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Studies have been carried out on the pig-
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Comparative studies were made on the pigmentation of fronds (leafy thallus) and
conchocelis of the red and the green type mutants of Porphyra yezoensis and P. tenera.
In vivo absorption spectra of fronds and conchocelis consistently showed characteristic
differences between the wild type plants and the red and the green type mutants at the
wavelengths where absorption is mainly due to phycobilins. The red type mutant showed
the spectra having two-peaked absorption in a 530-580 nm region and a slight shift to
longer wavelengths of the peak due to phycocyanin. The green type mutant had the
spectra with markedly low absorption in a 460-590 nm region. As expected, phycoerythrin
content per unit frond area was extremely low in the green type mutant of P. yezoensis.
On a dry weight basis, chlorophyll @ content was highest in the green type frond and
lowest in the wild type frond, phycoerythrin content was almost the same in the wild and
the red type fronds but distinctly low in the green type frond, and phycocyanin content
was not so markedly different among the three types of fronds in P. yezoensis cultured
under the same laboratory conditions. The red type mutant is characterized with lower
PC/Chl. a ratio and higher PE/PC ratio, while the green type mutant with lower PE/Chl
a and PE/PC ratios. It is inferred that the red type mutant resulted from qualitative
variation of phycobilin(s), while the green type mutants resulted from quantitative variation
of phycoerythrin.

Key Index Words: chlorophyll a; color mutants; in vivo absorption spectra; phyco-
cyanin; phycoerythrin; pigment contents; Porphyra tenera; Porphyra yezoensis.

Porphyra. The studies have, however, been

mentation of Porphyras in our laboratory
since 1967. Among them there have been
two principal subjects. One is concerned
with the fading of color, i.e. the bleaching
phenomena, in cultivated Porphyra fronds
and its recovery (ARUGA and IwWAMOTO,
1972). The other is concerned with pig-
mentation, photosynthetic pigment contents
and photo-physiology of color mutants of
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published only partly (KOBARA et al. 1976,
MERRILL et al. 1983, MIURA 1984). The red
type mutant used in this study was a strain
originally established through selection by a
Nori farmer, while the green type mutant
was obtained in laboratory culture from a
green sector of a variegated chimeral frond
collected in the Nori farm (KOBARA et al.
1976). KIKUCHI et al. (1979) reported chemi-
cal nature of phycobilins of the color mutants
of Porphyra yezoensis from our laboratory.
Details of variegated chimeras were partly
reported on fronds found in cultivated popula-
tions of Porphyra with several different
types of variegations and several types of
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combinations of different color sectors (MIURA
1984). As to other species of seaweeds, on
the other hand, only VAN DER MEER and
his co-workers published a series of important
results especially of genetic studies on the
pigmentation mutants of Gracilaria (VAN
DER MEER 1977, 1978, 1979a,b, 1980, VAN
DER MEER and BIRD 1977, VAN DER MEER
and Topp 1977) and a study of the life
history of Palmaria palmata with a pig-
mentation mutant (VAN DER MEER and TODD
1980).

The contents of such photosynthetic pig-
ments as chlorophyll a, phycobilins and carot-
enoids of cultivated Porphyra fronds are
not only of physiological interest but also of
greatest significance to the grading of com-
mercial Nori sheets because of a high cor-
relation between the pigment contents and
the quality of dried Nori sheets (SAITOH et
al. 1980). Especially, the contents of chloro-
phyll a and phyceerythrin are important in
determining the color, and therefore the
quality, of dried Nori sheets.

In the present paper we describe the char-
acteristics of pigmentation in fronds and
conchocelis, which have been confirmed in
color mutants of cultivated Porphyra yezoensis
and P. tenera populations since 1973, with
special reference to the comparisons of color
and pigment contents in the wild (normal)
type, red type and green type plants.

Material and Methods

Fronds (leafy thalli) and conchocelis of Por-
phyra yezoensis and P. tenera cultivated in
Nori cultivation farms and/or cultured in
laboratery were analyzed. Laboratory cultures
of fronds and conchocelis were carried out
using ESP medium (PROVASOLI 1966). Other
culture conditions were the same as described
by KOBARA et al. (1976). In vivo visible
absorption spectra were recorded with air
as reference with a Shimadzu Multipurpose
Recording Spectrophotometer MPS-50L.

Chlorophyll a was extracted in 90% acetone
and absorbances of the extract were deter-
mined at 750, 663, 645 and 630 nm with a

Hitachi 101 Spectrophotometer. The amount
of chlorophyll a in the extract was calcul-
ated by the equation of SCOR-UNEscO
(1966).

Phycobilins were extracted in distilled
water. Absorbances of the extract were
determined at 568 and 615 nm with a Hitachi
101 Spectrophotometer, and calculations of
the amounts of phycoerythrin and phy-
cocyanin were made by using the extinction
coefficients reported by O hEocHA (1965).

