig. 6. Section through the anterior of a zoospore to contrast small dense
surface globules with a group of larger, less dense vesicles within the cell. The latter may
be associated with zoospore adhesion during germination. Note two vesicle-like, marginal
pockets of an overlying contractile vacuole (as determined from adjacent sections) which
contain material similar in density to that of the surface globules (arrows). Another dense
globule is seen on inner surface of a contractile vacuole (arrowhead). X25,000. Fig. 7.
Grazing tangential section showing the gauze-like pattern at the surface of the outer invest-
ment. X55,000



Figs. 5-7



198 L. R. HorrmaN

noid in Fig. 10 (arrow) is shown in adjacent sections to be connected with
the central pyrenoid region.

The nature of the chloroplast appeared virtually the same in all zoospores
examined. However, the chloroplast lobes of young germlings are sometimes
more readily demonstrated than those in zoospores. This is particularly true
of those that possess relatively little stromal starch (Fig. 12). In such cells,
the general shape of the axial chloroplast with its radiating lobes can be dis-
cerned in living cells with light microscopy (see Figs. 3940 in Horrman and
Hormann 1975).

Fig. 12 shows a transverse section through a single-celled germling. Note the
central pyrenoid region with the numerous radiating connections which
expand into the branched peripheral lobes. Also evident are the cell wall
(arrow) and the persistent outer investment. Relatively little stromal starch
1s present in this cell as compared to the zoospores shown in Figs. 1 and 10.

3.4. Pyrenoids

Typically, there is a single central pyrenoid in the chloroplast of each zoo-
spore (Figs. 1 and 10). However, many zoospores possessed two pyrenoids
(Fig. 11) and a few had three. Multiple pyrenoids arise within a zoospore
through division of a single parental pyrenoid (Fig. 13); all stages in pyrenoid
division are readily observed in a single fixation. Although multiple pyrenoids
are common, most zoospores possessed only a single pyrenoid at the time of
attachment.

Pyrenoid ultrastructure is very distinctive and represents a type found in a
relatively few, but diverse, green algal genera (Gisss 1962, ManTON and
Parke 1965, Horrman 1968, ReTAariack and Butier 1970, SwaLE and Ber-
cHER 1971, Markowitz and Horrman 1974). Sphaeroplea also possesses
pyrenoids of this type (unpublished observations). The dense matrix appears
granular (Fig. 14) or, at times, finely fibrous. The matrix is penetrated by
numerous, branched, cytoplasmic channels (Figs. 1, 10, and 12-14). At higher
magnification, the channels are seen to be delimited by a double membrane
system continuous with the chloroplast envelope (Fig. 14). A single layer of
starch grains surrounds the matrix; the shape and size of the individual grains

Figs. 8-10. Fig. 8. Small portion of the outer investment in grazing tangential section to
show the gauze-like pattern (cf., Figs. 2-3). Note discontinuities which result in distinct
patches with different orientation in the sets of parallel lines. X 80,000. Fig. 9. Light micro-
graph of an oogonium which contained an egg and a swimming spermatozoid (arrow). Arrow-
head indicates oogonial pore. X600. Fig. 10. Median longitudinal section through a zoo-
spore showing the relative positions of major cell organelles. A chloroplast lobe (arrow)
is connected to the central pyrenoid region (as confirmed in adjacent sections) and an
accessory vacuole appears to be fusing with a contractile vacuole (arrowhead). X9,700
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vary considerably. The cytoplasmic channels which penetrate the pyrenoid
matrix pass between adjacent starch grains. They appear devoid of any
recognizable cytoplasmic constituents with the exception of ribosomes and an
occasional membranous profile.

3.5. The Eyespot

Each zoospore possesses an eyespot positioned peripherally in one of the
chloroplast lobes near the cell surface. It is typically found near the cell
equator or slightly anterior (Fig. 1). As seen in longitudinal section (Figs. 2
and 15), the eyespot consists of a single layer of closely packed pigment
chambers (i.e., osmiophilic globules) positioned directly beneath the chloroplast
envelope near the cell surface. A layer of cytoplasm separates the chloroplast
envelope from the plasmalemma in this region (Fig. 15) although it is some-
times very thin (Fig. 2).

Immediately subtending the layer of pigment chambers is a conspicuous
pocket of stroma which lacks thylakoids but includes many chloroplast ribo-
somes (Fig. 15). Occasionally, a few thylakoids intervene between the layer
of pigment chambers and the stromal pocket as seen in Fig. 15. Tangential
sections through eyespots (Figs. 17 and 18) also show the stromal podket with
its numerous ribosomes and occasional starch grains.

The close packing of the pigment chambers is best seen in tangential sections
through eyespots (Figs. 16 and 17). In sectional profile the closely packed
chambers appear six-sided (or sometimes five-sided) as is true of most algal
eyespots.

Although eyespots typically consist of a single layer of pigment chambers,
one was observed which appeared to have a poorly developed second layer
(Figs. 17 and 18). Figs. 17 and 18 show different levels of section from a tangen-
tial series through a single eyespot. Fig. 17 shows a grazing section near the
surface of the eyespot, while Fig. 18 passes through the base or margin of
the eyespot. A small group of pigment chambers is shown in Fig. 18 (arrow)
which apparently constitutes a partial second layer. Sections passing through
the overlying levels showed the continuous primary layer of pigment chambers
immediately above.

