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and damages nitrogen incorporation mechanisms 
in Nannochloropsis gaditana
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Abstract. This study shows the response of Nanno-
chloropsis gaditana, a marine nannoplanktonic species,
exposed to UV radiation for 7 days. PAR, UV-A and UV-
B ratios used were within the range likely to be observed
in nature, a photoperiod of 12L:12D was maintained, and
light irradiances were modified daily to promote cell ac-
climation. Growth, pigment content, internal nitrogen
and carbon content, and photochemical efficiency using
PAM fluorometry were assessed in nutrient replete cul-
tures. Cell size, autofluorescence and cell permeability
were analysed by flow cytometry. Results showed a ces-
sation of growth after day 3 and a progressive decrease
was observed in Fv/Fm values in cultures exposed to UV-
B (plus UV-A and PAR). Flow cytometry analysis also
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demonstrated an increase in membrane permeability
caused by UV-B damage. Cells that showed an increase in
membrane permeability also exhibited a proportional de-
crease in cellular nitrogen content. The results support the
conclusion that UV-B radiation can affect N. gaditana ni-
trogen incorporation mechanisms by direct damage or in-
directly by damage to membrane structure and to the pho-
tosynthetic apparatus with resulting effects on energy and
reductant demand. In contrast, the presence of UV-A ra-
diation was beneficial to cells exposed to PAR plus UV-
A when compared to those exposed to only-PAR from
day 4. This response resulted in cells with a higher nitro-
gen content and without changes in membrane perme-
ability.

Key words. Flow cytometry; membrane permeability; nitrogen incorporation; PAM fluorescence; ultraviolet 
radiation.

Introduction

The UV spectrum is divided into UV-C (100–280 nm),
UV-B (280–315 nm) 1, and UV-A (315–400 nm) radia-
tion. UV-C radiation as well as the radiation at shorter
wavelengths is absorbed in the upper and middle atmos-
phere. Conversely, most of the UV-B and UV-A radiation
reaches the Earth’s surface. While the short wavelengths

of UV-B always produce detrimental effects, long wave-
lengths of UV-A and PAR (400–700 nm) are able to in-
hibit some metabolic processes as well as take part in re-
pair related mechanisms (used in a general sense to in-
clude all processes that counteract the inhibitory effect of
UV such as resynthesis, reactivation, etc), depending on
spectral conditions (Quesada et al.,1995; Pakker et al.,
2000).
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1 Limits for UV-B recommended by the Commission Interna-
tionale de l’Eclairage.



Ozone layer depletion results in an increase in UV-B
radiation reaching the Earth’s surface. The quantity of in-
cidental UV radiation depends on several factors such as
cloud cover and atmospheric aerosols, and its transmis-
sion into aquatic environments is, in addition, altered by
variations in dissolved organic compounds and sus-
pended particulates. The effect of UV radiation on marine
phytoplankton is an important ecophysiological topic of
interest owing to the fact that phytoplankton is the princi-
pal component of the carbon cycle and photoautotrophic
organisms use light to convert carbon into organic com-
pounds. 

In phytoplanktonic organisms, the response to UV ex-
posure varies according to the species (Karentz et al.,
1991), depending on its sensitivity and repair capacity.
Two cell components have been recognized as being par-
ticularly susceptible to damage by UV at the molecular
level: nucleic acids (Setlow, 1974; Karentz et al., 1991;
Buma et al., 1995) and the photosynthetic apparatus (Vin-
cent and Neale, 2000, and references therein). However,
there are several other molecules and processes affected
simultaneously during exposure and it is sometimes dif-
ficult to attribute principal targets of damage. Moreover,
it can be assumed that the different mechanisms involved
have different kinetics of damage and repair, or that rates
of damage and repair change with the alteration of exter-
nal conditions, so finally the net response observed will
rely on multiple factors, including time of exposure.
Short-term assays (less than 24 h) are extremely useful
for assessing cellular targets as well as their kinetics of
damage and repair, however, long-term experiments can
help reliably predict effects on communities (Montero et
al., 2002). 

