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Field and culture studies of the life history of Porphyra dioica (Bangia]eg

Rhodophyta) from Portugal

RuUr PEREIRA' ¥ ISABEL SOUSA-PINTO'® AND CHARLES Y ARISH®

'CHIMAR. Centre for Marine and Environmental Research, Rua dos Bragas 177, 4050-123 Porto, Portgal
“Borany Department of the Universiry of Porto, Rua do Campo Alegre. 1191, 4150 Porto, Portugul

‘Department of Ecology and Evolutionary Biology, University of Connecticut, One Universiry Place, Siamjord, ¢

06901-2315, USA

R. Pereira. 1 Sousa-Pinto anp C. Yarisit 2004, Field and culture studies of the life history of Porphvra divoica (Bangiales,
Rhodophviay from Portugal. Phyveologia +3: 756-767.

Aspects of the life history of Porphyra dioica collected in Porto, Portugal. were investigated under laboratory and field
conditions. This is one ol the most common Porphyra species on the north coast of Portugal and can be found throughout
the year. Field studies showed higher percentage cover trom 23% to 66%, from February to May in 2001 and 2002,
compared to other times of the vear. The cffects of temperature. photon flux density (PFD) and photoperiod on growth and
reproduction were fested. Zvgotospores germinated fastest at 15°C and a PFD of 25 prool photons m " s Growth rate of
the conchocclis was more affected by temperature than by photoperiod. In the three photoperiods tested. growth rate was
maximal at 15°C. under 25-75 umol photons m~* 57" Conchosporangium formation was greatest at 15°C, 23-75 pmuol
photons m ¢ s light and short-day, 8:16 h light—dark conditions. In all conditions tested. conchosporangium formation
was almost nonexistent in tree-floating conditions. Optimal conditions tor conchosporangium maturation (15°C. 8:16 h
light—dark and 5-25 pmol photons m™= s ) also promoted spore release after 18 weeks. Aeraiion appeared to be crucial for
normal blade development. No archeospores were observed. Preliminary findings ot the conditions for growth of the ga-
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metophyte stage are also discussed.

INTRODUCTION

Porphyvra C. Agardh s a well-known seaweed genus due to
us value as an aquaculture crop (Hanisak 1998). According
to data from the Food and Agriculture Organization of the
United Nations. production of Porphvra in 2001 was valued
at 1.2 billion US dollars (FAO 2003). Demand for Porphyra
products. either as food or as commercial source of the red
pigment r-phycoerythrin. appears to be growing (Levine 1998;
Yarish er al. 1998), and a program is currently underway in
New England (USA) to promote the domestication of indig-
enous Porphyra species for commercial cultivation (Yarish ef
al. 1998, 1999).

Since Drew’s (1954) classical work, many studies have
dealt with the life histories of different specics of Porphyra
(e.g. Bird er al. 1972; Lewmanomont & Chittpoolkusol 1993;
Notoya & Magaura 1998: Notoyva & Miyashita 1999). Differ-
ent species have different requirements to complete their life
cycles and to optimize growth and reproduction. The main
triggers for life cvcle events are temperature, photoperiod and
photon flux density (PFD) (Krishnamurthy 1969; Kapraun &
Lemus 1987; Waaland er afl. 1987; Lewmanomont & Chitt-
poolkusol 1993: Nam-Gil 1999).

With our current understanding of this genus. we believe
that there are at least five Porphyra species growing along the
Portuguese coastline (Ardré 1970; South & Tittley 1986; Bro-
die & Irvine 1997). Porphyra dioica Brodie & Irvine is one
of the most common and. because it can be found throughout
the vear, it may be a good candidate for aquaculture devel-

* Corresponding author (rperetra@cimar.org).
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opment. Porphyra dioica was described (Brodie & Irvine
1997) as differing from P. purpurea (Roth) C. Agardh in be-
ing dioecious and forming packets of 8 zygotospores and 64
spermatangia, whereas P. purpurea is monoecious (male and
female regions separated by a distinct line) and tvpically has
packets of 16 zygotospores and 64128 spermatangia. Anoth-
er distinctive characteristic is the distribution ot the reproduc-
tive cells: along the margins in P. dioica and scattered in P.
puipurea.

This paper describes some aspects of the population dynam-
ics of the gametophyte and the effects of environmental con-
ditions on zygotospore (sensu Nelson er al. 1999) germination
and on growth, phenology and reproduction ot the conchocelis
phase of P. divica. The objective of this study was to provide
basic knowledge of the biology of a Portuguese Porphyra that
may be useful for future aquaculture development.

MATERIAL AND METHODS

Field study

A population of P. divica was monitored during 2 vears, in
an area 20 km north of Porto, Portugal (41°19'37"N.
8°45'40"W). The percentage cover and the presence of repro-
ductive individuals were assessed monthly, between February
2000 and May 2002, in 13 quadrats of 0.25 m? each. fixed t©
the rocky substrate. Biomass was estimated based on the
weight of the material collected in 10 quadrats of 0.04 m’
each. The site was selected based on previous observations
that a persistent bed of Porphyra existed in the area.

