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The ongoing ocean acidification associated with a changing carbonate system may impose profound effects on marine planktonic

calcifiers. Here, we show that a coccolithophore, Gephyrocapsa oceanica, evolved in response to an elevated CO2 concentration

of 1000 µatm (pH reduced to 7.8) in a long-term (∼670 generations) selection experiment. The high CO2-selected cells showed

increases in photosynthetic carbon fixation, growth rate, cellular particulate organic carbon (POC) or nitrogen (PON) production, and

a decrease in C:N elemental ratio, indicating a greater upregulation of PON than of POC production under the ocean acidification

condition. Cells from the low CO2 selection process shifted to high CO2 exposure showed an enhanced cellular POC and PON

production rates. Our data suggest that the coccolithophorid could adapt to ocean acidification with enhanced assimilations of

carbon and nitrogen but decreased C:N ratios.
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The oceans are known to absorb about a quarter of the anthro-

pogenic CO2 emitted to the atmosphere, with enhanced dissolu-

tion of CO2 into seawater leading to ocean acidification (Orr et al.

2005; Doney et al. 2009). It is expected that the pH of oceanic sur-

face seawater will be decreased by 0.3–0.4 units (about 100–150%

increase of H+) by the year 2100 under the “fossil-fuel intensive

emission scenario” (Houghton et al. 2001). Such a change in

ocean acidity would have tremendous impacts on marine organ-

isms (Pörtner and Farrell 2008).

Coccolithophores, as a key group of oceanic primary pro-

ducers, play a crucial role in the global carbon cycle, not only in

terms of photosynthesis but also by producing calcium carbonate

in the form of extracellular plates (coccoliths; Paasche 2002).

Coccolithophores are also important in the sulfur cycle in terms of

*This article is a contribution to the special section “New model systems

for experimental evolution” being edited by Sinéad Collins, with Daphne

Fairbairn as the handling editor.

dimethyl-sulphide (DMS) production (Malin and Erst 1997). Par-

ticulate inorganic carbon (PIC) produced by coccolithophores in

the surface ocean sinks to the deep-sea. This phenomenon, known

as the carbonate pump, is a critical part of the global carbon cycle

and has a major feedback effect on global climate (Hutchins

2011). Calcification of Emiliania huxleyi, the most abundant and

cosmopolitan coccolithophore, decreased under elevated CO2

conditions (see the review by Riebesell and Tortell 2011, and

references therein). However, calcification in some species of

coccolithophore does not seem to be affected by elevated CO2 and

reduced pH (Langer et al. 2006; Iglesias-Rodriguez et al. 2008).

Nevertheless, a recent global-scale water column and sediment

core study found that coccolith mass declines nearly linearly

with increasing pCO2 or decreasing CO3
2− ion levels (Beaufort

et al. 2011). Beaufort et al. (2011) also discovered a very heavily

calcified coccolithophore morphotype growing in high CO2 (HC)

coastal upwelling waters, suggesting the possibility of local adap-

tation to low pH. However, changes in elemental composition of
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coccolithophores have been found in HC grown coccolithophores,

showing increased cellular carbon to nitrogen ratios (Feng et al.

2008; De Bodt et al. 2010). In contrast, a decreased C:N ratio was

reported in the coccolithophorid Coccolithus braarudii (Rickaby

et al. 2010). Such changes associated with increasing pCO2 may

potentially alter trophic structures of the present day marine

communities, and ultimately modify the rate at which CO2 is

drawn down from the atmosphere into the deep ocean. This in turn

would affect marine nutrient biogeochemistry, and the microbes

that mediate many nutrient transformations (Hutchins et al. 2009).

Most studies on phytoplankton responses to ocean acidifica-

tion have been carried out over short time scales, ranging from

1 to 2 generations (Iglesias-Rodriguez et al. 2008; Langer et al.

2009) to ∼10 (Riebesell et al. 2000; Langer et al. 2007) and to

up to 20 generations (Wu et al. 2010; Yang and Gao 2012). Al-

though important information was obtained from these short-term

acclimation experiments, few experiments document on how coc-

colithophores may adapt to HC (Müller et al. 2010; Lohbeck et al.

2012). Consequently, a core issue in ocean acidification studies is

to investigate the evolutionary responses of marine organisms to

HC (Collin and Bell 2004).

