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Abstract

In recent studies the Sr/Ca ratio of coccolithophore calcite was used as a proxy for past coccolithophore growth
and calcification rates. Since Sr and Ca concentrations in seawater have not remained constant through time, inter-
pretation of Sr/Cadatafrom the coccolith-dominated sedimentary record requires knowledge about the incorporation
of seawater Sr into coccolith calcite during coccolithogenesis. Here we show that Sr/Ca of Emiliania huxleyi
coccoliths is linearly related to seawater Sr/Ca, meaning that the Sr exchange coefficient does not change with
changing seawater Sr/Ca. The exchange coefficient for Sr in this study, 0.39, is close to values presented in the
literature and is high compared with values obtained by inorganic precipitation experiments. This suggests a strong
effect of cell physiology on biogenic calcite precipitation in coccolithophores. We present a conceptual model, based
on the transmembrane transport of Sr and Ca, which explains the offset.
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The Sr/Ca of calcium carbonate—producing organisms was
widely used to reconstruct past oceanographic conditions.
Cora Sr/Ca, for instance, was used as a temperature proxy
(Smith et al. 1979). Sr/Ca of coccolithophore calcite was
linked to coccolithophore growth and calcification rates
(Stoll and Schrag 2000). It was suggested that despite tem-
perature-dependent Sr/Ca partitioning in coccolith calcite
(Stoll et al. 2002a,b), it is possible to infer past coccolith-
ophore productivity from the coccolith fossil record (Stoll
and Schrag 2001; Billups et al. 2004).

The Sr/Ca of seawater is likely to have changed through
time on both short and long timescales (Stoll and Schrag
1998; Lear et al. 2003). Therefore, it is mandatory to con-
sider its influence on the Sr/Ca of biogenic calcium carbon-
ates. Recent studies investigating coccolith-dominated Ce-
nozoic and Cretaceous carbonates consequently account for
changing seawater Sr/Ca (Stoll and Schrag 2001; Billups et
al. 2004). Calculations in these studies rely on the premise
that the exchange coefficient is unaffected by the seawater
Sr/Ca ratio. This was shown to be true in inorganically pre-
cipitated calcite (Lorens 1981; Tesoriero and Pankow 1996),
whereas nothing is known about coccolithophores in this re-
spect.

Exchange coefficients of coccolith calcite presented in the
literature are high compared with values of inorganically
precipitated calcite (Stoll et al. 2002b). Although kinetic ef-
fects can explain part of this offset (Stoll et al. 2002b), the
origin of this discrepancy is yet not fully understood. Often
the term *“‘vital effects’ is used to account for the fact that
numerous biological processes control the precipitation pro-
cess. Because the bulk of the coccolith is thought to be pre-
cipitated by an inorganic crystal growth mechanism (Young
et a. 1999), the application of results from inorganic pre-
cipitation experiments to coccolithogenesis may provide a
useful framework. However, such inferences are doubtful,
because precipitation of coccolith calcite takes place within
a specialized Golgi-derived vesicle—the so-called coccolith-
vesicle—and is organically modulated (Young et al. 1999;
Henriksen et a. 2004). Determination of exchange coeffi-
cients for coccoliths is problematic, because the Sr/Ca of
seawater is used for calculation, although the chemistry of
seawater differs from that of the solution within the coccolith
vesicle.

Here we present results from batch culture experiments
using the dominant coccolithophore Emiliania huxleyi, a
bloom-forming species that occurs worldwide in both coastal
and open oceanic environments. In these experiments the
dependence of coccolith Sr/Ca on seawater Sr/Ca was ex-
amined. Our results are compared with literature data, and a
conceptual model for transport of calcium and strontium
from seawater into the coccolith-vesicle, capable of explain-
ing the observed high values of exchange coefficient, is dis-
cussed. (Notations used within this paper are listed in Table
1)

Materials and Methods

Monospecific cultures of E. huxleyi (strain PML B92/11)
were grown in sterile-filtered (0.2 um) artificial seawater en-

Table 1. Notation.

Day
N Partition coefficient for the element x
Dy Exchange coefficient for Sr
Exchange coefficient for a trace element (Tr)
Apparent exchange coefficient for a trace element
(Tr)
K Solubility product of MCO, and TrCO,, respec-
tively
Ky Seawater calcite saturation product
R Gas constant
T Absolute temperature
Ratio of activity coefficients for trace (Tr) and
major (M) element in solution
Ap Difference of the chemical potential of the trace
element in the pure TrCO, and in the MCO,
v, Stochiometry factor accounting for the number of
anions in the carbonate structure
A Stochiometry factor accounting for the number of
cations in the carbonate structure
Q Calcite supersaturation
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riched with 100 uwmol L-* nitrate and 6.25 umol L-* phos-
phate with trace metals and vitamins according to F/2 (Guil-
lard and Ryther 1962). The detailed composition of the
artificial seawater is given in Table 2. Seawater Sr and Ca
concentrations were varied to obtain a wide range in Sr/Ca
in the growth medium. A 16:8 light: dark (LD) cycle was
applied. Experiments were carried out at a constant temper-
ature of 15°C and various photon flux densities (Table 3),
which were maintained by growing the cellsin an adjustable
incubator (Rubarth Apparate GmbH, Germany). Cells were
pre-adapted to experimental conditions for approximately 12
generations and grown in dilute batch cultures. Low cell den-
sity at harvest ensured that <5% dissolved inorganic carbon
(DIC) was consumed (i.e., DIC consumed by the cells at the
end of experiment). The carbonate system was nearly con-
stant during all experiments and did not vary significantly
between different flasks. CO, concentrations [CO,] were ad-
justed to an average value of 16.4 umol L-* through the
addition of NaOH (1 mol L-%). The cells were grown in
duplicate in HCI-rinsed polycarbonate flasks.

