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Studies on diurnal photosynthetic performance of Sargassum thunbergii 1.

Changes in photosynthesis under natural sunlight

Kunshan Gao* and Isamu UMEzakI

Laboratory of Fishery Resources, Division of Tropical Agriculture, Graduate School of Agriculture, Kyoto
University, Kyoto, 606 Japan

Gao, K. and Umezak1. I. 1989. Studies on diurnal photosynthetic performance of Sargassum thunbergii 1.
Changes in photosynthesis under natural sunlight. Jpn. J. Phycol. 37: 89-98.

A flow-through system was established to carry out photosynthetic measurements of macroalgae under
natural sunlight. Changes in photosynthesis of Sargassum thunbergii with changes in solar radiation under
different weather conditions were measured with the flow-through system. It was found that photosynthetic
rate was higher in the morning than in the afternoon on fine days and showed little difference between the
morning and the afternoon on a rainy day. Midday, or afternoon, photosynthetic depression observed on
fine days could not be accounted for by an increase in dark respiration. Despite midday or afternoon
photosynthetic depression, daily net and gross productions were found to increase linearly with an increase

of daily photosynthetically active solar radiation.

Key Index Words:  Photosynthesis—dark respiration—PAR—Sargassum thunbergii.

In coastal areas, seaweeds play an impor-
tant role as primary producers. Estimations
of the primary production of seaweeds often
rely on photosynthesis-light and solar radia-
tion curves. Seaweeds are usually subjected
to dramatic changes of solar radiation
throughout a day. Are the changes in
photosynthesis with the solar radiation in-
dependent of light histories? Is the estimated
photosynthetic production close to the actual
diurnal production? It is possible that P,
and initial slope of a photosynthesis-light
curve differ when a seaweed has been exposed
to different light histories, or at different times
of day under natural sunlight. Diurnal
photosynthesis has been found to show higher
morning photosynthetic rates and afternoon
depression in tropical grasses (ITo et al. 1973),
freshwater submerged angiosperms
(Gourper 1970, HoucH 1974) and phy-
toplankton (Doty and Ocurt 1957, YENTSCH
and RytHER 1957, HARris 1973, SOURNIA

* Present address: Kansai Environmental Engineering
Center, Nakazaki-nishi 2-3-39, Kita—ku, Osaka, 530
Japan

1974, Marra 1978). But there are few
reports on the diurnal photosynthesis of
seaweeds. Ramus and Rosenserc (1980)
measured the diurnal photosynthesis of
seaweeds and reported that photosynthesis-
light curves measured in the laboratory show-
ed a great difference from natural diurnal
photosynthesis. ~However, Smita (1981)
reported no depression of diurnal photosyn-
thetic pattern in Codium carolinianum and
Lodophora variegata calculated from an in situ
study. MAaEGAawA and ARruGa (1983), study-
ing on a cultivated Monosiroma latissimum
population, also reported that no midday or
afternoon depression of photosynthesis was
observed, even on fine days. Therefore, it is
important to follow photosynthetic changes
under natural sunlight to make clear whether
seaweeds exhibit a pattern of diurnal
photosynthetic variation similar to higher
plants and phytoplankton, or not.

Sargassum, a genus in the Phaeophyceae,
constitutes an important part of the marine
flora, forming an extensive vegetation in the
coastal areas of Japan and playing an impor-
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tant role in the coastal ecosystem. Sargassum
thunbergii is a perennial species growing on
rocks at middle to lower level in the intertidal
zone, forming a conspicuous belt in places not
exposed to strong wave action, and is
distributed on the coasts of both the Sea of
Japan and the Pacific Ocean throughout the
Archipelago of Japan. The knowledge of
photosynthesis is important for the estimation
of productivity of Sargassum. Although there
are several reports on photosynthesis in
Sargassum up to now (THOMAS and TREGUNNA
1968, Yokonama 1977, Mizusawa et al.
1978, Gao and UMEezakl 1988), nothing has
been reported on diurnal photosynthesis and
daily photosynthetic production of plants in
this genus. In the present study it was intend-
ed to follow the photosynthetic changes of
Sargassum thunbergii under natural sunlight to
make clear its diurnal photosynthesis pattern.

Materials and Methods

The present study was carried out at the
Fisheries Research Station of Kyoto Universi-
ty situated at the head of Maizuru Bay, one of
the branch bays of Wakasa Bay facing the Sea
of Japan. Here, S. thunbergii forms a con-
spicuous zone at approximately —10 to +15
cm tide level and matures in July. After

maturation, the main branches decay away
and newly germinated main branches and
juveniles appear about two months later.

The measurements of diurnal photosyn-
thesis were carried out in October and
December 1986. Whole juveniles or young
plants derived from naturally-occurring
germlings were collected and cleaned of ob-
vious epiphytes before use. Samples used for
measurements of diurnal photosynthesis or
dark respiration were about 1.5 and 3 cm long
in October and December, respectively.
Five to ten samples were used for each
measurement of diurnal photosynthesis or
dark respiration.

Figure 1 shows the flow-through system for
measuring photosynthesis and respiration.
The ends of the pipe are cone-shaped, which
gives a uniform water flow through the pipe
(P). Transparent and opaque pipes, 70 cm
long and 3 cm in inner diameter, were used
for measurements of photosynthesis and dark
respiration, respectively. Samples (Th) were
fixed by inserting their holdfasts into a cord
and kept erect in the pipe. Water flow
through the pipe was tested with uranine
dye. The flow rate of the filtered seawater
(filtered through sand and coal particles) was

controlled with a flow meter (Kojima, RK
1200).

Re
=1
he
o
o

e

Fig. 1.

Outline of the system for measuring diurnal photosynthesis and dark respiration. T, water

tank for supplying filtered seawater; F, flow meter; P, assimilation pipe; Th, thallus; S, underwater quantum
sensor; R, recorder; WS, water sampling tube; B, water box.
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Inflowing and outflowing seawater were
sampled almost simultaneously in D. O. bot-
tles of about 100 m/ in duplicate each time.
Water sampling was made once every hour or
every two hours for photosynthetic or
respiratory measurements, respectively. The
dissolved oxygen concentration of seawater
was determined by the Winkler titration
technique. The titration was made within 3
to 4 hours after water sampling. Photosyn-
thesis (P) or respiration (R) rate [ml/ O,
g(d.w.)"'h™1] was calculated by the follow-
ing equation:

Por R=(A—B)XFX60X1/W,

where A and B represent D. O. concentra-
tions (m/ /™!, 0°C and 760 mmHg) of outflow-
ing and inflowing seawater, respectively; F,
flow rate (! min~—!) of filtered seawater sup-
plied into the pipe; W, dry weight (g) of
samples determined after drying at 85°C for
20 hours. Different samples were used for
the measurements of photosynthesis and dark
respiration. During the daytime, dark
respiration was measured by placing samples
in an opaque pipe for about 20 minutes.
After the dark respiration measurement,
samples were taken out of the pipe and expos-
ed to solar radiation under the same condi-
tions as those for photosynthetic measure-
ments.

Photosynthetically active radiation (PAR,
400-700 nm) of incident solar light was
measured continuously from sunrise to sunset
with an underwater quantum sensor (LI-
COR, LI-192S) linked with a recorder (TOA
Electronics Ltd., FBR-253A). Water temper-
ature in the pipe, which was maintained
in a water tank, was in harmony with that in
the sea. Water temperature was in ranges of
21-23°C and 13-14°C during the expemri-
ment periods in October and December,
respectively.

In order to value diurnal photosynthesis
measured under different temperatures in Oc-
tober and December, it was necessary to
know the relationships of photosynthesis and
respiration to temperature. Photosynthesis
and respiration versus temperature curves

were obtained in March and September in the
laboratory with a differential gas-volumeter,
“Productmeter” (Nikko Kagaku Ltd.), devis-
ed by Yokonama and IcHIMURA (1969) and
improved by YOkoHAMA ef al. (1986). Light
was supplied by incandescent “high beam
bulbs” (National, 110V 150W). The water
temperature was controlled by using a Taiyo
Coolnit (CL-30). Dark respiration was
measured by covering the reaction vessel com-
pletely with opaque plastic.

Results

The system for measuring photosynthesis
and respiration in the present study kept
samples erect in flowing seawater, and this
made it possible to measure photosynthesis or
respiration under conditions close to those in
the sea. However, the time lag for detecting
oxygen evolved or consumed by samples kept
in the pipe, which may be related to the flow
rate, the inner diameter and length of the
pipe, should be considered. In preliminary
experiments, changes of D. O. concentration
of outflowing seawater were measured in the
laboratory under constant light and
temperature conditions at different flow rates
after samples had been put into the pipe. As
shown in Figure 2, it took about 8, 6, 5 and 2

0.2

—0

0.3

6+ O/O/Ck o
P e . 0.4
o—0—o——0 0.5

Inflowing Seawater

D.O. Concentration (ml 171)

5 1 1 1 1 1 1
0 10 20 30

Time (min)

Fig. 2. Time courses of D. O. concentrations
in the outflowing seawater at different flow rates
(0.2, 0.3, 0.4 and 0.5 ! min~") after 8 individuals of
S. thunbergii were put into the transparent assimila-
tion pipe at 1000 #.Em~2s~! and 16°C in the
laboratory. Solid triangles show D. O. concentra-
tions in the inflowing seawater.
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Fig. 3. Relationships' of net photosynthesis

(P,) of S. thunbergii and D. O. saturation of outflowing
seawater to flow rates. Calculated from Fig. 2.

minutes for D. O. concentrations to level off
at flow rate of 0.2, 0.3, 0.4 and 0.5/ min™!,
respectively. The D. O. concentration was
levelled in a shorter time as flow rate increas-
ed. Photosynthetic rates at different flow rates
were calculated from data of Figure 2. Asin-
dicated in Figure 3, photosynthetic rate was
not influenced by flow rate although the
D. O. saturation decreased as flow rate in-
creased within the range investigated. Fresh
weight and dry weight of the samples used for
these measurements were 5.394 and 0.794 g,
respectively.  Influences of flow rate on
photosynthetic rate might have occurred if
more samples were used at any one time.

A relationship of dry weight of samples to
relative net photosynthesis is shown in Figure
4. Relative net photosynthesis showed con-
stant values till 0.9 g as the dry weight of
samples increased, and was reduced at 1.6 g
dry weight of samples, while D. O. saturation
increased with an increase of weight of
samples.

Based on the results of Figures 2-4, the diur-
nal photosynthesis and dark respiration
measurements of S. thunbergii were carried out
on condition that the weight of samples was
4-5 g fresh weight (0.59-0.74 g dry weight)
and the flow rate was 0.2/ min~! for
respiratory measurement and within a range
of 0.2-0.4! min~! for photosynthetic mea-
surement.

Figure 5 shows the diurnal net photosyn-
thetic performance and the daily dark respira-

L
o P
2100 HH——
£ {100
Tt 5
1y :
5 80F o4 2
& o x g
- L o Ho5 2
] ]
z /0 »
2 60r 1 ¢
H e E
© L -
o

40 ! " s ) L n L 90

0.2 0.6 1.0 1.4 1.8
Dry Weight (g)
Fig. 4. Relationships of relative net photosyn-

thesis (P,,) in S. thunbergii and D. O. saturation to dry
weight of samples. Measured at 1000 uE m~2%s~!
and 10°C with a flow rate of 0.3 /min~!.

tion of S. thunbergii juveniles on a fine day in
October (A), and a fine day (B), a cloudy day
(D) and a rainy day (C) in December. Asin-
dicated in Figure 5(A), net photosynthesis in-
creased in early morning to reach a maximum
at about 8 o’clock, decreased in late morning
as solar radiation increased, increased again
at noon and finally declined as solar radiation
decreased in late afternoon. Dark respira-
tion, which was measured with different
samples kept under almost the same condi-
tions as those for photosynthetic measure-
ment, was found to be higher in daytime than
at night, with the former about twice the lat-
ter on average. Daytime dark respiration
was lower in morning and highest near mid-
day when photosynthetic depression occurred
(Fig. 5A). On a fine day in December (Fig.
5B), net photosynthesis increased to reach a
maximum at about 10 o’clock in morning as
solar radiation increascd, and decreased in
late afternoon as solar radiation decreased.
Maximum of net photosynthesis was main-
tained for about 4 hours from late morning to
early afternoon. Little difference in dark
respiration was found between morning and
afternoon. On a cloudy day (Fig. 5D), net
photosynthesis increased with an increase in
solar radiation in morning and decreased
with a decrease in solar radiation in afternoon
despite fluctuations in solar radiation. Dark
respiration measured in early morning was
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fine day in October (A) and December (B), and on a rainy day (C) and on a cloudy day (D) in December. Solid
circles are photosynthetically active solar radiation (PAR) measured with a sensor set close to the assimilation

pipe. W.T. is water temperature in the pipe.

almost the same as that in evening. Thisisin
agreement with that on a fine day (Fig. 5B).
On a rainy day in December (Fig. 5C), net
photosynthesis varied with solar radiation.
Dark respiration varied little throughout the
day, which was in accordance with those on a
fine day (Fig. 5B) and a cloudy day (Fig. 5D).

For detailed analysis of the diurnal
photosynthesis of S. thunbergiz, photosyn-
thesis-light curves were derived from the data
in Figure 5. PAR for constructing photosyn-
thesis-light curves were determined from
averaged values for 8, 6 and 5 minutes at flow
rates 0f 0.2, 0.3 and 0.4 / min~!, respectively,

taking into account time lags for detecting
evolved oxygen in outflowing seawater (Fig.
2). Dark respiration rates measured in early
morning after sunrise and in late afternoon
before sunset were used for construction of
photosynthesis-light curves. As indicated in
Figure 6, two photosynthesis-light curves
resulted from each curve of diurnal photosyn-
thesis; one for increasing solar radiation
preceding local noon and the other for decreas-
ing solar radiation after noon. Net photosyn-
thesis was higher in morning than in after-
noon, even for the same photosynthetically ac-
tive solar radiation (PAR), on fin€ or cloudy-



94 Gao, K. and UMEzaki, 1.

fine days in December. Net photosynthesis
increased, saturated at about 300 uE
m~2s7! and then decreased as the solar radia-
tion increased in the morning on a fine day in
October (Fig. 6A). Soon after noon, a
recovery from the midday photosynthetic
depression was observed. A considerable dif-
ference was found in the initial slopes of the
curves derived from morning and afternoon
photosynthesis, with slope much higher in
morning than in afternoon. On a fine day in
December (Fig. 6B), net photosynthesis in-

ml O2 g (d-w.)"1h-!

Dec. 1

600 1200 1800
Solar Radiation (PAR)
(uE m—257)

Fig. 6.
(PAR) curves of §. thunbergii obtained from Fig. 5.
Open circles are for data before noon and filled
circles are for data after noon. Numbers along the
lines indicate the time of the day.

Photosynthesis vs. solar radiation

creased as solar radiation increased and
saturated at irradiances above 600 yE m~2s~!
in the morning, with the rate in morning
higher compared with that in afternoon. On
a cloudy-fine day in December (Fig. 6C), net
photosynthesis was saturated at almost the
same PAR as that on the fine day (Fig. 6B).
Similarly, net photosynthetic rate was higher
in the morning than in the afternoon.
However, net photosynthesis was not
saturated on the rainy day because of the
much lower solar radiation, and little dif-
ference was found between morning and
afternoon (Fig. 6D). Initial slope equations
and P, values for the curves of Figure 6 are
shown in Table 1. Light compensation
points of morning and afternoon curves were
respectively 8 and 34 #E m~2s~! on October
14, 21 and 22 ¢E m~2s~! on December 1, 22
and 29 ¢E m~2s~! on December 9, and 14
and 23 #Em~2s~! on December 19. When

Mar. 1987

§/~‘_\

o ]
T T
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»
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Fig. 7. Photosynthesis-temperature curves at

600 #Em™2s~! and respiration-temperature curves
in dark of §. thunbergii. Measurements were made
with four young plants about 3 cm long (A) and with
six young plants 1-2 cm long (B). Mean of three
measurements with SD.
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Table 1.

