
Responses to the comments of reviewers 

Referee #1 
The authors tested the growth and photophysiological responses of Emiliania huxleyi 

to PAR and UV in the presence of coccoliths, after removal of coccoliths and in a strain 

that lacks coccoliths.The data show that presence of coccoliths renders the cells less 

susceptible to inhibition by UV, and increases their capacity for non-photochemical 

quenching. The manuscript presents a tidy study on an important question, and is appropriate 

for BioGeoScience.I offer a few minor wording and reference comments for the author’s 

consideration. 

best regards, Doug Campbell 

 

Abstract: Fine. 

"...since decades..." is not incorrect, but is idiomatically odd. I suggest "...for 

decades...". 

Response: corrected as suggested. 

Introduction: "This notion is supported by the exceptionally high light tolerance of the 

surface layer dwelling species Emiliania huxleyi (Nanninga and Tyrell 1996; Gao et al., 

2009)"Geider’s group had a paper: Ragni M, Airs RL, Leonardos N, Geider RJ. 2008. 

PHOTOINHIBITION OF PSII IN EMILIANIA HUXLEYI (HAPTOPHYTA) UNDER 

HIGH LIGHT STRESS: THE ROLES OF PHOTOACCLIMATION,PHOTOPROTECTION, 

AND PHOTOREPAIR. Journal of Phycology 44: 670–683. and we had a paper: Loebl M, 

Cockshutt AM, Campbell DA, Finkel ZV. 2010. Physiological basis for high resistance to 

photoinhibition under nitrogen depletion in Emiliania huxleyi. Limnology and Oceanography 

55: 2150–2160. both showing that the high PAR tolerance of E. hux related to very strong 

repair capacities, rather than intrinsic resistance to photoinactivation, per se. It would be 

worth noting that UV is a strong inhibitor of PSII repair, as well as acting through direct 

inhibition of PSII. So it could be that the coccoliths protect PSII repair from UV inhibition. 

I now read you briefly make this point in the discussion, citing Gao 2007. 

Response: We thank the reviewer for this constructive comments.  We added a sentence in 



the last paragraph of introduction and cited extra references.  The mentioned references 

above were cited in the introduction and discussion at lines 75 and 355.  

Materials & Methods: Fine 

Results: "Photochemical performance was measured for dark-adapted (15 min) cells 

in calcified, de-calcified or non-calcifying naked cells" 

The table and figure abbreviation Cal-R does not obviously suggest ’de-calcified’. Why 

not ’D-Cal’ or ’Cal-D’?. More generally, why erect abbreviations? Why not just write out 

’Calcified’, ’De-calcified’, and ’Naked’? In the text the naked strain is sometimes called 

naked, or sometimes ’non-calcifying’. Unify the terminology; pick a single name for each cell 

condition and use it throughout. 

 

Response: As you suggested, we corrected them as ’Calcified’, ’De-calcified’, and ’Naked’ 

 

Anonymous Referee #2 

Received and published: 2 June 2016 

Coccolithophores are an ecologically important group of marine phytoplankton that 

characteristically produce calcium carbonate plates (liths) internally and then secrete 

them to the cell surface. Exactly why coccolithophores produce liths has been the 

subject of considerable debate, with a range of possibilities raised. The manuscript 

by Xu et al has set out to test the hypothesis that the calcite from which the liths are 

constructed will absorb enough UV radiation to protect the cells from damage. 

The approach the authors have used is to compare the UV sensitivity (measured as 

growth, quantum yield of PSII and relative electron transport characteristics including 

non-photochemical quenching) in a calcified strain, a non-calcifying strain and the calcifying 

strain with the liths removed (which could be more clearly termed ‘decalcified’ 

in the text and figures/tables).  

Response: Corrected as “de-calcified” 

 The experimental approach is sound and the results are presented clearly and discussed 

thoroughly. I really only have some minor points the authors might like to consider. 

P 2 line 26: ‘for’ not ‘since’ 



Response: Corrected. 

P 3 line 52: delete ‘by’ 

Response: deleted. 

 

P 4 lines 72/72: shading effects could include scattering of light which is certainly a 

feature of coccolithophore blooms 

Response: We added this in the text and cited two papers to support it at lines 84-87. 

