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ABSTRACT

Sexual processes tn the life cxele of the dinoflagellate
Gyrodinium uncatenum Hulburt were investigated in
iselated field populatians. Morphological and morpho-
genetic aspects of gamete production. planozygote forma-
tion, encystment, excystment, and planomeiocyte divtsion
are described from observations of living specimens. Pro-
targol sitver impregnated materinl and scanning electron
microscope preparations, The sexual cycle was iihated by

gamele formation which invelved two asexwal divisions of

the vegetative organism. Gametes were fully differentiated

Sollowing the second diwvision and pnmediately capable of

forming pairs. Either isogamous or anisogamons pairs
were formed by the mid-ventral union of gametes. Gametes
invariably joned with flagellar bases in close juxtaposi-
tion. Complete fusion of gametes requived ca. 1 h, involved
plasmogamy followed by karvogamy and resulted in a
guadriflagellated planozygete. Planozygoles eneysted in
24-48 b o yield 4 hyproxygote rapable of overwinteving
in estuarine sediments, Hypnowgotes collected from sedi-
nent in late wanter readily exeysted upon expusure to tom-
peratures above 15° C. A single quadrifiagellated plan-
omeiacyte emerged fram the cyst and under culture
conditions divided one to kwo days later. The four flagella
were not evenly distributed at the fivst division and both
bi- and tri-flagellated daughter cellx were formed.

UAccepted. 15 February 1984.

Key index words:  encystment; excystment; gamele: Gy-
rodinium uncatenum; hyproygote; planomeiocyte:
planazygote

The existence of a sexual phase in the life cycle
of dinoflagellates, while a source of controversy for
some time, has in the past two decades been well
documented in numerous species. Much of this ef-
fort has focused on identifying vartous develap-
mental stages and characterizing the sexual cycle
{von Stosch 1965, 1973, Cao Vien 1967, 1968, Zing-
mark 1970, Phester 1975, 1976, 1977, Turpin et
al. 1978, Walker and Steidinger 1979). However,
several investigations have employed cytological and
ultrastructural techniques to examine specific as-
pects of the sexual process in greater detail (Sko-
czylas 1958, von Stosch 1964, 1972, Spector et al.
1981, Chapman et al. 1981, 1982). With rare ex-
ception (Bibby and Dodge 1972, Chapman et al.
1982), knowledge of dinoflagellate sexuality has been
derived from observations of cultured organisms.
The lack of comparable observations for held pop-
ulations may, as suggested by Chapman et al. (1982),
result from the sexual process being a short lived
phenomenon or occurring in only a few cells at any
given time.

The recognition of a resting stage (hypnezygote)
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as part of the sexual cycle stimulated additional in-
terest in dinoflagellate sexuality. The significance of
hypnozygotes as seed populations for establishing
dinoflagellate red tide blooms is recognized (An-
derson and Wall 1978, Anderson and Morel 1979),
and attempts are being made to identify environ-
mental factors which stimulate development of var-
ious sexual stages (Anderson 1980, Watznabe et al.
1982, Phester and Anderson 1984).

Recently, we reported the effect of hydrography
upon the deposition of Gyredinium uncatenum cysts
in estuarine sediments (Tyler et al. 1982) and have
examined factors effecting encystment in culture
(Anderson, unpublished observations) and germi-
nation of seed bed populations (Tyler, unpublished
observations). Here we report on morphological and
morphogenetic aspects of sexuality in isolated field
populations of G. uncatenum.

