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ULTRAVIOLET SUNSCREENS IN GYMNODINIUM SANGUINEUM (DINOPHYCEAE):
MYCOSPORINE-LIKE AMINO ACIDS PROTECT AGAINST INHIBITION OF
PHOTOSYNTHESIS!
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Smithsonian Environmental Research Center, P.O. Box 28, Edgewater, Maryland 21037

ABSTRACT

Marine phytoplankton are sensitive to inhibition of pho-
tosynthesis by solar ultraviolet (UV) radiation, although
sensitivity varies, depending on the growth environment.
A mechanism suggested to increase resistance to UV inhi-
bition is the accumulation of UV-absorbing compounds,
such as the mycosporine-like amino acids (MAAs) found
in many marine organisms. However, the effectiveness of
these compounds as divect optical screens in microorgan-
isms has remained unclear. The red-tide dinoflagellate
Gymnodinium sanguineum Hirasaka accumulates
about 14-fold more MAAs (per unit of chlovophyll) in high
(76 Wen™2) than in low (15 Wom™2) growth irradiance.
Biological weighting functions were estimated for UV in-
hibition of photosynthesis and showed that the high-light-
grown cultures have lower sensitivity to UV radiation at
wavelengths strongly absorbed by the MAAs. The time
course of photosynthesis during exposure to UV radiation
was measuved using pulsed amplitude modulated (PAM)
Jluorometry and displayed a steady-state level after 15 min
of exposure, indicating active repair of damage to the pho-
tosynthetic apparatus. Repair was blocked in the presence
of the antibiotic streptomycin, yet high-light G. sangui-
neum 7remained less sensitive to UV radiation than did
low-light cultures. These experiments show that MAAs act
as spectrally specific UV sunscreens in phytoplankton.

Key index words:  biological weighting function; dinofla-
gellate; fluovescence; photoinhibition; photoprotection; pho-
tosystem II; quantum yield

Abbreviations: BWE, biological weighting function; chi,
chlovophyll a; P-, photosynthesis vs. irradiance; PSII, pho-
tosystem IT

Solar ultraviolet (UV, 290-400 nm) radiation af-
fects phytoplankton growth and survival in near-sur-
face waters by the inhibition of photosynthesis
(Smith et al. 1980, Helbling et al. 1992, Smith et al.
1992), damage to DNA (Karentz et al. 1991a, Buma
et al. 1995), and effects on other processes (Holm-
Hansen et al. 1993). Concern about stratospheric
ozone depletion and the associated enhancement of
middle ultraviolet (UVB, 290-320 nm) has motivat-
ed spectral assessments of UV inhibition of photo-
synthesis to distinguish effects by UVB compared to
the near ultraviolet (UVA, 320-400 nm), which is
unaffected by ozone depletion (Cullen et al. 1992,
Lubin et al. 1992, Neale et al. 1994, Boucher and
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Prézelin 1996a, Neale et al. 1998a). Equally impor-
tant, although less well understood, are protective
mechanisms by which phytoplankton offset the neg-
ative effects of UV exposure (Vincent and Roy
1993). These mechanisms include protective pro-
cesses that decrease the biological effectiveness of
UV exposure and counteract processes, such as re-
pair, reactivation, and protein turnover, that restore
functions lost because of UV damage. Understand-
ing such mechanisms is critical to assessing the long-
term effect of changes in incident solar UV radia-
tion on ecosystem processes (Bothwell et al. 1993).

One possible mechanism of increased protection
from UV radiation is the accumulation of UV-ab-
sorbing compounds, or putative ‘“‘sunscreens’ (Vin-
cent and Roy 1993). The mycosporine-like amino
acids (MAAs) are a class of about a dozen related
UV-absorbing compounds that are widespread in
marine organisms (Carreto et al. 1990a, Karentz et
al. 1991b, Shick et al. 1992, Stochaj et al. 1994, Ban-
aszak and Trench 1995, Dunlap and Shick 1998).
MAAs have sharp (ca. 20-nm-bandwidth) absorption
peaks varying between 300 and 360 nm (Carreto et
al. 1990a, Karentz et al. 1991b, Shick et al. 1992,
Stochaj et al. 1994). Accumulation of MAAs is cor-
related with exposure to UV radiation in many ma-
rine organisms, so their protective function has
been suggested for some time (Shibata 1969,
Yentsch and Yentsch 1982, Dunlap et al. 1986, Ver-
net et al. 1989, Carreto et al. 1990a, Vernet et al.
1994, Banaszak and Trench 1995, Helbling et al.
1996). However, the efficiency and mode of protec-
tion of MAAs is not well understood. Some studies
have suggested that the presence of MAAs does not
necessarily result in photoprotection. The colonial
form of an Antarctic prymnesiophyte, Phaeocystis ant-
arctica, accumulates MAAs; however, growth of this
alga has been reported to be sensitive to UVB (Kar-
entz 1994, Karentz and Spero 1995; see contrasting
results of Davidson et al. 1996). Moreover, some spe-
cies of Antarctic diatoms do not accumulate MAAs
yet survive UVB exposure better than P. antarctica
(Davidson et al. 1994, Davidson and Marchant
1994). Optical models indicate that MAAs might not
be an effective sunscreen over the short path lengths
characteristic of phytoplankton cells (Garcia-Pichel
1994). Previous attempts to directly measure a “‘sun-
screen factor” for MAAs have revealed only small
(around 10%) increases in spectral filtering (Garcia-
Pichel et al. 1993) and no significant decreases in
UV biological weight (Lesser 1996a, b). MAAs do
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protect against UV-induced developmental delays in
the eggs of laboratory-reared green sea urchins, sup-
porting a direct photoprotective role (Adams and
Shick 1996). However, these authors also recog-
nized that other mechanisms of MAA action might
have provided protection (i.e. through antioxidant
activity) (Dunlap and Yamamoto 1995).

