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In order to e1ucidate vertical distribution of Rhodophyceae with reference to出ephotosynthetic 
characteristics and photosynthetic pigments， several species of Rhodophyceae were collected 企'Omshallow 
water (near the low water level)叩 ddeep water (about 25 m dep出)in the coastal area of Shima Peninsula， 
Mie Prefecture， and used for measuring photosynthesis and respiration as well as for analyzing photosyn-
thetic pigments. Photosynthesis measurements were carried out under white Iight similar to sunlight回 d
under green light close to the light condition in coastal deep waters. Shallow-water species (Gracilaria incur-
vata and Pachyn酬 iopsiselliptica) had higher photosyn出eticefliciency for white light than for green light， 
whereas deep-water species (Meristotheca papulosa， Bec知 'ellasubcostata and Rり'ssonneliacaulifera) had higher 
photosynthetic e伍ciencyfor green light than for white light. The amounts of chlorophyll a and 
phycoery也rinwere measured in nine shallow-water species and five deep-water species.τ'he ratio of 
phycoerythrin to chlorophyll a ∞ntents was clearly higher in deep-water species (4.2-9.3， average 6.4)出an
in shallow-water species (0.5-4ムaverage2.6). It is concluded that the high p}則 osynthetice伍ciencyof 
deep-water species for green light is due to a high ratio of phycoerythrin to chlorophyll a contents， and也at
shallow-water species have adapted to white Iight and deep-water species to green Iight. This is a kind of 
chromatic adaptation of Rhodophyceae by changing phycoerythrin content under natural conditions. 

Keylndex陥 rds: chlorophyll a-photosynthesis-phoω'synthetic pig，脚 nts-p.伊 oerythri・n-Rhodophyceae-

seaweed. 

Photosynthesis of algae is an important basis 

of the production in the coastal ecosystem. 

Thus， much attention has been focused on 
studies of photosynthesis of algae from the 

viewpoint of production ecology (ARUGA 

1986). In general， the depth to which 

seaweeds grow is determined by the amount 

of available light for photosynthesis (DUNCAN 

and LOBBAN 1985). Thus， the photosynthetic 
study with reference to photosynthetic 

pigments is of great importance not only for 

production ecology but also for physiological 

ecology. 

YOKOHAMA (1973a， b) and KAGEYAMA and 
YOKOHAMA (1974) reported that photosyn-

thetic prope此iesof seaweeds from different 

depths depended on light quan出yandqual均.
Photosynthesis-light curves of seaweeds from 

shallow water were of the sun type， and those 
of seaweeds from deep water were of the 

shade type. Moreover， photosynthesis-light 
curves under white light and green light show-

ed a remarkable difference in Chlorophyceae 

and Rhodophyceae. As for Rhodophyceae， 
YOKOHAMA (1973b) suggested that the ratio of 

phycoerythrin to chlorophyll a had an impor-

tant role in characterizing the photosynthetic 

prope口iesof the species growing in shallow 

and deep water. Rhodophyceae containing 

phycobilin pigments would be expected to 

have a greater vertical range of growth in也e

sea. Furthermore， YOKOHAMA and his 

coworkers reported that most of the 

Chlorophyceae in deep water or shade sites 

have siphonaxanthin as a photosynthetic pig-

ment for collecting green light (YOKOHAMA et 
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al. 1977， KAGEYAMA et al. 1977， K，AGEYAMA 
and YOKOHAMA 1978). MAEGAWA et al. 
(1987， 1988) reported that the difference in 
daily compensation point between young 

fronds of Eisenia bicyclis and Ecklonia cava is 
one ofthe most important factors in determin-
ing the difference in their vertical distribu-

tion. Thus， photosynthetic characteristics 
and pigment contents are the most important 
factors determining vertical distribution of 

seaweeds. 
The present study deals with the factors 

governing the difference in vertical distribu-

tion of several species of Rhodophyceae with 
reference to photosynthesis and photosyn-
thetic pigments. The aim of the present 
study is to measure accurately photosynthetic 
rates under various light conditions and con-
duct quantitative analysis of phycoerythrin to 

obtain the phycoeηthrin/chlorophyll a ratio 
in relation to the vertical distribution of 

Rhodophyceae. 