MATERIALS AND METHODS

To examine events leading (o encystment, a 57 L Nalgene
cylindrical tank was filled with water taken by bucket from a
surface Gyrodinium uncatenum bloom located in Baltimore Har-
hor, Maryland (39°15' N: 76°34" W). The population was isolated
at 09:30 h August 18, 1980 and held on deck where it was exposed
to the natural light regime and maintained at ambient temper-
ature (ca. 26° C) by contingously bathing the outside of the tank
with baywater. The fsolated population was thoroughly mixed
immediately prior to sampling by repeatedly thrusting the broad
end of a 2 L graduared cylinder toward the bottom of the tank.
This method of agitation simulated shaking, avoided the pro-
duction of a large vortex as in stirring and resulted ip an even
dispersal of organisms. Samples were arbitrarily drawn from the
upper hall of the rank at 30-60 min intervals for 48 h and then
less regularly for an additional 52 h. At each sampling interval,
20 mL aliquots were preserved in a modified Bouin's hxative
(Coats and Heinboke] 1982) and returned w the laboratory for
subsequernit staining by either the Bodian protargol silver tech-
nique {Tuffrau 1967) or 2 regressive alum hematoxylin procedure
{Galigher and Kozloff 1971). Estimates of cell concentrations were
obtained by counting the individuals present in single I-mL ali-
quols of preserved samples, Percentages of dividing cells and
fusing gametes were determined {rom hematoxylin stained ma-
terial. The first 500 individuals encountered in each sample were
tallied as nondividing cells, dividing cells or fusing gametes. Early
and late developmental stages were given equal weight and thus
even “figure-8" stages, whether dividing vells or fusing gametes,
were counted as single individuals. The percentage of cells as
planozygotes was similarly derived from Protargol preparations
with 100 individuals being enumerated for each sample. Stained
specimens were examined and photographed on a Zeiss micro-
scope equipped with phase contrast optics and an Qlympus OM-
2N camera. Cell measurements were made of Protargol stained
specimens using a calibrated ocular micrometer.

Excystment in Gyradinium uncatenum was iivestigated using
hyprozygotes isolated from sediment at ¢a. 4° C during February
1682. Sediment from Parish Creek (38°50°44" N; 76°30'31" W)
was collected using a Petersen dredge-and cleaned by the method
of Wall and Dale (1968). Sediment was disaggregated by pulse
sonication for 1 min using a Branson Sonifier Cell Disrupter 200
that delivered 30 W at 0.5-s intervals. Hypnozygotes were col-
lected by sieving the resulting slurry through 64-20 um Nitex
nylan screens. Cleaned hypnozygotes were irunsferred 1o | 5%
"1/2" phytoplankion growth medium (Guillard and Ryther 1962)
producing a 2 L “culture’” of ca. 100 &. wnrasenum cysts ml,

The “culture” was incubated at 20° C on a 12:12 h light-dark

cycle using General Electric Cool-White Auarescent bulbs with
light intensity of 100uE-m=*57". Twenty-milliliter aliquots were
Laken at varying intervals and processed as described zhove,

Observations of cultured Gyrodintim uncatrnum wereof a sirain
isulated from the Potomac River in the summer of 1979 and main-
1ained at room temperature (20-23° C) on 15 and 30%c /2"
phytoplankton growth media. The isolate was unialgal but not
axenic nr clonal,

For scanning electron microscopy, organisms were preserved
in & variety of solutions with esmium tetroxide-agueous mercuric
chloride hxative (Parducz 1967) producing the best results, Pre-
served specimens were transterred through muitiple distilled water
washes, {reeze dried using 2 Pearse-Edwards tissue dryer, coated
with a gold-palladium alloy and examined on an AMR 1000A
scanning electron microscope,

RESULTS AND DISCUSSION

Sexuality and encystmeni. To determine the devel-
opmental events associated with encystment, Gyro-
dinium uncatenuwm from a bloom was transferred to
a large container and routinely monitored for sev-
eral days. Subsequent to capture, a large proportion
of the G. uncatenum cells began the sexual life cycle
phase, thus permitting close examination of mor-
phological and morphogenetic aspects of sexuality.
At the time of isolation (T,), G. uncaterum numbered
ca. 750-mL"" and resembled the species description
of Hulburt (1957). Protargol stained specimens av-
eraged 33 > 29 um with individuals ranging through
a two-fold difference in size (see Table 1). Trophic
organisms possessed a spherical to slightly ovoid nu-
cleus with condensed chromosomes and generally
two (range 1-5) nucleoli (Fig. 1). Cells had the typ-
ical dinoflagellate complement of two flagella with
the striated strand and flagellar bases (= basal body)
also staining deeply (Figs. 1, 2, 8, 9).

