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ABSTRACT

Coccolithophores have played a key role in the carbon cycle since becoming dominant in the Cretaceous ocean,

and their influence depends fundamentally on how they interact with their external carbon environment.

Because the photosynthetic carbon-fixing enzyme Rubisco requires high levels of CO2 for effective catalysis,

coccolithophores are known to induce carbon concentrating mechanisms (CCMs) to raise the level of dissolved

inorganic carbon (DIC) in an ‘internal pool’. The ocean carbon system has varied greatly over the geological past,

suggesting that coccolithophore interactions with that external carbon environment will have changed in paral-

lel. The widespread present-day coccolithophore Gephyrocapsa oceanica was acclimated here to a geological

scale change in the seawater carbon system (five times higher DIC and alkalinity). Significant acclimation in

response to the external carbon environment was demonstrated by a fourfold increase in the Km substrate

concentration requirement for half-maximum photosynthetic carbon fixation rates (suggesting that CCMs were

down-regulated when ambient carbon was more available). There was, however, no difference in growth rate,

morphology or calcification, suggesting that calcification is not coupled to photosynthesis as one of the CCMs

induced here and that productivity (growth rate and calcification) is not carbon-limited under representative

present-day conditions. Beyond the kinetic parameters of photosynthesis, the only other indication of changed

cell physiology seen was the increased fractionation of carbon isotopes into organic matter. These findings

demonstrate that G. oceanica changes its carbon-use physiology to maintain consistent photosynthetic carbon

fixation in concert with different levels of ambient DIC without changing its morphology or calcification.
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INTRODUCTION

Coccolithophore nannofossils and past environments

The geochemistry and morphology of the calcite plates and

the fossil biomarkers produced by coccolithophores are an

essential resource for investigating past climate and ocean con-

ditions through the interpretation of various properties as

proxies for environmental parameters, particularly with regard

to carbon. These photosynthetic marine algae are character-

ised by intricate calcium carbonate plates (coccoliths) that are

produced internally in vesicles and then extruded (Young

et al., 1992). Coccoliths first appear in the sedimentary record

in the late Triassic around 225 million years ago (Bown et al.,

2004), and recognisable reticulofenestrid ancestors of the

widely studied present-day Gephyrocapsa oceanica and Emilia-

nia huxleyi coccolithophores first appeared in the early Eocene

55.8–48.6 million years ago (Backman & Hermelin, 1986;

Marlowe et al., 1990; Young et al., 1992). Gephyrocapsa ocea-

nica itself first appeared 1.7 million years ago, whilst the closely

related E. huxleyi appeared 291–265 thousand years ago

(Thierstein et al., 1977; Raffi et al., 2006). Coccolith remains

form the main part of the chalks (Latin ‘Creta’) that are the

dominant geological deposits of the eponymous Cretaceous

Period 145.5–65.5 million years ago and continue to

comprise a major fraction of present-day deep sea sediments.

Carbon in fossil coccolithophores and the reticulofenestrids

Coccolithophores assimilate dissolved inorganic carbon

(DIC) from the marine environment through two distinct
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processes: calcification of coccoliths using bicarbonate ions

and photosynthesis of carbohydrates using aqueous CO2

(Berry et al., 2002). Coccolithophore-derived calcite and fos-

sil organic carbon can provide indicators of the atmospheric

partial pressure of CO2 (pCO2) at the time when the algae

were growing through their stable carbon isotope ratio

(Pagani et al., 2005). We may also be able to learn about

changing pCO2 from morphometric analyses of coccolitho-

phore nannofossils. Decreasing size of reticulofenestrid cocco-

lithophores during the Paleogene sedimentary record is

correlated with declining pCO2 and has been suggested to

reflect the evolution of a greater surface-area-to-volume ratio

to aid the uptake of external inorganic carbon (Henderiks &

Pagani, 2008). Changes in coccolithophore calcification and

morphology can, however, be due to various factors other

than inorganic carbon, such as limited nitrate availability (e.g.

Kaffes et al., 2010). The reticulofenestrids have been of par-

ticular interest to climatologists because of their global distri-

bution in marine geological deposits from the Paleogene to

the present. This polyphyletic group of simply built small coc-

colithophores includes the geologically pervasive Reticulofen-

estra genus and the widespread present-day G. oceanica and

E. huxleyi species. The importance of the reticulofenestrids is

increased by their production of a unique class of 37–39 car-

bon chain length lipids (the alkenones) that are particularly

stable over geological time and can provide organic carbon

material of specific biogenic provenance from bulk sediments

(Pagani, 2002).

