J- Phycol. 45, 1270-1277 (2009)
© 2009 Phycological Society of America
DOI: 10.1111/j.1529-8817.2009.00755.x

THE CONCHOCELIS OF PORPHYRA HAITANENSIS (RHODOPHYTA) IS PROTECTED
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Previous study has shown that Porphyra concho-
celis is sensitive to high levels of PAR (400-700 nm)
as well as ultraviolet radiation (UVR: 280-400 nm),
resulting in high inhibition of photosynthesis. How-
ever, little is known about whether the inner cover-
ing layer of the shell, in which the conchocelis lives,
may provide protection against solar UVR. Our
study indicates that the covering calcareous matrix
is about 0.06 mm thick, transmitting 63, 47, and
28% of PAR, ultraviolet radiation A (UVA:
315400 nm), and ultraviolet radiation B (UVB:
280-315 nm), respectively. We used a shading layer
that simulated the above transmissions, and the
effective quantum yield of PSII and photosynthetic
carbon fixation in the conchocelis increased to
greater extents in the presence of UVA or UVB.
Attenuation of UVA by 19% and UVB by 37% due
to the shading layer increased the PSII yield by
44%-77% and photosynthetic carbon fixation by
about 60%. Our study clearly shows that the photo-
synthetic machinery of Porphyra haitanensis T. ]J.
Chang et B. F. Zheng conchocelis was efficiently
protected from harmful UVR by the covering calcar-
eous matrix.

Key index words: carbon fixation; conchocelis;
effective quantum yield; Porphyra haitanensis; UVR

Abbreviations: MAAs, mycosporine-like amino
acids; PA, PAR + UVA; PAB, PAR + UVA + UVB;
UVA, ultraviolet radiation A; UVB, ultraviolet
radiation B; UVR, ultraviolet radiation

Macroalgae have gained defensive mechanisms to
minimize UV-induced damage during their evolu-
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tion. They are known to be able to repair
UV-induced DNA damage by photoreactivation and
nucleotide excision repair (Pakker et al. 2000, Lud
etal. 2001) and to be capable of synthesizing and
accumulating UV-absorbing compounds, such as
mycosporine-like amino acids (MAAs) and phloro-
tannin, to screen out harmful UVR (Karsten et al.
1998, Fairhead et al. 2006). However, such defensive
mechanisms against UVR (280-400 nm) seem to
vary among different life-cycle stages of macroalgae.
Early developmental stages are more sensitive to
UVR than adult ones (Dring etal. 1996, Coelho
et al. 2001), mainly because of their simpler struc-
ture that allows easier penetration of UVR. In
Porphyra, the conchocelis stage possesses negligible
amounts of MAAs and simpler structure as com-
pared with the thallus stage, and its photosynthesis
was more inhibited by UVR in the former than in
the latter when exposed to solar radiation (Jiang
and Gao 2008).

The life history of the genus Porphyra is characteri-
zed by the alternation of the microscopic conchocelis
phase (the sporophyte) and a macroscopic thallus
phase (the gametophyte) (Drew 1949, Cole and
Conway 1980). The gametophytic phase reproduces
sexually through fertilization of the carpogonium
by the spermatium (Hawkes 1978), and the sub-
sequently released zygotospores get attached to shells
and develop into conchocelis in their inner layers.
Shells with Porphyra conchocelis occur at different
depths during seafarming practice or in natural
coastal waters where the alga is distributed. However,
it is unknown how thick the covering calcareous
matrix that shelters the conchocelis is and if it would
play a protective role against solar UV radiation.

The aim of this study was to investigate the rela-
tionship of the shell cover layer and photosynthesis
of  P. haitanensis conchocelis.  P. haitanensis is
endemic to the southern part of China and is
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commercially cultivated. We hypothesized that the
covering calcareous matrix can reduce the transmis-
sion of solar UVR to a significant extent, enough to
protect the conchocelis from being harmed and there-
fore to result in higher photosynthetic performance.

