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Abstract. Changes in calcification of coccolithophores may tion. In addition to their role as primary producers, coccol-
affect their photosynthetic responses to both, ultraviolet ra-ithophores play a predominant function in global ocean cal-
diation (UVR, 280-400nm) and temperature. We oper-cification (Rost and Riebesell, 2004), accounting for up to
ated semi-continuous cultures Bimiliania huxleyi(strain  half of the share (Milliman, 1993). While still is under de-
CS-369) at reduced (0.1 mM, LCa) and ambient (10 mM, bate, calcification in coccolithophores appears to be strongly
HCa) C&* concentrations and, after 148 generations, we exdinked to photosynthesis by favoring supply of €@nning
posed cells to six radiation treatments280, >295, >305, et al., 1996; Sikes et al., 1980; Sikes and Wilbur, 1982);
>320, >350 and>395 nm by using Schott filters) and two moreover, Nimer et al. (1996) found reduced photosynthetic
temperatures (20 and 28) to examine photosynthesis and rates when removing external calcium. Other studies (Her-
calcification responses. Overall, our study demonstratedort et al., 2002, 2004; Trimborn et al., 2007; Leonardos et
that: (1) decreased calcification resulted in a down regulaal., 2009) however, showed that changes in calcification un-
tion of photoprotective mechanisms (i.e., as estimated viader altered C& concentrations did not bring about concomi-
non-photochemical quenching, NPQ), pigments contents anthnt changes in photosynthesis.

photosynthetic carbon fixation; (2) calcificatiafi)(and pho- Calcification of coccolithophores is known to be influ-
tosynthesis P) (as well as their ratio) have different re- enced by many factors, such as light availability, nutrients,
sponses related to UVR with cells grown under the high'Ca trace metals, C®as well as temperature (Paasche, 2002;
concentration being more resistant to UVR than those growrShiraiwa, 2003; Zondervan, 2007) and ultraviolet radia-
under the low C&" level; (3) elevated temperature increased tion (UVR, 280—-400 nm) (Gao et al., 2009; Guan and Gao,
photosynthesis and calcification Bf huxleyigrown at high  2010). Under a scenario of global climate change, impor-
Ca&* concentrations whereas decreased both processes tant changes in the physiology of diverse aquatic organisms
low Ca&t grown cells. Therefore, a decrease in calcifica- are expected (Beardall et al., 2009ader et al., 2011), es-
tion rates inE. huxleyiis expected to decrease photosynthe- pecially due to variations in UVR and temperature levels. In
sis rates, resulting in a negative feedback that further reducethis sense, it has been found that UVR strongly influences
calcification. photosynthesis and calcification Bfmiliania huxleyiunder
COy-induced ocean acidification (Gao et al., 2009). In regard
to the effects on coccolithophores of future ocean warming
the results are rather varied: on the one hand, it was deter-
mined that photosynthesis could be promoted by increases

Coccolithophores are organisms capable of fixing inorganidn both pCO, and temperature (Feng et al., 2008) but, on
carbon into organic matter via photosynthesis as well as prothe other hand, De Bodt et al. (2010) suggested that ocean
ducing calcium carbonate crystals via intracellular calcifica-acidification had a larger adverse impact than surface water

