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Abstract

Coccolithophores are a group of phytoplankton widely distributed in the ocean, which secrete extracellular calcite plates
termed coccoliths. Coccoliths have been increasingly employed as an archive for geochemical, ecological and paleoclimate
studies in recent years. A robust application of coccolith-based geochemical proxies relies on understanding the carbon acqui-
sition strategies and the pathways of carbon supply for calcification. Carbonic anhydrase (CA) plays important roles in the
carbon concentrating mechanism s of aquatic algae and potentially also in calcification. However, it is difficult to indepen-
dently assess the role of CA in carbon supply for photosynthesis versus calcification. To fill this gap, we explored a new meth-
od to detect the CA activity inside coccolithophore. To achieve this, coccolithophores were cultured with oxygen and carbon
isotope labeled dissolved inorganic carbon (DIC). By exploiting the different behavior of oxygen and carbon isotopes with
(sea)water, this double label method can elucidate the significance of CA activity in the calcification pathway. Application
of this method to Emiliania huxleyi shows that CA is present in the calcification pathway, and that there is no significant dif-
ference in the CA activity between a high and low CO2 treatment. However, under low CO2 treatment E. huxleyi enhanced the
bicarbonate pumping rate on both cell and chloroplast membranes. This novel method could be performed on other species of
coccolithophores in the future and have a potential to extend our knowledge on coccolith oxygen isotope vital effects.
� 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Coccolithophores are key marine unicellular algae that
produce an exoskeleton of calcifying plates called coccol-
iths. The appearance of the first fossil coccoliths in sediment
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records dates back to �200 Ma (Bown, 1998), but accord-
ing to molecular genetic analysis, their ancestor may be as
old as 1200 Myr (Medlin et al., 2008). During their long
existence on Earth, the environment has greatly varied from
warm and high CO2 conditions to cold and low CO2 during
the late Pleistocene. Since coccolithophores are important
players in the marine carbon cycle, it is crucial to under-
stand how they adapted to low CO2 concentrations and
how this adaptation influenced the carbon cycle. A number
of geochemical indicators in coccoliths have been proposed
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to potentially record different aspects of the past adapta-
tions and evolution of coccolithophore physiology, includ-
ing carbon isotopic fractionation in coccoliths (Stoll, 2005;
Bolton and Stoll, 2013; McClelland et al., 2017; Holtz et al.,
2017); boron concentration and isotopic ratio (Stoll et al.,
2012; Diez Fernández et al., 2015; Liu et al., 2018); oxygen
isotopic fractionation (Ziveri et al., 2003, 2012; Hermoso
et al., 2014), and trace element content such as Sr/Ca
(Stoll and Schrag, 2001; Müller et al., 2014). For example,
modeling of coccolith carbon isotopes suggest that coccol-
ithophores adapted cellular carbon acquisition strategies
to compensate for a diminishing diffusive CO2 supply at
least 5–7 Myr ago (Bolton and Stoll, 2013).

A solid interpretation of such geochemical records and
the ecological adaptation of coccolithophores rests on
understanding the carbon acquisition strategies and the
pathways of carbon supply for calcification. Because of
the potential for exchange among intracellular carbon pools
and cellular pH regulation, geochemical indicators in calcite
may also be affected by processes not directly related to cal-
cification, such as photosynthesis and the carbon concen-
trating mechanism (CCM) inferred to locally enrich CO2

at the intracellular site of the photosynthetic enzyme
RubisCO. In most algae, systems for supplying carbon to
photosynthesis require: (a) active transport of dissolved
inorganic carbon (DIC), such as HCO3

�, using energy
(ATP or NADPH) either directly or to establish an ion gra-
dient, (b) intracellular carbonic anhydrases (CA) to acceler-
ate interconversion between CO2 and HCO3

�, and (c)
proton pumps to maintain pH homeostasis following dehy-
dration of HCO3

� and to optimize CCM efficiency
(Hopkinson et al., 2016; Mangan et al., 2016).

Of these processes, here we focus on the role of active
HCO3

�, pumping and the pathways in which CA is opera-
tive. In the coccolithophore Emilianina huxleyi, active
HCO3

� pumping is inferred to be an important source of
carbon to both photosynthesis and calcification, since both
rates are reduced by inhibitors of HCO3

�/Cl-exchanger,
Anion Exchange Protein AE1 (Herfort et al., 2002). How-
ever, as the AE1 inhibitors are membrane permeable, this
result does not diagnose whether HCO3

� pumping occurs
at the cell membrane, intracellular compartments, or both.
Modeling the evolution of carbon and oxygen isotope
labels in cellular gas fluxes during photosynthesis via Mem-
brane Inlet Mass Spectrometry (MIMS) has shown that in
diatoms, diffusive CO2 uptake is the main source of carbon
into the cell, but that HCO3

� pumping into the chloroplast
is a key component of diatoms CCM (e.g. Hopkinson et al.,
2011; Hopkinson, 2014). However, in coccolithophores, the
cells’ dual use of intracellular inorganic carbon for both
photosynthesis and calcification, complicates interpretation
of MIMS data and requires specific fixed assumptions
about the fraction and species of carbon employed for each
process (e.g. Kottmeier et al., 2016a,b). In this way, while
results from MIMS experiments suggest a significant
increase in HCO3

� pumping into the cell in low CO2 treat-
ments (Kottmeier et al., 2016b), disequilibrium experiments
suggest a modest but constant HCO3

� flux into the cell
regardless of CO2 (Kottmeier et al., 2014). Although calci-
fication is assumed to be supplied by direct HCO3

� trans-
port, as well as diffusion of CO2 into the calcification
space, it is unclear if HCO3

� is transported directly to the
coccolith vesicle, or if it is part of a shared carbon pool
for photosynthesis.

The role of CA in coccolithophore carbon acquisition is
also not well resolved. Extracellular CA, which can main-
tain equilibrium of DIC species in the diffusive boundary
layer outside the cell, is variably present in coccol-
ithophores (Nimer et al., 1994, 1999; Mercado et al.,
2009). Membrane impermeable CA inhibitors in E. huxleyi

suppress photosynthesis only when DIC is below 1 mM,
suggesting that extracellular CA is significant only at low
DIC (Herfort et al., 2002). At DIC concentrations typical
of natural seawater (2 mM), extracellular CA has been
directly detected but at low concentrations in E. huxleyi,
and is suggested to facilitate a greater importance of CO2,
rather than HCO3

�, transport into the cell (Stojkovic
et al., 2013).

The location and activity of intracellular CA has a more
significant important effect than external CA on stable car-
bon and oxygen isotopic composition of dissolved inor-
ganic carbon pools inside the cell (Hopkinson et al, 2011)
and is the focus of this contribution. Intracellular CA,
key to intracellular carbon supply to the chloroplast and
coccolith vesicle, is inferred to also be present in E. huxleyi.
So far 12 putative CA transcripts in E. huxleyi have been
identified (Soto et al., 2006; von Dassow et al., 2009). Sev-
eral of these inferred CA forms have been shown by
immunolabeling, to be intracellular in other marine eukary-
otes and by analogy are inferred to be intracellular in coc-
colithophores (Bach et al., 2013). The involvement of one of
these intracellular CA in calcification was hypothesized
based on a 25-fold up-regulation of the gene c-EhCA2 tran-
scripts under calcifying versus non-calcifying condition
(Soto et al., 2006; Quinn et al., 2006). However, other syn-
theses of CA upregulation in E. huxleyi have interpreted
intracellular CA to be located exclusively in the chloroplast
and chloroplast membrane, and absent from the coccolith
vesicle and cytoplasm, based on the localization of intracel-
lular CA in diatoms via immunolabeling (Bach et al., 2013).
Consequently, the potential role of intracellular CA in the
calcification pathway in coccolithophores is unresolved.

