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Field, culture and cytological studies of Porphyra carolinensis
CoLL et Cox (Bangiales, Rhodophyta) from North Carolina

D. Wilson FRESHWATER and Donald F. KAPRAUN

Department of Biological Sciences, University of North Carolina,
Wilmington, North Carolina 28403, U.S. A.

FREsHWATER, D. W. and Kapraun, D.F. 1986. Field, culture and cytological studies of
Porphyra carolinensis CoLL et Cox (Bangiales, Rhodophyta) from North Carolina. Jap. J.

Phycol. 34: 251-262.

The morphological life history of Porphyra carolinensis has been studied in the field
and laboratory culture. Cross-gradient light-temperature culture in 10:14 and 14:10 LD
cycles was utilized to investigate the effects of photon flux, temperature and daylength
on growth and reproduction. Conchospore release appeared to be controlled by a require-
ment for a combination of short photoperiod and low temperature. The blade phase was
found to grow and reproduce itself by monospores throughout the year. Four chromosomes
occur in conchocelis, conchospores, carpospores, spermatia, and vegetative cells of the

foliose phase.

Key Index Words: Bangiophyceae; cytology; North Carolina; Porphyra; repro-

ductive seasonality; Rhodophyta.

The life history of Porphyra species typ-
ically includes a conspicuous blade phase
which alternates with a microscopic fila-
mentous conchocelis phase (COLE and
ConwAy 1980). The blade phase is usually
reported to be an annual with a summer
maximum of growth and reproduction at
higher latitudes (MUMFORD 1975) and a
winter-spring maximum in lower latitude
temperate waters (EDWARDS 1969, BIRD et
al. 1972, KAPRAUN and LUSTER 1980,
HAWKES 1981).

Previous field studies in coastal North
Carolina (34°N lat.) indicated that Porphyra
carolinensis (COLL and Cox 1977) seems to
have a phenology unique for warm temper-
ate species, with the blade phase grow-
ing and reproducing throughout the year
(KAPRAUN 1980).

This communication presents the results
of field, culture and cytological studies con-
ducted to determine the life history of
Porphyra carolinensis and its responses to
photon flux, temperature and daylength

which are responsible for the phenology
observed in nature.

Materials and Methods

Monthly observations on the growth and
phenology of Porphyra carolinensis were
made on a rock jetty at Masonboro Inlet,
Wrightsville Beach, North Carolina from
November 1983 to May 1985. Blades were
examined microscopically in the laboratory
for the presence of reproductive cells. Blade
areas with monospores and carpospores were
exised and kept in culture to determine
germination pattern. Unialgal cultures were
grown in an enriched seawater medium
(salinity 34-36%0) modified after Von STOSCH
(KAPRAUN 1970). GeO, was used to control
diatom growth (LEWIN 1966). Blue-green
algal contaminants were treated with 100
units Penicillin G per m/ of medium (PAGE
1973).

Two sets of apparatus were utilized for
the culture studies. Photon flux, photoperiod
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and temperature effects on growth and
reproduction were studied using a cross-
gradient light-temperature apparatus (ED-
WARDS and VAN BAALEN 1970) which per-
mited the simultaneous culture of the isolates
in 25 combinations of the two parameters
(Fig. 1). Photoperiods used were 14 :10
and 10 : 14 LD. Culture vessels were 15X
60 mm, and contained 25 m/ medium.

Conchocelis for culture experiments came
from subcultured spores of blades collected
in nature January 18, 1983 and maintained
at 18:6 LD, 20°C and 55 gEm-%s-! photon
flux. In the first experiment, ten tufts of
conchocelis were put in each vessel and
cultured for 21 days. The medium was
changed every 6-8 days. These cultures
were then examined microscopically to de-
termine their relative growth and degree
of conchosporangial production. In the repli-
cate experiment, five tufts of conchocelis
were put in each vessel and cultured for 55
days (Figs. 1and 2). The medium was changed
every 3-4 days. These cultures were stud-
ied to determine the effects of photon flux,
photoperiod, and temperature on conchospore
release and development.

FrEsnwATER, D. W. and Karraun, D.F.

Germlings were grown from monospores
of blades collected on November 20, 1983
and maintained at 12 :12 LD, 15°C and 45
pEm~2s~'. Three to five germlings were
put in each vessel and cultured 24 days in
the initial experiment and 39 days in the
replicate. These cultures were then ex-
amined to determine growth and sporulation
patterns (Figs. 3 and 4). Illumination was
provided by Phillips TL 34 cool white fluo-
rescent tubes. Photon flux ranged from
55-330 kEm~%s~! and was measured with a
Lambda 1. Cor. PAR (Photosynthetic Active
Radiation) quanta meter.

Incubators with light sources as described
above were used to maintain isolates and to
study the life history under varying temper-
ature, photoperiod, and quantum flux com-
binations (Tables 2 and 3).

Chromosome counts were made using a
procedure modified after AUSTIN (1959) in
vegetative and sporulating sections of
mature blades, germlings, conchocelis and
conchosporangia. Conchocelis from culture
and blades collected in nature were fixed at
1h intervals beginning 1h before sunset
(or dark cycle) and continuing for five h,

] 14:10 2 10:14
. L . *
10 ' - . AR R
- . . . ! t.'
G G <]
‘.‘: N ' . o‘., .- .
S 15 “ . v [y .. -,
w . . we . -
o . .8, . . . . .
20 . . ! S - L. : ) va.
2 S ~ v ¢ . - . A [ .' \e ..‘-
<
[ 4
w
; . .« % « v . "' . LI L3S .
s . . LY B
w 25 [ ; L e L e ‘e & PN A \~ ‘0
* . A - - .
30 .t . L L . . e
Te . : o ¢ .o —
[ d
56 71 128 287 330 66 7Y 128 267 330
PHOTON FLUX M PHOTON FLUX pEu-tg”!

Figs. 1 and 2. Growth and reproductive responses of Porphyra carolinensis conchocelis phase

to photon flux densities and temperature regimes after 55 days.

10: 14 LD.
2-4, Scale=1cm). G=germling development.

Fig. 1. 14 : 10 LD. Fig. 2.

(Photon flux densities, temperature gradient, and scale in Fig. 1 apply to Figs.
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Figs. 3 and 4. Reproductive response of Porphvra carolinensis blade phase to photon flux

densities and temperature regimes after 32 days.

germling development, M =monospores.

and again beginning at sunrise (or light
cycle) and continuing for four h. Material
was fixed in 3:1 absolute ethanol-glacial
acetic acid and left overnight. Fixed ma-
terial was stored in 70% ethanol, hydrolized
in 1 N HCI for 10 min at room temperature,
rinsed in distilled water, and stained in 2%
acetocarmine or aceto-orcen for 2-3 h prior
to squash preparation. Documentation was
made by both microphotographs and camera
lucida drawings using an Olympus BH 2-RFK
microscope.

The geographical range of Porphyra
carolinensis was investigated by examining
herbarium specimens from the following
herbaria : University of South Florida-Tampa
(USF), University of Michigan-Ann Arbor
(MICH), and the University of North Caro-
lina-Wilmington (WNC).

Daylength was calculated from sunrise
and sunset data for 34°N lat. (US DEPT.
CoMmM. 1984). Water temperature data for
Wrightsville Beach for the period November
1983 to May 1985 were made available by
the Laque Center for Corrosion Technology.

Fig. 3. 14:10 LD. Fig. 4. 10:14LD. G=

Results

Field observations: Porphyra carolinensis
was found on upper eulittoral and lower
supralittoral rocks every month of the study.
Maximum abundance and blade development
were observed from November to April
(Fig. 5). Monospore production from blade

ST

Des

Fig. 5. Seasonal variation in the blade phase
(herbarium specimens) of Porphyra carolinensis

from Masonboro Inlet, November 1983-March
1985. Scale=2cm.
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margins occurred continuously while carpo-
spore and spermatium formation coincided
with the November-April period of maximum
vegetative growth (Table 1, Fig. 6). Subse-
quent development of monospores followed
in the laboratory revealed that all surviving

monospores germinated in a bipolar manner
to produce blades except in the collections
of 12 June and 16 July, 1984 when fewer
than 1% of the monospores germinated to
produce conchocelis. Unipolar germination
was observed for all surviving carpospores.

Table 1. Sporulation of Porphyra carolinensis blades collected in nature
(November 1983-March 1985).
Date Tenﬁztrzrture l?ﬁyl.ength Carpospores Spermatia  Monospores
°C r: min)
Nov. 20 16 10:15 + + +
Dec. 19 14 9:48 + + +
Jan. 14 9 10 : 04 + +
18 7 10 : 08 + + +
Feb. 02 9 10 : 30 + + +
17 12 10 : 59 + + +
Mar. 16 12 12: 01 + + +
31 16 12:34 + +
Apr. 26 18 13:25 +
May 10 21 13: 49 +-
16 20 13 : 58 +
June 12 26 14 : 25 +
July 16 27 14 : 13 +
Aug. 08 28 13 : 40 +
Sept. 23 21 12 : 07 +
Oct. 25 24 11:01 +
Nov. 24 18 10:10 + + +
Dec. 19 15 9:52 + + +
Jan. 19 8 10:12 + + +
Feb. 07 9 10 : 42 + + +
Mar. 08 17 10 : 46 + +
20 13 12: 07 + +
Carpospores O
Spermatia  ————— —— e
30 15
i ./// VA "

20 //\/ \. \. . ‘3 Daylength

Curtace Water . // \ \\ ) toure)

vemperature 150 N\, '/ >( 12 Sumrive -

cora \ 7

al P

Virightsville 10 \, é
Ceach 7

) s '\./')

11 Sunset

;/ at lat 34°n

10 ()

NDJFMAMUJIJASONDUIFMA

Nov 1983 - Apr 1985

Fig. 6. Phenology of Porphyra carolinensis correlated to monthly
water temperature and daylength (November 1983-April 1985).
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Cross-gradient culture: In both cross-gra-
dient conchocelis experiments, growth and
conchosporangial production occurred in all
photon flux-temperature combinations under
both 10 and 14 h days. In the second ex-
periment, which was initiated with a smaller
amount of inoculum, reproduction by frag-
mentation was especially pronounced at 20°C
in all flux densities. After 55 days, concho-
spore release and subsequent blade germling
development were observed only in 10 h days
at 10°C and photon flux densities of 71-330
pEm~2s-! (Figs. 1 and 2).

In both cross-gradient blade experiments,
growth and reproductive responses were
similar in 10 and 14h days. Germlings
survived in all photon flux and temperature
combinations except at 30°C. After 32 days,
monospore production and blade germling
development appeared to increase with in-
creasing temperature in 14 h days (Fig. 3),
and was observed in only one culture dish
at temperatures below 20°C. In contrast,
monospore production and blade germling
development appeared to increase with
photon flux in 10h days (Fig. 4), and was
observed through all temperatures tested
(10-30°C).

The relationship of sporulation in cultured
conchocelis and subsequent spore develop-
ment to irradiance in both cross-gradient
photoperiods is summarized in Fig. 7. Al-
though conchospore release and blade devel-
opment were observed through a wide range
of irradiance (quantum doses of 2.56-12.9
Em-*day-'), both phenomena occurred only

TEMPERATURE 'C
3

20 2828 38 48 [

at 10°C in 10h days. A combined photo-
periodic and temperature requirement is
implicated.

Incubator experiments: Additional tests to
determine the effect of temperature and
photoperiod on conchospore release confirmed
the results of the cross-gradient experiment :
only a combination of 10°C and 10 h days
among the parameters tested produced
conchospore release (Table 2).

Additional tests were conducted to induce
both uni- and bipolar germination of blade
monospores in cultured material as had been
observed in nature. In the parameters tested
only bipolar germination was observed
(Table 3).

Blade morphology: Porphra carolinensis
was recently distinguished from the other
Porphyra species on the North American
Atlantic coast and recognized as a new
species (CoLL and Cox 1977). The reported
diagnostic features include: blades mono-
stromatic with 1 plastid per cell, micro-
scopically dentate margins, marginal mono-
spores, carpospores and spermatia formed
in adjacent marginal patches on the same
blade, carpospores in packets of 16 in two
tiers, spermatia in packets of 32 in four
tiers.

In general, blades examired in this study
show the same morphological features (Figs.
8-10) previously reported for this species
(CoLL and Cox 1977, KAPRAUN 1980). How-
ever, we found the division sequence and
final number of cells in mature carpo-
sporangia and spermatangia to differ from

voo2 a3 e s e 7

8 10 11 12 13 14 s 16 "7

QUANTUM DOSE (Ein m day ')

Fig. 7. Maximum developmental stage reached by conchocelis at various
quantum dose rates in 14 : 10 (*) and 10 : 14 (other) : @ =conchosporangial
development in <50% of inoculum: O =conchospore release and blade

germling development.
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Table 2. Release of conchospores under various conditions of photoperiod

and temperature after 28 days.

. ’ITemperatur;a” Photon flux Conchospor-eA
L:D °C (#Em-2s-1) release Development
18: 6 20 52 - o
12:12 15 30 -
10: 14 26 130 -
10: 14 10 43 + Bipolar
Table 3. Development of monospores released from germlings under
various photoperiods and temperatures after 14 days.
. Temperature Photon flux Germling development
L . D (OC) ( E _2 _1) o T - o -
pEm-=s Bipolar Unipolar
18: 6 2 Cos2 :,,,,,, R
12:12 15 30 + —
10: 14 25 130 + -
10: 14 ' 10 43 + -

Figs. 8-10. Formation of reproductive cells
on blade margin. Scale=50 pm. Fig. 8. Carpo-
spore formation. Fig. 9. Spermatia formation.
Fig. 10. Monospore formation. Note dentate
margin.

the accounts given by CoLL and Cox (1977).
The division sequence in a mature carpo-
sporangium results in the formation of eight
carpospores in two tiers (Fig. 11) instead of

16 as previously reported. Apparent cases
of 16 carpospores we observed are assumed
to be artifacts of recent vegetative divisions
producing small daughter cells in close
proximity. The carposporangial division
sequence begins with a planar division
(Fig. 11). In contrast, at least two vertical
divisions occur before the first planar di-
vision in spermatangia (Fig. 12). The division
sequence in a mature spermatangium results
in the formation of 32 spermatia in two
tiers (Fig. 12) instead of four as previously
described.

Carposporangia and spermatia typically
occur on the same blade, and though gener-
ally in different areas, they have been
observed in close association. Even in these
cases, they are easily distinguished since
carposporangia gain pigment and become
darker than the surrounding vegetative
cells, while spermatia lose pigment and are
almost clear.

Using the criteria designated by KUROGI
(1972) as having taxonomic significance, a
comparison was made of P. carolinensis with
the descriptions of other Porphyra species
reported for the North and South Atlantic
coasts (ROSENVINGE 1909, TAYLOR 1957,
1960, GAYRAL 1958, 1966, CoNwAY 1964a,
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Fig. 11. Division sequence in the formation of a mature
carposporangium of eight carpospores.

Fig. 12. Division sequence in the formation of a mature
spermatangium of thirty-two spermatia.

1964b, ARDRE 1970, OLIVEIRA FILHO and
Cox 1975, CoLL and OLIVEIRA FILHO 1976,
CoLL and Cox 1977, KORNMANN and SAHLING
1977, JOHN et al. 1979). Despite the minor
differences between the observations in our
study and the original description by COLL
and Cox (1977), we are in agreement with
their conclusion that Porphyra carolinensis
is distinct from other Atlantic species.
Geographical distribution: The known dis-
tribution of Porphyra carolinensis includes
coastal, stenohaline habitats in North and
South Carolina, and northern Florida. It is
possible that the range of this species could
include suitable habitats in Virginia and
Bermuda, but we were unable to confirm
this with the herbarium specimens available.
Representatiue specimens: FLORIDA. Ma-
rine Land, coquina rock, 31 March 1978, R.
McINTOSH and C. DAWES (as Porphyra leuco-

sticta), USF 131070. NORTH CAROLINA.
Kure Beach, coquina rock, 2 Sept. 1971, D.
KAPrAUN, WNC 9537 ; Wrightsville Beach,
jetty rocks, 18 Dec. 1971, D. KAPRAUN,
WNC 7907. SOUTH CAROLINA. Myrtle
Beach, pilings, 20 July 1985, W. FRESH-
WATER, WNC 16557.

Life history: Culture studies have pro-
duced a functional life history for Porphyra
carolinensis from filamentous conchocelis to
macroscopic blade and back to conchocelis
(Fig. 13). Monospores from blades develop
in bipolar fashion to produce the blade phase
(Fig. 14). Carpospores from blades develop
in unipolar fashion to produce conchocelis
(Fig. 15a-d). Conchocelis filaments from
conchosporangia (Fig. 15e) under all environ-
mental conditions tested, but conchospore
release occurs only in cold temperatures
under short day conditions. Conchospores
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Fig. 14. Bipolar development of monospores
and blade germling formation. Scale=50 pm.

develop in a bipolar fashion to produce
blades, thus completing the life cycle. Sper-
matia are apparently vestigal.

Cytological observations: Four chromo-
somes were found in mitotic prophase cell
divisions in conchocelis, conchospores, carpo-
spores, spermatia, and vegetative cells of
the blade phase (Figs. 16-21). In general,
adequate mitotic figures were found in
actively growing material from all fixation
periods. Aceto-orcein was found to be
superior to acetocarmine as it was less likely
than the latter to stain cytoplasm and
obscure chromosomes.

Fig. 15. Unipolar development of carpospores

and conchocelis formation. Scale=50 pm.

Discussion

Conchocelis phase: Individually or in com-
bination, temperature, photon flux and
photoperiod have been implicated in the
control of conchospore formation and release
in Porphyra species (KUROGI and AKIYAMA
1966, DRING 1967, RENTSCHLER 1967, KAP-
RAUN and LUSTER 1980). In this study,
conchospore formation did not appear to be
dependent on photon flux density. However,
a temperature effect was apparent with
maximum conchospore formation at 20 and
25°C in both 10 and 14 h days. Conchospore
release and subsequent blade germling de-
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Figs. 16-21.
chromosomes are mitotic.

four pairs of chromosomes.
in spermatia.

Chromosomes of Porphyra carolinensis. Scale=5 pm. All
Fig. 16. Vegetative blade cell anaphase with

Figs. 17 and 18. Four prophase chromosomes

Fig. 19. Carposporangium with three visible chromosomes.
The fourth is below the plane of focus.

with four chromosomes (Fig. 20. Late metaphase.

cytological studies of Porphyra carclinensis

Figs. 20 and 21. Conchosporangia
Fig. 21. Prophase).
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velopment were controlled by a combination
of low temperature (10°C) and short days
(10 h). Previous studies of other Porphyra
species have demonstrated a similar disparity

between environmental parameters which

promote conchospore induction and release

Relationship between conchospore release and daylength or
seawater temperature at Wrightsville Beach.

hibition by davlength, horizontal lines by temperature.

Vertical lines indicate in-

(KuroGr and HiraANO 1956, KUROGI
AKIYAMA 1966, LUNING 1980).

