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INTRODUCTION

Tropical regions are characterized by high natural
levels of ultraviolet-B radiation (UVBR, 280 to 315 nm)
(Madronich et al. 1995). Since marine tropical waters are
typically oligotrophic, UVBR can penetrate deep into
the water column (Smith & Baker 1979). In a previous
study we used a DNA dosimeter to measure the pene-
tration of biologically effective (in this case DNA dam-

aging) UVBR in the central Atlantic Ocean and in sev-
eral water types around Curaçao, Netherlands Antilles
(Boelen et al. 1999). It was shown that biologically ef-
fective UVBR may penetrate deep into these waters
giving 1% levels, compared to surface irradiance,
down to 25 m. Marine bacteria and small phototrophic
plankton (<1 µm) form the majority of the organisms in
marine oligotrophic waters (Paul et al. 1985, Stockner
1988). Due to their small size this plankton is likely to
be much more vulnerable to UVBR as compared to
larger organisms. In several field studies (Jeffrey et al.
1996, Boelen et al. 2000, Buma et al. 2001) more UVBR-
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induced DNA damage was detected in small size
classes of bacterio- and phytoplankton compared to
bigger size fractions. Garcia-Pichel (1994) calculated
that small plankton cells cannot efficiently use UVR-ab-
sorbing compounds as sunscreens. Taking all these as-
pects into consideration, it is reasonable to hypothesize
that the high incident UVBR levels may have a strong
impact on the biology of small plankton. Such stress can
result in a decrease in primary (Behrenfeld et al. 1993)
or bacterial production (Herndl et al. 1993, Aas et al.
1996, Visser et al. 1999) or damage to essential macro-
molecules, e.g. DNA (Jeffrey et al. 1996, Lyons et al.
1998, Weinbauer et al. 1999, Visser et al. 1999, Boelen
et al. 2000). Alternatively, it may induce the synthesis of
UV-absorbing compounds (Karentz et al. 1991b). Struc-
tural changes in DNA are considered to be one of the
primary consequences of the deleterious effects of
UVBR on the cellular level (Karentz et al. 1991a, Buma
et al. 1995). Cyclobutane pyrimidine dimers (CPDs), es-
pecially thymine dimers (TT) are the predominant le-
sions induced by UVBR (Tyrrell 1986). These photo-
products block transcription and replication of the
DNA, resulting in mutations or cell death (Setlow et al.
1963, Swenson & Setlow 1966). Normally, cells are able
to repair this type of DNA damage. There are 2 major
mechanisms of DNA repair: excision (dark) repair and
photodependent repair (Sancar & Sancar 1988).

Theoretically the rate of DNA damage induction as
well as that of photorepair in plankton is dependent on
the prevailing light regime in the water column. CPD
induction is mainly caused by UVBR, whereas pho-
torepair of DNA damage depends on the intensity of ul-
traviolet-A radiation (UVAR, 315 to 400 nm) and/or PAR
(photosynthetically actve radiation) (Friedberg et al.
1995). Since the attenuation of UVBR in the water col-
umn is much higher than that of UVAR or PAR (Smith &
Baker 1979), the induction to repair ratio should be
depth-related as well. Because plankton cells are trans-
ported in the upper water column as a result of vertical
mixing, exposure of the cells to the different wave-
length bands will strongly fluctuate. If a simple linear
dose-response relationship for the induction as well as
the repair of DNA damage were applicable, i.e. if the
photochemical law of reciprocity would hold, the mean
UVBR, UVAR and PAR doses in the wind mixed surface
layer (WML) would be sufficient to predict effects on
plankton organisms. However, there are indications
that this is not always the case, especially for repair
processes (Zagarese et al. 1998); not only the rate of
photorepair, but also the induction of the repair system
is light dependent (Mitani et al. 1996). This means that
under fluctuating irradiance conditions, as experienced
by plankton in the WML, repair rates may not always
be optimal. Furthermore, the repair rate likely in-
creases with increasing initial levels of CPDs (Fried-

berg et al. 1995). Neale et al. (1998a,b) used non-linear
dose-response relationships to model effects of ozone
depletion on inhibition of photosynthesis in Antarctic
phytoplankton. They showed that inhibition could be
either decreased or enhanced by vertical mixing, de-
pending on the depth of WML and the rate of mixing.
Huot et al. (2000) developed a model of UV-induced
DNA damage in oceanic bacterioplankton. Although
the model could provide realistic estimates of DNA
damage in small-sized plankton, they indicated that
more information about CPD induction and repair rates
in natural plankton communities is required.