The objective of the present study was to determine
the effects of UV-B and UV-A on Nannochloropsis gadi-
tana, a marine nannoplanktonic species, under long-term
exposures. Growth, pigment content, and cellular carbon
and nitrogen content were measured; photochemical effi-
ciency was assessed by PAM fluorometry, and cellular
permeability, size and autofluorescence were determined
by flow cytometry.

Materials and methods

Organisms and culture conditions
Nannochloropsis gaditana Lubián (Eustigmatophyceae),
strain 06/0201, cultures were provided by the Culture
Collection of Marine Microalgae of The Instituto de
Ciencias Marinas de Andalucía (CSIC, Cádiz, Spain).
Aliquots for inoculation came from an aerated nutrient
replete culture maintained in a growth chamber at
20 ± 2°C and 86 mmol m–2 s–1, the same PAR intensity as
the maximum irradiance during UV exposure (18.7 W
m–2 applying a conversion factor of 4.6 mmol J–1). The

growth medium was prepared by filtering and sterilizing
seawater before enrichment with f/2 nutrients (Guillard
and Ryther, 1962). Cultures were inoculated on the 4th

day of growth, half way through the exponential growth
phase. Cultures were nutrient-replete in order to observe
exclusively the damage caused by UV radiation. The cul-
ture utilized for the inoculation showed Fv/Fm = 0.71. Ini-
tial density was 5.2 ¥ 106 cell mL–1.

Experimental set-up
Cultures (650 mL) were grown in UVR transparent Plex-
iglas cylinders (Plexiglas XT® 29080). Cylinder dimen-
sions were 25 cm length ¥ 6.5 cm diameter. Cylinders
were wrapped with cellulose acetate cut-off filters Ultra-
phan 395 (Digefra GmbH. Ref. URUV), Folex 320 (Folex
GmbH. Ref. 10155099) and Ultraphan 295 (Digefra
GmbH. Ref. URT 100). Ultraphan 395 allows the 
transmission of radiation with wavelengths higher than
395 nm, Folex 320 allows wavelengths higher than 320
nm, and Ultraphan 295 allows wavelengths higher than
295 nm. The use of these filters generated three different
spectral treatments: P (includes mainly PAR), PA (in-
cludes mainly PAR and UV-A) and PAB (includes PAR,
UV-A and UV-B). The transmittance spectra for the fil-
ters mounted on a Plexiglas piece similar to that utilized
for the cylinders are shown in Figure 1. For each spectral
treatment, two cultures were exposed to the radiation in a
growth chamber (Koxka, Hussman Koxka S.L., Spain) at
20 ± 2°C. The cultures were maintained with continuous
aeration to avoid prolonged self-shading between cells
and CO2 depletion.
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Figure 1. Transmittance spectra for the acetate cellulose filters Ul-
traphan 395, Folex 320 and Ultraphan 295 mounted on a Plexiglas
piece similar to that used for the cylinders (100% transmittance). 



PAR, UV-A and UV-B intensities 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 spherical
quantum sensor model P20HM33CM12KG (Zemoko,
The Netherlands) connected to a LI-1000 data logger for
PAR intensities, and a Dr. Gröbel RM-11 (UV- Elektronik
GmbH, Ettlingen, Germany) broad band radiometer
equipped with sensors for UV-A (315–400 nm, peak of
relative response at 360 nm) and UV-B (280–315 nm,

