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a b s t r a c t

Iridaea cordata cultivated in the presence of UVB radiation (UVBR) was studied using transmission electron
microscopy. Apical segments were cultivated in 0.97 Wm−2 of UVBR for 40 days, 3 h a day, and compared
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to a negative control (UVBR absent). UVBR caused modifications, mainly in the cortical cells, including
an increased number of cell wall-producing vesicles, in addition to thicker and denser cellular walls,
compared to the control. Additionally, cells were observed with an irregular contour and without defined
organelles. The increase of cell-wall thickness could be interpreted as an acclimation to UVBR, which could
lead to protection from this radiation.
ridaea
ell wall

. Introduction

Increasing levels of UVB radiation (280–315 nm) reaching the
arth’s surface as a consequence of atmospheric ozone depletion
ave been reported annually since the late 1980s (Farman et al.,
985). This phenomenon has reached not only the Antarctic region,
ut also the southernmost part of South America, including Chile
nd Argentina (Kirchhoff et al., 1997; Diaz et al., 2006). Since ultra-
iolet radiation also penetrates the water column (Smith et al.,
992; Figueroa, 2002), marine organisms are exposed to its harmful
ffects, as well. Benthic macro-algae, in contrast to phytoplankton,
re fixed and restricted to their growth sites, thus lacking the abil-
ty to avoid solar radiation, especially during low tide (Franklin and
orster, 1997).

UVBR have been found to affect marine macroalgae in sev-
ral ways, including the effects on photosynthesis, nitrogen
etabolism, growth, and DNA (reviewed by Bischof et al., 2006).
hile the effects of UVBR on the physiology of algae are well-

ocumented, only a few papers have reported changes in the
ltra-structure of macro-algae, and most of them evaluated only
he short-term exposure to UVBR. Among them, Poppe et al. (2002,
003) reported the formation of “inside-out” vesicles from the thy-
akoids in four red algae and, additionally, enlarged cristae in the
itochondria. Similar results were obtained for red algae, Palmaria

almata and Odonthalia dentata, which had wrinkled thylakoid
embranes, dilatations of the thylakoid lumen, and an altered
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envelope, whereas the mitochondria had become damaged and
plastoglobuli had formed (Holzinger et al., 2004). In contrast, the
ultra-structure of the green alga, Prasiola crispa, was relatively sta-
ble after short-term exposure to UVBR (Holzinger et al., 2006).
Results for the long-term exposure (28 days) showed changes in
the ultra-structure of cortical and subcortical cells, which included
increased thickness of the cell wall, changes in the cell contour, and
destruction of the chloroplast internal organisation in Kappaphycus
alvarezii (Schmidt et al., 2009).

Iridaea cordata is a cold-adapted red alga occurring from the
Antarctic to sub-Antarctic coast (Cormaci et al., 1992; Wiencke
and Clayton, 2002). This species inhabits hard substrates in the
middle-upper intertidal and is exposed to extreme changes in
environmental conditions daily. Therefore, this alga is exposed to
increasing levels of UVBR and its harmful effects, especially during
low tides. The species is considered an important carragenan-
producing red alga (Craigie, 1990), and it has been harvested in
the south of Chile, together with other carrageenan algae.

I. cordata has an erectus thallus, growing up to 30 cm tall, and
consists of an expanded laminar region enlarging from a narrow
stipe. In cross section, cortical and medullary regions can be easily
distinguished (Foltran et al., 1996). The cortical region is formed by
close rows of small, anticlinally arranged, roundish cells, whereas
the medullary region has a loose network of irregular shaped cells
embedded in a huge mass of translucent intercellular material
(Navarro et al., 2003). Chloroplasts have a single peripheral encir-

cling thylakoid and a variable number of evenly spaced thylakoids
(Foltran et al., 1996; Navarro et al., 2003). Mitochondria with flat-
tened cristae are found in close association with chloroplasts and
Golgi bodies (Navarro et al., 2003). Golgi bodies are composed of
a few stacked cisternae, and mitochondria are present in proxim-
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igs. 1–3. Light microscopy: cross-sections of Iridaea cordata cultivated in control c
lose rows of small cells joined by pit-connections (arrow). Fig. 3. Medullary region
nd (3) = 30 �m.

ty to the cis face (Navarro et al., 2003). Some compounds of the
ed alga cell wall are synthesised and wrapped in Golgi bodies and
fterwards transported to the periphery of the cell by vesicles that
elease their contents out of the plasmalemma, after blending with
he cell membrane (Ramus, 1972; Pueschel, 1990).

