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Abstract

We analyzed the effect of ambient levels of visible and ultraviolet radiation (UVR) on picophytoplankton cell
death by exposing natural communities of picophytoplankton (Prochlorococcus, Synechococcus, and picoeukaryotic
cells) from the Atlantic Ocean to different levels of natural solar radiation, from that received just below the surface
to 23% lower levels and dark conditions. Underwater oceanic levels of UVR and visible light can induce significant
cell death in picophytoplankton communities. The decay rates of living cells induced by solar radiation was highest
for Prochlorococcus sp., which showed an average decay rate of —0.24 = 0.053 h~* (mean = SE) in the experi-
ments, whereas Synechococcus sp. showed the lowest decay rate of —0.021 = 0.008 h-* (mean * SE) in treatments
ranging from the full incident irradiance to 23% of the irradiance incident below the ocean surface. Decay rates
decreased significantly upon removal of UVR, demonstrating a major effect of UVR on cell death, although ambient
levels of visible light alone still induced cell death in Prochlorococcus and picoeukaryotic populations, but not in
Synechococcus sp. The high cell death of Prochlorococcus induced by total solar radiation resulted in short half-
life values for this genus, ranging between 1.5 and 13.4 h across treatments. The half-life times for Synechococcus
sp. and eukaryotic picoplankton cells exposed to UVR were longer, varying from 8.8 to 14.7 h and from 2.1 to
31.7 h, respectively. The UVR doses required to reduce the picophytoplankton populations by 50% (LRD,,) differed
among the three groups, with considerably lower doses required for Prochlorococcus sp. Prochlorococcus sp. is
highly sensitive to solar radiation, contrasting with the higher tolerance of Synechococcus sp. High, but taxon-
specific, phytoplankton mortality induced by ambient UVR levels may act as a primary driver of the community

structure of autotrophs and affect the dynamics of the microbial food web in clear, oligotrophic, oceanic waters.

Solar ultraviolet radiation (UVR, 280—400 nm) is increas-
ingly recognized to exert a major influence on biological and
chemical processesin the aguatic environment, including the
growth and productivity of phytoplankton (Holm-Hansen et
al. 1993; Neale 2001). Inhibition of photosynthetic rates by
UVR has been observed in many regions of the oceans, such
as tropical, temperate, and polar areas (Smith et al. 1992;
Behrenfeld et al. 1993; Helbling et al. 1993). UVR affects
photosynthetic energy-harvesting enzymes and other cellular
proteins, as well as photosynthetic pigment contents (Hader
et al. 1998). UVR exposure can also induce severe DNA
damage in aquatic organisms, including phytoplankton
(Buma et al. 2001; Helbling et al. 2001; Boelen et al. 2002).
In addition, reactive oxygen substances (ROS), such as O;,
H,0,, *O,, and the OH~ radical, formed as a result of UV
photolysis of dissolved organic matter, are strong oxidants
and cause lipid peroxidation of cell membranes and other
cellular damage (Murphy 1983; Tyrrell 1991). Phytoplank-
ton have a variety of cellular systems for ultraviolet photo-
protection and to repair the cell damage caused by UVR
exposure; however, phytoplankton cells exposed to UVR
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may die if those systems are not sufficiently efficient. Small
phytoplankton cells, which dominate the warm oligotrophic
ocean (Agawin et al. 2000), have been predicted to have low
levels of photoprotection and to be, therefore, more vulner-
able to UVR (Garcia-Pichel 1994).

Water transparency to UVR is highest in the oligotrophic
regions of the oceans, where UVR can penetrate several me-
ters into the water column (Smith et al. 1992), being a po-
tential source of damage for planktonic organisms. Picophy-
toplankton communities, composed by Synechococcus sp.,
Prochlorococcus sp., and small eukaryotic phytoplankters,
are predicted to be particularly vulnerable to UVR (Garcia-
Pichel 1994) and are the dominant primary producers in the
oligotrophic areas of the oceans (Waterbury et al. 1986; Par-
tensky et al. 1999). These picophytoplanktonic cells inhab-
iting clear waters may receive high doses of ultraviolet and
solar radiation that could severely damage them. Whether
these communities are able to cope with the UVR levelsthey
receive or, in contrast, experience considerable cell death
remains, however, untested.

Sizeable phytoplankton lysis rates have been, however, re-
ported in the oligotrophic ocean (Agusti et al. 1998, Agusti
et al. 2001) and an important proportion, >40%, of Proch-
lorococcus and Synechococcus cells have been found to be
dead in the surface of the Central Atlantic Ocean (Agusti
2004). The distribution of dead picocyanobacteria cells
through the water column has been linked to underwater
light levels (Agusti 2004), suggesting that high light and
UVR may induce cell death. Despite these indications, the
induction of picophytoplankton cell death by the direct effect
of visible and ultraviolet radiation levels in ocean waters,
has not yet been tested.
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The goal of this study is to assess the effect of solar and
UV radiation on the cell death of picophytoplanktonic com-
munities from the surface of the Atlantic Ocean and to com-
pare the sensitivity to UVR of Prochlorococcus, Synecho-
coccus, and picoeukaryotic phytoplankton. Cell death
induced by natural underwater solar radiation was tested ex-
perimentally on natural communities of picophytoplankton
from the surface waters of the Atlantic Ocean. Cell death of
the different populations was quantified using the cell-di-
gestion assay (Agusti and Sanchez 2002), a membrane-per-
meability test used to discriminate living and dead cells. The
half-life of the different populations and the 50% lethal UVR
doses were calculated from the decay of living cells and
were used to evaluate the differential sensitivity of natural
picophytoplankton populations to UVR.