peak of relative response at 300 nm) measurements.
Spectral irradiance from 300 nm to 800 nm was also mea-
sured with a LI-1800 UW spectroradiometer (LI-COR,
Inc. Lincoln, Nebraska, USA) covered with the appropri-
ate filters. Maximum PAR intensity used was 86 mmol
m–2 s–1 (18.7 W m–2) with UV-A and UV-B intensities then
being calculated from this PAR value to simulate natural
sunlight PAR:UV-A:UV-B ratios. Cultures were grown
under a 12L:12D photoperiod. Moreover, during the ex-
perimental period, the cylinders wrapped with the acetate
cellulose filters were daily covered and uncovered with 0,
1, 2 or 3 neutral density screens in order to simulate the
increase and decrease in irradiance observed under nat-
ural solar exposures. Figure 2 shows the time course of
light intensity for PAR, UV-A and UV-B radiation ob-
tained by covering and uncovering the cylinders with the
neutral screens and Table 1 shows the corresponding in-
tensity values measured with the LI-1800 UW spectrora-
diometer. Weighted irradiance values shown in Table 1
were obtained by applying a Biological Weighting Func-
tion (BWF) previously determined for the inhibition of 
N. gaditana photosynthesis by UV radiation (Sobrino et
al., unpublished data).

Cellular density and chlorophyll concentration
Cells were counted in a Neubauer haemacytometer. For
each duplicate culture, three replicates were analysed.
Growth rates (m, day–1) were calculated as the slope of ln
N(t) vs. time during exponential growth phase, where
N(t) is the cell concentration on day t. For the calcula-
tions, 5 to 6 different values were employed for each cul-
ture, except for the PAB treatment where densities em-
ployed were those from day 1 to 3 inclusive. Chlorophyll
a concentration was measured in triplicate in aliquots
concentrated by centrifugation (1726 g, 15 min, 4°C).
The pellet was extracted with 100% methanol and main-
tained in the dark overnight. After centrifugation, absorp-
tion of the supernatant was measured at the appropriate
wavelengths according to the equation given by Talling
and Driver (1963). 

External nitrate concentration and cellular carbon
and nitrogen content
The time course of nitrate concentration in the culture
media was assessed following the protocol of Collos et al.
(1999). For determination of cellular carbon and nitrogen
content, cells contained in 200 mL culture were concen-
trated by centrifugation (12745 g, 5 min, 4°C). In order to
eliminate salt particles (which can increase the weight of
the sample), pellets were then washed once with an iso-
tonic 0.9% ammonium formate solution and re-sus-
pended in 4 mL of this solution. The concentrate was
maintained at –20°C until freeze-drying. Before freeze-
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Figure 2. Time course of daily increase and decrease of PAR, UV-
A and UV-B intensities used for N. gaditana exposure. N. gaditana
cultures were maintained with photoperiod 12L:12D, with the light
period from 8:00 to 20:00 hours. The dark period (Intensity = 
0 Wm–2), represented here by values before and after the light 
period, is indicated by black rectangles. Circles correspond to 
unweighted values (Table 1) and the dotted lines are regression
functions.



drying, samples were homogenised and maintained at
60°C overnight to volatilise the ammonium formate
residuals (Utting, 1985). For each sample, 2 to 3 mg of
sample biomass were weighted in a Mettler UM 3 mi-
crobalance. Carbon and nitrogen percentage (%C and
%N) of the weighted biomass was then determined in a
Carlo Erba autoanalyzer (Carlo Erba Strumentazione,
Italia) using cyclohexanone 2,4-dinitrophenil hydrazone
as standard. Analyses were performed in duplicate. Re-
sults are shown as %C and %N of dry weight.

Photosynthetic efficiency of PSII
The photosynthetic efficiency of PSII was measured as
the chlorophyll fluorescence yield using the pulse ampli-
tude modulated fluorimeter FMS1 (Hansatech, Kings
Lynn, United Kingdom). Three (3) mL of culture were
placed in a tube and adapted to the dark for 10 min.
Analyses were performed in triplicate. The data are ex-
pressed as the maximum efficiency of excitation energy
captured by PSII (Fv/Fm) and were calculated as
(Fm – F0)/Fm, where Fm is the maximum fluorescence ob-
tained after a saturating light pulse and F0 is the basal flu-
orescence (Schreiber et al., 1986). Maximum quantum
yield was measured every day during the maximum light
intensity period (cylinders uncovered). On day 3 of
growth, triplicate measurements were also made before
and after the dark period, when the Plexiglas tubes were
covered with three neutral density screens. The experi-
ment was concluded on day 7 when Fv/Fm values for
PAB exposed cultures reached values close to zero.