In P. carolinensis, the pathway leading to
conchospore release is opened in short days
only within a rather narrow temperature
interval, around 10°C, with complete inhi-

and

259
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bition at 15°C or less. Only from mid-Decem-
ber to early February are daylength and
temperature in the appropriate range for
the process of blade formation from concho-
spores to occur (Fig. 22). Thus, the
“window” for blade reseeding via concho-
celis is rather small, and would be even
smaller in years when water temperatures
remain above normal through the winter.
Since blade formation via blade monospore
production does not seem to be inhibited by
any ambient combination of temperature
and photoperiod, it can be surmised that
this accessory means of reproduction is of
critical importance to the continued survival
of this species in local waters.

Blade phase: Investigations of the im-
portance of environmental parameters on
sporulation in the blade phase of Porphyra
species have demonstrated considerable
variation among the species investigated.
IwAsAKI (1961) found P. tenera blades re-
mained vegetative in 8 h days, but formed
carpospores in 13 h light. In contrast, several
species have been found to produce both
carpospores and spermatia through a wide
range of temperatures and daylengths (BIRD
et al. 1972, EpwARDS 1969, KAPRAUN and
LUSTER 1980). Apparently, in these cases
a maturation sequence or “ripening” rather
than an environmental stimulus controls the
initiation of sporogenesis.

In this study, both carpospore and sper-
matium formation showed a distinct season-
ality in field collected material (Fig. 6).
Comparison of sporulation patterns with
water temperature and photoperiod data
suggests a threshold of 16°C and 10.5 h days
is required to initiate both carpospore and
spermatium formation. Sporogenesis is subse-
quently inhibited as temperatures rise
above 16°C, but continues in daylengths
approaching 12.5h. This strongly suggests
that vegetative cells, once induced by photo-
period, may continue to undergo sporo-
genesis under inappropriate (non-inducing)
daylengths. Unfortunately, there are few
experimental data to correlate with these
field observations. We have been successful

only once in our attempts to induce sporu-
lation in laboratory grown blades in any of
our experimental conditions. Usually the
rapid erosion resulting from monospore
formation seems to prevent tissue from
maturing and initiating sporogenesis. How-
ever, blades placed in aerated flasks at 16°C,
100 kEm~%s-!, and 10 : 14 LD after 14 days
produced spermatia and initiated carpospore
divisions. These environmental parameters
coincide with the values predicted above.
Porphyra carolinensis blades produce two
distinct spore types capable of germination :
1) monospores from single undivided vege-
tative cells, and 2) carpospores arising in
packets of eight. Carpospores invariably

_develop in unipolar fashion to produce the

conchocelis phase.  This developmental
sequence is typical of most Porphyra species
(CHEN et al. 1970, BIRD et al. 1972, HAWKES
1977, KAPRAUN and LUSTER 1980).

In contrast, P. carolinensis monospores
usually, but not invariably, develop in bipolar
fashion to produce the blade phase. Of the
Porphyra species which produce monospores
from large blades (CONWAY and WYLIE 1972,
HAWKES 1977, OcAwA and LEWMANOMONT
1978), only the two species investigated in
North Carolina have been shown to have
the flexibility of both uni- and bipolar mono-
spore development (KAPRAUN and LUSTER
1980).

Cytology: Four chromosomes (N=4) were
found in all phases of the life history of P.
carolineusis confirming the absence of sex-
uality and meiosis in this species. Interest-
ingly, the other two local Porphyra species,
P. rosengurtii (KAPRAUN and LUSTER 1980)
and P. leucosticta (unpublished data), also
lack an alternation of ploidy levels. Else-
where, the presence of both haploid and
diploid nuclear phases has been shown to
be a common occurrence. YABU (1975)
reported haploid and diploid numbers for
most of the 19 species investigated in Japan.
On the west coast of North America,
MuMFORD and COLE (1977) found haploid
and diploid numbers in three of seven
species studied. All three species of Por-
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phyra in the North Atlantic which have
been examined cytologically possess haploid
and diploid phases (MAGNE 1952, GIRAUD
and MAGNE 1968, KITO et al. 1971).
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Studies were made on field and cultured material of Kornmannia collected at Triple
Island and southern Vancouver Island in British Columbia in order to test the taxonomic
reliability of morphological characters. While two distinct entities were readily disting-
uished according to morphology and apparent ontogenies of field material as well as host

preference, under controlled culture conditions the differences were negligible.
similar ontogenies, morphologies and cytology.
material resembled that reported from Japan, Norway and Germany.

Both had
Culture data for the British Columbia
Consequently, it is

concluded that only one circumboreal species, K. leptoderma, deserves recognition. Mono-
stroma areolatum and K. zostericola have been synonymized as K. leptoderma (KJELLM.)
BLipiNG and the description of the genus has been emended. In addition, a new family,
Kornmanniaceae, has been erected based on unique life history and cytology.

Key Index Words:

Northern British Columbia has a rich and
varied algal flora that is only recently be-
coming better known (HAWKES et al. 1978,
GARBARY et al. 1980). Much of this richness
may be attributed to the subarctic water
temperatures of 5° to 10°C during the colder
half of the year, coupled with a mild mari-
time climate that leaves the shore ice free
year round. Green algae with heteromorphic
life histories are particularly abundant.
Species that may be only insignificant winter
ephemerals in phycologically better known
areas to the south often dominate the inter-
tidal region during luxuriant spring blooms
in northern British Columbia. Monostroma
and Kornmannia are two such monostromatic
genera. GOLDEN and GARBARY (1984) studied
Monostroma in this area, reducing the pro-
fusion of reported entities to three circum-
boreal species. However, Kornmannia has

Algal systematics; British Columbia; Chlorophyta; culture;
Kornmannia ; life history; ultrastructure.

not yet been treated.

Members of the genus Kornmannia have
distinctively thin, small-celled blades, but
the relationship of the different geographic
entities is not clear. In Europe KORNMANN
and SAHLING (1962) and BLIDING (1968)
reported an asexual life history for K. lepto-
derma (KJELLM.) BLIDING, but in Japan
YaMADpA and TATEWAKI (1965) and TATE-
WAKI (1969, 1972) found a heteromorphic
alternation of generations between a macro-
scopic bladed sporophyte and a microscopic
gametophyte of Monostroma zostericola
TILDEN. To date the North America taxa
have not been studied in culture so that the
relationship between the Pacific and Atlantic
taxa remains unclear. For example, BLIDING
(1968) considered the European and Japanese
entities to be separate genera on cytological
and life history grounds and the Pacific
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American one to be cytologically similar to
the European. However, contrasted to this
was the opinion of KORNMANN and SAHLING
(1962) that the European and Japanese taxa
are closely related, if not identical.

A field and culture study has now been
completed on Kornmannia in British Co-
lumbia. In contrast to this genus in Cali-
fornia which is only 1-2cm, in northern
British Columbia it reaches 10cm and may
cover much of the winter-spring intertidal
region. At the primary study site, Triple
Island, Kornmannia is represented by two
entities. K. zostericola (TILD.) BLIDING (KZ),
the often reported epiphyte on seagrasses
referred to as Monostroma zostericola in the
west coast North American literature (e. g.
SCAGEL 1966, ABBOTT and HOLLENBERG
1976), reaches its maximum size and cover
in late spring. It has readily observable
disc and saccate stages, and usually a single,
often funnel-shaped juvenile blade (SCAGEL
1966). The other entity (KH), which grows
luxuriantly on the intertidal algae Halosac-
cion glandiforme (GMEL.) RUPRECHT and
Fucus gardneri SILvA, has not been pre-
viously noted in eastern Pacific literature,
although it is represented by numerous col-
lections under the name K. zostericola in
the University of British Columbia Herbarium
(UBC). It reaches its maximum size and
cover in late winter, never has a saccate
stage, and appears to arise directly from an
endophytic basal system to produce a cluster
of collar-like upright blades.

In this current study field observations of
Kornmannia were documented at the primary
study site and, to test the taxonomic relia-
bility of the characters, plants from Triple
Island were cultured in 1984 and 1985 and
plants from southern Vancouver Island, in
1985. These data were used to evaluate the
characters employed in diagnosing Kornman-
nia at the species, generic, and family levels.

Material and Methods

Specimens of Kornmannia were collected
in northern British Columbia at Triple Island

(54°17’N 130°53'W) and from southern Van-
couver Island at Sooke (48°25’N 123°43’'W).
Triple Island, the primary study site, was
described in a recent publication (GOLDEN
and GARBARY 1984). Field material from
this area was sampled and examined irregu-
larly through the growing season (December
to June) on a daily, weekly, or monthly
basis. Cultures were set up from March to
June in 1984 and 1985 using specimens from
Triple Island, and in April and May 1985
using material from southern Vancouver
I[sland. Relevant herbarium material at the
University of British Columbia, including
Phycotheca Boreali-America (PBA) (COLLINS
et al. 1905), was also examined.

Cultured material was initiated as follows:
1) freshly collected moist blades, singly or
in clusters, were examined with a dissecting
microscope; 2) when releasing areas were
seen and confirmed, either motile spores
were pipetted drop by drop onto a 20X 20 mm
cover slip, or clean, small fragments of re-
leasing material were transferred to a cover-
ship and floated in a drop of filtered sea-
water; 3) after 5 to 30 min fresh seawater
was pipetted over the coverslip to remove
everything but settled spores; if release
was judged insufficient, the hanging drop
method described in WYNNE (1969) was used
from 1 to 24h; 4) coverslips were either
cultured individually or broken and the frag-
ments of the clonal juveniles were cultured
under different conditions; 5) isolates were
replicated using three to ten different blades
per host; 6) most isolates were kept through
one complete life cycle and then discarded
in three to twelve weeks.

Cultures initiated at Triple Island were
kept in a growth chamber at about 8°C and
12 h light: 12 h dark. After several weeks,
they were transferred to growth chambers
in the Department of Botany at the Uni-
versity of British Columbia and replicates
were maintained under the following con-
ditions: 5°C 8 h light: 16 h dark, 10°C 8h
light: 16 h dark, 10°C 16 h light: 8 h dark,
exposed to approximately 210 ykE-m-2-s! .in-
tensity. Cultures set up from southern
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Vancouver Island material were placed im-
mediately into culture chambers at the Uni-
versity of British Columbia under the forego-
ing conditions. PES medium (PROVASOLI
1968) was used, supplemented with GeO,
and/or antibiotics when needed (GOLDEN and
GARBARY 1984). Cultured material was
observed and photographed periodically using
the dissecting and compound microscopes.
For light microscopy, whole mounts and
freezing microtome sections of blades were
viewed unstained and following staining with
IKI. In preparation for transmission electron
microscopy (TEM), field collected plants were
fixed in 2.5% glutaraldehyde-seawater at 4°C
overnight, postfixed in 2% osmium tetroxide-
seawater for 2h and then dehydrated using
a graded series of methanol-propylene oxide.
Materials were embedded in Spurr’s low
viscosity resin (SPURR 1969). Sections were
cut on a Reichert ultramicrotome OMU3
using glass knives. They were stained with
a saturated solution of uranyl acetate, fol-
lowed by lead citrate (REYNOLDS 1963), and
viewed in a Zeiss EM10 electron microscope.

Results

Field material :

I. At Triple Island Kornmannia Z grew
epiphytically on leaf margins of the vascular
plant Phyllospadix, colonizing the tips of
only a few plants in intertidal pools (Fig. 1).
Size and habit varied with the season. Early
in March many small (approx. 1 cm) cuneate
blades were observed arising directly (with-
out apparent saccate stages) from a few
scattered, minute crust stages. As the season
progressed to its peak in May, plants were
more conspicuous ; usually there was a single
blade per basal crust, and saccate stages
were readily observable (Fig. 2). With
larger blades (to 10 cm), the crust was often
no longer distinguishable from the laciniated,
plate-like base of the plant. All blades disap-
peared by late June; a new crust phase was
found occasionally during the summer and
autumn.

The basal and vegetative regions of typi-

cal thalli showed little differentiation, though
individuals varied widely. Basal cells often
lengthened into irregular, quadrate shapes
that occasionally had rhizoidal processes
(Fig. 3). Distally, the cells became equidi-
mensional (5 #mXx5 um). In saccate stages
they organized in linear files but, in later
stages, became increasingly randomly ar-
ranged. A “vein-like?» (TATEWAKI 1969)
arrangement was often apparent (Fig. 3).
Distally, vegetative cells ‘differentiated into
Ulva-like sporangia. These usually remained
on the thallus following spore release, along
with a margin of sterile cells (Fig. 1).

All field collected blades of Kornmannia
produced quadriflagellated zoospores, 4-5 ym
long and lacking an eyespot, that moved
slowly and settled quickly. Maximum release
was obtained during periods of spring tides,
but some release was obtained at any time.

In surface views of living vegetative cells,
characteristically the chloroplast was ap-
pressed to an anticlinal wall (Fig. 4), and
no pyrenoid was evident even after staining
with IKI. While turgid cells appeared almost
round, plasmolysed ones revealed quadrate
cell walls. Distinctive areolate patterns of
cells were usually evident in unfixed dried
material.

Ultrastructurally, vegetative cells con-
tained a large, parietal chloroplast with an
internal, long, ellipsoid pyrenoid which
lacked associated starch plates (Figs 5, 6).
The pyrenoid matrix was bound by thyla-
koid membranes (Fig. 6A) and small starch
grains were randomly arranged within the
stroma. Mitochondria with long, wide cri-
stae were closely associated with the inner
side of the chloroplast, concentrated in the
region between the chloroplast and the large
nucleus.

II. Kornmannia H epiphytized all available
overwintering Halosaccion, and some Fucus
was also infected. In good growing years
all substrates in the mid intertidal region
were covered; size and cover varied with
the season. In December, minute sterile
blades were seen on a few Halosaccion plants,
arising endophytically (Fig. 7). By spring
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Figs. 5, 6. Kornmannia Z: electron micrographs of sections through vegetative cells. 5. Whole
cell showing large, parietal chloroplast (C) and starch (arrows) within the stroma. Note many mito-
chondria (M) with long, wide cristae concentrated in the region between the chloroplast and nucleus
(N). x20,000. 6. Long, ellipsoid pyrenoid (P) lacking associated starch plates within each chloroplast.

The dense matrix is bound by thylakoid membranes.

% 20,000. Inset A is an enlargment of the tip of

the pyrenoid showing the thylakoid association (arrow). x35,000.

most hosts were covered with 1-3 cm blades
(Fig. 8) which appeared to arise directly
from uniseriate or multiseriate endophytic
filaments. Saccate stages were never found.
Individual blades were broader apically, nar-
rowing to a funnel-like stipe which appeared
closed but was actually open (Fig. 9). Most
of the host plants from the previous vear
had disappeared by late May. Few-celled
Kornmannia crusts were common on lower
parts of the current year hosts throughout
the summer and autumn.

Typical thalli were differentiated into basal
and vegetative regions. The cells in the

stipe were long, narrow and quadrate (Fig.
9), measuring 25+ pgm><approx. 6 gm. Rhi-
zoidal processes were common, occurring even
in juveniles. Distally, cells developed into
equidimensional vegetative cells. Cytologi-
cally, vegetative and reproductive cells of
KH were similar to those of KZ reported
above.

Cultured material :

Gametophyte generation—

Zoospores released from HKornmannia Z
collected at Sooke and cultured at 5° and
10°C and 8h light: 16h dark conditions
germinated directly intc prostrate filaments.

Figs. 1-4. Kornmannia Z: light micrographs of living material growing epiphytically on Phyl-
lospadix. 1. Blade-like thallus on tip of Phyllospadix. Note clear distal areas where spores have been

7

released (arrows). Some sterile vegetative cells remain along the outer margins. x1.5. 2. Saccate
stage with unistratose basal disc (arrow) which was lifted off the cuticle of Phyllospadix. x110. 3.
Basal region of a long laciniated blade showing “vein-like” arrangement of cells (arrow) and rhizoids.
»x180. 4. Surface view of vegetative cells showing the chloroplast appressed to the walls. x650.



268 GoLpEN, L. and CoLi, K. M.

' 7
VA ‘\,‘_{5‘4;;% AL
%7)}’%"%’? iz
= AT




Kornmannia in British Columbia 269

At the three- to five-celled stage branching
commenced and four or more files of cells
soon radiated outwards. Distal cells were
usually longer and unbranched (Fig. 10).
This produced a small, irregular, pseudo-
parenchymatous disc which then began to
thicken centrally as the lateral growth slowed
or ceased (Fig. 11). The plants became
reproductive in three to four weeks; game-
tangia covered the surface of a crust. The
onset of release was signalled by the rapid
movement of gametes inside the gametangia.
All the gametes were released within a short
time, rising in a cloud that remained just
above the disc. This swarm was composed
of conjugating, biflagellated isogametes that
were about 4 #m long and fast moving. The
crusts released randomly and no mixing of
gametes between neighboring crusts was
observed.

Culture data from KZ and KH collected
at Triple Island differed in that the zoo-
spores had an empty spore germination type.
Gametophytes of KH were also more regular
in outline and indistinguishable from young
sporophytes (see below).

Gametophytes cultured at 10°C under long
day conditions had an isomorphic life history.
Instead of developing into paranchymatous
crusts, they usually became dense tufts of
uniseriate, branched filaments (see Fig. 13
arrow for a similar early stage in the sporo-
phyte). Monoecious isogametes were pro-
duced which recycled similar irregular tufts
or crusts, some of which produced zoospores
when mature.

Sporophyte generation :

All cultured zygotes grown at 5° and 10°C
under short day conditions germinated di-

rectly into prostrate filaments which often
began branching at the second two-celled
stage (Fig. 12). Cells at the end of filaments
often had a bifurcating from of division not
seen in the gametophytic stages. A small,
circular disc was soon formed which then
began to thicken and upheave centrally (Fig.
13). The resulting saccate stages either
opened at the apex immediately, or grew
into a long narrow tube.

Sporophytic grow in the 1984 KH (Triple
Island) cultures was atypical in that saccate
stages were not formed. Instead, a blade
was produced by a “horse shoe”-shaped
upheaval (BLIDING 1968), or else by irregular
upright filaments that developed directly into
blades. The 1985 KH cultures had normal
disc-sac ontogeny.

Cultured material from zygotes grown at
10°C short day conditions showed some ab-
normal growth forms which were not present
in material grown at 5°C short day condi-
tions (Fig. 13). In addition, some sporo-
phytic cultures that became overgrown with
germlings developed blades on the water’s
surface without an intervening disc stage.
Sporophytes normally became reproductive
at sizes of 2-3mm when grown under 10°C
short day conditions; those under 10°C long
day conditions grew vegetatively indefinitely,
reaching lengths of 2-3cm in four weeks.

Asexual plants:

Kornmannia H from Sooke was asexual.
Under all conditions germinating zoospores
had a disc-sac ontogeny similar to that of
the sporophytic phase described above.
However, growth was less affected by the
10°C long day conditions, and some clones
showed no abnormalities at this temperature.