Interaction with the external carbon environment

Isotope proxies, however, must take account of variable biases

in the isotopic signature recorded. Photosynthetic fixation of

carbon, for example, preferentially uses the predominant 12C

stable isotope, and so organic matter is 13C-depleted relative

to the external DIC pool (Farquhar et al., 1989). But the iso-

topic fractionation effect of photosynthetic carbon fixation

(ep) in coccolithophores itself varies in relation to factors

including nutrient levels, pCO2, growth rates and cell geome-

try (Laws et al., 1995, 1997, 2001; Popp et al., 1998). Inter-

pretation of past pCO2 from coccolithophore nannofossils

depends fundamentally on how these algae interact with their

external carbon environment. That interaction substantially

alters the ep isotopic fractionation effect associated with pho-

tosynthesis and hence the carbon isotope signal recorded by

organic molecules. In more detail, the supply of CO2 for pho-

tosynthesis in coccolithophores, as for other marine algae, is

limited by diffusion rates of CO2 into the cell, by the slow

kinetics of HCO�3 dehydration into CO2 and by the high

CO2 concentration requirements of Rubisco for effective

catalysis (Reinfelder, 2011), meaning that the effective

fractionation of carbon isotopes into organic matter may be

substantially modified by physiological changes in response to

the external carbon environment. Carbon concentrating

mechanisms (CCMs) work to both increase the rate of DIC

supply to the cell and raise internal concentrations of DIC at

least several-fold to supply sufficient CO2 for photosynthesis

(Badger et al., 1998; Giordano et al., 2005; Reinfelder,

2011). CCM activity is demonstrated by Km values (Michael-

is–Menten constant; the substrate concentration needed for a

catalysis rate of half the saturated maximum) for whole-cell

photosynthesis (corresponding to half maximum Rubisco

catalysis) that are several times lower than for the Rubisco

enzyme itself (Badger et al., 1998; Reinfelder, 2011). CCMs

alter the net isotopic fractionation measured in organic matter

because the carbon for photosynthesis is then derived from an

‘internal pool’ of DIC that, with preferential 12C fixation into

organic matter, becomes enriched in 13C (Sharkey & Berry,

1985; Laws et al., 2002). CCMs may accumulate DIC inside

the algal cell by passive diffusion of CO2 and ⁄ or active trans-

port of HCO�3 and are likely to involve a combination of

carbonic anhydrase enzymes, which catalyse the hydration ⁄
dehydration of CO2 into ⁄ from HCO�3 , and bicarbonate

transporters (Reinfelder, 2011). Calcification in coccolitho-

phores has been suggested as a potential CCM because of

effects on the equilibrium distribution of DIC between

HCO�3 and CO2 (Nimer & Merrett, 1993; Buitenhuis et al.,

1999); but most evidence suggests that calcification and

photosynthesis are not coupled (Herfort et al., 2002, 2004;

Trimborn et al., 2007; Leonardos et al., 2009).

Different interactions with external carbon in the high-CO2

geological past?

Importantly, conditions in the ocean carbon system have var-

ied greatly over the geological past. During the Cretaceous,

for example, pCO2 was four to six times higher than that of

the present-day (reconstructed with the GEOCARB III

model; Berner & Kothavala, 2001), and seawater alkalinity

was also several times higher (reconstructed by geochemical

models and supported by experimental evidence for the alka-

linity dependence of aragonite ⁄ calcite formation at different

Mg ⁄ Ca ratios in carbonate; Arvidson et al., 2006; Lee &

Morse, 2010). It seems reasonable, therefore, for Henderiks

& Pagani (2008) to hypothesise that coccolithophores in the

high-CO2 geological past would have needed less CCM activ-

ity to acquire the internal levels of DIC required for effective

Rubisco catalysis. Importantly, the buffering effect of high

alkalinity in the geological past is likely to have modified the

impacts of high pCO2 on coccolithophore photosynthesis and

productivity. This would be quite unlike the modern ocean,

which is undergoing rapid pH changes in concert with rising

CO2(aq), so work looking at the effects of contemporary

anthropogenic CO2 increases (for example: Riebesell et al.,

2000; Iglesias-Rodriguez et al., 2008) does not provide an

appropriate analogue. How would high pCO2 and high

alkalinity have combined to affect CCM physiology? And how

would this be reflected in coccolithophore nannofossil
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parameters such as isotopic signatures, morphology and calci-

fication? By testing for the influence of elevated carbon at

constant pH (buffered by the elevated alkalinity), we can start

to disentangle the specific importance of carbon for changes

in photosynthesis and calcification. Such work demonstrated

recently that there was no change in the morphology or size

of G. oceanica under ‘high pCO2’ of up to approximately

2000 latm pCO2 with pH buffered at 8.1 (although a second

species, Coccolithus braarudii, showed very different response

patterns; Rickaby et al., 2010). We build on that work here by

investigating the photosynthetic acclimation and CCM activ-

ity of G. oceanica under geological past high-pCO2 condi-

tions. We include a culture system with CO2(aq) equilibrated

to the ambient atmosphere for comparison with the present-

day. This also allows us to ask whether CCM activity is able to

supply sufficient CO2 substrate for photosynthesis in cocco-

lithophores even at the low pCO2 of the present-day (com-

pared to the high pCO2 for most of the history of life on

Earth). Is G. oceanica photosynthesis carbon-limited under

present-day conditions?

