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ABSTRACT 

The marine dinoflagellate Gonyaulax tamarensis Le­
bour is best known for its propensity to form blooms known 
as red tides in coastal waters worldwide. This paper ex­
amines the sexual cycle of this organism using light and 
electron microscopy. Sexual reproduction begins with con­
tact between thecate gametes which subsequently shed their 
thecae to fuse along their pellicular layers. Nuclear fusion 
occurs well after cytoplasmic fusion and is characterized 
by several distinctive features: a highly vesiculate nucleo­
plasm without microtubules; nucleoli and V-shaped chro­
mosomes abut the nuclear envelope distal to the region of 
nuclear contact; and each chromosome possesses a longi­
tudinal line, the central chromosomal axis. Fusion results 
in a planozygote with numerous cytoplasmic storage prod­
ucts and a slightly thickened layer beneath the pellicle. 
Subsequent loss of thecal plates and a thickening of the 
sub-pellicular layer results in a non-motile hypnozygote . 

. A newlyjormed hypnozygote possesses numerous minute 
~'papillae along its outer surface, formed by the upfolding 

.· of the accumulating wall layer. Maturation of the hyp-
nozygote wall results in a smooth t]i,ree-layered wall, the 
outermost layer·of which is the pellicular layer. Hypnozy­
gote germination produces a large quadriflagellate plan­
omeiocyte with a single nucleus and thecal plates' identical 
to vegetative cells. Two subsequent divisions, presumably 
meiotic, result in four cells morphologically identical to 
vegetative cells. 

Key index words: dinoflagellates; life cycle; 'sexual re­
production; ultrastructure; zygotes 

The earliest account of sexual reproduction in 
dinoflagellates was that of Joseph (1879) who de­
scribed the fusion of swimming cells of Peridinium 
stygium Ehrenberg. Later, Pouchet (1883) described 
stages of gamete fusion and nuclear rotation in sev­
eral species. Other early reports describing sexuality 
in dinoflagellates were regarded "';ith much skepti-
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cism until von Stosch (1964, 1965) documented the 
process in two species of Ceratium. Since that time 
sexual stages have been reported for over 20 species 
of dinoflagellates (Beam and Himes 1980, Pfiester 
and Anderson 1987). 

Sexuality is now regarded as important and com­
mon in the life cycles of dinoflagellates. Aside from 
the clear benefit of genetic recombination, sexuality 
is also beneficial in many cases because it results in 
a resting cyst which can aid in species dispersal, ini­
tiate blooms and aid in survival during adverse con­
ditions. The importance of sexuality in the "red 
tide" dinoflagellate Gonyaulax tamarensis Lebour 
(synonyms Protogonyaulax tamarensis Taylor and Al­
exandrium tamarense Halim) is well established (An­
derson and Wall 1978, Turpin et al. 1978). Sexual 
reproduction in this organism involves the forma­
tion of motile gametes which fuse to form a motile 
zygote (planozygote). The presumably diploid pla­
nozygotes swim about for several days before losing 
motility and becoming thick-walled resting cysts 
(hypnozygotes). The transition from planozygote to 
hypnozygote begins as the motile planozygote drops 
its flagella and settles from the water column. As is 
the case with other dinoflagellates, hypnozygote de­
velopment occurs with the deposition of a thick, 
multi-layered wall formed internal to the thecal 
plates. Hypnozygotes are a dormant phase of the 
dinoflagellate life cycle. Under normal culture con­
ditions, the dormancy period of hypnozygotes from 
different species is highly variable, lasting from as 
few as 12 h in Peridinium gatur~:ense Nygaard (Pfiester 
1977), to several weeks in Woloszynskia apiculata von 
Stosch and Gymnodinium pseudopalustre Schiller (von 
Stosch 1973), to several months for Gonyaulax ta­
marensis (Anderson 1980). In those cases where a 
single germling emerges from the hypnozygote (as 
with G. tamarensis) prior to nuclear divisions, this 
cell is believed to still retain the diploid condition 
and is termed a planomeiocyte (von Stosch 1973). 
The planomeiocyte cell divides relatively rapidly so 
that within 24 h of excystment, the first division has 
produced two cells. Within another day four cells 
are present, each resembling a typical vegetative cell 
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FIG. 1. Stages in the life cycle of Gonyaulax tamarensis. From 

the central vegetative cell three cycles radiate. Loop A depicts 
mitotic cell division, the most common form of cell reproduction 
in dinoflagellates. Loop B portrays temporary cyst formation; 
short term cysts which withstand temporarily adverse environ­
ments. Loop Cshows the sexual life cycle in which motile gametes 
fuse to form a large quadriflagellate planozygote followed by a 
non-motile hypnozygote and finally the excysted motile pla­
nomeiocyte. Divisions of the planomeiocyte regenerates normal 
vegetative cells. 

