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ABSTRACT: Bacteria play a central role in the cycling of nutrients and energy flow to higher trophic 
levels, yet the effects of ultraviolet-B (UV-B) radiation upon bacterioplankton have been largely over- 
looked. Using a highly specific radloimmunoassay, measurements of solar-induced DNA photodamage 
(cyclobutane pyriinldine dimers) were taken in planktonic samples collected from the northern Gulf of 
Ilcxico. Diel patterns of dimer accumulation and repair were observed in both the bacterloplankton 
~ 1 7 1 '  fraction (<0.8 pm) and in the larger eukaryotic plankton size fraction (>0.8 pm < 120 pm), although 
damacje induction was approximately twice as much in the bacterioplankton fraction. Depth profiles of 
Dii \ damage in the bacterioplankton size fraction during cdlnl and moderate seas demonstrated the 
infl~iencc ot mixlng on t h e  distribution of W radiation effects. During calm seas, damage was greatest 
in surface waters, decreased with depth, and could be detected to 10 m. In moderate seas, however, 
no net accumulation of damage was observed, even at the surface. The results demonstrate that bac- 
teria are more susceptible to UV-B damage and may wrve as a more sensitive indicator of UV stress 
than other microorganisms. Wave action and mixing strongly influence the effects of UV-B in surface 
waters, demonstl-ating that UV-B effects may not always be predictable from measures of UV radiat io~ 
attenuation. 
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INTRODUCTION 

There is now strong evidence that the flux of ultra- 
violet-B (UV-B) radiation (290 to 320 nm) is increasing 
over major parts of the earth's surface (Farman et al. 
1985, Stolarsk~ et al. 1992). These observations and the 
potential for further increases in the future as a result 
of stratospheric ozone depletion have stimulated inter- 
est in the impact of UV-B on biological systems. The 
effect of ultraviolet radiation (UV-R) penetration in the 
marine environment has been demonstrated using bio- 
loqic ultraviolet dosimeters desiqned to indicate the 
amount of biologically relevant UV-R reaching either 

surface or specific oceanic depths. Karentz & Lutze 
(1990) used the rate of killing of a DNA-repair- 
deficient Escherich-ia coli strain and found biologically 
significant UV fluxes penetrated as deep as 30 m in 
Antarctic waters during ozone depletion events. Pus- 
keppeleit et al. (1992) used Bacillus sphericus spores to 
monitor biologically active UV-R reaching the surface 
in Antarctica. Regan et al. (1992) developed dosimeters 
using either DNA or bacteriophage sealed in quartz 
tubes and reported UV-induced DNA damage to 
depths of 10 m in the Bahamas. UV-B has been shown 
to significantly reduce primary production to depths of 
20 m during ozone hole events (Smith et al. 1992). 
UV-R has been implicated in coral bleaching (Jokiel & 
York 1982, Dunlap et al. 1986, Logan et al. 1990) and 
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inhibition of phytoplankton production (Collos et al. 
1992, Helbling et al. 1992, Smith et al. 1992) and bac- 
terial activity (Fujioka e t  al. 1981, Bailey et al. 1983, 
Sieracki & Sieburth 1986, Herndl et al. 1993) Since 
phytoplankton serve as the base for most oceanic food 
webs, a large emphasis has been placed on the effect 
of UV-R on pnmary production (e.g.  Bidigare 1989, 
Smith et al. 1992). 

During the past 15 yr, the importance of bacteria in 
oceanic processes has become widely recognized. Bac- 
teria have been found to account for up to 90% of the 
cellular DNA in oceanic environments (Paul & Carlson 
1984, Paul et al. 1985, Fuhrman et al. 1989, Coffin et al. 
1990). The role of bacteria in elemental and nutrient 
cycling has received extensive study (e.g. Falkowski & 

Woodham 1992). Bacteria have been found to play vital 
roles in carbon 'repackaging', providing a significant 
amount of organic material to higher organisms. This 
'microbial loop' has been estimated to cycle up to 50"& 
or more of primary production (Azam et al. 1983). 

