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CARBON UPTAKE IN A MARINE DIATOM DURING ACUTE EXPOSURE TO
ULTRAVIOLET B RADIATION: RELATIVE IMPORTANCE OF DAMAGE AND REPAIR!

Michael P. Lesser,® John J. Cullen,® and Patrick . Neale®
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ABSTRACT

Experiments on o marine diatom, Thalassiosira pseu-
donanu (Hustedt) clone 3H. demaonstrate that under mod-

erate photon flux densities (75 umol quante-m 2571} of

visible light the tnhibition of photosynthesis by supplemen-
tal ultraviolet (UV) radiation (UV-B: 280-320 nm) is
well described as a hyperbolic function of UV-B irradiance
for time scales of 0.5-4 h. Results are consistent with
frredictions of &t vecently developed model of phetosynthesis
under the influence of UV and visible irradinnce. Al-
though net destruction of chlovophyll occurs during a 4-h
exposure to UV-B, and the effect is a function of exposure,
the principal effect of UV-B is a decrease in chlorophyll-
specific phatosynthetic rate. The dependence of photoinhi-
bition on dosage rate, rather than cumulative dose, and
the hyperbolic shape of the relationship are consistent with
net photoinhibition being an equilibriuom between damage
and repaiv. The vatio of damage to repair is estimated by
a mathematical analysts of the inhibition of photosynthesis
durmng Pxpasures to UV-B. A nitrate-limiled culture was
much inore sensitive to UV-B than were the nutrient-replete
cultures, hut the kinetics of photoinhibition were vmilar,

The analysis suggests that the nutrient-limited culture was
more sensitive than the wutrient-replete cultures because
repair or turnover of criticnl proteins avsociated with phﬂ-
tosynthesis is inhibited. An inhibitor of chloroplast protein
smlhms was used to suppress repaiv processes. Photo-
inhibition by UV-B was enhanced, and inhibition was a
Junction of cumulative dose, as would be expected if dam-
age were not countered by repair. The fundamental im-
portance of repair processes should be considered in the
design of field experiments and models of UV-B effects in
the environment, especially in the context of vertical mix-
ing. Repair processes must also be considered whenever
biological weighting funetions are developed.

Kevindexwords:  Bacilla rmplnrmr carbon ufitike; plo-
toivhibition; Photosyathesis; repair prrocesses; "Thalassio-
sira pseudonana: U'V-B

Global decreases in stratospheric ozone have been
observed in both the northern {(Blumthaler and Am-
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bach 1990) and southern hemispheres (Frederick
and Snell 1988). The anthropogenically induced de-
crease in stratospheric ozone permits an increase in
the flux of biologically damaging mid-ultraviolet
{(UV-B: 290-320 nm) radiation reaching the bio-
sphere (Solomon 1988, Hardy and Gucinski 1989,
Smith 1989). Environmental ultraviolet radiation,
particularly UV-B, is known to have deleterious ef-
fects on many biological pracesses (Worrest 1982)
such as photosynthesis and growth in terréstrial
plants {Tevini and Teramura 1989) and phyioplank-
ton {(Lorenzen 1979, Smith et al. 1980, Smith and
Baker 1982, Jokiel and York 1984, Biihlmann er al.
1987), nitrate uptake in diatoms (Déhler and Bier-
mann 1987), locomotion in protists (Hider and Hid-
er 1988), growth and photosynthesis of zooxan-
thellae in culture (Jokiel and York 1982, Lesser and
Shick 1989), and growth of macroalgae (Wood 1987).
Both UV-A (320-400 nm) and UV-B wavelengths
tan penetrate to ecologically significant depths in
seawater (Jerlov 1950, Smith and Baker 1979, Cal-
kins and Thordardottir 1980, Wood 1987, Smith et
al. 1992), with the absorption of UV radiation large-
ly dependent on the concentration of chlorophyll
and dissolved organic matter (Smith and Baker 1979,
1989). Recent measurements in the Antarctic, using
an underwater spectroradiometer, detected UV-B
radiation down to a depth of 70 m (Smith et al.
1992).

In a previous publication (Cullen and Lesser 1991),
we considered the effects of dose and dosage rate
on the inhibitien of photosynthesis by UV-B radi-
ation. Here, we analyze further the kinetics of car-
bon uptake and the variation in chlorophyll content
during exposure to UV-B radiation, comparing re-
sults to predictions of a recently developed model
{Cullen et al. 1992a) and seeking empirical evidence
for the balance between damage and repair that is
implied in the model. We present evidence indicat-
ing that the synthesis of proteins associated with
photosynthesis is important in repairing damage to
the photosynthetic apparatus (Kok 1956, Van Baa-
len 1968, Hirosawa and Miyachi 1983, Ohad et al.
1984, Samuelsson et al. 1985, Neale 1987), which
is manifested by changes in photosynthetic perfor-
mance. These processes complicate efforts to de-
scribe the biological weighting function for photo-
inhibition of photosynthesis by UV radiation. These
repair processes are also likely o be important in
the ocean, where the damage inflicted by UV-B ra-
diation may be reversed during vertical transport
away from near-surface UV-B exposure.
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MATERIALS AND METHODS

Culture conditions and experimental procedures were de-
scribed in dewail by Cullen and Lesser (1981). Important points
and additional procedures are presented here. A culture of the
marine diatom Thalavsiasira pirudanana (clome 3H) was obtained
from the Provasoli-Guillard Calture Collection for Marine Phy-
toplankion and grown on a 12:12 h LD cycle at 20° C. The
containers were polycarbonate, and the cultures were hubbled
with acid-scrubbed air and stiveed. Nutrient-replete semicontin-
uous cultures were kept in exponential phase using /2 growth
medium (Guiltard 1975). Nitratedimited continuous eultures were
maintained at a growth rate of 0.5 d ' using £/2 growth medium
with 50 uM nitrate. Hlumination for all cubtures was from Vitas
Lite full-spectrum Huorescent lamps providing a quantum scalar
irradiance of 75 pmol quama-m~*-5 ' (photosynthetically active
radiation) as measured by a Biuvspherieal 1nstruments QSL-100
4x sensor immersed in a water-filled culture vessel.

