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Ivo: Du hast mir häufig den Rücken freigehalten und Prioritäten zu meinen
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2 Summary

Summary

Anthropogenic carbon dioxide (CO2) emissions from fossil carbon storages to at-
mosphere are causing major impacts on the Earth’s climate. The increase of atmo-
spheric temperatures due to a strengthening of the natural greenhouse effect is a
well known phenomenon. Moreover, a large fraction of the atmospheric CO2 that
has been released by mankind enters the ocean and induces, besides other effects,
the acidification of surface waters (“Ocean Acidification”). The effects of increas-
ing partial pressures of atmospheric CO2 on parameters that describe the abiotic
environment have been examined extensively. It is now of particular interest to
gain a detailed comprehension of the complex interactions between the changing
environment and the metabolism of marine organisms. This knowledge is essential
when aiming to understand the ongoing changes in their entirety.

In the spotlight of this thesis are coccolithophores, unicellular algae that signif-
icantly impact the marine carbon cycle. Coccolithophores perform photosynthesis
and calcification. Both processes rely on different carbon species and thus have a
different effect on the carbonate system of the surface ocean. In connection with
the formation of calcite particles, they further impact the sinking rates of particulate
carbon from the photic zone into the ocean. The ratio of photosynthesis to calcite
precipitation rate varies with the composition of the carbonate system. In order to
understand the dependencies of both individual processes on the complex cabonate
system, a detailed understanding of cellular carbon fluxes is essential. Until now, it
is impossible to measure these fluxes directly. Therefore, mathematical models are
used in this thesis to examine these fluxes. All presented models describe Emiliania
huxleyi, one of the globally most abundant and important coccolithophores.

The first part of this PhD thesis summarises current knowledge concerning
the intracellular formation of coccoliths, i.e. the calcite platelets that surround the
cells. Former propositions about the provision of carbon and calcium ions (Ca2+)
towards the site of calcite precipitation are reviewed and discussed. Furthermore,
abiotic prerequisites on initiation and continuation of calcite precipitation, as well
as the biological control of precipitation onset and crystal growth are of particular
interest. Gaps of knowledge are discussed.

In the second part, different hypotheses concerning the pathway of Ca2+ are
discussed on basis of analytical calculations. It turns out that a continuous trans-
port across the membrane of the compartment, in which calcite precipitation takes
place, i.e. the coccolith vesicle, is more likely than is a vesicle-based transport.
The latter possibility constitutes the hypothesis currently favoured in literature.
A transport via molecules that exhibit high Ca2+ binding capacities, as found in
other coccolithophores, is thought to be unlikely for E. huxleyi, because there is
currently no evidence hinting at comparable molecules. Based on the assumption
that Ca2+ is transported continuously into the coccolith vesicle, a numerical model
is developed, which examines the influence of different membrane transporters on
the precipitation rate of calcite. These transporters convey varying substrate stoi-
chiometries and are inserted into the in silico membrane of the coccolith vesicle.
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The influence of these transporters on the calcite precipitation rate is examined.
Since the precipitation rate is known from literature, it is possible to exclude some
of the tested transport stoichiometries. Two potential substrate stoichiometries are
detected that serve as basic assumptions in the next step of modelling calcite pre-
cipitation.

In the third part, different numeric models are developed that examine carbon
fluxes through cytosol, coccolith vesicle, and chloroplast. Based on current knowl-
edge of external carbon sources for organic matter production and calcite precipi-
tation, it is concluded that both processes are supplied independently of each other
with carbon under replete conditions. When external CO2 becomes limiting, how-
ever, external bicarbonate ions that usually constitute the substrate for calcite pre-
cipitation are used by photosynthesis also. Moreover, an energy-efficient possibil-
ity is proposed how CO2 could be accumulated around Ribulose-1,5-bisphosphat
(RubisCO), the CO2 fixing enzyme, without being transported against concentra-
tion gradients.

The general discussion summarises the findings of this thesis and picks up
gaps that were not discussed in detail previously. Moreover, measurements and
models are proposed that might fill gaps of knowledge. Finally, implications of this
work on physiological, ecological, and biogeochemical aspects of coccolithophore
research are given.

Zusammenfassung

Anthropogen induzierte Kohlenstoffdioxid (CO2)-Emissionen aus fossilen Koh-
lenstoffspeichern führen zu gravierenden Veränderungen des Erdklimas. Die Zu-
nahme atmosphärischer Temperaturen aufgrund einer Verstärkung des natürlichen
Treibhauseffektes ist ein bekanntes Phänomen. Darüber hinaus gelangt ein großer
Teil des durch den Menschen freigesetzten, atmosphärischen CO2 in die Ozea-
ne und führt dort unter anderem zu einer Ansäuerung des Oberflächenwassers
(“Ozeanversauerung”). Während die Auswirkungen des ansteigenden atmosphä-
rischen CO2-Gehalts auf abiotische Umweltparameter bereits gut untersucht wur-
den, ist über die komplexen Interaktionen zwischen den sich verändernden abio-
tischen Bedingungen und dem Stoffwechsel mariner Organismen nur fragmenta-
risches Wissen verfügbar. Dieses Wissen ist von essentiellem Interesse, wenn es
darum geht, die aktuellen Veränderungen ganzheitlich zu erfassen.

Im Fokus dieser Arbeit stehen Coccolithophoriden, einzellige Algen, die einen
wesentlichen Einfluss auf den marinen Kohlenstoffkreislauf ausüben. Coccolitho-
phoriden betreiben Photosynthese und Kalzitfällung. Beide Prozesse entziehen dem
Wasser verschiedene Kohlenstoffspezies und üben dadurch einen unterschiedli-
chen Einfluß auf das Karbonatsystem des Oberflächenwassers aus. Durch die Bil-
dung von Kalzitpartikeln beeinflussen Coccolithophoriden darüber hinaus den Trans-
port von partikulärem Kohlenstoff aus der photischen Zone in tiefer liegende Was-
serschichten. Das Verhältnis von Photosynthese- zu Kalzitfällungsrate ist abhängig
von der Zusammensetzung des Karbonatsystems. Um die Anhängigkeiten der bei-
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den Prozesse von dem komplexen Karbonatsystem zu verstehen, ist ein detailliertes
Wissen der zugrundeliegenden zellulären Kohlenstoffflüsse unabdingbar. Bisher ist
es nicht möglich, diese Flüsse direkt zu messen, weshalb in der vorliegenden Ar-
beit mathematische Modelle verwendet werden. Die Modelle beziehen sich auf
Emiliania huxleyi, eine der global am weitesten verbreiteten und einflussreichsten
coccolithophoriden Algen.

Im ersten Teil dieser Arbeit wird das aktuelle Wissen über die intrazelluläre
Bildung der Kalkplättchen, Coccolithen genannt, zusammengestellt. Coccolithen
werden intrazellulär gebildet und nach Fertigstellung aus der Zelle transportiert.
Der Transport von Kohlenstoff und Kalziumionen (Ca2+) hin zum Ort der Kal-
zitfällung, dem Coccolithenvesikel, wird detailliert diskutiert. Darüber hinaus wer-
den die abiotischen Anforderungen an Initiation und Fortführung der Kalzitfällung,
sowie die biologische Kontrolle der Fällung und des Kristallwachstums erläutert.
Wissenslücken werden diskutiert, und ein Ausblick fasst zusammen, wie moderne
Methoden dazu beitragen können, diese Lücken zu schließen.

In Teil zwei werden Hypothesen für den Ca2+-Transport auf Basis analyti-
scher Berechnungen diskutiert. Dabei ergibt sich, dass ein Substrattransport über
die Membran des Coccolithenvesikels wahrscheinlicher ist als ein Vesikel-basierter
Transport. Letztere Möglichkeit stellt die momentan in der Literatur favorisierte
Hypothese dar. Ein Transport über Moleküle, welche extrem hohe Ca2+-Bindungs-
kapazitäten besitzen und von anderen Coccolithophoriden bekannt sind, scheint
für E. huxleyi unwahrscheinlich zu sein, da es bisher keine Hinweise auf die Exis-
tenz vergleichbarer Moleküle gibt. Basierend auf der Annahme, dass Ca2+ konti-
nuierlich in das Coccolithenvesikel transportiert wird, wird ein numerisches Mo-
dell entwickelt. In diesem Modell werden verschiedene Membrantransporter in
die in silico Membran des Coccolithenvesikels eingesetzt. Die Transporter unter-
scheiden sich durch die transportierten Substratstöchiometrien voneinander. Der
Einfluss dieser Stöchiometrien auf die Kalzitfällungsrate, welche aus der Litera-
tur bekannt ist, wird untersucht. So ist es möglich, einige der getesteten Trans-
portmöglichkeiten auszuschliessen. Zwei als möglich befundene Transportszenari-
en werden der Arbeit im dritten Teil zugrundegelegt, um weiter getestet und gege-
benfalls eingeschränkt werden zu können.

Im dritten Teil werden numerische Modelle erstellt, welche die Kohlenstoff-
flüsse durch Zytosol, Coccolithenvesikel und Chloroplasten untersuchen. Basie-
rend sowohl auf aktuellem Wissen über die externen Kohlenstoffquellen von intra-
zellulär gebundenem organischen und anorganischen Kohlenstoff als auch auf den
Modellergebnissen wird geschlussfolgert, dass Photosynthese und Kalzitfällung
unter ausreichend hohen Kohlenstoffkonzentration unabhängig voneinander ver-
sorgt werden. Reicht der CO2-Fluss hin zur Photosynthese nicht aus, um Ribulose-
1,5-bisphosphat (RubisCO), das CO2 fixierende Enzym, in ausreichendem Maße
mit Kohlenstoff zu versorgen, werden zusätzlich externe Bikarbonationen, welche
sonst für die Kalzitfällung verwendet werden, in organischen Kohlenstoff gebun-
den. Darüber hinaus wird eine Möglichkeit vorgeschlagen, wie CO2 energieeffi-



5

zient, ohne einen aktiven Transport von Kohlenstoff, um RubisCO angereichert
werden könnte.

Die allgemeine Diskussion fasst die gefundenen Erkenntnisse zusammen und
greift Diskussionlücken auf. Darüber hinaus werden Vorschläge gegeben, welche
Messungen und Modelle sinnvoll wären, um Wissenslücken zu schließen. Ab-
schließend werden die Implikationen der vorliegenden Arbeit auf physiologische,
ökologische und biogeochemische Aspekte der Coccolithophoridenforschung an-
gesprochen.



6 Summary



1. INTRODUCTION

During the past two million years, hominids developed the ability to think, com-
municate, and plan in a complex and abstract manner, thereby becoming able to
adjust their environment according to their needs. Today, humans relocate rivers
to culture plants in arid regions, build skyscrapers in overcrowded areas, or spend
their holidays on artificial islands. The dimensions of these restructuring measures
in their sum put Gaia’s abilities to the test.

1.1 Atmospheric CO2 levels during recent Earth history

Partial pressures of atmospheric carbon dioxide (pCO2,atm) have undergone strong
changes on geological time scales. According to proxy records for the past hun-
dreds of millions of years, periods with pCO2,atm exceeding 2 000µatm may have
occured around 150 and 400 million years ago (Royer, 2006). For the past hundreds
of thousands of years, ice core analyses are available that show regular changes in
atmospheric pCO2 on a comparably low level (for last 400 000 years see Fig. 1.1).
These variations are related to glacial/interglacial cycles and correlate with the so-
called Milankovitch cycles (Hays et al., 1976; Tripati et al., 2009), where regular
variations in the Earth’s orbit around the sun as well as in the tilt and rotation of the
Earth’s axis are thought to have induced the measured oscillation of atmospheric
CO2 levels. Although the amount of solar radiation received at global annual mean
is hardly affected by these variations, climate model simulations show that latidud-
inal variations in solar radiation received in each season may indeed have induced
Ice Ages. These models presume that if the amount of summer sunshine on north-
ern continents drops below a critical value, snow from the past winter does not melt
away in summer and an ice sheet starts to grow (Jansen et al., 2007).

1.2 The redistribution of carbon storage pools during the Anthropocene

The invention of Newcomen’s steam engine in 1712 heralded the beginning of the
industrialisation process which doubtlessly revolutionised the living standards of
humans’ “western civilisation”. Their urge for energy has risen ever since accom-
panied by a continuously increasing rate of CO2 release from terrestrial and fossil
carbon reservoirs to the atmosphere. Nowadays, fossil-fuel burning and land-use
practices such as deforestation constitute the major drivers of increasing atmo-
spheric CO2 levels. Carbon dioxide released from fossil carbon reservoirs naturally
occurs on time scales of several years to millions of years (Sundquist & Visser,
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Fig. 1.1: Atmospheric CO2 and temperature variations during the last 400 thousand years
followed regular cycles on a comparably low level. Since industrial revolution in
the 18th century, CO2 as well as temperature are rising above this level. Figure
adopted from Ahlenius (2013).

2004). Between 1750 and 1850, about 0.01 and 0.4 Pg C · a−1 (petagrams of

carbon per year) were released on average from fossil reservoirs and land use prac-

tices, respectively. From 1950 to 1990, these values increased to 3.9 Pg C · a−1 and

1.3 Pg C · a−1, respectively (Sundquist, 1993). The preindustrial size of the fossil

fuel carbon reservoir is thought to roughly approximate 5 000 Pg C (Sundquist &

Visser, 2004). Between 1750 and 2000, it has been reduced by around 275 Pg C

(Sundquist & Visser, 2004). A lower amount (162 Pg C between 1750 and 1990

(Sundquist, 1993)) entered the atmosphere from land-use changes. Part of this

carbon was reabsorbed by land and soil Overall, the atmosphere retained around

205 Pg C (Sundquist & Visser, 2004). In comparison to the preindustrial value of

590 Pg C (Sundquist & Visser, 2004), the atmospheric CO2 content increased by

around 35% between 1750 and 2000.

Atmospheric CO2 strongly affects temperatures on Earth because CO2 is, after

water vapour, the most important greenhouse gas in the atmosphere and is the

principal contributor to the expected increase in the planetary greenhouse effect

(Sundquist, 1993). Greenhouse gases exhibit an insulating effect on the Earth by

absorbing and re-emitting infrared radiation coming from and going (in parts) back

to the Earth’s surface.
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Since 1958, the increase in atmospheric CO2 has been recorded in the so-called
“Keeling-Curve” on the Haiwaiian island Mauna Loa. During the past 55 years,
atmospheric CO2 has increased from about 315µatm to the 400µatm mark in May
2013 (NOAA, 2013). Today’s atmospheric CO2 levels exceed those of the past
800 000 years (Lüthi et al., 2008; CDIAC, 2012, ice core analyses from Antarctica;
for last 400 000 years: Fig. 1.1) and probably even those of the past tens of millions
of years (Royer, 2006, proxy data). It is, however, not the absolute CO2 concen-
tration, but rather the rate of CO2 release that makes atmospheric CO2 changes
of the Anthropocene “so geologically unusual, and quite probably unprecedented
in Earth history” (Kump et al., 2009). Atmospheric CO2 increased with a rate of
ca. 0.025 Pg C per year during the last deglaciation (18 000 to 12 000 years ago).
Twenty years ago, the rate was ca. 3 Pg C per year (Sundquist, 1993). Even during
the probably largest mass extinction in Earth history around 251 million years ago
(Erwin, 2006) that was accompanied by a strong increase in atmospheric CO2, es-
timates for average annual CO2 release rates range between 1 and 2 Pg C (Kump
et al., 2009) and are thus significantly lower than those caused by today’s burning
of fossil fuel (Peters et al., 2011, ca. 9 Pg C in 2010). 18 000 to 12 000 years ago,
i.e. during the last deglaciation period, the ocean even constituted a gradual carbon
source for atmospheric CO2 (Kump et al., 2009). Today, in the “Anthropocene”, it
constitutes a sink for CO2 coming from the atmosphere (Sundquist, 1993).

1.3 CO2 enters the Ocean

Between 1750 and 2000, ca. 170 Pg C (CO2) have been taken up by the ocean
(Sundquist & Visser, 2004), thus, around one third of the carbon that was re-
leased to the atmosphere by human activity has entered the Ocean. In equilib-
rium, pCO2,atm and the concentration of dissolved CO2, [CO2 (aq)], are related by
Henry’s law:

[CO2(aq)]sw =
pCO2,atm

cH
(1.1)

where [CO2(aq)]sw gives the CO2 concentration dissolved in seawater and cH the
Henry coefficient that varies mainly with temperature, but also with salinity. How-
ever, unlike other gases, CO2 is not simply dissolved in seawater but becomes part
of the ocean’s carbonate system which includes four different inorganic carbon
species, namely CO2(aq), true carbonic acid (H2CO3), bicarbonate ions (HCO−

3 ),
and carbonate ions (CO2−

3 ), which inter-convert into each other (Fig. 1.2).
The concentration of H2CO3 is about 350 to 990 times lower than CO2(aq)

(Stumm & Morgan, 1996) and both carbon species are chemically not separable,
thus, the sum of both is generally refered to as CO2. The sum of all carbon species
concentrations is commonly refered to as dissolved inorganic carbon (DIC).

Dissolution as well as outgassing of CO2 hence influences the proton (H+)
concentration, i.e. the pH, of seawater and vice versa, the pH of the water can
influence the relative speciation of DIC. In equilibrium, the relative speciation of
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Fig. 1.2: Dissolution of gaseous CO2 in seawater and subsequent reactions that occur in
the carbonate system. Reactions after Zeebe & Wolf-Gladrow (2001).

Fig. 1.3: Bjerrum-plot, visualising carbon speciation over pH at a temperature of 20◦C, a
salinity of 32 and a pressure of 1 dbar.
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DIC in dependence on the pH is determined by the pK values of the first and second

dissociation constant (K1 and K2), respectively:

CO2 + H2O
K1−−⇀↽−− H+ + HCO−3

K2−−⇀↽−− 2H+ + CO2−
3 (1.2)

pK values are dependent on temperature, pressure, and salinity and determine the

pH where 50% of the respective acid is protonated. The Bjerrum plot (Fig. 1.3)

is commonly used to visualise the carbon speciation over pH. In typical surface

seawater with a pH of 8.1 (temperature = 18◦C, salinity = 35, alkalinity = 2.3 mmol

· kg−1, pCO2,atm = 390μatm), ca. 90% of DIC is in the form of HCO−3 , 10% in

the form of CO2−
3 , and less than 1% in the form of CO2. Most of the CO2 that is

taken up by the ocean is hence converted to HCO−3 , and an increase of pCO2,atm

by 10% would lead to an increase in [CO2]sw by about 10% also. The absolute

increase in seawater DIC, however, was higher than the one in [CO2]sw, because

CO2 reacts into other carbon species. This increase is dependent on the alkalinity, a

measurable and conservative quantity (cf. Fig. 1.4). Total alkalinity (TA) is defined

as the excess of proton acceptors over proton donors and is synonymous with the

proton buffer capacity of water (cf. Dickson, 1981; Wolf-Gladrow et al., 2007).

Fig. 1.4: Change in dissolved inorganic carbon (DIC) and pH with increasing total alka-
linity (TA, left) or CO2 concentration (right), while keeping the other quantity
(CO2 or TA, respectively) constant. The grey vertical lines give typical seawater
values of TA and CO2 and also constitute the values that are kept constant when
varying CO2 and TA, respectively. Temperature was set to 15◦C, salinity to 35,
and pressure to 1 bar, thus 10 m depth.

1.4 The marine environment is changing

Carbon dioxide that enters the ocean alters the carbonate system and therewith the

conditions marine organisms have to deal with. The most obvious abiotic changes

are a higher CO2 concentration and a lowered pH, a phenomenon known as Ocean

Acidification (OA). The pH has decreased from 8.2 during pre-industrial times to
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8.1 already (e.g. Wolf-Gladrow et al., 1999). This pH drop corresponds to an in-
crease in proton concentration of around 30%. The average ocean surface pH has
probably not been this low for at least two million years (Hönisch et al., 2009).
Continuous CO2 emissions from fossil carbon storages until exhaustion might de-
crease the pH by another 0.7 pH units (Caldeira & Wickett, 2003).
Indirect changes include increasing surface water temperatures accompanied by
lower nutrient input due to intensified stratification.

At least on short time scales (cf. Kump et al., 2009), a decrease in pH reduces
the saturation state (Ω) of calcium carbonate (CaCO3) which leads to a reduced
stability of CaCO3 (cf. Sec. 1.9). It is thus believed that calcifying organisms may
either encounter problems in precipitating CaCO3 or, once exposed to seawater,
their shells may dissolve again (Ridgwell & Zeebe, 2005). Higher CO2 concen-
trations, in turn, may have a positive effect on photosynthesis rates, because CO2

in seawater is lower than the halfsaturation constant of the carbon fixing enzyme
Ribulose-1,5-bisphosphate-Carboxylase/Oxygenase (RubisCO, cf. Sec. 1.10). The
sum of all these changes, however, will certainly affect the composition of whole
ecosystems, where some ecosystems might be affected more strongly or earlier
than others. Polar or subpolar regions for instance, regions that are more prone to
OA, because CO2 is more soluble in cold water, may first reach pH values where
CaCO3 begins to dissolve. In terms of the Southern Ocean, McNeil & Matear
(2008) assume that aragonite undersaturation during wintertime may occur by the
year 2030 already, when pCOCO2,atm reaches 450µatm. Such an undersaturation
may have tremendous consequences and is thus by some authors (e.g. McNeil &
Matear, 2008) feared as a potential “tipping point”1 as the possible collapse of the
Atlantic thermohaline circulation or the irreversible melt of the Greenland ice sheet
due to increasing temperatures.

1.5 Coccolithophores and their impact on the marine carbonate system

Coccolithophores form a sub-groub of haptophyte algae, some of which can sur-
round themselves with calcite platelets called coccoliths. They evolved at least
220 million years ago (Bown, 1998), a time when pCO2,atm was much higher than
today (Royer, 2006). This, however, does not indicate that coccolithophores will
not be threatened by the ongoing increase in atmospheric CO2 levels. There is
evidence that Triassic oceans were buffered by higher alkalinity in comparison to
recent conditions (de Vargas et al., 2007; Kump et al., 2009), which may have been
caused by the efficient weathering under high pCO2,atm: On large time scales, high
pCO2,atm increases temperatures, evaporation, rain rates, and thus weathering of
terrestrial rocks that end up in the ocean via rivers (Kump et al., 2009).

1 Point, where small system changes may induce strong effects. Such non-linear transitions of
components or sub-systems of the Earth system are thus to be distinguished from linear transitions
that can be studied and forcasted comparably straightforwardly (Lenton, 2009).
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Calcitic coccolithophores contribute strongly to the pelagic calcium carbonate
production (Milliman, 1993). Calcium carbonate precipitation, i.e.

Ca2+ + CO2−
3 → CaCO3 (1.3)

(cf. Sec. 1.9), drives the so-called “CaCO3 counter pump”, one of the two biolog-
ical carbon pumps that transport carbon against its gradient from surface layers
towards depth (Fig. 1.5). Almost half of the global marine calcium carbonate is
precipitated in the pelagial (2.4 Pg C · a−1, Milliman, 1993). Calcite precipitation
reduces DIC as well as TA in the surface ocean (Fig. 1.6). As mentiond previ-
ously, TA is a measure for the proton buffer capacity of water. Since the reduction
of this buffer capacity is stronger than is the tendency of the carbonate system to
compensate for the detracted CO2−

3 , the carbonate system shifts towards lower pH
values and a release of CO2. Calcite that sinks out of the photic layer may dissolve
and thereby increase DIC and alkalinity of deeper water masses. Dissolution is
thermodynamically favoured when the saturation product Ω (cf. Sec. 1.9) is lower
than one, i.e. below the so-called saturation horizon that lies at a depth of around
4500 m in the Atlantic and around 3000 m in the Pacific Ocean (Ridgwell & Zeebe,
2005). Thus depending on the depth of the ocean, coccoliths may reach the ocean
floor and in case of logterm fluxes form chalk and limestone rocks. Upwelling
of these DIC- and especially TA-enriched water masses has the inverse effect and
CO2 may be taken up from the atmosphere.
The second biological carbon pump, the so-called “organic carbon pump”, is driven
by photosynthetic carbon fixation, where DIC in surface waters is reduced and the
carbonate system is shifted towards higher pH values, because HCO−

3 tends to
react towards CO2 and CO2

3, thereby increasing the CO2
3 concentration which in-

dicates a higher pH. During the sinking to deeper water layers, organic matter is
remineralized, the concentration of DIC increases and pH is reduced. Annual phy-
toplankton net biomass fixation accounts for around 50 Pg C globally (Field et al.,
1998), most of which is being remineralized in the upper few hundred meters of the
ocean (Bishop et al., 1978; Suess, 1980; Martin et al., 1987). About 1-3% of this
net primary production reaches deep sea and sediments (de la Rocha & Passow,
2007). Again, upwelling of water masses that are rich in DIC and especially CO2

(and H+) has the inverse effect and CO2 may be released to atmosphere.
In order to complete the concept of carbon pumps, the “physical carbon pump” that
transports carbon into deeper water layers due to the downwelling of cold, carbon
rich water masses should be mentioned also. Upwelling, of course, has the inverse
effect.
Without the activity of the biological carbon pumps, atmospheric CO2 levels were
certainly higher. Maier-Reimer et al. (1996) performed model calculations and de-
termined a factor of ca. 2 compared to preindustrial level. The exact overall effect
of biological carbon pumps, however, is difficult to evaluate as they are controlled
by numerous, often inter-related processes that include aggregation and disaggre-
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Fig. 1.6: Diagram illustrating describing the influence of calcite precipitation and biomass

production on the carbonate system of the ocean. Calcite precipitation reduces

total alkalinity (TA) and dissolved inorganic carbon (DIC) on a ratio of 2:1 and

thus lowers the pH value. Biomass production includes photosynthetic carbon

fixation as well as nutrient assimilation. The uptake of charged ions induces a

charging imbalance that needs to be compensated by H+ or OH− (Wolf-Gladrow

et al., 2007), which then impacts on TA. Figure redrawn after Zeebe & Wolf-

Gladrow (2001).

gation of organic-rich aggregates, microbial activities, grazing and fecal pellet pro-

duction by zooplankton, and interaction between particulate organic carbon (POC)

aggregates and the suspended minerals that serve as ballast (de la Rocha & Passow,

2007).

The influence of coccolithophores on surface water chemistry is largely deter-

mined by their net rates of particulate inorganic carbon (PIC) and POC production.

Presuming a ratio of 1:1 for these two processes, coccolithophores’ activity would

reduce DIC and TA in the surface ocean with a ratio of about 1:1. In vivo, how-

ever, the PIC:POC ratio deviates from 1:1 (van Bleijswijk et al. (1994) and Paasche

(2002) listed values ranging from 0.26 to 2.3 for Emiliania huxleyi) and is, as well

as the production rates themselves, dependent on various abiotic conditions. The

effect of these abiotic conditions on the PIC:POC ratio is not yet known in detail.

Calcification is an energy consuming process and thus depends on photosynthetic

activity. Photosynthesis, in contrast, seems to be less affected by calcification (e.g.

Trimborn et al., 2007).

All in all, in order to elucidate the mechanistic inter-dependence between coc-

colithophores and their chemical environment, a process-based understanding of

calcification and photosynthesis is crucial.

1.6 Emiliania huxleyi

Emiliania huxleyi, the model organism of this thesis and one of the best-studied

coccolithophores, is the most abundant coccolithophore species globally. It was
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first described by Lohmann (1902). When brought into relation of coccolithophores’

long evolutionary history of at least 220 million years, E. huxleyi certainly is one of

the youngest members of this group. It has evolved only around 260 000 years ago

(McIntyre, 1969) and has thus existed through the two latest glacial-interglacial

cycles, where pCO2,atm was always lower than today. It became dominant in

coccolith assemblages around 70 000 years ago (Hine & Weaver, 1998) during a

glacial period, thus during a period of presumably high oceanic productivity and

low pCO2,atm.

E. huxleyi shows an extremely broad geographic distribution in today’s oceans

reaching from the Arctic to the Antarctic Convergences (McIntyre & Bé, 1967;

Winter & Siesser, 1994). Its abundance increases with latitude, often forming

monospecific phytoplankton communities in Subarctic and Subantarctic waters

(McIntyre, 1969; Tyrrell & Merico, 2004). In contrast to most other coccolithophores,

E. huxleyi is more of an r-selected species that can produce massive blooms with

cell densities exceeding 107 cells · L−1 (Tyrrell & Merico, 2004) when conditions

are favourable. Such blooms can stretch out over more than 100 000 square kilo-

metres and are particularly prevalent in Norwegian fjords (Tyrrell & Merico, 2004).

Natural blooms of E. huxleyi occur in highly stratified water where the mixed layer

depth is usually ca. 10-20 m, and is always ≤30 m (Nanninga & Tyrrell, 1996).

These blooms have significant regional environmental impacts via increased water

albedo, the carbonate system of the surface water and the biological carbon pumps

(Westbroek et al., 1993).

Like all coccolithophores, E. huxleyi is characterized by a haplo-diplontic life

cycle. Both phases, the haploid as well as the diploid one, can reproduce by asexual

binary fission (Fig. 1.7). Calcifying diploid cells constitute the biogeochemically

relevant cells, whose blooms are typically terminated by viral infections. Since

haploid cells seem to be immune to viral attacks and also to be the less preferred

food source of some grazers (Hansen et al., 1997), lifecycling is thought of as an

ecological “escape strategy” (Frada et al., 2008).

Fig. 1.7: Haplo-diplontic life cycle of Emiliania huxleyi. The non-motile, calcified diploid
stage as well as the motile haploid stage that is surrounded by organic scales can
reproduce via mitosis. Phase transitions between the two stages take place via
syngamy or mitosis. Figure redrawn after Young & Henriksen (2003).
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E. huxleyi features very small cells with diameters of around 4μm - 5μm

(Fig. 1.8). Besides the typical compartments of eukaryotic plant cells such as nu-

cleus, chloroplast, mitochondria, Golgi apparatus, and endoplasmatic reticulum, it

contains the Golgi-derived coccolith vesicle (CV), the compartment in which coc-

coliths, can be formed. Adjacent to the latter compartment lies the Reticular body

(Rb), which is thought to play a role in coccolith formation. Completed coccoliths

are exocytosed and interlock with the so-called coccosphere.

Fig. 1.8: Idealised section through the cell of Emiliania huxleyi. Ch - chromatin; CV - coc-
colith vesicle (includes early stage coccolith that will be extruded to the surface);
G - Golgi apparatus; M - mitochondrion; N - nucleus; N.E. - nuclear envelope;
P - pyrenoid (should be crossed by one thylakoid); Rb - Reticular body; V - vac-
uole. Figure changed after van der Wal et al. (1983a). Coccoliths surround the
cell (coccosphere).

1.7 The intracellular carbonate system is out of equilibrium

When describing the carbonate system of the ocean (Sec. 1.3), chemical equilib-

rium was assumed, i.e., forward and backward reactions occur with the same reac-

tion rate. This assumption holds for the processes described above as they occur on

time and length scales that are on the order of months to years and meters to kilo-

meters. For a description of processes that occur on small length and time scales

such as intracellular carbon fluxes, the carbonate system can be considered to be in

disequilibrium. A suitable example may be a hypothetical phytoplankton cell that

takes up HCO−3 from the external medium to feed an internal process that relies

on CO2−
3 (Fig. 1.9). The reaction rate for the intracellular conversion of HCO−3 to
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Fig. 1.9: Example: Cell takes up HCO−
3 to feed an internal process that relies on CO2−

3 .

CO2−
3 is higher than the rate of the inverse reaction. Thus, the internal carbonate

system is out of equilibrium. Steady state conditions are given when net HCO−3
influx rate, net conversion of HCO−3 to CO2−

3 , and net CO2−
3 fixation rate equal

each other, i.e. when all concentrations inside the system remain constant. These

conditions can deviate strongly from equilibrium conditions.

The hydroxylation of CO2 is dependent on the pH value. At low pH values

(� 8.2), the reaction with H2O (eqn. (1.4)) predominates (Zeebe & Wolf-Gladrow,

2001).