The effects of UV-R on bacterioplankton in aquatic 
ecosystems has received much less attention than has 
LW-R effects on primary producers. Only 5% ooi the 
papers listed (n > 300) in a recent bibliography of UV 
photobiology of aquatic bacteria, microal.gae, and 
macroalgae (Karentz et al. 1994) were directed at stud- 
ies of bacteria. Evidence suggests that UV-R may 
impose a chronic stress on marine bacteria. In the 
Chesapeake Bay, the uptake of amino acids, examined 
by microautoradiography, was increased when bacte- 
ria were shaded from UV-R (Bailey et al. 1983). Sier- 
acki & Sieburth (1986) reported that bacterial abun- 
dance was primarily affected by light in the UV-A 
wavelengths; both visible and UV-B light appeared to 
have no effect. When filters were used to shade bacte- 
rioplankton from UV-R, significantly higher biomass 
was consistently obtained in flask experiments. As lit- 
tle as 16% of the ambient UV-R was observed to have 
a significant effect on bacterial biomass (Sieracki & 

Sieburth 1986). More recently, Herndl et al. (1993) 
reported that DNA and protein synthesis and degrada- 
tive enzyme activities may be inhibited by as much as 
4004 from, exposure to ambient UV-B. In addition, con- 
trol of the activity of bacteria that are responsible for 
geochemical transformations in nitrogen and phospho- 
rus cycles has been attributed to UV-R (Hooper & Terry 
1974, Horrigan et al. 1981, Horrigan & Springer 1990). 

Direct biological effects of UV-R result from absorp- 
tion of specific wavelengths by specific macromole- 
cules and the dissipation of the absorbed energy via 
photochemical reactions (Vincent & Roy 1993) The 
major lethal and mutagenic effects of UV-R on marine 
organisms result from damage to DNA The type and 
extent of damage to DNA is a function of the wave- 
length and intensity of the exposure. UV-A generally 

causes indirect damage to DNA through the formation 
of chemical intermediates such as oxygen and 
h.ydroxy1 radicals which interact w ~ t h  DNA to form 
strand breaks, alkali labile sites and DNA protein 
crosslinks (Peak & Peak 1989). Conversely, adsorption 
of energy from UV-B induces direct damage to DNA. 
The 2 major lesions induced by UV-B radi.ation are the 
cyclobutane pyrimidine dimer (CPD) and the pyrimi- 
dine-pyrimidone (6-4) photoproduct. The (6-4) photo- 
product absorbs UV maximally at 310 to 315 nm and is 
photoisomerized to a Dewar pyrimidinone by these 
wavelengths (Mitchell & Nairn 1989). UV-B causes 
direct inactivation of photosystem I1 but photosystem I 
is much less sensitive (Iwanzik et al. 1983). Evidence 
also suggests that UV-B may alter protein and pigment 
composition in phytoplankton (reviewed by Vincent & 

Roy 1993). Cellular defenses against UV-R vary among 
organisms Many Antarctic marine organisms contain 
mycosporine-like amino acid compounds that absorb 
UV-R energy and may provide protection from UV-R 
exposure, resulting in a competitive advantage (Kar- 
entz et al. 1991b). Similar UV absorbing compounds 
rrlay provide proleciion for marine phyiopiankton and 
cyanobacteria (Dunlap & Chalker 1986, Karentz et al. 
1991b, Marchant et al. 1991). Repair mechanisms also 
exist which remove photoproducts from DNA by a 
combination of photodependent and excision ('dark') 
repair pathways (Friedberg et al. 1995). 

In this paper we report the first quantification of UV- 
B induced photolesions In DNA from natural communi- 
ties of marine bacteria as a function of depth in the 
water column, and time of day, and in comparison to 
larger eukaryotic plankton. 