Initial slope equations and P,,, for photosynthesis-light curves in

Figure 6. P in m/ O, g(d.w.)"'"h™'and I'in # Em~2%"1.

Initial slope equation Proax
Date
Morning Afternoon m! O, g(d.w.)"'h~!
Oct. 14 P=0.1161-0.93 P=0.0431-1.48 12.6
Dec. 1 P=0.0451-1.03 P=0.0431-1.01 —
Dec. 9 P=0.0451-1.00 P=0.035I-1.00 7.8
Dec. 19 P=0.0691-0.97 P=0.0431-0.97 8.3

afternoon photosynthetic depressions were
observed, light compensation point of morn-
ing curves was higher than that of afternoon
ones.

Daily gross and net production of S.
thunbergii were calculated from diurnal net
photosynthesis and dark respiration in
daytime and nighttime, as summarized in
Table 2. Daytime net photosynthesis, gross
and net production and respiration expressed
in m/ O, were converted to those in dry
weight as 1 mg O, (0.7 m/ O,) is equivalent to
0.84mg dry matter (IkusiMa 1967).
Although PAR values were similar (36.6 and
33.2E m~2 day!) on October 14 and
December 9, daytime net photosynthesis, dai-
ly net production and daily gross production
on the former day were 1.8, 1.7 and 2.1 times
the values on the latter, respectively.

Photosynthesis-temperature curves were
determined to see how photosynthesis of S.
thunbergii was influenced by temperature.
Light-saturated net photosynthesis for the
young plants in March (Fig. 7A) increased to
reach a maximum near 25°C and decreased

Table 2.

at higher temperatures. Photosynthesis in
juveniles with primary leaves in September
(Fig. 7B) increased to reach a maximum near
28°C and decreased at higher temperatures as
well. Net photosynthesis at 22°C was 1.39
and 1.46 times that at 14°C in March and
September, respectively. Light-saturated net
photosynthetic rate in the morning on Oc-
tober 14 was about 1.64 times that on
December 9; it is a little higher than the rate
in Figure 7. Dark respiration increased
linearly with an increase in temperature in
both months. Q;o was about 1.42 and 1.67 in
March and September, respectively.

The great difference in daytime net
photosynthesis, daily net production and dai-
ly gross production between October 14 and
December 9 might be attributed to the dif-
ferences of temperature and growth stage.
Juvenile plants used for photosynthesis and
respiration measurements had primary leaves
in October but only filiform ones in
December. Total daily dark respiration on
October 14 was about 5-10% higher com-
pared with those on days in December (Table

Daytime net photosynthesis (P,q4), daytime dark respiration (Rgq4),

nighttime respiration (Rg,), daily gross production (Py) and daily net production (P,)
of S. thunbergii, with temperature and PAR.

[mg(d.w.) g(d.w.)~!]

Date G (b tday
YD Py Ru R P, P,
Oct 14. 22 36.6 125.3 14.8 14.9 140.1 110.4
(87.6)* (11.2)* (11.3)* (98.8)* (76.3)*
Dec. 1 14 4.2 38.8 10.1 17.3 48.9 21.5
Dec. 9 14 33.2 69.7 11.6 16.8 81.3 52.9
Dec. 19 14 17.9 57.6 9.7 16.2 67.3 41.4

* Estimated values at 14°C in consideration of a temperature factor on the basis of

the curves in Fig. 7.
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Fig. 8. Relationships of daytime net pho-
tosynthesis (P,4), daily net production (P,) and daily
gross production (P,) to PAR in S. thunbergii at 14°C.

2), and this be due to higher
temperature on the former than on the latter
(Fig. 7). Daytime photosynthesis, daily net
production and daily gross production on Oc-
tober 14 at 22°C were converted to those at
14°C by averaged factors (1.43 for net
photosynthesis and 1.32 for respiration ) from
the photosynthesis-temperature and respira-
tion-temperature curves determined in
March (Fig. 7A) and September (Fig. 7B).
Converted values for October 14 are higher in
daytime net photosynthesis, daily gross and
net production but lower in daytime and
nighttime respiration compared to data for
December 9. Disregarding the differences in
growth stage, daytime net photosynthesis, dai-
ly net production and daily gross production
were plotted as functions of PAR in Figure
8. As shown, these all increased almost
linearly with increases in PAR during the
period of investigation.

must

Discussion

Diurnal photosynthetic performance of S.
thunbergi: showed asymmetrical variation: that
is, diurnal photosynthesis was found to show
higher values in the morning and reduced
rates in the afternoon, even for the same PAR
on fine or cloudy-fine days (Fig. 6A, B & C).
This is similar to patterns which were found
in higher land plants (Paspalum dilatatum and

P. notatum) in summer (ITo et al. 1973),
freshwater submerged angiosperms (GouL-

per 1970, HoucH 1974) and phyto-
plankton populations (Harris and Lott
1973, Jassey 1978, Marra, 1978).

However, MARra (1978) showed in the
laboratory with three different light regimes
(constant, simulated diurnal variation, and
fluctuating) that the afternoon depression can
be largely removed by superimposing a light
fluctuation on the diurnal regime, and sug-
gested that purported endogenous rhythms
can not be solely responsible for the afternoon
photosynthetic depression. In the present
study, the magnitude of the increase in dark
respiration was not great enough to account
for the photosynthetic depression. This is
similar to the results reported for
phytoplankton by LoRENZEN (1963) and Har-
Ris (1973). Furthermore, afternoon depres-
sions in net photosynthesis of S. thunbergii
were found in December on moderately
bright days (Fig. 6B & C), but the dark
respiration showed almost no change (Fig. 5B
& D). Therefore, the afternoon photosyn-
thetic depression of S. thunbergii can not be
due to an increase in dark respiration.

In the present study, when light saturation
did not occur on a rainy day, little difference
in the photosynthetic response to light was
found between morning and afternoon (Fig.
6D). Ramus and RoseNBERG (1980) reported
that diurnal photosynthesis of two green
algae, Ulva curvata and Codium decorticatum, a
brown alga, Dictyota dichotoma, and a red alga,
Gracilaria foliifera, showed asymmetrical varia-
tion on fine days but symmetrical variation on
a cloudy day. This is in agreement with
results for S. thunbergii in the present study.
However, the midday or afternoon photosyn-
thetic depression was much smaller in the pres-
ent study compared with that reported by
Ramus and RosenBERG (1980). On October
14 the increase in the dark respiration in mid-
day can be considered as being stimulated by
the build-up of photosynthates as suggested
by Jassy (1978). Dark respiration of S.
thunbergii maintained almost constant values
in the day and night even on bright days in
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December (Fig. 5B & D), although an after-
noon photosynthetic depression was observed
(Fig. 6B & C). This could be caused by the
lower solar radiation and lower water
temperature in December compared to Oc-
tober. Therefore, midday or afternoon
photosynthetic depressions do not always coin-
cide with increases in dark respiration.

Maecawa (1980) and Maecawa and
ARruca (1983) reported that AMonostroma
latissimum population photosynthesis showed
no midday or afternoon depression even on
fine days. In a natural population of
seaweed, shading effects must be considered.
In the community of Sargassum thunbergii,
where plants shade each other, light condi-
tions within the population will determine the
diurnal photosynthesis of the plant. In the
present study, plants maitained in the pipe
were not shaded.

Estimation of daily primary production of
seaweeds often depends on integration of
photosynthesis -light curves determined in the
laboratory with records of ambient solar radia-
tion (e.g. BrinkHUIS 1977). However, data
estimated in such a way may give rise to
significant errors because of midday or after-
noon photosynthetic depression. Whether
photosynthesis-light curves determined in the
laboratory at different times in a day are dif-
ferent or not, and to what degree daytime
photosynthesis measured under natural
sunlight is different from that estimated by
the photosynthesis-light curves determined in
the laboratory, should be considered in order
to establish accurate estimates of primary pro-
duction by seaweeds.

In the present study, differences in
photosynthetic performance of S. thunbergii
between morning and afternoon were confirm-
ed on fine or cloudy-fine days. Such different
diurnal photosynthetic performance patterns
in S. thunbergii are difficult to explain without
further investigations.
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Higher morning photosynthetic rates and afternoon photosynthetic depression of Sargassum thunbergii
on morderately bright days reported in a previous paper has been also observed in the laboratory. A
photosynthesis-light curve obtained in morning showed values much higher than that obtained in afternoon
on a fine day in November. Such afternoon photosynthetic depression could not be attributed to variations
in chlorophyll concentration. Photosynthesis showed constant value under a constant lower (unsaturated)
photon flux density, while it showed highest values at the beginning of the illumination period and then
decreased with time under a higher (saturated) photon flux density. The afternoon depression in the diur-
nal photosynthesis may be explained by postulating the existence of photosynthate pool size regulation.

Key Index Words:  Chlorophyll—dark respiration—photosynthesis—Sargassum thunbergii.

In a previous paper (Gao and UMEzaki
1989), diurnal photosynthesis of Sargassum
thunbergii showed higher morning values and
afternoon depression on moderately bright
days in October and December. Such diur-
nal photosynthetic variation in S. thunbergii is
similar to that found in higher plants (I'to et
al. 1973, Gourper 1970, HoucH 1974) and
phytoplankton (Doty and Ogur1 1957, YENT-
scH and RyTHER 1957, LoreNnzEN 1963, Har-
ris 1973, Harris and Lott 1973, Sournia
1974, MaRrra 1978).

From results of the previous study (Gao
and UMEezak1 1989), it can be expected that
P, or the initial slope, of a photosyn-
thesis-light curve of S. thunbergii differs be-
tween morning and afternoon on a day when
afternoon photosynthetic depression exists.
The reason for diurnal photosynthetic
variatioin in S. thunbergii is unknown. The

* Present address: Kansai Environmental Engineering
Center, Nakazaki-nishi 2-3-39, Kita-ku, Osaka, 530
Japan

main purpose of this study is to make clear
whether the difference in photosynthesis of S.
thunbergii between morning and afternoon
on bright days can be also observed in the
laboratory and be related to any fluctuations
in chlorophyll content.

Materials and Methods

Jeveniles of S. thunbergii about 2 cm long
were collected in November 1987 from the
Maizuru Bay, one of the branch bays of
Wakasa Bay facing the Sea of Japan. Follow-
ing collection, samples were cleaned of ob-
vious epiphytes before use.

Measurements of photosynthesis and
respiration were carried out in the laboratory
with a differential gas-volumeter (Product-
meter, Nikko Kagaku Ltd.), which has eight
pairs of reaction and compensation vessels kept
in a water bath equipped with a motor to shake
the vessels. Photosynthetic, or respiratory,
rate was determined from volumes of oxygen
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evolved, or consumed, by samples, as
reported by YokoHama et al. (1986). For
photosynthesis-light curves, various photon
flux densities were attained in a stepwise
fashion from the lowest to the highest by
changing paper filters. Light was supplied
with halogen lamps of slide projectors (Twin
Cabin Super, Cabin Industry). Dark respira-
tion was measured by covering the reaction
vessel completely with opaque plastic.

On the basis of the previous study (Gao
and UmMmEezak1 1989), we determined to carry
out measurements for the photosynthesis-
light curves from 9:00 in the morning and
from 16:00 in the afternoon to see if any dif-
ference can be found between morning and
afternoon. It took two to three hours to finish
measurements in morning or in afternoon.
Samples were maintained under natural
sunlight in flowing seawater (filtered through
sand and coal particles) in a flow-through
water box from evening of the day before the
experiment. On the experiment day, as soon
as measurements had been finished in morn-
ing, samples were returned to the water box
and exposed to sunlight until afternoon
measurements. Water temperature in the
water box was similar to that in the sea.

For samples exposed to two constant light
regimes of 150 and 1000 #E m~2 s~ ! supplied
with incandescent lamps (National, 110V
150W), photosynthesis and dark respiration
were measured with the differential gas-
volumeter every hour or two in the
laboratory. Different samples were used for
photosynthesis and  dark  respiration
measurements. Samples were maintained in
flowing seawater during the intervals of
measurements under the same light and
temperature conditions as for photosynthesis
measurements.  Photosynthesis and dark
respiration were measured at 16°C.

Chlorophylls were extracted with 90%
acetone after grinding samples frozen at
—20°C with sea sand, and extracts were
filtered through absorbent cotton. Absor-
bances of acetone extracts were measured at
750, 664 and 630nm with a spec-
trophotometer (Hitachi, Model 100-2). Con-

centrations of chlorophylls a and ¢ were
calculated by the formulae of JEFFREY and
HumpHREY (1975).

Results

Variation in solar radiation on the day
when photosynthesis-light curves were obtain-
ed is shown in Figure 1. Photosynthesis-light
curves determined in the laboratory in morn-
ing and afternoon on that day showed results
(Fig. 2) similar to those derived from diurnal
photosynthesis reported in a preceding paper
(Gao and UmEzaki 1989), i.e. higher morn-
ing photosynthetic rate and afternoon depres-
sion. Such a difference in photosynthesis-
light curve between morning and afternoon
determined in the laboratory must be related
with the variation in diurnal photosynthesis.
As compared in Figure 2, photosynthesis in
afternoon measured in the laboratory was
similarly reduced under natural sunlight,
although the values measured under sunlight
in flowing seawater were higher than those
determined under artificial light with the dif-
ferential gas-volumeter.

Samples wused for determination of
chlorophyll content were maintained under
the same conditions as for photosynthesis

Q\.

2400 | / \
T 2000 |
£
w
Gl
= 1600
s K
3
¥ o
H \
3 ‘ =

800 .

1
i
400
o N
6 8 10 12 “ 16 8
Time (h)
Fig. 1. Diurnal curve of solar radiation on

November 21, 1987, a fine day. The vertical dotted
lines show the beginning of photosynthesis
measurements.
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Fig. 2. Photosynthesis-light curves of S.
thunbergii.  Solid lines are curves in morning
(9:00-11:00) and in afternoon (16:00-18:00) on a fine
day (see Fig. 1), November 21, 1987, measured in
the laboratory at 16°C with an artificial light source.
Each value is the mean of five samples * standard
deviation. Dotted lines are curves measured under
natural sunlight in flowing seawater at 14°C; each
value is the mean of data obtained on December
9 and 19, 1987 % standard deviation (Gao and
Uwmezakr 1989).
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Fig. 3. Changes in net photosynthesis (A &
B) and dark respiration (C) of S. thunbergii with time
under 1000 yEm~2S~! (C) and 150 #Em~2s7!
(®). (B) is a repeat of (A). Measured at 16°C.
Each value represents the mean of two to three
samples.

measurements.

Collection of samples from

the flow-through water box was carried out in
morning and in afternoon on the same day, at
almost the same time (Fig. 1) as determina-

tions of photosynthesis-light curves.