CO2 + H2O
k+1−−⇀↽−−
k−1

H+ + HCO−3 (1.4)

The pH of the cytosol is around 7 in coccolithophores (Anning et al., 1996). The

rate constants k+1 and k−1 of the reactions (1.4) can be determined experimentally;

values were compiled by Zeebe & Wolf-Gladrow (2001).

At high pH values (� 8.2), however, when hydroxyl ions (OH−) become more

abundant, CO2 reacts preferably with OH− (Zeebe & Wolf-Gladrow, 2001):

CO2 + OH−
k+4−−⇀↽−−
k−4

HCO−3 (1.5)

This reaction is likely to dominate in the chloroplast stroma which has a pH of ca.

8 or the CV whose pH might be above 8.

The inter-conversion between CO2 and HCO−3 is comparably slow; the reaction

rate constants are 3 - 7 orders of magnitude lower than those describing the inter-

conversion between HCO−3 and CO2−
3 . This inter-conversion may thus constitute

the bottleneck of physiological processes. Autotrophic as well as heterotrophic or-

ganisms contain the enzyme carbonic anhydrase (CA) that can speed up the inter-

conversion between CO2 and HCO−3 (eqn. (1.4)). α-CA is one of the most active

enzymes known today. Reaction rates can be increased by a factor of up to 108.

It was found in vertebrates, bacteria, algae, as well as in higher plants (Supuran

& Scozzafava, 2007). β-, γ-, δ-, and ε-CAs (factor ca. 104), in contrast, have not

been found in vertebrates (Supuran & Scozzafava, 2007). All four CA-types have
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been found in E. huxleyi (Quinn et al., 2006; Soto et al., 2006; Richier et al., 2009;
Bach et al., 2013), their intracellular location, however, remains unknown.
Carbonate ions evolve either via protolysis from HCO−

3 (eqn. (1.6)) or via hydrol-
ysis from HCO−

3 and OH− (eqn. (1.7)).

HCO−
3

kH
+

−5−−−⇀↽−−−
kH

+

+5

CO2−
3 + H+ (1.6)

HCO−
3 + OH− kOH−

+5−−−−⇀↽−−−−
kOH−
−5

CO2−
3 + H2O (1.7)

1.8 Stable carbon isotopes

Atoms consist of protons, neutrons and electrons, where the first two components
determine the atomic weight. Different atoms of the same element can have differ-
ent molecular weights, which stems from a varying number of neutrons. They are
called isotopes. All elements comprise more than one isotope, some of which are
unstable and are converted into isotopes of other elements upon radioactive decay.

Besides the two stable natural carbon isotopes, 12C and 13C, a radioactive car-
bon isotope, 14C, exists also. It evolves via a nuclear reaction in the atmosphere
from 14N and has a half-life of around 5700 years (Stuiver & Polach, 1977). This
knowledge can be used to approximate the age of organic material. 14C is fur-
thermore used in physiological experiments, because, in contrast to 13C, it can be
measured by scintillation counting. About 99% of naturally occuring carbon is 12C
and 1% is 13C. Accordingly, about 99% of CO2 in the atmosphere is 12CO2 and 1%
is 13CO2. The molar ratio of stable carbon isotopes in a sample is conventionally
termed 13RC (Zeebe & Wolf-Gladrow, 2001):

13RC =
13C
12C

(1.8)

.
Different isotopes of the same element undergo the very same chemical re-

actions. Lighter isotopes, however, tend to react faster due to their lower mass,
higher vibration frequency, and thus higher probability to undergo chemical reac-
tions (Zeebe & Wolf-Gladrow, 2001).
For example, during the hydration of CO2 to HCO−

3 , as well as during the inverse
reaction, i.e. the dehydration of HCO−

3 to CO2, a discrimination against the heavy
isotope takes place takes place (cf. Tab. 1.1). This so-called fractionation of a re-
action into one direction is termed kinetic fractionation. In equilibrium, the abun-
dance of 13C in HCO−

3 is around 9‰ higher than in CO2, because the dehydration
reaction (HCO−

3 → CO2) fractionates stronger than the hydration reaction (CO2

→ HCO−
3 ) does. In other words, 13RHCO−

3
:13RCO2 is increased more strongly by

dehydration than 13RCO2 :13RHCO−
3

by hydration. The fractionation that occurs
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in an equilibrated system is termed equilibrium fractionation. 13C is bound more
strongly in HCO−

3 than in CO2, because more kovalent bonds exist. This strength
determines the equilibrium fractionation rather than the reaction itself. It does thus
not make a difference whether the equilibrium between CO2 and HCO−

3 is reached
via reaction (1.4), reaction (1.5), or enzymatically catalysed by CA. The reaction
rate constants change with temperature. Thus, kinetic as well as equilibrium frac-
tionation vary with temperature. In terms of the carbonate system, the distribution
of isotopes between carbon species is pH-dependent. Considering an equilibrated
system, 13RCO2 is close to 13RDIC under very low pH values when most carbon
species are in the form of CO2. At high pH, in turn, 13RCO2−

3
is close to 13RDIC

(cf. Sec. 3.2.5 in Zeebe & Wolf-Gladrow (2001)).

Tab. 1.1: Fractionation ε for processes involved in assimilation of inorganic carbon.→ in-
dicates kinetic fractionation,↔, in turn, stands for fractionation in equilibrium.
TK stands for temperature (Kelvin). Table modified after Rost (2003); Zeebe &
Wolf-Gladrow (2001).

Process or enzyme ε (‰) Reference

CO2 (g)→ CO2 (aq) 1.0 Knox et al. (1993)
CO2 (aq)↔ CO2 (g) -373/TK + 0.19‰* Mook et al. (1974)
CO2 diffusion in 0.7 O’Leary (1984)
solution 0.9 Jähne et al. (1997)

CO2→ HCO−
3 13 (24◦C) O’Leary et al. (1992)

HCO−
3 → CO2 22 (24◦C) O’Leary et al. (1992)

CO2(aq)↔ HCO−
3 -9 866/TK + 24.12‰* Mook et al. (1974)

CO2(g)↔ HCO−
3 -9 483/TK + 23.89‰* Mook et al. (1974)

CO2−
3 ↔ HCO−

3 -867/TK + 2.52‰* Mook et al. (1974)

CO2→ HCO−
3 (CA) 1 (25◦C) Paneth & O’Leary (1985)

HCO−
3 → CO2 (CA) 10 (25◦C) Paneth & O’Leary (1985)

RubisCO, eukaryotic 11 - 29 Boller et al. (2011),
marine algae Roeske & O’Leary (1984),

Raven & Johnston (1991),
Raven et al. (1994)

*measured in freshwater

In order to quantify the fractionation of a simple chemical reaction or a more
complex process such as the formation of biomass, the isotopic compositions of
carbon in the source as well as of carbon in the product have to be determined first.
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In order to express the isotopic carbon composition of a sample, the δ-notation is
used (Zeebe & Wolf-Gladrow, 2001):

δ13Csample =

[13Rsample
13RPDB

− 1

]
· 1000 (1.9)

where 13RPDB is the Pee Dee Belemnite standard, which gives the 13C:12C ratio
of the fossil Cretaceous marine belemnite shell found in the Pee Dee formation in
South Carolina. This shell has an anomalously high 13C:12C ratio and was defined
as the δ13C of zero. The ratio between sample and PDB standard in equation (1.9)
is further converted to generate values that are better to handle. Consequently, δ13C
values are mostly negative.

The fractionation factor α between the two samples is related to the δ values
(Zeebe & Wolf-Gladrow, 2001) by:

α =
δ13Csource + 1000

δ13Cproduct + 1000
(1.10)

An α value that is higher than 1 thus indicates fractionation, i.e. 13C depletion of
the product compared to the source. Another, equivalent possibility to describe
fractionation is the fractionation value ε (Zeebe & Wolf-Gladrow, 2001):

ε =
δ13Csource − δ13Cproduct

1 +
δ13Cproduct

1000

(1.11)

where a positive ε value indicates fractionation.
Enzymes that catalyse chemical reactions may fractionate also. For the princi-

pal carbon fixing enzyme on Earth, i.e. RubisCO, measured ε values vary between
11‰ and 29‰ (e.g. Roeske & O’Leary, 1984; Raven & Johnston, 1991; Boller
et al., 2011). This wide range might depend on the subtype of RubisCO and the
ways of carbon acquisition. In C4 plants, where CO2 is first fixed by phospho-
enolpyruvate carboxylase (PEPC), ε is generally lower. Most marine phytoplank-
ton is thought to belong to the C3 plants, where RubisCO constitutes the prime
carbon fixing enzyme. In assumingly most photoautotrophic organisms, carbonic
anhydrases (CAs, see text following eqn. (1.5)) are passed as well by carbon atoms
on their way from the external medium to RubisCO. Kinetic fractionation with CA
is lower than without the enzyme. Fractionation in equilibrium, however, is the
same.

Overall, due to photoautotrophic discrimination against 13C, organic matter is
depleted in 13C compared to seawater and atmosphere.

1.9 Calcification in coccolithophores

Until today, it is not fully clear, why coccolithophores have developed and main-
tained the ability to calcify. Marin et al. (1996) propose that biomolecules that are
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today involved in complex internal calcification processes first served to prevent
spontaneous overcrusting of biomass in calcifying invertebrates: Many of these
biomolecules possess an inhibitory effect on precipitation when in solution; dur-
ing calcite precipitation, they can regulate or terminate precipitation. Although
the Late Proterozoic ocean (around 1 000 to 542 million years ago) was probably
highly supersaturated in respect to CaCO3 (Knoll et al., 1993) and first calcifying
organisms, mainly benthic organisms such as foraminifera (Culver, 1991), evolved
during this time, the founding period for various, unrelated marine calcifiers and
amongst them coccolithophores dates back to the late Triassic (until around 200
million years ago). De Vargas et al. (2007) and others speculate that this found-
ing period may have been induced by a relaxation of anticalcifying environmental
conditions. Biomolecules involved in the intracellular formation of CaCO3 skele-
tons may thus have existed for millions of years before they were recruited for
the formation of calcium carbonate skeletons (Marin et al., 1996; de Vargas et al.,
2007). Since the late Triassic, coccolithophores have, together with other marine
calcifiers, conquered the open ocean and thereby developed a regulating role on the
Earth system by moving the dominat site of CaCO3 deposition from the shores to
the open ocean (Ridgwell & Zeebe, 2005).

After about six decades of research, it still remains a matter of debate what
advantage coccolithophores derive from calcification. Several hypotheses were
formulated during this time, but none could be clearly verified (Tab. 1.2).
Adding coccoliths to the cell surface increases overall density and hence cellular
sinking rates. Nitrogen and phosphorous limitation induce high cellular PIC:POC
ratios, and thereby might accelerate the transport towards deeper, nutrient-richer
water masses. Sinking rates, however, are low (about 50% of the biomass may be
made of lipids in coccolithophores (Fernández et al., 1996)) and range between
about 0.1 m · d−1 and 0.5 m · d−1 (Lecourt et al., 1996, for E. huxleyi). In order
to sink 10 m, E. huxleyi would thus have to travel downwards for at least 20 days.
Water circulation within the upper water layer would further lower the absolute
sinking rates, even if coccolithophore blooms predominate under quiescent condi-
tions. Since light intensity weakens quickly with depth, energy to assimilate the
nutrients in this depth would be scarce (coccolithophores have no nutrient storage
vacuole). The low density lipid storages could be used until those deeper water lay-
ers may reach surface again. After all, inceased sinking rates due to unfavourable
environmental conditions unlikely constitute the purpose for the development of
calcification.
Another idea was that the coccosphere may constitute a physical protection shield
against virus attack. Frada et al. (2008), however, found that viruses do attack
the diploid calcifying stage of E. huxleyi, but not the haploid, non-calcified stage.
There is also not much evidence for a protective function against grazers as E.
huxleyi cells have been observed to constitute a favourite prey of copepods in labo-
ratory as well as in mesocosm experiments (Harris, 1994; Nejstgaard et al., 1994).
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Tab. 1.2: Hypotheses why coccolithophores may calcify. Table modified after Raven &
Crawfurd (2012).

Hypothetical advantage for against
Ballasting for vertical Paasche (2002), Lecourt et al. (1996)
migration Raven & Waite (2004)

Protection against Raven & Waite (2004) heterococcoliths vs. holo-
viruses coccoliths Frada et al. (2008)

Protection against Nejstgaard et al. (1994) Harris (1994),
grazers Nejstgaard et al. (1994),

Hansen et al. (1997)

Protection against Braarud & Nordli (1952) Paasche (1964),
photoinhibition Paasche & Klaveness (1970),

Nanninga & Tyrrell (1996),
Houdan et al. (2005),
Trimborn et al. (2007)

Focussing light to Young (1994) Nanninga & Tyrrell (1996),
photosystems Raven & Waite (2004),

Trimborn et al. (2007)

Scattering increases Tyrrell & Merico (2004)
stratification
Protection against UV Gao et al. (2009) Gao et al. (2009),

Peletier et al. (1996)

CCM e.g. Paasche (1964), Trimborn et al. (2007),
Sikes et al. (1980), “Can occur, but no obligate
Nimer & Merrett (1992) means to generate CO2 for

photosynthesis” Summary
of Raven & Crawfurd (2012).

Oxyrrhis marina, a heterotrophic dinoflagellate, even prefers lithed over naked
E. huxleyi cells (Hansen et al., 1997).
One further hypothesis concerns radiation scattering by coccoliths to prevent pho-
toinhibition. Trimborn et al. (2007), however, demonstrated that photoinhibition
is lacking also in cells that do not develop a coccosphere when grown under low
Ca2+ concentrations.
Coccoliths were suggested to focus radiation to the photosystems in deeper water
layers. In those layers, however, the ratio of diffuse radiation, which is difficult to
focus, to direct radiation increases (Raven & Crawfurd, 2012).
Coccolithophore blooms often occur in highly stratified waters. The scattering of
light and thus heat conduction by the coccoliths intensifies stratification (Tyrrell
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et al., 1999) and may thus constitute a means to keep cells in the uppermost, well
illuminated water layer. This feature might explain why calcified in contrast to
non-calcified coccolithophores form blooms.
The putative protective function against UV radiation can be excluded, because
the coccosphere of E. huxleyi does protect the cells from UV-induced cell damage
(Peletier et al., 1996).
One issue that has been discussed extensively, is the idea that calcification may con-
stitute a so-called carbon or CO2 concentrating mechanism (CCM, see Sec. 1.10),
by means of which the CO2 concentration around RubisCO is increased. This
idea was carefully proposed by Paasche (1964) and initiated lively discussions. To
demonstrate CO2 generation via calcification, the following equation is often used.

2HCO−
3 + Ca2+ → CaCO3 + CO2 + H2O (1.12)

This equation, however, presumes external HCO−
3 to be the carbon source for cal-

cite precipitation and photosynthesis and further gives the sum of equations (1.13)
to (1.15)

HCO−
3 → CO2−

3 + H+ (1.13)

Ca2+ + CO2−
3 → CaCO3 (1.14)

HCO−
3 + H+ → CO2 + H2O (1.15)

that may actually occur within different cellular compartments. Moreover, equa-
tion (1.15) is comparably slow when not being supported enzymatically. All in
all, there is only weak evidence arguing for calcification constituting a CCM for
photosynthetic carbon acquisition (Raven & Crawfurd, 2012).

Calcification-related cellular processes

The term calcification comprises all processes that contribute to the formation of
coccoliths. It thus includes substrate transport, calcite precipitation, and further
processes as for instance growth of the CV.

The saturation product for calcite, Ω, is defined by:

Ω =
[Ca2+][CO2−

3 ]

Ksp
(1.16)

where [Ca2+] and [CO2−
3 ] denote the concentrations of dissolved Ca2+ and CO2−

3 ,
respectively, andKsp is the solubility constant for calcite that is dependent on tem-
perature, salinity, and pressure. At Ω < 1, CaCO3 dissolves. The precipitation
of calcite crystals via equation (1.3) is thermodynamically favoured when the sat-
uration product Ω is larger than 1. Precipitation of CaCO3, however, does not
spontaneously begin from a solution as soon as Ω exceeds one. Precondition for
precipitation is the formation of a crystal nucleus that exceeds a critical size. For-
eign surfaces such as organic matrices may support this initiation process called
nucleation. Ω decreases with depth mainly because Ksp increases with pressure.
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In many coccolithophores, both life stages form coccoliths with haploid cells

producing holococcoliths and diploid cells producing heterococcoliths. Holococ-

coliths are formed of numerous identical calcite crystallites. Their synthesis could

so far not be observed within cells and it is thus assumed that the organic precipi-

tation template, the so-called base-plate, is exocytosed before extracellular calcite

precipitation commences (Young & Henriksen, 2003).

Fig. 1.10: Coccolith structure of Emiliania huxleyi. Diagram of the crystal units and iso-
lated coccolith in distal view. Scale bar = 1μm. Figure modified after Young &
Henriksen (2003).

Heterococcoliths, in contrast to holococcoliths, are formed of a limited number

of calcite crystals with strongly modified shapes (for E. huxleyi: Fig. 1.10). The

highly organised process of heterococcolith synthesis takes place within Golgi-

derived vesicles (CVs) (Young & Henriksen, 2003). Some species such as Pleu-
rochrysis carterae form several coccoliths at once in vesicles that are freshly de-

rived from the Golgi apparatus and located freely within the cytosol. E. huxleyi,
in turn, exhibits sequencial coccolith formation in CVs that are initially located

on top of the shaping nucleus. A labyrinthine membrane system, the Rb (Marsh,

2003), connects to the CV when coccolith formation commences (Westbroek et al.,
1984). In both species, nucleation begins with the precipitation of simple cal-

cite crystals around the rim of the organic base-plate. The precipitation product is

termed proto-coccolith (Young et al., 1992). In the following, the crystals grow in

distinct directions to form the final heterococcolith structure (Young & Henriksen,

2003). It seems that a 3-dimensional matrix is provided for this growth process

(Outka & Williams, 1971; Westbroek et al., 1984). In case of E. huxleyi, acidic

polysaccharides are thought to line the inside of the CV that directly control the

precipitation process by allowing or terminating further crystal growth (Westbroek

et al., 1984; Marsh, 2003). The coccolith-associated glutamic acid, proline and

alanine-rich protein GPA (Corstjens et al., 1998) may exhibit further control or

matrix function. Transcript expression, however, is higher in non-calcifying cells

(von Dassow et al., 2009; Rokitta et al., 2011; Mackinder et al., 2011). In both

species, although only tested in case of E. huxleyi (Langer et al., 2010), the cy-

toskeleton is probably involved in the growth process by directing the membrane

of the CV (Westbroek et al., 1984). Finally, the CV is exocytosed (e.g. Westbroek

et al., 1984).

E. huxleyi, the model organism of this thesis, is non-calcifying in the haploid phase.
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When talking about “calcification”, I will thus refer to heterococcolith synthesis in
the following.

Calcification-related substrate provision

Ca2+ has many roles in cells and, inter alia, acts as a second messenger inside
the cytosol. The concentration of free Ca2+ inside the cytosol has thus to remain
lower than 1 mmol · m−3 (1µM) (Raven, 1980), because otherwise, a signal con-
duction by means of Ca2+ would become impossible. Brownlee et al. (1995) give
a concentration of 100µmol · m−3 (100 nM). Raven (1980) used measured Ca2+

diffusion coefficients, known intracellular distances for the putative pathway of
Ca2+, and measured PIC production rates to calculate the concentration gradient
that was essential to drive the Ca2+ flux. Since the calculated gradient exceeds cy-
tosolic Ca2+ concentration, Raven (1980) concluded the flux of free Ca2+ through
the cytosol be too slow (cf. Sec. 3.1). The transportation of Ca2+ towards the CV is
thus believed to be facilitated by Ca2+ vectors that are capable of transporting large
amounts of Ca2+ shielded away from the cytosol. On basis of microscopic obser-
vations and biomolecular investigations, it was found that Pleurochrysis carterae
(ca. 10µm in diameter) most likely uses densely packed granules, so-called coc-
colithosomes, as Ca2+ vectors (Outka & Williams, 1971; Marsh, 1994). For other
species, amongst them E. huxleyi (ca. 4-5µm in diameter), however, it remains un-
clear how Ca2+ is transported to the site of calcite precipitation. In contrast to P.
carterae, E. huxleyi neither synthesizes PS 2, a coccolithosome-associated polysac-
charide that can sequester more calcium than any polyanion yet described, nor any
other polysaccharide equivalent (Marsh & Dickinson, 1997). Instead, E. huxleyi
exhibits the Rb (Westbroek et al., 1984). Due to its high surface:volume ratio, the
Rb would be perfectly suited to import large amounts of cytosolic Ca2+. Berry
et al. (2002) and Brownlee & Taylor (2004), however, proposed small vesicles as
Ca2+ vectors for E. huxleyi. A pretty clever and sophisticated hypothesis was set
up by Mackinder et al. (2010), who propose first an acidification of these transport
vesicles or the precurser CV (so-called protococcolith vesicle) by means of H+-
ATPases, followed by the activation of Ca2+/H+ exchangers (CAX) that increases
pH and leads to an accumulation of Ca2+ inside the precursor CV. Both transporter
types, H+-ATPases and CAX transporters, have been found upregulated in calci-
fying E. huxleyi cells, compared to non-calcifying ones (von Dassow et al., 2009;
Mackinder et al., 2010). The transporting vesicles could hence act similar to vac-
uum cleaners that suck up Ca2+ from the cytosol and thereby support the cell in
maintaining a low cytosolic Ca2+ concentration.

Paasche (1964) used short-term 14C incubations and monitored the rate at
which 14C appeared in calcite. He showed that external HCO−

3 is the main substrate
for coccolith production in E. huxleyi. Sikes et al. (1980) sucessfully reproduced
thse results. Sekino & Shiraiwa (1994) obtained indirect evidence for HCO−

3 us-
age by using radiotracer techniques and showing that external CO2 is not used for
calcification. Buitenhuis et al. (1999) conducted multi-dimensional experiments,
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during which one parameter of the external carbonate system was kept constant
(CO2, TA, or CO2−

3 ) while the other two parameters were allowed to co-vary by
adjusting total DIC and pH. Their results show that calcification is independent of
external CO2−

3 , but closely correlated with external HCO−
3 . Further evidence for

HCO−
3 usage comes from fractionation data showing that isotopic carbon compo-

sition in calcite is similar to the one of external HCO−
3 (Rost et al., 2002). All

in all, many results have corroborated to view that HCO−
3 is used in calcification

(Paasche, 2002).

1.10 Photosynthesis-related inorganic carbon fluxes

Concerning the external inorganic carbon source for photosynthesis, i.e. biomass
production, available literature gives controversial results. One reason for this con-
troversity is certainly related to the complex carbon flux through the cell that arises
from the necessity to accumulate CO2 around RubisCO, whose affinity towards
CO2 is low (Boller et al. (2011) measured a halfsaturation constant of 72 mmol ·
m−3, i.e. 72µM, for E. huxleyi) when compared to the CO2 concentration in the
surrounding seawater (1 mmol · m−3 - 30 mmol · m−3). Furthermore, RubisCO
exhibits a low catalytic turnover and reacts with O2, which is set free inside the
thylakoids. Carbon dioxide is thought to be fixed inside the pyrenoid, i.e. a high
density, proteinaceous structure that can contain up to 90% of RubisCO (Vaughn
et al., 1990; Borkhsenious et al., 1998). In many algae, pyrenoids are located in
the center of the chloroplast stroma, traversed by one or more thylakoid layers
(Griffiths, 1970). Being gases, CO2 and O2 diffuse across membranes following
their concentration gradients. In terms of CO2, diffusive membrane permeability
is sometimes communicated as a further shortcoming, because accumulated CO2

might diffuse out of the cell. All in all, RubisCO is thought to constitute the rate
limiting enzyme in photosynthesis. Dispite all these “imperfections”, however, vir-
tually all of the organically bound carbon on Earth has passed the catalytic centre
of RubisCO at least once. The sum of processes that lead to CO2 accumulation
around RubisCO, called CCM, differs between species (e.g. Badger et al., 1998).
Different elements in varying compositions may be part of CCMs: (a) pumps that
transport inorganic carbon species uphill across biomembranes towards RubisCO,
(b) features that reduce the diffusivity of inorganic carbon, especially CO2, away
from RubisCO or the cell, (c) different CAs at varying internal locations, (d) dif-
ferent internal pH values that channel the direction of the inter-conversion between
carbon species, and (e) a compartment to confine RubisCO, such as pyrenoids or
carboxysomes, minimizing the volume in which CO2 is elevated (Badger et al.,
1998; Raven, 1997).

In the same experiments that were described previously (Sec. 1.9), Paasche
(1964) found that external CO2 as well as HCO−

3 can be used for photosynthesis
in E. huxleyi. Sikes et al. (1980) found external CO2 to be the main carbon source
for biomass production. The carbon fractionation data of Rost et al. (2002) can be
interpreted with a combined external carbon source of CO2 and HCO−

3 . Carbon
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dioxide measurements in the medium by means of membrane inlet mass spectrom-
etry (MIMS) indicate CO2 usage during illumination (e.g. Tchernov et al., 2003;
Schulz et al., 2007). According to Schulz et al. (2007), less than 10% of the car-
bon taken up was HCO−

3 . Rost et al. (2007) and Rokitta & Rost (2012) determined
HCO−

3 to be the major carbon source that supports biomass production. The 14C
disequilibrium essay they used, however, was conducted at a higher pH value than
the cells were acclimated to. Kottmeier (pers. comm.) and coworkers refined the
essay, which enabled them to conduct the measurements at different essay pH val-
ues. They found external CO2 to be the major source for photosynthesis under
current pCO2 conditions. Under low CO2 concentrations, however, HCO−

3 can be
used additionally.
To sum up, many literature data indeed give hints that external CO2 is the main
carbon source for photosynthesis, but that external HCO−

3 can be used when the
external CO2 concentration is low compared to the POC production rate.

A leaky cell

It is assumed that CO2 leaks out of the cell during darkness, as well as during il-
lumination (for E. huxleyi: Tchernov et al., 2003; Schulz et al., 2007), although
external CO2 is an essential carbon source for photosynthesis. This apparent con-
troversy (uptake of external CO2 vs. a CO2 concentration gradient directing out
of the cell) could be overcome by means of an active CO2 transport, which cer-
tainly constitutes an energy-inefficient possibility to import carbon, because CO2

would permanently diffuse out of the cell. Although potential mechanisms for
such pumps can be found in literature (e.g. Volokita et al., 1984), reported proofs
do not exist to the best of my knowledge. Cl−/HCO−

3 anion exchangers exist in
erythrocytes that possess a binding site for CA (Vince & Reithmeier, 2000). This
transporter/enzyme combination, however, unlikely constitutes a means for CO2

uptake from bulk seawater into the cytosol, because external CO2 concentrations
are low and HCO−

3 could be taken up directly unless being strongly depleted.
Early indications for CO2 efflux from phytoplankton cells come from Sharkey

& Berry (1985) who conducted isotopic fractionation experiments on the green
alga Chlamydomonas reinhardtii. They monitored the change in fractionation with
varying external DIC concentrations and after CA inhibition. In order to explain
the fractionation-related accumulation of 13C in the external medium, they estab-
lished a mathematical model that assumes an efflux of CO2 to transport the accu-
mulating 13C out of the cell. Tchernov et al. (2003) used a MIMS-approach to
measure CO2 and O2 outside the cells and came to the conclusion that under lim-
iting light, E. huxleyi imports CO2, while HCO−

3 leaks out of the cell. Under high
light conditions, HCO−

3 is imported and CO2 leaks out of the cell. Schulz et al.
(2007) found indications for CO2 usage and leakage at the same time in E. huxleyi
by using MIMS measurements. Furthermore, they measured the discrimination of
the cells against 13C and successfully discribed those data by means of a numeric
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two-compartment fractionation model that presumes, as the model of Sharkey &
Berry (1985), an efflux of CO2 in order to dispose of accumulating 13CO2.

1.11 Aim of the thesis

As summarised in Section 1.4, the carbonate system of the ocean is currently ex-
hibiting major changes due to anthropogenically induced pertubations on atmo-
spheric CO2 levels. These changes have major implications on marine biogeo-
chemistry and the composition of whole marine ecosystems. In order to understand
or even to predict the ongoing or future interplay between the marine biome and its
environment, a process-based understanding of intracellular processes is essential.
In this thesis, mathematical models are used to explain experimental data and thus
to investigate calcification and photosynthesis-related intracellular element fluxes
in coccolithophores.
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1 Introduction

Coccolithophores are unicellular plank-
tonic algae that belong to the phylum
Haptophyta. They can surround them-
selves with elaborately crafted calcite

platelets, so-called coccoliths (Fig. 1).
Coccoliths feature diameters of only 1-
10μm (Young and Henriksen; 2003).
Despite this, they exhibit complex sub-
structures on a nanoscale.

Figure 1: Coccolith of Emiliania huxleyi.

The first reliable records of fossil
coccoliths date back some 220 million
years (Bown; 2005). An enormous pro-
duction of coccoliths since the Jurassic
circa 150 million years ago (Morse and
Mackenzie; 1990) resulted in the forma-
tion of thick sediment layers that were
responsible for the formation of massive
chalk cliffs. Today, coccolithophores
are among the most productive calcifiers
in the open ocean.

A question that has been discussed
extensively in the past, but still re-
mains more or less unanswered, is ‘Why
do coccolithophores calcify?’ Sev-
eral hypotheses concerning this ques-
tion have been put forth as, for instance,
protection-related functions, biochem-
ical functions of coccolith formation,
floating-related functions, as well as

light regulation (Young; 1994). While
many of these hypotheses have been
shown to be unlikely, such as a pro-
tection against predators (Hansen et al.;
1997) and viruses (Bratbak et al.;
1996) or a carbon dioxide (CO2) sup-
ply to photosynthesis via calcification
(Trimborn et al.; 2007, and references
therein), other hypotheses are more
challenging to test and remain unan-
swered to this date. However, the
answer to this question may well ex-
plain the evolutionary success of coccol-
ithophores.

The present chapter focuses on the
intracellular mechanisms underlying the
synthesis of nanostructured coccoliths.
While some of the processes and struc-
tures involved have been discovered al-
ready, much remains unknown.
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Excursus into carbonate chem-
istry

In aqueous solutions, CO2 exists in four
different forms: CO2, carbonic acid
(H2CO3), bicarbonate ions (HCO−3 ) and
carbonate ions (CO2

3). They inter-
convert via the following equilibrium re-
actions: CO2 + H2O � H2CO3 �
HCO−3 +H+ � CO2−

3 + 2H+.
As the concentration of H2CO3 is

comparably small, it is usually incorpo-
rated into the CO2 term. The carbon-
ate system acts as a buffer system in
aqueous solutions. The so-called Bjer-
rum plot (Fig. 9.2) visualizes the vari-
ation of the three main carbon species
with the pH value of the solution. Tem-
perature and salinity influence the pK
values. The latter are a measure for
the strength of an acid, they give the
pH value at which the concentrations of
two components in an acid/base system

equal each other. Figure 2 shows the
carbonate system at a salinity of 35 and
a temperature of 25◦C, as given in Zeebe
and Wolf-Gladrow (2001). The vertical,
grey line further visualizes the composi-
tion of seawater. The pH value of the cy-
tosol is commonly assumed to be seven.
However, since the carbonate system of
the cytosol is unlikely to be in equilib-
rium, the Bjerrum plot cannot be used
to visualize its composition in terms of
inorganic carbon. Anyway, the predom-
inant carbon species inside the cytosol
is assumed to be HCO3. Seawater and
cytosol are separated from each other
mainly via a biomembrane (see below
for an explanation) in case of unicellular
planktonic algae. An important point is
the very slow conversion between CO2

and HCO−3 (c. 10 s) compared to the al-
most instantaneous conversion between
HCO−3 and CO

2−
3 (c. 10−7 s) (Zeebe

and Wolf-Gladrow; 2001).