Our experimental objective was to determine
whether MAAs act as a direct, spectral screen against
solar UV exposure in marine microorganisms. We
quantitated the protective function of MAAs in a
marine dinoflagellate as the increased resistance to
inhibition of photosynthesis by UV radiation in the
wavelength band absorbed by the MAAs. The spec-
tral dependence of inhibition was described by a bi-
ological weighting function, or BWF (Cullen and
Neale 1997). A BWF is similar to an action spec-
trum, the difference being that it is inferred from
polychromatic exposures, as is appropriate for pro-
cesses, such as photosynthesis, that respond to mul-
tiple wavebands (Coohill 1991). Previous work has
shown that photosynthesis as a function of UV and
photosynthetically available radiation (PAR, 400-
700 nm) is well described by a model, the BWF/P-I
model, which combines the BWF with a saturating
function of PAR irradiance (Cullen et al. 1992, Nea-
le et al. 1994, Neale et al. 1998a). We examined the
responses of Gymnodinium sanguineum Hirasaka,
which can form extensive surface blooms (‘“‘red
tides’’) in marine coastal and estuarine waters, such
as the Chesapeake Bay.

MATERIALS AND METHODS

Culture growth conditions. We used a clone of G. sanguineum, iso-
lated by D. Wayne Coats from the Rhode River, a subestuary of
the Chesapeake Bay, and grown under low light (LL) and high
light (HL). Cultures were grown under cool-white fluorescent
lights on a 14:10 h LD cycle at 25° C. The growth medium was a
standard ‘‘f/2” enrichment of filtered seawater from the Gulf
Stream diluted to 15%o. The scalar irradiance in the growth flasks
was 15 W-m~2 of PAR (LL) and 76 W-m~2? (HL). Light measure-
ments were made with a quantum scalar (4w) sensor (Biospher-
ical Instruments QSL-100) positioned in the center of a 250-mL
growth flask filled with media and converted to PAR irradiance
in energy units (W-m~2) by application of a conversion factor (4.6
pmol-J7!) determined from measured spectral irradiance of the
fluorescent lights. Cultures were maintained in exponential
growth in each light regime with biweekly transfers for at least 2
months before the first experiment.

Photosynthetic response to UV. The dependence of photosynthesis
on PAR and inhibition by UV radiation was measured as the up-
take of H**COj;~ in organic compounds during a 1-h exposure in
a special spectral incubator, the photoinhibitron, which provides
PAR and UV irradiance of varying intensity and polychromatic
spectral composition. The incubator uses a 2500-W xenon lamp,
which illuminates a temperature-controlled block with 72 posi-
tions for 1-cm-diameter cuvettes with flat quartz bottoms. Irradi-
ance from the lamp is reflected by a mirror to illuminate culture
aliquots (1 mL) through the bottom of the cuvette after passing
through a series of filters as follows: (1) a water heat-trap, (2) one
of seven Schott WG series long-pass filters (280, 295, 305, 320,
335, 345, and 360) or a GG400 filter that excludes all UV, and
(3) within each spectral filter, neutral density screens so as to
obtain nine intensities. The numerical suffix of each filter de-
notes an approximate wavelength of 50% transmission, declining
to 0% at shorter wavelengths. Spectral irradiance for each treat-

ment (and other irradiance sources) was measured (0.2-nm res-
olution) with a specially configured quartz fiber-optic and diode-
array spectroradiometer (Cullen and Lesser 1991) that was cali-
brated with a NIST-traceable 1000-W lamp (Eppley FEL) supplied
with constant current by a HP6030A power supply. Further details
on the spectroradiometer and incubator are given in Cullen et
al. (1992), Neale et al. (1994), and Neale et al. (1998a). Biological
weighting functions were estimated from the measured rates us-
ing statistical methods as previously described (Cullen et al. 1992,
Cullen and Neale 1997). Briefly, the data are fit to the following
equation:

P = Pthanh(EPAR/ES)< (1)

1+ E;’Eh)
where P® is photosynthesis normalized to chl « content
(gC-gchl™*-h~!), P8 is the saturated rate of photosynthesis in the
absence of inhibition, and E is a saturation parameter for PAR
irradiance (Fp g, W-m™2). A dimensionless inhibition index, E,,
is defined as

400nm
Efy = > e()-EMN)-A )
A=280nm
where e(\) is biological weight (reciprocal mW-m~%) at wave-
length N and E(\) is spectral irradiance at A(mW-m *nm™). A
detailed protocol is given by Cullen and Neale (1997). This im-
plementation differed from that previously described (Cullen et
al. 1992) in using the hyperbolic tangent (tanh) function for the
P-I response, which improved the fit. BWFs were independently
estimated for separate trials (five in high light, four in low light).
The mean BWF for each light regime was also calculated, with
confidence intervals for the mean derived from individual error
estimates by propagation of errors (Bevington 1969).