We have carried out a long-term selection experiment to in-

vestigate the evolutionary responses of a coccolithophore Gephy-

rocapsa oceanica Kamptner (noncalcifying strain), which was

grown over 670 generations under an elevated CO2 level of 1000

µatm. In contrast to the study with E. huxleyi by Lohbeck et al.

2012, this study looked into the physiological performance of

another important coccolithophorid by periodical (every week)

examinations, in addition to the tests at the end of the selection

period. We show here that after 670 generations at HC, G. ocean-

ica showed only small changes in the specific growth rate but

significantly increased its particulate organic carbon (POC) and

nitrogen (PON) productions.

Materials and Methods
CULTURE CONDITIONS

Gephyrocapsa oceanica (NIES-1318), originally isolated from

the East China Sea, was obtained from the National Institute

for Environmental Studies (NIES, Japan). Our cultures were de-

rived from a unialgal population and grown in artificial seawa-

ter enriched with Aquil medium (Morel et al. 1979). This strain

was originally calcifying, but lost calcifying capacity before we

performed the long-term selection experiment as described later.

Three independent cultures were run semicontinuously for ∼670

generations at ambient (low CO2 [LC], 390 µatm) or elevated

(HC, 1000 µatm) CO2 concentrations. To maintain a stable car-

bonate system, the initial cell concentration was set at 100 cells

mL−1 and the medium was partially renewed every 6 or 7 days to

restore the cell density to its initial level. Thus, the consumption

of dissolved inorganic carbon (DIC) during growth was main-

tained <5%, with the change of pH < 0.06 units. The culture

medium was equilibrated with the ambient or elevated CO2 levels

prior to the dilutions. The cultures (without aeration) were main-

tained under a photon flux density of 100 µmol photons m−2

s−1 (12:12 light:dark period) in a plant growth chamber (GXZ,

Ruihua, Wuhan, China) at a constant temperature of 20 ◦C.

SHIFT EXPERIMENT

When the cells had been grown for 470 days, corresponding

to ∼682 generations in the HC and ∼670 generations in the

LC treatment, they were transferred to media preequilibrated to

the high or ambient CO2 concentrations to acclimate for another

10 generations (here termed as “shift experiment” or “recipro-

cal transplant”). The initial cell concentration was the same (100

cells mL−1) as in the long-term selection. All the parameters de-

termined in the long-term selection were also measured at the end

of this shift experiment. For these shift experiments, six indepen-

dent cultures were run, two from each of the triplicate selection

cultures at each CO2 level.

GROWTH RATES, CELL VOLUMES AND

CHLOROPHYLL A DETERMINATION

Cell concentration was measured every 6 or 7 days before and

after the partial renewal of the medium, using a particle counter

(Z2, Beckman Instruments, FL). The specific growth rate (µ) was

calculated as µ = (ln C1 − ln C0)/(t1 − t0), where C1 and C0

were the cell densities at time t1 and t0 (t1 − t0 = 6 or 7 days),

respectively.

Cell size distribution was derived from the particle counter

as mentioned earlier, and the cell volumes were calculated based

on the shape of the cells according to the method described by

Hillebrand et al. (1999).

Chlorophyll a content was determined by collecting the cells

onto Whatman GF/F filters (25 mm) at every dilution, extracting

overnight in absolute methanol, and measuring the absorbance of

the supernatants over 200–800 nm after centrifugation (10 min at

6000 × g). The calculation for chlorophyll a in the supernatant

was carried out according to Porra (2002), where [Chl a] (µg

mL−1) = 16.29 × (A665 − A750) − 8.54 × (A652 − A750).

C AND N ANALYSIS

Samples (300 mL) taken from each replicate at the middle of

light period from selection day 150 to the end of the experiment

at every dilution were filtered onto precombusted (500 ◦C for

5 h) Whatman GF/F filters (25 mm) and frozen at −20 ◦C. For

POC analysis, filters were fumed over HCl for 24 h to remove all

inorganic carbon. The samples were analyzed on a Perkin Elmer

Series II CHNS/O Analyzer 2400 (Perkin Elmer Waltham, MA).
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Figure 1. Specific growth rate (A) and chlorophyll a content (B) of Gephyrocapsa oceanica grown at high (1000 µatm HC) and low CO2

(390 µatm, LC) levels for 470 days. The values are the mean ± SD for triplicate cultures at each treatment.

