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2 

Abstract 22 

Strains of the coccolithophore Emiliania huxleyi (Haptophyta) collected from the subarctic 23 

North Pacific and Arctic Oceans in 2010 were established as clone cultures and have been 24 

maintained in the laboratory at 15°C and 32‰ salinity. To study the physiological responses 25 

of coccolith formation to changes in temperature and salinity, growth experiments and 26 

morphometric investigations were performed on two strains, namely MR57N isolated from 27 

the northern Bering Sea and MR70N at the Chukchi Sea. This is the first report of a detailed 28 

morphometric and morphological investigation of Arctic Ocean coccolithophore strains. The 29 

specific growth rates at the logarithmic growth phases in both strains markedly increased as 30 

temperature was elevated from 5°C to 20°C, although coccolith productivity (estimated as the 31 

percentage of calcified cells) was similar at 10–20% at all temperatures. On the other hand, 32 

the specific growth rate of MR70N was affected less by changes in salinity in the range 33 

26−35‰, but the proportion of calcified cells decreased at high and low salinities. According 34 

to scanning electron microscopy (SEM) observations, coccolith morphotypes can be 35 

categorized into Type B/C on the basis of their biometrical parameters. The central area 36 

elements of coccoliths varied from thin lath type to well-calcified lath- type when 37 

temperature was increased or salinity was decreased, and coccolith size decreased 38 

simultaneously. Coccolithophore cell size also decreased with increasing temperature, 39 

although the variation in cell size was slightly greater at the lower salinity level. This 40 

indicates that subarctic and arctic coccolithophore strains can survive in a wide range of 41 

seawater temperatures and at lower salinities with change in their morphology. Because all 42 

coccolith biometric parameters followed the scaling law, the decrease in coccolith size was 43 

caused simply by the reduced calcification. Taken together, our results suggest that 44 

calcification productivity may be used to predict future oceanic environmental conditions in 45 

the Polar Regions. 46 

47 
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1. Introduction 48 

Sea-ice reduction due to global warming has become a major concern in the Arctic and 49 

Subarctic regions due to its induction of various environmental changes (e.g., Post et al., 50 

2013; Wassmann et al., 2011). As a constituent of oceanic ecosystems, phytoplankton is an 51 

important primary producer and a key marker for understanding changes in the oceanic 52 

environment (e.g., Fujiwara et al., 2014; Harada et al., 2012). A large-scale change in the 53 

oceanic environment was observed as a climatic regime shift in the subpolar Pacific region, 54 

such as the Bering Sea, in 1976–1977 (Mantua et al., 1997). Siliceous diatoms are the 55 

dominant primary producers in that location (Tsunogai et al., 1979), but an increase in the 56 

population of the calcareous haptophyte Emiliania huxleyi is suggested by the alkenone 57 

biomarkers preserved in the oceanic sediments (Harada et al., 2012). The reduction of sea ice 58 

in the northern Chukchi Sea from 2008 to 2010 has influenced the phytoplankton distribution 59 

pattern (Fujiwara et al., 2014). The shorter sea ice retreat in 2008 resulted in haptophyte 60 

dominance in warm water (~5°C), while the longer sea ice retreat in 2009 and 2010 led to 61 

prasinophytes predominating in cold water (<0°C). Thus, the composition of marine 62 

phytoplankton communities is sensitive to environmental changes in oceanic environments. 63 

The coccolithophore E. huxleyi, which belongs to the Family Noëlaerhabdaceae, Order 64 

Isochrysidales, Class Prymnesiophyceae in the Haptophyta, is one of the most investigated 65 

phytoplankton species because of its marked ability to fix carbon dioxide, which enables it to 66 

produce considerable quantities of biomass during blooms, having a marked impact on the 67 

global climate. It is broadly distributed from the equator to subpolar oceans (e.g., Beaufort et 68 

al., 2011; Hagino et al., 2011; Liu et al., 2009), and produces calcified scales called coccoliths. 69 

The distal and proximal shield elements, central opening size, and calcite crystals of 70 

coccoliths exhibit complex morphologies.  71 

Young et al. (2003) systematized the morphotypes of coccoliths of coccolithophores. In E. 72 

huxleyi, three well-established morphotypes (Types A, B, and C) and two additional 73 

morphotypes (Types B/C and R) were categorized in addition to E. huxleyi var. corona. 74 

Hagino et al. (2011) classified coccolith morphotype into seven types, and further grouped 75 

into the four cross-sectioned types : (1) Type A and Type R with moderate to heavily calcified 76 

distal shields that are larger than the proximal shields, a grilled central area, and a length of 77 

distal shield (LDS) less than 4 μm; (2) E. huxleyi var. corona, whose distal and proximal 78 

shields and central area are similar to those of Group (1) but whose central tube elements are 79 

elevated and whose LDS is 3.5–4.5 μm; (3) Type B, Type B/C, and Type C, with lightly 80 

calcified distal shields that are smaller than the proximal shields and a fully calcified central 81 
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area but their LDSs change from larger (>4 µm) to smaller (<3.5 µm); and (4) Type O, whose 82 

distal and proximal shields are similar to those of Group (3) but the central area is opened and 83 

lacks calcification. Young and Ziveri (2000) and Poulton et al. (2011) estimated the calcite 84 

contents of Types A, B, and B/C. Because the estimation is proportional to the cube of the 85 

coccolith shield length, calcite contents were in the following order from highest to lowest: 86 