in size and shape (Pfiester 1976, 1977, Anderson 
and Wall 1978, Walker and Steidinger 1979, Sako 
eta!. 1985). 

Past studies of sexuality in dinoflagellates have 
generally been a combination of life history descrip­
tions and induction experiments (von Stosch 1973, 
Pfiester 1975, 1976, 1977) or physiological inves­
tigations (Anderson et a!. 1984, Binder and Ander­
son 1987). Relatively little is known of cell mor­
phology and development during the stages of 
dinoflagellate sexuality, in part because of the dif­
ficulty in obtaining good fixations due to the thick 
impermeable cyst wall. Spector et a!. ( 1981) de­
scribed the process of gamete fusion at the ultra­
structural level for the freshwater dinoflagellate 
Peridinium cinctum Lindemann, but information on 
the sexuality of marine dinoflagellates is limited. The 
life cycle of G. tamarensis has been largely worked 
out by light microscopy and field studies. In this 
paper we describe the entire sexual cycle in this 

important dinoflagellate at the ultrastructural level 
and compare the results with those known from oth­
er dinoflagellates. This is the first paper to present 
the entire sexual life history of one dinoflagellate at 
the ultrastructural level. 

MATERIALS AND METHODS 

Gonyaulax tamarensis var. excavata was maintained at 20° C in 
K medium (Keller and Guillard 1985) without added silica under 
a'14: 10 h L:D cycle. The clone (GTMP) was started from a single 
hypnozygote cyst isolated by D.M. Anderson from Mill Pond on 
Cape Cod, Massachusetts in 1978. Cells were cultured in 25 mL 
medium in Surfasil (Pierce Chern., Rockford, Illinois) treated 50 
mL glass tubes. Procedures for preparing medium and glassware 
were as described in Anderson et a!. (1984). 

Sexual stages of G. tamarensis were induced by transferring log 
phase vegetative cells into nitrogen depleted medium (Anderson 
et a!. 1984). Fusing cells were noted in the cultures from 5-7 
days after transfer and were distinguished from dividing cells by 
the oblique angle of the paired cells' cingula during fusion (di­
viding cells have parallel oriented cingula). Planozygotes were 
characterized by their double set of flagella, larger size and darker 
pigmentation compared with vegetative cells. Hypnozygotes ap­
peared at the bottom of culture tubes approximately 2 weeks 
after sexual induction. For the study ofhypnozygote germination, 
cysts were collected by one of us (DMA) from bottom mud samples 
(4-5 em deep) from Perch Pond, Cape Cod, Massachusetts. From 
this depth cysts are presumed to be several years old (Anderson, 
pers. comm.). Cysts were held in the dark at 20° C for approxi­
mately 1 month before germination studies. Individual cysts were 
pi petted from microscope well slides containing bottom mud and 
each was transferred to a separate well in a 96-well tissue culture 
plate filled with 130 ~L growth medium. The plate was incubated 
at 15° C under a 14:10 h L:D cycle using cool-white fluorescent 
lighting. After approximately 3 days motile germlings (planomei­
ocytes) were observed. Cells soon divided and were pipetted at 
the 1-, 2- and 4-cell stage into separate microcentrifuge tubes 
and fixed for electron microscopy. 