@



Pereira et al.: Life history of Porphyra divica (Rhodophyta) trom Portugal 73

Zveotospore isolation

Female specimens of P. dioica were collected from the coast
at Porto 417 10'N, 8°59'W) in September 2000. The surtace
of the blades was cleaned gently with a cotton ball using ster-
iJized seawater. Small areas of reproductive tissue were ex-
cised and placed in Petri dishes with Von Stosch’s modified
(Ot 1963) enriched medium (VSE) plus 4 mg 1! germanium
dioxide (GeO-) (within the range suggested by Lewin 1966),
and left overnight at 15°C, 25 pmol photons m™ s~! and a
12:12 h light—dark cycle. Light sources used in all experi-
ments were cool-white fluorescent tubes. Liberated spores
were transtferred to new Petri dishes (100 mm diameter) con-
taining VSE.

Germination experiments

Zygotospores were collected with a modified Pasteur pipette
(the tip was drawn thinner in a Bunsen burner flame) and
distributed into Petri dishes (60 mm diameter) at 25 and 75
pmol photons m~* s and at 3°C. 10°C, 15°C and 20°C, all
at 12:12 h light—dark. Three replicate plates per condition
were obscrved periodically (daily until day 12 and then every
2-3 days). and the number of zygotospores germinating within
the first 50 random spore observations was recorded. The per-
centage of germinating zygotospores through time was cal-
culated and analysed statistically with ANOV.A (Rohlf & So-
kal 1981). A post hoc analysis based on the ANOVA results
was done with Student—Newman—Keuls (SNK) test to assess
differences between temperatures (Rohlf & Sokal 1981). An
o equal to 0.05 was used for all the tests.

Conchocelis growth experiments

Conchocelis colonies derived trom a single strain (PD2-1. Ma-
rine Biotechnology Laboratory. UCONN) were placed in 0.5
litre Hasks with VSE and gently aerated, under 15°C, 30 = 3
pwmol photons m * s7' and a 12:12 h light-dark cycle for 4—
5 weeks to increase biomass. This strain originated from a
single zvgotospore from material collected in Porto, as de-
scribed in the zygotospore isolation procedure. For these ex-
periments. conchocelis were ground. using a comumon kitchen
grinder, and passed through screen filters. The resulting fila-
ments, between 50 and 70 pm in length, were suspended in
seawater. One muililitre aliquots of this mixture were inocu-
lated into cell weils (6 well with lid; Corning, Acton, MA,
USA) containing 10 ml of VSE and placed under different
combinations of Hght (25 or 75 pmol photons m * s7%), tem-
perature (3°C. 10°C, 15°C or 20°C) and photoperiod (16:8 h.
12:12 h or 8:16 b light-dark). The medium was changed
wecekly.

The growth of conchocelis under the experimental condi-
tions was recorded weekly, as an increase in the area («). Area
was estimated using the formula:

N2

+ ”1 D
@ =2 x Z (—3)

n i=1 2

This formula is based on the area of a circle. where the ray
(1D./2) is obtained from the mean of two perpendicular diam-
eter measurements tor each conchocelis tuft (D).

The area values were used to calculate specific growth rates
(). as the mean percent increase per day, using the formula:

o= (Ln(e/oyy < 100/

where o, and o are the conchocelis area at the end and at the
beginning of the experiment, and t is the number of davs. This
formula (DeBoer er al. 1978), which assumes that growth is
exponential, was also used by Chopin er al. (1999) and Stekoll
et al. (1999) for conchocelis growth rate measurement.

The growth rates were analysed using a three-way ANOVA
to assess differences between the three factors and possible
interactions. For this analysis, the growth rate value from
week 2 to 4 of each replicate was used because the first week
was considered an adaptation period. The growth rates for 5°C
were not used because growth under short-day conditions was
not tested at this temperature, and this would cause an asym-
metry in the analysis. A posr hoc analysis was pertormed us-
ing the SNK test for differences between temperature and be-
tween photoperiod treatments (Rohlt & Sokal 1981). An «
equal to 0.05 was used for all the tests.

Conchosporangia formation and conchospore release

The filaments grown under the conditions described above
were also monitored for conchosporangium formation and
conchospore release. The number of conchocelis with con-
chosporangia. within the first 30 randomly observed concho-
celis in each well, was recorded weckly. The percentage of
reproductive conchocelis was calculated. Simultaneously. veg-
etative conchocelis tufts from several conditions were trans-
ferred to different environmental conditions. Several combi-
nations of changes in temperature, photoperiod and PFD were
tested for conchosporangium formation and maturation. For
these purposes. a PFD of 5 pmol photons m~2 s
tested. These conchocelis were also followed weekly for con-
chosporangium formation. Simultaneously, some gently aer-

wus also

ated cultures. maintained as a source of inoculum for other
experiments. were also followed for conchosporangium for-
mation.

