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ABSTRACT: Relating atmospheric CO, to 8'3C of calcifying phytoplankton is often used as a proxy
to reconstruct paleo-CO,. Therefore, a firm undertanding of how living cells fractionate carbon
under different environmental conditions (known as vital effects) is necessary when interpreting
813C values. In this study, we measured the isotopic fractionation of carbon in organic matter (gp)
in the globally distributed, bloom-forming coccolithophorid Emiliania huxleyi grown in continu-
ous culture under nutrient-replete conditions with growth rate limited by light or temperature. At
a constant temperature of 18°C, growth followed a hyperbolic function of irradiance. At low irra-
diance levels, changes in ¢, were highly correlated with growth rate. However, as growth became
light-saturated, ¢, declined with increasing light intensities. When temperature was increased
from 7 to 18°C at a constant photon flux density, equilibrium partial pressure CO, concentrations
([pCO,]) decreased from 17 to 13 pM, and g, values declined from 25 to 19%o.. As temperature was
increased further to 26°C, [pCO,] declined to 10 pM and g, increased to 25 %.. This non-linear pat-
tern in isotopic fractionation is consistent with the induction of a carbon-concentrating mechanism
at low [pCO,] that replenishes the internal inorganic carbon pool with isotopically lighter carbon.
In this study, we present an empirical model that predicts this non-linear behavior, and we vali-
date this model with experimental data. These results suggest extreme variability in the isotopic
fractionation of carbon in the bulk organic pool in E. huxleyi that precludes the reconstruction of
pCO, from isotopic measurements without a priori knowledge of temperature.
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INTRODUCTION

Farquhar et al. (1982) introduced a model relating
the isotopic composition of organic carbon in terres-
trial C3 plant leaves to the concentration of CO, in
air. The model assumes a diffusive flux of CO, from
the atmosphere to the site of carbon fixation. Hence,
intracellular [CO,] is always less than (or at most,
equal to) that in air, and their model predicts that a
leaf becomes more '*C enriched when atmospheric
[CO,] decreases. The basic concept of relating [CO,]
to 8'3C or organic matter was subsequently adopted
by the oceanographic community to reconstruct
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paleo-CO, from measurements of the carbon isotopic
composition of organic matter in marine phytoplank-
ton (Rau et al. 1982, Jasper & Hayes 1990, Freeman &
Hayes 1992, Rau 1994, Pagani et al. 1999, 2002,
Bolton et al. 2012). This proposal has led to numerous
theoretical, laboratory and marine phytoplankton
field studies, examining both environmental and
physiological controls on the fractionation of carbon
isotopes (Laws et al. 1995, Wolf-Gladrow et al. 1999,
Riebesell et al. 2000, Rost et al. 2006, Brutemark et al.
2009). However, these studies revealed that the
phytoplankton carbon isotopic composition is not
simply a function of ambient aqueous CO, levels
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(CO4(aq)), and several vital factors also play a role.
These factors include growth rate, cell size, cell wall
permeability, taxonomic composition and, critically,
the ability of the cell to actively assimilate carbon,
instead of strictly relying on passive diffusion (Keller
& Morel 1999, Riebesell et al. 2000, Rost et al. 2002,
Raven et al. 2011).

Based on chemostat culturing experiments, where
growth rate was controlled by nitrate limitation,
Laws et al. (1995) suggested that the effective iso-
topic carbon fractionation (¢p) in marine autotrophs is
inversely linearly related to the ratio of diffusive
CO,(aq) supply into the cell and hence carbon fixa-
tion (expressed as specific growth rate, n). Subse-
quent experiments suggested that this relationship
only applies at low u:[CO,] ratios, i.e. when CO,(aq)
concentrations are relatively high and/or growth
rates are low. Under such conditions, inorganic car-
bon fluxes from the bulk media into the cell can be
assumed to follow Fickian diffusion (e.g. Wolf-
Gladrow & Riebesell 1997). However, as photosyn-
thetic (or, in the steady state, growth) rates increase,
inorganic carbon is actively transported into the cell,
rendering the inverse relationship between g, and
w:[CO,] inapplicable (Laws et al. 1998). The exact
n:[CO,] ratio, however, varies among phytoplankton
species depending on their cell shape and size
(expressed as the ratio between the volume to sur-
face area of the cell), which influences the total diffu-
sive carbon flux into the cell (Laws et al. 1998).