Early in the experiment, G. uncatenum increased
significantly in size and had more than doubled in
volume by T, (see Table 1). Other than their larger
size, T, cells were indistinguishable from those of
T,. During this period, G. uncatenum reproduced
asexually and numbered ca. 930-mL~" at T,,. Di-
viding cells were infrequently encountered between
T, and T, and never comprised more than 3% of
any sample. In the following ten hours (T,,~'T,,),
the abundance of dividing cells was considerably
higher and Protargol staining revealed the division
sequence summarized in Figure 12. The first indi-
cation of division was the replication of flagellar
bases resulting in four basal bodies arranged in two
pairs (Fig. 12b). Elaboration of new flagella ensued
immediately atter basal body replication and was
completed by mid-division. As cytokinesis pro-
ceeded, flagellar bases moved apart and each daugh-
ter cell received one old and one new basal body-
Aagellum complex (Figs. 3, 4, 12c—e). Nuclear and
nucleolar elongation accompanied flagellar separa-
tion, and mitosis occurred as described in other free-
itving dinoflagellates (Dodge 1963). By late division,
cells were loosely attached at the epicone and fla-
gellar bases of the two daughter cells were widely
spaced (Figs. 5, 12f).
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Tamr L,
poputation *

Cell size and nuclear characleristics sf developmental stagey avaciatrd with eneystment o the sefated Gyrodinium uncarenum bloom

Snmati N fear Nurleoh tell
solune®
1. w ¥ w u Ny n G DY ety
'l—r()_phi(' cells (Ty) X 353 986 a0 131 10.3 30 2.1 30 1.4
Range 24.7-40.¢ 21.6-36.1 93-15.4 7.2-15.4 -5
S 3.67 3.68 .56 2.08 0.55
SE 0.67 0.67 0.28 0.28 0.10
Pre-division H'thhiC X 49.2 42.0 30 14,2 15.3 30 2.2 30 4.5
cells (Tq) Range 36.0-64.9 31.9-56.6 11.3-18.5 11,3-18.5 1-3
5 7.01 6.02 1.48 1.81 0.55
SE 1.28 1.10 0.27 (.33 0.10
Gametes (T4:) X 31.2 21.4 60 12.4 9.8 60 2.1 35 1.0
Range 21.6-41.2 13.4-28.8 8.2-20.6 7.2-113% 1-4
5 4.34 4.29 1.78 0.93 0.47
SE 0.56 0.43 0.23 0.12 0.08
Planosygotes (Ty) X 43.4 38.7 30 15.1 139 30 4.2 24 3.4
Range 33.0-30.5 27.8-453 [8.4-17.5 11.3-17.5 3-6
S 4,71 4.49 110 1.75 0.83
SE 0.85 (.82 0.20 .32 0.17
Planozygotes { Ty} X 44.6 37.0 30 14.7 135.3 30 4.8 50 3.2
Range 38.1-50.6 28.8-46G.4 12.4-16.5 11.3-15.4 3-7
S .87 4.33 0.93 0.93 0.99
SE 167 0.79 017 0.17 0.i8
Newly formed cysts X 48.2 38.8 30 9.5 30 41 30
(1 ) Range 41.2-54.6 33.0-44.3 8.2-11.3 3-8
S 3.94 3.07 .80 0.71
SFE 072 0.56 0.15 0.13

* All ohservations are of Protargal silver siained specimens.

Y Cell volumes were upproximated asing the furmula for a prolate spheroid and mean length-width measurements.
* Measurements represent the diameter of the spherical cyst nucleus.

The elevated period of division between T, and
T, displayed two distinct pulses with each spanning
4-5 h and peaking with 15-20% of the population
as dividing cells (Fig. 13). Cell density increased rap-
idly during this time and had almost doubled by the
end of the first division pulse (T,,). Apparentlv most
individuals had completed one fission prior to the
second division pulse. Cell counts continued to in-
crease during the second pulse and reached ca. 2100-
mL " at Ty, That Gyrodinium numbers more than
doubled from T, to T, suggests that at least some
cells had divided twice. Following the second divi-
sion peak, the number of Gyradinium dropped to ca.
1800-mL" ! thus showing a net two-fold increase over
T, cell density.