Samples for transmission electron microscopy were fixed si­
multaneously with a solution of 3% buffered glutaraldehyde 
(phosphate buffer pH 6.8-7) and 2% buffered Os04 for 7 min at 
room temperature. Samples were rinsed twice in buffer, rinsed 
again in distilled water and dehydrated in a graded ethanol series 
(25, 50, 75, 95, 100, 100%) on ice for 5-10 min each. Samples 
were embedded in epoxy resin (Poly bed 812, Polysciences, War­
rington, Pennsylvania), spread into a thin film on a teflon-coated 
glass microscope slide and covered with a teflon-coated coverslip. 
After polymerization of the resin (60° C, 24 h), cells of interest 
were circled with a marker under a light microscope, cut out of 
the thin resin layer, and mounted on an epoxy block for ultrami­
crotomy. Serial sections were cut, post-stained with uranyl acetate 
and lead citrate, and observed on a Philips 300 or Siemens 1A 
transmission electron microscope. For scanning electron micros­
copy samples were fixed and dehydrated as above followed by 
critical point drying, sputter coating with gold-palladium and 
observations on an Hitachi SEM. 

RESULTS 

The complete life cycle of G. tamarensis as detailed 
from light microscopic studies (Dale 1977, Ander­
son and Wall 1978, Turpin et a!. 1978, Anderson 
1980) is depicted in Figure 1. Loop A depicts mitotic 
cell division, the most common form of cell repro­
duction in this and other dinoflagellates. Loop B 
depicts temporary cyst formation: short term cysts 
formed when vegetative cells encounter adverse en-
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vironmental conditions. Loop C is the sexual cycle 
and the subject of this paper. 

Sexuality begins with the appearance of fusing 
gametes in cultures within 4-5 days of inoculation 
into nitrogen-depleted medium. Fusing cells, gen­
erally observed toward the bottom of culture tubes, 
are distinctive because they tend to swim in rather 
tight circles. The isogametes are always thecate cells, 
somewhat smaller than vegetative cells (20-25 /.LID 
vs. 30-35 /.LID) and less heavily pigmented. Fusion is 
typically initiated at the hypothecal region of each 
with one cell slightly higher than the other, although 
other orientations have been observed. Contact often 
occurs at a skewed angle so that the two cingula are 
at an oblique angle to each other (Fig. 2). Exami­
nation of early gamete fusion reveals a narrow cy­
toplasmic connection between the cells near their 
basal bodies (Fig. 4). The nuclei remain far apart 
during the early stages of fusion, and often the chro­
mosomes of each of the two nuclei lie at right angles 
with respect to each other. As a result, the chro­
mosomes of one nucleus appear in cross section 
whereas in the second nucleus they are seen in lon­
gitudinal section (Fig. 5). As fusion proceeds and the 
cytoplasmic connection widens, the nuclei migrate 
toward the region of fusion. As the nuclei approach 
each other, they realign so that their chromosomes 
are parallel to each other and their nucleoli are sit­
uated distal to the area of early nuclear fusion (Figs. 
6, 8). When the gamete nuclei contact they are char­
acterized by numerous cytoplasmic invaginations 
(Figs. 6, 8) making the separate nuclear boundaries 
difficult to distinguish. Unlike dividing nuclei of G. 
tamarensis, in which microtubules are present within 
mitotic channels (Fritz 1986) microtubules have not 
been observed at any time within the nuclear inva-

. ginations of fusing cells. 
Initial cell contact and the start of fusion begins 

with fully thecate gametes. The actual process of 
cytoplasmic fusion, however, involves not the fusion 
of thecae, but instead the fusion of gamete pellicular 
layers (Fig. 7, inset). Some thecal plates are lost dur­
ing the fusion process, although others may remain 
to surround the gametes until late in cytoplasmic 
fusion. Within the fusing nuclei the arrangement of 
chromosomes and nucleoli appears to be very pre­
cise. In serial sections of fusing cells, V -shaped chro­
mosomes are found attached to the nuclear envelope 
only along the distal portion, away from the area of 
initial nuclear fusion (Figs. 8, 9). The free ends of 
the chromosomes, therefore, face the area of initial 
contact. The nucleoli, moreover, are positioned at 
the back of the fusing nuclei and are directly op­
posed to each other (Fig. 8). 

Another feature common to the chromosomes of 
fusing cells is a line, which we designate the central 
chromosomal axis, running the entire length of each 
chromosome (Figs. 5, 9). Serial sections demonstrate 
that the axis is surrounded by a thin boundary of 
less dense material. The axis and surrounding halo 

are apparent, within each chromosome, in only three 
successive serial sections (40-80 nm sections), the 
central axis itself is visible in only one section. 