METHODS 

DNA photoproducts. Samples for DNA photoprod- 
ucts (cyclobutane pyrimidine dimers, CPD) were col- 
lected by passing scawater through either 0.8 pm or 
0.22 pm pore size polysulfone (Gelman Supor) filters. 
Filters were then collected and stored frozen, in 2 oz 
(-68 ml) polyethylene bags. DNA was extracted by 
removing the filter from the freezer and immediately 
crushing the filter before it thawed. Filter pieces were 
then poured into a 50 m1 Oak Ridge centrifuge tube 
and 5 m1 of STE (10 mM Tris, pH 8; 1 mM EDTA; 100 
mM NaC1) containing 1 % SDS (sodium dodecyl sul- 
fate) was added to each. The tubes were capped, 
briefly vortexed and placed in a boiling water bath for 
5 min. The lysate was aspirated and placed in a new 
centrifuge tube and the filter pieces washed with an 
additional 5 m1 of STE/SDS solution. The wash was 
combined with the lysate and extracted once with. 
10 m1 of chloroform:isoamyl alcohol (24:l)  The aque- 
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ous phase was collected after centrifuging at 4OC for 
30 min at 3000 rpm (1000 X g) .  Nucleic acids were pre- 
cipitated overnight at -20°C after the addition of 10 p1 
of a 25 mg ml-' glycogen solution, 0.1 volun~e 3 M 
sodium acetate (pH 5), and an equal volume of iso- 
propanol. The precipitate was collected by centrifuga- 
tion at 12000 X g and 4°C for 30 min. The pellet was 
washed with cold 70 % ethanol and then resuspended 
in 1 m1 STE before transfer to a 2 m1 microfuge tube. 
The solution was re-precipitated as above and the final 
pellet resuspended in 200 p1 STE. DNA concentrations 
were determined fluorometrically (Paul & Myers 1982). 
Details for cyclobutane dimer radioimmunoassay may 
be found in Mitchell et al. (1985). This assay measures 
the binding of radiolabeled UV-irradiated DNA to anti- 
body raised in rabbits against triplet-sensitized, UV-B- 
irradiated DNA, conditions which induce thymine- 
thymine cyclobutane dimers exclusively. Antiserum 
was raised in rabbits against DNA that received 100 kJ 
m-2 UV-C light. The specificity of these assays has 
been extensively scrutinized. Nick translated Clostrid- 
ium perfringens DNA is used as a ligand. The radio- 
labeled ligand is irradiated with 10 kJ m-2 254 nm UV- 
C light and 5 pg added to a 1 m1 mixture of antiserum 
and sample DNA in TES (10 mM Tris, 1 mM EDTA, 
14 mM NaC1, pH 7.5) buffer. The reactions are incu- 
bated at  37OC for 2 to 4 h followed by overnight incu- 
bation at 4OC. DNA-bound antibodies are precipitated 
overnight at 4OC with goat anti-rabbit immunoglobulin 
and carrier immunoglobulin. After centrifugation, the 
pellet is dissolved in solubilizer and 32P quantified by 
liquid scintillation counting. Under these conditions, 
antibody binding to an unlabeled competitor (sample 
DNA) results in reduced binding to the radiolabeled 
ligand (i.e. inhibition). Samples are compared to 
results obtained with standard DNA (e.g. pUC19) in 
which photoproduct formation is known. 

Bacterial direct counts. Bacterial numbers were de- 
termined using DAPI and epifluorescence microscopy 
by the method of Porter & Feig (1980). 

Light measurements. Penetration of solar radiation 
in the water column was determined using a Biospher- 
ical Instruments (San Diego, CA) model PUV-500 pro- 
filing radiometer. Attenuation coefficients were deter- 
mined from measurements made at noon each day. 