In this study, we investigated the carbon isotopic
fractionation in the globally distributed, bloom-form-
ing coccolithophorid Emiliania huxleyi (Iglesias-
Rodriguez et al. 2002, Brutemark et al. 2009), as a
species that produces biomarker lipids (alkenones).
The isotopic signature of these alkenones has been
used to reconstruct paleoceanographic 8%C,y
records (Jasper & Hayes 1990, Pagani et al. 1999,
Bolton et al. 2012). In contrast to experiments con-
ducted by Laws et al. (1995, 1998), we grew E. hux-
leyi in turbidostats, where growth rates are not lim-
ited by nutrients, but instead by light or temperature
(e.g. Falkowski 1984a,b, Sukenik et al. 1987). These
2 culturing conditions (turbidostat and chemostat)
are fundamentally different and using chemostats,
cells never attain their maximum specific growth rate
as the physiological restriction on growth depends
upon what nutrient is selected to be limiting. For
example, the limitation of dissolved inorganic nitro-
gen leads to decreased protein synthesis, especially
plastid proteins and the carbon-fixing enzyme ribu-
lose 1,5-bisphosphate carboxylase (RuBisCO). As
intracellar RuBisCO concentrations strongly deter-

mine the rate of light-saturated carbon fixation
(Sukenik et al. 1987), nitrogen-limited chemostat cul-
tures can lead to an unintentionally imposed rela-
tionship between [CO,] and isotopic fractionation of
carbon. In contrast, turbidostat growth rates can be
manipulated without nutrients being limiting. In this
study, we examined 2 types of growth limitation:
light limitation at a constant temperature (18°C, the
mean temperature of the upper ocean), and tempera-
ture limitation at a constant growth irradiance. Our
results clearly suggest that the relationship between
g, and W:[CO,] is non-linear over the full range of
growth rates. Based on our experimental results, we
propose a new, quasi-mechanistic model, based on
the active transport of inorganic carbon, which
empirically accounts for this observed pattern of car-
bon isotopic fractionation.

MATERIALS AND METHODS
Culture conditions

Clonal cultures of Emiliania huxleyi strain CCMP
374 (isolated from the Gulf of Maine in 1989) were
grown in a turbidostat system at the Rutgers Univer-
sity Institute of Marine and Coastal Sciences in nutri-
ent-replete continuous cultures with 24 h illumina-
tion (Falkowski 1984a, Post et al. 1984). Constant cell
density was maintained by continuously monitoring
the attenuation of light at 650 nm (coupled LED/pho-
todiode) via feedback from a microprocessor to a
pump-controlled nutrient reservoir. As cell densities
exceed a preset value, the pump is turned on and
dilutes the culture; the dilution volumes are moni-
tored and the growth rate is calculated hourly. The
culture chamber consisted of a water-jacketed 3.2 1
cylinder with light provided by high-intensity fluo-
rescent tubes. For light-limiting growth rate meas-
urements, light intensities ranged from 9 to 286 pE
m~2 s7! and the culture was kept at 18°C, while for
temperature-limited growth measurements, tempe-
ratures ranged from 7 to 26°C with a measurement
uncertainty of +0.5°C. We constrained temperature-
dependent experiments to a minimal variation in
light intensity (80 = 5 pmol photons m™2 s7!) to mini-
mize the effects of varying photosynthetic flux den-
sity (PFD) on our results.

Media was prepared from New Jersey coastal sea-
water with a salinity of 31 PSU and nutrients
enriched to /50 (Guillard & Ryther 1962). Growth
rates (cell divisions per day) were calculated from
culture dilution rate, and adjusted for any changes in
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cell density checked by daily cell counts on a Coulter
Counter. Cell densities were maintained at an opti-
cally thin concentration of 3 + 0.5 x 10° cells ml™'. The
cultures were bubbled continuously with air pumped
from an intake outside of the laboratory building to
avoid the pCO, variability in a closed room with
recirculated air. pCO, in the culture chamber was
measured continuously using a LI-COR IR monitor-
ing system (Stoll et al. 2002). The cultures were pre-
adapted to each experimental condition for approxi-
mately 6 generations before collection of samples.
Cell samples were collected simultaneously for
measurements of cell density, calcification rate and
carbon isotope composition of the organic fraction
and medium solution.