MATERIALS AND METHODS

Plant materials and maintenance. Shells with their inner
layers containing filamentous conchocelis of P. haitanensis were
collected from the Nori cultivation base of Yingke Seaweed
Cultivation Ltd. in Nanao Island (117.09° E, 23.47° N),
Shantou, China, during June 2005. They were maintained in
seawater pools shaded (max1ma1 PAR under the nursing
shelter <25 pmol photons - m™2 - 57", 5.5 W - m™?) from direct
sunlight. Sampled shells were transported in seawater within a
cooler (4°C) to the laboratory in <4 h. They were maintained
in filtered (Whatman GF/F; Whatman, Maidstone, UK) and
sterilized seawater enriched with F medium (Gulllard and
Ryther 1962) at 20°C and 20 pmol photons - m™2- s~ of PAR
(4.3 W - m™) provided by fluorescent lamps (12: 12 light:dark

[L:D]) in an incubator (GXZ-300D; Jiangnan Instruments Ltd.,
Ningbo, China) before being used for the experiments the
next day.

Free-living vegetative conchocelis of P. haitanensis was ob-
tained from the Laboratory of Marine Genetics and Breeding,
Ocean University of China, and cultured in 500 mL flasks with
the F-medium-enriched seawater, at 20°C and 20 pmol pho-
tons - m 25! of PAR (4.3 W-m™2) (Tang and Fei 1997)
(12:12 L:D) in the incubator. Half of the enriched seawater in
each flask was renewed every week. To avoid self-shading and
maintain a homogenous culture, colonies of the conchocelis
were cut into fragments of 0.5 to 1 mm in length with a
sterilized household mixer and then resuspended in fresh
medium and cultured for 3 d for full recovery from the
mechanical injury, which immediately resulted in 60% reduc-
tion of maximal PSII photochemical efficiency after the cutting.

Radiation measurements and treatments. Indoor measure-
ments of PAR (400-700 nm) in the illuminated incubator
were carried out using an SKP-200 quantum meter (Skye
Instruments Ltd., Wales, UK). A solar simulator (SOL 1200 W,
Dr. Hénle AG, Munich, Germany) was used to provide
simulated solar irradiance for indoor experiments. Outdoor
and simulated solar radiations were measured using a broad
band filter radiometer (ELDONET, Real Time Computers,
Erlangen, Germany). This instrument measures irradiances
every second at three wavelength bands of 400-700 nm (PAR),
315-400 nm (UVA), and 280-315 nm (UVB) and records the
data (means over 60 s) at 1 min intervals in a PC (Hader et al.
1999). It has been certified as having a correspondence error
<0.5% in comparison with the most accurate instrument
(certificate No. 2006/BB14/1) and has been calibrated regu-
larly with assistance from the manufacturer.

Three radiation treatments were implemented using UV-
filtering foils: (1) samples exposed to PAR alone (PAR)
(covered with an Ultraphan 395 filter, UV Opak; Digefra,
Munich, Germany); (2) samples exposed to PAR + UVA (PA)
(covered with a Folex 320 filter, Folex, Dreieich, Germany); (3)
samples exposed to PAR + UVA + UVB (PAB) (covered with an
Ultraphan 295 filter; Digefra). The spectra of these materials
were published in Korbee Peinado et al. (2004).

Measurements of photochemical efficiency and photosynthetic carbon
fixation. Photochemical efficiency or the effective quantum
yield of PSII (AF/E,’, Genty et al. 1989) was measured using a
portable pulse-amplitude-modulated fluorometer (Water-PAM;
Walz, Effeltrich, Germany). For measurements in the free-
living conchocelis, the Water-ED Emitter-Detector Unit was
used, while for the conchocelis in the covering calcareous

matrix, the Water-EDF Fiberoptics-Emitter-Detector Unit was
applied with its optical fiber probe directly pointed at the
conchocelis patch at 5 mm distance.

AFJE, = (F, — R)/F, (1)

m

measured Wlth an actinic light of 300 umol photons “2s7!

(65.2 W-m™2) under a modulated measuring light of
0.3 pmol photons - m “2.571 (0.06 W-m™?), and the saturat-
ing pulse was about 5,600 pmol  photons - m - s~
(1,217.4 W - m™?) for 0.8 s.