Near the end of the first division pulse, several
pairs of G. uncatenum were observed laosely joined
equatorially rather tharn apically as in late cell divi-
sion. Cytological staining rev ealed such pairs as rep-
resenting the earliest stage of gamete fusion. Ga-
metes were smaller (ca. (.25 of the cell volume of
T\ cells) and rather variable in size but otherwise
indistinguishable from pre-division trophic individ-
uals (see Table 1). Since vegetative organisms and
gametes had very similar morphologies, only those
cells which had begun fusion could be unequivocally
identified as gametes. T heretore, measurements for
gametes presented in Table 1 were taken from cells
in very early stages of fusion. Most coupled gametes

were of relatively equal size (Fig. 6), but a few were
anisogamous. Anisogamous pairs were particularly
abundant in old laboratory cultures and occasionally
observed in field samples (Fig. 7). Paired gametes
were typically oriented as mirror images, but their
longitudinal axes were occasionally skewed to per-
pendicular as reported for Ptvchodiscus brevis (Walker
1982). Asymmetric configurations were common in
cultures, and gamete pairs were observed where the
epicone of one cell was adjacent to the partner’s
hypocone. Misaligned gametes of Woloszynskia api-
culata are reported to become reoriented prior to
fusion (von Stosch 1973). The same appears true for
G. uncatenum since gametes of later fusion stages
were always aligned as mirror images.

Following the first division pulse, fusing gametes
became progressively more numerous and peaked
at ca. 22% of total motile cells mid-way through the
second division pulse (Fig. 13). The nearly simul-
taneous rise in second division cells and coupled
gametes suggests that gametes are fully differen-
tiated and capable of fusing immediately afier the
second of two sequential divisions. Fusing gametes
were abundant for ca. 7 h (T,,—T,,) but persisted in
very low numbers until T;. Cytological staining per-
mitted close examination of gamete fusion, and the
marphological events leading to planozygote for-
martion are illustrated in Figure 14, The initial union
of gametes occurred midventrally at the location of
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Nove: scales = 10 um for figures and 5 am for figure insets.

FiGs. 1-7.  Gyrodimium uncatenum. Fic.. 1. Four Protargol silver stained vegetative cells. Fach organism has a single transverse flagellum
(tf) with striated strand (arrows) and a deeply staining nucleus (n). Inset: Protargol stained trophic nucleus showing the typical complemem
of two nucleoli. Fic.. 2. Protargol stained trophic cell showing the single posterior fagellum (pf) and the two Hagellar bases (arrows)
FiG. 3. An early stage in asexual division with bath sets of paired basal bodies (bb) in focus. Also evident is the parental posterior
flagellum (pl) and a nascent transverse Hagellum (arrow); Protargol stain. Fic. 4. A mid-asexual division stage showing an increased
separation between the two sets of basal bodies (arrows); Protargol stain. Fic. 5. Karvokinesis is nearly completed in this late division
specimen and the basal bodies (arrows) of the two daughter cells are widely spaced. Fic. 6. A very early stage of gamete fusion. Gametes
are of equal size and antached mid-ventrally at the location of the basal bodies (bb). The transverse Hagellum (tf) and posterior Aagellum
(pf) of each cell are also discermble; Protargol stain. Fic. 7. A pair of anisogamous G. uncatenum gametes isolated {rom Parish Creek.
Phase contrast of living material.
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Fics, 8=11. Gyrodinium uncatenum. FiG. 8. Scanning electron micrograph of a trophic cell showing the typical body shape and the
transverse flagellum (i) displaced from the girdle (g) during Axation. Fic. 9. Posterior view of a vegetative cell with the posterior
Hagellum (pf) emerging from deep in the sulcus; transverse flagellum (tf). Fic. 10. A recently excysted planomeiocyte with twa posterior
flagella. The two transverse flagella were lost during specimen preparation. Fic. 1 1. High magnification of the two transverse flagella

(arrows) of a planomeilocyte.