Samples for akalinity measurements were filtered (ap-
proximately 0.6 um), poisoned with 1 mL of an HgCl, so-
lution (35 g L71), and stored in 300-mL borosilicate flasks

Table 2. Composition of artificial seawater.

Reagent grade, Final concentration

Salt producer (mmol L-%)
NaCl Suprapur, Merck 395
MgCl,x6H,0 Fractopur, Merck 53.23
Na,SO, Suprapur, Merck 28.24
KCl Fractopur, Merck 10
SrCl,x6H,0 PA., Merck 0.004, 0.02, 0.09, 0.42
NaHCO, Suprapur, Merck 2.33
NaBr Suprapur, Merck 0.84
H,BO, Suprapur, Merck 04
CaCl,x4H,0 Suprapur, Merck 1, 10, 20
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Table 3. Experimental setup and results.

Calcification

Experi- Apparent Sr rate

ment PFD [Calg [Sr]s Seawater Sr/Ca Coccolith Sr/Ca exchange Growth rate  (pg calcite

No. (wmol m2s1) (mmol L) (mmol L= (mmol mol-t)  (mmol mol-1) coefficient Meoeco (A1) cel-td?)
1 100 1 0.09 90 37 0.411 0.54 8
2 100 10 0.09 9 5.44 0.605 0.86 23
3 100 20 0.09 45 2.67 0.592 0.86 24
4 300 1 0.09 20 37 0.411 0.66 5
5 300 10 0.09 9 5.48 0.608 0.85 26
6 300 20 0.09 45 2.67 0.594 0.78 22
7 500 1 0.09 20 36.2 0.402 0.65 3
8 500 10 0.09 9 5.63 0.625 0.89 26
9 500 20 0.09 45 29 0.645 0.91 29
10 800 1 0.09 90 33.8 0.376 0.71 2
11 800 10 0.09 9 5.32 0.591 0.87 25
12 800 20 0.09 45 2.6 0.578 0.77 24
13 30 10 0.004 0.4 0.17 0.427 0.56 18
14 30 10 0.02 2 0.64 0.320 0.53 17
15 30 10 0.42 42 13.7 0.325 0.55 17
16 300 10 0.004 0.4 0.16 0.390 0.87 55
17 300 10 0.02 2 0.68 0.340 0.80 51
18 300 10 0.42 42 15.2 0.363 0.87 58

at 0°C. DIC samples were sterile-filtered (0.2 wm) and stored
in 13-mL borosilicate flasks free of air bubbles at 0°C prior
to analysis. Total akalinity was calculated from linear Gran
plots (Gran 1952) after duplicate potentiometric titration
(Bradshaw et al. 1981; Brewer et al. 1986), and DIC was
measured photometrically (Stoll et al. 2001) in triplicates.
The carbonate system was calculated from temperature, sa-
linity, concentrations of DIC, total alkalinity, and phosphate
using the program CO,sys (Lewis and Wallace 1998). Equi-
librium constants of Mehrbach et al. (1973) refitted by Dick-
son and Millero (1987) were chosen. Samples for determi-
nation of total particulate carbon (TPC) and particulate
organic carbon (POC) were filtered on precombusted (12 h,
500°C) GF/F-filters (approximately 0.6 um) and stored at
—20°C. Prior to analysis, the POC filters were fumed for 2
h with a saturated HCI solution to remove all inorganic car-
bon. TPC and POC were subsequently measured on a Carlo
Erba NA-1500 Analyzer. Particulate inorganic carbon (PIC)
was calculated as the difference between TPC and POC. For
determination of cell density, samples were taken daily or
every other day and counted immediately after sasmpling us-
ing a Coulter Multisizer I11. Cell growth rate (teoee, Unit d-1)
was calculated as

/‘Lcooco = (ln Cl - ln CO)/At (1)
where ¢, and ¢, denote the cell densities at the beginning
and the end of experiment, and At represents the duration of
incubation in days.

Calcification rate (P, pg calcite cell -* d-*) was calculated
according to

P = eeo X (cellular calcite content) 2

Samples for Sr/Ca measurements were centrifuged in 50-
mL Falcon tubes, rinsed with Sr-free artificial seawater, cen-
trifuged again in 1-mL tubes in order to remove seawater,
dried at 60°C for 48 h, and stored at room temperature.