3

Figure 2: A Bjerrum plot visualizes the composition of the carbonate system in
equilibrium and the corresponding pH values. The three main components of the
carbonate system are CO2, HCO−3 , and CO

2−
3 . (Figure reproduced after Zeebe

and Wolf-Gladrow (2001)).
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Excursus into the cellular consti-
tution of coccolithophores

All cells are surrounded by a plasma
membrane separating the inside of the
cell, the cytoplasm, from its environ-
ment. These so-called biomembranes
consist mainly of different amphiphilic
lipids. In an aqueous solution, their
hydrophilic regions arrange towards the
aqueous solution while the hydropho-
bic regions are shielded away. Thereby,
circa 10 nm-thick lipid bilayers result,
which form spontaneously in aqueous
solutions due to the given energetic cir-
cumstances.

Biomembranes further contain dif-
ferent proteins that feature versatile
functions. Small, non-polar molecules
such as O2 and CO2 can diffuse pas-
sively through biomembranes. The pas-
sage of larger and polar molecules,
in contrast, is controlled by pro-
teins, which pervade the lipid bilay-
ers, so-called channels or transporters.
Biomembranes environ the cell itself as
well as all cellular organelles. Thereby,
chemically optimized milieus can be
created for different cellular functions.
The main compartments of haptophyte
algae are presented in Figure 3.

Figure 3: Simplified haptophyte cell. Coccoliths are synthesized in Golgi (Ga)-
derived coccolith vesicles (CV) and afterwards expelled to coccosphere. ER stands
for endoplasmic reticulum, pER for peripheral endoplasmic reticulum.

Chloroplasts are typical organelles
of plant cells and can be defined as
the site of photosynthesis, the latter be-
ing the process that converts the elec-
tromagnetic energy of light into chem-
ical energy. Meanwhile, inorganic car-
bon in the form of CO2 is fixed by
the enzyme ribulose-1,5-bisphosphate
carboxylase/oxygenase (RubisCO) into
low-molecular-weight sugars.

The ER serves, besides protein and
lipid synthesis, to sequester cytosolic
Ca2+, which is facilitated by means
of Ca2+ buffering molecules inside the
ER. Since Ca2+ acts as a second mes-
senger between different physiological
pathways, the cytosolic [Ca2+] needs to
be very low.
The peripheral ER (pER) is a cel-

lular structure often observed in hapto-
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phyte algae (van den Hoek et al.; 1978).
Its function remains more or less un-
known. Brownlee and Taylor (2004)
proposed an involvement in Ca2+ up-
take into the endomembranous system.
The ER interacts vividly with the

Golgi apparatus (Ga) via vesicle trans-
port. Inside the Ga, many proteins and
lipids from the ER are modified and
sorted. In calcifying haptophytes, it is
suspected to play an essential role in the
supply of Ca2+ for calcification. Fur-
thermore, the coccolith vesicle (CV), in
which coccolith synthesis takes place, is
a descendant of the Ga. In some species,
it is associated with a tubular, mem-
branous system, known as the reticular
body (Rb).

2 Providing calcium and
inorganic carbon for coc-
colith synthesis

During their life cycle, coccolithophores
undergo two distinct stages: a diploid
stage and a haploid stage. While the
diploid stage exhibits two DNA copies,
the haploid stage contains only one.
However, both stages feature very dif-
ferent coccolith types: the diploid cell
characteristically covers itself with het-
erococcoliths, which consist of different
nanosize crystal units arrayed in a ra-
dial symmetry. The haploid stage, in
turn, has a cell covering made of holo-
coccoliths with a simple crystal shape
(Young et al.; 1999). Both coccolith
types are typically made of the min-
eral calcite (Young et al.; 1999, CaCO3),

and organic material (Marsh; 2003). In
the following, we will limit ourselves
to the processes underlying heterococ-
colith synthesis, which occur intracellu-
larly.
Coming to the actual subject of this

section, we will first discuss the Ca2+-
supply for coccolith synthesis in Pleu-
rochrysis carterae and Emiliania hux-
leyi, the two model organisms, followed
by a general discussion of the inor-
ganic carbon-supply. Ca2+ supply has
been discussed extensively in the past
(Brownlee and Taylor; 2004), especially
regarding the obvious difficulty of trans-
porting Ca2+ to the intracellular site of
coccolith synthesis through the cytosol,
the free [Ca2+] of which should remain
as low as circa 100 nmol·l−1 (Brownlee
et al.; 1995) to prevent toxication. Sea-
water [Ca2+], in turn, is rather high with
10mmol·l−1, meaning that the overall
supply to the cell should not be limited.
The passage of Ci through the cell, tak-
ing into account the conversion of indi-
vidual carbon species into one another,
has so far not been discussed in detail.
For P. carterae (Fig. 4), it seems to

be clear that Ca2+ transport into the
CV is exhibited via vesicles (diame-
ter 400 nm) filled with coccolithosomes
(Outka and Williams; 1971; Marsh;
2003). Coccolithosomes are small gran-
ules (diameter 20 nm) consisting mainly
of two polysaccharides, PS1 and PS2,
the latter of which ‘sequesters more cal-
cium than any polyanion yet described’
(Marsh and Dickinson; 1997). van der
Wal et al. (1983b) found the [Ca2+] of
coccolithosomes to be at least 6mol·l−1.
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Figure 4: Calcifying haptophyte algae show different types of coccolith vesi-
cles (CV). Emiliania huxleyi exhibits a reticular body (Rb), while Pleurochrysis
carterae shows coccolithosomes that are transported via vesicles from the Golgi
apparatus (Ga) to the CV. E. huxleyi cells typically show diameters of 4-5μm,
with coccoliths of comparable size (2.5-4.5 μm) (Paasche; 2002). P. carterae cells,
in turn, exhibit diameters of circa 10μm, with coccolith diameters of circa 1μm
(Outka and Williams; 1971). bp = base plate; ER = endoplasmic reticulum; pER
= peripheral endoplasmic reticulum. Figure changed after Marsh (2003).

Comparing this concentration to the
one of elemental, i.e. solid, calcium
(39mol·l−1) reveals the magnitude of
this value. However, those 400 nm vesi-
cles have been observed to fuse with
the CV and to provide Ca2+ in the
form of coccolithosomes to the growing
coccoliths (Outka and Williams; 1971;
Marsh; 1994; Marsh and Dickinson;
1997). P. carterae actually synthesizes
several coccoliths at once in medial to
trans Golgi cisternae CV (Marsh; 2003).
Nevertheless, prior to the formation

of coccolithosomes, Ca2+ first has to
enter the Ga. The pathway of Ca2+
into the cytosol of calcifying coccol-
ithophores probably occurs via Ca2+-
permeable channels (Brownlee and Tay-
lor; 2004). One possibility for the fur-
ther pathway is an active uptake of
Ca2+ against a concentration gradient
into the pER (Brownlee and Taylor;

2004). Inside the pER, which is likely
to be connected to the ER, Ca2+ may
be bound to specialized molecules (not
PS1 or PS2) buffering the prevailing
[Ca2+]. From here, small transport-
ing vesicles filled with Ca2+ could be
transported to the Ga. The polysaccha-
rides PS1 and PS2, which are synthe-
sized inside the Ga (Marsh; 1994), then
bind the imported Ca2+ and form coc-
colithosomes. Another possibility is the
diffusion/transport of Ca2+ (free ions
or bound to cytosolic molecules) from
the peripheral space (space between the
plasma membrane and pER) to the cy-
tosol, from where it would have to be
taken up by the Ga against a concentra-
tion gradient. Currently, both hypothe-
ses cannot be evaluated qualitatively due
to a lack of essential data such as the
[Ca2+] inside the peripheral space and
the pER, detailed knowledge about the



2 PROVIDINGCALCIUMAND INORGANICCARBONFORCOCCOLITHSYNTHESIS8

location of transporters and their spe-
cific kinetic abilities and so on. Nev-
ertheless, Table1 lists theoretical argu-
ments for and against both hypotheses.
The mechanism underlying Ca2+

supply in E. huxleyi deviates from the
one found for P. carterae. According to
Marsh (2003), E. huxleyi ‘lacks acidic
polysaccharide equivalents of PS1 and
PS2’, but instead exhibits the mem-
branous system of the Rb, which is
closely associated to the CV during coc-
colith synthesis. Due to its high sur-
face:volume ratio, the Rb would be per-

fectly suited to import large amounts of
Ca2+. The CVRb complex of E. huxleyi,
which is also observed in Coccolithus
braarudii, is located on top of the shap-
ing nucleus. Both species exhibit se-
quential coccolith synthesis, in contrast
to P. carterae (Taylor et al.; 2007). Dif-
ferent theories for the supply of Ca2+ to-
wards the growing coccolith of E. hux-
leyi are under discussion, one of which
is the uptake of cytosolic Ca2+ directly
across the membranes of the CV and the
Rb. The implications of this possibility
are actually discussed in Table 1 for

Table 1: Transport of calcium ions (Ca2+) from plasma membrane to the Golgi
apparatus (Ga) in P. carterae.

Ca2+ uptake into (p)ER, Ca2+ diffusion through cytosol,
then vesicle transport to Ga then uptake into Ga
(1) (2)

A
dv
an
ta
ge
s

Ca2+ does not encounter bulk Overall process might be less costly,
of cytosol. since vesicle transport occurs only

once.

D
isa
dv
an
ta
ge
s

The costly and highly controlled Ca2+ diffuses through cytosol.
vesicle transport occurs twice. Ca2+ uptake into Ga has to be fast,
Transport from ER/pER to Ga despite low cytosolic [Ca2+];
requires even higher membrane this requires transporters with either
cycling than from Ga to CV, a high transport velocity and a high
since Ca2+ is not yet affinity towards Ca2+ or many
associated to PS1 or PS2. More- transporters with high affinities and
over, these transport vesicles low transport rates; such
are probably smaller, implying a detailed knowledge is lacking.
higher membrane:volume ratio.
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hypothesis (2). The position of the Rb,
facing towards the periphery of the cell,
could be of advantage here, because the
distance from the peripheral space is rel-
atively short. Mackinder et al. (2010)
proposed a quite inventive mechanism
for the import of Ca2+ directly across
the CV membrane: a high [H+] is es-
tablished in an early-stage CV by means
of membrane transporters pumping H+

against a concentration gradient into the
CV. Driven by the established H+ gradi-
ent, Ca2+ could be imported by means
of Ca2+/H+ exchangers. Both trans-
porter types have been shown to be up-
regulated in calcifying cells of E. hux-
leyi (Mackinder et al.; 2011). However,
this theory requires the accumulation of
(almost) all Ca2+ needed for the synthe-
sis of one complete coccolith in the CV,
which Gussone et al. (2006) have cal-
culated to be impossible. Another pos-
sibility for the Ca2+ transport towards
the growing coccolith in E. huxleyi actu-
ally resembles the vesicle transport be-
tween ER/pER and Ga, as discussed for
hypothesis (1) in Table 1. The only dif-
ference is the destination of the vesicles:
here, it is the growing CV, while it is the
Ga in Table 1.
The intracellular pathway of Ci in

coccolithophores is even more specu-
lative than is the one of Ca2+. This
can be attributed to a lack of knowl-
edge about the intracellular distribution
of Ci. Sekino and Shiraiwa (1994) have
determined the bulk concentration of
intracellular dissolved inorganic carbon
(DIC, sum of CO2, HCO−3 , and CO

2−
3 )

of E. huxleyi to be around 13mmol·l−1.
However, this value is not sufficient, as
it gives no information on the distribu-
tion of intracellular DIC.
As shown in Figure2, surface sea-

water exhibits a high content in HCO−3
and CO2−

3 . E. huxleyi takes up exter-
nal HCO−3 and CO2 (Rokitta and Rost;
2012). While the intracellular process
of photosynthesis is a sink of seawater
HCO−3 and CO2, coccolith synthesis is
thought to rely predominantly on seawa-
ter HCO−3 (Paasche; 2002; Rost et al.;
2002). It may be possible that HCO−3
and CO2 travel through the cytosol with-
out being converted into each other, be-
cause of the slow conversion between
both carbon species. Further assum-
ing that chloroplast and CV actively im-
port HCO−3 , the additional usage of CO2

could result from CO2 diffusion towards
the Ci fixing enzyme, RubisCO, which
is located inside the chloroplast. In
terms of the CV, HCO−3 import would
have to be accompanied by an export
of H+ (or import of OH−) to prevent
the CV from acidification (Taylor et al.;
2011), the latter being an unfavourable
situation for calcite precipitation. How-
ever, a transporter with this stoichiom-
etry would lead to an electric charg-
ing of the CV, a problem that could be
overcome when simultaneously import-
ing Ca2+ into the CV. Nevertheless, to
the best of our knowledge such a mem-
brane transporter has so far not been
found.
Coming back to the Ci import across

the plasma membrane, the findings of
Herfort et al. (2002) hint at an anion
exchanger being responsible for HCO−3
uptake in E. huxleyi. Theoretically, CO2

can diffuse into the cell if the cytosolic
[CO2] is lower than seawater [CO2]. A
higher cytosolic [CO2] implies a leak-
age of CO2 from the cytosol. While ac-
tive CO2 uptake is assumed for differ-
ent algae, such as green algae (Sülte-
meyer et al.; 1989), cyanobacteria (Es-
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pie et al.; 1989) and E. huxleyi (Schulz
et al.; 2007), the underlying mecha-
nisms remain unclear.
The results of Herfort et al. (2002)

further hint at the activity of extra-
cellular carbonic anhydrase (eCA) un-
der low external [DIC], with eCA be-
ing an enzyme accelerating the other-
wise very slow conversion between CO2

and HCO−3 inside the diffusive bound-
ary layer of the cell. Other authors, as
for instance Rost et al. (2002, 2003),
did not find evidence of eCA activity
in E. huxleyi. However, depending on
the pH value of the thin water layer sur-
rounding the plasma membrane (cellu-
lar boundary layer), eCA may convert
CO2 to HCO−3 or vice versa. Under high
pH values, CO2 leaking out of the cell
could be converted to HCO−3 which may
then be taken up again by the anion ex-
changer. Thereby, net CO2 leakage from
the cell may be reduced. When in turn
assuming an acidified cellular bound-
ary layer, external HCO−3 could be con-
verted to CO2, which may then enter the
cell via diffusion or lower CO2 leakage
from the cell.
Summing up, neither the intracellu-

lar passage of Ca2+ nor the one of Ci is
known in detail, but Ca2+ and Ci have to
be transported into the CV during coc-
colith synthesis.

3 Chemical control of cal-
cite precipitation

3.1 Supersaturation

A CaCO3 crystal or precipitate may
form when a solute exceeds its solubil-
ity in the aqueous solution. The solu-
bility of an inorganic salt is determined

by an equilibrium constant, the solubil-
ity product (Ksp).
For the precipitation reaction,

Ca2+ +CO2−
3 � CaCO3 (1)

the solubility product, which is a func-
tion of temperature and salinity of the
solution, is given by:

Ksp = [Ca2+]eq · [CO2−
3 ]eq (2)

with [Ca2+]eq and [CO2−
3 ]eq being the

effective concentrations (activities) of
ions in a solution in equilibrium with the
solid phase. A measure for the level of
supersaturation of a solution is the dif-
ference between the ion activity product
of the solution,

Q = [Ca2+]sol · [CO2−
3 ]sol (3)

and the equilibrium position of Q as de-
fined by Ksp. The saturation state of the
solution is generally defined by the sat-
uration ratio,

Ω =
Q

Ksp
. (4)

The thermodynamic driving force for
calcite precipitation to occur is the
change of free energy due to the reac-
tion in Eqn. (1),

ΔGr = −RT ln
Q

Ksp

= −RT ln Ω.

(5)

Equation (1) will proceed in the forward
direction, i.e. precipitation reaction will
be favored, if ΔGr < 0. Therefore, cal-
cite is precipitated from solution as long



3 CHEMICAL CONTROL OF CALCITE PRECIPITATION 11

as Q > Ksp or Ω > 1. In this respect,
Ω is a measure for the extent to which a
solution is out of equilibrium and repre-
sents the driving force for precipitation.

3.2 Inorganic nucleation

A supersaturated solution does not
transform spontaneously to a solid crys-
tal. Precondition for crystal growth is
the formation of a crystal nucleus of a
critical size. Nucleation occuring in a
supersaturated solution due to sponta-
neous nuclei formation is termed homo-
geneous nucleation. Heterogeneous nu-
cleation, on the other hand, occurs when
nucleation is initiated via foreign sur-
faces. Since biomineralization usually
involves foreign substrates, the theoreti-
cal discussion given here only considers
heterogeneous nucleation. The princi-
ples of this process provide the basis for
understanding nucleation at the surface
of an organic template, as is assumed for
coccolith synthesis.
The free energy change, ΔGn, asso-

ciated with nucleation, arises from two
sources: one depends on ΔGr , the free
energy (per mole) corresponding to pre-
cipitation, the other results from the in-
terfacial free energy, ΔGs, of the sur-
face separating the solid phase from the
liquid. The free energy of reaction,

ΔGr, is negative when the solute ex-
ceeds its solubility in the aqueous solu-
tion. On the other hand, the free energy
of the surface, ΔGs is always a positive
quantity. The value of ΔGn is therefore
given by

ΔGn =
V

vm
ΔGr +ΔGs (6)

where V is the volume of the crystal
cluster and vm is the molar volume.
We consider a cap-shaped crystal clus-
ter on a perfect substrate, as shown in
Figure 5. It represents a segment of a
sphere with the radius of the curvature r
and contact angle θ. The latter is defined
by the balance of the tensional forces
at the liquid-crystal-substrate triple con-
tact and can be calculated by means
of the well-known relation of Young
(1804):

σsl = σsc + σ cos θ, (7)

where σ is the crystal-liquid inter-
facial tension, σsc is the substrate-
crystal interfacial tension, and σsl is the
substrate-liquid interfacial tension. The
change of free energy corresponding to
the cap-shaped cluster is made up of the
volumetric free energy gain,

Figure 5: Schematic cap-shaped crystal cluster (c) forming on a flat substrate (s)
from a liquid (l).
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V

vm
ΔGr =

πr3

3vm
(1− cos θ)2

(2 + cos θ)ΔGr,

(8)

and the surface free energy

ΔGs = 2πr2σ (1− cos θ)

− πr2σ cos θ
(
1− cos2 θ

)
.

(9)

Substituting above expressions into
Equation (6) gives

ΔGn =

(
4πr3

3vm
ΔGr + 4πr2σ

)
(
2− 3 cos θ + cos3 θ

4

)
.

(10)

Note that the first term in parenthe-
sis is the free energy change for the
spontaneous formation of a spherical
cluster during homogeneous nucleation.
Hence, ΔGn for heterogeneous (het)
nucleation is equal to the product of
ΔGn for homogeneous (hom) nucle-
ation and a function of the contact angle
θ:

ΔGn,het = ΔGn,homφ(θ), (11)

where

φ(θ) =

(
2− 3 cos θ + cos3 θ

4

)
.

(12)
Figure 6 shows the homogeneous and
heterogeneous free energies of nucle-
ation as a function of cluster size, from
which it can be seen that ΔGn exhibits

a maximum ΔG∗n at a critical radius
r = r∗. A cluster of solid matter with
r < r∗ is unstable because the cluster
will shrink to reduce its free energy. On
the other hand, a cluster with r > r∗ can
grow steadily with a decrease in free en-
ergy and is therefore stable. A crystal
cluster having r < r∗ is called embryo.
When the cluster reaches the critical size
r = r∗, it becomes a nucleus. The for-
mation of the critical size nucleus re-
quires a statistical fluctuation to trans-
form an embryo into the nucleus. At
constant temperature and pressure, the
energy of a closed system is constant.
However, the energy fluctuates around
the average value and it is therefore pos-
sible that some of the clusters in the
fluid acquire sufficient energy to over-
come the energy barrier ΔG∗n. The ra-
dius of the critical nucleus is obtained
when dΔGn/dr = 0, i.e.,

dΔGn

dr
= 0

=

(
4πr2

vm
ΔGr + 8πrσ

)
φ(θ).

(13)

Thus, ΔGn is maximal at the critical
cluster size

r∗ = −2vmσ

ΔGr

=
2vmσ

RT ln Ω

(14)

which does not depend on the con-
tact angle and therefore remains un-
changed for homogeneous and hetero-
geneous nucleation. In both cases, the
critical cluster size is decreased with
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Figure 6: Free energy change (ΔGn) of homogeneous nucleation (solid line) and
heterogeneous nucleation (dashed line) as a function of cluster size (r).

reduced σ, assuming a constant level of
supersaturation is given. Inserting Eqa-
tion (14) into Equation (10) gives the
critical energy barrier:

ΔG∗n =
16πσ3v2m

3 (RT ln Ω)2
φ(θ)

=
16πσ3v2

3 (kT lnΩ)2
φ(θ),

(15)

where v is the molecular volume and k
is the Boltzmann constant. The ener-
getic advantage of heterogeneous nucle-
ation arises from the term φ(θ), describ-
ing the potential of the surface to catal-
yse nucleus formation. As follows from
Equation (12), φ(θ) varies from 0 to 1
when θ varies from 0 to π. If θ = 0,
the crystal phase wets the surface and
there is no barrier to nucleation. In the
other extreme, if θ = π (complete non-
wetting), there is no reduction in energy
and we have in practice homogeneous
nucleation. Then,

ΔG∗n,het = ΔG∗n,hom

=
16πσ3v2

3 (kT ln Ω)2
.

(16)

If the clusters are assumed to be in equi-
librium, the Boltzmann distribution can
be used to express the rate of nucleation,
Jn, in terms ofΔG∗n:

Jn = J0 exp

(
−ΔG∗n

kT

)
(17)

where J0 is a constant. It follows
from Equation (15) that ΔG∗n depends
strongly on the interfacial energy (pro-
portional to σ3) and on the contact an-
gle θ. Relatively small changes in σ can
have a significant effect on Jn. Also, an
increase in the level of supersaturation
decreases ΔG∗n and therewith increases
the rate of nucleation,

Jn = J0 exp

[
− 16πσ3v2

3k3T 3 (lnΩ)2
φ(θ)

]
.

(18)
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The above equations for ΔG∗n and Jn
indicate that the interfacial energy of the
critical nucleus and the degree of super-
saturation are the factors that need to
be influenced by the algal cells if cal-
cite precipitation is to be regulated dur-
ing coccolith formation. These factors
can be fine-tuned in biologically con-
trolled calcite precipitation by using or-
ganic templates to catalyse nucleus for-
mation and by regulating the transport
of ions and their chemical activities in
the CV.

4 Coccolith morphogenesis

In the following, the term ‘coccol-
ith’ will refer to ‘heterococcolith’ only.
Holococcoliths are of essentially differ-
ent morphology and might be produced
by a different cellular machinery (Row-
son et al.; 1986). A typical coccolith
consists primarily of a radial array of
complexly shaped interlocking calcium
carbonate crystals (Fig. 7b; Young and
Henriksen (2003). The polymorph of
these crystals is calcite (Young et al.;
1991), the unit cell of which has a rhom-
bohedral symmetry (Fig. 7a). The iden-
tification of rhombic crystal faces in
coccoliths (Fig. 7c; (Henriksen et al.;
2004) suggests the importance of inor-
ganic crystal growth in coccolith mor-
phogenesis. However, it is also obvi-
ous that the overall shape of a coccolith
crystal clearly deviates from an inorgan-
ically grown calcite rhomb (Fig. 7d). By
entailment, this means that the cell ex-
erts a rigorous control on coccolith mor-
phogenesis, a fact that is also reflected
in the diversity of coccolith morphology
among coccolithophores (Young et al.;
2003).

When Huxley discovered coccol-
iths in the 19th century, he assumed
they were of inorganic origin (Huxley;
1868). This possibility was rendered un-
likely by the discovery of living coccol-
ithophores (Wallich; 1877), and clearly
proven wrong by the observation that
coccoliths were produced inside the cell
and, on completion, extruded (i.e. exo-
cytosed; (Dixon; 1900). The advent of
transmission electron microscopy half a
century later led to the notion that coc-
coliths were produced in a specialized
cellular compartment, the CV (Wilbur
and Watabe; 1963). Inside the CV, the
morphogenesis of a coccolith is accom-
plished through two discrete processes,
namely crystal nucleation and crystal
growth. Both processes are under strict
cellular control. Please note that de-
spite diversity among different species
in the way in which this control is ex-
erted in particular, there is a general pat-
tern, which will be described in the fol-
lowing.

4.1 Nucleation during coccolith
synthesis

The nucleation of coccolith crystals is
heterogeneous. The surface, which is
involved in the formation of calcite nu-
clei, is the so-called organic base-plate
scale. This base plate serves as an or-
ganic template and is localized inside
the CV (Westbroek et al.; 1984). Nu-
cleation occurs on the rim of the base
plate and, initially, simple crystals are
formed. These crystals are arranged in
a structure termed the proto-coccolith
ring. The latter consists of a series
of crystals with alternating vertical (V-
unit) and radial (R-unit) c-axis orien-
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Figure 7: A) Sketch of a three dimensional array of a very small portion of CaCO3

atoms in their spatial arrangement in calcite; reproduced from Young et al. (1999).
B) Drawing of a coccolith of E. huxleyi reproduced from Young et al. (1999). C)
Schematic cross-section through an E. huxleyi crystal showing its crystallographic
relation to the calcite rhomb (grey); reproduced from Henriksen et al. (2004). D)
SEM image of inorganically precipitated calcite (courtesy of Gernot Nehrke) E)
SEM image of E. huxleyi

tations relative to the base-plate mar-
gin (Young and Bown; 1991). This
pattern, which came to be known as
the V/R model, was first discovered in
an extinct Watznaueria species in Juras-
sic clay samples (Young and Bown;
1991), but was subsequently also ob-
served in extant E. huxleyi (Young et al.;
1992) and P. carterae (Marsh; 1999).
It was proposed that the V/R model
was a fundamental feature of coccol-
ith nucleation and had been conserved
throughout the more than 200 million
year history of coccolithophores (Young
et al.; 1992). Extensive light and
electron microscopic studies combined
with selected area electron diffraction
have rendered the V/R model a well-
established feature of coccolith mor-
phology (Young; 1992; Didymus et al.;
1994; Davis et al.; 1995).

It is worthwhile noting that nucle-

ation controls not only c-axis orienta-
tion of the proto-coccolith ring crystals
but also a-axis orientation (Mann and
Sparks; 1988; Davis et al.; 1995; Hen-
riksen et al.; 2003). Hence, nucleation
exerts total control on crystallographic
orientation of the proto-coccolith ring
crystals. This control includes also the
determination of handedness (i.e. chi-
rality) in coccolith morphology. No
species is known which produces both
left- and right-handed coccolith mor-
photypes (Young et al.; 1999). It was
originally assumed that handedness was
determined by crystal growth (i.e. ele-
ment growth) as opposed to nucleation
(Young et al.; 1992). Subsequent in-
depth studies of E. huxleyi coccoliths,
however, revealed that the R-unit c-axes
were not oriented strictly radially rela-
tive to the proto-coccolith rim (as pre-
dicted by the original V/R model), but
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were rotated 20circ clockwise (Didymus
et al.; 1994). Therefore, chirality of the
mature coccolith is ultimately a product
of certain features of the nucleation site
(but can only be expressed through in-
organic crystal growth). It is still an es-
sentially open question as to what these
specific features of the nucleation site
are. It is generally hypothesized that nu-
cleation occurs on an organic substrate,
which leads to oriented nucleation on
its surface (Klaveness; 1976; Mann and
Sparks; 1988). The idea basically is that
there is a close geometrical correspon-
dence between Ca2+-binding sites of
the organic substrate and lattice sites in
the crystal faces of the nuclei (Mann and
Sparks; 1988). The latter authors also
hypothesized that aligned polysaccha-
rides on the template surface could serve
that purpose. The so-called template
hypothesis was adapted to fit the V/R
model in two different versions (Young
et al.; 1992; Marsh; 1999). However, the
actual chemical structure of the organic
template remains to be discovered.

4.2 Growth

Although controlled nucleation (see sec-
tion 4.1) can account for many fea-
tures of coccolith morphology, the lat-
ter is also evidently a product of crystal
growth. This growth is essentially in-
organic, as inferred from the fact that
there is a relationship between mor-
phology and crystallographic directions
(Fig. 7, Mann and Sparks (1988); Davis
et al. (1995); Henriksen et al. (2003)).
The expression of handedness, i.e. chi-
rality, in coccoliths, which is deter-
mined by chiral nucleation (see section
4.1), is only possible if crystal growth
is related to crystallographic orienta-

tion. Hence handedness provides fur-
ther evidence in support of inorganic
crystal growth processes during coc-
colithogenesis. However, the diversity
in coccolith morphology between and
even within species (Young et al.; 2003,
2009) cannot be explained by controlled
nucleation and inorganic crystal growth
alone. The discovery of a narrow or-
ganic coating, which seems to be a typ-
ical feature of coccoliths throughout the
group of coccolithophores, led to the no-
tion of a 3-dimensional organic matrix
which predefines coccolith morphology
(Outka and Williams; 1971). This
matrix-hypothesis seemingly leaves lit-
tle room for the influence of inorganic
growth on coccolith morphology and,
what is more, is not entirely consis-
tent with another conspicuous feature
of coccolithogenesis, namely the fact
that the shape of the CV adopts the
shape of the growing coccolith (Outka
and Williams; 1971; Klaveness; 1972;
Westbroek et al.; 1984; Probert et al.;
2007). As a consequence there is only
a very small space between the vesi-
cle membrane and the coccolith surface
(Langer et al.; 2006), rendering a ma-
trix fully grown prior to calcite precipi-
tation rather unlikely. In support of this
inference, it was observed that the or-
ganic coating is most conspicuous in P.
carterae (Outka and Williams; 1971),
but very thin in many other species
(Manton and Leedale; 1969; Klaveness;
1976; Henriksen et al.; 2004). For E.
huxleyi it was shown that polysaccha-
rides (Fichtinger-Schepman et al.; 1981)
are located between the vesicle mem-
brane and the growing coccolith (van
der Wal et al.; 1983a). These polysac-
charides (coccolith associated polysac-
charide, CAP) can inhibit crystal growth
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(Borman et al.; 1982) and influence
crystal morphology by site specific at-
tachment to crystallographic steps (Hen-
riksen et al.; 2004). In accordance
with the above mentioned observations,
the matrix-hypothesis was abandoned
in favour of the notion that organic
polysaccharide coatings function as in-
hibitors of crystal growth (Westbroek
et al.; 1984; Marsh; 1994). The latter
role is a passive one with respect to con-
trol of overall coccolith shape, leaving
the question open how the latter is de-
termined. A first clue pointing towards a
possible answer was provided by the ob-
servation that the vesicle membrane is in
close contact with the growing coccolith
(Outka and Williams; 1971; Klaveness;
1972; Westbroek et al.; 1984; Probert
et al.; 2007). Taken together with the
occurrence of a fibrillar structure ad-
jacent to the CV, it was hypothesized
that the CV functions as a dynamic
mould for the growing coccolith and
that the fibrillar structure exerts the nec-
essary force to shape the CV membrane
and therewith the coccolith (Klaveness;
1972, 1976). This hypothesis was sub-
sequently adopted and worked out in
greater detail in many studies, (e.g.
Westbroek et al. (1984); Young et al.
(2009). It is now widely believed that
the cytoskeleton (Remak (1843); Freud
(1882); modern textbooks on cell bi-
ology) comprises the fibrillar structure
described by Klaveness (1972), (e.g.
Westbroek et al. (1984); Young et al.
(2009)). Only recently was the latter as-
sumption experimentally tested (Langer
et al.; 2010). It was shown that poison-
ing coccolithophores with microtubule
as well as actin inhibitors (mirotubules
and actin filaments are two major con-
stituents of the cytoskeleton) causes

malformations in coccolith morphology
(Langer et al.; 2010). This observation
represents strong evidence in favour of
the dynamic-mould-hypothesis and the
role cytoskeleton elements might play.
In summary, coccolith morphogene-

sis is a sophisticated interplay between
template mediated nucleation, inorganic
crystal growth, and crystal growth mod-
ifications by means of (probably inter
alia) polysaccharides, CV membrane,
and cytoskeleton elements.