Photosynthetic carbon fixation was determined for the free-
living conchocelis fragments (0.5-1.0 mm long). The resus-
pended fragments of about 9 mL were placed in a 10 mL
quartz tube and inoculated with 0.1 mL-5 pCi (0.185 MBq) of
labeled sodium bicarbonate (NaH'COs). After 0.5-2 h incu-
bations, the samples were filtered onto Whatman GF/F glass
fiber filters (25 mm), exposed to HCI fumes in darkness
overnight to expel inorganic carbon as COy, dried at 40°C, and
then dissolved in scintillation cocktail (PerkinElmer, Shelton,
CT, USA). The incorporated activity was determined using a
liquid scintillation counter (LS 6500 Multi-Purpose Scintilla-
tion Counter; Beckman Coulter, Fullerton, CA, USA) (Holm-
Hansen and Helbling 1995).

The relative photosynthetic inhibition (INH, %) due to
UVR, UVA, or UVB was calculated as follows:

INHuyr (%) = (Ppar — Ppag)/(Ppar) * 100 (2)
INHyya (%) = (Ppar — Ppa)/(Ppar) * 100 (3)
INHuyp (%) = INHuyr (%) — INHuya (%) (4)

where Ppag, Ppa, and Ppap represent the values after the
exposures to PAR, PAR + UVA, and PAR + UVA + UVB,
respectively.

Determination of chl a. The shells with conchocelis living in
their inner layer were broken, and the conchocelis-inhabited
areas were cut out and immersed in absolute methanol at 4°C
for 24 h in darkness for extraction of pigments, which had
been tested to result in complete extraction. After centrifuga-
tion (5804R; Eppendorf, Hamburg, Germany) at 5,000g for
15 min, the supernatant was scanned in a spectrophotometer
(UV-2501 PC; Shimadzu, Kyoto, Japan) to obtain the spectral
absorption (250-750 nm). Triplicate conchocelis-inhabited
shells were used, and chl a density per area was determined
by normalizing the chl @ amount to the conchocelis-patch area
in the shell’s inner surface. Suspended fragments of free-living
vegetative conchocelis were filtered onto Whatman GF/F glass
fiber filters (25 mm) and then extracted in absolute methanol
as above. Triplicate samples were extracted to determine the
concentration of chl a. The chl a content was calculated
according to Porra (2002).

Determination of the thickness and transmission spectrum of the
covering calcareous matrix. The thickness of the conchocelis-
sheltering layer was estimated by measuring the difference in
the thickness of the shell before and after the conchocelis-
sheltering layer was scraped off, to an accuracy of 0.01 mm with
a micrometer. To determine how much UVR and PAR this
layer would screen out for the conchocelis residing under-
neath, the inner layers of the shells were ground to 0.22, 0.25,
and 0.32 mm thick, and their transmission spectra were
determined. The transmission spectrum for the covering
calcareous matrix was then derived from the differences
between the above spectra according to its thickness.

To examine the protective role of the covering calcareous
matrix, an artificial filter was made with two layers of
polymethylmethacrylate board (UV transparent Plexiglas;
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Evonik Industries, Darmstadt, Germany) and an interlayer of
suntan cream (SPF18, Mininurse; Ratstar Cosmetics Co. Ltd.,
Shenzhen, China); this artificial filter had a similar transmis-
sion spectrum with the covering calcareous matrix (Fig. 3B).
Transmission characteristics of the artificial filter were not
altered after 4 h exposures to solar radiation. Free-living
conchocelis was covered with this shading layer, and its
photosynthetic performance was examined. Although there
was a difference between the absorptions of the artificial layer
and the covering calcareous matrix at wavebands shorter than
290 nm, 295 filtering foils were applied to all the samples that
were exposed under the solar simulator; therefore, the simu-
lated shading layer was suitable to reflect the transmission
features of the covering calcareous matrix.