To study the effects of the fluctuating light conditions
in the WML on the induction and repair of DNA dam-
age in natural marine tropical plankton populations,
we compared field samples from the mixed surface
layer with samples that were incubated in UVR-trans-
parent bags to exclude vertical mixing. Accumulated
DNA damage levels in 2 size fractions of plankton cells
were normalized to the DNA effective doses the cells
had received during incubation.

MATERIALS AND METHODS

Sampling site and incubation protocols. Ten iden-
tical experiments were carried out in April 1998 at
Stn ‘Buoy 1’ near the island of Curaçao (12° N, 69° W,
Fig. 1), Netherlands Antilles. Stn Buoy 1 is located
100 m offshore, with a water depth of 15 m. To study
induction of DNA damage in non-mixed picoplankton
assemblages, surface water was collected between
08.30 and 09:15 h and transferred into 20 l polypro-
pylene bags, which have a high transmission for UVR
(Visser et al. 1999). These bags were incubated at 10 m
depth or near the surface (0.2 m) until ca 14:00 h (1.5 h
after solar noon). To measure induction and repair of
DNA damage in the afternoon, one bag that had been
incubated near the surface during the morning was
further incubated at 0.2 m; another bag was trans-
ferred to 10 m depth. These bags were incubated until
the end of the afternoon (17:00 to 18:00 h). Duplicate
samples were taken from the bags before and at the
end of the incubation period and filtered through 10,
0.8 and 0.2 µm pore-size polycarbonate filters (Poret-
ics). The 0.8 and 0.2 µm filters were frozen in liquid
nitrogen and stored at –80°C until DNA isolation. To
determine the amount of DNA damage present in
plankton circulating in the wind mixed layer before
(around 09:00 h) and at the end of the morning incuba-
tion period (around 14:00 h) in situ samples were col-
lected at the surface and at 10 m depth. The irradiance
conditions in the surface layer were determined using
a DNA dosimeter and a PUV 500 profiling radiometer
(see below). The PUV radiometer was equipped with a
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temperature profiler. The temperature profiles demon-
strated that the water column was completely mixed.
The temperature of the water column during the
experimental period was 27.3 ± 0.2°C.

Irradiance conditions in the surface layer. Biolo-
gically effective (in this case DNA-damaging) doses
(BEDs) and attenuation of biologically effective radia-
tion in the water column were measured using a DNA
dosimeter as described before (Boelen et al. 1999). In
short, small acid-cleaned quartz tubes were filled with
a solution of 10 µg ml–1 calf thymus DNA (Sigma) in TE-
buffer (10 mM Tris-HCl pH = 8.0, 1 mM EDTA). The
tubes were sealed with parafilm after which duplicate
tubes were incubated at several water depths for the
duration of the experiment. After incubation the tubes
were kept in the dark at 4°C during transportation be-
fore the DNA solution was stored at –20°C until CPD
analyses. BEDs were expressed as number of induced
CPDs per million nucleotides (CPD Mnucl–1). The aver-
age vertical attenuation coefficient for the induction of
DNA damage (Kbd) was determined from 6 linear re-
gressions of natural logarithmic BEDs against depth.
BEDs at other (incubation) depths were calculated us-
ing dosimeter data together with the average attenua-
tion coefficient, assuming constant K values over depth.
Around solar noon attenuation coefficients of 305, 320,
340, 380 nm and PAR were measured using a Biospher-
ical Instruments Model PUV 500 profiling radiometer. 