Here we propose a new approach to empirically con-
strain changes in the activity of CA in specific cellular path-
ways, in particular in carbon pathways to calcification
which are particularly relevant for the interpretation of geo-
chemical proxies in coccoliths. We evaluate the potential of
a double oxygen and carbon isotope labeling method to
estimate CA activity and subsequently constrain DIC fluxes
in the cell of the coccolithophore. The double label
approach exploits the different behaviors of oxygen and
carbon isotopes in the cell: the labeled oxygen isotopes in
DIC is progressively lost into the large pool of water by
the exchange reaction of oxygen atoms between DIC and
water, while the carbon atoms remain trapped in DIC. In
a double-label experiment, DIC species are labeled by both
heavy carbon and oxygen isotopes, and we measure the
amount of label in coccolith calcite over a time course.
The amount of carbon label in coccoliths is controlled by
the amount of DIC depositing in calcification and the
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amount of oxygen label in coccoliths is controlled by both
DIC uptake and CA activity. Here we use a multi-
component cell model to test the sensitivity of this label
technique to different cell configurations. We then apply
the model to simulate coccolith carbon and oxygen isotopic
compositions from by double-labeling cultures of E. huxleyi
at two different CO2 concentrations, to evaluate if different
CA concentrations and carbon pumping could be distin-
guished from the evolution of labeled coccoliths through
time.

2. METHODS

2.1. Incubation experiments

2.1.1. Acclimation cultures

Cultures of E. huxleyi (strain RCC1258, a pelagic strain
isolated off the Portuguese coast in 1998) obtained from
Roscoff Culture collection were acclimated to high and
low CO2 concentrations (1437 ± 74 and 191 ± 14 ppm of
pCO2, respectively) by growth in semi-continuous batch
cultures for at least 8 generations. Culture media was pre-
pared using 0.2 mm filtered natural seawater (collected in
the Gulf Stream off the coast of Florida with salinity of
35), enriched with N, P, vitamins and trace metals accord-
ing to Price et al. (1988), and sterilized by autoclaving. Then
manipulation of the seawater carbon system was achieved
by bubbling for at least 12 h with controlled mixtures of
air and CO2 (either 1000 or 150 ppm CO2) to reach the tar-
get pCO2 conditions, prior to cell inoculation, and mainte-
nance of bubbling during culture. Growth was carried out
at 22 �C in culture cabinets (Percival Scientific) equipped
with cool white fluorescent tubes (Alto IITM Technology),
where photosynthetic active radiation (PAR) was 251
± 8 mmol photons m�2 s�1 under a 14:10 h light dark cycle.
Three biological replicates (bottle A, B and C) for each CO2

treatment were grown in 1L polycarbonate bottles, and the
cell density was maintained between 2000 and 67,000 cell
ml�1 during the semi-continuous culture to maintain cells
in exponential growth phase.

2.1.2. Incubation of cells with double label

To initiate cells for incubation with isotope label, 1 L
polycarbonate bottles were inoculated with three replicate
each (A, B, and C) of cells pre-acclimated to each pCO2

concentration at an initial cell density of �4000–8000 cell
ml�1. Light, growth media, temperature, and CO2 bubbling
were maintained identical to the acclimation cultures. Cell
growth during this period was daily monitored using a
Beckman Coulter Z2 Coulter Particle Counter and Size
Analyzer, and presence of unwanted prokaryotes and
eukaryotes were not detected in the cultures during routine
examination using a light microscope (OLYMPUS BH 2).
This growth rate is not employed in our modeling, because
the direct uptake of labeled 13C more precisely constrains
calcification rate during the label incubation.

After 4 days, bubbling of cultures was suspended for the
label time course. The culture media was enriched with
0.1 mM isotopic labeled DIC. The labelled DIC was previ-
ously prepared by dissolving NaHCO3 with 98% 13C
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(Aldrich Chemistry) into H2O with 97% 18O (Cambridge
Isotope Laboratories, Inc.) and overnight equilibration.
Incubation with labeled DIC continued for a period
between 3 and 5.9 h (details in Table 1). During this time
course, aliquots of cell culture (ranging from 160 to
700 ml) were harvested on a 3 lm polycarbonate membrane
(Whatman Cyclopore). The estimated number of cells col-
lected on the filter ranged between 7 and 36 million (details
in Table S7), which corresponds to approximately 106 and
476 lg of inorganic carbon, respectively. The polycarbon-
ate filter was rinsed twice with 5 ml of deionized water
under vacuum in order to prevent salt precipitation and
then stored at �20 �C until further analysis.

2.2. Laboratory measurements

Culture media DIC was measured at the beginning and
the end of the incubation using a membrane inlet mass
spectrometer (MIMS; PFEIFFER Vacuum) by acidifying
0.2 mm filtered (Millipore syringe filter) media samples to
pH �4.5 using 2 mM of citric acid buffer and making 4
standard additions of 500 mM DIC. Culture media pH
was measured on the total hydrogen ion scale using Thymol
Blue with an error of 0.01 (Zhang and Byrne, 1996).

Particulate organic carbon (POC) and particulate
organic nitrogen (PON), were determined in samples col-
lected on pre-combusted GF/F filters. After fuming under
vacuum for 24 h with HCl to remove carbonate, filters were
dried overnight and pressed into tin foil boats. Elemental
analysis was performed using a ThermoFisher Flash-EA
1112 coupled with a Conflo IV interface to a ThermoFisher
Delta V isotope ratio mass spectrometer (IRMS). Samples
were combusted in the presence of O2 in an oxidation col-
umn at 1020 �C. Combustion gases were passed through a
reduction column (650 �C), and produced N2 and CO2

gases were separated chromatographically and transferred
to the IRMS via an open split for on-line isotope measure-
ments. Finally, results were normalized per cell.

For determination of particulate inorganic carbon (PIC,
coccolith carbonate), the samples were harvested on poly-
carbonate membranes. Membranes were inmersed in 2%
HNO3, in order to dissolve calcite. The acid-labile concen-
tration of Ca was measured by Inductively Coupled Plasma
Mass Spectrometry (Agilent 8800 ICP-QQQ-MS). The
amount of CaCO3 was calculated and normalized per cell,
assuming that the contribution of Ca from organic compo-
nents is negligible.

Carbon and oxygen isotope compositions of the labeled
coccolith calcite were measured using a GasBench II cou-
pled to a Delta V mass spectrometer (both ThermoFischer
Scientific, Bremen, Germany) as described in Breitenbach
and Bernasconi (2011). Culture samples collected on poly-
carbonate membranes were pre-treated to remove organic
components before analysis. For this, samples were soaked
for 5 min in methanol and rinsed with deionized water
under vaccum. Then a soaking step in oxidizing solution
(50% v/v of 3% sodium hypochlorite (NaClO) and 30%
hydrogen peroxide (H2O2)) for 10 min followed by a rinse
with deionized water under vaccum was repeated twice.
Finally, the calcite was resuspended in methanol and
allowed to evaporate overnight.