As in-

dicated in Table 1, afternoon chlorophyll a

Table 1. Comparisons of chlorophyll contents [mg g(f.w.)™!] of S. thunbergii between morn-

ing and afternoon on a fine day, November 21.

values were slightly lower than morning ones,
and c:a ratios showed slightly higher values in
afternoon. However, as can be seen from the
standard deviations or by t-test analysis,
values are not significantly (P>0.2) different
between morning and afternoon.

a.m. (9:30) p.m. (16:00)
No.
Chl. a Chl. ¢ ca Chl. a Chl. ¢ ca
1 0.668 0.085 0.127 0.556 0.065 0.117
2 0.541 0.063 0.116 0.561 0.076 0.135
3 0.611 0.076 0.124 0.605 0.079 0.131
4 0.654 0.072 0.110 0.582 0.074 0.127
5 O.ZO2 0.077 0.110 - — -
X 0.635 0.075 0.117 0.576 0.074 0.128
SD 0.072 0.008 0.008 0.022 0.006 0.008
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Figure 3 shows differences in photosyn-
thesis and dark respiration of S. thunbergii
maintained under low and high light condi-
tions. At the beginning of the experiment,
the response to 1000 #Em™2s~! showed
much higher values and a gradual decrease
with time. In contrast, the response to
150 #ZEm~2s~! showed almost constant
values from the beginning to the end of the ex-
periment (Fig. 3 A & B). Nevertheless, dark
respiration of samples kept under the two con-
stant light regimes showed almost constant
values throughout the experiment, and a dif-
ference in dark respiration was not found be-
tween the two light regimes (Fig. 3 C).

Discussion

From the present study it is clear that the
difference in the photosynthetic response of S.
thunbergii to light between morning and after-
noon observed in the laboratory was similar
to that derived from diurnal photosynthesis
measured under natural sunlight. However,
net photosynthetic rate under natural
sunlight measured with the flow-through
system was higher than that in the laboratory
with a gas-volumeter. This may be due to
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Fig. 4. Relative net photosynthesis-light
curves measured in the laboratory, replotted from
data obtained on November 21, 1987.

differences in the two kinds of photosynthesis
measurements and in light sources. The
flow-through system keeps samples in flowing
fresh seawater, which may enhance photosyn-
thesis of S. thunbergii. Spectrum differences
between sunlight and artificial light of in-
candescent lamps may also contribute to the
results. As indicated in Fig. 4, the photosyn-
thesis-light curve obtained in morning from
9:00 to 11:00 was about 30% (at low light
levels) and 15-20% (at high light levels)
higher than that in afternoon from 16:00 to
18:00. However, no difference was found in
chlorophyll contents between morning and
afternoon (Table 1). Therefore, it can be con-
cluded that the higher morning rate and after-
noon depression of photosynthesis of S.
thunbergii did not result from diurnal varia-
tion of chlorophyll contents. PALMER ¢t al.
(1964), working on photosynthetic rhythms in
the marine diatom Phacodactylum tricornutum,
found no change in chlorophyll content in the
cell. MaRrra (1978) reported that afternoon
depression of photosynthesis in the marine
diatom Lauderia borealis was not related to
chlorophyll content in the cell. It seems that
there are no variations in chlorophyll content
coincident with diurnal photosynthetic varia-
tion in both micro- and macroalgae.

The afternoon photosynthetic depression of
S. thunbergii may be related, in the same way as
suggested by Marra (1978) for phyto-
plankton, with saturation of the pool of
Calvin cycle intermediate on moderately
bright days when photosynthesis is very ac-
tive. Regulation of photosynthesis should be
expected to match biosynthetic activity of the
plant. MISHKIND et al. (1979) reported that
diurnal variation of photosynthetic capacity
in Ulva lactuca was not attributable to changes
in chloroplast orientation, in photosynthetic
unit size and in the turnover time of the reac-
tion center; they suggested that it might be
caused by a dark reaction. In the present
study, photosynthesis of S. thunbergii was at its
maximum at the beginning of the exposure to
a saturating photon flux density and gradual-
ly decreased with time; however, it maintain-
ed almost constant values when exposed to an
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unsaturating photon flux density (Fig. 3).
This agrees with results reported for a marine
diatom Lauderia borealis grown in axenic con-
tinuous culture by MARrRa (1978). These
results might be explained by Calvin cycle in-
termediate pools getting saturated fast when
photosynthesis is performed actively under a
saturating photon flux density and the dark
reaction which empties the pools remaining
unchanged (without changes of tempera-
ture). Under a non-saturating photon flux
density, photosynthesis proceeds slowly and
is not sufficient to saturate the pool of photo-
synthates. Therefore, photosynthetic depres-
sion could not be observed. This also is
supported by the fact that afternoon
depression was not found on a rainy day,
as shown in the previous paper (Gao and
Umezakr 1989).

Since relative net photosynthesis of
Sargassum thunbergii was 15-30% higher in
morning than in afternoon, estimated values
for its daily productivity will be equi-
valently higher (within the phton flux densi-
ty range investigated) if the morning
photosynthesis-light curve is used for calcula-
tions. Therefore, more attention should be
paid to diurnal variation in P, and initial
slopes of a photosynthesis-light curve for the
estimation of the primary production based
on photosynthesis.
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The ultrastructure of sperm in Laminaria angustata KjELLMAN, especially its flagellar apparatus, was
observed by SEM and TEM, and compared with L. angustata zoospore and zoospores of the Laminariales
previously examined. In addition to a long posterior flagellum, the sperm has the characteristic feature in
that the both flagella protrude through an anterior gullet and a posterior one respectively. Two or three
chloroplasts are located in the cell periphery. They are not associated with the flagellar basal bodies. Four
flagellar rootlets exist; major anterior rootlet (MAR), minor anterior rootlet (mar), minor posterior rootlet
(mpr) and bypassing rootlet (BR). The number of microtubules consisting the MAR and the BR is five
and four respectively. The mar and the mpr respectively consist of a single microtubule. The BR extends
posteriorly along the nuclear membrane. Both flagellar basal bodies are connected to each other by an elec-
tron-dense, connecting band. These features are unique among the brown algal motile cells and different

from zoospores of this species.

Key Index Words:  Flagellar apparatus—Laminaria angustata— Phaeophyta—sperm—ultrastructure.

Almost all swarmers in the Phaeophyta
have common features; 1) a longer,
mastigonemes-bearing anterior flagellum and
a shorter, undecorated posterior one with a
lateral, ventral insertion of the flagella and 2)
one bilobed chloroplast containing an
eyespot. However, sperms of several groups
in the Phaeophyta in which oogamy is
prevalent (Dictyotales, Sporochnales,
Desmarestiales, Laminariales and Fucales)
are  different from these  typical
characteristics. HEenry and CoLre (1982a,
b) observed zoospores of 17 species and
sperms of 13 species belonging to the
Laminariaceae, Alariaceae and Lessoniaceae
of the Laminariales. They showed that the
characteristic aspects of laminarialean sperms

* Dedicated to the memory of the late Dr. Munenao
Kurocr (1921-1988), Professor Emeritus of Hokkaido
University. This work was partially supported by Grant-
in-Aid for Scientific Research from the Ministry of Educa-
tion, Science and Culture of Japan (Nos. 60480013 and
61790189).

(except for Chorda sperm) are as follows: 1) a
very long and tapering posterior flagellum
(the anterior flagellum of laminarialean
sperm appears identical to that of the
zoospore), 2) two or three chloroplasts per
sperm, and 3) the lack of an eyespot
(zoospores of most laminarialean plants also
lack eyespots). Recently, CLayTON (1984b)
reviewed phylogenetically close relationships
between the Sporochnales, Desmarestiales
and Laminariales based on the physiological
characteristics of fertilization (their sexual
pheromones secreted from eggs have a sperm-
releasing function as well as a sperm-attract-
ing one), the manner of gametogenesis which
is influenced by blue and red light (LONING
and DriNneg 1972, MULLER and LUTHE 1981)
or by the iron concentration in the medium
(Moromura and Sakar 1984a), and especially,
characteristic features of their sperms as
mentioned above.

Recently, O’KEeLry and Frovyp (1984)
determined the absolute configuration of the
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flagellar apparatus of zoospores of Laminaria
digitata and Nereocystis luetkeana. They sug-
gested that the flagellar apparatus in brown
algal motile cells might possess basically an ab-
solute configuration with minor variations in
component array which could be contributed
to phylogenetic studies on the Phaeophyta.
In this study, the ultrastructure of
Laminaria angustata sperm, especially its
flagellar apparatus is investigated, and the
differences in flagellar apparatus features
between zoospores and sperms are discussed.

Materials and methods

Culture

Sporophytes  of  Laminaria  angustata
KjeLLMAN were collected at Charatsunai,
Muroran, Hokkaido, Japan in November
and December of 1984 and 1985. Cultured
specimens of female and male gametophytes
were obtained from germlings of zoospores
and maintained in Fe-free ASP;,)NTA
medium (MoTtoMura and Sakar 1984a, b).
To induce gametogenesis, small tufts (ca.
0.5-1.0mm diam.) of female and male
vegetative gametophytes were inoculated into
PESI medium (Tatewaki 1966) separately.
Cultures were incubated at 10°C, 14:10 LD
cycle and 55 pgmol m~2s™! from cool-white
fluorescent lamps.

Electron microscopy

Preparation of liberated sperms for electron
microscopy was conducted as follows: About
one week after the separate inoculation of the
male and female gametophytes into PESI
medium, eggs and oogonia of female
gametophytes and antheridia of male
gametophytes were matured in respective
cultures. At this time, many sperms were

liberated within seconds by the addition of
one or two drops of conditioned medium from
the female gametophyte culture to the mature
gametophytes (the effect of this
phenomenon is presumed to be by “lamox-
irene”, LONING and MULLER 1978, MULLER ef
al. 1979, MARNER ¢! al. 1984). Liberated
sperms  around the mature  male
gametophytes were immediately fixed for
about 15min. in 1% glutaraldehyde and
0.5% OsO, in PESI medium. After block
staining in 0.5% uranyl acetate solution for
15 min. at 4°C, specimens were dehydrated
in an acetone series and embedded in Spurr’s
epoxy resin. Serial sectionings were done
with a diamond knife on a Porter-Blum MT-1
ultramicrotome, and sections were mounted
on formvar-coated slot grids with careful
monitoring of the orientation and sequence of
the sections. Sections were stained with
uranyl acetate and lead citrate, or only lead
citrate, and observed with a Hitachi H-300
electron microscope. Following O’KELLY
and Froyp (1983), analysis of basal body
triplet implication in micrograph of serial
sections confirmed the absolute orientations
derived from section mapping.

For whole-mount preparations, a drop of
suspension containing liberated sperms was
placed on formvar-coated grids, and fixed in a
vapor of OsO, for 30-60 sec. After rinsing
and drying, the grids were shadowed with
platinum.

For SEM specimens, liberated zoospores
and sperms fixed as above were placed on
TOYO membrane filters (regenerated
cellulose type, with 1.0 ym and 0.2 #m pore
sizes), and dehydrated in an acetone series.
They were critical-point-dried using dry ice,
coated with gold, and observed with a Hitachi
S-510 electron microscope.

male

Fig. 1.

TEM micrograph of a liberated sperm of Laminaria angustata by whole-mount preparation. Note an

anterior flagellum (AF) decorated with mastigonemes and a long posterior flagellum (PF).

Fig. 2. SEM micrograph of a zoospore of L. angustata bearing AF and PF. Arrow shows the cytoplasmic
hollow along the AF.
Fig. 3.

SEM micrograph of a sperm of L. angustata bearing AF and PF. The bases of both flagella are sur-

rounded by the cytoplasm (arrows). Mastigonemes on an anterior flagellum are wavy or detached.
Fig. 4. TEM micrograph of a sperm of L. angustata. The nucleus (N) and Golgi body (G) exist near the basal
body of anterior flagellum (AF) but the chloroplast (C) does not. Note that the AF protrudes through the anterior

gullet.
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Flagellar apparatus absolute configuration  Results
conventions and terminology are those of
O’KEeLLy and Froyp (1984), and Barr and  General ultrastructure of liberated sperm
ArLan (1985). General ultrastructure (Fig. 4) of liberated
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sperm (ca. 5pmX3pm) of Laminaria
angustata, including a heterochromatin-rich
nucleus, several small chloroplasts, mitochon-
dria and the Golgi body, is fundamentally con-
sistent with those of previous investigations
about the related organisms by HENRY and
CoLk (1982 b). Therefore, it is not necessary
to report it in detail. However, differences of
external appearance between zoospores and
sperms of L. angustata newly found by SEM
observation will be shown. As mentioned
by Henry and CoLE (1982 b), the sperm of
this species has an anterior flagellum (ca.
15 ym long) bearing mastigonemes and a
long tapering posterior flagellum (ca. 40 #m
long) (Fig. 1). The zoospore does not have
such a long posterior flagellum (Fig. 2). Both
flagella are inserted asymmetrically and a
shallow groove extends anteriorly with the
anterior flagellum. On the contrary, this
groove can not be observed on the sperm sur-
face. The appearance of sperm is not so
uniform as that of zoospore. However, it is
confirmed that both flagella of almost all
sperms protrude through an anterior gullet
and a posterior gullet respectively (Fig. 3).
This arrangement can also be observed in
thin sections (Figs. 4, 5, 8-11, 24, 25).

The flagellar apparatus

The arrangement of the two basal bodies in
L. angustata sperm is definite, namely, the
proximal end of the posterior basal body bor-
dering on the proximal left side of the anterior
basal body, and the angle between them is
about 110° (Figs. 41, 42). This is one of the
typical basal body configurations in brown
algal motile cells (O’KeLLy and FLoyp 1984,
1985, O’kELLY, personal communication).
The two basal bodies are closely associated
with the nucleus and the Golgi body, but not
with any of the chloroplasts (Figs. 4, 6, 9-11).

The four sets of flagellar rootlets are observ-
ed near the flagellar basal bodies. They run
along the inner membrane surface of anterior
and posterior gullets (Figs. 8-11, 12, 24, 25).
The MAR of sperm consists of five
microtubules (Figs. 12, 13, 23) (vs. seven in a
zoospore of L. angustata (MOTOMURA, un-

published data.) and other Laminariales
(O’KeLLy and FLoyp 1984) and runs anteriorly
through the right side of sperm from the
proximal part of the anterior basal body
(Figs. 5-8, 21-23, 41, 42). The MAR is closely
associated with the surface of a mitochon-
drion (Figs. 19-21) and forms an arc at the tip
of the sperm before terminating in this
region. The mar and mpr rootlets run
respectively along the anterior and posterior
gullets. The mar originates from the prox-
imal part of the anterior basal body (Figs. 6,
10, 39). It runs anteriorly along the left side
of the sperm and terminates posteriorly to the
apex. It consists of one microtubule and is
associated with a mitochondrion located at
the anterior cytoplasm (Fig. 24). The mpr
extends posteriorly from the proximal part of
the posterior basal body (Fig. 9). It consists
of a single microtubule, and is also associated
with a mitochondrion (Fig. 25). The BR
which is composed of four microtubules (Figs.
12-14) originates near the anterior end of the
MAR and extends posteriorly, passing im-
mediately ventral to the basal bodies and ap-
parently terminating in the cytoplasm ventral
to the nucleus (Fig. 5). No associations of the
rootlets with any chloroplasts are seen. A
posterior fibrous band, which extends from
the posterior basal body to the anterior end of
the nucleus, connects the BR to the posterior
basal body (Figs. 11, 15-17). The MPR (major
posterior rootlet), which extends posteriorly
with the BR from the posterior basal body,
does not exist (Figs. 12-18).