Depth profiles. In September 1994, depth profiles of 
DNA photodamage in the water column were deter- 
mined on 2 consecutive days in oligotrophic waters of 
the Gulf of Mexico (2go52'N, 87"07'W). Conditions 
were very similar for both days, except that on Septem- 
ber 7 the wind speed averaged approximately 15 knots 
and seas ran between 0.5 and 1 m. In contrast, the sea 
state on September 8 was completely calm. Water sam- 
ples were collected at sunrise and again at 17:00 h 
each day. Samples from surface, 0.5 m, 1 m, and 3 m 

were collected with a teflon-lined pneumatic pump 
(Wilden, Colton, CA). Samples from 5, 7.5, 10, 12.5, 15, 
20, and 25 m were collected using Niskin bottles. 
Water samples were passed through a 0.8 pm filter and 
the filtrate collected onto a 0.22 pm pore size filter. The 
filter samples were frozen on dry ice and stored at  
-70°C until DNA was extracted as described above. 

Prior to sunrise (06:30 h) DNA dosimeters were de- 
ployed and held at a fixed depth suspended from 
buoys and were retrieved just after sunset (19:OO h).  
Buoys were designed carefully to avoid shading of any 
samples. Dosimeters were constructed using sterile 
50 m1 quartz boiling flasks (Quartz Scientific, Fairport 
Harbor, OH) containing a 0.1 mg ml-' calf thymus DNA 
solution in SSC (0.15 M sodium chloride, 0.015 M 
sodium citrate, pH 7). Flasks were stoppered with ster- 
ile silicone stoppers and secured bulb side up to small 
'T' frames fixed at depth to a weighted rope suspended 
from the buoys. Deployment and retrieval times pre- 
vented unintended exposure to UVR and gave dimer 
accumulation for the daily solar cycle. DNA solutions 
were removed from the quartz flasks and frozen until 
cyclobutane dimer accumulation was determined by 
radioimmunoassay. 

3~- thmid ine  incorporation. Bacterial incorporation of 
3H-thymidine into the trichloroacetic acid precipitable 
fraction was determined by the method of Chin-Leo & 
Kirchman (1988). Surface water samples were collected 
via bucket sampling at each time point of the die1 photo- 
damage study. 3H-thymidine was added to a final con- 
centration of 20 nM and incubations were conducted for 
30 min in the dark at ambient seawater temperature. 

Die1 patterns and size fractions. A buoy was de- 
ployed from the RV 'Bellows' at 30°05'N, 86"50'W at 
06:OO h on April 27, 1994 and surface waters (depth 
<0.2 m) were collected within 100 m of the buoy at 3 h 
intervals. Water was pumped aboard ship using a 
teflon lined pump (Wilden) and silicone tubing. All 
samples were pre-filtered through 120 pm mesh Nitex 
screen. Water was filtered onto 0.8 pm pore size poly- 
sulfone filters (>0.8 pm fraction or eukaryotic plank- 
ton) and this sample filter was immediately frozen in 
dry ice. The <0.8 pm filtrate was also collected onto 
a 0.22 pm pore-size filter (bacterioplankton fraction). 
Cyclobutane dimers were determined in each DNA 
extract via radioimmunoassay (Mitchell et al. 1985). 

RESULTS 

Depth profiles 

UV-R penetration in the water colun~n was deter- 
mined each day at 12:OO h (Fig. 1). Irradiance data sug- 
gests very similar light regimes for each of the 2 days of 
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Fig. 1. UV radiation pene- 
tration in the water column 
as determined on [A) Sep- 
tember 7 and (B) Septem- 
ber 8, 1994, in oligotrophic 
waters of the Gulf of Mex~co 
(29'52' N, 87"07' W) uslng 
a Biospherical Instruments 

the experiment. Attenuation coefficients (kd) were 
determined at noon for each day for the 4 wavelengths 
measured by the PUV-500 radiometer. For 7 Septem- 
ber, kd values were 0.67 m-' for 305 nm, 0.45 m-' for 
320 nm, 0.29 m-' for 340 nm and 0.14 m-' for 380 nm. 
For 8 September, kd values were 0.72 m-' for 305 nm, 
0.44 m-' for 320 nm, 0.29 m-' for 340 nm and 0.14 m-' 
for 380 nm. There was no statistical difference 
between kd values determined on September 7 and 
September 8, 1994 (Student's t-test). 