About 100 mg of powdered coccolith calcite were placed
in vacutainers, previously flushed with helium and were
reacted with 5 drops of phosphoric acid at 70 �C. The instru-
ment was calibrated with the international reference materi-
als NBS 19 (d13C = +1.95‰, d18O = �2.2‰) and NBS 18
(d13C = �5.01‰, d18O = �23.00‰). Reproducibility of the
measurements at natural abundance is better than 0.1‰.
There are no internationally accepted calcite standards with
labeled isotope compositions. However, based on dilution
experiments with 13C-enriched glucose measured with an
Elemental analyzer coupled to the same instrument type
(Glucose Std. 50: calculated d13C = +50‰, measured d13C
= +59.7 ± 0.3, n = 5; Glucose B476: calculated d13C =
+476‰, measured d13C = 457‰ ± 0.1, n = 2), we estimate
that the accuracy of the 13C-labeled carbon isotope values
for values between +100 and +500‰ are within 15‰ of the
true values. The isotope ratio units, both for carbon and oxy-
gen, are VPDB in this study.

2.3. Description of the model

In this study we design a 4-box model based on the pre-
viously published diatom model by Hopkinson et al. (2011)
to simulate the CCMs of E. huxleyi. We also perform sen-
sitivity tests to determine which individual processes, such
as calcification, bicarbonate pumping and CA activity,
can influence the labeling results. A simple summary of
all models can be found in Table S2. For simulating the
experimental data, the model is used to find solutions that
simultaneously fit the measured coccolith carbon and oxy-
gen isotope ratios from labeled experiments at different time
during the incubation.

Our labeled isotope model includes four compartments,
namely the (1) extracellular environment (e), (2) cytoplasm
(c), (3) chloroplast (x) and (4) coccolith vescle (v) (Fig. 1a).
In this model, the input parameters include the seawater
DIC (CO2 and HCO3

�) concentrations, pH of seawater, cell
surface area and cell volume, and the permeability of the
cell membrane to CO2 and HCO3

�. The initial concentra-
tions of CO2 and HCO3

� within the cell were set equal to
those of seawater. The variations of DIC in the cell can
be caused by three types of processes: (1) the cross mem-
brane transport (diffusion and activity transport), (2) the
DIC consumption by photosynthesis and calcification,
and (3) reactions between CO2 and HCO3

� catalyzed by
CA. Details of these processes are given in the following
sections and more assumptions in the model can be found
in the supporting information S1 including the initial values
of isotope ratios and the effect of cell compartment pH on
fitting results. The variation of DIC concentrations with
time after label addition was calculated using the ordinary
differential equation (ODE) solver, ode15, in Matlab (equa-
tions details in supporting information S2) within a time
range comprised between 0 s and the longest growth time
of our labeling experiments (i.e. 2.4 � 104 s). Then the
DIC fluxes at each time section were output to calculate
the coccolith isotopes after labeling. The unlabeled



Fig. 1. A. Schematics of the 4-box model, showing the pathways, fluxes and interconversion of bicarbonate (B) and CO2 (C). The four
compartments in the model are seawater (e), cytoplasm (c), coccolith vesicle (v) and chloroplast (x). Solid red arrows (Bup) represent
bicarbonate pumping across membranes, while dashed red and blue arrows are passive diffusion of bicarbonate and CO2, respectively.
Calcification is represented by a solid gray arrow (Cal) and photosynthesis by a solid green arrow (Photo). B. Schematics of logic structure of
the 4-box model: ODE is ordinary differential equation and LSQ fitting represent least-square fitting. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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coccolithophore carbon isotope fractionations were also
calculated providing another constrain on the simulation
results (details in supporting information S3). To ascertain
the optimal model parameters to fit with the measured iso-
tope ratio data over the labeling time course, the system is
solved numerically by varying CA activity and bicarbonate
pumping rates to minimize the difference between modeled
and measured isotope ratio data using the function
‘lsqcurvefit’ in Matlab (Fig. 1b).

2.3.1. Diffusion and active transport rate of DIC species

In our model, we combine the HCO3
� and CO3

2�

together and use the term B; thereby the DIC pool is sim-
plied as C (CO2) and B (HCO3

� and CO3
2�, most of B are

HCO3
�). This simplification is valid because acid-base equi-

libration between HCO3
� and CO3

2� occurs very rapidly
(Zeebe and Wolf-Gladrow 2001). Following Hopkinson
et al. (2011), we assume that CO2 can only diffuse across
membranes following the concentration gradient, while
HCO3

� is mainly transported via active pumping, with a
small portion being diffused (HCO3

� permeability is at least
5 order of magnitude lower than that of CO2, as observed
in coccolithophore (Blanco-Ameijeiras et al., 2020).

The diffusion rate of CO2 and HCO3
� follows Fick’s Law

(Eq. (1)). The diffusive in/out flux depends on the perme-
ability (PDIC) and the concentration gradient of both DIC
species (CO2 or bicarbonate) between the two sides of the
membrane (GDIC).

FluxDIC ¼ PDIC � GDIC ð1Þ
On the other hand, the HCO3

� pumping rate (Bup) can
be described by the Michaelis-Menten equation:

Bup ¼ V max � HCO�
3½ �

Kmþ HCO�
3½ � ð2Þ

where Vmax is the maximum pump rate and Km is the half
saturation HCO3

� concentration. Km is assumed to be
100 lM following Hopkinson et al. (2011), which is much
smaller than the HCO3

� concentration of seawater used in
our study. Hence, HCO3

� uptake rates (Bup) remain always
close to the Vmax value.

2.3.2. Photosynthesis and calcification rate

The gross photosynthesis rate is a Michaelis-Menten
process, which depends on the number of functional
Ribulose-1,5-bisphosphate Carboxylase/Oxygenase
(RubisCO) per cell (NRubisCO), the turnover rate of one
RubisCO protein (kcat_RubisCO) and the CO2 concentration
in the chloroplast:

Photo ¼ NRubisCO � kcat RubisCO � CO2½ �
Km phþ CO2½ � ð3Þ

where Km_ph is the half saturation concentration of CO2 in
photosynthesis. Using a RubisCO mass of 560 kDa (Ma
et al., 2009) and a bulk RubisCO turnover rate of
0.66 lmol min�1 mg�1 (Boller et al., 2011), we calculate
that one RubisCO protein can fix 6.16 CO2 molecules in
one second (kcat_RubisCO = 6.16 CO2 s�1). For E. huxleyi,
Boller et al. (2011) estimated that the RubisCO half satura-
tion concentration, Km_ph, was 72 lM, and therefore we use
this value in our model construction.

There are no available published data on the RubisCO
numbers per cell (NRubisco). Therefore, here we calculate
this parameter by assuming that RubisCO accounts for
about 4% of total cellular protein (Losh et al., 2013), and
that the protein density (qprotein with a unit of protein
copies per um3) in algae is �3 � 106 lm�3 (Milo, 2013).
The CO2 concentration in low CO2 condition is close to
the present ocean environment and the settings in Losh
et al. (2013). Thereby, we employed these number directly
to estimate RubisCO per cell in low CO2 experiment. Given
an E. huxleyi cell radius (r) of 2.5 lm as we measured in the
low CO2 environment, the number of RubisCO per cell
growing at low CO2 concentrations can be estimated by:



l

H. Zhang et al. /Geochimica et Cosmochimica Acta 292 (2021) 78–93 83
NRubiscoðLCÞ ¼ 4
3
� r3 � qprotein � 4%� 1

NA
� 1:3� 10�17 mol

ð4Þ
where NA is the Avogadro’s constant. The C:N ratio and
organic carbon per cell (POC) at high CO2 concentrations
are higher than those at low CO2 (Table 1) and a higher
C:N ratio represents less protein per cell. If we assume that
the mole fraction of RubisCO percentage is constant (4%)
in high and low CO2 conditions, the number of RubisCO
per cell (NRubisco) under high CO2 calculated by Eq.5 is
�25% lower (1.0 � 10�17 mol per cell) than that calculated
by Eq. (4) for lower CO2 conditions:

NRubiscoðHCÞ ¼ NRubiscoðLCÞ � C:NLC
C:NHC

� POCHC
POCLC

� 1:0� 10�17 mo

ð5Þ
The calcification rate (Cal) was set as a function of gross

photosynthesis rate (Photo), net photosynthesis ratio (Rnet)
and PIC:POC ratio, rather than as a dynamic function of
carbonate saturation. Rnet is defined as the ratio between
net photosynthesis rate and Photo (Eq. (7)).