In zoospores of Laminaria digitata and
Nereocystis  luetkeana, O’KeLLy and Frovp
(1984) reported a set of three striated bands
that connect the basal bodies to each other,
namely a deltoid striated band, a strap-
shaped striated band and a button-shaped
striated band. In the sperm of L. angustata,
these structure connecting both basal bodies
can not be distinguished. Instead, an elec-
tron-dense and partially striated band (Fig.
22) connects both basal bodies. The
ultrastructure and configuration of basal
bodies and their associated components were
observed by serial section in the views from
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Figs. 5-7. TEM micrograph of non-consecutive serial longitudinal sections of a liberated sperm. The
bypassing rootlet (BR), major anterior rootlet (MAR) and minor anterior rootlet (mar) are visible. The nucleus
(N) and Golgi body (G) exist near the anterior flagellar basal body (AB) and posterior flagellar basal body (PB). In
this case, three chloroplasts (C) are observed in the cytoplasm, but they do not exist near the basal bodies.

Fig. 8. MAR runs anteriorly from the proximal side of the anterior basal body. Arrow shows
mastigonemes on the anterior flagellum.

Fig. 9. Note that minor posterior rootlet (mpr) runs from the proximal part of the posterior basal body and it
is associated with the mitochondria (M). Arrow shows the MAR and arrowhead shows the BR.

Figs. 10and 11. Non-consecutive serial sections. In Fig. 10, the minor anterior rootlet (mar) runs anteriorly
from the proximal part of the anterior basal body and is associated with the mitochondria. In Fig. 11, the BR and
the posterior fibrous band (arrow) are visible. Note that the posterior fibrous band is associated with the nuclear
membrane.
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Fig. 45. Diagrammatic representation of the
basal bodies and associated flagellar apparatus com-
ponents.

the top of the anterior basal body to the bot-
tom (Figs. 26-33), from the top of the
posterior basal body to the bottom (Figs. 34—
39) and from one side of both basal bodies
(Figs. 40-42).  Figure 27 shows the
transverse section of the basal plate at the top
of the anterior flagellum. The curved fibrils
typically found at the distal end of basal
bodies are shown in Figures 28 and 34. The
connecting band covers the half round of the
proximal side of the posterior basal body

(Figs. 31-33, 36, 37, 41) and is three-lobed
(Figs. 36, 37, 43). Electron dense material

Fig. 44. Diagrammatic representation of a
sperm in ventral view.

Figs. 12-18. Non-consecutive serial sections of the BR. In Figs. 12 and 13, the BR consisted of four
microtubules and the MAR consisted of five microtubules are visible. Arrow indicates the posterior fibrous band
which is associated with the nuclear membrane. It is also noted that MPR does not occur.

Figs. 19and 20. Consecutive serial sections grazing the MAR. It is noted that the MAR is associated with
the mitochondria.

Figs. 21-23. Non-consecutive serial sections of the MAR. The MAR composed of five microtubules is
deviated from the proximal side of the anterior basal body (Fig. 23) and associated with the mitochondria. In Fig.
22, striation of the connecting structure is visible (arrowhead).

Fig. 24. Transverse section of the anterior flagellum. The MAR and mpr (arrow) are visible and they are
associated with the mitochondria.

Fig. 25. Transverse section of the posterior flagellum. It is noted that the mpr (arrow) is associated with
the mitochondria.

Figs. 26-33. Non-consecutive (Figs. 26-28, 30-33 are consecutive) cross sections through the anterior
flagellum (AF) and basal body (AB). Arrow shows the MAR and arrowhead shows the BR. Fig. 27 shows the
curved fibrils. Profiles of the connecting band are observed in Figs. 30-33.

Figs. 34-39. Non-consecutive (Figs. 36-39 are consecutive) cross sections through the posterior basal body
(PB), as seen from the distal end to the proximal end of the posterior basal body, indicated by counterclockwise im-
plications of the nine triplets. Fig. 34 shows the curved fibrils at the distal end of the posterior basal body. In
Figs. 36 and 37, the profiles of the connecting band are observed. In Fig. 39, the anterior basal body (AB) and
mar appear.

Figs. 40-42. Consecutive serial sections through the flagellar apparatus. Arrow shows the MAR. The prox-
imal end of the posterior basal body (PB) arranges as bordering on the proximal side of the anterior flagellar basal
body (AB), and the angle between PB and AB is about 110°. Note that the connecting band attaches to the
nuclear membrane (Fig. 40).

Fig. 43. Connecting band between the anterior basal body (AB) and the posterior basal body is visible as
three-lobed. Electron-dense material is seen in each lobe of connecting structure.
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can be observed in each lobe between the con-
necting band and the posterior basal body
(Figs. 36, 37, 41, 43). This band also covers
the proximal end of the posterior basal body
(Fig. 32) and the side of the anterior basal
body adjacent to the posterior basal body
(Figs. 30-32). The nuclear protrusion ex-
tends to the basal bodies and attaches to the
connecting band (Figs. 6, 40, 41). Based on
the results, schematic diagrams showing the
configuration of flagellar apparatus of
Laminaria angustata sperms and its position in
the cell were presented in Figures 44 and 45,
respectively.

Discussion

In zoospores of Laminaria angustata, a
shallow groove extends with the anterior
flagellum from the flagellar base to the
anterior top of the cell. Similar grooves have
been found in TEM photographs of zoospores
of Laminaria digitata (O’KeLLy and Froyp
1984), gametes of Scytosiphon sp. (CLAYTON
1984a), zoospores of Desmarestia viridis, D.
ligulata and several species of the Laminariales
(MoTtomura, unpublished). It seems that
these structures exist in many phaeophycean
swarmers which have a typical flagellation.
On the contrary, sperms of this species have
no such groove, but both flagella protrude
through an anterior gullet and a posterior
one respectively. These structures have not
been reported in the brown algal swarmers.
It is probably an important characteristic of
Laminaria that the structural differences of
flagellar insertion between zoospore and
sperm are possessed.

It has been demonstrated that a chloroplast
with or without an eyespot always exists near
the basal bodies in many swarmers of
phaeophycean algae: zoospores and gametes
of Ectocarpus and Pylaiella (BAKER and Evans
1973a, b, LorrHouse and Capon 1975,
MAaRrkeYy and WILce 1976a, b), gametes of
Scytosiphon (MANTON 1964, CLAYTON 1984a),
male gametes of Cutleria (LA CLAIRE and
WEsT 1979), and zoospores of the Laminariales
(Toru 1976, HENrY and CoLE 1982a, O’KELLY

and Frovyp 1984). Female gametes of
Cutleria have many chloroplasts, but one of
them is close to the basal bodies (La CLAIRE
and WEst 1978). Even in the Fucales, the
sperm has one small chloroplast near the
basal bodies (MaNTOoN and CLARKE 1956,
ManToN 1964, Bouck 1969, BERKALOFF and
Rousseau 1979). A sperm of L. angustata has
two or three small chloroplasts which are
located in the cell periphery. No connection
between the nuclear envelope and the
chloroplast endoplasmic reticulum could be
detected. Despite the existence of a nucleus
and a Golgi body near the flagellar basal
bodies, intimate relationship between
chloroplasts and the flagellar basal bodies is
not present. Therefore, it is a very unique
character that no chloroplast is associated
with the basal bodies in Laminaria sperm.
There have been few reports of detailed
observations on the flagellar apparatus in the
brown algal swarmers. But it is now clear
that five flagellar rootlets (MAR, mar, MPR,
mpr and BR) compose the flagellar apparatus
and their configurations are nearly identical
(O’KELLy and Frovp 1984, 1985). Among
them, the MPR is observed in many
phaeophycean swarmers having an eyespot
(O’KELLY, personal communication) and
sperms of several species of the Fucales,
Halidrys, Cystoseira and Bifurcaria (MANTON
1964) and Phyllospora (MoEsTRUP 1982).
However, O’KerLLy and Frovyp (1985)
reported that there are several variations in
the number of microtubules of flagellar
rootlets. They suggested that the number of
microtubules in both the MAR and BR of
almost all brown algal motile cells is basically
seven and variations from “seven and seven”
in sperms of the Fucales and zoospores of the
Laminariales - probably represent a derived
status. Therefore, such variations may be
useful in determining the phylogenetic rela-
tionships within and among the more ad-
vanced brown algal orders. Additionally, it
must be noticed that especially in the
oogamous groups, for example in the
Laminariales in this experiment, gamete
ultrastructure differs considerably from



114 MoroMmura, T.

almost typical zoospore ultrastructure.
Therefore, it is also necessary to observe
reproductive cells derived from both the
gametophytic and the sporophytic genera-
tions throughout the life history of the species.
Compared with ultrastructures of phaeo-
phycean reproductive cells examined so far,
it has become clear that those of Laminaria
have several unique characters as follows: 1)
MPR does not exist in zoospore and sperm of
Laminaria angustata; 2) the rootlet formula of
MAR and BR of Laminaria sperm is “five and
four”, differing from “seven and five” of
laminarialean zoospores and “seven and
seven” of most other phaeophycean
swarmers; 3) sperm has two or three small
chloroplasts, which do not exist near the
flagellar basal bodies; 4) the BR of Laminaria
sperm extends posteriorly along the nuclear
envelope, even though in almost all brown
algal swarmers, including laminarialean
zoospores, it extends posteriorly along the ven-
tral surface of the chloroplast; 5) an electron-
dense band with partial striation connects the
basal bodies to each other in Laminaria
angustata sperms like other laminarialean
sperms (HENRY 1982b), while in zoospore, a
set of three striated bands connects the basal
bodies (O’KEeLLy and FLoyp 1984); 6) sperm
has a long tapering posterior flagellum; 7)
both flagella of sperm protrude through the
gullets respectively; 8) mar and mpr of
sperms are associated with mitochondria; and
9) egg has the vestigial flagella and unique
flagellar apparatus (MoTOMURA and SAKAI
1988). These characters of reproductive cells
of Laminaria would be important to consider
the phylogenetic position of the members of
the Laminariales within the brown algae.
CrayToN (1984b) hypothesized a close
phylogenetic relationships among the Spo-
rochnales, Desmarestiales and Laminari-
ales based on possessing their common
features in that their sperms have several
chloroplasts and no eyespot. Actually, it is
also obvious that sperms of Perithalia caudata
(Sporochnales) (MULLER et al. 1985) and
Desmarestia spp. (RAMIREZ ¢t al. 1986) and Ar-
throcladia villosa (Desmarestiales) (MOULLER

and MEeeL 1982) have a long, tapering
posterior flagellum like sperms of the
Laminariales. Then, it might be possible to
be more precise about the phylogenetic rela-
tionships among these three orders by examin-
ing the detailed ultrastructures of sperms and
eggs on the above-mentioned features.
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Ito, H. 1989. Seasonal fluctuation of Chrysochromulina parva (Prymnesiophyceae) in four ponds and lakes
in the Kinki district, Japan. Jpn. J. Phycol. 37: 117-122.

Chrysochromulina parva Lackey (1939) was collected in spring from Sengari Reservoir, Karasuhara
Reservoir and Yasuba-ike Pond in Hyogo Prefecture, while in winter and spring from Lake Biwa in Shiga
Prefecture, Japan. Itappeared at high density of 21,000 cells/m/ on 13 April 1982 in Sengari Reservoir and
59,000 cells/m/ on 14 March 1983 in Yasuba-ike Pond. The distinctive feature of this species is its rapid in-
crease and subsequent decrease in a short time. C. parva seems to prefer eutrophic waters and is classified
as eurythermal.

Key Index Words: Cell number—Chrysochromulina parva—lake—pond— Prymnesiophyceae—reser-

voir—seasonal fluctuation.

Chrysochromulina parva is a small organism
with  three appendages, two equal
acronematic flagella and a haptonema. This
species was first recorded from the Scioto
River, U.S.A. (Lackey 1939). Thereafter the
worldwide distribution of this species has
been proved by many workers (PARkE, LunD
and ManTonN 1962, Heynic 1963, THOMPSON
and Havricki 1965, MEYER and Brook 1969,
KristianseN 1971, CroNBERG 1982, BAILEY-
Warts 1986, DutHIE and Stout 1986,
MuNAWER and MUNAWER 1986, POLLINGHER
1986, REeynorLps 1986). In Japan it is
distributed in three localities (INOUYE and
CHIHARA 1987), but its seasonal fluctuation
has not been studied. The purpose of this
paper is to make clear the seasonal fluctuation
of C. parva and its character in four ponds and
lakes in the Kinki district.

Materials and Methods

Study sites were: Sengari Reservoir
situated over three cities, Kobe, Sanda and
Takarazuka, Hyogo Prefecture; Karasuhara
Reservoir, Kobe City; Yasuba-ike Pond, an
irrigation pond in Takarazuka City; and Lake

Biwa, Shiga Prefecture, the largest lake in
Japan. Physicochemical characteristics of
these ponds and lakes are summarized in
Table 1. Total phosphorus and total
nitrogen were determined according to pro-
cedures recommended by the Japanese En-
vironmental Agency.  Other chemical
analyses were done by the methods of Japan
Water Works Association (1985).
Investigations were made once or twice a
week in Sengari Reservoir (March 1979-June
1987) and once a month in Yasuba-ike Pond
(March 1980-June 1983), Karasuhara Reser-
voir (April 1978-March 1988) and the south
basin of Lake Biwa (January 1981, May
1986-April 1987). Sampling stations in
Sengari Reservoir are shown in Fig. 5. In
Yasuba-ike Pond, water samples were taken
at a station 1 m off the shore where the depth
was 50 cm and in Karasuhara Reservoir at a
station 3 m off the dam where the depth was
about 17m. In the south basin of Lake
Biwa, water samples were taken at a station
about 200 m off Yamada Habor and at a sta-
tion about 2km off the intake of the Lake
Biwa Waterway No. 2 of Kyoto City.
Samples were collected in 1/ bottles from
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Physicochemical characteristics (mean values) of Sengari Reservoir,

Karasuhara Reservoir, Yasuba-ike Pond and the south basin of Lake Biwa in the Kinki

district, Japan.

Locality Sengari Karasuhara Yasuba-ike S9uth basin of
Reservoir Reservoir Pond Lake Biwa
Prefecture Hyogo Hyogo Hyogo Shiga
Area (m?) 1.12%x 108 1.15x10° 2.50 %103 5.68 % 107
Volume (m®*) 1.16 X 107 1.32x 106 4.00%x 103 2.00 % 10®
Maximum depth (m) 31.0 19.0 2.0 7.6
Period of Apr. 1979- Apr. 1979- Jan. 1979- May 1986—
investigation Mar. 1987 Mar. 1987 Jan. 1988 Apr. 1987
Chlorophyll a (gl 8.7 18.4 24.5 10.1*
Total phosphorus (mg//) 0.019 0.037 0.086 0.017*
Total nitrogen  (mg/l) 0.54 0.81 0.99
Total hardness  (mg/() 22.8 64.7 29.7
Alkalinity (mg/l) 19.5 60.3 25.7
COD (mg/l) 2.7 4.3 9.2
Conductivity (1S/cm) 86.2 223 125
pH 7.6 8.5 6.7 7.7

* Data from Tezuka (1984).

the surface at all stations. Water sample of
0.5/ each was fixed immediately with 0.5%
Lugol’s solution and subsequently with 2%
formalin. The fixed sample was settled for a
week and concentrated to 10 m/. Unfixed
sample of 0.5/ each was centrifuged at
3,000 r.p.m. for 10 min. and concentrated to
1ml. Both fixed and unfixed concentrated
samples were used for examinations of C. par-
va with optical and electron microscopes.
The cell number per m/ of C. parva and other
phytoplankton at each sampling time was
estimated under an optical microscope by
counting whole cells in 1/1000 m!/ of the fixed
concentrated samples using a Fuchs Rosental
hemacytometer.  The method used to
observe C. parva with a transmission electron
microscope (JEM 100B) is described in a
previous paper (Ito 1988).