CPD accumulation (Mitchell et al. 1985) was deter- 
mined in solutions of calf thymus DNA held at fixed 
depths in quartz flasks (dosimeters) which were 
deployed prior to sunrise and retrieved after sunset 
(Fig. 2). Dosimeters may provide an indication of the 
maximum potential for damage to DNA (Regan et al. 

September 7,1994 

1992). The profiles of CPD formation in the dosimeters 
vs depth were very similar on both September 7 and 8.  
Radioimmunoassay showed 500 CPDs Mbp-' (mega 
base pair) DNA on September 7 (Fig. 2A) and about 
800 CPDs Mbp-' DNA In surface samples on Septem- 
ber 8 (Fig. 2B). These values are similar to those of 
Regan and co-workers who measured approximately 
1000 CPDs Mbp-' in purified DNA exposed to 1 solar 
day at the surface in tropical waters in July (Regan et 
al. 1992). The reduction in photoproduct formation 
with depth was exponential and correlated well with 
the attenuation of UV-B (305 nm) by seawater. 

Photoproducts were also determined from indige- 
nous bacterioplankton sampled from discreet depths at 
sunrise and again at sunset (Fig. 2). On September 8, 
when there was no wind or wave action, CPD accum- 
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Fig. 2.  DNA photodamage 
accumulation with depth 
in bacterioplankton and 
dosimeters in the northern 
Gulf of Mexico (2g052'N, 
87'07'W) as measured at 
06:30 h (a.m.) and 19:OO h 
(p.m.) on (A) September 7 

and (B) September 8 
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ulation in bacterioplankton declined with depth 
(Fig. 2B) as might be predicted from UV-R attenuation. 
DNA photodamage was greater at sunset than a t  sun- 
rise to approximately 10 m; below 10 m there was no 
discernable difference. CPD levels in the indigenous 
bacterial community showed a depth pattern similar to 
that of purified DNA but with some marked differ- 
ences. Although exponential reduction in photoprod- 
uct formation was observed with depth, accumulation 
of CPDs in the indigenous bacterial DNA at the surface 
was substantially less than that found in purified sam- 
ples contained in quartz containers. Integrated values 
of CPD accun~ulation in the top 3 m were about 50% 
less than those for purified DNA. Below 3 m there was 
significantly greater damage in the bacterioplankton 
compared with the dosimeters suggesting that residual 
photodamage (-100 CPDs Mbp-' or about 65 CPDs per 
bacterial cell) was present in the bacterial community 
prior to sunrise. 

Diel patterns and size fractions 

We anticipated that DNA damage levels would fol- 
low daily solar cycles with maximal damage occurring 
during peak exposure and minimal damage occurring 
lust prior to sunrise. Details of this pattern were 
observed in samples collected from the northern Gulf 
of Mexico in April 1994 (Fig. 3). For several hours after 
sunrise (06:OO to 12:OO h),  few detectable CPDs are 
induced in bacterioplankton DNA followed by a period 
of rapid CPD accumulation (12:OO to 15:OO h ) .  After 
sunset, DNA damage is rapidly removed such that by 

loo0 - c0.8 urn (Bacteria 
--I-. >0.8 vrn (Eukaryotic) 

Time of day 

Fig 3.  Diel pattern of cyclobutane dimer accumulation in 
microbial size fractions in surface waters of the northern Gulf 

of Mexico 

Time of Day 

Fig. 4 .  Diel pattern of 3H-thymidine incorporation in surface 
waters in the northern Gulf of Mexico 

sunrise the following morning, damage is back to a 
'baseline' level. While similar patterns of damage 
induction and repair were observed in the larger cell 
size fraction, maximal photodamage in the bacterio- 
plankton size fraction was almost double that in the 
>0.8 pm size fraction (presumably phytoplankton and 
other eukaryotes). On a previous research cruise 
(March 14 to 20, 1994) surface waters were collected in 
the afternoon at 10 different locations along the 
Louisiana shelf. In 9 of 10 samples, the amount of pho- 
todamage was proportionally greater in the bacterial 
size fraction than in the >0.8 pm fraction (data not 
shown). 

