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Over the last four decades, different hypotheses
of Ca®*' 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 Ca®" transport would
require very high intravesicular Ca®* 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 CaZ*/H* antiport, COy diffusion, and a
CA inside the calcification compartment. Another
promising model version is based on an import of
Ca*" and HCOj3 and an export of H'.

Key index words: biomineralization; CaZ* 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; 0, temperature

Coccolithophores are wunicellular haptophyte
algae, which surround themselves with elaborately
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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 (CaCOsj; 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 COqy (Zeebe
and Wolf-Gladrow 2001). Below the lysocline, TA
and DIC increase due to the dissolution of CaCOs.

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 pCO..
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 etal. 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 pCO, 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-



418 LENA-MARIA HOLTZ ET AL.

istics, there are three types of acidic polysaccharides
in P. carterac named PS1, PS2, and PS3. The PS2
type is present in coccolithosomes and is capable of
sequestering large amounts of Ca®" (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, FlchtlngerSchepman
et al. 1981), which is probably not involved in Ca®'
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
coccohthosomes The latter are densely packed com-
plexes of Ca®* and acidic polysaccharides (Marsh
1994). It has been suggested that the RB in E. hux-
leyz as opposed to the coccolithosomes in P. carterae,
is involved in Ca®' transport (Marsh and Dickinson
1997). The RB has a high surface to volume ratio
and is therew1th perfectly suited to import large
amounts of Ca®" from the cytosol across the mem-
brane. Such a transmembrane transport of Ca®*
across the CV membrane (considering the RB as
part of the CV) was first proposed by Klaveness
(1976). This Ca pathway, however, has the disad-
Vantage that Ca*" has to cross the cytosol, which is a
low-Ca®" -compartment (Brownlee et al. 1995). Alter-
natively, it was suggested that Ca*" 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 Ca** 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 Vesmles to the Golgi apparatus.
Another possibility of Ca** 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 Ca*" 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 theoretlcal means
of judging different scenarios of cellular Ca*" trans-
port. In this study, we did so by performing some
calculations concerning the pathway of Ca*
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 beststudied coccolithophores.

METHODS

Quantzmtwe assessment of lwo major transport hypotheses
for Ca®*. The two major hypotheses concerning the pathway
of C212+ 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 Ca®" is shielded from
the cytosol, is favored (Brownlee and Taylor 2004). For both
transport hypotheses we will calculate in the following, how
the provision w1th sufﬁc1ent Ca® can be maintained.

Vesicle-based Ca** transport: First, the number of Ca’*-
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 dlgd that has been observed to transport
Ca® toward the growing coccoliths by means of vesicles filled
with coccolithosomes.

A fullsize coccolith of E. huxleyi contains ~22 fmol Ca®*
(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 [Ca%"]
for our calculations.

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

Tasie 1. Constraints for vesicle-mediated Ca®" transport
in Emiliania huxleyi. CV = coccolith vesicle; ER = endoplas-
mic reticulum.

Constraint Value

Coccolith formation time ~1 h (Paasche 1962)

Ca®" content of one full-size 22 fmol (Young and Ziveri
coccolith with diameter of 2000)

3.5 um

Surface of one fullsize CV
with dlameter = 3.5 um

33 um?, for calculation see
Appendix Sl

Free [Ca®'] in ER 0.5 mmol - (Gussone
) et al. 2006)
Maximal free [Ca?']* 10 mmol - L™}, calculated

. by Langer et al. (2006)
High total [Ca®]#* 1 mol - L™, calculated,
see text
25 nm (Westbroek et al.
1984) calculated, see text

Observed vesicle radius in
calcifying cells of Emiliania
huxleyi

*, Established by ATP hydrolysis.
*#* Theoretical value.