The ability of the conchospores to attach to nets tvpically
used in Porphyra cultivation was also assessed. Pieces of syn-
thetic string were added to the cultures with mature conchos-
porangia. and the attachment of the conchospores was con-
firmed by observation using a dissecting microscope.

RESULTS

Field observations

Porphyra divica can be found on the rocky shores of the north
coast of Portugal throughout the vear. It is often attached to
a rocky substrate in the eulittoral zone above the area with
species of Fucus Linnaeus and below that of P. wmbilicalis
(Linnaeus) Kiitzing, but may be found dispersed among these
other algae. During the period of study. P. dioica revealed an
amazing capacity to tolerate periods of sand cover lasting sev-
eral days. The severity ot these episodes sometimes prevented
the assessment of percent cover (Fig. 1), when the quadrats
were completely buried. That was the case in March and May
2000 (the value for May 2000 is based on only one quadrat).
Nonetheless. the algae subsequently reappeared in high den-
sities. From February 2001 until May 2002 the percentage
cover of P. dicica in Mindelo (20 km north ot Porto) runged
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Fig. 1. Percentage cover of Porphyra dioica on Mindelo beach. 20 km north of Porto.

to the rock.

from 153% to 66%. corresponding to 80-714 g fresh weight
m -, being higher during spring months (Fig. 1). Male and
female individuals were found in the population all vear long.

The morphological characters of the specimens from which
strains were isolated for life history studies are presented in
Tuble 1 and Figs 2-9. The specimens had morphological and
cytological characters that, in geperal. matched the description
of this species (Brodie & Irvine 1997). However, the diameter
of vegetative cells of the Portuguese plants ranged from 9.9
to 21 um compared to the 10—16 um recorded by those au-
thors. The zygotosporangium packets were larger in the spec-
imens used in this work, 4048 pm X 24-36 wm in surface
view, vs the 19-22 pm X 17-20 pm of Brodie & Irvine
(1997). Species identification was confirmed by Chris Neefus
using restriction fragment length polymorphism assay com-
parison, as described by Teasdale er al. (2002).

Bars represent £ = 5. of 9-12 0.25 m? quadrats. affixed

Zygotospore germination

The germination rates of the zygotospores were higher at 13°C
and 20°C than at other temperatures, regardless of the PFD
{25 or 75 wmol photons m~ s7'; Fig. 10). According to the
ANOVA using germination data from day 20, there was no
significant difference between 25 and 75 pmol photons m
st (P > 0.05) nor was there any interaction between light
and temperature. On the other hand. there was a significait
difference between temperatures (P < 0.01). The SNK test
showed that there were differences in germination between 3—
10°C and 15-20°C but not within these temperature pairs.
The change in germination rates through time (Fig. 11)
combines data from 15°C and 20°C and compares only the
two PFDs (because there was no difference in the germination
rates between these two temperatures). At 25 pmol photons

m~ s~ 40% germination was recorded on the third day.

Table 1. Morphological characters of P. dioica specimens collected in Porto, Portugal.

Vegetative Female Male
thallus thallus thallus
Thallus thickness (pum) 1 cell layer: 52-63 63-76 70-74
Cell size in surface view (um) 10-21! 12-18 X 18-242 473
Cell height in cross section (pm) 38-39 10-24 =75
Cell length in cross section (wm) 12-15 8-22 7-9
Arrangement 2 X2X2 2 X4 x8

Packet size in surface view (um)

24-36 X 4048

13-17 X 20-25°

"Minimum and maximum cell lengths observed in cells in the centre of the thallus, away from the margins with reproductive or growing

areas. Cells have mrregular shapes.

* Minimum and maximum length and height of the cells in surface view. Cells are square to rectangular.

* Minimum and maximum diameters. Cells are round.

Minimum and maximum packet length and height in surface view. Packets are slightly rectangular.

* Minimum and maximum packet length and height in surface view. Packets are rectangular.



Figs 2-9. Morphology of Porphyra divica from Porto. Portugal. Scale bars = 20 pm (Figs 4-6, 8, 9) or 40 pm (Figs 3., 7).

no

Fig. 2. Mature female specimen.

Fig. 3. Cross section of vegetative area showing one cell layer.
Fig. 4. Surface view of vegetative cells.

Fig. 5. Surface view of spermatangia.

Fig. 6. Cross section of spermatangia.

Fig. 7. Cross section of zygotosporangia.

Fig. 8. Surface view of zygotosporangia.

Fig. 9. Zvgotospore.

However, these high germination rates declined during the fol-
lowing days and, on the eighth day. were not significantly
different (P > 0.05) from those at 75 pmol photons m~% s~!.
At 75 umol photons m=2 57!, only after 11-15 days was ger-
mination higher than [0% (Fig. 11). At 20°C and 25 pmol
photons m™ s”!. germination levels of 90% were achieved
after 22 days (data not shown), although this value is not
significantly different from the one at 15°C and the same PFD
(P > 0.05). At higher PFD, levels of 90% germination were
recorded only on day 30.