Cal ¼ Photo� Rnet � PIC : POC ð6Þ
Rnet ¼ Net photosynthesis rate

Photo ð7Þ
2.3.3. CA activity

The CA enzyme catalyzes the hydration and dehydra-
tion reactions between CO2 and HCO3

�. The CO2 and
HCO3

� exchanging rate including catalyzed hydration reac-
tion rate and uncatalyzed hydration/hydroxylation rate can
be described by the following equations:

exchaing rate ¼ kuf � CO2½ � þ kcat CA � CA½ � � CO2½ �
Km hyþ CO2½ �

ð8Þ
kuf ¼ kþ1 þ kþ4 � ½OH�� ð9Þ
lnðkþ1Þ ¼ 1246:98� 6:19�104

T � 183:0� lnðT Þ ð10Þ

kþ4 ¼ 4:70� 107 � eð�
2:32�104

RT Þ# ð11Þ
where kuf is the uncatalyzed exchanging rate constant (here
we combine the uncatalyzed hydration and hydroxylation
rate constant into one parameter), kcat_CA is the turnover
rate of carbonic anhydrase and Km_hy is the half saturation
concentration of CO2 and the [CA] is CA concentration. R
is the gas constant with a value of 8.314 J mol�1 K�1. The
definition of reaction rate constants, k+1 and k+4, are fol-
lowing Zeebe and Wolf-Gladrow (2001). The Eq. (10) and
(11) are from Johnson (1982).

Since Km_hy is much larger than the CO2 concentration
in the cell, we can simplify the hydration rate in Eq.8 as:

exchanging rate � kuf þ kcat CA
Km hy

� CA½ �
� �

� CO2½ �
¼ kcf � CO2½ �

ð12Þ

where the kcf is the catalyzed CO2 hydration rate constants,
respectively.FollowingUchikawaandZeebe (2012),weassume

that the kcat CA
Km hy

ratio takes the value of 2.7 � 107 M�1 s�1.

The dehydration rate constant (kcr) can be calculated
using the catalyzed CO2 hydration rate constant (kcf) using
the following equation:
kcr ¼ kcf � F B � Hþ½ �
K1

ð13Þ
where the FB is the ratio of HCO3

�/(HCO3
�+CO3

2�), [H+] is
the concentration of hydrogen, and K1 is the first carbonic
acid dissociation constant. Since we assumed that there are
only two species of DIC (CO2 and HCO3

�), here the effect of
CO3

2� should be calibrated.

F B ¼ 1

1þ K2
Hþ½ � ð14Þ

where K2 is the second carbonic acid dissociation constant.
K1 and K2 can be calculated by temperature, pressure and
salinity (Lueker et al., 2000). The uncatalyzed dehydration
rate constant (kur) can be calculated by kuf and pH in cul-
ture medium in the similar method as Eq. (13).
2.4. Sensitivity analysis on labeled experiments

Before running full simulations on the 4-box model, it is
useful to isolate the influence of individual processes on the
carbon and oxygen isotope ratios of the labeled experi-
ments. These processes include 1) calcification and photo-
synthesis rate, 2) CA activity, 3) bicarbonate pumping, 4)
uncatalyzed DIC reaction rate which depends on seawater
pH, and uncatalyzed DIC reaction rate constants. To iso-
late these processes, we simplify the original ‘4-box’ model
to three simpler box-models, namely, ‘2-box’, ‘3-box-cx’
and ‘3-box-cv’, and carry out sensitivity tests of each pro-
cess separately. The detailed parameter configurations can
be found in supporting information S4.

3. RESULTS OF MEASUREMENT AND SENSITIVITY

TESTS

3.1. Growth, calcification, and incorporation of double label

at high and low CO2

During the 4-day grow up of cells before labeling, the
growth rate under the two experimental conditions were
similar, 0.53 d�1 and 0.62 d�1 for the low CO2 and high
CO2 treatments, respectively. The particulate inorganic car-
bon and particulate organic carbon ratio (PIC:POC in
mol/mol) was higher (0.59) in the low CO2 experiment than
in the high CO2 experiment (0.33). The POC per cell in the
high CO2 experiment is 2.72 pmol/cell (1 pmol = 10�12

mol), about 20% higher than that in the low CO2 experi-
ment (2.13 pmol/cell).

Following addition of the isotope label, the time course
evolution of coccolith carbon isotope ratios though time
was similar in both low CO2 and high CO2 experiments.
The labeled coccolith carbon isotope ratios increase with
sampling time ranging from 193‰ at 2.78 h to 515‰ at
5.9 h. reflecting the progressive uptake of labeled DIC by
the cell and a progressively higher fraction of cellular calcite
produced post-addition of the label. However, the coccolith
labeled oxygen isotope ratios in these two experiments were
quite different. The heavy oxygen isotope was lost faster
from DIC into water in the high CO2 experiment than in
the low CO2 experiment, resulting in much lower d18O in
the high CO2 experiment (Fig. 3). The results of model
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sensitivity tests are presented to provide context for inter-
pretation of the labeled data in these experiments.

3.2. Basic sensitivity of labels to different parameters in

models

A cascade of the simplified 2-box and 3-box models is
used to diagnose the influence of the calcification rate,
Fig. 2. The results of 15 sensitivity tests: coccolith carbon (blue) and oxy
against the varied parameters (the whole time series can be found in Supp
model’, those in the second column are from the ‘3-box cv model’ and
numbers with blue background represent sensitivity tests on carbon sinks i
different compartments. Those with pink background are tests on the D
bicarbonate pumping. (For interpretation of the references to colour in
article.)
DIC uptake, CO2 leakage from chloroplast, and the loca-
tion of CA, on the coccolith oxygen and carbon isotope
ratios after labeling. Because both labels employ the heavy
isotope, an increased abundance of the isotope label is man-
ifest as an increase in coccolith d13C and d18O. Because iso-
tope ratios of labeled DIC are 3–4 orders of magnitude
larger than the cellular fractionation (e.g. the 1‰ fraction-
ation of carbon in calcification and the �25 to �11‰
gen (red) isotope ratio 6 hours after adding labeled DIC are plotted
orting information). The results in first column are from the ‘2-box
those in the third column are from the ‘3-box cx model’. The test
n the cell. Those with green background are tests on CA activities in
IC reactions process. Those with yellow background are tests on
this figure legend, the reader is referred to the web version of this



Table 2
Labeled carbon and oxygen isotope response to different processes: ‘"’ represents the isotope increases with the increase of different processes
rate, ‘;’ represents the isotope decreases with the increase of different processes rate ‘";’ represents the response of isotope is not monotonous
with the variation of process and ‘—’ represent the labeled isotope in coccolith is not sensitive to the process.