The effects of UVBR on I. cordata were evaluated according to
he carpospore and germling mortality, growth rates of plantlets,
nd growth rates and pigment content of plants (Navarro et al.,
010). Moreover, spores were assessed for photosynthetic per-
ormance, mycosporine-like amino acid concentration, and DNA
amage (Zacher et al., 2009). The aim of this study was to evalu-
te the effects of long-term exposure (40 days) to artificial UVBR
0.97 Wm−2) on the ultra-structure of I. cordata.

. Materials and methods

Fronds of I. cordata were collected from the intertidal zone
f Posesión Bay (52◦13′ S; 69◦17′ W), Strait of Magellan (Chile),
n January 2001, and transported to the laboratory. Because the

pical sections of I. cordata are very irregular, 1-cm2 fragments
ere selected from sub-apical section to standardise the biomass

nd area, and unialgal cultures were established as described by
liveira et al. (1995). Cultures were maintained in Provasoli’s
nriched seawater (20 mL L−1; 31 psu salinity), which was pre-
ions; Fig.1. Cortical (Co) and medullary region (Me). Fig. 2. Cortical region showing
osed of a loose network of irregularly shaped cells. Bar in (1) = 230 �m; bars in (2)

pared without Tris phosphate (Ursi et al., 2008), in a temperature
controlled room at 9 ± 1 ◦C and 55 �mol photons m−2 s−1 PAR
provided by Philips TLT 20W/54 daylight fluorescent tubes, on
a 12 h light/12 h dark cycle. The medium was replaced weekly.
Two treatments were performed (control and UVBR). PAR treat-
ment (control) was similar to the general culture conditions,
whereas in the other treatment, algae were exposed to the com-
bination of three fluorescent tubes (PAR) and two TL 20W/12RS
tubes (UVBR) (Philips, The Netherlands) for 3 h per day in the
middle of the light period. Although the TL 20W/12RS tubes
also emit UVAR radiation, the UVBR/UVAR ratio is larger (1.27)
when compared to nature, which is 0.026 (UVBR = 0.73 Wm−2,
UVAR = 27.70 Wm−2; daily average values of September–October
2009, Ozone Laboratory, Universidad de Magallanes), but was
already reported as 0.14 on November 21, 1999 (Diaz et al.,
2006).

UVBR and PAR were measured using a Photometer/Radiometer
(Solar Light Company Inc., model PMA2200) connected to the UVBR
and PAR detectors (Solar Light PMA2101 and Solar Light PMA2132,

respectively): UVBR, 0.97 Wm−2 (10.48 kJ m−2 daily dose); and PAR,
55 �mol photons m−2 s−1 (516.24 kJ m−2 daily dose). The UVAR
radiation was available at 0.76 Wm−2 (7.96 kJ m−2 daily dose).
UVCR light was filtered with the cellulose diacetate foil (0.075-mm
thick), which displayed 0% transmission below 286 nm.
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igs. 4–7. Transmission electron microscopy: Iridaea cordata cultivated in control c
oined by “pit-connections” (arrowhead). Fig. 5. Cortical cell. Fig. 6. Medullary cell. F

all; M, mitochondria; N, nucleus; nu, nucleolus; P, plastoglobulus; S, floridean sta

Plants were cultivated in these conditions for 40 days, and two
m fragments were cut and prepared for transmission electron
icroscopy (Plastino and Costa, 2001; Navarro et al., 2003). Briefly,

ieces of I. cordata were fixed in 3% glutaraldehyde, 0.2 M phosphate
uffer, and 0.2 M sucrose at pH 7.0 for 19 h at 4 ◦C. After washing

n phosphate buffer with decreasing concentrations of sucrose at
0 ◦C, the samples were post-fixed in 1% OsO4 for 4 h at 4 ◦C. After-
ards samples were washed in 0.1 M phosphate buffer and 0.1 M
aCl at 10 ◦C, and maintained in 0.1 M NaCl for 18 h at 4 ◦C. The
ehydratation was carried out in a graded acetona series before

