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Abstract: The photoinduction of ultraviolet radiation (UVR) absorbing mycosporine-like amino acids
{MAAs) was examined under photosynthetically active radiation (PAR) with UVR in exponentially
growing cultures of the marine algal bloom-forming dinoflagellate Scrippsiella sweeneyae. Exposure
to PAR with UVR resulted in marked increases in cellular levels of MAAs in comparison with the PAR
controls. Shinorine and mycosporine-glycine were the dominant MAAs followed by palythine, por-
phyra-334, and palythene. The concentrations of shinorine and mycosporine-glycine were largely re-
sponsible for the prominent absorption peak centered at ~323 nm and the shoulder located at 360 nm
in the chlorophyll a normalized absorption spectra. The increases in cellular MAA contents under
UVR were accompanied closely by increases in cell volume. Growth rates, however, between the
UVR-exposed and PAR control did not differ appreciably leading us to conclude, that the overall strat-
egy of S. sweeneyae when exposed to UVR is to maintain similar growth rates with optimizing cellu-
lar MAA contents and cell volume. The cell appears to achieve this acclimation which in concert,
helps lengthen the path of light impinging on individual cells thus mitigating possible UVR-mediated
DNA damage.
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Introduction

The detection of an ozone hole over the Antarctic conti-
nent (Farman et al. 1985), and the accelerated pace at which
stratospheric ozone destruction has been taking place at
high latitudes (Jones & Shanklin 1995), have raised con-
cerns about its consequences for life on this planet. As the
ozone hole increases, solar ultraviolet radiation (UVR),
mainly ultraviolet-B radiation (UVB: 280-315 nm) incident
on the surface of the Earth is enhanced. Solar UVB can

Abbreviations: MAAs, mycosporine-like amino acids: PAR. photosyn-
thetically available radiation (400-700 nm); UVA, ultraviolet-A radiation
(315-400 nm); UVB, ultraviolet-B radiation (280-315 nm); UVR, ultravio-
let radiation (280-400 nm).
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penetrate to biologically significant depths within the eu-
photic zone in marine ecosystems (Smith & Baker 1981;
Smith et al. 1992; Helbling et al. 1994; Kuwahara et al.
2000a) and a growing body of evidence suggests that this
could lead to impairment of light-dependent responses of
marine phytoplankton (Hader et al. 1998). UVB has a high
energy level per photon and is readily absorbed by nucleic
acids, proteins and pigments. However, it has deleterious
effects on phytoplankton, such as damage to the photosyn-
thetic machinery (e.g., PS 1I) and nuclear DNA (Karentz et
al. 1991; Buma et al. 1995) with consequent inhibition of
photosynthesis and cell growth rates (Jordan et al. 1991),
loss or decrease in activity of the key photosynthetic en-
zyme, ribulose bis-phosphate carboxylase (Rubisco)
(Lesser et al. 1996), decrease of nitrogen uptake (Déhler et
al. 1997), alternation of metabolism and protein synthesis
(Goes et al. 1995), and loss of photo-orientation and motil-
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ity in diatoms (Sundbick et al. 1997) and dinoflagellates
(Nielsen & Ekelund 1993).

Several aquatic plants, including microalgae, are be-
lieved to possess the capability to offset the negative effect
of UVR exposure via photoprotective and photorepair
mechanisms. These mechanisms aid in decreasing the bio-
logical effectiveness of UVR exposure and thus allow the
cell to grow in a UVR-enhanced environment. Understand-
ing such mechanisms is critical to assessing the effect of
changes in incident solar UVR on the marine ecosystem.

One potential strategy by which marine organisms pro-
tect themselves from UVR is via the synthesis of my-
cosporine-like amino acids (MAAs) (Dunlap & Shick
1998; Neale et al. 1998; Shick et al. 1999; Cockell &
Knowland 1999). Mycosporine is the generic name given to
water-soluble UVR-absorbing fungal metabolites with a cy-
clohexenone or a cyclohexenimine chromophore conju-
gated with the nitrogen substituent of amino acids or amino
alcohol (Hirata et al. 1979). These compounds are synthe-
sized by marine algae (Karentz 1994) and have absorption
maxima ranging from 310nm to 360 nm (Nakamura et al.
1982). The protective function of MAAs has been experi-
mentally demonstrated in dinoflagellates Gymnodinium
sanguineum (Neale et al. 1998) as well as in the eggs of the
sea urchin Strongylocentrotus droebachiensis fed during re-
productive development on red-algae having different con-
centrations of MAAs (Adams & Shick 1996). The effec-
tiveness and mode of protection by MAAs however is not
well understood.