Results

A very small organism with three append-
ages and two brown chloroplasts was col-
lected from four ponds and lakes in the Kinki
district, Japan. It was observed by electron
microscopy and identified as Chrysochromulina
parva by its very long haptonema. and struc-

ture of scales lying above the cell surface.
The haptonema is 7-15 times as long as the
cell length. Scales are circular or oval with
concentric striations and widely spaced
radiating ridges (Figs. 1-3).

Sengari Reservoir

C. parva appeared from March to May (Fig.
4). The maximum peak in each year was
observed on 27 April 1979, 13 April 1982, 2
May 1983, 7 May 1984, 7 May 1985, 21 April
1986 and 18 May 1987 at St. 5. The density
of each peak was 6,800, 21,000, 3,700, 5,800,
2,800, 7,700 and 6,200 cells/m!/, respectively,
and their percentage to the total
phytoplankton cell number was 57.1, 87.1,
45.4, 82.3, 42.4, 88.5 and 31.5%, respective-
ly. C. parva was dominant at each time ex-
cept for 1987 when it was subdominant next
to Uroglena americana. It occurred at a
temperature range from 7 to 23°C, and the
densest population was encountered at 12-
17°C. High density lasted for a short time.
It appeared for a month or less except in 1983
and 1986. In 1982, for example, the max-
imum density observed on 13 April was reach-
ed in four days from a population of
840 cells/m/ on 9 April. The high density
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Figs. 1-3.

Chrysochromulina parva.
desiccated cell. (Scale bars: 2 fm in Fig. 1; 0.1 #m in Figs. 2 & 3).

lasted for a very short time and the number
fell to 150 cells/m/ by 26 April.

The density of C. parva was different from
station to station. In 1979, the density at St.
1 and St. 3 was 2,500 and 13,000 cells/m/
respectively on 27 April, while on 4 May it
was 13,000 and 1,500 cells/m/ respectively.
C. parva was not uniformly distributed in
Sengari Reservoir (Fig. 5).

Yasuba-ike Pond
C. parva appeared also from March to May

Fig. 1. A desiccated cell.

Figs. 2 & 3. Scales detached from a

(Fig. 6). It was dominant on 23 April 1980, 9
April 1981, and 14 March and 13 April
1983. The density at each time was 19,000,
58,000, 59,000 and 25,000 cells/m/ respective-
ly, and their percentage to the total
phytoplankton cell number was 56.1, 78.3,
63.9 and 31.2% respectively.  The water
temperature at the time when the maximum
density in each year was recorded was 17.0°C
in 1980, 14.7°C in 1981 and 7.8°C in 1983.
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Seasonal fluctuation of Chrysochromulina parva in Sengari Reservoir from March 1979 to June 1987

(solid circles) in relation to changes in surface water temperature (open circles) and pH (open squares).

Karasuhara Reservoir

C. parva was observed only once on 23 May
1979 during ten years from April 1978 to
March 1988. The high density of this species
was readily imagined because the water color
changed from green to brown over the whole
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Fig. 5. Map showing five sampling stations

and fluctuation in the cell number of Chryso-
chromulina parva in Sengari Reservoir from 16 April
to 7 May in 1979.

reservoir, although the quantitative study was
not done. At that time the water temper-
ature was 21.9°C, and pH 9.6.

The south basin of Lake Biwa

C. parva was subdominant next to Fragilaria
crotonensts at a station about 200 m off Yamada
Harbor on 23 January 1981. The density at
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Fig. 6. Seasonal fluctuation of Chryso-
chromulina parva in Yasuba-ike Pond from March
1980 to June 1983 (solid circles) in relation to changes
in surface water temperature (open circles) and pH
(open squares).



Seasonal fluctuation of Chrysochromulina parva 121

1000 10
30
9
g 1k
3 20¢ {8
< 2
= 500
: :
s 2
i R
[
z§ 10 3
AANa o
5 6 7 8 9011221 23 4
1966 1987
Fig. 7. Seasonal fluctuation of Chryso-

chromulina parva in the south basin of Lake Biwa
from May 1986 to April 1987 (solid circles) in relation
to changes in surface water temperature (open circles)
and pH (open squares).

that time was 3,500 cells/m/, and the water
temperature was 3.0°C. In the period from
13 May 1986 to 14 April 1987, C. parva ap-
peared on 13 May and 17 December 1986 and
on 17 February and 14 April 1987 at a station
about 2 km off the intake of the Lake Biwa
Waterway No. 2. The density at each time
was very low, but on 17 February 1987 it was
790 cells/m! and C. parva became dominant,
occupying 44.6% of the total phytoplankton
cell number (Fig. 7).

Discussion

In Sengari Reservoir and Yasuba-ike Pond,
Chrysochromulina parva rapidly increased and
subsequently decreased in a short time. A
similar phenomenon has been reported: The
highest density of 32,000 cells/m/ was observ-
ed in June 1960 in an English lake (PARKE,
Lunp and ManToN 1962). It was reached in
two weeks from a population of 300 cells/m/,
and two weeks later the density fell to
1,000 cells/ml. The high density of C. parva
reaching 50,000 cells/m/ was also observed in
a small Danish lake in July 1969 (Kris-
TIANSEN 1971). From these results it is ap-
parent that C. parva rapidly increases and
subsequently decreases in a short time, its
characteristically high population density

lasting for a very short time.

In the present study, C. parva occurred in a
wide temperature range from 3 to 23°C and
high densities above 10,000 cells/m/ were
reached at temperatures from 8 to 17°C. In
two Japanese lakes, Kasumigaura and
Hinuma, water blooms of this species occur-
red in December (INouvE and CHIHARA
1987). In a subtropical Israeli lake, C. parva
appeared at high temperatures up to 30°C
and maximum development was established
at 14-18°C (PoLLINGHER 1986). In a Danish
lake, a high density of C. parva was observed
at 15.8°C (KRisTIANSEN 1971). Based on all
available data, C. parva is classified as
eurythermal with high abundance at low
temperatures below 18°C. In Sengari Reser-
vior and Yasuba-ike Pond, C. parva increased
as water temperature became high and it
decreased or disappeared at temperatures
above 20°C. It is considered that water
temperature is the major factor controlling
seasonal fluctuation of C. parva.

Sengari Reservoir, Karasuhara Reservoir
and Yasuba-ike Pond are eutrophic in terms
of total phosphorus and total nitrogen concen-
trations (Sakamoro 1966), while Lake Biwa is
intermediate between mesotrophic and
eutrophic (Tezuka 1984). The maximum
density of C. parva in Yasuba-ike Pond was
2.8 times higher than that in Sengari Reser-
voir, and 6 times higher than that in Lake
Biwa. This implies that the C. parva biomass
becomes larger as eutrophication progresses.
C. parva has been reported from eutrophic
ponds and lakes in England (PArke, Lunp
and ManTton 1962, REyNoLD 1986), Scotland
(BaLEY-WarTs 1986), Sweden (CRONBERG
1982), Germany (Hevynic 1963), Canada
(MuNawer and MuNawer 1986) and Israel
(POLLINGHER 1986) but not from oligotrophic
lakes. It is inferred that C. parva prefers
eutrophic waters.

In Japan C. parva has been recorded from
Lake Kasumigaura, Lake Hinuma and
Osaka Bay (INouvE and CHIHARA 1987). In
this paper it is clearly shown that C. parva
rapidly increases and subsequently decreases
in a short time in four ponds and lakes having
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different water quality. C. parva will be com-
monly collected from more localities in Japan
by samplings at short intervals.
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Notes on Urospora penicilliformis ArREscHOUG from Hakodate, Hokkaido. Jpn. J. Phycol.

Observations were made with reference to the chromosomes of Urospora penicilliformis Areschoug
(Chlorophyta, Cladophorales) from Hakodate, Hokkaido. The chromosome counts were 12 in the zygote-
germlings, and 6 or 12 in the zoospore-germlings, indicating to have haploid and diploid zoospores released

from the filaments.

Key Index Words:  Chromosome— Cladophorales—cytology—Urospora penicilliformis.

The species in the genus Urospora
(Cladophoraceae, Chlorophyta) is of interest
in having Codiolum stage in the life history
(JorpE 1933, KorNMANN 1961a, b, 1966,
Nacata 1971). This genus comprises more
than 10 species in the world, but none of the
cytological events have been given except
some mitotic figures in the vegetative cells of
U. incrassa by Kanno (1936).

The present paper informs some observa-
tions with reference to cytology for U.
penicilliformis AREscHOUG at Hakodate, Hok-
kaido. This species is distributed widely
along the coasts generally in the north of the
northern hemisphere (Corrins 1909, SEt-
cHELL and GarpNEr 1920, TayvrLor 1937,
Nacar 1940, Tokmipa 1954, ABorTt and
HoLLENBERG 1976, etc.).

In my observations at Hakodate, the fertile
filaments of U. penicilliformis showed to pre-
sent always plenty of sporophytes, but scanty
gametophytes. For instance, 500 fertile
filaments collected from Shinori on May 28,
1979, were made up of 412 zoosporophytes,
26 males, 30 females and 32 zoosporophytes
with gametangia. The filaments are quite
varied in thickness not beyond ca. 100 ¢ and
the number of zoospores or gametes in the
cells considerably differs by their thickness

(Figs. 1-4). The zoospores and gametes are
released en mass or one by one through a
pore. In the latter case, zoospores are always
released from portion of the tail, and on libera-
tion (Fig. 3) they turn round quickly to begin
active  swimming. Zoosporangia and
gametangia are easily distinguishable even in
the juvenile stage; the formers are darker
green in colour and coarse in structure, but
the latters are yellowish green and more or
less fine.

The materials used for cytology were ob-
tained at Shinori in May 1979. After collec-
tion, the materials were brought to the
laboratory in the Faculty of Fisheries, Hok-
kaido University. In the laboratory, well-
mature sporophytes and gametophytes were
selected for fixing and for culture. Zoospores
or zygotes of male and female gametes which
were obtained from those shown in Figs. 5
and 6 had been cultured in ESP medium at
10°C under 3000 lux. In my culture, all of
their germlings developed into young thin
filaments.

Both the fertile filaments collected and the
spore-germlings in culture were fixed in aceto
alcohol (1:3) and stained with aceto-iron-
haematoxylin-chloral hydrate solution (WrrT-
MANN 1965).
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Figs. 1-24.  Urospora penicilliformis ArREscHoUG collected from Hakodate, Hokkaido. Fig. 1, X310; Figs.
2-24, X 560.
1. Two filaments in different thickness. The filament in the left side is a sporophyte bearing cells leading to
zoospore-formation.
2 & 3. Liberation of zoospores through a pore of cells.
4. Part of sporophyte bearing zoosporangium (upper portion) and male gametangium (lower portion).
5 & 6. Liberated female (Fig. 5) and male (Fig. 6) gametes. Zygotes from those gametes were used for culture.
7. Cell of sporophyte, in which pyrenoids turn to weak in staining at the beginning of nuclear divisions.
8 & 9. Cell with prophase nuclei leading to zoospore-formation.
10.  Cell with prophase nuclei leading to gamete-formation.
11.  Cells with dividing nuclei leading to zoospore (left in the figure) and gamete-formation (right in the figure).
12-14. Metaphase nuclei in the zoospore-germlings.
15.  Side view of metaphase nucleus in one-celled stage of zoospore-germling.
16. Metaphase nucleus in one-celled stage of zygote-germling.
17-19. Metaphase nuclei in the cells of zygote-germlings.
12" -14'& 16" =19" Drawings of 12-14 & 16-19, respectively.
20. Side view of metaphase nuclei in the young filament of zygote-germling.

21-24. Cells with metaphase nuclei leading to zoospore-formation.
21'& 22" Drawing of Figs. 21 & 22, respectively.
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In both the vegetative and reproductive
cells, the nuclear divisions occurred
simultaneously (Figs. 7-11 & 21-24). In the
germlings composed of less than about
20 cells, the same nuclear phases appeared oc-
casionally in all of the cells (Fig. 20). When
the nuclear divisions set in, pyrenoids came to
weak in staining and- nuclei began to grow
larger (Figs. 7 & 8). With advance of the divi-
sions, the pyrenoids completely disappeared,
and the nuclei turned to be more and more
stained well (Fig. 10). The metaphase nuclei
in which chromosomes were countable were
encounterd in the vegetative cells of the spore-
germlings and in the zoosporangial cells.
Each chromosome was uniform, minute,
subspherical with diameter of ca. 1.5 #m in
vegetative cells, but smaller in zoosporangia.
Of the materials with metaphase nuclei, I
found either 6 or 12 chromosomes in both the
zoospore-germlings and zoosporangia, but 12
chromosomes in the zygote-germlings (Figs.
12-24).

Thus, the filaments of U. penicilliformis
growing at Hakodate are obvious to have two
kinds of zoospores, diploid or haploid. The
chromosome numbers could not be ascertain-
ed in the gametangia, but it was suggested
that the diploid filaments would be derived
from either zoospores or zygotes. From the
tables of 1.6 shown by Gopwarp (1966) it is
recognized that U. penicilliformis (n=6;
2n=12) has the smallest chromosome
number in the species of Cladophorales hither-
to reported, which is identical to Cladophora
flexuosa HARv., Cl. sericea Kttz., Cl. rupestris
Korz., Spongomorpha lanosa KUtz., Acro-
siphonia  traillee Batr., Chaetomorpha area
Kirz., and Ch. metagonium KU1z, In the pres-
ent study, I could not succeed to obtain
Codiolum stage in the culture of zoospores
and zygotes perhaps due to the unsuitable

culture conditions, and also to ascertain the
occurrence of meiosis in any zoosporangial
cell in the filaments. It is thinkable that the
meiosis of this alga would take place at the for-
mation of zoospores within the Codiolum
stage. This is an interesting problem to be
solved.
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Method for quick evaluation of cell viability in

marine macroalgae™
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Saca, N., Sakanisui, Y. and OgisHima, T. 1989.  Method for quick evaluation of cell viability in marine

macroalgae. Jpn. J. Phycol. 37: 129-136.

Various staining-dyes were tested with cultured cells of the economically valuable marine macroalgae,
Enteromorpha intestinalis, Porphyra yezoensis and Macrocystis pyrifera in order to develop a rapid, simple and
reliable technique for determining algal cell viability. Pieces of the tissue were immersed in the dye solu-
tions of the cell viability checking kit and observed with a microscope after 10 min. The most suitable dyes
tested were FDA for detection of viable cells and phenosafranin for dead cells in Enteromorpha intestinalis
gametophyte, and neutral red for viable cells and Evans blue for dead cells in Macrocystis pyrifera

gametophyte.

The most suitable dye tested was Evans blue for detection of dead cells, and

autofluorescence of phycoerythrin was useful for detection of viable cells in Porphyra yezoensis conchocelis.

Key Index Words:  Cell viability— Chlorophyta—Enteromorpha intestinalis—Macrocystis pyrifera—
Phaeophyta—Porphyra yezoensis— Rhodophyta—staining—tissue culture.