Type B, Type A, and Type B/C.  87 

Concerning the oceanographic distribution of Type A and Type C, defined by Young and 88 

Westbroek (1991), approximately correspond to warm- and cold-water types, described by 89 

McIntyre and Bé (1967), respectively, although Type C has not always been reported in cold-90 

water environments (Young and Westbroek, 1991; Hagino et al., 2011). Recent studies 91 

performed in the Southern Ocean also suggest that coccolith morphotypes are distinct 92 

ecotypes in the coccolithophore E. huxleyi because Type A is abundant in warm and nutrient-93 

poor water while Type B/C is abundant in cold and nutrient-rich water (Poulton et al. 2011).  94 

The relationships between coccolith size and various environmental factors, such as 95 

growth phase, temperature, salinity, and nutrients, have been investigated using E. huxleyi 96 

cultures (e.g., Watabe and Wilbur, 1966; Young and Westbroek, 1991; Paasche 2001; Fielding 97 

et al., 2009). Young and Westbroek (1991) investigated the size of coccolith at the end of 98 

growth phase, resulting that Type A coccolith is normally smaller than Type B coccolith. 99 

However, both types showed an overlapping size distribution and also a Type A strain (Strain 100 

L) unusually produces large coccolith in the late stationary growth phase. Watabe and Wilbur 101 

(1966) reported that coccolith size decreased with increasing temperature at the end of 102 

growth phase; other authors have reported similar results for coccolithophore cell size 103 

(Sorrosa et al., 2005; De Bodt et al., 2010). Regarding the effects of salinity, Paasche et al. 104 

(1996) first reported that lower salinity was associated with a decrease in the length of the 105 

distal and proximal shield elements. Fielding et al. (2009) reported a linear correlation 106 

between salinity and the length of the distal shield. Phosphorous deficiency may induce over-107 

calcification, while nitrogen limitation may result in the production of less-calcified 108 

coccoliths (Paasche 1998).  109 

In this study, the effects of growth phase, temperature and salinity on coccolithophore 110 

growth and coccolith morphology investigated by SEM photometry were examined in two 111 

newly established strains of E. huxleyi isolated from the Bering Sea and Chukchi Sea during 112 

the MIRAI cruise (MR10-05) in 2010. There were marked changes in coccolith size and 113 

productivity (i.e., the percentage of calcified cells); we discuss the implications of this in 114 
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relation to calcification productivity under future oceanic environments in the Arctic Ocean.  115 

 116 

2. Materials and methods 117 

The samples were taken during the R/V MIRAI Arctic Ocean research cruise (MR10-05) 118 

organized by the Japan Agency for Marine-Earth Science and Technology (JAMSTEC) in 119 

August–October 2010. Strain names established as clones of the coccolithophore E. huxleyi 120 

(Lohman) Hay & Mohler were MR57N and MR70N, respectively. Those strains, MR57N 121 

and MR70N, were isolated from seawater samples obtained at 56°58’N, 167°11’W (Station: 122 

s15), and 4 m water depth in the Bering Sea (sampling date: October 15th, 2010; in situ 123 

temperature and salinity: not recorded  exactly, but SST at the nearest point determined on 124 

October 14th, 2010 is 3.6˚C) and at 69°99’N, 168°W (Station: 166), and 10 m water depth in 125 

the Chukchi Sea (in situ temperature and salinity: 5.73˚C and 31.22 ‰, respectively), 126 

respectively.  127 

Water samples were collected by a water-sampling system with CTD (Conductivity-128 

Temperature-Depth profiler, 12 litters x 36 bottles, SBE911 Plus/Carousel, Sea-Bird 129 

Electronics, Inc., USA) and also a continuous monitoring system set at sea surface level in 130 

the monitoring laboratory on R/V MIRAI. Water samples were filtrated through a 300-µm 131 

nylon mesh and then the filtrate water was used for preparing seawater for algal culture by 132 

mixing with seawater enriched with Erd–Schreiber’s medium (ESM) containing 10 nM 133 

sodium selenite, instead of soil extracts usually contained (Danbara and Shiraiwa, 1999).  134 

Those water samples had been maintained under weak illumination with a regime of light 135 

/dark (16/8 h) at light intensity of 10 μmol m–2 s–1 and at 4°C on board. For isolation of 136 

coccolithophores, algal samples highly diluted with ESM-seawater had been maintained in 137 

microplates for about two months on board according to so-called the dilution method. 138 

Afterwards, tens of single cells of coccolithophores were isolated from sea water sample by 139 

picking up under microscope. 140 

The strains were established as clones according to our previous report (Satoh et al. 2013) 141 

at the University of Tsukuba, Japan, as described above, but those are not axenic cultures. 142 

Currently, both strains are stored in the algal culture collection of the National Institute for 143 