5 Outlook

Abiotic CaCO3 precipitation can be in-
duced easily under laboratory condi-
tions. However, without further control,
precipitation proceeds in uncoordinated
ways. Nucleation, steady substrate sup-
ply and control of crystal growth are the
principal tasks a cell has to accomplish
for coccolith formation. Although cell
biologists have rough ideas about the
nature of the components involved (or-
ganic base plates, substrates, ion trans-
porters and macromolecular structures),
a detailed understanding of the process
is lacking. This section identifies major
knowledge gaps that prevent researchers
from transferring the principle of coc-
colith synthesis to biomimetic applica-
tions. Also highlighted is how these
gaps could be filled using newly avail-
able methods.
Clearly, more knowledge is required

on the subcellular level, i.e. about the
organelle machinery involved in Ca2+
supply. For such research, a wide
array of (electron-) microscopic tech-
niques is available that not only allows
high-resolution morphological studies
but also subsequent localization of dis-
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tinct macromolecules, e.g. by antibody
staining or fluorescence hybridization.
While these methods require fixation of
the cells, more recently published in situ
methods make use of fluorescent dyes;
for example, for staining newly formed
CaCO3 ((de Nooijer et al.; 2009) or indi-
cating short-term pH changes in the cy-
tosol (Suffrian et al.; 2011). However,
to influence the material outcome, ulti-
mately one needs a better understand-
ing of the chemical environment and the
dynamic processes in the CV. To inves-
tigate suborganellar properties, molec-
ular biological innovations, especially
the so-called ‘functional-omics’ (Fig. 8;
(Dettmer et al.; 2007; Jamers et al.;
2009), have over the last decades been
developed to a state at which they can be
applied broadly in a cost-effective, high-
throughput manner.
Genomics, i.e. gene sequence ex-

ploration latu sensu, have been ap-
plied successfully since the 1980s (Aiba
et al.; 1982, e.g.) and have been ex-
tended lately to a vast number of mi-
croorganisms. These studies have un-
til now yielded comprehensive insights
into the molecular machinery available
to cells (Jamers et al.; 2009). Regard-
ing coccolithophores, the globally dom-
inant species, E. huxleyi, has been the
target of intensive sequencing effort:
the genomes of 13 strains (DOE Joint
Genome Institute; 28 June 2012; Read
et al.; 2013) have been sequenced to in-
dentify core genes constituting the E.
huxleyi ‘morphospecies complex’.
Transcriptomics, i.e. studies of gene

expression activity, are the first step be-
yond raw sequence data. These tech-
niques involve the isolation and pu-
rification of messenger RNA (mRNA),
i.e. complementary transcripts of ge-

netic information that are supposed to
be translated into functional proteins.
Transcriptomics can be approached with
or without knowledge of genetic se-
quences. If sequences are known,
probes can be designed to detect expres-
sion levels in single gene assays (e.g.
by quantitative polymerase chain reac-
tion, PCR) or whole-transcriptome pro-
filings (e.g. using microarray). If se-
quences are unknown, so-called ‘next-
generation sequencing’ can be per-
formed on mRNA to yield sequences of
active transcripts. The obtained data can
then be treated bioinformatically and
queried against Internet databases. Al-
ready, shortly after the first genetic se-
quence data on E. huxleyi were pub-
lished (Wahlund et al.; 2004), several
workers have pioneered transcriptomic
exploration of calcification (Dyhrman
et al.; 2006; Quinn et al.; 2006).
Calcification-relevant genes were, for
instance, shown to follow light-dark
fluctuations (Richier et al.; 2009). Fur-
thermore, cells utilize a repertoire of
HCO−3 -transporters and carbonic an-
hydrases (CA) regulated according to
external conditions (Mackinder et al.;
2011). High-throughput methods, for
example microarrays, can yield a holis-
tic, pathway-based understanding of
metabolism and its regulation. Until
now, such understanding is still lacking,
at least with respect to coccolithophores.
Proteomics investigate not only the

abundance but also the regulatory modi-
fications of proteins. To this end, protein
extracts are usually separated in a two-
dimensional gel electrophoresis, based
on their overall charge (first dimension)
and molecular weight (second dimen-
sion). After staining, spots can be anal-
ysed using versatile combinations of
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chromatography and mass-spectrometry
to yield sequences of analysed pro-
teins. These can then be treated bioin-
formatically and queried against Inter-
net databases. As translation of mRNA
into proteins must be highly controlled,
cells apply many regulatory instances
(e.g. messenger lifetime and translation
rate). Therefore, proteomics bridge a
crucial gap of knowledge by yielding in-
formation on proteinprotein interactions
and especially post-translational modifi-
cations (e.g. phosphorylation or acety-
lation). Regarding coccolithophores,
Jones et al. (2011) were the first to apply
mass spectrometry-based proteomics in
E. huxleyi and they identified a num-
ber of abundant key proteins from vari-
ous biological pathways, including pro-
ton pumps putatively involved in calcifi-
cation.
Metabolomics, the last step of the ‘-
omics cascade’ (Dettmer et al.; 2007),
investigate the metabolite compositions
of cells. Analytes range from low
molecular weight (< 100Da) com-
pounds like glycerol, to larger compo-
nents (1̃000 Da) like lipids, oligosaccha-
rides and cofactors. The versatile chem-
ical nature of the named compounds

already indicates that methods for ex-
traction, separation and detection must
be well chosen. If only one known
metabolite is to be measured, proce-
dures can be standardized easily with
high sensitivity and performed in a high-
throughput manner. If, however, many
metabolites are to be measured, one
has to find a balance between resolu-
tion, throughput and analytic complex-
ity: while comparably easy methods
can be used to assess classes of com-
pounds (carbohydrates, isoprenoids, po-
lar lipids, etc.) in so-called metabolic
fingerprinting (Fiehn; 2002), finer res-
olution and more analytes require dif-
ferent extraction and separation proce-
dures, or even instrumentation. This
is probably one reason why standard-
ized metabolomic techniques are not yet
applied broadly in microalgal research
(Jamers et al.; 2009). However, this de-
veloping field promises great advances
in cellular physiology: knowledge of
the metabolome yields insights not only
into pathway activities but also into the
signalling cascades that control them.
Metabolomics may further help to re-
solve the constituents of organelles, for
example the CV.

Figure 8: The ‘Omics’ cascade as described by Dettmer et al. (2007).
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Over the last four decades, different hypotheses
of Ca2+ and dissolved inorganic carbon transport to
the intracellular site of calcite precipitation have
been put forth for Emiliania huxleyi (Lohmann) Hay
& Mohler. The objective of this study was to assess
these hypotheses by means of mathematical models.
It is shown that a vesicle-based Ca2+ transport would
require very high intravesicular Ca2+ concentrations,
high vesicle fusion frequencies as well as a fast
membrane recycling inside the cell. Furthermore, a
kinetic model for the calcification compartment is
presented that describes the internal chemical
environment in terms of carbonate chemistry
including calcite precipitation. Substrates for calcite
precipitation are transported with different
stoichiometries across the compartment membrane.
As a result, the carbonate chemistry inside the
compartment changes and hence influences the
calcification rate. Moreover, the effect of carbonic
anhydrase (CA) activity within the compartment is
analyzed. One very promising model version is
based on a Ca2+/H+ antiport, CO2 diffusion, and a
CA inside the calcification compartment. Another
promising model version is based on an import of
Ca2+ and HCO3

� and an export of H+.

Key index words: biomineralization; Ca2+ transport;
Calcification; coccolith formation; coccolith vesicle

Abbreviations: A, surface area; CA, carbonic anhydr-
ase; CAP, coccolith-associated polysaccharide;
Ci, inorganic carbon; CS, cytosol; CV, calcifying/coc-
colith vesicle; DIC, dissolved inorganic carbon; ER,
endoplasmic reticulum; pCV, proto-CV; pER, periph-
eral ER; PIC, particulate inorganic carbon; RB, reticu-
lar body; SR, sarcoplasmic reticulum; S, salinity;
TA, total alkalinity; V, volume; h, temperature

Coccolithophores are unicellular haptophyte
algae, which surround themselves with elaborately

crafted calcite platelets, the coccoliths. Today, coc-
colithophores are, besides foraminifera, the most
productive group of open ocean calcifiers in terms
of calcite export (Baumann et al. 2004). Calcifiers
contribute to the biological carbon pump not only
by producing particulate organic carbon, which sub-
sequently sinks to deeper layers while being remin-
eralized but also drive the so-called “carbonate
pump” or “counter pump” via precipitation and dis-
solution of calcium carbonate (CaCO3; Volk and
Hoffert 1985): Precipitation of calcium carbonate
decreases total alkalinity (TA) and dissolved inor-
ganic carbon (DIC) within the surface layer in a 2:1
molar ratio, resulting in an increase of CO2 (Zeebe
and Wolf-Gladrow 2001). Below the lysocline, TA
and DIC increase due to the dissolution of CaCO3.
Although coccoliths are formed intracellularly

inside so-called coccolith vesicles (CV; Wilbur and
Watabe 1963, Probert et al. 2007), calcite precipita-
tion is strongly affected by changing ocean carbon-
ate chemistry. Understanding the calcification
process is critical to understand why and how calcifi-
cation is affected by future changes in ocean pCO2.
A strong correlation between increasing seawater
carbonate concentration and coccolith mass has
been demonstrated for dominant coccolithophores
of the present ocean and the last 40,000 years
(Beaufort et al. 2011). In many culture experiments,
the dependence of coccolithophore calcite produc-
tion on seawater carbonate chemistry was examined.
The results of these studies are partly discrepant
(Hoppe et al. 2011 and references therein). Fur-
thermore, Lohbeck et al. (2012) demonstrated the
ability of Emiliania huxleyi cells to increase their cal-
cite precipitation rate under high pCO2 via genetic
adaptation. Hence, further investigations are
needed to obtain a detailed understanding of the
processes underlying calcite precipitation in cocco-
lithophores.
The calcification process of two species, namely

Pleurochrysis carterae and E. huxleyi, has been analyzed
by means of cytobiological microscopy and physio-
logical experiments. As for the cytological character-
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istics, there are three types of acidic polysaccharides
in P. carterae named PS1, PS2, and PS3. The PS2
type is present in coccolithosomes and is capable of
sequestering large amounts of Ca2+ (Marsh and
Dickinson 1997). In contrast, E. huxleyi is lacking
PS2 (Corstjens et al. 1998), but possesses one type
of polysaccharide, the coccolith-associated polysaccha-
ride (CAP, de Jong et al. 1976, Fichtinger-Schepman
et al. 1981), which is probably not involved in Ca2+

transport but can influence crystal morphology by
site-specific attachment to crystallographic steps
(Henriksen et al. 2004). It is conspicuous that
E. huxleyi features a so-called reticular body (RB), a
labyrinthine membrane system, which is, at least
during coccolith formation, connected to the CV
(Klaveness 1972). In contrast, P. carterae lacks a RB
and features transport vesicles containing so-called
coccolithosomes. The latter are densely packed com-
plexes of Ca2+ and acidic polysaccharides (Marsh
1994). It has been suggested that the RB in E. hux-
leyi, as opposed to the coccolithosomes in P. carterae,
is involved in Ca2+ transport (Marsh and Dickinson
1997). The RB has a high surface to volume ratio
and is therewith perfectly suited to import large
amounts of Ca2+ from the cytosol across the mem-
brane. Such a transmembrane transport of Ca2+

across the CV membrane (considering the RB as
part of the CV) was first proposed by Klaveness
(1976). This Ca2+ pathway, however, has the disad-
vantage that Ca2+ has to cross the cytosol, which is a
low-Ca2+-compartment (Brownlee et al. 1995). Alter-
natively, it was suggested that Ca2+ is transported in
vesicles to the CV, the latter originating from the
Golgi apparatus (Westbroek et al. 1984). Recently,
this hypothesis was refined insofar that directly after
entering the cytosol Ca2+ was assumed to be taken
up by the peripheral endoplasmic reticulum (pER)
(Berry et al. 2002, Brownlee and Taylor 2004), from
which it travels via vesicles to the Golgi apparatus.
Another possibility of Ca2+ entry into the cell is fluid
phase endocytosis, which has been proposed for
foraminifera (Erez 2003). Attempts to visualize fluid
phase endocytosis in coccolithophores, however,
have so far been unsuccessful (Berry et al. 2002).

It is at present not possible to test these different
hypotheses of Ca2+ transport on the basis of observa-
tional data, and it might well take another decade
or more before it will be. In the meantime, how-
ever, it is worthwhile to employ a theoretical means
of judging different scenarios of cellular Ca2+ trans-
port. In this study, we did so by performing some
calculations concerning the pathway of Ca2+

through the cytosol, i.e., inside vesicles or directly
through the cytosol. For the latter pathway we fur-
ther implemented a kinetic model to investigate the
influence of different membrane transporter stoichi-
ometries on the carbonate chemistry inside the
CV, and hence on the calcite precipitation rate.
E. huxleyi was chosen as the model species because
it is one of the most productive coccolithophores in

terms of calcite export (Baumann et al. 2004) and
moreover one of the best-studied coccolithophores.

METHODS

Quantitative assessment of two major transport hypotheses
for Ca2+. The two major hypotheses concerning the pathway
of Ca2+ through the cytosol for E. huxleyi are a vesicle-based
transport and a transport directly through the cytosol. Cur-
rently, a transport inside vesicles, where Ca2+ is shielded from
the cytosol, is favored (Brownlee and Taylor 2004). For both
transport hypotheses we will calculate in the following, how
the provision with sufficient Ca2+ can be maintained.

Vesicle-based Ca2+ transport: First, the number of Ca2+-
transporting vesicles that is essential to match observed calci-
fication rates will be determined for E. huxleyi. The results
will then be compared to the corresponding values calculated
for P. carterae, an alga that has been observed to transport
Ca2+ toward the growing coccoliths by means of vesicles filled
with coccolithosomes.

A full-size coccolith of E. huxleyi contains ~22 fmol Ca2+

(Young and Ziveri 2000) and is built in about 1 h (Paasche
1962, Table 1). Based on these two constraints, hypothetical
vesicle fusion frequencies can be calculated dependent on
vesicle radius (cf. Fig. 1a). We consider three different [Ca2+]
for our calculations.

The first [Ca2+] corresponds to the concentration found
for another component of the endomembrane system
(0.5 mmol � L�1, Gussone et al. 2006) namely the endoplas-
mic reticulum (ER; solid line in Fig. 1, a and b). The maxi-
mum [Ca2+] gradient across a membrane that can be
accomplished by ATP hydrolysis is 105 (Langer et al. 2006).
Thus, the second calculation is based on a [Ca2+] of
10 mmol � L�1 (= 10 9 cytosolic [Ca2+]; dashed line). Assum-
ing Ca2+-binding molecules could further increase the [Ca2+]
by a factor of 100 (optimistic guess deduced from values
given in Sze et al. 2000) leads to the third [Ca2+] of
1 mol � L�1 (dotted line). The coccolithosomes of P. carterae
have actually been found to exhibit Ca2+ concentrations of
6 mol � L�1 (van der Wal et al. 1983b). The polyanion PS2,
however, which is most probably responsible for this extraor-
dinarily strong Ca2+ accumulation, does not exist in E. huxleyi
(Marsh and Dickinson 1997). The hypothetical Ca2+ trans-
porting vesicles bring along biomembrane to the CV. The

TABLE 1. Constraints for vesicle-mediated Ca2+ transport
in Emiliania huxleyi. CV = coccolith vesicle; ER = endoplas-
mic reticulum.

Constraint Value

Coccolith formation time ~1 h (Paasche 1962)
Ca2+ content of one full-size
coccolith with diameter of
3.5 lm

22 fmol (Young and Ziveri
2000)

Surface of one full-size CV
with diameter = 3.5 lm

33 lm², for calculation see
Appendix S1

Free [Ca2+] in ER 0.5 mmol � L�1 (Gussone
et al. 2006)

Maximal free [Ca2+]* 10 mmol � L�1, calculated
by Langer et al. (2006)

High total [Ca2+]** 1 mol � L�1, calculated,
see text

Observed vesicle radius in
calcifying cells of Emiliania
huxleyi

25 nm (Westbroek et al.
1984) calculated, see text

*, Established by ATP hydrolysis.
**, Theoretical value.
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calculated vesicle flux (Fig. 1a) actually implies an excess
membrane amount, which would have to be recycled during
the time of coccolith formation. The corresponding excess
membrane amount relative to the membrane amount required
to cover one full-size coccolith is shown in Figure 1b.

The results presented in Figure 1, a and b summarize as
follows: When considering the vesicle size that was observed
in E. huxleyi (25 nm radius) and further presuming the high
[Ca2+] of 1 mol � L�1, 93 vesicles would have to fuse per sec-
ond with the CV to cover the demand of Ca2+ for coccolith
synthesis (marked intersection in Fig. 1a). Thereby, 80 times
more membrane would be transported towards the CV than

is needed (marked intersection in Fig. 1b). Such high vesicle
fusion frequencies and membrane recycling rates appear to
be unrealistic, when studying the EM images of van der Wal
et al. (1983a) and Westbroek et al. (1984). However, this
argument cannot be used to strictly preclude a vesicle-based
transport. Therefore, we will additionally calculate the equiva-
lent values for P. carterae. In contrast with E. huxleyi, P. carterae
forms about three coccoliths at once (see fig. 14 in Outka
and Williams 1971). Hence, an overall fusion frequency of
0.3 vesicles � s�1 can be deduced from the values given in
Table 2 for P. carterae when assuming a vesicle radius of
200 nm. Overall, 1.6 times as much membrane is transported
toward the CV than is required for CV growth in P. carterae.
This corresponds to recycling 0.4 lm2 membrane per minute.
By contrast, the hypothetical membrane surplus of E. huxleyi
is 80, corresponding to 43 lm² � min�1. Since the excess
membrane area is most likely recycled inside the cell, it
should be noted that E. huxleyi exhibits a 10-fold smaller cell
volume than P. carterae.

Consequently, a vesicle-based Ca2+ transport in E. huxleyi
would require high fusion frequencies as well as a high mem-
brane surplus, even when presuming a [Ca2+] of 1 mol � L�1

inside the vesicles. Please note that the overall calcification-
related vesicle flux may actually be considerably higher than
was calculated above when assuming a Ca2+ transport from
the peripheral space into the endomembrane system (here:
pER): As shown above, the vesicle flux can be minimized via
a strong Ca2+ accumulation inside the vesicles. High [Ca2+]
(>10 mmol � L�1) can be accomplished via Ca2+-binding mol-
ecules, which first have to reach the site of Ca2+ accumula-
tion. A vesicle-based transport of these Ca2+-binding
molecules would further increase the calcification-related vesi-
cle flux.

Ca2+ provision directly through cytosol: Concerning the sec-
ond transport hypothesis, it will be calculated, if enough Ca2+

can be made available via a transmembrane transport from
the cytosol. The import of Ca2+ directly across the CV mem-
brane is calculated by means of known kinetic values for
Ca2+-ATPases (Table 3). Ca2+-ATPases are ATP-driven Ca2+/
H+ exchangers of the sarcoplasmic reticulum (SR) membrane
found in mammalian muscle cells that pump Ca2+ from the
cytosol to the SR lumen with a molar stoichiometry of 2 Ca2+ :
1 ATP : 2–3 H+ (Møller et al. 2010). Expressed sequence tag
clusters similar to those of Ca2+-ATPases have been located
in E. huxleyi by von Dassow et al. (2009). According to the
values given in Table 3, up to 21 fmol Ca2+ can be provided
for coccolith synthesis which comes close to the required
22 fmol Ca2+ (one complete coccolith).

A further possibility to import Ca2+ would be a temporally
organized transport as proposed by Mackinder et al. (2010).

FIG. 1. Hypothetical vesicle fusion frequencies and the corre-
sponding membrane surplus in dependence on different vesicle
radii at three different [Ca2+]. (a) The vesicle fusion frequency
that is essential to cover the demand of Ca2+ for coccolith synthe-
sis is shown in dependence on the vesicle radius. (b) Amount of
full-size CVs that could be formed by the membrane amount
resulting from the vesicle fusion frequencies calculated for (a).
Vesicles with a radius of 25 nm (typical radius of Golgi vesicles)
have been observed in Emiliania huxleyi (cf. Fig. 4h in Westbroek
et al. 1984; vertical line). The solid line indicates that a [Ca2+] of
0.5 mmol � L�1 inside the vesicles is presumed, the results pre-
sented by the dashed line are based on a [Ca2+] of
10 mmol � L�1. The dotted line presents the results based on a
[Ca2+] of 1 mol � L�1.

TABLE 2. Vesicle transport-related values for Pleurochrysis
carterae. CV stands for coccolith vesicle.

Description Value

Ca2+ content of one
coccolith

3.3 fmol (van der Wal
et al. 1983b)

Coccolith formation time 24 min (van der Wal
et al. 1983b)

[Ca2+] of coccolithosomes 6 mol � L�1 (van der Wal
et al. 1983b)

Vesicle radius 200 nm (Fig. 19 in Outka
and Williams 1971)

Vesicle surface 0.5 lm², calculated
[Ca2+] in vesicles 0.6 mol � L�1, calculated
Ca2+ content of one vesicle 21 amol, calculated
CV surface 5 lm², calculated
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They suggest the establishment of a proton gradient across
the membrane of a very early stage CV via a V-type ATPase.
This proton gradient could then be used for the import of
Ca2+ by means of proton gradient-driven Ca2+/H+ exchang-
ers. Both, V-type ATPases as well as the Ca2+/H+ exchangers
(CAX) are up-regulated in calcifying cells of E. huxleyi (Mac-
kinder et al. 2011). Deactivating the V-type ATPase would
lower the proton concentration inside the CV, and calcite
could be precipitated. At this stage, most of the Ca2+ should
already be accumulated inside the CV because Ca2+ import is
driven by the proton gradient from the CV to the cytosol,
which cannot be sustained during calcite precipitation. We
assume that this stage was the one presented in Figure 4d in
Westbroek et al. (1984), where the CV contains the first
detectable part of the coccolith, the so-called proto-coccolith
(Young and Westbroek 1991). Thus, a [Ca2+] of 44 mol � L�1

would be necessary to accumulate 22 fmol Ca2+ (one com-
plete coccolith). This concentration is unrealistically high
because it exceeds the concentration of solid phase calcium
(39 mol � L�1, Mortimer 2003). Furthermore, the described
mechanism requires more ATP than importing Ca2+ by
means of Ca2+-ATPases: proton-pumping ATPases can trans-
port two protons by means of one ATP (Bennett and Spans-
wick 1984). When further assuming a stoichiometry of 1
Ca2+:3 H+ as stated in Sze et al. (2000) for the Ca2+/H+

exchanger (CAX), the import of one Ca2+ would cost 1.5
ATP. Ca2+-ATPases, in contrast, transfer one Ca2+ by means of
0.5 ATP (Møller et al. 2010).

All in all, the temporally organized import of Ca2+ that was
proposed by Mackinder et al. (2010) is rather unlikely
because the Ca2+ required for coccolith formation cannot be
accumulated before the onset of calcite precipitation. A con-
tinuous transport, in contrast, can be accomplished according
to our calculations. The major argument against this hypothe-
sis concerns the diffusive Ca2+ supply through the low-[Ca2+]
environment of the cytosol. ATP-driven Ca2+ transporters gen-
erally exhibit high affinities towards Ca2+ (K = 0.1–2 lM),
albeit having low transport capacities (Sze et al. 2000). The
latter value could probably be increased via the number of
transporters. Hence, enough Ca2+ could be taken up from
the low-[Ca2+] cytosol, if the diffusion velocity of Ca2+

through the cytosol was high enough. This velocity value can
currently not be calculated because the putative pathway of
Ca2+ through the cytosol remains unclear. TEM images of
van der Wal et al. (1985) hint at high [Ca2+] at various intra-

cellular sites in noncalcifying S-type cells of E. huxleyi. Assum-
ing the Ca2+ distribution was the same in calcifying cells and
the CV could come close to, for instance, the peripheral
space or to the tips of the chloroplast, Ca2+ transporters
could, at least partly, face high [Ca2+]. Finally, we would like
to add that, if the hypothetical Ca2+-transporting vesicles dis-
cussed above were filled at the Golgi apparatus, the question
concerning the Ca2+ pathway through the cytosol arises
again.

After all, more research is required to finally decide about
the two hypotheses. On the one hand, the hypothetical Ca2+-
transporting vesicles should be searched after, whereas on
the other hand, the intracellular Ca2+ distribution is essential
to elucidate. Furthermore, molecules with very high Ca2+-
binding capacities should be searched after. However, accord-
ing to our calculations, a continuous Ca2+ supply through the
cytosol is the more likely hypothesis.

Kinetic model setup. In this kinetic model approach, the
substrates for calcite precipitation are imported from the
cytosol into the CV with different stoichiometries. Thereby,
internal carbonate chemistry and hence calcite precipitation
rate are influenced differently. The carbonate system inside
the cytosol is assumed to be in chemical equilibrium. Inside
the CV, it is dynamic and modeled according to the reactions
given by Zeebe and Wolf-Gladrow (2001). Size and morphol-
ogy of the CV are estimated from EM images as described in
Appendix S1. Surface area and volume of the CV were calcu-
lated to be 17 lm2 and 1.6 lm3, respectively. Calcite precipi-
tation inside the CV is described according to the kinetics
given by Zuddas and Mucci (1994). CO2 diffuses across the
CV membrane in all model versions. The active transport of
molecules across the CV membrane follows Michaelis–Menten
kinetics except for proton-pumping ATPases, for which a con-
stant transport rate is assumed. Detailed information concern-
ing the model setup (Fig. 2) is given in Appendix S1.

We consider seven model versions (Fig. 3), which will be
described in the following in more detail.

Model version I: Ca2+/2 H+ antiport: Dissolved inorganic car-
bon for calcite precipitation is derived exclusively from cyto-
solic CO2 that diffuses into the CV. Import of Ca2+ into the
CV is carried out via a 1 Ca2+/2 H+ exchanger. Model version
I is divided into three subversions (Fig. 3), where Ia is based
on a cytosolic DIC of 2 mmol � L�1 and Ib on a cytosolic DIC
of 55 mmol � L�1. Version Ic rests upon a cytosolic DIC of
2 mmol � L�1 and a carbonic anhydrase (CA) inside the CV.

Model version II: Ca2+/2 H+ antiport with active CO2 import:
An active transport of CO2 into the CV is examined in addi-

TABLE 3. Values for hypothetical Ca2+ transporters in CV
membrane. CV stands for coccolith vesicle, RB for reticu-
lar body. Please note that the temporal mean of the CV
membrane is listed here, while Table 1 lists the value for
a full-size CV.

Description Value

Transporter density 6,355 lm�2 (Dulhunty et al. 1993)
Transport capacity 20 molecules Ca2+.

transporter�1 � s�1

(Bartolommei et al. 2006)

Temporal mean of CV membrane during coccolith formation
17 lm2, for calculation see Appendix S1

RB membrane 4 –10 lm², calculated from TEM
images given in van der Wal
et al. (1983a)

Accumulated Ca2+

after 1 h
13 fmol (CV) + 3 – 8 fmol (RB)

FIG. 2. Kinetic model setup. The coccolith veside (CV) is
embedded inside the cytosol (CS). The substrates for calcite pre-
cipitation, Ca2+ and DIC, cross the membrane of the CV. Within
the CV, calcite (PIC) is precipitated.
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tion to the fluxes described by model version Ia. An active
uptake of CO2 into the cell was proposed for green algae
(S€ultemeyer et al. 1989), cyanobacteria (Espie et al. 1989), as
well as for E. huxleyi (Schulz et al. 2007).

Model version III: Import of Ca2+ and HCO3
�: Two model

alternatives are introduced, in which Ca2+ and HCO3
� are

imported into the CV. In IIIa, a Ca2+/2 Na+ and a HCO3
�/

Cl� exchanger are inserted into the CV membrane based on
reports of such transporters in E. huxleyi (Mackinder et al.
2010). IIIb considers a Ca2+/2 HCO3

� symporter. Similar
transporters are known from cyanobacteria (Koropatkin et al.
2007) and mammals (Girijashanker et al. 2008).

Model version IV: Ca2+/CO3
2� symport: Ca2+ and CO3

2� are
cotransported into the CV with a stoichiometry of 1:1. Ca2+

and CO3
2� can assumingly not be cotransported without a

substance that inhibits precipitation. Nevertheless, we here
refer to this possibility.

Model version V: Ca2+ and HCO3
� import and H+ export: Two

different transport mechanisms are introduced which poten-
tially lead to the same stoichiometry of transported substrates:
One Ca2+ and one HCO3

� are imported, while one H+ is
exported from the CV. This stoichiometry considers the de-
protonation of HCO3

� to CO3
2� for the formation of calcite,

where the evolving H+ is exported from the CV. Taylor et al.
(2011) noticed that the evolving H+ has to be exported from
the whole cell to prevent internal acidification. Model version
Va is based on a transport mechanism consisting of two de-
coupled transporters namely a Ca2+/2 H+ antiporter and a
HCO3

�/H+ symporter. Ca2+/2 H+ antiporters are known from
literature, while the existence of HCO3

�/H+ symporters has
been suggested (Staal et al. 1989). Bicarbonate ions and pro-
tons could also be imported via a Na+/HCO3

� symporter and
a Na+/H+ antiporter. Both transporters exist. Another possi-

bility is one complex Ca2+/HCO3
�/H+ transporter (Vb) which

is hypothetical.
Model version VI: Ca2+/H+ exchange after import of H+:

Inspired by the idea of a temporally organized ion transport
(Mackinder et al. 2010), we divided model version VI into two
phases: First, the establishment of a proton gradient, which is
then used for the import of Ca2+ during coccolith formation.
Gene expression of V-type ATPase subunits in E. huxleyi was
found by von Dassow et al. (2009), and Corstjens et al. (2001)
located a V-type ATPase in the membrane of the CV of P. carte-
rae. Proton concentration gradient-driven Ca2+/H+ exchangers
in E. huxleyi were found by Mackinder et al. (2011).

Model version VII: Ca2+/HCO3
� import and H+ export after

import of H+: Bearing the previous model version in mind,
we here use the generated proton gradient more efficiently
by employing the complex transporter of model version Vb
for the second phase.

RESULTS AND DISCUSSION

In the section, Quantitative assessment of two major
transport hypotheses for Ca2+, the two major hypotheses
for Ca2+ transport through the cytosol were assessed.
According to our calculations, a transport directly
through the cytosol is more likely than a vesicle-
based transport. Therefore, we based the kinetic
model approach on a Ca2+ transport directly
through the cytosol. The equations that describe
carbonate chemistry and [Ca2+] in the kinetic
model (see Appendix S1) were numerically inte-
grated until steady state was obtained. These steady

FIG. 3. Simplified drawing of model versions I to VII, where different substrates cross the CV membrane. Simple arrows indicate the
diffusion of a substrate, whereas arrows with a filled circle indicate an active transport. The CV is depicted as a sphere for reasons of sim-
plicity. For our calculations, a more complex shape of the CV was assumed as described in Appendix S1.

CALCITE PRECIPITATION IN EHUX 421



T
A
B
L
E
4.

R
es
u
lt
s
an

d
ev
al
u
at
io
n
o
f
al
l
m
o
d
el

ve
rs
io
n
s.

In
ca
se

o
f
m
o
d
el

ve
rs
io
n
I,

2
m
m
o
l
�L

�1
re
sp
.
55

m
m
o
l
�L

�1
in
d
ic
at
e
th
e
co

n
ce
n
tr
at
io
n
o
f
d
is
so
lv
ed

in
o
r-

ga
n
ic

ca
rb
o
n

(D
IC

)
in
si
d
e
th
e
cy
to
so
l,
w
h
il
e
C
A

im
p
li
es

ac
ti
vi
ty

o
f
ca
rb
o
n
ic

an
h
yd
ra
se

in
th
e
co

cc
o
li
th

ve
si
cl
e
(C

V
).

