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Introduction

The effects of  ultraviolet-B (UVB) radiation have been studied 
on several species of  marine microalgae [e.g., [1-4]]. These 
studies showed diverse deleterious effects of  UVB radiation on 
the growth of  microalgae, suggesting that cellular DNA repair 
mechanisms in dark and light processes [5] cannot keep pace with 
the damage rate even under solar UVB radiation. The effects of  
the nutrient supply on DNA damage by UVB in phytoplankton 
should also be considered to understand the DNA damage and 
repair mechanisms of  phytoplankton [6, 7]. Cells may adapt by 
developing repair or tolerance mechanisms to counteract UVR 
damage as long asthey are vegetative [8]. Long-term experiments 
should be employed to study the balance between DNA damage 
and repair without nutrient limitation. 
	
In shallow outdoor ponds lit with UVR, particularly in the mid-
latitude regions during summer, microalgae are continuously 
exposed to UVB as natural assemblages of  phytoplankton [9] and 
eventually decrease in the population size because of  the mortality 
caused by UVB [10]. Even in shallow outdoor ponds, the rate of  
the vertical mixing of  water, including cells, should be considered 
[11] in relation to the effective UVB penetration depth, which is 

10% of  UVB at the surface [10] defined the UVB photoactive 
zone. In addition to the UVB photoactive zone, the biologically 
effective UVB day length relative to PAR should be considered 
[12]. The biologically effective UVB day length in surface water is 
reduced by approximately 25 % compared to those in air.

To simulate inhibition and recovery in the growth under UVB 
radiation, long-term incubation experiments should be conducted 
[13]. Most studies concentrate on short-term incubation 
experiments, which only induce vegetative cell stages, including 
actively dividing cells and senescent cells. Few studies address 
long-term exposures of  cells to UVB radiation to extend the 
duration of  exposure experiments to observe what would 
happen to UVB-damaged cells. When long-term doses of  UVB 
are provided, the unicellular population starts to lose vegetative 
cells and eventually population sizes were significantly reduced. 
Programmed cell death might be induced as a result in the loss 
of  vegetative conditions as observed in unicellular microalgae, 
including chlorophytes [14-18]. Adaptive vegetative cells also 
transformed into resting cells, which was defined based on 
morphology and metabolic activity [19], for the survival of  the 
population.
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In the present study, a long-term UVB exposure experiments 
were employed to study inhibition and the survival of  the green 
algae Tetraselmis suecica (Kylin) But cherto primarily determine how 
cells transform to resting cells and recover from UVB damage. 
Tetraselmis suecica are among the most ubiquitous eukaryotic 
organisms [20] and have extraordinarily high tolerance to salinity, 
temperature, nutrient limitation, and irradiance under systematic 
vertical mixing [11, 21, 22]. Tetraselmis suecica grows as single, 
motile cells that are visible under a light microscope, reaching a 
concentration of  over ten million cells per milliliter [11]. These 
features make the microalgae preferable candidates to study 
responses to environmental stress, such as responses to UVB [23]. 
Tetraselmis suecica is often used as an experimental species [24] since 
this species is considered to be a descendant of  primitive species 
[25], which appeared on the Earth when stronger UVB radiation 
was present than currently observed [26]. Tetraselmis suecica has 
been identified to be the most tolerant to UVB based on the 
relative inhibition experiments over 0.4 W m-2 of  UVB irradiance 
as well as able to acclimate quickly to UVB conditions among 
7 marine microalgae [27]. The aim of  the present study was to 
elucidate how cells response to UVB radiation and determine 
how cells recover from UVB damage when UVB radiation was 
removed. Inhibition of  cellular response was monitored under 
two intervals between dilutions; 1 or 2 weeks because cell growth 
of  Tetraselmis suecica depended on the interval between dilutions in 
a shallow outdoor flume [11]. 

Materials and Methods

The unicellular marine chlorophyte used in the present study 
was Tetraselmis suecica (Kylin) Butcher obtained from the culture 
collection of  Hokkaido National Fisheries Research Institute, 
Japan. The cultures were initiated from the inoculum of  a late 
log-phase of  stock cultures.