the flagellar bases (Figs. 6 and 14a). From the onset,
basal bodies of fusing gametes were in close prox-
imity, in contrast to the “figure-8" stage of cell di-
vision (Fig. 12f). The nuclei of early fusers were
elongated toward and linked to the basal bodies by
an argentophyllic matrix. At this stage, the connec-
tion between the two gametes was similar to the
fertilization tube of Peridinium cinctum {. ovoplanum
(Spector et al. 1981); however, karyogamy occurred
much later as reported for several other dinofla-
gellate species (von Stosch 1973, Pleister 1976, 1977,
Walker and Steidinger 1979). As plasmogamy pro-
ceeded, the two longitudinal flagella became aligned

and in living specimens were seen to function in
unison. Simultaneously, the transverse Hagellum of
one gamete migrated out of the girdle and even-
tually lay adjacent to the transverse flagellum of the
other gamete (Figs. 14b-d and 15-17). Upon com-
pletion of cytoplasmic fusion, forming zygotes pos-
sessed two trailing flagella, two transverse flagella
beating together within the single girdle and two
nuclei (Figs. 14d and 18). Planozygote formation was
finalized by the fusion of the two nuclei to produce
a nucleus usually containing 4 or 5 (range 3-7) nu-
cleoli (Figs. 14e—f, 18 inset, 19 and 20).
Planozygote occurrence lagged behind and closely
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Fre. 12a-f. Semi-diagrammatic camera lucida drawings of
asexual division in Gyrediniwm uncafenum as revealed by Pratargol
silver staining.

paralleled the increasing abundance of fusing ga-
mete pairs (Fig. 13). Between T, and T, the per-
centage of cells as planozygotges increased rapidly
before leveling out 1o 80-85% of the population.
The narrow gap between increasing percentages of
paired gametes and planozygotes indicates that plas-
mogamy occurred quickly and required ca. 1 h for
completion. Furthermore, the failure of total cell
numbers to increase dramatically during the second
division pulse is explained by the swift coupling and
transformation of gametes into planozygotes. Since
fusing gametes and planozygotes represent devel-
opmental stages endowed with two nuclear comple-
ments, the number of genomes present in samples
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Fia. 13, The events associated with planozygote formation in
the isolated Gyrodinrum ancaterun population are graphically de-
picted. Abundances of major developmenial stages are expressed

as percentages of the population (left vertical axis). Percents of

dividing cells and fusing gametes were derived from alum he-
matoxylin preparations with n = 500. The frequency of plano-
zygotes was obtained after Protargol staining with n = 100, Pop-
ulation densities, shown on the right vertical axis, represent single
counts of i-mL volumes. Numbers of genomes, computed as
explained in the text, are shown in parentheses next (o cell counts.
Black areas indicate the inlerval between sunset and sunrise.

Fig. 14a-f. Semi-diagrammaric camera lucida illustrations of
gamete {usion in Protargol stained Gyrodiniwm uncatenum,

can be obtained by appropriately adjusting total cell
count;i.e. no. of genomes = no. of cells'mL"" + (no.
of cells-mL~")-(% fusing gametes + % planozygotes).
Manipulating the data accordingly produces the val-
ues shown in parentheses on Figure 13, Thus, be-
tween T, and T,,, the total number of genomes
showed a 3.6-fold increase from 930 to 3300-mL-",
This nearly four-fold increase in genomes supports
the concept that gamete differentiation requires two
successive divisions. While other explanations are
possible (viz. some cells dividing once with others
dividing 2, 3, or more times), the former is consistent
with the double peak in division frequency and with
gametes having about one-fourth the cell volume of
pre-division {T,) cells.

Planozygotes averaged 43 x 38 um shortly after
formation (Ty,), persisted without significant growth
for several days and then encysted. Cysts were first
evident at Ts,, but accumulated slowly at first and
only comprised ca. 1% of the population at T,
Encystment proceeded more rapidly thereafter, with
the population consisting almost entirely of hyp-
nozygotes at Ty, Planozygote maturation prior to
encystment required 60—80 h. However, the timing
of this period is rather variable and dependent upon
environmental conditions (Anderson, unpublished
observations). The actual encystment process ap-
pears more conservative and, once initiated, re-
quired slightly under 24 h for completion.

