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ABSTRACT ii

Vaucheria longicaulis var. macounii (Blum) is the
most common of the four brackish water species of
Vaucheria known to occur in British Columbia and
northern Washington. This variety 1is easy to maintain
in culture with minimum nutritional requirements. It
survives culture conditions for extended periods of time
(up to 2 years or more) without losing its reproductive
capabilities. Aplanosporogenesis is easily induced by
transferring plants bto fresh medium with almost every
vegetative filament producing one apical
aplanosporangium containing a single aplanospore.

Aplanosporogenesis has been examined in sections
prepared for light and electron microscopies. As the
vegetative filament = tip expands, signalling the
beginning of aplanosporcgenesis, the 1large central
vacuocole 1is displaced from the tip. An inner wall is
secreted within the existing cell wall via exocytosis of
numerous fibrillar-containing vesicles. Septation of
the aplanosporangium from the vegetative filament is
accomplished by the centripetal infurrowing of this
newly secreted inner wall at the base of the enlarged
filament tip. Each aplanosporangium produces a single,
multinucleated walled aplanospore, with unique organelle
morphologies and associations. The importance of these

organelles in the mechanism of aplanospore



iii

release and germination are discussed.

Germination of aplanospores is initiated at sites
characterized by 1low optical density and leads to the
formation of filaments. The most prominent
ultrastructural features characterizing germination are
the rapid expansion of the <central vacuole, the
accumulation of dictyosome-derived vesicles at the tip
of the germinating filament in association with cell
wall expansion, and the increase in the number and
redistribution of microtubules. The possible function
of unique organelle associations, such as those
occurring among the - mitochondria-endoplasmic:
reticulum~-dictyosome association, are discussed as well.
. In addition, quantitative changes in the volume density
of some subcellular compartments and organelles are
evaluated using morphometric analysis.

Using the fluorescent probe chlorotetracycline as
an indicator of intracellular Ca2+, the role(s) of
calcium on aplanospore germination and filament growth
are studied. These studies are supplemented with the
use of drugs to disrupt the availability and
distribution of extra- and intracellular Ca2+, The
results are then analyzed in terms of the complexities
of the mechanisms involved in the germination and growth

of Vaucheria aplanospores.
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INTRODUCTION | 1

VYaucheria is a widely distributed algal genus
occurring in both freshwater and marine habitats. 1In
temperate regions it is a common floral element in salt
marshes and estuaries. Yaucheria has been a generally
overlooked member of the marine algal flora of British
Columbia and northern Washington. In a comprehensive
list of marine algae from the area, Scagel (1957)
included ¥. litorea (Agardh) based on the earlier report
of Jao (]937) and an additional personal collection.
Blum (1971) later described Y. longicaulis var. macounii
and Y. intermedia (Nordstadt) from northern Washington,
and later referred to ¥. thuretii (Woronin) from the
Pacific coast of the United Stateé (Blum, 1972). In
addition, Pomeroy (1977) and Pomeroy and Stockner (1976)
report V. dichotoma (Agardh) from British Columbia. For
a general review of the ecology and distribution of
marine/brackish Vaucheria spp., see Simons (1975).

The genus Vaucheria has been widely studied since
the plants were first described by Vaucher (1801).
Asexual reproduction is accomplished by means of
akinetes, multiflagellated zoospores Or non-motile
aplanospores depending upon the species (Venkataraman
1961, Blum 1972, Rieth 1980)., Previous ultrastructural
studies have dealt with the vegetative filament (Ott and

Brown 1974a, Ott 1979), mitosis (Ott and Brown, 1972),



spermatogenesis (Moestrup 1970, Ott and Brown 1978) and
the chloroplast (Dangeard 1939, Descomps 1963a, 1963b,
Marchant 1972). Uniquely multiflagellated and
multinucleated zoospores and zocosporogenesis have been
extensively studied by 1light (Trentephol 1807, Unger
1843, Thuret 1843, Pringsheim 1855, Schmitz 1878,
Strasburger 1880, 1890, Koch 1951) and electron
microscopies (Greenwood et al 1957, Greenwood 1959, Ott
and Brown 1974b, 1975).

Despite the fact that aplanospores are reported in
approximately twice as many species of Vaucheria as are
zoospores, information on aplanosporogenesis, felease
and subsequent germination of aplanospores is only very
briefly dealt with by Fritsch (1935), Smith (1950),
Taylor (1952), Chopra (1971), Knutzen (1973), Simons
(1974) and Garbary and Fitch (1984). However, none of
these studies involved wultrastructural work. In a
portion of this thesis, therefore, the events leading to
the differentiation of the vegetative filament apex into
the aplanospore will be reported. Thé mechanism of
aplanospore release and the ultrastructural events
characterizing aplanospore germination in V. longicaulis
var. macounii will alsc be studied. In addition,
morphometric analysis is used to quantify the

ultrastructural events occurring in aplanospores during



the early stages of germination.

Recent studies emphasize that Ca2+ ijons play many
important roles in <cellular growth processes in plants
(see Quatranc 1978, Weisenseel and Kicherer 1981,
Sievers and Schnepf 1981, Polito 1985 and Marme 1985 for
reviews). Plant cell processes regulated by Ca2+ ions
include bud formation (Saunders and BHepler 1981,
Saunders 1986), cytoplasmic viscosity (Picton and Steer
1982, Goodwin and Trainor 1985), mitosis (Welniak et al
1980, Saunders and Hepler 1981, Hepler and Wayne 1985),
wound healing in giant algal cells (La Claire, 1983,
1984), cell volume (Kauss and Rausch, 1984) and recovery
from freezing injury (Woods et al, 1984).

Yaucheria is a coenocytic alga in which germination
and subsequent filament growth is initiated by oriented
exocytosis of dictyosome-derived vesicles at specific
regions along the aplanospore (Fitch and Oliveirs,
1986b) and at the tip of the growing filament (Ott and
Brown 1974, 1975a, -1975b, Kataoka 1982, Fitch and
Oliveira 1986a, 1986b).

Control of polarized growth of ©pollen tubes is
known to involve tip-localized Ca2+ concentration
gradients arising from the influx of Ca2+ jons across
membranes (Quatrano 1978, Chen and Jaffe 1979,

Weisenseel and Kicherer 1981, Polito 1985). These



~gradients have been reported in many other tip-growing
plant and fungal cells and are known to sustain oriented
exocytosis of polysaccharide-storing vesicles necessary
for apical wall expansion and subsequent growth (Jaffe
et al 1975, Herth 1978, Quatrano 1978, Reiss and Herth
1978, 1979a, 1979b, 1982, Saunders and Hepler 1981,
Weisenseel and Kicherer 1981, Meindl 1982, Picton and
Steer 1982, 1985, Hausser and Herth 1983, Reiss et al
1983, 1985, Goodwin and Trainor 1985, Polito 1985, Wayne
and Hepler 1985, McKerracher and Heath 1986). The
distributicon of cellular organelles in pollen tubes also
seems to be regulated by a tip-localized distribution of
Ca2+ ions (Weisenseel and Kicherer 1981, Meindl 1982,
Picton and Steer 1982, Reiss and Herth 1982, Grotha
1983). Cytoplasmic Ca2+ is also known to participate in
the requlation of cytoplasmic streaming in algae (Hepler
and Wayne, 1985) and fungal <cells (McKerracher and
Heath, 1986).

The fluorescent probe chlorotetracycline (CTC) has
often been used as an indicator of membrane-bound Ca2+
in living cells (for a review see Caswell, 1979). By
employing CTC to 1localize intracellular Ca2+ and
combining this data with ultrastructural observations of
germination in Yaucheria, an attempt is made to present

an integrated picture of the role of Ca2+ in the complex



mechanism of polarized germination and filament
extension in Y. longicaulis var. macounii.

Calcium is also known to be involved in the
regulation of the viscoelasticity of the gel-like
cytoplasm rich in cytoskeletal elements found adjacent
to the plasma membrane (Goodwin and Trainor, 1985).
Overall, the polarizing capacity of the peripheral
cytoplasm is thought to be based on the formation of ion
gradients and electrical potential differences with Ca2+
ions playing a major role in this system (Schnepf,
1986). Local variations in calcium distribution are,
therefore, part of the mechanism affecting localized
growth in plant «cells (Picton and Steer 1982, Goodwin
and Trainor 1985).

By using specific drugs it is possible to interfere
with both extra- and intracellular Ca2+ availability and
distribution; hence to ascertain some aspects of the
involvement of these ions in tip-oriented growth.
Therefore, perturbations in the intracellular balance of
Ca2+, caused by the drugs ethyleneglycoltetraacetic acid
(EGTA), calcium ionophore A23187 and triflucoperazine
(TFP), are discussed in terms of those mechanisms known

to participate in tip-oriented growth in Vaucheria.



MATERIAL AND METHODS 6

Vaucheria spp. were collected primarily in Mud Bay
(Blackie's Spit), the Fraser River estuary, Vancouver
Barbor (Burrard 1Inlet) and the Strait of Georgia in
southern British Columbia. Most collections were made
in salt marshes where Yaucheria spp. grow at the bases
of, or in bare patches among Salicornia virginica and
various other estuarine phanerogams. Vaucheria spp.
produced dense mats from several centimeters to many
meters in lateral extent.

Plants were returhed to the laboratory for
identification. Venkataraman (1961), Blum (1972) and
Rieth (1980) were the primary taxonomic authorities. 1If
plants were sterile, portions of the algal mats were
placed in glass petri dishes and moistened with culture
media. Cultures usually became reproductive within oné
month. Portions of reproductive mats were mounted for
deposit in the University of British Columbia Herbarium
(UBC) or fixed with 5% formalin and maintained in liquid
preservative (70% ethanol).

Vaucheria spp. bave been maintained in culture for
as long as one and one half years. Media wutilized was
half strength Instént Ocean (Aquarium Systems Inc.,
Eastlake, Ohio) supplemented with minor elements (Lewin,
1966) and soil extract. Cultures were kept at 100C,

with cool white 1light of photon flux density of ca. 25



umol m~2 s-1 under a 16-8 h light-dark photoperiod.