Vegetative cells were grown under a 10-h light:14-h dark cycle at 
100 µE m-2 s-1 of  PAR at the culture surface provided by cool-
white fluorescence tubes (model Toshiba, Tokyo, Japan) in 12 
UVB radiation transparent quartz bottles (250 mL) with a small 
Teflon-coated magnetic stir.

All cultures were placed on a multiple magnetic stirrer (HS-360, 

Asone, Osaka, Japan) to obtain an even distribution of  cells within 
the bottle. The inhibitory phase with UVB radiation and recovery 
phase without UVB radiation were prepared for the period from 32 
to 59 and 79 to 115 in Julian days and for the period from 59 to 79 
and 115 to 150 in Julian days, respectively. The photon flux density 
was measured using a spherical quantum sensor (Model GSL 100, 
Biospherical Instrument, San Diego, USA). UVB radiation was 
provided from a Mylar filter (Figure. 1), which cut the wavelength 
shorter than the 280 nm wavelength provided by the ultraviolet 
fluorescent bulbs (FL20SE, Phillips, Pennsylvania, USA). Cool-
white fluorescence and ultraviolet fluorescent tubes provided an 
irradiance of  1.2 mW cm-2 of  PAR and 19 µW cm-2 of  UVR. 
Since the filters were aged and the light penetration characteristics 
deteriorated [28], the filters were replaced every week during the 
UVB exposure experiments. Ultraviolet radiation was determined 
using ultraviolet radiometers (UVX-25, Funakoshi, Tokyo, Japan), 
with a peak sensitivity at 318 nm. Exposure experiments were 
conducted at 32 ± 1°C in a temperature controlled room. The 
duration of  the first and second UVB exposures were 28 and 37 
days, respectively. All cultures were grown in filter-sterilized (0.2 
µm pore size) seawater collected 200 km southward offshore of  
Hokkaido and enriched with the nutrients of  f/2 medium [29].
	
The culture was diluted by 25 % in volume with fresh f/2 medium. 
This dilution reduced the potential destruction of  dissolved 
organic matter due to UV radiation [30].

Samples were obtained before and after dilution for an entire 
period. Growth was followed by weekly measurements of  the cell 
density and Chla concentration. The cell density was examined 
using a hematocytometer for densities higher than 107 cells mL-1 

or a settling chamber (50 mL, Zeiss, Germany) for densities lower 
than 107 cells mL-1. The concentration of  Chla was determined 
using the fluorometric method according to [31] using a 
fluorometer (Model 10, Turner Design, San Diego, USA) with 
consideration of  chlorophyll b [32].
	
The samples for the particulate organic carbon (C) analyses and 13C 
measurements were obtained in the second PAR +UVR exposure 
experiment. Samples for C analyses were collected on glass fiber 
filters (GF/C, Whatman, UK) that were pre-combusted for 6 
h at 500°C to remove any contaminating carbon. The samples 

Figure 1. Spectral characteristics of  quartz (open) and the Mylar film (closed).
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on the filters were analyzed using an elemental analyzer (Model 
MT-5 CHN, Yanaco, Japan). Reflecting the limitation of  the 
sample size, cellular nitrogen was not determined. The samples 
for the measurements for 13C assimilation index were incubated 
for 6 h with 0.5 mL of  13C-sodium bicarbonate (0.1 g L-1) on 
the day of  dilution to yield a final concentration of  0.05 mg L-1, 
although a caution should be paid due to a week-long incubation. 
The isotopic ratios of  13C and 12C were determined via infrared 
absorption spectrometry [33] using a 13C analyzer (Model 1000, 
Nihon Bunko, Tokyo, Japan). The assimilation rate was calculated 
according to the method [34].
	
Data in the transition between the inhibitory and recovery phases 
were included to each regression analysis due to difficulty in 
distinguishing data points in the transition.