Diurnal photosynthetic  performance of shell-living conchocelis.
The diurnal photochemical performance of the shellliving
conchocelis, as affected by solar radiation, was monitored every
60 min on May 26, 2005, at the nursing shelter (at 10-20 cm
depth of seawater), with about 1.4% of the incident radiation
on the surface of the pool. Five shells were picked randomly for
each measurement in this experiment. In addition, some shell-
living conchocelis were taken outside of the shelter and
exposed to high levels of radiation by exposing them to 50%
of incident solar radiation, covering them with one layer of
neutral density net (stainless steel) on June 28, 2005, and the
effective quantum yield was measured at 1-2 h intervals. For
this latter exposure to 50% solar radiation, two shells were
placed in each of 250 mL quartz tubes (5.4 cm inner diameter)
with F-medium-enriched seawater (not agitated with aeration as
in the nursing shelter). Different radiation treatments with or
without UVR were carried out, and duplicate tubes (total four
shells) were employed for each treatment.

Physiological function of the covering calcareous matrix. To test
to what extent the covering calcareous matrix protects the
shell-living conchocelis, we used free-living conchocelis that
were sheltered or not with the artificial sheltering film.
Homogeneous suspended fragments of the conchocelis were
exposed under the solar simulator with or without being
shaded with the artificial film, and both the effective quantum
yield and photosynthetic carbon fixation were measured. Both
treatments were exposed to the same radiation levels, but due
to the attenuation of the artificial sheltering film, the irradi-
ances received by the cells were different. The free-living
conchocehs received 118 W - m™2 PAR (543 pumol photons
m™2-s7",255 W- m 2 UVA, and 1.15 W - m~ UVB, while the
shaded conchocehs recelved 77 W - m 2 PAR (854 pmol pho-
tons - m 2+ s7"), 11.7 W - m™ UVA, and 0.32 W - m™2 UVB.
The blologlcally weighted UVB irradiances for both conditions
were 0.11 and 0.03 W - m™?, respectively (Setlow 1974, normal-
ized to 1.0 at 300 nm).

The effective quantum yield was measured on fragments of
the free-hvmg conchocelis (at the same chl a den51ty per area
with that in the shell at 5.74 + 0.17 pg chl @ - cm™?) that were
exposed (1 h) to PAR, PA, and PAB in open petri dishes (inner
diameter 86 mm, height 17 mm) with 60 mL F-medium-
enriched seawater (shaken every 15 min). For the determina-
tion of photosynthetic carbon fixation, suspended conchocehs
fragments were diluted with the medium to 32 pg chl a- L'
before being used. All samples were exposed to PAB treatment,
and triplicate incubations were carried out for each determi-
nation after 0.5, 1, and 1.5 h periods, to determine carbon
incorporation under full spectrum of solar radiation as a
function of incubation time.

In the above experiments, the cells under the sheltering film
received less PAR and UVR than those that were nonshaded. It
was still difficult to distinguish the protective role against UVR
played by the sheltering layer due to the difference in PAR
between the covered and noncovered treatments. Therefore,
we reduced the solar radiation for the nonsheltered cells by

TasLE 1. Irradiances of UVA and UVB received by sam-
ples covered with one layer of neutral density net (65%
transmission) or with the simulated shading layer at the
same PAR levels.

PAR (pmol photons - m™2 - s71) UVA (W - m™?) UVB (W - m™?)
10 0.5 (0.3) 0.02 (0.01)
20 0.9 (0.6) 0.05 (0.02)
45 2.0 (1.4) 0.11 (0.04)
75 3.4 (2.4) 0.18 (0.08)
120 5.4 (3.8) 0.29 (0.13)

Data in the parentheses represent the irradiances under
the simulated shading layer.