nfiltration with the Spurr’s medium. Thin sections were stained
ith 2% uranyl acetate and lead citrate. The material was examined
sing a Zeiss EM 900 microscope (Germany).
Cortical cells were analysed using the stereoscopic microscope
nd the Image Pro Plus 4.1 software. Their mean values for length
nd width, as well as their standard deviations were calculated
rom 30 measurements per treatment. The statistical significance
f means was tested with a one-way ANOVA.
ons. Fig. 4. Cells of second (white arrow) and third (black arrow) layers of the cortex
hloroplast of cortical cell with a single peripheral thylakoid. C, chloroplast; CW, cell
ain; T, thylakoid. Bar in (4) = 4 �m; bar in (5) = 1.6 �m; bars in (6) and (7) = 0.8 �m.

3. Results and discussion

The cross sections of I. cordata fragments cultivated in con-
trol conditions showed typical cortical and medullary regions
(Fig. 1). The cortical region showed two or three layers of cells.
In the outermost layer, the cells were elongated, whereas the
second and third cell layers were spherical (Fig. 2). Cytoplas-
mic connections (“pit connections”) between the adjacent cells
were commonly observed (Fig. 2). The medullary region was com-
posed of irregularly shaped cells (Fig. 3). At the ultra-structural
level, cells of the outermost and the second layers of the cortex
were surrounded by a thick cell wall (Figs. 4 and 5). Organelles
like chloroplasts, nucleus, and mitochondria were commonly

observed in both cortical and medullary cells (Figs. 5 and 6).
The chloroplasts assumed the typical internal organisation of the
red algae (Pueschel, 1990) consisting of a single peripheral thy-
lakoid, while other thylakoids were unstacked and evenly spaced
(Fig. 7).
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Figs. 8–14. Transmission electron microscopy: Iridaea cordata exposed to UVBR (0.97 Wm−2). Figs. 8–13. Cortical region. Fig. 8. Cells of the outermost (white arrow) and
second layer (black arrow) of cortex joined by pit-connections (arrowhead). Outermost cell with irregular shape. Fig. 9. Outermost cell: floridean starch grains scattered in the
c Fig. 12
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ytoplasm. Fig. 10. Irregular cell shape. Fig. 11. Cell wall-producing vesicles (arrow).
ig. 13. Cell of the second layer of cortex with preserved organelles. Fig. 14. Medulla
all; G, Golgi complex; M, mitochondria; P, plastoglobulus; S, floridean starch grain

ar in (14) = 0.5 �m.

Mitochondria were present in association with the chloroplast
Fig. 6). This association was very apparent in the red alga cells
Pueschel, 1990) and probably plays an important role in the
nhancement of metabolism (Oates and Cole, 1989).

Fragments of I. cordata exposed to UVBR became pale,
nd a necrosis was observed. Cells of the outermost layer
f the cortex showed an increase in the values of length
control = 8.97 ± 1.59 �m, UVBR = 10.16 ± 1.49 �m; F = 8.82,
f = 58, P = 0.004), but not the width (control = 5.8 ± 1.09 �m,
VBR = 6.2 ± 1.19 �m; F = 2.47, df = 58, P = 0.121). At the ultra-

tructural level, cells of these fragments showed pronounced
hanges (Figs. 8–14). The UVBR caused modifications, mainly
n cells of the outermost layer of cortex directly exposed to the
adiation, which showed an alteration in shape and an increase in
he thickness and density of the cell wall (Figs. 8–10). Furthermore,
hese cells presented a great number of vesicles together at the
xternal face of the thallus (Figs. 11 and 12), which could be
esponsible for the increase in cell wall (control = 2.13 ± 0.71 �m,
VBR = 2.86 ± 0.91 �m; F = 8.48, df = 40, P = 0.006). In this context,
ünter and Ovodov (2007) showed that UVBR increased the
iomass and the concentration of polysaccharides in the vascular
lant callus. Nevertheless, UVBR caused a decrease of carragenan
ield in K. alvarezii (Eswaran et al., 2001), but this study was
onducted in short-term exposure to UVBR and might present
isleading results because of an overestimation of UVBR effects,

ince acclimation processes was neglected. Our study, however,
as conducted over a period of 40 days. This could allow I. cordata

o synthesise more wall compounds. In K. alvarezii exposed to
VBR during a period of 28 days there was greater deposition of

eutral polysaccharides, referred to as cellulose (Schmidt et al.,
009).