warming on coccolithophorids’ calcification.
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Emiliania huxleyilLohmann) W. W. Hay and H. P. Mohler artificial radiation under a solar simulator (Sol 1200W;
is a cosmopolitan species that frequently form blooms inA. G. Honle, Martinsried, Germany) at a distance of 120 cm
shallow-mixed surface oceanic waters with high light expo-from the lamp for 2h. The irradiances output were mea-
sures (Nanninga and Tyrrell, 1996). This species is theresured with a broadband ELDONET filter radiometer (Real
fore of key ecological importance and constitutes an excel-Time Computers, Nhrendorf, Germany) that has chan-
lent model to evaluate physiological responses under varinels for PAR (400-700 nm), UV-A (315-400 nm) and UV-
able environmental stressors as those occurring due to glob&@ (280-315 nm), and the measured values were 63.5W m
change. In particular, it has been found that growth and pho{290 pmol photons ¢ s™1), 23.1Wn12 and 1.20 W m?,
tosynthesis oE. huxleyiare highly affected by UVR (Buma for PAR, UV-A and UV-B, respectively.
et al., 2000; Guan and Gao, 2010); furthermore, enhanced Biological weighting functions (BWFs) were used to sepa-
acidification of seawater exacerbated detrimental UVR ef-rate the effects of different UV wavebands on photosynthesis,
fects on photosynthesis (Gao et al., 2009). In the presentalcification, effective photochemical quantum yield of PSII
study, we further investigated if variations in calcification (Y) and non-photochemical quenching (NPQ). Six different
rates inE. huxleyialtered its photosynthetic responses to bothradiation treatments were set by using Schott cut-off filters
UVR and temperature, in a context of global change. The exthat cut radiation below 280, 295, 305, 320, 350 and 395 nm
perimental approach was to incubate low- and high'Csc- (the transmission spectra of these filters are published else-
climatedE. huxleyicells to different radiation conditions (us- where, Villafdie et al., 2003). For each experimentafta
ing an artificial source) and temperatures treatments (20 andoncentration, the samples were dispensed in six quartz tubes
25°C) to determine the energy-dependant responses (i.e., b{14 ml) per radiation treatment (i.e., under each Schott fil-
ological weighting functions, BWFs) of both photosynthesis ter). Thus a total of 36 tubes were irradiated; half of them
and calcification. were used for measurements of photosynthetic carbon fix-
ation and calcification whereas the other half was used for
PAM measurements (see below). The tubes containing the
samples were put in a water bath for temperature control at
20°C or 25°C using a circulating cooler (CTP-3000, Eyela,
Tokyo, Japan). Due to the effective irradiance area under the

A coccolith-bearing strain dEmiliania huxley{CS-369) was solar simulator, it was not possible to tes_t the effects of both
obtained from the Commonwealth Scientific and Industrial ©MPeratures at the same time, so experiments were done one
Research Organisation (CSIRO, Australia). The cells Wereafter.the other. In this way we were sure that the irradiance
grown in artificial seawater enriched with 100 uM nitrate and '€C€ived by the cells were the same.

6.25uM phosphate and with trace metals and vitamins a
specified for the Aquil medium (Price et al., 1988/89). Two

calcium concentrations were used in our experiments — adyhe nH was measured with a potentiometric titrator (DL15,
justed to 0.1 mM (LCa) and 10 mM (HCa) by adding CaCl Mettler-Toledo, Schwerzenbach, Switzerland) which was

— representing the reduced and ambiert'Czoncentration  c5jiprated against Standard National Bureau of Standards
of seawater, respectively. Ef:ologlcally,_ the reduced level Of(NBS) buffer solution (Hanna). The alkalinity of the media
Ca* may be expected during coccolithophore blooms asy55 also measured with the potentiometric titrator. The car-
observed in previous studies (Pitsyk, 1963; Cokacar et al.pqnate system was calculated from temperature, salinity, pH
2001; Mikaelyan et al., 2005) in estuarine systems wheréng concentrations of total alkalinity and phosphate, using
salinity was less than half the average oceanic value3¥. o program C@sys (Lewis and Wallace, 1998). Equilib-
Physiologically, reduced €a availability is an effective  j,m constants of Mehrbach et al. (1973) modified by Dick-
way to investigate the role of calcification (Brownlee et al., son and Millero (1987) were chosen for the calculations.

1995). Semi-continuous cultures %er?lmainta.\ined arat Just before experimentation, samples were taken for deter-
a PAR I'evel of 150 pmolphotonsms™ (12L:12D). The  mination of pigments and quantification of cells. Cell densi-
media (i.e., LCa and HCa) were renewed every 3 days, andieq \ere determined using a Coulter counter (22, Beckman

; 1
cell concentrations were always keptlC° cells mi*. The  |nstruments, Florida, US) and specific growth rate was cal-
cells were grown for at least 100 days148 generations) . |ated as:

before being used in the experiments as described below.

2 Materials and methods

2.1 Organism and culture conditions

3.3 Analyses and measurements

uw=(n N;—In Ng)/At
2.2 Experimentation
whereNg and N, are the cell concentrations after and before

Carbon incorporation and Pulse Amplitude Modulated renewing the medium.