Tangential sections through the base of an eyespot (Fig. 18) show a ring-
shaped assemblage of pigment chambers since each eyespot has a pronounced
concavo-convex shape (cf., Fig. 15). Serial sections in a tangential plane can

Figs. 11 and 12. Fig. 11. Section through a zoospore that contains 2 pyrenoids. Note also
the nucleus, the numerous Golgi bodies, and elements of rough endoplasmic reticulum.
% 20,000. Fig. 12. A transverse section through a young, single-celled germling to show
the central pyrenoid region with its radiating chloroplast lobes. A thin cell wall is evident
(arrow) as well as the persistent outer investment. X 9,600
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be used to determine the marginal configuration and size of eyespots. Most
eyespots exhibited an ovoid profile and ranged in size at the margin from
ca. 3.2-4.5 ym in length and 1.0-1.8 um in width.

3.6. Contractile Vacuoles

Contractile vacuoles are conspicuous features in the region between the
nucleus and the flagellar bases (Figs. 1 and 19). Transverse sections through
this region suggest that each zoospore possesses two contractile vacuoles. Por-
tions of two expanded contractile vacuoles are shown in the longitudinally
sectioned zoospore illustrated in Fig. 19; smaller, accessory vacuoles are
evident between them. A contractile vacuole may appear in varying degrees
of expansion, ranging from discharged (Figs. 20 and 21) to fully expanded
(Fig. 27).

A discharged contractile vacuole appears as a complex and presumably inter-
connected system of convoluted membranes. In section, the membranes often
give the appearance of large flattened vesicles. In association with these mem-
branes one always finds small, spherical vesicles of a most distinctive nature.
These are “coated” vesicles, so-called because they bear on their outer sur-
face a coating of small subunits. Coated vesicles are shown in association
with expanding contractile vacuoles in Figs. 22, 23, 25, and 26. The subunits
are clearly seen, whether the vesicle is shown in cross section (Fig. 25) or in
grazing tangential section (Fig. 26).

The appearance of contractile vacuoles varies somewhat with the fixation pro-
cedure. The discharged contractile vacuole of Fig. 20 is from a cell fixed with
osmic acid, while that of Fig. 21 is from a cell fixed with glutaraldehyde.
The membranes appear more dense in Fig. 20 thus making them more con-
spicuous. However, the coated vesicles in the osmic acid-fixed cell (Fig. 20)
do not show the surface subunits as distinctly as in the glutaraldehyde-fixed
cell (Fig. 21). In the former, the surface of each vesicle appears to bear
minute, hair-like projections, while in the latter, the subunits are more obvious
and look like those shown at higher magnification in Figs. 25 and 26.

During expansion of the contractile vacuole, membrane continuity is estab-
lished between coated vesicles and the expanding vacuolar membrane
(Figs. 22 and 23). The tripartite nature of both the vesicle and contractile
vacuole membranes is evident (Fig.23). Also, there appears to be at least
occasional fusion between coated vesicles (Fig. 26, arrows).

Figs. 13 and 14. Fig. 13. Near median section through a pyrenoid which appears to be in
a late stage of division. A thin connection joins the 2 major portions of the pyrenoid matrix
at this level of section, but not in sections above or below this level. Putative plane of
division is indicated by arrows. X25,000. Fig. 14. Portion of a pyrenoid to show that the
delimiting membranes of the cytoplasmic channels are continuous with the paired membranes
of the chloroplast envelope. X 45,000
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Figs. 13 and 14
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Subunits on the coated vesicles appear spherical when the vesicles are seen
in cross section (Fig. 25 and some in Fig. 26). However, in grazing tangential
section, the closely packed subunits on the surface of the vesicle appear angular
with 5 or 6 sides (Fig. 26).

Furthermore, it was frequently possible to distinguish relatively large areas
of the contractile vacuole membrane that bore subunits indistinguishable from
those on coated vesicles. This was true of both expanding and fully expanded
vacuoles (Figs. 27 and 28). Grazing tangential sections at the surface of ex-
panded contractile vacuoles indicate that such subunits are sometimes
associated with much of the membrane surface (Fig. 24). As on the surface of
coated vesicles, these amassed subunits appear in tangential section as a
network of five- and six-sided meshes.

3.7. Flagellar Apparatus

The flagellar apparatus occupies the anterior-most position in the zoospore
(Figs. 19 and 32). It consists of four basal bodies with associated isokont
flagella, four cruciately arranged flagellar roots which alternate with adjacent
basal bodies, and a complex variety of fibrous components.

The four basal bodies of a flagellar apparatus are shown in Fig. 30. All of them
appear in oblique transverse section with the exception of #3 which clearly
shows the characteristic triplet pattern of the component fibers. One basal
body (#2) has just been grazed by this section at its proximal-most end. The
four basal bodies are oriented in a diamond-shaped pattern with members of
one diagonally opposed pair (#1 and 3) very close together and positioned
midway between the more widely separated members of a second diagonally
opposed pair (#2 and 4). This pattern was consistent in every zoospore
examined. Thus, it was possible to distinguish a bilateral symmetry in the
flagellar apparatus with the proximal ends of one opposing pair of basal
bodies very close together, while the proximal ends of the other opposing
pair were more widely separated.

