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INTRODUCTION

Within the solar radiation that reaches the Earth’s
surface, the short wavelengths of UV-B (280 to 320 nm)
are the most damaging and are also increasing due to
stratospheric ozone depletion (Madronich et al. 1998).
UV-A radiation (320 to 400 nm), with less energy per
wavelength, nevertheless occurs at a higher irradiance
than UV-B and can be responsible for inhibitory pro-
cesses as well. However, it also plays an important role
in the activation of repair processes that counteract the
negative UV-B effects (Quesada et al. 1995).

In some phytoplanktonic species, the continuous
periodicity of the light:dark (L:D) cycles gives rise to
internal cycles that are displayed as synchronized diel
cycles of behavior (Olson & Chisholm 1986, Jacquet
et al. 2001a,b). Pronounced diel patterns of variation with

minima near dawn and maxima near dusk have been
described for cell size, cell-specific beam attenuation and
absorption, chlorophyll fluorescence and carbon content
(DuRand & Olson 1998, Jacquet et al. 2001a,b), which
can be properly ascertained by flow cytometry (FC).
These diel patterns are linked to photosynthetic meta-
bolism during the day, and to respiratory metabolism
during the darkness (DuRand & Olson 1998). Photo-
synthesis and respiration, along with many other bio-
logical processes in the cell, such as DNA replication or
nutrient uptake and fixation, are susceptible to UVR
damage (Cullen & Lesser 1991, Beardall et al. 1997,
Buma et al. 2003, review by Vincent & Neale 2000).

Nannochloris atomus, a marine chlorophyte, is simi-
lar in size (ca. 2 mm diameter) to oceanic picoplankton,
which are considered one of the principal contributors
to both primary production and biomass in open waters
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(Li 1994). It has been reported that Nannochloris sp.
shows pronounced diel cycles of growth and cell divi-
sion (DuRand & Olson 1998). Since UVR could damage
many processes in the cell, as well as the genes re-
sponsible for the synchronization, we hypothesized
that UVR damage to the cells might also affect syn-
chronicity in N. atomus, showing abnormal or missing
patterns of decreased growth and metabolic activity
measured by a cell viability assay (Dorsey et al. 1989).
The aim of this study was to assess the effect of UV-B
and UV-A radiation on the diel patterns of growth and
metabolic activity in N. atomus using FC along with
cell counting and pigment analysis. In addition, the
results of this study will be useful for the interpretation
of the signals detected by FC in UV-exposed waters.

MATERIALS AND METHODS

Organisms and culture conditions. Nannochloris
atomus Butcher (Chlorophyceae) cultures were pro-
vided by the M.M.C.C. of Instituto de Ciencias Mari-
nas de Andalucía (CSIC, Spain). The growth medium
was filtered and sterilized seawater enriched with
f/2 nutrients. Nutrient-replete cultures were main-
tained at 20°C with continuous aeration to avoid pro-
longed self-shading between cells and
to observe exclusively the effect caused
by UVR.

Experimental setup. Cultures (n = 2,
650 ml) were grown in UVR transparent
Plexiglas cylinders (Plexiglas XT[r]
29080) for 7 d in a growth chamber
(Koxka, Hussman Koxka S.L.) under a
12:12h L:D photoperiod. Cylinders were
wrapped with cellulose acetate cut-off
filters to generate 3 different spectral
treatments: P (mainly PAR >395 nm),
Ultraphan 395 (Digefra, Ref. URUV); PA
(mainly PAR and UV-A >320 nm), Folex
320 (Folex, Ref. 10155099); PAB (PAR,
UV-A and UV-B >295 nm), Ultraphan
295 (Ref. URT 100). Each day, the cylin-
ders were also progressively uncovered,
during the first half of the light period,
and progressively covered, during the
second half of the light period, with 0, 1,
2 or 3 neutral density screens (plastic
window screen) to simulate the increase
and decrease in irradiance observed
under natural solar exposures which
promotes cell acclimation (Table 1).