The alterations in shape of the I. cordata cortical cells could pro-
ote higher thickness of the thallus, as reported for leaves of higher

lants (for a review, see Jansen et al., 1998). Possibly, the increase of
. Vesicle formation (arrow) and release of vesicle contents out of the plasmalemma.
l with chloroplasts, vacuoles, and numerous mitochondria. C, chloroplast; CW, cell

cuole. Bar in (8) = 4 �m; bar in (9) = 1.6 �m; bars in (10), (11), (12) and (13) = 0.8 �m;

superficial area of the cell walls occurred to scatter the high UVBR
levels and prevent the radiation from reaching the more internal
layers of the cortex. These alterations could be considered as part
of a process of acclimation to the long-term UVBR exposure.

Although floridean starch grains scattered in the cytoplasm
were observed, defined organelles could not clearly be recognised
in some of the cortical cells of I. cordata directly exposed to UVBR
(Fig. 9). Membrane alterations were already reported for chloro-
plasts and mitochondria of macroalgal cells exposed to short-term
UVBR (Murphy, 1983; Poppe et al., 2003; Holzinger et al., 2004). The
endo-membrane structures are thought to be sensitive to UVBR
because of the reactive oxygen species (ROS), which breaks the
lipids or molecules that make them up (Murphy, 1983; Kramer et
al., 1991; Bowler et al., 1992).

Medullary cells and those of second and third layers of the I.
cordata cortex were less damaged by UVBR than the outermost
layer of the cortex. The former showed preserved organelles such as
chloroplasts, vacuoles, and numerous mitochondria (Figs. 13–14).
The lack of structural alterations in these organelles could also
result from an efficient defense and protection mechanism, such
as the mycosporine-like amino acids that had already been charac-
terised in this species (Hoyer et al., 2001). Additionally, carotenoids,
detoxicant enzymes, and antioxidants could contribute to this
mechanism, detaining the destructive action of ROS, as has been
demonstrated for the other green, red, and brown species (Aguilera
et al., 2002).

Although, our study was not designed to perfectly mimic natural
conditions and should be considered mechanistic, it could pre-
dict the effects of a long-term exposure to UVBR on the marine

macro-alga ultra-structure. The higher UVBR/UVAR ratio of the TL
20W/12RS tube compared to the sun spectrum could simulate the
effect of the ozone hole conditions. The high UVBR/UVAR ratio
could have important photo-biological consequences because the
UVBR has a disproportionally large biological effect and damages
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acromolecules such as DNA, proteins, and lipids (Jones and Kok,
966, Caldwell, 1971, Setlow, 1974, Franklin and Forster, 1997).
his approach could be useful to predict the UVBR effects consider-
ng a worst ozone depletion scenario. An increase of the ultraviolet
ndex by about 3–6% is expected in southern high latitudes in
090–2100 (Hegglin and Shepherd, 2009), and this radiation will be
dditionally influenced by climate change (McKenzie et al., 2007).

cknowledgments

The first author is supported by a scholarship from CONICYT.
.M.P. thanks CNPq and A.M. thanks PFB-23 (Basal-CONICYT). This
ork was financed by Project Mineduc PR 334 (Education Ministry

f Chile). We thank to C. Casiccia of the Ozone Laboratory of Uni-
ersidad de Magallanes for providing the UV radiation data. We
re grateful to S. Ovando and L. Kawasaki, for their suggestions to
mprove the manuscript.

eferences

guilera, J., Dummermuth, A., Karsten, U., Schriek, R., Wiencke, C., 2002. Enzymatic
defences against photooxidative stress induced by ultraviolet radiation in Arctic
marine macroalgae. Polar Biol. 25, 432–441.

ischof, K., Gómez, I., Molis, M., Hanelt, D., Karsten, U., Lüder, U., Roleda, M.Y., Zacher,
K., Wiencke, C., 2006. Ultraviolet radiation shapes seaweed communities. Rev.
Environ. Sci. Biotechnol. 5, 141–166.

owler, C., Van Montagu, M., Inzé, D., 1992. Superoxide dismutase and stress toler-
ance. Annu. Rev. Plant Physiol. Plant Mol. Biol. 43, 83–116.