Results

Cellular Responses to UVB

Temporal changes in the cell density, Chla concentration, and cell 
C of  Tetraselmis suecica were similar between the first and second 
cycles of  the PAR+UVB(inhibitory phases) and PAR (recovery 
phases) conditions during the 150day-exposure experiments 
(Figure. 2). The temporal changes were characterized by an 
inhibitory phase (32 to 59 and 79 to 115 in Julian days) with UVB 
radiation and recovery phase(59 to 79 and 115 to 150 in Julian 
days) without UVB radiation. Under the PAR+UVB condition, 
the cell density before dilution decreased in both inhibitory phases 
at rates of  −0.017 d-1 and −0.048 d-1 and reached10-3 % and10-

6% of  the initial cell density of  2.0 x 108 cells mL-1, respectively 
(Figure. 2A). The decrease in the second phase was approximately 
2.8 times faster than that in the first phase (Figure. 2A). Under 
the PAR+UVB condition, the Chla concentrations decreased in 

both inhibitory phases at rates of  −0.038 d-1 and −0.099 d-1 and 
reached 1% and 0.01% of  the initial Chla concentrations of  2.1 
x 102 μg Chla L-1, respectively (Figure. 2B). The decrease in the 
second phase was approximately 2.6 times faster than that in the 
first phase (Figure. 2B). Under the PAR + UVB condition, the 
C concentrations decreased in both inhibitory phases at rates of  
-0.019 d-1 and -0.086 d-1 and reached 10 % and 0.1 % of  the initial 
C concentrations of  1.8 x 104 μg C L-1, respectively (Figure. 2C).
The decrease in the second phase was approximately 4.5 times 
faster than that in the first phase (Figure. 2C). Although healthy 
vegetable cells swim with four flagella, UVB-exposed cells turned 
white due to an apparent lack of  chlorophyll pigments and were 
also completely still because they were observed to lack the four 
flagella via microscope observation. The degree of  decrease in 
the Chla and C concentrations was 104-fold, whereas the degree 
of  decrease in cell density was 102-fold due to relatively resistant, 
slow cell disintegration. When UVB radiation was removed, the 
cell densities recovered to those of  healthy vegetable cells under 
the PAR conditions (Figure. 2A). Under the first and second PAR 
conditions, the cell density increased immediately and the increase 
in the second phase was approximately 3.6 times faster than that in 
the first phase. Under the PAR condition, the Chla concentration 
immediately increased in both recovery phases and the increase 
in the second phase was approximately 2.8 times faster than that 
in the first phase (Figure. 2B). Under the PAR condition, the C 
concentration immediately increased in both recovery phases at 
rates of  0.040 d-1 and 0.078 d-1, respectively, and the increase in 
the second phase was approximately 1.9 times faster than that in 
the first phase (Figure. 2C). 

When the inhibitory and recovery rates were compared, the 
increase of  the Chla concentration was approximately 2 times 
faster than that of  the cell density. The inhibitory and recovery 
rates were highest for the Chla concentration, indicating that this 

Figure 2. Temporal changes in the cell density (A), Chl a concentration (B), and cell carbon concentration (C) before 
(closed) and after dilution (open) during two cycles of  PAR +UVB (dark bars) and PAR conditions.
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parameter was most sensitive to UVB exposure among the three 
parameters. The rate of  change in cellular Chla contents was1.03 
± 0.6 ng Chla cell-1 during the steady state (1 to 32 in Julian days).
The rates during the inhibitory phases (2.06 ± 0.3 ng Chla cell-
1) were significantly higher than those during the steady state 
(Figure. 3A). When UVB radiation was removed, the cells became 
vegetative through two steps in each recovery phase (Figure. 3B). 
The first step was approximately 4 times steeper than the second 
step of  each recovery phase although the first steps were similar 
between the two recovery phases (4.2 versus 3.8ng Chla cell-1 in 
closed and open circles) as the second steps were similar (~1.1 
ng Chla cell-1 in closed and open triangles). The rate during the 
second step of  presumed recovery phase was 1.05 ± 0.3 ng Chla 
cell-1.