Increased processes Labeled C isotope Labeled O isotope Parameter name in model

Calcification rate " " Cal
CA activity — ; kcf
Uncatalyzed DIC reaction rate — ; kuf, pHe

HCO3
� uptake — "; Vmax

Photosynthesis rate — — Photo
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fractionation of carbon in photosynthesis), the isotopic sig-
nals discussed in this paper refer exclusively to those created
by the addition of isotopically heavy 18O and 13C label. The
trends in d13C and d18O described here are unique to the
labeled experiment, and do not describe the natural
response of coccolith d13C and d18O as a result to physio-
logical fractionation processes. The results of sensitivity
tests can be found in Fig. 2 and Fig. S2 in supplementary
and the influences of different processes on labeled isotope
of coccolith are summarized in Table 2. Overall, the coccol-
ith carbon isotope ratio after labeling is a function of calci-
fication rate, while the oxygen isotope evolution is
controlled by calcification rate, CA activity in the DIC
pathway to the calcification site, and uncatalyzed DIC reac-
tion rate in the culture medium.

3.2.1. Calcification and photosynthesis rate

Based on the result of sensitivity test T1, which was per-
formed by the ‘2-box’ model as the description in the sup-

porting information S2, we found that both carbon and
oxygen isotope ratios in labeling are sensitive to the calcifi-
cation rate. The increase of calcification rate can always
lead to increases in d13C and d18O (Fig. 2-T1). This model
simulates the experimental approach of introducing a label
into an actively growing, but not decalcified, culture of coc-
colithophores, a technique used to avoid altering cell phys-
iology due to decalcifying treatments. With this approach,
the coccoliths harvested though time after labeling are a
mixture of both labeled and unlabeled coccoliths. With a
fixed amount of unlabeled coccoliths, if the calcification
rate during the labeling experiment is higher, there will be
more coccoliths with extreme heavy isotope enrichment
causing an increase in d13C and d18O. Moreover, the follow-
ing sensitivity tests show other process play minor role in
coccolith carbon isotope ratios (see the following sections),
so that the carbon isotope ratio can provide an accurate
estimation of calcification/growth rate during the short
duration (hours) of the labeling experiment. The results of
T13 show photosynthesis rate has no impact on coccolith
d18O or d13C under the conditions of proposed label exper-
iment (Fig. 2-T13).

3.2.2. CA activity and localization

The effects of CA in different compartments were tested
in T2 (cytoplasm CA by model ‘2-box’), T9 (cytoplasm CA
by model ‘3-box-cv’), T10 (coccolith vesicle CA by model
‘3-box-cv’), T14 (cytoplasm CA by model ‘3-box-cx’) and
T15 (chloroplast CA by model ‘3-box-cx’). The results sug-
gest that when the CA activity increases, no matter where it
was located, the coccolith d18O will always decrease due to
loss of the label from the DIC to water, but the d13C is
unaffected by CA. However, location of the CA does affect
the magnitude of the d18O response to CA. Only when the
CA is located in the model site of calcification, which is the
cytoplasm in T2 and T14, and the coccolith vesicle in T10,
does the coccolith d18O can keep decrease to the minimum
value of �40‰ (Fig. 2-T2, T10, T14). Otherwise, when the
enhanced CA appears in the non-calcification compart-
ment, such as in the test T9, even when the CA activity of
cytoplasm increases to as high as 1 � 106 s�1 (about three
order of magnitude higher than the fitted value), the oxygen
isotope ratio of coccolith still remains about 600‰ and
does not decrease further (Fig. 2-T9).

3.2.3. Uncatalyzed DIC exchange rate

In the sensitivity tests T3 and T4, we used uncatalyzed
hydration rate constant (kuf) from 0.01 s�1 to 0.20 s�1

and an extracellular pH (pHe) ranging from 7.2 to 8.5.
The results show that if the pHe decreases or the kuf
increase, the d18O will decrease (Fig. 2-T3, T4). Both of
these factors cause a higher uncatalyzed hydration rate,
resulting in a faster loss of the labeled oxygen from DIC
to water prior to uptake into the cell. We also note that
only the seawater uncatalyzed hydration rate plays an
important role in oxygen isotope ratios. The dynamics of
cellular pH won’t change the oxygen isotope significantly
because of the small cell volume compared with the culture
medium (supporting information S7).

3.2.4. Bicarbonate pumping rate’s effect

The roles of bicarbonate pumping were tested in T5, T6,
T7, T8, T11 and T12. Bicarbonate pumping does not affect
the coccolith d13C and affects coccolith d18O in a complex
manner. (1) When the bicarbonate uptake rate on the cell
membrane is close to zero, the coccolith d18O increases with
increasing pumping rate. That is because an enhanced
bicarbonate uptake rate across the cytoplasmic membrane
(Bup_c) can pump more labeled HCO3

� into the cell. (2)
At the other extreme situation, when the Bup_c rate is very
high, the extreme high Bup_c will cause a huge increase of
DIC concentration in the cell. The hydration or dehydra-
tion rate depends not only on the CA activity, but also
the concentration of DIC. So, an extreme high Bup_c rate
will cause a faster loss of label into water, resulting a com-
paratively lower d18O in coccoliths. (3) Contrasting effects
of bicarbonate pumping into the chloroplast and coccolith



Fig. 3. The carbon and oxygen isotopic ratios of coccoliths over
the time course following addition of isotope label, as measured
(squares) and in simulations (lines, by 4-box model). The red lines
and squares are oxygen isotope and the blues ones are carbon
isotope ratio. The pink dashed lines represent modeled oxygen
isotope ratio when CA activity in cytoplasm increases from 0 s�1 to
1000 s�1 with an increment of 200 s�1. (For interpretation of the
references to colour in this figure legend, the reader is referred to
the web version of this article.)
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vesicle are simulated. In the results of T7, T8 and T12, we
find the d18O decreases slightly with the increase of the
bicarbonate uptake rate into the chloroplast (Bup_x) or
with the decrease of the bicarbonate uptake rate into the
coccolith vesicle (Bup_v). When the Bup_x increases or
the Bup_v decreases, more labeled DIC is pumped into
chloroplast compared with the amount of labeled DIC
pumped into coccolith vesicle. To summarize, the bicarbon-
ate pump rate can change the d18O of labeled coccoliths,
but this effect is not constant nor significant compared with
the effects of calcification rate, CA activity and the uncat-
alyzed DIC reaction rate.

4. CONSTRAINTS OF CA AND CARBON FLUXES

FROM A SAMPLE LABEL EXPERIMENT

4.1. Simulation of the observed isotopic data in labeled calcite

experiments

For this experimental dataset, we use the measured DIC
concentration of seawater, pH of seawater, temperature,
cell surface area, organic carbon per cell and PIC:POC ratio
as input parameters. Some parameters can be found directly
or estimated indirectly from previous studies, such as the
photosynthesis and respiration ratio, and RubisCO turn-
over rate. Other parameters, such as the intercellular pH,
the RubisCO number per cell are estimated as described
in the Methods. In this fitting, we also put the carbon iso-
tope fractionation in coccolith and Corg (ecoccolith-HCO3

and eHCO3-corg) into consideration. For carbon isotope
ratios in the organic carbon, we analyzed the sample from
the same growth conditions in unlabeled condition. For
the coccolith isotope vital effect, we assume unlabeled com-
position similar to literature values of 0.5 and �0.5‰ for
low CO2 condition and high CO2 condition, respectively
(McClelland et al., 2017; Stoll et al., 2019), showing values
of ecoccolith-HCO3 as 1.5 and 0.5. All input parameters and
fitted results can be found in Table 3. The results of DIC
concentration and carbon flux in the coccolithophore cells
are shown in Fig. 4. It should be noted that the chloroplast
CO2 concentrations in our simulation did not approach the
saturated concentration for RubisCO, although previous
observation of RubisCO amounts in E. huxleyi suggested
that near-saturating CO2 at RubisCO was required to
attain measured photosynthesis rates (Losh et al., 2013).
One reason may be that there is no pyrenoid in our model,
in which the protein shell and small volumn can decrease
the CO2 efflux and maintain a much higher CO2 concentra-
tion around RubisCO (Hopkinson et al., 2011).