DNA isolation and quantification. DNA was extrac-
ted from the filters as described before (Boelen et al.
2000). In brief, the filters were incubated at 60°C for
30 min with CTAB isolation buffer (2% [w/v] CTAB
[Sigma], 1.4 M NaCl, 0.2% [v/v] 2-mercaptoethanol,
20 mM EDTA, 100 mM Tris-HCl pH = 8.0). After chlo-
roform/isoamylalcohol purification the DNA was pre-
cipitated with isopropanol and subsequently washed
with 80% ice-cold ethanol. The DNA was dried under
vacuum and resuspended in TE buffer (10 mM Tris-
HCl pH = 8.0, 1 mM EDTA). To remove RNA the
extracts were incubated for 1 h with 75 µg ml–1 RNase
(Boehringer Mannheim) at room temperature. The
amount of DNA was determined fluorometrically using
Picogreen dsDNA quantitation reagent (dilution 1:400,
Molecular Probes) on a 1420 Victor multilabel counter
(EG&G Wallac, excitation 485 nm, emission 535 nm).

Quantification of cyclobutane pyrimidine dimers.
The amount of CPDs in DNA was determined using
the H3 antibody (Roza et al. 1988) together with a
slightly modified immunodotblot procedure (Vink et
al. 1994, Boelen et al. 1999). The H3 antibody is raised
against cyclobutane thymine dimers (TT) but has also
a high affinity for 5’TC dimers (Fekete et al. 1998). For
clarity, and since TT and 5’TC form the majority of the
CPDs induced under natural conditions (Friedberg et
al. 1995), we chose to use the term CPD in the follow-
ing sections. Heat-denaturated DNA samples (dosime-
ter DNA: 20 ng, other samples: 100 ng) were dotblotted
(Minifold I SRC96D dotblot apparatus; Schleicher &
Schuell) onto nitrocellulose filters (Protran BA79, pore
size 0.1 µm, Schleicher & Schuell). To immobilize the
DNA, the filters were baked at 80°C for 1 h, after which
they were incubated in 5% (w/v) skimmed-milk pow-
der in PBS-T (PBS + 0.1% [v/v] Tween 20 [Sigma]) for
30 min at room temperature. Filters were incubated
overnight at 4°C with the H3 antibody (2.1 µg ml–1 in
0.5% milk powder-PBS-T), after which they were in-
cubated with rabbit-anti-mouse-peroxidase antibody
(Dako) (diluted 1:2000 in 0.5% milk powder-PBS-T) for
2 h at room temperature. Finally the filters were trans-
ferred to 15 ml ECL detection reagent (Amersham)
for 1 min and sealed in Photogene development fold-
ers (GibcoBRL). In between all steps the filters were
washed 3 times in PBS-T (10 min). Photographic films
(Amersham Hyperfilm ECL) were exposed to the filters
for 1 to 30 min. The films were developed, scanned and
analyzed as described before (Boelen et al. 1999). To
allow quantification of the amount of damage in the
sample DNA, the samples were compared with a dilu-
tion series of standard DNA. The amount of CPDs in
the standard DNA was determined before by calibrat-
ing it against DNA isolated from irradiated Hela cells.
The amount of CPDs in this DNA was determined by
Roza et al. (1988) by means of HPLC. The immuno-
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assay is a highly sensitive assay and it is possible to
detect less than 1 CPD Mnucl–1 (Boelen et al. 2000).
The actual detection limit depends on the amount of
DNA that is used for the assay and on the exposure
time of the films. In this study the detection limit was
<20 CPD Mnucl–1.

Flow cytometry. Occasionally, plankton composition
and relative DNA content per plankton cluster were
determined using flow cytometry (Coulter Epics-Elite-
ESP) in combination with the nucleic acid stain Pico-
green as described by Veldhuis et al. (1997). This gives
an indication of which plankton groups contributed
most to the total amount of DNA damage. The exact
contribution is difficult to predict since there may be
differences in sensitivity to DNA damage and yield
of DNA isolation between the various groups. Four
clusters were identified: non-phototrophic bacteria,
Prochlorococcus spp., Synechococcus spp., and small
eukaryotic algae.