C/Chla Ratio

The C/Chla ratios varied not only in the inhibitory (Figure. 4A, 
C) and recovery phases (Figure. 4B, D) but also in two inhibitory-
to-recovery cycles (Figure. 4A, B versus Figure. 4C, D). During 
the first 3 weeks prior to the cycles, the C/Chla ratio at the 
95% confidence limit was 70.0 ± 8.3µgC(µgChla)-1. During the 
first cycle, the ratios were not significantly different between 
99.3 ± 13µgC(µgChla)-1 during the first inhibitory phase and 
132 ± 31aµgC(µgChla)-1 during the first recovery phase (p > 
0.01, Figure.4A, B), whereas those decreased significantly from 
159 ± 31µgC(µgChla)-1 in the second inhibitory phase to 36 ± 
13µgC(µgChla)-1 in the second recovery phase (Figure.4C, D). 
The first inhibition rate of  the Chla concentration was 2 times 
higher than that of  the C concentration (-0.038 d-1 versus -0.019 
d-1, Figure.2B, C), whereas the second inhibition rate of  the Chla 
and C concentrations were similar (−0.099 d-1 versus −0.086 d-1).

Carbon Assimilation

The carbon assimilation rate of  healthy vegetable cells under the 
PAR condition was 0.068μgC(μgChla)-1 h-1 at the concentration 
of  142μgChlaL-1 (Figure. 5A, B). In the PAR +UVR conditions, 
the Chla concentration decreased from 106μgChla L-1 on 77 in 
Julian day to 0.122 μgChla L-1 on 107 in Julian day (Figure. 5A) 
and the cells lost their swimming ability and bleached to a white 
color under the microscope, whereas when UVB radiation was 
removed, the Chla concentration remained at a similar level 153 
± 74 μgChla L-1 until 115 in Julian day and the cells maintained 
their swimming ability and showed the green color of  vegetable 
cells. The carbon assimilation rate of  cells under the PAR +UVB 
condition decreased sharply and was nearly undetected after 
Julian day 87, whereas the rate under the PAR condition remained 
at levels 0.0415 ± 0.0121μgC(μgChla)-1 h-1 similar to those of  
vegetable cells throughout the incubation period (Figure. 5B).

Discussion

UVB Exposure

Solar ultraviolet radiation deteriorates the growth of  microalgal 
cells [e.g., [1, 35]], whereas micro algal cells not only have the 
capacity to synthesize UVB-protective pigments [36] but also to 
repair DNA damage induced by UVB through both dark and light 
repair mechanisms [e.g., [37, 38]]. Exposure experiments with 
light-dark cycles should be conducted for a long enough period 
of  time to simulate the response of  cells under natural light 
conditions. However, long-term exposures may lead to a false 
interpretation of  UVB damage on cells due to changes in optical 
characteristics from the aging of  UV-cutting filters [28]and photo 
degradation of  dissolved organic matter (DOM) in enriched f/2 

Figure 3. The relationship between the cell density and Chl a concentration during the first (solid circle) and second inhibi-
tory (open circle) phases. Solid lines indicate the least square fit; Chl a =−2.19+2.06 Cell, r2 = 0.9758 in the first inhibitory 

phase and Chl a = −2.16+2.03 Cell, r2 = 0.9677 in the second inhibitory phase (A). Relationship between cell density and Chl 
a concentration during the first (solid circle) and second (open circle) recovery phases. Solid lines indicate the least square 

fit; Chl a = −3.04 + 3.84 Cell, r2 = 0.9968 in the first recovery phase, Chl a = − 5.35 + 1.79 Cell, r2 = 0.9948 in the second 
recovery phase, and Chl a = − 0.047 + 1.05Cell, r2 = 0.9426 in the second recovery phase (B).
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medium from exposure to UVB [30]. In the present study, the 
optical characteristics were maintained by replacing new Mylar 
filters every week. The photo degradation of  inorganic nutrients, 
such as phosphate [39] and chelating agents, such as EDTA, 
occurred in f/2 medium during the 150-day incubation according 
to [40]. Dilution with a new medium, as employed in the present 
study, ensured the reduction in photo degradation of  DOM from 
exposure to UVB and also little nutrient limitation. The UVB 
radiation (19 µW cm-2) in the present study was approximately 

similar to that which led to a reduction in the Chla but an increase 
in intercellular carotenoids of  the same species in the short-term 
experiments [23].