Environmental Studies (NIES), Tsukuba, Japan (strain numbers: NIES3366 and NIES3362, 144 

respectively).  145 

Stock cultures of the MR57N and MR70N strains were maintained in MNK medium (Noël 146 

et al. 2004) in a 100 mL glass Erlenmeyer flask with an air-permeable, porous, silicone cap 147 
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under a light/dark regime of 16 h/8 h. Temperature was maintained at 4°C in a water bath 148 

equipped with a thermocontroller. The cultures were illuminated by a white 20 W fluorescent 149 

lamp at a light intensity of about 40 μmol photons m-2 s-1. As controls, two other strains of E. 150 

huxleyi obtained from the culture collections were used. One was strain MS1 of coccolith 151 

morphotype A (Hagino et al., 2011), obtained from The Roscoff Culture Collection 152 

(RCC1226; Station Biologique De Roscoff, Roscoff, France). The second was strain 153 

NIES1311 of coccolith morphotype O (Hagino et al, 2011), obtained from Culture Collection 154 

of the National Bioresource Project in NIES at the Bering Sea in August 2002. Stock cultures 155 

of both strains were maintained at 15°C in an incubator (MLR-350T; Panasonic Healthcare, 156 

Tokyo, Japan) under fluorescent lamps at a light intensity of 32−34 μmol photons m-2 s-1 157 

before use in experiments. 158 

Algal cells were transferred from stock cultures to pre-cultures and then grown to the 159 

stationary phase under the same conditions used for the subsequent experimental culture. 160 

Cultures involved three cycles of dilution and growth (three generations) to enable cells to 161 

acclimate to the experimental temperature or salinity conditions. Growth experiments were 162 

independently performed in triplicate in 200 mL glass conical flasks containing 100 mL 163 

culture medium. The culture medium was artificial seawater Marine Art SF-1 enriched with 164 

ESM micronutrient-enrichments in which soil extracts were replaced with 10 nM (final 165 

concentration) sodium selenite (Danbara and Shiraiwa 1999). Salinity was adjusted to 26‰, 166 

32‰, or 35‰, while pH was fixed at 8.2. Final concentrations of nitrate and orthophosphates 167 

in the medium were 1.4 mM and 28.7 μM, respectively. Temperature was set at various 168 

values using an incubator (TG-180-5L, Nippon Medical & Chemical Instruments, Osaka, 169 

Japan). The culture was illuminated using fluorescent lamps under an incident photon flux 170 

density of 100 μmol photons m-2 s-1 with a light/dark regime of 16 h/8 h. The growth rate at 171 

each temperature was calculated as the average value of triplicate experiments, and the error 172 

bars indicated the minimum and maximum values. 173 

At intervals, 1.5 mL cell suspension was harvested after gentle shaking every 2 days 174 

during the light period for enumeration of cells and preparation of samples for SEM 175 

observation. Cell counts were performed twice under a polarized microscope (BX-50, 176 

Olympus, Tokyo, Japan). The numbers of cells in 10 µL, including both calcified and non-177 

calcified (naked) cells, were determined using cell counting glass plate under the microscope 178 

and then the total numbers of cells were extrapolated from them. Samples for SEM 179 

observation were prepared by dropping 100 μL algal suspension on polycarbonate filters 180 
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(ATTP04700, Isopore membrane filter with 0.8 µm pore size, Millipore). After removing salts from 181 

the medium by washing with distilled water, the polycarbonate filters were dried on 182 

Whatman Nucleopore™ filters (GE Healthcare Japan, Tokyo, Japan). The polycarbonate 183 

filters with attached cells were mounted on SEM holders using carbon paste and then coated 184 

with Pt-Pd (E-1045, Hitachi Power Solutions, Ibaraki, Japan) for SEM observation (6330F, 185 

JEOL, Tokyo, Japan).  186 

As first, the sizes of cell and coccolith of MR57N strain were investigated at the different 187 

timing of the growth at each different temperature (see supplement). Based on the first 188 

experimental results, the other morphometric experiments of other strains were performed at 189 

the early timing of the logarithmic growth condition.  190 

For the photometric analyses, about 100 coccolithophore cells were observed by SEM per 191 

sample, and image analyses were performed using Image J (Image Processing and Analysis 192 

of Java: http://rsb.info.nih.gov/ij/).  193 

 194 

3. Results  195 

The MR57N and MR70N strains showed similar growth properties at 5°C to 20°C (Fig. 1, 196 

Table 1). The final cell densities obtained at the stationary growth phase were about 1×107 197 

cells mL-1 for all E. huxleyi strains, suggesting that growth limitation during the stationary 198 

growth phase was due to nutrient depletion (Fig. 1, Table 1). The specific growth rate (μ-199 

value) of MR70N increased linearly with temperature from 5°C to 2°C. The μ-value at 5°C (μ 200 

= 0.31−0.29 d-1) was about 40% lower than that at 20°C (μ = 0.78−0.86 d-1). The μ-value at 201 

20°C was similar to that of other strains, such as MS1 and NIES1311, isolated from the North 202 

Sea of the Atlantic Ocean and the Bering Sea and which exhibited values of 0.76 d-1 and 0.63 203 

d-1, respectively. However, both the MS1 and NIES1311 strains did not grow at <10°C (data 204 

not shown). The growth rates of whole cells of the MR70N strain at salinities of 26‰ and 205 