PAR, UV-A and UV-B irradiances
were provided by Sylvania Daylight,
Q-panel 340 and Philips TL 40 W/12

lamps, respectively. The irradiance for each treatment
was measured in situ inside the cylinders with a spher-
ical quantum sensor (Zemoko, P20HM33CM12KG)
connected to a LI-1000 data logger (Li-Cor) for PAR,
and a Dr. Gröbel RM-11 (UV-Elektronik) broadband
radiometer equipped with sensors for UV-A and UV-B.
Spectral irradiance from 300 to 800 nm was also mea-
sured with a LI-1800 UW spectroradiometer (Li-Cor)
covered with the same filters (Plexiglas, cellulose
acetate and neutral screens) as those covering the
cylinders for each case. Maximum PAR irradiance used
was 193 µmol photons m–2 s–1 (42 W m–2), with UV-A
and UV-B then being calculated from this PAR value to
simulate natural sunlight PAR:UV-A:UV-B ratios. The
sunlight values used as reference were calculated from
the PAR, UV-A and UV-B irradiances measured at
noon during the month of July at Cádiz Bay (36° 65’ N,
06° 25’ W). Light values were achieved by combining
PAR, UV-A and UV-B lamps and modifying the dis-
tance to the cylinders. Weighted irradiance values
were obtained by applying a biological weighting
function  for the inhibition of Nannochloris atomus
photosynthesis by UVR (Sobrino et al. 2005) and the
DNA damage action spectrum (Setlow 1974). Further
details on the experimental setup are reported in
Sobrino et al. (2004).
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Neutral screens Irradiance Spectral range
Time period PAR UVA UVB

(400–700 (320–400 (300–320
nm) nm) nm)

3 neutral screens Ratio PAR:UVA:UVB 100 10.410 1.78
08:00–9:00 Unweighted (W m–2) 14.03 1.46 0.25
19:00–20:00 Photoinhibition 0.08 0.13

(dimensionless)
DNA damage (mW m–2) 0.13 28.870

2 neutral screens Ratio PAR:UVA:UVB 100 10.940 1.72
09:00–10:30 Unweighted (W m–2) 20.39 2.23 0.35
17:30–19:00 Photoinhibition 0.13 0.18

(dimensionless)
DNA damage (mW m–2) 0.21 40.320

1 neutral screen Ratio PAR:UVA:UVB 100 11.350 1.95
10:30–12:30 Unweighted (W m–2) 28.17 3.17 0.55
15:00–17:30 Photoinhibition 0.18 0.29

(dimensionless)
DNA damage (mW m–2) 0.29 63.730

0 neutral screens Ratio PAR:UVA:UVB 100 10.540 2.00
12:30–15:00 Unweighted (W m–2) 42.01 4.85 0.84

Photoinhibition 0.28 0.44
(dimensionless)

DNA damage (mW m–2) 0.46 99.230

Table 1. PAR, UV-A and UV-B intensities utilized for Nannochloris atomus
exposures measured with a LI-1800 UW spectroradiometer. Values show
unweighted (W m–2) and weighted irradiances for each spectral range with 0, 1,
2 and 3 neutral density screens, depending on the time period. Weighted
irradiance values were obtained by applying the biological weighting function
for N. atomus photoinhibition (Sobrino et al. 2005) and the DNA damage action 

spectrum (Setlow 1974)
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Cell density and chlorophyll content. Samples for
cell density and chlorophyll measurements were col-
lected 2 h after the light was on. Cells were counted in
triplicate aliquots using a Neubauer haemacytometer.
Growth rates (μ, d–1) were calculated as the slope of ln
N(t) vs. time, during the exponential growth phase
(Days 2 to 6, inclusive), where N(t) was the averaged
cell density on Day t. Chlorophyll a concentration was
measured in triplicate aliquots for each culture con-
centrated by centrifugation (1726 × g, 15 min, 4°C);
pigments were extracted from the pelleted cells with
100% methanol, and quantified using the equations of
Porra et al. (1989).

Flow cytometry. Samples for FC were collected
every 2 h from the end of Day 3 to the beginning of
Day 5. They were analyzed using a FACScalibur flow
cytometer equipped with a 488 nm excitation argon
laser and the data were computed with CellQuest
software (Beckton-Dickinson).