Cultures of Y. lopngicaulis wvar. macounii were
transferred into fresh media to induce

aplanosporogenesis. This wusually occurred within 24
hours. Observations of aplanosporogenesis and
aplanospore germination using 1living material were made
with a Leitz Dialux 20 EB compound light microscope.,
Growth of filaments germinating from aplanospores was
recorded using a Wild MPS 11 dissecting microscope
equipped with an eyepiece micrometer.

For ultrastructural studies, freshly collected
aplanospores and germinating filaments were placed in 1%
(v/v) glutaraldehyde made from an 8% stock solution
(Polysciences Inc., Warrington, PA), buffered in 0.1 M
phosphate buffer saline (PBS), pH 6.9, for 45 minutes at
room temperature (20-230C)., BAfter transfer to a final
solution of 4% (v/v) glutaraldehyde in the same buffer
for 2 bhours at 20C, the material was washed and left
overnight at 20C in corresponding buffer. Postfixation
was done in 2% (v/v) 0sO4 (Stevens Metallurgical Corp.,
N.Y.) buffered by 0.1 M PBS, pH 6.9, for 6 hours at 2°C,
after which the specimens were washed and left overnight
in buffer at 20C. The material was then dehydrated
through a methanol series. For scanning electron

microscopy, samples were then critical point dried using



liquid CO,, sputter coated with gold and examined with a

Cambridge Stereoscan 250T scanning electron microscope.
For transmission electron microscopy, samples were
further dehydrated into propylene oxide and infiltrated
with Epon 812 (Polysciences 1Inc., Warrington, PA).
Throughout fixation, dehydration and infiltration, the
specimens were gently agitated via a mechanical rotator
(Taab Laboratory Equipment Ltd., Berkshire, England) at
4 R,P.M. Silver sections were cut on a Reichert OMU3
ultramicrotome and stained inb saturated methanolic
uranyl acetate and lead citrate (Reynolds, 1963).
Sections were examined with a Zeiss EM9S, a Zeiss EM10
or a Philips 400 electron microscopes.

Thick sections (0.75-1.0 pm) were also cut and
dried onto glass slides. These sections were stained
with 1% toluiding blue for 10 seconds over an alcochol
lamp and examined with a Leitz Dialux 20 EB light
microscope.

Morphometric analyses of light and electron
micrographs of this material were _carried out as
described by Briarty (1980) with the following
modification: only volumetric analyses were performed.
A Weibel-type test system (Weibel, 1973) with a 21 1line
(7 x 3) array was employed to measure the cellular

compartments at 1435X (light microscopy). Test points



‘lying over cytoplasm, cell wall, nuclei, central vacuole
and chloroplasts were counted. Cytoplasmic compartments
were measured at 6000X (electron microscopy) using a
Weibel-type test system with an 84 line (14 x 6) array.
Test points 1lying over chlorcplasts, vesicles, nuclei,
dictyosomes and mitochondria were counted. Volume
density calculations were performed according to Weibel
(1973).

Aplanospores were also collected and transferred to
small petri dishes (12 per sample) containing
chlorotetracycline (Sigma, St. Louis, MO) dissolved in
culture medium to concentrations ranging from 10-3M to
10-7p. Control tests with aplanospores germinating in
CTC-free culture medium were run parallel to the CTC
experiments to determine the effect of different
concentrations of CTC on germinaticon.

For CTC-dependent Ca2+* 1localization, a freshly
prepared solution of 10-4M CTC was applied to material
transferred from CTC-free cultures. CTC-treated
material was then observed under a Leitz Dialux 20 EB
compound microscope equipped with epifluorescence
optics. A1l CTC fluorescence micrographs were taken 1
to 10 minutes after exposure to CTC. The possibility
that CTC might fluoresce brightly even when not

complexed with Ca2+ was checked by wusing the



10

Ca2*-insensitive probe oxytetracycline ([OTC] (Sigma,
St. Louis, MO).

Morphometric analysis of the relative area occupied
by CTC fluorescence was carried out by tracing
micrographs enlarged to the same final magnification
using a Hi Pad Digitizer (Houston Instruments, Austin,
TX) and an IBM personal computer. The distribution and
intensity of CTC fluorescence along the terminal 200 pm
axis of the CTC-treated filaments was arbitrarily
assessed from the same micrographs wused to quantify the
relative area occupied by CTC fluorescence.

Aplanospores were also subjected to the effects of
three different antagonists of calcium in wvarious
concentrations: the chelator EGTA (10-3M, 10-4M, 10-5m,
10-6M), the calcium ionophore 223187 (10-4M, 10-5M,
10-6M), and the calmodulin antagonist trifluoperazine
[TFP] (10-4M, 5 x 10°°M, 2 x 10-5M, 107°M). a1l
chemicals were obtained from Sigma (St. Louis, MO).
EGTA and TFP were added directly to the growth medium at
the desired concentrations. The ionophore B23187 was
first dissolved in DMSO before addition to the growth
medium. A control with 1% DMSO added to the growth
medium was run parallel to the experiments using the
ionophore A23187. The growth of germinating filaments
and CTC-dependent Ca2+ localization were then recorded

over a 24 hr. period.



RESULTS 11

COLLECTION AND CULTURING

Morphologically the field collected plants of this
variety of Vaucheria longicaulis are similar to those
described by Blum (1971, 1972) for northern Washington.
None of the British Columbian plants possess the
extremely long antheridia characteristic of the species

described from California (Hoppaugh, 1930).

Vaucheria ongicauli var. macounii is the most
common brackish water species of Vaucheria in British

Columbia and collections were made at a number of
localities in the Strait of Georgia (Garbary and Fitch,
1984). At many sites V. longicaulis var. macounii was
the only apparent species of Vaucheria in the field and
this was confirmed through laboratory culture of several
non-reproductive populations. However, it was often
present intermingled with océasional filaments of V.
thuretii. Plants form extensive mats in the high
intertidal =zone primarily on muddy substrate where they
co-occur with Salicornia and other marsh phanerogams.
Extensive collections were made from a population in
North Vancouver, approximately 100 meters east of the
north span of the Lion's Gate Bridge. In this

particular 1location, healthy and extensive mats of V.

longicaulis var. macounii bhave been found year round
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throughout the four year duration of this study. At
Blackie's Spit, an additional large population was found
in the high intertidal zone on a sand beach.

When placed into culture, ¥. longicaulis var.
macoupii produced abundant aplanospores that have not
been previously reported for this wvariety, although
Taylor (1952) and Pecora (1979) report aplanospores in
V. icaulis from California and Louisiana,
respectively. Taylor reports that aplanospores measure
225 pm in length and 90-120 pm in diameter comparing
with 114-252 pm in length and 80-170 pm in diameter in
the present material, Over 90% of aplanospores
germinated within 48 hours of release and showed initial
growth rates of 200-250 pm/h. The germlings often
produced additional aplanospores and/or oogonia and

antheridia within one week of germination.

APLANOSPOROGENESIS

Addition of fresh medium to field-collected
cultures resulted in abundant aplanospore production
(Fig. 1). Aplanosporogenesis is usually so prolific

that nearly every filament produces an aplanospore.
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Single aplanospores are differentiated terminally on
vegetative filaments (Figs 1-5). However individual
filaments often produce many aplanospores over a period
of days.

The organization of the non-septate, coenocytic
vegetative filament of Y. longicaulis var. macoupnii is
essentially the same as that reported by Ott and Brown
(1974a) for eight other species of Yaucheria. The
filament apices can be subdivided into three zones: the
apical 2zone, sub-apical =zone and 2zone of vacuolation.
The same organization can be recognized at the beginning
of aplanosporogenesis (Figs 8 and 21).

Ultrastructurally, both the apical zone and
subapical zone contain many nuclei, mitochondria,
chloroplasts and 1large numbers of vesicles containing
fibrillar material (Figs 6 and 21). The fibrillar
material-containing vesicles are particularly abundant
at the apices of each filament. Another conspicuous
feature is the presence of large numbers of dictycsomes
always seen closely associated with endoplasmic
reticulum elements and mitochcndria. Microbody-1like
oréanelles are also seen in close association with these
organelles (Fig. 7). A 1large central vacuole extends
from the subapical zone. A single-layered cell wall

surrounds the entire filament at the beginning of
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~aplanosporogenesis (Figs 8 and 11).

A gradual darkening and swelling of the vegetative
filament tip indicates the onset of aplanosporogenesis
(Figs 1 and 2). As the apical area expands, the central
vacuole is displaced to a more subapical position (Figs
8 and 21). Autophagic digestion of materials of
cytoplasmic origin (Fig. 9) and crystalline inclusions
(Figs 8 and 10) are observed within the central vacuole.
This single large central vacucle is eventually replaced
by a network of smaller vacuoles which lend to the
cytoplasm a highly reticulated morphology (c.f. Fig. 12
with Fig. 8). The mitochondria-ER-dictyosome complexes
as well as the fibrillar'material—containing vesicles
remain abundant even though elongation of the vegetative
filament has ceased at this time.

Some of the fibrillar material-containing vesicles
release their contents by exocytosis adding new material
to the existing cell wall. This process eﬁtends some
distance down the vegetative filament and produces a
second inner wall (Figs 16 and 17). |

Septation of the aplanospore from the vegetative
filament is initiated by the <centripetal infurrowing of
the newly formed inner wall at the base of the enlarged
tip of the vegetative filament (Figs 3, 12 and 13).

Cytoplasmic continuity  remains intact until the
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infurrowing inner wall severs the «cytoplasm of the
developing aplanospore from the cytoplasm of the
remaining vegetative filament (Figs 14 and 15). Bt this
stage, the original «cell wall at the tip of the
vegetative filament becomes the aplanosporangium wall
(ASW) while the encircling inner wall becomes the
aplanospore wall (BAW) (Figs 16 and 19).