(PAM) fluorescence measurements were done to assess theFor pigments determination, 100 ml of sample was fil-

combined effects of ultraviolet radiation (UVR) and tem- tered onto Whatman GF/F filters (25 mm) under low pres-

perature onEmiliania huxleyi Cells were exposed to sure (200 mbar) and extracted overnight either in absolute
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methanol (for chlorophyll: (chl-a) determinations) or 90% and the activity of the fixed radiocarbon counted with a scin-
acetone (for carotenoids content) atCl After extraction tillation counter (Tri-Carb 2800TR, Perkin-Elmer, Shelton,
and centrifugation (L0 min at 50009) the absorbance of CT, USA). The calcification rate was calculated as the differ-
the supernatant was determined with a scanning spectroph@nce between total (non acidified filters) and organic partic-
tometer (DU800, Beckman, Fullerton, California, USA). ulate carbon fixation (acidified filters) as previously reported
The chla content was calculated according to Porra (2002)(Gao et al., 2009; Guan and Gao, 2010).
whereas that of carotenoids using the equations of Strickland Biological weighting functions (BWFs) for inhibition of
and Parsons (1972). In addition, an aliquot of 10 ml of cul- Y, NPQ, photosynthetic carbon fixation and calcification
ture (both from the HCa and LCa treatments) was filteredwere calculated using an exposure-response curve based on
very gently onto 0.22 pm MCE (Mixed Cellulose Ester) fil- irradiance (Neale and Kieber, 2000). The biological re-
ters (Xinya Instrument Co., Shanghai, China), washed thresponses for each wavelength interval over the incubation pe-
times with 0.2 M phosphate buffer (pH8) and then dried at  riod were expressed as a function of the average irradiance
45°C. The filters were coated with gold and then examined(over incubation time) in the exposure wavelength interval.
with a scanning electron microscope (Field Emission SEM,The relative spectral emission of the solar simulator was de-
LEO 1530, Germany). termined using a USB diode array spectroradiometer (HR
Fluorescence measurements were performed at 40, 80 ar#DO0CG-UV-NIR, Ocean Optics, Duneclin, USA). An ex-
120 min since the beginning of the incubations. Fluores-ponential decay function (base 10) was used to fit the data in
cence parameters were determined with a pulse amplitudeach experiment, and the exponent of the function was ex-
modulated fluorometer (model Xe-PAM, Walz, Effeltrich, pressed as a two-degree polynomial function; the best fit was
Germany). The effective photochemical quantum yield of then obtained by iteration{ > 0.95).
PSIl (Y) was determined by measuring the instant maxi- Data were analyzed using the SPSS v.16.0 software. Inter-
mal fluorescencer,) and the steady state fluorescengg (  active effects among G4 concentration, temperature, radia-
of light adapted cells using a saturating white light pulsetion treatments and exposure timeloyNPQ, photosynthetic
(5000 umol photons 2 s~ in 0.85s) in the presence of a carbon fixation £), calcification rate) andC/P were sta-
weak measuring light (0.3 umolphotonsfs™1) and ac- tistically analyzed using a two, three or four-way ANOVA
tinic light (300 umol photons m¢ s~1, i.e., similar PAR level  test to establish significance & 0.05) among the variables.
as under the radiation treatment%)was estimated accord- The Student Newman-Keuls (SNK) test with a level of sig-
ing to Genty et al. (1989) as: nificance set ap < 0.05 was used for post-hoc comparisons.
The Student’s t-test was also used to analyze growth rates

Y =(F,—F)/F, (1) and pigments data.

UVR-induced inhibition ofY was calculated as:
Inh (%) = (Y305 — Y320/280) - Y395+ 100 (2) 3 Results

where Y395 represents th& under the PAR (395-700nm) 3.1 Carbonate chemistry, growth rates, pigments
treatment, whileYspg 280 represents the under the PA and morphology
(320-700nm) or PAB (280-700nm) treatments, respec-

tively. Non-photochemical quenching (NPQ) was calculated The parameters for the carbonat.e.system of the media are
as: presented in Table 1. Total alkalinity (TA) and @Ocon—

centration were significantly different, with higher TA and
NPQ= (F,,—F,)/F,, (3) CO%‘ levels in the HCa medium. All other parameters did
) . not show significant differences between the two media. Af-
where thef;, represents the maximum fluorescence yield af-or 3 gays of culturing and prior to the renewal of media, the
ter 10min of dark adaptation. H in both treatments increased<®.07; the other parame-