CALCITE PRECIPITATION IN EHUX 419

(@)
P N =
k) b e lin
H rved vesi iz
5\1000011 \ observed vesicle size
c H
() H
2 :
o 1000
S
& 100 ¢ . -
> ., ~
Y- “, =~ ~
(] * ~~
E 10 ¢ ‘3. =S - - 1
2 -
> T, ‘
0 100 200 300
25

| | | ‘ ‘
\
10000 | N |
" ~N
5 T~
_8- =~ o~ _—
5 1000 £ T
73 3 )
() :
8 100} * |
g ...
5 R
E
100 200 >0
25

Vesicle radius (nm)

Fi6. 1. Hypothetical vesicle fusion frequencies and the corre-
sponding membrane surplus in dependence on different vesicle
radii at three different [Ca®*]. (a) The vesicle fusion frequency
that is essential to cover the demand of Ca* 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 [Ca%] of
0.5 mmol - L™ inside the vesicles is presumed, the results pre-
sented by the dashed line are based on a [Ca®] of
10 mmol - L7} The dotted line presents the results based on a
[Ca*] of 1 mol

calculated vesicle flux (Fig. la) 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 radlus) and further presuming the high
[Ca2+] of 1 mol - L! , 93 vesicles would have to fuse per sec-
ond with the CV to cover the demand of Ca®" for coccolith
synthesis (marked intersection in Fig. la). Thereby, 80 times
more membrane would be transported towards the CV than

TabLE 2. Vesicle transportrelated values for Pleurochrysis
carterae. CV stands for coccolith vesicle.

Description Value

3.3 fmol (van der Wal

et al. 1983b)

24 min (van der Wal

. et al. 1983b)

[Ca®*] of coccolithosomes 6 mol - (Van der Wal
et al. 1983b)

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

0.5 pm?, calculated

0.6 mol - L™, calculated

21 amol, calculated

5 um?, calculated

Ca?" content of one
coccolith
Coccolith formation time

Vesicle radius

Vesmle surface

[Ca® a "] in vesicles

Ca“* content of one vesicle
CV surface

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 ' 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 pm? membrane per minute.
By contrast, the hypothetical membrane surplus of E. huxley:
is 80, corresponding to 43 pm? - min~'. 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 Ca?' transport in E. huxleyi
would require high fusion frequenc1es as well as a high mem-
brane surplus, even when presuming a [Ca®*] of 1 mol - L™}
inside the vesicles. Please note that the overall calcification-
related vesicle flux may actually be cons1derably higher than
was calculated above when assuming a Ca?' transport from
the peripheral space into the endomembrane system (here:
PER): As shown above, the vesicle flux can be minimized via
a strong Ca?* dccumuldtlon inside the VGSICIeS High [Ca®*]
(>10 mmol - L) can be accomplished via Ca® -bmdmg mol-
ecules, which first have to reach the site of Ca®* accumula-
tion. A vesicle-based transport of these Ca?“-binding
molecules would further increase the calcification-related vesi-
cle flux

" provision directly through cytosol: Concerning the sec-

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

A further possibility to import Ca** would be a temporally
organized transport as proposed by Mackinder et al. (2010).
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Tasie 8. Values for hypothetical Ca** 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

6,355 um 2 (Dulhunty et al. 1993)
20 molecules Ca*".

transporter’l - s

(Bartolommei et al. 2006)

Transporter density
Transport capacity

Temporal mean of CV membrane during coccolith formation
17 pm?, for calculation see Appendix SI

4 —10 pm?, calculated from TEM
images given in van der Wal
et al. (1983a)

18 fmol (CV) + 3 — 8 fmol (RB)

RB membrane

Accumulated Ca?
after 1 h

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
Ca®" by means of proton gradient-driven Ca®*/H" exchang-
ers. Both, V-type ATPases as well as the Ca®'/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 Ca*" should
already be accumulated inside the CV because Ca®* 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 [Ca®*] of 44 mol - L™
would be necessary to accumulate 22 fmol Ca®" (one com-
plete coccolith). This concentration is unrealistically high
because it exceeds the concentration of solid phase calcium
(39 mol - L~!, Mortimer 2003). Furthermore, the described
mechanism requires more ATP than importing Ca®" by
means of Ca?*-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
Ca®":3 H' as stated in Sze etal. (2000) for the Ca*/H"
exchanger (CAX), the import of one Ca®" would cost 1.5
ATP. Ca2+-ATPases, in contrast, transfer one Ca? by means of
0.5 ATP (Mgller et al. 2010).