Materials and Methods 

Photosynthesis stuの
Several species of Rhodophyceae were col-

lected from different depths around the coast 
of Shima Peninsula， Mie Prefecture， from 
May to September 1987 (Fig. 1). These 
species were classified into two groups， 
“shallow-water species" and “deep-water 
species" ， according to the sampling depth. 
As shallow-water species， Gracilariaincurvata 
OKAMURA was collectedjust below the sea sur-

face from soating buoy used for pearl oyster 
cultivation near Zaga lsland in Ago Bay， and 
Pachymeniopsis elliptica (HOLMES) Y AMADA was 

collected from near the low water level at the 
coast of Iwaizaki. Deep-water species， 
Meri・'stothecapapulosa (MONTAGNE) J. AGARDH， 
Beckerella subcostata (0臥 MURA)KYLlN and 
Peyssonnelia caul俳raOKAMURA， were collected 
from a depth of about 25 m off Iwaizaki by 
SCUBA diving. 

Fig. 2 shows the seasonal variations of 
seawater temperature at the depths of 0， 20 
and 30 m (average for 8 years， 1981-1988) 
near the sampling area (solid circle in Fig. 
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Fig. 1. Maps showing the location of study 
釘 'eaat Shima Peninsula， central J ap卸 . E:ヨ
sampling area;・stationfor measuring water 
temperature. 
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thesis and respiration (May to September)， 
the seawater temperature varied from 18.30C 

in May to 26.30C in September in surface 

water， from 17.80C in May to 23.40C in 

August at a depth of 20 m， and from 17. 70C 
in May to 20.80C in August at a depth of 
30m. 

Collected samples were transported to the 

Fisheries Research Laboratory of Mie 

U niversity in Zaga lsland and were rinsed 
with filtered seawater to make them free of ob-
vious epiphytes with careful handling not to 
wound the fronds and were protected from 
direct sunlight. Sample pieces of 10-20 cm2 

were cut out from fronds， and were kept in 
running seawater overnight to avoid abnor-
mal results caused by cutting (SA臥 NISHIet al. 
1988). Photosynthesis and respiration were 
measured with Productmeter， an improved 
differential gas-volumeter (YOKOHAMA et al. 
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Fig. 2. S~asonal ch~ges of seawater temperature at the depths of 0 m (一)， 20m (一一)and30m(一一)off 
Iwaizaki (34014'N， 136043'E). Average of 8 years (1981-1988)ー

1986， YOKOHAMA and MAEGAWA 1988)， 

Measurements of photosynthesis and respira-

tion were carried out at 8 different light inten-

sIties from 0 to 400μE/m2/s under white light 

and green light. A projector lamp (Kondo 

100 V -300 W) was used as the white light 

source， and the green light was obtained by 
penetrating the white light through a 0.4 M 

nickel sulfate solution 10 mm  thick. Spectral 

distributions of white light and green light 

were measured with a Techtum Quantaspec-

trometer QSM-2500 as shown in Fig. 3 

White light from the projector lamp is similar 

to the sunlight， although quanta of short 
wave band from 400 to 500 nm are slightly 

less than those of the sunlight. Green light is 

approximated to the light condition at a depth 

of around 20 m in coastal waters. The light 

intensity was controlled with neutral density 

filters (Toshiba TND-50， -25， -12.5). 
Photon flux density was measured with a 

quantum meter system (LI-COR LI-192SB， 
LI-1000). 

Culture flasks of about 100 ml capacity 

were used as the reaction and reference 

vessels of Productmeter， and filtered seawater 
(30 ml) was poured into both vessels， with a 

cut frond in the reaction vessel. After pre-in-

cubation for 30 minutes at 400μE/m2/s， the 
seawater in both vessels was renewed， and the 
measurement was carried out from high to 

low light intensity with the same frond. 

Respiration was measured after the photosyn-

thesis measurement. Each measurement 

took about 25 minutes and the seawater was 

renewed each time. It took 5-6 h for a series 

of measurements starting from 09:00 h. 