More detailed P-I curves for PAR-only exposure were obtained
in separate ‘‘photosynthetron” incubations using a modification
of the protocol described by Lewis and Smith (1983). Aliquots of
culture (1 mL) were incubated in 7-mL scintillation vials under
37 light levels that were obtained by filtering irradiance from a
250-W halogen lamp with neutral density screens. Irradiance was
measured with a quantum scalar sensor (QSL-100) mounted in-
side a scintillation vial. Quantum scalar irradiance (pmol-m~%s!)
was converted to Fp,z (W-m~2) by application of a conversion
factor (4.9 pmol-J™!) determined from measured spectral irradi-
ance. Photosynthetic parameters F® and E, were estimated by fit-
ting the hyperbolic tangent curve as in Equation 1 (i.e. with F,
= 0).

Cellular absorption and chlorophyll. Cells concentrated on glass
fiber filters were scanned in a Cary 4 dual beam spectrophotom-
eter, using a blank filter wetted with filtrate as a control. Spectra
were corrected for path-length amplification as described (Cleve-
land and Weidemann 1993). Chlorophyll  concentration (chl)
was measured fluorometrically on aliquots concentrated on glass
fiber filters (Whatman GF/F) and extracted in 90% acetone for
at least 24 h in the dark at 4° C.

Mycosporine-like amino acids. For all samples, the extraction and
analysis of MAAs were performed as described (Dunlap and
Chalker 1986) with minor modifications. Briefly, approximately
50 mL of sample water were filtered onto GF/F filters and frozen
(=70° C) until analysis. Filters were extracted overnight in 1 mL
of 100% high-performance liquid chromatography (HPLC)-
grade methanol at 4° C; the extracts were centrifuged, and the
supernatant was used for MAA analysis. Individual MAAs were
separated by reverse-phase, isocratic HPLC on a Brownlee RP-8
column (Spheri-5, 4.6 mm ID X 250 mm), which was protected
with an RP-8 guard column (Spheri-5, 4.6 mm ID X 30 mm). The
mobile phase consisted of 25% methanol (v/v), 0.1% glacial ace-
tic acid (v/v) in water with a flow rate of 0.7 mL-min~'. Detection
of the peaks was carried out using a diode array, UV absorbance
detector (Beckman Gold System). Standards were available for
seven MAAs (mycosporine-glycine, shinorine, porphyra-334, pal-
ythine, asterina-330, palythinol, and palythene). Standards were
originally isolated by Walter Dunlap and were kindly provided by
Deneb Karentz and Michael Lesser. Identities of peaks were con-
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TABLE 1. Growth characteristics of Gymnodinium sanguineum cul-
tures. Mean * standard deviations of replicate culture trials, n = 5 for

high light (HL), and n = 4 for low light (LL).

the PAR illumination with UV. In some cases, a streptomycin so-
lution in distilled water (final concentration 250 pg-mL™' [Stein
1973]) was added after 10 min of PAR exposure, followed by
another 10 min of PAR exposure before UV exposure began.

Growth rate Cell density Chl Cellular chl
—1 . —1 -1 . -1
@n (celleml.™) (kgL ™) (pgrcell™ RESULTS AND DISCUSSION
HL 023 = 0.04 2498 + 435 51 = 12 20.4 o ) ,
LL 0.15 = 0.02 896 + 151 63 + 16 76.3 The initial density of the G. sanguineum cultures

firmed by co-chromatography with standards and by the maximal
wavelength of absorbance by on-line diode array spectroscopy. All
MAA concentrations are expressed in nmol (nmol chl)~.
Photochemical efficiency of photosystem II. A pulse amplitude mod-
ulated (PAM) fluorometer (Walz, Effeltrich, Germany) was used
with a high-sensitivity detector as described (Schreiber 1994).
One milliliter of culture was placed in a l1-cm-square quartz cu-
vette. The cuvette was illuminated from below using irradiance
from a 150-W xenon lamp (Schoeffel) filtered through selected
Schott long-pass filters. The fluorometer measures the steady-state
in vivo chl fluorescence (F,) of phytoplankton during illumination
with actinic irradiance. At 1-min intervals a saturating flash (400-
ms pulse duration) was applied to obtain a maximum yield (F’,).
The relative efficiency of excitation energy capture by photosys-
tem II (bpgy) is calculated as (F',, — F)/F’,. Active fluorescence
measurements of Yspg; have been shown to be highly correlated
with the overall efficiency ({,) and, thus, rate of photosynthesis
(Genty et al. 1989). For each sample, there was an initial 10-min
period without actinic illumination to measure maximum g,
followed by illumination with PAR only (GG400 filter). During
the initial few minutes of steady PAR illumination, s, displayed
short-term variations consistent with the activation of photosyn-
thesis, but after 10 min, Y55y was nearly constant (Schreiber et al.
1986). Once steady-state psy Was reached, kinetics of UV effects
were observed through the decrease in Y5y upon supplementing

after biweekly transfer was 100 cellss-mL~'. Experi-
ments were performed 11 days after transfer for HL
cultures and 12 days after transfer for LL cultures
(Table 1). Gymnodinium sanguineum grew 57% faster
in HL compared to LL, and cell density of samples
used for photosynthesis measurements was three
times higher in HL. In contrast, the chl concentra-
tion was slightly higher in the LL cultures because
of the much higher cellular chl content (Table 1).
Growth in LL was limited by light, and G. sangui-
neum acclimated through the accumulation of pho-
tosynthetic pigments (Richardson et al. 1983, Fal-
kowski and LaRoche 1991).