. e P
For measurements of photosynthesis and calcificationye s gig not show significant differences among the twé'Ca
samples (i.e., from the HCa and LCa treatments) were eaiments.

dispensed into 14ml quartz tubes and inoculated with
. 4 .
100 pl— 10 uCi (0.37 MBg) of NaH'CO; (ICN Radiochem- 4o gl not significantly affect growth rates, but it signifi-

icals, Irvine, California, USA). Afte_r incubating for 2 h, sub- cantly decreasedp(< 0.05) the chla and carotenoids con-
samples for total (5ml) and organic (5 ml) carbon were col-{onts by 26.7 % and 20 %, respectively (Table 2). The SEM

lected onto Whatman GF/F glass fiber filters (25 mm) undefjnaqes showed no coccolith-covered surface in cells grown

low pressure (200 mbar), rinsed three times with the mediumy; | ¢4 and furthermore, the coccoliths were partially dis-
and put in 20ml scintillation vials. For the determination ¢, ed and malformed (Fig. 1a). Instead, cells grown at HCa

of organic carbon, the filters were exposed to HCl fumesgp,qyeq entire and strongly calcified coccoliths (Fig. 1b).
overnight and dried at 45C; then they were digested in scin-

tillation cocktail (Hisafe 3, Perkin-Elmer, Shelton, CT, USA)

During the acclimation period, reduced aconcentra-
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Table 1. Parameters of the artificial seawater carbonate system at the ambient (10 mM) and reduced (0.1 mM) le¢gleqfiiarated

with ambient CQ (39.3 Pa). Total alkalinity, pH, salinity, nutrient concentration and temperature were used to derive all other parameters
using a CQ system analyzing software (G6ys). Data are the meadsSD of 3 measurements. The asterisks denote significant difference
between the two G& concentrations.

c@t  pHuas TA pCO,  DIC co, HCOo; cot-
(mM) (umolkg™)  (ppmV)  (umolkg?) (umolkg™l) (umolkg )  (umolkgt)
10  820+£001 2539£12*  405£6  2238t11  13+0.2 200810 2163
0.1  820+001 2496:24°  405+15 220228  13+05 1979£29  210+2*

Table 2. Growth rate (in d'1), chlw and carotenoid content (in pgcel) of Emiliania huxleyicells acclimated to 10 mM (HCa) or
0.1mMC&" (LCa) for at least 148 generationsV represents the number of samples. The asterisks represent significant differences
between two C&" concentrations.

Variable C&T (mM) p
10 0.1
Specific growth rate (dl) 1.07+0.04 z=14) 103+0.05 @k =10) p>0.05
Chl-a (pg cell-1) 0.154+0.01 (2 =6)* 0.11+0.01 (2 =6) p <0.001
Carotenoids (pg cetil) 0.304+0.02 »=6)* 0.24+0.02 (2 =16) p<0.01
3.2 Chl-a fluorescence parameters wavebands. HCa had significantly but slightly lower inhibi-