35‰ at 15°C were higher (μ = 0.6 and 0.58 d-1) than those at 32‰ (μ = 0.53 d-1) (Table 2). 206 

The growth rate of calcified cells increased with decreasing salinity from 0.32 d-1 to 0.42 d-1.  207 

The effect of temperature on calcification, namely coccolith productivity, was examined 208 

by monitoring the number of calcified and non-calcified cells. Interestingly, the numbers of 209 

calcified cells in cultures of strains MR57N and MR70N were lower than those of non-210 

calcified (naked) cells with the approximate proportion of 8 to 26 % (Fig. 1 and Table 1). 211 

Compared to the MR57N and MR70N strains, about half (56–41%) of MS1 and NIES1311 212 

cells were calcified, indicating that E. huxleyi MR strains were less extensively calcified 213 

under the culture conditions. The numbers of calcified cells decreased markedly to 1% at 214 

http://rsb.info.nih.gov/ij/
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both lower and higher salinities (Table 2). 215 

Morphometric parameters and the morphological properties of the newly established 216 

Bering and Chukchi strains MR57N and MR70N changed during culture under various 217 

conditions (Fig. 2-3). All measured parameters of cells and coccoliths of the MR57N and 218 

MR70N strains increased with decreasing temperature (Fig. 2d-g). The MS1 and NIES1311 219 

strains cultured at 20°C showed similar morphometric parameters, with the difference that the 220 

number of distal shield elements in MS1 was slightly lower than that in NIES1311 (Fig. 2g). 221 

MR57N and MR70N cells exhibited reductions in size of 5.3–5.5 μm to 4.4–5.0 μm as 222 

temperature increased from 5°C to 20°C (Fig. 2d). Moreover, average LDS values decreased 223 

from 4.10–4.15 μm at 5°C to 3.09–3.32 μm at 20°C (Fig. 2e). The LDS values of the MS1 224 

and NIES1311 strains at 20°C were similar to those of MR70N, whereas MR57N exhibited 225 

slightly higher values (Fig. 2e). The LICA values of the MR57N and MR70N strains were 226 

almost identical and decreased with increasing temperature. The LICA values of the MS1 and 227 

NIES1311 strains were identical (about 1.4 μm on average), but smaller than those of the MR 228 

strains (1.6–1.7 μm on average) at 20°C (Fig. 2f). The number of distal shield elements 229 

decreased with increasing temperature; this trend was similar to the changes in LICA and 230 

LDS in the MR57N and MR70N strains. At 20°C, the numbers of distal shield elements in 231 

the MR57N and MR70N strains (37 and 35 on average, respectively) were greater than those 232 

in the MS1 and NIES1311 strains (30 and 32 on average, respectively) (Fig. 2g). 233 

Consequently, cell and coccolith sizes of both MR strains were larger than those of the MS1 234 

and NIES1311 strains at 20°C. 235 

Figure 3 shows the effects of increasing temperature (5–20°C) on the relationship between 236 

cell diameters and LDS in E. huxleyi strains MR57N and MR70N cultured at a salinity of 237 

32‰. The sizes of both cells and coccoliths increased linearly with increasing temperature 238 

(Fig. 3a). The distribution of coccolith sizes overlapped with those of Types B, B/C, and C, 239 

which were defined previously by Young et al. (2003) and Hagino et al. (2011) (Fig. 3a). 240 

Figure 3b is drawn as the schematic model of the correlated cell and coccolith sizes at the 241 

higher and lower temperature. 242 

The morphology of coccoliths of both MR strains was characterized by fragile/delicate 243 

distal shield elements, a completely calcified or often lath-like central area element and a 244 

proximal shield element larger than the distal shield element (Fig. 2a–c). In addition, the 245 

length of the distal shield element (LDS) was 3–5 μm (3.3–4.3 on average) in cells cultured at 246 

various temperatures (Fig. 2e, 3a). Based on these properties, both the MR57N and MR70N 247 

strains can be classified as being of the Type B/C morphotype, which was defined previously 248 
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by Young et al. (2003) and Hagino et al. (2011). 249 

To further confirm the morphotype of MR strains, Figure 4 shows the relationship between 250 

the width of the distal shield elements and LDS. The width of the distal shield elements for 251 

all strains were less than 0.1 µm that is the range of morphotype B/C determined by Cook et 252 

al. (2011). However, the width of the distal shield element in MS1 was larger than that of the 253 

other strains. Since MS1 is categorized as morphotype A, the dashed line in Fig. 4 might be 254 

the boundary between the morphotype A and morphotype B reported by Young and 255 

Westbroek (1991).  256 

Because of the SEM observation of several central area morphology, we categorized 257 

coccolith and coccolithophore cell morphotypes into four sub-morphotypes (Types I–IV) and 258 

malformed types according to their morphological properties observed by SEM of E. huxleyi 259 

strains MR70N (Fig. 5). The definitions follow: Type I (Fig. 5-a1 and a2), the central area 260 

elements are completely calcified; Type II (Fig. 5-b1 and b2), the central area elements are 261 

partially calcified or exhibit lath-like structure similar to the central area of morphotype B or 262 