Sample preparation and determination of S/Ca ratios—
Coccolith samples were transferred into acid-cleaned 1.5-mL
polypropylene (PP) polymerase chain reaction (PCR) tubes.
For removal of organic matter, the samples were bleached
in a 10% dilution of concentrated NaOCI solution for about
24 h. Afterward the solution was removed and the samples
were covered with ultrapure H,O (pH 8-9, adjusted by the
addition of NH,OH to prevent partial dissolution of the cal-
cite samples); ultrasonicated for 2 min; and then centrifuged.
The water was removed and new H,O was added. Thiswash-
ing procedure was repeated 6 times. The cleaned coccoliths
were dissolved in 2.5 mol L~* HCI and evaporated. The sam-
ples were recovered in an HNO,—H,O, mixture and evapo-
rated again. The samples were recovered in 2% HNO,, and
internal Sc and Y standards were added prior to element
analysis. Ca and Sr concentrations were determined on a
Finnigan Element 2 inductively coupled plasma mass spec-
trometer at the Department of Geosciences at the University
of Bremen. The reproducibility (2 standard deviations) of
the Sr/Ca ratios was determined to be about 0.038 mmol
mol —* by repeated measurements of a house standard during
the course of the analyses.

Theoretical background—The partition coefficient de-
scribes the distribution of an element between two phases.
In agueous systems these two phases are normally an aque-
ous solution and a mineral. Unfortunately, the terminology
in this field is incoherently used throughout the literature
(Bedttie et a. 1993), so that the terms *‘partition coeffi-
cient,” *‘distribution coefficient,” and *‘exchange coeffi-
cient” and the symbols D, K,, and K, are used interchange-
ably. We use the following terminology: The partition
coefficient and the symbol D, (the subscript x stands for the
element of interest) are defined as
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where [X], is the molar concentration of the element of in-
terest in the solid and [X], its molar concentration in the
solution. For most agueous systems the partition coefficient
is normalized to the partition coefficient of another element.
The term exchange coefficient and the symbol K, will be
used for the normalized value. From here on the subscript
Tr (trace element) and M (major element) will be used in-
stead of the previously used X, because this is more consis-
tent with the literature. The exchange coefficient is defined
as

©)

Dy,
D,

KDT, = 4)

D, is the partition coefficient of the element of interest,
and D,, is the partition coefficient of the element used for
normalization. Since in this work we focus on the element
strontium (Sr), the exchange coefficient for Sr is defined as
the partitioning of Sr between calcite and the solution nor-
malized to the distribution of calcium (Ca) between calcite
and solution (Eg. 5).

_ [s41s1,
>« ~ [calJ[Ca,

It has been shown that the distribution of trace elements
at thermodynamical equilibrium is related to the solubility
product of the minera phases. Mclntire (1963) showed that
the solubility products of MCO, and TrCO, are correlated to
the exchange coefficient as follows (see Table 1 for symbol

explanations):
K, — (KMc03>lNc(ﬁ> exp<__A'“)
" KTr003 Ywm V,RT

It is difficult to measure or calculate the values for al
parameters of this equation. In particular, the difference of
the chemical potential of the trace element in the pure TrCO,
crystal and its chemical potential as a component in the
MCQO, crystal is not known. Rimstidt et al. (1998) tried to
estimate the values for various elements by fitting a large
data set obtained from the literature. Their work, and many
other experimental investigations (e.g., Lorens 1981; Teso-
riero and Pankow 1996), showed that the exchange coeffi-
cient is in many cases influenced by kinetics. The degree of
supersaturation has a strong influence on the growth pro-
cesses at the crystal surface, which are complex and not
trivial to investigate. However, the crystal growth rate gen-
eraly increases with increasing levels of supersaturation
(Nielsen 1964). Experiments with varying growth rates are
easily performed and therefore ideal for the investigation of
the kinetic effects on trace element incorporation during
crystal growth. Numerous experiments showed that three
different exchange behaviors of trace elements can be dis-
tinguished (e.g., Tesoriero and Pankow 1996; Rimstidt et al.
1998): (1) the trace element concentration is enriched within
the crystal compared with its concentration in solution,
Ko,.; (2) the trace element concentration is depleted within
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Fig. 1. Dependence of the exchange coefficient K, on the
element ratio X, /x,, in the bulk medium. For aK, > 1, the value
for x;,/x, is higher in the crystal than the bulk value. A K, value
< 1 shows the opposite exchange behavior. If the incorporation
into the crystal shows the same ratio as the bulk medium, the
o, = 1. For K, values 7 1, experimental values are in general
lower than the predicted equilibrium value and approaches equi-
librium values with decreasing growth rate. The opposite holds for
experimental values in the case of K, < 1. (Modified after Rim-
stidt et al. 1998.)