Figs. 7-9. Kornmannia H: living material growing epiphytically on Halosaccion. 7. Minute endo-
phytic germlings (arrow) growing out from Halosaccion tissue in December. x300. 8. Halosaccion
plant in the spring covered with blades arising from uniseriate and multiseriate endophytic filaments.
x0.5. 9. Portion of an individual blade showing the open, collar-like, tubular stipe. x120. Figs. 10, 11.
Kornmannia Z. epiphytic on Phyllospadix: developing gametophytes. 10. Early stages following ger-
mination. Note longer unbranched distal cells. x160. 11. Later stages showing polystroméitic game-
tophytes. Note centrally thickened pseudo-parenchymatous discs. x220. Figs. 12, 13. Kornmannia H.
epiphytic on Halosaccion: developing sporophytes. 12. Early stages following germination. Note
branching commencing at two-celled stage. x100. 13. Later stages showing a circular disc with
thickened central upheaval and an abnormal form (arrow) with irregular filament growth. x380.
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Discussion

Species :

Historically, putative differences in blade
morphology, habit and size have been used
to differentiate taxa in the Kornmannia com-
plex, i.e. thin (approx. 10pm), small-celled
(approx. 5x5 pm) blades lacking pyrenoids.
This group included Monostroma lepto-
dermum, M. zostericola, and M. areolatum
(UBC #Al14, “co-type”). Small cell sizes
were sufficient to separate M. [eptodermum
from previously described Monostromas.
KJELLMAN (1877) based his description upon
fragments of drift found along the shores
of Novaya Zemlya in the Russian Arctic.
Working in Greenland, ROSENVINGE (1893)
and JONSSON (1904) found large (to 10cm)
plants, attached to the substrate by long
tubular stipes, which they equated to KJEL-
LMAN’s stipeless fragments. TILDEN (1900)
erected Monostroma zostericola for the small,
sessile blades epiphytic on the seagrass
Zostera in the Puget Sound area of Washing-
ton State. But, as COLLINS (1909) pointed
out, the Pacific plants are identical to those
epiphytic on Zostera along the New England
coast (PBA £1272), and neither is incompa-
tible with KJELLMAN’s description. COLLINS
also questioned the conspecifity of the Green-
land and North American material. SETCHELL
and GARDNER (1920a) agreed with TILDEN’s
designation of M. zostericola from Puget
Sound. However, they erected M. areolatum
S & G for a similar but much larger (20-35
cm) Zostera epiphyte from Sitka, Alaska,
which they further believed had a distinct
areolate cellular pattern and more ephemeral
saccate stage. Northwestern Pacific workers
have identified their seagrass epiphyte as
M. zostericola (TOKIDA 1954, VINOGRADOVA
1979), although SCAGEL (1966) suggested that
the entity described by YAMADA and TATE-
WAKI (1965) differs significantly in zoospore
and vegetative cell size from that in the
type locality. Despite the above reserva-
tions, in practice the Atlantic plants have
been referred to K. leptoderma even when
only present as Zostera epiphytes (SOUTH

and HooPER 1980), or quite small (PEDERSEN
1976), and Pacific plants to K. zostericola,
regardless of size (VINOGRADOVA 1979) or
host (NAGAI 1940).

The differences in field collected KH and
KZ at Triple Island are comparable to those
previously used to distinguish species. These
differences may be summarized as a single
large, irregular blade with an ephemeral
tubular stipe and a distinct saccate stage
(KZ), contrasted with a cluster of small,
collar-like blades differentiated into a stipe
and a blade which develops directly without
saccate stages (KH). However, under con-
trolled culture conditions, the differences in
blade morphology between the two entities
became negligible. Whatever the variations
between and among isolates, basically both
KH and KZ had a disc-sac ontogeny. Size,
stipe morphology, number of blades per
crust, etc. varied with culture conditions,
particularly crowding. It is concluded that
the field differences noted for the sporo-
phytic blades were phenotypic and taxono-
mically unreliable.

Kornmannia culture data from Japan, Ger-
many and Norway were indistinguishable
from those obtained from British Columbia
in the current study. In Europe, cultures
grown at temperatures less than 10°C and
unstated daylengths produced blades which
recycled asexually by means of a disc-sac
ontogeny (KORNMANN and SAHLING 1962).
BLIDING (1968) further reported that in some
plants the disc’s central upheaval was in-
complete, producing a collar rather than a
sac, the “horseshoe” ontogeny. At 15°C
and unspecified photoperiod, irregular thalli
(“tufts”, this paper) developed which pro-
duced zoospores (KORNMANN and SAHLING
1962). In Japan, YAMADA and KANDA (1941),
using cultures grown in windows, found the
macroscopic blade recycles itself by the disc-
sac ontogeny, the disc being present all
summer and autumn and the upheaval com-
mencing with winter conditions. Later,
YAaMADA and TATEWAKI (1965), using con-
trolled temperatures and photoperiods, re-
ported a heteromorphic life cycle at 5°C and
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short day conditions. While the zygotes
usually followed a disc-sac ontogeny, there
were variations includ'ng uniseriate filaments
arising from the disc as precursors of the
blade. At 13°C and a 14 h light: 10 h dark
photoperiod, there was an isomorphic alterna-
tion of generations with the blade phase
suppressed.

Cytologically, the Japanese, European and
British Columbia taxa are indistinguishable
at the light microscope level. All lack ap-
parent pyrenoids, even when stained with
IKI, contrary to some earlier reports [SCAGEL
1966, BLIDING 1968-interpretation of YAMADA
and TATEWAKI (1965) figures]. At the TEM
level, HoRI (1972) dealt incidently with the
pyrenoid of Kornmannia in a comparative
study. He pointed out that this pyrenoid is
unique among green algae, both in shape and
the lack of a starch sheath, and so is practi-
cally invisible in the light microscope. The
results of the current study confirm HORI's
data.

Summarizing, it has been demonstrated in
the present investigation that using field
material the two Kornmannia epiphytes, KZ
and KH, at Triple Island are more clearly
distinguished morphologically than are the
Atlantic K. leptoderma and the Pacific K.
zostericola. However, it has also been shown
that these differences are not evident in cul-
tured material and are phenotypic. As the
culture data of Kormmannia in Japan, Norway,
and Germany were similar to those obtained
for British Columbia, it is concluded that
only one circumboreal species, K. leptoderma,
deserves recognition at this time.

The small, consistent differences noted
between the two epiphytes, KZ and KH, in
British Columbia suggest that the two sepa-
rate and independent populations of Korn-
mannia may be in the process of speciating.
The development of KZ and KH gameto-
phytes and sporophytes cultured from Triple
Island material differed slightly and, at
Sooke, field material of KH was asexual and
grew adjacent to that of KZ which was
sexual. In addition, the distribution of KZ
is more southerly, into California. The

application of modern techniques such as
electrophoresis may reveal a greater geno-
typic distance between these populations
than that shown by morphology and on-
togeny.

Genus:

As BLIDING (1968) did not consider the
Japanese material to be congeneric with the
European, his generic description of Korn-
mannia included only the monophasic,
asexual life history, and his diagnosis relied
upon anatomical features such as the blades,
small cells, the absence of pyrenoids and
rhizoids. In light of the present study, the
generic diagnosis requires emendation, which
is done formally at the end of this paper.
The diagnostic characters of the genus are
considered to be the heteromorphic life
history of a macroscopic sporophytic blade
alternating with a gametophytic microthallus
and the unique cytology.

Family:

Ulvalean algae are usually separated into
two families based upon life histories; this
dichotomy is supported ultrastructurally
(OKELLY et al. 1984). KUNIEDA (1934)
erected the Monostromaceae to include those
taxa with a heteromorphic life history in
which a macroscopic gametophytic blade
alternates with a single-celled Codiolum sporo-
phyte, in contrast to the isomorphic life
history in the Ulvaceae. Considering the life
history and unique cytology, Kornmannia
does not fit into either family. Therefore,
it is necessary to erect a new family, the
Kornmanniaceae. This is done formally at
the end of this paper.

Many authorities consider Blidingia and
Kornmannia to be closely related because of
their similar blade development and more
recently, a report of heteromorphic life
history in the former (TATEWAKI and IIMA
1984). However, ontogeny is not a good
indicator of taxonomic relationship. For
example, GOLDEN and GARBARY (1984) using
spore release characters and O'KELLY et al.
(1984) using flagellar apparatus ultrastructure
showed that Ulvaria obscura (KUTz.) GAYRAL
var. blyttii (ARESCH.) BLID. is not conge-
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neric with Monostroma oxyspermum (KUTz.)
Doty as BLIDING (1968) had held based upon
their similar ontogenies. Regarding TATE-
WAKI and IiMA's (1984) interpretation of
heteromorphy in the life history of Blidingia,
GOLDEN and COLE (unpublished data) have
observed that some slow growing Entero-
morphas which form prostrate basal systems
may become reproductive before the upright
is produced. This was a culture artifact in
an essentially isomorphic life history.

Although Blidingia and Kormmannia have
similar cell sizes, ultrastructurally their
vegetative cells are not alike. It appears
that Blidingia exhibits typical ulvacean
cytology while Kornmannia does not. The
pyrenoid of Blidingia is a type common to
all ulvacean genera: Ulva, Enteromorpha,
Percursaria, Ulvaria (HORI 1972, SWANSON
and FLoyD 1978); in contrast, that of Korn-
mannia is unique. The organelle arrange-
ment within Blidingia cells is also similar
to that in Ulva (L@VLIE and BRATEN 1968,
MICALEF and GAYRAL 1972, SWANSON and
FrLoyp 1978). The characteristic placement
of mitochondria as a layer between the
chloroplast and nucleus in Kornmannia has
not been observed in any other Ulvaceae
examined to date.

Ordinal :

Wide-cristaed mitochondria similar to those
observed in Kornmannia are evident in elec-
tron micrographs included in several other
ultrastructural studies on most algae in the
orders Ulvales, Ulotrichales, and Acrosi-
phonales (e.g. MATTOX and STEWART 1973,
LOKHORST and TRASK 1981, SLUIMAN et al.
1983), but not in the Cladophorales or
siphonaceous algae (e.g. HIRAYAMA and
HoRrr 1984, ROBERTS et al. 1984). MATTOX
and STEWART (1973) suggested the transfer
of Pseudendoclonium to the Ulvales based on
several characters including its ulvacean
pyrenoid and the appearance of its mito-
chondria. They were aware of the “folly”
of comparing algae on the basis of mito-
condrial ultrastructure, but there may now
be some merit in considering all available
EM data on ulvalean, ulotrichalean and

acrosiphonalean algae to determine if they
have sufficiently similar cytological features
to form a more natural single group (Ulo-
trichales).

Kornmanniaceae fam. nov.

Sporophyton macroscopicum, laminaris,
monostromatica et pertenuis. Cellulae parvae,
pyrenoides sine vaginis amyli. Gametophyton
minutum, pulvinatus, monoicum.

Sporophyte macroscopic, blade-like, mono-
stromatic and thin. Cells small, pyrenoids
without starch sheath. Gametophyte minute,
cushion-shaped, monoecious.

GENUS TYP 1: Kornmannia BLIDING 1968,
p. 610.

Accepted species: K. leptoderma (KJELLMAN)
BLIDING, 1968.

Synonyms: Monostroma zostericola TILDEN
Amer. Algae 1900, £388.
Kornmannia zostericola (TILDEN) BLIDING

1968. p. 620.

Monostroma areolatum S & G 1920b.

Emended description of genus Kornmannia:
Plants with thin, monostromatic blades;
stipes tube-like, collar-like or absent; cells
small; rhizoids present or not; pyrenoids
lacking starch sheath. Heteromorphic al-
ternation of generations or asexual; macro-
scopic bladed sporophyte usually product of
a disc-sac ontogeny alternates with a micro-
scopic crust-like monoecious gametophyte.
Reproductive cells 3-5pm long, without
eyespot.
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C. AGARDH (Phaeophyta, Fucales)
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Soe-Htun, U and YosHipa, T. 1986. Studies on morphological variations in Sargassum
cristaefolium C. Acarpu (Phaeophyta, Fucales). Jap. J. Phycol. 34: 275-281.

The developmental process of Sargassum cristaefolium C. AGARDH is described to study
morphological variations in vegetative and reproductive features. Morphological variations
of branches, leaves and vesicles depend on ages and habitats of the plants. Gradual
changes in morphology of these three features are numbered arbitrarily to know the lowest
and highest limits of development in the plants growing in shallow and deep water at
different ages. Receptacles of shallow and deep water plants are nearly uniform in
morphology.

Key Index Words: Fucales; morphology; Phaecophyta; Sargassaceae; Sargassum;

S. cristaefolium; variations.

A wide range of phenotypic morphological
variations shown by many species of Sar-
gassum caused much difficulties in identify-
ing the plants as to species or understanding
of variability in the same species. Our
observations on development of the thallus
in several species occurring in the Indo-
Pacific regions suggest that there is certain
regularity in morphological changes of
branches, leaves and vesicles according to
ages or developmental stages and habitats
of the plants. We present here, as an
example, our observations on Sargassum
cristaefolium, first described by C. AGARDH
in 1820 based on the specimen from Ceylon
(Sri Lanka), and known from tropical Pacific
areas as well as Indian Ocean regions.
Similar observations on each taxon are
indispensable to go further in understanding
the taxonomy of this genus of Phaeophyta.

Materials and Methods

The materials were collected from various
localities, such as Guam Island, Micronesia

and Kagoshima Prefecture, Japan at ecolog-
ically different habitats throughout the
growing season. Specimens were preserved
in 10% formalin in seawater and also
mounted on herbarium sheets. Herbarium
sheets examined were deposited in the
herbarium of Faculty of Science, Hokkaido
University (SAP). Liquid-preserved speci-
mens of whole plants were used for obser-
vations of external morphology and habits
of vegetative and reproductive features.
The terms used here were in accordance with
those of YOSHIDA (1983). Stems, branches,
leaves, vesicles and receptacles were studied
from lower to upper parts according to
their positions on plants. Sections were
made by hand using a double-edge razor
blade for the study of reproductive organs.

Observations

S. cristaefolium (Fig. 1) is normally an
annual plant. Plants attach to rocks and coral
reefs by a discoidal holdfast from the lower
intertidal zone in shallow rock and tidal



276 Soe-Hruw, U and Yosuipa, T.

Fig. 1. Sargassum cristaefolium C. AGARDH.
Pago Bay, Guam 1. June 18, 1984. leg. T.
Yosiuipa. Scale, 5cm.

pools to the subtidal zone, about 2 m deep.
Young plants appear in autumn and become
mature in next spring to summer. The stem is
less than lcm in length and 2-4 mm in
diameter, usually without branching. The
length of main branches of shallow water
plants, measuring 10-20 cm, is shorter than
that of deep water plants, measuring 20-40
cm. In some cases, the shortest length of
main branches, measuring 5-10 cm is found
in plants which are exposed to air during
the ebb tide.

The developmental process of S. cristae-
folium is schematically shown in Fig. 2. In

Fig. 2. Developmental process in Sargassum
cristaefolium. H, holdfast; CL, cauline leaf;
S, stem; MB, main branch; LMB, leaf of main
branch; 2B, second branch; L2B, leaf of sec-
ondary branch; V2B, vesicle of secondary
branch; 3B, tertiary branch; L3B, leaf of ter-
tiary branch; V3B, vesicle of tertiary branch;
4B, fourth order branch; L4B, leaf of fourth
order branch; V4B, vesicle of fourth order
branch; R, receptacle.

younger stages, several furcate cauline
leaves without margical duplications are
formed in the early season of growth. Sub-
sequently, main branches are issued in
spiral order from lower to upper parts of
the stem. After the development of main
branches, cauline leaves fall off. Main
branches on the stem become longer, although
those on the upper part of the stem remain
short in length. One to five leaves in the
proximal parts of the branches do not issue
the branches of next order. From lower
middle to middle parts of main branches,
secondary branches are issued in the axils
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of leaves of main branches with vesicles
and leaves of secondary branches, then ter-
tiary branches, vesicles and leaves of ter-
tiary branches, branches of fourth order,
vesicles and leaves of fourth order and
receptacles successively. However, in the
upper parts of main branches, younger
secondary branches with its small vesicles
and leaves are formed, usually without
further development of next order branches.
Vesicles are totally absent on main branches.
Vesicles are also absent on secondary
branches arising from lower parts of main
branches. One or two vesicles replace the
leaves formed at the proximal parts of
secondary and higher order branches. As
far as we have examined, well grown
individuals have branches of fourth order
in deep water habitats. These plants denude
leaves of main branches from lower to
middle parts of main branches after initi-
ation of axillary branches. However, leaves
of main branches mostly remain in the
distal parts.

Width of main branches is always two
times larger than that of secondary branches
according to their positions on plants. The
same relations are found between secondary
and tertiary branches, and so on. Likewise,
size diminution occurs in leaves and vesicles
of branches concerned. At the end of
growing season, fifth order branches in the
lower parts of fourth order branches and
fourth order branches in the lower parts of
tertiary branches are normally transformed
into receptacles in deep water plants, but
fourth order and tertiary branches can be
changed into receptacles in shallow water
and exposed plants. Receptacles are nearly
uniform as for size and furcation even in
the plants growing in different habitats.
These are always androgynous irrespective
of plant size and habitats.

Grades of development of branches, leaves
and vesicles are arbitrarily classified into
five steps (Fig. 3). Grade 4 means the
highest limit of variations or maximum
state of development and grade 0 represents
the lowest limit of variations or minimum

state of development for these three parts
of the plants. Between grades 4 and 0,
grades 3, 2 and 1 indicate gradation of
morphological development. Whole range
of variations is found along main branch
(grades 4-0), while on secondary branch
lesser range is seen (grades 3-0). Similarly,
tertiary (grade 2-0) and fourth order (grades
1-0) branches have narrower range of vari-
ations according to their positions on plants.
Such a tendency in gradual changes of
morphological characters also occurs in
leaves and vesicles depending on ages of
plant and its habitats.

The highest limit of variations or maxi-
mum developmental grade of main branch
development is always observed at the
proximal parts of early formed main
branches from younger to older stages of
the plants collected from every habitat.
However, as for leaves and vesicles, devel-
opmental grade 3 is firstly formed in younger
stages of plants. Later, as the plants are
getting older, these grades 3 in leaves .and
vesicles gradually develop into the highest
grade of variations (i.e. grade 4). These
gradual developmental changes normally
occur in individual leaf and vesicle as
affected by ages and ecological conditions.
The extent of these changes in each leaf and
vesicle are more eminently observed than
in the proximal parts of main branches.

As shown in Fig. 3A, proximal parts of
main branches, which are issued from the
lower parts of the stem, are ancipital (i.e.
grade 4) but lower middle to upper part of
main branches are usually compressed to
terete without ridges (i.e. grades 3-0).
However, according to the relative position
on the stem, proximal parts of later issued
main branches become compressed without
ridges (i.e. grades 3-0). Simultaneously,
gradual changes of morphology (i.e. grades
3-0) are also found on secondary, tertiary
and fourth order branches from lower to
upper parts of plants. In this case, sec-
ondary and tertiary branches are mostly
compressed but fourth order branches are
usually terete. Issuing of secondary, ter-
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Fig. 3. Gradual changes of morphology in Sargassum cristaefolium,

Grades (4-0). L, lower;

tiary and fourth order branches are affected
by their life time and environmental factors.
Moreover, even in a single plant, fewer
branches of higher order are produced on
main branches which are issued later than
those formed in earlier season.
Heterophylly observed is shown in Fig.
3B. Leaves in the lower parts of main
branches are thick, concave at the surface
and strongly curved upwards, bifariously
dentate and spatulate to oblong in shape
with marginal duplications starting from
lower middle portions of blades on each
side. This state is called here as grade 4
while those on the upper parts of main

M, middle; U, upper.

branches become smaller and thinner, irreg-
ularly serrate and oblong to lanceolate in
shape without marginal duplications (i.e.
grades 1-0). Gradual changes of leaf mor-
phology (grades 3-0) are also found on
leaves of secondary, tertiary and fourth
order branches. Morphological variations
of leaves in shallow water plants (i.e.
grades 4-2) have lesser range than those
of deep water plants (i.e. grades 4-0).
Interval of leaf formation or the length
of internode depends on depths where the
plants grow. The length of the internode is
usually shorter in plants of shallow water
or exposed habitats while relatively longer
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in deep water plants. Distinction of midrib in

leaves depends on ages of plants. The midrib

reaches to the middle portion of blade in
older leaves but only to the lower part of
blade in younger leaves.