aldwell, M.M., 1971. Solar UV irradiation and the growth and development of
higher plants. In: Giese, A.C. (Ed.), Photophysiology, vol. 6. Academic Press, New
York, pp. 131–177.

ormaci, M., Furnari, G., Scamacca, B., 1992. The benthic algal flora of Terra Nova
Bay (Ross Sea, Antarctica). Bot. Mar. 35, 541–552.

raigie, J., 1990. Cell wall. In: Cole, K.M., Sheath, R.G. (Eds.), Biology of the Red Algae.
Cambridge University Press, New York, pp. 221–257.

iaz, S., Camilio, C., Deferrari, G., Fuenzalida, H., Armstrong, R., Booth, C., Paladini,
A., Cabrera, S., Casiccia, C., Lovengreen, C., Pedroni, J., Rosales, A., Zagarese, H.,
Vernet, M., 2006. Symposium-in-Print: UV effects on aquatic and coastal ecosys-
tems ozone and UV radiation over southern South America: climatology and
anomalies. Photochem. Photobiol. 82, 834–843.

swaran, K., Suba Rao, P.V., Mairh, O.P., 2001. Impact of ultraviolet-B radiation on a
marine red alga Kappaphycus alvarezii. Indian J. Mar. Sci. 30, 105–107.

arman, J.C., Gardiner, B.G., Shanklin, J.C., 1985. Large losses of total ozone in Antarc-
tica reveal seasonal Clx/Nox interaction. Nature 315, 207–210.

igueroa, F.L., 2002. Bio-optical characteristics of Gerlache and Bransfield Strait
waters during an Antarctic summer cruise. Deep Sea Res. Part II 49, 675–691.

oltran, A., Maranzana, G., Rascio, N., Scarabel, L., Talarico, L., Andreoli, C., 1996.
Iridea cordata from Antarctica: an ultrastructural, cytochemical and pigment
study. Bot. Mar. 39, 533–541.

ranklin, L., Forster, R., 1997. The changing irradiance environment: consequences
for marine macrophyte physiology, productivity and ecology. Eur. J. Phycol. 32,
207–237.
ünter, E.A., Ovodov, Y.S., 2007. The effect of ultraviolet radiation on the growth and
polysaccharide composition of a callus culture of Silene vulgaris. Appl. Biochem.
Microbiol. 43, 465–472.

egglin, M.I., Shepherd, T.G., 2009. Large climate-induced changes in ultra-
violet index and stratospheric to troposphere ozone flux. Nat. Geosci. 2,
doi:10.1038/NGE0604.
41 (2010) 899–903 903

Holzinger, A., Karsten, U., Lütz, C., Wiencke, C., 2006. Ultrastructure and photo-
synthesis in the supralittoral green macroalga Prasiola crispa from Spitsbergen
(Norway) under UV exposure. Phycologia 45, 168–177.

Holzinger, A., Lütz, C., Karsten, U., Wiencke, C., 2004. The effect of ultraviolet radi-
ation on ultrastructure and photosynthesis in the red macroalgae Palmaria
palmata and Odonthalia dentata from Arctic waters. Plant Biol. 6, 568–577.

Hoyer, K., Karsten, U., Sawall, T., Wiencke, C., 2001. Photoprotective substances in
Antarctic macroalgae and their variation with respect to depth distribution,
different tissues and developmental stages. Mar. Ecol. Prog. Ser. 211, 117–129.

Jansen, M.A.K., Gaba, V., Greengerg, B.M., 1998. Higher plants and UV-B radiation:
balancing damage, repair and acclimation. Trends Plant Sci. 3, 131–135.

Jones, L.W., Kok, B., 1966. Photoinhibition of chloroplast reactions. I. Kinetics and
action spectra. Plant Physiol. 41, 1037–1043.

Kirchhoff, V.W.J.H., Zamorano, F., Casiccia, C., 1997. UVB enhancements at Punta
Arenas, Chile. J. Photochem. Photobiol. B: Biol. 38, 174–177.

Kramer, G.F., Norman, H.A., Krizek, D.T., Mirecki, R.M., 1991. Influence of UV-B radi-
ation on polyamides, lipid peroxidation and membrane lipids in cucumber.
Phytochemistry 30, 2101–2108.