P 4 lines 73/74: a bit pedantic I know, but strictly speaking it is hard to see how liths 

could stimulate NPQ – presumably liths are affecting the light climate in some way that 

leads to up-regulation of NPQ 

Response: We think it is possible that NPQ is indirectly affected, which coincides with 

calcification. This sentence was deleted in the text. 

P 9 line 180 et seq.: I assume some of this loss of transmittance could be due to 

scattering by liths rather than absorbance? In Fig 1, the non calcifying strain has a 

lower transmittance in the UV than does the calcifying strain without liths - could this 

be because the non-calcifying strain employs another strategy (such as inducing UVscreening 

compounds) to ameliorate UVB? 

Response: We used a double beam UV-VIS-NIR spectrophotometer (PerkinElmer, 

Lambda950, USA) to obtain the absolute absorbance of liths, so that all the scattered light 

was recaptured. This was added in the Methods (lines 166-167).  It might be one of 

strategies against UV damage for non calcifying strain to synthesize UV screening 

compounds, and we added this in the discussion at lines 320-323.  

 

P 10 lines 201-203: A significant decrease in rETRmax would, if alpha is unaffected, 

be expected to show a decrease in Ik (given the relationship Ik=rETRmax/alpha) so the 

lack of an effect on Ik seems odd. In fact there does seem to be a difference but it is 

statistically non-significant. 

Response: Considering the relationship Ik=rETRmax/alpha, it would be true. In our results,  

there are differences in Ik between Calcified and De-calcified cells, which is only statistically 

different at P>0.05. Since alpha is lower in De-calcified cells than that in calcified cells, 



which is not statistically different at P<0.05, Ik=rETRmax/alpha could not statistically be 

different.  

 

P 11 discussion lines 233- 234: While I don’t disagree with the authors conclusions, 

you have to be a bit careful in making claims that the liths are causing the differences 

in growth rate between the naked and calcifying strain based on only one strain of each 

phenotype (certainly when grown indoors). Would all naked strains grow more slowly 

than all calcified strains? Remember also that calcification leads to internal generation 

of CO2 - although it has been shown elegantly by Bach et al 2013 that there is no 

obligatory coupling between calcification and photosynthesis. The differential impact 

of UVB on growth is though compelling! 

Response: We have revised the conclusion, now it reads “It has to be noted that our 

experimental data is based on only two strains of a naked and calcified E. huxleyi. However, 

similar trends in photophysiology between naked and decalcified in comparison to calcified 

cells suggest that coccoliths of E. huxleyi play an important role in protecting this species 

against harmful solar radiation especially UV-A and UV-B. Furthermore, the reported 

absence of photoinhibition in this alga at high light levels also appears to be connected to the 

coccosphere of E. huxleyi or its calcification process. In view of ongoing ocean change, the 

projected shoaling of the upper mixed layer (UML) caused by global warming and 

progressive ocean acidification that reduces the thickness or the number of coccoliths per cell 

(Gao et al., 2009; De Bodt et al., 2010) could reduce E. huxleyi growth rates within the UML 

due to increased UVR exposure. ”   
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Abstract 26 

Coccolithophores are a group of phytoplankton species which cover themselves 27 

with small scales (coccoliths) made of calcium carbonate (CaCO3). The reason why 28 

coccolithophores form these calcite platelets has been a matter of debate for decades 29 

but has remained elusive so far. One hypothesis is that they serve a role in light/UV 30 

protection, especially in surface dwelling species like Emiliania huxleyi which can 31 

tolerate exceptionally high levels of solar radiation. In this study, we tested this 32 

hypothesis by culturing a calcified and a naked strain under different light conditions 33 

with and without UV radiation. The coccoliths of E. huxleyi reduced the transmission 34 

of visible radiation (400-700 nm) by 7.5%, UV-A (315-400 nm) by 14.1% and UVB 35 

(280-315 nm) by 18.4%. Growth rates of the calcified strain (PML B92/11) were 36 

about 2 times higher than those of the naked strain (CCMP 2090) under indoor 37 

constant light levels in the absence of UV radiation. When exposed to outdoor 38 

conditions (fluctuating sunlight with UV radiation), growth rates of calcified cells 39 

were almost 3.5 times higher compared to naked cells. Furthermore, relative electron 40 

transport rate was 114% higher and non-photochemical quenching (NPQ) 281% 41 

higher in the calcified compared to the naked strain, implying higher energy transfer 42 