Pigment composition. Phytoplankton class abundance
was further investigated with HPLC pigment analyses.
Samples (10 l) of surface water were taken in the
morning (16, 17, 20, 21, 22, 23 and 28 April 1998) and
filtered over a Whatman GF/F glass-fiber filter. The
filters were frozen immediately in liquid nitrogen and
stored at –80°C until further analyses. Pigments were
determined by HPLC as described by Kraay et al.
(1992). Divinyl-chlorophyll a concentrations were deter-
mined as described by Veldhuis & Kraay (1990). Phyto-
plankton class abundances were calculated from the
pigment data using the Chemtax program as intro-
duced by Mackey et al. (1996).

RESULTS

Irradiance conditions and plankton composition 
in the surface layer

Daily BEDs as measured at 0.5 m depth varied dur-
ing the experimental period (Fig. 2). The lowest dose
(525 CPD Mnucl–1) was measured on 20 April on a
rainy day. The highest dose was measured 2 d later
(946 CPD Mnucl–1). The attenuation of UVR and PAR
was calculated from dosimeter and radiometer data
(one example shown in Fig. 3). Variation in attenuation
during the experimental period was small (Table 1).
The average attenuation of biologically effective UVR
as measured using the DNA dosimeter was higher
(0.28 m–1) than radiometer results (max. Kd: 0.21 m–1 at
305 nm). UVR penetration was wavelength dependent:
longer UVR wavelengths were less attenuated than
shorter wavelengths (Table 1). The BEDs the plankton
community received during incubation were calcu-
lated from the average attenuation coefficient for

biologically effective UVR and the BEDs as measured
with dosimeter tubes that were incubated at a fixed
depth during the day. When averaged over all 10 sam-
pling dates, calculated BEDs ranged between 14 CPD
Mnucl–1 (afternoon incubation at 10 m) and 847 CPD
Mnucl–1 (whole day incubation at 0.2 m) (Table 2). 

Flow cytometric DNA labeling of the plankton com-
munity indicated that generally more than 70% of the
DNA originated from non-phototrophic bacteria. The
remaining 30% of the DNA was equally distributed
between Prochlorococcus spp., Synechococcus spp.
and small eukaryotic algae. Samples that were taken
during size fractionation (between the 0.2 and the
0.8 µm filter) showed that, besides small bacteria and
Prochlorococcus spp., part of the Synechococcus spp.
population also passed the 0.8 µm filter. This means
that the 0.8 µm fraction contained all eukaryotic cells
as well as a significant portion of the Synechococcus
spp. (30 to 70%), whereas the 0.2 µm fraction included
phototrophic prokaryotes, but mainly non-photo-
trophic bacteria. Significant differences in plankton
composition between field samples and incubated
samples were not found. Generally the pigment con-
centration and composition did not change much dur-
ing the experimental period. (Divinyl-)chlorophyll a
concentrations varied between 171 and 363 ng l–1.
Prochlorophytes and cyanobacteria comprised the
largest fraction of the phytoplankton. The estimated
contribution of prochlorophytes to the total amount of
(divinyl-)chlorophyll a varied between 23 and 53% (on
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Fig. 2. Induced DNA damage in DNA dosimeters during 10 days
between 15 and 29 April 1998. Dosimeters were incubated at
0.5 m depth from 09:00 h until ca 14:00 h and from 09:00 h

until the end of the afternoon (17:00 to 18:00 h)
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average 39%). Cyanobacteria contributed
on average 29% to the total amount of
(divinyl-)chlorophyll a. The rest (eukary-
otic part) of the phototrophic community
consisted mainly of prymnesiophytes
(17% of total [divinyl-]chlorophyll a).