~

the crystal, K, < 1; and (3) no fractionation occurs, K
=1

Depending on this exchange behavior, the measured value
for the exchange coefficient differs from the estimated equi-
librium value in the following way. For elements with a
Ko, > 1, measured K, values are lower than predicted and
approach the predicted value with decreasing growth rate.
For K, < 1, the opposite behavior can be observed. This
behavior isillustrated in Fig. 1. It should be noted that, strict-
ly speaking, equilibrium is only achieved under conditions
of zero growth. In spite of this, the term ““growth at equi-
librium” is widely used in the literature and describes a be-
havior not influenced by kinetics. However, for our purposes
it isimportant to note that the concentration measured within
the crystal can be influenced by two variables: the concen-
tration in solution (Eq. 3) and the growth rate of the crystal.
The concentration in solution in general refers to the solution
the crystal is precipitated from. If crystal growth proceeds
via biomineralization, the chemical composition of the fluid
at the actual growth site, located within an organism, is
mostly unknown. Nevertheless, it is common to calculate an
exchange coefficient by means of the element ratio in the
growth medium (bulk medium). Values obtained in this way
are not based on the real composition at the site of crystal
growth. We suggest that exchange coefficients calculated
based on a reference solution (if the solution composition at
the site of crystal growth is not known) should be referred
to as apparent exchange coefficient, K& (the superscript B
denotes the use of the bulk medium concentration as the
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Fig. 2. Experimental results. Shown is the dependence of Sr/Ca
in coccolith calcite on Sr/Cain bulk medium. The slope of the linear
regression curve yields a Kg_ of 0.39.

reference solution). Symbol
Table 1.

explanations are given in

Results

The Sr/Ca of coccolith calcite is linearly related to Sr/Ca
of seawater (Fig. 2). The slope of the regression curve (Fig.
2) represents K8_ with a value of 0.39. Deviation of the y-
axis intercept from zero is due to the precision of the mea-
surement. The linearity in the slope of coccolith Sr/Ca im-
plies that our experimental practice to adjust the Sr and Ca
concentrations in our growth medium by changing either the
strontium or the calcium concentration relative to those in
natural seawater had no influence on the exchange coeffi-
cient.

The highest Sr/Ca applied in our experiments, 90 mmol
mol —%, was achieved by lowering the calcium concentration
to 1 mmol L-*. The corresponding calcite saturation state
(Q), with

q - [cdlco] -
sp
was 0.4, indicating undersaturation of seawater with respect
to calcite. Scanning electron microscope (SEM) images of
coccoliths produced under these conditions reveal partial dis-
solution of the rim and central area (Fig. 3). Therefore, the
decreased calcification rate occurring at 1 mmol L-* external
Ca can in part be attributed to dissolution.
Cell growth rates and calcification rate of E. huxleyi varied
between 0.32 and 0.91 d-* and 2 and 58 pg calcite cell —*
d-* (see Table 3).

Discussion

Implications for proxy use—The Sr/Ca of E. huxleyi coc-
coliths increased linearly with increasing Sr/Ca of seawater

Fig. 3. SEM images of coccoaliths produced under (A) 1 mmol
L-* Caand (B) 10 mmol L-* Cain the bulk medium. The rim and
central area show dissolution under 1 mmol L-* Ca in the bulk
medium.

within the range tested. This range comprised three orders
of magnitude, and the lowest value corresponded to 1% of
the modern seawater value. Because this range was much
larger than the postulated changes of Sr/Ca in the seawater
since the Cretaceous (Stoll and Schrag 2001; Lear et al.
2003), the assumption of a constant Kg_ with changing sea-
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water Sr/Ca (Stoll and Schrag 2001; Billups et al. 2004) is
supported by the data presented here.

At 1 mmol L-* external Ca, SEM images show partial
dissolution of coccoliths, probably as a consequence of the
calcite saturation state of 0.4. Lowered production of calcite
is also likely to have occurred at 1 mmol L~ calcium in
seawater (Paasche 1964), an interpretation which the lower
growth rates render even more likely. Consequently, we are
not able to report the exact proportion of calcite that was
subject to dissolution. However, the Sr/Ca of the remaining
calcite fits the data obtained from coccoliths not showing
partial dissolution. We conclude that partial dissolution
seems to have no significant effect on coccolith Sr/Ca. This
conclusion is supported by dissolution experiments with car-
bonate-rich sediment samples (Stoll and Schrag 2000). Fur-
thermore, there are considerable differences in growth and
calcification rates between the samples, which are the result
of differencesin light intensities (Table 3). Apparently these
differences in growth and calcification rates have no effect
on KB_. The confidence level (r2 = 0.99) of the linear re-
gression curve (Fig. 2) indicates a constant K§_ with chang-
ing seawater Sr/Ca. This is in accord with previous experi-
ments with E. huxleyi (Stoll et al. 2002b) and other species
(Stoll et al. 2002c), which showed that irradiance-induced
changes in growth rate did not affect strontium partitioning.
Nutrient-stimulated changes in growth rate, on the other
hand, affected strontium partitioning in E. huxleyi (Rickaby
et al. 2002). This distinction between irradiance-induced and
nutrient-stimulated changes in growth rate strongly suggests
that some physiological processes, rather than growth rate
per se, are responsible for variable strontium partitioning in
coccoliths.