associated with higher NPQ in the presence of calcification. When exposed to natural 43 

solar radiation including UV radiation, maximal quantum yield of photosystem II was 44 

only slightly reduced in the calcifid but strongly reduced in the naked strain. Our 45 

results reveal an important role of coccoliths in mitigating light and UV stress in E. 46 

huxleyi.  47 

 48 

Key words: coccoliths, Emiliania huxleyi, light protection, growth, photosynthetic 49 

performance, UV radiation  50 

删除的内容: since  

删除的内容: calcifying  
删除的内容: non-calcifying 

删除的内容: calcifying  

删除的内容: on-calcifying 

删除的内容: calcifying  
删除的内容: non-calcifying 

删除的内容: calcifying  
删除的内容: non-calcifying 



3 
 

 60 

1 Introduction 61 

Coccolithophores are a group of marine phytoplankton species which are able to 62 

precipitate CaCO3 in the form of small calcitic scales (coccoliths) surrounding the 63 

organic part of the cell. They contribute about 1-10% to marine primary production 64 

(Poulton et al., 2007) and approximately 50% to pelagic deep ocean CaCO3 sediments 65 

(Broecker and Clark, 2009). Blooms of coccolithophores can cover up to 8 million 66 

km2 of the Earth’s surface (Moore et al., 2012), and are considered to be important 67 

drivers of biogeochemical cycling (Rost and Riebesell, 2004).  68 

Despite intense research on coccolithophore calcification and its biogeochemical 69 

relevance during the last decade, it is still an unresolved question why 70 

coccolithophores calcify (Young, 1994; Raven and Crawfurd, 2012). One hypothesis 71 

is that the layer of coccoliths surrounding the cell (coccosphere) protects the organism 72 

from excess light and UV radiation. This notion is supported by the exceptionally 73 

high light tolerance of the surface layer dwelling species Emiliania huxleyi (Nanninga 74 

and Tyrell, 1996; Ragni et al., 2008; Gao et al., 2009; Loebl et al., 2010).  75 

Physiological studies investigating the light tolerance of E. huxleyi showed that the 76 

radiation wavelength matters in this context. The coccosphere does not seem to 77 

constitute a protection against very high intensities of photosynthetically active 78 

radiation (PAR) since non-calcifying E. huxleyi cells are equally resistant to 79 

photoinhibition as their calcifying counterparts (Nanninga and Tyrrell, 1996). This is 80 

in clear contrast to the influence of stressful ultraviolet radiation (UVR) on the cells 81 

where results from different physiological experiments support a protective role of the 82 

coccoliths (Gao et al., 2009; Guan and Gao, 2010; Gao et al., 2012). Protection from 83 

UVR or high light exposures by coccoliths may either work by physically shading 84 
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intracellular organelles or by strongly scattering light which is certainly a feature of 86 

coccolithophore blooms (Balch et al., 1996; Voss et al., 1998). The underlying 87 

mechanisms, however, are not well understood and warrant further investigations.  88 

   UVR strongly contributes to photoinhibition of photosystem II (e.g. Hakala-Yatkin 89 

et al., 2010)  and effectively inhibits repair processes (Ragni et al., 2008). Therefore, 90 

it is likely that the coccoliths protect PSII repair from UV inhibition. In this study we 91 

explore in more detail how different PAR and UV radiation (280-400 nm) treatments 92 

affect calcified and naked E. huxleyi cells. Specifically we address the question 93 

whether the coccosphere of E. huxleyi helps the cells to withstand stressful levels of 94 

PAR and/or UV radiation and whether calcification influences photochemical 95 

performance.  96 

 97 

2. Materials and Methods 98 

2.1 Materials and pre-culture conditions  99 

Calcified E. huxleyi (PML B92/11 isolated in the Raunefjord area, Bergen, Norway) 100 

and naked cells (CCMP 2090 isolated in the South Pacific) were used in the 101 

experiments. Both strains were grown in triplicate cultures (300 ml square glass 102 

bottles) at 15oC in 0.2 μm filtered natural seawater (gathered from the Gulf of Biscay) 103 

at a photon flux density of 500 μmol photons m-2 s-1 on a 16/8 light/dark cycle. The 104 

natural seawater medium was enriched with 64 µmol L-1 nitrate, 4 µmol L-1 phosphate, 105 

f/8 concentrations of a trace metal and vitamin mixture (Guillard & Ryther 1962), and 106 