DNA damage in the surface layer

Surface samples collected in the WML
on 10 days in April 1998 showed a clear
daily variation in DNA damage (Fig. 4). In
samples collected in the early morning
significantly less (paired t-test, p < 1%)
DNA damage was detected than in sam-
ples that were collected around 14:00 h.
Also, in most cases, morning levels were
lower than 14:00 h levels from the previ-
ous day. On some days no DNA damage
could be detected in the morning samples.
The highest amount of DNA damage was
measured in the 0.8 to 10 µm fraction on
21 April (190 CPD Mnucl–1). Generally we
could not measure a significant difference

between the 2 size fractions. Compared to the 14:00 h
surface samples, slightly less (significant for the 0.2 to
0.8 µm size fraction, paired t-test, p < 1%) DNA dam-
age was measured at 10 m in the WML (one example
shown in Fig. 5).

DNA damage in the incubated samples

The amount of DNA damage as measured in plank-
ton samples that were incubated near the surface was
substantially higher compared to samples collected in
the WML (one example shown in Fig. 5). The highest
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Fig. 3. Attenuation of 4 wavelengths of UVR (symbols) and biologically
effective (DNA damaging) UVR (bars) at the sample location on 15 April
1998. To measure biologically effective UVR a DNA based dosimeter was

used which was incubated at several depths from 09:30 to 13:30 h

BEI 305 nm 320 nm 340 nm 380 nm PAR

Kbd or Kd (m–1) 0.28 0.21 0.16 0.10 0.04 0.06
SD (m–1) 0.04 0.03 0.02 0.02 0.02 0.02
1% depth (m) 17 22 29 45 105 81

Table 1. Average attenuation coefficients (Kbd or Kd), standard
deviations (SD) and 1% depths for biologically effective irra-
diation (BEI), at 4 UVR wavelengths and PAR as measured at
Stn Buoy 1. The attenuation of BEI (Kbd) was calculated from
DNA dosimeter incubations (15, 16, 17, 20, 21 and 22 April
1998 from ca 09:00 h until 14:00 h). Attenuation of UVR and
PAR (Kd) was measured around solar noon (15, 16, 17, 20, 21,

22, 23, 24, 28 and 29 April 1998)

Bag BED 0.2 to 0.8 µm fraction 0.8 to 10 µm fraction
DNA damage Rate DNA damage MDR Rate DNA damage MDR Rate
(CPD Mn–1) (CPD Mn–1 h–1) (CPD Mn–1) (CPD Mn–1 h–1) (CPD Mn–1) (CPD Mn–1 h–1)

0.2 m (09:00–14:00 h) 647 ± 168 132 ± 32 211 ± 78 0.32 ± 0.10 42 ± 15 192 ± 88 0.30 ± 0.13 38 ± 15
10 m (09:00–14:00 h) 51 ± 13 10 ± 3 27 ± 22 0.51 ± 0.44 6 ± 5 22 ± 15 0.45 ± 0.29 4 ± 3
0.2 m (90:00–17.30 h) 847 ± 166 103 ± 19 258 ± 65 0.32 ± 0.07 31 ± 8 274 ± 68 0.33 ± 0.06 33 ± 8
10 m (‘repair’ afternoon) 14 ± 7 5 ± 3 –22 ± 60 – –6 ± 18 28 ± 49 – 7 ± 13

Table 2. Average CPD accumulation (total and per hour, ±SD, n = 10) measured in 2 size fractions of picoplankton incubated in
UV-transparent bags compared to the calculated biologically effective dose (BED) the plankton had received during the incu-
bations. Initial damage values (09:00 or 14:00 h) were subtracted from noon or afternoon values. The mean damage ratio (MDR)
is the mean of the ratios of CPD abundance in the plankton cells to the damage induced in bare DNA (DNA dosimeter). Repair
of DNA damage was studied by incubating bags at the surface until ca 14:00 h, after which bags were transferred to 10 m depth
and incubated further during the rest of the afternoon (‘repair’ afternoon). Since during this period at this depth UVBR levels
were very low and in some cases repair rates exceeded DNA damage induction rates, the MDR was not calculated here. CPD

Mn–1: CPD per million nucleotides
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DNA damage level was found on 23 April in the 0.8 to
10 µm fraction (403 CPD Mnucl–1). Again, no signifi-
cant differences between the 2 size fractions were
found. Accumulation of DNA damage measured in
plankton samples that were incubated at 10 m during
the morning period was far less than those incubated
close to the surface (Fig. 6A,C). Further afternoon CPD
accumulation was generally found at 0.2 m. On the
other hand, no significant changes in DNA damage
were found in the samples that were transferred to
10 m (Fig. 6B,D).