Figs. 15-18. Fig. 15. Longitudinal section through an eyespot showing a single layer of
pigment chambers. Note subtending thylakoids (3 at upper margin and one extending all
the way) which separate the pigment chambers from an underlying stromal pocket filled
with ribosomes. X30,000. Fig. 15 (inset). Portion of same eyespot at higher magnification.
X 60,000. Fig. 16. Section tangential to the surface of an eyespot to show closely packed
pigment chambers. >X30,000. Fig. 17. Another eyespot in tangential section (cf., Fig. 18).
X 30,000. Fig. 18. Same eyespot as seen in Fig. 17 but at a deeper level of section which
passes through the base of the eyespot and shows the peripheral “ring” of pigment chambers
(¢f., Fig. 15). Micrograph is oriented at ca. 90° rotation with respect to Fig. 17. A small
group of pigment chambers (arrow) appears to form a partial second layer in this atypical
eyespot. The central region is the stromal pocketr with its ribosomes and two large starch
grains. X 30,000
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Serial, transverse sections through the basal body region indicate that a
fibrous band cross-connects the basal bodies of one diagonally opposed pair.
However, the other pair is not similarly connected. The connected pair is
always the one with the basal bodies closest together (e.g., #1 and 3 in Fig. 30).
This fibrous connective band is most readily demonstrated in sections which
pass longitudinally through the basal bodies (Figs. 19 and 32). Its contact
with the basal bodies occurs midway along their length, in a position which
represents the basal-most part of the distal end. Similar connective bands in
this position have been observed in cells of Chlamydomonas and have been
called distal fibers by RinGo (1967).

The basal bodies shown in Fig. 32 are positioned at an angle of ca. 45 degrees
with respect to each other. The proximal ends of this diagonally opposed pair
of basal bodies nearly meet. Basal bodies of the other diagonally opposed
pair are further apart; one would lie above this plane of section while the
other would lie beneath.

Although the Cylindrocapsa flagellar apparatus includes only one distal fiber
that cross-connects a pair of diagonally opposed basal bodies, there are several
other fibrous components that are associated with the basal bodies. These
include a set of four striated fibrous bands which connects the basal bodies in
a ring. Each fibrous band passes between and connects two adjacent basal bodies;
all four together form a ring. One of these connective bands is shown in Fig. 38.
Certain species of the quadriflagellate alga Carteria are also known to possess
a similar set of connective bands between basal bodies (LEmMBI 1975).

The basal body with its associated flagellum is shown in longitudinal section
in Fig. 33. The microanatomy of the basal body, flagellum, and intervening
transition region follows the expected pattern already determined for most
green algae. The proximal and distal ends of the basal bodies are readily
distinguished in both longitudinal and transverse section (Figs. 32-36). The
lumen at the proximal end contains traces of an electron dense material
(Fig. 33) and transverse sections through any portion of this region show the
characteristic “hub and spoke” arrangement of the cartwheel pattern (Fig. 34).
The distal portion of the basal body lacks the material responsible for the
cartwheel pattern as is noted in both longitudinal (Fig. 33) and transverse
sections (Figs. 35 and 36).

The transition region between the basal body and flagellum is distinguished
in longitudinal section (Fig. 33, arrow 4) by a dense septum traversing the
lower end of a short dense cylindrical region that comprises the well known
stellate pattern when observed in transverse section (Fig. 37). The two central
microtubules of the flagellar axoneme are seen to terminate just anterior to
this transition region (Fig. 33). Other longitudinal sections through the
stellate region are shown in Figs. 19, 27, and 32.

The four flagellar roots are arranged in a cruciform pattern and alternate
between basal bodies as occurs in motile cells of most green algae. The roots
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Figs. 19-21. Fig. 19. Median longitudinal section through the anterior end of a zoospore
showing portions of two contractile vacuoles with smaller, accessory vacuoles between. Also
note two flagella with their associated basal bodies. X 15,00C. Fig. 20. Convoluted membrane
system of a discharged contractile vacuole fixed with OsO, (cf, Fig. 21). X20,000.
Fig. 21. Anterior end of a zoospore showing convoluted membranes of a discharged con-
tractile vacuole fixed with glutaraldehyde. Note also portions of two basal bodies and
associated flagellar roots. X25,000
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have their origin at the anterior end of the zoospore and each passes between
two adjacent basal bodies and extends posteriorly for an undetermined
distance just beneath the plasmalemma (Fig. 40).