tion (p < 0.05) than LCa treatments at 40 min and 80 min,

The main feature of chi-fluorescence parameters wasiof  but there were no significant differences between the two
being significantly lower g < 0.05) when samples were ex- Ca&* concentrations after 2h. However, inhibition &f
posed to shorter UVR wavebands —i.e., the lowesias de-  due to UVA (Fig. 3a) decreased slightly but significantly
termined in the 280-700 nm range whereas the highest wawith time (p < 0.001), whereas that due to UVB slightly in-
in the 400—-700 nm (Fig. 2). Additionally, at 2, signif- creased g < 0.001). For UVA-induced inhibition (Fig. 3a)
icantly higher p < 0.05) Y values were determined in the values of~21-34 % were determined after 40 min of expo-
HCa as compared to the LCa treatment. Furthermore, asure whereas they were slightly lower after 80 minl8—
20°C, theY differences among G4 treatments decreased 20%) and 2h £10-16 %). UVB-induced inhibition o’
significantly (p < 0.05) as the experiment progressed (i.e., atwas higher (i.e.>40 %) than that due to UVA and increased
different times of exposure to radiation). After 40 (Fig. 2a) with exposure time from values 0¥41-50% at 40 min to
and 80 min (Fig. 2b) of exposure under the solar simulator,~55-60 % after 2 h of exposure (Fig. 3b). The UVR-induced
Y values at all radiation treatments were significantly higherinhibition of Y (Fig. 3c) varied from~71-77 % and~62—
(p < 0.05) in the HCa than in the LCa treatment. How- 74 % for LCa and HCa, respectively.
ever, there were no significant differencgs=¢ 0.06) after Figure 4 shows the responses of one photoprotective
2h (Fig. 2c) of exposure to radiation. There was a signif-mechanism, as assessed through thermal dissipation of ex-
icant effect of temperature (as seen in the ratid’cdt the  cess energy (i.e., non-photochemical quenching, NPQ). The
two tested temperatures) with samples in the LCa treatmentgeneral pattern was of higher NPQ valugs<{ 0.05) with
having significantly higher/{ < 0.05) Y values at 28C than  increasing exposure to UVR wavebands, so that those sam-
at 20°C when incubated during 40 (Fig. 2a) and 80min ples receiving UVR wavelengths had higher NPQ than those
(Fig. 2b), while there were no differences after 2 h of incuba-receiving only PAR. Additionally, for any radiation treat-
tion (Fig. 2c). In contrast, samples in the HCa treatment hadment, there was a trend for higher NPQ valups<(0.05)
always significantly highery{ < 0.05) Y values at 20C as  at high temperatures, which was especially evident in incu-
compared to those at 28, resulting in¥zs/xo ratio <l atall  bations lasting 80 min (Fig. 4b). Another interesting feature
incubation times. was of higher NPQ valueg(< 0.05) in HCa than in LCa

The inhibition of Y due to UVA, UVB and UVR at dif-  cells for any radiation treatment at 20; again, this trend
ferent incubation times is shown in Fig. 3. In general, Yhe was more evident during short time exposures (Fig. 4a) than
inhibition increased with increasing exposure time to UVR at the end of the incubation (i.e., after 2h, Fig. 4c). With

Biogeosciences, 8, 1441452 2011 www.biogeosciences.net/8/1441/2011/
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Fig. 1. Scanning electron microscope image<ofiliania huxleyi
cells grown at:(A) 0.1 mM C&* and, (B) 10mM C&* grown at
20°C and under PAR illumination of 150 umolm s~1.

increasing exposure time, NPQ at 5 of HCa cells de-
creased g < 0.05) whereas in LCa increase@ & 0.05),

Yield

Yield

Yield

so that NPQ differences between the two temperature lev

els decreased in the HCa-grown cells and increased in the
LCa-grown ones, respectively. After 2h, there was no sig-
nificant difference between the two €aconcentrations at

20°C (p > 0.05, Fig. 4c).

3.3 Photosynthetic carbon fixation @), calcification

rates (C) and C/P

Photosynthetic carbon fixation &miliania huxleyi(Fig. 5a)
was stimulated by eliminating the shorter wavelengths of
the spectrum. The general pattern was of higher photosyn
thetic carbon valuesp(< 0.05) in the HCa-grown than in
the LCa-grown cells. The beneficial effect of temperature
was clearly evident in samples acclimated to HCa (Fig. 5a)

1445
0.7 1.2
A M
0.6- 10
05{ =W f
0.8 5
0.4 s
-
Lo.6 2
0.3 =
0.24 -=5-m 10Ca [04
-8 0.1Ca
0.1 . . . . —L o2
0.7 1.2
80 min
0.64 . S ae—— N
0.5-
0.8 5
0.4- 2
Lo.6 2
0.3 ©
0.2- L 0.4
0.1 . . . . —L 0.2
0.7 1.2
120 min
0.6+ _ - 1.0
0.5-
0.8 5
0.4- » °§
0.3 e
0.2- L 0.4
0.1 T T T T T 0.2

>280 >300 >320 >340 >360 >380 >400

Wavelengh range (nm)

Fig. 2. Effective photochemical quantum yield@[/F,,) of Emilia-

nia huxleyicells grown at HCa (squares) and LCa (circles). Open
symbols indicate; /F,, measured at 20C whereas black symbols
indicate the ratio of7}/F;, measured at 25C to that at 20C. Mea-
surements done after exposures to artificial radiat{@): 40 min,

(B) 80 min and{C) 120 min. The bars on top of the symbols repre-
sent the standard deviatiom£ 3).