Photosynthesis. Estimates for the parameters of
PAR-dependent photosynthesis were obtained by fit-
ting Equation 1 to observations of carbon assimila-
tion in the photosynthetron (halogen lamp) and
during exposure to the xenon lamp (an example
data set is shown in Fig. 1). Analysis of the photo-
synthetron results showed that E was significantly
(ca. 30%) lower in LL cultures. Also, P? was slightly
(ca. 6%) higher in LL cultures (Table 2), but the
difference was not very significant (P> 0.05). Anal-
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Fic. 1. Photosynthetic rates P (gC-gchl™-h™1) of LL and HL cultures of G. sanguineum in a spectral incubator versus PAR in W-m™2
(Fpar) and the ratio (I5,:Fpa) of biologically weighted UV irradiance (F,;,) and PAR (ratio has units of reciprocal W-m™2). Treatments
with the same spectral filter have the same color symbol, ranging from red for the 400-nm long-pass filter (GG400) to violet for the 280-
nm long-pass filter (WG280). Treatments in the same filter type have about the same [, ,:Fp,g; variability of the ratio is due to spatial
differences in the xenon lamp spectrum. The shaded surface shows predicted rates of photosynthesis by the fitted BWF/P-I model. The
fitted BWF was also used to estimate F, for each treatment. The magnitude and direction of the difference between predicted and
fitted is shown by the line segment projecting from the symbol. These are the results for one set of HL and LL cultures; similar responses
were obtained in four other trials of HL. and three other trials of LL cultures.
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TABLE 2. Photosynthetic parameters estimated for G. sanguineum cul-
tures grown in high light (HL, frve trials) and low light (LL, four trials).
Mean * standard error of estimates for the saturated rate of photosynthesis
in absence of photoinhibition (P2, mg C-[mg chl] *-h™?) and light sat-
uration parameter (E,, Wom2). Estimates were obtained using the pho-
tosynthetron data fitted to a hyperbolic tangent curve (n = 37 per curve)
and the photoinhibitron data fitted to the BWF/P-I model (n = 72 per
curve). Further details on measurement conditions and parameter esti-
mation are given in Materials and Methods.

PE E

(mg C-[mg chl] “h™Y)  (Wm?) R?

P1 HL 6.47 = 0.16 113 = 8 0.98
LL 6.83 £ 0.11 78 £ 4 0.98

BWF/P-1 HL 4.19 = 0.86 140 = 34 0.92
LL 4.78 * 0.82 115 = 21 0.92

ysis of PAR-dependent photosynthesis in the pho-
toinhibitron (cf. Fig. 1, GG400 filter) also indicated
that photosynthesis by cultures grown in LL saturat-
ed at lower irradiance (E,) and attained a higher
rate per unit chl at saturation. However, in this case
the differences in parameter estimates were not sta-
tistically significant (P > 0.05, #test). The statistical
resolution for P-I parameters was less than for the
photosynthetron because most of the statistical pow-
er in the photoinhibitron design is directed toward
resolving spectral responses.

The differences in PAR-dependent photosynthesis
between the HL and the LL culture support the con-
clusion that acclimation to growth-limiting irradi-
ance was occurring in the LL cultures. The capacity
for photon capture increased in the LL cultures, as
has been observed for other phytoplankton (Rich-
ardson et al. 1983, Falkowski and LaRoche 1991).
The slight decrease of PP in HL cultures might be
due to higher respiration rates in the light (Kana
1990).

Although the relative differences between HL and
LL were the same in the photoinhibitron and pho-
tosynthetron results, the photosynthetic parameters
were different. The values of E, were lower under
the halogen lamp irradiance of the photosynthe-
tron, This is presumably because of the more effi-
cient utilization of the red-enriched irradiance of
the photosynthetron (cf. Vernet et al. 1989). The
difference remained even after adjusting for the
11% lower photon content of xenon versus halogen
irradiance. Interestingly, estimates of P2 were con-
sistently higher under halogen lamp exposure than
under xenon lamp exposure. This effect was not
due to differences in incubation temperature, which
was measured to be 24.6° C = 0.3° C in each case.
Qualitatively similar differences have been observed
in a wide range of samples (Neale and Banaszak,
unpubl.) and might be due to chromatic regulation
of PP, The spectral characteristics of the response
are presently under study.

Under exposure to UV irradiance in the photo-
inhibitron, LL cultures had greater relative decrease
in P8 than HL cultures receiving the same irradi-
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Fig. 2. Average spectral absorbance (d,,, m? mg-chl™!) by G
sanguineum cultures for high-growth irradiance (HL, solid line, n
= 5) and low-growth irradiance (LL, dashed line, n = 4). The
maximum y for the UV portion of the spectrum (left scale) is 10
times greater scale than the visible (right scale). The prominent
peak in the 320-360-nm region is due to MAA absorbance.

ance, indicating an increased resistance to UV ra-
diation in the HL cultures (Fig. 1). In addition, the
decreased sensitivity of HL cultures was spectrally
variable. Light treatments with mainly longer-wave-
length UVA (360-nm, 345-nm, and 335-nm long-pass
filters) had little effect on photosynthesis by HL cul-
tures, but these cultures were sensitive to treatments
with short-wavelength UVB (280-nm, 295-nm, and
305-nm long-pass filters) (Fig. 1). In contrast, the
LL cultures were broadly sensitive to both UVA and
UVB irradiance.