Analyses. The concentration of chlorophyll ¢ was measured
luorometrically using a calibrated Turner Designs 10-005R fuo-
rometer on triplicate samples of | mL collected on Whatman
GF/F hliers and extracted in 10 mL of 80% acetone and di-
methybsulfoxide (6:4 vol/valyat —4° Cin the dark for at least 24
h. This solvent mixture vields results equivalent 1o those obrained
using 90% acetone {cf. Stramski and Morel 1990).

The same Ruorometer was used {or discrete measurements of
the tluorescence of chlorophyll ¢ in 1w, Fluorescence was mea-
sured after at least 30 min acclimation in the dark and then again
after exposure o 3 x 10~ M DCMU (3-(3.4dichlorophenyl)-
1,l-dimethylurea) {(Vincent et al. 1980). The inital Aunrescence
reading (F) was made alter 15 s in the luorometer, then DCMU
was added. Fluorescence in the presence of DCMU (F) was re-
corded afler 45 s in the fuorometer. Distilled water served as
the blank. The celiular florescence capacity index was then cal-
culated [(Fy — F)/F4| as one measure of the physiological con-
dition of the culture (Vincent et al, 1980).

‘Friplicate specimens of 50 mL were taken for determination
of particulzte carbon and nitrogen. "These samples were Rltered
onto baked (450° C for 4 h) GF /F filtersand stored in a desiceator.,
Specimens were frozen at —50° C and freere-dried overnight
immediately prior 1o use. Samples were combusted in a Controt
Equipment Corporation (Perkin Elmer) 240 XA elemental ana-
lyzer with an automatic sampler in an air-tight box to keep the
samples dry. Acetanilide was used for a standard: prefiltered col-
rure medium was passed through baked flters and used as blanks,

Carbon uptake during exposure to UV-8. Sumples were placed in
open glass dishes thal were exposed in an experimental incubator
to uniform visible light from below and a range of UV-B fluxes
trom above. Air temperature was controlled ar 20° C. Visible
light at 75 umol quanta:m 2-5 ! was provided by Vita-Lite flu-
orescent lamps shone through UV-B opaque acrylic (cut-off, 385
nm) and a neutral-density screen, Measuréments of photosyn-
thesis vs. photosynthetically active radiation (PAR; not shown)
indicate that this irradiance is within the light-limited portion of
the photesynthesis-irradiance relation bui exceeds the charac-
teristic photon Aux density (PF D) for the onser of light saturation,
1, (=P./a). Decreases in photosynthesis at this PFD can result
from changes in P, (maximum photosynthetic rawe) or o {maxi-
mum photoesynthetic efficiency). UV radiation came from either
two or four aged (200 h) Auorescem lamps (FS40 T12-UV-B,
Bulbtronics Inc., Farmingdale, NY) suspended 60 or 50 cm, re-
spectively, above the samples. Six different fluxes of UV radiation
(2,8, 14, 37, 72, and 100% of incidem) were obtained by placing
perforated nickel screensover the dishes, Anacrylic plate, vpaque
to UV-B (cut-off, 385 nm), was placed over anather dish, which
served us a control. A rotating tuble was used to stir the samples
continually during the experiment. Except where stated, the UV-B
lamps were filtered with aged cellulose diacetate 1o auenuare
shorter wavelengths not encountered in nature (Caldwell et al,

1986, Cullen and Lesser 1991). The spearal output of these
lamps represents an unnatural radiation regime enriched in UV-B
(see Fig. |, Cullen and Lesser 1991) and without the higher UV-A
and visible radimion that would be encountered in nature. Qur
approach here was mechanistic in nature in order 1o describe the
kinetics of carbon uptake,

Photosynthesis was measured as the uptake of '4C-bicarbonate.
AL the oubser, a portion of the culture was harvested and inoc-
ulated with-a salution of “C-bicarbounate 1o 2 final specific activity
0.7 uCi-mkL '. Aliquots of 25 mL were dispensed into the seties
of glass dishes, which were placed in the experimental incubator,
Duplicate subsamples of 1 mL were taken after an imiial period
of 60 min, when only the visible lamps were on, then periodically
over the next 240 min, when both the UV and visible lamps were
luminated. The subsamples were dispensed into scintillation vi-
als, immediately poisoned with 50 wl borate-buffered formalin,
then acidified with 0.25 mL 6 N HCI and shaken in a hood to
expel inorganic “C. Subsamples (20 xl.) from the original inoc-
ulation were placed in 4 mL fluor plus 9.2 mL phenethylamine
o determine the amount of label added. it was determined ina
pilot experiment that the amount of label or the number of cells
in euch dish did nat change significantly in the open dishes during
the experimental period.