The influence of temperature on germination was also con-
firmed through transferring zygotospores to ditferent temper-
atures. At 25 pmol photons m ? s7f, zygotospores initiaily
grown at 5°C and 10°C were transferred to 20°C on day 22.

This caused an increase in the germination rate up to 60%
and 89%, respectively, on day 30. This indicates that temper-
atures as low as 5°C, below those recorded in Portuguese
coastal waters, are not lethal tor zygotospores at least for up
to 22 days of exposure.

Conchocelis growth

Well-developed conchocelis tufts were regenerated, in all con-
ditions, starting from mostly single unbranched filaments 50—
70 wm in length. No protothalli were produced. No occurrence
of neutral conchospores or conchocelis archeospores (sensu
Nelson er al. 1999) was noted. The cells of the filament were
usually 7.5 £ 2.4 um (actual range) in diameter and 76.6 =



760 43 (6). 2004

Phyeologia, Vol

100 -

I

80

[

60

1

40

20

Percentage of germi‘nat‘on

10

Fig. 10. Porphyra dioica. Percentage germination of zZygotospores after
75 pmol photons m~* $79). Germination calculated from the first 50 random observations of s

and light intensities (M, 25; O

S

represent x50

7.4 pm long. and no differcnces in these characters were noted
under any of the growth conditions. On the other hand. the
conchocelis produced many more ramifications when grown
at 15°C and 20°C, regardless of the photoperiod and PFD.
While the conchocelis at 5°C did not grow much until the
fourth week. those at 10°C grew well but were less branched
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weeks. The conchocelis at 10°C then acquired a morphology
similar to the conchocelis at the higher temperatures.

The average growth rate of the conchocelis was higher ar
15°C in all photoperiods, independent of irradiance tesred

20

Time (days)

under neutral-day conditions as a function of
bservations, 6 replicates per condition. with
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Fig. 12. Porphyra dicica. Growth rates of conchocelis under a combination of photoperiods. PFD and temperatures. L, N or S stands for 16:8
h. 12:12 h or 8:16 h light—dark cvcles, respectively: 03, 10, 15 or 20 stands for the temperature in “C: L or H stands for low-light (23 pmol

photons m ™" 57 or high-light (75 pmol photons m™= 5 ). respectively. Bars represent ¥ = s, 2 = 6, after 21 days in culture.

(Figs 12, 13). At 15°C and 20°C, the average area increase es between temperatures (P < 0.001) and berween photope-
was always more than 209% day™'. regardless of the photo- riods (P < 0.05) but not berween the two PEDs tested (P >
period. During the same period. for 10°C and 5°C, the maxi- 0.05), and there were no interactions between any of the fac-
mum mean growth rates recorded were 18.1% and 6.7%, re- tors. The SNK test revealed that growth rates at 5°C were
spectively. clearly ditferent from those at all other temperatures. In re-

According to the three-way ANOVA, there were differenc- spect to photoperiod, the SNK test detected a ditference be-
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Fig. 13. Porphyvra dicica. Average growth rates of conchocelis under a combination of photoperiods, PFD and temperatures. L. N or S stands

for 16:3 h. 12:12 h or 8:16 h light—dark cycle, respectively: dots represent £ = s, n = 12, after 21 days in culture.
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Figs 14-21. Details of different stages in the life cycle of Porphyra divica in culture. Scale bar = 20 wm (Figs 14, 13, 18-20), 40 pm (Figs

16, 17y or 30 um (Fig. 21).

Fig. 14. Conchosporangial branch arising laterally from a vegetative filament, after 8 weeks at 13°C and 25 pmol photons m 2 s~ under 8:

16 h light-dark.

Fig. 15. Conchosporangial branch formed from the apical cell of a vegetative filament: same conditions as Fig. 14
Fig. 16. Conchosporangial tuft tormed by conchocetis growing on shell.
Fig. 17. Conchosporangial tuft formed by conchocelis growing on the surface of a Petri dish.

Fig. 18. Detail of conchosporangial cells.
Fig. 19. Released conchospores.

Fig. 20. Young thallus atter 3 days at 15°C and 25 wmol photons m~" s ' under 16:8 h light-dark.

Fig. 21. Blade after 3.5 weeks.

tween growth rates at 8:16 h light—dark in relation to those
at 12:12 h light—dark. but not between 12:12 h light—dark
and 16:8 h light—-dark. nor between 8:16 h light-dark and
16:8 h light-dark.

Conchosporangium formation and conchospore release

Conchosporangial branches can torm either from the apical
cell of a vegetative filament or laterally from cells in the mid-
dle of a vegetative filament (Figs 14, 15). The morphology of
the  conchosporangial tufts differed depending on the sub-
strate. Those growing on shells were not as branched (Fig.
16) as those attached to the bottom of Petri dishes (Fig. 17).