Fig. 3C represents the morphological range
of vesicles. Vesicles of secondary branches
formed in the lower middle parts of main
branches are bigger and usually have small
lateral appendages (i.e. grade 4) but those
of secondary branches disposed in the upper
parts of main branches become smaller in
size and have no lateral appendage (i.e.
grade 0). Apices of well grown vesicles
are slightly mucronate but vesicles of grade
0 are always mutic at the apex. And also,
stipes of the higher grade vesicles are
mostly flattened but those of the lower
grades are normally compressed to terete.
Similar gradual changes of morphology (i.e.
grades 3-0) occur on vesicles of tertiary
and fourth order branches.

The main characteristics of S. cristae-
folium can be summarized as follows:

(1) Main branches are slightly flattened to
compressed with or without ridges at the
basal parts, 10-40cm in length and 2-4
mm in width.

(2) Leaves are spatulate, oblong to lanceo-
late in shape, 10-20 mm in length, 10-20
mm in width, mostly concave at the
surface and strongly curved upwards,
duplicate to simple, shortly stipitate with
symmetrical base, evanescent midrib
vanishing at the middle way to the apex,
bifariously dentate to irregularly serrate
margins and obtuse to acute apex.

(3) Vesicles are mostly elliptical in shape
with or without small appendages, 3-10
mm in diameter with slightly mucronate
or rounded tips and flattened, compressed
to terete stipes of 1/2-1/3 length of vesi-
cles.

(4) Receptacles are androgynous, cymosely
arranged, compressed, loosely twisted with
small spines, irregularly forked, 5-10 mm
in length and 0.5-1.0 mm in width with a
short sterile stipe.

Discussion

The developmental process of the plant body
(thallus) in S. cristaefolium is fundamentally
similar to that of S. piluliferum (TURNER)
C. AGARDH, S. patens C. AGARDH, S. dupli-
catum J. AGARDH, S. cristpifolium YAMADA
and S. asymmetricum YAMADA reported by
TERAWAKI ef al. (1982, 1983a, b, c, 1984).
At early stages of development of germlings,
simple cauline leaves are formed and then
furcate cauline leaves appear in all these
species. Later, main branches replace the
cauline leaves at certain stage of develop-
ment. The phenomenon of apical dominance,
as mentioned by CHAMBERLAIN et a/. (1979) for
S. muticum (YENDO) FENSHOLT, may control
the development of next order branches. In
other words, the upper limits of morphological
development of branches, leaves and vesi-
cles are closely related with the position of
each part of the plants. Growth in length
of branches, also depends on habitat condi-
tions.

In shallow or rough water habitats, the
plants have shorter main branches, giving
rise to poorly developed short secondary
and tertiary branches. Maximum to mini-
mum grades of development of each part
cannot be easily seen in these plants. In
deep or calm water habitats, main branches
grow generally longer and give rise to
longer secondary and tertiary branches often
provided with short fourth order branches.
Leaves of the lower parts of main branches
are quite different from those of the upper
parts in morphology. All grades of gradual
changes in leaf morphology are observed.
That is to say, heterophylly is more
conspicuous. On the other hand, leaves of
fourth order branches are quite similar in
shape to leaves of fifth order branches.
A narrower range of leaf morphology is
noticed on the branches of higher orders.
The same phenomena are also found in
branch and vesicle characteristics.

Based on these observations, ranges of
gradual changes of morphology in branches,
leaves and vesicles are diagrammatically
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Fig. 4. Scheme of gradual changes of mor-
phology in Sargassum cristaefolium. Hatched
area shows shallow water plants. Grades in
numerals 4-0. MB, main branch; 2B, secondary
branch; 3B, tertiary branch; 4B, fourth order
branch; R, receptacle.

expressed in Fig. 4. For instance, in well
grown deep water plants, highest limit of
variations or maximum developmental grade
(i.e. grade 4) can be seen in the proximal
parts of main branches which are issued
earlier in growth season. The lowest limit
of variation or minimum developmental
grade (i.e. grade 0) is found in the distal
parts of main, secondary, tertiary and
fourth order branches. Grade 3 is formed
in the lower middle of main and lower
parts of secondary branches. Intermediate
grade 2 occurs in the middle parts of main,
lower middle parts of secondary and lower
parts of tertiary branches. Similarly, grade
1 can be found in the upper parts of main,
secondary, middle portions of tertiary and
lower parts of fourth order branches.
However, in plants grown in shallow water,
range of developmental grades (i.e. grades
4-2) is less than that (i.e. grades 4-0) of
deep water plants. In general, variation of
deep water plants with older main branches
exhibits widest range of developmental
grades.

In some cases, it is very difficult to obtain
complete specimens. And also, maximum
developmental grade cannot be observed at
the end of growing season because the first
formed leaves on main branches have fallen
off during the growth. The gradation of

developmental stages from grades 0 to 4
must be clearly recognized as for branches,
leaves and vesicles as well as their relation
with habitats. For each species, the whole
range of morphological variations must be
known and recorded from various geograph-
ical areas of its distribution in understand-
ing a species limit. Without this process,
circumscription of taxa remains always
insufficient and comparison of population
from different geographical areas would be
incomplete. Hence, the advance of taxonomic
knowledge cannot be expected.
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Norris, R.E. 1986. Tylotus (Gigartinales, Rhodophyceae), a genus known in Australia

and Japan, newly recorded in South Africa.
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Recent studies on Twlotus have shown that all species except the type and one from
Japan have been transferred to Gracilaria, Plants found in Natal, which are gametophytic,
have characters similar to the type species, T. obtusatus. Distribution of this species was
restricted to southern Australia but the discovery of it in Natal has extended its distri-
bution across the Indian Ocean. This is the first record for any species of the Dicranemaceae

in Africa.

Key Index Words: Dicranemaceae; Gigartinales; red algae; Rhodophyceae ; South

African algae; Tylotus.

Coriaceous blade-like thalli characterize
the genus Tylotus J. AGARDH (1876), the
irregularly divided blades, usually repent,
arising from a basal prostrate section that
is attached by peg-like outgrowths from the
lower surface. These outgrowths give the
thallus an essentially dorsi-ventral habit that
is also reflected in the reproductive struc-
tures on the monoecious gametophytes that
have male structures only on the upper
surface and female reproductive structures
on the lower side (KRAFT 1977a). The
thallus medulla is comprised of large thick-
walled, angular cells and the cortex of
smaller cells growing in short filaments
perpendicular to the thallus surface. Char-
acteristics of the female reproductive system
have been studied by KRAFT (1977a) for the
type species, 7. obtusatus, revealing that its
structure is different from the Gracilaria-
ceae, where it had been placed by KYLIN
(1932, 1956), and that it has characteristics
similar to the Dicranemaceae of the Gigar-
tinales. The production of zonate tetra-
sporangia in Tylotus obtusatus also reinforces
the removal of Tylotus from the Gracilaria-
ceae, a family in which cruciately divided

tetrasporangia are always produced. KRAFT
(1977b) reviewed the present status of
Tylotus' systematics revealing that besides
the type species only one other species,
T. lichenoides OKAMURA (1921), from Japan,
remains in the genus.

Tylotus obtusatus is found on Australia’s
southern coast but has not been previously
discovered outside that region. A few
specimens of this species have been found
amongst Dr. M. A. POcocK’s Natal collections
of marine algae, thereby extending the
range of the species across the Indian Ocean
to the shores of Africa. Furthermore, the
family, Dicranemaceae, has not been previ-
ously recorded on the African shores.

Materials and Methods

Three specimens of Tylotus obtusatus are
in Dr. Pocock’s herbarium at the Albany
Museum in Grahamstown (GRA). One speci-
men (Pocock no. 9675) was collected in the
drift at Richard’s Bay (17 Oct. 1951) and
the other two are from an intertidal col-
lection at Crayfish Point, St. Lucia Rocks
(20 Oct. 1951, Pocock nos 9800 & 9860).
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Dr. POCOCK made a drawing of one speci-
men before it was mounted on the herbarium
sheet, clearly depicting the prostrate proxi-
mal part of the thallus and the peg-like
outgrowths that attach the plant. Because
only herbarium specimens are available of
this species all side preparations were pre-
pared by sectioning fragments of dried
thalli, soaking the sections in water and
then staining in a 1% aniline blue, 20%
Karo mounting medium.

(¥

Fig. 1. Habit of Tylotus obtusatus from Natal (GRA, Pocock No. 9800).
peg-like outgrowths (large arrow-head) from the lower side of the thallus.
showing a surface protuberance on which are borne carpogonial branches (not shown).
view of thallus showing surface protuberances, the largest contains a cystocarp.
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Results and Discussion

The thalli of the Natalian Tylotus are
subdichotomously branched, up to eight
centimeters long and the branches are up
to approximately one centimeter broad ex-
cept in distal regions where some of them
expand tc two centimeters (Fig. 1). The
thallus margins are irregularly crentate and
thickened in distal regions but are entire
and unthickened in proximal parts (Fig. 1).

0.ANDERSON.

Note rhizomatous and
Fig. 2. Section of thallus
Fig. 3. Surface
Fig. 4. Cellular

details of a single locule in a cystocarp in which short gonimoblast filaments terminate in single car-
posporangia. Fig. 5. Detail of the terminal part of two adjacent gonimoblast filaments from Fig. 4
(arrow) showing a young carposporangium (small arrow-head).
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In section the thalli are up to 500 #m thick
and comprised of large pseudoparenchy-
matous medullary cells that measure up to
50%X125 ym and smaller cortical pseudo-
parenchyma cells that are covered by an
outer cortex of small cells, 5 ym in diameter
(Figs. 1and 2). Cell walls of medullary and
inner cortical cells in mature parts of thalli
are very broad in section, measuring up to
15 ym thick (Fig. 2).

The vegetative structure and form of the
South African plants is similar to the type
species of Tylotus, T. obtusatus (SONDER) ]J.
AGARDH (1876). - The only other species of
Tylotus, T. lichenoides OKAMURA (1921) has
not been studied from the point of view of
KRAFT’s recent analysis of Tylotus, but if
the Japanese plant is a Tylotus, its shorter,
somewhat broader branches indicate that it
may be a species separate from T. obtusatus.
KRAFT (1977a), however, noted that some
Australian plants sometimes are similar to
the form described for T. lichenoides.

All of the plants in the Natal collection
are gametophytes, two of them producing
cystocarps. KRAFT (1977a) noticed a dorso-
ventral arrangement of ‘male and female
reproductive cells in the Australian thalli,
the males being produced on the ‘upper’
surface and female reproductive structures
on the ‘lower’ side of the thallus. Natalian
plants produce carpogonial branches in
protuberances (Figs. 2 and 3) on the thallus
upper surface and clusters of male repro-
ductive organs, as illustrated by KRAFT
(1977a), have not been found. Instead, in
the Natalian thalli, what appear to be male
reproductive cells are borne singly on outer
cortical cells in scattered irregular positions
on either surface of the thalli. Many car-
pogonial branches are formed in the large
protuberances each having three cells that
are laterally attached to a subcortical cell,
the supporting cell. All of these cells have
a denser protoplasmic material than the
surrounding cells of the cortex giving a
slightly darker stain in the sections. KRAFT
(1977a) gave convincing evidence that the
reproductive system is procarpic, the sup-

porting cells functioning as auxiliary cells,
and my observations support his conclusion.
Sometimes several fusion cells in a pro-
tuberance were found in the Natal plants
indicating, presumably, that multiple fertili-
zations or possibly diploidizations have taken
place. A section through cystocarps shows
a highly convoluted gonimoblast causing an
eruption above the protuberance surface but
in some cases it seems that adjacent cysto-
carps have fused into one on the protuber-
ance. Gonimoblast filaments form a thin
layer of tissue lining the cavities of the
cystocarp (Fig. 4), producing upright short
filaments that terminate in single carpo-
sporangia (Fig. 5). The cavities in the
cystocarps are narrow and it could not be
determined whether or not they form a
continuous system. A definite ostiole has
not been observed on cystocarps of the
Natal plants although they were observed
in those from Australia. Cystocarps often
become eroded thereby releasing the carpo-
spores.

Tetrasporophytes have not been found in
South Africa.

KRAFT (1977a, b) characterized Tylotus as
the only pseudoparenchymatous and pro-
carpial member of the Dicranemaceae.
KRAFT placed the genus in this family,
removing it from the Gracilariaceae where
KYLIN (1956) had placed it, because of early
stages in growth of the gonimoblast as well
as tetrasporangial and male reproductive
characteristics. He also noted that the single
terminal carposporangia and the hemispher-
ical-shaped cystocarps are characteristic of
Dicranemaceae. Cystocarps on Natal speci-
mens have the hemispherical-shaped struc-
ture with a continuous narrow lumen above-
the gonimoblast in early stages of develop-
ment. Older cystocarps become more pro-
tuberant, sometimes being almost spheroidal,
and the gonimoblast becomes highly con-
voluted forming narrow cavities that prob-
ably are continuous throughout the cystocarp
but this could not be determined with
certainty. KRAFT showed a convoluted
gonimoblast in his figures of Tylotus obtu-
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satus but the configuration is far more
extensive and complex in the South African
specimens. The presence of carpogonial
branches on protuberances in the Natal
specimens is different from KRAFT’s descrip-
tion of Tylotus obtusus from Australia. In
addition, there may be a difference in male
reproductive structures but this needs to be
confirmed with more extensive collections
in Natal. Neither of these differences seems
to be reason, at the present time, to estab-
lish a new species for the South African
plants, especially because the general struc-
ture of the thalli is similar to the Australian
type species.

Comparison of Tylotus obtusatus with
species in the genus Curdiea are of interest
because of the strong similarity between
the two genera in vegetative structure and
in form of cystocarps. Both genera have
thickly coriaceous subdichotomously branch-
ed thalli. I have compared the Natalian
specimens of Tylotus with the numerous
specimens of several species belonging to
Curdiea that | collected in Australia, speci-
mens that are now in the Herbarium of
the University of Natal. Curdiea is not a
well-known genus but seems to belong in
the Gracilariaceae, probably quite closely
related to Gracilaria (sensu FREDERICQ and
NORRIS 1985). My examination of specimens
has shown that the two genera can be
separated on the following characters: 1)
thalli of Tylotus attach by specialized peg-
like outgrowths whereas Curdiea attaches
by a tightly adherant discoid holdfast; 2)
the large medullary cells of Curdiea have
moderately thick walls, not clearly discrete
for each cell, that often have calcite granules
between them as well as many secondary
pit connections with adjacent cells, but
these large cells in Tylotus have fewer pit
connections and thicker discrete walls that

never seem to have calcite granules between

them; 3) the cortex of Curdiea has many
small cells in rows perpendicular to the
thallus surface but in Tylotus the cortex is
relatively thin, consisting of only a few
(1-4) cells in a series; 4) cystocarps of

Curdiea are spheroidal, the gonimoblast
radiating from a basal mass of pseudo-
parenchyma and carposporangia occurring
in long chains; in Tylotus cystocarps are
hemispherical to spheroidal the gonimoblast
forming an invasive core of pseudoparen-
chyma (branched in older cystocarps and
perhaps with vegetative tissue) into the
center of the cystocarp, the tissue becoming
convoluted and the cavities lined with short
gonimoblast filaments that terminate in
single carposporangia. In addition, tetra-
sporophytes of the two genera can be dis-
tinguished by the zonately divided sporangia
in Tylotus contrasted with the cruciately
divided sporangia in Curdiea.
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Protectocarpus speciosus collected from Pacific coasts of northern Honshu was fully
described and illustrated. This alga is characterized mainly by the unilaterally branched
plurilocular reproductive organs and heterotrichous thallus. Protectocarpus speciosus was
designated as the lectotype of this genus for the first time. Taxonomic relationship of
the genus Protectocarpus in the Ectocarpaceae sensu lato was discussed. This is the first
report for the occurrence of this genus and species in Japanese waters.

Key Index Words: Ectocarpaceae ; Myrionemataceae ; Phaeophyceae ; Protectocarpus

speciosus ; taxonomy.

In the course of a taxonomic study on
Japanese Ectocarpaceae, Protectocarpus spe-
ciosus was found growing abundantly on the
marine spermatophyte Phyllospadix itwatensis
along the north Pacific coast of Japan. The
genus has not previously been reported from
Japanese waters.

The genus Protectocarpus was established
by KORNMANN (1955), chiefly on the basis of
Myrionema speciosum BORGESEN (1902), a
species described from the Faeroes in the
North Atlantic. Kornmann referred two
other species to his new genus, namely,
Myrionema faeroense BORGESEN (1902) and
a new species, Protectocarpus hecatonemoides
KORNMANN. The genus was characterized
as having heterotrichous thalli with unilat-
erally branched plurilocular reproductive
organs.

The present paper describes in detail the
morphological features of Protectocarpus
speciosus collected in Japan, compares them
with those of P. speciosus from Europe and
the other species in the genus, and discusses
the systematic position of the genus.

Collection Data

1. Cape Shioya, Fukushima-ken (37°00'N,
140°58’E), June 14, 1983 (with plurilocular
reproductive organs) TNS-AL-5020 (in liquid).

2. Togawa, Choshi-shi, Chiba-ken
(35°42'N, 140°52’E), May 2, 1981 (with
plurilocular reproductive organs) TNS-AL-
5166 (in liquid); June 14,1980 (with plurilo-
cular reproductive organs) TNS-AL-5167 (in
liquid) ; June 5,1977 (with plurilocular repro-
ductive organs) TNS-AL-5166 (in liquid).

3. Ooarai, Ibaraki-ken (36°20’N, 140°38’E),
Apr. 4,1976 (with unilocular sporangia and
plurilocular reproductive organs, mixed with
Giffordia sandriana and Ectocarpus confer-
voides) TNS-AL-5173 (in liquid).

4. Akahama, Ootsuchi-cho, Iwate-ken
(39°21’N, 141°55’E), March 19,1985 (with
plurilocular reproductive organs) TNS-AL-
5235, 5240 (in liquid); March 1,1986 (with
plurilocular reproductive organs, mixed with
Rhodophysema sp.) TNS-AL-5337.

5. Tanohama, Yamada-cho, Iwate-ken
(39°24’N, 141°59’E), May 17,1985 (with
plurilocular reproductive organs) TNS-AL-
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Figs. 1-4. Prolectocarpus speciosus. Fig. 1. Surface view at the margin. Fig. 2
Vertical view, showing basal disc with one cell-layer and plurilocular reproductive organs
directly upon basal filaments. [Fig. 3. Vertical view, showing basal disc with two cell-
layers. [ig. 4. Vertical view of thallus with mature and empty plurilocular reproductive
organs.
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5267, 5271 (in liquid).