Measurements of photosynthesis indicared that visible light from
below was uniform: the variation in carbon uptake for the seven
reauments during the first 80 min in visible light was consistent
with the average deviation between duplicate subsamples during
the course of the experiment. We concluded that during exposure
e UV radiation differences between samples were atrributable
to U'V-B rather than to differences in visible light, Some PAR
came from the FS$40 lamps. however, For the 1wo experiments
using two lamps, it was a minor component: about 4 pmol quanta-
m ®-s bat the 100% UV-B dish and at the contral dish, propor-
tionally less in the other wreatments, For the experiment with
four lamips at 50 cin, maximum PAR from the UV lamps. was 11
amol quanta-m ~?-y ' Thus, light-dependent carbon uptake was
underestimated in the low-UV treatments because they received
less PAR than the controls. For each experiment, a linear cor-
rection was made for this second-order effect; the measured car-
bon uptake was multiplied by the ratio of PAR in the control ta
PAR in the trearment.

Speciral irradiance (EQA), mW-m *-am ') from the UV lamps
was measured using a calibrated diode-array spectroradiomerer
system (Cullen and Lesser 1991). Biologically effective Auence
rate (E*,.,., dimensionless) for different treatments was caloulated
as T E(V) e(h) A\ using a biological weighting funciion (efA), A =
286-390 nm, unirs of reciprocal mW-m~2) far the inhibition of
photusynthesis in the diatom Phaeadactviun tricorsutim (Collen et
al. 1992a). The bare lamps emined radiation <286 nm, for which
weightings were not determined. ‘T'he comparison between bare
and filtered lamps, however, was sufficiently interesting to war-
rant teniative estimation of weightings for those wavelengths,
The extrapolated weightings were obtained from the generalized
plant action spectrum (Caldwedl 1971) as tabulated by Smith et
al. (1980). Values for 275-285.8 nm were obtained 2t 0.2-nm
intervals using linear interpolation and scaled 1o march E(A) for
Phavodacivhum at 286 am. Weighrings were assumed constant be-
tween 270 and 275 nm. For the analysis presented here, essen-
tially identical results were obtained using extrapolation schemes
based on Setlow’s (1974) DNA action spectrum and an actinn
specirum for DNA damage in alfalfa scedlings (Quaite &1 al,
1992).

Inhibition of repair. To assess the effects of repair mechanisms
on short-term carbon uptake, an experiment was carried out on
a culture exposed to four FS40 UV lamps in the presence of the
antibiotic streptomycin. Our definition of repair for these ex-
periments js the difference in photnsynrhetic rate associated with
expusure o strepromycin vs, culiures not exposed o strepto-
mycin. The repair or synthesis of new proteins encoded in the
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TabLe 1. Parameters measured fivior fo expusure o UV-8 I rvsess
the phvawlogical status of the expreomental cddtures, All measurements
were made just pror to the experiment. R2 = wutrient replete subye-
guently exposed fo o UV dnpey, L2 = wutvient tintted subsequentty
exprened t o UV lnnps, BRE = sntrient replete subsequeitly expused
fo fmer UV lwmps; CFC = cellulary flusreseenee capagity. Carhon wplahe
wwers meaatired [ur 1h prl't?r fer r.\pu.\uri’ ta EV-B yadintion. N and € ;
chforapliyll ratio pg s (2 80)

Carban
upiake
(mE C my
Chlorophyll ‘h !?‘rq G: c::lcltlro-
FEaperi- lpg L i phy
mpt‘;nt CFC ('.551;))[ PJ B N rao tatio

R2 061 9117 2 479 386 4499 x 0.84 371
12 056 07302505 3.8 895 (26 90.2
R+ 063 91.50 + 3.48 354 495 x0.64 368

chloroplast to replace proteins damuged by exposure to UV-B
radiation is assumed 1o be the cause of the abserved differences.
The antibiotic streptomycin is an RNA transfation inhiblior act-
ing upan the de novo synthesis of chloroplast-encoded proteins,
particularly the DI protein, on the 30s subunit of the 70y ribo-
sames (Ohad et al. 1984, Samuelsson et al. 1985). Previous studies
using inhibitors of eytoplasmic protein synthesis and transcription
have demonsteated that the primary site of photoinhibitery repair
is the chloroplast (Ohad et al, 1984, Samuclsson eval, 1985, Greer
vt ul. 1986, Kyle 1987). It is possible that during these short-term
experiments mitochondrial protein synthesis could also be af-
fected. We would expect this to have a larger effect on griwth
than an net photasynthesis, although diferences in celt number
before and after the experiment were not significantly different
(Lesser, unpubl. data). The experimental treatments were visible
minus. UV radiation, visible plus 14% UV radiation, and visible
plus 106% UV radiation with and without streptomycin (260 ug-
mbL ')

Statistics. A staistical analvsis was applied to the chlorophyll
samples, which fulfilied the condition of independency of sam-
pling. All orher measurements were pseudoreplicated (Hulbert
1984) due to limizations an the space required lor independency
ol samples. A Madel I ANOVA (StatView 1§, Brainpower Inc.,
Calabasas, CA) wt a significance level of 0.05 was performed on
the 0- and 4-h specimens of chlurophyll, with the fixed effect
being the percentage of UV-B irradiance. No unequal variances
were detecied using the Frest (Sokal and Rohll 1981). Where
significant treatment effeers vecurred, a Student-Newman-Keuls
multiple comparison test was applied a the 0.05 significance [evel
to. idemily individual differences mmony trearments,

Additionally, a regression method was used to 1est the hypoth-
esis that changes in chlorophyll @ were unrelsted 1o UV-B irra-
diance, Both chlorophyll and photosynthesis at the end of the
experiments were normalized o time O values and analyzed. We
tested the hypothesis that the slope is 1 (e, change in photosyn-
thesis is due 10 the loss of chlorophyll: rejected) and used the
estimated slope to see how much of the change in photesynihesis
was due ta changes in ¢hlorophyll,

RESULTS

Measurements made just prior to each experi-
mental exposure to UV-B radiation were typical for
nutrient-replete {semicontinuous culture) and nu-
triemt-limited (continuous culture) growth {Table 1),
The results tor these cultures are similar to pub-
lished values for Thalassiosira psendonana (clone 3H)
(Cullen et al. 1992b) and other species of microalgae
grown under similar conditions (Falkowski et al.
1985, Sakshaug et al. 1989, Thompson et al. 1989).