Spectral absorption. Light absorption by the HL and
LL cultures differed in both the PAR and the UV
range. Absorption of PAR per unit chl was greater
in the HL cultures (Fig. 2), probably because of pig-
ment self-shading, or the “‘packaging” effect, in the
LL culture. The difference is even more dramatic in
the UV, where absorption per unit chl was about six
times higher in the HL cultures than in the LL cul-
tures (Fig. 2).

Analysis of cell extracts revealed that the in-
creased absorbance was to due to the presence of
MAAs, which were found in about 14-fold higher
concentration in the HL cultures when normalized
to chl content (Table 3). High concentrations of
UV-absorbing compounds have been observed in
several species of bloom-forming dinoflagellates
that, by accumulating in surface waters, are exposed
to HL conditions (Yentsch and Yentsch 1982, Balch
and Haxo 1984, Vernet et al. 1989, Carreto et al.
1990b). Carreto et al. (1989) showed that transfer-
ring cultures of the red-tide dinoflagellates Alexan-
drium excavatum and Prorocentrum micans from low
(20 pmol quanta-m~—2-s7!} to high (250 wmol quan-
ta-m%s"') light intensity resulted in a rapid in-
crease in the content of UV-absorbing compounds
as determined by the ratio of 365:672 nm absorp-
tion. This process was reversible in both species. Sev-
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TABLE 3. Average concentration of mycosporine-like amino acids (MAAs, nmol-[nmol chl a]™') in G. sanguineum grown under high light (HL) and
low light (LL). Mean of five replicate cultures grown under each regime, = standard error. The ratio of the concentrations HL to LL is also given. Four
MAAs were detected, and wavelengths of peak absorbance in methanol are given in parentheses.

Mycosporine-glycine Palythine Porphyra-334 Palythene
(310 nm) (320 nm) (334 nm) (360 nm)
HL 7.12 £ 0.57 0.66 = 0.25 9.10 = 0.28 27.47 £ 0.90
LL 0.53 = 0.09 0.05 = 0.02 0.83 = 0.10 0.68 £ 0.09
Ratio HL.: LL. 13.5 13.3 14.8

en different MAAs were later identified (Carreto et
al. 1990b) in A. excavatum, four of which are found
in G. sanguineum under our culture conditions (Ta-
ble 3). Prorocentrum micans in culture also contained
a complex of seven MAAs (Carreto, unpubl., in Car-
reto et al. 1990), whereas Lesser (1996a) reported
four MAAs in the same species. Amphidinium carterae
differs from other species of dinoflagellates in not
accumulating high amounts of MAAs even under
UV exposure (Hannach and Sigleo 1998). The only
other dinoflagellate in culture with identified MAAs
to date is Symbiodinium microadriaticum, the symbiont
of Cassiopeia xamachana (Banaszak and Trench
1995). In laboratory experiments, greater concen-
trations of three MAAs (mycosporine-glycine, shi-
norine, and porphyra-334) were produced by S. mi-
croadriaticum in the presence of UV radiation and
PAR than in the presence of PAR only (80 pmol
quanta-m~2s!) treatments. Whether high levels of
PAR would induce the production of MAAs in the
absence of UV radiation was not tested. No MAAs
were induced in a closely related species, S. califor-
nium, the symbiont of Amnthoplewra elegantissima,
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Fig. 3. Biological weight for the inhibition of photosynthesis
by UV (e[A], reciprocal mW-m™?) estimated by statistical analysis
of data from LL cultures. Independent estimates from four trials
are shown. The solid line shows the weights estimated using the
LL data in Figure 1. The vertical bar shows the average 95% con-
fidence interval as a proportion of the estimate over all four
curves. The solid line is at the midpoint of the interval, which is
arithmetically symmetrical around the estimate.

grown in the same light regimes (Banaszak and
Trench 1995).

Several species of Antarctic diatoms also exhibit
variations in MAAs in response to increased UV (Vil-
lafafie et al. 1995, Riegger and Robinson 1997) or
HL (UV and PAR) conditions (Helbling et al. 1996).
Helbling et al. (1996) showed that two species of
centric diatoms, Thalassiosira sp. and Corethron crio-
philum, which had been growing in culture at 250
pmol quanta-m-%s~!, increased MAA concentration
in response to exposure to natural solar radiation
(ranging from 340 to 1320 pmol quanta-m-2s"!, de-
pending on species and day of experiment). In con-
trast, two species of pennate diatoms, Pseudonitzschia
sp. and Fragilariopsis cylindrus, which had much low-
er MAA concentrations compared to the centric di-
atoms, increased MAA production only in the pres-
ence of UV radiation. The bloom-forming prymne-
siophyte Phaeocystis pouchetii produces UV-absorbing
compounds in response to exposure to UVB radia-
tion and might provide UV protection for organisms
present in the water column during a P. pouchetii
bloom (Marchant et al. 1991).