Diel patterns of 3H-thymidine incorporation were in 
stark contrast to the accumulation of cyclobutane 
dimers and showed a significant inhibition of bacterial 
activity during peak sunlight followed by rapid recov- 
ery after sunset (Fig. 4). Similar patterns were ob- 
served whether rates per volume or cellular rates were 
examined. Epifluorescence microscopy bacterial 
counts showed minimal change in bacterial density 
during the course of the experiment. 

DISCUSSION 

Bactenoplankton in the northern Gulf of Mexico 
have been found to suffer extensive DNA damage as  
a result of solar radiation. The extent of this damage 
varies according to time of day, depth in the water 
column, and cell size fraction. In addition, it would 
seem that the extent of damage would also be 
affected by other factors which influence the penetra- 
tion of UV-R in the water colun~n such as location and 
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seasonality. The latent period between sunlight expo- 
sure (sunrise) and initial CPD formation may be anal- 
ogous to the shoulder of a survival curve; at low UV-B 
doses all of the (sublethal) damage that is produced is 
repaired (Hall 1994). This is followed by a period of 
rapid CPD accumulation. The rate of accumulation 
during this phase (110 CPDs Mbp-' h-') is the sum of 
the rates of induction and removal by excision and 
photodependent repair processes, as well as dilution 
effects caused by cell death and cell division. From 
calculations on the normal distribution of photoprod- 
uct formation, peak levels of CPDs occur at  about 
16:00 h. During late afternoon (15:OO to 18:OO h), an 
equilibrium phase is observed when the rates of CPD 
loss and gain are comparable. After the sun sets 
(18:OO h), the CPD levels fall rapidly (-65 CPDs Mbp-l 
h-'), removed by excision repair, cell mortality, and 
DNA dilution by cell growth and division. Bacterial 
&rect counts and 'H-thymidine incorporation data 
suggests that immediately after sunset is a period of 
rapid recovery. Bacterial direct counts do not change 
appreciably during this penod suggesting that the 
decline u i  CPGs is noi due simpiy io 'diluiion' of CPDs 
per unit DNA by synthesis of new DNA. Indeed, when 
using a common bacterial production conversion fac- 
tor of 1 X 10'' cells mol-' thymidine incorporated (Rie- 
mann et al. 1987), maximal thymidine incorporation 
rates measured would only replace approximately 1 % 
of the bacterial population per hour, while DNA dam- 
age was observed to decrease approximately 4-fold in 
6 h. Repair as the primary mechanism of CPD removal 
is also supported by observations that the expression 
of the DNA repair gene recA also peaks just after sun- 
set (W. Jeffrey, R. Miller & R. Coffin unpubl.). 

Although similar in shape, important differences 
were observed between the die1 patterns of photodam- 
age in bacterioplankton and in eukaryotic plankton 
(presumably phytoplankton). First, the overall level of 
damage accumulation (i.e. CPD Mbp-' DNA) in the 
eukaryotic fraction was about half that of the bacterial 
fraction. This difference may be accounted for by the 
affect of cell size (surface area:volume) on photoprod- 
uct formation (Karentz et al. 1991a). Second, rates of 
both damage formation and loss in the eukaryotic frac- 
tion were half those observed in bactenoplankton and 
reached equilibrium later in the day. Specifically, dam- 
age accumulated at a rate of 58 CPDs Mbp-' h-', 
reaching a maximum level at 18:30 h. The slower rate 
of damage removal observed in the eukaryotic plank- 
ton fraction after sunset (-29 CPDs Mbp-' h-') reflects 
either a slower excision repair rate or a slower turnover 
rate. These ideas are consistent with current knowl- 
edge regarding differences between prokaryotes and 
eukaryotes in rates of cell division and excision repair 
(Friedberg 1985). 