At least two of the roots are compound in that each consists of both micro-
tubular elements and striated fibers as illustrated in two different planes of
longitudinal section (Figs. 21, 30, and 31). Fig. 30 shows the region of the
flagellar apparatus in a grazing section tangential to the surface of the zoo-
spore. This section passes obliquely through two layers of a single compound
root—an outer layer appearing as a broad band of many microtubules, and an
inner layer consisting of at least several striated fibers (arrows). In contrast,
Fig. 31 is a longitudinal rather than a tangential section through the anterior
end of a zoospore. The complete anterior end of a root is shown as it passes
above parts of two basal bodies seen at the lower right. In this section, three
distinct superimposed components of the root can be distinguished. The outer-
most component (labelled 1) occurs only at the anterior-most end of the root
and appears as a thin striated fiber. The middle component (labelled 2), as
seen here in “side view”, is the same ribbon-like band of many microtubules
which was observed in tangential section in Fig. 30. The innermost component
(labelled 3) represents the same layer of striated fibers which was also observed
in Fig. 30. The two opposed roots illustrated in Fig. 21 have been sectioned in
much the same plane as in Fig. 31 and the three component parts can be
distinguished at the anterior end of each (particularly the root on the right).
All three components are present at the anterior end of each compound root,
but as the root passes posteriorly beneath the cell surface, first the outer
component terminates, and then the inner component. Only the middle,
microtubular component extends the entire length of the root,

It is still not certain whether or not all four roots have the same complex
structure as described above, but at least two opposed roots demonstrate this
compound condition (Fig. 21). It is evident, however, that all four roots of
a zoospore include a broad band of many microtubules.

Figs. 22-26. Fig. 22. Section through a contractile vacuole showing the closely associated
coated vesicles. Note membrane continuity between some of the coated vesicles and the con-
tractile vacuole (arrows). X40,000. Fig. 23. Coated vesicles presumably fusing with a con-
tractile vacuole. Note tripartite nature of vesicle membranes and their continuity with the
contractile vacuole membrane. X 75,000. Fig. 24. A section which has grazed the surface of a
contractile vacuole. The net-like appearance is due to the closely amassed subunits on the
membrane surface which resemble those on coated vesicles (cf., Figs. 26 and 28). X50,000.
Fig. 25. Cross sections through coated vesicles near the margin of a contractile vacuole. Note
the circular profiles of the subunits on the membrane surface (cf., Fig. 26). X75,000. Fig. 26.
Coated vesicles closely associated with a contractile vacuole. Many of the vesicles are seen in
grazing tangential section and the amassed subunits on their surface form a net-like pattern.
Some vesicles appear to be fusing with each other (arrows). X 60,000
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Figs. 22-26
Protoplasma 87/1—8
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Transverse sections though roots are shown in Figs. 33 and 38-40. Cross
sections through the anterior end of two roots from different zoospores are
shown in Figs. 33 and 38. Both roots are adjacent to basal bodies and at
this level of section both have a 5+ 1 arrangement of microtubules, with five
in a straight row and a sixth lying beneath and surrounded by a dense
amorphous material. In neither instance is there any evidence of an outer,
striated component as described above. These roots may represent a second
type within the cell. The dense material beneath the band of microtubules
1s sometimes resolved into distinct units (Fig. 33), but it is uncertain if these
represent striated fibers as described above for the compound roots. A few
roots were observed in transverse section at the anterior-most end; these sec-
tions exhibited a 3 + 1 arrangement of microtubules rather than the 5 + 1
pattern.

Serial sections, which pass transversely through the anterior end of individual
roots, demonstrate conclusively that the number of microtubules varies as the
root extends posteriorly. The same root is shown at different levels of trans-
verse section in Figs. 38—40. The microtubules are arranged in a 5 + 1 pattern
near the anterior end (Fig. 38), while a short distance away posteriorly, the
same root shows a pattern of 8 + 1 as three additional microtubules have been
added (Fig. 39). The new microtubules appear to be those at the right end
of the row. The level of section in Fig. 40 is much further away posteriorly,
and now 14 microtubules arc seen all in a row directly beneath the plasma-
lemma. This represents the maximum number of microtubules observed in
flagellar roots of Cylindrocapsa. The three different levels of section also show
a difference in the amount of dense material underlying the microtubular
band, with the most observed in Fig. 39 and the least in Fig. 40.

In a similar manner, each of the four roots of a zoospore has been shown to
possess a band of microtubules varying in number from a few (at the anterior)
to many as the root proceeds posteriorly. This is evident not only from serial
sections cut transversely through roots, but also in longitudinal sections cut
in the plane illustrated in Fig. 30. Only three microtubules can be counted at
the extreme anterior end of the root in Fig. 30 (at the right between basal

Figs. 27-31. Fig. 27. A fully expanded contractile vacuole prior to discharge. Smaller,
accessory vacuoles lie immediately above. X14,000. Fig. 28. Portion of same contractile
vacuole (cf., Fig. 27) but at higher magnification to show small subunits amassed on the
membrane surface (between arrows). X60,000. Fig. 29. Contractile vacuole at the time of
discharge (i.e., systole). Small dense globules appear on what was formerly the inner surface
of the contractile vacuole membrane (arrows). X25,000. Fig. 30. Section through the flagel-
lar apparatus to show parts of the 4 basal bodies (labelled 1-4). One of the flagellar roots
is seen in oblique tangential section and includes a band-like component consisting of many
microtubules and an underlying component formed of at least several striated fibers (arrows).
0s0, fixation. X60,000. Fig. 31. Longitudinal section through the anterior end of a zoo-
spore to show the 3 components of a compound flagellar root (cf., Figs. 21 and 30). X 60,000
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Figs. 27-31
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bodies), while a short distance away, posteriorly, there are 9 or perhaps 10
microtubules. The new additions all appear to be initiated at one side of
the band as noted earlier in the series of transverse sections (Figs. 38—40).