Both cell walls are composed of microfibrils
arranged parallel to one another (Figs 16 and 17). The
walls of the aplancospore and the aplanosporangium are
usually of similar thickness (Fig. 16), but a thicker
aplanospore wall is not uncommon (Fig. 17). Between the
aplanospore and aplanosporangium walls there is a region
of variable width (Fig. 17, * ) containing fibrillar
material comparable in morphology to that observed
in the paramural space of the vegetative filament at the
onset of aplanosporbgenesis (Figs 6 and 11, * ). This
material is absent from the region separating both walls
in more advanced stages of aplanospore development (Fig.
16) and hence its disintegration may be involved in the
final isolation of thé aplanospore within the
aplanosporangium which occurs prior to its release (Fig.
20).

As the process of septation proceeds, leading to

the formation of the aplanospore, a new central vacuocle
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develops concomitantly with the disappearance of the
highly reticulated morphology of the cytoplasm (Figs 14
and 19; compare with Fig. 12). Nuclei are seen
scattered throughout the aplanospore in - no apparent
pattern. Chloroplasts, numbered by the hundreds, are
seen throughout the cytoplasm, although they are
preferentially arranged against the plasma membrane of
the aplanospore (Figs 6 and 15). This arrangement
becomes more pronounced as the new central vacuole
continues to expand within the maturing aplanospore
(Figs 14 and 19). Large prominent pyrenoids are located
centrally or terminally within the chloroplasts (Figs 6
and 18). Numerous dictyosomes consisting of 3-7 stacked
cisternae are observed always in association with
endoplasmic reticulum elements and mitochondria (Fig.
16); a condition that persists throughout
aplanosporogenesis, A summary of the most important

events leading to the individualization of the

aplancspore within the aplanosporangium in Y.
lonagicgulis var. macoupii is presented in Figure 21,

APLANOSPORE RELEASE AND GERMINATION

Emergence = of mature aplanospores from

aplanosporangia was monitored with the dissecting
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microscope. BAn opening formed at the apical portion of
the aplanosporangium wall through which the aplanospore
emerged. Movement of the aplanospore out of the
aplanosporangium was slow but continuous. Once free, it
left behind an empty aplanosporangium wall casing (Fig.
24, small arrowhead) and slowly sunk to the bottom of
the culture dish., Mature aplanospores measured 114-282
pm in length and 80-170 pm in diameter (Garbary and
Fitch, 1984), while retaining the ellipsoid, obovate or
oblong shape imparted during aplanosporogenesis (Figs 24
and 25, compare with Figé 5 and 20).

The study of the early phases of aplanospore
germination can be divided into 3 main stages: Stage I =
newly released aplanospore (Fig. 25); Stage II = onset
of germination (Fig. 27); Stage III1 = approximately 1
hour after the initiation of germination (Fig. 28).

Sections through the <center of a newly released
aplanospore (stage 1I) reveal randomly scattered nuclei
and hundreds of chloroplasts, many of which are
peripherally arranged (Figs 25 and 29).
Mitochondria-ER-dictyosome associations, with vesicles
often seen blebbing off from the interspersed strand of
the ER in transit to the cis-region of the dictyosomes,
are also observed (Fig. 30). Fibrillar-material

containing vesicles, produced by the trans-region of the
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dictyosomes (Fig. 30, arrowheads), accumulate in the
peripheral cytoplasm of the aplancspore in 1large
quantities (Fig. 31, V ). No discharge of vesicular
material to the paramural space is seen at this stage. A
cell wall of uniform thickness containing two
morphologically distinct layers surrounds the newly
released aplanospore. The thinner, amorphous outer wall
layer contrasts with the thicker, microfibrillar one due
to its higher electron density (Fig. 29).

Germination (stage II) is initiated by a protrusion
| of the cell wall at one or more locations along the
surface of the aplanospore (Figs 26 and 27, arrowheads,
Fig. 28). Up to four filaments have been seen arising
from a single aplanospore (Fig. 22). Nearly all
aplanospores germinate successfully within 48 hours of
release. In the meantime, the underlying quiescent
vegetative filament resumes its growth through the empty
aplanosporangial case and may produce several more
aplanospores. This 1leaves a node in the filameht
indicating where repeated aplanosporogenesis has
occurred (Fig. 24, large arrowhead). In situ germination
of aplanospores within aplanosporangia has also been
cbserved when aplanospore release is delayed or fails to
occur (Fig. 26).

The tip of the germinating protrusion (stages II
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and 1III) is <characterized by the presence of many
mitochondria-ER-dictyosome complexes, densely-packed
vesicles and a cell wall of irreqular thickness (Fig.
31). Two distinct wall layers are still recognizable,
however the outer wall layer shows signs of disruption
(Fig. 31, c.f. with Fig. 29). Signs of exocytosis of
vesicular contents to the paramural space and subsequent
incorporation of this newly-released material into the
inner 1layer of the aplanospore wall are also observed
and account for the irreqular thickness characteristic
of these stages (Figs 32 and 33).

Figure 39 compares the volume densities of major
cellular compartments during the three stages of
aplanospore germination observed with light microscppy.
The greatest overall changes observed in these
compartments occur in the vacuocle and chloroplasts. The
volume of the vacuocle increases during early germination
from 23% (+4%) to 35% (+5%), and reaches 47% (+3%) of
the total volume of the aplanospore by stage III. The
volume density of this compartment keeps on increasing
as germination proceeds until the aplanospore body is
finally emptied of its contents (Fig. 23). Crystalline
inclusions and large 1lipid bodies, absent since
aplénosporogenesis, reappear concomitantly with the

central vacuole's develcpment and expansion (Figs 25 and
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27). Meanwhile, the volume density of the chloroplast
compartment decreases from 47% (+4%) in stage I to 40%
(+5%) in stage 11, and reaches a low value of 26% (12%)
in stage 1III. The volume density of the cell wall
decreases by approximately one half through stages II
and III of germination, while that of the nuclear
fraction remains fairly constant at approximately 3% of
the total aplanospore volume. The cytoplasmic fraction
also remains relatively unchanged at 20-23% of the
volume of the aplanospore during the early stages of
germination.

Volume density changes in relation to total
cytoplasmic volume density were also measured in several
cellular compartments (Fig. 40). The volume density of
the <chloroplast compartment decfeased during early
germination.from 49% (1+6%) to 41% (+4%) and finally to
34% (+4%) of the cytoplasmic volume density at stage III
(cf. with Fig. 39). The volume densities of the
mitochondrial compartment increased from 5% (+2%) to 9%
(¥2%) and that of vesicles from 39% (+4%) to 52% (15%)
cf the total cytoplasmic volume density. The large
increase in the volume density of the wvesicular
compartment coincides with the accumulation in the
peripheral cytoplasm of large numbers of

fibrillar-material containing vesicles during stage I
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and at an early phase of stage 1II (Fig. 31). ©Nuclear
and dictyosomal compartments remain fairly constant at
2-4% of the total cytoplasmic volume density.

Non-preferentially oriented bundles of a few
microtubules were observed in the cytoplasm of newly
released (stage 1) aplanospores (Fig. 34, arrowheads).
Upon germination (stages II and 1II1I), the number of
microtubules per bundle increases and the bundles become
preferentially arranged parallel to the plasma membrane
of the protruding filaments (Figq. 35; arrowheads). In
addition, these larger microtubule bundles were often
seen in <close proximity to nuclei (Fié. 35) and
chloroplasts.

In some aplanospores, large numbers of bacteria
were seen within the cytoplasm, often in close proximity
to the nucleus (Fig. 36). No apparent cytoplasmic
damage was observed although small vacucles containing
bacteria in various stages of degradation were noted
(Fig. 37). Bacteria were also occasionally seen
penetrating the cell wall (Fig. 38). Interesting enough
is the fact that these extensive signs of the occurrence
of bacterial infection in aplanospores of Vaucheria have
no apparent effect on the frequency or rate of

germination of these reproductive cells,
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Growth of germinating filaments of V. longicaulis
var. macounii in various concentrations of CTC is shown
in Fig. 41. Overall filament growth was greatest in the
CTC-free control test and gradually decreased in
CTC-treated material to 71% 7% (10-7M), 58% 5%
(10-6M), 40% 45% (10-3M) and 31% +5% (10-4M) of the
control over a 24 hour period, with no growth observed
at 10-3M CTC. Over periods of time of 6 hours or less,
filament growth was very similar to the control in all
but 10-3M CTC. When 10-3M CTC is added to germinating
filaments, growth is immediately arrested and the
filament tips tend to burst. |

Figure 42 shows the growth rates of filaments
treated in various concentrations of CTC during the
first 6 hours of germination. During the first 2 hours,
the growth rate of the material incubated in 10-4M CTC
varies from 42% to 52% of that observed in filaments
treated with lower concentrations of CTC and represents
only 39% (x6%) of that of the control. From 2 to 4
hours after germination, the growth rate of the material
incubated in 10-4M CTC remains virtually unchanged while
the growth rates of all other CTC-tested material and
the control steadily declines. From four to six hours
after the initiation of germination, the decline in

growth rate continues. In contrast, a recovery occurs
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in 10-4M CTC-treated material 1leading to growth rate
values similar to that observed in the control by the
end of this period. Stablized growth rates characterize
subsequent post-germinative growth in all CTC-treated
material and the control.

The absence of 1long term 1ill effects .on the
Vaucheria filaments from exposure to 10-4M CTC can also
be gathered from observations showing that this
concentration of CTC does not affect the orientation or
branching patterns of the germinating filaments when
compared to that of the control material (cf. Fig. 45
with Fig. 46). Material incubated in 10-4M CTC
possesses the added advantage of showing higher
fluorescence intensity than that observed with other
concentrations (Fig. 51, compare with Fig. 50).

Bright field observations of germinating
aplanospores reveal regions of 1lower optical density
characteristic of the germination site(s) (Fig. 47).
These <coincide with the occurrence of localized CTC
flucrescence (Fig. 48). In contrast, material treated
with oxytetracycline (OTC), a Ca2+-insensitive probe
which is an analog of CTC (Wolniak et al 1980, Wise and
Wolniak 1984), exhibits no fluorescence (Fig. 49).