Carbon fixation and calcification rates

Estimates of carbon fixation rates are based on
daily measurements of culture growth rates and
assuming a constant cell radius of 3.5 pm using the
equation:

C-fixation rate = 4/3 1 r° x 0.5968 1 1)

where r is the average cell radius and u is the daily
growth rate.

The amount of calcification per cell was deter-
mined from measurements of calcite recovered from
a given culture volume divided by the number of
cells in that culture volume following the procedure
outlined in Stoll et al. (2002). The amount of calcite
per cell varied greatly, from 5 to 52 pg calcite cell™.
Given steady-state growth, the product of calcite per
cell and growth rate (cell divisions per day) yields the
calcification rate for the culture. Because growth rate
is a factor in the calculation of calcification rate, and
because calcification per cell generally increases
with growth rate, there is a strong correlation
between growth rate and calcification rate (r> = 0.8
for 18°C samples).

Carbon isotope measurements

Samples for particulate organic carbon (POC)
83C,,y analyses were filtered from 50 ml culture
solution on pre-combusted 13 mm Gelman A/E glass
filters (pre-combusted for 4 h at 500°C). The filters
were fumed overnight in a dissector filled with 1 ml
of 12 N HCI to remove the coccolith calcite. Subse-
quently, the fumed filters were left in the fume hood
to allow the acid to evaporate, wrapped in aluminum

foil and stored in the freezer. Measurements of
813C,,y were performed in 2 different laboratories.
The first set of phytoplankton samples from the vari-
able light constant temperature experiment was ana-
lyzed using a Europa mass spectrometer (Sam Wain-
right laboratory, Rutgers University). Samples from
the second experiment of constant light and variable
temperature were analyzed using a Finnigen 251
mass spectrometer (UC Santa Cruz Stable Isotope
Laboratory).

Water samples for the analysis of §'°C in dissolved
inorganic carbon (DIC) were filtered using syringe-
mounted 0.2 pm Gelman Acrodisc filters. Samples of
approximately 8 ml of water were sealed in pre-com-
busted vials, pre-poisoned (with 40 pl saturated
HgCly), and flushed with nitrogen gas. §°Cpc were
analyzed at the Sam Wainright laboratory. Isotopic
fractionation during carbon fixation (g,) was calcu-
lated from &"C,, isotopic composition relative to
313Cpc isotopic composition of the growth medium
using a modified version of Freeman & Hayes' (1992)
equation: . .

e, - Coe 8 Croe o)

1+ POC
1000

Note that this equation differs from the original one
as we compare the carbon isotopic composition of the
organic matter to that of DIC rather than to CO,(aq).
This was performed as CO,(aq) is not the sole source
of carbon into the cell.

RESULTS

At constant temperature (T = 18 + 1°C), the rela-
tionship between growth rate (1) and PFD was hyper-
bolic, with an increase of u from 0.1 to 1.6 d™! in
response to increasing light levels from 9 to 286 pmol
m~2 s7! (Fig. 1A, open symbols outside the dashed
rectangle). Under these conditions, n:[CO,] ratios are
linearly dependent on growth irradiance over the
entire range of growth rates (Fig. 1C). Varying the
temperature from 7 to 26°C at near-constant PFD
(80 umol photons m~2 s7!) resulted in an increase in
growth rate from 0.2 to 1.4 d™! (Fig. 1B). Tempera-
ture-induced variations in p exhibited logarithmic
behavior with growth rates leveling off at 18°C, and
at the lower end of the temperature range | was sig-
nificantly attenuated. There was an inverse correla-
tion between u and CO, concentrations in the growth
medium (CO, concentration ranging from 14 to
18.5 pM; r = -0.86, p < 0.001; Table 1), and CO, solu-
bility decreased with increasing temperature. Conse-
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Fig. 1. (A) Relationship between daily growth rate (1) and photosynthetic flux density (PFD). Symbols within the dashed rec-
tangle represent cultures grown at 7-26°C, while symbols outside the rectangle represent cultures grown at 18°C. One symbol
in the dashed rectangle has SD error bars and represents the mean range of all of the growth rates measured under variable
temperature, and shows the high variation under such conditions. (B) Relationship between pu and temperature. The sigmoidal
(Boltzmann) fit (R? = 0.807) is given. (C) Relationship between w:[CO,] and temperature. Linear regression curve is given
(R%? = 0.842). (D) Relationship between p:[CO,] and PFD (plotted on a log scale). Linear regression curve is given (R? = 0.97)

quently, the u:[CO,] ratios showed a positive linear
relationship with temperature, except at our highest
temperature (26°C), where the ratio was anom-
alously low (Fig. 1C).