PIC was calculated from the differences between total particulate

carbon (TPC) and POC.

Rates of POC or PON production were calculated as:

P = specific growth rate µ (d−1) × cellular POC or PON content

(pg cell−1).

DATA ANALYSIS

One- or two-way analysis of variance (ANOVA) or paired t-

tests were used to establish differences among the treatments

(P = 0.05).

Results
GROWTH RATE AND CHLOROPHYLL A CONTENT

DURING THE SELECTION EXPERIMENT

Over 682 generations in the HC and ∼670 generations in the LC

treatments, specific growth rates (Fig. 1A) stabilized at a value of

around 1.0 d−1 after approximately 27 generations. The growth

rates averaged over the whole period were significantly higher,

by 1.83%, in the HC than in the LC-grown cells (paired t-test,

t = 2.498, degrees of freedom [df] = 58, P = 0.015), although

significant differences were not or only marginally observed at

the end the selection experiments (one-way ANOVA, F1,4 = 6.6,

P = 0.062). Further analysis over the adaptation period revealed

that, from day 44 to 199, corresponding to generations 58–280 in

HC and to generations 60–274 in LC, the growth rate was 3.8%

higher in the HC-grown than in the LC-grown cells (paired t-test,

t = 3.915, P < 0.001, df = 21). The difference appeared to

decrease toward the end of selection period.

Chl a content showed a more fluctuating pattern in both

HC- and LC-grown cells than did growth rate (Fig. 1B). Overall,

analysis through all of the generations (>600), HC-grown cells

had a slight but statistically significant lower chl a content (by

4.14%; mean value of 0.117 ± 0.02 pg chl a cell−1) than that

under LC treatments (paired t-test, t = 2.03, df = 51, P = 0.048).

CELLULAR PIC, POC, AND PON CONTENTS DURING

THE SELECTION PERIOD

After grown for over 200 generations (209 in HC and 204 gen-

erations in LC; Fig. 2), no significant cellular PIC was detected

in the noncalcifying strain either under the HC or LC conditions

(Fig. 2A). Cellular POC quota varied from to 6.7 to 14.0 pg cell−1

in HC-grown cells and from 6.3 to 12.0 pg cell−1 in LC treat-

ments (Fig. 2B). Overall POC was about 12% higher in the HC-

grown than in LC-grown cells (paired t-test, t = 4.54, df = 35,

P < 0.001). However, as with growth rate, differences in POC

were larger earlier on (days 150–312, corresponding to genera-

tions 209–444 in HC and generations 204–434) than in the latter

period (days 319–470, corresponding to generations 454–682 in

HC and generations 445–670 in LC). In the earlier period, POC

was 13.8% higher in HC than in LC cells (paired t-test, t = 3.882,

P = 0.001, df = 19), whereas in the later period the mean dif-

ference between HC and LC cells was about 9.6% and highly

significant (paired t-test, t = 2.417, P = 0.029, df = 15).

Cellular PON showed a similar trend to cellular POC, with

values under the elevated CO2 selection condition increased by

23.7% compared to those in the LC condition (Fig. 2C; paired

t-test, t = 5.85, df = 35, P < 0.001). In contrast to growth

rate and POC changes, the difference in PON between HC and
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Figure 2. Cellular PIC (A), POC (B), PON (C), and C:N ratio (D) of Gephyrocapsa oceanica under high (1000 µatm) and low CO2 (390 µatm)

during the long-term selection period. Panel (D) was derived from panels (B) and (C). The values are the mean ± SD for triplicate cultures

at each treatment.

LC conditions was sustained throughout the selection period.

Although both cellular POC and PON quota increased in the

HC-grown cells, the larger increment in PON resulted in a decline

of C:N ratio by 13.3% throughout the whole selection period

(Fig. 2D; paired t-test, t = 6.98, df = 35, P < 0.001).

The production rates of POC and PON showed similar trends

with that of POC and PON quota (Fig. 3). High CO2 selection

conditions enhanced the POC production rate by 12% (paired t-

test, t = 4.03, df = 35, P < 0.001) (Fig. 3A) and that of PON by

about 24% (paired t-test, t = 6.05, df = 35, P < 0.001) during the

whole selection period (Fig. 3B).