An extensive survey on marine microalgae has revealed
that cellular levels of MAAs are particularly high in di-
noflagellates (Jeffrey et al. 1999). This taxonomic group
represents organisms that are particularly well adapted to
marine environments experiencing high PAR and UVR ex-
posure. Therefore dinoflagellates have been considered ap-
propriate experimental organisms to study protective mech-
anisms under the effect of UVR in marine ecosystems. The
production rates of MAAs have been studied in a variety of
marine dinoflagellates including Alexandrium excavatum
(Carreto et al. 1990a,b), Symbiodinium microadriaticum
(Banaszak & Trench 1995), Prorocentrum micans (Vernet
ct al. 1989; Lesser 1996), Gonyaulax polvedra (Vernet et al.
1989; Vernet & Whitehead 1996), Heterocapsa triquetra
{(Wingberg et al. 1997), Gyrodinium dorsum (Klisch &
Hédder 2000, 2002), and Gvmnodinium sanguineum (Neale
et al. 1998; Litchman et al. 2002). The general consensus is
that high fluence PAR (Neale et al. 1998; Carreto et al.
1990a; Hannach & Sigleo 1998), blue light (400-500 nm),
ultraviolet radiation-A (UVA: 315-400 nm) (Carreto et al.
1990b) and UVB wavelengths (Lesser 1996; Wingberg et
al. 1997) can all lead to enhanced production of MAAs. In
experiments with cultures of the dinoflagellate Gvrodinium
dorsum however, when the cells were exposed to polychro-
matic radiation ranging between PAR and UVR, the highest
induction of MAAs was due to UVR irradiation around
310-320nm (Klisch & Héder 2000, 2002). These results

lead us to believe that MAA induction in dinoflagellates
varies depending on the quantity and spectral distribution
of PAR and UVR. However, the link between the induction
of MAAs and the protective function of the induced MAAs
by UVR dose is not clear.

Our objective was to investigate the induction of MAAs
in response to changing intensities and spectral quality of
UVR in exponentially growing cells of the marine dinofla-
gellate Scrippsiella sweeneyae Balech. This species forms
extensive red tides in marine coastal and estuarine waters,
one such area being the Seto Inland Sea in Japan. It has
been considered that the induction of UV absorbing com-
pounds in the living cell by UVR provides strong evidence
of a specific UV-screening function (Cockell & Knowland
1999). Therefore the cellular MAA contents were measured
to quantify the MAA induction response to UVR exposure.
The activity of MAA induction, defined as MAA photoin-
ducibility, was also estimated as the cellular content of
MAAs normalized to chlorophyll @ (Chl @), because the in-
duction of MAAs can be dependent on photosynthetic ac-
tivity (Carreto et al. 1990b; Moisan & Mitchell 2001). An-
other protective strategy of phytoplankton is known to be
the enhancement of cell volume (Behrenfeld et al. 1992;
Garcia-Pichel 1994). The protective role of MAAs was ana-
lyzed with reference to increases of MAA induction and
MAA photoinducibility and also quantified as the ability to
enhance cell volume to accommodate more MAAs in the
cell without a loss in cellular growth rates and physiologi-
cal activity.

Materials and Methods
Culture and experimental conditions

Scrippsiella sweeneyae Balech (NIES-684) was obtained
from the algal collection at the National Institute of Envi-
ronmental Science, Japan. The algae were grown at 25°C in
GPM medium (Loeblich & Smith 1968), prepared with fil-
tered sea-water from Sagami Bay, Japan. The growth
medium was supplemented with 10™*M sodium selenite
(MERCK, Germany) which was required to stimulate the
growth and cell yields of bloom-forming phytoplankton
species (Doblin ct al. 1999).

Algal cultures were incubated in quartz bottles wrapped
with a PAR transparent-UV Guard film (FUJIFILM, Japan)
(Fig. 1) and exposed to PAR only at 20.7W m ~? from cool
white fluorescence tubes (FLR40S, Toshiba, Japan) over a
12h light and 12 h dark cycle. To ensure that the cultures
were exposed to equal amounts of light and to prevent the
cells from sedimenting during incubation, the bottles were
gently rotated in a plankton wheel (TAITEC, Japan) in the
incubation chamber. Semi-continuous cultures kept in ex-
ponential phase under the conditions mentioned above for a
period of one month were used in these experiments.

UVR in the experimental incubation chamber was pro-
vided by Toshiba fluorescence tubes Model FL202E (Fig.
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2). Growing cells were subjected to four different combina-
tions of PAR and UVR obtained by using combinations of
three filter materials. UV Guard film, mylar film (PANAC,
Japan), and acetate film (Polymer Plastics Corporation,
USA), which screened out 99% radiation shorter than 410,
313, and 290 nm, respectively (Fig. 1). These filters were
carefully wrapped around the quartz bottles for each treat-
ment defined as below. PAR-only cultures using UV Guard
film and UVA transparent cultures using mylar film were
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Fig. 1. Spectra of the filters used to achieve the various irradi-
ance conditions for testing MAA induction in Scrippsiella
sweenevae. Quartz (a), acetate (b), mylar (c), and UV Guard filters
(d) allow longer wavelengths than 280 nm, 290 nm, 313 nm and
410 nm to pass through, respectively.