In this study, we test for changes in the CCM physiology of

G. oceanica (clonal strain RCC-1314) cultures acclimated to a

present-day (ambient atmosphere) carbon system or one that

approximates to a generic high-carbon and high-alkalinity

geological past environment and compare various morpho-

logical, compositional and isotopic parameters. Gephyrocapsa

oceanica cultured under ‘high-CO2 past’ conditions altered its

photosynthetic response to external inorganic carbon, with

reduced CCM activity demonstrated by a changed response

curve of photosynthesis to increasing NaHCO3. Such a physi-

ological response was supported by a change in the isotopic

fractionation of carbon into organic matter, but there was no

discernible impact on morphology, growth rate or calcite

content. Gephyrocapsa oceanica calcite recorded the d13C of

seawater DIC with only a slight offset and, interestingly, the

offset magnitude was consistent across the different carbon

system conditions (as reported previously: Ziveri et al., 2003;

Rickaby et al., 2010). Our findings suggest that changing the

carbon environment alters the way that G. oceanica photosyn-

thesis interacts with that environment but that productivity of

this coccolithophore species is not carbon-limited under rep-

resentative present-day conditions. It also provides further

evidence supporting previous findings (e.g. Herfort et al.,

2004; Leonardos et al., 2009) that coccolithophore CCMs

are not coupled to calcification.

METHODS

Carbon system manipulations

Nutrient-depleted English Channel seawater for use as

growth media (Marine Biological Association, Plymouth,

UK) was filtered and autoclave-sterilised; gases were then

allowed to equilibrate with the atmosphere before adding F ⁄ 2

nutrients. The high-nutrient F ⁄ 2 standard (Guillard &

Ryther, 1962; Guillard, 1975) was used to ensure that nutri-

ent limitation was not a complicating issue in terms of inter-

preting potential CO2 limitation effects on morphology and

growth. Approximate carbon system parameters for fresh

media and for media at the point of coccolithophore sampling

were determined using CO2SYS software (Pierrot et al., 2006)

from measurements of total alkalinity (using the method of

Sarazin et al., 1999) and of pH [using a pH meter calibrated

to the National Bureau of Standards (NBS) scale]. Inorganic

carbon and alkalinity were raised in the ‘high-CO2 past’ media

by adding 6 mM NaHCO3 and cultures maintained in closed

vessels with no headspace. Imposed DIC and alkalinity in the

‘high-CO2 past’ media were estimated as 11.3 and 8.6 mM,

respectively, in fresh media and as 9.3 and 8.3 mM, respec-

tively, at the point of harvest. ‘Present-day’ cultures were

maintained in open vessels to allow gaseous equilibrium with

ambient atmospheric pCO2. Both media were at pH 8.1.

Cultures

Clonal cultures of G. oceanica strain RCC-1314 (Station

Biologique de Roscoff, UPMC) were grown at 15 �C and

16-h ⁄ 8-h light ⁄ dark with 90 lmol photons m)2 s)1 light

flux. Batch cultures were re-inoculated (every 10–12 days)

before reaching 4 · 105 cells mL)1 to maintain the algae in

the exponential growth phase. Algae were acclimated to the

two alternative carbon systems across at least three sequential

batch cultures (corresponding to approximately 17 genera-

tions) before sampling. Samples were taken at approximately

3 · 105 cells mL)1 in separate experiments for oxygen elec-

trode, isotope, calcite content and morphometric measure-

ments. All biological replicates used were separate acclimated

batch cultures, with batch media prepared fresh each time a

biological replicate experiment was run. Light microscopy cell

counts of 12 biological replicate cultures for each carbon

system were used with the equation in Rickaby et al. (2010)

to determine the growth rates (l) for acclimated exponential

growth phase algal cultures (between approximately 1 · 105

and 4 · 105 cells mL)1).

Photosynthesis response curves

Response curves of photosynthesis to external inorganic

carbon supplied as NaHCO3 were generated for each of the

two carbon systems from two biological replicate experiments

on acclimated cultures on separate occasions. Photosynthetic

oxygen evolution was recorded at 15 �C under illumination

at 90 lmol photons m)2 s)1 using a Clark-type oxygen

electrode with OXYGRAPH software (Hansatech: King’s Lynn,

England). In each experiment, four parallel aliquots from

the culture were washed with CO2-free seawater and then

resuspended in CO2-free seawater at a cell density of

3 · 106 cells mL)1. For each parallel aliquot, absence of
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oxygen evolution of the algae in CO2-free seawater was first

confirmed by monitoring the sample oxygen concentration

for >5 min. DIC concentrations at four different points across

a range corresponding to approximately 10–100% of the esti-

mated acclimation DIC concentration were then imposed on

the four parallel samples by adding NaHCO3. After a 1-min

wait, three consecutive technical replicate measurements of

oxygen evolution rate for 2 min were then taken for each ali-

quot. Mean values were calculated for each biological replicate

and plotted as data points with standard deviation error bars.

No statistical difference between biological replicates showed

reproducible acclimation, and the combined mean from the

two biological replicates was plotted for the line of the

response curves. CO2-free seawater was generated by bub-

bling seawater with air recirculating in a closed system

through a 200-cm3 soda lime CO2 trap for 15 h; the success

of CO2 removal was confirmed by the absence of photosyn-

thetic oxygen evolution by algae resuspended in the water

(restored by adding DIC as NaHCO3).

Isotope measurements and calculations

All measurements of stable carbon isotope ratios are expressed

relative to the Pee Dee Belemnite (PDB) standard as & d13C.