Results and Discussions

In vivo visible absorption spectra were
recorded for the wild, red and green types
of fresh Porphyra fronds to make clear the
characteristics of their frond color. In a
strict sense, absorption or absorbance in such
cases should be called attenuation or at-
tenuance according to SHIBATA (1974). In
this paper, however, the popular term absorp-
tion or absorbance is used. As is well-
known (cf. HAX0 and BLINKS 1950) the in
vivo absorption spectrum of Porphyra frond
has in general five representative character-
istic peaks; from shorter to longer wave-
lengths, the first peak is mainly based on
the absorption by chlorophyll a, the second
one mainly by carotenoids and phycoerythrin,
the third one mainly by phycoerythrin, the
fourth one mainly by phycocyanin, and the
fifth one mainly by chlorophyll a.

In vivo absorption spectra of the wild type
and the red type sectors of a variegated
chimeral frond in P. yezoensis are shown in
Fig. 1. These absorption spectra are clearly
different from one the other at wavelengths
where the absorption is mainly due to phy-
ccerythrin and phycocyanin. The red type
sector showed two apparent absorption maxi-
ma approximately at 543 and 568 nm, and a
maximum at 622 nm which is slightly shifted
to longer wavelengths (a shift of about 3 nm)
as compared with the wild type sector which
showed absorption maxima at 568 and 619 nm.

Fig. 2 illustrates the #n vivo absorption
spectra of cultivated wild type and red type
fronds of P. yezoensis. The same charac-
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Fig. 1. In vivo absorption spectra of the red
type (R) and the wild type (W) sectors of a
variegated chimeral frond of Porphyra yezcensis
obtained from a cultivated population.
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Fig. 2. In vivo absorption spectra of the red
type (R) and the wild type (W) fronds of
Porphyra yezoensis obtained from a cultivated
population.

teristic features as seen in Fig. 1 can clearly
be found in these two spectra. In P.
yezoensis fronds subtle changes of color can be
noticed normally in the basal portion ; the basal
portion is light and greenish in color as
compared with the central and upper portions
of the frond. Therefore, we examined the
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Fig. 3. Comparisons of in vive absorption

spectra between the basal portion (lower two
spectra) and the upper portion (upper two spec-
tra) of the wild type (W) and the red type (R)
fronds of Porphyra yezoensis obtained from a
cultivated population.

absorption spectra of various portions of a
frond both with the wild type and the red
type plants and found no difference at all
with respect to the characteristic absorption
pattern as mentioned above, although the
absorbance was usually lower in the basal
portion than in the upper portion. Fig. 3
illustrates the comparisons of absorption
spectra between the basal and the upper
portions of both the same fronds. We also
examined more than 200 red type fronds and
red type sectors of variegated chimeral fronds
of P. yezoensis and confirmed that all of them
had the same patterns of absorption spectra
as the red type shown in Figs. 1 and 2.

In vivo absorption spectra were also com-
pared between the green type sector and
the wild type sector of a variegated chimeral
frond of P. yezoensis (Fig. 4). In the green
type sector the wavelenths and patterns of
absorption maxima were well in accordance
with those of the wild type sector, except
that the absorbance was quite low as com-
pared with that of the wild type sector at
wavelengths of 460-590 nm where phycoery-
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Fig. 4. In vivo absorption spectra of the green
type (G) and the wild type (W) sectors of a
variegated chimeral frond of Porphyra yezoensis
cultured in laboratory.
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Fig. 5. In vivo absorption spectra of the green
type (G) and the wild type (W) fronds of Por-
phyra yezoensis cultivated in a Nori farm.

thrin mostly contributes to the absorption.
Fig. 5 shows the in vivo absorption spectra
of the green type mutant frond and the wild
type frond of P. yezoensis both cultivated in
a Nori farm. The absorption spectrum of
the green type mutant frond had the same
characteristic pattern as that of the green
type sector of the variegated chimeral frond
shown in Fig. 4. The same type of in vivo
absorption spectra were consistently obtained
with all of the investigated green type fronds
both cultivated in the field and cultured in
laboratory.

In Fig. 6 are illustrated the in vivo absorp-
tion spectra of the wild, red and green types
of P. yezoensis fronds which were cultured
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Fig. 6. In vivo absorption spectra of the red
type (R), the green type (G) and the wild type
(W) fronds of Porphyra yezoensis cultured under
the same laboratory conditions.

under the same laboratory conditions; i.e.
the conchospores were collected from free-
living conchocelis on the same day and the
sporelings were cultured under the same
light and temperature conditions using the
same culture medium. As can be clearly
seen, the pattern of absorption spectrum
of each frond was consistent with that of
respective fronds (Figs. 2,3 and 5) obtained
from Nori farms at different periods of the
cultivation season. Thus, it is established
that the difference in color of fronds certainly
exists and can be clearly distinguished ac-
cording to the 7n vivo absorption spectrum
characteristic of each type of color mutants.