Table 1.
periment of Scrippsiella sweeneyae.
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defined as the control (>410nm treatment) and the
>313 nm treatment, respectively. UVB transparent cultures
using acetate film were defined as the >290 nm treatment
and the cultures without any films were defined as the
>280 nm treatment. To study the response on MAA induc-
tion in S. sweenevae by UVR intensity, neutral density fil-
ters (DAIM, Japan) were then employed to obtain five dif-
ferent UVR intensities, referred to as Experiments 1 to 5
(Table 1). These various combinations of UVR screening
films and neutral density screens resulted in a total of 20
different light treatments including various intensities of
PAR in the control due to visible light released from the UV
lamp (Table 1). Both PAR and UVR, expressed as
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Fig. 2. Spectral distribution of the UVR
(TOSHIBA fluorescence tube model FL202E).

lamp

Irradiances for PAR treatment (>410nm) and UVR treatments (>313 nm, >290 nm, and >280 nm) during UVR exposure ex-

Experiment Treatment PAR (W m™) UVA (Wm™) UVB (Wm ™)
(400-700 nm) (315-400 nm) (280-315nm)

1 >410nm 17.42 0.00 0.00
>313nm 18.70 0.23 0.00
>290 nm 19.46 0.28 0.040
>280nm 19.64 0.30 0.052

2 >410nm 21.99 0.00 0.00
>313nm 23.61 0.49 0.00
>290 nm 24.58 0.60 0.36
>280nm 24.80 0.63 0.50

3 >410nm 23.65 0.00 0.00
>313nm 25.39 0.71 0.00
>290nm 26.43 0.87 0.64
>280nm 26.67 0.92 0.89

4 >410nm 31.11 0.00 0.00
>313nm 33.39 1.09 0.0066
>290nm 34.76 1.34 1.13
>280 nm 35.08 1.41 1.56

5 >410 nm 31.37 0.00 0.00
>313nm 33.67 1.46 0.010
>290 nm 35.05 1.80 1.62
>280 nm 35.37 1.89 2.24
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uWem™2s™!, were measured by Biospherical Instruments
Radiometer Models GMR 610 and PUV 510 (USA). The
former instrument provided PAR measurements at 412,
443, 490, 555, 665, 683, and 710 nm, while the latter pro-
vided UVR measurements at 305, 320, 340, and 380 nm.
The photon fluence density at 280 nm was assumed to be
OuWem s 'nm™!, because the FL202E UV lamp does
not emit light <280 nm (Fig. 2). In order to obtain absolute
values of UVB, light intensities were integrated from
280 nm to 315 nm for the >280 nm treatment, or 290 nm to
315nm for the >290 nm treatment assuming no significant
fluctuation in UVR between the two wavelengths measured.
UVA and PAR intensity were also integrated from 315nm
to 400 nm and from 400 nm to 700 nm, respectively (Table
b).

Exponentially growing PAR-only cultures provided the
inoculation for all treatments in the present study. The inoc-
ula were introduced to obtain an initial concentration of
90+24 cellsml™" in 8 L medium in a polycarbonate bottle
wrapped with UV Guard film during all experiments. When
the cultures approached the beginning of logarithmic
growth phase, subsamples were harvested and used for time
zero. The culture was divided into four quartz bottles
(370ml) for each treatment (>410nm, >313nm,
>290nm, and >280nm treatment). Then the UVR expo-
sure was started. The UVR exposure was run over a period
of logarithmic growth phase that lasted 2 days. On the first
and second days of exponential growth phase, triplicate
subsamples were collected at the midway point of the light
cycle. All subsamples were used for microscopic determi-
nations of cell numbers and cell volume, HPLC analyses of
pigment and MAAs, and spectrophotometric measurements
of the absorption characteristics of the cells.

Cell number and cell volume measurements

Cell density of the cultures was monitored microscopi-
cally. The length, width, and height of 100 cells from cach
treatment were measured on random cells under the micro-
scope and cell volumes were estimated assuming an ellip-
soid shape for the cells (Hillebrand et al. 1999).

Volume specific growth rate

Since cell volume increase was observed in the present
study, cell volume was also considered in calculation of the
growth rate. Thus, the volume specific growth rate g, (d™")
was determined, as follows,

_ La[N()- V(1)) = La[N (1) V(1))
(t,—1) (1)

v

where N(1) is the cell density and W(¢) is the cell volume at
time /.

Spectral absorption analysis

Cell suspensions were harvested using a centrifuge (Kub-
ota centrifuge Model 2010, Japan) at 2,500 rpm for 10 min
at room temperature. Samples were extracted in 1 ml of
80% [v/v] aqueous methanol (HPLC grade, Wako, Japan).
Cells were then sonicated for 1 min in an ice bath. The sol-
vent mixture extracted both UVR-absorbing MAAs and
photosynthetic pigments from cells, leaving a colorless pel-
let. The solvent mixture was centrifuged (Kubota 1910,
Japan) again at 10,000 rpm for 5 min. The absorption spec-
trum of the supernatant was measured from 190nm to
850 nm in a spectrophotometer (Shimadzu spectrophotome-
ter Model UV-2450, Japan) using 80% methanol as the
blank control. The absorbance spectra were normalized to
absorbance at 750 nm.