C classified by Young et al. (2003) and Young and Westbroek (1991); Type III (Fig. 5-c1 and 263 

c2), the central area is open with a hole in the center but the marginal area is well calcified 264 

without spaces; Type IV (Fig. 5-d1 and d2), the central area is open with a hole in the center 265 

and the other marginal area is not well calcified, showing lath-like structure; malformed type 266 

(Fig. 5-e2), the distal shield elements are not well calcified, showing an irregular morphology. 267 

Next, we designated ‘cell morphotypes’ according to coccolith type, which comprised the 268 

majority of cells (Fig. 5-a3-e3). For instance, Type I cells consisted of about 60–80% of Type 269 

I coccoliths and 20–40% of the other types of coccolith; therefore, small amounts of various 270 

types of coccolith are produced by a single cell (Fig. 5-a4). In contrast, cells with high 271 

proportions of coccoliths of various types were defined as “mixed types” to evaluate the 272 

proportion of the coccolithophore sub-morphotypes at each experiment (Fig. 6). 273 

Figure 6 shows the proportion of sub-morphotypes of coccolithophore cells in E. huxleyi 274 

MR57N, MR70N, MS1 and NIES1311 strains which were harvested at the early logarithmic 275 

growth phase. Strains MR57N and MR70N were nearly 100% Type II cells at 5°C; however, 276 

this proportion decreased with increasing temperature, which was accompanied by an 277 

increase in the proportion of Type I cells (Fig. 6). At 20°C, Type I cells made up 25% and 278 

35% of strains MR57N and MR70N, respectively. About 10% of cells were classified as 279 

malformed or mixed type coccoliths. However, only 7% and 85% were Type I and II cells, 280 

respectively, in the MS1 strain cultured at 20°C. On the other hand, 85% of NIES1311 cells 281 
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were Type O (defined by Hagino et al., 2011), the coccoliths of which have no central area 282 

element. In addition, about 10% were malformed or incomplete coccoliths (Fig. 6).  283 

When cell growth stage proceeded to the late logarithmic phase, the proportions of sub-284 

morphotypes were changed even in the same strain of E. huxleyi MR57N, as shown in Figure 285 

7. Cell diameter and LDS were increased proportionally by decreasing growth temperature, 286 

but no obvious change was observed by proceeding growth phase from the early to late 287 

logarithmic phases (Fig. 7a). In cells at the early logarithmic phase, Type II morphotypes 288 

were dominant at 5°C but substituted gradually with other morphotypes, especially Type I, by 289 

increasing growth temperature (Fig. 7b). On the other hand, Type II was dominant at 5°C  but 290 

substituted by Type IV which became dominant at 20°C in cells at the late logarithmic phase 291 

(Fig. 7c) 292 

The effects of salinity on coccolith morphometry and morphotype in strain MR70N at 293 

15°C were shown in Figure 8. The changes in the average LDS values ranged from 3.38 to 294 

3.53 μm among salinities of 26‰, 32‰, and 35‰ (Fig. 8a), but cell diameters were larger at 295 

26‰ salinity (Fig. 8b). Sub-morphotypes of MR70N cells were greatly affected by salinity 296 

during growth. The Type I and II subtypes made up about 40% and 25%, respectively, of all 297 

cells grown at a salinity of 26‰, but changed to about 2% and 70% at a salinity of 35‰ (Fig. 298 

8c). As shown in Figure 8d, there was a positive linear relationship between cell diameter and 299 

LDS, and cell diameter increased without change in LDS with decreasing salinity. One 300 

explanation of this relationship might be caused by the increase of cell diameter due to the 301 

increase of coccolith layers surrounding the cell.  302 

 303 

4. Discussion 304 

Effects of temperature on growth rate, coccolith morphometry, and morphology 305 

The MR57N and MR70N strains exhibited growth at 5°C with μ-values of about 0.3 d-1 (Fig. 306 

1); in contrast, other strains such as MS1 and NIES1311 did not grow. On the other hand, the 307 

μ-values at 20°C of the four strains isolated from cold-water areas were identical (0.8 d-1). 308 

The ability of microalgae to grow at low temperatures may be mostly due to their cold-water 309 

origin, as reported by Conte et al. (1998). Therefore, the ability of both MR strains to grow at 310 

5°C seems to be due to their genetically fixed ability because their cold tolerance was 311 

maintained even after long-term storage as stock cultures at 15°C (see Materials and 312 

Methods). This temperature dependency of the two MR strains is similar to that of E. huxleyi 313 

strain L (NIOZ culture collection, Texel; originally isolated from the Oslo Fjord) reported by 314 

van Rijssel and Gieskes (2002), although the specific growth rate at 4°C was 0.12 d-1, which 315 
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is half that of the MR strains. According to Conte et al. (1998), some E. huxleyi strains 316 

isolated from cold-water regions can grow at 6°C (μ-values, 0.3−0.75 d-1), with variation in 317 

growth rates among strains. Both MR strains used in this study exhibited marked cold 318 

tolerance. 319 

The numbers of calcified and non-calcified (naked) cells of strain MR70N increased 320 

logarithmically throughout the early stages of growth (Fig. 1). Around 10−20% of MR strains 321 

were calcified at all temperatures. This finding is similar to the results of Watabe and Wilbur 322 