From the wild, red and green type fronds
of P. yezoensis we isolated respective car-
pospores and cultured them in laboratory to
obtain respective free-living conchocelis. As
the results, we succeeded to establish the
wild, red and green types of conchocelis
cultures respectively from the wild, red and
green types of fronds. We also succeeded
to obtain cultures of the wild, red and green
types of shell-inhabiting conchocelis in labora-
tory. Differences in color of both the free-
living and the shell-inhabiting conchocelis
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Fig. 7. In vivo absorption spectra of the red
type (R), the green type (G) and the wild type
(W) free-living conchocelis colonies of Porphyra
yezoensis cultured in laboratory.

colonies can easily be distinguished by naked
eyes when the culture conditions were favor-
able. With the different types of free-living
conchocelis colonies we tried to compare the
in vivo absorption spectra.

Fig. 7 illustrates the in wvivo absorption
spectra of the wild, red and green types of
free-living conchocelis colonies of P. yezo-
ensts cultured in the laboratory. In each of
the curves, the absorption characteristics of
conchocelis are consistently in accordance
with those of the respective type of frond
described above. Two different green types
of mutant strains of P. yezoensis are kept
in our cultures of conchocelis, of which one
shows bright green color and the other dim
green color. In the former strain the absorb-
ance at 619nm was higher than that at
568 nm (Fig. 8,C), while the absorbance at
568 nm was slightly higher than that at 619
nm in the latter strain (Fig. 8,F). The
same trends were confirmed to be true in
the absorption spectra of fronds of respective
strain.

From the above-mentioned characteristics
of the /n vivo absorption spectra of fronds
and conchocelis, it is suggested that the red
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Fig. 8. In vivo absorption spectra of the two
green type (C and F) conchocelis of Porphyra
yezoensis cultured in laboratory.

type strain is based mainly on the qualitative
genetic variation(s) of phycobilins while the
green type strain is based at least on the
quantitative genetic variation of phycoery-
thrin. In this context, KIKUCHI et al. (1979)
reported that there are qualitative differences
of phycobilins among the wild, red and green
type fronds of P. yezoensis.

With the fronds cultured during the same
period under the same laboratory conditons,
the contents of chlorophyll ¢ and phycobilins
were compared among the wild, red and two
green type fronds of P. yezoensis. Table 1

Table 1. Contents of chlorophyll a, phyco-
erythrin (PE) and phycocyanin (PC), and
their ratios in the wild type (W), the red
type (R) and the green type (G) fronds of
Porphyra yezoensis cultured under the same
laboratory conditions. Age: 40 days after
conchospore attachment.

Chl.a
(ng/cm?)

PE PC PE PC PE
Chl.a Chl.e PC

Frond
types*

W(C-13) 4.90 33.2 14.0 6.8 2.9 2.4
R(C-22) 4.33 28.3 10.2 6.5 2.4 2.8
G(C-32) 4.48 16.7 9.8 3.7 2.2 L7
G(C-0) 3.8 17.4 11.4 45 2.9 15

* Strain numbers in parentheses.
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shows the results of quantitative determina-
tions of the pigments with the sample fronds
about 40 days after the conchospore attach-
ment. Pigment contents are expressed on
a frond area basis in this table. Chlorophyll
a content differed only slighty, being only a
little lower in the red type and in the green
type. Phycoerythrin content was appreciably
higher in the wild and the red types than
in the green type as expected from the
pattern of the 7n wvivo absorption spectra
described above. Phycocyanin content was
not so greatly different among the three
types, even though it was slightly lower in
the red and the green types.

The ratios of contents of chlorophyll a
(Chl. a), phycoerythrin (PE) and phycocyanin
(PC) were also compared among the three
types of fronds of P. yezoensis (Table 1).
The PE/Chl. a ratio was of course appre-
ciably higher in the wild and the red types
than in the green type. Almost no difference
was found in the PC/Chl. a ratio among the
three types, even though the ratio was
slightly lower in the red type and in a
strain of the green type. The PE/PC ratio
was apparently higher in the wild and the
red types than in the green type.

In Table 2 are shown the results of an-
other quantitative determinations of the pig-
ments on a dry weight basis of the three
types of P. yezoensis fronds cultured under
the same laboratory conditions. Chlorophyll
a content of fronds was highest in the green

Table 2. Contents of chlorophyll a, phyco-
erythrin (PE) and phycocyanin (PC), and
their ratios of the wild type (W), the red
type (R) and the green type (G) fronds of
Porphyra yezoensis cultured under the same
laboratory conditions.