Carbon fixation rate also showed positive depend-
ence on temperature (r = 0.88, p < 0.001; Table 1),
and we found a 10-fold increase in carbon fixation
rate from 7 to 24°C, with a significant decrease at
26°C (where p is low, p < 0.05). Carbon fixation rates
were inversely correlated with CO, concentration
(r=-0.92, p<0.001; Table 1). At a constant tempera-
ture (18°C), a linear variation in p:[CO,] occurred as
a logarithmic function of light intensity (Fig. 1D).

When ¢, is plotted versus w:[CO,] (Fig. 2) for cul-
tures grown at 70-86 pmol photons m™ s7!, the
higher range of CO, concentrations (above 15 pM,
see vertical arrow) had lower w:[CO,] ratios and g,
was inversely correlated with n:[CO,] (r = -0.95, p <
0.001). Under such high concentrations, inorganic
carbon (Ci) uptake may still depend on diffusion;
however, under lower [CO,] and higher w:[CO,] we
observed no dependency of g, on W[CO,. g,
decreased from 25.2 to 19.3 %o, but then when [CO,]
rose above 13 uM, g, increased back to 25.2%. (Fig.
3A). A similar trend was captured with g, plotted ver-
sus temperature (Fig. 3B).
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Table 1. Data collected from chemostat experiments. PFD: photosynthetic flux density; u: specific growth rate; CO,(aq): aque-
ous CO,; POC: particulate organic carbon; DIC: dissolved inorganic carbon; €,: isotopic fractionation during carbon fixation;

ND: not determined

Date Medium Temp. PFD (pmol p  Chla conc. C fixation [CO,(aq)] w:[CO,] POC DIC [CO,(aq)] € €
(mm/ (°C)  photons (d7') (pgchla rate (M) dBc 8¢ dic (CO,) (DIC)
dd/yy) m2s) cell™) (um®d™) (%o) (%o) (%o)