(1966), who reported that 20–50% of cells were calcified, depending on temperature (a 323 

greater proportion of cells were calcified at 24°C compared to at <24°C) in Coccolithus 324 

huxleyi strain BT-6 (present name, Emiliania huxleyi) isolated from the Sargasso Sea. In 325 

contrast to the MR strains, ~50% of cells in cultures of MS1 and NIES1311 were calcified 326 

(Fig. 1e, f). Thus, the calcification abilities of the cold-water strains vary, and MR strains are 327 

among the least calcified. 328 

The decrease in cell size with increasing temperature (Fig. 2-4) is consistent with previous 329 

reports of E. huxleyi NIES837 (isolated from the Great Barrier Reef, Australia) and E. huxleyi 330 

AC481 (isolated from Normandy, France) by Sorrosa et al. (2005) and De Bodt et al. (2010), 331 

respectively. Calcium uptake in NIES837 strains was higher at lower temperatures (Sorrosa et 332 

al., 2005), while E. huxleyi AC481 coccolith morphology and morphometry were unaffected 333 

by temperature (De Bodt et al., 2010). Watabe and Wilbur (1966) found a correlation between 334 

temperature and coccolith size and growth rate, but not cell diameter. Thus the temperature 335 

dependence of coccolithophore growth and cell size was mostly consistent among the strains, 336 

but coccolith formation differed by morphotype.  337 

Type I was dominant in MR57N and MR70N cells grown at 5˚C and MS1 grown at 20˚C 338 

although Type O was highly dominant in NIES1311 strain grown at 20˚C (Fig. 6). Regarding 339 

the MR strains, growth rate increased, but cell size and coccolith size decreased, with 340 

increasing temperature. All morphometric parameters followed the scaling law. Furthermore, 341 

coccolith morphology (such as the central area elements) changed from a completely 342 

calcified structure (Type I) at higher temperatures to a partially calcified lath-like structure 343 

(Type II) at lower temperatures (Fig. 5, 6). This might be explained by enlargement of the 344 

coccolith due to the increased cell diameter (Fig. 3b). Type III and IV coccoliths, which 345 

exhibit an open central area) (Fig. 5), are similar to coccoliths observed in cells grown under 346 

P-limited conditions, as reported by Paasche (1998). In this study, morphometric parameters 347 

and morphology of whole cells and coccoliths were examined in cells harvested at the early 348 
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logarithmic growth phase, as described above. However, in cells harvested at the late 349 

logarithmic stage, the proportion of Type II was over 60% at 5 ˚C. However, Type IV was 350 

increased markedly with increasing temperature, especially high at 20˚C, whereas Type I 351 

increased up to 25% (Fig. 7). 352 

According to Young and Westbroek (1991) and Cook et al. (2011), the width of distal 353 

shield elements is also a useful parameter for classifying coccolith morphotypes. The 354 

relationship between the width of the distal shield elements and LDS was tested in the 355 

MR70N strain (Fig. 4). The MR strains had thin distal shield elements, categorized into Types 356 

B, B/C, and C. Concerning the ocean-geographical implications of these data, Type C and 357 

B/C strains are reported at higher latitudes in cold, sub-Antarctic oceans, while Types A and 358 

B were found around the Southern Subtropical Front in a warmer-water areas (Patil et al., 359 

2014). In the Bering Sea, the lightly calcified Type A was identified during the bloom that 360 

occurred in August 2006 (Harada et al., 2012). Coccolith morphology in various E. huxleyi 361 

strains isolated from various oceanic areas (including in previous reports) is summarized in 362 

Table 3. Both the MR57N and MR70N E. huxleyi strains can be categorized as Type B/C, 363 

although both were isolated from cold waters: the Bering Sea and Arctic Sea, respectively. 364 

 365 

Effects of salinity 366 

Growth rate increased as salinity decreased from 32‰ to 26‰, which is in part consistent 367 

with Passche et al. (1996); however, the growth rates in this study (0.6–0.53 d-1) were 368 

markedly lower than those reported by Passche. On the other hand, Fielding et al. (2009) 369 

reported an increase in growth rate from 0.05 to 0.7 d-1 with increasing salinity. The lower 370 

growth rate in their study might have been caused by use of a lower light intensity than that 371 

used by Passche et al. (1996).  372 

The proportion of calcified MR70N cells cultured at 15°C decreased markedly when 373 

salinity was altered from 32‰ to either 26‰ or 35‰ (Table 2, Fig. 1g, h). The reduced 374 

calcification seems to be similar to the results of Fielding et al. (2009), because a salinity 375 

<26‰ did not result in the sufficient production of coccoliths. On the other hand, Passceh et 376 

al. (1996) did not observe naked cells, even at 12‰ salinity. The coccolith productivity might 377 

be affected by the different light intensity used and also different types of coccolithophore 378 

strains.  379 

Cell diameters and coccolith sizes differed slightly (Fig. 8), although there was no 380 

correlation between them. The cell diameter was greatest at the lowest salinity, while 381 
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coccolith size was greatest at the highest salinity; the latter finding is consistent with previous 382 

reports (Passche et al., 1996; Fielding et al., 2009). The sub-morphotypes of larger coccoliths 383 