TasLe 2. Biologically weighted UV dose tmW-m %, 273400 nm) and
wnseeyghted UV-B dase (W m 2, 2960-320 am) for the celludose-aceinde-
fiftered FSA0 danps. The weightings tabulated by Smith et al. (1980)
werr wived, Weightings for intrrmedinte wavelengihs were caloulated by
Imear interpolation. R2 = wulvient replete seath two UV buths, L2 =
napterent Lmited with tee UV bulls, B4 = watviend vepletr with fonr UV
dreafhs.

UV jrradiunce

Weighting lunceion Exprriment (mW m )
DNA R2, 1.2 7.9
Plant R2, L2 3115
Photoinhibinion R2, L2 223%.07
Unweighted UV-B (290-320 nm) R2, L2 344.38
DNA R4 67.11
Plant R4 189.58
Phatoinhibition R4 1391.26
Unweighted HV-B (290-320 nm} R4 2148.76

Biologically effective dnse during experiments. Un-
naturally enhanced UV-B treatments (T'able 2) were
used in these experiments so that the action of UV-B
on the kinetics of photoinhibition could be abserved
specifically. In our original analysis (Cullen and Less-
er 1981), no attempt was made to relate experi-
mental UV-B exposures to nature. The ratio of dam-
age to repair (RDR) analysis of the results suggested,
however, that cellulose-acetate filters reduced the
eflectiveness of unfiltered FS40 lamps by a factor of
10.0 = 2.04 {SE). This could not be distinguished
from differences predicted by either DNA (Setlow
1974) or generalized plant (Caldwell 1971) spectra.
Subsequently, we used a broad range of irradiance
treatments to estimate a spectral biological weight-
ing function for the inhibition of photosynthesis in
the marine diatom Phaeodactylum tricornutum grown
in batch culture under the same conditions as for
the experiments described here (Cullenet al. 1992a).
Because the function is in abselute units (reciprocal
mW-m~3%), it can be used to estimate biologically
effective fluence rate (E*;,,) and reduction of pho-
tosynthesis [1/(1 + E*.,); c¢f. Cullen et al. 1992a]
for our UV-B treatments using acetate-filtered lamps.
The relative differences in biclogically effective dose
between bare FS840 lamps and those filtered with
cellulose acetate were calculated using the weight-
ings for Setlow’s (1974) DNA spectrum, Caldwell’s
generalized plant spectrum (Caldwell 1971}, and the
Jones and Kok (1966) chloroplast photoinhibition
from Smith et al. (1980), normalized to 1.0 a1 300
nm and considered constant for 270-275 nm. A
difference between bare and filtered lamps of 16.6,
10.4, and 4.6 was calculated using the DNA| plant,
and photeinhibition function, respectively. Using
extrapolated weightings for wavelengths <286 nm
emitted by bare lamps (this accounted for 28% of
biological(y effective irradiance) calculated Phaeo-
dactylum weightings predicted a difference of 11.1
between bare and filtered lamps using the biological
weighting function presented by Cullen et al. (1992a)
for Pharodactylum (286-390 nm). An “empirical”
difference of 10.0 + 2.0 was calculated by nonlinear
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Fic. 1. Kinetics of cumulative carbon uptake (ug C-L') from
the three experimental cultures. Photoinhibition of photosyn-
thesis for A) nutrient replete exposed to two LV-B bulbs, B)
nutrient limited exposed to two UV-B bulbs, and C) nutrient
replete exposed to four UV-B bulbs. Treatments are the per-
centage of UV-B to which subsamples of the culture were ex-
posed.

regression (Cullen and Lesser 1991:fig. 4), and an
“RDR" difference of 9.0 + 1.0 was calculated. Er-
rors are standard errors. Relative inhibitions [i.e.
reduction of photosynthesis (1/1 + E*_ )} for bare
and filtered lamps of 57 and 10%, respectively, were
calculated using the Phacodactylum weightings. The
relative difference compares well to the empirical
observations, but the magnitudes of inhibition, about
75 and 25%, were somewhat less than those ob-
served after 240 min.