Highest CPD accumulation rates were found during
the morning hours on 28 April (62 CPD Mnucl–1 h–1).
Mean daily accumulation rates at the surface were
31 CPD Mnucl–1 h–1 for the 0.2 to 0.8 µm size fraction
and 33 CPD Mnucl–1 h–1 for the 0.8 to 10 µm fraction
(Table 2). Slightly, but not significant, higher CPD accu-
mulation rates (42 and 38 CPD Mnucl–1 h–1) were found
in bags that were incubated from 09:00 until 14:00 h.
To get insight into the sensitivity of the 2 plankton size
fractions mean damage ratios (MDRs) were calculated.
This is the DNA damage accumulated in the plankton
divided by the amount of biologically effective irra-
diation, expressed as CPD accumulation in bare DNA,
that the organisms had actually received. MDRs varied
between 0.30 as measured in bags that were incubated
near the surface and 0.51 in bags that were incubated
at 10 m (Table 2). Due to the high variation between

samples, no significant differences between the 2 incu-
bation depths could be demonstrated.

DISCUSSION

Our results clearly show that DNA damage accu-
mulates in bacterio- and phytoplankton in the WML
throughout the day (Fig. 4). This implies that these
organisms undergo UVBR stress under natural solar
conditions despite the fact that they are subjected to
vertical mixing. This form of UV stress may reduce
growth, as a result of CPD-mediated cell cycle arrest,
although we do not have data available to support this.

During the research period, the water column at
Stn Buoy 1 was well mixed. The water column was fur-
thermore homogeneous with respect to phytoplankton
concentration and composition. In addition, light atten-
uation in the water column did not vary much during
the experimental period (Table 1). In samples that
were collected in the morning, lower, sometimes unde-
tectable CPD levels were measured compared to mid-
day values of the previous day. This suggests that DNA
damage is repaired during the afternoon or night. It is
also possible that a decrease in CPD level could be due
to the transport of less-damaged cells from deeper
waters through mixing combined with a reduced rate
of CPD production during afternoon and night (Huot et
al. 2000). Another possibility is that damage is ‘diluted’
by growth or has disappeared by lysis of damaged
cells. Repair during the afternoon could be mediated
by photoreactivation or by excision repair (dark re-
pair), or both. During the night DNA can only be
repaired by excision repair. In summary, it is difficult to
quantify the individual contribution of all these pro-
cesses separately from the observed decrease in DNA
damage. Jeffrey et al. (1996) demonstrated accumu-
lation of DNA damage during the day in plankton
assemblages in the Gulf of Mexico. They showed that
CPD levels decreased immediately after sunset. Dur-
ing this period synthesis of new DNA (measured as
thymidine incorporation) was not high enough to
explain the decrease in CPDs, suggesting that removal
of CPDs was mainly caused by excision (dark) repair
and that DNA damage was not ‘diluted’ by growth
(Jeffrey et al. 1996). This is confirmed by our incuba-
tion experiments where we incubated CPD containing
plankton samples at 10 m depth (Fig. 6B,D). Here,
biologically effective UVBR levels were only 6% of
surface levels, but UVAR and PAR, involved in pho-
torepair, were still high, as judged from Kd values
(Table 1). Nevertheless, we could not detect a signifi-
cant decrease in CPD levels, suggesting that photore-
pair is not the prevailing pathway for CPD removal in
these organisms, although we cannot completely rule
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Fig. 4. Diurnal changes in DNA damage measured in 2 size
fractions of surface field samples collected on 10 different