(LDS) also changed to Type II from Type I. This is consistent with the results of the 384 

temperature experiments, and indicates that sub-morphotype variation might be a strain-385 

specific property.  386 

Previous studies (Passche et al., 1996; Fielding et al., 2009) have considered the 387 

original oceanic environment of the strains, for example, coastal/marginal seas or oceans. The 388 

morphological and morphometric properties, and the relationships between LDS and 389 

temperature and salinity, in MR strains as well as other E. huxleyi strains were graphed 390 

together with findings reported previously (Fig. 9). Strains from the open ocean exhibited a 391 

strong correlation between LDS and temperature, while those from marginal waters showed a 392 

strong correlation between LDS and salinity.  393 

 394 

Implications for the future polar oceanic environment 395 

Growth rate and coccolith productivity are important oceanic environmental factors 396 

because these affect the biological and physical cycles of the ocean. The carbon cycle is 397 

particularly highly affected (Rost and Riebesell, 2004).  398 

Global warming results in increase in ocean temperature in the polar region, leading to 399 

melting of sea ice. This may lead to two scenarios in terms of E. huxleyi assemblages, as 400 

discussed by Bach et al. (2012). First, the present MR strains may remain dominant in these 401 

regions and respond physiologically to the environmental changes. Because two MR strains 402 

exhibited growth at 20°C to a degree comparable to the other strains and morphotypes (MS1 403 

and NIES1311), this scenario is feasible. In this case, the present data can be directly applied 404 

to predict future conditions in the warmer polar region. An increase in the growth rate will 405 

result in higher biological activities in this region. Concerning calcification ability, 406 

temperature did not affect the proportion of calcified cells (Table 1), but all coccolith 407 

morphological parameters decreased with increasing temperature, and followed the scaling 408 

law. Thus an increase in oceanic temperature will result in a reduction in coccolith volume 409 

and calcification in this region. The reduced salinity caused by melting sea ice in the Arctic 410 

Ocean will facilitate growth of MR strains, the calcification abilities of which will be 411 

decreased by the reduction in coccolith production. Thus, higher temperatures and lower 412 

salinities will lead to reduced calcification by MR strains in this region. 413 

The second scenario is that warmer-type strains or lower salinity-type strains other than 414 

MR strains become dominant in this region. According to their morphotype, the Bering Sea 415 
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and Chukchi Sea E. huxleyi strains (MR57N and MR70N, respectively) can be classified 416 

predominantly as Type B/C. Moreover, the majority is of the Type II subtype when cultured 417 

at 5°C, but the population of Type II subtype cells decreases gradually and that of Type I 418 

subtype cells increases gradually as temperature is increased to 20°C. According to Poulton et 419 

al. (2011), the Type B/C morphotype has a lower calcite content (0.011-0.025 pmol C per 420 

coccolith) than Type A (0.015-0.035 pmol C per cocolith). Furthermore, our data indicate that 421 

the coccolith productivity of MR strains is lower than that of Type A strains, such as MS1. In 422 

the case of the maximum different cocclith productivities between Type A (100% 423 

calcification) and MR strains (15% calcification), calcite production of Type A and MR 424 

strains are estimated as 0.035 and 0.0016 pmol C respectively. This estimation suggests that 425 

the maximum calcification may increase ~20-fold. On the other hand, if the abundance of 426 

lower salinity-type strains increases due the melting of sea ice, coccolith size may also 427 

decrease, as reported by Fielding et al. (2009). However, coccolith productivity may still 428 

affect more than the coccolith size reduction and the calcite production will increase about 429 

tenfold from 0.0016 pmol C (MR strains) to 0.015 pmol C (smaller Type A) .  430 

Type B/C represents a single, apparently cosmopolitan, population in the Southern Ocean 431 

(Cubillos et al., 2007). On the other hand, Triantaphylloue et al. (2010) reported that the size 432 

of E. huxleyi coccoliths in the Aegean Sea increased during cooler winter and spring periods. 433 

Different strains predominated during the different seasons, similar to the second scenario 434 

mentioned above. The morphotype population and the predominant strain in the studied area 435 

in the polar region are at present unknown. To facilitate the prediction of future 436 

environmental parameters, seasonal and morphotype variation in E. huxleyi should be 437 

elucidated.  438 

 439 

5. Conclusions 440 

 Bering Sea and Chukchi Sea coccolithophore strains of E. huxleyi are capable of growth at a 441 

wide range of temperatures and salinities, and respond differently to different temperature 442 

and salinity conditions. We found that temperature affected the growth rates of both strains, 443 

and influenced coccolithophore cell size, coccolith size, and coccolith morphology. The 444 

MR70N strain exhibited reduced calcification and higher growth rates at lower and higher 445 

salinities, respectively, at 15°C. These results suggest that MR strains can adapt to various 446 

environments, including the low temperatures and low salinities caused by the melting of sea 447 

ice in the Pacific Subarctic and Arctic Oceans. If these strains become dominant in this region, 448 

coccolith productivity will decrease, leading to an increase in the so-called biological pump. 449 
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On the other hand, if other morphotypes become dominant in this region, calcification 450 

productivity will increase, leading to an increase in the biological pump. Thus, investigations 451 

of coccolithophores will enhance our understanding of the future environment in the polar 452 

region.  453 
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Figure legends 572 