Photosynthesis and respiration were 

measured at 200C which was nearly the same 

as in situ seawater temperature of sampling 
area (cf. Fig. 2). After the measurements， 
fronds were rinsed with freshwater and used 

for area measurement. At the same time， 
small frond discs (0.332 cm2) were taken for 

quantitative analysis of photosynthetic 

plgments， 

Absoψtion spectra 

Fronds used for measuring photosynthesis 

and respiration were transported to the 

Laboratory of Phycology， Faculty of 

Bioresources， Mie University. In vivo absorp-
tion spectra of the fronds were measured with 

a Hitachi 330 Spectrophotometer equipped 

with an end-on type photomultiplier. 

Measurement 01 photosynthetic pigments 

Nine species collected from intertidal zone 
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Fig. 3. Spectral distributions of white light 
and greeri light used for the measurements of 
photosynthesis. 



to a depth of 2 m， and five species from a 

depth of about 25 m were used for quan-

titative measurement of photosynthetic 

pigments. A disc of 0.332 cm2 or a piece of 

0.1-0.2 g were cut out of samples. Fresh or 

frozen ( -200C) samples were used for extrac-

tion of photosynthetic pigments. 

Fresh samples were used for the measure-

ment of chlorophyll a content. Chlorophyll a 

was extracted in 90% acetone in a mortar. 

The extract was centrifuged for 5 minutes at 

3000 rpm， and absorbances at 750， 663， 645 

and 630 nm were measured with a Hitachi 

101-01 Spectrophotometer. The amount of 

chlorophyll a was calculated by the equation 

of SCOR-UNESCO (1966). 

Frozen samples were transported to the 

Laboratory of Phycology， Faculty of 

Bioresources， Mie University and were used 
for measurement of phycobilin content. 

Phycobilins were extracted in phosphate 

buffer solution (pH 6.5) with 0.2 g of quartz 

sand in a mortar. The extract was centrifug-

ed for 30 minutes at 3000 rpm， and the 
supernatant was ultracentrifuged for 30 

minutes at 35000 rpm. Absorbances of the 

supernatant at 750， 650， 620 and 565 nm 

were measured with a Hitachi 100-20 Spec-

trophotometer， and the amount of 

phycoerythrin was calculated by the equation 

of FUJITA (1979). 

Gracilaria incurvata 

Pachymeniopsis elliptica 
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Fig. 4. Photosynthesis-light curves of two 
shallow-water species under white light (0) and 
green light (・)at 20oC. 
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Photon F1ux oensity 

both species was higher under white light 

than under green light. 

Fig. 5 shows the relative photosynthesis-

light curves of three deep-water species， 
Meristotheca tatulosa， Beckerella subcostata and 
Peyssonnelia caul俳ra，under white light and 

green light. In all the three species， the 
photosynthetic rate increased linearly with in-

crease in light intensity in the range lower 

than 50μE/m2/s， and it increased slowly with 
further increase in light intensity. Light 

saturation points of λiferistotheca tatulosa and 

Beckerella subcostata were 200μE/m2/s under 

white light and 100μE/m2/s under green 

light. As for P，り山onneliacaul俳ra，light satura-
tion point was 100μE/m2/s under white light 

and 70μE/m2/s under green light. The 

relative photosynthesis was higher under 

green light than under white light in the light 

intensity range lower than 200 pE/m2/s in 

Meristothecaρatulosa and Beckerella subcostata， 
and in the light intensity range lower than 

100 μE/m2/s in Peyssonnelia cauliんra.
Absoゆtionspectra 

In vivo absorption spectra of two shallow-

Results 

Photosy，叫esis-l併tcurves 

Fig. 4 shows photosynthesis-light curves of 

two shallow-water species， Gracilaria incurvata 
and Pacy仰 niotsisell伊ica，under white light 

and green light. Relative gross photosyn-

thetic rates on a frond area basis are il-

lustrated in the figure. In both species， the 
photosynthetic rate increased linearly with in-

crease in light intensity in the range lower than 

50μE/m2/s， and it increased slowly with fur-
ther increase in light intensity. The 

photosynthetic rate was almost saturated at 

200μE/m2/s under both green light and white 

light. In the light intensity range lower than 

200μE/m2/s， the relative photosynthesis of 
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Fig. 6. In vivo absorption spectra normalized 
at 680 nm of shallow-water species， Gracilaria incur-
vata (ー)and Pac.砂meniotsisellittica←→， and d田 p-
water species， Meristotkeca tatulosa (一→姐d
Beckerella sub印刷ta(.・h ・.)， used for measurements of 
photosynthesis. 
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Photosynthetic pなments