days near Curaçao
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out the possibility that UVAR and PAR levels at 10 m
depth were not sufficient to support photorepair. In
contrast, in the model of Huot et al. (2000) photorepair
appears to be important: the calculated values of DNA
damage matched the measured values the best when
photorepair was taken into account. Kaiser & Herndl
(1997) reported recovery of protein synthesis in marine
bacterioplankton under exposure to UVAR and PAR. In
marine viruses host-mediated photorepair is poten-
tially essential for the maintenance of high concentra-
tions of viruses in surface waters (Weinbauer et al.
1997, Wilhelm et al. 1998).

It is unclear whether DNA damage is uniformly dis-
tributed over all cells or whether most of the damage is

accumulated in a few heavily damaged cells,
as suggested by Buma et al. (1995). Although
DNA replication, and thereby cell division,
cannot be completed until most of the DNA
damage is repaired, it is a possibility that,
due to an unequal distribution of DNA dam-
age, part of the population replicates in a
normal way, whilst damaged cells eventually
die and disappear by lysis. Within this con-
text, it would be interesting to consider
potential interactions between nutrient/sub-
strate limitation and UVBR stress. As has
been demonstrated by others (Choi et al.
1999 and references therein), a large fraction
of the bacterioplankton in marine waters is
metabolically inactive as a result of substrate
limitation. Suboptimal metabolic activity in
these cells would hamper repair of DNA
damage, and thereby contribute to further
accumulation of DNA damage in these cells.
In return, damage accumulation would then
decrease viability in this fraction of the bac-
terioplankton community. The low repair
rates and residual DNA damage levels
(morning samples) reported in this study
seem to support this hypothesis. In future
experiments it would be useful to measure
viability and DNA damage in individual cells
by combining flow cytometry and specific
fluorescent stains. 

In contrast to earlier experiments by us
and others (Jeffrey et al. 1996, Lyons et al.
1998, Boelen et al. 2000), where more DNA
damage was detected in the small size frac-
tion compared to the bigger size fraction, we
could not find a significant difference in
CPD levels between the 2 size fractions. Our
sampling site was located in a coral reef
area. Although Lyons et al. (1998) generally
detected less DNA damage in the >0.8 µm
size fraction compared to the small size frac-

tion, they reported on occasions higher DNA damage
levels in the >0.8 µm size fraction collected in the
water column from a reef area. Jeffrey et al. (1996)
measured more damage in the >0.8 µm fraction com-
pared to the smaller fraction during the night, proba-
bly caused by differences in repair rate. Laurion &
Vincent (1998) demonstrated in subarctic lakes that
cyanobacteria-dominated picophytoplankton were
more resistant to UVBR than could be expected from
relationships based only on cell size. The results show
that in the plankton population that was present at
our sample location other aspects, e.g. repair capaci-
ties or cell morphology, were more important than cell
size.
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Fig. 5. DNA damage during the day (29 April 1998) measured in 2 size
fractions of picoplankton subjected to mixed (in situ samples) or non-
mixed (incubations in UV-transparent bags) situations. A number of
bags which were incubated near the surface until ca 14:00 h were trans-
ferred to 10 m depth (stippled arrow, biologically effective UVBR

level ca 6% of surface level) to study repair of DNA damage
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In the WML (mixed situation) DNA damage was
accumulated during morning hours. We assumed that
the water column at our sampling location was totally
mixed since water depth was only 15 m and the mean
wind speed at the sampling location was high enough
to homogenize the water column. High resolution tem-
perature profiles that were collected every day around
noon confirmed this assumption of total mixing (results
not shown). Strikingly, there was a small but signifi-
cant difference between surface and 10 m samples for
the 0.2 to 0.8 µm size fraction. Obviously, mixing rate
was low enough to allow for variability in UVBR levels
received by the plankton within the WML. For in-
stance, a portion of the plankton assemblage may have
resided for a prolonged period at greater depth during
UVBR peak hours. This stresses the importance of
including mixing rate, apart from mixing depth, in
UVBR effect studies. 