All in all, the temporally organized import of Ca?" that was
proposed by Mackinder etal. (2010) is rather unlikely
because the Ca®* 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 Ca®* supply through the low-[Ca?']
environment of the cytosol. ATP-driven Ca®' transporters gen-
erally exhibit high affinities towards Ca®* (K= 0.1-2 uM),
albeit having low transport capacities (Sze et al. 2000). The
latter value could probably be increased via the number of
transporters. Hence, enough Ca** could be taken up from
the low-[Ca®] cytosol, if the diffusion velocity of Ca*
through the cytosol was high enough. This velocity value can
currently not be calculated because the putative pathway of
Ca®" through the cytosol remains unclear. TEM images of
van der Wal et al. (1985) hint at high [Ca®"] at various intra-

cellular sites in noncalcifying S-type cells of E. huxleyi. Assum-
ing the Ca®' 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, Ca®" transporters
could, at least partly, face high [Ca%]. Finally, we would like
to add that, if the hypothetical Ca**-transporting vesicles dis-
cussed above were filled at the Golgi apparatus, the question
concerning the Ca?' 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 Ca?*-
transporting vesicles should be searched after, whereas on
the other hand, the intracellular Ca?" distribution is essential
to elucidate. Furthermore, molecules with very high Ca**-
binding capacities should be searched after. However, accord-
ing to our calculations, a continuous Ca®* 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 pm? and 1.6 pm?®, respectively. Calcite precipi-
tation inside the CV is described according to the kinetics
given by Zuddas and Mucci (1994). CO. 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 SI.

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

Model version I: Ca®*/2 H" antiport: Dissolved inorganic car-
bon for calcite precipitation is derived exclusively from cyto-
solic COy that diffuses into the CV. Import of Ca®" into the
CV is carried out via a 1 Ca®*/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™" and Ib on a cytosolic DIC
of 55 mmol - L™, Version Ic rests upon a cytosolic DIC of
2 mmol - L™! and a carbonic anhydrase (CA) inside the CV.

Model version II: Ca®*/2 H' antiport with active COy import:
An active transport of COy into the CV is examined in addi-

Ca’* —>» PIC <«—C\DIC

Ca?*  substrates for DIC

calcite precipitation

FiG. 2. Kinetic model setup. The coccolith veside (CV) is
embedded inside the cytosol (CS). The substrates for calcite pre-
cipitation, Ca® and DIC, cross the membrane of the CV. Within
the CV, calcite (PIC) is precipitated.
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Fic. 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.

tion to the fluxes described by model version Ia. An active
uptake of COy into the cell was proposed for green algae
(Stltemeyer et al. 1989), cyanobacteria (Espie et al. 1989), as
well as for E. huxleyi (Schulz et al. 2007).

Model version III: Import of Ca®* and HCOj3: Two model
alternatives are introduced, in which Ca®* and HCOg are
imported into the CV. In Illa, a Ca®'/2 Na* and a HCO; /
Cl™ exchanger are inserted into the CV membrane based on
reports of such transporters in E. huxleyi (Mackinder et al.
2010). IIIb considers a Ca®/2 HCOj3; symporter. Similar
transporters are known from cyanobacteria (Koropatkin et al.
2007) and mammals (Girijashanker et al. 2008).

Model version IV: Ca®*/CO3~ symport: Ca®* and COj ™ are
cotransported into the CV with a stoichiometry of 1:1. Ca®*
and CO%™ can assumingly not be cotransported without a
substance that inhibits precipitation. Nevertheless, we here
refer to this possibility.

Model version V: Ca®* and HCO3 import and H* export: Two
different transport mechanisms are introduced which poten-
tially lead to the same stoichiometry of transported substrates:
One Ca®" and one HCOj3 are imported, while one H* is
exported from the CV. This stoichiometry considers the de-
protonation of HCOs to CO% ™ 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 Ca**/2 H' antiporter and a
HCO3 /H" symporter. Ca®/2 H* antiporters are known from
literature, while the existence of HCOs /H" symporters has
been suggested (Staal et al. 1989). Bicarbonate ions and pro-
tons could also be imported via a Na*/HCOj3 symporter and
a Na’/H" antiporter. Both transporters exist. Another possi-

bility is one complex Ca®*/HCOj3 /H" transporter (Vb) which
is hypothetical.

Model version VI: Ca®*/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 Ca** during coccolith formation.
Gene expression of V-type ATPase subunits in E. huxley: 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 Ca?/H"* exchangers
in E. huxleyi were found b;f Mackinder et al. (2011).