A sharply-delimited region of CTC fluorescence is

observed at the filament tip during the first 2 hours of
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germination (Figs 50 and 52) and again from
approximately 4 hours after germination and beyond (Fig.
53). A more diffuse pattern of CTC fiuorescence,
extending basipetally up to 200 um from the apex of the
germinating filaments is observed between 2 and 4 hours
after the initiation of germination (Fig. 54). A
similar pattern of CTC flucrescence can also be detected
in specimens of Vaucheria freshly collected from the
field (Fig. 55). Transitional stages showing the
transformation of well 1localized to more diffuse
fluorescence are observed (Fig. 51).

The morphometric analysis of the relative area
occupied by CTC fluorescence during germination and
filament extension is shown in Figure 43. In Figure 44,
the distribution and intensity of CTC fluorescence along
the terminal 200 um of germinating filament axes are
graphed. During the first 2 hours of germination, when
the growth rate of control filaments is increasing (Fig.
42), CTC fluorescence occupies an area equivalent to 8%
(+3%) of the terminal 200 um of the filament length
(Fig. 43); almost all of which is localized at the tip
(Fig. 44). From between 2 to 4 hours after the
inifiation of germination, when filament growth rates
are rapidly slowing down and CTC fluorescence extends

further away from the tip in a more diffuse manner (Figs
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44 and 54), this area increases to 33% (+6%) of the
total area of the growing filament (Fig. 43). 1In
filaments germinating for 4 or more hours, CTC
fluorescence is again reduced to 8.5% (+4%) of the total
area of the growing filament (Fig. 43), with almost all
of the fluorescence once more confined to the tip (Fig.
44) . This pattern of tip-localized CTC fluorescence
does not change significantly during subseéuent

post-germinative growth.
CALCIUM PERTURBATIONS

.Untreated aplanospores and filaments used as
control material for these experiments grew at rates
.ranging from 180 to 250 um/hr. These values are
comparable to those previously reported (see also
Garbary and Fitch, 1984). The morphological features and
the sharply-delimited pattern of tip-localized Ca2+, as
visuvalized during the first 2 hours of germination with
CTC fluorescence, also resembles that ©previously
reported for Vaucheria (Figs 60 and 61, compare with
Figs 47 and 52).

Figure 56 shows the effect of EGTA on both
germination and filament growth in Vaucheria. The

inhibitory effect of 10-3M EGTA on filaments is
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irreversible as recovery from growth inhibition by
repeated washingé and incubation in EGTA-free growth
medium was unsuccessful. Over the 6 hour period of this
experiment, the growth rates of newly germinated
aplanospores gradually decreased in the EGTA-treated
material to 92% +8% (10-6M), 78% +6% (10-5M) and 45% +5%
(10~4M) of those observed in the control. No abnormal
growth patterns or morphological alterations were
observed as a result of the treatments with EGTA (Fig.
62 c.f. with Fig. 60). Filaments which had been
incubated in 10-4M EGTA and exposed to CTC two hours
after the initiation of germination, resulted in a more
diffuse overall pattern of fluorescence distribution.
Nonetheless, most of the fluorescence 1is still
concentrated near the tip; although, the fluorescence
intensity is weaker than that of the control (Fig. 63
compare with Fig. 61).

Treatment with the ionophore 223187 resulted in
varying degrees of growth inhibition. Growth rates
decreased in the ionophore-treated material to 78% 5%
(10-6M), 28% 15% (10-5M) and 8% 4% (10-4M) of the
control (Fig. 57). Material incubated in growth medium
with 1% DMSO grew at a rate virtually identical to that
of the control (Fig. 57). Germinating filaments from

aplanospores treated with A23187 are often broadened at
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the base and of irregqular diameter. The abnormalitites
are more pronounced in material incubated in 10-4pm
A23187, where swollen apices and bud-like protuberances
corresponding to regions of low optical density are
abundant (Fig. 64). 1In lower concentrations of A23187,
the apical swelling and bud-like protrusions become less
pronounced (Figs 66 and 67). .Filaments.grown in 1% DMSO
display growth patterns and morphological features
similar to those of the control (Fig. 68, compare with
Fig. 60).
| When material incubated in 10-4M 223187 is stained
with CTC, fluorescence is 1localized primarily in the
abnormally swollen apices and bud-like protrusions
observed along the germinating filaments (Fig. 65). The
presencé of flucrescence coincides with regions ¢f lower
optical density observed with bright-field microscopy
(Fig. 64).
Aplanospores did not germinate, nor did filaments
grow in any concentration of TFP tested (Fig. 58).
Transferring TFP-treated material into normal medium did
not lead to recovery from growth inhibition or
germination, indicating the irreversibility of the
effects of TFP on Vaucheria. Control specimens grew at
rates similar to cdntrols from the EGTA and A23187

experiments and continued to grow when subjected to the
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same transfer procedure as the TFP-treated material.
When TFP-treated material was stained with CTC, no
fluorescence was observed (Fig. 69).

Figure 59 is a comparison of the growth rates
graphed against the various concenfrations of each of
the three growth inhibitors wused. TFP is clearly the
most potent growth inhibitor followed by 223187 and
EGTA, respectively. 223187 is more toxic than EGTA at
each of the concentrations tested. The potency of
223187 is more pronounced than that for EGTA at 10-4m.
However, the toxicity of TFP is nearly the same as that

of EGTA at 10-5M and at 10-6M,
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APLANOSPOROGENESIS

Venkataraman (1961) and Chopra (1971) report
Z00Spores as the most common method of asexual
reproduction in Vaucheriaceae. Hibberd (1980) states
that asexual reproduction in Vaucheria is exclusively by
the production of synzoospores formed in zoosporangia.
Neither Lee (1980) or Bold and Wynne (1985) acknowledge
the presence of aplanospores in Vaucheria when
describing this genus' modes of asexual reproduction in
their textbcoks; however, Smith (1950) and Christensen
(1980) do. Zoospores are actually reported in fewer
species of Vaucheria than aplanospores. Despite this
descrepancy, no studies outside the taxonomic and
ecologic realms have been conducted on aplanospores or
aplanosporogenesis until now. In fact, ultrastructural
studies of aplanosporogenesis or aplanospores in the
phycological literature as a whole are virtually
nonexistent.

The basic organization of the vegetative filament
of V. longicaulis var. macounii and the initial stages
of sporogenesis are similar to that reported by Ott and
Brown (1974a, 1974b) for other species of Yaucheria.
However, the mechanism of septation,' leading to the

formation of the spore, is strikingly different in
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zoosporogenesis and aplanosporogenesis. Fritsch (1935)
and Ott and Brown (1974b) describe a transverse bridge
of colorless cytoplasm separating the zoosporangium from
the vegetative «cytoplasm prior to actual septation.
Within a few minutes, these two separated cytoplasmic
masses reapproach one another with each forming a
membrane resulting in a septum that isolates the
zoosporangium from the vegetative filament. The
separation and reapproachment of cytoplasmic masses are
not seen in aplanosporogenesis. Rather; observation of
septation via the centripetal infurrowing of the inner
wall at the base of the enlarged ¢tip of reproductive
filaments occurred. This infurrowing mechanism
resembles cleavage furrows described in spermatogenesis
of Vaucheria (Ott and Brown, 1978) and in cytokinesis,
tetrasporogenesis and spermatogenesis of red algae
(Scott 1983, Pueschul 1979, Vesk and Borowitzka 1984,
Cole and Sheath 1980). This constricting inner wall
isolates the mature aplanospore from the vegetative
-filament, while becoming part of the cell wall of the
maturing aplanospore. Taylor (1952) reported that there
was no wall present in aplanoépores from ¥. longicaulis
collected in California; a situvation similar to the one
observed in zoospores of V. fontinalis (Christensen)

prior to germination (Ott and Brown, 1975). However,
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the presence of a complete wall around the aplanospore
prior to release and settlement has been reported in the
genus Vaucheria by Fritsch (1935) and Rieth (1980) and

is further confirmed in the present study. Previously

reported in vegetative filaments of V. sessilis (Vauch.)
DeCandolle (Greenwood, 1959), VY. fontinalis (L.)
Christensen and Y. dilwynii (Weber'et Mohr) C. A, Agardh

(0tt and Brown, 1974a), the mitochondrion-dictyosome
association is also présent in ¥. longicaulis var.
macounii. This  association persists throughout
aplanosporogenesis and contrasts with zoosporogenesis
where the mitochondria-dictyosomal associations
gradually disappear (except in the apex) until
germination of the 2zoospore occurs (Ott and Brown,
1974b, 1975). The band of endoplasmic reticulum and
vesicles seen interspersed between the mitochondrion and
dictyosomes appear in all Vaucheria species studied to
date. A similar mitochondria-ER-dictyosomal association
has also been reported in the Oomycete Saprolegnia
(Beath and Greenwood, 1971). The association of a
mitochondrion adjacent to a dictyosome may be
functionally important _in a coenocyte like Yaucheria
where vigorous cytoplasmic streaming might otherwise
cause these organelles to become separated by

considerable distances. Yet, other coenocytes lack this
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type of association (Penicillus, Turner and Friedman

1974, Dighg;gmgﬁiphgn, Moestrup and Hoffman 1973,
Pseudodichotomosiphon, Hori et al. 1979, Brvopsis, Burr
and West 1970) and still remain functional; Heath and
Greenwood (1971) suggested that 'this association may
facilitate efficient energy transfer between the
organelles. The coupling of an energy production site
(the mitochondrion) with energy vtilization sites
(dictyosomes and ER) could then be functionally
significant for the intensive secretory activity of
dictyosomes leading to the formation of the aplanospore
wall as suggested for tetrasporogenesis in certain red
algae (Pueschul, 1979) . Bowever, the actual role and
forces retaining this association remain enigmatic.