Accurate evaluation of cell viability is a
very important step in studies on algal tissue
culture in many ways. Determining cell
viability is essential to development of effi-
cient methods for mutagenesis and freeze
preservation in cultured algal cells. Usually
cell viability is determined by microscopic
assessment of cytoplasmic features or
plasmolysis capacity in our laboratory.
However, sometimes these methods are in-
sufficient to clear-cut evaluation of cell viabili-
ty. Various staining methods have been used
to detect live or dead higher plant cells
(WhrTHERs 1980), and a few staining
methods have been used to detect live or dead
macroalgal cells. TTC (Ocara 1956) and
neutral red (Terumoro 1960, SAkar and
Sucawara 1978) were used to detect live algal
cells, while erythrosine (Micita 1967) was
used to dead algal cells.

The purpose of the present paper is to ex-

Abbreviations: FDA, fluorescein diacetate; TTC,
triphenyl tetrazolium chloride.

* This study was partly supported by a Grant-in-Aid
for the Prior Basic Research Project from Science and
Technology Agency of Japan.

amine various staining dyes in order to
develop a rapid, simple and reliable technique
for determining cell viability in marine
macroalgae.

Materials and Methods

The materials used in this study were an
axenic strain of Enteromorpha intestinalis
(gametophyte). HRFRL culture collection
no. EI-001, an axenic strain of Porphyra yezoen-
sis (conchocelis), HRFRL culture collection
no. PY-401 and axenic male and female
strains of Macrocystis pyrifera (gametophyte),
HRFRL culture collection no. MP-101 (male
strain) and no. MP-201 (female strain).
They were obtained by the one step antibiotic
disk method described previously (Saca and
Sakar 1982). Ten colonies of the organisms
which developed into a mass, 1.0mm in
diameter, were inoculated into plastic vessels
(Tissue Culture Flask # 25100, Corning) con-
taining 30 m/ of ASS 1 medium (Table 1).
The cultures were kept for 1month on a
horizontal reciprocal shaker (Thermoshaker
Model XY-11, Thermonics Co.; amplitude
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Table 1. Composition of ASS 1 per 100 m/, pH 8.0.
NaCl 25g Nay-glycerophosphate 2 mg
MgSO,-7H,0 1.0g NaHCO, 10 mg
KCl 70 mg Vitamin mix ASS* 0.1ml
CaCl,-2H,0 110 mg Metal mix ASS** 1m/
NaNO, 10 mg HEPES 100 mg

* 1m/ vitamin mix ASS contains: thiamine HCI 100 gg, nicotinic acid 100 pg,
putrescine-2HCI] 10pg, Ca-pantothenate 100ug, riboflavin 10 pg, pyridoxine.2HCI
10 p1g, pyridoxamine-2HCI 10 pg, p-aminobenzoic acid 10 g, biotin 1 g, inositol 1 mg,
choline-H,-citrate 100 pg, thymine 100 p2g, orotic acid 100 gg, cyanocobalamine 1 pg,

folic acid 1 pg, folinic acid 0.1 pg.

** 1 ml of metal mix ASS contains: Fe (as Fe-sequestren) 100 g, B (as H;BO;) 100 g,
Mn (as C17) 100 pg, Zn (as C17) 10 pg, Co (as C17) 1 g, Mo (as Na;MoO,) 10 p2g, Cu
(as C17) 1 pg, Br (as K*) 1 mg, Sr (as C17) 100 g, Rb (as C17) 10 pg, Li (as C17) 10 pg,

I(as K*) 1 pg.

40 mm, 40 strokes/min) in an incubator
(Cultivation Chamber Model CU-250, Tomy
Seiko Co.) which was regulated at 15°C,
14:10 hr L:D cycle and ca. 60 ymol m~2s~!
provided by cool white fluorescent lamps.
The dead organisms were prepared by heat-
killing at 70°C for 5 min.

The live and dead organisms were trans-
ferred into a CVC-kit (cell viability checking kit)
and immersed in the dye solutions for
10 min. The CVC-kit was prepared by the
following procedures: the staining-dyes were
dissolved, in a concentration of 0.01%, in
autoclaved seawater; adjusted the pH to 8.0
and put into each well of a plastic vessel (Cell
Wells # 25860, Corning) up to 0.25 m/. The
compounds tested were Evans blue (Merk
Co.), phenosafranin (Katayama Chemical
Co.), eosin Y (Wako Pure Chemical In-
dustries), erythrosine (Tokushu Chemical

Table 2.
Enteromorpha intestinalis.

Co.), neutral red (Kanto Chemical Co.) and
FDA (Aldrich Chemical Co.). After immer-
sion, the organisms were rinsed several times
with autoclaved seawater and transferred on-
to a glass slide. Then, a coverglass was
lowered over the organisms and the slide was
observed with a microscope (Vanox T Model-
AHBT, Olympus). The FDA-treated
organisms were observed with the same
microscope using a fluorescence system
(Vanox T Model-AH2RFL, Olympus). A
mercury-vapor lamp (HBO-200W/2, Osram)
was used in combination with a dichroic mir-
ror (DM-500, Olympus), exciter filter (BP-
490, Olympus) and absorber filter (AFC & O-
515, Olympus).

Results

Evans blue, phenosafranin, eosin Y and

Staining of live and dead gametophyte cells with various dyes in

Live cells

Staining dyes

Dead cells

PTS

Q
=

PTS Cw

Evans blue -
Phenosafranin -
Eosin Y -
Erythrosine —
Neutral red H
FDA tH

H B H HF
+ + F +
H H H K+ F

Ht stained deeply; H stained moderately; + stained lightly; * stained infrequently;
— not stained; PTS =protoplasts; CW =cell walls.
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Fig. 1. Live Enteromorpha intestinalis gametophyte cells treated with phenosafranin. Fig. 2. Dead
Enteromorpha intestinalis gametophyte cells treated with phenosafranin. Fig. 3. Live Enteromorpha intestinalis
gametophyte cells treated with FDA. Fig. 4. Dead Enteromorpha intestinalis gametophyte cells treated with
FDA. Fig. 5. Live Porphyra yezoensis conchocelis cells treated with Evans blue. Fig. 6. Dead Porphyra yezoensis
conchocelis cells treated with Evans blue. Fi 7. Autofluorescence of live Porphyra yezoensis conchocelis cells.
Fig. 8. Autofluorescence of dead Porphyra yezoensis conchocelis cells.



132 SAca et al.

Table 3.
phyra yezoensis.

Staining of live and dead conchocelis cells with various dyes in Por-

Live cells

Dead cells

Staining dyes
PTS

CW PTS CwW

Evans blue -
Phenosafranin -
Eosin Y -
Erythrosine -
Neutral red H
FDA -

+

H+

+ + + F
|

Ht stained deeply; t stained moderately; + stained lightly; *+ stained infrequently;
— not stained; PTS=protoplasts; CW =cell walls.

erythrosine stained protoplasts of dead
Enteromorpha intestinalis cells, and pheno-
safranin stained them especially deeply
(Fig. 2). But these dyes did not stain pro-
toplasts of live E. intestinalis cells (Fig. 1).
Evans blue stained cell walls of both live and
dead cells deeply, and phenosafranin, eosin Y
and erythrosine stained them infrequently.
On the other hand, neutral red and FDA
stained protoplasts of the live cells deeply
(Fig. 3), but they did not stain protoplasts of
the dead cells (Fig. 4). Neutral red stained
cell walls of both live and dead cells infre-
quently, but FDA did not stain them at all.
The results obtained by the present study are
summarized in Table 2.

Evans blue, phenosafranin, eosin Y and
erythrosine stained protoplasts of dead Por-
phyra yezoensis cells, and Evans blue stained
them especially deeply (Fig. 6). But these
dyes did not stain protoplasts of live P. yezoen-
sis cells (Fig. 5). On the other hand, neutral
red stained protoplasts of the live cells. The
color of autofluorescence of live P. yezoensis
cells is orange (Fig. 7), and the color of
autofluorescence of dead P. yezoensis cells is
yellow (Fig. 8). All the dyes tested did not
stain cell walls of both live and dead P. yezoen-

sis cells except Evans blue. The results
aforementioned are summarized in Table 3.

Evans blue, phenosafranin, eosin Y and
erythrosine stained protoplasts of dead male
Macrocystis pyrifera cells, and Evans blue stain-
ed them especially deeply (Fig. 10). But
these dyes did not stain protoplasts of live
male M. pyrifera cells (Fig. 9). On the other
hand, neutral red stained protoplasts of the
live cells deeply (Fig. 11), but it did not stain
protoplasts of the dead cells (Fig. 12). All
the dyes tested did not stain cell walls of both
live and dead male M. pyrifera cells. The
results aforementioned are summarized in
Table 4.

Evans blue, phenosafranin, eosin Y and
erythrosine stained protoplasts of dead female
M. pyrifera cells, and Evans blue stained them
especially deeply (Fig. 14). But these dyes
did not stain protoplasts of live female M.
pyrifera cells (Fig. 13). On the other hand,
neutral red stained protoplasts of the live cells
deeply (Fig. 15), but it did not stain pro-
toplasts of the dead cells (Fig. 16). All the
dyes tested did not stain cell walls of both live
and dead female M. pyrifera cells. The results
aforementioned are summarized in Table 5.

Fig. 9. Live Macrocystis pyrifera gametophyte cells treated with Evans blue (male strain). Fig. 10.
Macrocystis pyrifera gametophyte cells treated with Evans blue (male strain).
gametophyte cells treated with neutral red (male strain). Fig. 12.

treated with neutral red (male strain).
blue (female strain). Fig. 14.
strain). Fig. 15.

Fig. 13.

Dead
Fig. 11. Live Macrocystis pyrifera
Dead Macrocystis pyrifera gametophyte cells

Live Macrocystis pyrifera gametophyte cells treated with Evans
Dead Macrocystis pyrifera gametophyte cells treated with Evans blue (female
Live Macrocystis pyrifera gametophyte cells treated with neutral red (female strain). Fig. 16.

Dead Macrocystis pyrifera gametophyte cells treated with neutral red (female strain).
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Table 4.
Macrocystis pyrifera (male strain).

Staining of live and dead gametophyte cells with various dyes in

Live cells

Dead cells

Staining dyes
PTS

cw PTS CwW

Evans blue -
Phenosafranin -
Eosin Y —
Erythrosine -
Neutral red +H
FDA -

|
+ W+ *
|

Ht stained deeply; H stained moderately; + stained lightly; * stained infrequently;
— not stained; PTS=protoplasts; CW=cell walls.

Table 5.
Macrocystis pyrifera (female strain).

Staining of live and dead gametophyte cells with various dyes in

Live cells

Dead cells

Staining dyes
PTS

CwW PTS Cw

Evans blue -
Phenosafranin -
Eosin Y —
Erythrosine -
Neutral red H
FDA -

|
o+ F
|

|
|

Ht stained deeply; + stained moderately; + stained lightly; % stained infrequently;
— not stained; PTS=protoplasts; CW =cell walls.

Discussion

According to the results of the present
study, phenosafranin, eosin Y and
erythrosine were suitable for detection of
Enteromorpha intestinalis dead cells, and neutral
red and FDA were suitable for detection of
live E. intestinalis cells. Evans blue was un-
suitable for determining cell viability, since
Evans blue stained cell walls deeply and it is
difficult to evaluate the staining condition of
protoplasts. The most suitable staining-dyes
tested in the present study were FDA for
detection of the live cells and phenosafranin
for detection of the dead cells in E. infestinalis.

Evans blue, phenosafranin, eosin Y and
erythrosine were suitable for detection of dead
Porphyra yezoensis cells, and neutral red and
autofluorescence of the cells were suitable for

detection of live P. yezoensis cells. The most
suitable staining-dye tested in the present
study was Evans blue for detection of dead
cells, and the autofluorescence was useful for
detection of live cells in P. yezoensis.

Evans blue, phenosafranin and erythrosine
were suitable for detection of dead Macrocystis
pyrifera cells, and neutral red was suitable for
detection of live M. pyrifera cells. The most
suitable staining-dyes tested in the present
study were Evans blue for detection of dead
cells and neutral red for detection live cells in
M. pyrifera.

FDA to date has been applied as a staining-
dye for determining of cell viability in animal
cells (RotMaN and PAPERMASTER 1966) and
plant cells (WipuoLM 1972, NaG and STREET
1973, WitHERs and King 1979, SiMiNovITCH
1979). FDA probably stains live algal cells in

the same manner that it does animal cells
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(RotMAaN and PAPERMASTER 1966) and plant
cells (WibHoLM 1972). FDA, the nonpolar
molecule, enters into the live cells where
esterase cleaves off the acetate residues leav-
ing fluorescein which then accumulates. FDA
itself can not fluoresce but these fluorescein
molecules can fluoresce. Neutral red has
been applied as staining-dye for determining
cell viability in animal cells (ETon 1978) and
plant cells (SiMiNoviTcH 1979), and it prob-
ably stains live algal cells in the following
manner: the live cells take up neutral red and
concentrate it in their vacuoles (SiMINOVITCH
1979).

Evans blue, phenosafranin, eosin Y and
erythrosine have been applied as staining-
dyes for determining cell viability in many
kinds of plant cells (Garr and Oxong’O-
ocoLA 1971, Wipnorm 1972, HAUPTMANN
and WipHoLM 1982). These staining-dyes
stain only dead protoplasts and are probably
excluded from live protoplasts by the intact
plasma membrane (WipHOLM 1972).

The color change of the autofluorescence in
Porphyra cells probably represents fluorescence
from the red algal pigment phycoerythrin
(PoLNE and GiBor 1982).

In the present study, a rapid, simple and
reliable technique for determining cell viabili-
ty was established employing the CVC-kit in
the marine macroalgae. Although we have
applied this method to a few species of
economically valuable marine algae, it should
be useful with other marine macroalgae.
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1989. Examination of the type material of Diploneis boldtiana Cu.
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The type material of Diploneis boldtiana CL. in the P. T. CLEVE Collection was examined by LM and
SEM together with recent material from Finnish lakes. D. boldtiana has following features; the outer wall of
the alveolus is composed of double rows of areolae, but near the margin it has three rows of areolae; the last
two alveoli are wide, and form a triangular shape; a small round opening is present at the margin of each

alveolus.

Key Index Words:  Diatom—Diploneis—Diploneis boldtiana—fine structure—type material.

The first total systematic treatment of the
genus Diploners was accomplished by CLEVE
(1894) who described many new species and
transferred many taxa to this genus, mainly
from Navicula. The name Diploneis was first
given by EHRENBERG (1844). Diploneis bold-
tiana was also described by CLEveE (1891)
from Finnish material (northern Savolaks) col-
lected by R. BorLpr. Since these early
reports, information about D. boldtiana has
come mostly from Finland (HustepT 1937,
MoOLper and Tynni 1973, KrRaMMER and
LaNGge-BeErtaLOT 1986). We have already
reported the fine structure of D. parma CL.,
which was described at the same time with D.
boldtiana in CLEVE’s paper of 1891, based on
the type material (IDE1 & KoBavasr 1988a).
CLEVE (1891) examined only a few specimens
for his original description. We also examin-
ed a part of the same sample, but unfortunate-
ly found only one valve. However, we were
able to get some valuable information in
characterizing this taxon from this
specimen. We have also found many
specimens from three Finnish lakes and have
been able to carry out more detailed investiga-
tions.