Determination of chlorophyll a

Cell suspensions were filtered onto 25mm Whatman
GF/A filters, and extracted in 1.5ml of 100% methanol
(HPLC grade). Subsamples were then sonicated for 5min
in an ice bath and extracted for 24 h at —4°C in the dark.
Extracts were filtered through 0.2 um membrane filters.
The methanol extracts were analyzed in a Beckman HPLC
Model System Gold (USA) with C18 reversed-phase Ultra-
sphere 3 um column using a solvent gradient system simi-
lar to that described by Head & Horne (1993). Integrated
peak areas were quantified with external standards obtained
from the International Agency for "*C Determination, Den-
mark.

Identification and quantification of mycosporine-like
amino acids

Cell suspensions were filtered onto 25mm Whatman
GF/A glass fiber filters, and extracted in 1.5ml of 20%
methanol (HPLC grade) to remove non-polar photosyn-
thetic pigments (Klisch & Hader 2000) for at least 24 h at
37°C in the dark. The solvent mixture was then centrifuged
at 10,000 rpm for 5Smin. The supernatant (1 ml) was evapo-
rated under reduced pressure, and re-dissolved in | ml of
100% methanol, a process known 1o remove proteins and
salts which frequently pose a problem during the HPLC
runs (Klisch & Hider 2000). The extracts were vortexed
and centrifuged again at 10,000 rpm for 5min and the su-
pernatant carefully separated and evaporated to complete
dryness at 45°C (Klisch & Héder 2000, 2002). The residue
was redissolved in 100 ul of MilliQ water, and filtered
through a 0.2 #gm membrane filter for HPLC analysis.

MAAs were separated by reverse phase HPLC using a
Shiseido” CAPCELL PAK CI18 UGI20, 5um (250 mm
X4.6 mm 1.D., Japan) and Shiseido™ SG 120 guard column,
5 um (35 mmXx4.6 mm 1.D.). During cach run, the column
was equilibrated with a 100% solvent A [80% MilliQ water
and 20% (v/v) 0.5M ammonium acetate (Wako, Japan)]
run at a flow rate of 1 mimin~!, followed by a 100% cluent
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B [75% MilliQ water, 25% (v/v) methanol, and 0.2% acetic
acid (Wako, Japan)] run for 20 min. Elution of MAAs from
the column was detected by measuring absorbance at both
310 nm and 334 nm (Adams & Shick 1996). MAA concen-
trations were calculated from peak areas detected at 334 nm
using peak areas for individual MAA standards during a
calibration run. Common MAAs were identified by their re-
tention time, absorption spectra from 290nm to 400 nm,
and co-chromatography with authentic standards shinorine,
palythine, porphyra-334, and palythene, which were ob-
tained from the red algae Tichocarpus crinitus, Chondrus
vendoi, Porphyra yezoensis, and Palmaria palmate, respec-
tively. Mycosporine-glycine was obtained from cultures of
the dinoflagellate Alexandrium tamarense (Carreto et al.
2001). Quantification was done using the following molar
extinction coefficients: shinorine: &;;,=44,700 (Tsujino et
al. 1980), palythine: £,,,=36,200 (Takano et al. 1978a),
porphyra-334: £,;,=42,300 (Takano et al. 1979), my-
cosporine-glycine: &;,=28,100 (Ito & Hirata 1977), and
palythene: £,,,=>50,000 (Takano et al. 1978b), respectively.

Statistical analysis

Two-way ANOVA without replication was used to assess
the changes in the variability in the cell volume, cellular
Chl a contents, cellular MAA contents and Chl a specific
total MAA contents under the >410nm treatment during

the incubation duration for all the UVR exposure experi-
ments. It was also used to assess the variation in cell vol-
ume, cellular Chl a contents, cellular MAA contents, and
Chl a specific total MAA contents when exposed to differ-
ent intensities and wavelength compositions of UVR. Stan-
dard error (SE) was calculated as a measure of variation
and sampling error.

Results
Cell volume and growth

Average cell densities at time zero were 392z
55cellsml™ in all experiments. Cell densities increased
to 1,390+251cellsml™" in the control (>410nm treat-
ment) on Day 2 of the UVR exposure experiment. The av-
erage cell volume at time zero was 9.85X10°*
153 um?cell™'. In the control samples, the cell volume did
not show any significant variability during the incubation
duration between any of the UVR exposure experiments
(two-way ANOVA, p>0.05), and the overall average cell
volume was 9.81X10°+436 ym® (Fig. 3a). Volume specific
growth rate ranged from 0.63+0.04 to 0.74*0.13d™" in the
controls (Table 2). There was no significant difference in
volume specific growth rate between any of the controls.