Description of Protectocarpus speciosus
as found in Japan

Thalli epiphytic on Phyllospadix iwatensis,
dark brown, forming rounded patches 2-4
mm in diameter, sometimes overlying one
another and becoming irregular in outline,
showing marginal growth with a distinct
marginal line, heterotrichous, consisting of
a basal disc and erect filaments (Fig. 1);
basal disc expanding over the surface of the
substrate usually monostromatic but some-
times distromatic in the central part, com-
posed of basal filaments (Figs. 2 and 3) ; basal
filaments dichotomously branched, radiating
from the center, sticking to one another to
form a pseudoparenchymatous tissue; cells
of basal filaments 5-10 pm high and 10-18
pm wide, apical cells at margin 15-20 gm

longg(Fig. 1).
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Figs. 5-9. Vertical view of Protleclocarpus speciosus.
Fig. 6. A unilaterally branched plurilocular reproductive organ terminally on upper part

tive organs.

of erect filaments, also showing laterally produced one.

289

Erect filaments 300-800 #m high, developed
from center of basal disc and gradually
decreasing in height to the margin, free
from one another, usually unbranched but
sometimes sparsely branched near the apex,
each composed of 15-28 cells, the basal cell
flattened, other cells 7.5-9 ym in diameter
and 1-2.5 times as high as broad (Figs. 4
and 5).

Plurilocular reproductive organs and unilo-
cular sporangia often borne on the same
thallus of the materials from Ibaraki-ken.
Plurilocular organs formed in four patterns:
(1) directly upon basal filaments (Fig. 2); (2)
terminally on short erect filaments (Figs. 3
and 7); (3) laterally from the upper portion
of erect filaments (Figs. 6 and 8); and (4)
terminally on upper part of erect filaments
(Figs. 6 and 7). In the first to third cases, the
organs cylindrical, 100-220 gm long and 10-

12 pm in diameter, and in the fourth case,

secund with unilateral upwardly curved

Fig. 5. Thallus with plurilocular reproduc-

Fig. 7. Plurilocular reproductive organs ter-

minally on short erect filaments and a unilaterally branched organ terminally on upper part of erect

filament.

Figs. 8 and 9. Empty plurilocular reproductive organs, showing apical pores.
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Figs. 10-16. Vertical view of Protectocarpus speciosus.
minally on short erect filaments associated with plurilocular reproductive organs.

sporangia borne laterally on erect filament.
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Fig. 10. Unilocular sporangiaborne ter-
Fig. 11. Unilocular

Fig. 12. Unilocular sporangia with and without stalk, borne
laterally on erect filament, also showing empty one with an apical pore.

Fig. 13. Unilocular sporangium

with stalk. Figs. 14 and 15. Hairs arising just below the plurilocular reproductive organs. Fig. 16. Hair

arising on basal disc.

branches, 50-160 ym long and 40-60 ym wide
(Figs. 6 and 7) ; swarmers releasing from a few
apical pores in each organ (Figs. 4, 8-9).

Unilocular sporangia formed in several
positions: (1) directly upon prostrate fila-
ments; (2) terminally on short erect fila-
ments (Fig. 10); (3) laterally on erect fila-
ments with or without short stalk cells (Figs.
11-13), ellipsoidal, 17-23 pm X 50-75 ym ;
swarmers releasing from an apical pore
(Fig. 12).

Hairs arising from thallus in two posi-
tions: (1) laterally on erect filaments always
just below plurilocular reproductive organs
(Figs. 14 and 15); (2) directly upon the basal
disc (Fig. 16), with or without a basal collar,
5-8 um wide and 500-800 ¢m long, gradually
attenuated to the apex, meristematic zone
of hair situated just above the basal cell
(Figs. 14-16).

Chloroplast plate-like, one or a few per
cell, scant in hairs.

The present alga grows abundantly on
old and often colorless leaves on Phyllospadix
iwatensis in the lower tidal zones. It is
distributed along the Pacific coast of nor-
thern Honshu (Chiba-ken, Ibaraki-ken, Fuku-
shima-ken and Iwate-ken). The thallus is
often mixed with many other algae; with
Ectocarpaceae (Giffordia sandriana and Ecto-
carpus confervoides) in Ibaraki-ken and Fuku-
shima-ken ; with Myrionematzceae (Myrio-
nema sp. and Halothrix ambigua), Papenfus-
stella kuromo, Punctaria sp. and crustose red

" algae (Rhodophysema sp. and Corallinaceae)

in Iwate-ken. Thalli from Iwate-ken are
smaller than those from the other localities
listed above and proeduce no unilocular
sporangia, but produce many more hairs.
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Discussion

BORGESEN (1902) described two new spe-
cies, Myrionema speciosum and M. faeroense,
from the Faeroes in the North Atiantic.
Subsequently, these species were assigned
to other genera in the Ectocarpaceae or the
Myrionemataceae, namely, Ectocarpus, Com-
psonema and Hecatonema. In his hand-
written manuscript, KUCKUCK (1955, pub-
lished posthumously under the editorship of
KORNMANN) recognized that these two
species could form a particular group (which
he called “Sectio X”) of the Ectocarpaceae
sensu lato because of their peculiarly shaped
plurilocular reproductive organs. He added
his new (but unpublished) species Ecotcarpus
hecatonemoides to this group. KORNMANN,
when publishing KUCKUCK’s manuscript,
established a new genus Protectocarpus for
Kuckuck’s “Sectio X”, including in it the
three species mentioned above. (Kornmann
incorrectly attributed the generic and specific
names to Kuckuck, but they should be at-
tributed directly to KORNMANN.) When
Kornmann established this genus Protecto-
carpus, he did not indicate any of three
species as the type. Now it is reasonable
to designate P. speciosus as the lectotype of
Protectocarpus because the generic deiinition
of Protectocarpus had been made mostly by
the characteristics of P. speciosus, as follows :

[ Protectocarpus KORNMANN 1955, HELGOL.

wiss. Meeresunters. 29: 119. Lectotype: P.
speciosus]

The present alga has the unilaterally
branched plurilocular reproductive organs
and heterotrichous habit characteristic of
the genus Protectocarpus. In Table 1, mor-
phological characteristics of plants from
Japan are compared with those of P. spe-
ciosus from Europe and the other two species
of the genus (P. faeroensis and P. hecatone-
moides). This table shows that the Japanese
alga is almost identical to P. speciosus as
described from Europe, the slightly smaller
diameter of the erect filaments in Japanese
alga being considered a minor difference.

Kuckuck (1955) did not mention the oc-
currence of a distromatic basal disc, but one
of his illustrations (fig. 4B on p. 126) and
my observation of Japanese material made
clear that the center of the disc is partly
distromatic in this species.

With regard to the systematic position of
Protectocarpus, there remains still some
uncertainty. CARDINAL (1964) included the
genus in his monograph of the Ectocarpaceae.
PARKE and DixoN (1976) stated that its sys-
tematic position was uncertain, but tenta-
tively placed it in the Myrionemataceae. On
the basis of presently observed features, it
is concluded that Protectocarpus is more
closely related to the Myrionemataceae than
to the Ectocarpaceae sensu stricto. These
features include (1) a heterotrichous thallus

Table 1. Morphological comparison among the present alga and three taxa of Protectocarpus.

P. speciosus

P. faeroensis

P. hecatonemoides Present alga

(Bora.) Korxaw. (BorG.) Korxw. KORNM.
Type locality Faeroes, Denmark Faeroes, Denmark Helgoland,
West Germany
Height of thallus  600-800 xm -500 sem 300-400 g¢em 300-800 zem
Diameter of erect 8-10 ym 9 pm 7-10 pm 7.5-9 um

filament

Plurilocular much ramified
reproductive organs 11 x40 pgm
(width x length) max. 200 #m long

rarely ramified
11-15x40-80 #m
max. 150 ym long

much ramified
10-12 x 100-220 pm

rarely ramified
8-10x50-80 gem

Unilocular sporangia 20-25 x 30-75 ;m 18 x50 p1m 17-23 x 50-75 pem

(width x length) lateral & terminal lateral, rare lateral & terminal

Hairs 6-7 pm diam. 7-9 pm diam. 7-9 pm diam.
lateral, terminal, lateral & terminal

rarely terminal

rarely lateral
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with the prostrate system and the erect
system developing to an equal degree; (2)
slender erect filaments (7.5-9 ym in dia-
meter) ; (3) plurilocular reproductive organs
developing not only on erect filaments but
also on prostrate filaments; (4) plurilocular
reproductive organs in one or two rows;
and (5) phaeophycean hairs arising abun-
dantly on both prostrate filaments and erect
filaments.

Protectocarpus speciosus occurs on the
Pacific coast of Honshu north of Cape Inu-
boh, Chiba-ken. Phyllospadix occurs abun-
dantly on the coast of the Izu Peninsula,
which is influenced by the Kuroshio warm
current, but Protectocarpus could not be
found there. Judging from these Japanese
distributional data and other data published
for this species (CARDINAL 1964, JAASUND
1965, PARKE and DIXON 1976, KORNMANN
and SAHLING 1977, YONESHIGUE and OLI-
VEIRA FIGUERIREDO 1984), P. speciosus may
be considered a cool-temperate species.

NoDA (1969) reported Compsonema ramulosa
SENCHELL et GARDNER growing on Pachy-
dictyon coriaceum or Padina arborescens from
Sado Island off the middle part of the Japan
Sea coast of Honshu. Judging from his
description and illustration, his specimen is
considered to be the same as the present
material of Protectocarpus speciosus.
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Kupo, T. and Masubpa, M. 1986. A taxonomic study of Polysiphonia japonica HARVEY
and P. akkeshiensis SEG1 (Rhodophyta). Jap. J. Phycol. 34: 293-310.

Polysiphonia japonica HARVEY and P. akkeshiensis Seci were studied through their
life history stages in laboratory culture. These two species are similar in morphology,
growth and reproductive responses to varying temperatures (10-20°C) and photoregimes
(16:8LD and 8:16 LD). Cultured plants of the two species possessed segments similar in
length, which strongly suggests that the taxonomic criteria show phenotypic plasticity;
alternative criteria have not been found. It may be concluded that employing morphological
features, these two algae are referable to the same taxonomic species. However, artificial
hybridization experiments reveal that two virtually non-interbreeding groups separated by
various isolating mechanisms exist among ten local populations studied. Polysiphonia novae-

angliae auct. japon. is included in the species complex studied.

Key Index Words: Life history; Polysiphonia akkeshiensis; Polysiphonia japonica ;
Polysiphonia novae-angliae; reproductive isolation; Rhodomelaceae; Rhodophyta;

taxonomy.

Polysiphonia japonica HARVEY (1856) is
one of common species of the genus in
Japan (SEGI 1951). This alga is character-
ized principally by having four pericentral
cells, trichoblast-unconnecting branches and
cortical cells (SEGl 1951). In a laborious
monograph SEGI (1951) reported the follow-
ing six species sharing these features with
P. japonica : Polysiphonia spinosa (C. AGARDH)
J. AGARDH (1842), P. harlandii HARVEY
(1859), P. decumbens SEGI1 (1951), P. nipponica
SEGI (1951), P. novae-angliae W.R. TAYLOR
(1937) and P. akkeshiensis SEGI (1951). Ex-
cept for P. harlandii these species have been
repdrted from either a single locality or only
a few localities included in the geographical
range of P. japonica. P. harlandii has a
more southerly distribution: Taiwan, Hong
Kong and Hainan Island (SEGI 1951, TSENG

Abbreviations used in the figures. a, apical cell;
ab, adventitious branch; cc, cortical cell; ob,
ordinary branch; pr, primary rhizoid; sr, sec-
ondary rhizoid; tb, trichoblast.

1983). It is difficult to distinguish these
species from each other despite SEGI’s (1951)
detailed descriptions. Later, NODA described
Polysiphonia grateloupeoides NODA (1970) and
P. echigoensis NoODA (1975) from single
localities, Iwagasaki and Kakumi-hama re-
spectively. These localities are also included
in the range of P. japonica. These two
species are distinguished from P. decumbens
and P. harlandi: by only a few features
(Nopa 1970, 1975). This may require a
critical study to elucidate the taxonomic
relationship between P. japonica and related
species.

Polysiphonia japonica and related species
have densely ramified, numerous branches
and give a bushlike habit. For the P.
Jjaponica species complex a comparative
study through life history stages may be
useful to evaluate their taxonomic features
as pointed out by DIixON (1963) and exem-
plified for Neorhodomela (Rhodomelaceae)
by MAsupba (1982). Little information is
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available concerning the vegetative ontogeny
of the genus, although life history studies
have been reported for several taxa: Poly-
siphonia hemisphaerica var. boldii (WYNNE
et EDWARDS) RUENESS (as P. denudata)
(EDWARDS 1968), P. denudata (DILLWYN)
KiUTzING (EDWARDS 1970, KAPRAUN 1978a),
P.  hemisphaerica ARESCHOUG (RUENESS
1971), P. ferulacea SUHR (KAPRAUN 1977),
and P. wrceolata (DILLWYN) GREVILLE
(KAPRAUN 1978a). In this paper we present
the pattern of morphological development
for Polysiphonia japonica and P. akkeshiensis
and the results of hybridization experiments
among their cultured strains.

Materials and Methods

Plants were collected at the localities
shown in Fig. 1. Date of collection and
culture numbers for cultured plants are
given in Table 1, although additional sam-
ples for morphological study were obtained
in each collection, which were fixed and
preserved in 10% formalin in seawater.
Plants for culture study were transported
to the laboratory in sterile seawater in an

1, Oshoro

2, Abashiri
3, Utoro

4, Akkeshi

5, Erimo

6, Samani

7, Kannonzaki
8, Enoshima
9, Shiaku

10, Iwagasaki

SEA OF JAPAN

o PACIFIC OCEAN 200km
—

Fig. 1. Outline map of Japan indicating col-
lection sites.

insulated chest on ice. Unialgal cultures
were established from carpospores, tetra-
spores or excised branch apices according
to the methods described earlier (MASUDA
1982). Spores or apices from individual
plants were cultured separately from each
other. Thus each strain represents a single
individual plant. These were cultured in
plant growth chambers illuminated with
cool-white fluorescent lamps (2500-3000 lux).
The temperatures and photoperiods were
regulated in the following combinations:
10°C, 16:8 LD (light and dark cycle); 10°C,
8:16 LD; 15°C, 16:8 LD; 15°C, 8:16 LD;
20°C, 16:8 LD and 20°C, 8:16 LD. The
cultures were chiefly maintaired at 15°C,
16:8 LD and transferred to other conditions
in order to test growth and reproductive
responses to varying temperatures and
photoregimes.

All cultures were changed to fresh medium
every 2 weeks and maintained in glass
dishes (71 xX61 mm or 65X 80 mm) containing
one-half strength PES. They were not
agitated except when female and male
crosses were being attempted; these were
placed on a Taiyo R-Il Rotary Shaker at
90-100 rpm. Clonally cultured fertile female
and male plants were crossed to determine
interfertility among the strains. Excised
small pieces (2-3 cm long) of fertile female
and male branches were introduced into
single dishes (7161 mm) and placed on a
Taiyo R-II Rotary Shaker at 90-100 rpm in
15°C, 16:8 LD. Crosses were considered
positive if cystocarps developed and carpo-
spores were released from the cystocarps.
Plants from resulting carpospores were
cultured to test their viability and fertility.
Crosses in which no carpospores were
released were treated as negative and neg-
ative crosses were repeated once.

Microscopic examination was carried out
on living and liquid-preserved materials.
Sections were made by hand using a razor
blade and pith stick. Voucher specimens
are deposited in the Harbarium of Faculty
of Science, Hokkaido University, Sapporo
(SAP 047547-047568).
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Table 1. Collection data and culture numbers.
Sces Loy Dae s, Rewoduedve fsation  Cultre
P. japonica Oshoro 4 Feb 84 2 &) BA 2373, 2375
‘ 5 Nov 84 2 fa TS 2711, 2712
2 ? CSs 2713, 2714
Abashiri 2 Jul 83 1 5 BA 1995
Erimo 19 Sep 83 2 2 BA 2144, 2145
2 3 BA 2146, 2147
Samani 30 Jul 84 1 &) TS 2590
Kannonzaki 9 Mar 84 2 &) BA 2425, 2426
2 Q BA 2423, 2424
2 ) BA 2422, 2427
Enoshima 30 May 84 1 3 BA 2499
Shiaku 27 Sep 84 2 &E BA 2627, 2633
1 Q BA 2628
2 5 BA 2631, 2632
Iwagasaki 8 Oct 83 1 &) BA 2203
2 Q BA 2204, 2206
1 F) BA 2201
P. akkeshiensis Utoro 1 Jul 83 1 &) BA 1993
1 Jul 84 3 Q BA 2571-2573
1 s BA 2574
Akkeshi - 28 Jun 83 2 &, BA 1978, 1979
2 e BA 1980, 1981
2 3 BA 1976, 1977
30 Jun 84 3 Q BA 2567-2569
1 & BA 2570
6 Jul 85 1 ) TS 2990
1 Q CcS 2991

€, plants with tetrasporangia; 2, plants with cystocarps; &, plants with spermatangia;
TS, tetraspores.

BA, branch apices; CS, carpospores;

Results

Examination of voucher specimens

The specimens identified as Polysiphonia
japonica and those as P. akkeshiensis fit the
descriptions for these species given by SEGI
(1951). The following features are common
to all the specimens examined. The thallus
arises from a tuft of densely aggregated
rhizoids which are cut off from pericentral
cells and cortical cells as separate cells. It
has a main axis which bears deciduous

trichoblasts or ordinary branches* of the
first order in a spiral manner running in a
counterclockwise direction toward the apex
from every segment except the lower ones.
The ordinary branches are exogenous,
replacing the trichoblasts in development,
and grow in a manner similar to the main
axis. They are divided into progressively

* We use the term ‘ordinary branch’ for a branch
arising from a subapical segment and the term
‘adventitious branch’ for a branch arising sec-
ondarily from another position.
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shorter branches and so give a bushlike
habit. Each segment has four pericentral
cells and is corticated in the older parts.
In addition to ordinary branches, two kinds
of adventitious branches arise either from
axial cells of lower segments of the main
axis or from scar cells (basal cells of fallen
trichoblasts). The latter branches are known
as cicatrigenous branches (HOLLENBERG
1942). Tetrasporangia are spirally arranged
in swollen segments of branches. Cystocarps
are ovate and have a stalk consisting of a
segment. Spermatangial branchlets arise
from a primary branch of the trichoblasts,
and are nearly cylindrical and have one or
two-celled sterile tips. The dimensions of
some vegetative and reproductive structures

Table 2.
of ten local populations examined.

Kupo, T. and Masupa, M.

of the fertile specimens examined are given
in Table 2.