KB, values of coccolithophore calcite—The measured
KE, of 0.39 falls well within the range of previously reported
values (Rickaby et al. 2002; Stoll et al. 2002b). K8, values
ranging from 0.1 to 0.6, depending on calcification rate, were
measured by Rickaby et a. (2002) using the same strain as
in our experiments. A different strain was used by Stoll et
al. (2002b). Based on the data they published (seawater Sr/
Ca 8.55 mmol mol ~2, coccolith Sr/Ca 2.92 mmol mol —%), we
calculated a K§_ of 0.34.

Inorganically precipitated calcite shows K3 values ranging
from 0.021 to 0.14 depending on the precipitation rate (Lor-
ens 1981; Tesoriero and Pankow 1996), where the lowest
value represents the thermodynamical equilibrium value.
This value, however, is one order of magnitude smaller than
the common Kg_ value for coccolith calcite (see above).

A positive correlation between K§_ and growth rate is well
documented for inorganically precipitated calcite (Lorens
1981; Tesoriero and Pankow 1996). The correlation was used
by Carpenter and Lohmann (1992) in order to explain the
high K8 of biogenic calcite. This hypothesis was examined
with regard to coccolithophore calcite by Stall et al. (2002b).
The authors used a surface enrichment model (Watson and
Liang 1995) to fit the above-mentioned data from inorganic
precipitation experiments (Lorens 1981; Tesoriero and Pan-
kow 1996). As concluded by the authors themselves, the
calculations of Stoll et al. (2002b) show that K&, values of
coccolith calcite cannot be explained by kinetic effects (i.e.,

simply by virtue of fast crystal growth rates). We perfectly
agree with this conclusion, which is even underscored when
considering the inevitable conversion of crystal growth rate
units of the inorganic data (Tesoriero and Pankow 1996) in
more detail. The relationship between seed crystal surface
area and seed mass (i.e., the specific surface area) is the
crucial number in this conversion. A careful review of the
experiments described in Tesoriero and Pankow (1996) re-
vealed that the value for specific surface area most likely is
smaller than the one reported by Tesoriero and Pankow
(1996). We put emphasis on the notion that this has no con-
sequences at al for the results of Tesoriero and Pankow
(1996). It has, however, consequences for K8_ values of coc-
colith calcite, which can be obtained using this number. Giv-
en a linear coccolith growth rate of ca. 1 X 108 cm st
(Stoll et al. 2002b), a specific surface area of 0.1 m? g=* (the
value given by Tesoriero and Pankow [1996] is 0.6 m? g~%)
yields a Kg_ for coccolith calcite of 0.021, which represents
the thermodynamical equilibrium vaue (Tesoriero and Pan-
kow 1996). This calculation adds to the conclusion of Stoll
et al. (2002b) that kinetic surface enrichment effects cannot
explain the strontium partitioning in coccoliths.

Stoll et al. (2002b) also stated that the Sr/Ca of the coc-
colith vesicle solution is not known and that higher Sr/Ca
of the calcifying fluid in comparison to seawater could pos-
sibly explain K8_ values. A mechanism that produces such
elevated Sr/Ca of coccolith vesicle solution is still lacking.

Toward an explanation of coccolith K8_: A conceptual
model—In order to understand why intracellular Sr/Ca
should differ from seawater ratio, it is necessary to briefly
review the present knowledge of the calcification mechanism
and cellular transport of calcium ions in E. huxleyi.

Precipitation of calcite takes place within a membrane-
delimited space completely isolated from the cytosol, the
coccolith vesicle (e.g., Young et al. 1999). Thus, seawater is
separated from the site of calcification by at least two mem-
branes, the plasma membrane and the coccolith-vesicle
membrane. Calcium uptake for calcification is thought to be
accomplished by transmembrane transport via Ca channels
in the plasma membrane and Ca ATPases in the endomem-
brane system (Brownlee et a. 1995). It is still a matter of
debate which compartment takes up calcium from the cy-
tosol. It was suggested that the peripheral endoplasmic re-
ticulum (ER) could play that role (Berry et al. 2002). An-
other structure that appears to be suited for the task is the
reticular body, which is part of the coccolith vesicle in E.
huxleyi, because this structure combines large surface area
with small volume (Marsh 2000). For reasons of simplicity,
we assume the reticular body to be responsible for Ca uptake
from the cytosol in our further discussion. Another premise
of our conceptual model is the small volume of solution
surrounding the coccolith inside the coccolith vesicle. The
membrane of the coccolith vesicle closely envelopes the
growing coccolith and therefore does not contain a substan-
tial reservoir of fluid. Judging from transmission electron
micrographs, the vesicle volume is at most double the coc-
colith volume (Young and Henriksen pers. comm.) and is
here assumed to have a maximum value of 1.8 umgd.