McKenzie, R.L., Aucamp, P.J., Bais, A.F., Björn, L.O., Ilyase, M., 2007. Changes in
biologically-active ultraviolet radiation reaching the Earth’s surface. Photochem.
Photobiol. Sci. 6, 218–231.

Murphy, T., 1983. Membranes as targets of ultraviolet radiation. Physiol. Plantarum
58, 381–388.

Navarro, N.P., Mansilla, A., Plastino, E.M., 2003. A preliminary study of the vegeta-
tive celular ultrastructure and cell wall production of the red macroalga Iridaea
cordata (Gigartinales). Acta Microsc. 12 (Suppl. B), 627–628.

Navarro, N.P., Mansilla, A., Plastino, E.M., 2010. Iridaea cordata (Gigartinales,
Rhodophyta): responses to artificial UVB radiation. J. Appl. Phycol. 22 (4),
385–394.

Oates, B., Cole, K., 1989. Organelle Associations in Developing Trichoblasts of Polysi-
phonia hendryi (Rhodophyta, Ceramiales). Br. Phycol. J. 24, 339–345.

Oliveira, E.C., Paula, E.J., Plastino, E.M., Petti, R., 1995. Metodologías para el cultivo
no axenico de macroalgas marinas in vitro. In: Alveal, K., Ferrario, M., Oliveira,
E., Sar, E. (Eds.), Manual de métodos ficológicos Universidad de Concepción,
Concepción, Chile, pp. 429–447.

Plastino, E.M., Costa, V.L., 2001. Anomalus plastids in a light green strain of the red
macroalga Gracilaria sp. (Gracilariales). Acta Microsc. (Suppl. C), 315–316.

Poppe, F., Hanelt, D., Wiencke, C., 2002. Changes in ultrastructure, photosynthetic
activity and pigment in the Antarctic red alga Palmaria decipiens during accli-
mation to UV radiation. Bot. Mar. 45, 253–261.

Poppe, F., Schmidt, R.A., Hanelt, D., Wiencke, C., 2003. Effects of UV radiation on the
ultrastructure of several red algae. Phycol. Res. 51, 11–19.

Pueschel, C., 1990. Cell structure. In: Cole, K., Sheath, R. (Eds.), Biology of the Red
Algae. Cambridge University Press, pp. 7–42.

Ramus, J., 1972. The production of extracellular polysaccharides by the unicellular
red alga Porphyridium aerugineum. J. Phycol. 8, 97–111.

Schmidt, E.C., Scariot, L.A., Rover, T., Bouzon, Z., 2009. Changes in ultrastructure
and histochemistry of two red macroalgae strains of Kappaphycus alvarezii
(Rhodophyta, Gigartinales), as a consequence of ultraviolet B radiation exposure.
Micron 40, 860–869.

Setlow, R.B., 1974. The wavelengths in sunlight effective in producing skin cancer:
a theoretical analysis. Proc. Natl. Acad. Sci. 71, 3363–3366.

Smith, R.C., Prézelin, B.B., Baker, K.S., Bidigare, R., Boucher, N., Coley, T., Karentz, D.,
Macintyre, S., Matlick, H., Menzies, D., Ondrusek, M., Wan, Z., Waters, J., 1992.
Ozone depletion: ultraviolet radiation and phytoplankton biology in Antarctic
waters. Science 255, 952–959.

Ursi, S., Guimarães, M., Plastino, E.M., 2008. Deleterious effect of TRIS buffer on
growth rates and pigment contents of Gracilaria birdiae Plastino & E.C. Oliveira

(Gracilariales, Rhodophyta). Acta Bot. Bras. 22, 891–896.

Wiencke, C., Clayton, M.N., 2002. Antarctic seaweeds. In: Wägele, J.W. (Ed.), Synopsis
of the Antarctic Benthos, vol. 9. A.R.G. Ganter Verlag, Lichtenstein, pp. 1–238.

Zacher, K., Roleda, M.Y., Wulff, A., Hanelt, D., Wiencke, C., 2009. Responses of Antarc-
tic Iridaea cordata (Rhodophyta) tetraspores exposed to ultraviolet radiation.
Phycol. Res. 57, 186–193.


	UVB radiation induces changes in the ultra-structure of Iridaea cordata
	Introduction
	Materials and methods
	Results and discussion
	Acknowledgments
	References