Cell densities increased to 1,563 147 cellsml™' on Day
2 of the UVR exposure experiment in all UVR treatments.

25.0 250
{ a b

20.0 200

150 150

100 ﬁ:——é 10.0 F ,Oﬁo' -#
5
; 50 | 50
‘e
X 0.0 A L . 0.0 L L !
§ 16.0 20.0 24.0 28.0 320 0.0 0.5 1.0 1.5
-—S >410 nm (W m2) >313 nm(Wm™2)
3
&

25.0 i C 250 r d

200 F 200

150 | 15.0

10.0 10.0

50 | 50 F

O.U A 1 ' ) 0.0 1 Il il 1 3

0.0 0.5 1.0 1.5 20 00 05 1.0 1.5 20 25

>290 nm (W m2)

>280 nm (W m ‘3)

Fig. 3. Cell volume of Scrippsiella sweeneyae cultured under different light intensities on Day 1 (C) and Day 2 (@) of UVR
exposure experiments in the >410nm (a), >313 nm (b), >290nm (c), and >280nm treatments (d). Vertical bars indicate one
standard error (SE). Ratios of SE to the mean are smaller than 0.036.
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Table 2. Mean volume specific growth rate (&, in d ') with one
standard error (SE) observed in the >410nm treatment as a con-
trol and the different UVR treatments.

Volume specific growth rate (d™")

Experiment Treatment
H.=SE
1 >410nm 0.67+0.04
>313nm 0.75+0.10
>290nm 0.79+0.08
>280nm 0.71x0.15
2 >410 nm 0.63%£0.09
>313nm 0.70+0.04
>290 nm 0.71=0.04
>280 nm 0.73+0.11
3 >410nm 0.70+0.07
>313nm 0.83x0.14
>290 nm 0.76+0.13
>280nm 0.82x0.23
4 >410nm 0.72x0.16
>313nm 0.75+0.12
>290 nm 0.76*0.19
>280nm 0.76+0.13
5 >410nm 0.74+0.13
>313nm 0.83+0.09
>290nm 0.84x0.30
>280nm 0.76+0.25

The differences in cell volume between the control and the
UVR treatments were significant, especially on Day 2 dur-
ing all of the UVR exposure experiments (two-way
ANOVA, p<0.001) (Fig. 3b, ¢, and d). These differences
were also significant between the UVR treatments (two-way
ANOVA, p<0.001), particularly where the >280nm treat-
ment induced larger cell volumes than for the >313 nm and
>290nm treatments. The cell volume increased with UVR
intensity in all UVR treatments (two-way ANOVA,
p<0.001). In the >280 nm treatment the cells attained vol-
umes of about 23.0X10° um® at the highest intensity of
UVR (Experiment 5). Volume specific growth rate compar-
isons revealed no significant differences between the UVR
intensities or between the UVR treatments (Table 2). Addi-
tionally there were no differences in volume specific growth
rate between the controls and UVR treatments.

Cellular chlorophyll « content

Cellular Chl a contents ranged from 21.7 to 38.1 pg Chl
a cell 7! at time zero with an average of 27.5+2.9pg Chl a
cell ~'. In the control samples, cellular Chl @ contents did
not show any significant variability during the incubation
duration between any of the UVR exposure experiments
(two-way ANOVA, p>0.05). Although intracellular Chl «
increased during the UVR exposure experiments, no pat-
terns of variability were discernible between the control and
the UVR treatments. A statistical test of the differences be-
tween the UVR treatments also indicated no significant dif-
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15 >290 nm treatment
>313 nm treaiment

>410 nm treatment
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Fig. 4. The absorption spectra of methanolic extracts from
Scrippsiella sweeneyae. The absorption was normalized to the
chlorophyll ¢ peak at 665 nm for the cultures exposed to different
spectral compositions in Experiment 5 on Day 2 (a). Changes in
the wavelength of maximum absorption of extracts exposed to dif-
ferent spectral compositions, plotted as a function of the number
of days exposure in Experiment 5 (b). The vertical bar indicates
one standard error.

ferences (two-way ANOVA, p>0.05).

Spectral absorption

Chl a-normalized absorption spectra of methanolic ex-
tracts of S. sweeneyae in the control samples were charac-
terized by one peak centered at around 323 nm (a;,,) and a
prominent shoulder at 360 nm (a,,) in the UV region, (Fig.
4a). Exposure to UVR clearly resulted in an enhancement
in the UV absorption peaks as compared to the controls.
The UV absorption maxima (4,,,), centered at around
323 nm, fluctuated between ca. 329 and ca. 321 nm. In Ex-
periment 5 the absorption maxima shifted from 326 nm to
321-323 nm in all treatments (Fig 4b).