D
IC

cs
st
an

d
s

fo
r
D
IC

in
si
d
e
th
e
cy
to
so
l.
+

st
an

d
s
fo
r
a
p
o
si
ti
ve
,
�

fo
r
a
n
eg

at
iv
e
ev
al
u
at
io
n
.
F
o
r
th
e
la
st

tw
o
m
o
d
el

ve
rs
io
n
s
li
st
ed

in
th
is

ta
b
le
,
th
e
va
lu
es

re
su
lt
in
g
fr
o
m

th
e
ac
ti
vi
ty

o
f
th
e
p
ro
to
n
p
u
m
p
ar
e

li
st
ed

fi
rs
t,
fo
ll
o
w
ed

b
y
th
e
va
lu
es

re
su
lt
in
g
fr
o
m

th
e
ac
ti
vi
ty

o
f
th
e
C
a2

+
/
2
H

+
o
r
th
e
C
a2

+
/
H
C
O

3� /
H

+
tr
an

sp
o
rt
er
,
re
sp
ec
ti
ve
ly
.
N
u
m
b
er
s
se
t
in

it
al
ic

st
yl
e
in
d
ic
at
e

th
at

th
e
m
o
d
el
ed

b
u
lk

p
re
ci
p
it
at
io
n
ra
te

w
as

to
o
lo
w
to

m
at
ch

in
si
tu

va
lu
es
.

M
o
d
el

ve
rs
io
n

T
ra
n
sp
o
rt
ed

su
b
st
ra
te
s

p
H

D
IC

(m
m
o
l
�L

�
1
)

T
A

(m
m
o
l
�L

�
1
)

[C
a2

+
]

(m
m
o
l
�L

�
1
)

Ω
E
va
lu
at
io
n

R
ea
so
n

(I
a)

C
a2

+
/
2
H

+
(D

IC
cs

2
m
m
o
l
�L

�1
)

1
1
.3

1
.5

4
.3

1
.7

5
.0

–
C
o
cc
o
li
th

ca
n
n
o
t
b
e
b
u
il
t
w
it
h
in

1
h

(I
b
)

C
a2

+
/
2
H

+
(D

IC
cs

55
m
m
o
l
�L

�1
)

10
.7

6.
9

4.
7

1.
9

8.
8

�
C
o
cc
o
li
th

ca
n
b
e
b
u
il
t
w
it
h
in

1
h
,
h
ig
h
D
IC

re
q
u
ir
ed

(I
c)

C
a2

+
/
2
H

+
(C

A
in

C
V
,
D
IC

cs
2m

m
o
l
.
L
�1
)

7.
9

11
.8

12
.4

5.
8

8.
8

+
A
d
d
it
io
n
al

C
A
in
si
d
e
C
V
le
ad

s
to

re
as
o
n
ab

le
ch

em
ic
al

co
n
d
it
io
n
s

(I
I)

C
a2

+
/
2
H

+
an

d
C
O

2
10

.6
7.
0

4.
7

1.
9

8.
8

�
E
it
h
er

h
ig
h
p
H

o
r
h
ig
h
d
if
fu
si
ve

lo
ss

o
f
C
O

2

(I
II
a)

C
a2

+
/
2
N
a
an

d
H
C
O

3� /
C
l�

6.
1

39
0.
3

39
0.
5

10
.0

8.
8

-
R
eq

u
ir
ed

[H
C
O

3� ]
an

d
h
en

ce
[C

l
]
to
o
h
ig
h

(I
II
b
)

C
a2

+
/
2
H
C
O

3�
6
.8

2
1
.0

2
0
.9

1
0
.0

2
.2

-
P
re
ci
p
it
at
io
n
ra
te

o
f
22

fm
o
l
�h

�1
n
o
t
re
ac
h
ed

(I
V
)

C
a2

+
/
C
O

32
�

7.
8

13
.0

13
.5

6.
3

8.
8

�
R
ea
so
n
ab

le
ch

em
ic
al

co
n
d
it
io
n
s
in

C
V
,
b
u
t

C
a2

+
/
C
O

32
�
co

tr
an

sp
o
rt
er

n
o
t
kn

o
w
n

(V
a)

C
a2

+
/
2
H

+
an

d
H
C
O

3� /
H

+
7.
7

15
.4

15
.8

7.
5

8.
8

�
R
ea
so
n
ab

le
ch

em
ic
al

co
n
d
it
io
n
s
in

C
V
,
b
u
t

se
n
si
ti
ve

sy
st
em

(V
b
)

C
a2

+
/
H
C
O

3�
/
H

+
7.
8

13
.0

13
.5

6.
3

8.
8

�
R
ea
so
n
ab

le
ch

em
ic
al

co
n
d
it
io
n
s
in

C
V
an

d
a

st
ab

le
sy
st
em

ar
e
ca
lc
u
la
te
d
,
b
u
t
u
n
kn

o
w
n

tr
an

sp
o
rt
er

(V
I)

C
a2

+
/
H

+
af
te
r
H

+
im

p
o
rt

2
.0 ↓

1
1
.7

0
.2 ↓ 1
.5

�1
0
.2 ↓ 4
.6

0
.5 ↓ 1
.9

0
.0 ↓ 5
.3

–
N
o
ad

va
n
ta
ge

o
f
p
re
ce
d
ed

A
T
P
as
e,

D
H

+
ca
n
n
o
t
b
e

u
se
d
ef
fi
ci
en

tl
y,

an
d
co

cc
o
li
th

fo
rm

at
io
n
ti
m
e

>
1
h

(V
II
)

C
a2

+
/
H
C
O

3�
/
H

+
af
te
r
H

+
im

p
o
rt

2.
0 ↓ 7.
8

0.
2 ↓

13
.3

�1
0.
2

↓
13

.8

0.
5 ↓ 6.
5

0.
0 ↓ 9.
5

–
N
o
ad

va
n
ta
ge

o
f
p
re
ce
d
ed

A
T
P
as
e,

an
d
D
H

+

ca
n
n
o
t
b
e
u
se
d
ef
fi
ci
en

tl
y

422 LENA-MARIA HOLTZ ET AL.



state values as well as an evaluation of all model
versions are given in Table 4. We further show the
time-dependent development of DIC, TA, pH, the
individual C species, Ω, and [Ca2+] for model ver-
sion Ic (Fig. 4) as representative for what the kinetic
model provides. For all other model versions, the

corresponding figures are given in Appendix S1
(Fig. S1–S5).
In the following, we will discuss the question

whether specific transport scenarios (model versions I
to VII; Fig. 3) are feasible in terms of carbonate chem-
istry inside the CV. The different model versions are
characterized by the substrates that are transported
across the CVmembrane. The only feature all versions
have in common is the transport of Ca2+ into the CV
and a diffusion of CO2 across the CV membrane.
Model version I is based on a Ca2+/2 H+ exchan-

ger. In version Ia, the proton concentration inside
the CV was too low to support the calcium flux that
is essential to match the observed precipitation rate
of calcite.
In version Ib, where a cytosolic DIC concentration

of 55 mmol � L�1 is assumed, the in situ calcite pre-
cipitation rate is reached. The presumed high cyto-
solic DIC concentration may be accomplished by a
Cl�/HCO3

� exchanger located in the plasma mem-
brane. Interestingly, such a transporter (of SLC4 fam-
ily) was shown to be specific for diploid, hence
calcifying cells of E. huxleyi (von Dassow et al. 2009).
Its up-regulation correlates with calcification (Mac-
kinder et al. 2011). The cytosolic DIC has, however,
not yet been measured. When roughly estimating the
cytosolic volume of E. huxleyi to constitute 1/10 of
the whole-cell volume, 55 mmol � L�1 DIC could be
easily accumulated in the cytosol when presuming
the cellular bulk DIC of 13 mmol � L�1 measured by
Sekino and Shiraiwa (1994). Furthermore, version Ib
features a very high DpH of almost four across the CV
membrane, where the steepest pH gradient known to
us is ~3–3.5 (Sitte et al. 2002) across the thylakoid
membrane. However, the existence of a pH gradient
steeper than that cannot be ruled out.
The energy-dependent accumulation of DIC

inside the cytosol needed in version Ib can be over-
come when assuming CA activity inside the CV (ver-
sion Ic). This option was proposed by Soto et al.
(2006) and a contribution of CA to calcification was
suggested on the basis of genetic data (Soto et al.
2006, Richier et al. 2009).
To sum up, model version I provides realistic sce-

narios and ATP-driven Ca2+/H+ exchangers as well
as the enzyme carbonic anhydrase have already
been discovered in calcifying E. huxleyi.
Model version II features a 1 Ca2+/2 H+ exchange

and an active CO2 import into the CV. The result-
ing pH of 10.6 (Table 4) is high, but can be low-
ered when further increasing the import rate of
CO2: An elevation of Vmax(CO2) from 1.4 fmol � s�1

to 16 fmol � s�1 leads to a pH of about 9 and a
[CO2] of 52 mmol � L�1. The Vmax(CO2) listed in
Table 4 (gross value) is actually already 350-fold
higher than the net Vmax(CO2) given by Schulz et al.
(2007). The gross Vmax(CO2), however, has not been
determined. Concerning the high [CO2], maximum
rates for the diffusive CO2 efflux from the CV will
certainly be induced. A considerable CO2 leakage,

FIG. 4. The time-dependent evolution of dissolved inorganic
carbon (DIC), total alkalinity (TA), pH, [CO2], [HCO3

�],
[CO3

2�], Ω, and [Ca2+] inside the CV are presented for model
version Ic, where a carbonic anhydrase (CA) is inside the CV. At
Time = 0 s, the preset initial conditions are active given. During
the presented time regime, the modeled state variables approach
the steady state values listed in Table 4.
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however, is a well-known phenomenon in algae
(Kranz et al. 2009).

To conclude, the in situ precipitation rate can be
matched. However, model version II is probably less
energy efficient than model version Ic.

Model version IIIa features Ca2+/2 Na+ and
HCO3

�/Cl� transporters, whereas version IIIb is
characterized by a Ca2+/2 HCO3

� transporter. The
[HCO3

�] and [Cl�] that are required inside the CV
in model version IIIa are unrealistically high. In ver-
sion IIIb, in contrast, bulk precipitation rate was too
low to match the in situ value because the imported
HCO3

� (two per Ca2+) shift the carbonate system
toward HCO3

� and CO2. Hence, the [CO3
2�] and Ω

are too low to support the required calcite precipita-
tion rate. In summary, both subversions were shown
to be unrealistic.

Version IV features a Ca2+/CO3
2� symporter. The

only shortcoming of this version is that such a trans-
porter has so far not been found.

In version Va, the import of Ca2+ and HCO3
� is

accomplished by two transporters namely a Ca2+/2
H+ antiporter and a HCO3

�/H+ symporter. The
shortcoming of this version is the required fine tun-
ing of the rates of these two transporters: The pH
value inside the CV drops when the Ca2+/2 H+ anti-
port decreases slightly and the HCO3

�/H+ symport
increases slightly, respectively. In both cases, the
precipitation rate is lowered. This problem can be
over come when assuming one Ca2+/HCO3

�/H+ co-
transporter (version Vb). The latter is hypothetical,
but so is the HCO3

�/H+ symporter of version Va.
The outputs of both model versions (Va and Vb)
are very similar to the outputs of version IV due to
the fast conversion between HCO3

� and CO3
2�.

Versions VI and VII are based on a temporally
organized ion transport similar to the import mech-
anism proposed by Mackinder et al. (2010). First, a
H+ gradient across the CV membrane is established,
which is subsequently used to drive the import of
Ca2+. We distinguished a version featuring a
Ca2+/H+ exchanger (version VI), and one featuring
a Ca2+/HCO3

�/H+ cotransporter (version VII).
Briefly, neither version is realistic because the time
period in which the H+ gradient is used is too short
(~1 s). Nevertheless, Mackinder et al. (2011) found
genes of a Ca2+/H+ exchanger belonging to
the CAX family and a vacuolar H+-ATPase to be
up-regulated in calcifying E. huxleyi cells. An alterna-
tive to use these two transporters was a continuous
import of Ca2+ by means of a localized proton
gradient across the CV membrane, where the pro-
tons would have to be shielded from the growing
coccolith. Unfortunately, this hypothesis can cur-
rently not be assessed.

CONCLUSION

We used model approaches to assess different
possibilities of Ca2+ import into the CV. It was

shown that continuous Ca2+ import via membrane
transporters during coccolith formation is the most
likely scenario. Alternative scenarios such as vesicle-
based Ca2+ transport or the formation of a Ca2+

pool were dismissed.
The impact of different transporter stoichiome-

tries to import Ca2+ and Ci into the CV was studied
by means of a kinetic model. As for an overall
assessment of the different model versions, the one
based on a CV-internal CA, a Ca2+/H+ exchanger,
and a supply of Ci exclusively via CO2 diffusion (Ic)
can be regarded as the most promising one because
the required CA as well as Ca2+/H+ exchangers have
already been discovered in E. huxleyi.
Alternative versions based on a Ca2+/CO3

2� sym-
port (IV) and a Ca2+/HCO3

�/H+ antiport (V) are
also feasible in terms of our model, but the respec-
tive transporters have not been discovered yet.
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Appendix S1. Appendix to kinetic model setup.

Figure S1. Model outputs to model version Ib
and II. DIC in the cytosol was increased to
55 mmol � L�¹ in Ib. Model version II is based on
an active CO2 import into the CV. Development
of DIC, TA, Ω, Ca2+ and the individual DIC spe-
cies’ concentrations inside the CV during the first
0.8 s of the model run.

Figure S2. Model outputs to model version IIIa.
Ca2+ and HCO3

� cross the CV membrane indepen-
dently of each other, while no H+ are exported
from the CV.

Figure S3. Model outputs to version IV, Va, and
Vb. Ca2+ and CO2�

3 are actively imported in ver-
sion IV. Version V assumes an import of Ca2+,
HCO3

�, and an export of H+, once via two trans-
porters (V a) and once by means of one complex
transporter (V b).

Figure S4. Results to model version VI. Ca2+

and H+ cross the CV membrane actively, after a
proton gradient across the CV membrane has
been established by means of an ATPase. CO2 dif-
fuses across the membrane in both stages.

Figure S5. Results to model version VII. Ca²+,
HCO3

�, and H+ actively cross the CV membrane,
after the establishment of a proton gradient
across the CV membrane by means of an ATPase.
CO2 diffuses across the membrane in both stages.
The plots on the left hand side present the whole
model run, while on the right hand side, the time
slot, during which the ATPase activity is stopped
and the Ca2+/HCO3

�/H+ exchanger starts its activ-
ity, is shown in more detail.
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Appendix to kinetic model setup

(a) Morphology of the CV

Size and morphology of the coccolith vesicle (CV) are estimated from TEM images
taken from van der Wal et al. (1983a) and from SEM images made by Young (2009).
Surface area and volume of a simplified shape (see Fig. S1) are 33μm2 and 3.2μm3,
respectively, when a diameter of 3.5μm is presumed for the coccolith, which is the
coccolith size we have the calcite amount for (Young & Ziveri, 2000). The first de-
tectable stage of the CV is the so called proto-coccolith vesicle (pCV, see Fig. 5 in
van der Wal et al. (1983a)), for whose shape an oblate spheroid with a large radius
of 0.25μm and a small radius of 0.09μm was assumed (ApCV = 0.5μm2, VpCV =
0.02μm3). Surface area and volume of the CV do not change during coccolith for-
mation in our model in order to keep the model simple. A representative situation
for calcite precipitation was chosen instead. Assuming the transporter density inside
the CV membrane remains unchanged during coccolith formation, the mean value be-
tween the pCV and the full size CV should constitute a meaningful approach. The
model runs are performed with the following values: 17μm2 for the surface area and
1.6μm3 for the volume of the CV. During coccolith formation, the fluid within the CV
becomes more and more restricted to the thin layer between the growing coccolith and
the CV membrane. Therefore, performing model simulations with the whole volume
of the CV (1.6μm3) constitutes a conservative assumption.

(b) Carbonate chemistry and [Ca2+]

A summary of the conditions assumed for the cytosol and as initial conditions inside
the CV is given in Table S1. While all chemical characteristics of the cytosol (equili-
brated carbonate system) are kept constant throughout the model runs, the correspond-
ing values of the CV vary with time in response to the individual transported substrates
and reactions of the carbonate system. The cytosolic [Ca2+] is set to 100 nmol·L−1,
the value measured by Brownlee et al. (1995). The initial [Ca2+] within the CV is
assumed to be 0.5mmol·L−1, a value typical for the ER (Gussone et al., 2006). The
cytosolic DIC as well as the initial DIC inside the CV equal the seawater value in our
model, i.e. 2mmol ·L−1. Sekino & Shiraiwa (1994) measured the bulk DIC of E. hux-
leyi to be 13mmol·L−1. It is, however, very likely that DIC is not distributed evenly
inside the cell. A strong accumulation of DIC inside the cytosol would probably lead
to a strong diffusive CO2 lost, further amplified by the low cytosolic pH value com-
pared to the one of seawater. A more effective location to accumulate DIC are the
organelles, in which Ci is assimilated, i.e. the chloroplast or the CV. However, since
an accumulation of DIC inside the cytosol cannot be excluded, we tested the influence
of a high cytosolic DIC (55mmol ·L−1) on the carbonate chemistry inside the CV in a
basic model version where Ci for calcite precipitation is supplied exclusively via CO2

2



diffusion (model version Ib). The pH value of the cytosol and the initial value of the
CV both are assumed to be seven as given by Anning et al. (1996) (cytosol: 6.9± 0.3;
CV: 7.1± 0.3). The cytosolic salinity is presumed to be slightly lower than the one
of seawater, because it is reduced by means of organic osmolytes (Bisson & Kirst,
1979; Kirst & Bisson, 1979). The salinity inside the CV is set to the value of seawater,
because no data about compatible solutes inside the CV are available. Salinity and
temperature remain constant throughout the model runs.
The carbonate system inside the CV is described via the following equations:

CO2 + H2O
k+1−−⇀↽−−
k−1

H+ + HCO−3 (S 1)

CO2 + OH−
k+4−−⇀↽−−
k−4

HCO−3 (S 2)

CO2−
3 + H+

kH
+

+5−−⇀↽−−
kH

+

−5

HCO−3 (S 3)

HCO−3 + OH−
kOH−
+5−−−⇀↽−−−
kOH−
−5

CO2−
3 + H2O (S 4)

H2O
k+6−−⇀↽−−
k−6

H+ + OH− (S 5)

The corresponding net reaction rates are denoted according to the numbers of the rate
constants and describe the reactions (S 1) to (S 5) from right to left:

R1,CV = −k+1[CO2]CV + k−1[H+]CV[HCO−3 ]CV (S 6)
R4,CV = −k+4[OH−]CV[CO2]CV + k−4[HCO−3 ]CV (S 7)

RH+

5,CV = −kH
+

+5 [H+]CV[CO2−
3 ]CV + kH

+

−5 [HCO
−
3 ]CV (S 8)

ROH−
5,CV = −kOH−

+5 [OH−]CV[HCO−3 ]CV + kOH−
−5 [CO2−

3 ]CV[H2O]CV (S 9)
R6,CV = −k+6 + k−6[H+]CV[OH−]CV (S 10)

Reaction rate constants are calculated via the equations given in Zeebe & Wolf-Gladrow
(2001), values are listed in Table S2.
DIC and total alkalinity (TA) are defined as follows:

DIC = [CO2]CV + [HCO−3 ]CV + [CO2−
3 ]CV (S 11)

TA = [HCO−3 ] + 2 [CO2−
3 ]CV + [OH−]CV − [H+]CV (S 12)

The contribution of borate and several minor components to TA is neglected for the
sake of simplicity. The concentrations of these compounds in cytosol and CV are not
well known and do most probably differ from typical values in seawater.
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(c) Active transport

The transport of molecules and ions across the CV membrane influences the corre-
sponding concentrations inside the modelled CV. The rate by which these concentra-
tions change is described by means of a Michaelis-Menten equation:

RT
x =

1

VCV

Vmax[x]

Kx
M + [x]

(S 13)

where VCV stands for the volume of the CV, x for the transported substrate, Vmax for
the maximum transport rate, and Kx

M denotes the Michaelis-Menten constant, which
describes the affinity of the transporter towards x.
When Ca2+ transport is concerned, RT

Ca2+ is multiplied by the following cut-off func-
tion f([Ca2+]).

f([Ca2+]) =
tanh(1000 − 100 [Ca2+])

2
+

1

2
(S 14)

where the [Ca2+] is given in mmol·L−1. f([Ca2+]) defines the maximum [Ca2+] ratio
over the CV membrane to be 105, which was calculated by Langer et al. (2006) to be
the maximum ratio that can be achieved by hydrolysis of ATP.
Each of the modelled transporters is dependent on the concentration of one trans-
ported substrate only (e. g. Ca2+ inside the cytosol), which can be done, when the co-
transported or antitransported substrates (e. g. 2 H+ inside the CV, in case of Ca2+ / 2
H+ exchangers) are assumed to be abundant. Besides information on the maximum
transport capacity as it is the case in the classical Michaelis-Menten equation, the pa-
rameter Vmax contains further information on the kinetics of the cotransported, respec-
tively antiported, substrate(s). During the first experiment part of model versionsVI
and VII, protons are transported via proton-pumping ATPases into the CV. We pre-
sumed, that neither ATP nor protons limit the transport and hence modelled proton
import with a fixed rate here. A maximal proton concentration ratio of 105 across the
membrane was assumed, constituting a very steep gradient, but allowing for a maximal
effect of the Ca2+ import mechanism during the second model phase.
Our model does not integrate the membrane potential, because nothing is known about
the ion composition around the CV membrane. Therefore, we decided to implement
substrate transporters that exchange ions electrogenically neutral. Consequently, the
stoichiometry assumed for Ca2+ / H+ exchangers is 1 Ca2+ : 2 H+ as it can for in-
stance be found in the tonoplast of Beta vulgaris (Blumwald & Poole, 1986). This sto-
ichiometry does not correspond to the one assumed for CAX-like Ca2+ / H+ exchang-
ers (1 : 3, Sze et al., 2000) nor to that assumed for Ca2+-ATPases (1 : 1-1.5, Yu et al.,
1994; Hauser & Barth, 2007). The latter transporter types do most probably exist in
calcifying cells of E. huxleyi (see Section 2.1 of main document), but their intracellu-
lar location is not known. In case of SERCA-type Ca2+-ATPases, stoichiometries of
Ca2+ : H+ vary with the underlying pH value (Yu et al., 1994; Hauser & Barth, 2007).
The latter transporter types do most probably exist in calcifying cells of E. huxleyi (see
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Section 2.1 of main document). In case of SERCA-type Ca2+-ATPases, stoichiome-
tries of Ca2+ : H+ vary with the underlying pH value (Yu et al., 1994; Hauser & Barth,
2007). Proton-pumping ATPases could further influence bulk stoichiometries. We
tested the influence of stoichiometries between 1 Ca2+ : 1 H+ and 1 Ca2+ : 3 H+ on
a basic model version, where Ci is supplied passively via CO2 diffusion and Ca2+ is
imported actively via a Ca2+ / H+ exchanger. While stoichiometries of 1 Ca2+ :<2 H+

led to pH values that were too low for calcite precipitation, those of 1 Ca2+ :>2 H+

led to very high pH values and very high [CO2−
3 ] inside the CV. A stoichiometry of

1 Ca2+ : 2 H+, in turn, led to reasonable results. Therefore, the latter stoichiometry
which was assumed for some model versions is meaningful.

(d) Diffusion

CO2 diffuses across the CV membrane in all model versions. Its diffusion rate RD
CO2

is described as follows:

RD
CO2

= γCO2

ACV

VCV
· ([CO2]CS − [CO2]CV) (S 15)

where γCO2 is the permeability coefficient of CO2 given in Sültemeyer & Rinast (1996)
for the plasma membrane of Chlamydomonas reinhardtii grown at ambient air and a
pH of 7.8. ACV /VCV reflects the surface to volume ratio of the CV, and [CO2]CS and
[CO2]CV denote the [CO2] inside the cytosol (CS) and the CV, respectively.

(e) Calcite precipitation

The model considers the following reaction to describe calcite precipitation:

CO2−
3 + Ca2+ → CaCO3 ↓ (S 16)

The corresponding precipitation rate is described via the following equations:

RP =

{
kf(Ω− 1)n for Ω > 1

0 for Ω ≤ 1
(S 17)

where the parameter n is given in Table 3 of Zuddas & Mucci (1994, 2.35), and kf
can be calculated from Figure 1 and Table 3 given in Zuddas & Mucci (1994) and the
calculated CV morphology (3.09·10−5mol·L−1·s−1).

5



(f) Model versions

The kinetic parameters used for all model runs are listed in Table S3.
dfsjk
Model version I: Ca2+ / 2H+ antiport. The activity of carbonic anhydrase (CA) in
model version Ic was modelled via an acceleration factor of 104 for R1,CV (eq. (S 6)).
This factor was taken from Thoms et al. (2001) who used it to model the CA inside
the chloroplast.
The differential equations for model version I are constructed from the reaction rates
given in equations (S 6) to (S 10), (S 13), (S 15), and (S 17):

d[CO2]/dt(I) = R1,CV + R4,CV + RD
CO2

(S 18)

d[HCO−3 ]/dt(I) = −R1,CV − R4,CV − RH+

5,CV + ROH−
5,CV (S 19)

d[CO2−
3 ]/dt(I) = RH+

5,CV − ROH−
5,CV − RP (S 20)

d[H+]/dt(I) = −R1,CV + RH+

5,CV − R6,CV − 2 RT
Ca2+ (S 21)

d[OH−]/dt(I) = +R4,CV + ROH−
5,CV − R6,CV (S 22)

d[Ca2+]/dt(I) = RT
Ca2+ − RP (S 23)

d[PIC]/dt(I) = RP (S 24)

For the following model versions, we will only give the equations that deviate from
equations (S 18) to (S 24).
dfsjk
Model version II: Ca2+ / 2H+ antiport with active CO2 import. The only differential
equation that is changed compared to model version I, is the one describing the change
of the [CO2]:

d[CO2]/dt(II) = R1,CV + R4,CV + RD
CO2

+ RT
CO2

(S 25)

dfsjk
Model version III: Import of Ca2+ and HCO−3 . As mentioned in Section 3.1 of the
main document, two different possibilities to import Ca2+ and HCO−3 into the CV are
concerned here. The only equation, in which the two model versions (IIIa and IIIb)
differ from equations (S 18) to (S 24), is the one describing the change of [HCO−3 ].

d[HCO−3 ]/dt(IIIa) = −R1,CV − R4,CV − RH+

5,CV + ROH−
5,CV + RT

HCO−3
(S 26)

d[HCO−3 ]/dt(IIIb) = −R1,CV − R4,CV − RH+

5,CV + ROH−
5,CV + 2RT

Ca2+ (S 27)

Since our model does not consider [Na+] and [Cl−], we neglect the export of these ion
species.
dfsjk
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Model version IV: Ca2+ / CO2−
3 symport. The modified differential equation for this

model version reads:

d[CO2−
3 ]/dt(IV) = RH+

5,CV − ROH−
5,CV + RT

Ca2+ − RP (S 28)

dfsjk
Model version V: Ca2+ and HCO−3 import and H+ export. Model version Va is
based on a transport mechanism consisting of two decoupled transporters, namely a
Ca2+ / 2H+ antiporter and a HCO−3 / H+ symporter. The modified differential equa-
tions read:

d[HCO−3 ]/dt(Va) = −R1,CV − R4,CV − RH+

5,CV + ROH−
5,CV + RT

HCO−3
(S 29)

d[H+]/dt(Va) = −R1,CV + RH+

5,CV − R6,CV + RT
HCO−3

− 2RT
Ca2+ (S 30)

Model version Vb mimics a theoretical transporter generating a transport of one Ca2+
and one HCO−3 into the CV and one H+ out of the CV. The differential equations are:

d[HCO−3 ]/dt(Vb) = −R1,CV − R4,CV − RH+

5,CV + ROH−
5,CV + RT

Ca2+ (S 31)

d[H+]/dt(Vb) = −R1,CV + RH+

5,CV − R6,CV − RT
Ca2+ (S 32)

dfsjk
Model version VI: Ca2+ / H+ exchange after import of H+. For the first part of this
model version, by means of which the proton gradient across the CV membrane is
established, the following equations are used:

d[H+]/dt(VI) = −R1,CV + RH+

5,CV − R6,CV + RT
H+ (S 33)

d[Ca2+]/dt(VI) = −RP (S 34)
d[PIC]/dt(VI) = RP (S 35)

The second model part, during which the established proton gradient is used to import
Ca2+, the equations given for model version I are considered.
dfsjk
Model version VII: Ca2+ and HCO−3 import and H+ export after import of H+. The
acidification part of this model is described via the equations given for model version
VI (eqs. S 33 - S 35). For the second part in turn, the equations of model version Vb
(eqs. (S 31) - (S 32)) are used.

Appendix to Results and Discussion
Figures S2 to S6 give the model outputs to all model versions, except for model ver-
sion Ic which was shown already in the main document.
At Time = 0 s, the preset initial conditions are given. During the presented time regime,
the modelled DIC, TA, pH, Ci, Ω, and Ca2+ approach the steady state values listed in
Table 4 of the main manuscript.
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Table S 1: Values for [Ca2+], DIC, pH, salinity (S), and temperature (θ) inside the
cytosol (CS) and the CV. The concentrations of carbonate species are calculated from
DIC and pH (equilibrium values). Values put in parantheses are those for model ver-
sion Ib, which is based on 55mmol·L−1 DIC in CS.
Parameter Value CS Value CV
[Ca2+] (mmol·L−1) 100·10−6 (Brownlee et al., 1995) 0.5 (Gussone et al., 2006)
DIC (mmol·L−1) 2 (55 in Ib) 2
pH 7 (Dixon et al., 1989) 7 (Anning et al., 1996)
S 30 35
θ (◦C) 15 15
CO2 (μmol·L−1) 169 (4 656 in Ib) 163
HCO−3 (μmol·L−1) 1 820 (50 000 in Ib) 1 823
CO2−

3 (μmol·L−1) 12.9 (355 in Ib) 14.5



Table S 2: Reaction rate constants of the carbonate system. Since the salinity of the
cytosol (CS) and the CV are assumed to differ (CS: 30, CV: 35), the rate constants are
listed separately.

Rate constant Value CS Value CV
k+1 (s−1) 14.2·10−3
k−1 (L·mol−1·s−1) 12.9· 103 12.4· 103
k+4 (L·mol−1·s−1) 2.86· 103 2.89· 103
k−4 (s−1) 5.96·10−5 6.23·10−5
kH+

+5 (L·mol−1·s−1) 4.89·1010 4.87·1010
kH+

−5 (s−1) 35.5 39.9
kOH−
+5 (L·mol−1·s−1) 5.87·109 5.85·109
kOH−
−5 (s−1) 1.85·105 1.79·105
k+6 (mol·L−1·s−1) 1.43·10−3 1.44·10−3
k−6 (L·mol−1·s−1) 6.27·1010 5.73·1010



Table S 3: Kinetic parameter values for all model versions.

Parameter Value Version
γCO2 (m·s−1) 1.8·10−5 (Sültemeyer & Rinast, 1996) all
Vmax(Ca

2+ /2H+) (mol·s−1) 0.54·10−15 (Ia)
KCa2+

m (Ca2+ /2H+) (mol·L−1) 42·10−6 (Blumwald & Poole, 1986)
Vmax(Ca

2+ /2H+) (mol·s−1) 2.6·10−15 (Ib, Ic)
KCa2+

m (Ca2+ /2H+) (mol·L−1) 42·10−6 (Blumwald & Poole, 1986)
Vmax(Ca

2+ /2H+) (mol·s−1) 2.6·10−15 (II)
KCa2+

m (Ca2+ /2H+) (mol·L−1) 42·10−6 (Blumwald & Poole, 1986)
Vmax(CO2) (mol·s−1) 1.4·10−15
KCO2

m (CO2) (mol·L−1) 0.1·10−6
Vmax(Ca

2+ /2Na+) (mol·s−1) 2.6·10−15 (IIIa)
KCa2+

m (Ca2+ /2Na+) (mol·L−1) 42·10−6
Vmax(HCO

−
3 /Cl

−) (mol·s−1) 13·10−18
KHCO−3

m (HCO−3 /Cl
−) (mol·L−1) 0.1·10−3

Vmax(Ca
2+ / 2HCO−3 ) (mol·s−1) 2.6·10−15 (IIIb)

KCa2+

m (Ca2+ /2H+) (mol·L−1) 42·10−6 (Blumwald & Poole, 1986)
Vmax(Ca

2+ /CO2−
3 ) (mol·s−1) 2.6·10−15 (IV)

KCa2+

m (Ca2+ /CO2−
3 ) (mol·L−1) 42·10−6

Vmax(Ca
2+ /2H+) (mol·s−1) 2.6·10−15 (Va)

KCa2+

m (Ca2+ /2H+) (mol·L−1) 42·10−6 (Blumwald & Poole, 1986)
Vmax(HCO

−
3 /H

+) (mol·s−1) 6.52·10−18
KHCO−3

m (HCO−3 /H
+) (mol·L−1) 0.1·10−3

Vmax(Ca
2+ /HCO−3 /H

+) (mol·s−1) 2.6·10−15 (Vb)
KCa2+

m (Ca2+ /HCO−3 /H
+) (mol·L−1) 42·10−6

V(H+) (mol·L−1·s−1) 0.02·10−3 (VI)
Vmax(Ca

2+ /2H+) (mol·s−1) 1.0·10−15
KCa2+

m (Ca2+ /2H+) (mol·L−1) 42·10−6 (Blumwald & Poole, 1986)
V(H+) (mol·L−1·s−1) 0.02·10−3 (VII)
Vmax(Ca

2+ /HCO−3 /H
+) (mol·s−1) 3.2·10−15

KCa2+

m (Ca2+ /HCO−3 /H
+) (mol·L−1) 42·10−6 (Blumwald & Poole, 1986)



Figure S 1: Simplified shape of the CV. The large diameter size of the coccolith is
scaled to 1.