Flow cytometry analysis
Samples for flow cytometric analysis were daily collected
after the maximum light intensity period (cylinders cov-
ered with one neutral density screen) and analysed im-

mediately using a FACScalibur flow cytometer (Beckton-
Dickinson) equipped with a 488-nm excitation argon
laser. For these samples the trigger was set on the red flu-
orescence (chlorophyll autofluorescence, FL3). For each
spectral treatment three replicates from each culture were
analysed in low flow for 30 seconds (6000–10000
events). Signals for Forward Angle Light Scatter (FSC),
90° angle side scatter or Side Light Angle Scatter (SSC),
chlorophyll fluorescence (FL3) and membrane perme-
ability measured as the fluorescein fluorescence emission
(FL1) were recorded. Although SSC and FSC values are
both widely utilized as good indicators of cell size, paral-
lel experiments carried out with aliquots of various ma-
rine microalgae cultures showed that the SSC was the pa-
rameter that gave the best fit for the mean cell size (data
not shown).

Membrane permeability was assessed using fluores-
cein diacetate (FDA. Ref. 20164-2. Sigma-Aldrich Co.,
USA). 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 es-
terases break down the molecule resulting in fluorescent
fluorescein which can be quantified by flow cytometry
(Dorsey et al., 1989). Since these enzymes are involved in
phospholipid turnover, the presence of active enzymes is
normally correlated with metabolic activity (Dorsey et
al., 1989). However, in cases in which the cellular enve-
lope does not allow the incorporation of the stain the flu-
orescence is also indicative of cell permeability. As N. ga-
ditana has a strong cellular wall, the fluorescence emis-
sion increases exponentially until reaching a maximum
only after more than 5 hours of incubation with the FDA.
As measurements performed after long incubation times
can involve losses of fluorescence as well as changes in
cell physiological status, the incubation time used for the
present study was fixed at 20 min. This time allows stain
incorporation and subsequent fluorescence emission pro-
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Table 1. PAR, UV-A and UV-B intensities utilized for N. gaditana exposures measured with a LI- 1800 UW spectroradiometer. Results
show unweighted (Wm–2) and weighted (E*inh , dimensionless) irradiances for each spectral range. The measurements were performed by
covering the Plexiglas with the filter Ultraphan 295, and with 0, 1, 2 and 3 neutral density screens. Weighted irradiance values were ob-
tained by applying the Biological Weighting Function (BWF) for N. gaditana photoinhibition (Sobrino et al., unpublished results).

Neutral screens Irradiance Spectral range

PAR UV-A UV-B

0
Unweighted (Wm–2) 18.69 2.59 0.42

Weighted (dimensionless) 0.18 0.49

1
Unweighted (Wm–2) 13.08 1.76 0.28

Weighted (dimensionless) 0.12 0.33

2
Unweighted (Wm–2) 9.71 1.16 0.18

Weighted (dimensionless) 0.09 0.21

3
Unweighted (Wm–2) 6.68 0.84 0.13

Weighted (dimensionless) 0.06 0.15



portional to cell permeability, but without a loss of fluo-
rescence. FDA was dissolved in HPLC-grade acetone to
yield a final FDA solution concentration of 1 mg mL–1.
Ten (10) mL of stain solution was added to 1 mL aliquots
of the N. gaditana cultures exposed to each spectral treat-
ment and vortexed gently (Faber et al., 1997). Samples
were maintained in the dark for 20 min for stain incorpo-
ration until fluorescence emission was registered by the
FL1 photomultiplier. Data for cell parameters were com-
puted with CellQuest software (Beckton-Dickinson).