GROWTH RATE, CHLOROPHYLL A CONTENT, AND

CELL VOLUME AT THE END OF THE SHIFT

EXPERIMENT

The expected short-term effect of an increase in CO2 is an in-

crease in growth rate in this species. Following evolution, this

response is maintained (F1,23 = 70.6, P < 0.001) (Fig. 4A). A

mixed model (two-way ANOVA, selection regime [HC and LC] ×
assay condition [HC and LC]) shows no significant interaction be-

tween selection regime and assay condition (F1,23 = 1.832, P =
0.191), indicating that CO2 enrichment over the short-term affects

all populations the same way—increases growth rate regardless of

the environment they evolved in (Fig. 4A). However, there was a

direct response to selection (F1,23 = 271.9, P < 0.001), where pop-

ulations selected under HC grew faster than control populations

in HC conditions (one-way ANOVA, F1,10 = 215.5, P < 0.001).

On average, HC-selected populations grew 17.4% faster than LC-

selected populations when cultured in HC (Fig. 4A).

Different from that of growth rate at the end of the shift

experiment, the mixed model shows significant interaction be-

tween selection regime and assay condition in chl a content, in-

dicating that selection changes the direction of the reaction norm

of chl a content in response to changes in CO2 (F1,11 = 10.8,

P = 0.011; Fig. 4B). However, there was no direct response to

selection (F1,11 = 0.198, P = 0.668), where no significant dif-

ferences were found between the populations selected under HC

with that under control CO2 in HC conditions (one-way ANOVA,

F1,4 = 4.2, P = 0.110; Fig. 4B). Significant decrease of 17.6% in

chl a content were found in the HC-selected cells when shifted to

the LC level (one-way ANOVA, F1,4 = 12.7, P = 0.023; Fig. 4B).

As for the cell volume, significant interactive effects of

selection regime and assay condition were found in this study

(F1,23 = 10.2, P = 0.005), indicating that selection also changes

the direction of the reaction norm of cell volumes in response

to changes in CO2 (Fig. 4C), which was similar to that found in

chl a content. Also there was a direct response of cell volumes to

HC selection (F1,23 = 11.7, P = 0.003), where the cell volumes

of populations selected under HC were significantly smaller than

that of control populations in HC conditions (one-way ANOVA,

F1,10 = 19.8, P = 0.001; Fig. 4C). When the HC-selected

cells were transferred to the ambient CO2 level, they showed

a significantly smaller cell volume than those under HC assay
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Figure 3. Cellular POC (A) and PON (B) production rate of Gephyrocapsa oceanica under high (1000 µatm) and low CO2 (390 µatm)

during the long-term selection period. The values are the mean ± SD for triplicate cultures at each treatment.

(one-way ANOVA, F1,10 = 21.8, P < 0.001; Fig. 4C). However,

when the LC-selected cells were transferred to HC, their cell

volumes became larger compared to the LC assay (one-way

ANOVA, F1,10 = 19.8, P = 0.001; Fig. 4C).

CELLULAR POC, PON, POC, AND PON PRODUCTION

RATE AND C:N AT THE END OF THE SHIFT

EXPERIMENT

The mixed model shows significant interaction of selection regime

and assay condition on the POC, PON, and C:N at the end of the

short-term shift experiment (POC: F1,23 = 123.6, P < 0.001;

PON: F1,23 = 178.6, P < 0.001; C:N: F1,23 = 260.0, P < 0.001;

Fig. 5), showing specific responses to changes in CO2. Similar to

that of growth, direct responses of cellular POC or PON content

and C:N to HC were observed in our study (POC: F1,23 = 248.8,

P < 0.001; PON: F1,23 = 263.6, P < 0.001; C:N: F1,23 = 188.6,

P < 0.001; Fig. 5). No differences in POC were found when com-

paring the HC-selected cells under the HC shift assay with the

cells of LC selection under the LC shift assay (one-way ANOVA,

F1,10 = 1.6, P = 0.225; Fig. 5A). However, significant increases

in POC (Fig. 5A) were observed when the LC-selected cells were

shifted to the HC condition (one-way ANOVA, F1,10 = 176.4,

P < 0.001). Furthermore, when the HC-selected cells were trans-

ferred to the LC level, cellular POC (Fig. 5A) decreased signifi-

cantly (one-way ANOVA, F1,10 = 80.3, P < 0.001).