The diameters of main axes and length/
diameter ratios of segments vary correlative-
ly with thallus length within each species:
smaller specimens have more slender axes
with shorter segments and larger specimens
possess thicker axes with longer segments.
Utoro and Akkeshi populations belonging to
Polysiphonia akkeshiensis, however, have
much longer segments than the others: the
length/diameter ratios of Utoro and Akkeshi
populations range between 2.6 and 4.7,
whereas those of other populations vary
between 0.4 and 2.6 (Table 2). This differ-
ence does not correlate with thallus length:
smaller plants of these two populations have

The dimensions of vegetative and reproductive structures

Diameter

Length/

Diameter

Spermatangial

Locality Nu(r?r;ber ’{;I:laglttllls of main diameter of tetra- | e%ést;oiasglsm' branchlegs
specimens  (mm) (axesl) of » sporangia (um)  (pm) Length x Diam.
1m) segment (pm) (gm)  (pm)

Oshoro 14 21-57 350-825 1.1-2.3 70-93 300-530 x 230-460 165-250 x 50-83

41 7-25 180-450 1.1-3.1 58-88 240-390 x 250-490 125-300 x 53-98

Abashiri 5 60-91 750-1125 1.4-2.1 70-90 280-490 x 350-540  93-153 x 40-68

- - — — — 118-163 x 53-78

Erimo 14 21-54 375-750 1.1-2.6 73-100  370-700x420-630 115-195x45-68

— — — — — 115-165 x 55-80

Samani 18-31 550-925 1.2-2.2 60-83 290-560 x 300-510  90-160 x 33-53

5 11-16 460-600 0.9-1.3 55-73  250-360 x 290-430 145-185x 70-90

Kannonzaki 17 7-28 250-775 0.7-1.1 68-93 330-500 x 390-580 —
4 7-12 330-600 0.7-1.1 70-103  250-500 % 260-550  95-253 x 38-110
Enoshima 8 6-9 220-320 0.8-1.1 60-68 260-410 x 260-400 —

1 — — — — — 125-180 x 68-90

Shiaku 9 3-15 150-360 0.6-1.2 63-75 — 80-160 x 30-58

5 15-19 350-460 1.0-1.2 65-88  250-420 x 280-480 155-240 x 63-75

Iwagasaki 28 4-12 170-430 0.4-1.4 65-103  210-430 x 200-420 103-183 x 30-63

7 9-17 170-330 1.3-2.4 65-88 190-410 x 230-470 123-283 x 53-95

Utoro 40-56 600-700 2.7-4.6 75-100  270-510 x 300-570 108-200 x 50-83
— — — — 300-450 x 300-430 145-253 x 73-105

Akkeshi 25-107  500-750 2.6-4.7 70-105  310-520>300-510 140-268 x 50-75

22 11-29 260-390 1.1-3.2 63-100  260-430 x 250-440 165-283 x 53-70

plants.
ured.

Dashed line indicates no infqrmation.
2) Middle portions of main axes were measured.

The data in the upper half are for field-collected plants and those in the lower half for cultured
1) The lowermost portions of main axes were meas-
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longer segments than those of other popu-
lations. Two groups thus can be recognized
by the length of segments among the local
populations studied. The segment length
affects gross morphological features. The
specimens with longer segments are laxly
expansive and give an impression that they
are sparsely and distantly branched and
have a flaccid texture. P. akkeshiensis is
vegetatively characterized by these features
(SEGI 1951). However, no significant dif-
ferences in dimensions of reproductive
organs were found among the populations
studied.

C D

“e
:

Fig. 2.

Culture experiments

Polysiphonia japonica

The following account is based on obser-
vations of Oshoro 2713 and 2714 strains.
Cultures were maintained at 15°C, 16:8
LD unless otherwise indicated. Liberated
carpospores were globular and deep red in
color. They averaged 60.3 gm (range 57.5
65.0 #m; 120 spores measured) in diameter
(Fig. 2A). Isolated carpospores scon attached
to the substrate and grew into bipolar
sporelings of 6-7 segments, which, one day
after inoculation, had differentiated into a

£
3
o
T

Carpospore and its development of Polvsiphonia japonica at 15°C, 16:8 LD (Oshoro 2713

and 2714 strains). All photographs from living material. A. Liberated carpospore. B. One-day-old
germling. C. Two-day-old germling ; note the axis being recurved. D. Three-day-old germling form-

ing a lateral initial (arrow) on the dorsal side. E.

and an expanded disc-like rhizoid; note the main axis becoming straight. F.

Five-day-old germling with spirally arranged laterals

Seven-day-old germling

with an almost straight main axis and two secondary rhizoids (arrows). G. Apical portion of a 10-
day-old plant of which main axis and first order branch are forming vegetative trichoblasts. H. Basal
portion of a l4-day-old plant forming an adventitious branch and five secondary rhizoids. 1. Two ad-
ventitious branches (arrows) arising from the basal czlls of trichoblasts before their shedding (17-day

old). Scale in H applies also to A-G.



298 Kupo, T. and Masupa, M.

colorless rhizoid and a pigmented main axis
(Fig. 2B). Each segment of the main axis
was composed of an axial cell and four
pericentral cells except apical, subapical,
suprabasal and basal segments. The supra-
basal segment had usually four pericentral
cells but it sometimes possessed three or
five pericentral cells. The basal segment
was composed of a single cell. The main
axis became recurved (Figs. 2C, D) and
began to form lateral initials from a sub-
apical segment, first on the dorsal side and
second on the flank (Figs. 2D, 3A). Sub-
sequently, lateral initials were formed from
each segment in a spiral line running in a
counterclockwise direction toward the apex
of the main axis as development of the main
axis proceeded. With successive formation
of these laterals the main axis gradually
straightened (Figs. 2E, F). The first lateral
initial grew usually into a pseudodichoto-
mously divided vegetative trichoblast (Figs.
2E, F, 3A), but sometimes it gave rise to
an ordinary branch. In many cases the
second or third lateral initial grew into an
ordinary branch (Fig. 3A). A delayed for-
mation of the ordinary branch, however,
was observed: the first ordinary branch
was formed after the production of 4-7
trichoblasts. In any case after initiation of
the first ordinary branch trichoblasts were
formed again, 2-7 successively replacing the
branch and they were replaced by a second
ordinary branch (Fig. 3C). This process was
repeated continuously, and thus ordinary
branches of the first order were formed
from every third to eighth segment of the
main axis. All the ordinary branches grew
indeterminately as did the main axis, form-
ing vegetative trichoblasts (Fig. 2G) and
ordinary branches of the second order.

A primary rhizoid cut off from the basal
segment became ramified at the growing tip
(Fig. 3B), although it was not accompanied
by the formation of a septum, and became
an expanded disc-like holdfast (Fig. 2E).
Primary rhizoids which were not ramified
were also frequent and became elongated
filamentous holdfasts (Figs. 2F, 3D). Some

of the latter rhizoids later became ramified
as was the former. Secondary rhizoids were
cut off from the basal segment (Figs. 3D, E)
and from the pericentral cells of the supra-
basal segment (Fig. 3F). Some of these
secondary rhizoids became disc-like holdfasts
(Fig. 2H).

One to three adventitious branches were
formed from an axial cell of the suprabasal
or third segment of the main axis 10 days
after inoculation (Fig. 3E). These branches
grew indeterminately (Fig. 3F). They de-
veloped first along the substrate (Fig. 2H)
and later became upright. These adventi-
tious branches sometimes attached to the
substrate and produced unicellular rhizoids
from pericentral cells on their ventral side.
Adventitious branches (Figs. 2I, 3G) were
also formed from the basal cells of tricho-
blasts which were borne on the main axis
17 days after inoculation. Their development
was less vigorous than ordinary branches,
but these adventitious branches later con-
tributed to reproductive activity. These are
equivalent to the cicatrigenous branches
as found in field-collected plants described
earlier. _

Plants reached reproductive maturity 28
days after inoculation and began to form
tetrasporangia. The number of tetrasporan-
gia increased over a further week and many
tetraspores were discharged. At this stage
the fertile tetrasporophytes had reached
14-25 mm in length and had 14-26 first order
branches of which the lowest one grew best
and formed branches up to the fourth order
(Fig. 4A). These plants produced many
short cicatrigenous branches from the tricho-
blast scar cells. The tetrasporangia were
first produced on the upper portion of
ordinary branches (Fig. 4B) and later on
cicatrigenous branches. Liberated tetra-
spores were slightly smaller than the parent
carpospores and averaged 51.0 pm (range
42.5-60.0 #m ; 120 spores measured) in diam-
eter (Fig. 4C). The fertile plants produced
a few cortical cells from pericentral cells
of the lower segments (Fig. 5A). Cortical
cells developed acropetally to the middle
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)| { an
A-C., G, 100um D-F, 100um

Fig. 3. Carposporelings of Polvsiphonia japonica grown at 15°C, 16:8 LD (Oshoro 2713 and 2714
strains). A, B. Three-day-old germling (A, apical portion forming two trichoblasts and one ordinary
branch; B, basal portion forming a primary rhizoid). C, D. Seven-day-old germling (C, apical portion
forming spirally arranged trichoblasts and ordinary branches; D, basal portion with two secondary
rhizoids cut off from the basal cell). E. Adventitious branch initial arising from an axial cell of the
suprabasal segment of a 10-day-old germling. F. Basal porion of a 14-day-old sporeling issuing two
adventitious branches and several secondary rhizoids (dotted) cut off from the pericentral cells of the
suprabasal segment and from the basal cell. G. Adventitious branches formed from the basal cells of
trichoblasts before their shedding (17-day old).
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Fig. 4.  Polysiphonia japonica cultured at 15°C, 16:8 LD (Oshoro 2713 and 2714 strains). All
photographs from living material. A. Fertile tetrasporophyte (35-day old). B. Tetrasporangia formed
on the upper portion of an ordinary branch. C. Liberated tetraspores. D. Spermatangial branchlets
formad on the uppermost portion of the main axis (21-day old). E. Fertile male gametophyte cultured
for 42 days. F. Procarps borne at the uppermost portion of the main axis and branch (21-day old).
G. Fertile female gametophyte cultured stationarily for 24 days and then mixed with a male gameto-
phyte for 18 days on a shaker. H. Mature cystocarp formed on the plant shown in G. [ Liberated
carpospores. J. Propagule (arrow) formed on a trichoblast borne on a 28-day-old female gametophyte.
K. Developing propagule on a supporting trichoblast before its shedding. Scale in A applies also to [
and G scale in K applies also to B-D, F, [ and J.
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portion of the main axis from pericentral
cells (Fig. 5B) and from scar cells, but their
increase was less vigorous than field-collected
plants. The cortical cells produced on the
lower segments cut off secondary rhizoids
(Fig. 5A).

Tetraspores were inoculated onto glass
slides. They germinated and grew into
plants in a manner similar to that of the
parent carpospores. These plants began to
form spermatangial branchlets and procarps
on separate individuals 14 days after inocu-
lation. The spermatangial branchlets were
formed as a first branch of the fertile
trichoblasts (male trichoblasts) borne 2-6
successively at the uppermost portion of
the main axis and branches (Fig. 4D). These
male trichoblasts were replaced by ordinary
branches or vegetative trichoblasts. Then,
male trichoblasts were formed again, 2-6
successively. This process was repeated
continuously as long as the plants continued
to grow well (Fig. 4E). Male trichoblasts
were also formed on short cicatrigenous
branches. Mature spermatangial branchlets
were nearly cylindrical and 125-300 #m long
x53-98 um wide. The procarps (Fig. 4F)
were formed on the suprabasal segments of
fertile trichoblasts (female trichoblasts) borne
on parts similar to those of male trichoblasts.
The female trichoblasts were usually indi-
vidually formed and rarely two successively.
They were repeatedly replaced by ordinary
branches and/or vegetative trichoblasts.

Fertile female gametophytes were mixed
in single dishes with male gametophytes
releasing spermatia and placed on a rotary
shaker. All these female gametophytes
(Fig. 4G) produced mature cystocarps which
released viable carpospores 18 days after the
initiation of mixed culture. The cystocarps
were ovate and 240-390 pm long X 250-490 ym
wide (Fig. 4H). The resulting carpospores
(Fig. 4I) were similar in every respect to
those from field. Isolated female gameto-
phytes did not produce cystocarps but
continued to form procarps.

Propagules were often formed on tricho-
blasts borne on both female (Fig. 4]) and

100um

Fig. 5. Development of cortical cells of
Polysiphonia japonica grown at 15°C, 16:8 LD
(tetrasporophytes of Oshoro 2713 strain). A. Cor-
tical cells cut off from pericentral cells of the
lower portion of a 35-day-old plant; note two
cortical cells issuing secondary rhizoids. B. Cor-
tical cells cut off from pericentral cells of the
middle portion of the main axis (3-month old).

male gametophytes. As the supporting tri-
choblasts were deciduous, these propagules
became free from the parent plants, attached
to the substrate, and bore rhizoidal filaments.
They grew into fertile gametophytes bearing
reproductive structures of their respective
parents. The propagules sometimes grew
rapidly on their supporting trichoblasts be-
fore release and formed gametangia (Fig.
4K).

Oshoro 2711 and 2712 strains and Samani
2590 strain, all of which were initiated
from tetraspores of field-collected plants
(Table 1), showed the same developmental
pattern as did the above-described 2713 and
2714 strains.

All strains initiated from branch apices
were cultured at 15°C, 16:8 LD and grew
well, as did the sporelings of Oshoro and
Samani strains. The apices grew into up-
right shoots and produced rhizoidal filaments
from their lower segments. Secondary shoots
sometimes developed from these rhizoidal
filaments for Erimo 2147 male and Iwagasaki
2206 female strains. They reached repro-
ductive maturity 1-2 months after inocu-
lation. The gametophytic strains formed
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the same gametangia as their parents. The
morphological features of these strains were
similar to those of their parent plants.
Some of the strains were used for hybridi-
zation studies (Fig. 9). Tetraspores of the
tetrasporophytic strains (Oshoro 2373, 2375;
Utoro 1993 ; Kannonzaki 2425, 2426 ; Shiaku
2627, 2633 and Iwagasaki 2203) were cultured
and their developmental patterns from
sporelings to mature plants were traced at
15°C, 16:8 LD. These sporelings developed
in a manner similar to that described for
Oshoro 2713 and 2714 strains. No significant
differences among the strains were observed.
All the tetrasporelings gave rise to dioecious
gametophvtes at a ratio of 1:1 and formed
procarps and spermatangia on separate indi-
viduals. Mature cystocarps were formed in
mixed cultures of female and male plants of
each strain. Some of these strains were
clonally cultured from branch apices and
used for hybridization experiments (Fig. 9).

In addition to analysis of morphological
development, variations in growth and
reproduction were observed at 10°C, 16:8
LDj; 10°C, 8:16 LD 15°C, 16:8 LD; 15°C,
8:16 LD; 20°C, 16:8 LD and 20°C, 8:16

A

Fig. 6.

2991 strain). All photographs from living material.

LD, using the second generations of Oshoro
2711 and 2714 strains (2711 tetrasporophytes
and 2714 gametophytes) and the first (tetra-
sporophvtes) and second (gametophytes)
generations of Iwagasaki 2203 strain. The
growth and reproductive responses of the
tetrasporophytic and gametophytic phases to
varying temperatures and photoregimes were
similar. The plants grew most rapidly at
15°C, 16:8 LD and most slowly at 10°C,
8:16 LD. Tetrasporangia were formed first
at 20°C, 16:8 LD and 20°C, 8:16 LD 21
days after inoculation and lastly at 10°C,
8:16 LD 77 days after inoculation. Sper-
matangia and procarps were formed first at
15°C, 1658 LD, 20°C, 16:8 LD ‘and 20°C,
8:16 LD 14 days after inoculation and lastly
at 10°C, 8:16 LD 63 days after inoculation.

The dimensions of some vegetative and
reproductive features of cultured fertile
plants are given in Table 2. The diameters
of main axes and length/diameter ratios of
segments in cultured plants in general
varied correlatively with thallus length as
in field-collected plants. Some plants of
Oshoro strains possessed slightly longer
segments than field-collected plants. No

v
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Carpospore and its development of Polysiphonia akkeshienszis at 15°C, 16:8 LD (Akkeshi

A. Liberated carpospore. B. One-day-old germl-

ing. C. Two-day-old germling ; note the axis being recurved. D. Three-day-old germling forming a

vegetative trichoblast (arrow) on the dorsal side.
laterals and primary and secondary (arrows) rhizoids.

E. Four-day-old germling with spirally arranged

I, G. Seven-day-old germling (F, apical portion ;

G, basal portion). H. Adventitious branch originated from the suprabasal segment of the main axis

(14-day old). Scale in H applies to all of A-H,
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significant differences in the segment length
among plants cultured at different six con-
ditions mentioned above were observed.

Polysiphonia akkeshiensis

The following observations are based on
Akkeshi 2991 strain which was cultured at
15°C, 16:8 LD. Liberated carpospores were
deep red in color and averaged 57.6 #um
(range 52.5-65.0 pum; 140 spores measured)
in diameter (Fig. 6A). Isolated carpospores
germinated and grew into plants (Figs. 6B-H,
7A-H) in a manner similar to that of Poly-
siphonia japonica described above. The fol-
lowing features were observed for growing
tetrasporophytes of the 2991 strain : recurved
sporelings at a very young stage (Figs.
6C-E), irregular number of pericentral cells
on suprabasal segments of the main axis,
repeating replacement between ordinary
branches and vegetative trichoblasts, adven-
titious branches originating from an axial
cell of the lower segments of main axes
(Figs. 6H, 7F) and from a basal cell of
vegetative trichoblasts before (Fig. 7G) or
after (Fig. 7H) the shedding of trichoblasts.

Plants began to form tetrasporangia 28
days after inoculation. They formed tetra-
sporangia more abundantly within a further
week and released many tetraspores. At
this stage the fertile plants had reached
15-23 mm in length (Fig. 8A) and possessed
18-27 branches of the first order and many
short cicatrigenous branches. The tetra-
sporangia were first produced on the upper
portion of ordinary branches (Fig. 8B) and
later on the short cicatrigenous branches.
Liberated tetraspores were slightly smaller
than the parent carpospores and averaged
49.3 pm (range 37.5-57.5pm; 80 spores
measured) in diameter (Fig. 8C). These
tetrasporophytes formed cortical cells, which
cut off rhizoidal cells, from pericentral cells
of the lower segments of the main axis
(Fig. 7F). They also formed cortical cells
from pericentral cells and scar cells of the
middle segments of the main axes (Fig. 7H).
More developed cortical cells are shown in
Figs. 8D, E. No propagules were observed
on the tetrasporophytes of the 2991 strain,

Tetraspores inoculated onto glass slides
germinated and grew into gametophytes in
a pattern similar to that of the parent
tetrasporophytes. The gametophytes began
to produce procarps and spermatangial
branchlets on separate plants 14 days after
inoculation. The spermatangial branchlets
were borne on male trichoblasts replacing
ordinary branches or vegetative trichoblasts
(Fig. 8F). Two to seven male trichoblasts
were formed successively, then replaced by
ordinary branches or vegetative trichoblasts,
after which they were formed successively
again. This process was repeated continu-
ously as long as the plants grew well (Fig.
8G). Mature spermatangial branchlets were
nearly cylindrical and 165-283 ym long X 53-
70 pgm wide. The procarps were borne on
the suprabasal segments of female tricho-
blasts (Fig. 8H) which arose from the
growing apex of main axes and branches.
The female trichoblasts were repeatedly
replaced by ordinary branches and/or vege-
tative trichoblasts and were usually formed
individually.