Methods

Seawater samples were collected during the COCA-II
cruise onboard the R/V BIO Hespérides along tropical At-
lantic waters. This cruise started on 19 May 2003 in Las
Palmas de Gran Canaria and finished at the same place on
15 June 2003. During the cruise, four stations were sampled
for UV radiation experiments: station 14 (26°N, 18°W), sta-
tion 32 (26°N, 26°W), station 42 (21°N, 26°W), and station
66 (21°N, 18°W). The stations were located in oligotrophic
waters, except station 66, which was located in the northwest
African upwelling area of Mauritania. At stations 14 and 32,
seawater samples were collected from a depth of 20 m, and
at stations 42 and 66, seawater samples were taken at 5 m.
In both cases, seawater samples were incubated in duplicate
quartz and glass bottles (100 mL) in incubators on deck with
sea-surface recirculating water, to maintain in situ tempera-
ture. Bottles were acid cleaned but there was no prefiltration
of the sample, to remove grazers, as any additional manip-
ulation could possibly affect already compromised cells and,
therefore, add artifacts. Quartz bottles allowed all the radi-
ation (UVR + PAR) to pass through while glass bottles only
allowed PAR radiation to pass through. Three levels of ra-
diation, corresponding to the 100%, 57%, and 23% of the
incident irradiance were tested parallel to dark controls. The
57% and 23% radiation levels were attained by covering the
bottles with a neutral screen and 100% radiation treatment
was run without screens. The total duration of the experi-
ments was 7-8 h and duplicated samples were taken from
each treatment every 2 h, although the last sample time was
taken at 2- or 3-h intervals.

Solar radiation received underwater in the incubation
tanks was measured using a PUVR 2500 Biospherical In-
struments meter, which measures UVR at 7 wavelengths:
305, 313, 320, 345, 380, and 395 nm. The instrument also
has a photosynthetically active radiation (PAR) sensor. Nat-
ural PAR and UVR were measured in the incubation tanks
(sensor was 0.3 m just below surface) every half-hour during
the experiments. UVR values obtained at the different wave-
lengths were integrated, from 300—400 nm, to calculate the
whole incident UV radiation during the experiments. Profiles
of underwater PAR and UVR were performed in the four
stations by using the PUVR 2500 Biospherical Instruments
radiometer.

The thickness of the upper mixed layer (UPM) was cal-
culated from the shallowest depth at which water density
differed from surface values by more than 0.05 kg m-3.

The variability in the abundance of Prochlorococcus and
Synechococcus cells during the experiments was determined
on-board by flow cytometric analysis of duplicated fresh
samples with a FACSCALIBUR flow cytometer (Becton
Dickinson) according to the characteristic features of fluo-
rescence for each population (Marie et al. 1999). Analysis
of fresh samples that yielded sufficient red fluorescence sig-
nals from surface Prochlorococcus cells alowed their un-
ambiguous detection by flow cytometry.

At the same time, two additional fresh samples were treat-
ed with the cell digestion assay (Agusti and Sanchez 2002)
to identify the changes in the abundance of living and dead
cells in the populations of picophytoplankton. The cell di-
gestion assay involves use of an enzymatic cocktail (DNase
and trypsine) to test cell membrane permeability and thus
discriminate living from dead cells (Agusti and Sanchez
2002). Dead cells, with compromised membranes, cannot
prevent the enzymes from invading their cytoplasm and are
accordingly digested by these enzymes, disappearing from
the samples. Live cells with intact membranes are not af-
fected by the enzyme cocktail, so they remain in the sample.
One hundred microliters DNase (400 ug DNase mL-* HBSS
[Hanks balanced salts]) were added to 0.5-mL duplicate
samples in assay tubes and were incubated at 37°C for 15
min. Then, 100 pL trypsin 1% (in HBSS) were added to the
same samples and were incubated at 37°C for 30 min. Fi-
nally, samples were counted at the flow cytometer, as de-
scribed by Agusti and Sanchez (2002) and Agusti (2004).

The half-life time (t,,,, the time required to decline to one-
half of the initial cell density) of each population was cal-
culated from the decay rate in the abundance of living cells
when exposed to irradiance:

0693

ty, = T (1)

where k (h™?) is the decay rate, calculated as the slope of
the linear regression between the natural logarithm of the
living cells abundance and time, in hours.

Lethal radiation doses, LRD,, represent the radiation ex-
posure required for the phytoplankton living cell abundance
to decrease to one-half of its original value. This parameter
was calculated from a similar equation used to calculate the
half-life time, but where k represented the slope of the re-
lationship between the natural logarithm of the living-cell
abundance and radiation doses. UVR doses were calculated
by integrating ultraviolet radiation between 300 and 400 nm
and, for both UVR and PAR, by integrating the cumulative
radiation received during the experiments up to the time of
sampling.

Results

UVR values showed a consistent pattern of variation
along the day with radiation, for all wavelengths measured,
increasing during the morning and reaching their maximum
value between 12:30 and 14:30 h, decreasing again after
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Fig. 1. Daily variation of spectral ultraviolet irradiance (W
cm~2 nm~1t) and PAR (umol photons cm~2 s1) received during the
experiment at station 14 (26°N, 18°W) on 25 May 2003.