Chlorophyll a and phycoerythrin contents 
of nine shallow-water species and five deep-

water species were estimated. Chlorophyll a 

contents were 4.2-19.4μg/cm2 in shallow-

water species and 9.←16.3μg/cm2 in deep-

water species. Phycoerythrin contents were 

10.←63.5μg/cm2 in shallow-water species， 
and 49.5-90.8μg/cm2 in deep-water species. 

The level of chlorophyll a contents in shallow-

water species was almost the same as that in 

deep-water species. However， the level of 
phycoerythrin contents in deep-water species 

was higher than that in shallow-water species. 
Fig. 7 shows the ratio of phycoerythrin 

(PE) to chlorophyll a (Chl.a) contents in nine 
shallow-water species and five deep-water 

species. The PE/Chl.a ratios in deep-water 

species (4.2-9.3， average 6.4) were clearly 

higher th如 thosein shallow-water species 

(0.5-4.3， average 2.6) 

compared with shallow-water species. 

Peyssonnelia caulifera 
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Fig. 5. Photosynthesis-Iight curves of three 
deep-water species under white light (0) and green 
Iight (・)at 20oC. 

The present study was attempted to 

elucidate vertical distribution of Rhodo-

phyceae with reference to the photosynthetic 

characteristic and the amount of photo-

syn出eticpigments. Several samples collected 

from shallow water (ne訂 thelow water 

level) and from deep water (about 25 m) 

Discussion 

water species and two deep-water species， 
which were used for measuring photosyn-

thesis and respiration，町eshown in Fig. 6. 

For comparisons the spectra are normalized 

at 680 nm where the absorption by 

chlorophyll a dominates. There were con-

siderable differences of absorbance in green 

region of 490-580 nm between shallow-water 
species and deep-water species. Absorbances 

were higher in deep-water species than in 

shallow-water species at the wave lengths 

from 490 to 580 nm， where the absorption by 
phycoerγthrin predominates. Thus， it is ex-
pected that deep-water species are relatively 

rich in phycoerythrin， suggesting to have 
higher phycoerythrin/chlorophyll a ratio， as 
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Shallow-wa七erspecies 

Porphyra yezoensis 

Chondrus verrucosus 

Grateloupia filicina 

Grateloupia sparsa 

Pachymeniopsis elliptica 

Gracilaria incurvata 

Galaxaura fastigiata 

Gelidium japonicum 

Gelidium amansii 

Deep-wa七erspecies 

Meristotheca papulosa 

Beckerella subcostata 

Peyssonnelia caulifera 

Prionitis patens 

Delisea fimbriata 

。
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Fig. 7. The ratio of phycoerythrin to chlorophyl1 a contents of shallow-water species and deep-water 
species. Average (0) and the range for ←15 samples are illustrated in each species. 

near the lower limit of algal vegetation in a 
coastal region were compared with respect 

to their photosynthetic rates under white 
light (simil町 tosunlight) and green light 

(simil町 tothe light condition in coastal deep 
water) and to their PE/Chl.a ratios. 