8/26/99 /50 7 71 0.26 ND 3.6 18.5 0.014 -27.2 2.3 -8.7 19.1 30.3
9/8/99 /50 7 71 0.18 0.15 2.5 18.5 0.010 -26.0 2.3 -8.6 17.8 29.0
1/3/01 /50 8.5 86 0.35 ND 4.8 17.3 0.020 -257 -1.0 -11.8 14.4 25.4
12/19/00 /50 8.5 86 0.55 ND 7.7 17.3 0.032 -253 -1.0 -11.8 13.9 25.0
8/6/99 /50 10 71 0.27 ND 3.8 16.2 0.017 -26.8 0.6 -10.0 17.3 24.6
8/11/99 /50 10 71 0.23 0.13 3.2 16.7 0.014 -25.8 1.5 -9.1 17.1 27.9
7/28/99 /50 12 71 0.47 0.19 6.5 16.5 0.029 -24.8 0.2 -10.1 15.0 25.6
10/21/00 /50 12 86 0.79 ND 10.9 15.4 0.051 -220 -1.0 -11.3 10.9 21.4
11/25/00 /50 12 86 0.79 ND 11.0 15.4 0.051 -22.6 -1.0 -11.3 11.5 22.1
11/29/00 /50 12 86 0.81 ND 111 15.4 0.052 -23.5 -1.0 -11.3 12.5 23.1
719199 /50 15 68 0.73 0.14 10.1 14.2 0.051 -206 -0.2 -10.2 10.6 18.1
7/14/99 /50 15 68 0.82 0.17 11.3 15.1 0.054 -20.1 0.3 -9.7 10.5 20.7
7/20/99 /50 15 68 0.70 0.13 9.7 15.1 0.046 -21.2 -0.7 -10.7 10.8 21.0
9/22/00 /50 16 86 1.09 ND 15.0 13.6 0.080 -20.5 -1.0 -10.9 9.8 19.9
9/28/00 /50 16 86 1.05 ND 14.5 13.6 0.077 -21.2 -1.0 -10.9 10.5 20.6
5/10/99 /50 18 87 1.17 ND 16.2 12.6 0.093 -20.5 -0.1 -9.7 11.1 20.9
5/11/99 /50 18 87 1.17 ND 16.2 12.7 0.092 -219 -0.2 -9.8 12.4 22.2
5/12/99 /50 18 87 1.15 0.15 15.9 13.4 0.086 -219 -0.1 -9.7 12.4 22.3
9/19/00 /50 20 86 1.20 ND 16.5 12.1 0.099 -207 -1.0 -10.4 10.5 20.1
9/25/00 /50 20 86 1.20 ND 16.6 12.1 0.099 -223 -1.0 -10.4 12.2 21.8
10/19/00 /50 24 86 1.23 ND 17.0 10.9 0.113 -225 -1.0 -9.9 12.9 22.0
10/30/00 /50 24 86 1.22 ND 16.9 10.9 0.112 -226 -1.0 -9.9 12.9 22.1
11/18/00 /50 24 86 1.39 ND 19.2 10.9 0.128 -221 -1.0 -9.9 12.5 21.6
12/23/00 /50 26 86 0.89 ND 12.4 10.4 0.086 -24.3 -1.0 -9.7 15.0 23.9
1/4/01 /50 26 86 0.94 0.23 13.0 10.4 0.090 -276 -1.0 -9.7 18.4 27.3
1/10/01 /50 26 86 0.89 0.21 12.3 10.4 0.086 -249 -1.0 -9.7 15.6 24.5
3/2/00 /50 18 9 0.13 0.23 1.8 13.2 0.010 -252 -1.5 -11.2 14.4 24.3
4/17/00 /50 18 12 0.32 0.20 4.4 13.2 0.024 -21.8 -1.3 -11.0 11.1 20.9
5/11/00 /50 18 12 0.28 0.20 3.9 13.0 0.022 -224 -04 -10.0 12.7 21.9
5/22/00 /50 18 12 0.32 0.20 4.4 13.9 0.023 -222 -0.1 -9.7 12.7 21.6
2/10/00 /50 18 25 0.49 0.19 6.8 13.2 0.037 -226 -14 -11.0 11.8 21.7
2/15/00 /50 18 25 0.54 0.18 7.5 13.3 0.041 -226 -14 -11.0 11.8 21.7
3/30/99 /50 18 27 0.49 ND 6.8 13.0 0.038 -306 -29 -12.6 18.6 28.5
4/1/99 /50 18 27 0.45 ND 6.2 13.0 0.035 -32.0 -3.5 -13.1 19.5 29.5
4/7/99 /50 18 27 0.47 ND 6.5 13.6 0.035 -329 -32 -12.8 20.8 30.7
3/11/99 /50 18 40 0.74 0.15 10.2 13.4 0.055 -29.1 -22 -11.9 17.8 27.7
3/21/99 /50 18 40 0.70 0.16 9.7 13.0 0.054 -28.0 -22 -11.8 16.7 26.6