4. Discussion

Zoospores of Cylindrocapsa geminella were found to possess a number of
unusual structural features including the thin, outer investment. No exact
parallel to the investment is known in any other green alga. A superficial
resemblence may be seen, however, in the thin, net-like layer which surrounds
the vegetative cells of Scenedesmus quadricauda (Bisapurra and WEIER
1963, BisaLrutra, WEIER, RisLEY, and ENGELBRECHT 1964). However, the
net in Scenedesmus 1s somewhat thicker and has hexagonal (rather than
square) meshes which are much larger than those of the Cylindrocapsa invest-
ment (ca. 80 vs 15 nm). The theca of certain prasinophytes (e.g., Platymonas
and Prasinocladus) is also quite different from the Cylindrocapsa investment
in being much thicker and nonperforated (ManTON and Parke 1965, PARKE
and ManToN 1965). Although the zoospore investment appears delicate in
Cylindrocapsa, it persists as the zoospore becomes attached and develops
into a single-celled germling. It is ruptured and eventually sloughed off as
the one-celled germling divides to initiate the filament. The function and
chemical nature of the zoospore investment in Cylindrocapsa remain to be
determined.

Figs. 32-40. Fig. 32. Longitudinal section through two, diagonally opposed basal bodies
which are connected by a fibrous band midway along their length. Basal body on the right
shows the associated flagellum and transition region. X40,000. Fig. 33. Longitudinal section
through a basal body with its associated transition region (arrow 4) and flagellum. Dense
material in the lumen distinguishes the proximal end of the basal body from the distal end.
Note cross section through a flagellar root to the left of basal body. Numbered arrows
refer to various planes of cross section illustrated in Figs. 34-37. X60,000. Fig. 34. Cross
section through the proximal end of basal body. Note the nine sets of triplet microtubules
and the characteristic cartwheel pattern in the lumen. Corresponds to level of section #1 in
Fig. 33. X60,000. Fig. 35. Cross section through distal end of basal body showing absence
of cartwheel pattern. Corresponds to level of section #2 in Fig. 33. X60,000. Fig. 36.
Another cross section through distal end of basal body, but corresponding to level of section
#3 in Fig. 33. X60,000. Fig. 37. Cross section through the stellate pattern of the transition
region. Corresponds to level of section #4 in Fig. 33. X60,000. Figs. 38-40. Different
levels of cross section through the same flagellar root. Fig. 38. Section near the anterior
end of the root showing a 5+ 1 arrangement of the component microtubules. The root
lies between two basal bodies which are connected by a fibrous band. This band, although
similar in appearance, is not equivalent to that shown in Fig. 32 (see text for explanation).
X 60,000. Fig. 39. Cross section of same root but at a level of section slightly posterior
to that shown in Fig. 38. Three microtubules have been added to give an 8 + 1 arrangement.
X 60,000. Fig. 40. Cross section of same root at a more posterior level of section. Now
there are 14 microtubules forming a single layered band (cf., Fig. 30). X 60,000



Zoospores of Cylindrocapsa 213

o0
Figs. 32-40




214 1. R. HorrMaN

Ultrastructural study has confirmed that zoospores and germling cells of C.
geminella possess axial chloroplasts as was documented earlier for vegetative
cells of both Cylindrocapsa and Cylindrocapsopsis (BourreLLy 1961, IYEN-
GAR 1939, 1957, HorsmaN and Hormann 1975). The isolate of C. geminella
used in this study has a chloroplast of complex shape with numerous, ramified
lobes radiating from the central pyrenoid region. Although the chloroplast
may appear stellate in light micrographs (Horrman and Hormann 1975),
this is not so obvious in individual electron micrographs, particularly in the
case of the zoospores.

Pyrenoids of this Cylindrocapsa isolate have the same distinct structural
characteristics which are known to occur only in a few other green algae
including: Platymonas (Gmss 1962, Manton and PaArke 1965); all three
genera of the Oedogoniales (HorrMan 1968, ReTarrack and Butrer 1970,
Markowirz and Horrman 1974); the chlorococcalean alga, Ankyra (SwaLe
and BELcHER 1971); and the siphonous genus, Sphaeroplea (unpublished obser-
vations). Still other green algae will, no doubt, be found to possess the same
distinctive type of pyrenoid. It is obvious that the similarity of pyrenoid
ultrastructure among these diverse algae does not imply phylogenetic affinity.
However, this type of pyrenoid may characterize all members of the Cylin-
drocapsaceae as it characterizes all members of the Oedogoniales.

The coated vesicles which are associated with contractile vacuoles were espe-
cially conspicuous in this investigation since they were abundant in each cell
and demonstrated the surface subunits very clearly. The origin of coated
vesicles is uncertain in Cylindrocapsa. Coated vesicles of identical appearance
have been shown to be produced by Golgi bodies in some algae. This was
demonstrated particularly well in Ochromonas by CoLe and WynnE (1973)
who showed that the coated vesicles in this alga migrate from the Golgi bodies
to the cell surface where they fuse with the plasmalemma. There was no
suggestion in Ochromonas that they ever fused with the contractile vacuole
as occurs in Cylindrocapsa. In the present study on Cylindrocapsa, there was
no evidence that the coated vesicles were derived from Golgi bodies nor did
there appear to be a close relationship between Golgi bodies and contractile
vacuoles as has been reported in some algae [e.g., Vacuolaria, Scunerr and
KocH (1966); Euglena, LeepaleE (1967); Chaetosphaeridium MOESTRUP
(1974)]. The coated vesicles appeared only in the region of the contractile
vacuoles and were never observed near the numerous Golgi bodies examined.
The Golgi bodies produced vesicles, but these did not bear subunits on their
surface. Although one can not discount the possibility that some of these
Golgi-derived vesicles might later develop into coated vesicles, there was no
suggestion that this occurred. As far as can be determined, coated vesicles in
Cylindrocapsa zoospores arise in association with the convoluted membranes
that persist following discharge of a contractile vacuole.