The completion of cytoplasmic and nuclear fusion 
results in the formation of a motile quadriflagellate 
planozygote. The planozygotes are characteristical­
ly larger than vegetative cells ( 40-50 /.LID in length) 
and more densely pigmented. Planozygote chro­
mosomes are often seen as pairs with the light mi­
croscope (Fig. 3). Two trailing flagella are charac­
teristic of this stage (Fig. 1 0). Thecal plate 
arrangements appear to be very similar in planozy­
gotes and vegetative cells, although planozygotes 
often have a more elongate epitheca (Fig. 11). The 
internal features of the planozygote, however, ap­
pear rather different from vegetative cells. The 
heavier pigmentation observed with the light mi­
croscope is due to a denser cytoplasm with less vac­
uolar space and an increase in lipid storage bodies 
and starch grains (Fig. 12). The planozygote am­
phiesma is changed as well. The region just inside 
the pellicular layer is thickened with a dense ma­
terial (Fig. 13, arrowhead) reminiscent of the ma­
terial which makes up the temporary cyst wall (Fritz 
1986). The planozygote remains motile for several 
days before transforming into a non-motile resting 
cyst. 

The cellular changes involved in the transfor­
mation from a motile planozygote to a hypnozygote 
begin as the flagella and thecal plates are shed and 
the cell elongates (Fig. 14). The deposition layer 
beneath the pellicular layer, which began to thicken 
in the planozygote stage, increases in thickness and 
begins to fold up, forming minute projections (pa­
pillae) which appear on the outer cyst wall (Figs. 15, 
16, inset). The young hypnozygote wall has a rough­
ened appearance (in addition to the minute pa­
pillae), and it retains some of the remnant features 
of the motile cell. The cyst in Figure 16 retains an 
equatorial band which marks the former cingulum 
region and a depression where the flagella previ­
ously exited the theca. 

Figures 1 7 and 18 are of the walls of two hyp­
nozygotes from culture in different stages of devel­
opment. Figure 17 shows a cell which possesses th~ 
roughened cyst wall characteristic of newly-formed 
hypnozygotes, whereas Figure 18 is of an older cell 
with a thicker, more smoothly-surfaced wall. Both 
cysts contain large amounts of starch and lipid. The 
lipid bodies in Figure 1 7 are arranged along the 
periphery of the cell just beneath the cyst wall. The 
wall at this stage consists of a single layer of material 
internal to the pellicular layer. In contrast, the cyst 
wall in Figure 18 is thicker and smoother and com­
posed of two distinct layers beneath the electron 
dense pellicular layer (layer 1 in this micrograph). 
Layer 2 is a thickened band of less dense material 
which occasionally appears fibrous, and layer 3 is an 
inner amorphous band of material. Adjacent to the 
numerous lipid bodies located in the peripheral cy-
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toplasm are numerous regularly spaced oval bodies 
(0.5-1.0 J.Lm diam) filled with many electron dense 
particles arranged in concentric rings (Fig. 17). In 
a single thin section through the cyst 8-12 of these 
bodies are found. The accumulation body, or red 
drop, commonly reported in light microscopic stud­
ies is visible in Figure 18. The large, centrally lo­
cated nucleus contains typical banded chromosomes 
with numerous thin (15-25 nm wide) cables within 
the nucleoplasm (Fig. 19). The cables are located 
near the nucleolus and in serial sections appear to 
emanate from it. Several chromosomes within the 
hypnozygote nucleus lie very close together, but no 
physical connections between such chromosomes 
were observed. 