Calcium homeostasis is accomplished by an arrangement
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Table 4. Model parameters.

Langer et al.

Parameter Symbol Unit Values References
Cdlcification rate P pg calcite 50 Typical value (e.g., own results); Riebesell
cell-1d? et a. 2000; Stoll et a. 2002b; Zonder-
van et a. 2002; Zondervan et al. 2001
Light: Dark cycle L:D 1 16:8 Experimental setup
CaCQ, content of one coccolith Poccatitn pg 2.2 Young and Ziveri 2000
Sr exchange coefficient e 1 0.021 Tesoriero and Pankow 1996
Volume of coccolith vesicle solution \Y ums3 18 Young and Henriksen pers. comm.
Ca precipitation flux fga pmol h-t 0.031 Calculated
Apparent Sr exchange coefficient K&, 1 0.39 Experiment result;
04 model result
Ca concentration in the coccolith vesicle [Calsy pwmol Lt 500 Meldolesi and Pozzan 1998
Ca concentration in seawater [Calg mmol L-* 10 Broecker and Peng 1982
Calcite saturation product in seawater Ke mol? kg2 10-8%7 Mucci 1983
Free energy change for ATP hydrolysis AG kcal mol—* 15 Meldolesi and Pozzan 1998

of channels and pumps in the plasma membrane and various
endomembranes that provides a steep calcium gradient be-
tween the cytosol and its environment. From a thermody-
namical point of view, a Ca gradient of 10-10° can be
achieved by the hydrolysis of ATP for a high ATP/ADP X
Pi ratio in the cytosol, with a AG of 15 kcal mol-* (Mel-
dolesi and Pozzan 1998), and as a result of the presence of
macromolecules (acidic polysaccharides, proteins) near the
cell surface and probably also in the ER. The polysaccha-
rides may form complexes with Ca or Sr, as known for cal-
reticulin, thereby decreasing the concentration of the free
cations.

The cytosolic concentration of Ca is a rather universal
constant in the inactivated cell, with a value of 0.1 umol
L~ (Brownlee et al. 1995). In the case that Ca pumps in the
plasma membrane work near the thermodynamical limit, the
gradient of 10° yields a calcium concentration of 10 mmol
L-* at the cell surface, which in fact is exactly the Ca con-
centration of seawater. Because of the calcium homeostasis,
the Ca at the cell surface should be quite independent from
the bulk Ca concentration in different experimental condi-
tions. Ca transport near the thermodynamical limit would
have the advantage that (1) pumping Ca from the cytosol to
the environment proceeds with a minimum dissipation of
energy in ATP consumption, and (2) a steep Ca gradient
provides fast influx in cell signaling. We therefore postulate
that a constant concentration of Ca at the cell surface rep-
resents a part of calcium homeostasis. The value of the sur-
face Ca concentration we assume to be close to the ther-
modynamical limit (i.e., close to the Ca concentration of
seawater, 10 mmol L-1).

Calcification takes place in vesicles derived from the Gol-
gi system. The kinetics of calcite formation can be optimized
inside the cell, but biomineralization cannot bypass ther-
modynamics (e.g., calcite precipitation cannot occur below
the calcite saturation concentration). Here we assume that
thermodynamics is the only restriction for the vesicle cal-
cification (i.e., the Ca concentration in the vesicle is deter-
mined by the saturation product). Hence, the calcite precip-
itation should start right after a supersaturation is obtained
in the coccolith vesicle (see also Young et al. 1999). More-

over, the incorporation of Sr into calcite should proceed with
the equilibrium K,_ of 0.021 (Tesoriero and Pankow 1996).

For an unconstrained inorganic precipitation of calcite in
the coccolith vesicle, there are two possible scenarios for
explaining the observed K8_. The first scenario is as follows:
Precipitation occurs in steady state for both Caand Sr. Under
this condition the Sr/Ca of the calcite is determined by the
ratio of the Sr and Ca influx. In this case the observed K&
< 1 could be explained in terms of a strong fractionation of
the Ca pump against Sr. However, there is no experimental
evidence for a significant difference in the cellular transport
kinetics for Ca and Sr for either pumps (SERCA) nor chan-
nels (Allen and Sanders 1994; Berman and King 1990).
Therefore, an unconstrained inorganic precipitation mecha-
nism that operates in steady state appears to be unlikely.