covering them with one layer of neutral density net, so that the
cells received the same amount of PAR with 19% more UVA
and 37% more UVB as compared with those under the artificial
shading filter. The PAR irradiances reaching the free-living
conchocelis were regulated to be 10, 20, 45, 75, and 120 pmol
photons - m™-s7" (2.2, 4.3, 9.8, 16.3 and 26.1 W-m™,
respectively) by adjusting the distance from the xenon lamp
to the samples, and such PAR levels were supported by Zheng
etal. (1980) and Chen etal. (1984). The ratio of PAR:
UVA:UVB was 100:20.8:1.10, with the ratio of UVB to PAR
~40%-100% higher than that of the local solar radiation at
noon. The actual irradiances of PAR, UVA, and UVB received
by the cells are listed in Table 1; all samples were exposed only
to the full spectrum of the lamp (i.e., PAB treatment) as they
received the same levels of PAR, but different UVR. This
allowed us to establish the protective role of the covering
calcareous matrix as a function to different UVR levels. At
120 pmol photons - m™2 - s‘1 of PAR, DNA-weighted UVB
irradiance was 0.04 W - m™2 for samples covered by the neutral
density net and 0.01 W-m™2 for samples covered by the
simulated shading layer. The suspended conchocelis fragments
were dlluted with the medium to final concentration of 142 pg
chl ¢ - L', All samples were placed in 10 mL quartz tubes with
half of them inoculated with NaH"C Os. At variable time after
exposure (i.e., 0.5, 1, 1.5, and 2 h), triplicate samples inocu-
lated with NaH 4CO% either under the simulated shading layer
or the neutral density net were taken to measure carbon
fixation. At the same time, the effective quantum yield was
determined in another set of triplicate samples that were not
inoculated with the isotope. The quartz tubes were shaken
slightly every 15 min during the incubation. The temperature
under the solar simulator was controlled at 23°C-25°C by
cooling air or at 22°C-26°C for outdoor incubations in a
flow-through water bath.

Statistics. In all experiments, triplicate samples were used
for each treatment, and the data were expressed as
mean * standard deviation (n = 3-6). Statistical significance
among different treatments was tested with #test or one-way
analysis of variance (ANOVA) at a significance level of P < 0.05.
Tukey’s post hoc test was applied for comparison of means for
the ANOVA.

RESULTS

Diurnal photochemical performance of shell-living con-
chocelis. Maximal irradiances under the nursing
shelter were 4.52 Wm™? for PAR (18.98 pmol
photons - m % -s7"), 027 W -m™ for UVA, and
0.01 W - m™ for UVB on May 26, 2005, when out-
side direct solar PAR was about 100 times higher
(Fig. 1A, outside irradiances not shown). The
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effective quantum yield of P. haitanensis conchocelis
in the shell was inversely correlated with irradiance,
starting with a value of 0.68 in the early morning,
decreasing to 0.47 (P< 0.05, #test) at the midday,
and then increasing in the late afternoon to the
same level as in the early morning (Fig. 1B). On
June 28, 2005, the shells were exposed to 50% of
the incident solar radiation that had maximal
irradiances of 448 W-m™2 for PAR (2,061 pmol
photons - m2- s_l), 80 W -m™? for UVA, and
1.88 W m™2 for UVB) (Fig. 2A). Under these con-
ditions, photosynthesis was significantly impacted by
solar radiation, and the yield decreased sharply to
32% (PAR), 16% (PA, PAR + UVA), and 11% (PAB,
PAR + UVA + UVB) of the initial value (0.61)
(P<0.05, ttest) after 1 h of exposure, and to 2%
(PAR), 1% (PA), and 0.2% (PAB) after 4 h of expo-
sure, respectively (Fig. 2B). The bulk of the inhibi-
tion and thus the reduced yield was due to PAR
(about 87%). UVR induced additional reduction of
the yield of 13%, of which UVA and UVB accounted
for 9% and 4% (P < 0.05, one-way ANOVA, F 1),
respectively. No recovery was observed in the after-
noon when solar radiation decreased.

Transmission spectrum of the covering calcareous matrix.
The spectral characteristics of the P. haitanensis con-
chocelis are shown in Figure 3A. There was a small
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during the daytime. Data are the means + SD for five different
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F1G. 2. Porphyra  haitanensis  shell-living ~ conchocelis  was
exposed to 50% of the incident solar radiation (A) under PAR,
PAR + UVA (PA), or PAR + UVA + UVB (PAB) on June 28, 2005,
and the effective quantum yield was measured at irregular inter-
vals (B). Data are mean + SD for six shells (n = 6). Horizontal
lines over the histograms indicate significant differences among
the radiation treatments. UVA, ultraviolet radiation A; UVB, ultra-
violet radiation B.