For the study of mature hypnozygotes and ex­
cysted planomeiocytes, we used hypnozygotes ob­
tained from field samples. The field collected cysts 
in Figures 20, 21 and 23 are estimated to be two 
years old. Scanning electron micrographs of these 
mature hypnozygotes reveal a smooth featureless 
external cyst wall (Fig. 20). The minute pellicular 
projections observed on cultured younger cysts are 
no longer present, but thin sections of mature hyp­
nozygotes show some similarities with the younger 
cysts. The accumulation body is still present as well 

as numerous starch grains and lipid bodies (Fig. 21 ). 
The mature cyst wall is, however, somewhat differ­
ent (Fig. 23). The electron dense outer wall com­
ponent (1) derived from the pellicular layer is still 
present, but the inner component (2) is thicker and 
now has a definite stratified appearance. Also, the 
amorphous inner wall region (3) is less evident in 
the mature cysts. In order to rule out the possibility 
that the surface papillae seen in the young cysts are 
culture artifacts, we examined laboratory cultured 
hypnozygotes approximately 1 year old. The surface 
morphology of these cysts as viewed with the scan­
ning electron microscope (Fig. 22) shows a smooth 
featureless wall similar to that of the field cysts. 

When mature hypnozygotes taken from the field 
and held in the dark at 20° C were placed in fresh 
growth medium at 15° C under a 14: 1 0 h L:D re­
gime, excystment occurred within 3-5 days. Upon 
excystment a single motile cell (planomeiocyte) 
emerged, leaving an empty cyst casing behind. The 
planomeiocytes are elongate cells somewhat round­
ed at both ends. Emergent planomeiocytes were fixed 
for electron microscopy within 24 h of excystment 
and by this time possessed a fully developed am­
phiesma with thecal plates (Figs. 24, 25). As in the 
previous stage, planomeiocytes possess numerous 

-FIGs. 2-5. Cytoplasmic fusion in Gonyaulax tamarensis. Figs. 2, 3. Light micrographs. FIG. 2. Fusing cells. Note two gametes' cingula 
positioned at oblique angles to each other (arrows). Scale bar = 25 ~tm. FIG. 3. Nuclear fusion results in large nucleus with paired 
chromosomes (arrow). Scale bar = 10 ~tm. Figs. 4, 5. Electron micrographs of early fertilization. FIG. 4. Fusing gametes at region of 
early cytoplasmic fusion. Relative positions of the two basal bodies, as determined by serial sections, designated by X's. Scale bar = 2 
~tm. FIG. 5. Fusing gametes with nuclei at right angles to each other. Scale bar = 4 ~tm. 

FIGS. 6-9. Nuclear fusion in Gonyaulax tamarensis. FIG. 6. As gamete nuclei begin to fuse their boundaries become difficult to 
distinguish and the central area of nuclear fusion becomes highly vesiculate. Scale bar = 4 ~tm. FIG. 7. Gamete fusion involves the 
merging of pellicular layers. Thecae are shed late in fusion. Ecdysed plates shown in upper and lower region of micrograph. Scale bar 
= 2 ~tm. Inset: Higher magnification of pellicle (arrow) region outlined. Scale bar = 0.5 ~tm. FIG. 8. As gamete nuclei draw together, 
their nucleoli (n) remain distal to the region of fusion. Serial sections show that V-shaped chromosomes (arrowheads) are attached to 
distal region of nuclear envelope, their free ends pointing towards each other. Scale bar = 3 ~tm. FIG. 9. Region of nuclear envelope 
distal to contact site. V-shaped chromosome attached to envelope. Central chromosome axis visible in portion of chromosome (ar­
rowhead): Scale bar = 0.5 ~tm. 

FIGs. 10-15. Planozygotes and early hypnozygotes of Gonyaulax tamarensis. FIG. 10. Light micrograph of planozygote showing two 
trailing flagella (arrowheads). Scale bar = 20 ~tm. FIG. 11. Scanning electron micrograph of planozygote. Thecal tabulation similar to 
vegetative cell, but epitheca appears slightly elongated. Scale bar= 5 ~tm. FIG. 12. Transmission electron micrograph of planozygote. 
Cytoplasm more condensed than vegetative cell with many starch grains (s) and lipid bodies (1). Scale bar = 5 ~tm. FIG. 13. Section 
through planozygote wall. Arrowhead denotes area just inside pellicular layer thickened with dense material. Scale bar = 1 ~tm. FIG. 
14. Light micrograph of newly-formed hypnozygotes. Scale bar= 25 ~tm. FIG. 15. Transverse section through newly-formed hypnozygote 
showing folding of pellicular layer forming minute papillae on surface. Scale bar = 5 ~tm. 