Figure S 2: Model outputs to model version Ib and II. DIC in the cytosol was increased
to 55mmol L−1 in Ib. Model version II is based on an active CO2 import into the CV.
Development of DIC, TA, Ω, Ca2+ and the individual DIC species’ concentrations
inside the CV during the first 0.8 second of the model run.
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Figure S 3: Model outputs to model version IIIa. Ca2+ and HCO−3 cross the CV
membrane independently of each other, while no H+ are exported from the CV.
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Figure S 4: Model outputs to version IV, Va, and Vb. Ca2+ and CO2−
3 are actively

imported in version IV. VersionV assumes an import of Ca2+, HCO−3 , and an export
of H+, once via two transporters (V a) and once by means of one complex transporter
(V b).



Figure S 5: Results to model version VI. The plots on the left hand side present the
first 20 minutes of the model run, while on the right hand side, the time slot, during
which the ATPase activity is stopped and the Ca2+ / 2H+ exchanger starts its activity,
is shown explicitly. CO2 diffuses across the membrane in both stages.



Figure S 6: Results to model version VII. Ca2+, HCO−3 and H+ actively cross the CV
membrane, after the establishment of a proton gradient across the CV membrane by
means of an ATPase. CO2 diffuses across the membrane in both stages. The plots on
the left hand side present the whole model run, while on the right hand side, the time
slot, during which the ATPase activity is stopped and the Ca2+ / HCO−3 / H+ exchanger
starts its activity, is shown in more detail.



Describing cellular carbon fluxes in
Emiliania huxleyi

by means of numeric models

Authors:

Lena-Maria Holtz

Silke Thoms

Dieter Wolf-Gladrow

TO BE SUBMITTED



1 INTRODUCTION 1

Abstract

Coccolithophores play a crucial role in the marine carbon cycle and thus it is in-
teresting to know how they will respond to climate change and ocean acidification.
After several decades of research, the interplay between intracellular metabolic
processes and the marine carbonate system is still not well understood. On basis
of experimental data, we develop kinetic models to describe cellular carbon fluxes,
where external CO2 is used for organic carbon production and external HCO−3 is
used for calcite production. The models are constrained by data of Emiliania hux-
leyi, the numerically most important coccolithophore species in the present-day
ocean. It is currently thought that CO2 is actively pumped into the cell, i.e. against
a CO2 concentration gradient across the plasma membrane thus leading to a signif-
icant CO2 efflux from the cell. Our models, one of which includes the fractionation
of carbon isotopes, shows that a diffusive influx of CO2 may provide a large share
to photosynthetic CO2 fixation. An energy-efficient carbon concentrating mech-
anism is proposed. Experimental evidence indicating CO2 efflux in E. huxleyi is
discussed.
key index words: cell model · uptake of inorganic carbon species · active CO2 uptake · coccolithophores

1 Introduction

Human activity has rapidly increased at-
mospheric carbon dioxide (CO2) from
about 280 ppm in year 1750 to about
400 ppm in 2013 (NOAA, 2013). A con-

tinuing strong increase is expected. Un-
like other gases, CO2 dissolves in sea-
water and becomes part of the ocean’s
carbonate system, whose simplified rep-
resentation is:

CO2 +H2O ↔ H2CO3 ↔ HCO−3 +H+ ↔ CO2−
3 + 2H+ (1)

Due to the inter-conversion between
individual inorganic carbon species
(iCS) the ocean exhibits a strong capac-
ity to buffer anthropogenic CO2 emis-
sions. The uptake of CO2, however, im-
pacts on the ocean’s carbonate chem-
istry with potentially tremendous con-
sequences for marine organisms and

whole ecosystems. In this study, we fo-
cus on coccolithophores, unicellular cal-
careous algae that belong to the main
pelagic calcifiers. Most notably, they
impact on the ocean’s carbon cycle via
the formation of particulate organic and
inorganic carbon (POC and PIC) (for re-
view see Rost & Riebesell, 2004). Our
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model organism Emiliania huxleyi is
one of the most abundant and best stud-
ied coccolithophore species.
During photosynthesis, POC is built

from intracellular CO2 inside the
chloroplast. Particulate inorganic car-
bon is precipitated in the form of cal-
cium carbonate (CaCO3) from intra-
cellular carbonate ions (CO2−

3 ) inside
a specialised cell compartment, called
coccolith vesicle (CV). In view of the
bulk seawater, it should not make a
difference whether carbon for photo-
synthesis is taken up as CO2 or as
HCO−3 , since in the latter case one H+

should be taken up to ensure internal
pH homeostasis and charge neutrality
(cf. Fig. 1). For a detailed discussion
concerning charge neutrality compare
Wolf-Gladrow et al. (2007). The pro-
duction of POC and PIC have different
impacts on the marine carbonate sys-
tem: Particulate organic carbon produc-
tion, i.e. CO2 consumption, reduces the
DIC concentration in seawater and shifts
the carbonate system towards higher
pH values. Particulate inorganic carbon
production, i.e. CO2−

3 consumption, de-
creases DIC and TA in the molar ratio
1:2.

Figure 1: Theoretical H+ budget that is related to the intracellular conversion of inor-
ganic carbon species (iCS) for a HCO−

3 using cell (left) and a CO2 using cell (right). Pho-
tosynthesis and calcite precipitation are the two major processes that require dissolved
inorganic carbon. POC and PIC stand for particulate organic carbon and particulate
inorganic carbon, respectively.
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In order to reveal the influence of abi-
otic conditions on the PIC : POC ratio in
a systematic manner, intracellular path-
ways of iCS have to be elucidated first.
Until today, it is not possible to mea-
sure intracellular iCS fluxes directly. We
hence rely on indirect information about
these fluxes. Carbon sources of POC
and PIC production have been an is-
sue of discussion since more than five

decades. Paasche (1964) demonstrated
by means of short-term 14C incubations
that external HCO−3 is the main sub-
strate for coccolith production in E. hux-
leyi. The bulk of experimental work
that was conducted afterwards has led to
the same conclusion (Berry et al., 2002;
Rost et al., 2002). Paasche (1964) sug-
gested for E. huxleyi that the CO2 pro-
duced in the reaction

Ca2+ + 2HCO−3 → CaCO3 +CO2 +H2O (2)

might be used in photosynthesis. This
equation presumes external HCO−3 be-
ing the carbon source for both, photo-
synthesis and calcite precipitation, and
gives the sum of equations (3) to (5).

HCO−3 → CO2−
3 +H+ (3)

Ca2+ +CO2−
3 → CaCO3 (4)

HCO−3 +H+ → CO2 +H2O (5)

Reactions (3) and (4) are fast and
favoured under high pH values. Reac-
tion (5), in turn, is slow (unless being
catalysed enzymatically) and favoured
under low pH values. Thus, the reac-
tions most likely take place within dif-
ferent compartments and the stoichiom-
etry that is implied by equation (2),
i.e. release of one mole CO2 per mole
CaCO3 that is precipitated, is unlikely to
occur. The proton that is released dur-
ing calcite precipitation (eqns. (3) and
(4)) could contribute to CO2 formation
(eqn. (5)) in another compartment. The
strength of this impact would depend on
the sum of intracellular proton fluxes.

However, Paasche (1964) showed that
external HCO−3 as well as external CO2

can be used for photosynthesis. Later
on, many experiments examining the
external carbon source for photosynthe-
sis were conducted, partly with contra-
dicting results (for an overview until
year 2001 see Paasche (2002)). Rost
et al. (2002) concluded from their 13C
measurements of POC that CO2 as well
as HCO−3 are taken up. Based on mea-
surements of 14C fluxes in disequilib-
rium, Rokitta & Rost (2012) identified
external HCO−3 as the major iCS source
that supports POC production. The 14C
disequilibrium essay they used, how-
ever, was conducted at a higher pH
value than the cells were acclimated
to. Kottmeier (pers. com.) refined
this 14C disequilibrium assay, which en-
abled them to measure the external iCS
source of POC at different essay pH val-
ues. They found external CO2 being the
major source for photosynthesis under
current pCO2 conditions.
Schulz et al. (2007) measured external
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CO2 during and right after a short period
of illumination and further determined
the stable carbon isotopic composition
of POC δ13C. They explained their
data by means of a two compartment-
fractionation model, which presumes
that external CO2 and HCO−3 are taken
up actively against a concentration gra-
dient into the cytosol and can feed PIC
as well as POC production. In order to
dispose of intracellularly accumulating
13C due to fractionation of RubisCO,
CO2 has to leak out of the cell. A trans-
port of the membrane-permeable CO2

against a concentration gradient would
be highly energy-demanding in contrast
to a diffusive CO2 influx. The estab-
lishment of a CO2 concentration gra-
dient that drives CO2 into the cell, in
turn, may require energy also. How-
ever, so far, there is no direct prove for
a transporter that pumps CO2 against
a concentration gradient. We hypothe-
sise that organisms as coccolithophores
that have been very successful in evo-
lutionary history do rely on an energy-
efficient pathway for photosynthetic car-
bon uptake. Therefore, we avoid the im-
plementation of CO2 pumps that trans-
port CO2 against concentration gradi-
ents. In the model we will assume that
the transport through the cell membrane
is by diffusion only..
To sum up, it is reasonable to assume
external HCO−3 being the carbon source
for PIC production and mainly exter-
nal CO2 plus a minor fraction of exter-
nal HCO−3 the carbon source for POC
production. This implies that CO2

and HCO−3 should rarely inter-convert

within the cytoplasm. A diffusive influx
of CO2 into the cell is probably the most
efficient mechanism in terms of the cel-
lular energy budget because CO2 leak-
age is largely avoided.
Transcriptomic analysis have re-

vealed the existence of proteins that may
be involved in carbon-flux related pro-
cesses: α-, β-, γ-, and δ-CAs (Quinn
et al., 2006; Soto et al., 2006; Richier
et al., 2009; Bach et al., 2013), some of
which are upregulated under low exter-
nal DIC availability (Bach et al., 2013),
may be involved in a CO2/carbon son-
centrating mechanism (CCM) to sup-
port POC fixation. Quiroga & González
(1993) located a CA inside the chloro-
plast stroma of the coccolithophore
CCMP-299 (probable identity: Pleu-
rochrysis sp.). Nimer et al. (1994) give
experimental evidence for CA inside
chloroplasts of E. huxleyi. The carbon
fixing enzyme RubisCO is upregulated
under low DIC concentrations (Bach
et al., 2013). Aquaporins that may facil-
itate CO2 uptake into the cytosol and/or
the chloroplast, respectively, exist also
in E. huxleyi (Bach et al., 2013). Their
location is not known. Anion exchang-
ers are probably involved in HCO−3
transport in sym- or antiport with or
against H+, Na+, or Cl− (Mackinder
et al., 2011; Bach et al., 2013). These
transporters are upregulated under low
DIC concentrations (Bach et al., 2013),
as well as with calcification (Mackinder
et al., 2011). Their location is spec-
ulative. Voltage-gated proton chan-
nels are upregulated with calcification
(Mackinder et al., 2011). The plasma
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membrane is one known location, where
they may support the extrusion of pro-
tons coming from the CV-internal con-
version of HCO−3 to CO

2−
3 (Taylor et al.,

2011).
As it is currently not possible to mea-

sure intracellular iCS fluxes directly, we
thus use numeric models to find poten-

tial energy-efficient pathways of inor-
ganic carbon feeding calcite precipita-
tion and photosynthesis. The models
are constrained by current knowledge
about external carbon sources for PIC
and POC production and the knowledge
about involved membrane transporters
and enzymes.

Figure 2: Membrane transporters and enzymes assumed in the model approaches. For
further information see text.

2 Methods

All transport mechanisms and enzymes
assumed for our models are summarised
in Figure 2. Aquaporins inside the
plasma membrane facilitate CO2 diffu-
sion. Protons can leave the cell via
diffusion when the cytosolic pH be-

comes acidic (voltage-gated H+ chan-
nels). External HCO−3 enters the
cytoplasm following its concentration
gradient (Anion exchangers). Car-
bon dioxide diffuses across the coc-
colith vesicle (CV) membrane. En-
ergy requiring Ca2+/HCO−3 /H+ trans-
porters (not known from literature) im-
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port the substrates for calcite precipi-
tation into the CV. The chloroplast en-
velope, which consists of several mem-
branes (cf. Sec. 2.2), contains aquapor-
ins for CO2 diffusion and HCO−3 trans-
porters or channels (not implemented,
only discussed). In case HCO−3 is im-
ported, additional H+ are needed for the
generation of CO2. A voltage gated H+

channel may be opened and H+may dif-
fuse into the alkaline chloroplast stroma.
Carbonic anhydrase (CA) is located in-
side the stroma. A HCO−3 channel and
a voltage-gated H+ channel are imple-
mented for the thylakoid membrane. In-
side the thylakoid, another CA is as-
sumed. RubisCO is located inside the
pyrenoid and thought to be closely asso-
ciated to the thylakoid membrane so that
CO2 that leaks out of the thylakoid and
into the pyrenoid can be fixed ba Ru-
bisCO.

2.1 Cell model

A kinetic cell model is set up in order to
interpret fluxes and intracellular conver-
sion rates for iCS. For this purpose the
cell is divided into four compartments:
(1) the cytosol, (2) the coccolith vesicle
(CV), (3) the chloroplast, and (4) mito-
chondria (Fig. 3).
Kinetic modelling is restricted to the

cytosol and the CV. The concentrations
of cytosolic iCS are changed by diffu-
sive CO2 fluxes across plasma and CV
membrane, HCO−3 influx and H+ efflux
across the plasma membrane, HCO−3

export into and H+ export from the
CV, respectively, photosynthetic CO2

fixation, mitochondrial CO2 release,
and the potential chemical iCS inter-
conversions. Inside the CV, the con-
centrations of iCS are changed by diffu-
sive CO2 fluxes, the import of HCO−3 ,
the export of H+, chemical iCS inter-
conversions, and the precipitation of
CaCO3.
Bulk seawater is assumed to be in chem-
ical equilibrium (Tab. 1) and mimics the
conditions of Rokitta & Rost (2012),
whose data we constrain our model
with. Bulk seawater functions as a
source of inorganic carbon and a sink
for H+ and potentially CO2 diffusing
out of the cell. The diffusive bound-
ary layer adjacent to the cell, which
might be out of chemical equilibrium,
is not modelled explicitly. Carbon diox-
ide fixation into POC is set to the rate
measured by Rokitta & Rost (2012,
cf. Tab. 7 in Appendix 6.1) plus respira-
tion rate. Photosynthesis is made light-
dependent. Respiration rates are chosen
so that the PIC production rates mea-
sured by Rokitta & Rost (2012) are cal-
culated by the model while keeping the
level of energy equivalents low. Besides
a release of CO2 into the cytoplasm,
respiration generates energy equivalents
for the light-dependent (model assump-
tion) nitrogen assimilation (measured by
Rokitta & Rost, 2012) and the trans-
port of iCS and Ca2+ (Ca2+/HCO−3 /H+

transporter) into the CV. Carbon dioxide
fluxes across the plasma membrane and
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Figure 3: The cell model. Tranporters are described in Fig. 2. Arrows illustrated by a
continuous line give the implemented reactions. The chloroplast just acts as a sink for CO2.
Mitochondria, in turn, are implemented as a CO2 source. Energy equivalents (EE) that
are generated by mitochondrial respiration are used to pay the energy demands of the part
of nitrogen assimilation that takes place inside the cytosol as well as the Ca2+ / HCO−

3 / H+

transporter of the CV. Energy expenditure for nitrogen assimilation inside the chloroplast
(dashed yellow arrow) is not implemented. PIC - particulate inorganic carbon, POC -
particulate organic carbon.

the CV membrane are diffusive and are
thus simply driven by concentration gra-
dients. Bicarbonate ions and H+ fluxes
across the plasma membrane are pas-
sive also. Ca2+ transport mechanisms
across the plasma membrane are not im-
plemented for the sake of simplicity. In-
stead, cytosolic Ca2+ concentration is
set to a fixed low value. The carbon-

ate system of seawater is in equilibrium.
Model equations can be found in Ap-
pendix 6.1.
The experiment of Rokitta & Rost

(2012), which is re-enacted by the
model, was conducted at four differ-
ent conditions: at low light (50μmol
photons ·m−2 · s−1) and low carbon
(LLLC), at low light and high carbon
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Table 1: Concentrations of CO2 and HCO−
3 and pH in bulk seawater that force the cell

model (temperature = 15◦C and salinity = 35). Concentrations were calculated from DIC
and pH given by Rokitta & Rost (2012) and are given in mol · m−3. LL = low light, HL =
high light, LC = low carbon, and HC = high carbon.

experiment [CO2] [HCO−3 ] pH
LLLC 13 · 10−3 1.85 8.1
LLHC 30 · 10−3 2.15 7.8
HLLC 13 · 10−3 1.87 8.1
HLHC 37 · 10−3 2.08 7.7

(LLHC), at high light (300 μmol
photons ·m−2 · s−1) and low carbon
(HLLC), and finally at high light
and high carbon (HLHC). Light was
provided with a light : dark cycle of
16 h : 8 h.

2.2 Chloroplast model

An energy-efficient CCM that relies
on passive iCS fluxes only is pro-
posed (Fig. 4, figure description ex-
plains working hypothesis). A sim-
ilar model was considered by Raven
(1997, mechanism originally suggested
by Pronina & Borodin (1993) and Pron-
ina & Semenenko (1994)), who based
his calculations on isolated, quantita-
tive calculations. Later on, Thoms
et al. (2001) confirmed the efficiency
of a similar chloroplast based CCM by
means of a kinetic chloroplast model
which considers the dynamics of the
internal carbonate system. In contrast
to the complex chloroplast model of
Thoms et al. (2001), we assume a diffu-

sive influx of cytosolic CO2 as exclusive
iCS source for RubisCO in our simpli-
fied model.
The carbonate system (at T = 15◦C

and S = 30) is resolved dynamically in
all compartments except for the cytosol.
The three intact membranes surround-
ing the chloroplast (the fourth mem-
brane should not constitute a barrier
for CO2 diffusion because it includes
large pores) were taken into consider-
ation via a lowered CO2 permeability
coefficient (γCO2) as approximated by
Thoms et al. (2001), i.e., γCO2 of a
single membrane divided by three, the
number of membranes. The concen-
trations of iCS inside the chloroplast
stroma are changed by diffusive CO2

fluxes across chloroplast envelope and
thylakoid membrane. Furthermore, iCS
concentrations inside the chloroplast
stroma are affected by a channel-based
diffusion of HCO−3 across the thylakoid
membrane, abiotic inter-conversion be-
tween HCO−3 and CO2−

3 , and CA-
catalyzed inter-conversion between CO2

and HCO−3 . Carbonic anhydrase activ-
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ity is taken into consideration by an ac-
celeration factor of 104 for the conver-
sion between CO2 and HCO−3 (CO2 +
H2O ↔ HCO−3 + H+). Proton chan-
nels inside the chloroplast envelope and
the thylakoid membrane distribute H+

between the compartments in order to
keep the stroma pH close to 8 and the
one of the thylakoid close to 5. In-
side the thylakoid, the concentrations of
iCS are affected by (a slow) CO2 dif-
fusion across the thylakoid membrane,
the channel-based diffusion of HCO−3
across the thylakoid membrane, CA-

catalyzed inter-conversion between CO2

and HCO−3 , abiotic inter-conversion be-
tween HCO−3 and CO

2−
3 , and the CO2

flux into POC. To constrain the iCS
flux towards RubisCO, the maximum
CO2 fixation rate of RubisCO is set
to the net POC fixation rates mea-
sured by Rokitta & Rost (2012) plus
the respiration rates used in the cell
model (for each of the four experi-
ments: LLLC, LLHC, HLLC, HLHC).
RubisCO’s affinity towards CO2 is im-
plemented via the half saturation con-
stant 72mmol·m−3 (Boller et al., 2011).

Figure 4: Working hypothesis: Carbon dioxide enters the chloroplast from the cytosol via
aquaporin-based diffusion. The high pH inside the chloroplast stroma (ca. 8) supports the
carbonic anhydrase (CA)-catalysed conversion of CO2 to HCO−

3 . Bicarbonate ions diffuse
into the thylakoid through channels. The low pH inside the thylakoid (ca. 5) supports CA-
catalysed conversion of HCO−

3 to CO2. The latter molecule can diffuse into the pyrenoid
towards RubisCO. In the model, RubisCO is assumed to face the CO2 concentration in-
side the thylakoid for the sake of simplicity. The CO2 permeability into and out of the
thylakoid / pyrenoid complex is low. This as well as the enzymatically supported conver-
sion of CO2 back to HCO−

3 inside the stroma lowers potential CO2 leakage away from the
chloroplast. When the CO2 concentration around RubisCO falls below a critical thresh-
old, an import of HCO−

3 may be induced (feedback: dotted arrow). For the mathematical
implementation, however, this HCO−

3 import is neglected. Furthermore, diffusive fluxes as
well as the inter-conversion between CO2 and HCO−

3 is allowed in both directions in the
model.
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The structure of the model equations
corresponds to the one of the cell model.
We hence leave out the complete model
code for this model, but give all model
parameters (Tabs. 7 and 8 in Appendix).
Carbon dioxide fixation into POC

is calculated in dependence on the
CO2 concentration inside the cytosol
(0.8mmol · m−3 - 34mmol · m−3)
and the influence of different membrane
permeabilities for CO2 (γCO2) on the
model outcome is tested. Since cytoso-
lic CO2 concentrations are in the range
calculated by the cell model and the flux
of cytosolic CO2 into POC corresponds
to the one presumed in the cell model,
the chloroplast model is indirectly cou-
pled to the cytosol of the cell model.

2.3 Isotope fractionation model

Existing isotope fractionation models
for inorganic carbon uptake in microal-
gae, e. g., Sharkey & Berry (1985);

Schulz et al. (2007), presume diffu-
sive CO2 leakage from the cell in or-
der to dispose of 13C that accumulates
inside the cell due to RubisCO’s dis-
crimination against 13CO2. In contrast
to these models, our basic fractionation
model relies on diffusive CO2 uptake as
inorganic carbon source for photosyn-
thetic carbon fixation. The only carbon
species taken into account here is CO2,
the carbonate system is thus not im-
plemented. This can be done, because
experiments show that external CO2 is
mainly used for POC production and ex-
ternal HCO−3 for PIC production. If
CO2 and HCO−3 inter-converted vividly
within the cytosol, a separation between
external CO2 and HCO−3 for POC and
PIC production, respectively, was im-
possible. If this assumption holds, is
parallely tested by means of the cell
model (Secs. 2.1, 3.1). Here, we de-
scribe the data set of Rost et al. (2002),

Figure 5: 13CO2 and 12CO2 diffuse independently of each other across the plasma mem-
brane and the chloroplast envelope through aquaporins. Therefore, 13RCO2 of the fluxes
across the membranes deviate from 13RCO2 inside seawater and the compartments. Inside
the chloroplast, CO2 is fixed into POC with the ratio PO13C : PO12C (13RPOC) measured
by Rost et al. (2002). SW - seawater, CS - cytosol, CP - chloroplast.
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where E. huxleyi was grown at
different external CO2 concentrations
and light conditions (Fig. 5, Tab. 5,
for kinetic model equations see Ap-
pendix 6.2) and test, if inorganic carbon
uptake for POC production can be de-
scribed by a diffusive influx only.
The model consists of two compart-

ments: The cytosol which is surrounded
by the plasma membrane and the bulk
chloroplast that is surrounded by three
membranes (not indicated in Fig. 5).
Carbon dioxide is fixed to POC inside
the bulk chloroplast (the chloroplast-
internal compartimentation is not re-

solved). The ratio PO13C : PO12C
(13RPOC) was measured by Rost et al.
(2002) and thus constitutes a con-
straint in the model: CO2 that enters
the chloroplast is fixed to POC with
13RPOC. The influence of different val-
ues for the CO2 permeability (γCO2) on
the model is tested.

Presuming steady state conditions,
the CO2 concentration inside the cytosol
and the chloroplast can be deduced ana-
lytically also, when using the equations
the kinetic model is based upon (Ap-
pendix 6.2:

[12CO2]CS =
[CO2]SW

1 +13 RCO2,SW
− 1

1 +13 RPOC
· RPS

γPMCO2
· ACS

(6)

[13CO2]CS =
[CO2]SW

1 + 1
13RCO2,SW

− 1

1 + 1
13RPOC

· RPS

γPMCO2
· ACS

(7)

[12CO2]CP =
[CO2]SW

1 +13 RCO2,SW
− 1

1 +13 RPOC
·
(
1 +

γPMCO2
·ACS

γCPm
CO2

· ACP

)
· RPOC

γPMCO2
· ACS

(8)

[13CO2]CP =
[CO2]SW

1 + 1
13RCO2,SW

− 1

1 + 1
13RPOC

·
(
1 +

γPMCO2
·ACS

γCPm
CO2

·ACP

)
· RPOC

γPMCO2
·ACS

(9)

with [12 and 13CO2]CS and
[12 and 13CO2]CP denoting [12CO2]
and [13CO2] inside the cytosol and
the chloroplast, respectively. [CO2]SW
is the sum of external [12CO2] and
[13CO2]. 13RCO2,SW and 13RPOC give
the ratio 13C : 12C of external CO2 and
organically bound carbon (POC). ACS

and ACP give the membrane surface
area surrounding the cytosol and the

chloroplast, respectively, while γPMCO2

and γCPm
CO2

denote the CO2 permeability
coefficient of the plasma membrane and
the chloroplast envelope, respectively.
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3 Results

3.1 Cell model

The four model set ups (Sec. 2.1) lead,
in steady state, to the conditions within
the cytosol and CV as given in Table 2.
In all four experiments, the cytosolic
DIC concentration is lower than in the
medium. Due to the high permeability
of CO2 through the plasma membrane,
the CO2 concentration gradient across
the plasma membrane is low. During
illumination, cytosolic CO2 concentra-
tion is slightly lower than in seawater,

while during darkness, respiration ele-
vates internal CO2 slightly above exter-
nal CO2 levels, thus leading to a weak
efflux of CO2. The concentrations of cy-
tosolic HCO−3 and CO

2−
3 are lower than

seawater concentrations throughout the
experiment.
The CO2 concentrations within the CV
correspond to those of the cytosol. The
concentrations of DIC are upregulated.
Photosynthesis and nitrogen assimila-
tion are made light-dependent in the
model and stop during darkness. Thus,
diurnal variations, mainly in POC pro-
duction, can be observed (Fig. 6).

Figure 6: Model outputs for PIC and POC production. The values determined by Rokitta
& Rost (2012) are given by RR12. Grey shaded areas indicate dark phases. The abszissae
begins 24 h after the onset of the model run, since intracellular conditions deviate from
steady state during the first light : dark-cycle (data not shown).
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Against experimental evidence (i.e.
Paasche, 1969), calcite precipitation
continues or even increases during dark
phases. The explanation is that respira-
tion and thus the generation of energy
equivalents continues during darkness.
Since nitrogen assimilation stops during
darkness, more EE are available for the
import of Ca2+ and iCS into the CV.
Furthermore, the slightly increased CO2

influx during night supports an influx of
DIC into the CV. Under HLLC condi-
tions, PIC production is lower than the
data indicate. This is because the model
was forced to keep the level of energy
equivalents at a constant low level. In-

creasing respiration rates during illumi-
nation and lowering them during dark-
ness would minimize the offset. In
vivo respiration is probably higher dur-
ing illumination than during darkness,
which was, however, not implemented
in the model. Due to the diurnal changes
in POC production, the PIC : POC ra-
tio varies during the day. The relative
variation compares well with the diurnal
changes observed by Zondervan et al.
(2002) (Fig. 7).

Although chemical inter-conversion
between CO2 and HCO−3 inside the cy-
tosol is considered in the model, the

Figure 7: Calculated PIC : POC ratios over time. The PIC : POC ratios determined by
Rokitta & Rost (2012) are denoted by RR12. The abszissae begins 24 h after the onset
of the model run, since intracellular conditions deviate from steady state during the first
light : dark-cycle (data not shown). LL - low light, HL - high ligh, LC - low carbon, HC -
high carbon. Grey shaded areas indicate dark phases.
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chemical conversion between cytosolic
CO2 and HCO−3 is very low: Less than
3% of the HCO−3 that enters the cy-
tosol is converted to CO2 (Tab. 3); and
less than 0.03% of the CO2 that diffuses
into the cytosol is converted to HCO−3 .
Also, the ratios of diffusive CO2 influx
to POC production and HCO−3 influx

to PIC production are 1.0. About one
(between 0.98 and 1.0) mole H+ is set
free by the cell per precipitated mole
CaCO3. Thus, two parallel iCS path-
ways evolve through the in silico cy-
tosol (Fig. 8) as was hypothesised before
(Sec. 1).

Table 3: Inter-conversion between CO2 and HCO−
3 inside the cytosol, relative to CO2

and HCO−
3 influx rates. Values are steady state values. Negative values hint at an efflux

of CO2 during the dark phase. Rate constants for the inter-conversion between CO2 and
HCO−

3 are as follows: k+1 = 14.2·10−3 s−1, k−1 = 1.32·104 kg-soln·mol−1·s−1, k+4 =
2.93·103 kg-soln·mol−1·s−1, k−4 = 5.96·10−5 s−1. Constants for transport processes are
given in Tab. 7. l stands for light phase, d for dark phase, and PM for plasma membrane.
LL denotes low light, HL high light, LC low carbon, and HC high carbon. The minus in
the last row results from CO2 efflux during darkness.

experiment conversion of HCO−3 to CO2 conversion of CO2 to HCO−3
% of HCO−3 influx across PM % of CO2 influx across PM
l d l d

LLLC 0.2 0.3 0.02 -0.3
LLHC 3 1 0.03 -2
HLLC 0.1 0.1 0.02 -0.2
HLHC 0.3 0.2 0.02 -0.7

Bicarbonate ions follow the concen-
tration gradient into the cytosol in our
model, from where they are actively re-
moved into the CV. This active trans-
port into the CV constitutes the driv-
ing force for the diffusive HCO−3 in-
flux. Inside the CV, HCO−3 converts to
CO2−

3 (forced by the removal of H+)

and precipitates, together with Ca2+, to
CaCO3. Seawater CO2 diffuses into the
cytoplasma, from where it is taken up
into the chloroplast. Please note that
the pathway of CO2 into and through
the chloroplast is not modelled in detail
here, but is included in the chloroplast
model (Sec. 3.2).
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Figure 8: Main inorganic carbon fluxes through the cell (indicated by red arrows). Com-
pare to possible fluxes described in Figure 3.