10 nmol kg-1 selenium. Pre-cultures and experimental incubations in semi-107 

continuously diluted batch cultures (>8 generations) ensured exponential growth 108 

throughout the experiment.  109 

2.2 Experimental setup 110 
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2.2.1 Indoor growth experiments 130 

After pre-culture for at least 8 generations, the cells of calcified and naked strains 131 

were inoculated in the same glass bottles of 300 ml and cultured under the same 132 

condition as pre-cultures, maintaining the cell concentrations at exponential growth 133 

within a range of 3-10*104 cells/ml. 134 

2.2.2 Outdoor growth experiments 135 

Following the indoor growth experiment, the cells were transferred into quartz 136 

tubes (100 ml) for the outdoor growth experiment and were exposed to natural solar 137 

radiation at the institution’s pier. The cultures were maintained outside in a flow-138 

through water tank, where the seawater temperature was maintained within a range of 139 

14-16oC. After the cells had acclimated for 7 days under the solar radiation, aliquots 140 

of the cell cultures were transferred to new quartz tubes filled with fresh medium 141 

before measurements were taken. For the outdoor cultures, the cells received 60% full 142 

spectrum solar radiation (the quartz tubes wrapped with neutral density screens). The 143 

daytime average intensities (from 7:00 am to 5:00 pm) of PAR, UV-A and UV-B 144 

which the cells received during the outdoor experiment were about 260 µmol photons 145 

m-2 s-1 (about 53 W m-2), 12.4 and 0.34 W m-2, respectively. 146 

2.2.3 Short-term incubation experiments 147 

Short-term incubation experiments were carried out to test UV effects around noon 148 

time on a cloudy day and sunny day, respectively. Three different radiation treatments 149 

were implemented as follows: 1) Cells in uncovered quartz tubes, receiving the full 150 

spectrum of solar radiation (above 280 nm, PAB treatment); 2) cells in quartz tubes 151 

covered with Folex 320 (Montagefolie, Nr. 10155099, Folex, Dreieich, Germany), 152 

exposed to UV-A and PAR (above 320 nm, PA treatment); and 3) cells receiving only 153 

PAR (P treatment) in quartz tubes covered with Ultraphan film 395 (UV Opak, 154 
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Digefra, Munich, Germany). The transmission spectra of the quartz tubes and the cut-157 

off foils are given by Zheng and Gao (2009). A time-course experiment was also 158 

conducted around noon under full solar spectrum conditions.  159 

2.3 Absorptivity of coccoliths 160 

We examined absorption spectra of the cells with or without coccoliths to get an 161 

indication on how much light and/or UV are blocked by the coccosphere. Therefore, 162 

calcified cells, de-calcified cells and cells of the naked strain were filtered onto 163 

Whatman GF/F glass fiber filters (25 mm), and then were subsequently placed at the 164 

window near the detector of a double beam UV-VIS-NIR spectrophotometer 165 

(PerkinElmer, Lambda950, USA) which can obtain the absolute absorbance of 166 

coccoliths based on the recaptured scattered light. The absorption of the GF/F filter 167 

was corrected with a control filter which was soaked with particle free culture 168 

medium (Kishino et al., 1985).  169 

2.4 Growth measurement 170 

Cell densities were measured during a period of 7 days with a particle counter 171 

(Coulter Z1, Beckman). The specific growth rate was calculated as: μ (d-1) = (lnNt-172 

lnN0)/t, where N0 and Nt represent the cell concentrations at the beginning and the end 173 

of the incubations and t is the incubation time in days. 174 

2.5 Chlorophyll fluorescence measurement  175 

Parameters of in vivo induced chlorophyll a fluorescence of photosystem II were 176 

estimated by a phyto-pulse amplitude modulated fluorometer (Phyto-PAM, Walz). 177 

The maximum quantum yield of PSII (Fv/Fm) was calculated as: Fv/Fm=(Fm- 178 

Fo)/Fm; where Fo is the basal fluorescence under measuring light of 0.2 µmol 179 

photons m-2 s-1 and Fm the maximal fluorescence measured with a saturating light 180 

pulse of 5000 µmol photons m-2 s-1 (0.8 s) in dark-adapted (15 min) cells.  181 
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In order to compare the transmission of the same strain with or without coccoliths 187 

and to relate this to that of the naked strain, the calcified strain was de-calcified with 188 