Shallow-water species ( Gracilaria incurvata 
and Pachymeniopsis elliptica) had higher 

photosynthetic e伍ciencyfor white light than 
for green light (Fig. 4). Conversely， deep-
water species (Meristotheca papulosa， Beckerella 
subcostata and Peyssonnelia caulifera) had higher 
photosynthetic e伍ciencyfor green light than 

for white light (Fig. 5). These results are 
almost similar to those by YOKOHAMA 
(1973b). As for shallow-water species，出e
difference of photosynthetic e伍ciencybetween 

white light and green light obtained in出epre-
sent study was well in agreement with that 
問 po口edby YOKOHAMA (1973b). As for 
deep-water species， however， there were 
remarkable differences between the present 

result and YOKOHAMA'S (1973b) result. This 
discordance may be due to the difference in 

the depth of sampling; 8-10 m in YOKOHAMA 

(1973b) and 25 m in the p問 sentstudy. 
In in vivo absorption spectra (Fig. 6)， it is clear 

that the deep-water species absorb green light 
(490-580 nm) more effectively 出an the 

shallow-water species do. The wavelengths 
of green region corresponds to the absorption 

band of phycoerythrin， a photosynthetic ac-
cessory pigment in Rhodophyceae. There-

fore， the difference of absorption spectra 
in green region between shallow-water 

species and deep-water species is due to the 

difference of phycoe可也rincontent. Higher 

content of phycoerythrin in deep-water 
species is quite convenient for utilizing green 
light which occupies a greater part of irra-

diance at depths around 20 m in the coastal 
water. 

Chlorophyll a contents were not so greatly 
different between shallow-water species and 
deep-water species. Ph戸田町thrincontents 
were appreciably higher in deep-water species 
than in shallow-water species. As a result， 
PE/Chl.a ratios were clearly higher in deep-
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water species than in shallow-water species 

(Fig. 7) as expected from the difference in ab-

sorption spectra in Fig. 6. Thus， the high 
photosynthetic efficiency of deep-water 

species for green light is due to their high ratio 

of phycoerythrin to chlorophyll a contents. 
It was repo抗edthat there is a considerable 

change in phycoerythrin content of 

Rhodophyceae under natural conditions 

depending on the depth of water (RAMUS et al. 

1976a， b， MOON and DAWES 1976) and under 

culture conditions depending on the light 

quality (BRODY and EMERSON 1959). There 

was a clear difference in phycoeηthrin con-

tent between shallow-water species and deep-

water species， even though the range ofvaria-
tion was not small in several species (Fig. 7). 

In the present study， it is clearly shown 

that the difference of photosynthetic 

characteristics between shallow-water species 

and deep-water species is dependent on 

phycoeηthrin content which is closely related 

to the light conditions in growing sites， and 
that the shallow-water species have adapted to 

white light and the deep-water species to 

green light. They are examples of chromatic 

adaptation of Rhodophyceae by changing 

their phycoerythrin contents according to the 

light conditions at growing depths. 
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村瀬 昇・前川行幸・喜田和四郎・三重県志摩半島沿岸における生育水深の異なる

紅藻数種の光合成特性

三重県志摩半島沿岸の低潮線付近の浅所および水深 25m付近の深所から採取した紅藻数種について光合成測

定と色素分析を行い，得られた光合成活性および色素組成から，紅藻の垂直分布特性を解明しようと試みた。

太陽光に近い白色光と水深 20m付近の光の波長組成に近似させた緑色光の下で，光合成一光曲線を求めたと

ころ，浅所産のものは白色光を，深所産のものは緑色光を効率よく光合成に利用することが明らかになった。そ

こで、クロロフィル aと緑色域の光を吸収する紅藻特有の光合成色素フィコエリスリンを定量し，クロロフィル

aに対するフィコエリスリンの含有比 (PE/Chl.a)を求めた。その結果， PE/Chl. a は浅所産のものでは 1~4 であ

るのに対し，深所産のものでは 4~9 と高かった。これらのことから，深所産紅藻は，浅所産のものに比べてフ

ィコエリスリンの含有比が高いために，緑色域の光を中心とする沿岸深所の光環境下で効率よく光合成を行って

いることが明らかとなった。

以上のことから，浅所産および深所産紅藻は，それぞれの生育水深の光環境によく適応した光合成特性と色素

組成をもっていることが明らかとなった。これは，紅藻類におけるフィコエリスリン含有比を生育水深によって

変えることによる色適応の結果である。 (514三重県津市江戸橋2-80 三重大学生物資源学部藻類増殖学研究室)