Statistical analysis
The results obtained from P, PA and PAB spectral treat-
ments were analysed by a one way ANOVA followed by a
Student-Newman-Keuls post test. Significant differences
(p < 0.05) with P spectral treatment are shown as *, and
those with PA spectral treatment are shown as †.

Results

Cell density and pigment content
Cells from cultures exposed to the P and PA spectral treat-
ment divided exponentially without significant differ-
ences between treatments. For these cultures maximal
densities were reached on day 7 showing values of
25.5¥106 cells mL–1 and 37.1¥106 cells mL–1, respec-
tively. In cells exposed to the PAB treatment, growth rates
were significantly lower attaining maximal cell densities
of 6.64¥106 cells mL–1 on day 3 (Table 2). 

Cellular pigment content increased with time in all
cultures with the PAB treatment showing highest cellular
chlorophyll a value for day 4 (Table 2). From day 5 to 6
chlorophyll concentration decreased in cells exposed to
the PAB treatment and on day 6 was not different to the P
and PA exposed cultures.

Carbon and nitrogen content
Nitrate concentrations in the culture media decreased
from 1822 mM to 1591 ± 57 mM and 1505 ± 17 mM by
day 6 for the cultures exposed to the P and PA treatments,

respectively. No significant changes were observed in ni-
trate concentration in cultures exposed to the PAB treat-
ment (Fig. 3A).

Cellular carbon (C) and nitrogen (N) content in-
creased from day 4 to day 7 in the P and PA treatment cul-
tures, decreasing in the PAB treatment. Cells exposed to
the PA treatment exhibited higher C and N values than the
P treatment cells with the highest nitrogen content. The
PAB treatment cells showed the highest carbon content
but the lowest nitrogen content on day 4 (p < 0.05) 
(Fig. 3B).
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Table 2. Growth rates (m, day–1), maximal density attained (N ¥ 106 cells mL–1) and cellular pigment content (ng Chl a (106 cells)–1) of N.
gaditana cultures exposed to the P, PA and PAB spectral treatments. Values shown in the table are means ± SE. Significant differences
(p < 0.05) with P spectral treatment are shown as *, and those with PA spectral treatment are shown as †.

Day P PA PAB

m (d –1) 0.29 ± 0.00 0.32 ± 0.03 0.08 ± 0.02

Maximal cell density (N ¥106 cells mL–1) 25.48 ± 2.92 37.10 ± 3.80 6.64 ± 0.61*†

Chlorophyll a (ng Chl a (106 cells)–1) 4 47.50 ± 8.10 44.30 ± 0.20 74.20 ± 9.00*†
6 74.30 ± 0.50 68.70 ± 8.80 64.50 ± 2.50

Figure 3. Mean values ± SE of (A) cellular nitrogen content (bars)
and external nitrate concentrations (symbols), and (B) cellular car-
bon content, of N. gaditana cultures exposed to the P, PA and PAB
spectral treatments. Symbols: circle and open bars = P treatment,
square and dashed bars = PA treatment, and triangle and crossed
bars = PAB treatment. Significant differences (p < 0.05) with P
spectral treatment are shown as *, and those with PA spectral treat-
ment are shown as †.



Chlorophyll fluorescence
During the experimental period the Fv/Fm mean value was
0.69 ± 0.03 for the P treatment cultures. Fv/Fm value of
the PA treatment cultures was approximately constant
(0.64 ± 0.02) over the entire exposure period and slightly
lower than that of the P cultures until day 4, at which time
Fv/Fm dropped in the P treatment exposed cultures (Fig.
4A). Fv/Fm decreased in the cultures exposed to the PAB
treatment with the exposure time, reaching values close
to zero by day 6. The rate of decrease was lower between
day 0 and day 1, then increased from day 1 to 2 becoming
constant from day 2 to 6, the Fv/Fm values decreasing lin-
early. 