Coccolithophore organic matter was prepared by removing

calcium carbonate using 10% HCl; and three replicates were

for each condition then analysed for carbon isotopic composi-

tion and elemental ratio of carbon to nitrogen by Linda

Reynard at the Research Laboratory for Archaeology and the

History of Art, University of Oxford, using a CHN Analyser

and isotope ratio mass spectrometer (IRMS). Calcite was puri-

fied from coccolithophore bulk material by removing organic

matter using hydrogen peroxide; and nine replicates for each

condition were then analysed for carbon isotopic composition

by Norman Charnley at the Department of Earth Sciences,

University of Oxford, using a VG Isocarb device and a Prism

mass spectrometer. The carbon isotopic composition of DIC

in triplicate seawater samples for each condition and time

point was determined by Mike Hall at the Godwin Laboratory

for Palaeoclimate Research, University of Cambridge, using a

Thermo DELTA V mass spectrometer. Aqueous CO2 d13C

was calculated from seawater DIC d13C measurements using

the equation by Rau et al. (1996). The isotopic fractionation

associated with CO2 fixation into organic matter (ep) was cal-

culated from these CO2 d13C data and the organic matter

d13C values using the equation by Freeman and Hayes

(1992).

Calcite content of coccolithophore bulk matter

Calcite content of coccolithophore bulk matter (calcite mass

as a percentage of the total mass of calcite plus organic matter)

was determined from mass measurements (mg) taken of bulk

coccolithophore material before and after oven baking at

400 �C to remove organic matter, with 12 replicates for each

condition.

Scanning electron microscopy and morphometry

Scanning electron microscopy (SEM) images of coccolitho-

phores were taken using a JSM-840 scanning electron micro-

scope and SEMAFORE software (JEOL: Tokyo, Japan).

Coccosphere diameter was measured from >50 intact cocco-

sphere replicates for each culture using IMAGEJ software

(Abramoff et al., 2004) and pixels converted to micrometres

from the SEM scale bar.

Statistical methods

Statistical analyses of growth rate, morphometrics, stable car-

bon isotopes and calcite composition data were performed

using a Student’s t-test in Microsoft Excel.

RESULTS

Photosynthetic affinity for external DIC

Response curves of photosynthesis plotted vs. increasing

NaHCO3 for both cultures show a steep initial slope, followed

by a plateau that indicates the saturated maximum catalysis

rate (Vmax) of photosynthesis (Fig. 1). The ‘high-CO2 past’

acclimated algae had a Km requirement for NaHCO3 approxi-

mately four times higher than that of the algae grown at ‘pres-

ent-day’ ambient pCO2 (approximately 1.9 and 0.45 mM

NaHCO3, respectively; Fig. 1). At pH 8.1 on the NBS scale,

these NaHCO3 concentrations correspond to calculated Km

CO2 values of 47 lM for ‘high-CO2 past’ algae and 11 lM for

‘present-day’ algae. Maximal photosynthesis rates (Vmax),

however, were unchanged between ‘high-CO2 past’ and

‘present-day’ acclimated cultures (47.8 and 46.8 fmol O2

cell)1 h)1, respectively; no significant difference). Whilst the

unchanged Vmax demonstrates unchanged photosynthetic

capacity per cell, the approximate fourfold increase in Km

demonstrates that the ‘high-CO2 past’ acclimated algae have

approximately fourfold lower affinity for external inorganic

carbon (i.e. fourfold less CCM activity compared to ‘present-

day’ acclimated algae).

Morphology, growth rates, composition and coccosphere

size

Scanning electron micrographs of ‘high-CO2 past’ and

‘present-day’ cultures showed coccolithophores to have

unchanged appearance (Fig. 2) and unchanged coccosphere

diameter (6.50 and 6.56 lm, respectively; no significant

difference; Table 1). Analysis of bulk coccolithophore matter

(Table 1) showed no significant difference between ‘high-

CO2 past’ and ‘present-day’ cultures in their calcite content
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by mass (82.9% and 82.0%, respectively). Growth rates were

also unchanged between the two cultures (l 0.443 day)1 and

l 0.435 day)1 for ‘high-CO2 past’ and ‘present-day’ cultures,

respectively; no significant difference; Table 1).

Carbon system parameters and d13C of seawater DIC

The ‘high-CO2 past’ media had estimated DIC levels approxi-

mately five times higher than the ‘present-day’ media, both

when fresh (11.3 and 2.3 mM, respectively) and when algae

were sampled at the batch culture end point (9.3 and 1.7 mM,

respectively). Alkalinity was also approximately five times

higher in the ‘high-CO2 past’ media than in the ‘present-day’

media (8.6 and 1.7 mM, respectively, at the start; 7.0 and

1.3 mM, respectively, at culture sampling). An overall prefer-

ence of coccolithophore carbon acquisition (combined calcifi-

cation and photosynthesis) for 12C in both cultures was

indicated by the 13C enrichment of seawater DIC over the

growth period (from )2.16& to )1.34& for ‘high-CO2

past’, P < 0.001, and from 1.11& to 2.81& for ‘present-

day’, P < 0.001). Calculated aqueous CO2 levels at batch cul-

ture sampling were 175 lM for the ‘high-CO2 past’ media

and 32 lM for the ‘present-day’ media (this being at the upper

limits of the 10–30 lM typical range for surface ocean waters;

Reinfelder, 2011).