As discussed in Tyler et al. (1982), encysting plan-
ozygotes become less motile, lose much of their pig-
mentation, and round up. Eventually, the flagella
are lost, clear storage granules form, and red pig-
ment granules develop. Newly formed c¢ysis from
the isolated bloom population averaged 48 x 39 um,
possessed a spherical nucleus with four (range 3-6)
nucleoli and three cyst walls (Table 1, Figs. 21, 22).
The outer wall was loosely attached to the cyst and
often removed by procedures used in deamng and
collecting cysts from sediments. By comparison, the
middle wall was durable and rather rigid. The inner
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Fics. 15-20. Gyrodinium uncatenum. Fics. 15-17. This through-focal series of a mid-stage in gamete fusion shows the proximity of
the two basal body pairs (white arrows) and the lack of a connection between the two nuclei. The posterior flagella (pf) are seen in close
association, The transverse flagellum of one cell (arrow) is displaced trom its girdle while the other remains firmly positioned: Protargol
stain. FiG. 18. In this advanced stage of plasmogamy the two gametic nuclei remain distinet and apparently unjoined. Inset: A later
stage in fusion where karyogamy has begun. Notice the presence of four nucleoli: Protargol stain. Fic. 19. The two trailing flagella are
evident in this planozygote whose nucleus (inset) has almost completed fusion; Protargol stain. Fic. 20, A group of planozygotes where
each cell bears two transverse fagella (arrows). The striated strand often stains lightly and is not visible in these specimens: Protargol
stain.
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Fics. 21-27. Gyrodoiium uncatenum. Fic. 21. Hypnozygotes with clear storage granules surrounding the dark orange-red pigment
globules (pg). The three layered nature of the cyst wall is apparent at the white arrows; bright field, live specimens. Fic. 22, Protargol
stained cysts showing the densely stained nucleus (n) and three cyst walls (arrows). Inset: A cyst nucleus containing four nucleoli. Fie.
23. A cell nearing excystment. Formation of the sulcus and the girdle are well advanced, red pigment globules are present posteriorhy
and numerous large clear granules are dispersed in the cytoplasm: bright field, live specimen. Fic. 24. Phase contrast of a newly excysted
planomeiocyte with red pigment globules still present subequatorially: live specimen. Fic. 25, Protargol stain of a recently excysted
planomeiocyte showing four nucleoli located peripherally within the nucleus. Fic. 26. A planomeiocyte nearing the first meiotic division.
The enlarged nucleus contains a single nucleolus and large distinct chromosomes; Protargol stain. Fic. 27, Late in the first meiotic
division. Notice the two posterior flagella of the lower daughter cell and the elongated chloroplasts (arrows); phase contrast, live
specimen.
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TasLe 2. Cell vize and nuclear charactersitios of drevelopmental stages axsoruited weh excvstment e Gyrodinium uncatenum.”

S Nuckear Naedeodr
1 w E L w o Ny n
Cysts approaching X 46.7 B2 RI7] n.4" 30 3.8 30
excvstment (T,q) Range 3B.1-549.7 99 9-50L5 82-11.3% 3-6
S 4.66 455 0.88 0.77
SE 1.85 0.83 0.16 0.14
Recently excysted X 35.0 28.2 10 12.4 11.4 30 3.8 30
meiocyte (1) Range 20.9-42.2 24,7-35.0 10.3-17.5 9.5-14.2 2-8
3 4.31 2.60 [.46 1.09 0.95
SE .60 0.47 0.27 0.20 017
Pre-division X 34.6 3.0 30 7.0 14.5 30 1.4 27
meiocyte Ty Range 30.9-40.2 23.7-36.0 13.4-20.6 12.4-17.5 1-3
S 2 44 2.98 2.16 1.24 0.70
SE 0.45 0.54 0.59 0.23 0.13

“ All observations are of Protargol silver stained specimens.

¥ Measurements represent the diameter of the spherical cyst nucleus,

wall, which may represent the cell membrane(s), was
Aexible and often crenulated after staining and de-
hydration.