The conchosporangial branches in the P. divica conchocelis
were 20 = 1 um in diameter. In lateral view, the cells were
square to rectangular (up to 37.8 pm long) when immature
(Fig. 18). Released conchospores were 20 = 2.5 pm in di-
ameter (Fig. 19) and germinated to form new thalli. The
voung blades were approximately 53 pum long after 3 days
and more than 300 pm long after 3.5 weeks (Figs 20. 21).
Conchosporangia were formed mainly in nonaerated cul-
tures but also in aerated cultures with attached conchocelis.
In aerated cultures with free-tloating conchocelis. some larger
cells were observed, but they never formed typical conchos-
porangia. In stationary cultures, the first conchosporangia



Conchocelis with
conchosporangia
(%9

Fig. 22. Porphyra dioica. Percent conchocells with conchosporangia aster 7 {white columns) and 13 weeks (dark columns) in culture. under a
combination of photoperiods. PFD and temperatures. L, N or § stands for 16:8 h. 12:12 h or 8: 16 h light—dark cycles. respectively: 03, 10.

13 or 20 stands for the temperature in *C: L or H stands for low-light (25 pwmol photons m™* s™') or high-light (75 pmol photons m= s7".
respectively. Columns represent the average of six replicates in each condition. using the first 30 random observations in each replicate.

were observed 6 weeks after germination of the zvgotospores.
at 13°C. 8:16 hand 12: 12 h light—dark, but also at 20°C. 12:
12 h and 16:8 h light—dark. However, after 135 weeks, it was
clear that the higher frequencies of conchosporangium for-
mation were achicved at 13°C and 8: 16 h light-dark, without
significant difference between the two PEDs (Fig. 22). Under
these conditions, around 77% and 839% of the conchocelis
formed conchosporangial branches at 25 and 75 pmol photons
m *s /, respectively. In 12:12 h light—dark. at 10°C the fre-
quencies were around 38% for both PFDs, whereas at 15°C
the frequencies were 629% and 22% for 25 and 75 pmol pho-
tons m~2 s7L, respectively.

At 20°C and 8:16 h light—dark. the frequencies recorded
were not reliable. In these conditions we experienced prob-
lems with contaminants that prevented normal development

of the conchocelis. The 16% value for 20°C and 8: 16 h light—
dark at 25 pmol photons m = s7! is based on only one of the
six replicates.

There is a clear difference in the frequency ot conchospor-
angium formation when the conchocelis were transferred to
an 8:16 h light—dark cycle. in relation to those transferred to
a 12:12 h or a 16:8 h light—dark cycle (Table 2). In the
transfers to or within an 8:16 h light-dark cycle, only the
ones moved from 15°C o 10°C did not produce any conchos-
porangia. At 20°C, conchocelis transterred from a 12:12 h to
an 8:16 h light-dark cycle formed conchosporangia with a
frequency of 36.6% after 12 weeks. A very low percentage
(15% or less) of conchocelis tormed conchosporangia when
transferred to 12:12 h light—dark. This frequency was even
smaller when the conchocelis were transferred to a 16:8 h

Table 2. Frequency of conchocelis with conchosporangia 12 weeks after transfer of 4.5 week old cultures to different photoperiods. temperatures
or both. Values are the means of two replicates for ecach new condition. and frequency is based on the first 30 random observations. N. S and

L, 12:12 h, 8:16 h or 16:8 h light-dark cycles. respectively; 10, 15 and 20. temperature in "C; L and H, 25 and 75 wmol photons m"? s

respectively.

1

From N to (or within)
short-day

From N to (or within)
long-day

From L or S to (or within)
neutrai-day

Origin New % Origin New %o Origin New %
N15L S15L 11.6 NI5L LI5L 0.0 S15L N1ISL 0.0
N20H S15H 35.5 Li5H Li5L 0.0 LIsH N15L 0.0
S20H S15H 20.0 NIsL L1i5H 0.0 S15L NI5H 6.6
SIS0 S10L 0.0 Ni5H L15H 0.0 S15H N15H 1.6
N20H S20H 36.6 NIsH L20H 0.0 L1ISH NI15H 6.6

L15H L20H 0.0 N20H NI15H 15.0

N20OH L20H 1.6 N10H N15H 5.0

NI5L N10L 0.0

NISH N20H 0.0

Average 20.7 Average 0.2 Average 3.3
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Table 3. List of other conditions tested but which did not produce
conchospore release. All transferred conchosporangia were 10 weeks
ald and were formed at 13°C, 8: 16 h light-dark and 25 pmol photons

m- s

PFD
(pmol

Tempera- Photoperiod photons Time

ture (°C:  (h light=dark) m=-sh Acration (weeks)
10 8: 16 25 no 6.6
10 816 5 no 4.6
10 12:12 25 no 6.6
10 12:12 25 yes 6.6
10 12:12 3 ves 4.6
10 2:12 10 no 4.6
15 3:16 25 no 6.0
15 12:12 23 no 0.6
13 12:12 25 ves 6.6
13 2:12 5 no 4.6
15 2:12 5 ves 4.6
20 S:16 25 no 6.6
20 8:16 10 no 4.6
20 8:16 25 ves 6.6
20 12:12 23 no 6.6
20 12:12 25 yes 4.6