Isotopic analyses of calcite and organic matter

Coccolithophore calcite was slightly but significantly 13C-

enriched relative to seawater DIC at the batch culture end

point for both ‘high-CO2 past’ ()0.86& vs. )1.34& d13C,

respectively, P < 0.001) and ‘present-day’ cultures (2.94&

vs. 2.57& d13C, respectively, P < 0.001; Table 2). The d13C

offset of coccolith calcite from seawater DIC is consistent

between the two cultures (+0.48& and +0.37& for ‘high-

CO2 past’ and ‘present-day’, respectively; no statistically

Fig. 1 Response curves of photosynthesis to NaHCO3 for Gephyrocapsa

oceanica cultures acclimated to ‘present-day’ (white-filled circles) or ‘high-CO2

past’ conditions (black-filled circles) at 15 �C under illumination at 90 lmol

photons m)2 s)1. Curves were generated for each of the two carbon systems

from two biological replicate experiments on acclimated cultures on separate

occasions. In each experiment, the photosynthesis rate was measured in individ-

ual assays for each dissolved inorganic carbon concentration (NaHCO3 added

to algae washed and resuspended in CO2-free sea water) with three technical

replicates. The half-maximum catalysis rate (1 ⁄ 2 Vmax; unchanged between the

two conditions) and interpolated Km estimates (substrate concentration at 1 ⁄ 2
Vmax) are illustrated with dashed lines. Error bars show ± 1 standard deviation.

A

B

Fig. 2 Scanning electron micrographs of intact G. oceanica coccospheres from

cultures acclimated to (A) ‘present-day’ or (B) ‘high-CO2 past’ conditions.

Table 1 Size, composition and growth rate of coccolithophores cultured in

‘present-day’ and ‘high-CO2 past’ media

Coccosphere

diameter (lm)

Calcite content

(% calcite)

Growth rate

(l, day)1)

‘Present-day’ 6.56 ± 0.53 82.0 ± 0.89 0.435 ± 0.077

‘High-CO2 past’ 6.50 ± 0.39 82.9 ± 0.40 0.443 ± 0.080

Diameters of >50 intact coccospheres were measured from scanning electron

micrographs of ‘present-day’ and ‘high-CO2 past’ coccolithophores. Calcite

content (calcite mass as a percentage of the total mass of calcite plus organic

matter) was measured (from nine exponential growth phase biological replicate

cultures for each carbon system) by weighing bulk coccolithophore matter

before and after removal of organic matter. Culture growth rates were

determined from daily cell densities of 12 biological replicates for each carbon

system. All values are given with ± 1 standard deviation.
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significant difference). Organic matter, by contrast, was
13C-depleted relative to seawater DIC: by 19.8& for the

‘high-CO2 past’ cultures ()21.1& vs. )1.34&, respectively,

P < 0.001) and by 16.6& for the ‘present-day’ cultures

()14.0& vs. 2.57&, respectively, P < 0.001). This difference

in organic matter 13C offset between ‘high-CO2 past’ and

‘present-day’ cultures was significant (P < 0.001). The isoto-

pic fractionation associated with CO2 fixation into organic

matter (ep) was calculated to be 9.99& (±0.04) and 6.66&

(±0.11) in ‘high-CO2 past’ and ‘present-day’ cultures, respec-

tively (P < 0.001). Elemental ratios of carbon to nitrogen in

organic matter (C ⁄ N) were 5.99 and 6.31 for the ‘high-CO2

past’ and ‘present-day’ cultures, respectively (no statistically

significant difference).

DISCUSSION

Changing photosynthetic interaction with the external

carbon environment

Changing the carbon environment in which the coccolitho-

phore G. oceanica is cultured clearly changes the physiological

interaction of that species with external carbon: an approxi-

mate fivefold increase in external DIC increased the algal

Km requirement for inorganic carbon from approximately

0.45 mM NaHCO3 to approximately 1.9 mM. Such a degree

of change in apparent CCM activity suggests that this cocco-

lithophore species, widespread in the modern ocean, can read-

ily acclimate to changes in the external carbon environment.

When the Km NaHCO3 values are translated into correspond-

ing CO2 concentrations, the calculated 11 lM CO2 Km for

whole-cell photosynthesis of the ‘present-day’ culture is low

compared to estimates of the Km for Rubisco from related

algae (Badger et al., 1998), indicating that CCMs must be

active to maintain sufficient DIC levels in the internal pool.

The 47 lM CO2 Km for whole-cell photosynthesis in the

‘high-CO2 past’ culture, in contrast, is towards the high end

of the range of Km values estimated for the Rubisco enzyme

itself (Badger et al., 1998), so the cell may be fully satisfying

carbon supply to Rubisco without raising the internal DIC

level above that of the external sea water.

The evidence is mixed with regard to whether coccolitho-

phore productivity in the present-day may be CO2-limited;

but this is an important question because of their important

role in the global carbon cycle and potential to act as a carbon

sink to mitigate anthropogenic CO2 emissions (Reinfelder,

2011). The absence of any apparent CO2 ‘fertilisation’ effect

in the ‘high-CO2 past’ cultures here (compared to ‘present-

day’) suggests that G. oceanica growth and productivity is not

CO2-limited with present-day ambient pCO2, at least with the

culture conditions used here. No model of ocean phytoplank-

ton productivity relies on CO2 as a constraining parameter

(the two major controls being light and nutrients, e.g.