Triplicate subsamples for each culture were ana-
lyzed for 30 s (6000 to 10000 events per measurement)
immediately after collection. Signals of forward-angle
light scatter (FSC) and side-angle light scatter (SSC),
chlorophyll autofluorescence (FL3, >630 nm), and flu-
orescein fluorescence (FL1, 515 to 545 nm) were
recorded and used as indicators of the cellular size,
chlorophyll fluorescence and metabolic activity, re-
spectively. The relationship between FSC and SSC sig-
nals and the cellular size was ascertained by compari-
son with data from a Coulter Counter (Model ZM,
Coulter Electronics). The following correlations were
obtained for Nannochloris atomus cells:

FSC = 163.66log(vol) + 6.38 r2 = 0.92, n = 16 (1)

SSC = 18.18log(vol) – 0.06 r2 = 0.72, n = 16 (2)

Metabolic activity was assessed using a fluorescein
diacetate-based cell esterase activity assay, which
has been correlated with cellular metabolic activity
(Dorsey et al. 1989) (FDA, Ref. 20164-2, Sigma-
Aldrich). FDA is a hydrophobic and non-fluorescent
dye that penetrates the cell plasma membrane due to
its small size (mol. wt 416). Once inside the cell, non-
specific esterases break down the molecule resulting
in fluorescent fluorescein, which can be quantified by
FC. Using a saturating FDA solution, the fluorescein
will accumulate only in cells with intact membranes,
proportionally to the cell esterase activity. The re-
sponse from non-stained Nannochloris atomus cells
was indicative of non-viable cells, and thus used to
determine the lowest fluorescence emission. FDA solu-
tion (10 ml) was added to 1 ml aliquots of N. atomus
cultures exposed to each spectral treatment and vor-
texed gently (Sobrino et al. 2004). Samples were main-
tained in the dark for 15 min for stain incorporation

until fluorescence emission was registered by the FL1
photomultiplier. Because FDA fluorescence emission
can be altered by changes in cell volume (Agustí et al.
1998), the FL1 values were normalized to cell size
values estimated using Eq. (1).

Statistical analysis. Assessment of significant differ-
ences among treatments (p < 0.05) for the growth rate,
average cell density and chlorophyll content of each
culture were analyzed using a 1-way ANOVA. For the
variables measured by FC during the diel cycle on
Day 4, the average of each culture was analyzed using
a repeated measures 1-way ANOVA. In both cases,
a Student-Newman-Keuls multiple-comparisons post
test was also applied to indicate where significant
differences occurred.

RESULTS

Exposure to UV-A and UV-B radiation decreased the
growth of Nannochloris atomus cultures, with the cul-
tures exposed to UV-B being the most affected (Fig. 1).
The growth rate showed significant differences among
the 3 treatments, while the maximum cell density
attained on Day 7 was only significantly different for
the cultures exposed to UV-B (Table 2). The average
chlorophyll content on Day 4 was slightly higher in
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Fig. 1. Nannochloris atomus. Cellular density of cultures
exposed to the spectral treatments P (d), PA (j) and PAB (m)
on Day 4 of growth. Dashed lines were obtained by fitting the
data to a sigmoid function. The graph in the upper corner
shows the growth for 7 d. Dark rectangles on the x-axis
indicate the dark period. Light was on at 0 h (08:00 h) and
it was off at 12 h (20:00 h). P = PAR, PA = PAR+UV-A,

PAB = PAR+UVA+UVB
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cultures grown under PAR than under PAR+UV-A and
PAR+UV-A+UV-B, but the differences were not statis-
tically significant (Table 2). The cultures exposed to
PAR and PAR+UV-A showed tight phasing of cell divi-
sion to the L:D cycle, as demonstrated by the pro-
nounced increment in culture cell density after the
beginning of darkness. In contrast, few cells divided
from Day 4 to Day 5 in the cultures exposed to UV-B
and no apparent increment was observed as compared
with the other treatments (Fig. 1). The change in cell
density over this growth period fit a sigmoidal function
(r2 = 0.94, 0.91 and 0.7 for P, PA and PAB, respectively),
similar to those described in the literature for synchro-
nized cells (Zachleder et al. 1997).