Similar responses were determined in regard to calcification
rates (Fig. 5b) with the highest values determined under PAR
alone, further benefited by high temperatures especially in
he HCa-grown cells, in which calcification rates increased

rom 0.21 to 0.30pg Ccett h—1 at 20 and 25C, respec-

1

so that, for example, the highest photosynthetic carbon aE

25°C (Fig. 5a) was 0.76 pg C ceft h—1 whereas at 20C
was 0.58 pg Ccetit h—1. Under PAR alone (i.e>395nm
treatment), however, high temperature significantly inhib-
ited photosynthesisp(< 0.05) by 10.1 % in the LCa-grown
cells. Under UVR, high temperature did not show signifi-
cant effects on carbon incorporation in the LCa-grown cells.

www.biogeosciences.net/8/1441/2011/

ively. Calcification rates of LCa were low for all radiation

and temperatures treatments. The calcification to photosyn-
thesis ratio C/P) of the HCa-grown cells increased slightly

with increasing wavelength (Fig. 5¢) but there was no clear

effect of temperature at both &aconcentrations.

Biogeosciences, 8, 14522011
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Fig. 3. Inhibition of the effective photochemical quantum yield of
Emiliania huxleyicells due to:(A) UVA, (B) UVB and, (C) UVR 0
after 40, 80 and 120 min of exposure to artificial radiation. The lines

on top of the bars represent the standard deviatiors3).

2 ¢
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T

>280 >300 >320 =340 >360 >380 =>400
Wavelengh range (nm)

) ) o Fig. 4. Non photochemical quenching (NPQ) Bfmiliania hux-
Figure 6 shows the relative contribution of UVA and UVB |eyi cells grown at HCa (squares) and LCa (circles) and exposed

in causing inhibition of photosynthesis, calcification and to different radiation and temperature treatments. Open and filled
C/P. For photosynthesis and calcification, higher inhibi- symbols are cells exposed at 2D and 25°C, respectively. Mea-
tion (p < 0.05) by UVB as compared to that of UVA was surements done after exposures to artificial radiat{@): 40 min,
determined. For both G4 treatments, however, tempera- (B) 80 min and(C) 120 min. The bars on top of the symbols repre-
ture did not show significant effects on inhibition of photo- Sent the standard deviation+ 3).

synthetic carbon fixation and calcification ratgs> 0.05,

Fig. 6a and b). Finally, UVA induced inhibition of/P the HCa-grown and negative for the LCa-grown cells, respec-

showed significant < 0.05) differences among the two tively (Fig. 6¢). Furthermore, high temperature significantly
Ce#* concentrations (Fig. 6c), but it did not among temper reduced inhibition of”/P due to UVB (p < 0.001, Fig. 6c).

atures. Shorter wavelengths of UVB showed opposite re-
sponses: UVB-induced inhibition af/P was significantly
different among the two Ca concentrations, being positive for

Biogeosciences, 8, 1441452 2011 www.biogeosciences.net/8/1441/2011/
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Wavelengh range (nm) Fig. 6. UVR-induced inhibition of(A) Photosynthetic carbon fixa-
tion, (B) Calcification rate andC) C/P ratio of Emiliania huxleyi
Fig. 5. (A) Photosynthetic carbon fixation (in pg C cellh—1), cells. The lines on top of the bars represent the standard deviations

(B) Calcification rate (in pgC cefit h—1) and, (C) C/P ratio of (n=3).
Emiliania huxleyicells grown at HCa (squares) and LCa (circles)

and exposed to different radiation and temperature treatments for . .
2h. Open and filled symbols are cells exposed &@@nd 25°C, 4 Discussion

respectively. The bars on top of the symbols represent the standard )
deviation ¢ = 3). The results of our study can be summarized as follows:

(1) decreased calcification resulted in a decrease of photo-
protective mechanisms (NPQ), pigments contents and pho-
tosynthetic carbon fixation; (2) calcification and photosyn-
There were similar trends of BWFs for inhibition af thesis (and their ratio) showed different responses related to
(Fig. 7a), photosynthetic carbon fixation (Fig. 7¢) and cal- UVR, with the HCa-grown cells having more tolerance to
cification (Fig. 7d) with decreasing weights towards higher UVR than the LCa-grown ones; (3) elevated temperature in-
wavelengths. On the other hand, BWFs for inhibition of creased photosynthesis and calcificatiorEafiliania hux-
NPQ (Fig. 7b) showed an opposite response i.e., NPQ wateyi, grown at high C&" concentrations whereas the oppo-
promoted by exposure to short wavelengths. In general, alsite was observed in low €& grown cells. In the following
BWFs did not exhibit significant differences among the two paragraphs we will discuss the possible causes of the differ-
Ca concentrations and the two temperatures tested. ential responses observed in our study.