In the second scenario, Sr/Ca of the new calcite is chang-
ing with time. The calcite precipitation yields an accumu-
lation of Sr in the coccolith vesicle (owing to Ky < 1) until
steady state is achieved. Then, the observed Sr/Ca of the
coccolith calcite would be an integral value that arises from
the sum of Sr/Ca over the time required for the formation
of one coccolith. This mechanism assumes a similar time-
scale for reaching steady state and formation of the coccol-
ith. The time required to achieve steady state can be esti-
mated by means of a one-compartment model for inorganic
precipitation of calcite in the coccolith vesicle. Within this
model the concentrations of Ca and Sr in the vesicle are
described in terms of two simple differential equations:

M — ff_‘ﬁa_ fga

Vo
d[Sr] [S1] Sr
V= Refa — K fe, RE=(=] , (8
dt In DS’[Ca] Pr Ca " ( )

where V, f¢2, and f S are coccolith vesicle volume, Cainflux,
and Ca precipitation flux, respectively. In this model we as-
sume that the ratio of the Sr and Ca influx equals the Sr/Ca
in the bulk medium (R®). Typical parameter values for the
coccolith vesicle volume and the calcification rate are given
in Table 4. After the onset of calcite precipitation, the Ca
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Fig. 4. Concentration of Sr in the coccolith vesicle. The solid
curve shows the increase of Sr concentration after onset of calcite
precipitation as it would follow from an unconstrained inorganic
precipitation mechanism. The dashed line indicates the thermody-
namical limit imposed by the Ca pump in the coccolith vesicle
membrane. Shown are the values corresponding to a bulk medium
Sr/Ca of 0.01 (i.e., the Sr/Ca of seawater).

concentration in the coccolith vesicle is assumed to be con-
stant, where the value of Ca concentration is determined by
the saturation product. Then the solution of Eq. 8 yields the
following expression for the time dependence of the Sr con-
centration:
RB
[S7 = [Calay—[1 = (1 = Koy)e™], 9

Ds

where the characteristic time constant, 7, is given by

V [Cals

T Koo f& 52s. (20
The value of 7indicates that the steady state is obtained after
a few seconds, which is negligible compared with the 0.7 h
required for the formation of one coccolith. Thus, the K§_
of coccolith calcite is entirely determined by its steady state
value. Therefore, also we need to exclude the second sce-
nario as a possible mechanism yielding the observed coc-
colith K&_.

Based on the previous discussion, we speculate that there
is a strong impact of the cell physiology on the coccolith
Sr/Ca. We suggest that the Ca pumps in the endomembrane
system provide an additional thermodynamical constraint on
inorganic calcite precipitation: During the calcification, the
concentration of Sr in the coccolith vesicle increases with
time (see Eq. 9 and Fig. 4). However, the accumulation of
Sr in the vesicle will stop at the thermodynamical limit ex-
isting for the gradient of Sr concentration between the ves-
icle and the cytosol (see Fig. 4). At the thermodynamical
limit, a gradient of 10° between the cytosol and the coccolith
vesicle can be expected for Sr, corresponding to the situation
at the plasma membrane.

Hence, the achieved Sr concentration in the vesicle ([Sr],,)
is smaller than the steady state concentration of an uncon-

bulk medium

cell surface
Iy

[Ca] cell surface

[Ca] cocco. vesicle

TS
“ICa] cytosol | " _t """"""

~ -
=~ =

(Sl

relative concentration
of [Sr] and [Ca}

coccolith vesicle

Fig. 5. Proposed mechanism for the partitioning of Sr and Ca
during calcification in E. huxleyi yielding the K&_. Depicted are
the relative concentrations of Sr and Ca in the two involved cel-
lular compartments (coccolith vesicle and cytosol) and the cell
surface (schematic drawing). The Sr concentration (dashed lines)
at the cell surface and in the coccolith vesicle increases until the
thermodynamical limit of the concentration gradient between the
cytosol and adjacent compartments is reached. The same holds for
the Ca concentration (solid lines) at the cell surface. On the other
hand, the Ca concentration in the coccolith vesicle is determined
by the saturation product. All variations of the Sr concentration at
the cell surface are reflected by variations of the Sr concentration
in the coccolith vesicle (as indicated by the double-headed ar-
rows).

strained inorganic precipitation and should be close to the
Sr concentration at the cell surface ([Sr]ls = [Sr]y). There-
fore, we assume that [Sr], mirrors all changes of [Sr]s
whereas the value of the Ca concentration in the vesicle
([Cd],) is close to the saturation value ([Ca].,; see Fig. 5).
Since the external CO, concentrations are the same for all
of our experiments, [Ca], should be constant. Also, the Ca
concentration at the cell surface ([Caly) is assumed to be a
constant (10 mmol L-') owing to Ca homeostasis (see
above). Then, in the expression for the K§_ of coccolith cal-
cite, the Sr concentrations in the coccolith vesicle and at the
cell surface cancel

. ISlcds . IS0 [Cds
K. = Koslca, (s, <**[Calw [S1:
= KDS[[CC;]; = constant. (12)

Hence, we conclude that the K§_ of coccolith calcite should
have a constant value, given a constant external CO, con-
centration. This is in good agreement with our experimental
finding.