Photoinhibition and changes in chlorophyll content.
When cultures of Thalassiosira pseudonana were
treated for 4 h to UV-B, photoinhibition [defined
a5 (Ponwat = P)/Peoonee] Tanged from about 25 to
mare than 80%, depending on irradiance treatment
and nutritional status (Fig. 1), In all cases where
photoinihibition could be discerned, the relation-
ship between photosynthesis (P/P_, ) and relative
dosage rate was a hyperbolic function. In principle,
these results could be due to net destruction of chlo-
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Fic. 2. Chlorophyl « concentration {ug-L ') from the three

experimental culnures: nutrient replete exposed 1o two LIV-B
bulbs, nutrient limited exposed 10 two UV-B bulbs, and nutrient
replete expused to four UV-B bulbs. Treatments are the per-
centage of UV.B tg which subsamples of the culture were ex-
posed, Measurements were taken afrer a 4-h exposure periad.

rophyll as well as to reductions of photosynthetic
rate normalized to chlorophyil. All experiments
showed fairly small but significant (ANOVA, P <
0.05) effects of UV-B radiation on chlorophyll a
concentration after 4 h of exposure (Figs. 2, 3). Our
regression analysis rejected the hypothesis that
changes in photosynthesis are due to losses of chlo-
rophyll for both experiments using only two bulbs
(ANOVA, P > 0.05), while the experiment exposing
cultures to four bulbs shawed a significant relation-
ship between chorophyll loss and photosynthesis
(ANOVA, P = 0.007). Using the slope from the
generated regression equation, we could explain only
20% of the decrease in photosynthesis by a decrease
in chlorophyll a content. We conclude that decreases

120
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Fig. 3. Chlorephyll « concenration (ug-L ") from the nutri-
ent replete culture exposed 1o four UV-B bulbs plus the antibiotic
streptomycin (250 ug-mbL ), Treatments are the percentage of
UV-B to which subsamples of the culture were exposed. Mea-
surements were taken afier a 4-h exposure period. Superscripts
denote groupings of means not significantly different {rom one
anetherat P < 0.05,
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in chlorophyll concentrations explain very little of
the observed photoinihibition on the time scales of
these experiments, even in our four-bulb experi-
ment where the magnitude of photoinibibition is
higher than predicted. We recognize that it is pos-
sible that the four-bulb experiment exhibited a high-
er percentage of photoinibition than expected as a
result of changes in culture conditions during the
experiment.

Dawmage and repair. The dependence of photoini-
hibition on UV-B dosage rate, rather than dose (Cul-
len and Lesser 1991}, indicated that photoinhibition
had to be a balance between damage by UV-B and
repair from that damage. The relative tole of dam-
age and repair rates was studied by statistical analysis
of the relationship between UV-B dose rate and in-
hibition of photosynthesis. We hypothesized that the
rate of carben assimilition during UV-B exposure is
determined both by the rate of irradiance-caused
damage and by the rate of repair due to ongoing
repair processes. A similar approach has been used
to analyze visible light phaotoinhibition (Kok 1956,
Neale 1987). In the simplest approach, the rate of
change of carbon assimilation is described by the
differential equation

dP/dt = —gu-a-1'P + K (P, — P), (1
where P is the rate of photosynthesis, Py is the initial
rate before UV-B treatment, ¢u-o is the apparent
quantum yield of inactivation, i.e. the product of the
absolute quantum yield (¢t) and the absorption cross-
section for UV-B (a), 1 is the dose rate of UV-B, and
K, is a constant related to the repair rate of the
damaged components (see Neale 1987 for further
discussion). After extended (>>90 min) exposure to,
UV-B, P would reach a steady state resulting from
an equilibrium between the net rate of damage and
repair as described by the following equation:

P/Py = 1/(1 + E*)
E* = ¢-o-I/K,

where E¥_, is a nondimensional measure of the sen-
sitivity of phytoplankton photosynthesis to UV-B
damage. Equation 2 predicts that the steady-state
rate of photosynthesis under UV-B exposure will
have a hyperbolic relationship with the relative dose
rate. Previous results have already suggested that a
hyperbolic relationship of photosynthesis with dose
rate does indeed apply to acute exposures of 0.5-4
h (Cullen and Lesser 1991). T'he relationship implies
thatthe RDR, j.e. ¢n 6 /K,, determines the sensitivity
of photosynthesis to UV inhibition.

The RDR was estimated for the present experi-
mental cultures by futing equation 2 using nonlinear
regression of P/P_, on relative dose (Table 3). Nor-
malized cumulative photosynthesis (P/P,,,) will be
close to steady-state P /P, over sufficiently long sam-
pling intervals (>90 min). The analysis provided a
good fit for the response of photosynthetic rate to

(2)

Tasee 3. Resulis of a4 nentiwear regrevsion analysis of normalized
cumulative cavbon aptake 19§ B, ) after $0-240 iy of UV-B exposury
Jritted 1o eguation 2 seith eeltnw dose vate (=1 for iwaxomam duse in any
ane exfreranent) as e independent varable, Analss was performed
g e quasi-Newtonw method (SHAZAM statwtical program to obtain
an estimate of the RDR. Only datn al 240 win were used for the
rxpreviment with watvient-replete cufture and twa UV fadhs,

Experiment Estonawed RO 5K N I8
R2 0.306 0.049 6 0.81
L2 2,16 0.199 13 0.7
R4 5.76 1.32 18 0.90
RB2 2.75% 0.217 7 .48

relative dose, especially for the nutrient-limited cul-
ture and the nutrient-replete culture exposed to four
lamps (Table 3). A single RDR described 90-97%
ol the variation of P /P, alter 90-240 min of UV
exposure. The equation was less successful in ex-
plaining the variation of the nutrient-replete culture
with two lamps, where a good fit could only be ob-
tained at t = 240 min and only 81% of the variation
was explained. In the laiter case, the relative de-
crease was small compared to sampling variation.