Material and Methods

The material used in this observation is
listed as follows:

(1) Unmounted type material from Lake
Viando (Sb. 4, No. 12:4, Savonia borealis,
Viando) housed in the Swedish Museum of
Natural History, Stockholm.

(2) Recent material from Finland: sediment
from Lake Paajarvi on 11 August 1986, K-
6331; sediment from Lake Mekrijarvi on 12
August 1986, K-6338; sediment from Lake
Isolampi on 12 August 1986, K-6345.

These specimens were treated with
sulphuric acid and potassium nitrate to
remove organic matter, and then washed in
distilled water. For LM, the cleaned valves
were embedded in Pleurax. Valves for SEM
were prepared by air drying on glass
coverslips which were then fixed to metal
stubs. They were coated with gold-
palladium using a Fine Coat JFC-1100 and
observed with a JEOL-F15 field emission type
SEM. The specimens for TEM were placed
on formvar-coated 50-mesh copper grids and
observed using a JEOL-100C.

The terminology follows ANONYMOUS
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(1975), Ross et al. (1979), voN StoscH (1975)
and MAanN (1981).

Observations and Discussion

The type material of D. boldtiana in the
Swedish Museum was very scarce and we
were able to examine only a small part of it.
Only one valve specimen was found (Figs. 2,
6, 8-10). It is linear-elliptic, 30 #m long and
11 pm wide. The longitudinal canals are nar-
row and almost straight except at the central
area. The transapical striae are 14 in
10 pm. These values are fully consistent
with the original description and figure (Fig.
1). Valves in the recent material from Fin-
nish lakes are 20-30 #m long and 11-12 pm
wide (Figs. 3-5). There is a small range of
variation of the valve width. Valve shape is
linear-elliptic in large specimens and elliptic
in small ones. The striae are constantly 13 or
14 in 10 pm. They are parallel near the
center and gradually radiate toward the
apices, though in the original figure they are
radiate throughout the valve. The last stria
is parallel to the apical axis. We regard this
feature as one of the criteria for this taxon.
According to HustepT (1937) the striae are
composed of two rows of areolae (27-30 in
10 #m), but they are not visible by LM.
However, TEM and SEM observations show-
ed that the striae are basically two rows of
areolae, as mentioned by HustepT (1937),
but the number of the areolae is denser (35-38
in 10 #m) than that of the HusTEDT’s descrip-
tion. This density is beyond the resolving
power of LM.

The specimen obtained from type material
was observed without acid treatment, so it
was covered with a lot of inorganic and
organic material, and the external surface was
almost entirely covered with organic

material. However, it gave us some impor-
tant information for taxonomy (Figs. 2, 6, 8-
10). The longitudinal canals are constantly
narrow over their length as seen by LM, and
do not have openings on their inner walls
(Figs. 6, 7). In Diploneis generally, trans-
apical costae are straight and slightly curved
near the poles. In D. boldtiana the second
costa from the last is strongly curved. As a
result the last two alveoli are apparently wide,
and form a triangular shape (Figs. 9, 12).

The external raphe fissure is narrow and
straight. The central and terminal fissures
are short and curved at nearly right angles in
the same direction (Figs. 11, 13). In Diploneis
curved central and terminal raphe endings
have not been reported except marine species
D. crabro (Sims and Pabpock 1979, Navarro
1982). D. oculata, D. minuta (IDEI and
Kosavast 1986) and D. marginestriata (IDEI
and Kosavasr 1988b) have straight fissures
at both ends. D. papula (GErRLOFF and
HeiLmcke 1975) and D. finnica have a straight
central fissure and a curved terminal one.
The internal raphe fissure is narrow straight
slits which terminate simply at both central
and terminal ends (Fig. 12).

The outer wall of the alveolus is composed
of double rows of areolae (Figs. 12, 15, 17,
18), but near the margin it has three rows of
areolae (Fig. 12). Moreover, the second
alveolus from the last has several rows of
areolae (Fig. 12). The outside of each areola
is occluded by a cribrum (Figs. 11, 13, 14).
The perforations of the cribra are densely and
regularly scattered, but those of the central
region surrounding the central nodule are
scarce due to the small areolae (Figs. 13, 14,
18). Externally the hyaline lines showing the
boundaries of alveolus are present, even
though they are not apparent at the margin
(Figs. 11, 14), as seen in D. parma (IpE1 and

Fig. 1.

P. T. CLEVE’s original figure of Diploneis boldtiana.
specimen coated with gold-palladium used for SEM observation. Sb. 4. Fig. 3.
K-6345. Fig. 4. The medium sized valve. K-6331. Fig. 5.
nal view of the valve which is the same as Fig. 2. Fig. 7.
ment of Fig. 6 showing the broken edge of the alveoli and transapical costae. Fig. 9.

Fig. 2. Light micrograph of the isotype
The large linear-elliptic valve.
The small elliptic valve. K-6345. Fig. 6. Inter-
Internal view of the valve. K-6345. Fig. 8. Enlarge-

Enlargement of Fig. 6 show-

ing the internal valve end. Fig. 10. Enlargement of Fig. 6 showing the openings of alveoli at the valve margin
(arrowheads). Bar in Figs. 6, 7=10 pm, in Figs. 9, 10=1 um. Figs. 6-10. SEM.
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Fig. 16.
clusions with perforations arranged in an hexagonal array. TEM. K-6345.
alveoli surround the central nodule. TEM. K-6345.
valvocopula and the ligula of the pleura. K-6331. Bars=1 ym.

rowhead, Figs. 11, 14). We regard this
feature as one of the important taxonomic
criteria for this species. The same feature,

Fig. 17. The inner oc-
Fig. 18. Smaller areolae of the
Fig. 19. External valve end showing the open ends of the

Internal broken valve showing the inner occlusion of the alveoli. K-6345.

Kosayasi 1988a).
A small round opening is present externally
at the margin of each alveolus (Fig. 10 ar-

Fig. 11. External valve end showing the curved terminal raphe fissure. K-6331. Fig. 12. Internal valve
end showing the alveoli lacking inner occlusions, and the two sets of triangular-shaped alveoli at the valve pole. K-
6345. Fig. 13. External central valve showing the curved central raphe fissures. K-6331. Fig. 14. Detail of
the valve showing the areolae occluded by cribra and the opening at the end of each alveolus. K-6331. Fig. 15.
Internal valve showing the detail of a broken edge of the transapical costae, and the two rows of areolae and the

eroded innner occlusions of the alveoli. K-6345. Bars=1 ym.
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but different in shape, is present in D. finnica
(manuscript under review).

Marginal granules are also present at the
valve margin (Fig. 14). There are 12 or
13 granules in 1 g#m as in D. parma (IDE1 and
Kosavast 1988a). The shape of the trans-
apical costa in cross-section is obovate, being
narrow externally and broadly rounded inter-
nally (Figs. 8, 15, 16). Internally each
alveolus is occluded by a thin siliceous layer
with perforations arranged in a hexagonal
array (Figs. 10, 16, 17). This inne occlusion
of the alveolus is attached to the widest por-
tions of the transapical costae. The cingulum
is composed of two bands, one valvocopula
and one pleura (Fig. 19), but their details
were not observed.
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BAFEILEE ARV NS Y (FFR) Membranoptera spinulosa (RUPRECHT)
Kuntze (]I A/ N/ VF) (20T

RALEE - HFHEE

BEAFBEEBEDFHE (060 HLighdbXIL1054%E8 TH)

Martsumoro, M. and Yosuipa, T. 1989.  On Membranoptera spinulosa (RuprEcHT) KUNTZE (Delesseriaceae,
Rhodophyta) new to Japan. Jpn. J. Phycol. 37: 145-149.

Membranoptera spinulosa (RUPRECHT) KUNTZE is reported from Nemuro Peninsula, eastern part of Hok-
kaido in Japan. The thalli are small, marginally and alternately branched with conspicuous midribs and
with dentate and crisped margins. Intercalary cell divisions are absent in every cell row. Initials of third-
order cell rows do not always reach the margin. Alae are monostromatic and provided with microscopic
side-veins. Procarps are born on the primary cell rows. Each procarp is composed of a carpogonial branch
and two groups of sterile cells. Cystocarps are arranged on surface of midrib. Carposporangia are formed
in chain. Tetrasporangial sori extend from ultimate branchlets to main branches, except the midrib and

marginal portion.

Key index words:  Delesseriaceae— Hokkaido— Japan—Membranoptera spinulosa— Rhodophyta.
Masaki Matsumoto and Tadao Yoshida, Department of Botany, Faculty of Science, Hokkaido University,

Sapporo, 060 Japan

L ERBORBESKFERC K TNMD 2/
~7 VEO—EERELL, ZORGOEREART ®
AnT, TR, WHRTHLEOWENERLL, =
7~ VERL X=X SR YD Membranoptera spin-
ulosa (RuprecHT) Kuntze ERIRE L1c, & OfEL» 4
F oy WEERT Y 2 — vy VHIBREIAKFEND
H|EINTVBHA (Wynne 1970), AL SO#ER
Te\us, E7o, Nacar (1941) 23, FEFIEHH M. den-
ticulata (MonTacNE) KyLin & LCEEE LT\ 581,
EEAORBIC L h OB LGB LRDLRID
C, Membranoptera spinulosa % AAFEM L L, KL
LTk AX=2Y A3 7R RET B,

# #

BEICIRB LB LR OMISHIRTI978% 5 Aic
BT E LR HENRRG L, aBELCr ) b=
AJhC19884E ¢ A Kic & h Bl Rk bicfiE L
TR G, HEMEMRE, MoRTFEx A,
SRR DOBEIC A IR EERIL LR BEROFEX
FILRE ZN TV 5 (SAP 034546, SAP 051704),

BREsR

WAL R, NTHEEE mm 5 2com BE, B
i1 1-1.5mm T, BEIEEMCEI»BAEL, ML
Bl hrRoh s, oA —@keE
N ZBRELD D, TOBITILEEEILD
h (Fig. 1), BHTHCRER T 5, HEREOREGE
LT HEORREOHEL HET B L, £H0D
BUNARbRE, BEEKOREEL TOBEHMEA L&
TWFEFTERL NI iy, PSRTFHEOR
PRI <, BB B AR A B 5 TR
WAETE LT 5, BREEFIH LI
L, b LRl EREN RS RS
h5 (Fig. 2), SOt s » E<HEL,
MRIOMEANS LB RBN S H, BBy VE
CEHRD L5 ARDIBE (It) 2RBDLIh B HD
255 (Fig. 4)

4B A CEIERMR (a) SBcBEE L, F—rdiia
7, Sy, H=fARFiowv-TFhofsic
LAESBIR ORIV, T LT, s
initial cell (i,) (1 F D& THABIICET B, B
BaF|o> initial cell (is) i3, 23 LIFACET S L
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Figs. 1-2. Membranoptera spinulosa (RuprecuT) KUNTZE. 1. Tetrasporophyte (SAP 051704) collected from

Nemuro Peninsula. 2. Microscopic side-vein on alae. mv, microscopic side-vein.

Figs. 3-7.  Membranoptera spinulosa. 3. Apex of thllus showing apical segmentation. 4. Cross section of thallus.
5. Apical part of thallus with tetrasporangial sorus. 6. Surface view of tetrasporangial sorus. 7. Longitudinal sec-
tion of thallus with tetrasporangia. a, apical cell; cc, central cell; iy, iy, initials of second- and third—or‘dcr cell rows;
It, lenticular thickening; p, tetrasporangial primordium; t, tetrasporangium.
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L 50pm
fc 50pm

Figs. 8-13. Membranoptera spinulosa. 8. The procarps arranged on the primary cell row. 9. Stages in develop-
ment of procarps. 10. Apical portion of female thallus with cystocarps. 11. Cross section of young cystocarp. 12.
Carposporangia formed in chain. 13. Surface view of young spermatangial sorus. a, apical cell; ca, car-
posporangium; cb,_g, first, second and third cell of carpogonial branch; cbi, initial cell of carpogonial branch; cc,
central cell; cp, carpogonium; cy, cystocarp; fc, fusion cell; g, gonimoblast; pc, pericentral cell; po, ostiole; pro,
procarp; rc, rhizoidal cell; sc, supporting cell; st;mc, stymc, mother cells of first and second groups of sterile cells;
stc,, first group of sterile cells; tr, trichogyne.

B i>7c\- (Fig. 3) % (Fig. 5) WSIATEE L + 0B HE— MRS,
Ao RTEILERT, REE»OERCHAT TR HEAMIRFIO primary cell 22680 3 h, KEM
Dk < EomBic, REMCELRETERIA  REASOMELY S5 s EBMRCEDbh S &
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W Eh B, EHRTFEOSEHNIFERC=
AR TH B (Figs. 5, 6)o

7 v h A 3 E— AT BB S h % (Fig. 8).
ZDREBEY Fig. 9 WKWR LA, H—Afifayl bic
& Uk Ao (po) b, 7, F—RPHEMR
(stmc) 2EIHHEh, ZToH, RAOMREZEMR
(s¢) &BERERFMM (cbi) AT S, ZHRMRENDL
R EBIERPERM (styme) MWET D, ERE
Bk, EREOMIEY by, cb, DIRCEIHHL,
BHIC cby LR (cp) 21EH, 4+ MlaEOEREY
FRT 5, F—kbHEFARITHEIICORL, TR
AT 2B EOhMaEHES LA, BR
R ORH L TE 5 (Fig. 10), PRIBALEMH
fa (fc) 23b b, ZOMRENBHDERE (g) 12H, R
JAFEE (ca) MERICHL > THRINB (Figs. 11,
12), BiEMlEY X X 2 5 ML 5 ERRER ()
AU, BB ER LT3 (Fig. 1),

MR B R B A R TN L, BRI S
mm, {8 0.5 mm B Lo\, BFEIIIEESDTic
thfh & A TE LD, SEELRCHBTILE
FEOFEHZIME T, BA LS DRFEFS
fehs ot (Fig. 13)o

% 2

7 e h TR E—MRARYI B E L, WThofii
e b N ESBA L, BEALAARFIO initial cell 23
BT LB E LI EOBEN D, COEiL=

Table 1.
side-veins on the alae.

s~y VERL R=Y xBTS, XOKE
BBt bt U, —MRBOBRREE b 2OT
=¥ AR 7Y (Membranoptera) BTH 5 T L NRD LA
7o (WynnE 1983), ~X=¥-3x 7R, LRI
Ly EERE S TR ), @O VAL TRATEH
BHE LT, BUONE ERoMR, BEERSENARD
HiE, EEOvA X, PoRE Mol TEEOK
i EHEVHRA (Wynne 1970), 2D 5 b, il
DHEE L EMBEONRODD LD L LT, M
spinulosa, M. serrata (POSTELS et RUPRECHT) ZINOvA, M.
denticulata @ 3 T8N HB (MoNTaGNE 1849, ZiNova
1965, WyNNE 1970), M. denticulata V¥, kD4 An3
KEC, BAbEAT, MORTERL, Ko
LM Eh, REE Membranoptera L IL R 5D
(RuprecHT 1851, HarvEY 1853, Kitzing 1866) (Table
1), ZiNova (1965) i%, M. spinulosa % M. serrata D>,
Wk 1 XpUNITHBZ L&, FHMMGCET
KA L, moyRFEEOMBEIOVTIL, M.
TR TOIRM ORI h 5 LR LTV 5,—7,
RuprecHT (1851) i, M. spinulosa DPISY R TEEHEA 5
B LER TR S KD L Ll T\ 5, REE
Membranoptera {3, BENBDTPNRTH Y, MR
hbiehih, MYRFER LRRBICSER IS
Te &, M. spinulosa & M. serrata & DRREMIAIBECH
5o Wynne (1970) %, WO PRI E Y F OB
AEBTCNBZEE, M. spinulosa DPEIDIREES,
BhoRzRECHRC L > TETH LD, 2
BrR—E TRV EREL TS5, Zinova

serrala

Comparisons of the species of genus Membranoptera provided with dentate margins and microscopic