A similar pattern of variation in Fv/Fm was observed
between the different treatments over the photoperiod il-
lumination cycle on day 3 (Fig. 4B). Fv/Fm values of the
PAB treatment cultures decreased linearly with time of
exposure. In contrast, Fv/Fm values of the P treatment cul-

tures did not show differences during the day and those
for cultures exposed to the PA treatment were lower dur-
ing maximum light intensities but recovered with further
lowering of light intensity.

Flow cytometry
Flow cytometry analysis results showed that after de-
creasing from day 1 to 3 in the PA treatment cultures, and
day 1 to 4 in the P treatment cultures, FL3 increased in
these cultures (Fig. 5A). Autofluorescence (FL3 signal)
was significantly higher in the PA cultures than in the P
cultures from day 4. Cells exposed to the PAB treatment
showed FL3 values which decreased progressively with
time of exposure, although with similar values to those 
of cells exposed to the P and PA treatments until day 4
(Fig. 5A).

SSC and FSC values showed that from day 1 to 4, P
and PA treatments cell size decreased, while the PAB
treatment increased cell size until the end of the experi-
ment. From day 4 to 6, P treatment cell size also in-
creased. On days 5 and 6 the size of the PAB culture cells
was significantly greater than the size of the P treatment
cells, and both were larger than those exposed to the PA
treatment (Figs. 5B,C).
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Figure 4. Time course of Fv/Fm mean values ± SE of N. gaditana
cultures exposed to the P, PA and PAB spectral treatments. (A) Mea-
surements performed daily during maximal light intensity period
(cylinders uncovered). (B) Measurements performed during day 3,
just before and after the dark period (Min AM and Min PM, re-
spectively. Cylinders covered with three neutral screens) and during
maximal light intensity period (Max. Cylinders uncovered). Sym-
bols: circle and open bars = P treatment, square and dashed bars =
PA treatment, and triangle and crossed bars = PAB treatment. Sig-
nificant differences (p < 0.05) with P spectral treatment are shown
as *, and those with PA spectral treatment are shown as †.

Figure 5. Time course of values obtained from flow cytometric
analysis of N. gaditana cultures exposed to the P, PA and PAB spec-
tral treatments. The symbols represent mean values ± SE of A)
chlorophyll autofluorescence (FL3), B) and C) cell volume repre-
sented by the Side Angle Light Scatter (SSC) and Forward Light
Scatter (FSC), and D) cell permeability measured as the fluorescein
fluorescence emission (FL1) Symbols: circle = P treatment, square
= PA treatment, and triangle = PAB treatment.



Membrane permeability, indicated by the FL1 signal,
increased exponentially during the experimental period in
cells exposed to the PAB treatment, these cells showing
values higher than those exposed to both P and PA treat-
ments, after day 2 (Fig. 5D). Cells exposed to the P treat-
ment showed a similar pattern in fluorescence emission to
those exposed to the PAB treatment after day 4. Mem-
brane permeability in PA treatment cells was approxi-
mately constant throughout the experimental period (Fig.
5D). Membrane permeability in PAB exposed cells was
significantly higher than in the PA and P exposed cells af-
ter day 2; however, it was only higher than the PA exposed
cells on day 6. On days 5 and 6 membrane permeability
in the P exposed cells was also significantly higher than
in the PA exposed cells (Fig. 5D).

Figure 6 shows FL1 signal histograms of N. gaditana
cells exposed to the PAB spectral treatment on days 1, 3
and 6. The control histogram corresponds to unstained
cells of a PAR exposed culture that did not show changes
in permeability. Figure 6 shows that cell permeability of
the cells exposed to the PAB treatment increased over the
experimental period as seen by the increase in fluores-
cence emission (as indicated by signal displacement to
the right on the X axis). As the time of sample analysis
was the same for each sample, peak height decreased
from day 1 to day 6 due to the decrease in cell number
caused by UV-B damage (decrease of peak height). 