The formation of a new central vacuole within the
developing aplanospofe prior to release from the
aplanosporangium was not seen in zoosporogenesis (Ott
and Brown, 1974b). The coalescence of many small
vacucles into a new central vacuole maj build turgor
pressure within the aplanospore so that it can germinate
immediately upon release through localized turgor-driven
cell wall expansion (Fitch and Oliveira,
1986b). Pyrenoids were reported 1lacking in Yaucheria
filaments (Fritsch 1935, Ott and Brown 1974a) and

zoospores (Greenwood 1959, oOtt and Brown 1974b,
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1975). This is in contrast with our findings and those
of Marchant (1972) in éplanospores of ¥. woroniniapa.
In 2oosporogenesis, nuclei with associated centrioles
converge on the plasma membrane leading to the formation
of flagellar pools (Ott and Brown,' 1974b). This
contrasts with aplanosporogenesis where nuclei remain
scattered throughout the cytoplasm and neither flagellar
initiation or assembly are observed.

Table I contrasts aplanosporogenesis in Y.
longicaulis var. macounii with =zoosporogenesis in V.
fontinalis and reveals that aplanospores may be more
than simply "ontogenetically potential zoospores" (Bold
and Wynne, 1985). Christensen's (1980) description of
aplanospores in Vaucheria as "...reproductive cells that
start their development in the same way as zoospores but
then assume an approximately spherical shape and
surround themselves with walls without havingiformed
flagella" more accurately describes the aplanospores in
V. lopgicaulis var. macounii. Although some
ultrastructural and developmental similarities are seen
in aplanosporogenesis and zoosporogenesis, significant
differences exist between these two processes as well.
Such differences warrant further study of the process of
aplanosporogenesis in the Tribophyceae and in all

aplanospore-producing algae in general.
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APLANOSPOROGENESIS vs ZOOSPOROGENESIS

34

ULTRUSTRUCTURAL

FEATURE APLANOSPOROGENESIS* 7 00OSPOROGENESIS**
Cell Wall Present Absent
Mitochondria-ER- Present Gradually disappears

Dictyosome

Fibrillar material-
containing vesicles

Central Vacuole

Present in large
numbers; contain
wall material

Vacuole displaced,
transformed into
reticulate pattern,
reappears

(except at apex)

Gradually disappear

Absent

Chloroplasts Many peripherally Randomiy scattered,
arranged, pyrenoid Pyrenocid absent
present

Nuclei Always randomly Parietally positioned
scattered in late

zoosporogenesis

Flagella Absent Present

* V. longicaulis var. macounii (Fitch and Oliveira, 1986a)

* % y.

fontinalis (Ott and Brown, 1974b)
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Taylor (1952) reported that dissolution of the
distal aplanosporangium wall 1leads to liberation of
aplanospores in ¥. longicaulis. Enzymatic degradation
of the zoosporangium wall was reported during zoospore
release in V. fontinalis (Ott and Brown, 1975). 1In our
material, however, polysaccharide-wall degrading enzymes
would tend to break down (in addition to the
aplanosporangium wall) the already secreted aplanospore
wall., This would affect the structural integrity of the
aplanospore and hence it is unlikely to occur.

We have observed an accumulation of
mucilaginous-like material between the mature
aplanospore and the aplanosporangium wall of V.
longicaulis var. macounii (Fitch and Oliveira, 1986a).
Swelling of the mucilaginous material surrounding the
aplanospore could then rupture the distal end of the
aplanosporangium and facilitate aplanospore release. 1In
addition, the <coalescence of many small vacuoles into
“the new central vacuole, observed during
aplanosporogenesis (Fitch and Oliveira, 1986a), may help
build up sufficient turgor pressure within the
aplanospore to aid in bursting open the
aplanosporangium, These observations are in agreement

with those of Fritsch (1935) and Venkataraman (1961)
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suggesting that osmotic pressure build-up within the
intact aplanosporangium leads to the apical rupture
followed by contraction of the aplanosporangium wall and
the subsequent release of the aplanospore.

Besides its involvement in aplanospore release,
turgor pressure has also been cited as the moving force
behind plant (Pickett-Beaps, 1977, Burns et al, 1982)

and fungal (Buller, 1958) <cell elongation. In ¥.

ongicauli var. macounii, the coalescence of small
vacuoles with the central vacuole during

aplancosporogenesis (Fitch and Oliveira, 1986a) and the
rapid volume expansion of the central vacuocle during the
early stages of aplanospore germination support this
proposal.

The «cell wall at the tip of the germinating
filament must maintain its structural integrity while
yielding to the turgor-driven force of the rapidly
expanding central vacuole, The presence of a
non-uniform cell wall at the germination site(s) on the
aplanospore together with the morphometric data showing
a decrease 1in the volume density of the cell wall
compartment during the early stages of germination,
reflects the dual role that the cell wall must perform.
Germination and tip growth can, therefore, be considered

a dynamic balance between wall lysis to yield to turgor
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pressure development, as evidenced by disruption 6f the
outer wall layer, and new wall synthesis to maintain
filament integrity, as evidenced by incorporation of
released materials to the inner wall layer (Garraway and
Evans, 1984).

Heath and Greenwood (1971), Ott and Brown (1974a)
and Aghajanian (1979) have postulated that a close
association between mitochondria and dictyosomes
facilitates efficient energy transfer within the cell.
The persistence of this association, first observed in
Vaucheria by Ott and Brown (1974a, 1974b, 1975) and
confirmed by our work on aplanosporogenesis (Fitch and
Oliveira, 1986a), may be necessary toc support the rapid
growth rate (approx. 250 um/hr.) of the filaments during
the early stages of germination. Although ﬂbictyosomal
volume density does not increase'during germination, an
increase in dictyosomal efficiency 1is suggested by both
an accumulation of vesicles at the ¢tip of the
germinating filaments (Fig. 10) and an increase in
vesicle volume density that remains significantly high
during the active periods of stages II1 and III and in
subsequent germination (Fig. 19). These observations
together with the increase observed in the mitochondrial
volume density during stages II and III indicate a high

metabolic rate for the synthesis and export of materials
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to the inner layer of the cell wéll by the
mitochondria-ER-dictyosomal complexes (Fig. 9).

During stage I, small bundles of microtubules were
seen scattered in the cytoplasm. This is in contrast
with germination (stages II and 1II) and subsequent
filament extension in which microtubule bundles appear
more numerous and show preferential arrangement near the
plasma membrane. Increases in microtubule numbers have
been noted in the germinating spores of the moss Funaria
(Schnepf et al., 1982), in pollen tubes of Lilium (Reiss
and Herth, 197%a), in the tips of actively growing
fungal hyphae (Howard and Aist, 1980) and in budding
yeast cells (Garraway and Evans, 1984). Increases in
microtubule number accompanied by their association with
nuclei and chloroplasts were reported by Ott and Brown
(1974a) in Vaucherig litorea and Schnepf et al (1982) in
the moss Funaria hygrometrica. These observations seem
to indicate that directionalvmovement of organelles by
microtubules and/or microfilaments is essential in
establishing the polarity of germination and in
crchestrating the development of reproductive structures
in Vaucheria.

Endosymbiotic bacteria have previously been
reported in three species of Vaucheria (Ott, 1979).

This author believes this may be a nmutualistic
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relationship. This interpretation is particularly
attractive in 1light of current results showing the
occurrence of a significant decrease in the volume
density of the chloroplast compartment during
germination. This could conceivably be translated into
lower photosynthetic capacity and the need to supplement
-the high energetic demands imposed on the germinating
aplanospore by other means. Bacterial digestion within
vacuoles may then be important in supplying the
aplanospore with some nutrients. The fact that there is
no apparent effect on the rate of aplanospore
germination due to 1large numbers of intact bacteria
lying in the cytoplasm close to nuclei lends support to
this interpretation. More work is required, however, on
this subject since the observation in our material of
some bacteria within digestive vacuoles may be part of a
defensive response to bacterial infection by the

aplanospores.
CALCIUM LOCALIZATION WITH CBLOROTETRACYCLINE

Various concentrations of CTC have been used to
observe the distribution of calcium in living plant and
animal cells (Wolniak et al 1980, Meindl 1982,

Kiermayer and Meindl 1984, FKauss and Rausch 1984,
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Glowacka et al 1985), with a concentration of 10-4M
being the most frequently wutilized (Chandler and
Williams 1978a,b, Reiss and Herth 1978, 1979b, 1982,
1985, Reiss et gl 1983, Reiss et al 1985). Caswell
(1979) suggests that CTC should not be used above a
concentration of 10-4M since higher levels may disrupt
the response being monitored. However, the suitability
of this CTC concentration must be tested in each case
since «cells from different organisms display varying
degrees of sensitivity to CTC as an antibiotic (Baloun
and Budak 1979, Reiss and Berth 1979b, Saunders and
Hepler 1981). For example, 10-4M CTC is reported to have
no deleterious effects on the fungus Achlya and the alga
Acetabularia (Reiss and Berth, 1979b), the liverwort
Riella (Grotha, 1983), and the moss Funaria (Saunders
and Hepler, 1981). However, Lepidium (cress) root hairs
show a tendency to burst when treated with 10-4M CTC
(Reiss and Herth, 1979b). Prolonged treatment with 10-4M
CTC also causes disoriented gqrowth, abnormal wall
thickenings and apical swelling in Lilium pollen tubes
after 30 minutes of exposure and eventually results in
complete cessation of growth after 2 hours of treatment
(Reiss and Berth, 1982). In the desmid Micrasterias,
growth is stopped within minutes, the wall is abnormally

thickened and death occurs after 6 to 8 hours in 10-4M
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CTC (Hausser and Herth, 1983).

In Vaucheria, total filament length is diminished
but growth is not stopped in 10-4M CTC, while the growth
rate shows a significant recovery between 4 to 6 hours
after initiation of germination prior to becoming
stabilized. 1In addition, the morphology and orientation
of Vaucheria filaments remain unaffected by this
treatment. Concentrations of CTC greater than 10-4M show
brighter fluorescence. BHowever, neither germination nor
growth occurred at these levels, while the fluorescence
intensity produced by using lower concentrations of CTC
becomes reduced. Since all observations were made within
l to 10 minutes of CTC application, a time when the
growth rate of treated filaments 1is similar to that of
the control, the 10-4M CTC concentration is the best

compromise between bright fluorescence and healthy

metabolic activity in Vaucheria.