Dutkiewicz et al., 2009) and it is only under optimal nutrient

and light conditions that the growth rate of certain phyto-

plankton can be increased by supplying additional DIC

(Riebesell et al., 1993; Rost & Riebesell, 2004). Light is likely

to be the productivity limiting factor in our culture experi-

ments; the media used were nutrient replete according to the

enriched F ⁄ 2 standard (Guillard & Ryther, 1962; Guillard,

1975). The 90 lmol photons m)2 s)1 light level used is a

reasonable approximation for a typical open ocean photosyn-

thetic algae population (Zondervan et al., 2002); the absence

of CO2 limitation under these experimental conditions there-

fore suggests the same largely applies to G. oceanica in a typi-

cal ocean environment. Carbon dioxide may of course

becoming limiting for short-term photosynthesis kinetics

during the substantial periods of higher light levels that may

be experienced by algae near the ocean surface (with the

caveat that photosynthesis shuts down when cells are exposed

to light levels above a variable photoinhibition threshold to

protect from oxidative damage; Demmig-Adams & Adam,

2006). Experimental evidence for increased or decreased

CCM activity in microalgae at high or low light levels, respec-

tively, should also be mentioned (Giordano et al., 2005).

Whilst energy for CCMs is likely to be derived from photosyn-

thetic generation of ATP, the direct reason for the correlation

is likely to be that increased light (below photoinhibition

thresholds) increases (non-carbon-limited) photosynthetic

carbon fixation rates and consequent demand for active

uptake of DIC.

Beyond that, the lack of change in growth rate or cocco-

sphere diameter also indicates that potential energy savings

from less CCM activity (for example, less energy consumed by

active transport of bicarbonate ions), at least in these nutrient-

replete cultures (enriched F ⁄ 2 media; Guillard & Ryther,

1962; Guillard, 1975), are not translated into productivity

increases. This study shows how the interactions with its car-

bon environment of an extant coccolithophore species

(G. oceanica; strain RCC-1314) change in response to a

Table 2 Isotopic composition of seawater dissolved inorganic carbon (DIC), calcite and organic matter of ‘present-day’ and ‘high-CO2 past’ cultures

Seawater DIC d13C

start (& PDB)

Seawater DIC d13C

end (& PDB)

Calcite d13C

(& PDB)

Organic d13C

(& PDB)

Organic elemental

C:N (C:N)

‘Present-day’ 1.11 ± 0.03 2.57 ± 0.07 2.94 ± 0.02 )14.04 ± 0.11 6.31 ± 0.23

‘High-CO2 past’ )2.49 ± 0.05 )1.34 ± 0.12 )0.86 ± 0.10 )21.10 ± 0.04 5.99 ± 0.13

Organic matter was analysed for stable carbon isotope composition (d13C) and elemental composition of C:N with nine replicates of each condition. Triplicate samples

of seawater media were analysed for d13C DIC when fresh and when algae were sampled at the batch culture end point. d13C is expressed relative to the Pee Dee

Belemnite (PDB) standard. All values are given with ± 1 standard deviation.
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recreated high-CO2 and high-alkalinity geological past. How

a coccolithophore species in the geological past interacted

with its contemporary environment may of course have been

different, particularly given the unclear history of the evolu-

tion of CCMs (Raven et al., 2011).

Coccolithophore photosynthesis and calcification

There are a variety of CCMs (reviewed by Badger et al., 1998;

Giordano et al., 2005; Reinfelder, 2011), and these results

cannot identify which of these specifically contribute to the

relaxation of CCM activity seen in the ‘high-CO2 past’ cul-

tures. Calcification has been suggested, controversially, as a

potential CCM because the connected generation of protons

would push the DIC equilibrium partition towards CO2 from

HCO�3 and hence increase the intracellular availability of the

CO2(aq) form of DIC (Nimer & Merrett, 1993; Buitenhuis

et al., 1999). Extensive experimental evidence from reticulof-

enestrid coccolithophores, however, contradicts this hypothe-

sis (Herfort et al., 2002, 2004; Leonardos et al., 2009).