Using for [Ca], atypica value for [Cq] in the ER (500
wmol L-%; see Table 4) yields a K§_ of 0.4, which is very
close to the observed K§_ of 0.39. Based on the secawater
saturation product (K, = 107" mol2 kg2, see Table 4), a
[Calg, of 500 wmol L-* would correspond to a [DIC] in the
vesicle (or [CO,%7] at a strong alkaline pH) of 893 wmol
L%
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This is probably a slightly overestimated value for [DIC]
in the vesicle, because the ionic strength inside the coccolith
vesicle is most likely lower than that of seawater (Anning
et al. 1996). However, a [DIC] of 893 umol L-* is still in
agreement with the observed mean cellular DIC of 500 wmol
L=t (Anning et al. 1996).

As mentioned above, previous experiments with E. hux-
leyi (Stoll et a. 2002b) and other species (Stoll et al. 2002c)
showed that irradiance-induced changes in growth rate did
not affect strontium partitioning, whereas nutrient-stimul ated
changes did (Rickaby et al. 2002). Since E. huxleyi does not
dispose of an efficient nitrogen uptake system (Riegman et
al. 2000), it is possible that nitrogen availability affects DIC
transport proteins. If DIC concentration in the coccolith ves-
icle and external nitrogen concentration are positively cor-
related, this would have an effect on strontium partitioning.
According to our model, an increase in coccolith vesicle DIC
concentration corresponds to a decrease in coccolith vesicle
calcium concentration [Calg,. Hence an increase in external
nitrogen concentration would lead to an increase in K8 pre-
dicted by our model (Eg. 11). This correlation was observed
experimentally (Rickaby et a. 2002). In the latter study,
KE, values ranging from 0.1 to almost 0.7 were measured.
In order to cover this range in our model, values for [Calg,
ranging from 279 umol L-* to 1,950 wmol Lt are required.
These values fall well within the range of measured ER val-
ues (Meldolesi and Pozzan 1998). An additional explanation
for effects of nitrogen limitation can be given. Under nitro-
gen limitation, E. huxleyi produces excess polysaccharides,
which are extruded onto the cell surface (Engel et al. 2004).
Polysaccharides bind divalent cations by a complex mech-
anism called the egg-box model (Pellerin and O’ Neill 1998),
where strontium is bound more strongly to polysaccharides
than to calcium (Cohen-Shoel et al. 2002). Hence with in-
creasing polysaccharide concentration at the cell surface, the
calcium to strontium ratio at the cell surface would aso in-
crease and become higher than that of the bulk medium.
Mathematically this can be described by adding a factor y
to Eq. 11:

N = Y (= PO = M (e
K8: = Kosicy, 181, F>[Cal., [S1s
o [cd,
e 2

The factor y can assume values between 0 and 1. In the case
of no polysaccharides at the cell surface, y = 1. It should
be noted that a very small amount of polysaccharides, the
coccolith-associated polysaccharides (CAP; Henriksen et al.
2004), is dways present at the cell surface of E. huxleyi. The
amount of CAR, however, is negligible compared with the
amount of polysaccharides produced and extruded addition-
aly during nitrogen limitation (Engel et al. 2004).
Strontium partitioning in different coccolithophore species
is not the same under identical conditions, K&_ values range
from 0.257 to 0.356 among five species at 17°C (Stoll et al.
2002a). According to our model, this corresponds to a range
of coccolith vesicle calcium concentrations [Cal g, from 548
to 759 umol L-. We propose that different species (or

strains) have different coccolith vesicle calcium concentra-
tions and that this is the reason why K&_ values differ among
species (or strains). One explanation for species-specific coc-
colith vesicle calcium concentrations is that different species
have different polysaccharides in the coccolith vesicle
(Marsh 2000), which in turn requires different coccolith ves-
icle calcium concentrations [Calg, in order to achieve su-
persaturation with respect to calcite.

The capability of the model can be further demonstrated
by applying it to two independent data sets. The first set of
data describes the temperature dependence of Kg_ in E. hux-
leyi (Stoll et a. 2002b), whereas the second shows the tem-
perature dependence of Ky in inorganic calcite precipitation
experiments (Maone and Baker 1999). Both data sets show
a linear dependence of the Sr incorporation into calcite.
However, the two slopes differ by one order of magnitude.
Inserting the expression for the dependence of K, obtained
from inorganic precipitation experiments (slope, 1.85 X 10
°C-%) into Eq. 11 yields the K&_ for Sr incorporation into E.
huxleyi coccoliths with a slope of 3.7 X 102 °C-%. This
model value is in agreement with the observed slope of 3.2
X 1073 °C-* (Stoll et al. 2002b).

We have shown experimentally that coccolith Sr/Ca of E.
huxleyi increases linearly with increasing seawater Sr/Ca
over three orders of magnitude. This relationship, in general,
provides the basis for correcting measured Sr/Ca from sed-
iment samples for different composition of seawater with
respect to these ions.

The high Kg_ values measured for coccolith calcite can
be explained by a simple conceptual model based on the
channel/carrier-mediated transport of calcium and strontium
ions inside the cell. The model is solely based on thermo-
dynamical constraints and does not assume a relationship
between the exchange coefficient and the crystal growth rate.
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