Calcium accumulations at the apices of Lilium
pollen tubes have been demonstrated using

autoradiography (Jaffe et al, 1975), a proton-microprobe
(Reiss et al, 1983) and CTC fluorescence (Reiss and
Herth, 1978, 1982). Jaffe et al (1975) found that the
accumulation of Ca2+ was 2 to 4 times higher at the apex
than 'in the bulk of the pcllen tubes where Ca2+

accumulations did not occur. Reiss et al (1983)
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reported that in Lilium pollen tubes, the maximum
calcium content lies within the terminal 7 um; a region
rich in endoplasmic reticulum, mitochondria and
golgi~derived vesicles, organelles known to participate
in the storage of Ca2+ ions (Herth 1978, Picton and
Steer 1982, Reiss et al 1983). Since CTC is known to
accumulate and bind Ca2+ to cellular membranes (Caswell
1979, Reiss and Herth 1982), those results concur with
our findings that, in Vaucheria, the maximum
fluorescence, and hence Ca2+ concentration, lies within
the tip of the germinating filament. This region is
also rich in organelles such as vesicles and
mitochondria (Fitch and Oliveira, 1986b) known to be
capable of storing cellular calcium, |

The more diffuse distribution of CTC fluorescence
seen in Vaucheria filaments between 2 and 4 hours after
germination may indicate a release of Ca2+ from
ihtracellular storage and/or an influx of Ca2+ from the
extracellular compartment into the cytoplasm. Influx of
Ca2+ would be required for the maintenance of an area of
high intensity fluorescence at the tip of the filaments,
while release of Ca2t* from intracellular storage could
mainly account for the progressiye increase in the area
occupied by CTC fluorescence. A widespread increase in

Ca2t gistribution, due to a rise in free cytoplasmic
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Ca2t, leads to growth inhibition in Lilium pollen tubes
(Herth 1978, Reiss and Herth 1979%a,b, Picton and Steer
1982). The same phenomenon may then be responsible for
the reduced growth rate observed between 2 and 4 hours
after the initiation of germination in our material.
From approximately 4 hours after germination and beyond,
CTC fluorescence returns to a tip-localized pattern
suggesting that excess free cytoplasmic Ca2+ may have
been resequestered into known sub-cytoplasmic Ca2+ pools
(Reiss and BHerth 1978, Wolniak et al 1980, Saunders and
Hepler 1981, Wise and Wolniak 1984, Kauss and Rausch
1984).

In Fuparia, bud formation is triggered by the
accumulation at the growing tip of Ca2+ channels. These
promote Ca2+ influx leading tc localized microdomains of
increased Ca2+ concentration (Saunders, 1986). There is
evidence in Acetabularia, and it has been suggested in
Sphacelaria, that the establishment of growth regions
also coincides with external acidification of the cell
wall due to the action of proton pumps (Burns et al
1984, Goodwin and Trainor 1985). 1Increased external
proton concentration is known to cause displacement of
Ca2+ ijons from the cell wall resulting in locally
increased Ca2+ influx across the plasma membrane

(Goodwin and Trainor, 1985). Such a transient -increase
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in <cellular calcium has been suggested to result in
éxocytosis and insertion into the surface membrane of
Bt-ATPase transport systems (vanl Adelsberg and
Al-Awgati, 1986). Further acidification of the cell
wall could then tilt the balance of Ca2+ distribution
towards a temporary accumulation of Ca2+ in the
peripheral cytoplasm. The 1localized CTC fluorescence
identifying the germinating regions of aplanospores and
the filament tips of Yaucheria may then reflect the
existence of similar mechanisms leading to the
displacement of Ca2* ions. 1Indeed, localized ion
currents across the plasma membrane have previously been
reported in Vaucheria sessilis and other tip-growing
cells (Quatrano 1978, Weisenseel and Kicherer 1981).
These contribute to the accumulation of golgi-derived
vesicles at the growth pole(s) and promote their fusion
with the cell membrane (Weisenseel and Kicherer, 1981),
resulting in oriented exocytosis of
polysaccharide-storing vesicles necessary for apical
wall expansion (Herth 1978, Reiss and Herth 1978, 1979a,
1979b, 1982, Weisenseel and Kicherer 1981). The
accumulation and subsequent exocytosis of vesicles at
the tip of Vaucheria filaments (Ott and Brown 1974,
Kataoka 1982, Fitch and Oliveira 1986a,b), concomitant

with a well-defined tip-localized CTC fluorescence
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observed during periods of rapid ‘increase in growth
rate, suggests that differences in electrical potential
due, at least partially, to Ca2+ ion redistribution, are
also responsible for the establishment of polarized
germination and growth in Vaucherig.

Calcium is known to be involved in the regulation
of the viscoelasticity of the gel-like cytoplasm rich in
cytoskeletal elements found adjacent to the plasma
membrane (Goodwin and Trainor, 1985). Localized high
levels of Ca2t causes depclymerization of microtubules
and decreases the viscosity of the cytoplasm (Picton and
Steer 1982, Goodwin and Trainor 1985). This loosening
of cytoplasmic structure in conjunction with
vacuole-derived turgor pressure due to the rapid
expansion of the central wvacuole of germinating
filaments (Fitch and Oliveira, 1986b) will then
facilitate growth. Concomitantly, cytoplasmic integrity
at the tip of growing filaments 1is maintained by a
network of microfilaments which are Stabilized by
high 1levels of Ca2* ions (Picton and Steer, 1982).
Although microfilaments have not been doccumented in our
material, due possibly to their disruption by
glutaraldehyde fixation, their presence has previously
been reported in Vaucheria ‘(dtt and Brown, 1974). This

dual opposing actions of Ca2+ on different components
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of the cytoskeletal apparatus may then play an important
role in regulating the balance between integrity and
flexibility that must occur at the tip(s) of the
aplanospore and germinating filaments for growth to take

place without bursting the cell wall (Fitch and
Oliveira, 1986b).

CALCIUM PERTURBATIONS

Besides direct observation of the intracellular
localization of Ca2+ by CTC, another way to obtain
information on the role of Ca2+ in these phenomena is to
use compounds which alter the intracellular Ca2+
gradients and availability, and to observe whether or
not metabolic parameters, such as growth rates, are
changed as a consequence of alterations in the
distribution of Ca2+ (Kauss and Rausch, 1984). For this
purpose, we used three growth inhibitors known to alter
the availability of Ca2t to the cell: the chelator EGTA,
the ionophore A23187 and the phenothiazine-type
calmodulin antagonist TFP.

EGTA selectively chelates Ca2+ external to the
plasmalemma yet is unable to penetrate bioclogical
membranes (Blinks et al 1982, Al-Khazzar et al 1984, van
Adelsberg and Al-Awgati 1986, Volberg et al 1986). EGTA
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concentrations of 10-5M or greater have been shown to
inhibit growth in the deswmid Micrasterias (Lehtonen,
1984), prevent hyphal extension in Achlya bisexualis
(Harold and BHarold, 1986), inhibit protoplast fusion in
Daucus carota (Grimes and Boss, 1985), prevent Ca2t
uptake by human erythrocytes (Foder et al, 1984) and
delay the onset of anaphase in Haemanthus endosperm
cells (Wise and Wolniak, 1984). Results obtained in
this work show that EGTA concentrations of less than
10-4M reduces growth rates, while EGTA concentrations
greater than 10-4M completely inhibit both germination
and growth. The data suggest that the availability of
extracellular Ca2+ is essential to aplanospore
germination and growth in Vaucheria.

EGTA has also been found to reduce or gquench CTC
fluorescence in the rhizoids of the fern Qpoclesa
sensibilis (Miller et al, 1983), in gemmalings of the
liverwort Riella bhelicophylla (Grotha, 1983), in
BHaemanthus endosperm cells (Wolniak et al, 1980) and in
pollen tubes of various plants (Polito, 1985). Present
observations in which the intensity of the CTC
fluorescence 1is diminished in EGTA-treated material
provides evidence that much of the CTC fluorescence in
untreated cells is due to the tip-localized influx of

Ca2+, Therefore, a decrease in CTC fluorescence in
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EGTA-treated cells seems to indicate a reduction in Ca2+
influx.

EGTA-treated material also showed a more diffuse
distribution of CTC fluorescence resembling thaf
observed in untreated specimens between two to four
hours after the initiation of germination. This occurs
concomitantly with a reduction in growth rates
suggesting an alteration in the influx of Ca2+ into the
cytoplasm and/or the release of Ca2+ from intracellular
storage as well. This temporary alteratioh in the
distribution aﬁd availability of cellular Ca2+ indicates
disruptions in normal Ca2+ gradients, hence of
associated 1ionic currents. These observations concur
then with those o0f Wiesenseel and Kicherer (1981)
showing that the growth rate of Vaucheria is dependent
upon the influx of specific extracellular ions, possibly
Ca2t jons, which produces the transmembrane ionic
current necessary for maintaining tip-oriented
exocytosis which is known to play a major role in
aplanospore germination and growth (Fitch and Oliveira,
1986b).

The ionophore A23187 is known to inhibit growth in
Liljum pollen tubes (Herth 1978, Reiss and Herth 1979a)
and in the unicellular alga Micrasterias (Lehtonen,

1984). Abnormal growth and branching patterns due to
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A23187 are reported in Lilium pollen tubes (Berth 1978,
Reiss and Herth 1979a), in the water mwold Achlysa
bisexualis (Harold and Harold, 1986), in Micrasterias
(Lehtonen, 1984) and in the <caulcnema of the moss
Funaria (Sievers and Schnepf, 1981). 1In Vaucheria, this
compound lowers the growth rate of the germinating
filamenté and stops growth when applied at
concentrations of 10-4M or above. The treatment also
creates morphological abnormalities in the growing
filaments.