absorption peak for UV-absorbing compounds
(absorbance between 310 and 360 nm), together
with the obvious peaks for chl @ and carotenoid.
The thickness of the covering calcareous matrix that
shelters the conchocelis was determined to be
0.06 £ 0.0l mm (n=>5, five shells). The 0.06 mm
thick covering calcareous matrix reduced 30%—-45%
of PAR, 50%-60% of UVA, and 60%-80% of UVB
in terms of their transmissions (Fig. 3B). The aver-
age transmission of the 0.06 mm covering calcare-
ous matrix was 63% for PAR, 47% for UVA, and
36% for UVB, respectively, and that of the simu-
lated shading layer was 65%, 46%, and 28%, respec-
tively.

Photoprotection of the covering calcareous matrix under
high PAR and/or UVR. To assess the photoprotec-
tion of the covering calcareous matrix, incubations
were performed using P. haitanensis free-living con-
chocelis that were covered with or without the artifi-
cial simulated shading layer (spectra in Fig. 3B).
The samples were exposed to simulated solar radia-
tion of 118 W-m ™ PAR (543 umol photons
m2-s71, 255 W-m™2 of UVA, and 1.15 W - m™?
of UVB. The artificial shading layer reduced the
PAR, UVA, and UVB irradiances by 35, 54, and
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I16. 3. (A) Absorption characteristics of the extract from
Porphyra haitanensis shell-living conchocelis. Data are mean + SD
(n=3). (B) Spectral transmission of 0.06 mm thick covering cal-
careous matrix and the simulated shading foil. OD, optical density.

72%, respectively, thus resulting in lower irradiances
received by the cells under the shading layer. After
1h of exposure, the effective quantum yield
decreased significantly (P < 0.05, #test) to 37%
(PAR), 23% (PA), and 10% (PAB) in the samples
not covered with the simulated shading layer and to
45% (PAR), 34% (PA), and 27% (PAB) of the ini-
tial value (0.51) in those maintained under it
(Fig. 4A), reflecting that the simulated shading layer
led to much less photoinhibition caused by PAR
and/or UVR. In contrast to PAR treatment, the rela-
tive inhibition caused by UVR was ~41% (UVA
24%, UVB 17%, ttest) in samples under the simu-
lated shading and was higher in samples without
shading, reaching 74% (UVA 37%, UVB 37%,
ttest). When the photosynthetic carbon fixation
(Fig. 4B) was determined under the full spectrum
of solar radiation, the presence of the simulated
shading layer resulted in higher photosynthetic rates
(P<0.05, ttest) by 42% in 0.5 h, 89% in 1 h, and
124% in 1.5 h, respectively, as compared with the
rates in the uncovered samples.

Additionally, when the free-living conchocelis was
exposed to the same PAR levels of 10-120 pmol
photons - mZ-s7! (2.2-26.1 W - m™?), but to differ-
ent levels of UVR (variation in UVR was achieved by
covering some samples with neutral screens to
reduce equally the energy of all wavelengths or with
the artificial shading layer that screened out more
UVR), the simulated shading layer exhibited a
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F16. 4. Free-living conchocelis of Porphyra haitanensis was
covered by the artificial shading layer or directly exposed to the
simulated solar radiation (543 pmol photons - m~2-s7' PAR,
95.5 W - m™ UVA, and 1.15 W-m™ UVB). (A) Effective quan-
tum yield of samples under PAR, PAR + UVA (PA), and PAR +
UVA + UVB (PAB), respectively. Data are mean = SD (n = 6). (B)
Photosynthetic carbon fixation rates of samples under PAR +
UVA + UVB treatment for 0.5-1.5 h. Data are mean + SD (n = 3).
Horizontal lines over the histograms indicate significant differ-
ences between samples with and without the simulated layer.
UVA, ultraviolet radiation A; UVB, ultraviolet radiation B.