The first noticeable response to UVB radiation was the loss of  
photosynthetic pigments, such as Chla, and loss of  swimming 
ability, as observed by [41], but not [18, 22] Although healthy 
vegetative cells swim with four flagella, UVB-exposed cells turned 
white in color, reflecting an apparent lack of  chlorophyll pigments, 

Figure 4. Relationship between Chl a and cell carbon in the first inhibitory phase; slope = 99, r2 = 0.96 (A), the first recovery 
phase; slope = 132 r2 = 0.89 (B), the first recovery phase; slope = 159 r2 = 0.88 (C), and the second recovery phase; slope = 36 

r2 = 0.99 (D). Closed and open circles indicate before and after dilution.
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and were also completely still as they were observed to lack the 
four flagella under the microscope observation. However, the Chla 
contents were never completely lost (Figure. 6A), as observed by 
[18]. The increase in the cell volume induced by UVB exposure 
was attributed to DNA damage and the consequent cessation 
of  the processes involved in the cell cycle [42, 43].During the 
increase in the cell volume, energy is accumulated in the cell. The 
accumulated energy could be advantageous for cells if  the cause 
of  the stress disappears. However, as the stress continued, de 
novo synthesis of  cellular components required for cell growth 
and maintenance was obstructed, leading to resting cell. Resting 
cell may not occur in the whole population at once, but was 
observed in a partial population. The faster values in the second 
inhibitory phase may suggest that there are cumulative effects of  
UVB on cell as known for Rhodomonas salina, Chaetocerossp. And 
Isochrysis galbana [27]. The inhibitory rate of  cells was -0.0173 d-1 

(Figure. 2A), whereas the destruction rates of  Chla was -0.0382 
d-1 (Figure. 2B) which was 2 times faster than those cell numbers.
UVR did not cause cell death, confirming the previous studies 
[18, 22], although cell death was reported by [44].
	
The results of  the present experiments under an artificial 
UVB light source should be compared with studies conducted 
in shallow outdoor flumes under natural solar radiation [11, 
45]. Although Tetraselmis suecica can grow exponentially during 
each 4-day dilution with a dilution rate of  50 % [11, 45], long 
dilution periods of  7- or 14-day dilutions with a dilution rate of  
25% were employed in the present study. The cell density was 
approximately 2 x 106 cells mL-1 after dilution in outdoor race 
way [11, 45], whereas higher cell densities of  100 ~ 1 x 106 cells 
mL-1 were maintained under the PAR condition in the present 
study. Cessation of  swimming and almost completeble aching 
of  cellular pigments indicate that the long exposure of  UVB 
radiation in the present study was more influential in the smaller 
containers than the shallow outdoor flume. However, the UVB-
damaged resting cells recovered to normal vegetative cells when 
the UVB radiation was lifted. By switching life styles, T.suecica can 
survive a dose of  UVB radiation, which has also been observed 
in Antarctic species of  Chaetoceros under UVB radiation [35].
Under natural solar conditions, some species may have the ability 
to repair DNA damaged resulting from UVB through both dark 
and light repair mechanisms [37]. Under PAR +UVR conditions, 
the slopes of  the regression relationship between the cell density 
and Chla concentration were similar between the two inhibitory 
phases (Figure. 3A).When UVB radiation as removed, the cells 
became vegetative by over whelming synthesis of  Chla pigments 
during the first step of  recovery phase (Figure. 3B). The synthesis 
rate of  Chla in relation to the cell density during the second step 
of  recovery phase was similar to that during the normal growth 
period (1 to 32 Julian days).