HCl (1 mol/L, the final concentration is 0.01 mol/L) for 10 s and subsequent recovery 189 

of the pH with equimolar amounts of NaOH. Photochemical performance was 190 

measured for dark-adapted (15 min) cells in calcified, de-calcified or naked cells. De-191 

calcified cells revealed Fv/Fm values similar to those obtained prior to de-192 

calcification. The actinic light levels were set at 533, 1077 and 2130 µmol photons m-193 

2 s-1, respectively (growth light, saturated light and over-saturated light). Non-194 

photochemical quenching (NPQ) was calculated as: NPQ = (Fm-Fm')/Fm', where Fm 195 

was the maximum fluorescence yield after dark adaptation and Fm' the maximum 196 

fluorescence yield under the actinic light levels.  197 

To determine rapid light curves (RLCs, electron transport rate vs light), the cells 198 

were exposed to 10 different PAR levels in sequence (87, 140, 263, 382, 449, 611, 199 

778, 993, 1195 and 1391 µmol photons m-2 s-1), each of which lasted for 20 s. The 200 

relative electron transport rate (rETR) was assessed as: rETR = Yield × 0.5 × PFD, 201 

where the yield represents the effective quantum yield of PSII (Fv′/Fm′); the 202 

coefficient 0.5 takes into account that roughly 50% of all absorbed quanta reach PSII; 203 

and PFD is the photon flux density of the actinic light (µmol m-2 s-1) (Genty et al., 204 

1989). 205 

To examine immediate photochemical responses of the cells to UV radiation, the 206 

cells were exposed to the three different solar radiations (see above) for 60 min during 207 

noontime under natural solar radiation. The effective quantum yield was calculated as: 208 

Fv′/Fm′= (Fm′− Ft) / Fm′, where Fm′ and Ft are the maximal fluorescence and steady 209 

state fluorescence in the light adapted cells, respectively.  210 

2.6 Measurement of solar irradiances  211 
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 Solar PAR was measured using a Quantum Scalar Laboratory Irradiance Sensor 214 

(QSL-2100/ 2101, Biospherical Instruments, San Diego, USA). The measured values 215 

were recorded every 10 s and saved on a computer. Solar UV-A and UV-B radiation 216 

were measured with a radiometer (PMA 2100 Solar Light Co., Glenside, USA), the 217 

mean irradiances of solar UV-A and UV-B during the experimental periods were 218 

confirmed according to the ratios of UV-A /UV-B to PAR at the experimental 219 

location.  220 

2.7 Statistics 221 

The data were expressed as the means ± standard deviation (SD). Statistical 222 

significance of the data was tested with software of Origin 9.0 (one way ANOVA, 223 

Tukey’s post-hoc test). A confidence level of 95% was used in all analyses. 224 

 225 

3 Results 226 

The coccolith layer of E. huxleyi absorbed  both visible and UV radiation. It reduced 227 

the transmission of visible radiation (400-700 nm) by 7.5%, UV-A (315-400 nm) by 228 

14.1% and UVB by 18.4% (280-315 nm) relative to de-calcified cells and 6.5% for 229 

PAR, 6.6% for UV-A and 5.1% for UV-B, relative to naked cells (Fig. 1). The 230 

specific growth rate of calcifying E. huxleyi strain (PML B92/11) was about 2 times 231 

higher than that of the naked strain (CCMP 2090) (P < 0.05) when grown at 500 μmol 232 

photons m-2 s-1 of PAR under indoor conditions (Fig. 2A). Growth rates of both 233 

strains were significantly (P < 0.05) reduced when the cells were transferred outdoor 234 

and exposed to natural solar radiation. However, under outdoor conditions, growth 235 

rates of calcified cells were 3.5 times higher than those of the naked cells, indicating 236 

that the latter was more harmed by the solar exposure than the former (Fig. 2A). The 237 

cell diameter was not significantly different in the calcified cells between the indoor 238 
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and outdoor conditions (P > 0.05), but an 18% increase was found in the naked cells 242 