The association between coated vesicles and contractile vacuoles has been
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reported in numerous algae (see DobpGE 1973), although the complete signifi-
cance of this relationship has never been resolved. It is generally accepted
that contractile vacuoles have the primary function of osmoregulation. The
prevailing opinion, as summarized by DopGe (1973), suggests that the con-
tractile vacuole expands as associated vesicles (in this case coated vesicles)
fuse with the contractile vacuole and thus discharge their contents into it.
In turn, the membrane of the expanded contractile vacuole fuses with the
plasmalemma and thereby discharges its contents outside the cell. However,
there is little in the literature concerning the significance of the subunits on
the coated vesicles or, in organisms such as Cylindrocapsa, of the subunits
on the contractile vacuole membrane itself.

In their study of coated vesicles in Ochromonas, Core and WynnE (1973)
discuss the possible role of the vesicle coating in membrane unfolding and
fission—a suggestion proposed by RoTH and PorTER (1962) and further sup-
ported by the work of Kanesek1 and KapoTa (1969) who investigated coated
vesicles in mammalian brain cells. In a more recent paper, CoLE and WYNNE
(1974) have further amplified this concept in a study on endocytosis in
Ochromonas. Since coated vesicles occur in many types of cells, including
many lacking contractile vacuoles, the functional significance of the coating
must be fundamental in nature and not unique to the function of contractile
vacuoles. Thus, if one accepts the proposal of RorH and PorTEr (1962), the
membrane coatings in Cylindrocapsa may be important in membrane fission
which would be the prelude to subsequent fusion of coated vesicles with the
contractile vacuole, and would also precede the fusion of the contractile
vacuole membrane with the plasmalemma. However, one could speculate on
other fundamental roles for the membrane coatings. For example, they may
be associated instead with the selective retention of certain ions or molecules
which might otherwise be transported across the membrane. A conclusive
demonstration of the fundamental role played by these membrane coatings
remains to be shown.

Although each Cylindrocapsa zoospore forms two primary contractile vacuoles,
smaller accessory vacuoles may also be present nearby (Figs. 19 and 27).
Accessory vacuoles have been described in Euglena (LEEDALE 1967), while in
Vacuolaria many small vacuoles arise in the Golgi region and fuse together
to form the contractile vacuole (Scunerr and Kocu 1966). Accessory
vacuoles may be more common in green algae than presently recognized.
Fig. 10 shows what may represent the fusion of an accessory vacuole with
a contractile vacuole (arrowhead).

The flagellar root system in Cylindrocapsa zoospores is most unusual. The
roots of at least one opposing pair are compound in nature with three super-
imposed components: an outer fibrous component occurring only at the
anterior end; a middle component consisting of a band of many microtubular
elements that extends the entire length of the root; and an inner component
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consisting of several striated fibers that are also only present at the anterior
end (Figs. 21, 30, and 31). All four roots include a band of many microtubules
which, in one pair, number up to 14 in certain levels of section (Fig. 40). This
is the greatest number of microtubules per root known for any green alga
with a cruciate root system (MogsTrup 1972, Table 1). The only alga that
approaches this condition is Microthamnion, with up to 8 microtubules per
root (illustrated but not discussed by WaTson and ArnoTT 1973, Fig. 9).
Flagellar roots in Cylindrocapsa are also unusual in that the number of micro-
tubular elements in a root changes dramatically from a few to many (up to 14)
as the root extends posteriorly from the region of the basal bodies (Figs.
38-40). In most other algae the microtubular elements of a root remain
constant in number over the entire length (MoesTrRUP 1972). Microthamnion
(Warson and ArnotT 1973), like Cylindrocapsa, appears to be an exception.
In both genera, the number of microtubules per root increases as the root
extends posteriorly. In Cylindrocapsa this change in number occurs over a
short distance near the anterior end. This is probably true also for Micro-
thamnion in which a change from 5 to 8 can be noted in the published micro-
graphs of WaTson and ArNoTT (1973).

Recently, PickerT-HEAPs and McDonaLD (1975) have investigated the ultra-
structure of an algal isolate reputed to be Cylindrocapsa involuta (strain
LB 653 in the Culture Collection of Algae at Indiana University; STARR
1964). However, an ultrastructural comparison of this isolate with my isolate
of C. geminella shows they are so different that it is inconceivable to consider
them in the same genus. Strain LB 653 was originally isolated by E. A.
GEORGE and is listed in the Cambridge culture collection as CCAP No. 314/1.
On the basis of my own light microscopic examination of this isolate (obtained
from the culture collections of both Indiana and Cambridge University) and
correspondence with Mr. GEorGE and Dr. PickeTt-HEAPs, I have concluded
that this alga is not Cylindrocapsa. Furthermore, oogamy, which is character-
istic of Cylindrocapsa, has not been demonstrated for this isolate as far as
I have been able to ascertain. The systematic identity of this alga, if it isn’t
Cylindrocapsa, remains to be determined.