For the cellular PON content (Fig. 5B), the LC-selected cells

transferred to HC had the highest cellular PON quota of 3.13 ±
0.36 pg cell−1, being about 3.4 times higher than that of HC-

selected cells transferred to the LC condition—these had the low-

est PON quota of 0.71 ± 0.04 pg cell−1 (Fig. 5B).

When considering the C:N ratio at the end of the shift ex-

periment, the lowest C:N ratio (6.06 ± 0.11) was found under

the LC selection–HC assay conditions, whereas the highest value

(8.63 ± 0.29) was observed under the LC selection–LC assay

(Fig. 5C). As for values of this ratio during the selection period,

HC selection–HC assay cells had a significantly lower C:N ratio

than that of LC selection–LC assay (one-way ANOVA, F1,10 =
14.2, P = 0.004). Furthermore, a significant increase in C:N ratio

was detected in the cells from the HC selection transferred to

the LC when compared to those HC cells maintained under HC

for the shift assay (one-way ANOVA, F1,10 = 23.3, P < 0.001;

Fig. 5C).

Significant interactions of selection regime and assay condi-

tions were also found in POC and PON production rates (POC

production: F1,23 = 114.6, P < 0.001; PON production: F1,23 =
182.7, P < 0.001), which was in a good agreement with findings

for POC and PON (Fig. 6A and B). There was a direct response

to selection (POC production: F1,23 = 190.5, P < 0.001; PON

production: F1,23 = 235.5, P < 0.001), where populations se-

lected under HC produced less organic carbon or nitrogen than

control populations in HC conditions (one-way ANOVA, POC

production: F1,10 = 187.5, P < 0.001; PON production: F1,10 =
222.4, P < 0.001). Similar to that of cellular POC quota, no differ-

ences in the production rates of POC (Fig. 6A) or PON (Fig. 6B)

were found when comparing the HC-selected cells under the HC

shift assay with the cells of LC selection under the LC shift as-

say (one-way ANOVA, POC production: F1,10 = 0.2, P = 0.632;

PON production: F1,10 = 4.8, P = 0.052). However, significant

increases in the production rates of POC (Fig. 6A) and PON

(Fig. 6B) were observed when the LC-selected cells were

shifted to the HC condition (one-way ANOVA, POC production:
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Figure 4. Phenotypic responses following selection at elevated

CO2 conditions. (A) Specific growth rate, (B) chlorophyll a content,

and (C) cell volume. Data are the mean ± SD of six measurements,

and the different letters indicate significant differences between

treatments.

F1,10 = 170.7, P < 0.001; F1,10 = 234.8, PON production:

P < 0.001). Furthermore, same as that of cellular POC and

PON content, when the HC-selected cells were transferred to

the LC level, POC (Fig. 6A) and PON (Fig. 6B) production

rates decreased significantly (one-way ANOVA, POC production:

F1,10 = 35.4, P < 0.001; PON production: F1,10 = 54.1, P <

0.001). Taken together, our growth rate and phenotypic data show

that G. oceanica evolve generally in response to elevated CO2

in that they show a direct response to selection, but show little

specific adaptation in terms of differences in phenotype.

Discussion
Coccolithophores with different levels of calcification either due

to elevated CO2 (Gao et al. 2009) or reduced availability of cal-

cium ions (Xu et al. 2011) could show differences in their pho-

Figure 5. Phenotypic responses of cellular POC (A), PON (B), and

C:N ratio following selection at elevated CO2 conditions. Panel (C)

was derived from panels (A) and (B). Data are the mean ± SD

of six measurements, and the different letters indicate significant

differences between treatments.

tophysiological performance due to a shielding role played by

the coccolith cover. In addition, the energy-demanding calcifica-

tion process can play a photoprotective role (Xu and Gao 2012).