When female gametophytes bearing pro-
carps were placed in dishes with male
gametophytes releasing numerous spermatia
and shaken they formed cystocarps (Fig.
8I). Viable carpospores were released 16
days after the initiation of mixed cultures.
Mature cystocarps were ovate and 260-430
pm long X 250-440 #m wide (Fig. 8)). Isolated
female gametophytes did not produce cysto-
carps.

Propagules were often formed both on
female and male gametophytes; they grew
into fertile gametophytes bearing reproduc-
tive organs of their respective parents. The
propagules formed on male gametophytes
are shown in Figs. 8K, L.

Akkeshi 2990 strain initiated from tetra-
spores showed the same developmental pat-
tern as did the aforementioned 2991 strain.
All strains derived from branch apices grew
well and reached reproductive maturity 1-2
months after inoculation at 15°C, 16:8 LD.
Some of these strains were clonally cultured
and used for hybridization experiments
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(Fig. 9).

The growth and reproductive responses
of the tetrasporophytic (the second genera-
tion of 2990 strain) and gametophytic (the
second generation of 2991 strain) phases to
varying temperatures and photoregimes were
examined as has been described earlier for
Polysiphonia japonica. The responses of
both phases were similar. The plants grew
most rapidly at 15°C, 16:8 LD and most
slowly at 10°C, 8:16 LD. Tetrasporangia
were formed first at 15°C, 16:8 LD, 20°C,
16:8 LD and 20°C, 8:16 LD, 28 days after
inoculation and lastly at 10°C, 8:16 LD, 77
days after inoculation. Spermatangia and
procarps were formed first at 15°C, 16:8
LD, 20°C, 16:8 LD and 20°C, 8:16 LD, 14
days after inoculation and lastly at 10°C,
8:16 LD, 63 days after inoculation.

Hybridization experiments

Our results from crosses between 11
female and 12 male clones derived from 8
local populations of Polysiphonia japonica
and P. akkeshiensis are shown in Fig. 9.
Cystocarp development was evident on
female plants in compatible crosses after 7
days at 15°C, 16:8 LD and carpospores
were released 7-14 days afterward. Cysto-
carps, however, did not develop on female
plants in other crosses even 2 months after
the initiation and these crosses were then
terminated. Since no cystocarps were ob-
served in isolated female controls, the results
indicate that cross-fertilization occurred in
the compatible crosses and did not occur in
the incompatible crosses. In crosses between
female plants from Oshoro, Kannonzaki,

Shiaku and Iwagasaki (the southern group)
and male plants from Abashiri, Utoro,
Akkeshi and Erimo (the northern group)
were completely negative. About half of
their reciprocal crosses between female
plants of the northern group and male
plants of the southern group, however, was
positive and viable carpospores were re-
leased. In negative crosses between these
groups pericarp development was observed
on the female plants in 7-14 days, but their
gonimoblasts did not become mature. Any
of these crosses repeated showed the same
results. These breeding groups did not
correspond to taxonomic groups defined by
field-collected plants (Tables 1, 2). Abashiri
and Erimo populations, which can be iden-
tified as P. japonica, belong to the northern
group including P. akkeshiensis.
Carpospores resulting from compatible
crosses were cultured at 15°C, 16:8 LD.
No significant differences in developmental
pattern and morphology among the spore-
lings (=F, tetrasporophytes) were observed.
All F, tetrasporophytes obtained formed
tetrasporangia and released viable spores
within 30-40 days. Tetrasporelings were
grown at the same culture condition. The
tetrasporelings (=F, gametophytes) derived
from many compatible crosses grew rapidly
and formed procarps and spermatangia on
separate plants within 14-21 days after
germination, whereas those derived from
the northern femalesXxsouthern males (ex-
cept for Akkeshi females x Iwagasaki males)
were less vigorous. F,; gametophytes of
Akkeshi 1979 female X Kannonzaki 2422 and
2427 males grew slowly and eventually died

Fig. 7. Carposporelings of Polysiphonia akkeshiensis grown at 15°C, 16 : 8LD (Akkeshi 2991 strain).
A. Basal portion of a 2-day-old sporeling. B. Apical portion of a 3-day-old sporeling which issues two
trichoblasts. C. Basal portion of a 5-day-old sporeling which produces a secondary rhizoid from the
basal cell. D. Apical portion of a 7-day-old sporeling which forms spirally arranged trichoblasts and
ordinary branches. E. Basal portion of a 10-day-old sporeling with a primary expanded disc-like rhizoid
and a secondary rhizoid produced from the pericentral cell. F. Basal portion of a 17-day-old sporeling
which forms four adventitious branches and cortical cells; note secondary rhizoids cut off from the
pericentral cell, cortical cells and basal cell. G. Middle portion of a main axis issuing an adventitious
branch from the basal cell of a trichoblast before its shedding (20-day old). H. Middle portion of a
main axis issuing an adventitious branch from a scar cell (the basal cell of a trichoblast after its
shedding) and cortical cells from the pericentral cells and from the scar cell (21-day old).
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Fig. 8. Polysiphonia akkeshiensis cultured at 15°C, 16:8 LD (Akkeshi 2991 strain). All photo-
graphs from living material. A. Fertile tetrasporophyte cultured for 34 days. B. Tetrasporangia formed
on the ordinary branches. C. Liberated tetraspore. D, E. Cortication of the main axis of a 53-day-old
tetrasporophyte (D, surface view:; E, cross section). [I. Spermatangial branchlets formed on the up-
permost portion of the main axis (21 day old). G. Fertile male gametophyte cultured for 34 days.
H. Procarp borne at the upper portion of an ordinary branch. [. Fertile female gametophyte cultured
stationarily for 14 days and then mixed with a male gametophyte for 16 days on a shaker. ]. Mature
cystocarp. K. Propagules formed on the upper portion of a male gametophyte. L. Germinating pro-
pagule. Scale in A applies also to G; scale in B applies also to D-F, ] and L ; scale in K applies also
to C.
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IFig. 9. Attempted crosses between strains of Polysiphonia japonica (Pj) and P. ak-
keshiensis (Pa). Each number designates the individual culture number. —, No cystocarps
developed; —2, abortive cystocarps developed; +P, F, tetrasporophytes sporulated, but

F, gametophytes died before reproductive maturity ;

+¢, F, gametophytes did not become

reproductive; +49, abortive cystocarps developed in self-crosses of F, gametophytes; +¢,

F. tetrasporophytes did not become reproductive;

blank, cross was not attempted.

before reproductive maturity. F, gameto-
phytes of Akkeshi 1979 female x Shiaku 2631
male and of Akkeshi 1980 female X Shiaku
2631 male did not form reproductive organs
even 4 months after germination and then
the cultures were terminated. These suggest
that hybrid inviability and hybrid sterility
occurred in their F, gametophytic genera-
tion.

In self-crosses of dioecious F; gameto-
phytes cystocarps developed and carpospores
were discharged except those of Akkeshi
1979 femalexKannonzaki 2426 male and
Akkeshi 1980 femalexOshoro 2714 male,
which formed abortive cystocarps, although

+, F. tetrasporophytes sporulated;

in isolated cultures of female gametophytes
cystocarps did not develop. The vast
majority of F, tetrasporophytes became re-
productive within 30-40 days, but those
derived from a cross between Akkeshi 1981
female and Shiaku 2631 male grew slowly
and did not become reproductive even 4
months after germination. The latter sug-
gests that hybrid breakdown occurred in the
F, tetrasporophytic generation. Sporelings
(=F, gametophytes) from F, tetrasporo-
phytes of Akkeshi females xIwagasaki males
grew normally and formed cystocarps when
dioecious gametophytes were mixed in single
dishes. Thus, their progeny did not show
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hybrid breakdown up to F, gametophytic
generation.

Propagules were frequently formed on
female and male gametophytes of interpopu-
lation hybrids. Propagules on tetrasporo-
phytes were observed in a single case: F,
tetrasporophytes of Akkeshi 1980 femalex
Oshoro 2714 male. The propagules were
less abundant than those of gametophytes.
Released propagules gave rise to fertile
tetrasporophytes.

Discussion

Our morphological study of the life history
stages of Polysiphonia japonica and P. akke-
shiensis reveals that these two species are
similar at every stage to each other. The
two species are also similar in growth and
reproductive responses to varying tempera-
tures and photoregimes. P. akkeshiensis has
been characterized by having laxly expanded
to subflabellate thalli and a flaccid texture
(SEGI 1951). These characters are brought
about long segments of which length/diam-
eter ratios range between 2.6 and 4.7 at
the middle portion of the main axes. Cul-
tured plants of this alga possessed shorter
segments than did field-collected plants and
could not be distinguished from P. japonica.
This strongly suggests that these features
show phenotypic plasticity and that such
unstable characters are inappropriate for use
as taxonomic criteria. Alternative criteria,
however, have not been found. It may be
concluded that employing morphological
features, the two algae refer to the same
taxonomic species. Our artificial hybridi-
zation experiments, however, show that
incompletely isolated northern and southern
breeding groups are present among the
local populations studied. Samani 2590 and
Enoshima 2499 strains, which are not shown
in Fig. 9, probably belong to the northern
group and southern group respectively
according to a few crosses attempted. The
two breeding groups are entirely allopatric
in the range of our collections (Fig. 1).
Their geographical patterns should be con-

firmed by more extensive sampling and
hybridization experiments. Isolating mecha-
nisms are diverse: incompatibility, hybrid
inviability, hybrid sterility and hybrid
breakdown. However, no reproductive iso-
lation exists between Akkeshi and Iwagasaki
populations, which are geographically distant
(Fig. 1). It can be speculated that natural
hybridization between these local populations
does not occur. These results suggest the
possibility that two virtually non-interbreed-
ing groups separated by various isolating
mechanisms exist in Japan, but the local
populations sampled are small and hybridi-
zation experiments are as yet incomplete.
These groups may have reached a certain
stage of gradual speciation before morpho-
logical differentiation. This situation is
similar to that of the red algal species
Gymnogongrus flabelliformis HARVEY of
Phyllophoraceae (MASUDA, unpubl.). Based
on the subtle morphological differences and
reduced viability of F, gametophytes,
RUENESS (1973) concluded that Texas Poly-
siphonia boldii WYNNE et EDWARDS was
reduced to varietal status of Scandinavian
P. hemisphasrica. On the basis of morpho-
logical, cytological and hybridization studies,
KAPRAUN (1978b) reported that P. ferulacea
and P. harveyi BAILEY consist of reproduc-
tively isolated sibling species groups respec-
tively. It is premature to decide the formal
taxonomic status of the groups of Poly-
siphonia japonica complex until a biosystem-
atic investigation of the species complex
throughout the whole coasts of Japan can
be undertaken.

Some critical structural features of the
species under study should be added to
SEGI's description (1951). Two types of
adventitious branches originate endogenously
from axial cells of lower segments of the
main axis and exogenously from scar cells
(=basal cells of shed trichoblasts) as pointed
out by YOooN (1984). The latter is referred
to as cicatrigenous branches (HOLLENBERG
1942). In cultured plants it occurs often
before the shedding of trichoblasts. The
same phenomenon was reported for field-
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collected plants of Danish Polysiphonia
elongata (HUDSON) HARVEY and P. nigres-
cens (HUDSON) GREVILLE (ROSENVINGE 1923-
24) and those of Hawaiian P. tuberosa
HOLLENBERG (1968). Dichotomous branching,
which was described by SEGI (1951) and
adopted as a characteristic feature of P.
japonica by YOON (1984), is entirely absent,
but the main axis and any of the branches
grow monopodially. Their descriptions are
probably based on specimens one of whose
lower branches grow conspicuously. Pro-
pagules were frequently found on tricho-
blasts of cultured male and female plants
and rarely on tetrasporangial plants and
recycled the respective phase that produced
them. A similar structure was reported
for cultured and field-collected plants of
North Carolina P. ferulacea (KAPRAUN 1977).
Cicatrigenously originated propagules were
described for field-collected plants of Aust-
ralian P. propagulifera WOMERSLEY and P.
mollis HOOKER et HARVEY ex HARVEY
(WOMERSLEY 1979). It can be speculated
that propagules of these three species are
really asexual reproductive organs in the
field populations, but this has not been
confirmed for the species complex under
study in the field.

[t is noteworthy that cortical cells of
cultured plants developed slowly. Cultured
plants, which began to form reproductive
organs, had weakly developed cortical cells
from the lower segments of the main axis.
Similar fertile plants are also found in
nature. This suggests a close relationship
between Polysiphonia japonica complex and
P. savatier: HARIOT. The latter is charac-
terized by the absence of cortical cells
(HAr1OT 1891), although its gross morphology
seems to be similar to that of Polysiphonia
decumbens SEGI and young plants of P.
Jjaponica as pointed out by SEGI (1951) and
YooN (1984). The existence of cortical cells
in the Korean P. savatier: varies according
to the habitat (YOON 1984) ; specimens grow-
ing on Chondria sometimes have a slight
cortication near the base of older axes,
although those growing on Codium do not

produce cortical cells. YOON (1984) proposed
that P. savatieri should be reduced to
varietal status of P. japonica, although his
paper, which has not been printed and has
been distributed by photostatic copies, is
not an effective publication according to
Article 29. 1 of the International Code of
Botanical Nomenclature (ICBN, Voss et al.
1983). Our data obtained in the laboratory
and field support his opinion. More detailed
studies, however, are needed to evaluate
their genetic affinities.

SEGI (1951) reported Polysiphonia novae-
angliae W.R. TAYLOR from a single locality,
Okushiri Isl., Hokkaido. His identification
is based on the similarity in texture (spongy
rather than slippery) and cystocarp shape
(elongato-urceolate) (SEGI 1951). TaAzAawa
(1975) described spermatangial branchlets of
this alga on the basis of specimens collected
at Otaru, Hokkaido. Judging from TAZAWA’s
voucher specimens preserved in SAP (028547),
his identification may be based on the
spongy texture. Older specimens of P.
japonica, however, always have a spongy
texture. The shape and dimension of cysto-
carps of P. novae-angliaz given by SEGI
(1951) can be frequently found in our col-
lections of P. japonica (Table 2). Thus, P.
novae-angliae auct. japon. is included in the
circumscription of P. japonica complex.
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On the systematic position of the parasitic red alga Kintokiocolax
aggregatocerantha TANAKA et Y. NOZAWA
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KawacucHi, S. and Yosupa, T. 1986. On the systematic position of the parasitic red alga
Kintokiocolax aggregatocerantha TANAKA et Y. Nozawa. Jap. J. Phycol. 34: 311-318.

Reproductive morphology of Kintokiocolax aggregatocerantha TANAKA et Y. NozAawa,
a parasitic red alga on the host Prionitis angusta (=Carpopeltis angusta), was studied in
detail based on the specimens collected at Wakayama and Chiba Prefectures. In these
specimens, the auxiliary cell and the 2-celled carpogonial branch were separately produced
(non-procarpic) in the secondarily developed cell clusters (ampullary structures characteristic
of the Halymeniaceae), and after fertilization the connecting filament was necessary for
activating the auxiliary cell to produce gonimoblasts. This result is different from that
described by the original authors who interpreted the reproductive structure as procarpic
and therefore this species as a member of the Gigartinales.

To clarify this difference in the interpretation of the reproductive structure, we ex-
amined the original materials and found that they possessed the same reproductive features
as our materials. Thus, we concluded that this species should be placed in the Halymenia-
ceae (=Cryptonemiaceae).

Key Index Words: Aadelphoparasite ; alloparasite ; Cryptanemiales; Halymeniaceae ;
Kintokiocolax aggregatocerantha; parasitic red alga; reproductive morphology ;

Rhodophyceae.

Kintokiocolax aggregatocerantha TANAKA
et Y. Nozawa (1960) was described as a
parasite on the Prionitis angusta (HARVEY)
OKAMURA (=Carpopeltis angusta)* based on
the specimens collected at Hananose, Kago-
shima Prefecture, Southern Kyushu. They
placed this monotypic genus in the order
Gigartinales (sensu SCHMITZ in ENGLER) on
account of their interpretation that this
species has procarpic nature. Since then,
as far as is known, no investigation has
been published on this species except for a
short comment by FELDMANN and FELDMANN

* In the original description, the binominal Car-
popeltis angusta (HARVEY) OKAMURA was used,
but according to the recent study by Kawacu-
cHI (unpubl.), it is most appropriate to treat
this species under the genus Prionitis as did
AgBoTT and HoLLENBERG (1976, p. 444).

(1963).

Recently, small, whitish, seemingly para-
sitic plants were found on the specimens
of P. angusta collected at the two localities
in the central Pacific coast of Honshu.
Gross morphological and inner vegetative
features of these specimens were in good
accordance with those of K. aggregato-
cerantha, while the reproductive structures
were clearly different from those interpreted
by TANAKA and NozAawaA (1960). A careful
comparison of our specimens with the
Holotype and the Isotype of K. aggregato-
cerantha revealed that both of the type
specimens had the same reproductive fea-
tures as ours. We noticed that the repro-
ductive structures of this species were
characteristic of the Halymeniaceae, Crypto-
nemiales.
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Materials and Methods

The materials used for the present study
were :

1) Hananose, Kagoshima Prefecture, 10

June, 1959, collected by T. TANAKA &
Y. Nozawa (Holotype and Isotype de-
posited in the herbarium of Faculty of
Fisheries, Kagoshima University).

2) Hikigawa, ca. 15m deep, Wakayama
Pref., 26 Nov., 1984, collected by T.
YOSHIDA (SAP 047798).

3) Ohara, 25-32m deep, Chiba Pref., 27
Aug., 1985, collected by M. OuHTA
(SAP 047801).

The materials used for anatomical study
were preserved in formalin-seawater except
for the type materials. Sections were made
by hand using a razor blade and stained
with cotton blue solution. They were
mounted in 509 glycerol-seawater on mi-
croscope slides.

Observations

The following observations are based on
the specimens collected at Hikigawa and
Ohara.

Habit: Plants are found scattered over
the host thallus, forming small, irregular-
shaped wart-like masses (Fig. 1, arrow-
heads). Each plant consists of a basal
cushion-like part, up to 5mm in diameter,
and short erect columnar shoots. The erect
shoots, one to twenty in number, develop
from the basal part, up to 5mm high and
I mm in diameter, and the apex of a shoot
is blunt or sometimes pointed (FFig. 2A).
They are somewhat cartilaginous in texture,
with rather smooth surface. The color is

Fig. 2. Kintokiocolax aggregatocerantha (Hikigawa specimens). A.
hosts. B. Cross section of erect shoot.

cortical cell. D.

protuberance (pr) develops from a cell in the branch system. E.
F. Young stage in gonimoblast development.

carpogonium (¢) and hypogynous cell (hc).

filaments (If) produced from cells in the branch system. G.
Pit-connection between auxiliary cell (a)

ment.

Auxiliary cell (a) branch system composed of a single filament.

and Yosuipa, T.

o
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Fig. 1. Kintokiocolax aggregatocerantha T a-

Naka et Y. Nozawa., Habit of parasitic plants
(arrowheads) scattered over the host Prionutis
angusta (HArRvEY) OxkaMURA collected at Hiki-
gawa.

usually vyellowish white or at times pale
pink.