FIGS. 16-19. Hypnozygotes of Gonyaulax tamarensis from culture. FIG. 16. Scanning electron micrograph of newly-formed hypno­
zygote. Scars of former cingulum (C) and location of flagellar insertion (arrow) still evident. Scale bar= l 0 ~tm. Inset: Higher magnification 
of cyst wall showing minute papillae. Scale bar = 1 ~tm. FIG. 17. Section through wall area of newly-formed cyst. Wall composed of 
outer pellicular layer (arrowhead) and thick underlying layer of less density. Spherical body with concentric rings of electron dense 
particles lies beneath wall adjacent to lipid body (1). Scale bar= 0.5 ~tm. FIG. 18. Newly-formed hypnozygote showing wall area with 3 
distinct layers; the outer pellicular layer (1), a thickened less-dense middle layer (2) and an inner amorphous layer (3). Accumulation 
body (a) present in lower right. Scale bar= 0.5 ~tm. FIG. 19. Nucleus ofhypnozygote. Numerous nuclear microcables evident (arrowhead). 
Scafe bar = 1 ~tm. · 

FIGS. 20-23. Mature hypnozygotes of Gonyaulax tamarensis. FIG. 20. Scanning micrograph of approximately two year old cyst collected 
from field samples. Wall surface is smooth and featureless. Scale bar = 15 ~tm. FIG. 21. Section through mature field cyst showing 
nucleus.(N), starch grains (s) and the thickened cyst wall. Scale bar= 10 ~tm. FIG. 22. Laboratory cultured hypnozygote approximately 
1 year old. Wall surface smooth as on mature field cysts. Scale bar= 20 ~tm. FIG. 23. Higher magnification of mature cyst wall, comprised 
of a thin pellicular layer (1), a thick stratified layer (2) and an inner amorphous layer (3) much reduced in thickness from the younger 
cysts (c.f. Fig. 18). Scale bar = 1 ~tm. 
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starch grains and lipid bodies (somewhat concen­
trated in the epitheca) and still retain the accumu­
lation body. A single centrally located nucleus was 
present (Fig. 24) with numerous banded chromo­
somes. Like the former planozygote, the plano­
meiocyte possessed four flagella and four corre­
sponding basal bodies (Fig. 26). Numerous 
chloroplasts were present within the cell with well­
developed stacks of thylakoids (chloroplasts were not 
observed in the previous hypnozygote stage). The 
mitochondria were occasionally observed to com­
pletely encircle a starch grain (Fig. 27). Within 24 
h after excystment the planomeiocyte underwent 
cell division producing two cells each of which still 
retained an accumulation body. The accumulation 
bodies disappeared following the second division 
(within another 24 h), and the cells appeared as typ­
ical vegetative cells. 

DISCUSSION 

This paper provides the first complete ultrastruc­
tural description of the major morphological changes 
occurring during dinoflagellate sexuality. Several 
features of this process are noteworthy. For exam­
ple, the actual process of cell fusion begins with 
contact of two thecate gametes of approximately 
equal size. Although initial gamete contact is be­
tween thecate gametes, the process of cytoplasmic 
fusion occurs as portions of the thecae are shed and 
the underlying pellicular layers fuse. From this point 
on the pellicular layer plays a major role in the de­
velopment of the ensuing stages. In a study of fer­
tilization in Peridinium cinctum, Spector et a!. ( 1981) 
observed gametes to be variably thecate or naked. 
Their results may be explained by the varying time 
of wall loss during the fusion process. Nuclear fusion 
in G. tamarensis is somewhat different from the pro­
cess observed in the freshwater species P. cinctum 
(Spector et a!. 1981) in which nuclear fusion occurs 
shortly after cytoplasmic fusion begins. The rapidity 
of nuclear fusion in P. cinctum results in a very short 
fusion time ( 45 min) (Pfiester 197 5 ). In G. tamarensis, 
however, the two gamete nuclei remain well away 
from the region of fusion until the cytoplasms are 
almost completely merged. The entire process of 
gamete fusion takes several hours. 