17:00 h (Fig. 1). PAR values followed the same variation as
observed for UVR during the day (Fig. 1). There were no
significant differences between the solar radiation reaching
the incubation tank during the different experiments con-
ducted. However, the extinction coefficients of the different
stations sampled varied highly, indicating that the UV and
visible-light levels experienced by the picocyanobacterial
populations at the time of sampling varied between the sta-
tions. The highest extinction coefficients for PAR and UVR
were observed at station 66, the most eutrophic station,
while the lowest coefficients were found at station 32, the
most oligotrophic one (Table 1). For the 100% treatments,
the depth receiving a comparable irradiance was 0.3 m (the
equivalent depth of the sensor in the tank) for the less clear
stations (Table 1) and slightly deeper at the clearest waters
(Table 1). For the 57% treatments, the PAR levels experi-
enced by phytoplankton in the experiments were equival ent
to those reaching 14.4 and 3.4 m for the clearest and more
turbid stations, respectively, and varied from 1.1 to 14.1 m
for UVR, depending on the wavelength (Table 1). Deepest
equivaent depths, varying from 3 to 37.7, depending on
light spectra, were calculated for the 23% treatments. In ad-
dition, the deepest mixed layer, with 27 m, was located at
station 42 (Table 1).

Picophytoplanktonic cells dominated phytoplankton bio-
mass at the most oligotrophic stations (32 and 42) sampled,
although their contribution to total biomass was less impor-
tant at stations located close to the coastal and upwelling
areas (stations 14 and 66), where larger cells dominated the
total biomass and some picophytoplanktonic taxa, such as
Prochlorococcus sp., became very scarce.

Synechococcus sp. and Prochlorococcus sp. total cell
abundance tended to decrease in the experiments, depending

Table 1. Values for stations 14, 32, 42, and 66 sampled on the
depth, Z (m), of the upper mixed layer (UML), extinction coeffi-
cient, K, (m™1), for PAR and some wavelengths in the UVA (380
nm) and UVB (320 nm) bands, and the cal culated equivalent depths,
for each station, at which the different experimental irradiance treat-
ments (100%, 57%, and 23%) could be attained in the natural con-
ditions.

Station
14 32 42 66
Kd (PAR) 0.048 0.039 0.043 0.166
Kd (380 nm) 0.06 0.0398 0.047 0.255
Kd (320 nm) 0.166 0.108 0.131 0.484
100% Z (m) PAR 0.3 1.8 1.2 0.3
100% Z (m) 380 0.3 1.8 12 0.3
100% Z (m) 320 0.3 15 1 0.3
57% Z (m) PAR 11.6 14.4 13.2 34
57% Z (m) 380 9.3 14.1 12.3 2.2
57% Z (m) 320 3.4 5.2 4.4 1.1
23% Z (m) PAR 30.3 37.7 33.2 8.8
23% Z (m) 380 24.3 36.9 30.9 5.7
23% Z (m) 320 8.8 13.7 11.1 3
Z (m) UML 13 10 27 17

on the shading treatment to which they were exposed. Living
Prochlorococcus sp. cell abundance decreased remarkably
following exposure to total radiation (UVR + PAR), indi-
cating a rapid cell death of Prochlorococcus sp. induced by
total solar radiation (Fig. 2). The mortality of Prochlorococ-
cus sp. was very fast in most of the experiments exposed to
total radiation, with living-cell abundance typically falling
below detection limits after short exposures of 2 or 4 h to
100%, 57%, and 23% total irradiance (UVR + PAR) treat-
ments (Fig. 2). Synechococcus sp. cell abundance exposed
to total radiation (UVR + PAR) aso tended to decrease
during the experiments, with a parallel decrease in the abun-
dance of living cells, indicating cell death induced by UVR
to be important (Fig. 2). In general, the decay of living cells
was higher under the highest irradiance treatments of 100%
and 57% solar radiation (Fig. 2).

Prochlorococcus sp. showed high cell mortality in most
of the experiments (Fig. 3). At the end of the experiments
from stations 14 and 32, the entire Prochlorococcus sp. pop-
ulation was dead after exposure to total solar radiation ex-
posure (UVR + PAR). Prochlococcus sp. cell mortality fol-
lowing exposure to high PAR (under 100% and 57% PAR
treatments) was also very high, with the entire cell popula-
tion dead by the end of the experiments (Fig. 3). At the
experiment from station 42, Prochlorococcus sp. did not
show the strong mortality observed in the previous experi-
ments, with no significant (p > 0.05) changes in the pro-
portion of living cells with respect to the initial values when
exposed to UVR + PAR treatments; however, when UVR
was removed and PAR was reduced, the proportion of living
cells increased significantly (p < 0.06 for 57% and 23%
PAR treatments; Fig. 3), suggesting the initial population to
be stressed already at the onset of the experiments. At station
66, located at the northwest African upwelling, the low
abundance of Prochlorococcus sp. precluded the analysis of
solar-radiation effects on Prochlorococcus populations.
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Fig. 2. The decline observed in the abundance of living cells
exposed to different levels of solar radiation during the experiments.
(A) Prochlorococcus sp. (experiment from station 14), and (B) Sy-
nechococcus sp. (experiment from station 32).