Because the maximum dose rate was set equal to
1, the estimated RDR can be interpreted as the ratio
between the specific rate of damage and repair at
the full dose rate in each experiment. For the nu-
trient-replete culture, the results suggest that the
damage rate was about 31% of the repair rate under
two UV bulbs (Fig. 4). The RDR differs by a factor
of 7 between nutrient-replete and nutrient-limited
cultures under the same type of UV exposure, which
could be due 10 either a lower repair rate or higher
damage rate. Protein synthesis is required for repair
processes counteracting PAR photoinihibition (Ohad
et al. 1984). Less is known about the role of protein
synthesis in UV photoinhibition, but a lower rate of
repair is likely to be the cause of the higher RDR
under nutrient limitation (see further discussion lat-
er).

Inhibition of repaiv. The relative roles of repair
and damage in the responses of Thalassiosira pseu-
donana to UV-B were further examined in experi-
ments with streptomycin, an inhibitor of chloroplast
protein synthesis. If repair was dependent on chlo-
roplast protein synthesis, and if secondary effects of
slrepwrnycm were insignificant over the course of
the experiment, then inhibition in the presence of
streptomycin would describe the damage function,
whereas inhibition in the absence of streptomycin
would describe the balance between damage and
repair. Consistent with this expectation, the addi-
tion of streptomycin 10 algal samples during expo-
sure to UV-B radiation increased the degree of pho-
toinibition when compared to the same treatment
without streptomycin (Fig. 5). There was also an
effect of streptomycin on the eontrol treatment
without UV-B radiation: a slight inhibition of pho-
tosynthesis that was less than 209 after 2 h of ex-
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FiG. 4. Relationship between the asymptotic rate of cumula-
tive carbon uptake and dose rate of EV-B exposure for experi-
mental cultures of Thalussivsira psendonana, The experiments were
nutrient replete exposed to two UV-B bulbs {R2), nutrient limited
exposed to two UV-B bulbs (L2), and nutrient replete exposed
to four UV-B bulbhs (R4), Data for cumolative uptake over a
minimuarm of 90 min to a maximum of 240 min is shown in relation
to relative UV-B dose rate (100 = no screen). For R2 only the
240-min data are shown. Rates were normalized 1o the average
control (UV-B = 0) rate for each sampling time. Lines show best
fit curve obtained by nonlinear regression for the RDR model
(equation 2).

posure. This is not unexpected. Streptomycin should
affect all treatments where it is included: however,
the kinetics are different because the rate of re-
placement of key photosynthetic proteins, such as
the 32-kDa DI protein of photosystem II (PSII} in
chloroplasts, in cells not exposed to UV radiation
would presumably be decreased. What is significant
here is that when streptomycin is added to cells ex-
posed to UV-B, photoinhibition is observed imme-
diately, and during the entire course of the exper-
iment, suggesting that a significant amount of
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Fi1G. 5. Kinetics of cumulative carbon uptake (ug C-L '} and
repair from the experimental culture (nutrient replete expaosed
to Four UV-B bulbs) treated with the antibiotic streptomycin dur-
ing the course of the experiment presentee as photoinhibition
of photosynthesis for cumulative carbon uptake.

Cumulaths P4Pconl

0 UV e

Fic. 6. The influence of repair processes on the kineties of
photeinhibition. Solid lines correspond to inhibition as a balance
between damage amd repair (equation 1) dashed lines show in-
hibition as a function of dose, as might occur during tredtment
with strepromycin, the inhibitor of chloroplast protein synthesis
(no repair function). Heavier lines show predictions for 1009
exposure fo constant UV-B irradiance, with RDR = 1.75; lighter
lines correspond to 14% exposure, RDR = 0.25. Parameters were
chosen o correspond to results in Figure 4, with damage rates
varying by a factor of 7. A) Predicred instantancous rates of
photosynthesis, reladve tn a contral expised 1o no UV-B. Un-
treated samples approach a balance between damage and repair
according o equation 2. In samples with no repair, photosyn-
thetic rate declines linearly 1o 0. By Cumnulative uptake, relative
o a control expused w no UV-B. For samples. treated with no
repair, the cumulative uptake, relative to control. declines lin-
carly until the instamtamneous rate reaches 0 and then declines
asymptotically 1o 0. These predicied kinetics are consistent with
measurenents on samples treared with streptomyein (Fig. 5).

damage to important photosynthetic proteins is tak-
ing place from the onset of exposure.

The results of Figure 5 can be interpreted by com-
parison with a simple kinetic model of photoinihi-
bition with or without & repair function. If we in-
tegrate equation 1 |(P/P, = R/AD + R) + (D/D +
R))exp(— (D + R)T), where R = repair, D = damage,
and T = time| for the instantaneous rates of pho-
tosynthesis (Fig. 6A), inhibition of photosynthesis
follows exponential kinetics when repair processes
are functioning with an asymptotic rate as described
by equation 2. In contrast, photosynthesis declines
linearly 1o 0 when repair mechanisms are inhibited
(plus streptomycin). In the latter case, we predict
that reciprocity would apply and instantaneous pho-
tosynthetic rate would be a linear function of cu-
mulative dose. If we integrate equation 1 [P/P,, =
R/(D + R) + (D/T+(D + R)?}(1 — exp(—(D + R)T))]
and look at cumulative photosynthesis, however (Fig.
6B), asymptotic behavior is predicted whether re-
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pair is functioning is not. When repair processes are
inhibited, cumulative uptake relative to the control
declines linearly at first, then asymptotically 10 zero
after the instantaneous rate reaches zero (Fig. 6B).
When repair processes are active, however, cumu-
lative photosynthesis relative to the control ap-
proaches an asymptote early and is subsequently
nearly constant. Qur results for the streptomycin
experiment (Fig. 5) compare closely with changes in
kinetics of cumulative photosynthesis expected upon
inhibition of repair processes (Fig. 6B).