after they had grown under the outdoor conditions for 7 days (P < 0.05) (Fig. 2B). The 243 

maximal quantum yield (Fv/Fm) decreased when the cells were transferred from 244 

indoor to the outdoor conditions, reflecting a harmful effect of solar radiation. The 245 

decrease of Fv/Fm, however, was much more pronounced in the naked cells (27%) 246 

compared to calcified cells (11%) (Fig. 2C).  247 

Calcified cells had significantly higher apparent light use efficiency (α), maximal 248 

electron transport rate (rETRmax) and light saturation parameters (Ik) compared with 249 

naked cells. The de-calcified cells of the calcified strain showed a remarkable 250 

decrease of rETRmax (P < 0.05), and also alpha and Ik decreased, however 251 

statistically not significantly (Fig. 3, Table 1). Increased actinic light levels 252 

(acclimating light during the fluorescence measurement) led to higher NPQ in both 253 

the calcified and naked strain (Fig. 4). Furthermore, calcified cells showed higher 254 

NPQ values compared to naked cells (p < 0.05).  255 

When exposed to full spectrum solar radiation, the quantum yield of calcified cells 256 

showed no significant change during the first 30 min (P > 0.05). After 30 minutes, 257 

quantum yield quickly dropped from about 0.35 to 0.22 for ~20 min (P < 0.05) 258 

followed by a slight recovery in the last 25 minutes. A similar trend was observed in 259 

the de-calcified cells with the key difference that the sharp decrease already happened 260 

during the first 10 min. Quantum yield of the naked cells decreased constantly for the 261 

first 50 minutes and remained at the low level thereafter (Fig. 5).   262 

No effect of the radiation treatment (P, PA and PAB radiation) on the quantum 263 

yield of calcified cells was observed after the cells grown under indoor condition were 264 

transferred to outdoor solar radiation for 1h exposure (very cloudy day, average PAR, 265 

UV-A and UV-B were 481µmol photons m-2 s-1, 22.1 and 0.7 W m-2, respectively) (P > 266 
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0.05). Quantum yield was significantly higher in the naked cells, however, when they 280 

were exposed to UVA radiation (PA vs. P treatment, P < 0.05 Fig. 6A).  281 

Similar responses were observed when the same test was done on a sunny day with 282 

average PAR, UV-A and UV-B of 1605 µmol photons m-2 s-1, 69 and 2.4 W m-2, 283 

respectively. Here, the quantum yield of the calcified cells showed no significant 284 

difference between the different light treatments but it decreased significantly under 285 

PAB treatment compared to P treatments in the naked cells (P < 0.05) (Fig. 6B).  286 

 287 

4 Discussion 288 

Various hypotheses were proposed for the possible functions of coccoliths, but 289 

none of them is supported by sufficient evidence (Young, 1994; Raven and Crawfurd, 290 

2012). One important function of coccoliths for surface-dwelling species such as E. 291 

huxleyi could be the protection against high photon flux densities, especially UV 292 

radiation (Berge, 1962; Young, 1994; Gao et al., 2009).  293 

Some of our results support this hypothesis. The growth rate of the calcified cells of 294 

E. huxleyi grown under indoor conditions was about 2 times higher than that of naked 295 

cells. This difference came out even stronger, with growth rates 3.5 times higher in 296 

calcified versus naked cells, when the cells were exposed to full spectrum solar 297 

radiation (Fig. 2A). This could potentially be attributed to the screening of PAR, UV-298 

A, and UV-B by coccoliths. Although the daytime PAR of solar radiation was 299 

reduced to about half of the light level of the indoor test, noon time PAR levels were 300 

higher than 500µmol photons m-2 s-1, and the presence of UV could lead to more 301 

harms to the naked cells. Light protection by coccoliths is further supported by the 302 

Fv/Fm measurements. The maximum photochemical efficiency of PSII was only 303 

slightly reduced in calcified cells but significantly decreased in naked cells when they 304 
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were exposed to natural solar PAR and UV radiation (Fig. 2C). Furthermore, 308 

photochemical performance of de-calcified cells decreased significantly faster and 309 

stronger with time compared calcified cells (Fig. 5). 310 

The diameter of calcified cells did not significantly change when they were 311 

exposed to the full spectrum of solar radiation. The diameter of the naked cells, 312 

however, increased significantly (Fig. 2B). Perhaps, the naked cells experienced more 313 