The cell mortality of Synechococcus sp. induced by solar
radiation (Fig. 4) was consistently lower than that observed
for Prochlorococcus sp. Synechococcus sp. showed signifi-
cant cell mortality under total radiation at the experiment
from station 32, where the entire Synechococcus sp. popu-
lation was dead by the end of the experiment under the var-
ious UVR + PAR treatments used (Fig. 4). In some of the
experimental treatments, Synechococcus sp. cell death was
not induced (Fig. 4), but when UVR was removed (PAR
treatments) or the intensity of UVR + PAR was reduced,
the proportion of Synechococcus sp. living cells increased
toward the end of the experiments (Fig. 4), indicating that
UVR was dready stressing Synechococcus populations in
situ.

The highest cell mortality of the small eukaryotic cells
was observed at the experiments conducted at station 14,
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Fig. 3. The percentage of living Prochlorococcus sp. cells ob-
served at the beginning of the experiments (1) and by the end of
the experiments (after 6-8 h) under dark controls (0), 100%, 57%,
and 23% of total solar radiation (UVR + PAR) treatments and
under 100%, 57%, and 23% PAR treatments.

where their populations were totally dead by the end of the
experiment, and at station 42, where popul ations were totally
dead under high irradiance treatments (Fig. 5). The abun-
dance of small phytoeukaryotic cells was, however, very low
(<500 cells mL-1) at station 32, precluding the analysis of
solar radiation effects on eukaryotic cells in this experiment.
At the treatments with reduced irradiance or under PAR
alone, there were no significant differences between the pro-
portion of living cells at the end of the experiment when
compared with the dark controls (p < 0.05; Fig. 5). Picoeu-
karyote cell viahility tended to decrease in the experiment
of station 66 when solar radiation was reduced to 23% of
the incident irradiance (Fig. 5).

The decay rates of living cells induced by solar radiation
varied greatly across the different populations analyzed.
Prochlorococcus sp. showed the highest rate of —0.24 +
0.053 h~* under total solar radiation exposure (mean = SE;
Fig. 6), whereas Synechococcus sp. showed the lowest decay
rate, an order of magnitude below that for Prochlorococcus
sp., under total solar radiation exposure (—0.021 + 0.008
h-1, mean = SE; Fig. 6). Living-cell decay rates were sig-
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Fig. 4. The percentage of living Synechococcus sp. cells ob-
served at the beginning of the experiments (1) and by the end of
the experiments (after 6-8 h) under dark controls (0), 100%, 57%,
and 23% of total solar radiation (UVR + PAR) treatments and
under 100%, 57%, and 23% PAR treatments.

nificantly lower (p > 0.05) when cells were exposed only
to PAR and were almost undetectable for Synechococcus sp.
under PAR exposure aone (Fig. 6). The high decay rates
observed for Prochlorococcus sp. implied very short half-
life times for this taxa, ranging between 1.5 and 13.4 h when
exposed to total radiation (Table 2). The shortest half-life
values corresponded to the 100% and 57% UVR + PAR
treatments, while exposure to 23% of the incident UVR +
PAR resulted in extended half-life times (Table 2). The half-
life times for Synechococcus sp. could be only calculated
from the experiment made at station 32 because there was
no detectable decay of Synechococcus sp. living cellsin the
experiments conducted at the other stations. The half-life for
Synechococcus sp. varied between 8.8 and 14.7 h, much lon-
ger than that obtained for Prochlorococcus sp. For picoeu-
karyotic phytoplankton, the half-life times obtained under
total radiation exposure varied between 2.1 and 31.7 h (Table
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Fig. 5. Similar percentages as described in Figs. 3 and 4 but
for populations of small eukaryotic cells found in the picophyto-
plankton communities.

2). The half-life values for Prochlorococcus sp., Synecho-
coccus sp., and eukaryotes exposed to PAR were longer than
those obtained for the same communities exposed to total
solar radiation that included UVR (Table 2). Half-life values
for Prochlorococcus sp. exposed to PAR were aso short and
varied between 1.6 and 8.8 h, with no detectable cell mor-
tality induced by PAR in most of the experiments (Table 2).

The variation observed in cell death and haf-life values
was largely dependent on the different UVR and PAR doses
received at the different treatments in the experiments. The
exposure to solar radiation resulted in the decay of the pop-
ulations of picocyanobacteria and eukaryotes, with the abun-
dance of living cells decreasing as the doses of UVR in-
creased (Fig. 7). The ultraviolet lethal radiation doses needed
to reduce the populations to the half, LRD., for Prochlo-
rococcus exposed to total irradiance varied between 141 and
659 kJ m=2 (Table 3) averaging 320 = 169 kJ m=2 The
ultraviolet LRD., for Synechococcus sp. showed a maximum
value of 539 kJ m=2, with ultraviolet LRD,, for picoeukar-
yotic phytoplankton varying between 201 and 1,280 kJ m—2
(Table 3). Under PAR exposure, when UVR was removed,
PAR LRD, for Prochlorococcus sp. showed aso lower val-
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Fig. 6. Cell decay rates (h-2) for living cells of Atlantic pico-
phytoplanktonic communities induced by total solar radiation (UVR
+ PAR) and PAR after removing UVR. Columns represent the av-
erage cell decay rates obtained at the different treatments from all
the experiments. Bars represent the standard errors of the averaged
rates.

ues than those detected for Synechococcus sp. and picoeu-
karyatic cells (Table 3).