light -dark cycle. It is interesting to note, however, that the
only changes in cultures twansferred to 15°C and a 12:12°h
light—dark cycle were observed at 75 pmol photons m= s7h
These cultures were originally at the same temperature but
different photoperiods or under the same photoperiod but at
different temperatures. The same transfers but to 25 pmol
photons m"? 5™+ did not produce any conchosporangia. These
results are different trom those observed in cultures not sub-
jected to any change in conditions. where there was no dif-
ference between the two light intensities. In any case. in the
cultures transferred to or within neutral-day, the highest fre-
guency of conchocelis with conchosporangia was only 15%.

Conchospores of P. dioica (Fig. 19) were first released. af-
ter 18.1 weeks, only at 15°C and an 8:16 h light-dark cycle.
These conchocelis were maintained at 5 wmel photons m *
51 for 9 weeks. followed by an increase in light and the in-
troduction of aeration. Although the conchosporangia were
formed under 25 and 75 pmol photons m™ s7%, a period of
9-10 weeks under 5 pmol photons m™= s~! seems to promote
faster maturation of the conchospores and release even with-
out aeration. Conchosporangia transferred back to 25 pmol
photons m~ s~°. after 9 weeks at 5 pmol photons m™ s7',
also released spores at the same time or slightly sooner if
aerated.

When the conchosporangia were transferred from 15°C, 8:
16 h light—dark and 25 pmol photons m > s7' to other con-
ditions, only the ones at 10°C, same photoperiod and light.
released spores and generated blades. No released spores were
observed in any of the other conditions tested {Table 3).

Conchosporangia maintained at 15°C, 8: 16 h light—dark. 25
wmol photons m™ s~! and aerated released spores that at-
tached to the bottom and walls of the flask and formed young
blades (Figs 20, 21), first visible 21.6 weeks after the begin-
ning of the experiment and 4.6 weeks after aeration was start-
ed. Young blades were also visible in cultures transferred from
15°C to 10°C. still in 8: 16 h light—dark and 25 umol photons
m~2 57!, with aeration. 6.6 weeks after the transfer and the
start of aeration. Under these conditions the exact timing of

the spore release was not determined. The conchocelis were
free-floating in 1 litre flasks, and released conchospores weype
never observed. We assume that the release occurred betweey
the 18th and 20th weeks in culture and around 3 weeks afier
the beginning of aeration.

Another option for spore release is to use the conchospor
angia produced in 13°C and 12:12 h light-dark. These cy-
tures had mature conchosporangia after 19 weeks and releaseq
conchospores, but only 1-2 weeks after transfer to 15°C o
10°C and 8:16 h light-dark. Optimal conditions for the
growth and reproduction of the conchocells stage are sum-
marized in Table 4.

Young blades were not obtained from the spores released
at 15°C. 8:16 h light—dark, 5 and 25 pmol photons m~* s-
and not aerated. Only two spores were observed germinating
under each of these conditions, but none of them dcvelopeé
into a macroscopic blade. Conchospores transferred from 25
to 75 wmol photons m~ s° !, within that same photoperiod. as
well as conchospores transferred from 8:16 h to 12:12 h
light—dark, 25 and 75 pmol photons m™* s ', always at 15°C
and kept without aeration, did not germinate.

Conchospores attached to synthetic string commonly used
for nori cultivation, as well as to PVC tubing and glass. Ger-
mination and subsequent formation of gametophytes occurred
on all three substrates. No archeospores or any other kind of
asexual spore (seasu Nelson er al. 1999) were produced by
the young blades in culture.

DISCUSSION

The germination rate of the zygotospores of P. dioica, under
neutral-day, is higher at 15°C and 20°C. Despite the clear ad-
vantage of the use of temperatures between 15°C and 20°C.
the growth rate of the conchocelis at 10°C cannot be neglect-
ed. Conchocelis cultivated at 10°C grow and acquire normal
morphology. although slowly. and the conchocelis initially
have fewer ramifications than the ones grown at higher tem-
peratures. The results also show that 5°C delays. but does not
stop, growth of the conchocelis after a period of acclimation.
The conchocelis can even continue to grow during the first
week after being transferred. This indicates an acclimation
capacity to temperatures below those that are usual in Portu-
guese coastal waters.

Germination rates of zygotospores were independent of the
PFD, after 20 days, within the range tested. Although the first
impression is that the lower light promotes faster germination.
the high germination values after only three days rapidly de-
cline. After 1 week, the difference between the two light lev-
els is not significant. This variation is probably explained by
the death of some of the first spores to germinate. Despite
this. 25 wmol photons m ? s°' should be preferred over the
higher irradiance for zygotospore germination and isolation of
conchocelis. Besides the energy saving, which may not be
critical at the laboratory level but is important at larger scales,
conchocelis at 25 pmol photons m~=* s~! were generally more
pigmented.