4.1.1. CA activity in cytoplasm and coccolith vesicle

The increasingly depletion of coccolith d18O though time
following addition of the label, cannot be achieved by our
model only using the rate of uncatalyzed exchange of iso-
topes between DIC and water (Fig. 3). The low d18O values
in the coccoliths, compared to the initial DIC, requires CA
to be present in the direct pathway to calcification, e.g. in
the cytoplasm and/or coccolith vesicle. This contrasts with
the model of Bach et al. (2013) who proposed intracellular
CA location only in the chloroplast, and not in the cyto-
plasm, because in diatoms the bCA in diatoms is located
to the chloroplast and the dCA on the plasma membrane.
Our results require either that the recognized CA tran-
scripts in E. huxleyi may correspond to CA located instead
or additionally in the cytoplasm and coccolith vesicle, or
that additional CA forms, not recognized in previous tran-
scriptomics of E. huxleyi, are located in the cytoplasm and
coccolith vesicle. The growing diversity of proteins with



Table 3
Input parameters and output results in the 4-box model simulations.

Input
parameters

Definitions Low CO2 High
CO2

Comments

d13CDIC(t=0) Initial DIC carbon isotope ratio �2.81 �2.81 Measured*
d18ODIC(t=0) Initial DIC oxygen isotope ratio �0.57 �0.57 Measured
DICsw (lM) ** seawater DIC concentration 1803

± 11
2395
± 51

Measured

pHe seawater pH 8.29
± 0.0

7.58
± 0.1

Measured

pHc cytoplasm pH 8.09 7.38 Calculated by pHe � 0.2 following Suffrian et al. (2011)
pHv coccolith vesicle pH 8.23 8.23 Holtz et al. (2017)
pHx chloroplast pH 7.90 7.90 Anning et al. (1996)
T (℃) culture temperature 22 22 Measured
kuf (s

�1) uncatlyzed DIC reaction rate 0.0616 0.0340 Zeebe and Wolf-Gladrow (2001)
kcfv (s

�1) catalyzed DIC reaction rate
constant in coccolith vesicle

100–500 100–500 Given

kcfx (s
�1) catalyzed DIC reaction rate

constant in chloroplast
100–500 100–500 Given

PC (cm s�1) CO2 permeability 6.13E-03 6.13E-03 Blanco-Ameijeiras et al. (2020)
PB (cm s�1) HCO3

� permeability 2.70E-07 2.70E-07 Blanco-Ameijeiras et al. (2020)
Cell_SA (cm2) Cell surface area 1.37E-06 1.37E-06 Measured
PIC:POC cell PIC:POC ratio 0.59 0.33 Measured
Corg per cell
(pmol)

2.133 2.723 Measured

C:N Organic carbon and nitrogen ratio 8.23 10.06 Measured
Rnet Net photosynthesis rate: Gross

photosynthesis
0.75 0.75 Kottmeier et al. (2016)

RubisCO per
cell (mol)

1.3E-17 1.1E-17 Estimated from Milo (2013)

Fitted results*** Low CO2 High
CO2

Vmax_c (10
�17

mol s�1)
Maximum HCO3

� pumping rate
into cytoplasm

1.72
± 0.60

0.69
± 0.16

The value after ‘±’ is one standard deviation of fitting
results

Vmax_x (10
�17

mol s�1)
Maximum HCO3

� pumping rate
into chloroplast

10.2
± 0.66

1.3
± 0.92

Vmax_v (10
�17

mol s�1)
Maximum HCO3

� pumping rate
into coccolith vesicle

0.63
± 0.04

0.57
± 0.03

CA_c (kcf_c,
s�1)

catalyzed DIC reaction rate
constant in cytoplasm

647
± 132

952
± 186

kap (s�1) Apparent CA activity 947
± 124

1275
± 96

ecoccolith-
HCO3

****
coccolith carbon isotope
fractionation from DIC

1.41
(1.50)

0.51
(0.50)

Values in brackets are fitting targets (from literature)

eHCO3-Corg Corg carbon isotope fractionation
from DIC

20.22
(17.9)

30.52
(35.8)

Values in brackets are fitting targets (from measurement);
equal with ep = 10.1 and 23 in this case;

CO2/HCO3
� net

influx
0.39
(27.9%
CO2)

3.10
(75.6%
CO2)

Ce/Cc 1.24 1.06
Cx/Ce 3.65 0.88

* The carbon and oxygen isotope of unlabeled DIC in the seawater could be altered slightly after CO2 bubbling. But these initial values do
not have significant impact on the fitting results.
** This DIC measured concentrations are the averaged values of three bottles at the beginning and at the end of labeling experiment. About
50 lmol DIC was consumed by calcification and photosynthesis during the labeling experiment. That’s the reason why the [DIC] in this table
are �50 lmol lower than those in Fig. 4.
*** This fitting is based on the assumption that CA activities in the coccolith vesicle and chloroplast equal to 100 s�1.
**** Notice ecoccolith-HCO3 is different with coccolith vital effect (VEcoccolith), which is always defined as the carbon isotope difference between
coccolith and non-biogenic carbonate, VEcoccolith � ecoccolith-HCO3 � 1.
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recognized CA functionality (e.g. Jensen et al., 2019) attests
to the potential for operation of forms in coccolithophores
which have not yet been recognized by transcriptomics.
In our simulations, no significant difference in the CA
activities in cytoplasm low CO2 experiment (647
± 132 s�1) and high CO2 experiment (952 ± 186 s�1) is
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required to match the data in our label experiment. Our
estimated CA activities are in the upper range of the hydra-
tion rate constant catalyzed by CA in diatoms, 50–500 s�1)
depending on the seawater DIC concentration (Fig. 5,
Hopkinson et al., 2011). Previous cellular models of coccol-
ithophores have made varying assumptions about intracel-
lular CA activity. One model assumed a CA concentration
in each compartment ranging from 0.1 to 1 mol m�3, equiv-
alent to kcf ranging from 270 to 2700 s�1 (McClelland et al.,
2017). Another model assumed that the reaction rate of
DIC exchanging in the cell is 1000 times larger than that
in natural seawater (when pH = 8.3), equivalent to a CA
activity of about 142 s�1 in (Holtz et al., 2015). The abso-
lute CA activity inferred by the 4-box model here is some-
what dependent on the assumptions of other model
parameters, but for no alternate parameter choices did we
find a significant difference in CA activities between the
low CO2 and high CO2 treatments. The model-inferred
cytoplasm CA activity decreases with any increase of mod-
eled CA activity in other compartments (supporting infor-
Fig. 4. The cell DICs concentrations and fluxes in two CO2

environments. The blue arrows are CO2 flux, the red arrows are
HCO3

� flux, the gray arrows are calcification rate and the green
arrows are photosynthesis rate. The direction of arrows represents
the DIC net flux goes from one box into the other box. The
numbers in arrow are with unit of flux is 10�17 mol s�1 cell�1. Note
that the DIC concentrations in this figure are slightly higher than
those listed in Table 3, which is caused by calcification and
photosynthesis usage of carbon. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the
web version of this article.)
mation S6). For the standard four-compartment model,
the CA activity in coccolith vesicle and chloroplast were
fixed as 100 s�1 in these fittings because at this activity
the CA in chloroplast and coccolith vesicle is saturated
for CCM. If we used the 2-box model to estimate the appar-
ent CA activity (kap) which represents the total intracellular
CA activity (supporting information S5), then the fitting
results show that in the low CO2 condition, the coccol-
ithophore kap is 947 ± 124 s�1, while the kap in high CO2

condition is about 1275 ± 96 s�1; i.e. also no significant dif-
ference in total CA activity among the different treatments.
The fitting results of bicarbonate pumping rates on different
membrane do not show a significant trend with the increase
of CA activity (Fig. S6 a, c).