Mycosporine-like amino acids

HPLC analysis of MAAs indicated the presence of a
mixture of MAAs in §. sweeneyae (Fig. 5a and b). Of these,
five MAAs, shinorine (wavelength of maximum absorbance
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Fig. 5. HPLC chromatogram of MAAs from Scrippsiella
sweeneyae detected at 310nm (a) and 334 nm (b). Numbers I to 5
indicate shinorine (retention time: RT=3.4min), palythine
(RT=4.2min), porphyra-334 (RT=4.8 min), mycosporine-glycine
(RT=4.9 min). and palythenc (RT=13.0 min), respectively.

A, =334nm), palythine (A,,,=320nm), porphyra-334
(Zpax =334 nm), mycosporine-glycine (A,,,,=310nm), and
palythene (A,,,=360nm) were identified in the present
study. With the exception of palythene, the sum of these
four MAA concentrations, possessing maximum absorption
peaks from 310 nm to 334 nm, correlated strongly with the
absorption peak at 323nm (p<0.001) (Fig. 6a). The pa-
lythene concentration correlated significantly with the ab-
sorption shoulder observed at 360 nm (»<<0.001) (Fig. 6b).

Cellular MAA contents at time zero of UVR exposure
ranged from 0.20*0.01 of shinorine to 0.020%
0.002 pmol cell™' of palythene (Table 3). The relative
amounts of individual MAA per cell at time zero estimated
from the absolute concentrations of individual MAAs re-
vealed that shinorine, followed by mycosporine-glycine,
was the most dominant MAA in S. sweeneyae. Both com-
pounds accounted for between 30 and 40% of the total
MAAs. Palythine or porphyra-334 accounted for less than
14% of the total MAAs. Palythene was the least abundant
MAA in S. sweeneyae accounting for less than 5.0% of the
total MAAs,

Induction of mycosporine-like amino acids

Variations in the induction of MAAs, measured as the
cellular MAA content, were not significant in the control

(mmol m-3)

Shinorine t palythine+porphyra-334+mycosporinc-glycine

393 (m™")

Palythene
(mmol m-3)

0.0 2.0 4.0 6.0 8.0

a300 (m™

Fig. 6. Relationship between the absorption peaks at 323 nm (a)
and 360 nm (b) and the concentration of MAAs. The solid line is a
least-square regression fit of the data.

Table 3. Mean cellular MAA contents with one standard error
and relative abundance of MAAs at time zero.

Cellular Relative
concentration abundance
(pmol/cell) (%)

Shinorine 0.20+0.01 39.7x2.6
Palythine 0.067x0.01 12.7+0.9
Porphyra-334 0.055%0.01 104=13
Mycosporine-glycine 0.1720.02 33.9+1.7
Palythene 0.0200.002 4.0x0.5
Total 0.51%0.05

(two-way ANOVA, p>0.05) (Fig. 7a and €), even though
PAR intensity varied from 17 to 31 Wm™2 (Table 1). MAA
induction at Day | of the UVR exposure experiment in the
control let to higher values than on Day 2 (two-way
ANOVA, p<0.05). The increase in MAA induction on Day
| was also observed in the UVR treatments. MAAs were
induced more on Day 2 than Day 1 at the two highest UVR
intensities (Fig. 7b. ¢, d. f, g, and h).
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Fig. 7. Induction of MAAs in Scrippsiella sweeneyae by different light intensities at >410nm on Day 1 (a) and Day 2 (e).
>313 nm on Day 1 (b) and Day 2 (f). >290nm on Day 1 (c¢) and Day 2 (g). >280 nm treatment on Day 1 (d) and Day 2 (h). Shi-
norine, mycosporine-glycine, palythine, porphyra-334, and palythene are indicated with circles, diamonds, triangles, squares, and

inversed triangles, respectively.

Each MAA induction increased significantly with in-
creasing UVR intensities (two-way ANOVA, p<0.001).
The induction of MAAs also increased appreciably with
UVR incorporating shorter wavelengths (two-way ANOVA,
p<0.001). The most prominent increases were observed for

the major MAAs, shinorine and mycosporine-glycine, in
the >280nm treatment, where they were about 3-fold
greater compared to the concentrations at time zero (Fig.
7h). The minor MAA, palythene, showed the greatest in-
crease over the experimental period, i.e., the concentration
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was about 5 times greater than that recorded at time zero in
the >280 nm treatment (Fig. 7h).

The MAA photoinducibility, defined as the Chl a specific
content of total MAAs at time zero, was 0.019%+0.00 in all
experiments. The MAA photoinducibility did not change
significantly in the control during the incubation duration in
any of the UVR exposure experiments (two-way ANOVA,
p>0.05). The MAA photoinducibility on Day | and Day 2
of UVR exposure was significantly higher than in the con-
trol, especially on Day 2 in the >280nm treatment (two-
way ANOVA, p<0.001) (Fig 8a, b, ¢, and d). The MAA
photoinducibility was also clearly greater in the cells ex-
posed to shorter wavelengths of UVR (two-way ANOVA,
p<0.01). Significant increases in the MAA photoinducibil-
ity were also observed particularly in the >290nm and
>280 nm treatments with increasing UVR intensities (two-
way ANOVA, p<0.001) (Fig 8¢ and d).