DISCUSSION

Changes of carbon uptake and rh[amp}n[l' during ex-
posure to UV-B radiation. Our previous analysis of
these experiments showed that the photeinhibition
of photosynthesis by UV-B is better described as a
function of dosage rate rather than dose (i.e. reci-
procity fails) for Thalassivsira pseudonana. Cumula-
tive carbon uptake, normalized 1o a control with no
UV-B exposure, reaches an equilibrium between
damage and repair 30-60 min after exposureto UV-
B. The kinetics of photoinhibition for nutrient-re-
plete and nutrient-timited cultures are the same and
similar to the kinetics of photoinhibition by visible
radiation {(Kok 1956, Powles 1984, Neale 1987). The
initial analysis did not explore the nonlinearity in
the relationship between exposure and response:
however, this nonlinearity is fundamentally impor-
tant, not only to model development, but also in
understanding the kinetics of photoinhibition. The
relationship between photoinhibition and UV-B ir-
radiance is hyperbolic because increases in UV-B
irradiance cannor be fully compensated for by the
repair capabilities of the alga. The relative balance
between repair and damage processes can be ex-
pressed as the RDR. Our experiments show that the
RDR provides a nondimensional basis for compar-
ing the relative sensitivity of phytoplankton to UV
irradiance. The RDR varies as both a function of
irradiance and nutrient regimen. The RDR and
hence F*,, will also depend on the spectral com-
position of the UV irradiance regime. A new model
of spectrally dependent photoinhibition has been
constructed under the assumption that inhibition
depends on a weighted dose rate (E*,,.) and that the
spectral dependence of E*,, can be defined from a
biological weighting function (Cullen et al. 1992a).
This model was successful in predicting the photo-
synthesis of a diatom and a dinoflagellate under a
wide range of UV fluxes and UV /PAR ratios (Cul-
len et al. 1992a). Further, the biological weighting
function for the marine diatom described by Cullen
et al. (1992a) did a fairly good job of predicting
photoinhibition for T. psewdonana under our un-
natural irradiance treatments in the experiments de-
scribed here.

The mechanism(s) explaining photoinhibition are
not fully discernable from this study but potentially

include the observed decrease in chlorophyll, direct
and indirect effects on the major CO, fixing enzyme
ribulose-1,56-hisphosphate  carboxylase/oxygenase
(Rubisco), and changes in photochemistry. Addi-
tionally, direct effects on cellular DNA can affect
cell division and survival in diatoms (Karentz et al,
1991a), although the activation and effectiveness of
DNA repair mechanisms have been shown to be
dependent on the flux of visible and UV-A radiation
(Sutherland 1977}, which was présent during the
experimental time period. The absorption of UV
radiation by many celtular constituents (Quaite et
al. 1992), especially the chloroplast, is likely to limit
the direct effects on DNA within the time scale of
these experiments.

Chlorophyll concentration in this study generally
decreases upon exposure to UV-B radiation or UV-B
radiation in the presence of streptomycin. Phote-
bleaching of pigments associated with the photosyn-
thetic apparatus has been observed in microalgae
after exposure 1o high visible radiation (Belay and
Fogg 1978, Young and Britton 1990} and UV ra-
diation (DShler 1986, Lesser and Shick 1989) and
probably accurs by photeoxidation during exposure
to active forms of oxygen in the chloroplast (Asada
and Takahashi 1987).

A direct effect of UV-B on the activity of Rubisco
has beén demonstrated in pea and soybean (Vu et
al. 1984, Strid et al. 1990) and by vur own data on
light-limited continuous cultures of the dinoflagel-
late Prorocentrum micans (PRORQ 111), acclimated
for b weeks with und without UV-B radiation (Less-
er, unpubl, data), Rubisco is also sensitive to HyOy,,
which is produced in large quantities within the chlo-
roplast during photooxidative stress (Asada and
Takahashi 1987). Loss of Rubisco acuvity would pri-
marily affect the maximum rate of photosynthesis
but will also affect light-limited photosynthesis at
irradiances greater than I,. A recent study by Vosjan
et al. (1990) demonstrated a decrease in adenosine
triphosphate (ATP) content in natural planktonic
assemblages. As ATP and NADPH, are consumed
during carbon metabolism, reduced levels of ATP
could decrease carbon fixation in phytoplankton de-
pending on the length of exposure 10 UV-B and
cellular ATP pool size, The PSII reaction center is
also known to be a target for damage by UV-B ra-
diation in isolated thylakoids {e.g. Jones and Kok
1966, Renger et al. 1989), but it is unknown whether
or not it is an important target during exposure of
intact plants (Neale et al. 1993).

Nutrient limitation. Nutrient-limited phytoplank-
ton are more sensitive than their nutrient-replete
counterparts to excess visible radiation (Kiefer 1973,
Belay and Fogg 1978, Prézelin et al. 1986). The
same enhanced sensitivity has been observed for
UV-B radiation (Cullen and Lesser 1991, Figs. 3, 4).
The analysis presented here suggests that increased
sensitivity to UV-B in the nitrogen-limited culture
was the consequence of diminished repair capabili-
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ties. This may be because nitrogen limitation slows
the turnover of critical proteins and protein—pig-
ment complexes within the photosynthetic appara-
tus. This would increase the RDR for these cultures
through a decrease in the specific rate of repair. We
would also expect a decreased “package effect” and
subsequent increase in the optical cross-section for
nutrient-limited cultures (Herzig and Falkowski
1989, Dubinsky 1992), allowing an increase of UV
radiation into the chloroplast stroma affecting en-
zymes associated with carbon fixation. This would
increase the specific rate of damage, but probably
not enough to explain the large differences in RDR
associated with nutrient limitation. On a longer time
scale, effects of UV-B on nitrogen assimilation path-
ways (Dohler 1986, Ddhler and Biermann 1987)
might influence photeinhibition by slowing repair
processes.