Discussion

The results obtained demonstrated that picophytoplankton
cells from the surface of the Atlantic Ocean may be severely
affected by exposure to ambient levels of ultraviolet and
solar radiation, causing abrupt cell mortality. The sensitivity
to solar radiation and ultraviolet bands differed, however,
between the different picophytoplankton groups that cohabi-
tate in the ocean, with Prochlorococcus sp. showing the
highest sensitivity to UVR and PAR and Synechococcus sp.
the lowest. The damage induced by UVR in natural phyto-
plankton communities has been previously documented by

demonstrating the inhibition of photosynthesis (e.g., Cullen
et al. 1992; Bumaet al. 2001) or the detection of cyclobutane
pyrimidine dimers (CPDs) formed as a result of UVR-in-
duced DNA damage (Boelen et al. 2002). Although it is
expected that UVR and high solar radiation should induce
phytoplankton cell mortality, the direct consequences of
UVR on natural phytoplankton cell death had never been
quantified before (Castenholz and Garcia-Pichel 2000). Our
results demonstrate that indeed UVR damage causes consid-
erable cell death in picophytoplankton communities from the
surface of the Atlantic Ocean. The cell death of picophyto-
plankton described here should be the consequence of the
severe injury that UVR exerts on different cell constituents.
UVR can induce great protein and DNA damage in phyto-
planktonic cells (Buma et al. 2001; Helbling et al. 2001,
Boelen et al. 2002). In addition, reactive oxygen substances,
formed as a result of UV photolysis of dissolved organic
matter, are strong oxidants and cause lipid peroxidation of
cell membranes and other cellular damage (Murphy 1983;
Tyrrell 1991). In photosynthetic organisms, UVR affects
photosynthetic energy-harvesting enzymes and other cellular
proteins, as well as photosynthetic pigment contents (Hader
et a. 1998). Photo-protection, achieved through a variety of
mechanisms and sunscreen substances, and cell repair mech-
anisms should help to avoid the strong damage that UVR
could induce in cells (Banaszak 2003). The picophytoplank-
ton communities analyzed here experienced high cell death
in some of the experiments, indicating that the levels of pho-
toprotection and repair systems were insufficient to over-
come the cell damage induced by solar radiation and, in
consequence, picophytoplanktonic cells died. The high sen-
sitivity to solar radiation of picophytoplankton observed here
could be explained by the small size of their cells (Garcia-
Pichel 1994). The minimum load of sunscreen substances
for effective cell protection is predicted to be physically un-
attainable for photosynthetic cells smaller than 1-um radius
(Garcia-Pichel 1994). Prochlorococcus sp. (0.3-um cell ra-
dius) should be below the threshold size needed to accom-
modate sunscreen substances in its tiny cells, the smallest
within oxygenic photosynthetic organisms, consistent with

Table 2. Half-life time vlaues for Prochlorococcus, Synechococcus, and picoeukaryotes at the different UVR + PAR and PAR levels
established in the experiments. Ndect = no detected mortality; (—) = not determined.

Half-life (hours)

Prochlorococcus sp. Synechococcus sp. Picoeukaryotes
Station % radiation UVR + PAR PAR UVR + PAR PAR UVR + PAR PAR
14 100 1.7 1.6 Ndect 32.8 21 3.15
57 15 15 Ndect 39.8 2.8 —
23 21 32 Ndect Ndect 4.2 4.6
32 100 2.6 4.3 10.5 Ndect — —
57 2.9 8.8 14.7 Ndect — —
23 8.1 Ndect 8.8 Ndect — —
42 100 6.2 Ndect 14.7 Ndect 6.8 65.8
57 — Ndect Ndect Ndect 28.3 Ndect
23 134 Ndect Ndect Ndect 317 Ndect
66 100 — — Ndect Ndect 9.7 17.2
57 — — Ndect Ndect 11.7 30.7
23 — — Ndect Ndect 9.7 9.1
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Fig. 7. The relationship between living cell abundance (In) of
Prochlorococcus sp. (A) and Synechococcus sp. (B) and UV inte-
grated doses received at the different sampling events during the
experiment from station 32. The solid lines represent the fitted linear
regression equations R? = 0.563 and R? = 0.603 for Prochlorococ-
cus sp. (A) and Synechococcus sp. (B), respectively.