DNA damage and so did not enter the S phase regularly (Buma et al., 2000). 314 

Alternatively, it may reflect a strategy to acclimatize to stressful solar UV radiation 315 

since it is well known that smaller cells are usually more sensitive to UV than their 316 

larger counterparts (Garcia-Pichel, 1994; Laurion and Vincent, 1998). Some field and 317 

laboratory studies showed increased cell size with increased UV exposures (Buma et 318 

al., 2000), which can be interpreted as adaptive or acclimation mechanism for 319 

protecting the cells against UV radiation. Furthermore, the naked cells might also 320 

employ other strategies such as synthesizing UV screening compounds  to ameliorate 321 

UV stress because the naked strain had a lower UV transmittance than the decalcified 322 

strain. 323 

Several studies found that coccoliths do not protect E. huxleyi from excess PAR 324 

(Nanninga and Tyrrell, 1996; Houdan et al., 2005; Trimborn et al., 2007). However, 325 

UV radiation was not considered in these experiments. Our results showed that the 326 

naked cells were more sensitive to full spectrum solar radiation than calcified cells 327 

and even in the same strain, the photochemical performance of de-calcified cells 328 

decreased significantly when comparing the calcified cells. This suggests that 329 

coccoliths efficiently protect the cells from solar UV radiation.  330 

On the other hand, E. huxleyi appears to be more sensitive to UV-B irradiances than 331 

other phytoplankton species, and its growth rate and physiological performances were 332 

删除的内容: on-calcifying  

删除的内容: on-calcifying  

删除的内容:   
删除的内容: Alternatively, 
删除的内容: another 
删除的内容: y 
删除的内容: ( 
删除的内容: s 
删除的内容: in the UV than does the  
calcified strain without coccoliths. 
删除的内容:  .  

删除的内容: on-calcifying 



12 
 

highly inhibited by UV radiation (Peletier et al., 1996; Buma et al., 2000; Xu et al., 345 

2011). However, competition tests for community changes are rare, and longer-term 346 

experiments with less extreme UVR would be more ecologically and evolutionarily 347 

relevant (Raven and Crawfurd, 2012). In our work, UVR had no significant effect on 348 

the quantum yield of calcified cells regardless of high or low light condition but it 349 

showed inhibition in naked cells when they were exposed to high solar light (Fig. 6A, 350 

B). This provides further evidence for protection by coccoliths against UV radiation.  351 

On the cloudy day, no significant difference was observed among the treatments for 352 

the calcified cells; on the sunny day, under the fluctuating light (data not shown) 353 

calcified cells manage to refurbish damage to their photosynthetic apparatus by 354 

balancing damage and repair (Gao et al., 2007; Ragni et al., 2008; Loebl et al., 2010). 355 

For the naked cells, on the other hand, UV damage was not effectively repaired, 356 

leading to the observed negative effect on photosynthetic performance.  357 

It has to be noted that our experimental data is based on only two strains of a naked 358 

and calcified  E. huxleyi. However, similar trends in photophysiology between naked 359 

and decalcified in comparison to calcified cells suggest that coccoliths  of E. huxleyi 360 

play an important role in protecting this species against harmful solar radiation 361 

especially UV-A and UV-B. Furthermore, the reported absence of photoinhibition in 362 

this alga at high light levels also appears to be connected to the coccosphere of E. 363 

huxleyi or its calcification process. In view of ongoing ocean change, the projected 364 

shoaling of the upper mixed layer (UML) caused by global warming and progressive 365 

ocean acidification that reduces the thickness or the number of coccoliths per cell 366 

(Gao et al., 2009; De Bodt et al., 2010) could reduce E. huxleyi growth rates within 367 

the UML due to increased UVR exposure.  368 
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 518 

Figure captions 519 

Figure 1. Transmission spectra of cells with (calcified strain) and without (calcified 520 

strain with coccoliths removed artificially, de-calcified strain) coccolith cover and 521 

naked cells of Emiliania huxleyi. 522 

 523 

Figure 2. The specific growth rate (μ) (A), diameter (B) and maximum quantum yield 524 