Excystment and planvmerocyte division. Cysts collect-
ed from sediment in late winter readily excysted
upon exposure to temperatures above 15°C. Aspects
of cyst and meiocyte development were examined
by stimulating freshly collected cysts to germinate.
These cysts were morphologically consistem with
those formed in the isolated bloom population. Pig-
ment accumulations, storage granules, nucleoli
number, and nuclear and somatic size were com-
parable for the two cyst populations (compare Ta-
bles 1 and 2). Many of the overwintered cysts lacked
an outer wall which was presumably lost during sam-
ple preparation.

The earliest indication of excystment was visible
30-35 b after cysts were transferred to 20° C. Mor-
phological changes included a widening of the gap
between the middle and inner cyst walls and slight
indentations at the developing sulcus and girdle.
These features became more pronounced as ex-
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Fre. 28, Abundance of major developmental stages accom-
panying excystment in Gyrodimum uncatenum. Planomeiocytes with
" Knsuel -stage nuclei (0} were determined {rom protargol stained
samples (n = 30). The percentages of Gyrodinium as hypnozyvgotes
(@), dividing ceils (&) and 1enal planomeiocytes were determined
from fixed unstained samples (n = 100). Planomeiocytes without
“Knauel”-stage nucled (X} were computed by subiraction.

cystment progressed and flagella were elaborated.
Just prior to excystment, germinating cells still con-
tainted red pigment globules and numerous clear
storage granules (Fig. 23). With development of fla-
gella, zygotes became active within the cyst and
eventually exited through ruptures in the middle
and, when present, outer cyst walls.

Excystment began at ca. T,,, where T, = time of
transfer to 20° C, and proceeded steadily until ca,
95% of the cells were free swimming at 'T';,. After
excysting, G. uncatenum had few siorage granules
and little cytoplasmic coloration, but red pigment
globules generally persisted in a subequatorial po-
sition (Fig. 24). The nuclei of these organisms were
spherical to ovoid, slightly larger than those of cysts
and usually contained four (range 2-6) nucleoli (Ta-
ble 2, Fig. 25). Recently excysted G. uncatenum are
presumably meiocytes, since planozygotes did not
divide prior to encystment and only one cell emerged
from the cyst. In addition, the persistence of four
nucleoli from planozygote formation through cyst
germination argues against the existence of nuclear
reorganization during encystment. Like planozy-
gotes, the meiocytes of G, unratenton had two pos-
terior and two transverse Hagella (Figs. 10, 11}, and

Fic. 28u-g.  Semi-diagrammatic camera lucida illustrations of
the sequential stages in planemeincyte development (rom ex-
cystment through the first cell division: (a) recently excysted plan-
omeiocyte: (B) "Knauel™-stage; {c—g) first meiotic division,
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following the recommendation of von Stosch (1973)
would be appropriately termed planomeiocytes. In
the 24-48 h fullmslng excystment, planometocvtes
lost their red pigment globules, developed large
chloroplasts characteristic of G. uncateinum, and took
on an even reddish-brown coloration. During this
time, the nucleus dramatically increased in size and
eventually occupied much of the anterior portion
of the cell (Fig. 26, Table 2). Enlarged nuclei pos-
sessed only one nucleolus and large, well defined
chromosomes which were often paired. This con-
dition represents the “'Knauelstadium™ described by
Borgert (1510) and later associated with nuclear cy-
closis and postzygotene phase of meiosis (Skoczylas
1958, von Stosch 1964, 1972). Gyrodinium with
“Knauel”-stage nuclei appeared about 24 h after the
start of excystment (Fig, 28). Cells whose nuclei con-
tained a single nucleolus soon comprised ca. 65% of
the population and then decreased in abundance
with the onset of meiosis. Dividing cells were present
in low numbers ca. 15 h after the development of
“Knauel”-stage nuclei and reached a peak frequency
of 11% at T, therealter, dividing organisms re-
mained in low numbers,