Height  Breadth

Position of tetra-

Nature of Shape of

(cm) (mm) sporangial sori margins dentations Midrib

M. spinulosa 0.5-2 1-1.5 whole length crisped in small and sharp  conspicuous
from Nemuro of branches lower portion narrow

M. spinulosa — <2 farther down crisped small and sharp —
(RupercHT 1851) from apex

M. spinulosa 3-7 1-3 disappear where crisped or small and sharp  conspicuous
(WynnE 1970) marginal smooth narrow

branches occur

M. serrata 15 3-5 whole length — large very broad
(ZiNnova 1965) of branches

M. denticulata 3.5-12 1-4 within often more or  small and sharp*? conspicuous
(Nacar 1941) branchlets*! less crisped broad**

M. denticulata 10-12.5  6.4-13  near apex of — small or large conspicuous

(Harvey 1853)

small branchlets

linear, acute

*! Our observation on Nagai’s specimens, tetrasporangial sori also developed in main and secondary branches,
but sparser than those of the specimens from Nemuro. *2? Results of our observation.
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(1965) DA KT X, B2 YT & EHT 5,
EEZ2EL ZOWIHE, M. spinulosa & M. serrata &
LRI L, TD5 2T, BEE Membranoptera 1.
BHhLED TMNIT, MVvhieED, EERIVNXL
BFITH DT L2 b M. spinulosa & FI5E L1z (Table 1),
Z LT, M. spinulosa % BAFEBE L, TOME L
LT AR=F "X/ RET S,

Nacar (1941) 3T BFIED S M. denticulata % 8 L
T\BDT, REE M. spinulosa & DEFREFANS 1
HIL KB RE IR TV LEEEAYBRE LI,
ZORKR, toBBIAETHY, MHRTE L K
WEDDERCHT TR IR NFBEIMEL, B
FROTMTREBLALHRINT, BEE M
spinulosa LI LBD LR (Table 1), ¥, M.
denticulata 135\ ~T, Rk AsHic Mo laFEEH Y
BIhs LV orHBERAL, b, BArEhs e
LicEd s, FTEE Membranoptera (3. M. denticulata &
L Bbhs, KL, BEALRTRRLTED, &
EOWTUIRETE oL,

BT, BIER K-k = EAHKH
8, XHROBXMBLXHATL T LI > KBS
W EHEUEREEE, YORBECHILTIEE S
TSI KERRS BEEBRCEEHELET,
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A simple method of red seaweed axenic

culture by spore-washing*

Key Index Words:  Antibiotic mixture—axenic culture—red seaweed—spore-washing medium
Masakazu Tatewaki, Wang Xiao-Yang and Isamu Wakana, Institute of Algological Research, Faculty of
Science, Hokkaido University, Muroran, Hokkaido, 051 Japan

The axenic culture is an essential of
biological research including tissue culture,
protoplast isolation and fusion, and gene
transfer. In green and brown seaweeds, it is
generally possible to obtain axenic cultures by
washing the motile reproductive cells in a
series of sterile medium (Cuapman 1973).
However, establishing of axenic cultures in
red seaweeds is hard because of the absence of
motile cells throughout the life cycles. Earlier
methods usually used small pieces of vegetative
thalli for sterilization. The wounded part,
resulting from cutting into small pieces, is con-
taminated by microorganisms, which also
makes it difficult to obtain axenic cultures. Ex-
ceptionally, the sterilization, using the dip
and drag on agar plates containing antibiotics
(TaTtEwak! and ProvasoLrr 1964), is only suc-
cessful for thalli with smooth surfaces or sim-
ple thallus organization, but not with rough
and complex thalli.

Although the surface of red seaweeds have
luxuriant microbial growth, the spores are
generally produced under aseptic conditions
in tetrasporangia and carposporangia. Thus,
if freshly liberated spores are axenic while
mechanically isolating by capillary pipettes, it
should be possible to obtain axenic cultures.
However, normally spores of red seaweeds set-
tle and attach to the substratum soon after
liberation, and a few times of serial washing
of spores in plain seawater lower the percent-
age of spore germination. In this paper, a
new and simple method of axenic culture, in
conjunction with impeding spore settlement,

* This research was supported in part by Grant-in-Aid
for Scientific Research from the Ministry of Education,
Science and Culture (58540442 and 60480013).

the mechanical washing and the antibiotic
treatment of spores in red seaweeds is
reported.

Neorhodomela aculeata (PEREST.) MASUDA,
Symphyocladia  latiuscula (HARV.) YAMADA,
Ceramium japonicum OKAMURA, Ptilota serrata
KeurziNg, Palmaria palmata (L.) KUNTZE,
Chondrus yendoi Y AMADA et Mikam1 and Dumon-
tia simplex COTTON were used in this study.

Small pieces of fertile branches (2-4 cm) or
blades (2-4 cm?) bearing tetrasporangia or car-
posporangia were excised from freshly col-
lected thalli. They were cleaned by brushing
with a soft paint-brush, rinsed several times
in sterile (autoclaved) seawater, and placed in
a Petri dish (9X2cm) containing 30 m/ of
sterile seawater. Most pieces liberated spores
within 30 min (Fig. 1A). Newly liberated
spores were taken up with a capillary pipette
under a stereo-microscope (X 40-80) and
washed 3-5 times in a depression glass slide
containing 1-2m/ of the spore-washing
medium (Fig. 1B). This medium, containing
extracellular substances of spore-producing
thalli, was prepared as follows: 1) 10 g of fresh
thalli was soaked in 50-100 m! of seawater for
1 hr and then the seawater was filter-sterilized
through a 0.22 #m pore size membrane filter,
or 2) 100 mg of fresh thalli was placed in a test
tube containing 10m/ of seawater and
autoclaved for a few minutes, then 1-2 drops
of the decoction were diluted with 10 m/ of
sterile seawater. In the spore-washing
medium, the rapid settling and attachment
to substratum of spores in most species were
delayed for a few hours without any adverse
effects by washing and isolation. However,
normal attachment occurred soon after
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- Antibiotic
mixture
!
D E
Fig. 1.

Washing medium

Seawater
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- A = [ Sld
17, Apy Yay »ET,
ST3/STP PES
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Simple method of obtaining red seaweed axenic culture. A. Place a piece of cleaned fertile thallus in

sterile seawater to get newly liberated spores. B. Wash spores 3-5 times in the spore-washing medium containing
extracellular substances of the spore-producing thallus and once in seawater. C. Inoculate 10-20 spores to culture
medium (PES). D. Culture under the optimum condition for 10-15 days until sporelings recognized with the
naked eyes. E. Add 4-5 drops of antibiotic mixture to the medium. F. Culture for 7-14 days in the medium with
antibiotics (replace with new culture medium). G. Inoculate young sporelings into sterility-test media and maintain
them 20°C for 20 days—When confirmed axenic culture, inoculate them into desired culture media.

transfer to plain seawater or culture media.
Following the wash with the spore-washing
medium, the spores were rinsed in plain
seawater and then 10-20 spores were introduc-
ed into a screw cap test tube containing 10 m/
of PES medium (ProvasoLi 1966) to establish
unialgal culture. The above-mentioned isola-
tion and washing procedures were done at low
temperatures; sterile media or seawater used
for washing were kept at 10-14°C. The
isolated algae were maintained under op-
timum culture conditions for each species
(usually 14-18°C, 12-18 W/m?, 14 L: 10 D cy-
cle) (Fig. 1D). Some of the sporelings which
were developed from the serial washed spores,
were axenic. For example, with tetraspores of
Palmaria palmata and Plilota serrata, axenic
cultures were obtained at 10-20% of the
trials. Sterility was tested by transferring a

few sporelings into ST3 or STP sterility-test
medium (TaTtewakr and Provasorr 1964)
and maintaining them for at least 20 days at
approximately 20°C. Confirmed axenic
sporelings were transferred into the desired
culture media (Fig. 1G).

In addition, 10-15 days after establishing
unialgal cultures, when the sporelings first
become visible to the naked eyes, 4-5 drops
(75-100 gl) of the antibiotic mixture were add-
ed aseptically to each culture tube containing
10 m/ of PES medium (Fig. 1E). The an-
tibiotic mixture contained 100,000 units
penicillin G potassium, 250 mg streptomycin
sulfate, 25,000 units polymyxin B sulfate and
1 mg chloramphenicol per 10 m/ of distilled
water (modifying the formula of the mixture
developed by Provasori 1958, TATEwaKI and
ProvasoLr 1964, and Tatewak: 1981). The



152 Tatewaki, M., Wang, X.-Y. and WakaNa, 1.

mixture was filter-sterilized and could be
preserved by freezing in 1-2 m/ aliquots for
one week, although it is best to prepare the
mixture just before using. The sporelings
were left in the medium with antibiotics for 7-
14 days under optimal culture conditions and
then the medium was replaced with fresh PES
(Fig. 1F). Axenic cultures were thus obtained
with high percentage (>90%) of success for
the species examined. When spores and
sporelings younger than 5 days were dosed
with the aitibiotic mixture, they were killed or
stunted even by 3-5 days antibiotic treat-
ment. Thus, we recommend that 10-day or
older sporelings are treated by antibiotics
after the spore-washing procedure. Such
sporelings which are visible to the naked eyes,
survive and develop into healthy axenic
cultures.

The spore-washing media presumably con-
tain extracellular substances originating from
spore-producing plants (tetrasporophytes or
female gametophytes). These substances
which delay spore settlement, may assure
spore dispersal from the site of the sporulating
plants. We are presently investigating the
biological and. chemical nature of these

substances.
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Holotypes of the three red algal species
Predaca tokidae Kajimura (KajiMUra 1987a),
Predaea bisporifera Kajimura (KajiMura 1987a)
and Antithamnion okiense Kajimura (KAjIMURA
1987b) have been destroyed by mail acci-
dent. Lectotypification of each species with
isotype specimens therefore has been made by
the present author in accordance with Article
7.4 of the International Code of Botanical
Nomenclature (GREUTER et al. 1988) as
follows:

Predaea tokidae KajiMUra, Phycologia 26: 419,
figs. 1-12, 1987.

Lectotype (Fig. 1): OS 9876 (male),
deposited in the Phycological Herbarium of
the National Science Museum, Tokyo (TNS-
AL-37403).

Predaca bisporifera Kajimura, Phycologia 26:
421, figs. 13-23, 1987.

Lectotype (Fig. 2): OS 9836 (male),
deposited in the Phycological Herbarium of
the National Science Museum, Tokyo (TNS-
AL-37402).

Antithamnion okiense KajiIMURA, Bot. Mar. 30:
178, figs. 7-19, 22, 23, 1987.

Lectotype (Figs. 3, 4): OS 9938 (sterile),
deposited in the Phycological Herbarium of
the National Science Museum, Tokyo (TNS-
AL-37401).

* Contribution No. 43 from Oki Marine Biological Sta-
tion, Shimane University.
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Fig. 1.  Predaea tokidae KajiMURA. Lectotype, collected at 40 m depth off Tsudo, the Oki Islands on 10 June,
1985.

Fig. 2. Predaca bisporifera Kajimura. Lectotype, collected at 20 m depth off Tsudo, the Oki Islands on 18
April, 1979.

Figs. 3 & 4. Antithamnion okiense KAjIMURA.

3. Lectotype, collected at 40 m depth off Tsudo, the Oki Islands, on 31 May, 1986.

4. Part of the lectotype showing some whorl-branches bearing gland cells commonly on the adaxial side.
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RATHEB  Predaca tokidae, Predaea bisporifera (E W%/ 4 +EF, M) RO
Antithamnion okiense (4 ¥ A}, FEAEMFT) OBTERIEERDET

Predaea tokidae, Predaea bisporifera ] O° Antithamnion okiense DIEEEEBANIA L1ch, EEEMHEHOE 745
CHE-T, ERIBOHEEFER Y ETHEERL LTRE L, (685 BRBREEAMETATME 194 &
BAFEF MR ERERAT)
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Information for Authors (Revised March 1988)

Members of the Society are invited to contribute original research reports, short com-
munications, review articles and rapid communications in Japanese or English on all aspects of
phycology. Every research paper is read and criticized by reviewers on the basis of its originality
and the discussion presented. Where appropriate, reviewers other than those on the Editorial
Board are consulted. Final responsibility for selection and published order of papers rests with
the Editor. Research reports not longer than 10 printed pages in English and 6 printed pages in
Japanese including figures and tables, short communications within 3 printed pages and review
articles within 15 printed pages will be published without excess charge (exclusive of reprints);
additional published pages will be charged to the author (12,000 Yen per single printed page).
Rapid communications acceptable within 2 printed pages will be published in the possible
earliest issue with charge at 12,000 Yen per single printed page.
The manuscript should conform exactly to the following instructions. The manuscript
should be typewritten, double-spaced in 65 letters per line and 28 lines, on thick paper of
21.5X 28 cm or A4 size. Symbols, units and nomenclature should conform to international
usage. The S. I. metric system should be used for all numerical data. Words to be printed in
italics should be underlined. The original copy and two duplicates are required. The first page
should have only the title, full name(s) of the author(s) and institution with address, and any
necessary footnote. A short running title should be included. Acknowledgements preferably
follow the text but precede the references. Tables and legends for figures should be on separate
pages and be placed after the references.
An abstract of not more than 200 words is required. At the end of the abstract, 5-10 Key
Index Words should be given alphabetically for aid in indexing. A Japanese abstract will be pro-
vided by the Editor from translation of the abstract.
References. Citations in the text should read thus: LieBic’s (1840 p. 23) ... or ...
(WELcH 1972, 1974). In the list at the end of the paper, references should be typed in
alphabetical order. Each reference should be given in the following order: Name, Initials, Date,
Title, Journal Volume: first page-last page. Example:
Mikami, H. 1978. On Laingia hookeri (Rhodophyceae, Delesseriaceae) from New
Zealand. Jap. J. Phycol. 26: 65-68.

A book title should be followed by the name of publisher and place of publication. Example:
AspotT, I. A and HoLLenBerG, G.J. 1976. Marine algae of California. Stanford
Univ. Press, Stanford.

Tables should be numbered with Arabic numerals, have a title, and be referred to in the text.

Figures, whether line drawings or photographs, should be numbered consecutively in
Arabic numerals, and referred to in the text. The maximum size for a full page figure is
14X 20.5 cm. Line drawings should be made with black ink on white paper or blue-lined graph
paper. Letters and numerals should not be made by hand, but should be made neatly with a
lettering device (not a typewriter) and be of such size that the smallest character will not be less
than 1 mm high when reduced. The original drawing and two sets of clear copies are required.
Photographs must be of good quality. They should be grouped to conform to the page style and
format of the Journal and preferably be submitted at a size that permits reproduction without
reduction. Photographs should be submitted in triplicate. Coloured plates may be printed at the
expense of the author. The insertion of tables and figures in the text should be indicated on the
right-hand margin of the sheet.

Proofs should be checked carefully and should be returned by airmail to the Editor within
three days of receipt. The author will receive 50 offprints free of charge. Additional copies can
be ordered at cost on the reprint ordering form sent with the proofs.
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