The two isolates are compared ultrastructurally as follows. It has been clearly
shown (PickerT-HEAPS and McDonaLp 1975) that each vegetative cell of
strain LB 653 possesses a single parietal chloroplast rather than an axial
chloroplast as described in the present paper on C. geminella. Furthermore,
the structure of the pyrenoid in the two isolates is totally different. The pyre-
noid in strain LB 653 lacks cytoplasmic channels and the matrix is traversed
instead by membranes continuous with thylakoids as reported by StEwART,
Marrox, and Froyp (1973) and illustrated by Pickert-Hears and McDo-~
NALD {1975). A phycoplast is not associated with cytokinesis in strain LB 653
according to PickerT-HEAPs and McDonaLD (1975). In marked contrast, a
distinct phycoplast is associated with cytokinesis in my isolate of C. geminella
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(unpublished data which will appear in another paper). Furthermore, there
is no precocious formation of a cleavage furrow in C. geminella cytokinesis,
as has been described for strain LB 653. Other distinctions can be detected
by comparing the prominent sheath and the thick, lamellated cell walls in
filaments of C. geminella (HorrmAN and Hormann, 1975) with the published
illustrations of strain LB 653 (PickeTT-HEAPs and McDonarp 1975). The
zoospores of strain LB 653 remain to be studied ultrastructurally. However,
I predict that the flagellar apparatus will be very different from that of C.
geminella.

The ultrastructural distinctions between strain LB 653 and my isolate of C.
geminella, particularly those associated with cytokinesis, make it clear that
the two organisms should not be included in the same genus. The absence to
date of demonstrated oogamy in strain LB 653, its parietal chloroplasts, and
the basic ultrastructural differences between it and C. geminella, are major
reasons for questioning its identity as Cylindrocapsa.

In contrast to strain LB 653, my isolate of C. geminella demonstrates the
combination of structural features generally associated with the genus
Cylindrocapsa (RAMANATHAN 1964, BOURRELLY 1966, CHRISTENSEN 1966,
Rounp 1971). Thus, it is unequivocally oogamous (Fig. 9); the filament
possesses both a distinct sheath and cell walls which become thick and
lamellate (IvEnGar 1939, RaAMANATHAN 1964, HorrmaN and Horvann 1975);
and each cell possesses a single, axial chloroplast (IvENGaR 1939, 1957, Bour-
RELLY 1961, Horrman and HormanN 1975).

It is clear that more information is needed on other isolates of the family
Cylindrocapsaceae before the group can be ultrastructurally characterized
with any degree of certainty. The systematic position of strain LB 653 must
be resolved and, until that time, it should not be considered as representative
of the Cylindrocapsaceae in drawing phylogenetic conclusions. Thus, the sug-
gestion by PickerT-HEAPS and McDoNALD (1975) to include the family Cylin-
drocapsaceae in the order Ulvales (sensu StewarT and MaTTOX) should be
reconsidered.

Acknowledgement

The author gratefully acknowledges the help of CrciLia Hormann in preparing the specimen
illustrated in Fig. 5.

References

Bisarrutra, T., and T. E. Weier, 1963: The cell wall of Scenedesmus guadricandas. Amer.
J. Bot. 50, 1011—1019.

— — E. B. Ristey, and A. H. P. ENGELBRECHT, 1964: The pectic layer of the cell wall of
Scenedesmus quadricanda. Amer. J. Bot. 51, 548—551.

BourreLry, P., 1961: La structure du plaste dans le genre Cylindrocapsa Reinsch. Usterr.
bot. Z. 108, 314—317.



218 L. R. HorrMman

Bourzrry, P., 1966: Les algues d’eau Douce. Tome I: Les algues vertes. 511 pp. Paris:
Editions N. Boubee and Cie.

CHriSTENSEN, T., 1966: Alger. In: Botanik (Systematisk Botanik), Vol. 2. (T. W. BOCHER,
M. LaNGE, and T. SeRrENSEN, eds.). Copenhagen: Munksgaard.

Corg, G. T., and M. J. WynNE, 1973: Nuclear pore arrangement and structure of the Golgi
complex in Ochromonas danica (Chrysophyceae). Cytobios 8, 161—173.

— — 1974: Endocytosis of Microcystis aernginosa by Ocbromonas danica. J. Phycol. 10,
397—410.

Desikacuary, T. V., 1958: Taxonomy of algae. Mem. Indian Bot. Soc. 1, 52—62.

Dobgg, J. D., 1973: The fine structure of algal cells. 261 pp. London-New York: Academic
Press.

Evans, L. V., and A. O. CarisTIE, 1970: Studies on the ship-fouling alga Enteromorpha. 1.
Aspects of the fine structure and biochemistry of swimming and newly settled zoospores.
Ann. Bot. 34, 451—456.

Fritsch, F. E., 1945: Structure and reproduction of the algae, Vol. 1, 791 pp. Cambridge:
University Press.

GiBBs, S. P., 1962: The ultrastructure of the pyrenoids of green algae. J. Ultrastruct. Res. 7,
262—272.