The manner in which the chromosomes of G. ta­
marensis align and pair is unique. During the early 
stages of cytoplasmic fusion the oval gamete nuclei 
are often lying at right angles with respect to each 
other, so that in sections through fusing cells, one 
set of chromosomes is sectioned longitudinally 
whereas the other set is cross-sectioned. As the nu­
clei approach each other they realign so that their 

+-

chromosome lengths run parallel. During early nu­
clear fusion there is further evidence for a precise 
orientation of the two nuclei. Serial sections through 
the nuclei at the initial stage of contact reveal that 
the chromosomes are V-shaped and attach at the 
base of the V to the nuclear envelope along the distal 
nuclear border, that area of the nuclear envelope 
farthest from initial nuclear fusion. This distal at­
tachment of the V -shaped chromosomes allows the 
free ends of the chromosomes of one gamete to face 
the area of initial nuclear fusion and thus the free 
chromosome ends of the second nucleus. Such align­
ment and precise arrangements of gamete nuclei 
may facilitate the pairing of homologous chromo­
somes. 

An additional noteworthy feature present in the 
chromosomes of fusing cells is the central chro­
mosome axis. This line runs the entire length of 
each chromosome and is not present in vegetative 
cells. The central axis measures approximately 50 
nm wide and from additional observations appears 
to be more resistant to the leaching effects of poor 
fixation than is the surrounding chromosomal DNA 
(Fritz 1986). This suggests that the central axis may 
be composed of material other than DNA. The ap­
pearance of the central axis during this time suggests 
that the structure may play a role in chromosome 
replication. The axis may function as a scaffold to 
aid in chromatid replication or as a supporting 
framework to hold the chromatids together until 
replication is completed. Soyer (1967, 1972) ob­
served similar structures in nuclei of Noctiluca mil­
iaris Suriray and Blastodinium contortum Chatton and 
suggested they are probably involved in chromo­
some duplication. Our observation that the central 
axis is present in early fusing cells is consistent with 
the hypothesis that the axis functions as a scaffold 
for chromosomal replication since DNA replication 
is the initial step in meiosis. 

Once cytoplasmic and nuclear fusion are com­
plete, a motile, presumably diploid, planozygote is 
produced. Planozygotes resemble vegetative cells in 
the composition of their amphiesma and their wall 
tabulation. They do, however, possess a thin layer 
of material below the pellicular layer not observed 
in vegetative c~lls. This deposition layer may rep­
resent an early stage of hypnozygote wall formation. 
The planozygote remains motile for several days and 
is identifiable with the light microscope by its dou­
bled set of flagella and its larger size and darker 
pigmentation. The pigmentation results from the 
accumulation of storage materials (starch grains, lip­
id bodies) within the cytoplasm. Spector (1980) ob­
served a buildup of storage products in the pia-

FIGS. 24-27. Planomeiocytes of Gonyaulax tamarensis. FIG. 24. Whole cell section showing single nucleus, numerous storage bodies 
and cell wall. Scale bar = 5 j.Lm. FIG. 25. Twenty-four hours after excystment cell with complete amphiesma similar to vegetative cell. 
Scale bar = 0.5 j.Lm. FIG. 26. Basal body region of planomeiocyte showing the four basal bodies present (arrowheads). Scale bar = 1 j.Lm. 
FIG. 27. Cytoplasm of recently excysted cell with mitochondrion (arrowhead) completely surrounding starch grain. Scale bar = 1 j.Lm. 
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nozygotes of Peridinium cinctum and suggested these 
products may help to sustain the cell during the 
ensuing period of dormancy. 

Hypnozygotes are long-term resting cysts which 
are capable of dormancy by virtue of their increased 
storage material (in the form of starch and lipid) and 
by their thick, protective wall. Some of these changes 
began during the preceding planozygote stage, such 
as an increase in cytoplasmic starch and lipid re­
serves and a thickened pellicular layer. In forming 
the hypnozygote, the planozygote ecdyses its am­
phiesma above the pellicular layer, making this the 
outer layer, and then forms a thick wall below it. 
Increased deposition of wall material in this region 
causes the newly-formed hypnozygote wall to thick­
en and fold up, creating the minute (0.4-0. 7 ~-tm 
long) papillae which appear along the outer surface 
of the cyst. The papillae are present only on recently 
formed cysts. We believe, therefore, that the pa­
pillae are present only while the hypnozygote wall 
is forming and taking shape and that maturation 
causes the papillae to unfold. The production of 
minute papillae on the cysts of G. tamarensis by the 
up-folding of the pellicular layer may be the same 
mechanism by which the long elaborate processes 
of other dinoflagellate cysts are formed. 