Biological weighting functions. Four estimates of the
BWEF for inhibition of photosynthesis by UV radia-
tion were obtained for each culture trial using from
one to four spectral components as previously de-
scribed (Neale et al. 1994, Cullen and Neale 1997).
Increasing the number of components in the esti-
mation of the BWF allows greater complexity of the
spectral shape. However, additional components are
accepted in the estimate only to the extent that they
significantly increase variance explained by the
BWF/P-I model (sequential F~test). For the LL cul-
tures, two spectral components were sufficient to ob-
tain maximum variance explained (R?); that is, no
significant increase in R? occurred when a third
component was added to the fit (mean F, ,, = 0.99,
P > 0.25). Consistent with this result, there were no
differences in the shapes of the BWFs for LL cul-
tures estimated with two or three components. In
contrast, incorporating a third component did in-
crease I for the HL cultures (mean F, 5, = 9.99, P
< 0.05), indicating an inherently more complex
shape. Incorporating a fourth component did not
significantly increase R* in either the LL or the HL
culture trials.

Estimated weights were similar for the four trials
conducted with LL-grown cultures (Fig. 3). In all
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Fig. 4. Biological weight for the inhibition of photosynthesis
by UV (e[\], reciprocal mW-m~2) estimated by statistical analysis
of data from HL cultures. The solid line shows the BWF estimated
using the HL data shown in Figure 1. The vertical bar shows the
average 95% confidence interval as a proportion of the estimate
over all five curves, excluding the wavelength interval between
320 and 360 nm. The solid line is at the midpoint of the interval,
which is arithmetically symmetrical around the estimate. In the
320-360-nm interval, the estimate was near zero, so a proportion-
al error estimate was not calculated. Weights < 107° were not
plotted. The average confidence interval in this region was +5.7
X 1078,

cases, there was significant weight for inhibition of
photosynthesis by UV radiation (g[\], reciprocal
mW-m~?) across the spectrum. Damaging potential
decreased with an approximately exponential slope
as a function of increasing wavelength. There was
some variation in biological weight at the longer
wavelengths; however, the variation between cul-
tures was not significant.

The BWFs for the HL-grown cultures had more
complicated shapes and were more variable between
trials (Fig. 4). Weights were especially variable in the
spectral range of 320-360 nm, in which the UV re-
sponse was consistent with much lower biological
weights compared to LLgrown cultures. In some
cases, estimated weights were slightly positive and in
others slightly negative. Negative weights occur
when the beneficial effects of irradiance at a wave-
length (i.e. as an energy source for photosynthesis
or an inducer of repair) outweigh the damaging ef-
fects. However, the 95% confidence interval for all
estimates in the 320-360-nm region overlapped
zero, except for the BWF with the most positive
e(N), which had a 95% confidence interval overlap-
ping zero in the 330-350-nm region.

The average BWF for HL and LL cultures over all
trials for each culture regime is shown in Fig. 5. A
95% confidence interval for the mean weight was
calculated by propagation of errors from the indi-
vidual estimates (Bevington 1969). The greatest dif-
ference between HL and LL &()\) is over the 325-

-2
10 R R

T T T
T RRTT]

103

T TTTp

10"

e (MW m?)!

10°°

T T T T

H . . fr
RL ) PSR MU SUPEUN |0 AT T G A AU T

280 300 320 340 360 380 400
Wavelength (nm)

Fig. 5. Average biological weight for the inhibition of photo-
synthesis by UV (e[A], reciprocal mW-m2, n = 5) for all curves
shown in Figures 3 and 4. The solid line is the estimated average
£(N\); flanking dashed lines delimit the range of the 95% confi-
dence interval for the mean estimate. Average curves for the high-
growth irradiance (HL) and low-growth irradiance (LL) cultures
are shown. For the HL culture in the 325-355-nm region, the
95% confidence interval for the mean overlaps zero, therefore
these values were omitted from this logarithmic scale plot. The
cross indicates the weight at 340 nm that would be obtained by
applying a sunscreen factor (S) of 0.8 to the biological weight at
340 nm for LL cultures (g;;[340]).

355-nm range. Exposure to these wavelengths sig-
nificantly inhibited photosynthesis in LL cultures;
however, the g(\) of HL cultures could not be sta-
tistically distinguished from zero. Outside this wave-
band (i.e. at both lower and higher wavelengths),
the UV sensitivity of the HL culture approached that
of the LL culture. The shape of the HL spectrum
strongly supports the conclusion that MAAs provide
direct photoprotection to the G. sanguineum cells.
The greatest difference between the HL and the LL
BWFs is for the 320-360-nm region (Fig. 6). The
shape of the LL-HL difference spectrum is very sim-
ilar to the wavelength band of largest enhancement
of intracellular UV absorbance in the HL culture
compared to the LL culture (Fig. 2). The decrease
in sensitivity of the HL culture is especially dramatic
for the spectral region in which solar radiation most
inhibits photosynthesis in the LL culture (maximum
of the product g [A]-E[A]) (Fig. 6). This indicates
that MAAs are specifically accumulated to provide
spectral protection against solar UV.