Therefore, it is essential to use a noncalcifying strain to look into

the other metabolic/physiological processes of coccolithophores

without complications from calcification. In this study, we used

a noncalcifying strain of the coccolithophore G. oceanica and

investigated its capacity to show evolutionary responses to ele-

vated CO2 concentration. Gephyrocapsa oceanica showed only

low-level adaptations to HC conditions, which suggests that HC

would bring about significant changes in photosynthetic produc-

tion and elemental stoichiometry of this species in a scenario of

ocean acidification projected for the end of this century. Effects

on chl a content, cell volume, POC, PON content, and POC, PON

production rates indicated specific adaptation to the elevated CO2

level (Figs. 4B, C, 5, 6). Although HC lines grew faster at the end

of the adaptation period than LC lines, but they also grew faster

when they were shifted back to LC conditions (Fig. 4A). There
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Figure 6. Phenotypic responses of cellular POC (A) and PON (B) production rate following selection at elevated CO2 conditions. Data

are the mean ± SD of six measurements, and the different letters indicate significant differences between treatments.

might have been some low-level selection for faster growing cells,

but this was not a specific adaptation to the higher CO2 environ-

ment. The reasons for such a phenomenon are to be explored.

An increase in photosynthetic carbon acquisition (detected

as a rise in POC), causing a small increase in growth rate but little

change in chl a content, was found in HC-selected cells during

the selection period (Figs. 1, 2). The PON also increased in cells

under HC selection, with a decreased C:N ratio, indicating a more

upregulated production of PON than of POC under the ocean

acidification conditions (Fig. 2). Cells from the LC selection pro-

cess shifted to HC exposure showed enhanced cellular POC/POC

production rate and PON/PON production rate (Figs. 5, 6). In

contrast, long-term HC selection showed a significant increase in

C:N ratio when shifted to LC (Fig. 5). Enhanced inorganic ni-

trogen uptake under the elevated CO2 level could be responsible

for the observed increase of PON quota and decreased C:N ratio

(Fig. 2). In support of this is the observation that the gene for

nitrate reductase in a diatom was upregulated under ocean acidifi-

cation conditions (Li et al., unpubl. data). Decreased in POC:PON

(= C:N ratio of cells) under elevated CO2 have been reported

for another coccolithophorid, C. braarudii (Rickaby et al. 2010).

Changes in C:N ratio associated with pCO2 may potentially alter

nutritional quality of herbivores and thus affect the trophic struc-

tures of the present day marine communities. In turn this could

alter the rate of CO2 draw-down from the atmosphere and thereby

have an impact on marine nutrient biogeochemistry (Hutchins

et al. 2009).

Long-term HC selection can lead to loss of capacity for in-

duction of CO2 concentrating mechanisms (CCMs; Collins et al.

2006), causing a decrease of cellular POC and POC production

rate when these HC-selected cells were subsequently acclimated

at LC conditions (Figs. 5, 6). This is contradictory to the observed

increased growth rates in the HC-selected cells transferred to the

LC (Fig. 4) in our experiments. Under the HC/low pH conditions,

mitochondrial respiration is known to be stimulated by more than

30% in diatoms (Wu et al. 2010; Gao et al. 2012; Yang and Gao

2012); at the same time, photorespiration in diatoms is also en-

hanced when CCM activity is downregulated (Gao et al. 2012).

These respiratory carbon losses and photosynthetic carbon fixa-

tion are both enhanced under ocean acidification conditions and

may lead to unbalanced carbon gain or loss. Therefore, when the

HC-selected cells were transferred to the LC level, respiratory car-

bon loss could be muted, which could contribute to the observed

increase of growth rate during the acclimation.

If phytoplankton photosynthesis was reliant solely on the

diffusional entry of CO2 to the active site of the CO2 fixing en-

zyme Rubisco, then carbon acquisition and carboxylation would

be severely limited under present-day levels of CO2 in seawa-

ter. To cope with the limited availability of CO2, phytoplankton

species have evolved an inducible CCM (Badger et al., 1998;

Raven et al. 2011) whose function is to actively transport inor-

ganic carbon (either CO2 or bicarbonate) into cells, effectively

enhancing CO2 levels at the active site of Rubisco. CCMs have

been found in a number of species of prokaryotic and eukaryotic

photosynthetic organisms, although only a small proportion of the

∼1500 described species of cyanobacteria, or ∼53,000 described

species of eukaryotic algae have been directly examined for CCM

activity (Giordano et al. 2005). A small but significantly higher

growth rate was found in the long-term HC selection compared to

that under ambient treatment (Fig. 1), leading us to the conclusion

that the CCM in G. oceanica is present, but does not cause com-

plete saturation of inorganic carbon acquisition. As discussed in

some previous studies (Sikes and Wheeler 1982; Nielsen 1995),

coccolithophores, unlike other dominant phytoplankton groups

such as diatoms and cyanobacteria, have been suggested to op-

erate comparatively less-efficient CCMs. However, recent work
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in Beardall’s laboratory (S. Larsen, unpubl. data) showed that a

calcifying strain of G. oceanica growing in LC conditions had an

inorganic carbon affinity consistent with operation of a CCM and

resulting in photosynthetic rates at air equilibrium which were

around 80–85% of DIC-saturated values. Such values would be

consistent with the magnitude of the increases in POC found in

the first half of the selection period (Fig. 2).