Figure 1. Growth responses of an Arctic strain of E. huxleyi (strain MR70N) to changes in 573 

temperature and salinity, (a) growth curves of E. huxleyi at 20°C and a salinity of 32‰; (b) at 574 

15°C; (c) at 10°C; (d) at 5°C; (e) growth curves of E. huxleyi strain MS1 at 20°C; (f) growth 575 

curves of E. huxleyi strain NIES1311 at 20°C; (g) growth curves of E. huxleyi strain MR70N 576 

at 26‰ salinity; (h) growth curves of E. huxleyi strain MR70N at 35‰ salinity. Solid, gray 577 

and white symbols indicate whole culture (naked + calcified cells), non-calcified (naked) and 578 

calcified cells, respectively. (i) Effect of growth temperature on the specific growth rates of 579 

whole cells of E. huxleyi strains MR57N (squares), MR70N (diamonds), MS1 (triangles) and 580 

NIES1311 (crosses) at 32‰, and MR70N at 26‰ (asterisks) and 35‰ (circles). For μ-values, 581 

see graphs (a–h) and Table 1. 582 

 583 

Figure 2. Effects of temperature on cell morphology. (a) SEM images of strain MR70N 584 

grown at 20°C; (b) SEM images of strain MR70N grown at 5°C; (c) Definitions of 585 

morphometric parameters of E. huxleyi cells: (d) cell diameter; (e) longer distal shield length 586 

(LDS); (f) long axis length of the inner central area (LICA); and (g) the numbers of distal 587 

shield elements in a coccolith. The MR1 and NIES1311 strains grown at 20°C were used as 588 

controls. Asterisk (*) and N indicate the average value of each histogram and the number of 589 

samples determined, respectively. 590 

 591 

Figure 3. (a) Changes in cell diameters and LDS in E. huxleyi strains MR57N and MR70N 592 

grown at 5°C, 10°C, 15°C, and 20°C, (b) schematic models of images of cell and coccolith 593 

sizes according to growth temperature. Descriptions of Type B, B/C, and C indicate the LDS 594 

range of coccoliths of the morphotypes defined by Young et al. (2003) and Hagino et al. 595 

(2011). 596 

 597 

Figure 4. Relationship between the width of the distal shield elements and LDS in E. huxleyi 598 

strain MR70N grown at 5°C, 10°C, 15°C, and 20°C and strains MS1 and NIES1311 grown at 599 

20°C. Area described with Type A indicates an area where sizes of Type A coccoliths 600 

distribute in literatures (Young and Westbroek, 1991; Cook et al., 2011). 601 

 602 

Figure 5. Four sub-morphotypes (Type I to IV) of MR70N coccoliths, coccolithophores, and 603 

malformed cells were categorized by morphology on the basis of SEM images. (a1) 604 

Schematic drawing of Type I, whose central area elements are completely calcified, similar to 605 
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the SEM image shown in (a2). (b1) Schematic of Type II, whose central area elements are 606 

partially calcified or with lath-like spaces similar to the SEM image shown in (b2). (c1) 607 

Schematic drawing of Type III, whose central area is opened with a hole in the center with 608 

well-calcified marginal area, similar to the SEM image shown in (c2). (e1) Schematic 609 

drawing of Type IV, whose central area is opened with a hole in the center and a less-calcified 610 

marginal area, similar to the SEM image shown in (e2). An SEM image of the malformed 611 

type is shown in (e2); the distal shield elements are not well calcified and show an irregular 612 

morphology. (a3) to (e3) are coccolithophore cells of each coccolith type; histograms (a4) to 613 

(e4) indicate the proportions of the various coccolith morphotypes (see text).  614 

 615 

Figure 6. Proportions of morphotypes of coccoliths and coccolithophore cells in E. huxleyi 616 

strains MR57N, MR70N, MS1, and NIES1311.  Type I – IV: sub-morphotypes; Type A and 617 

O: morphotypes reported previously (see text). Note that morphotype A (Type A) was not 618 

observed in strains shown in this figure. 619 

 620 

Figure 7. Relationships between LDS and temperature during growth (a) and proportions of 621 

morphotypes of coccoliths and coccolithophore cells in E. huxleyi strain MR57N harvested at 622 

the early (b) and late (c) logarithmic growth phases. The number below temperature in (b) 623 

and (c) indicate the date harvested after initiating culture. For morphotypes, refer Fig. 5. 624 

 625 

Figure 8. Influence of salinity on the morphometric parameters of E. huxleyi strain MR70N. 626 

(a) LDS; (b) cell diameter; (c) proportion of coccolithophore morphotypes; (d) relationship 627 

between cell diameter and LDS.  628 

 629 

Figure 9. Relationships between LDS and cell diameter changed during growth (a) and LDS 630 

and salinity during growth (b) in various strains of E. huxleyi, including MR strains and other 631 

strains reported previously. 632 
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