its highest sensitivity to UVR-induced desth, as demonstrat-
ed here (Garcia-Pichel 1994). Picocyanobacteria lack the
UVR screens scytonemin or MAAs (micosposine-like ami-
noacids) known to protect larger cyanobacteria or phyto-
planktonic groups (Castenholz and Garcia-Pichel 2000). Sy-
nechococcus sp. showed, however, the highest resistance to
solar radiation, indicating that the populations examined
from these genera have better photo-protection or repair sys-
tems than Prochlorococcus and picoeukaryotes. Synecho-
coccus, as other cyanobacteria, can prevent inhibition of
photosystem-11 by the capacity to rapidly exchange D1 pro-
teins (Campbell et al. 1998). Within 15 min of moderate
ultraviolet B (UVB) exposure, Synechococcus was able to
change the expression of a family of three genes encoding
photosystem Il D1 proteins (Campbell et al. 1998). Differ-
ences observed in the sensitivity to UVR between Synecho-
coccus sp., Prochlorococcus sp., and picoeukaryotes could
be also the consequence of different DNA repair efficiencies,
which appear to be species specific in phytoplankton and
depends on the initial level of damage (Small and Greimann
1977; Karentz et al. 1991). Indeed, cellular properties, such
as morphology, DNA base content and sequence, placement
of organelles, antioxidants and repair capabilities, could also
play an important role in explaining differences in UV tol-
erance across taxa (Karentz et al. 1991; Laurion and Vincent
1998). Recent studies on genomics of picocyanobacteria
have identified DNA repair capacities in Prochlorococcus
and Synechococcus (e.g., Dufresne et al. 2005), although
they found high variability in the repair capacity among dif-
ferent Prochlorococcus strains, some strains of which are
lacking important genes for DNA reparation (Hess at al.
2001; Dufresne et a. 2005). There are indeed recent studies
describing differences among cyanobacteria groups in the
presence of specific genes coding for proteins with arole in
the adaptation to high visible light (e.g., Bhaya et al. 2002;
Rocap et al. 2003). Previous studies with some cultured
strains of picocyanobacteria reported different growth re-
sponses to visible light, showing that Synechococcus sp. is
better adapted to growth under high visible light than Proch-
lorococcus (Kana and Glibert 1987; Moore et al. 1995), a-
though these studies did not consider ultraviolet radiation
effects.

For all three picophytoplanktonic groups, cell death was
lowest at the experiments from station 42 and 66. Both sta-
tions were located in the area under the influence of the
northwest African upwelling. This suggests that higher nu-
trient availability may exert a positive effect in the protec-

Table 3. LRD,, for UVR (KJIm~2) and PAR (mol photons m-2) treatments required for 50% reduction in the populations of Synechococcus
sp., Prochlorococcus sp., and picoeukaryotes. Ndect = no detected mortality, (—) = not determined.

Prochlorococcus sp. Synechococcus sp. Eukaryotes
Station UVR PAR UVR PAR UVR PAR
14 141 6.6 Ndect 257 201 17.3
32 162 17.6 539 Ndect — —
42 659 Ndect Ndect Ndect 785 Ndect
66 — — Ndect Ndect 1280 65.8
Mean=SE 320+169 12.1+55 >539 >257 755+311 41.5+24
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tion—repair capacities of cells or, aternatively, that the spe-
cific composition of the communities, with its associated
capacity of photoprotection—repair, differed with respect to
the communities inhabiting more oligotrophic waters. In any
case, although no cell death was observed in some experi-
ments at these stations, the stress induced by UVR and high
PAR was detected by the observation of an increase in the
percentage of living cells of Prochlorococcus sp., Synecho-
coccus sp., and eukaryotes after removing UVR or when
solar radiation was reduced to the 57% or 23% levels, sug-
gesting that the picophytoplanktonic populations were UVR
stressed in the ambient waters. Variability between experi-
ments could also be the result of the different light history
of the cells in the different stations as a result of different
light penetration and mixing conditions in the water column.

The degree of lethality in the experiments was dependent
on the doses to which the communities were exposed. The
use of radiation gradients in the experiments allows us to
calculate the 50% lethal UVR doses for Prochlorococcus sp.,
Synechococcus sp., and picoeukaryotes. The ultraviolet le-
thal radiation doses required to kill 50% of the picophyto-
plankton populations (LRD.,) differed among the three
picophytoplanktonic groups, with the doses for Prochloro-
coccus sp. considerably lower than those required to deci-
mate the populations of the other two groups. In some of
the experiments, the ultraviolet LRD,, could not be calcu-
lated for Synechococcus sp. due to its higher resistance and
longer experiments (e.g., 2 or 3 d) would have been required
to quantify LRD,, for Synechococcus sp. The ultraviolet ra-
diation dose of 162 kJ m-2 needed to reduce the Prochlo-
rococcus sp. population to half, found at the experiment of
station 32, is equivalent to the daily dose of UVR penetrating
at a depth of 63 m at this station (Agusti unpubl. data). This
calculation, which does not reproduce the changes in UVR
relative to PAR with depth, indicates that the layer over
which phytoplankton is exposed to lethal UVR doses can be
considerable in the clear ocean, deeper than expected from
calculations based on UVR-induced DNA damage alone
(Smith and Baker 1979; Boelen et al. 2002). Further analysis
should consider how the changing ratio of UVR to PAR with
depth may affect the resistance of the cellsto UVR. Existing
indices of underwater UVR penetration for DNA damage
are based on the UVR sensitivity of organisms other than
phytoplankton (e.g., anchovy eggs for Setlow’s DNA action
spectra; Smith and Baker 1979) and should have sensitivity
to UVR that strongly differs from that observed here for
picophytoplankton because UVR sensitivity appears to be
highest for small cells (Garcia-Pichel 1994).

The cell decay rates induced by solar radiation in Proch-
lorococcus sp. were indeed remarkably fast, resulting in very
short, <2 h, cell half-lives, indicating that Prochlorococcus
sp. cells should experience strong cell mortality, induced by
solar radiation, at the surface waters of the oligotrophic
ocean. This result is in agreement with reports of a high
proportion of dead Prochlorococcus cells in surface sub-
tropical Atlantic Ocean waters (Agusti 2004). A high pro-
portion of dead Prochlorococcus sp. cells have been indeed
observed down to considerable depths (100 m) in the oli-
gotrophic South Atlantic Subtropica Gyre (Agusti 2004).
The differential sensitivity between the picophytoplanktonic

groups to solar radiation observed here is aso in agreement
with the contrasting patterns in the prevalence of death
Prochlorococcus and Synechococcus cells with increasing
relative irradiance in the Atlantic Ocean (Agusti 2004),
which suggested Prochlorococcus sp. to be more vulnerable
to high irradiance. Our results also showed small eukaryotic
cells to be highly sensitivity to UVR and solar radiation.
This sensitivity was, although not as high as that observed
for Prochlorococcus, quite significant, indicating that the
UVR and PAR levels present at the surface layers of the
oligotrophic ocean should be also an important stressor for
small phytoeukaryotic cells, potentially affecting their abun-
dance, distribution, and population dynamics.