Discussion

Although a large number of studies have focused on the
damage produced by UVR on several cellular targets, lit-
tle is known about the role that other processes such as
acclimation or repair play in the long term (Veen et al.,
1997; Zudaire and Roy, 2001). Many studies of UV re-
lated damage have been carried out under short-term ex-
posures and UVR regimes that differed quantitatively, as
well as qualitatively, from natural sunlight. Taking this
into account, a special effort was made in this study to
simulate the daily increase and decrease in irradiance
which promotes cell photoacclimation. Furthermore, al-
though light intensities used in the present study do not
accurately reproduce PAR:UV-A:UV-B sunlight ratios,
they are however within the range likely to be observed in
nature. In addition, the experiments were developed un-
der moderate intensities where UV-B exposures should
not produce acute damage to cells. UV-B radiation was
also accompanied by PAR and UV-A intensities responsi-
ble for repair activation processes related to UV-B dam-
age (Quesada et al.,1995; Pakker et al., 2000) and maxi-
mum PAR intensities employed did not produce photoin-
hibition, as deduced from the Fv/Fm values. However, N.
gaditana cultures exposed to UV-B (plus PAR and UV-A)
did not grow after 3 days of exposure.

The fact that cultures exposed to the PAB treatment
continued to increase in both size and pigment content, as
well as showing higher carbon content than cells exposed
to the P and PA treatments, demonstrated that the meta-
bolic processes involved were not totally interrupted de-
spite disruption of cell division (Buma et al., 1996). An
increase in cell size is often related with the duplication
of cell content, without cell division, due to UV-B dam-
age (Karentz et al., 1991; Buma et al., 1996; Buma et al.,
2000). Cellular nitrogen content however, was signifi-
cantly lower in cultures exposed to the PAB treatment due
to a lack of external nitrogen incorporation. This was in
contrast to the P and PA treatments where external nitro-
gen was incorporated, with cells exposed to the PA treat-
ment having the highest nitrogen contents.

Fv/Fm values, accepted as a good indicator of photo-
synthetic capacity (Schreiber et al., 1994) were similar
for cultures exposed to the P and PA treatments. In cul-
tures exposed to PAB, these values decreased almost lin-
early until reaching values close to zero by day 6. How-
ever, despite this progressive decay in UV-B exposed cul-
tures, photosynthetic yields on day 3 were not so low as
to provoke the disruption of the cell cycle (Fv/Fm = 0.45).
Fv/Fm measurements on day 3 showed values typical of
stressed cells (65% of the control) but do not explain the
lack of cell division. These results provide evidence that
other molecules sensitive to UV-B, besides PSII, have
also to be considered in order to explain the response ob-
served in the PAB-exposed cells. Furthermore, Fv/Fm de-
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Figure 6. Nannochloropsis gaditana histograms obtained from
flow cytometric analysis for membrane permeability assessment
(FL1). Control histogram corresponds to non-stained PAR exposed
cells, and Day 1, Day 3 and Day 6 corresponds to cells exposed to
PAB treatment the days 1, 3, and 6 respectively, and maintained
with FDA during 20 minutes. 



cay did not show kinetics similar to those recorded from
typical UV-B damaged short-time exposed samples,
where exposure response shows an early linear time de-
pendence, before a transition to a time-independent, as-
ymptotic equilibrium (Cullen and Neale, 1997; Heraud
and Beardall, 2000). During short-term exposures, the re-
sponse of phytoplanktonic organisms to photoinhibition
by UVR is determined by their kinetics of damage and re-
pair rates (Cullen and Neale, 1997; Heraud and Beardall,
2000; Neale, 2000). When the rate of repair is low, or
practically negligible, repair does not counteract damage
and the response is exclusively damage-dependent. The
quantity of damaged targets is then “time-dependent” and
consequently, photosynthetic rates decrease as a linear
function of cumulative exposure (Neale et al., 1998;
Neale, 2000). In contrast, when repair is proportional to
damage, the rate of photosynthesis decays in response to
UV exposure and within 30 minutes reaches a steady
state consistent with a dynamic balance between damage
and repair (Lesser et al., 1994; Heraud and Beardall,
2000; Neale et al., 1998). In the present study, the fact
that Fv/Fm values decreased almost linearly as a function
of time of exposure in the PAB treatment indicates a neg-
ligible rate of repair from day 2. In previous short-term
studies, when repair is inhibited, e.g. by antibiotics, dam-
age accumulates and photosynthetic efficiency decreases
rapidly showing values close to 0.2 in less than 120 min-
utes (Heraud and Beardall, 2000). However, in this long-
term study the decrease in the photosynthetic efficiency
was slower and apparently preceded by two different
phases, each of 24 h. The initial phase of the exposure,
from day 0 to 1, showed a time-independent behaviour
and was followed by a transition phase from day 1 to 2.
Finally, the latter linear phase was described by the cu-
mulative exposure due to the lack of repair (day 2 to 6).