Observations of submaximal levels of photodamage 
in bacterial DNA at the surface and residual damage 
observed at sunrise may result from the interaction of 
similar biological processes. Concomitant with the pro- 
duction of CPDs in DNA by sunlight are their elimina- 
tion by excision (dark) repair and photodependent 
repair mechanisms. In addition, DNA fragments (con- 
taining CPDs) resulting from cell death and lysis would 
be removed by our filtration process. Hence, the net 
damage measured in the indigenous bacteria at sunset 
consists of the damage induced during the day less the 
damage removed by DNA repair and cell death and 
lysis. Related processes may also account for residual 
damage observed prior to sunlight exposure. Biphasic 
CPD repair is observed in several biological systems 
(Cantor & Sutlow 1981) and may reflect a subclass of 
lesions that is refractory to excision repair. A similar 
phenomenon in bacteria would result in the observed 
residual damage. In addition, arrested grcwth and 
metabolism (Fig. 4 ;  Herndl et al. 1993, P. Aas & W. Jef- 
frey unpubl.) resulting from UV-B exposure may also 
inhibit repair and could result in the accumulation of 
cells containing unrepaired photodamage. These ceiis 
may persist in the bacterial community through the 
night and contribute to the residual damage levels 
observed at sunrise. 

Mixing may also play an important role in deter- 
mining the distribution of photodamage in the water 
column. In contrast to the dosimeters, little sirmlarity 
was observed in the depth profiles for the indigenous 
bacterial communities on the 2 days. On Septem- 
ber 7, when the wind speed averaged approximately 
15 knots and seas ranged between 0.5 and 1 m, we 
observed no discernable pattern in CPD accumula- 
tion with depth (Fig. 2A). Indeed, damage accumula- 
tion at the surface after 12 h sunlight exposure was 
not significantly greater than that measured prior to 
sunrise. It is probable that mixing prevented damage 
from accumulating to the same extent as that 
observed on September 8 in the surface waters and 
that this mixing effect may have extended down to at 
least 10 m. Indeed, under the conditions observed on 
September 7, significant mixing has been calculated 
to have extended below 10 m (K. Bodge & A. Raichle 
pers. cornrn.). Maximum wave orbital velocities 
through the water column were computed using lin- 
ear wave theory. Wave conditions (height and period) 
were hindcast from the observed winds, fetch, and 
water depth. Estimated particle velocities ranged 
from approximately 0.7 m S-' at the surface to 
approximately 0.2 m S-' at 10 m. Temperature profiles 
also indcated complete mixing in the upper 10 m on 
September 7. From these calculations we believe that 
little DNA damage would accumulate in bacteria at 
the surface before their conveyance to lower depths 
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by wave action. Alternatively, mixing may serve to 
move damaged organisms to deeper depths where 
rates of photoreactivation may outweigh rates of UV- 
B induced damage, resulting in net decreases in DNA 
photoproducts. 

It would be advantageous to use light exposure mea- 
surements to predict the amount of photodamage in 
bacterial and eukaryotic DNA. Irradiance measure- 
ments on September ? and 8 showed that the percent- 
ages of 305, 320, 340, and 380 nm light at 3 m were 
approximately 20, 30, 40 and >SO% of that measured 
at  the surface, respectively. As is consistent with the 
action spectrum for CPD induction (Rosenstein & 
Mitchell 1987), the attenuation of CPDs in purified 
DNA in the water column correlated well with attenu- 
ation of 305 nm light. Even in conditions of limited 
physical disturbance (e.g. wave action and mixing on 
September 8), net photodamage accumulation in the 
indigenous plankton communities deviated substan- 
tially from the levels observed in purified DNA. On 
more typical days when seas are moderately agitated 
(e.g. September ?), DNA damage levels in the indige- 
nous communities are distinct from the levels expected 
from the purified DNA dosimeter. We therefore con- 
clude that DNA dosimeters are useful in ascertaining 
the attenuation of different wavelengths of light in the 
water column, but only in unique circumstances do 
they accurately reflect the photodamage in marine 
microplankton. 