(C) of PSII (Fv/Fm) of the calcified and naked cells of E. huxleyi grown in indoor and 525 

outdoor conditions. Different letters represent significant difference between the 526 

indoor and outdoor experiments. Different horizontal lines represent significant 527 

difference between the different strains.  528 

 529 

Figure 3. The relative electron rate (rETR) of calcified, de-calcified and naked cells 530 

of E. huxleyi grown under indoor conditions as function of PAR. The cells had been 531 

grown for 12-22 generations under 500 µmol photons m-2 s-1 of PAR. 532 

 533 

Figure 4. The non-photochemical quenching (NPQ) of calcified and naked cells of E. 534 

huxleyi grown under indoor conditions. Different letters represent significant 535 

difference among the light levels. Different horizontal lines represent significant 536 

difference among the different type cells.  537 

 538 

Figure 5. The time course of quantum yield of calcified, de-calcified and naked cells 539 

of E. huxleyi under full spectrum solar radiation (noontime, average PAR, UV-A and 540 

UV-B were 1082µmol photons m-2 s-1, 48.1 and 1.6 W m-2, respectively). 541 
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Figure 6. The change of quantum yield of the calcified and naked cells of E. huxleyi 560 

when transferred from indoor to outdoor conditions, being exposed to PAR alone (P), 561 

PAR+UVA(PA) and PAR+UVA+B(PAB) for 60 min at around noon time. A, 562 

measured under a cloudy day (average PAR, UV-A and UV-B were 481µmol photons 563 

m-2 s-1, 22.1 and 0.7 W m-2, respectively); B, measured under a sunny day (average 564 

PAR, UV-A and UV-B were 1605 µmol photons m-2 s-1, 69 and 2.4 W m-2).  Different 565 

letters represent significant difference among the light treatments. Different horizontal 566 

lines represent significant difference between the different strains.  567 
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 586 

 587 

 588 

Table 1. Photosynthetic parameters of relative electron transport rate (Figure 3) as a 589 

function of PAR, different letters represent significant difference (P<0.05) among the 590 

calcified, de-calcified and naked cells. 591 

 α rETRmax Ik 

Calcified 

De-calcified 

naked 

0.23±0.02a 

0.20±0.01a 

0.17±0.02b 

90.6±9.0a 

73.5±3.5b 

42.3±8.5c 

1010.8±95.0a 

986.3±27.4a 

621.8±111.1b 

 592 

 593 

 594 

 595 

 596 

 597 

 598 

 599 

 600 

 601 

 602 

 603 

 604 

 605 

 606 

删除的内容: he treatments 

删除的内容: Cal-C 

删除的内容: Cal-R 

删除的内容: N-Cal 



20 
 

 611 

 612 

 613 

 614 

200 300 400 500 600 700 800

0.2

0.4

0.6

0.8

1.0  Calcified
 De-calcified
 Naked

Tr
an

sm
iss

io
n

Wavelength (nm)

 

  615 

 616 

 617 

Fig. 1 618 

 619 



21 
 

 620 

 621 

Fig. 2 622 



22 
 

 623 

 624 

 625 

 626 

0 200 400 600 800 1000 1200 1400

0

20

40

60

80

100

rE
TR

 (µ
m

ol
 e

-  m
-2
 s

-1
)

PAR (µmol photons m-2 s-1)

 Calcified
 De-calcified
 Naked

 

 

  627 

 628 

 629 

Fig. 3 630 

 631 

 632 

 633 

 634 

 635 

 636 

 637 

 638 



23 
 

 639 

 640 

 641 

 642 

 643 

 644 

 645 

 646 

 647 

Fig. 4 648 

 649 

 650 

 651 

 652 

533 1077 2130
0.0

0.6

1.2

1.8

2.4

3.0

b

c

b b
a

NP
Q

 Calcified
 Naked

Actinic light (µmol photons m-2 s-1)

a
 

 



24 
 

 653 

 654 

 655 

 656 

 657 

Fig. 5 658 

 659 

 660 

 661 

 662 

 663 

0 10 20 30 40 50 60 70 80
0.0

0.1

0.2

0.3

0.4

Yi
el

d

Time (min)

 Calcified
 De-calcified
 Naked

 

 



25 
 

 664 

 665 

Fig. 6 666 

 667 

 668 

 669 

 670 

 671 


	bg-2016-129-author_response-version1.pdf (p.1-4)
	bg-2016-129-manuscript-version2.pdf (p.5-29)