It has been reported that UVR is able to damage mem-
branes, directly by lipid peroxidation or indirectly by pro-
tein channel inhibition or by cell wall degradation (Mur-
phy, 1983, and references therein). In the present study,
the occurrence of UV-B induced structural changes in N.
gaditana cellular envelope under the PAB treatment was
reflected by the exponential rise in fluorescence emission
due to FDA incorporation. Contrary to previous studies
where FDA flow cytometric analyses has been used as a
method for cell viability (Dorsey et al., 1989; Faber et al.,
1997), for N. gaditana, due to its strong cellular wall, flu-
orescence emission is related to cell permeability (Lubián
and Cañavate, 2001). If the cellular envelope is not dam-
aged, the FDA does not penetrate into the cell and there is
no fluorescence emission. When cells are damaged the
cell permeability increases, increasing the probability for
fluorescence emission which is in contrast to the ex-
pected response (Lubián and Cañavate, 2001).

Although Fv/Fm values for P exposed cultures
demonstrated that the photosynthetic apparatus was not

damaged, during days 5 and 6 cell permeability in-
creased exponentially under only-PAR exposures, simi-
lar to that which occurred under the PAB treatment. In
contrast, the PA treatment was not detrimental to the
cells. By the end of the experiment cells in the PA treat-
ment had a smaller cell size, lower membrane perme-
ability and higher autofluorescence and cellular nitrogen
than cells exposed to the P treatment. Hence, the results
show the importance of high PAR intensities and UV-A
on species such as N. gaditana in which the activation of
protective and repair mechanisms related to high PAR in-
tensities such as xanthophylls de-epoxidation and D1
turnover (Lubián and Montero, 1998; Figueroa et al.,
1997; Neale, 2001) and UV-A (Quesada et al., 1995)
play an important role.

Several studies have described an inhibitory effect of
UV-B on inorganic nitrogen incorporation (Döhler, 1985;
Döhler and Hagmeier, 1997) as well as the increase in
sensitivity in nutrient-deficient cultures due to less effi-
cient repair (Cullen and Lesser, 1991; Litchman et al.,
2002). Both previous and present results support the hy-
pothesis that the response observed in N. gaditana cul-
tures exposed to the PAB treatment is also due to UV-B
damage caused to the cellular membrane, apart from
other cellular targets of the UV radiation. However, fur-
ther experiments are necessary to reach more specific
conclusions about the mechanism and the molecular tar-
gets of damage. UV-B damage to the membrane could
also have affected nitrogen incorporation mechanisms,
thus leading to the lack of external nitrogen incorporation
and the decrease in the cellular nitrogen content. Subse-
quently, a lack of nitrogen would inhibit nucleic acid syn-
thesis and essential protein turnover, so damage to mem-
branes would contribute a posteriori to the decrease in
the rate of repair, slowly and progressively decreasing
photosynthetic efficiency. Concomitantly, reduced pho-
tosynthesis causes a decrease in ATP and NADPH pro-
duction demanded by nitrogen and carbon assimilation
mechanisms. This fact would also impose constraints on
structural protein synthesis leading to a deficient mem-
brane performance, and finally contributing to the syner-
gistic interplay between the different UV damaging ef-
fects.
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