There is no difference, for example, in rates of DIC incorpora-

tion into organic carbon between calcifying and non-calcifying

strains of E. huxleyi (Herfort et al., 2004). Experimental work

in both G. oceanica and E. huxleyi demonstrates that cell

growth and calcification take place at different phases of the

cell cycle and hence apparently independently (Shiraiwa,

2003). Similarly, changing media calcium concentrations for

E. huxleyi changes calcification levels but does not change

photosynthesis or growth rate (Leonardos et al., 2009). Some

confusion of the issue, however, may have come about because

of work on the current problem of anthropogenic increases in

atmospheric CO2 and ocean acidification, with the attendant

effects on calcification of changing pH and calcite saturation

state (e.g. Riebesell et al., 2000; Iglesias-Rodriguez et al.,

2008; see below). The unchanged calcification and morphol-

ogy between ‘high-CO2 past’ and ‘present-day’ cultures seen

here, despite the large change in CCM activity, indicates that

calcification is not connected to photosynthesis as an inducible

CCM in G. oceanica. That lack of connection with photosyn-

thesis might explain why the d13C of the calcite had a consis-

tent and only small magnitude of positive offset from the d13C

of the DIC, regardless of the carbon environment. The

unchanged calcite carbon isotope fractionation effect supports

earlier findings (Ziveri et al., 2003; Rickaby et al., 2010) and

suggests that G. oceanica calcite may be a usefully consistent

recorder of seawater d13C. The observation that calcification is

not an inducible CCM does not, however, preclude its func-

tioning in some way as a constitutive CCM. Release of protons

to the external microenvironment connected to calcification

may indeed still increase the abundance of CO2(aq) in dynamic

equilibrium with hydrated carbonate ions and hence aid its

passive uptake (as proposed by Rickaby et al., 2010). Of

course, we must still look to identify an alternative candidate

CCM to account for the inducible component of CCM accli-

mation seen here. Given that an active mechanism is required

to increase DIC affinity with acclimation to lower pCO2, the

source of CO2 for photosynthesis in G. oceanica cannot be

restricted to passive uptake of CO2(aq) as proposed for one

extreme of the working hypothesis of Rickaby et al. (2010).

Active bicarbonate ion uptake is the prime candidate remain-

ing, but further studies will be required to confirm any role.

Morphological plasticity and carbon environments in the

geological past

Morphological plasticity within coccolithophore species has

been demonstrated in response to abiotic factors such as nutri-

ents and light (Linschooten et al., 1991; Paasche, 1999).

Studies have had contrasting findings for plasticity when test-

ing coccolithophore cultures for their response to predicted

future changes in pCO2. Iglesias-Rodriguez et al. (2008)

bubbled sea water with 280–750 ppm CO2 and found

increasing coccolith size with increasing ppm CO2, whereas

Riebesell et al. (2000) changed pH to alter the partition

between CO2(aq) and HCO�3ðaqÞ and found decreasing calcifi-

cation. Those carbon system manipulations, however, focus

on anthropogenic magnitudes of pCO2 increases, with associ-

ated pH change and concern for the consequences of ocean

acidification. They are not informative with regard to the

high-CO2 geological past as experienced by early coccolitho-

phores; in the Cretaceous, for example, the several times

higher pCO2 was buffered to a great extent by carbonate sedi-

ments, with associated elevated alkalinity (Berner & Kothav-

ala, 2001; Arvidson et al., 2006; Lee & Morse, 2010). As

mentioned above, we found no change in morphology or

calcification between the ‘high-CO2 past’ and ‘present-day’

conditions compared here; similarly, no change was seen in

coccosphere diameter and hence surface-area-to-volume ratio,

results which concur with Rickaby et al. (2010). Changing

CCM physiology in clonal cultures therefore does not lead, at

least in G. oceanica, to phenotypic changes in nannofossil

morphology, calcification or surface-area-to-volume ratio.

Absence of change as a physiological acclimation response to

external carbon in a clonal culture on culturing timescales

(this study; Rickaby et al., 2010), however, does not preclude

the possibility of change owing to selective pressures on a

genetically heterogeneous population over evolutionary time-

scales. Indeed, the multitude of genotypes and strains within a

‘species’ of coccolithophore increasingly appears to underlie

the apparently contradictory findings of modern culture

manipulations (Langer et al., 2009; Beaufort et al., 2011).

Our findings thus support the hypothesis of Henderiks &

Pagani (2008) that the correlation between falling reticulof-

enestrid nannofossil size and falling pCO2 over the Paleogene

(66.5–23.0 million years ago) is attributable to evolutionary

succession in genotypes or morphotypes, rather than intra-

specific phenotypic responses. Change may also occur as an

indirect response to extrinsic factors that may themselves be
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related in a parallel way to the changing carbon system, such

as temperature, nutrients and ecosystem structure.

Stable carbon isotopes

The isotopic composition of coccolithophore-derived fossil

carbon in organic molecules such as alkenones is thought to

relate to the pCO2 when the algae were growing. Understand-

ing this phenomenon is at the very root of why algal interac-

tion with the environment is central to geobiology. The

carbon-fixing enzyme of photosynthesis, Rubisco, preferen-

tially uses the predominant 12C stable isotope, and so

photosynthetic carbon products are 13C-depleted. Cocco-

lithophores are no exception to this wider biological phenom-

enon of 13C discrimination. The isotopic carbon signal

recorded by coccolithophores in their organic matter is

affected by fractionation and enrichment effects associated

with photosynthesis and, importantly, with carbon acquisition

and CCMs that vary in activity with the carbon environment.