The high picophytoplankton decay rates induced by solar
radiation, together with the high proportion of dead cells
reported for picocyanobacteria at the Atlantic Ocean (Agusti
2004), point to high phytoplankton cell mortality in these
waters, in agreement with the high phytoplankton lysis rates
reported for the oligotrophic subtropical north Atlantic
(Agusti et a. 2001). The report of elevated picophytoplank-
ton cell loss through UVR damage helps improve our un-
derstanding of the dynamics of oceanic production, by ex-
plaining the fate of excess growth that cannot be accounted
for by grazing losses in natura systems (Christaki et al.
1999). High, but taxon-specific, phytoplankton mortality by
UVR may act as aprimary driver of the community structure
of autotrophs and affect, through the release of substances
after cell death, the dynamics of the microbial food web in
clear oceanic waters.

References

AcawiN, N. S. R,, C. M. DUARTE, AND S. Acusrti. 2000. Nutrient
and temperature control of picoplankton to phytoplankton bio-
mass and production. Limnol. Oceanogr. 45: 591-600.

AacusrTi, S. 2004. Viability and niche segregation of Prochlorococ-
cus and Synechococcus cells across the central Atlantic Ocean.
Aquat. Micr. Ecol. 36: 53-59.

, C. M. DUARTE, D. VAQUE, M. HEeIN, J. M. GASOL, AND

M. VIDAL. 2001. Food web structure and elemental (C, N and

P) fluxes in the eastern tropical north Atlantic. Deep Sea Res.

Il 48: 2295-2321.

, AND M. C. SANcHEz. 2002. Cell viability in natural phy-

toplankton communities quantified by a membrane permeabil-

ity probe. Limnol Oceanogr. 47: 818-828.

, M. P SATTA, M. P MURA, AND E. BENAVENT. 1998. Dis-
solved esterase activity as tracer of phytoplankton lysis: Evi-
dence of high phytoplankton lysis rates in the NW Mediter-
ranean. Limnol. Oceanogr. 43: 1836-1849.

BANAszAK, A. T. 2003. Photoprotective physiological and biochem-
ical responses of aguatic organisms, p. 329-356. In E. W. Hel-
bling and H. Zagarese [eds.], UV effects in aguatic organisms
and ecosystems. Royal Society of Chemistry.

BEHRENFELD, M. J., J. HARDY, H. Gucinski, A. HANNEMAN, H. 11
Leg, AND A. WonEs. 1993. Effects of UV-B radiation on pri-
mary production along latitudinal transects in the South Pacific
Ocean. Mar. Environ. Res. 35: 349-363.

BHAYA, D., A. DUFRESNE, D. VAuLOT, AND A. GROSSMAN. 2002.
Analysis of the hli gene family in marine and freshwater cy-
anobacteria. FEM'S Microb. Lett. 215: 209-219.

BoEeLEN, P, A. E Post, M. J. W. VELDHuUIS, AND A. G. J. BumA.
2002. Didl patterns of UVBR-induced DNA damage in pico-



http://www.aslo.org/lo/pdf/vol_45/issue_3/0591.pdf
http://www.aslo.org/lo/toc/vol_47/issue_3/0818.pdf
http://www.aslo.org/lo/pdf/vol_43/issue_8/1836.pdf

Cell death induced by UV radiation 29

plankton size fractions from the gulf of Agaba, Red Sea. Mi-
crob. Ecol. 44: 164-174.

Buwma, A. G. J.,, E. W. HELBLING, M. KARIN DE BOER, AND V. E.
ViLLAFARE. 2001. Patterns of DNA damage and photoinhibi-
tion in temperate south-Atlantic picophytoplankton exposed to
solar ultraviolet radiation. J. Photochem. Photobiol. (B) 62: 9—
18.

CAMPBELL, D., M.-J. ERIKSsON, G. OQUIST, P. GUSTAFSSON, AND
A. K. CLARKE. 1998. The cyanobacterium Synechococcus re-
sists UVB—by exchanging photosystem |l reaction-center D1
proteins. Proc. Natl. Acad. Sci. 95: 364—369.

CasteNHOLZ, R. W,, AND F GARcIA-PicHEL. 2000. Cyanobacteria
responses to UV-Radiation, p. 591-611. In B. A. Whiton and
M. Potts [eds.], The ecology of cyanobacteria. Kluwer Aca
demic.

CHRISTAKI, U., S. JACQUET, J. R. DoLAN, D. VAULOT, AND E RAS-
SOULZADEGAN. 1999. Growth and grazing of Prochlorococcus
and Synechococcus by two marine ciliates. Limnol. Oceanogr.
44: 52-61.

CULLEN, J. J, P J. NEALE, AND M. P Lesser. 1992. Biologica
weighting function for the inhibition of phytoplankton photo-
synthesis by ultraviolet radiation. Science 258: 646—650.