Horrman, L. R., 1968: Observations on the fine structure of Oedogoninm. IV. The mature
pyrenoid of Oe. cardiacum. Trans. Amer. Microsc. Soc. 87, 178—185.

— and C. S. HorMmaNN, 1975: Zoospore formation in Cylindrocapsa. Canad. J. Bot. 53,
439-—451.

— and I. MaNTON, 1962: Observations on the fine structure of the zoospore of Oedogoninm
cardiacum with special reference to the flagellar apparatus. J. exp. Bot. 13, 443—449,

IvenGar, M. O. P., 1939: On the life-history of Cylindrocapsa geminella Wolle. Current
Sci. 8, 216—217.

— 1957: On the structure and life-history of Cylindrocapsopsis indica gen. et sp. nov.,
a new member of the Cylindrocapsaceae. J. Madras Univ. B 27, 49—70.

Kanasekl, T., and K. KapoTa, 1969: The “vesicle in a basket”. A morphological study of
the coated vesicle isolated from the nerve endings of the guinea pig brain, with special
reference to the mechanism of membrane movements. J. Cell Biol. 42, 202—220.

LeepaLg, G. F., 1967: Euglenoid flagellates. 242 pp. Prentice-Hall, Englewood Cliffs, N. J.

Lemsi, C. A, 1975: The fine structure of the flagellar apparatus of Carreria. J.
Phycol. 11, 1—9.

ManToN, 1., 1964: Observations on the fine structure of the zoospore and young germling
of Stigeoclonium. J. exp. Bot. 15, 399—411.

— and M. PARkE, 1965: Observations on the fine structure of two species of Platymonas
with special reference to flagellar scales and the mode of formation of the theca. J. Mar.
Biol. Ass. (UXK.) 45, 743—754.

Marxowrrz, M. M., and L. R. HorruaN, 1974: Chloroplast inclusions in zoospores of
Oedocladinm. J. Phycol. 10, 308—315.

MogsTrUP, &., 1972: Observations on the fine structure of spermatozoids and vegetative
cells of the green alga Golenkinia. Br. Phycol. J. 7, 169—183.

— 1974: Ultrastructure of the scale-covered zoospores of the green alga Chaetosphaeridium,
a possible ancestor of the higher plants and bryophytes. Biol. J. Linn. Soc. 6, 111—125.
Pargg, M., and 1. ManTON, 1965: Preliminary observations on the fine structure of Prasino-

cladus marinus. J. Mar. Biol. Ass. (U.K.) 45, 525—536.

PickerT-Hears, J., and K. L. McDonawp, 1975: Cylindrocapsa: cell division and phylo-
genetic affinities. New Phytol. 74, 235—241.

PrescorTt, G. W., 1962: Algae of the Western Great Lakes Area, Revised Ed. 977 pp.
Dubuque, Iowa: Wm. C. Brown Co.



Zoospores of Cylindrocapsa 219

RamanaTtHaN, K. R., 1964: Ulotrichales. 182 pp. Indian Council of Agriculture Research,
New Delhi.

ReTALLACK, B., and R. D. ButLer, 1970: The development and structure of pyrenoids in
Bulbochaete hiloensis. J. Cell Sci. 6, 229—241.

ReynoLps, E. S., 1963: The use of lead citrate at high pH as an electron-opaque stain in
electron microscopy. J. Cell Biol. 17, 208—212.

Rinco, D. L., 1967: Flagellar motion and fine structure of the flagellar apparatus in Chlamy-
domonas. J. Cell Biol. 33, 543—571.

Roth, T. F.,, and K. R. PorTER, 1962: Specialized sites on the cell surface for protein
uptake. In: Electron microscopy. Fifth International Congress for Electron Microscopy
(S. S. BREESE, JR., ed.). New York: Academic Press.

Rounp, F. E., 1971: The taxonomy of the Chlorophyta. 1I. Br. Phycol. J. 6, 235—264.

Scunerf, E., und W. KocH, 1966: Uber die Entstechung der pulsierenden Vakuolen von
Vacnolaria virescens (Chloromonadophyceae) aus dem Golgiapparat. Arch. Mikrobiol. 54,
229—236.

SmrTH, G. M., 1950: The Fresh-water Algae of the United States, 2nd Ed. 719 pp. New York:
McGraw-Hill.

Stargr, R. C., 1964: The culture collection of algae at Indiana University. Amer. J. Bot. 51,
1013—1044.

StewarT, K. D., K. R. Martrox, and G. L. FLoyp, 1973: Mitosis, cytokinesis, the distribu-
tion of plasmodesmata, and other cytological characteristics in the Ulotrichales, Ulvales,
and Chaetophorales: phylogenetic and taxonomic considerations. J. Phycol. 9, 128—141.

Sware, E. M. F., and J. H. BercHER, 1971: Investigation of a species of Ankyra Fott by
light and electron microscopy. Br. Phycol. J. 6, 41—50.

Warson, M. W, and H. J. ArNoTT, 1973: Ultrastructural morphology of Microthamnion
zoospores. J. Phycol. 9, 15—29.

Author’s address: Dr. Larry R. HorrmaN, Department of Botany, University of Illinois,
Urbana, Illinois 61801, U.S.A.