During the period of early hypnozygote devel­
opment, the cyst wall of G. tamarensis is composed 
of only the outer pellicle and a thick underlying 
deposition layer. Within the cytoplasm and associ­
ated with the cyst wall at this stage lie numerous 
lipid bodies and oval bodies containing many con­
centrically arranged electron dense particles. The 
number and highly ordered structure of the oval 
bodies suggests that they are not artifacts of fixation. 
Occasionally one of these oval bodies appears to fuse 
with the inner region of the cyst wall. These bodies 

·may function to deposit material to thicken the cyst 
wall. Figure 18 is a hypnozygote formed in culture 
which possesses a thicker, less roughened wall. The 
outer wall is not only smoother in appearance, it is 
now composed of an additional amorphous wall lay­
er added beneath the thickened layer described 
above. The additional amorphous wall layer present 
in this cyst may be formed from the spherical bodies 
present in the less developed hypnozygotes. Chap­
man et a!. (1982) report the presence of numerous 
vesicles containing electron-dense granules in the 
peripheral cytoplasm of developing "granular­
walled" cysts of Ceratium hirundinella (0. F. Muller) 
Bergh. The granules within the vesicles are said to 
be deposited along the outer cyst wall. 

In an ultrastructural study of Woloszynskia tylota 
Maplecroft eta!. cysts, Bibby and Dodge (1972) not­
ed a reduction in size or disappearance of chloro­
plasts, Golgi apparatus, pusules and the enlargement 
of a large accumulation body with distinctive mem­
branous and granular areas. In our study similar 
cytoplasmic changes in G. tamarensis hypnozygotes 
were observed. The accumulation body has been 

observed in several dinoflagellate cysts (von Stosch 
1973, Pfiester 1975, 1976) and is possil?ly derived 
from a concentration of cellular carotenoids (An­
derson 1980, Evitt 1985). Yentsch eta!. (1980) ob­
served accumulation bodies of G. excavata (Braarud) 
Balech cysts to emit red chlorophyll-like fluores­
cence and suggested that the accumulation body may 
be formed from the fusion of cell chloroplasts. We 
observed similar membranous and granular regions 
in the accumulation bodies of G. tamarensis. 

In addition to cytoplasmic changes in the hyp­
nozygote stage, marked nuclear changes are also 
noted. The chromosomes regain the characteristic 
banded appearance of vegetative nuclei, and short 
lengths of 15-25-nm wide filaments run from the 
nucleolus. These structures are reminiscent of the 
20-45-nm wide micro-cables described by Soyer 
(1980) in nuclei of Prorocentrum micans Ehrenberg. 
Serial sections of a G. tamarensis nucleus possessing 
these filaments indicate that they emanate from the 
nucleolus. 

Excystment in G. tamarensis begins as the proto­
plast emerges by an amoeboid motion through the 
cyst archeopyle (Anderson and Wall 1978). The 
emergent planomeiocyte, which may be initially na­
ked, is soon thecate. The planomeiocyte emphiesma 
is similar to that of vegetative cells but overall is 
larger (about 40 ~-tm) and more rounded at the apical 
and antapical ends. It retains the accumulation body 
of the hypnozygote and possesses four basal bodies 
and a single nucleus. The dense cytoplasm and nu­
merous storage bodies present within the cell resem­
ble the former planozygote stage. Chloroplasts, 
which were absent in the hypnozygote, reappear, 
some with only one or a few thylakoids, suggesting 
that they are being reassembled. Within 48 h after 
excystment the planomeiocyte undergoes two cell 
divisions (presumably involving meiosis) producing 
four cells, each of which resembles a normal vege­
tative cell. 

In this paper we have described the ultrastructural 
morphology and changes associated with gamete fu­
sion, planozygote formation, hypnozygote devel­
opment and planomeiocyte germination in the ma­
rine dinoflagellate Gonyaulax tamarensis. These 
observations and descriptions are unique in follow­
ing the entire complex cycle of sexual reproduction 
at this level for one dinoflagellate. This study will 
provide a useful background for additional studies 
on dinoflagellate sexual reproduction. 
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