3/28/99 /50 18 40 0.59 ND 8.2 13.0 0.045 -29.5 -24 -12.0 18.0 27.9
6/7/00 /50 18 53 0.64 0.21 8.8 12.7 0.050 -21.1 -1.5 -11.2 10.2 20.6
6/15/00 /50 18 53 0.71 0.21 9.8 12.7 0.056 -209 0.9 -8.7 12.4 20.3
6/22/00 /50 18 53 0.70 0.20 9.7 12.8 0.055 -20.7 0.7 -8.9 12.1 20.1
9/12/00 /50 18 86 0.87 ND 12.0 12.8 0.068 -199 -1.0 -10.6 9.4 19.3
5/15199 /50 18 144 1.48 ND 20.5 13.4 0.110 -21.7 0.0 -9.6 12.3 22.1
5/18/99 /50 18 144 1.42 ND 19.6 13.0 0.109 -21.2 0.4 -9.2 12.2 221
1/4/99 /50 18 146 1.30 0.18 18.0 9.2 0.142 -23.5 -0.6 -10.3 13.6 23.4
1/6/99 /50 18 146 1.25 0.16 17.3 9.4 0.133 -226 -0.1 -9.8 13.2 23.0
1/11/99 /50 18 146 1.25 0.13 17.3 8.7 0.144 -22.0 -0.5 -10.1 12.1 22.0
1/12/99 /50 18 146 1.14 0.14 15.8 8.0 0.142 -219 -0.5 -10.1 12.0 21.8
2/11/99 /50 18 146 1.26 ND 17.4 11.5 0.109 -24.0 -0.9 -10.6 13.7 23.6
2/15199 /50 18 146 1.43 0.15 19.8 14.8 0.096 -23.3 -22 -11.8 11.7 21.6
2/16/99 /50 18 146 1.46 0.17 20.2 12.7 0.115 -242 -19 -11.6 12.9 22.8
2/17199 /50 18 146 1.50 0.16 20.7 12.4 0.121 -243 -1.7 -11.3 13.3 23.2
8/9/00 /50 18 265 1.58 ND 21.8 12.8 0.123 -17.1 24 -7.2 10.1 16.4
9/5/00 /50 18 265 1.49 ND 20.6 12.8 0.116 -204 1.5 -8.1 12.5 19.8
2/28/00 /2 18 9 0.10 0.23 1.3 13.6 0.007 -242 -1.3 -10.9 13.6 21.1
3/20/00 /2 18 9 0.12 0.21 1.6 13.4 0.009 -252 -1.3 -10.9 14.6 23.4
4/5/00 /2 18 12 0.31 0.16 4.3 12.9 0.024 -219 -0.5 -10.1 12.1 17.9
4/13/00 /2 18 12 0.33 0.18 4.5 13.0 0.025 -226 -04 -10.0 12.9 22.8
4/19/00 /2 18 12 0.35 0.20 4.9 13.1 0.027 -234 -1.3 -11.0 12.7 21.6
5/17/00 /2 18 12 0.26 0.19 3.6 13.2 0.020 -244 -1.5 -11.1 13.6 24.0
1/10/00 /2 18 25 0.43 0.18 5.9 13.0 0.033 -232 -1.1 -10.7 12.8 21.3
1/18/00 /2 18 25 0.38 0.18 5.3 13.1 0.029 -226 -04 -10.1 12.9 22.7
2/8/00 /2 18 25 0.50 0.18 6.9 12.8 0.039 -220 -1.2 -10.8 11.5 21.3
2/17/00 /2 18 25 0.55 0.16 7.7 13.3 0.041 -223 -1.3 -10.9 11.7 21.5
11/16/99 /2 18 71 0.88 0.19 12.2 13.0 0.068 -21.6 0.1 -9.5 12.3 22.1
11/30/99 /2 18 71 1.03 0.18 14.3 12.0 0.086 -21.0 0.1 -9.5 11.7 21.4
12/7/99 /2 18 123 1.16 0.19 16.0 12.8 0.090 -204 0.1 -9.5 11.1 20.9
12/20/99 /2 18 123 1.19 0.18 16.4 12.8 0.093 -199 0.2 -9.4 10.8 20.6
8/3/00 /2 18 265 1.41 ND 19.5 12.8 0.110 -19.7 1.5 -8.1 11.8 19.0
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0.98). Above 0.065 pmol kg™! d!, there is no dis-
cernible trend between g, and p:[CO,]. These results
are consistent with the study of Laws et al. (1997),
who found an inverse linear relationship between g,
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Fig. 3. (A) Relationship between isotopic fractionation dur-