significant protective role against UVR. At 45 umol
photons - m~2 s of PAR (9.8 W - m™2) and above,
there was a significant decrease in the effective
quantum yield with exposure time (Fig. 5).
Throughout the experimental period, the yield
showed no significant difference among the treat-
ments at PAR levels of 10, 20, and 45 pmol
photons - mZ-s7! (2.2, 4.3, 9.8 W - m72, respec-
tively) (P> 0.05, ttest) (Fig. 5, A-C). The inhibition
of the yield, however, was significantly higher
(P < 0.05, ttest) in cells exposed to PAR levels of 75
and 120 pmol photons - m 2 - s™' (16.3 and 26.1 W -
m~?) under the neutral density net than under the
artificial layer (Fig. 5, D and E), under which
the yield was 44% and 77% higher than that under
the neutral screen at the corresponding PAR levels,
respectively.

In terms of the photosynthetic carbon fixation
(Fig. 6), the rate of carbon fixation did not show
significant  differences (P> 0.05) between the
two kinds of sheltering at PAR levels of 75 umol
photons - m ™2 -s™' (16.3 W-m™) or lower (Fig. 6,
A-D). At the PAR level of 120 umol photons -
m2-s7! (26.1 W - m_2), however, a significant
difference was evident between the two kinds of
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F1G. 5. Effective quantum yield of the free-living conchocelis
of Porphyra haitanensis under one layer of neutral density net or
the simulated shading layer exposed to the simulated solar radia-
tion under PAR + UVA + UVB treatment for 0.5-2 h. The actual
PAR irradiances received by the samples were 10 umol photons -
m2-s7 (A), 20 pmol photons - m 257! (B), 45 pmol photons -
m™2-s7' (C), 75 umol photons - m™2-s™' (D), 120 umol pho-
tons -m 2-s ' (E), respectively. Data are means + SD (n = 6).
Horizontal lines over the histograms indicate significant differ-
ences between samples covered with neutral density net and with
the simulated shading layer. UVA, ultraviolet radiation A; UVB,
ultraviolet radiation B.
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F1G. 6. Photosynthetic carbon fixation rates of the free-living
conchocelis of Porphyra haitanensis under one layer of neutral
density net or the simulated shading layer exposed to the simu-
lated solar radiation under PAR + UVA + UVB treatment for
0.5-2 h. The actual PAR irradiances received by the samples were
10 pmol photons - m~2-s7! (A), 20 pmol photons - m2-s7! (B),
45 pmol photons - m~2-s7!(C), 75 pumol photons - m~2 s (D),
120 pmol  photons - m™ -s™'  (E), respectively. Data are
means + SD (n = 3). Horizontal lines over the histograms indicate
significant differences between samples covered with neutral den-
sity net and with the simulated shading layer. UVA, ultraviolet
radiation A; UVB, ultraviolet radiation B.
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Fic. 7. Free-living conchocelis of Porphyra haitanensis were
exposed to the simulated solar radiation under PAR + UVA +
UVB treatment for 0.5-2 h and received real PAR of 120 pmol
photons - m™2 - s1. (A) Protection of the effective quantum yield
and carbon fixation rates due to the simulated shading layer. (B)
Ratio of protection of the effective quantum yield (yield,,) to
that of carbon fixation rates (carbon fixation,,,). UVA, ultraviolet
radiation A; UVB, ultraviolet radiation B.

shading after 1 h of exposure. The photosynthetic
carbon fixation rate was ~60% higher in the cells
covered with the simulated shading layer than in
the cells under the neutral screen (P < 0.05, ttest)
(Fig. 6E), which also reflected a protective role
played by the covering calcareous matrix for the
conchocelis. Nevertheless, the highest rate of car-
bon fixation was always found at 45 pmol
photons - m~?-s' PAR (9.8 W-m™?).

We used the data of Figures 5 and 6 to compare
the level of protection, between the artificial and the
neutral density nets, in terms of the effective quan-
tum yield and carbon fixation rates at PAR of
120 pmol photons - m 257! (26.1 W - m™?)
(Fig. 7A). The artificial shading layer provided more
protection to the effective quantum yield than to the
photosynthetic carbon fixation (Fig. 7A). As indi-
cated in the ratio of the protection of the yield to that
of the carbon fixation (Fig. 7B), dark reactions of
photosynthesis in the conchocelis were less protected
during the exposure but reached almost similar
values (ratio of 1) with the light reactions after 2 h.