Inhibition of repaiv. Qur approach is not only to
establish a role for repair mechanisms, as we have
defined them for these experiments, but to examine
the equilibrium between repair and damage as it is
affected by different exposures of UV-B radiation.
Our experiments show that the photoinhibition of
cumulative carbon uptake in Thalassiosira pseudon-
ana is more susceptible 1o UV-B in the presence of
the antibiotic streptomycin and is consistent with
strictly dose-dependent damage when repair func-
tions are eliminated (Fig. 5). Previous studies have
shown that suppressing synthesis of chioroplast pro-
teins increases the rate of photoinhibition of pho-
tosynthesis by visible light (review, Prasil et al. 1992),
but this is the first report of similar effects during
UV-B inhibition. These previous studies suggested
the criticai role of the 32-kDa D1 protein that needs
to be resynthesized as part of the reactivation of
damaged PSII reaction centers. We do not know
whether it is the synthesis of D1 or synthesis of other
chloroplast proteins that is involved in repair pro-
cesses counteracting UV-B exposure in these ex-
periments, but note that UV-B-specific turnover of
D1 does occur in higher plants (Greenberg et al.
1989).

Importance of repaiv functions in aguatic sysiems. The
observed kinetics of carbon uptake demonstrate that
repair processes involving protein synthesis are an
integral factor in the net photoinhibitory effect. We
have previously demonstrated that the effects of ex-
posure to UV-B radiation are similar to excess visible
radiation and that for Thalassiosira pseudonana in-
hibition of photosynthesis is a function of dosage
rate for time scales of 0.5-4 h (Cullen and Lesser
1991). Vertical mixing in nature has been shown to
mitigate the photoinhibitory effects of visible radi-
ation (Marra 1978, Gallegos and Platt 1985) and is
recognized as a complicating factor in studying the
effect of exposure to UV-B radiation on primary
productivity (Kullenberg 1982). Both repair mech-
anisms and vertical mixing will determine the tem-
poral scale of inhibition of photosynthesis by UV-B

radiation. Repair mechanisms and the time depen-
dence of photoinhibition also interfere with the
dose-respanse relationship and complicate the de-
termination of biological weighting functions {Cul-
len et al. 1992a).

The possible influence of repair mechanisms on
the prediction of UV inhibition is illustrated by our
kinetic model. When repair mechanisms are func-
tioning, we predict that asymptotic rates will have a
hyperbolic relationship with dose rate: Such a re-
lationship was incorporated into a model of UV-and
PAR-dependent photosynthesis and inhibition and
successfully predicted photosynthesis over a wide
range of UV irradiances and UV /PAR ratios (Cul-
len et al. 1992a). A dependence of UV inhibition
on cumulative dose would be expected only if repair
processes have an insignificant contribution during
the exposure period. In contrast, recent analyses of
the inhibition of Antarctic phytoplankton photosyn-
thesis by solar UV have related effects to cumulative
dose (i.e. weighted J-m ~#; Helbling et al. 1992, Smith
et al. 1992). The present results suggest that it may
be inappropriate to extrapolate these relationships
beyond the exposure times in the original experi-
ments, depending on the rates of repair processes.
Further studies of repair processes in Antarctic phy-
toplankton are needed.

Conrlusions. We have not directly measured repair
at the cellular or biomolecular level. Qur initial ap-
proach has been 10 examine the kinetics of photo-
inhibition during exposure to UV-B radiation, dur-
ing which we demonstrated an impairment of
photosynthesis that was amplified by an inhibitor of
chloroplast protein synthesis. This evidence sup-
ports, and is consistent with, the hypothesis that
UV-B photoinhibition is a dynamic balance between
damage and repair. Additionally, the shapes of our
time-response curves were consistent with this pos-
tulated balance between damage and repair. Differ-
ences in repair capabilities (.e. measured differences
associated with inhibition of chloroplast protein syn-
thesis and inferred differences associated with mi-
trogen limitation) are just as important as differ-
ences in weighted UV-B irradiance in determining
the degree of photoinhibition, 1t is likely that factors
such as temperature and irradiance history can sig-
nificantly influence repair processes, and taxonomic
differences may also be important. We should em-
phasize that these experiments of acute exposures
tell us nothing about the effects of long-term. ex-
posure to UV-B radiation and the potential role of
UV-B absorbing compounds, which might be pro-
duced under long-term exposures to UV radiation
(Karentz et al. 1991b) in further mitigating the ef-
fects of UV-B radiation. Qur preliminary results with
chronic exposure of 2 marine dinoflagellate 1o UV-B
radiation suggest that significant decreases of growth
and photoesynthetic rates occur even with the in-
duction and accumulation of UV-B absorbing com-
pounds (Lesser, unpubl. data).



EFFECTS OF UV-B 191

These results have applicability in assessing the
effects of increases in UV-B radiation on marine
primary productivity by identifying those processes
affected by UV-B radiation and the magnitude of
those effects while accurately measuring the dose or
dosage rate of UV-B radiation. We believe studies
of this kind will enhance our ability to model the
photoinhibition of photosynthesis in nature and help
identify processes that might be exploited to assess
UV-B-induced photoinhibition in the ocean.
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