Discussion

Scrippsiella sweeneyae is a marine unicellular dinofla-
gellate adapted to environments with high-irradiance. This
species exhibits positive phototaxis at high irradiance as
observed for other species of dinoflagellates (Blasco 1978)
but is unlikely to be photobleached significantly by even
high-intensities of PAR. Natural light intensities ranged
from 39 to 339 for PAR, 3.7 to 28.3 for UVA, and 0.14 to
1.2Wm™? for UVB in 1998 at the Manazuru Peninsula in

Sagami Bay (35°09'49"N, 139°1033"E) (Kuwahara et al.
2000b) where the latitude is similar to the Seto Inland sea
where this species forms red tides. However, the integrated
light intensities in this study ranged from 17 to 35 for PAR,
0.23 to 1.9 for UVA, and 0.04 to 2.2 Wm ™2 for UVB (Table
1). Although a direct comparison cannot be made due to the
different spectral composition between solar radiation and
the UV lamp used in this study, a relatively high UVB in-
tensity was employed particularly to assess features of the
accumulation of cellular MAAs in response to harmful
UVB radiation without significant effects on growth rate.
The presence of MAAs in cells grown solely under visi-
ble light, however, indicates that the biosynthesis of MAAs
is not solely a UVR-dependent process but an inherent
physiological feature of S. sweeneyae. Although the role of
MAAs is believed to be primarily photoprotective against
UVR (Cockell & Knowland 1999; Dunlap & Shick 1998;
Neale et al. 1998; Shick et al. 1999), 1) the ability of S.
sweeneyae to accumulate these compounds when grown for
prolonged periods under visible light as was observed in the
pre-experimental cultures, and 2) the lack of appreciable
changes in intracellular MAA contents under various inten-
sities of visible light during the experiments, suggest that .
sweeneyae is capable of consistently diverting a fraction of
photosynthetically-fixed energy towards the production and
maintenance of optimal MAA concentrations within the
cell. The ability of S. sweeneyae to produce MAAs under
visible light, however, does not seem to be unusual for di-
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noflagellates. A survey of 206 strains of marine phyto-
plankton for the presence of MAAs (Jeffrey et al. 1999)
also showed that several surface bloom-forming phyto-
plankton, in particular dinoflagellates, are capable of pro-
ducing large amounts of MAAs even when grown for sev-
eral generations under visible light. The capacity to biosyn-
thesize MAAs appears to be an inherent physiological trait
in surface bloom-forming organisms (Jeffrey et al. 1999)
which experience high intensities of incident irradiance
during photosynthesis over the course of the day. S.
sweeneyvae is a surface bloom-forming phytoplankton
species and has been implicated in the formation of exten-
sive red-tides in estuarine and coastal marine environments.
The ability of this organism to synthesize large amounts of
MAAs therefore does not appear to be unusual.

The nearly constant intracellular levels of MAAs main-
tained by S. sweeneyae under different intensities of visible
light observed in our study differs from earlier reports of
induction of MAAs by high fluence rates of visible light
(Carreto et al. 1990a; Riegger & Robinson 1997). The rea-
son for the discrepancy between our findings and those re-
ported earlier is unknown and certainly deserves further
study. One possibility is that S. sweeneyae requires a much
greater intensity of visible light regime to stimulate MAA
synthesis above the optimal levels maintained by the cells.

The MAA pool in S. sweeneyae was made up of a mix-
ture consisting of five MAAs i.e., shinorine, mycosporine-
glycine, palythine, porphyra-334, and palythene. The com-
position of MAAs of S. sweenevae was similar to that of
Gymnodinium sanguineum (Litchman et al. 2002) another
bloom-forming dinoflagellate. However, the relative abun-
dance of individual MAAs between the two species was
different, even when grown under similar PAR regimes. In
S. sweeneyae the two predominant MAAs were shinorine
(ca. 40%) and mycosporine-glycine (ca. 34%), whereas in
G. sanguineum it was palythene (ca. 37%). This compari-
son suggests that the biosynthesis of MAAs is a species-de-
pendent process.

The absorption peak of spectra in S. sweeneyae shifted
from 326 nm towards shorter wavelengths in all the treat-
ments at the highest intensities of UVR (Experiment 5).
Accompanying the shifts in position of the UV absorbance
peak were changes in the relative abundance of the two-
major MAAs, i.e., a decrease in the relative concentrations
of shinorine (13% decrease compared to time zero) and an
increase in mycosporine-glycine (4% increase compared to
time zero). Since the absorption maxima of mycosporine-
glycine is 310 nm and that of shinorine is about 334 nm, the
most plausible reason for the shift in the UVR absorption
maxima towards short wavelengths appears to be the de-
crease in relative concentrations of shinorine. UVR-medi-
ated shifts in absorption peaks of MAAs towards short
wavelengths have also been reported in Gyrodinium dorsum
(Klisch & Hader 2000). In this organism the peak shift was
associated with a decrease in the relative concentrations of
porphyra-334 and an increase in mycosporine-glycine. A

notable difference between S. sweeneyae and G. dorsum,
however, was that the change in the relative abundances of
MAAs in the former could be induced either or both by
PAR and UVR, whereas in G. dorsum, the changes were
observed solely following exposure of the cells to UVR.