The data presented in this study provide evidence that HC

led to an increase of growth, POC/POC production rate, and

PON/PON production rate during the adaptation period or at the

end of the shift experiment (Figs. 1, 3, 4–6). This is in good agree-

ment with a recent study in which E. huxleyi positively adapted to

increased CO2 levels (Lohbeck et al. 2012). Collins et al. (2006)

indicated that growth for 1000 generations led to loss of CCM in-

duction in a green alga Chlamydomonas reinhardtii. However, E.

huxleyi was found to concentrate inorganic carbon within its cells

to a level about 13–16 times higher than the ambient (Sekino and

Shiraiwa 1994). It appears possible for G. oceanica to downreg-

ulate its CCM at elevated CO2 concentrations and to result in the

loss of CCM induction after adaptation, therefore, a decreased

chl a (Fig. 4) under HC selection and the LC assay condition

could reflect a lower energy demand (and hence a reduced need

for light harvesting) associated with the less or inactive CCM.

The slight decrease of POC and POC production rate in the HC

selection–LC assay data suggest that the ability to express CCM

activity became lost in the long-term HC selection (Figs. 5, 6), and

then CCM activity could not be fully expressed when cells were

subsequently exposed to low-ambient CO2 levels. The work of

Collins et al. (2006) documented that adaptation over 1000 gen-

erations in C. reinhardtii under elevated CO2 can degrade CCM

induction, in which the high-affinity CO2 uptake was lost. From

an evolutionary viewpoint, the CCMs in cyanobacteria and algae

were suggested to have evolved in the LC (high O2) environ-

ment of the Carboniferous (∼300 Myr ago) (Raven et al. 1997;

Badger et al. 2002). The CCM capacity of coccolithophores could

be downgraded with progressive ocean acidification. The saved

energy due to the downregulated operation of the CCM could be

used for additional carbon and nitrogen fixation.

Elevated CO2 is known to affect key metabolic processes

such as carbon and nitrogen fixation, calcification, and respiration;

it is not surprising therefore to also find strong changes in the

elemental composition of phytoplankton (Riebesell et al. 2007;

Hutchins et al. 2009). HC associated with changes in carbonate

chemistry is likely to enhance cellular carbon to nitrogen ratios

in phytoplankton species or assemblages, although the changes

observed in response to HC are highly species specific (see the

review by Riebesell and Tortell 2011, and references therein).

In contrast, a decrease in C:N ratio, persisting throughout the

selection period, was observed in our study (Fig. 2), which was in

good agreement with the results reported by Fiorini et al. 2011a,b.

Burkhardt et al. (1999) reported both increases and decreases in

C:N ratio with increasing CO2, depending on species. If the CCM

were downregulated during the HC selection, this could free up

extra ATP that could then be preferentially used by the cells to

support additional N uptake and assimilation to support synthesis

of more Rubisco and other proteins rather than being used in

processes such as starch synthesis, and thereby decrease the C:N

in cells. These results have important ecological implications for

projecting carbon and nitrogen cycles in the future ocean.

The outcomes of our experiments imply that under a scenario

of HC level by the end of this century, phytoplankton may evolve

a degraded CCM activity because of the adaptation or acclimation

to continuously changed seawater chemistry due to anthropogenic

CO2 release to the atmosphere. At the same time, such a CO2-

induced ocean acidification may promote the primary production

of phytoplankton producers, as well as nitrogen accumulation,

consequently leading to an enhanced C and N sink to the deep

ocean. Because responses to ocean acidification of phytoplankton

depend on levels of solar radiation (Gao et al. 2012), UV radia-

tion (Gao et al. 2009), temperature (Fiorini et al. 2011a,b), and

nutrients (Lefebvre et al. 2012), selection experiments with more

natural populations in a more realistic system would be necessary

in evaluation of evolutionary responses to global change.