It is actually surprising that a diffu-
sive influx of CO2 across the plasma
membrane can support the POC produc-
tion rates measured by Rokitta & Rost
(2012). The permeability value for CO2

was measured by Uehlein et al. (2008,
0.58 h · h−1) for the plasma membrane
of tobacco plants (Nicotiana tabacum).
Presuming a lower permeability coeffi-
cient (Prasad et al., 1998, 0.07 h · h−1,
artificial membrane with aquaporins),
the modelled POC production rate un-
der HLLC conditions is slightly lower
than the measured values indicate (data
not shown), while in case of the other
three experiments, the observed POC
production rates agree with the model
outputs. Incidentally, the often used
value of Prasad et al. (1998) is 0.06m
· h−1, thus comparable to the one of

Prasad et al. (1998). The implemented
value for HCO−3 permeability is low and
was not measured. A high HCO−3 per-
meability, however, is not necessary be-
cause the HCO−3 concentration gradient
across the plasma membrane is high.

3.2 Chloroplast model

The proposed CCM mechanism
(Sec. 2.2) was implemented in depen-
dency on different cytosolic CO2 con-
centrations. The four model set ups
lead, in steady state, to the conditions
of the chloroplast stroma and the thy-
lakoid as given in Table 4. Inside the
chloroplast stroma, CO2 concentrations
are lower than inside the cytosol. A
strong accumulation of CO2 inside the
thylakoid (cf. Fig. 10) is possible and
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Table 4: CO2 and HCO−
3 concentrations inside the chloroplast stroma (stroma) and the

thylakoid lumen (thyl) in steady state, when the cytosolic (CS) CO2 corresponds to the one
calculated in the cell modell. Calculations are based on the CO2 permeability coefficient
of Uehlein et al. (2008). Concentrations are given in mmol · m−3. LL denotes low light,
HL high light, LC low carbon, and HC high carbon.

experiment LLLC LLHC HLLC HLHC
[CO2]CS 12 29 11 35
[CO2]stroma 9 23 6 >26
[HCO−3 ]stroma 122 370 43 >381
[CO2]thyl 795 2558 138 >2548
[HCO−3 ]thyl 89 284 17 >284

exceeds the halfsaturation constant of
RubisCO (72mmol · m−3). The poten-
tial for accumulation is strongly depen-
dent on the diffusivity of CO2 around
RubisCO, a value that is not known.
We chose a value that is ten times
lower than γCO2 measured for pure li-
posomes (Prasad et al., 1998). Overall,
a good portion (ca. 65% - 100%) of the
POC production measured by Rokitta &
Rost (2012) can be fixed from cytoso-
lic CO2 by means of the proposed CCM
(Fig. 9) when using the γCO2 values of
Uehlein et al. (2008, 0.58m · h−1, solid
lines). Under low carbon-conditions
(LC), however, an additional supply
with HCO−3 to the chloroplast would be

essential. This could explain the results
of Kottmeier (pers. com.), where under
low external CO2 concentrations, addi-
tional external HCO−3 ended up in POC.
As for the cell model, the output of the
chloroplast model depends strongly on
γCO2 . When using the aquaporin-based
value of Prasad et al. (1998, 0.07m ·
h−1, dotted lines), an additional uptake
of HCO−3 was essential in all four exper-
iment approaches. Decreasing the half-
saturation constant of RubisCO towards
CO2 (Km(CO2) = 6.6mmol·m−3, low-
est value listed by Badger et al. (1998)),
however, did not change the model out-
puts shown in Figure 9 significantly (re-
sults not shown).
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Figure 9: Gross photosynthetic CO2 fixation in dependence on cytosolic CO2 concen-
tration, given as percentage of the gross fixation rate, i.e. POC production rates given in
Rokitta & Rost (2012) plus respiration values used in the cell model. Grey shaded areas in-
dicate the range of cytosolic CO2 concentrations calculated in the cell model by means of
different γCO2 for the plasma membrane (0.07m · h−1 (Prasad et al., 1998) or 0.58m · h−1

(Uehlein et al., 2008)). Continuous lines give chloroplast model outputs derived on basis
of γCO2 = 0.19m · h−1 for chloroplast envelope (Uehlein et al., 2008). Model outputs indi-
cated by the dotted lines are derived from γCO2 = 0.02m · h−1 (Prasad et al., 1998). Short
horizontal dotted lines in the two low carbon (LC) experiments indicate the percentage
of carbon fixed in organic matter that results from external CO2. The remaining carbon
would have to come from external HCO−

3 . LL - low light, HL - high light.

3.3 Isotope fractionation model

Concentration gradients for 12CO2 and
13CO2 are calculated that direct into the
bulk chloroplast (Tab. 5). These gra-
dients are established by the removal
of 12CO2 and 13CO2 from the bulk
chloroplast that correspond to the 12CO2

and 13CO2 fixation rates measured by
Rost et al. (2002). The effective influx
of CO2 has thus a lower 13RCO2 than
the bulk medium (seawater). The im-
plemented isotope fractionation model
shows that a diffusive CO2 leakage from
the cell is not necessary to explain iso-
topic fractionation data such as those of
Rost et al. (2002).
On basis of the permeability coef-
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Figure 10: Accumulation of CO2 inside the thylakoid (thyl) compared to cytosolic (CS)
CO2, calculated by the chloroplast model (Fig. 9. LLLC, LLHC, HLLC, and HLHC in-
dicate the experiments of Rokitta & Rost (2012). Model outputs base upon γCO2,CPm

measured by Uehlein et al. (2008).

ficient determined by Uehlein et al.
(2008), 33 out of 35 data points can be
described by means of diffusive CO2 in-
flux (Fig. 11, grey filled squares). In
case of the remaining two cases, POC
production rates exceed diffusive im-

port rates. When assuming the γCO2 of
Prasad et al. (1998), in turn, the isotope
fractionation model is able to describe
six out of 35 data points only (black
filled circles).

Figure 11: The kinetic model is constrained by the data set of Rost et al. (2002). Cells were
grown at different CO2 and light conditions. Due to the latter conditions, cellular POC
production rates varied. The model is run with two different sets of diffusion coefficients.
Based upon a γCO2,PM = 0.07m · h−1 (Prasad et al., 1998), only five data points can
be described (black filled circles). Using a γCO2 of 0.58m · h−1 (Uehlein et al., 2008),
most data can be described (grey squares). White circles indicate the data that cannot be
described by either parameter value.
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Table 5: 12CO2 and 13CO2 concentrations in the medium (ext, measured by Rost et al.
(2002) and kept constant in the model), in the cytosol (CS, model output in steady state),
and the bulk chloroplast (CP, model output in steady state). All concentrations are given
in mmol · m−3. L:D stands for light:dark cycle and is given in h:h. PFD stands for photon
flux density and is given in μmol photons · m−2 · s−1. Negative concentrations inside the
chloroplast indicate that external CO2 cannot be the only substrate for POC production.

ext CS CP
L:D PFD 12CO2

13CO2
12CO2

13CO2
12CO2

13CO2

24:0

15

33.4 0.372 33.0 0.367 31.4 0.350
30.1 0.334 29.7 0.330 28.3 0.314
19.0 0.211 18.6 0.207 17.2 0.191
19.7 0.219 19.3 0.215 17.8 0.199
13.1 0.145 12.7 0.141 11.3 0.126

30

27.0 0.300 26.1 0.291 22.9 0.256
23.0 0.256 22.3 0.248 19.5 0.218
18.4 0.205 17.7 0.197 15.2 0.169
16.7 0.186 16.0 0.178 13.3 0.148
11.8 0.131 11.2 0.124 8.9 0.100

80

28.9 0.321 27.0 0.301 20.3 0.227
27.0 0.300 25.5 0.284 20.0 0.224
19.3 0.215 17.9 0.199 12.7 0.142
19.1 0.212 17.8 0.199 13.2 0.148
11.6 0.129 10.4 0.116 6.2 0.070

150

29.7 0.330 28.2 0.314 22.9 0.256
22.4 0.249 21.1 0.235 16.3 0.183
17.7 0.197 16.2 0.180 10.5 0.118
16.6 0.185 15.2 0.170 10.2 0.115
11.6 0.129 10.4 0.115 5.9 0.067

16:8

30

31.7 0.353 31.1 0.346 28.8 0.321
23.5 0.262 22.9 0.255 20.7 0.230
16.0 0.178 14.9 0.166 10.9 0.121
10.8 0.120 9.9 0.111 6.9 0.077
5.2 0.058 4.6 0.051 2.1 0.024

80

31.8 0.354 29.8 0.332 22.2 0.248
23.9 0.266 21.6 0.241 13.2 0.148
16.1 0.179 14.3 0.159 7.4 0.083
12.4 0.138 10.6 0.118 4.0 0.046
5.4 0.061 4.1 0.046 -0.8 -0.008

150

26.9 0.299 25.3 0.282 19.4 0.217
21.1 0.234 19.3 0.215 12.9 0.145
18.2 0.202 16.7 0.185 11.0 0.123
12.3 0.136 10.7 0.119 4.8 0.055
5.5 0.062 4.1 0.045 -1.3 -0.014
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4 Discussion

4.1 CO2 uptake

The cell as well as the fractionation
model presented in this article show that
a diffusive influx of CO2 into the cell
may suffice to feed a large fraction of
photosynthetic POC production. Raven
& Johnston (1991) and Mackinder et al.
(2011) assume a diffusive influx of CO2

into the cell of E. huxleyi. In con-
trast to this, Rost et al. (2003, 2007);
Schulz et al. (2007) observe an ef-
flux of CO2 directly after turning off
the light (d[CO2]

dt

∣∣
D1
, Fig. 1b in Schulz

et al. (2007)) by means of membrane
inlet mass spectrometry (MIMS) mea-
surements. This efflux is attributed to
a permanent CO2 efflux during illu-
mination (Schulz et al., 2007). Such
a leakage would imply a strong up-
regulation of cytosolic CO2 concentra-
tion over external CO2 concentration,
which could either be effected by an
active import of CO2 or an import of
HCO−3 . Concerning the latter possibil-
ity, HCO−3 would have to be converted
to CO2 inside the cell. A vivid inter-
conversion inside the cytoplasm is ex-
cluded (Secs. 1 and 3). It should, how-
ever, be noted that inter-conversion was
higher when DIC was strongly accumu-
lated inside the cytosol (cf. Sec. 4.2). If
excluding cytosolic conversion, HCO−3
would have to be transported into an-
other compartment, where HCO−3 can
be converted quickly to CO2. Such a
compartment would be the thylakoid lu-
men. A diffusive leakage from the thy-

lakoid across the chloroplast stroma and
the cytosol cannot be excluded. It is,
however, likely that during illumination,
the CA inside the alkaline chloroplast
stroma (Quiroga & González (1993),
cf. Sec. 1) would convert CO2 that
leaves the thylakoid quickly back into
HCO−3 . Alternative possibilities to ex-
plain the observed CO2 leakage are
the following: Carbon dioxide that
is accumulated within the chloroplast
(chloroplast-based CCM) during illumi-
nation is set free when darkening the es-
say, i.e., when the CCM is inactivated.
The inactivation of RubisCO and CAs in
the absence of light as well as pH drifts
that occur inside the chloroplast stroma
and the thylakoid lumen may be in-
volved in this process. The deactivation
of RubisCO, however, is comparably
slow (Portis, Jr. et al., 1986). After one
minute, the time regime Schulz et al.
(2007) measured d[CO2]

dt

∣∣
D1
, RubisCO

activity would only have decreased to
about 70% (Portis, Jr. et al., 1986,
Spinacea oleracea L.). Carbonic anhy-
drase activity can be regulated by light
also (Burnell et al., 1990); we did, how-
ever, not find a value for the half time
of deactivation. The time span, during
which the pH inside chloroplast stroma
and thylakoid drifts after darkening the
essay, however, is in good agreement
with the data of Schulz et al. (2007)
(Heldt et al., 1973). An increasing pH
inside the thylakoid and a decreasing pH
inside the stroma could lead to an ef-
flux of CO2. Another issue that may
impact on the measured signal is respi-
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ration. Respiration during illumination
might be higher than respiration during
darkness, since many energy-requiring
processes such as nitrogen assimilation
or calcification take place preferentially
during illumination. The energy that
feeds those processes is unlikely to be
provided directly by the photosynthetic
light reaction, because ATP seems to be
rather taken up into the chloroplast than
exported from it (Winkler & Neuhaus,
1999). Respiration during illumination
is not well known (cf. Geider, 1992).
If respiration was significantly higher
during illumination, the measured efflux
effect could be influenced by the shift
from high respiration during illumina-
tion to low respiration during darkness.
This could be tested by inhibiting mi-
tochondrial respiration before switching
off the light in the MIMS measurement.
Alternatively, O2 producing and O2 con-
suming processes could be decoupled
by using 18O labeled inorganic carbon
species (cf. Hopkinson et al., 2011).
To make clear the difference between
the different possibilities to interpret
the CO2 efflux-related MIMS measure-
ments, one explanation assumes that a
certain amount of the CO2 taken up dif-
fuses out of the cell permanently dur-
ing illumination. Another explanation
is that CO2 efflux occurs solely during
a short period (ca. 1min in the experi-
ment) that follows the light phase when
the chloroplast-based CCM and/or res-
piration is inactivated or downregulated,
respectively.
The steep decrease in CO2 after the

onset of light, in turn, may then indi-

cate the inverse process, i.e. the upregu-
lation of the CCM and/or respiration and
therewith the upregulation of the CO2

concentration around RubisCO (half-
time of activation: ∼2min (Portis, Jr.
et al., 1986)). For the uptake phase, the
measurements of Schulz et al. (2007)
can be used to roughly approximate
γCO2,PM . Depending on the prevailing
cell density inside the cuvette (around
9 · 1012 cells ·m−3) and the assumed
CO2 concentration gradient across the
plasma membrane (max. gradient
= 8mmol ·m−3, when cytosolic CO2

concentration = 11mmol·m−3 (Tab. 2,
HLLC) and seawater CO2 concentration
= 19mmol·m−3 (Schulz et al., 2007)),
γCO2,PM would have to be at least
0.04m · h−1 to drive a diffusive influx.
The values measured by Prasad et al.
(1998) and Uehlein et al. (2008) are
higher with 0.07m·h−1 and 0.58m·h−1,
respectively, meaning that according to
the data, a diffusive influx may well de-
scribe the phase after switching on the
light.
Stojkovic et al. (2013) found DIC up-

take to follow Michaelis Menten kinet-
ics and thus concluded that DIC is taken
up actively by E. huxleyi. We argue that
this pattern could also occur when CO2

enters the cell via diffusion, because the
external CO2 signal could be translated
into the cell or even into the chloroplast
via CO2 diffusion, where a HCO−3 trans-
porter (instead of the thylakoid-located
HCO−3 channels proposed in Fig. 4 for
instance) faces the external signal in the
form of HCO−3 and exhibits Michaelis
Menten characteristics.
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In our basic fractionation model
(Fig. 5), we decoupled 12CO2 and
13CO2 diffusion - thereby allowing
13RCO2 of the influx to vary. The model
shows that CO2 leakage is not neces-
sary to dispose of accumulating 13C. It
does, however, not explain the fractiona-
tion patterns shown in Rost et al. (2002),
since the implemented cell structure is
too simplified compared to a real cell.

4.2 Intracellular accumulation
of DIC

In our cell model, DIC inside the cytosol
is lower than inside the bulk medium.
The existence of a locally enriched DIC
concentration inside the cytosol is a
widespread idea in literature. The estab-
lishment of such a pool would, however,
bring along some disadvantages for the
cell, while the fluxes that feed photo-
synthesis and calcite precipitation, re-
spectively, would be the same as with-
out a pool. Permanently keeping a
DIC concentration gradient across the
plasma membrane most likely requires
the investment of energy, because the
gas CO2 is likely to leak out of the
cell. In terms of calcite precipitation,
however, which relies on a high CaCO3

saturation state Ω, the upregulation of
CO2−

3 inside the CV makes sense and
is most likely essential to precipitaion
(Holtz et al., 2013). The cell model cal-
culated higher DIC concentrations in-
side the CV. In terms of CO2 fixation,
CO2 needs to be upregulated around Ru-
bisCO, because of its low affinity to-

wards CO2. The chloroplast model cal-
culated higher CO2 concentrations in-
side the thylakoid. For DIC concentra-
tions, in turn, no clear pattern was deter-
mined.

4.3 Carbon uptake into the
chloroplast and CCM

The iCS usage of the in silico chloro-
plast is restricted to CO2. Our model
results indicate that a chloroplast-based
CCM may establish a CO2 concentra-
tion gradient directing into the chloro-
plast without an active pumping of iCS.
The proposed CCM (Fig. 4) is driven
by different components, i.e. CO2 fix-
ation via RubisCO, pH gradients across
the chloroplast envelope and the thy-
lakoid membrane which results from
proton translocation during photosyn-
thetic electron transport, CA activity in-
side the stroma and the thylakoid, a
channel-based HCO−3 flux into the thy-
lakoid, and a reduced diffusivity of CO2

around the thylakoid / pyrenoid com-
plex. This numeric model demonstrates
that the proposed CCM may contribute
a significant share to CO2 fixation by
RubisCO. As in the other two mod-
els, the CO2 permeabilities influence the
model results significantly (Fig. 9). Our
working hypothesis (Fig. 4) assumes a
low CO2 permeability across the thy-
lakoid membrane that is in contact with
the chloroplast stroma and a high per-
meability across the thylakoid mem-
brane that is located inside the pyrenoid
(Fig. 12).
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Figure 12: Different CO2 permeabilities across thylakoid membrane are essential for the
proposed CCM. CO2 is accumulated inside the thylakoid (pH ca. 5) and diffuses into the
pyrenoid, where RubisCO is located (pH optimum at around 8).

How this may be accomplished is
not clear. One could imagine that the
permeability of the thylakoid is gen-
erally high and a high CA activity in
the stroma traps the CO2 by convert-
ing it back into HCO−3 which then pas-
sively enters the thylakoid lumen again
(Fig. 4). Another possibility was that
the CO2 permeability of the thylakoid
membrane was generally low. In this
case, thylakoid membrane-pyrenoid in-
teractions would have to increase the
membrane permeability.

As mentioned previously, HCO−3 is
probably imported additionally into the
chloroplast when cytosolic CO2 is low.
An additional uptake of external HCO−3
into the chloroplast is in accordance
with the findings of Rost et al. (2003);
Bach et al. (2013); Kottmeier (pers.
com.), who demonstrated that, under
low external DIC (Rost et al., 2003;

Bach et al., 2013) or low external CO2

(Kottmeier, pers. com.), respectively,
usage of external HCO−3 for photo-
synthetic C-fixation becomes more im-
portant. According to the calculated
HCO−3 concentrations inside the cy-
toplasm (Tab. 2) and the chloroplast
stroma (Tab. 4), this influx may be pas-
sive also. Assuming the HCO−3 im-
port into the chloroplast and the one
at the plasma membrane were not up-
regulated in parallel, the maintenance of
a high photosynthesis rate may then be
effectuated at the expense of calcite pre-
cipitation, especially when the affinity
of the chloroplast HCO−3 transporter to-
wards HCO−3 was higher than the one of
the CV HCO−3 transporter. Bach et al.
(2013) showed that under low DIC, PIC
production rates are lowered while POC
and growth remained high.
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4.4 HCO−3 import into the cy-
tosol

Bicarbonate ions follow their concen-
tration gradient into the cell in our
model (Fig. 3). Gene expression for
anion exchangers is upregulated with
calcification (von Dassow et al., 2009;
Mackinder et al., 2011; Rokitta & Rost,
2012). The plasma membrane is one
location of these exchangers (Herfort

et al., 2002; Taylor et al., 2011). A lo-
cation inside CV or chloroplast-related
membranes can not be precluded.
Import of external HCO−3 may further-
more be supported by eCA activity con-
verting external HCO−3 to external CO2

(Fig. 13). The direct environment of E.
huxleyi can be acidified (Wolf-Gladrow
& Riebesell, 1997), for instance by H+

coming from the intracellular conver-
sion of HCO−3 to CO

2−
3 .

Figure 13: Hypothesis how H+ release from the cell may support a diffusive influx of CO2

into the cell. The direct environment of the cell is acidified, which supports the extracellu-
lar, enzymatic conversion of HCO−

3 to CO2. eCA - external carbonic anhydrase.

An efflux of H+ from coccol-
ithophores was measured by Taylor
et al. (2011). Since CA is a very fast
enzyme and HCO−3 is abundant in suffi-

cient quantity, H+ released from the cell
may be trapped quickly by CA and used
to generate CO2. Several authors found
evidence for eCA activity (e. g. Nimer
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et al., 1994; Elzenga et al., 2000; Her-
fort et al., 2002; Stojkovic et al., 2013)
under low external DIC, high pH, or
under current CO2 levels, while others
did not find any evidence (e. g. Sekino
& Shiraiwa, 1994; Rost et al., 2003).
In the experiments of Kottmeier (pers.
com.) and Rokitta & Rost (2012), how-
ever, an inhibitor of eCA activity was
added to maintain controlled conditions.

4.5 Carbon import into CV

Substrate transport across the CV mem-
brane was examined in Holtz et al.
(2013) by means of a numeric model
that describes the CV inside an equili-
brated cytosol. Due to its low energy re-
quirement, the most prominent version
was an import of iCS via diffusive in-
flux of CO2 that is driven by alkaliniza-
tion of the CV. This possibility can now
be ruled out, because external HCO−3 is
assumed to be the major substrate for
calcite precipitation and if two differ-
ent iCS feed PIC and POC production,
respectively, vivid inter-conversion be-
tween CO2 and HCO−3 within the cy-
tosol is most unlikely. Another promi-
nent model version, namely the one
based on an import of Ca2+ and HCO−3
and an export of H+, turns out to be
more likely. The proposed transporter
is hypothetical; the transported substrate
stoichiometry, however, is meaningful
and was previously suggested by Tay-
lor et al. (2011). The stoichiometry of
the transport could be accomplished by
several transporters functioning with the

same transport rate, though they would
have to be fine-tuned very sensitively
(cf. Holtz et al., 2013). Correlated to
external HCO−3 usage for PIC produc-
tion, the low inter-conversion rate be-
tween CO2 and HCO−3 inside the cy-
tosol, and followingly the uptake of
HCO−3 into the CV, it is unlikely that
the CV contains a CA as proposed by
Soto et al. (2006), because CA activity
would, at alkaline pH, catalyse the con-
version from CO2 to HCO−3 within the
CV and cytosolic CO2 is unlikely to be
the source of PIC production.

4.6 Parameter values that should
be evaluated

Model uncertainties result from un-
known parameter values such as γCO2 ,
the permeability coefficient of CO2. In
order to evaluate diffusive CO2 fluxes,
it is essential to examine this parameter
explicitly, i.e., under different acclima-
tion conditions and for different cellu-
lar membranes. For membrane trans-
porters, it is essential to know their in-
tracellular location, their kinetic charac-
teristics and dependencies on different
transported substrates, as well as their
energy requirements. Furthermore, the
search after yet unknown transporters
should be prioritised. For the process
understanding of calcification, the dis-
tribution of Ca2+ within different cel-
lular compartments may provide very
helpful information. Furthermore, a de-
tailed analysis of the cellular substruc-
ture and its variation under different
acclimation conditions may be help-
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ful when it comes to analysing the dis-
crimination patterns. Elucidating the in-
tracellular distribution of CO2, HCO−3 ,
CO2−

3 , and pH would essentially help to
further analyse the fluxes of iCS through
the cell. Thereby, one has to have in
mind that steady state values of the car-
bonate system inside the cell deviate
from the equilibrium values and fur-
ther deviate between different compart-
ments as well as between light and dark
phases. In order to derive the intracellu-
lar concentrations of CO2, HCO−3 , and
CO2−

3 in specific compartments, it is
thus not feasible to use cellular bulk DIC
values or assume equilibrated carbonate
systems. Determining the external iCS
source for PIC and POC production un-
der additional acclimations such as for
instance nutrient limitations or different
nutrient sources would provide further
helpful information. Especially when
it comes to morphological analyses, it
might be useful to first examine larger
coccolithophore species such as for in-
stance Coccolithus pelagicus, a species
that shares some structural characteris-
tics as the formation of a CV-associated
Reticular body with E. huxleyi.

5 Conclusion

Based on experimental data, we have
implemented numerical models show-
ing that an energy-efficient uptake of
inorganic carbon is possible and, more
specifically, that an active import of
CO2 against a concentration gradient is

not necessary to provide inorganic car-
bon for photosynthesis in E. huxleyi un-
der most conditions. The existence of
an active CO2 transport against a con-
centration gradient, however, is not pre-
cluded. In order to make such models
more meaningful, a better knowledge of
significant parameter values such as the
membrane permeability for CO2 is cru-
cial.
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6 Appendix

Abbreviations and symbols used in text
ε value describing discrimination against 13CO2

γCO2 permeability coefficient for CO2

CA carbonic anhydrase
CCM CO2/carbon concentrating mechanism
CP chloroplast
CPm CP membrane
CS cytosol
CV calcification/coccolith vesicle
CVm CV membrane
DIC dissolved inorganic carbon
eCA external CA
EE energy equivalents
HC high carbon
HL high light
iCS inorganic carbon species
LC low carbon
LL low light
MIMS membrane inlet mass spectrometry
PIC particulate inorganic carbon
PM plasma membrane
POC particulate organic carbon
RubisCO Ribulose-1,5-bisphosphate-Carboxylase-Oxygenase
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6.1 Cell model equations (Fig. 3)

All processes the model relies on are described in the following. Parameter val-
ues are listed in Tables 1, 6 – 8. All cut-off functions that were used rely on the
following structure:

funX = Yi · tanh(X−Xi) + Yii (10)

where X is the variable value the cut-off function funX depends on. Xi indicates
the value of X, where the strongest change in funX occurs, while Yi and Yii

determine the size range of funX. The values used for Xi, Yi, and Yii are listed
in Table 6.

Table 6: Parameter values for the cut-off functions used. The basic structure of the func-
tions is given by eqn. (10). Unit ofX is mol ·m−3.

function X Xi Yi Yii

funH+ pHCS 7 -1 0
funCO2 103 · [CO2]CS 10−2 1 0.5
funCa2+ -100 · [Ca2+]CV -107 0.5 0.5
funHCO−3

10 · [HCO−3 ]CS 0.3 0.5 0.5
funEE 100 · [EE] 2 · 104 0.5 0.5

6.1.1 Processes across plasma membrane

CO2 diffusion
The rate RPM

CO2
(unit: mol ·m−3·h−1) is the rate of change of [CO2] inside the

cytosol that is driven by diffusion of CO2 between seawater and cytosol:

RPM
CO2

= γCO2,PM · ACS

VCS
· ([CO2]SW − [CO2]CS) (11)

where γCO2,PM is the permeability for CO2 (unit: m · h−1), ACS and VCS denote
the plasma membrane surface area (unit: m2) and the volume of the cytosol (unit:
m3), respectively. [CO2]SW and [CO2]CS give the concentration of CO2 inside
seawater and cytosol (unit: mol ·m−3), respectively. Please note that [CO2]SW is
set constant due to presumed equilibrium conditions in the external medium. The
diffusive boundary layer outside the cell is assumed to possess negligible resistance
to the CO2 flux. This can be justified for small cells (Wolf-Gladrow & Riebesell,
1997).
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HCO−3 import
External HCO−3 is presumed to be antiported against internal Cl− (Herfort et al.,
2002), the latter of which may reach the cytosol via a Cl− rectifier (Taylor et al.,
2011). Bicarbonate ions may enter the cell following the [HCO−3 ] gradient direct-
ing into the cytoplasma. We hence assume a diffusive influx of HCO−3 into the
cell, where the [HCO−3 ] gradient is established via the Ca2+ / HCO

−
3 / H+ pump

that imports Ca2+ and HCO−3 into the CV.

RPM
HCO−3

= γHCO−3 ,PM · ACS

VCS
· ([HCO−3 ]SW − [

HCO−3
]
CS

)
(12)

where γHCO−3 ,PM denotes the permeability coefficient for HCO−3 .

Proton homeostasis
We presume acclimated cells to maintain a stable pH value inside the cytosol due
to internal pH homeostasis. This implies that H+ can either enter or leave the
cell, depending on the prevailing cytosolic pH (funH+). The cut-off function
funH+ varies between -1 and +1 (eqn. (10), Tab. 6). The change of [H+] inside
the cytosol that is caused by H+ fluxes across the plasma membrane (RPM

H+ , unit:
mol ·m−3·h−1) is

RPM
H+ = funH+ · V H+

max,PM (13)

where V H+

max,PM gives the maximum H+ transport capacity.

6.1.2 Processes in cytoplasma

Photosynthetic CO2 fixation
The chloroplast is implemented as CO2 sink in the model. We hypothesize a depen-
dency of the iCS flux towards RubisCO on cytosolic [CO2] (funCO2, eqn. (10),
Tab. 6). The photosynthetic CO2 fixation rate (RPS , given in mol ·m−3·h−1) is
light-dependent.

RPS =

{
funCO2

VCS
·RPOC · (1 + 24

16 · resp) in the light
0 at darkness

(14)

RPOC (mol · cell−1·h−1) denotes a preliminary net photosynthetic C fixation rate
(i.e., respiration is already subtracted) deduced from the POC production rates
given by Rokitta & Rost (2012). The values for respiration resp were chosen
so that EE regulates PIC production and EE remained constant at the minimum
level throughout the L :D cycle. The fraction 24

16 ·resp can be explained follow-
ingly: resp (fraction, hence dimensionless) gives the respiration value compared
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to net photosynthetic carbon fixation (the latter was measured by Rokitta & Rost,
2012). Thus, resp needs to be added to net photosynthesis. Since gross photo-
synthesis generates the organic matter that will be consumed during darkness also
(8 h; 16 h illumination), another 8

16 have to be added to the respiration term, where
8 stands for 8 hours of darkness, 16 for 16 hours of illumination.

CO2 release via respiration
The mitochondrion is not modelled as a separate compartment. Hence, CO2 is set
free inside the cytosol with the rate

RR = resp · RPOC (15)

Production and consumption of energy equivalents
Energy equivalents are consumed for the Ca2+ / HCO−3 / H+ transport across the
CV-membrane and for particulate organic nitrogen (PON) production (eq. (23)).
The respiration of one mole C generates 4.5moles EE, a factor deduced for ATP
production. The transport of one mole Ca2+ into the CV requires 0.5 EE. This
value compares well with the ATP demand of Ca2+- ATPases (Møller et al., 2010).
The costs for PON production are calculated as follows

REE,N =

{
ζEE
VCS

·RPON in the light
0 at dark

(16)

For the sake of simplicity, nitrogen assimilation is restricted to light. PON produc-
tion rates (RPON , unit: mol N·cell−1·h−1) were deduced from Rokitta & Rost
(2012). The costs for N fixation (ζEE , given in molEE · (molN)−1) give the
assimilation-related costs inside the cytosol (i.e., paid by EE coming from res-
piration) such as nitrate import and subsequent reduction to nitrite. Further costs
may be covered by EE generated inside the chloroplast.

6.1.3 Processes across coccolith vesicle membrane

CO2 diffusion
The change of [CO2] inside the CV due to diffusion is

RCVm,CV
CO2

= γCO2,CV m · ACV

VCV
· ([CO2]CS − [CO2]CV) (17)

where γCO2,CVm is the permeability for CO2 of the CV membrane (unit: m · h−1),
ACV and VCV are the membrane amount covering the CV (unit: m2) and the vol-
ume of the CV (unit: m3), respectively. The corresponding rate for the cytosol
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reads
RCVm,CS

CO2
= RCVm,CV

CO2
· VCV

VCS
(18)

where RCVm,CS
CO2

is subtracted from the cytosolic CO2 pool, when RCVm,CV
CO2

is
added to the CV-internal CO2 pool, and vice versa (eqns. (23-24).