If the main function of CA was enhancing the CCM,
then we would expect a decrease in CA activity in high
CO2 treatment. If this is true, it could be possible that small
changes in CA activities is not detected by the precision of
the double label technique. However, transcriptomics run
in E. huxleyi grown under treatments most similar to ours
(DIC 2000–2200 lM; CO2aq treatments of 38 and
10 lM), transcriptomics also revealed no significant (e.g.
distinct at 2 standard error) differences in the expression
of aCA1, aCA2, cCA or dCA. Differences in bCA could
not be assessed due to lack of replicates to estimate stan-
dard errors (Bach et al., 2013). Although transcript abun-
dance is not a direct quantification of CA, it is generally
assumed to reflect the cellular demand for specific proteins
(Bach et al., 2013), so the transcriptomics results are consis-
tent with our findings of no differences of CA activities
between low and high CO2 treatments. Furthermore, Rost
Fig. 5. The variations of CA activities with DIC concentration.
The error bars represent one standard division in fitting. The red
dots are apparent CA activity and red squares are simulated CA
activity by the 4-box model. The blue dots and squares are diatom
apparent CA activity and cytoplasm CA activity (Hopkinson et al.,
2011). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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et al. 2003 found that internal CA concentration of E. hux-
leyi did not change when cultured under a wide range of
CO2 concentrations (36–1800 ppm). Increasing the CCM
efficiency may not be the only role of the CA inside cell,
and other cellular processes may require similar CA activity
in both high and low CO2 conditions. The CA plays impor-
tant roles in adjusting the pH in both plants (e.g. Furla
et al., 2000) and animals (Stewart et al., 1999). The cell
may need to increase the CA activity for the cellular pH
or calcification. Moreover, as mentioned above, the estima-
tion of CA activity in our model gives the information
about the total CA activity. The enhanced CA activity
(compared with the saturated CA activity) in high CO2

environment may be not only in the cytoplasm but also
can be in the coccolith vesicle. Previous studies emphasized
the influence of carbon system on coccolithophore’s calcifi-
cation (e.g. Beaufort et al., 2011). The first explanation
could be that, in high CO2 environment, the coccol-
ithophore may produce more CA to maintain the calcifica-
tion site pH and, thereby keep the carbonate saturation.

The second explanation may concern the energy budget
between CCM and nutrient uptake. In a two years culture
of another key species of coccolithophore, Gephyrocapsa
oceanica, Jin et al. (2013) found that the C:N ratio
decreased and organic nitrogen per cell increased in long
term high CO2 environment and they suggested that, in
high CO2 environment, the energy spent in CCM could
be used in the nutrient uptake resulting in a low C:N ratio.
In our culture, there should be no limitation for coccol-
ithophores in neither energy (enough light) nor nutrient
(enough nitrogen and phosphate for low cell density batch
cultures). Therebefore, perhaps a pressure to downregulate
the CA at high CO2, to conserve energy for nutrient acqui-
sition, is alleviated in our nutrient replete cultures.

The third explanation is that these CA activities in our
treatments are normal values for coccolithophores or the
decrease of CO2 is not enough for coccolithophores to
increase the CA activity. Strong upregulation of many
CA transcripts was observed in treatments in which DIC
was 1200 lM or lower, conditions in which there were also
upregulation of RubisCO and bicarbonate exchangers
(Bach et al., 2013). In our culture setting, the low CO2 con-
ditions featured a DIC concentration of about 1800–
1900 lM, similar to ocean conditions from the late Pleis-
tocene to the pre-industrial period (Zeebe, 2012). Therefore,
while the CO2 setting in our experiment is low, the DIC
concentration may not be low enough for coccolithophore
to enhance the CA activity significantly, especially in the
light and nutrient replete conditions of our cultures. Fur-
ther information might be gained from experimental condi-
tions in which nutrients are limited.

4.1.2. Bicarbonate pumping rate

Inverse modeling of oxygen isotopic composition evolu-
tion time course, in combination with the 13C label time
course constraint on carbon uptake rate during the incuba-
tion, suggest a significant difference in the bicarbonate
pumping rate into the cell and chloroplast between high
and low CO2 treatments. The bicarbonate net flux into
the chloroplast (Bup_x) increases from 1.3 � 10�17 mol
s�1 cell�1 in high CO2 condition to about 10.2 � 10�17

mol s�1cell�1 in low CO2 condition. This result is con-
strained primarily by the dependence of photosynthetic rate
on the CO2 in the chloroplast and the observed 13C incor-
poration rates. Under low CO2, the bicarbonate pumping
rate into the cell (Bup_c) also increases by more than 2-
fold, from 0.69 � 10�17 mol s�1 cell�1 in high CO2 condi-
tion to about 1.72 � 10�17 mol s�1 cell�1 in low CO2 condi-
tions, respectively. In the low CO2 experiment, the net CO2/
HCO3

� influx into cell is about 0.39, equivalent to 27.9%
CO2, while this ratio is about 3.10, equivalent to 75.6%
CO2 uptake, in the high CO2 experiment. This variation
of influx ratio is consistent with the calculation in
Kottmeier et al. (2016) based on MIMS analysis, in which
the HCO3

� influx to the cell increases in a low CO2

environment.
In contrast to the case for the chloroplast and cell, the

bicarbonate pumping rate into coccolith vesicle does not
require significant change between the two CO2 conditions
to match the available constraints here. As bicarbonate has
very low passive membrane permeability, and our model
specifies no active efflux of bicarbonate from the coccolith
vesicle except via precipitation into calcite, the net DIC
influx is modeled to match calcification rate less the CO2

influx. There is a negligible change in the CO2:HCO3
� trans-

port ratio into the coccolith vesicle between the high and
low CO2 treatments, with 80% C import as HCO3

�. Some-
what surprisingly, the inverse model solution also implies
a significantly lower DIC concentration in the coccolith
vesicle in the low CO2 treatment. Indeed, if in the coccolith
vesicle, the Ca2+ concentration was comparable to that of
seawater and pH were maintained 8.23, the inferred DIC
for our low CO2 experiment would lead to undersaturation
of a bulk calcification fluid with respect to calcite. A similar
undersaturation was simulated by the model assumptions
of (McClelland et al., 2017). However, a further sensitivity
test (supporting information, Fig. S7) shows that the DIC
concentration in coccolith vesicle increases with the increase
of coccolith vesicle pH. In the low CO2 experiment, if coc-
colith vesicle pH is 8.4, instead of our default value of 8.23,
the DIC concentration of the coccolith vesicle increases
from 200 lM to 1100 lM, further increase of pH to 8.8
leads to DIC in excess of 2000 lM. This underscores the
sensitivity of DIC concentration, and potentially the calcite
saturation state, on the pH in coccolith vesicle and may
suggest that the coccolithophore adjust the coccolith vesicle
pH for calcification.