Conclusions
The coccolithophore, G. oceanica tested in this study, showed in-

creased POC and PON production but decreased C:N ratio along

with enhanced growth rate under the ocean acidification condi-

tion. Downregulated operation of CCM could be responsible for

enhanced POC and PON production due to saved energy, which

can be used for additional assimilation of the elements. Increased

acidity might also have played a role in upregulating nitrate up-

take, leading to decreased C:N ratio. Taken together, our growth

rate and phenotypic data show that G. oceanica evolve generally

in response to elevated CO2 in that they show a direct response

to selection, but show little specific adaptation in terms of differ-

ences in phenotype.

ACKNOWLEDGMENTS
The authors thank G. Gao and X. Cai in helping maintain the semicon-
tinuous cultures during holidays, and J. Ding and T. Xing for their kind
assistance during the experiment. The authors also thank the comments
and suggestions of S. Collins and the other two anonymous reviewers
that helped to improve this manuscript. The authors thank D. Holland for
his helpful suggestions on statistical analysis. This study was supported
by National Basic Research Program of China (No. 2009CB421207
to KG), National Natural Science Foundation (No. 40930846, No.
41120164007 to KG), and China–Japan collaboration project from MOST
(S2012GR0290 to KG). JB’s visit to Xiamen University was supported
by “111” project from Ministry of Education.

1 8 7 6 EVOLUTION JULY 2013



SPECIAL SECTION

LITERATURE CITED
Badger, M. R., T. J. Andrews, S. Whitney, M. Ludwig, D. C. Yellowlees,

W. Leggat, and G. D. Price. 1998. The diversity and coevolution of
Rubisco, plastids, pyrenoids, and chloroplast-based CO2-concentrating
mechanisms in algae. Can. J. Bot. 76:1052–1071.

Badger, M. R., D. Hanson, and G. D. Price. 2002. Evolution and diversity
of CO2 concentrating mechanisms in cyanobacteria. Func. Plant Biol.
29:161–173.

Beaufort, L., I. Probert, T. de Garidel-Thoron, E. M. Bendif, D. Ruiz-Pino,
N. Metzl, C. Goyet, N. Buchet, P. Coupel, M. Grelaud, B. Rost, R. E.
M. Rickaby, and C. de Vargas. 2011. Sensitivity of coccolithophores to
carbonate chemistry and ocean acidification. Nature 476:80–83.

Burkhardt, S., I. Zondervan, and U. Riebesell. 1999. Effect of CO2 concen-
tration on C:N:P ratio in marine phytoplankton: a species comparison.
Limnol. Oceanogr. 44:683–690.

Collins, S., and G. Bell. 2004. Phenotypic consequences of 1,000 generations
of selection at elevated CO2 in a green alga. Nature 431:566–569.

Collins, S., D. Sültemeyer, and G. Bell. 2006. Changes in C uptake in popu-
lations of Chlamydomonas reinhardtii selected at high CO2. Plant, Cell
Environ. 29:1812–1819.

De Bodt, C., N. Van Oostende, J. Harlay, K. Sabbe, and L. Chou. 2010.
Individual and interacting effects of pCO2 and temperature on Emil-

iania huxleyi calcification: study of the calcite production, the coc-
colith morphology and the coccosphere size. Biogeosciences 7:1401–
1412.

Doney, S., V. J. Fabry, R. A. Feely, and J. A. Kleypas. 2009. Ocean acidifica-
tion: the other CO2 problem. Annu. Rev. Mar. Sci 1:169–92.

Feng, Y., M. E. Warner, Y. Zhang, J. Sun, F. X. Fu, J. M. Rose, and D. A.
Hutchins. 2008. Interactive effects of increased pCO2, temperature and
irradiance on the marine coccolithophore Emiliania huxleyi (Prymne-
siophyceae). Eur. J. Phycol. 43:87–98.

Fiorini, S., J. J. Middelburg, and J. P. Gattuso. 2011a. Effects of elevated CO2

partial pressure and temperature on the coccolithophore Syracosphaera

pulchra. Aquat. Microb. Ecol 64:221–232.
———. 2011b. Testing the effects of elevated pCO2 on coccolithophores

(Prymnesiophyceae): comparison between haplodi and diploid life
stages. J. Phycol 47:1281–1291.
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