The first and second meiotic divisions in G. un-
catenum were not closely associated in time, and only
cells in first division stages were encountered in
stained preparations. Figure 29 illustrates the de-
velopment of the planomeiocyte through the first
meiotic division, as revealed by Protargol silver
staining. Followinig nuclear reorganization, cell di-
vision began with one of the transverse flagella sep-
arating from the remaining three flagellar bases (Fig.
29(.) Two new argentophyllic granules then formed
in association with the 1solated flagellar base, which
resulted in a toal of six granules arranged in two
sets of three (Fig. 29d). 'The set of three “parental”
flagella and basal bodies are destined tor one daugh-
ter cell, while the other receives one “‘parental”
transverse flagellum and differentiates a new pos-
terior Hagellum (Figs. 27, 29e-g). In late division
stages, the cell with two flagella contained variably
two or three argentophyllic granules, but only two
bases appeared to persist after cytokinesis. Whether
the triflagellated daughter resorbs one of its pos-
terior flagella or returns to the vegetative configu-
ration at the second division is unknown. As flagella
were being redistributed, the already enlarged nu-
cleus elongated and the single nucleolus usually di-
vided twice, thus furnishing each daughter cell with
the normal complement of two nucleoli.

The Protargol silver staining technique is rou-
tinely used in the study of ciliated protozoa, but is
infrequently applied to flagellates. The procedure
is somewhat tedious but simultaneously reveals nu-
clear and cortical structures. In the present study,
Protargol staining proved useful in elucidating cy-
tological aspects of sexuality in G. uncatenun and
provided valuable markers for the identification and

enumeration of sexual stages in experimental and
field populations..
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OBSERVATIONS ON NORTH AMERICAN GOMPHONEIS (BACILLARIOPHYCEAE).
I. VALVE ULTRASTRUCTURE OF G. MAMMILLA WITH COMMENT ON THE
TAXONOMIC STATUS OF THE GENUS!'?

John P. Kociolek and Barry H. Rosen**

Great Lakes Research Division, The University of Michigan, Ann Arbor, Michigan 48109

ABSTRACT

Recent questions concerning the taxonomic status of the
diatum genus Gomphoneis Cleve have prompled critical
examination of the vafvar morphology of a species origi-
natly included in the genus. Light and electron microseopic
ohservations on G. mammilla (Ehr.) ClL. show that the
charactevistics put forth by Cleve 1o delineate the genus
are present in this taxon. Striae composed of two rows of
simple areolae located in depressions on the valve and
longitudinal lines formed by g broad mternal axiel plate
were observed in G, mammilla. The presence of two apical
spines on the headpole and the structure of a bilobed apical
pore field located at the footpole are deseribed, i addition
to ather valve features. Valve morphology of G. mammilla
is compared with that of deublv-punctate Gomphonema
species with the vesult that we recommend the two genera
remain SFP(I rale.

Key index words:  axial plate; diatom wltrastructure;
Gomphoneis: Gomphonema: longitudinal lines; tax-
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The diatom genus Gomphoneis was erected by Cleve
in 1894 to segregate forms previously placed in the
genus Gamphonema, but which differed in having
strize composed of two rows of puncta (i.e. doubly-
punctate striae) and a shadow line running longi-
tudinally on each side of the axial area (i.e. longi-
tudinal lmes) Cleve (1894) originally transferred
three species from Gomphonema 1o Gompheneis, mak-
ing the new combinations Gomphoneis elegans (Grun.)
Cl, G. herculeana (Ekr.) Cl. and G. mammifle {Ehr,)
Cl. Since that time additional Gomphoneis taxa have
been described by Schmidt (1899), Skvortzow and
Mevyer (1928) and recently by Stoermer (in Reimer
1982).

Observations with hght and electron microscopy
have revealed species in the genus Gomphonema which
also possess doubly-punctate striae. Hustedt (1942)
described G. intermedivm as possessing striae com-
posed of two rows of puncta. Studies using electron
microscopy have shown that taxa such as G. olivaceum
{Lyngb.) Kiitz. (Drum 1969, Helmcke and Krieger
1953, Dawson 1974), G. quadripunctatum (Dstr.) Wisl.
(Dawson 1974) and G, curtum (Lange-Bertalot 1978)
also have this characteristic. Striae characteristics
led Dawson (1974) and Lange-Bertalot (1978) to
transfer these taxa to the genus Gomphoneis.

A reexamination of the Gomphmwma/Gomphon.f.is
question by Lange-Bertalot (1280) led him to sug-
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