Chlorophyll autofluorescence (FL3), metabolic activ-
ity (FL1) and cell size (FSC, SSC) increased progres-
sively during the light period and decreased during
darkness for all the spectral treatments (Fig. 2). These
variables had very clear patterns of variation, showing
maxima at the end of the light phase and minima close
to the end of the dark phase. Chlorophyll autofluores-
cence was higher in cells exposed to PAR than in cells
exposed to PAR+UV-A, and much higher in cells from
both treatments than in cells exposed to the treatment
including UV-B (Fig. 2A).

Metabolic activity increased markedly with the
beginning of the illumination. It was similar in the cul-
tures exposed to both PAR and PAR+UV-A (Fig. 2B).
On the contrary, in cultures exposed to UV-B the meta-
bolic activity showed a smaller range of variation, with
values ranging between the maximum and the mini-
mum observed for the cultures with PAR and PAR+UV-
A. Because FDA fluorescence emission can be altered
by changes in cell volume (Agustí et al. 1998), these
values were also normalized to cell size. This correc-
tion enhanced the differences in metabolic activity
between the cells exposed to UV-B and those exposed
to PAR and PAR+UV-A, whose pattern of variation
remained similar to the pattern before the correction

(Fig. 2C). The normalized values in the cells exposed to
UV-B increased slightly during the light period and
decreased during the dark period, showing values
significantly smaller than those observed for the cells
exposed to PAR and PAR+UV-A.

Both SSC and FSC values showed that cells exposed
to UV-B were significantly larger than the cells ex-
posed to PAR or PAR+UV-A. The latter were not
significantly different (Fig. 2D,E).

DISCUSSION

Cell size, chlorophyll content and metabolic activity
rose in Nannochloris atomus cells exposed to the dif-
ferent spectral treatments during the light period as a
result of the synthesis of molecules derived from the
carbon fixation process. Thus, at the end of the light
period, each parental cell became big enough to pro-
duce 2 complete, but comparatively smaller, daughter
cells, which was confirmed by the increases in cell
density. On the contrary, the decrease in cell size,
chlorophyll content and metabolic activity during
darkness matched the cell division and the predomi-
nant respiratory activity until the beginning of the next
light period. However, unlike the cells exposed to PAR
or UV-A, the larger size of the cells exposed to UV-B
was not correlated with a higher metabolic activity.
The increase in cell size under UV-B exposures has
already been described for DNA damaged phyto-
plankton (Karentz et al. 1991, Buma et al. 1996). The
cell cycle is interrupted if UV-B-damaged DNA is not
efficiently repaired, even though the synthesis of other
cellular components not related to nuclear division
goes on (Buma et al. 1996). However, cells exposed to
PAR+UV-A were similarly sized to those exposed to
PAR, as it is unlikely that DNA directly absorbs UV-A
(Table 1). In addition, indirect DNA damage produced
by oxidative stress was probably not significant on
Day 4, since cells exposed to UV-A showed similar
growth and metabolic activity than those exposed to
PAR alone.

Chlorophyll autofluorescence, currently used as an
indirect measure of the cellular chlorophyll content,
was significantly affected by both UV-A and UV-B.
The decrease in chlorophyll fluorescence under UVR
was related to the decrease (albeit not significant) in
extracted pigment content observed under both UV
treatments. The autofluorescence decrease was proba-
bly also related to damage to PSII (see review by Vin-
cent & Neale 2000). Since the main source for the in
vivo emission of chlorophyll a fluorescence is PSII, any
damage to PSII will decrease the fluorescence emis-
sion detected by the cytometer (Neale et al. 1989,
Sobrino et al. 2004). However, in our results, this con-
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P PA PAB