Repair. Our results, showing that MAAs produce a
spectrally specific feature in the BWF, are persuasive
support for the hypothesis that MAAs act as potent
UV “sunscreens” in phytoplankton. The spectral
difference between HL and LL BWFs strongly sug-
gests that accumulation of MAAs accounts for the
increased resistance to UV radiation acquired by HL
cultures. However, organisms have multiple defens-
es against UV. Biological weighting functions (un-
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Fig. 6. Difference between the average £(\) of the LL culture
and HL culture (gy[N] — ey [N], reciprocal mW-m~2%), which
measures the decrease in sensitivity to UV (dashed line), com-
pared to weighted irradiance for inhibition of photosynthesis in
the LL culture (g;; [A]-E[X], nm™, solid line). Spectral irradiance
is a midday measurement for near summer solstice at 40° N (Ta-
ble Mountain, Colorado) with a total column ozone of 290 Dob-
son Units, reported by Early et al. (1998) and smoothed to 1 nm
effective bandwidth before weighting.

like action spectra) are composite functions in
which the weights include both the direct effect of
a specific wavelength and interactive effects with
other wavelengths (Coohill 1991). The interactive
effect could be, for example, the induction of repair
processes by UVA illumination (Hirosawa and Mi-
yachi 1983, Greenberg et al. 1989). Thus, to better
define the protective role of MAAs, we examined
the extent to which HL cultures exhibited a greater
resistance through processes that actively counteract
UV damage during exposure. The presence of these
opposing processes can be diagnosed from the time
course of photosynthesis during UV treatment. A
rapid decrease in photosynthetic rate, followed by
stabilization of photosynthesis at a depressed but
steady-state level, implies that damage is partially
counteracted by ongoing repair of the target site(s)
within the photosynthetic apparatus. We measured
time courses of relative PSII efficiency (Yspg;) using
active fluorometry, as previous studies have indicat-
ed that g is closely coupled to the quantum yield
of photosynthesis (Genty et al. 1989). Thus, gy
should reflect damage and repair occurring any-
where in the photosynthetic apparatus, not only in
PSII.

In time-series experiments with G. sanguineum,
cultures were first exposed to a moderate level of
PAR only (160 W-m~2 of xenon irradiance filtered
by a 400-nm long-pass cutoff filter), after which UV
radiation was added, while PAR was maintained con-
stant, by exchanging the filter with a 305-nm long-
pass cutoff filter. Upon illumination with this broad-
spectrum UV+PAR, there was a small drop in PSII
efficiency in HL cultures, whereas PSII efficiency de-
creased but reached a lower steady-state level after
about 15 min in LL cultures (Fig. 7). The lower PSII
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Fig. 7. Time course of the decrease in PSII efficiency (Upsy)
during UV exposure (xenon lamp and a 305-nm long-pass filter
[WG305]) of (A) lowlight-grown (LL) and (B) high-light-grown
(HL) G. sanguineum cultures as monitored by PAM fluorometry.
PSII efficiency ($psy = [F, — F.]/F,) was estimated from the
steady-state (F,) and maximum (') fluorescence yields sampled
at 1-min intervals (points). The g, during the time course is
plotted relative to the average Y, during a 10-min preexposure
at the same PAR irradiance (160 W-m~2) but no UV (long-pass
filter with 400-nm cutoff). Points were used to fit a curve for first-
order kinetics using nonlinear regression (line). Measurements
were made in absence (solid symbols) and presence (open sym-
bols) of streptomycin (250 pg-mL™). Maximum g (no actinic)
for these runs was 0.56 (HL), 0.62 (HL + strep), 0.69 (LL), and
0.69 (LL + strep). Initial {pg; in PAR was 0.29 (HL), 0.36 (HL
+ strep), 0.40 (LL), and 0.49 (LL + strep).

efficiency implies a lowering of photosynthetic rate.
Indeed, the difference between HL and LL g is
consistent with the difference in photosynthesis by
HL and LL cultures, as predicted by the BWF/P-1
model under the time-series experiment conditions
(Figs. 1, 3, 4) (Lesser et al. 1994). Agreement be-
tween changes in g and predicted photosynthesis
was also evident over a series of trials with both HL
and LL cultures using a range of intensities and
spectral treatments (data not shown). Steady-state
Upsp after UV treatment for these trials (n = 13) was
on average 71% of initial yield; application of the
corresponding BWFs predicted that photosynthesis
under UV exposure in the PAM would be 66% of
the PAR-only control.

The rapid attainment of a steady state suggests
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that repair processes are partially counteracting UV
damage and thus are an important factor in deter-
mining the overall response of dinoflagellates to
UV. To determine the contribution of repair to the
increased resistance observed in the HL cultures,
cultures were treated with an inhibitor of chloro-
plast protein synthesis, streptomycin. This inhibitor
limits repair capacity to the extent that damaged
proteins cannot be restored to function through
turnover processes (Samuelsson et al. 1985). Strep-
tomycin was previously shown to enhance inhibition
by UV radiation in a marine diatom (Lesser et al.
1994). After the addition of streptomycin, both HL
and LL cultures were significantly more sensitive to
UV radiation as evidenced by a greater decrease in
PSII efficiency over the 45-min exposure (Fig. 7).
Rates still approached a steady state; apparently,
there was some residual repair capacity despite us-
ing the maximum recommended dose for algal cul-
tures (250 pg-mL~! [Stein 1973]). The important
point is that streptomycin treatment did not narrow
the difference in sensitivity between HL and LL cul-
tures. On the contrary, the difference in PSII effi-
ciency between HL and LL cultures after a 45-min
exposure is actually larger in the presence of strep-
tomycin. These time series indicate that repair pro-
cesses are active in both cultures, but the capacity
for repair is not markedly augmented in HL cul-
tures. We conclude that the increased resistance of
the HL cultures to UV radiation is primarily due to
enhanced photoprotection by MAAs.