Ca2+ / HCO−3 / H+ transport
In the model, Ca2+ can be imported into the CV up to a CV-internal concentration
of 10mol ·m−3 (cut-off function funCa2+, eqn. (10), Tab. 6) as was previously
presumed in Holtz et al. (2013). Additionally, a dependence of the Ca2+ trans-
port on cytosolic HCO−3 is implemented (cut-off function funHCO−3 , eqn. (10),
Tab. 6). The EE-dependence of the transport is described by a cut-off function
funEECa2+ (eqn. (10), Tab. 6). We assume the enzymatic optimum of the trans-
porter to be between cytosolic pH 6.6 and pH 8 as given in Ji et al. (1999) for
SERCA-pumps (funpH , eqn. (10), Tab. 6). The change of [Ca2+] inside the CV
is then

RCVm,CV
Ca2+

= funCa2+ · funHCO−3 · funEECa2+ · funpH

· 1

VCV
·
Vmax,Ca2+/HCO−3 /H+ [Ca2+]CS

KCa2+

m,Ca2+/HCO−3 /H+
+ [Ca2+]CS

(19)

For the cytosol, the rate is

RCVm,CS
Ca2+

=
VCV

VCS
· RCVm,CV

Ca2+
(20)

Since Ca2+ homeostasis is presumed for the cytosol, [Ca2+CS] is set to a fixed value,
i.e., 0.1mmol ·m−3.

6.1.4 Processes inside CV

The model considers the following reaction to describe calcite precipitation:

CO2−
3 +Ca2+ → CaCO3 ↓ (21)

The corresponding precipitation rate is described via the following equations:

RP =

{
kf (Ω− 1)n for Ω > 1

0 for Ω ≤ 1
(22)
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where the parameter n is given in Table 3 of Zuddas & Mucci (1994) (n = 2.35),
and kf can be calculated from Figure 1 and Table 3 given in Zuddas & Mucci
(1994) and the calculated morphology of the coccolith vesicle given in Table 8 (kf
= 110 nmol ·m−3 · h−1).

6.1.5 Differential equations

The differential equations for the cytosol read:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

d[CO2]CS/dt
d[HCO−3 ]CS/dt

d[CO2−
3 ]CSdt

d[H+]CS/dt
d[OH−]CS/dt
dEECS/dt
dPOCCS/dt

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎭

=

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

C
sy
st
em

0
0

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎭
+

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

RPM
CO2

−RCVm,CS
CO2

+RR −RPS

RPM
HCO−3

−RCVm,CS
Ca2+

0

RCVm,CS
Ca2+

−RPM
H+

0

4.5 RR − 1
2 RCVm,CS

Ca2+
− 1

2R
PM
HCO−3

−REE,N

RPS −RR

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(23)
where “carbonate system” gives the reaction rates for the inter-conversion between
CO2, HCO−3 , and CO

2−
3 , as well as the dissociation of water as given by Zeebe &

Wolf-Gladrow (2001).
The corresponding equations for the CV are:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

d[CO2]CV/dt
d[HCO−3 ]CV/dt

d[CO2−
3 ]CV/dt

d[H+]CV/dt

d[OH
]
CV/dt

d[Ca2+]CV/dt
dPICCV /dt

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

=

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

C
sy
st
em

0
0

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎭

+

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

RCVm,CV
CO2

RCVm,CV
Ca2+

−RP

−RCVm,CV
Ca2+

0

RCVm,CV
Ca2+

−RP

RP

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(24)
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6.2 Isotope fractionation model equations (Fig. 5)

Rate RPM
CO2

gives the change of [12CO2] and [13CO2] inside the cytosol that is
correlated to CO2 diffusion across the plasma membrane.

RPM
12CO2

= γCO2,PM · ACS

VCS
· ([12CO2]SW − [12CO2]CS) (25)

RPM
13CO2

= γCO2,PM · ACS

VCS
· ([13CO2]SW − [13CO2]CS) (26)

with γCO2,PM being the permeability coefficient of the plasma membrane, [CO2]SW
and [CO2]CS the CO2 concentration of the external medium and the cytosol, re-
spectively. [CO2]SW is calculated from the data of Rost et al. (2002).

[12CO2]SW = [CO2]SW · 1

1 +13 RCO2,SW
(27)

[13CO2]SW = [CO2]SW ·
12RCO2,SW

1 +13 RCO2,SW
(28)

with [CO2]SW being the sum of [12CO2]SW and [13CO2]SW that was measured
by Rost et al. (2002). The ratio of 13CO2 to 12CO2 in seawater (13RCO2,SW ) is
calculated followingly:

13RCO2,SW =

[(
δ13CO2,SW

1000
+ 1

)
· 13RPDB

]
(29)

with 13RPDB being the value of the PeeDeeBee standard.
Rates RCPm,CS

CO2
and RCPm,CP

CO2
give the change of [CO2] inside the cytosol and

the (bulk) chloroplast, respectively, that is correlated to CO2 diffusion across the
chloroplast membrane.

RCPm,CP
12CO2

= PCO2,CPm · ACP

VCP
· ([12CO2]CS − [12CO2]CP) (30)

RCPm,CP
13CO2

= PCO2,CPm · ACP

VCP
· ([13CO2]CS − [13CO2]CP) (31)

RCPm,CS
12CO2

= RCPm,CP
12CO2

· VCP

VCS
(32)

RCPm,CS
13CO2

= RCPm,CP
13CO2

· VCP

VCS
(33)



6 APPENDIX 39

where γCO2,CPm gives the permeability coefficient of the chloroplast membrane
and CO2,CP the CO2 concentration inside the (bulk) chloroplast. Since the chloro-
plast of E. huxleyi is surrounded by three intact membranes, the permeability coef-
ficient of the chloroplast envelope (γCO2,CPm) is three times lower than γCO2,PM .
ACP and VCP denote surface area and volume of the chloroplast.
Rate RPOC gives the formation rate of PO12C and PO13C, respectively (unit:

mol C ·m−3).

RPO12C = POCcell · μ

ln(2) · dl · 1

VCP
· 1

(1 +13 RPOC)
(34)

RPO13C = POCcell · μ

ln(2) · dl · 1

VCP

13RPOC

(1 +13 RPOC)
(35)

with POCcell being the cellular POC content (unit: mol C · cell−1), μ the specific
growth rate (unit: d−1, division by ln(2) converts the specific to the ... growth
rate), dl gives the daily duration of illumination (unit: h · d−1), and 13RPOC the
ratio PO13C · PO12C−1 that is calculated followingly:

13RPOC =

(
δPO13C

1000
+ 1

)
· 13RPDB (36)

The differential equations for this model read:

⎧⎪⎪⎨
⎪⎪⎩

d[12CO2]CS/dt
d[13CO2]CS/dt
d[12CO2]CP/dt
d[13CO2]CP/dt

⎫⎪⎪⎬
⎪⎪⎭ /dt =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

RPM
12CO2

−RCPm,CS
12CO2

RPM
13CO2

−RCPm,CS
13CO2

RCPm,CP
12CO2

−RPO12C

RCPm,CP
13CO2

−RPO13C

⎫⎪⎪⎪⎬
⎪⎪⎪⎭

(37)
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Table 8: Morphological parameter values used for the cell model (Fig. 3), the isotopic
fractionation model (Fig. 5), as well as for the chloroplast model (Fig. 4). CP - chloroplast,
CS - cytosol, CV - coccolith vesicle, PM - plasma membrane.

Parameter (unit) description value
VCS (μm3) volume CS 16.1
ACS (μm2) PM amount 78.5
VCV (μm3) volume CV 1.6
ACV (μm2) membrane surrounding CV 16.8
VCP (μm3) volume of (bulk) CP 28.3
VCPstroma (μm3) volume of CP stroma 22.6
ACP (μm2) membrane surrounding CP 64.1
Vthylpyr (μm3) volume of thylakoid / pyrenoid complex 5.7
Athylpyr (μm2) membrane surrounding thylakoid / pyrenoid complex 37
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3. DISCUSSION

The three articles presented in this thesis discuss element fluxes through Emilia-
nia huxleyi with emphasis on calcification- and photosynthesis-related pathways of
Ca2+ and inorganic carbon.

3.1 Ca2+ supply for calcification

Various hypotheses exist concerning the transport of Ca2+ into the CV. The hy-
potheses were discussed in part I of this thesis and simple analytical calculations
were done to decide about this pathway in part II. A vesicle-based Ca2+ transport
through the cytosol as proposed by Berry et al. (2002) and Brownlee & Taylor
(2004) is excluded because a very high vesicle transport frequency was essential
that is higher than what is expected from microscopic vesicle detection in E. hux-
leyi. Furthermore, the Ca2+ concentration within those vesicles would have to be
very high. There is currently no evidence hinting at the existence of molecules with
comparable Ca2+ binding capacities in E. huxleyi (Marsh, 2003). The hypothesis
of Mackinder et al. (2010), in which protons are accumulated inside a very early
stage CV to be exchanged against Ca2+ afterwards, is excluded also, because the
proposed mechanism does not serve an efficient means to accumulate enough Ca2+

for calcite precipitation.
Thus, the remaining hypothesis is a continuous transport of Ca2+ through the

cytosol into the CV during coccolith formation. The potential maximum uptake
rate of Ca2+ into the CV was previously calculated to be lower than measured cal-
cite precipitation rates (Mackinder et al., 2010). In contrast to the latter authors,
we added the membrane system of the Reticular body (Rb) to the CV membrane
and calculated Ca2+ import rates close to measured calcite precipitation rates. As
mentioned in Section 1.9, Ca2+ acts as a second messenger and its activity inside
the cytosol has thus to be kept lower than 1 mmol · m−3 (i.e. 1µM, Raven, 1980),
and probably even one order of magnitude lower than this (Brownlee et al., 1995).
Therefore, diffusion of Ca2+ through the cytosol would have to be fast in order
to support calcite precipitation. Raven (1980), however, calculated that the flux
of free Ca2+ through the cytosol is too slow to provide enough Ca2+ for calcite
precipitation (cf. Sec. 1.9). The effective diffusion coefficient for the sum of free
cytosolic Ca2+ varies with Ca2+ concentration and is thought to be low due to in-
teractions with cytosolic Ca2+ buffers (Allbritton et al., 1992; Verkman, 2002). An
increase of the ratio between Ca2+ concentration and the Ca2+ buffer concentration
increases the effective diffusion coefficient. However, the Ca2+ concentration dif-
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ference required to drive calcification-related Ca2+ fluxes through the cytosol ex-
ceeds maximum cytosolic Ca2+ concentrations (cf. Tab. 3.1). One could argue that
cytosolic Ca2+ “waves” propogate very fast also, which is, however, more strongly
supported by the fast diffusing messenger inositol-1,4,5-trisphosphate (IP3, diffu-
sion coefficient of 283 · 10−12 m2 · s−1) that initiates the release of Ca2 from
different intracellular storage pools, than by the diffusion of Ca2+ itself (Allbrit-
ton et al., 1992, in oocytes of Xenopus laevis). Raven (1980) concluded from
his calculations that Ca2+ may be provided via mobile Ca2+ binding molecules
that exchange rapidly with free Ca2+. Although exhibiting a larger size and mass
than hydrated Ca2+, such Ca2+ vectors may diffuse faster through the cytosol due
to reduced interaction activities with other components of the cytosol (Verkman,
2002). The transcript abundance of the Ca2+-binding protein calmodulin is higher
in calcifying E. huxleyi cells during illumination compared to non-calcifying ones
(Richier et al., 2009; Mackinder et al., 2011), but the diffusion coefficient of mo-
bile calmodulin is even lower than the one of free Ca2+ (Luby-Phelps et al., 1995).
Calmodulin can thus be excluded as Ca2+ vector. The search after mobile Ca2+-
binding molecules, according to Raven (1980) probably chelators, that exchange
rapidly with free Ca2+ should have high priority.

Tab. 3.1: Effective diffusion coefficients for free Ca2+ (D) inside the cytosol and the Ca2+

concentration gradient (∆[Ca2+]) that would be required for the calcification-
related Ca2+ transport. A high calcification-related Ca2+ flux of 1 amol · µm−2

· s−1 was presumed (Raven (1980); Rokitta & Rost (2012), publication II) and a
distance of 0.25µm from the plasma membrane to the CV or the Rb (Westbroek
et al., 1984). [Ca2+] stands for the concentration of free Ca2+ inside the cytosol.

[Ca2+] (mol · m−3) D (m2 · s−1) ∆[Ca2+] (mol · m−3)
90 · 10−6 13 · 10−12 Allbritton et al. (1992) 20 · 10−3

1 · 10−3 65 · 10−12 Allbritton et al. (1992) 4 · 10−3

3.2 Cellular carbon fluxes

Together with experimental observations, which show that PIC and POC produc-
tion use different carbon species (cf. Secs. 1.9 and 1.10), the model results of
part III give reasonable evidence that in the cytosol the rate of conversion between
CO2 and HCO−

3 is negligible. External HCO−
3 enters the cell, travels through the

cytosol, and is mainly taken up into the CV. The pathway of inorganic carbon from
the external medium towards RubisCO, in turn, may be determined by CO2 diffu-
sion: CO2 concentration gradients across plasma membrane and chloroplast enve-
lope could drive CO2 through the cytoplasm into the alkaline chloroplast stroma.
By means of CA, CO2 could be converted to HCO−

3 which may subsequently fol-
low its concentration gradient (potentially through HCO−

3 channels) into the acidic
thylakoid lumen, where it may be converted back to CO2, also by means of CA.
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Assuming E. huxleyi’s RubisCO is located inside the pyrenoid, which tightly en-
closes the central thylakoid(s), CO2 could diffuse into the pyrenoid and accumulate
strongly around RubisCO. In order to reduce diffusive leakage from the site of CO2

fixation, the pyrenoid would have to exhibit low CO2 permeability characteristics.
According to the model results, this very energy efficient CO2 uptake mechanism
constitutes a realistic means to provide RubisCO with CO2. The membrane per-
meabilities of CO2, however, influence the model results significantly and should
thus be examined in more detail.
Under low external CO2 concentration and high photosynthetic CO2 fixation rates,
HCO−

3 may be taken up additionally from the cytosol to cover the carbon demand
of photosynthesis. Thereby, precipitation rates may be lowered which is consistent
with the results of Bach et al. (2013).
According to Bach et al. (2013), CCM components of E. huxleyi are upregulated
at very low CO2 concentrations compared to other phytoplankton. This may be
explained followingly: The CCM of E. huxleyi may first be supported by HCO−

3

usage. When external CO2 concentrations, however, decrease further, a concentra-
tion gradient directing from the chloroplast stroma across the cytoplasm and out
of the cell may develop. Thereby, parts of the imported HCO−

3 may be lost again.
(Thylakoid-intern) CAs and RubicCO might then be upregulated (the stroma-intern
CA should actually be downregulated) in order to prevent an efflux of CO2. This
hypothesis, however, might contradict the slight increase in aquaporin transcript
expression observed under the very same conditions (Bach et al., 2013).

After all, the model assumptions contradict the findings of Schulz et al. (2007)
who propose permanent CO2 efflux from E. huxleyi during illumination and thus an
upregulation of cytosolic CO2 versus external CO2. Methods that have been used
to generally demonstrate and quantify the efflux of CO2 from unicellular algae are:
(1) MIMS measurements of external 12CO2 (and O2), (2) spiking the cell suspen-
sion with 18O-enriched inorganic carbon species and observing the influence of
intracellular CA activity on the isotopic CO2 composition in the medium, and (3)
explaining stable carbon fractionation data by means of mathematical models that
presume CO2 leakage from the cell in order to dispose of accumulating 13C. In the
following, I will discuss some issues that may have led to a misinterpretation of
data used to demonstrate permanent CO2 leakage:
(1) The CO2 concentration inside the medium (MIMS measurements) is gener-
ally downregulated in E. huxleyi during illumination which indicates that CO2 is
used as a substrate for photosynthetic carbon fixation (Rost et al., 2003; Tchernov
et al., 2003; Schulz et al., 2007; Rost et al., 2007). The fast CO2 increase after
switching off the light can be attributed to the efflux of CO2 that results from CO2

accumulation inside the cytosol. This accumulation may be generated by active
carbon pumping. It is, however, also feasible that this efflux results from inacti-
vation of the chloroplast-based CCM. The strong decrease in CO2 after switching
on the light would then result from the CCM-related accumulation of CO2 around
RubisCO. The CO2 efflux would thus only occur at the time point when switch-
ing off the light. One further possibility to explain parts of the observed efflux is
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connected to changing respiration rates. As was discussed in part III of this thesis,
respiration rates might be significantly higher during illumination than those dur-
ing darkness, because processes such as nitrogen fixation, carbon uptake for pho-
tosynthesis and calcification, calcification-related energy demands such as Ca2+

uptake, CV-growth, protein and polysaccharide synthesis, and exocytosis of the
CV take place preferentially during illumination and are probably fed by energy
equivalents generated within the mitochondria (Winkler & Neuhaus, 1999). Dur-
ing darkness, in turn, respiration continues on a lower level and fuels processes
such as the maintenance of the membrane potential. In the cell model, continuous
respiration was assumed. Since PIC production is made energy dependent via the
energy-dependent substrate transport into the CV, PIC production continues dur-
ing darkness, which contradicts experimental evidence (i.e. Paasche, 1969). Thus,
the model would generate a better agreement with experimental data, if respira-
tion rates were higher during illumination and lower during darkness. The costs
for nitrogen fixation are probably underestimated in the model and the costs for
calcification are limited to the import of Ca2+ and carbon, which certainly consti-
tutes an underestimation also. Dispite this, in silico respiration under low light and
low external carbon uses about 10% of gross photosynthetic carbon fixation dur-
ing illumination. According to Geider (1992), respiration in phytoplankton ranges
from <10% to >60% of gross photosynthesis. Respiration may thus have a signif-
icant effect on the MIMS measuremets, but also on the CO2 concentration gradient
across the plasma membrane that drives the diffusive influx in the models.
(2) Tchernov et al. (1997) used the approach of Silverman et al. (1981) to measure
the CO2 efflux from the cyanobacterium Synechococcus sp. during illumination.
The medium was spiked with 18O-enriched inorganic carbon species. When light
is absent, the amount of C18O2 in the medium decreases slowly in favour of C16O2

due to the slow inorganic inter-conversion between CO2 and HCO−
3 . When light

is switched on, the conversion is much faster due to intracellular CA activity. An
increase of C16O2 in the medium and thus an efflux from the cells is observed. This
efflux, however, does not necessarily represent the efflux that occurs permanently.
The measured signal may be strengthened by an isotopic artefact effect: C18O2,
C18O16O, and C16O2 diffuse independently of each other across membranes and
an efflux of C16O2 from the cell could thus be explained by the isotope effect illus-
trated in Figure 3.1, where numbers indicate the molecular weight of the differently
labeled CO2 and the sizes their relative concentrations. When light is switched off,
no net fluxes occur (dark respiration neglected). When light is switched on, intra-
cellular CA activity leads to a fast decrease in intracellular C18O2 and increase in
C16O2. Assuming RubisCO does not fractionate between the three CO2 isotopes,
it would fix C18O2, C18O16O, and C16O2 according to their relative abundances.
What is more important here, however, is that C18O2 follows its concentration gra-
dients into the cell, while C18O16O and C16O2 diffuse out of the cell. The strength
of this effect should be dependent on the prevailing CCM. If CO2 was trapped
inside the chloroplast stroma (during illumination) as proposed in Section 2.2 of
part III of this thesis, a strong efflux of CO2 can probably not be observed.
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Fig. 3.1: A very basic conceptual box model to explain the observed efflux of C16O2 mea-
sured by Tchernov et al. (1997). 48 stands for C18O2, 46 for C18O16O, and 44 for
C16O2. The sizes of the numbers represent their concentrations: large numbers
stand for high concentrations and vice versa.

(3) The third indication for CO2 efflux comes from mathematical models that pre-

sume an efflux of CO2 in order to explain carbon fractionation data. A very basic

one box cell model that is still frequently used is the one of Sharkey & Berry

(1985). A more detailed model that includes the chloroplast as an additional

compartment and includes the isotopic speciation of carbon fluxes is proposed by

Schulz et al. (2007). In both models, 13RC of the carbon influx corresponds to
13RC of the external medium. Thus, non-fractionating membrane transporters are

assumed. Since RubisCO fractionates, an efflux of 13C is essential in order to dis-

pose of the accumulating 13C. If, as in our very basic fractionation model, CO2

diffuses into the cell, 13RC of the influx would deviate from 13RC of the medium,

because 13CO2 and 12CO2 diffuse independently of each other across membranes.

It follows that no leakage is necessary to dispose of the accumulating 13C.

To sum up, according to current evidence concerning the fluxes of inorganic

carbon into PIC and POC, respectively, the pathways of the two carbon species

through the cell are most likely decoupled. We cannot exclude an active import

of CO2 against a concentration gradient. However, an alternative pathway is pre-

sented where external CO2 is imported by a very energy-efficient CCM that is

based on diffusive CO2 fluxes.

3.3 Follow-up research

A major target for follow-up research based on the current PhD thesis is to gain a

process-based understanding of the interplay between coccolithophores and their

abiotic environment. By means of this knowledge it will be possible to implement

an adequate coccolithophore component into marine ecosystem models. In order
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to do so, however, intracellular processes that involve energy and element fluxes
are essential to understand.

From the work presented in part II, it becomes obvious that a better knowledge
of the subcellular Ca2+ distribution, as well as the search after mobile Ca2+ chela-
tors that exchange rapidly with free Ca2+ (as proposed by Raven, 1980) would be
very helpful to verify or falsify the proposed pathway of Ca2+ for calcification.
The distribution of Ca2+ in haploid, non-calcifying E. huxleyi cells was visualised
by van der Wal et al. (1985), who used different cation-precipitating agents. Fur-
thermore, detailed investigations of vesicle distributions or fluxes around the CV
by means of electron microscopy might be helpful to verify our assumptions - or,
of course, falsify them.

Especially from the work conducted in parts II and III, I conclude that more
needs to be known about existing membrane transporters and channels, their exact
location, as well as their functionality. Concerning the first issue, transcriptomics
are very helpful. Some transporter transcripts have been detected already. It can
be assumed, however, that many more exist, some of which might be completely
unknown. Concerning the location of transporters, antibody staining techniques
could be used. When it comes to elucidating their functionality, structural analy-
ses could locate potential substrate binding sites, physiological experiments could
investigate their kinetic characteristics such as their half saturation constants for
one or several substrates, maximum transport capacities, and energy requirements.
Their dependencies on different pH values and energy equivalents are interesting
also, as well as potential activation/inactivation mechanisms. The permeability of
CO2 across membranes was shown to be one key parameter that should be mea-
sured for E. huxleyi membranes. Please note that a measurement of permeabiliy
coefficients by means of intact cells might lead to misinterpretations, because in-
tracellular CO2 fluxes are not known in detail and the operation of an active CO2

cannot be excluded. The permeability of different internal membranes may vary
strongly, maybe even under different acclimation states. If the plasma membrane
exhibits a permeability comparable to those used in the models, an active uptake of
CO2 against a concentration gradient is most unlikely unless it was for the sake of
dumping overspill energy equivalents. Importing CO2 into the in silico cytoplasm
with a rate that would be sufficient to feed PIC production does not increase the cy-
tosolic CO2 concentration at all. One possibility to test the influence of aquaporins
on the uptake of CO2 was to block them. Migliati et al. (2009) used bumetanide
derivatives to block aquaporins in Xenopus laevis cells. At high CO2 concentra-
tions, photosynthesis relies on aquaporin-based CO2 diffusion in the model. Block-
ing aquaporins might induce HCO−

3 usage and potentially lower PIC production.
As discussed previously (cf. Sec. 3.2), a detailed knowledge of the respiration

rates is essential also when it comes to examining potential CO2 leakage from the
cell. Respiration rates are often approximated from oxygen consumption or CO2

development during darkness. When aiming to measure respiration during illumi-
nation it becomes complicated (cf. Geider, 1992, and references therein). For a
first approximation in non-calcifying cells, it might be useful to culture cells in a
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medium that contains only one carbon isotope. Adding a large amount of another

carbon isotope and inhibiting RubisCO and eCA, one could measure the poten-

tial efflux of CO2 containing the first medium’s isotope. When running the same

experiment without inhibiting RubisCO, the isotopic composition of the biomass

as well as the amount of biomass could be measured after several time steps ad-

ditionally. From these measurements, it might be possible to calculate respiration

rates during illumination as well as during darkness and furthermore to determine

the fluxes from the medium and the mitochondrion, respectively, into POC (cf.

Fig. 3.2). The major shortcoming of this method was that the mechanism, which

leads to the measurable fractionation patterns of a living cell is not known in detail:

Fig. 3.2: Hypothetical CO2 fluxes between medium, chloroplast, and mitochondria.

Boller et al. (2011) measured the discrimination of E. huxleyi’s RubsiCO towards
13C (ε) to be as low as 11‰; ε of other RubisCO types is about twice as high (e.g.

references in Boller et al., 2011). The latter authors performed their measurements

at a pH of 7.5, following the results of Schwedock et al. (2004), who determined

the pH optimum of another RubisCO type. Other authors found pH optima that

are above 8 (Portis, Jr. et al., 1986). It might thus be useful to verify the value

determined by Boller et al. (2011). However, assuming ε was 11‰, it is surprising

that ε given in the data set of Rost et al. (2002) for instance ranges between around

6‰ and 18‰. Thus, ε reaches values that are higher than those determined for

RubisCO. This might be explained when additionally accounting for kinetic frac-

tionation of CA: The CA inside the chloroplast stroma is assumed to convert CO2

to HCO−3 and thus to fractionate with ε ∼1‰ (O’Leary et al., 1992), the CA in-

side the thylakoid, in turn, catalyses the inverse reaction and is hence thought to

fractionate with ε ∼10‰ (O’Leary et al., 1992). But remember: Different CA

types have been found in E. huxleyi, each of which may fractionate differently.

According to the given values, however, a maximum fractionation of 22‰ was

possible. The velocity of inorganic carbon fluxes and thus the potential storage

period of inorganic carbon inside individual compartments may impact on the ratio

between forward and backward reaction, i.e. the fractionation effect of CA might
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be lowered and therewith the discrimination signal. The data of Rost et al. (2002)
that were measured at constant illumination show an increase in fractionation with
increasing carbon flux rates, which may be interpretated by this mechanism. In
case external CO2 does not suffice to feed photosynthesis, HCO−

3 would have to
be taken up additionally (cf. Rost et al., 2002), which would lower the discrimi-
nation signal since external (equilibrated) HCO−

3 contains more 13C than external
CO2. The data of Rost et al. (2002) generally show higher ε values under con-
tinuous illumination. This may be attributed to a higher fraction of HCO−

3 uptake
during light:dark cycling: Assuming the duration of the cell cycle constitutes the
upper limit for cell division on the one hand and the maximum carbon flux towards
RubisCO is determined by the photon flux intensity and thus the carbon fixation
rate, then an optimal value for carbon uptake during one cell cycle may exist that is
relatively independent on the duration of illumination. The longer the illumination
phase, the lower the carbon uptake rate per unit time and thus the lower the need
for (active) HCO−

3 uptake. The fractionation data of Schulz et al. (2007, 22‰ -
28‰, increasing values with iron depletion), however, are higher than the theoreti-
cal maximum value of 22‰. In order to describe these values, further fractionating
pathways are essential. One could imagine that - assuming a diffusive influx of
CO2 - the decoupling of 12CO2 and 13CO2 fluxes as well as the 12CO2 and 13CO2

concentrations in the direct environment of RubisCO may have a share in this pat-
tern also. In order to test these hypotheses and thus the observed trend in ε, a
more complex fractionation model is crucial. Differing membrane amounts, cell
sizes, γCO2 values, and CO2 concentration gradients across the membranes due to
different acclimation states may further influence fractionation. In order to under-
stand observed fractionation patterns, more research is essential: The pH optimum
of RubisCO should be determined and it might be useful to test, if ε of RubisCO
varies in depending on different carbon compositions of the medium. I assume
the fractionation pattern might vary when using CO2 concentrations of 2 mmol ·
m−3 or 100 mmol ·m−3, respectively, even when 13RCO2 was the same. Changing
13RCO2 might further influence the fractionation pattern of RubisCO.

When it comes to the implementation of a coccolithophore cell model, it is
important to use model parameters that are independent of the acclimation state of
the cell. Currently used phytoplankton growth models often make use of such pa-
rameters, why, under varying conditions, as they occur under real conditions, they
may fail (cf. Holtz et al. (under review)). Since cells live in a multi-dimensional
environment and thus exhibit dependencies on multiple abiotic parameters, it is
important to elucidate differences that occur with different acclimation states.

3.4 Implications on physiology and ecology of E. huxleyi

As reviewed by Tyrrell & Merico (2004), E. huxleyi blooms generally follow those
of diatoms in waters that have been recently depleted in inorganic nutrients and
are becoming more stable in terms of vertical mixing. The latter issue is further
intensified by light scattering at the coccoliths themselves, leading to heat conduc-
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tion (Tyrrell et al., 1999). Diatoms are among the fastest growing phytoplankton
species and typically dominate in eutrophic waters (Tyrrell & Merico, 2004). Un-
der optimal conditions, E. huxleyi, also an r-selected species, is outcompeted by
diatoms due to lower division rates. When dissolved silicate has been exhausted
(Tyrrell & Merico, 2004), in turn, diatoms stop dividing and E. huxleyi starts dom-
inating the bloom. Leaving aside grazing or bacteriological effects, diatom blooms
should leave behind water masses with comparably high pH values which may be
favourable for calcification and preservation of coccoliths in the water. In view of
the lowered CO2 concentrations, it can be assumed that E. huxleyi takes up exter-
nal HCO−

3 for POC production under these conditions, because its affinity towards
CO2 is low, especially when compared to other species (e.g. Raven & Johnston,
1991). E. huxleyi developed around 260 000 years ago and has thus, throughout
its entire history, experienced environmental CO2 concentrations that were signif-
icantly lower than today. It could thus be assumed that originally, external HCO−

3

played a more important role as substrate for photosynthesis than today. The ongo-
ing increase in pCO2,atm may be effecting a more important role for external CO2

as carbon source for photosynthetic carbon fixation. Assuming CO2 was taken up
as proposed in part III of this thesis, less energy may have to be spent for photosyn-
thetic carbon fixation under high pCO2. This energy may then be allotted to other
processes such as calcification or pH regulation.

In the cell model, the internal pH is strictly regulated and external pH variations
have thus little effect on the model outcome. Suffrian et al. (2011) demonstrated
the instantaneous propagation of external pH variations to the cytosol in “shock ex-
periments”, i.e. cells were not acclimated to the changed environmental conditions.
The latter experiment probably overestimates the effect of external pH changes on
the internal medium: A cell that is acclimated to constant environmental conditions
can be assumed to chose the set of membrane transporters and channels so that its
metabolism can be run efficiently. Transfering this cell into an environment that
contains a multiple amount of protons will disturb its proton balance. Taylor et al.
(2011) detected a significant efflux of protons from the cell via voltage-gated chan-
nels. These channels may be comparably sensitive to abrupt changes. However,
Bach et al. (2013) acclimated their cells to the medium and demonstrated an in-
crease in coccolith malformations with increasing external proton concentrations.
Significant malformations occured at a pH of 7.32; the lowest pH that the ocean
may expect due to anthropogenic CO2 release to atmosphere, is 7.4 (Caldeira &
Wickett, 2003), thus close to the experimental pH. The observations of Bach et al.
(2013) may hint at cytosolic or CV-internal pH values under acclimation that de-
viate from the optimum. Malformations could result from a disorganisation of the
biological part of calcification (cf. pg. 24) as for instance pH effects on contribut-
ing proteins such as GPA. The ongoing decrease in seawater pH, however, occurs
more slowly than any experiment could mimic. Genetic adaptation may lead to
a re-regulation of internal pH conditions. This process may be supported by the
potentially reduced energy investment in carbon acquisition for POC production.
Lohbeck et al. (2012) demonstrated that calcification that decreases when cells are
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acclimated to high pCO2 can be partly increased again via genetic adaptation that
occurs during around 500 asexual generations.

To sum up, POC production benefits from increasing CO2 concentrations. Pre-
suming the acquisition of CO2 was less expensive than the acquisition of HCO−

3

as hypothesised in this thesis, carbon acquisition for photosynthesis may become
less expensive for E. huxleyi. The saved energy may be spent for other processes
such as for instance PIC production, proton homeostasis, or nutrient uptake. When
adapted to future conditions, cells might thus be less sensitive to regularly occuring
stress factors.
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