This result shows that the conchocelis of P. dioica does not
require high PFD, as was observed in other Porphyra species.
Waaland et al. (1990) found that the conchocelis of . ab-
bortae V. Krishnamurthy, P. nereocystis C.L. Anderson. £
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tfallax S.C. Lindstrom & K.M. Cole (as P. perforata J. Agardh:
Lindstrom & Cole 1990), P. pseudolanceolata V. Krishna-
murthy and P. rorta V. Krishnamurthy, from Washington
State, USA, all grew well from 5 to 100 pmol photons m~-
s~!, with growth light-saturated at 5 wmol photons m= s~} in
some cases. In species like P. amplissima (Kjellman) Setchell
& Hus [as P. miniata (C. Agardh) C. Agardh; Lindstrom &
Cole (1993)], the conchocelis also displays a wide tolerance
to light intensities, growing from 200 to 5000 lux — equivalent
to ¢. 3.6-90 pmol photons m™= s~ {Chen er al. 1970). An
interesting case is that of the conchocelis of P. abbortae. Ste-
koll er al. (1999), using a culture from Alaska. reported
growth inhibition in light over 40 pmol photons m™ s7F at
15°C or higher, whereas the conchocelis from the same species
collected in Washington was found by Waaland er al. (1990)
to show good growth in the range 10-15°C and 3-100 pmol
photons m™* 57!, The only difference between the two cultures
was their origin. This example emphasizes the need for in-
dependent investigations of species collected from distant lo-
cations and probably adapted to local conditions.

There are not many studies that compare conchocelis
growth under different photoperiods. The gametophytes of
most Porphvra species are seasonal. and the conchocelis
phase typically occurs during the opposite season or during
the scason that precedes the gametophyte season. Therefore.
previous research has usually focused more on temperature
and other factors. using photoperiod only to trigger spore tor-
mation and release (e.g. Chiang & Wang 1980: Waaland er al.
1990; Lewmanomont & Chittpoolkusol 1993; Nam-Gil 1999:
Stekoll er al. 1999). Due to the vear-round presence of the
gametophytes of P. dioica, we were interested in finding out
what happens to the sporophyte under different photoperiods.
The conchocelis of P. divica showed growth rates higher than
20% day~* in all photoperiods between 15°C and 20°C and
grew also between 5°C and 10°C. This result suggests that the
conchocelis of P. divica can be present throughout the year
on the north Portuguese coast. Notoya & Miyashita (1999)
found a similar result for P. moriensis H. Ohmi., which grew
equally well at 10: 14 h and 14: 10 h light-dark cycles at 15—
25°C, and survived from 5°C to 25°C.

In regard to conchosporangium formation and release. 1t is
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possible to find species with very specific requirements: on
the other hand, there are others that form conchosporangia in
a wide range of conditions and others that need a sequence
of changes in conditions. The main factor is photoperiod, al-
though a more or less specific combination of temperature and

[V

Temperature (°C)

10% and 15

wy
irradiance is required, depending on the species. Species like
P. abbortae, P. fallax (as P. perforata). P. pseudolanceolata
and P. nereocystis (Waaland et al. 1990) all respond to pho-
toperiod but have different temperature and light require-
ments. Porphyra abbottae produces conchosporangia from 5
to 300 wmol photons m~ s7! but needs temperatures between
12°C and 15°C. Porphvra nereocystis, on the other hand, is
less temperature-specific, needing 10-13°C, but requires ex-
actly 10 wmol photons m ™ s !. Other species, like P. torta
(Waaland et al. 1990), P. columbina Montagne (Avila er al.
1986) and P. leucosticra Thuret (Sidirelli-Wolff 1992) respond
to two different photoperiods. An interesting species, which

curred only in nonaerated cultures or in cultures acrated but with the conchocelis attached to glass or to shell.

C

X

shows a total absence of response to photoperiod for con-
chosporangium formation. is P. angusia Okamura & Ueda
(Chiang & Wang 1980). This species has a frequency of con-

Growth of conchocelis

Conchosnore release
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chosporangium formation of 100%. or very close to it, as tong
15 cultures are at 27-29°C. but no information is given on the
requirements for conchospore release.

Porplivra divica is able to form conchosporangia in all pho-
toperiods tested, from L0°C 1o 20°C and from 25 to 75 pmol
photons m™ s~ *. always without aeration. No conchosporangia
were observed in aerated cultures with free-floating concho-
celis. This result is hard to explain because, obviously, there
are no still waters in the natural habitat. On the other hand,
conchocelis aerated while attached to the flask or to pieces of
<hell. and therefore not free-floating, did produce conchos-
porangia. There arc other reports of species that rarely, if ever,
form reproductive structures if the plants are not attached
(Lobban & Harrison 1994). Norton & Mathieson (1983) reject
the lack of a fixed orientation as the cause for this infertility.
Instead they sugeest, among other possibilities. that unat-
tached seaweeds become locked into a juvenile stage in which
thev are unresponsive to the environmental factors that typi-
callv would trigger reproduction.