The increase in MAAs in S. sweeneyae cells exposed to
shorter wavelengths of UVR was highly conspicuous. Pho-
toinduction of MAAs by UVR has been reported in several
phytoplankton strains (Carreto et al. 1990a; Lesser 1996;
Klisch & Hider 2000, 2002; Marchant et al. 1991; Riegger
& Robinson 1997). The induction of MAAs, however, ap-
pears to be a process that is wavelength and phytoplankton-
species dependent. In S. sweenevae, the greatest increase in
cellular MAA contents was observed in cells exposed to
wavelengths >280 nm. In Anabaena sp., a cyanobacterium
(Sinha et al. 2002), the maximum induction of MAAs was
found when the cells were exposed to >290nm UVR. In
the green algae Prasiola stipitata, the increase was greatest
with >300nm UVR (Groniger & Hider 2002), whereas in
the dinoflagellate Gyrodinium dorsum (Klisch & Héder
2000, 2002) the greatest increase was observed at
>310nm. These wavelength-associated differences in
MAA accumulation could be related to the differences in
light signal perception by the photoreceptors within the or-
ganisms (Halldal 1962). It is also possible that the induc-
tion of MAAs takes place only after a certain threshold of
UVR intensities is crossed, as was observed in the present
study. Since the induction of MAAs was clearly dependent
on the dose rate of UVR and differed at different wave-
lengths, MAA function was suggested to be for specific
UV-screening (Cockell & Knowland 1999). These observa-
tions are in agreement with those reported for Phaeocystis
pouchetii in which the induction of UV-absorbing com-
pounds was found to be clearly related to the dose rate of
UVB (Marchant et al. 1991).

A prominent change that S. sweeneyae cells underwent
following exposure to UVR was an increase in cell volume.
This increase ranged from 10 to 130% over the controls and
was greatest in the >280 nm treated cells. Variations in cell
size are considered to be a photoprotective strategy against
UVR and visible light when they become detrimental to
cell physiology and growth (Garcia-Pichel 1994). An in-
crease in cell volume results in an increase in the path-
length of light traveling to the cells. Such an increase in the
pathlength can afford the cells protection against UVR by
protecting sensitive sites, such as cellular DNA from the
harmful effects of UVR (Garcia-Pichel 1994). In §.
sweeneyae the increase in cell volume that resulted in the
UVR treated samples, without compromising cell growth,
might suggest that DNA was being protected from the
harmful effects of UVR via a two-pronged strategy of an
increase in cell size and the accumulation of MAAs within
the cells.

Photoinduction of MAAs and cell volume increases were
minimal in S. sweeneyae cells exposed to visible light. This
result is a clear indication that the intensities of visible light
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Fig. 9. The relationship between the cell volumes and total cel-
lular MAA contents in the >410nm (O), >313 nm (A), >290 nm
(0), and >280 nm treatments (). Symbols in the parentheses in-
dicate data for the >290nm treatment on Day | and >280nm
treatment on Day | and Day 2 of UVR exposure. The solid line
was fitted to data under UVR treatment within the same range of
variation in cell volume (8.5X 10° to 12X 10* um®) in the >410nm
treatment (p<<0.001). The dashed line indicates the extrapolation
of the solid line.

that the cells were subject to in our experiments were not
stressful. Furthermore, these observations lend credence to
the view that cell volume enhancement and photoinduction
of MAAs (over and above minimal cellular MAA contents)
are processes that are triggered only when the cells are ex-
posed to the harmful intensities of UVR. The highly signifi-
cant relationship (»<<0.001) between cell volume and cellu-
lar MAA contents under UVR treatments within the same
range of variation in cell volume in the control (Fig. 9) sug-
gests that cell volume increases and photoinduction of
MAAs are physiological processes that are not mutually ex-
clusive when grown under UVR. This relationship seems to
be quite robust up to cell volumes of about 15.0% 10° um>,
The three outliers seen in Fig. 9 are the >290 nm treatment
on Day | and the >280nm treatment on Day 1 and Day 2
of UVR exposure in Experiment 5. Although cellular MAA
contents for the UVR treatment in Experiment 5 were
higher compared to the other treatments, the points were
clearly offset from the line of best fit. The overall photopro-
tective strategy that the cells adopt as they adapt when
MAA production cannot keep pace with increasing UVR is
through enhancement of the pathlength of UVR by enhanc-
ing cell volume.
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