Vegetative structures: In longitudiral
section through the host thallus, the para-
site seems to attach to the host by its
flattened layer, showing no connections with
the host in socme areas (Fig. 3A). While in
other areas of the same plant, the parasite
tissue can hardly be distinguishable from the
host tissue and seems to be continuous with
the outer cortical cells of the host. In the
latter case, however, we could not deter-
mine whether connections between the host

Habit of parasitic plants on

C. Young branch system secondarily produced from inner

Note that a lateral
Carpogonial branch system bearing
Lateral
Advanced stage in gonimoblast develop-

and gonimoblast initial cell (gbi) becoming wide.

Lateral filaments (If) produced from neighboring vegetative cells. H. Tetrasporangial formation.
Tetrasporangial initials (ti) cut off from cortical cells as a single side branch.
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and the parasite were established or not
with certainty. No rhizoidal filaments were
detected, although many sections were in-
spected. The erect shoot consists of cortical
and medullary layers. The outer cortex is
composed of regularly dichotomously branch-
ed filaments of small ellipsoid cells (5-8 ym
long x3-4 ym broad), about five cells long,
laterally free from one another. This outer
layer grades to an inner cortex three to
five layers deep composed of larger ellipsoid
or polygonal cells (8-15pxmXx5-8 pum) fre-
quently connected to adjacent cells by sec-
ondary pit connections, and in turn grading
into a medullary region of irregular-shaped
cells also secondarily connected with one
another. The cells in the medulla, some of
which are very large, reaching 90 gm in
diameter, are interconnected by occasional
filamentous cells (Fig. 2B). Most of the cells
in the cortex and the medulla are almost
colorless except for those in the outermost
two or three cortical layers. The presence
of red pigmentation in the latter cells may
show that they play an assimilatory role to
a certain degree, although no evidence is
available to us.

Reproductive structures: In the specimens
at hand, both cystocarpic and tetrasporangial
plants were independently found on the same
host thallus. The auxiliary cell and the
carpogonial branch are formed in the sepa-
rate branch systems which are secondarily
developed laterally from the inner cortical
cells (Fig. 2C, D, E). These branch systems
are identical to the structures called ampullae

of the Halymeniaceae. The carpogonial
branch is two-celled, consisting of a carpo-
gonium and a hypogynous cell (Fig. 2E).
The hypogynous cell seems to be inter-
calarily situated because it has a single side
branch (Fig. 2E). The carpogonium, usually
conical in shape, projects a trichogyne from
the upper portion toward the thallus surface.
The branch system bearing an auxiliary
cell is basically the same in structure as
that bearing the carpogonial branch, and
consists of a few filaments branched at most
to the second order (Fig. 3F). As shown in
Fig. 2D, the auxiliary cell branch system is
often composed of only a single filament.
The auxiliary cell is intercalary, usually the
second cell of the primary filament, or the
first cell of the second order filament issued
from the first cell of the primary one (Fig.
2D). In some cases, the first cell of the
primary filament functions as an auxiliary
cell. The auxiliary cell is easily distinguished
from other cells in the branch system by its
larger size and denser protoplasmic content.

The early stage of post-fertilization de-
velopment was not clarified (a supposed
spermatium attaching close to the top of a
trichogyne was found only in one case
(Fig. 3G)), but the connecting filaments were
clearly observed attached to auxiliary cells
(Figs. 2F, G; 3I). The connecting filament
may cease to grow when the contact with
an auxiliary cell has been established, but
in many cases a new connecting filament is
cut off from other side of the auxiliary cell.
After receiving fertilized nucleus through

Fig. 3. Kintokiocolax aggregatocerantha (A and F-K: Hikigawa specimens; B-E: Holotype and

Isotype).
taches to the host by its flattened layer.
bearing auxiliary cell (arrowhead).

A. Longitudinal section of the plant (above) through its host (below) showing that it at-
B. Cross section of female shoot.
D. Auxiliary cell branch system. E. Young stage in gonimoblast

C. Young branch system

development. Gonimoblast initial cell (large arrowhead) cut off from auxiliary cell (arrow) after con-

tact with connecting filament (small arrowheads).
Supposed spermatium (arrowhead) attached to a trichogyne projected from the surface.
H. Early stage in gonimoblast development showing that gon-

branch system below is out of focus.

F. Sparsely branched auxiliary cell system. G.
Note that the

imoblast initial cell (arrow) has just been cut off from auxiliary cell after contact with connecting

filament (arrowheads).
attached to auxiliary cell.

I. Young stage in gonimoblast development. Connecting filament (arrowheads)
J. Cross section of erect shoot showing mature cystocarps embedded in the

interior of the thallus. K. Tetrasporangia embedded in cortex. Scale bar in B applies also to J, and

D to E-I and K.
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the connecting filament, the auxiliary cell
slightly enlarges and cuts off a gonimoblast
initial cell from the upper portion by con-
cave wall (Fig. 3H). Gonimoblast cells are
successively developed from the initial cell
and they repeatedly divide to form carpo-
sporangia (Figs. 2F, G; 3I). Some cells of
the gonimoblast adjacent to the initial cell
become elongated and remain sterile. In a
developed cystocarp, the gonimoblast initial
cell is elongated to some degree and becomes
difficult to discriminate from the auxiliary
cell lying beneath it (Fig. 2G).

Concurrently with the gonimoblast devel-
opment, the neighboring vegetative cells
together with those of the branch system
produce simple or branched lateral filaments
(Fig. 2F, G). The cells of these filaments
and also the original branch system become
elongated to surround a developing cysto-
carp. In a fully developed cystocarp, how-
ever, the pericarp is scarcely observed
probably because those cells that have sur-
rounded a young cystocarp degenerate after
supplying nutrition. The mature cystocarp
is spherical to hemispherical in shape, 150-
180 #m in diameter, embedded in the interior
of a thallus (Fig. 3J).

Male plants were not found in the present
study.

Tetrasporangial plants can hardly be dis-
tinguishable from the female ones in external
appearance. Tetrasporangial initials are cut
off from the cortical cells in the fourth or
fifth layer from the surface by slightly
curved vertical walls (Fig. 2H). They first
elongate toward the surface, then enlarging
into narrowly ellipsoid sporangia. The
mature sporangium is 37-40(-45)x10-15 pgm
in size, cruciately or decussately divided
(Figs. 2H; 3K). In some plants, irregularly
divided sporangia were abundant, and they
seem to show abnormal development judging
from their poor protoplasmic contents.

Observations on the type materials

The habit and the vegetative structures
of the Holotype and the Isotype were the

same as the original description by TANAKA
and Nozawa (1960). The only different
feature obtained by us is that no rhizoidal
filaments were observed in the sections we
made. The parasite attaches to the host
in the same way as described earlier on
the specimens from Hikigawa and Ohara.

The reproductive structures of the type
specimens obviously differed from those
interpreted by TANAKA and NOZAWA in that
the auxiliary cell and the carpogonial branch
weré separately formed in the secondarily
developed ampullary cell clusters (Fig. 3D),
and that the connecting filament was neces-
sary for activating the auxiliary cell to
produce gonimoblasts (Fig. 3E).

Discussion

As far as the materials examined by us,
including the Holotype and the Isotype, are
concerned, we could not find any rhizoidal
filaments as was reported and figured by
TANAKA and Nozawa (1960, p. 110, fig. 4A,
B). According to our observations, the
plant appears to attach to the host by its
flat surface. There remains some doubt on
the distinct identity of the present alga or
the nature of its parasitism. However, the
independent occurrence of cystocarpic and
tetrasporangial plants on the same host
thallus irrespective as to whether the host
is female or tetrasporangial and the whitish
color of the thallus suggest that it is most
appropriate to treat K. aggregatocerantha
as a parasite.

In the original description, this species
was considered to belong to the Gigartinales
and thus to represent an example of allo-
parasite (FELDMANN & FELDMANN, 1958),
which is minor in the red algal parasites
(GoOFF, 1982). TANAKA and NozawA (1960)
described as follows: “The carpogonial
branch is directly connected by the auxiliary
cell lying beneath it. After fertilization, the
auxiliary cell produces another two or three
nourishing cell groups and forms a large
fusion-cell which brings forth the gonimo-
blast.” Their fig. 3B, C (p. 108), however,
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does not give any exact image on the post-
fertilization events. FELDMANN and FELD-
MANN (1963, p. 558-559) stated that “ A en
juger par les figures publiées, cette attribution
du genre Kintokiocolax aux Gigartinales ne
nous parait pas justifiée”, on the grounds
that the disposition of the differentiated
short filaments is not that of the Gigartinales
but shows the structure very similar to the
carpogonial ampulla characteristic of the
Halymeniaceae. As is clear from our obser-
vations, the above suggestion by FELDMANN
and FELDMANN proves to be true. The
auxiliary cell and the carpogonial branch
are separately formed in the “subsidiary ”
(KRAFT and ROBINS, 1985) ampullary branch
systems. This clearly shows that this
species is non-procarpic and has the repro-
ductive features possessed by the members
of the Halymeniaceae. The process of
gonimoblast development also quite agrees
with those hitherto reported in many species
of the family (cf. BALAKRISHNAN, 1961,
1961a; KAWABATA, 1962, 1963; CHIANG,
1970). This species is an adelphoparasite
as are most of the red algal parasites
(FELDMANN and FELDMANN, 1958; GOFF,
1982).

In separating the genera of the family
Halymeniaceae, the auxiliary cell structure
is considered to be of value by CHIANG
(1970). According to him, the auxiliary cell
ampullary structures can be divided into 5
types in the family from the shape and the
degree of branching, and sparsely-branched
ampulla is more advanced than densely-
branched one. If based on his system, the
auxiliary cell ampulla of this species clearly
falls within the range of advanced category,
or is rather more advanced than any type
because it is often composed of only a
single filament as shown in Fig. 2D. This
reduced type of ampulla has never been
reported in the members of this family nor
has been observed in the host species P.
angusta (KAWAGUCHI, unpubl.). It might be
possible to say that such a reduction of
ampullary filaments represented by this
species is due to its parasitism.

Until our present investigation, this species
escaped from the attention of other workers.
The reason probably lies in its rare occur-
rence, but also in the fact that it is only
found on the Prionitis angusta collected from
deeper places as is known from the collec-
tion data. Diligent search in the subtidal
zone might bring more specimens suitable
for further investigation.
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tification of the alga known as “marine Chlorella” as a member of the Eustigmatophyceae.
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An alga known as “marine Chlorella”, obtained from Suisan Center (Makishima-machi,
Nagasaki, Japan), has been critically investigated in culture and identified on the evidence
of ultrastructure and biochemistry as Nannochloropsis oculata (Droopr) HIBBERD, a member
of the Eustigmatophyceae. Cells are spherical to slightly ovoid, 2-4 ¢m in diameter, and
contain an ovoid or cup-shaped chloroplast. The chloroplast is bounded by two double
membranes, the outer representing the CER and showing connections with the nuclear
envelope, and the inner representing the chloroplast envelope. Chloroplast lamellae consist
of three appressed thylakoids. Girdle lamellae and pyrenoids are absent. Starch was not
detected. Optimum growth, with a specific growth rate of 0.9 day~!, occurred at a tem-
perature of ca. 25°C, salinity of 15-30%., light intensity greater than 12 klux, and initial
pH of ca. 8. Predominant photosynthetic pigments were chlorophyll a, carotene, violaxanthin,
and vaucheriaxanthin ester. Chlorophyll b and lutein were not detected.

Key Index Words: Eustigmatophyceae; growth; marine Chlorella; Nannochloropsis

oculata; pigment; ulirastructure.

A small, planktonic, unicellular alga known
as “marine Chlorella” has been widely used
as food for the rotifer Brachionus plicatilis
in the culture of many types of fish (WATA-
NABE et al. 1978a). Because it is an ex-
cellent food for use in the culture of juvenile
marine fish, the alga has been the subject
of many nutritional studies, which have been
revealed to have a high content of eicosapent-
aenoic acid (WATANABE et al. 1978b). How-
ever, there have been few studies on its biology
and biochemistry. In the present report the
growth, pigment composition, and ultra-
structure of this alga are examined and the
results applied to its taxonomic assignment.

Materials and methods

Materials

A sample of the alga used for culture of
rotifer Brachionus plicatilis was obtained as
a nearly pure culture from Suisan Center,
Nagasaki City Institute of Fisheries (Maki-
shima-machi, Nagasaki, Japan) in July, 1981,
and purified by plating out suitable dilutions.
Two other unicells, Monodopsis subterranea
(PETERSEN) HIBBERD (obtained from the
Sammlung von Algenkulturen, Géttingen No.
848-1 as Monodus subterraneus) and Nan-
nochloropsis oculata (DROOP) HIBBERD (ob-
tained from the Algal Culture Collection at
the University of Texas No. 2164 as Nan-
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nochloris oculata) were used for purposes of
comparison in the identification of photo-
synthetic pigments (WHITTLE and CASSELTON
1975, ANTIA et al. 1975).

Culture conditions

The alga was cultured in a medium con-
taining 0.5g KNO,, 0.1g Na,HPO,, 15mg
EDTA-Na-Fe, 1 m/ of Arnon’s solution A;
(WATANABE 1960), 5m/ of vitamin mixture
S-3 (PROVASOLI et al. 1957), and 0.5 pg of
vitamin B;, per liter of either natural sea
water or Jamarin S artificial sea water
(Jamarin Laboratory, Osaka) that had air
enriched with 0.1-0.5% carbon dioxide bub-
bling through it. Culture vessels were ob-
long and flat. Standard conditions of culture
were 25°C and continuous illumination (white
fluorescent lamp, 6-7 klux). These condi-
tions were altered for certain experiments.
For light intensity and pH experiments,
glass Erlenmeyer flasks containing unbubbled
medium were used. For salinity experiments,
Jamarin S artificial sea water containing
MBM (WATANABE 1960) and vitamins was
used. To determine vitamin requirements,
Provasoli’s ASP 2 (PROVASOLI et al. 1957)
was used.

Culture density was estimated by measur-
ing optical density in a spectrophotometer at
700 nm. The specific growth rate was deter-
mined during exponential growth. The
growth rate during non-exponential condi-
tions was calculated from average growth
during the culture period.

Electron microscopy

Cells were washed with 50 mM phosphate
buffer containing 0.25M sucrose (pH 7.2),
fixed with 2% glutaraldehyde in the same
buffer for 9hr at ca. 4°C, post-fixed with
2% 0s0, in the same buffer without sucrose
for 24hr at ca. 4°C, embedded in agar,
dehydrated in a graded ethanol series (50%
to 100%), transferred to acetone, and em-
bedded in Spurr’s resin (SPURR 1969). Fol-
lowing polymerization, sections were cut
with a Porter-Blum MT-2 Ultramicrotome,
stained with lead citrate for 10 min., and
viewed with a JEM 200 CX electron micro-
scope at 100kV,

Pigment analysis

Pigments were extracted by treating the
cells, which were first washed with artificial
sea water, with 85% acetone. Extracted
pigments were separated on columns of
sucrose using 0.5% n-propanol in petroleum
ether (b.p. 30-60°C) as the developing solvent.
Each fraction was eluted diethyl ether and
further separated using thin-layer chromato-
graphy (TLC) with cellulose plates (Merck)
and a ranning solvent of petroleum ether:
n-propanol (96:4v/v) or petroleum ether:
acetone: n-propanol (90:10:0.45v/v). Rf
values were calculated and absorption spectra
examined. Chlorophyll ¢ was sought using
a spectrophotometer after separation of the
extracted pigments by TLC with cellulose
plates and a running solvent of chloroform:
petroleum ether (1:3v/v). Carotenoids were
extracted for quantitative analysis using
acetone: methanol (7:3v/v), saponified for
removal of chlorophyll, and estimated spec-
trophotometrically after separation by TLC.

Analysis of fatty acids

Lipids were extracted from cells with a
methanol chloroform mixture and saponified
in the usual manner (KATES 1972). Fatty
acids were isolated from the saponification
mixture using petroleum ether, methylated,
then analysed by gas chromatography (Shi-
madzu GC-3BF).

Test for starch

Cells were decolorized with methanol, in-
cubated in 0.2%l,/2%KI for 20 min., then
examined with an optical microscope using
opal glass slides.

Results

Optical microscopic observations

Live cells are spherical to slightly ovoid and
measure 2-4 ym in diameter. They usually
contain one chloroplast. Testing with L,/KI
failed to detect starch. Vegetative multiplica-
tion takes place by binary fission. No motile
cells were seen.

Electron microscopic observations

Cells are enclosed in a thin wall and con-
tain an ovoid or cup-shaped chloroplast, a
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Figs. 1-3. Electron micrographs of “marine Chlorella”. TFig. 1. Section of whole cell. The chloro-
plast is enclosed by two double membranes: the outer one is the CER (double arrow head) while the
inner one is the chloroplast envelope (single arrow head). Direct continuity between the CER and the
nuclear envelope is observed. C, chloroplast; N, nucleus; M, mitochondrion. Fig. 2. Section of chlo-
roplast. Bands of three associated thylakoids extend across the entire chloroplast length with no girdle
lamellae. Fig. 3. Section showing fine structure of lamellate vesicle in cytoplasm.
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nucleus, and several mitochondria. Neither
pyrenoids nor starch grains were observed.
Chloroplasts are bounded by two double
membranes, the outer representing the
chloroplast endoplasmic reticulum (CER) and
the inner the chloroplast envelope (Fig. 1).
No vesicles that might represent a per-
plastidal network were seen in the narrow
space between the CER and the chloroplast
envelope (Fig. 1). Continuity between the
CER and nuclear envelope is apparent (Fig.
1). Chloroplast lamellae consist of three
thylakoids running approximately parallel to
the long axis of the chloroplast (Fig. 2).
Granum-like stacks or girdle lamellae were
not seen (Figs. 1, 2). Vesicles containing
fine lamellae are common in the cytoplasm
(Fig. 3).

Growth

Optimum growth was obtained at a tem-
perature of ca. 25°C, a salinity of 15-30%o,
a light intensity greater than 12klux, and
an initial pH of ca. 8. The specific growth
rate under optimum conditions was about
0.9day-! (Fig. 4). No growth was apparent
at a temperature of 35°C or at a salinity of
0%. Vitamins were not required. Potassium
nitrate, ammonium sulfate, urea, and casa-
mino acids served equally well as nitrogen
sources. The alga did not grow in the dark
with glucose, galactose, fructose, maltose,
lactose, acetic acid, citric acid, ethanol.

glycine, asparagine, or alanire as a carbon
source.

Photosynthetic pigments

The absorption spectrum of the total pig-
ment extract in diethyl ether showed peaks
at 661 nm, 470 nm, and 429 nm. No peaks
or shoulders at 642nm or 452nm, where
chlorophyll b would be expected to absorb,
were found. The absorption spectrum of the
cell suspension was similar to that of the
extract except that the peaks shifted 10-20
nm toward longer wave lengths. The total
pigment extract was separated into four
fractions by sucrose column chromatography.
The fractions were identified as chlorophyll
a, carotene(s), violaxanthin, and vaucheria-
xanthin ester by co-chromatography 