μ (d–1) 0.46 0.39* 0.17*†

N × 106 cells ml–1 57.91 51.91 14.53*†

Chl
(ng chl a [106 cells]–1) 25.2 18.2 16.5

Table 2. Growth rates (μ, d–1) calculated from the exponential
growth phase data (see ‘Material and methods’) and maximal
cell density attained (N × 106 cells ml–1) on Day 7 for Nan-
nochloris atomus cultures exposed to PAR (P), PAR+UV-A
(PA) and PAR+UV-A+UV-B (PAB). The chlorophyll a content
(ng chl a [106 cells]–1) corresponds to the average obtained
on Day 4. Significant differences (p < 0.05) with the P spec-
tral treatment are shown as *, and significant differences

between PAB and PA are shown as †
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tention can be applied only to cells exposed to UV-B.
Cells exposed to PAR+UV-A, although with lower ini-
tial values, showed similar rates of increase in chloro-
phyll fluorescence and similar metabolic activity as the
cells exposed to PAR alone.

The fluorescence emission from FDA stained cells of
marine microalgae has been previously correlated
with the quantity of fixed carbon (Dorsey et al. 1989,

DuRand & Olson 1998). The FDA-based method used
in this study was able to detect small changes in cell
esterase activity within the diel cycle as well as among
the spectral treatments. Similar to the cell size but
unlike the autofluorescence, the results showed that
the cell esterase activity in Nannochloris atomus was
highly sensitive to UV-B but not to UV-A. This can
result from a different wavelength dependency of each
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Fig. 2. Nannochloris atomus. Diel patterns of (A) chlorophyll
fluorescence, (B) metabolic activity measured using a cell
esterase activity assay, (C) metabolic activity normalized to
cell size, and cell size measured as (D) side angle light scat-
ter and (E) forward angle light scatter values (in relative
units [r.u.]) in cultures exposed to the spectral treatments
P (d), PA (j) and PAB (m). Dark rectangles on x-axis indicate
the dark period. Light was on at 0 h (08:00 h) and it was off
at 12 h (20:00 h). P = PAR, PA = PAR+UV-A and PAB = 

PAR+UV-A+UV-B.
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target of damage. However, changes in both chloro-
phyll fluorescence and metabolic activity followed
similar time courses under UV-B exposure. They
showed a greater damaging effect during the first half
of the light period and recovery during the second half,
consequent with a dynamic balance between the UV
damage and the cellular repair. Therefore, the accu-
mulation of the net effect to the UV-B exposure pro-
duced maximal differences to the cultures exposed to
PAR and PAR+UV-A at the end of the light period.

In Nannochloris atomus cells exposed to PAR and
PAR+UV-A, the main increase in cellular density oc-
curred during the few hours after darkness, showing that
cell division was tightly synchronized (DuRand & Olson
1998). Furthermore, in spite of the low cell density and
cellular division rate observed in the UV-B-exposed cul-
tures, the clear diel patterns found in the parameters
measured by FC suggest that synchrony also occurred
under UV-B exposure. Changes in cell size during the
night have previously been shown to provide good esti-
mates of the growth rate in synchronized cultures be-
cause nearly all cell division occurs during that period
(Durand & Olson 1998). For N. atomus, a good correla-
tion (r2 = 0.98) between the growth rates and the changes
in cell size during the night was obtained in this study
(data not shown). The existence of synchrony may imply
that UV-damaged cells that did not divide during the
limited time interval in the dark period, will not divide
until the next dark period, and then only if they have
been effectively repaired. This might disadvantage spe-
cies with synchronized circadian cycles such as N. ato-
mus, and affect phytoplanktonic composition. However,
more studies are needed to verify this contention, since
factors such as the variability in UV sensitivity between
species might be enough to counteract the disadvantage
created by the diel synchronicity.

This study demonstrates that Nannochloris atomus
shows pronounced diel cycles of growth and meta-
bolic activity similar to those reported for Nannochlo-
ris sp. (DuRand & Olson 1998). In addition, FC mea-
surements showed that the exposure to UV-A and
UV-B did not alter the synchronicity in the diel cycles
of cell size, chlorophyll autofluorescence and meta-
bolic activity, but the responses were dependent on
the spectral conditions. The results confirmed the rel-
evance of UV-B damage to phytoplankton regarding
growth and metabolic activity, as well as the lesser
effect of the UV-A.
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