The trequencies of conchosporangium formation obtained
under neutral-day. 10°C and 13°C should not be neglected.
Although conchosporangium formation is not very condition-
specific. maturation and release occur preferentially under a
combination of short days and 15°C. This is also the condition
that produces more conchosporangia, thus making photoperi-
od and temperature important factors. The observations during
this study suggest that the kind of culture (free-tloating or
fixed) and substrate influence the frequency of conchospor-
angium formation and also maturation and release. Typical
conchosporangial branches and clearly mature conchospor-
angia were never observed in free-floating cultures. Moreover.
conchocelis grown on shells seem to produce more conchos-
porangia than those grown on glass. This is based on simple
observation. and no quantitative data arc available at present.
Further studies are needed, specifically designed to understand
the possible interactions between the kind of substrate, water
motion and the frequency of conchosporangium formation.

The different branching patterns of the conchosporangial
tufts are probably related to the direction from which the fil-
aments receive light. Filaments growing attached to shells
were clearly less branched than those attached to class, as
mentioned earlier. The filaments growing on glass receive
light from all directions except from below, whereus the ones
on the shells seem to grow towards the light, received mainly
from above. However, we have no explanation as to how light
direction affects branching.

Besides temperature and photoperiod, light intensity plays
an important role in maturation of the conchospores. Our re-
sults show that a period of 9 weeks at 5 pmol photons m-
s~! promotes maturation and release of conchospores. This
happens without water movement, apart from that unavoid-
ably caused by handling the cultures. Conchospores also ma-
wred and were released in the cultures at 25 pmol photons
m > s-¢ when aeration was provided.

Blades were only obtained at 10-15°C with aeration. The
temperature range for blade formation agrees with that found
on the north coast of Portugal during the months of higher
abundance of gametophytes in the field, i.e. February w April.
The first attempts to grow blades showed that they grew under
all three photoperiods. at least at 15°C.

The wide tolerance of the zygotospores and conchocelis to

the range of temperatures tested allows for the occurrence g
conchocelis throughout the vear. just as happens with the gy
metophytes. However, a continuous production Of spores gy
constant renewal of the gametophyte population is unlikely 1o
oceur. Besides the fact that the presence of the conchocelig
phase in nature has not been confirmed by us. conchospore
release in the laboratory required a particular combination of
temperature, photoperiod and PFD. These observations pre.
clude the possibility of a constant renewal of gametophytes in
nature. Our fieldwork also shows that there is a clear increase
in the population during winter and early spring months. With
a constant renewal of the population, we would expect per-
centage cover to be more stable throughout the year. On the
other hand, the fact that we were able to grow blades under
all three photoperiods supports the idea of a possible continual
renewal of the population. The possibility of a constant re-
newal of the population, maybe with different intensines
through the year, cannot be excluded. Holmes & Brodie
(2004) also reported the occurrence of P. dioica throughout
the year at Sidmouth Bay (Devon, UK), with young blades
present during all seasons, suggesting a constant renewal of
the population. In their study, the highest proportion of indi-
viduals that were << 1.00 g wet mass was recorded in Febru-
arv. This agrees with the period of increase in percentage
cover (late winter to spring months) in our study. preceded by
the period in which natural conditions matched those that re-
sulted in conchospore release in the lab.

One explanation for the presence of gametophytes In natuve
all vear long could be the formation ot archeospores or otker
kind of asexual spore, although such spores were never ob-
served in the laboratory. Nor is there, to our knowledge. in-
formation on how long gametophytes can ast in nature. From
our experience, blades produced in the lab grow for several
weeks (or up to 2 months). and then reproduction is followed
by disintegration.

In conclusion. our results show that the main factor con-
trolling the growth of conchocelis is temperature, assuming
that nutrients are not limiting. Conchosporangia production by
P. dioica requires a combination of short days at 15°C, with-
out aeration, and the release of conchospores is promoted by
a period of time under very low light. Aeration is also crucial
for the germination of the conchospores and production of
biades.

One of the key factors for the success of Porphyra culti-
vation is the establishment of a constant and readily avaiiable
supply of ‘seedstock’ of juvenile organisms (Yarish er al.
1998, 1999). The simplicity of requirements for conchocelis
growth and conchospore production makes P. dioica a good
candidate for cultivation. Some species require more specific
conditions or a specific chain of events, in terms of temper-
ature and photoperiod, in order to complete their life cycles:
this increases the complexity and cost of operation. Working
at a commercial scale. the simplicity of the processes and low
costs are important factors. The possibility of a constant nat-
ural renewal of the gametophytes can allow several harvests
without the intervention of the conchocelis pbase. This char
acteristic, if confirmed by our ongoing work, is also important
for aquaculture purposes. The best conditions for the growth
of the gametophytes and their possible applications (pigments.
amino acids and assimilation of nutrients) are now under in-
vestigaton.

)
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