In this model, the calcification rate is set externally and
is independent of the availability of substrates in the coccol-
ith vesicle. It would be ideal to constrain the DIC concen-
tration and pH in the coccolith vesicle via a dynamic
calcification rate, analogous to the dynamic photosynthesis
rate which depends on the CO2 concentration in the chloro-
plast attained through both CO2 diffusion and bicarbonate
pumping. The calcification rate could be expected to
depend on the supply of Ca and DIC, or potentially on
the oversaturation state of CaCO3 in the coccolith vesicle,
determined by the Ca concentration, DIC concentration,
and vesicle pH (e.g. as simulated in Holtz et al. (2015);
(2017;))). While modeling such a dynamic calcification
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routine would be desirable, a realistic representation of the
calcification process in coccolithophores is currently limited
by both major gaps in understanding of calcification path-
way as well as by lack of observations. A classic represen-
tation of calcification rate in aqueous media would define
a rate dependence on the free [Ca+2] [CO3

�2] ion activity
product (IAP). However, the fraction of DIC as CO3

�2

depends very strongly on pH (when pH = 8, about 18%
DIC are in the form of CO3

2�, while this number increases
to 85% when the pH = 9). Moreover, there are no robust
observational constraints on the regulation of the pH in
the coccolith vesicle. More recent ion by ion growth models
suggest that both HCO3

� and CO3
�2 participate in calcite

growth and the growth rate depends additionally on the
ratio of Ca+2: CO3

�2 (e.g. Wolthers et al., 2012; Watkins
et al., 2014). A further complication is the unknown deliv-
ery mechanisms of Ca to the calcification site. It may be
possible that Ca is accumulated in the endoplasmic reticu-
lum or Golgi body, complexed to P (Gal et al., 2016) before
delivery to the calcification vesicle. Therefore, the free Ca
concentration may be a small part of total Ca supply for
calcification. Subsequently, in the coccolith vesicle, during
the initial phases of biomineralization, Ca is accreted on
organic macromolecular sites which are part of the template
for coccolith biomineralization, before any mineral is pre-
cipitated and any CO3

�2 ion is aggregated (Gal et al.,
2016). Given these complexities, it is not clear during what,
if any, phase of coccolith assembly a conventional ‘‘bulk
fluid” aqueous composition might be confidently applied
to predict calcification rate.

4.2. Implications for geochemical proxies

This label experiment provides empirical evidence for
the presence of CA in the calcification pathway of coccol-
ithophores, in contrast to some earlier models of cellular
carbon pathways (Bach et al., 2013). The presence of CA
has important implications for the equilibration of natural
abundance isotopes of oxygen between DIC and water,
which in turn affects the interpretation of oxygen isotope
ratios in coccolith carbonate. Abiogenic calcite growth
experiments show that the presence of CA maintains d18O
equilibrium between water and DIC species, and this equi-
librium is reflected in the calcite (Thaler et al., 2017;
Watkins et al., 2013; 2014). Notably, in experiments in
which isotopically light CO2 was supplied to the reaction,
the presence of CA precluded the inheritance of this light
CO2 oxygen in the precipitated calcite, which instead main-
tained a composition at equilibrium with the water
(Watkins et al., 2014).

Several models have been proposed to explain variations
in D18Ococcolith-water at a given temperature. One model sug-
gested that coccoliths inherit the oxygen isotopic composi-
tion of all dissolved carbon species according to their
relative abundance at calcification pH (Ziveri et al., 2012),
similar to a model suggested for planktic foraminifera
(Zeebe, 1999). Another model suggests that variation in
D18Ococcolith-water results from isotopic disequilibrium
between H2O and DIC prior to calcification, due to calcifi-
cation rates from an internal carbon pool which exceeded
the rate of isotopic re-equilibration of the internal DIC
pool with H2O (Hermoso et al., 2014; Hermoso et al.,
2016a, 2016b; Hermoso, 2015).

The results presented here indicate that a significant CA
activity exists in the cellular DIC pathway to calcification.
The exchange or cycling times before calcification or photo-
synthesis from the inferred CA activity can be calculated as:

Cycling times � CalþPhoto
CO2�kap ð15Þ

From uptake into the cell, the DIC will undergo about
7.7 and 12.4 hydration/dehydration cycles in low and high
CO2, respectively, before it is deposited as calcite or trans-
formed into organic carbon. In principle, CA activities in
different coccolithophores may contribute to the range of
D18Ococcolith-water among different species, and in a given
species under varying experimental conditions. The
enhancement of DIC-H2O equilibration by CA in coccol-
ithophores in the calcification pathway must therefore be
accounted for in future conceptual and quantitative models
of D18Ococcolith-water. Likewise, the presence of dissolved
CA should accelerate clumped isotope equilibrium in the
bulk solution, and be accounted for in future models of
clumped isotope behavior in coccoliths. Moreover, the role
of CA activity in algal CCMs has a potential to explain the
coupling of carbon and oxygen isotope vital effect observed
in coccoliths since the Miocene by Bolton and Stoll (2013)
and Bolton et al. (2016). Here we propose that further
refinement of cellular models could target well-
constrained culture data to make a next step in improving
our understanding of coccolith oxygen isotope vital effect.
5. CONCLUSIONS AND FUTURE WORK

The novel double isotope label (oxygen and carbon)
method described here, detecting the time evolution of label
incorporation in coccolith calcite, is shown to be a sensitive
approach to evaluate the significance of CA in the calcifica-
tion pathway, complementing transcriptomics techniques
which identify upregulation of CA but not its location or
function/pathway. A 4-box model is developed to infer
the sensitivity of the isotope labels to CA abundance in dif-
ferent cellular pathways and to different bicarbonate pump-
ing rates. Using the 4-box model, we calculate the CA
activity in cytoplasm which is sufficient to saturate the
CCM, a threshold which depends on the relationship of
bicarbonate pumping rate into chloroplast and cytoplasm.

The application of the double label method to derive a
time evolution of the label abundance in coccolith calcite
allowed us to evaluate the significance of CA in the calcifi-
cation pathway of E. huxleyi under high and low CO2 con-
ditions. The result shows that CA is present in the
calcification pathway in both treatments. In our experi-
ments, there is no evidence that coccolithophores increase
the CA activity in low CO2. Since CA can alter the DIC
oxygen isotope ratio by accelerating the oxygen atom
exchanging rate between DIC and water, we suggest that
the activity of CA may be crucial for correct modeling
and interpretation of coccolith oxygen isotope fractionation
and clumped isotopes in coccoliths.
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The isotope label technique and 4-box model provide
new insights into DIC fluxes within the cell, and emphasize
the importance of CA activity in coccolithophore’s CCM,
and can therefore clarify the ‘‘black box” of coccol-
ithophores’ intracellular carbon transport. The method
would be applicable to other species of coccolithophores.
In future experiments, the precision of estimated CA activ-
ity could be improved by more frequent sampling in the
first 150 minutes following labeling, by precise pre-label
determination of the natural abundance isotopic fractiona-
tion of calcite and organic carbon under experimental con-
ditions, and development to detect label abundance in
photosynthetically rapidly synthesized products. Further
information about the intracellular pH, to date not well
constrained (Anning et al., 1996; Suffrian et al., 2011;
Holtz et al., 2017), will also improve model precision
because intracellular pH affects the rate of uncatalyzed
exchange reactions and therefore the fraction of reaction
rate attributed to CA.
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