Model version VII: Ca™"/HCO5 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 Ca®*, the two major hypotheses
for Ca®" 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 Kkinetic
model approach on a Ca® transport directly
through the cytosol. The equations that describe
carbonate chemistry and [Ca®"] in the Kkinetic
model (see Appendix S1) were numerically inte-
grated until steady state was obtained. These steady
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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, 2, and [Ca®"] for model ver-
sion Ic (Fig. 4) as representative for what the kinetic
model provides. For all other model versions, the
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Fic. 4. The time-dependent evolution of dissolved inorganic
carbon (DIC), total alkalinity (TA), pH, [COs], [HCOs],
[CO37], Q, and [Ca®*'] 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.

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 CV membrane. The only feature all versions
have in common is the transport of Ca®" into the CV
and a diffusion of COy 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 - L7 is assumed, the in situ calcite pre-
cipitation rate is reached. The presumed high cyto-
solic DIC concentration may be accomplished by a
Cl" /HCOs3 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~ ! DIC could be
easily accumulated in the cytosol when presuming
the cellular bulk DIC of 13 mmol - L' measured by
Sekino and Shiraiwa (1994). Furthermore, version Ib
features a very high ApH 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 CaZ'/H" exchangers as well
as the enzyme carbonic anhydrase have already
been discovered in calcifying E. huxleyi.

Model version II features a 1 Ca®*/2 H* exchange
and an active COy 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
COs: An elevation of V. (coz2) from 1.4 fmol - st
to 16 fmol - s7' leads to a pH of about 9 and a
[COs] of 52 mmol - L™'. The V,.co listed in
Table 4 (gross value) is actually already 350-fold
higher than the net V,,.x(co2) given by Schulz et al.
(2007). The gross Viax(cog), however, has not been
determined. Concerning the high [COs], maximum
rates for the diffusive COs efflux from the CV will
certainly be induced. A considerable COq leakage,
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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 Illa features Ca®'/2 Na' and
HCO3 /Cl™ transporters, whereas version IIIb is
characterized by a Ca*/2 HCOj; transporter. The
[HCOs ] and [Cl ] that are required inside the CV
in model version Illa are unrealistically high. In ver-
sion IIIb, in contrast, bulk precipitation rate was too
low to match the in situ value because the imported
HCO;3; (two per Ca®') shift the carbonate system
toward HCO3 and COs. Hence, the [CO%7] and Q
are too low to support the required calcite precipita-
tion rate. In summary, both subversions were shown
to be unrealistic.

Version IV features a Ca®'/CO3~ 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 Ca?" and HCOgj is
accomplished by two transporters namely a Ca*"/2
H" antiporter and a HCOs;/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 Ca%?/2 H' anti-
port decreases slightly and the HCO5 /H" symport
increases slightly, respectively. In both cases, the
precipitation rate is lowered. This problem can be
over come when assuming one Ca?’/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 COj3 ™.

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
Ca®*. We distinguished a version featuring a
Ca”/H* exchanger (version VI), and one featuring
a Ca?/HCO; /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 Ca®'/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 Ca** 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 Ca®* import into the CV. It was

shown that continuous Ca®" import via membrane
transporters during coccolith formation is the most
likely scenario. Alternative scenarios such as vesicle-
based Ca®" transport or the formation of a Ca*'
pool were dismissed.

The impact of different transporter stoichiome-
tries to import Ca** 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 Ca®*'/H" exchanger,
and a supply of Ci exclusively via COq diffusion (Ic)
can be regarded as the most promising one because
the required CA as well as Ca**/H" exchangers have
already been discovered in E. huxleyi.

Alternative versions based on a Ca*/CO3~ sym-
port (IV) and a Ca*/HCOj; /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™" in Ib. Model version II is based on
an active COy import into the CV. Development
of DIC, TA, Q, Ca®" 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 Illa.
Ca*" and HCOj 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. Ca®* and CO?™ are actively imported in ver-
sion IV. Version V assumes an import of Ca®',
HCOs, 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. Ca*"
and H" cross the CV membrane actively, after a
proton gradient across the CV membrane has
been established by means of an ATPase. COq dif-
fuses across the membrane in both stages.

Figure S5. Results to model version VII. Ca?’,
HCOs3, and H" actively cross the CV membrane,
after the establishment of a proton gradient
across the CV membrane by means of an ATPase.
COq 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 Ca”~"/HCO3;/H" exchanger starts its activ-
ity, is shown in more detail.