As expected, the amount of accumulated DNA dam-
age in the incubated samples depended on the amount
of biologically effective UVBR the cells had received

during incubation (Table 2). Highest MDR
values (0.45 to 0.51) were determined for
plankton in bags that were incubated at
10 m depth. Due to the low UVBR levels at
this depth, variation in MDR values were
high. Furthermore, at this depth a rela-
tively small error in the calculated Kbd

value strongly influenced the calculated
UVBR level. For the surface incubations
lower MDR values (0.30 to 0.33) were cal-
culated. Due to the high variation in
MDRs between the samples, significant
differences between the several groups
(i.e. deep, surface) could not be demon-
strated. The mean of all ‘surface’ MDRs
was 0.32 for the 0.2 to 0.8 µm size fraction
as well as for the 0.8 to 10 µm size fraction.
This implies that in this case 32% of the
DNA is damaged when compared to bare
DNA as present in the DNA dosimeter.
This difference in CPD level must be the
result of repair, intracellular shielding (in-
cluding packaging of DNA) or differences
in DNA sensitivity (e.g. AT-composition). 

To investigate the effects of vertical
mixing on the induction of DNA damage
in picoplankton we estimated the MDR
values for the samples that were collected
in the WML at 14:00 h. Therefore we first
assessed the mean BED the plankton had
received during the morning while circu-
lating through the water column. To this
end we used the calculated Kbd values
and surface BEDs together with the depth

of the WML (15 m) as described before (Boelen et al.
2000). Thereby we neglected the effect of mixing rate,
horizontal advection and possible changes in plankton
composition during the day. However, small differ-
ences in accumulation of DNA damage between the
in situ surface and 10 m samples (Fig. 5) showed that
probably these factors cannot be completely neglected
at our study site. Nevertheless, for reasons of simpli-
city and because differences in CPD accumulation
between the 2 depths were small, we decided to use
mean WML BEDs for our MDR calculations. Calcu-
lated MDR values were 0.23 for the 0.2 to 0.8 µm size
fraction as well as for the 0.8 to 10 µm size fraction.
This might imply that plankton cells in the WML are
less vulnerable to UVBR compared to non-mixed con-
ditions (i.e. incubation experiments), but due to the fact
that the variation between the samples was high, sig-
nificant differences between the 2 groups (mixed, non-
mixed) could not be demonstrated. 

In conclusion, in this study we showed that, at our
sampling location, there was a net accumulation of DNA
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Fig. 6. Accumulation and repair of DNA damage measured in 2 size fractions
of picoplankton incubated in UV-transparent bags at 2 depths. The experi-
ments were carried out between 15 and 29 April 1998. To measure induction
or repair of DNA damage in the afternoon, some bags that had been incu-
bated near the surface from 09:00 until ca 14:00 h were further incubated at
0.2 m; other bags were transferred to 10 m depth (biologically effective
UVBR level ca 6% of surface level). Samples were taken from these bags at
the end of the afternoon (17:30 h). Initial damage values (09:00 or 14:00 h)
were subtracted from noon or afternoon values. (A) 0.2 to 0.8 µm size frac-
tion, incubated from 09:00 until 14:00 h. (B) 0.2 to 0.8 µm size fraction, incu-
bated from 14:00 until 17:30 h. (C) 0.8 to 10 µm size fraction, incubated from
09:00 until 14:00 h. (D) 0.8 to 10 µm size fraction, incubated from 14:00 until

17:30 h. *Not determined
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damage in plankton during the day, implying that
these organisms undergo UVBR stress. Incubation ex-
periments indicated that during the day repair rates
are low when compared to DNA damage accumulation
rates, suggesting that an essential part of the DNA
damage is repaired after sunset by excision (dark)
repair. In future experiments we want to follow DNA
accumulation during several daily cycles, to gain more
insight into daily patterns of damage induction and
repair. 
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