3.4 BWF
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Emiliania huxleyidepends on Ca to form carbonate as compared to those cultured under higherGaoncentra-
crystals that build up the coccolith shell that shelters thetions (e.g., 1-10 mM). Similarly, in our study we determined
cells. C&* availability is also associated to other process, a significant decrease in the growth rate€€ohuxleyicells
as seen in other studies (Trimborn et al., 2007; Leonardosfter being transferred from 10mM &ato 0.1 mM C&",
et al., 2009) that demonstrated that cells grown under lowbut only during the initial 12 generations in 9 days (data not
(0.1 mM C&*) or without C&+ decreased their growth rates shown). After 100 days (148 generations), there were no
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significant differences in growth rates between the twé'Ca decreased with time in both €atreatments, and also with
concentrations (Table 2), clearly suggesting that acclimatiorexposure to longer wavelength (Fig. 4). This implies that
to the lowered C&" level took longer time than expected calcification plays a role as an alternative way to protect the
(Herfort et al., 2002, 2004; Trimborn et al., 2007; Leonardoscells from excessive energy. It is known that as an energy
et al., 2009). Nevertheless, significant differences betweemlependent process, calcification involves the cellular uptake
the two C&t concentrations were observed in the amountof dissolved inorganic carbon and €afrom the extracellu-
of pigments — chk and carotenoids per cell (Table 2). The lar medium into the coccolith vesicle and the production of
increased contents of the photosynthetic pigments are probeoccolith polysaccharides (Brownlee and Taylor, 2004).
ably due to the reduced radiation levels received by HCa- After acclimation to the low C& concentration, calci-
grown cells, which had coccolith shelter. In fact, it was pre- fication and photosynthesis at 20 decreased by 81.3%
viously shown that the coccolith layer reduces the transmis-and 55.4% (Fig. 5). Other studies (Herfort et al., 2002,
sion of both UV and PAR, i.e., over 15% of PAR was ab- 2004; Trimborn et al., 2007; Leonardos et al., 2009) how-
sorbed by the coccolith layer compared to naked cells (Gaever, found that low C& concentrations did not affect the
et al., 2009); therefore, LCa-grown cells with less or without POC production, photosynthetic carbon fixation or photosyn-
coccoliths received relatively more radiation. Consequentlythetic oxygen evolution. In addition, Trimborn et al. (2007)
after long-term acclimation to less radiation the HCa-grownusing SEM analysis found naked cells but not coccoliths or
cells upregulated their contents of chlwith an increase of even residues, and they concluded that cells did not calcify
the antenna size, reflecting a classical shade adaptation bat 0.1 mM C&*" concentrations. In general, it can be con-
havior. sidered that calcite dissolution occurs when the calcite satu-
The E. huxleyicells grown at the high G& concentra- ration state Q) is <1 (Trimborn et al., 2007). In our study,
tion had higher photosynthetic carbon fixation, calcification and although some part of the coccolith layer dissolved under
rate and more tolerance to UVR than those grown at lowthe calcium carbonate undersaturated conditidhs<Q.1),
Cat concentration. In addition, under UVR exposure, el- our SEM analysis of the LCa-grown cells showed that they
evated temperature enhanced photosynthesis of the HCalid not lose the capacity to produce coccoliths (Fig. 1). In
grown cells as compared to the LCa-grown ones (Figs. 2he case of our LCa cells, calcification decreased to 18.7 %
and 5). There are several mechanisms that might accourgs compared to cells grown at ambien€aoncentration
for part of the observed variations in the responses. Fo(HCa, Fig. 5). Therefore, the LCa-grown cells might not
example, dissipation of excess energy as heat (NPQ) is aeed energy as much as the HCa-grown cells do to calcify
well known photoprotective mechanism occurring in aquaticdue to reduced availability of a. Then photosynthetic ac-
photoautotrophs (Falkowski and Raven, 1997). UVR cantivity were down-regulated, as reflected by the loweand
have a fast induction of NPQ by increasing PSII inacti- carbon fixation rates. A decrease in calcification rates.in
vation, reducing RUBISCO activity and enhancing xantho- huxleyiis expected to decrease photosynthesis rates having a