The ionophore A23187 is known to release Ca2* from
internal storage, such as mitochondria and endoplasmic
reticulum (Chandler and Williams 1978b, BHerth 1978,
Reiss and Herth 1979%a, BAl-Khazzar et al 1984, Grimes and
Boss 1985, Harold and Harold 1986) and/or increase Ca2+
flux into the cell (Herth 1978, Weisenseel and Kicherer
1981, Bl Khazzar et al 1984, Foder et al 1984, Irving et
al 1984, Kauss and Rausch 1984, Lehtonen 1984, Skibsted
et 2l 1984, Grimes and Boss 1985). Therefore, when
"A23187 is édded to cultures, presumably the extra- and
intracellular Ca2+ become equilibrated, thus

significantly raising intracellular Ca2t concentrations.

Herth (1978) showed that in Lilium pollen tubes,
depolarized growth is due to the delocalization of Ca2+

from apical growth =sites. Lehtonen (1984) also showed
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that the disruption of Ca2+ influx through the plasma
membrane in Micrasterias by A23187 1leads to disoriented
growth due to delocalized exocytosis of
dictyosome-derived vesicles, containing wall precursors,
which results in morphological abnormalities. These
observations concur with present findings that in
Vaucheria, morphological abnormalities produced by
A23187 treatments appear as bud-like protrusions with
most of the CTC fluorescence localized in them (Figqg.
65). Morphological abnormalities could also result from
ionophore-dependent variations in Ca2t gradients and
their implications for the stability of the
cytoskeleton. However, it has been found that
microtubule integrity is wunaffected in vive by the
presence of A23187 (Lonergan, 1984). On the other hand,
it has been reported that 223187 can disrupt oxidative
phosphorylation (Reed and Lardy, 1972). The calcium
ionophore 223187 was also said to primarily affect wall
formation in pollen tﬁbes (Reiss and Berth, 1979a) and
the caulonema of Fuparia (Schmeidel and Schnepf, 1980).
Therefore, whether these phenomena are directly induced
by Ca2+-related perturbations of cytoskeletal proteins
and exocytosis or other causes cannot be determined aE
present.

To ascertain the importance of these various
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phenomena and the_role Ca2+* plays in them, it would be
of interest to lower the intracellular Ca2t level. To
perform this type of experiment ip viveo, it would be
necessary to reduce the Ca2+ concentration in the growth
medium to a value below that of free intracellular Ca2+
and then 1lower its intracellular concentration by
introducing an ionophore that equilibrates extra- and
intracellular Ca2+, The problem is that the simple
action of lowering Ca2+ concentrations in the growth
medium, to a value most probably still above that of
free intracellular Ca2+, results in the complete
cessation of growth. Another possibility is to
determine whether or not calmodulin-regulated phenomena,
such as cytoskeletal stability, is involved 1in the
complex process of aplanospore germination.

Calmodulin is known to participate in the calcium
regulation of protein phosphorylation, cf some enzymatic
activities, calcium flux across cell membranes,
microtubule assembly and cell shape maintenance

(Skibsted et gl 1984, Grimes and Boss 1985, Marmé'1985,

Smedley and Stanisstreet 1985). Phenothiazine
compounds, such as TFP, are known to bind to the
calcium-activated form of calmodulin; hence acting as
calmodulin antagonists (Bar-Sagi and Proves 1983,

Horwitz et al 198l1). TFP is reported to inhibit wound
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healing in Xenopus embryos (Smedley and Stanisstreet,
1985), 1inhibit growth in pollen tubes of Tradescantia
virginiana (Picton and Steer, 1985), Pyrus communis,
Juaglans regia and Prunus dulcis (Polito, 1985), and to
inhibit fusion of Daucus carota protoplasts (Grimes and
Boss, 1985). In human erythrocytes, TFP prevents the
transport of Ca2+ ions through Ca2+ channels in the
plasma membrane by binding to the transport enzyme and
to calmodulin itself (Foder et al 1984, SKibsted et 3l
1984). TFP is also known to inhibit Ca2+ influx in
roots of Lepidium sativum (Buckhout, 1984) and other
plants (Grimes and Boss 1985, Picton and Steer 1985,
Polito 1985). Therefore, calmodulin plays an important
role in governing intracellular Ca2+ concentrations
(Picton and Steer, 1982).

Since neither germination nor growth occurred in
Vaucheria in the presence of TFP, it seems Ca2+% influx
may have been inhibited by the treatment. The absence
of CTC fluorescence in TFP-treated material shows that
the treatment possibly disturbs the storage of intra-
cellular Ca2+ as well. This is not surprising given the
fact that the control of cytoplasmic Ca2+ in plant as
well as in animal cells 1is, at 1least partially,
dependent on the calmodulin regulated accumulation of

Ca2+ in cellular organelles such as mitochondria and
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endoplasmic reticulum (Marme, 1985).

Schliwa et al (1981) reported that calmodulin
inhibitors  can completely  inhibit  Ca2+-induced
microtubule depolymerization in 1lysed animal cells.
These findings together with the available evidence
suggesting a role for Ca2*-calmodulin regulation of
microtubule depolymerization in vivo (Keith et al 1983,
Schliwa et al 1981) could explain growth cessation in
TFP-treated Yaucheria due to interference with the
preferential arrangement of cytoplasmic microtubules
observed during aplanospore germination (Fitch and
Oliveira, 1986b).

The possibility that calmodulin may be involved in
the regulation of microtubule-microtubule and possibly
microtubule-organelle interactions rather than
microtubule stability has also been advanced (De Mey et
al, 1980). Disruptions in these systems could lead to an
impairment in the transport of Geclgi-derived vesicles
containing cell wall precursors to the cell surface
(Fitch and Oliveira, 1986b). Papahadjopoulos (1978)
proposed that calcium participates in the regulation of
the physical structure of the membrane bilayer and thus
controls the fusion of membranes. This would also lead

to the disruption of the exocytosis of materials

necessary for «cell wall expansion (Fitch and Oliveira,
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1986b) and hence to growfh cessation in TFP-treated
material. TFP-induced disturbance on Ca2+ gradients
can, therefore, affect in a variety of ways the
organization of the apical cytoplasm of Vaucheria

filaments; thus stopping growth and germination.
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The implications of the wultrastructural and
ontogenetic differences between aplanosporogenesis
(aplanospores) and =zoosporogenesis (zoospores) should
not be overlooked. The presence of a complete cell wall
and central vacuole and the maintenance of a
wall-producing apparatus throughout aplanosporogenesis
(Fitch and Oliveira, 1986a) appear to prepare the
aplanospore for immediate germinétion and rapid growth
upon release. These ultrastructural and physiological
adaptations make the aplanospore a suitable vector for
asexual reprcductive success in some Vaucheria species.
Judging by the extensive and persistent growth of ¥.
longicaulis var. macounii in coastal salt marshes of the
Pacific Northwest, dispersal and growth via aplanospores
appears critical to the continued presence and expansion
of this alga.

The combination of increasing turgor pressure
(Fitch and Oliveira, 1986b), acidification and weakening
of the apical «cell wall (Burns et al, 1984), Ca2+

redistribution and 1its effects on the stabilization of

the cytoskeletal network (Picton and Steer, 1982) and
exocytosis of vesicles at the growth sites (Jaffe et al
1975, Herth 1978, Picton and Steer 1982, van Adelsberg
and Al-Awgait 1986) are important aspects of the complex

mechanism controlling polarized germination and growth
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in Vaucheria aplanospores. Further studies are required
to confirm the light wmicroscopic observatidns of
Ca2t localization in the germinating protrusions and
filament tips of YNaucheria. This work should be
extended to include other known Ca2% antagonists in
order to get a better understanding of the roles of
extra- and intracellular Ca2+ in these phenomena.

The use of microtubule and microfilament
inhibitors, such as colchi¢ine and cytochalasin B, and
fluorescence microscopic studies using monoclonal
antibodies to localize cytoskeletal elements 1in
conjunction with CTC-dependent localization of
Ca2+ should help elucidate the role of the cytoskeleton
and the influence of Ca2+ in the germination and growth
of Vaucheria aplanospores. Of particular importance
would be measuring actual variations in cellular
Ca2+* concentrations by the use of fluorescence compounds
such as Quin 2. Cytochemical localization and X-ray
microanalysis may also prove valuable techniques in
further understanding the role of Ca2+ in germination

and tip-oriented growth.



KEY FOR FIGURES

A = aplanospore

AV = autophagic vesicle

AW = aplanospore wall

BASW = aplanosporangium wall
B = bacterium

Ch = chloroplast
Cry = crystalline inclusion

CW = cell wall

D = dictyosome

DV = digestive vacuole

ER = endoplasmic reticulum

L = lipid body

M = mitochondrion

Mb = microbody-like organelle
N = nucleus |

Nu = nucleolus

P = pyrenoid

PM = plasma membrane

RER = rough endoplasmic reticulum

Th = thylakoid

\Y = fibrillar material-containing vesicle
Vac = vacuocle

VF = vegetative filament

* = paramural fibrillar material
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Fig. 1., Aplanosporogenesis in V. longicaulis var. macounii

induced by the addition of fresh medium.

Fig. 2. The initiation of aplanosporogenesis is marked by

swelling at the tip of the vegetative filameﬁt.

Fig. 3. 1Initiation of septation of the aplanospore by the

infurrowing inner wall (arrowheads).

Fig. 4. Completion of septation leading to the
individualization of an aplanospore from the

vegetative filament (arrowhead).

Fig. 5. Mature aplanospore within the aplanosporangium
pricr to its release. Note the aplanosporangial

wall (arrowhead).

Fig. 6. Detail of the organelles seen in the tip of a

vegetative filament during aplanosporogenesis.

Fig. 7. Detail of a mitochondrion-endoplasmic reticulum-
dictoysome association. Also shown in close
relationship to these organelles is a microcbody-

like organelle.
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Fig. 8.