Chl.a PE PC PE PC PE
(% of D.W.) Chl.e Chl.a PC

Frond
types*

W(C-13) 0.63 4.8 2.4 7.6 3.8 2.0
R(C-22) 0.69 51 20 7.4 29 25
G(-32) 0.77 3.9 2.2 51 29 17

* Strain numbers in parentheses.

type frond and lowest in the wild type frond
within a range of 0.63-0.77%. Phycoerythrin
content was almost the same (4.8-5.1%) in
the wild type and the red type frond but
low (3.9%) in the green type frond. Phy-
cocyanin content was not so markedly dif-
ferent (2.0-2.4%) among the three types of
fronds. The PE/Chl a ratio was distinctly
lower in the green type frond than in the
wild type and the red type fronds. The
PC/Chl. a ratio was higher in the wild type
frond than in the red type and the green
type fronds. The PE/PC ratio was relatively
high in the red type frond and relatively
low in the green type frond. Thus, the
trends of the ratios are quite similar to those
shown in Table 1.

In consequence, the wild type is charac-
terized with higher PE/Chl. a and PC/Chl.
a ratios, i.e. higher PE and PC contents
relative to Chl. a content; the red type
mutant is characterized with lower PC/Chl.
a ratio and higher PE/PC ratio, i.e. lower
PC content relative to Chl. ¢ and PE con-
tents; and the green type mutant is charac-
terized with lower PE/Chl. ¢ and PE/PC
ratios, i.e. lower PE content relative to Chl.
a and PC contents.

Fig. 9 shows the in vivo absorption spectra
of the wild, red and green types of P. tenera
fronds cultivated in Nori farms. The char-
acteristic features of the spectra were quite
well in accordance with those obtained in
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Fig. 9. In vivo absorption spectra of the red
type (R), the green type (G) and the wild type
(W) fronds of Porphyra tenera obtained from
cultivated populations.
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P. yezoensis. This suggests that similar
genetic variations occurred in this species
of Porphyra. Details of the mutant strains
of P. tenera remain to be investigated.

The red type strains of P. yezoensis and
P. tenera investigated in the present study
have been cultivated by Nori cultivators in
Nori farms in Japan. The green type strain
of P. yezoensis, on the other hand, was
originally produced in our laboratory from
a variegated chimeral frond with wild type
and green type sectors cultivated in the Nori
farm (KOBARA et al. 1976). The green type
strain of this species is now cultivated com-
mercially by some Nori cultivators in some
districts of Japan. The green type strain
of P. tenera has also been cultivated by Nori
farmers in some districts of Japan. It is
quite interesting to note that our results
clearly show quantitative and qualitative
genetic variations existing in a species of
Porphyra. The characteristic changes in
pigmentation of Porphyra described above
are essentially different from those reported
in Chondrus crispus in the natural habitat
(RHEE and BRIGGS 1977) in the sense that
the latter changes are not genetic. Genetic
studies of the mutant strains of P. yezoensis
have been conducted in our laboratory and
will be published elsewhere.
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FHEWE  ZHRBE: T/ VREEERGOEFRELIRY MLLERER

AY ¥ Y (Porphyra yezoensis) &X' 7 74, Y (P. tenera) i bh b #EE & L OREHAYE
RBTOWT, BRLEESECETIRERELT ot ERER L URREDEERIEARZ AT, E&
LT7 42y vEEIRBRNCEST A EEBRCSWIHRER, #EE, FEATHWThiBRcRR 5858
Bohe@bbhil, Tichd, HAMLXELY, KRERERMA T 530-580 nm Kic 20D € — 7% $ 0%
XBABDY, 74207 =vicks 620nm FEOEEBANHLTLCEHREM~> 7 F LTWBORN LT,
REMWIERETIL 460-590 nm ROWKENE LBV OIEMTH D, AV VERFZOWTBEYEER
LR, BUERKDILIO7 4 2=)R) vEBRBGRETE LB T, %, RA—&HTEREEL
TRV VERGONPERETIY, EREEILDVDOI/ve T 44 ¢ SRIGERTRLEL, BEMTEDL
EL, 74 2=V RY vEBRBARLFER TR LALYRAUTHLY, BARTHLILEL, 74=v7=
VERREEERMCE LV ERNRSbhh ok, FRERERETIE 74397 =2v/27rr7 40 a kHYUE
{, 7 4 A=V RY V7 4 avT=vERIBHWORIH LT, BReRNTEREA&TIIY 423 YVARYVY/ImaT 4
b7 4 3=YVRY /7 42y 7 =V HDHIECOIERTHS, KEEIL7 4, 2 €Y vEROBWLER
K, BEHZ 7,4 23=)R) vOBRHKERCESLLOTHS LIRS, (T 108 HEMBR R 4-5-7
WRUKE K F Y HEE)