Comparison with previous results. The sunscreen
potential of MAAs has been frequently suggested
on the basis of the correlative evidence that or-
ganisms (algae and invertebrates) with higher
concentrations of the compounds appeared to be
more resistant to UV radiation (Yentsch and
Yentsch 1982, Dunlap et al. 1986, Vernet et al.
1989, Carreto et al. 1990a, Karentz et al. 1991b,
Shick et al. 1992, Stochaj et al. 1994, Vernet et al.
1994, Banaszak and Trench 1995, Helbling et al.
1996), but little optical evidence was available to
define the specific function of MAAs (Garcia-Pi-
chel et al. 1993, Garcia-Pichel 1994). Our results
provide optical evidence that MAAs are direct pro-
tectants in G. sanguineum and possibly in other
MAA-accumulating phytoplankton with a similar
cell size as G. sanguineum (mean diameter 44 pm
in the HL culture). In the absence of data showing
that protection was targeted to the spectral region
of greatest MAA absorbance, previous studies
could not determine which portion of the in-
creased resistance was due to the MAAs as op-
posed to other photoprotective or repair process-
es that counteract UV damage that might be in-
duced concomitantly with MAA accumulation.
There are several reasons that our approach might
have better distinguished the specific effect of
MAAs. First, the MAA content of G. sanguineum
varied simply as a function of PAR intensity. Sup-

plementation of growth irradiance with UVR was
not necessary. Such supplementation might con-
found comparative studies by inducing other ef-
fects besides MAA accumulation. Second, the re-
ported BWFs are the average of four (LL) to five
(HL) independent determinations; this enhanced
the statistical power of the comparison. Third,
photosynthesis was measured at high irradiance
under which the consequences of differing BWFs
are the most pronounced (Fig. 1).

A simple optical model (Garcia-Pichel 1994)
suggested that MAAs are marginally efficient pro-
tectants in the size range of dinoflagellates. In
most cases, organisms are found to have less than
1% dry mass of protectant. For cells with a 44-pm
diameter, the optical model predicts that a 0.5%-—
1% investment in MAAs would screen 50%-70%
of UV radiation. To obtain a more precise esti-
mate of MAA optical protection in G. sanguineum,
a sunscreen factor (S) was calculated directly from
measured absorbance (Fig. 2) using the equations
of Garcia-Pichel (1994). We estimated an S of 0.8
for HL cultures, assuming that the background ab-
sorbance was equivalent to the LL cells. A similar
S was obtained by estimating the increase in UV
absorbance from LL to HL cultures using mea-
sured MAA concentrations (Table 3) and the max-
imum extinction coefficient for MAAs (5.7 X 1072
L-g7!-pm™"), as reported by Garcia-Pichel (1994).
An § of 0.8 implies that the increased MAAs ac-
count for an 80% decrease in UV radiation reach-
ing cellular constituents. However, the lowering of
UV weight (¢[A]) between LL and HL cultures was
greater than 80% (Fig. b), implying that screening
performance exceeds both model expectations for
=1% MAA content and direct estimates of screen-
ing potential. The calculation of screening factor
assumes a homogeneous distribution of MAAs in
the cell (Garcia-Pichel 1994). This does appear to
be the case for cyanobacteria (Garcia-Pichel and
Castenholz 1993), but little is known about intra-
cellular distribution of MAAs in eukaryotes. Tar-
geting of MAAs around cellular structures contain-
ing sensitive targets might increase the efficiency
of protection. Another possibility is that MAAs are
also providing protection through secondary
mechanisms, for example, as an antioxidant (Dun-
lap and Yamamoto 1995). However, such mecha-
nisms would not provide spectrally specific protec-
tion and thus would be unlikely to induce the ob-
served changes in BWFs.

Although intercellular distribution of screening
compounds might affect the scale of cell sizes over
which effective protection is obtained, the general
principles of the Garcia-Pichel analysis probably
still hold: As cell size becomes smaller, nonoptical
defense strategies, such as antioxidants, repair,
and reactivation processes, will have better cost/
benefit ratios (Raven 1991). Indeed, the contri-
bution of repair needs to be taken into account
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for any cell size (Lesser et al. 1994). If there are
offsetting processes to damage (as suggested by
the observation of negative weights), even incom-
plete protection from UV radiation might reduce
damage enough so that residual biological effects
can be completely counteracted by other defenses.
Thus, phytoplankton should be expected to have
a range of strategies for defending against UV ef-
fects, with varying importance of photoprotection
and other mechanisms.

CONCLUSIONS

Much progress has been made recently in devel-
oping quantitative approaches for estimating UV in-
hibition of marine photosynthesis (Cullen et al.
1992, Lubin et al. 1992, Neale et al. 1994, Boucher
and Prézelin 1996a, Neale et al. 1998a). In principle,
these approaches can be used to assess the effect of
stratospheric ozone depletion on marine primary
productivity (Cullen et al. 1992, Arrigo 1994, Neale
et al. 1994, Boucher and Prézelin 1996b, Neale et
al. 1998b). However, phytoplankton response to en-
vironmental UV radiation is variable (Neale et al.
1998a). Thus, general estimates of the effect of
ozone depletion depend on a better understanding
of both phenotypic and genotypic variation in UV
response. We have shown that the influence of one
factor, MAA concentration, can be quantitated
through changes in the BWF. This is a first step to-
ward better prediction of how phytoplankton re-
spond to UV radiation on the basis of cellular char-
acteristics and environmental conditions. We sug-
gest that this capability will be further expanded by
spectral studies of MAA effects in other species and
for other growth conditions and by similar compar-
ative studies to relate changes in the BWF to other
photoprotective and repair mechanisms,
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