Fig. 9.

Fig. 10.

Fig. 11.

Aplanosporogenesis; early stage. Note the
subapical position of the central vacuole.
Crystalline inclusions are observed within the
vacuole. Densely packed chloroplasts occupy the

apical cytoplasm.

Autophagic digestion of cytoplasmic remnants

within the vacuole.

Detail of a crystalline inclusion observed within

the vacuole (Fig. 8, cry).

Accumulation of fibrillar material in the paramural
space (*) of the tip of the vegetative filament at
an early stage of aplanosporogenesis (see Fig. 6

also). Note the single cell wall.






60

Fig. 12. Longitudinal section of the tip of a filament
undergoing aplanosporogenesis., Note the
infurrowing of the inner wall (arrowheads) and the
bighly reticulated morphology of the cytoplasm of

the developing aplanospore.

Fig. 13. Septation of the aplanospore from the vegetative
filament by infurrowing of the inner wall (small
arrowheads). The walls of the aplanospore (small
arrowheads) and the aplanosporangium (large
arrowheads) become clearly distinguishable at this

stage.

Fig, 14, Septation is nearly complete with only a small
channel of cytoplasmic cdntinuity remaining
(arrowhead). Note the re-formation of the central
vacuole and the reqular arrangement of chloroplasts

in the peripheral cytoplasm.

Fig. 15. Final stage in the individualization of the

aplanospore from the vegetative filament.
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Fig. 16.

Fig. 17.

Fig. 18.

Fig. 19.

Fig. 20.

The final stage of aplanosporogenesis showing the
individualized walls of the aplanospore (AW) and
aplanosporangium (ASW). Mitochondrion-endoplasmic
reticulum-dictyosome asscciations are observed

throughout the cytoplasm (arrowheads).

Detail of the walls of the aplanospore (AW) and the
aplanosporangium (ASW). Note the fibrillar

material (*) between the walls.

Chloroplast showing the large pyrenoid penetrated
by thylakoids.

Mature aplanospore within an aplanosporangium.
Large numbers of chloroplasts are peripherally
arranged and a new central vacucle is coalescing
from the smaller vécuoles. The aplanospore wall
(AW) and aplsncaporangium wall (ASW) are easily

distinguishable as well.

Scanning electron micrograph of a mature
aplanospore within an aplanosporangium. Isolation
of the aplanospore from the vegetative filament is

clearly shown.
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Fig. 21

()

(B)

(C)

(D)

Schematic representation of the most important

events in aplanosporogenesis in ¥. longicaulis var.

Vegetative filament prior to aplanosporogenesis.
AZ = apical zone; SZ = subapical zone; ZoV = 2zone

of vacuolation.

Early aplanosporogenesis. Note the swelling of the
tip, the accumulation of organelles within the tip
and the displacement of the central vacoule from

the tip.

Infurrowing of the inner wall at the neck of the
swollen vegetative filament tip. The new central
vacuole begins to coalesce and reform amidst the
reticulated cytoplasm and peripherally situated

chloroplasts.

Mature aplanosporangium containing a single
multinucleated aplanospore. Septation from thev
vegetative filament is complete; the central

vacuole continues to expand.
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Fig. 22. Four vegetative filaments are seen emerging from a

single aplanospore.

Fig. 23, Aplanospore body emptied of its contents a few days

following germination.

Fig. 24. Mature aplanospore just after emergence from an
aplanosporangium. A node (large arrowhead)
indicates previous aplanospore production. This
filament has grown through an aplanosporangium

case (small arrowhead).

Fig. 25. Section through a mature aplanospore shortly after

release. Chloroplasts are peripherally arranged.

Fig. 26. In situ germination of an aplanospore. Two
germinating filaments are seen (small arrowheads)
along with the aplanosporangium'wall casing

(large arrowhead).

Fig. 27. Germination of the aplanospore is indicated by a

protrusion of the cell wall (arrowheads).

Fig. 28, Section through a germinating aplanospore which

has produced two filaments.
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Fig. 29. Cell wall of uniform thickness and peripherally
arranged chloroplasts characterize the newly
released aplanospore (stage I). Note that no

signs of release of new wall material is observed.

Fig. 30. Detail of a mitochondrion-ER-dictyosome complex.
Two fibrillar-material containing vesicles appear

at the trans-cisterna of dictyosomes (arrowheads).

Fig. 31. The protrusion which marks the beginning of
germination (stage II) contains many fibrillar-
material containing vesicles, nuclei, mitochondria

-ER-dictyosome complexes (*) and chloroplasts.

Fig. 32. Detail of the paramural space at the tip of the
protrusion. Released materials accumulate in this
region and seem to be in the process of being

incorporated into the wall.

Fig. 33. Exocytosis of the contents of a single fibrillar-
material cpntaining vesicle into the paramural

space.






65

Fig. 34.

Fig. 35.

Fig. 36.

Fig. 37.

Fig., 38.

Small bundle of microtubules in the cyfoplasm of an
an aplanospore prior to germination (arrowheads).
Note that these microtubule bundles are not

positioned parallel to the plasma membrane.

Bundle containing numerous microtubules showing
preferential orientation parallel to the plasma
membrane of a germinating aplanospore (arrowheads).
Note the proximity of this bundle to one of the

nuclei,

Clusters of endophytic bacteria adjacent to a
nucleus. No obvious morpholcgical damage due to the

presence of the bacteria is observed.
A vacuole with four partially digested bacteria.

Single bacterium embedded in the cell wall of an
aplanospore. Note the clear region surrounding the
bacterium (*), indicative of the digestion of the

aplanospore wall materials,
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Fig. 39 Volume density of major aplanospore compartments
during germination (data from light microscopy

sections).
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Fig., 40 Volume density changes occurring during aplanospore
germination in cytoplasmic compartments (data from

electron microscopy sections).
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Figure 41. Graph showing the effect of CTC concentration
on the total filament length at 6 hours and 24

hours after germination.
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Figure 42, Graph showing the effect of CTC concentration
on the growth rate of filaments at 2, 4 and 6

hours of germination.
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Figure 43. Graph showing the area of the germinating

filament reoccupied by CTC fluorescence.
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Figure 44. Graph showing the distribution and intensity
of CTC fluorescence along the 200 pm terminal

portion of the germinating filaments.
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Figure 45.

Figure 46,

Figure 47.

Figure 48.

Figure 49.

Light micrograph of filaments grown for 24

hours in CTC-free medium.

Light micrograph of filaments grown for 24
hours in 10-4M CTC. Morphology and branching
patterns are similar to those of the control

(compare with Fig. 45).

Light micrograph of a germinating aplanospore.
Note the regions of low optical density
characteristic of the germination sites

(arrowheads).

CTC fluorescence of the aplanospore depicted
from Fig. 47. The most intense fluorescence
is localized at the sites of low optical

density.

Light micrograph of an aplanospore exposed
to the Ca2*-insensitive probe OTC. No

fluorescence is detected with this treatmenf.
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Figure 50.

Figure 51.

Figure 52.

Figure 53.

Figure 54.

Figure 55,

Tip-localized fluorescence in a filament
exposed to 10-4M CTC two hrs after the

initiation of germination.

Micrograph of a filament exposed to 10-3M CTC
during the transition period from 0-2 to 2-4
hours after the initiation of germination.

CTC fluorescence is less localized.

Aplanospore shortly after the initiation of
germination., CTC is sharply delimited to the

germination site.

Sharply-delimited CTC fluorescence is shown
localized at the ¢tip of a filament 4 hours
after germination. This pattern is similar to
that observed during the first two hours of

germination (compare with Figs 50 and 52).

A more diffuse pattern of CTC fluorescence is
seen extending basipetally from the tip in
filaments between two to four hours after the

initiation of germination.

The pattern of CTC fluorescence shown here in

a freshly collected vegetative filament.
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Figure

Figure

Figure

Figure

56.

57.

58.

59,

Graph showing the effect of various
concentrations of EGTA on the growth rate

of newly germinated Yaucheria filaments.

Graph showing the effect of various
concentrations of calcium ionophore A23187
on the growth rate of newly germinated

Vaucheriag filaments.

Graph showing the effect of various
concentrations of the calmodulin antagonist
TFP on the growth rate of newly germinated

Vaucheria filaments.

Graph comparing the results of the effects of
all three compounds (EGTA, A23187 and TFP) on
the growth rate of newly germinated Vaucheria

filaments.
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Figure 60.

Figure 61.

Figure 62,

Figure 63.

Figure 64.

Figure 65.

Micrograph of a germinating filament from an

aplanospore incubated in untreated medium.

Same specimen as in Fig. 60, 10 minutes after

incubation with 10~-4M cTC.

Micrograph of a germinating filament from an

aplanospore incubated in 10-4M EGTA.

Same specimen as in Fig, 62, 10 minutes after
incubation with 10-4M CTC. Fluorescence is
less intense and more diffuse than in the

untreated material (compare with Fig. 61).

Micrograph of germinating filaments from an
aplanospore incubated in 10-4M A23187. Note
the disoriented growth pattern, apical
swellings, bud-like protrusions and regions

low optical density (arrowheads).

Micrograph of germinating filaments from an

aplanospore incubated in 10-4M A23187,

followed by 10-4M CTC. Note the bright

fluorescence at the swollen tip (arrowhead).



75A

100 pm




76

Figure

Figure

Figure

Figure

66 .

67.

68.

69.

Micrograph of germinating filaments from
aplanospores incubated in 10-5M A23187.
Irregular filament diameters, swollen apices

and protrusions are still present.

Micrograph of germinating filaments from
aplanospores incubated in 10-6M A23187. The
only abnecrmality observed is filament

diameters of irregular width.

Micrcgraph of germinating filaments from
aplanospores incubated in 1% DMSO. No

morphological abnormalities are seen.

Micrograph of a single aplanospore incubated
in 10-5M TFP, 10 minutes after 10-4M CTC
application. No signs of fluorescence is

detected after incubation with CTC.
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