DUFRESNE, A., L. GARCZAREK, AND F PARTENSKY. 2005. Acceler-
ated evolution associated with genome reduction in a free-liv-
ing prokaryote. Genome Biol. 6: R14.

GARCIA-PICHEL, F. 1994. A model for internal self-shading in plank-
tonic organisms and its implications for the usefulness of ul-
traviolet sunscreen. Limnol. Oceanogr. 39: 1704-1717.

HADER, D. P, H. D. KuMAR, R. C SviTH, AND R. C. WORREST.
1998. Effects on aquatic ecosystems. J. Photochem. Photobiol.
46: 53-68.

HELBLING, E. W., AND OTHERS. 1993. Respuesta del fitoplancton
marino alaradiacion UV en latitudes medias (33°S). Rev. Biol.
Mar. 28: 219-237.

, A. G. J. BumA, M. KARIN DE BOER, AND V. E. VILLAFARE.
2001. In situ impact of solar ultraviolet radiation on photosyn-
thesis and DNA in temperate marine phytoplankton. Mar. Ecol.
Prog. Ser. 211: 43-49.

Hess, W. R., G. Rocap, C. S. TING, F LARIMER, S. STILWAGEN, J.
LAMERDIN, AND S. W. CHisHoLM. 2001. The photosynthetic
apparatus of Prochlorococcus. Insights through comparative
genomics. Photosynthesis Res. 70: 53-71

HoLm-HANsEN, O., D. LuBiN, AND E. W. HELBLING. 1993. Ultra-
violet radiation and its effects on organisms in aguatic envi-
ronments, p. 379-425. In C. S. Young, L. O. Bjorn, J. Moan,
and W. Nultsch [ed.], Environmental UV photobiology. Ple-
num.

KaNA, T. M., aND P M. GLiBerT. 1987. Effect of irradiances up to
2000 uE m=2 s' on marine Synechococcus WH7803-I.

Growth, pigmentation, and cell composition. Deep. Sea. Res.
34: 479-495.

KARENTZ, D., J. E. CLEAVER, AND D. L. MiTcHELL. 1991. Cell
survival characteristics and molecular responses of Antartic
phytoplankton to ultraviolet-B radiation. J. Phycol. 27: 326—
341.

LAURION, |., AND W. FE VINCENT. 1998. Cell size versus taxonomic
composition as determinants of UV-sensitivity in natural phy-
toplankton communities. Limnol. Oceanogr. 43: 1774-1779.

MARIE, D., FE PARTENSKY, N. SimoN, L. GuiLLou, AND D. VAULOT.
1999. Flow cytometry analysis of marine picoplankton. In R.
A. Diamond and S. DeMaggio [ed.], Living colors. Protocols
in flow cytometry and cell sorting. Springer-Verlag.

MoorE, L. R., R. Goerickg, AND S. W. CHisHoLM. 1995. Com-
parative physiology of Synechococcus and Prochlorococcus—
influence of light and temperature on growth, pigments, fluo-
rescence and absorptive properties. Mar. Ecol. Prog. Ser. 116:
259-275.

MuRrPHY, T. M. 1983. Membranes as targets of ultraviolet radiation.
Physiol. Plant 58: 381-388.

NEALE, P J. 2001. Modelling the effects of ultraviolet radiation on
estuarine phytoplankton production: Impact of variationsin ex-
posure and sensitivity to inhibition. J. Photochem. Photobiol.
B 62: 1-8.

PARTENSKY, F, W. R. HEss, AND D. VAuLoT. 1999. Prochlorococ-
cus, a marine photosynthetic prokaryote of global significance.
Microbiol. Mol. Biol. Rev. 63: 106-127.

Rocap, G., AND OTHERS. 2003. Genome divergence in two Proch-
lorococcus ecotypes reflects oceanic niche differentiation. Na-
ture 424: 1042-1047.

SMALL, G. D., AND C. S. GREIMANN. 1977. Repair of pyrimidine
dimmers in ultraviolet-irradiated Chlamydomonas. J. Photo-
chem. Photobiol. B 25: 183-187.

SviTH, R. C., AND K. S. BAKER. 1979. Penetration of UV-B and
biologically effective dose-rates in natural waters. Photochem.
Photobiol. 29: 311-323.

, AND OTHERS. 1992. Ozone depletion: Ultraviolet radiation
and phytoplankton biology in Antartic waters. Science 255:
952-959.

TYRRELL, R. M. 1991. UVA (320-380 nm) radiation as oxidative
stress, p. 57-83. In H. Sies [ed.], Oxidative stress: Oxidants
and antioxidants. Academic.

WATERBURY, J. B., S. W. WaTtsoN, E W. VaLois, anD D. G.
Franks. 1986. Biological and ecological characterisation of
the marine unicellular cyanobacterium Synechococcus, p. 71—
120. In Platt, W. K. W. [ed.], Photosynthetic picophotoplank-
ton. Gerald J. Neville, Department of Fisheries and Oceans.

Received: 16 November 2004

Accepted: 12 July 2005
Amended: 29 August 2005



http://www.aslo.org/lo/pdf/vol_44/issue_1/0052.pdf
http://www.aslo.org/lo/pdf/vol_39/issue_7/1704.pdf
http://www.aslo.org/lo/pdf/vol_43/issue_8/1774.pdf