Even if there is no CCM and the supply of CO2 to photosyn-

thesis is limited to passive diffusion of CO2 into the cell, the

Form I Rubisco enzyme of coccolithophores (shared with

higher plants, green algae, diatoms and cyanobacteria; Reinf-

elder, 2011) itself has a fractionation effect of approximately

)27& (McNevin et al., 2007). But preferential use of 12C by

Rubisco will also lead to relative 13C enrichment of the cell’s

internal DIC pool because of 12C depletion. Consequently,

the 13C enrichment of the internal pool of CO2 substrate for

Rubisco will counteract 12C enrichment by the enzyme and

lessen the apparent negative offset from the d13C of the sea-

water DIC. And if there is CCM activity, the degree of 13C

enrichment of the internal pool may be altered by additional

factors connected to both the presence of a DIC concentra-

tion gradient across the cell membrane and the pathways of

DIC import into the cell. The concentration gradient leads to

leakage (of 13C-enriched DIC) back across the cell membrane

to the external sea water; the greater the leakage rate (DIC

efflux as a proportion of gross DIC uptake; Rost et al., 2006),

the greater the effective refreshment of the internal DIC pool

with relatively 12C-replete DIC from external sea water

through CCMs. Bicarbonate ions, however, are 13C-enriched

because of the energetics of CO2 hydration (Mook et al.,

1974; Keller & Morel, 1999), so CCMs using 13C-enriched

HCO�3 (whether actively transported as HCO�3 into the cell

or used as substrate for extracellular conversion into CO2(aq)

that then diffuses in) are themselves likely to enrich the 13C

content of the internal DIC pool.

In this study, the fractionation associated with photosyn-

thetic fixation of CO2 into organic matter (ep) was signifi-

cantly greater in the ‘high-CO2 past’ cultures (9.99&

compared to 6.66& in the ‘present-day’ cultures, P < 0.001).

This suggests that the fourfold lower apparent CCM activity

of the ‘high-CO2 past’ algae leads to less 13C enrichment of

the internal DIC pool. The correlation of lower CCM activity

with less 13C enrichment in organic matter could be due to

CCMs themselves having positive fractionation effects. It

could also be due to the high-CO2 sea water facilitating pas-

sive exchange of CO2(aq) between internal and external DIC

pools, allowing higher rates of refreshment of the internal

DIC pool (and hence resupply of 12C). However, the ep

remains small (such that the full fractionation effect of Rubi-

sco is not evident), agreeing with similar values for high-CO2

cultures of G. oceanica in earlier work by Rickaby et al.

(2010). This indicates 13C enrichment of the internal carbon

pool and suggests that, even under high-CO2 conditions,

there is persistent but down-regulated activity of CCMs

and ⁄ or limited leakage of 13C-enriched DIC from the cell.

That may be because CCM uptake of DIC is required to

maintain the level of the internal DIC pool in tandem with its

consumption by photosynthesis or because even the high

CO2(aq) concentrations available in the ‘high-CO2 past’

seawater would be insufficient for effective Rubisco catalysis.

It is also a remote possibility that the coccolithophore Rubisco

has a much smaller fractionation effect than other Rubisco

enzymes, as suggested recently by Boller et al. (2011), but

that seems inconsistent with previous evidence (Badger et al.,

1998; Reinfelder, 2011).

It is worth noting, however, that the contrasting experi-

mental approach of nutrient-limited chemostat-regulated

continuous cultures yields ep values much closer to the full

fractionation effect of Rubisco under high-CO2 conditions.

For example, ep values approaching 25& were observed under

high-CO2 conditions for various eukaryotic marine algae,

including the reticulofenestrid E. huxcleyi, by Popp et al.

(1998). This appears to be due to ep modifying factors associ-

ated with chemostat cultures such as nutrient limitation and

growth rate effects. Pertinently, these are also important vari-

ables in natural world nannofossil deposits. Such chemostat

culture studies calibrating nannofossil carbon isotope signa-

tures to pCO2 are therefore a vital complement to palaeocli-

matological reconstructions from sediments. By contrast,

comparison of low and high-CO2 conditions for the purposes

of understanding carbon use physiology requires the use of

nutrient-replete dilute batch cultures to avoid nutrient limita-

tion and growth rate changes complicating interpretations

(Laws et al., 2001). Our results allow us to conclude therefore

that factors intrinsic to the carbon assimilation pathway (addi-

tional to the fractionation effect of Rubisco) appear to sub-

stantially modify the effective ep.

CONCLUSIONS

The widespread present-day coccolithophore G. oceanica was

acclimated here to a geological scale change in the seawater

carbon system (five times higher DIC and alkalinity) with

no effect on its form or productivity. There were, how-

ever, important physiological adaptations in the coccolitho-

phore’s interactions with the external carbon environment
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demonstrated by a fourfold increase in the Km substrate con-

centration requirement for half-maximum photosynthetic car-

bon fixation rates and by an increase in discrimination against
13C in organic matter. This suggests that G. oceanica accli-

mates its CCM activity with respect to the ambient carbon

environment to maintain sufficient supply of CO2 substrate

for photosynthesis and that G. oceanica photosynthesis is thus

not carbon-limited with present-day pCO2. These photosyn-

thetic adaptations occur without altering the morphology or

productivity of the nannofossil deposits that these coccolitho-

phores leave behind but signals may be found in the isotopic

composition of their organic matter. In summary: there

are few changes in the ‘high-CO2 past’ cultures apart from

CCM down-regulation and altered carbon isotope signatures;

maintained productivity indicates that the coccolithophore

G. oceanica is not carbon-limited at the present-day; and

unchanged calcification indicates that it is not coupled to

photosynthesis as an inducible CCM.
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