C/Chla Ratio.

The synthesis of  Chla in relation to cell C follows a linear 
relationship, regardless of  the inhibitory and recovery phases 
(Figure. 4A). The smallest C/Chla ratio is provided by the 
maximum rate of  Chla synthesis under PAR conditions (Figure. 
4D) with the effect of  self-shading [46] in addition to a packaging 
effect [47]. The rate of  Chla loss may be highest in the cellular 
compounds, when bleaching occurs through UVB radiation.The 
C/Chla ratio of  healthy vegetative Tetraselmis suecica ranged from 
30 to 50 μgC(μgChla)-1 [45]. An increase in the C/Chla ratio from 

healthy values to 99μgC(μgChla)-1 during the first cell inhibitory 
phase indicated that UVB arrested the synthesis of  Chla. A 
successive increase in the C/Chla ratio to 159 μgC(μgChla)-1 
during the second inhibitory phase suggests that UVB damage 
may have accumulated within the cells. The 13C assimilation at the 
end of  the second inhibitory phase was negligible (Figure. 5B), 
although it should be interpreted cautiously because of  a relatively 
long incubation with 13C. However, the cells could have recovered 
to synthesize Chla when UVB radiation was removed (Figure. 5A). 
The finding may indicate that the cells of  T.suecica experienced a 
resting stage under severe environmental stresses, such as high 
light, potentially including UVB radiation [19]. Cells at the resting 
stage might possess higher C/Chla ratios than vegetative cells, as 
indicated in resting cells and resting spores of  diatom [19]. The 
recovery of  the C/Chla ratio from 123~145 μgC(μgChla)-1 during 
the first recovery phase to 36.1 μgC(μgChla)-1 during the second 
recovery phase may suggest that the first recovery occurred 
with little acclimation to PAR, whereas the secondary recovery 
occurred with strong acclimation to PAR. Therefore, the synthesis 
rate of  Chla in relation to the C concentration during the second 
recovery phase (36.1 ± 13 μgC[μgChla]-1) was approximately half  
of  70 ± 8.3μgC [μgChla]-1 during the growth period (1 to 32 in 
Julian days). Changes in both morphology and metabolic activity 
might confirm that vegetative cells were transformed to resting 
cells as defined by [19]. When UVB radiation was removed from 
UVB-damaged resting cells, cells with low Chla contents and little 
13C assimilation recovered to healthy, vegetative cells under PAR 
conditions (Figure. 5B). Minimum Chla contents may be required 
to recover from resting cells to vegetative cells. Microalgal cells 
may have two processes in relation to repair from damage by 
UVB radiation. The cells are photo-activated, and dark enzymatic 
processes can repair or eliminate the structural changes in macro-
molecules initiated by UVB radiation [5]. The ability of  microalgal 
cells to survive UVB radiation in the outdoor environment is 
dependent upon not only the exposure duration and flux of  UVB 
radiation but also on the relative contribution of  UVB radiation 
to PAR [27, 48]. The former and latter radiations are involved in 
damaging processes and photo-repair mechanisms, respectively. 
In fact, changes in the contribution of  UVB radiation to PAR are 
significantly variable in the natural marine environment [49].

Biotechnological Implications

Outdoor pond or raceway has been employed for mass culture 
of  microalgae for decades [e.g., [50]]. Although mass cultures 
have been successful for a certain period of  duration, crush of  
cultures often occurs by several reasons. One of  the reasons is 
the effects of  UVB on the culture in a shallow pond although it 
has been remained unresolved in the fields of  biotechnology than 
algal physiology or ecology. When cultures experience crushed, 
microscopic observation or physiological examination by using 
chlorophyll fluorescence [e.g., [51, 52]] should be conducted to 
examine if  cells are UVB damaged or not. When the UVB damage 
was suspicious, the present study recommends that shielding 
outdoor ponds from the UVB radiation might be considered.
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