ing carbon fixation (¢,) and [CO,(aq)]. (B) Relationship

between g, and temperature. The data are from the same

experiment in which cultures were grown on {/50 medium

under illumination of 70-86 pmol photons m™2 s~!. Error bars
represent +1 SD

and p:[CO,], but other studies suggest that this rela-
tionship applies only to CO, concentrations higher
than 13 umol kg™! (Laws et al. 1998, Burkhardt et al.
1999b, Keller & Morel 1999). As growth rates in their
chemostat experiments were relatively low, this
threshold concentration may be an underestimate. At
the low w:[CO,] range, our data from the variable
light, constant temperature experiment are consis-
tent with data obtained by Bidigare et al. (1997) in a
chemostat culture study of 2 Emiliania huxleyi
clones, BT6 and B92/11 (g, = —140.3 w:[CO,] + 24.8,
r2 = 0.79). The results from our second experiment
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(variable temperature, constant light) show similar
relative trends, i.e. an inverse linear relationship at
low w:[CO,] levels (g, = -129 u:[CO,] + 18.6, r2=0.92),
but there was no trend at the higher levels. Based on
this pattern, we broadly define 2 major regimes that
govern the isotopic fractionation: a diffusive regime
and an active transport regime.

Temperature effects on g,

Our data suggest that the relationship between
carbon isotopic fractionation and growth is highly
non-linear and is strongly influenced by light and
temperature. From our data, we conclude that at cold
temperatures, when CO, concentrations are high
(20-13 uM) yet growth rates are low, the diffusion-
based (Laws et al. 1997) model is applicable and that
variations in €, can be explained simply by the ratio
of CO, demand to supply (i.e. u:[CO,]) (Fig. 2). This
explanation was suggested by Laws et al. (1997) and
the relationship is only applicable at CO, concentra-
tions higher than ~13 pmol kg™ (Laws et al. 1998,
Burkhardt et al. 1999a, Keller & Morel 1999, Raven et
al. 2012). This applies as long as enough CO, diffuses
into the cell to accommodate the demand for carbon
fixation. At high temperatures, when p is high and
CO, concentration is lower than 13 pmol kg‘l, the
demand for carbon is too high to be simply supplied
by diffusion.

CO,-concentrating mechanism and massive
carbon cycling

Several advancements have been made in eluci-
dating carbon utilization mechanisms. Among the
discoveries is the CO, concentrating mechanism
(CCM) (Badger et al. 1980, Kaplan et al. 1980). The
CCM enables an organism to accumulate and retain
high intracellular concentrations of Ci. The Ci is
maintained in the cytoplasm, mostly as HCO;™ to
minimize CO, leaks. HCOj™ is actively transported to
a designated seclusion body (pyrenoids in eukary-
otes and carboxysomes in cyanobacteria). In hapto-
phytes, the pyrenoid is either immersed in the chloro-
plast or extended from it (Edvardsen et al. 2000). The
low pH combined with carbonic anhydrase activity
inside the organelle ensures high [CO,] and a low
0,:CO, ratio. Therefore, RuBisCO that is located in
these seclusion bodies can operate well within its
kinetic limitations (Kaplan & Reinhold 1999, Raven et
al. 2012, and references therein).
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The discovery of the CCM contradicted the pas-
sive diffusion models of carbon uptake and, subse-
quently, active transport pathways that included
HCO;™ uptake were found (Lucas 1978, Lucas &
Nuccitelli 1980, Miller & Colman 1980, Kaplan 1981,
Espie & Canvin 1987, Espie & Kandasamy 1992,
Raven et al. 2012). Two methods were used to meas-
ure CO,:HCOj3™ uptake ratios. A membrane inlet
mass spectrometry technique (Badger et al. 1994)
and the isotope disequilibrium technique first
described by Volokita et al. (1984) (modified by
Tortell & Morel 2002) both provide supporting evi-
dence for the active transport hypothesis and quan-
titative data.

CCM is also an essential physiological characteris-
tic found in most studied phytoplankton species,
including E. huxleyi (Nimer & Merrett 1996, Tcher-
nov et al. 2003, Raven et al. 2012). Coccolithophores
are able to incorporate DIC into an internal pool that
is 13- to 16-fold (in E. huxleyi EH2) more concen-
trated than the external environment (Shiraiwa
2003). However, there is a wide variation in the
kinetic properties of DIC utilization (apparent k;, val-
ues) between different species and under different
conditions (Badger 1987, Sekino & Shiraiwa 1994,
Nimer et al. 1995, Nimer & Merrett 1996, Sekino et
al. 1996, Raven et al. 2012). Shiraiwa (2003) sug-
gested that under low CO, concentrations E. huxleyi
EH2 recycles its coccoliths as a source of carbon that
is later carboxylased by RuBisCO. However, Sekino
& Shiraiwa (1994) demonstrated that CO, was the
dominant Ci species carboxylated in the very same E.
huxleyi species. Hence, only active CO, uptake is
possible if the internal DIC concentration inside the
cytosol is 13- to 16-fold higher than in the external
environment at physiological pH.

An additional component of the CCM is massive
carbon cycling (MCC) (Tchernov et al. 1997, 2001,
2003, Huertas et al. 2000a). MCC is defined as light-
dependent influx and efflux of inorganic carbon,
independent from carbon fixation. These fluxes can
vary in magnitude between 0- and 5-fold of saturated
photosynthetic rates. Several authors were able to
calculate a net influx of HCO3;™ and measure a con-
comitant net efflux of CO, while producing photo-
synthetic oxygen (Sukenik et al. 1997, Tchernov et al.
1997, Huertas et al. 2000a).