phylls de-epoxidation (Van de Poll et al., 2009). So, NPQ negative feedback that further reduces calcification. This is
increased as shorter UVR wavelengths were received by thevell consistent with the fact that no difference in the growth
cells (Fig. 4), but at the same time, photosynthetic carbon fixrates was found between the LCa-grown and the HCa-grown
ation andr decreased (Figs. 2 and 5). In our case, cells acclicells (Table 2), which reflected the net energy balance.
mated to HCa had higher NPQ values, at least during short- Cells grown at LCa and HCa displayed significant differ-
term incubations, as compared to those under LCa (Fig. 4)ences in the inhibition of”/P (Figs. 5, 6 and 7). More-
Many studies have shown that NPQ aAffF, behave as over, the responses of photosynthesis and calcification to-
mirror images, with increases in NPQ inversely correlatedwards UVR appear to be not synchronous. In this sense,
with decreases itF,/F,, (Adams Ill. and Demmig-Adams, Paasche (1966) found that calcification and photosynthesis of
2004). Carotenoids involved in the xanthophylls cycle may Emiliania huxleyihad different action spectra, as for example
also play an important role in maintaining the energy bal-blue light appeared to be more efficient in calcification than
ance. This cycle has been shown to contribute to photoin photosynthetic carbon fixation. In our study, and in agree-
protection under visible light by thermal dissipation of ex- ment with a previous work (Gao et al., 2009), we showed no
cess excitation energy (Demmig-Adams, 1990). Moreover,UVA impact on theC/P ratio of E. huxleyibut a significant
while UVR-induced reactive oxygen species (ROS) couldUVB-induced decrease @f/P. However, some differences
damage lipids, DNA and proteins (He andadier, 2002), might arise when considering the responses on more dense
carotenoids could scavenge singlet oxygen and other ROS8ultures (Guan and Gao, 2010) with shorter wavelengths of
(Bornman et al., 1997) thus allowing cells to reduce or min-UVB causing more damage to photosynthesis than to calci-
imize stress. Therefore, it is possible that the higher concenfication, and longer wavelengths of UVA resulting in a de-
tration of carotenoids in the HCa-grown cells might have par-crease of calcification; in general terms, large cell density
tially helped them to cope with damaging UVR wavelengths. affects the control of the carbonate system (Gattuso et al.,
It is obvious that higher NPQ values coincided with higher 2010). The irradiance levels of PAR, UVA and UVB used by
calcification rates (Figs. 4 and 5), but overall NPQ valuesus in our experiments were respectively about 18.1, 43.6 and
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60 % of the maximum values measured in the South Chin&010), but few considered the role of UVR in natural condi-
Sea where coccolithophores are abundant (Ho et al., 201Gjons (Gao et al., 2009). Our results indicate that reduced
Li et al., 2011). Previous studies (Guan and Gao, 2010) incalcification inE. huxleyimade the cells more vulnerable
dicated thatE. huxleyiresponse changed with the irradiance when they are exposed to excessive light energy even with-
and this was the base to use BWFs with an exposure respongeit UVR considered, since reduced calcification led to down-
model based on irradiance (Neale and Kieber, 2000). Theegualated photoprotective capability. In addition, increased
“chronic” and/or “dynamic” (i.e., reversible) effects would temperature decreased théP ratio in the LCa-grown cells.
depend on the irradiance levels and the presence of thresholdombined with the previous finding that reduced calcifica-
values above which any effects can be observed (Helblingion led to enhanced sensitivity to UVR and decreased ratio
etal., 1992). In addition, senescent and nutrient-limited cellsof C/P (Gao et al., 2009), the combined effects of ocean
tend to acquire extra layers of coccoliths (Paasche, 2002; Shiacidification, global warming and increased light and UVR
raiwa, 2003). Furthermore, and as previously mentioned, thexposures will synergistically reduce tli8 P ratio, which
coccolith layer around the cell surface could effectively re- would eventually affect the carbon-related biogeochemical
duce the transmission of UVB (Gao et al., 2009). Addition- processes.
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