DISCUSSION

The intertidal-inhabited thalli of P. haitanensis
were previously determined to contain a higher

amount of UV-absorbing compounds than the con-
chocelis stage, resulting in less inhibition caused by
UVR (Jiang et al. 2008). The UV-absorbing com-
pounds, mainly MAAs, are known to be able to
screen out harmful radiation within the UV wave-
bands (Karsten et al. 1998). Since the conchocelis
stage of P. haitanensis contained very little of these
compounds (Fig. 3A), ~1%—-2% of the thallus stage
(Jiang and Gao 2008), it lacks efficient defensive
capability against UVR. Exposure to solar UVR
showed no induction of UV-absorbing compounds
(data not shown). Alternatively, the conchocelis
residing in the covering calcareous matrix can avoid
harmful solar radiation to a considerable extent,
since the covering calcareous matrix can reduce
64% UVB, 53% UVA, and 37% PAR (Fig. 3B).

Most of the observed inhibition of photochemical
efficiency in P. haitanensis conchocelis in shells was
caused by PAR (Fig. 2B). The inner layer of the
shell that shelters the conchocelis transmits more
PAR than UVR (Fig. 3B), and PAR represents the
highest proportion in the whole spectrum of solar
radiation. Previous studies also showed that the con-
chocelis of Porphyra plants was highly sensitive to
high levels of PAR (Jiang and Gao 2008, Lin et al.
2008). Nevertheless, UVR still caused significant
additional inhibition of photosynthesis, although its
transmission was largely reduced by the covering
calcareous matrix.

The protection provided by the covering calcare-
ous matrix for the freeliving conchocelis under
both high PAR and UVR was significant in view of
photochemical efficiency and photosynthetic carbon
fixation (Figs. 4 and 7). Not only could the light lev-
els be lowered, but the light quality was also chan-
ged; therefore, this layer screened out relatively
more (percentage-wise) UVR than PAR and resulted
in efficient reduction of UV-related inhibition of
photosynthesis. Higher ratios of UVB to UVA and
PAR led to more reduction in maximal quantum
yield in the thalli of Porphyra leucosticta and P. wmbili-
calis (Korbee et al. 2005); reduction in such ratios
by the covering calcareous matrix must have pro-
tected the photosynthetic apparatus of P. haitanensis
conchocelis.

The protection by the covering calcareous matrix
within the UVR range was obvious at PAR levels of
75 and 120 pmol photons - m™2-s™' (16.3 and
26.1 W - m™?) (Figs. 5 and 6). Carbon fixation was
reported to be more susceptible to UVB damage
than PSII efficiency (Franklin et al. 2003). In the
present study, we determined that the covering cal-
careous matrix did provide more protection to PSII
photochemistry than to carbon fixation (Fig. 7B).
The thickness of the covering calcareous matrix can
vary according to species and environmental condi-
tions. It was reported that Porphyra conchocelis
resided deeper in the shell under higher irradiances
(Zhang 1988). We have shown here that the cover-
ing calcareous matrix provided significant
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protection for PSII activity and carbon fixation in
P. haitanensis conchocelis. The phenomenon that
the conchocelis stage of Porphyra plants resides in
shells’ inner layer (Drew 1949) can be considered
to be a strategy to avoid harmful solar UVR during
the summer period. Fossils of putative Porphyra con-
chocelis named Palaeoconchocelis have been aged 425
million years (Campbell 1980), when solar UV radia-
tion was much stronger than today (Cockell 2001).
Shelled marine invertebrates might have provided
potential habitats for the Porphyra conchocelis to
occupy (Stiller and Waaland 1993). In culture, con-
chocelis growth and reproduction do not require a
calcareous substratum; however, they do in nature.
P. abbottiae conchocelis burrowed deeper in shells
when exposed to higher levels of light (Lin et al.
2008). Escaping from high solar radiation by bur-
rowing in the calcarious matrix could be a strategy
for the conchocelis to survive.
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