Measured depth profiles and the observed die1 pat- 
tern of photoproduct induction in the DNA of bacterio- 
plankton represent a coalition of divergent photo- 
chemical and photobiological processes. Added to the 
variability intrinsic in sampling natural communities 
and the complexity of the UV response at the molecu- 
lar level is the interpretation of our data in the context 
of rmxed plankton communities. Comparative studies 
on Antarctic phytoplankton have revealed great diver- 
sity in phytoplankton sensitivity to UV-B light and in 
the induction, photoreactivation, and excision repair of 
cyclobutane dimers and (6-4) photoproducts (Karentz 
et al. 1991a). Preliminary data on 2 species of bacterio- 
plankton (i.e. Pseudornonas stutzen and Vibrio natrie- 
gens) have shown similar diversity (W. Jeffrey & D. 
Mitchell unpubl.). Therefore, in order to understand 
the effects of increased UV-B stress on species diver- 
sity in mixed bacterioplankton communities and, ulti- 
mately, trophic interactions that affect other compo- 
nents of nutrient flux, the photobiological response of 
bacterial families and even individual species should 
be examined. 

011r results indicate that the bacterioplankton size 
fraction sustains higher levels of UV-B photoproducts 
in its DNA than the larger eukayotic size fraction. 
Given the importance of bacteria to energy flow and 

nutrient cycling in marine systems, the effect of UV-B 
on bacterial growth and productivity may have ecosys- 
tem implications. The importance of bacteria in marine 
ecosystems is exemplified by the observation that they 
not only suffer considerably more photodamage than 
do the eukaryotic plankton but often account for the 
bulk of cellular DNA in oligotrophic waters (Paul et al. 
1985, Fuhrman et al. 1989, Coffin et al. 1990, Boehme 
et al. 1993). In other words, bacterioplankton often 
dominate microbial biomass and appear to be the pri- 
mary target of UV-B radiation. Our data reflect the dif- 
ficulties inherent in extrapolating UV-R effects on 
indigenous communities from direct photometric mea- 
surements of UV-R and fixed depth determinations in 
purified DNA samples, especially as might be encoun- 
tered in high energy environments such as the South- 
ern oceans. Low energy environments, e.g. certain 
lakes, may be less affected by mixing. In addition, 
coral reefs in which UV-R has been implicated in 
bleaching (Gleason & Wellington 1993) are at fixed 
depths so that net effects would be determined less by 
wave driven mixing and more by water clarity and 
solar radiation intensity. 

The survival of microorganisms exposed to signifi- 
cant daily doses of UV-R suggests that, under normal 
circumstances, an equilibrium exists between the rate 
of photodamage and repair and recovery. Strato- 
spheric ozone attenuates the shorter, more damaging 
wavelengths of UV-B, and its reduction produces a 
shift in the ratios of UV-B:UV-A and UV-B:PAR (photo- 
synthetically active radiation) (Smith et al. 1992). 
Ozone loss may thus shift the equilibrium between 
DNA damage formation and repair in marine organ- 
isms. Overcoming UV-B stress requires that energy be 
shifted from essential metabolic functions to DNA 
repair processes (Karentz et al. 1994), with trophic con- 
sequences to microbial food webs. Hence, should 
ozone deterioration continue, community structure 
may change and greater energy reserves may be 
required to overcome the increased photodamage. The 
cost of this energy loss to the ecosystem is difficult to 
assess but may have profound consequences on the 
marine environment. 
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