The model suggested by Keller & Morel (1999) is
the first to incorporate the effect of active HCOj3~
uptake on carbon isotope fractionation (of g,) in
organic carbon. However, this and other models do
not include significant HCOj;™ efflux (Keller & Morel
1999) or any type of active exchange of DIC with the

environment (Rost et al. 2002). Most models consider
a CO, leak as the only source of Ci efflux (Keller &
Morel 1999), which is inconsistent with data from
laboratory experiments, indicating that in most spe-
cies HCOj™ is the dominant species that effluxes out
of the cells (Kaplan & Reinhold 1999, Tchernov et al.
2001, 2003). More importantly, the magnitude of the
influx and efflux rates is underestimated by the mod-
els (Keller & Morel 1999) and contradicts much of the
experimental data at hand (Tchernov et al. 1997,
2001, 2003, Kaplan & Reinhold 1999, Huertas et al.
2000Db).

Eifect of CCM and MCC on g, in E. huxleyi

In this study, when temperature exceeded 18°C,
growth rate remained relatively stable (0.8—1.2 u d™!)
(Fig. 1B). The maximum exchange between the Ci
pool and the medium occurred when the lowest CO,
concentration (maximal temperature) was reached
(Fig. 3), depleting the Ci pool of *C, thus contribut-
ing to lighter 8'3C organic composition. The combi-
nation of all factors contributing to the final §'*C com-
position of the algae led to the events shown in
Fig. 3A: at low temperatures and high CO, concen-
trations, the rate of carboxylation was low (Table 1).
The rate of MCC is low due to the low CCM activity.
The CCM is only minimally active due to the high
CO, concentration. This is a consequence of the low
demand for CO, at the carboxylation site that is cou-
pled with high ambient concentrations of CO, and
results in downregulation of the CCM (Badger et al.
1978, 1980, Kaplan et al. 1980, Kaplan & Reinhold
1999, Raven et al. 2011, 2012). As temperature
increases, CO, concentrations gradually drop, with
a simultaneous increase of carboxylation rates
(Table 1), and the CCM becomes more active as the
activation CCM genes are strongly correlated with
ambient CO, concentrations (Badger et al. 1978,
1980, Kaplan et al. 1980, Kaplan & Reinhold 1999).
Therefore, we would expect a more vigorous activity
of the CCM as temperature increases and CO, con-
centration decreases. As the demand for DIC in-
creases and CO, concentration outside the cell
decreases (Fig. 3A), the DIC pool becomes gradually
more dominant and the supply of Ci to the carboxyla-
tion site will no longer be limiting. As a result, the
fractionation rate of RuBisCO can potentially
increase (higher €,). We observed a gradual increase
in g, as temperature rose and the ambient CO, con-
centration dropped below 13 uM (Fig. 3). This
change can be attributed to an enhancement of both
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CCM and MCC activity, introducing more '>C (light
carbon) available for carboxylation (Fig. 3). The latter
exceeds the increase in growth rate (Fig. 1B) and car-
bon demand as portrayed by carbon fixation rates
(Table 1).

The CO,:HCOj3™ uptake ratio can shift the carbon
isotopic composition of POC due to the 9%. differ-
ence between these 2 Ci species. However, even if
we assume 100 % HCO;™ uptake, this will still enrich
the Ci pool with relatively light carbon as RuBisCO
fractionation (-22 to —29%.) creates a much heavier
Ci product that is diffusing back to the cytoplasmatic
DIC pool. Therefore, the CO,:HCO;3;™ uptake ratio
determines only the extent of replenishment of the Ci
pool with lighter carbon. Nevertheless, we do not
expect this relatively minor change in CO, concen-
tration to cause a large shift in the CO,HCO;3~
uptake ratio. From previous studies, we know that
the CCM creates a massive CO, influx because it
keeps the internal CO, concentration lower than its
surroundings (Badger et al. 1980, Kaplan & Reinhold
1999, Tchernov et al. 2001, 2003). Changes in the
CO,:HCOj3;™ uptake ratio are species dependent and
occur when very large changes in external CO, con-
centration are imposed (36, 180, 360 and 1800 ppmv)
(Burdon 1993, Burkhardt et al. 2001).

Irradiance effects on g,

In the present study, increasing light intensities
between approximately 1 and 23 pmol photons m™2
s7! at constant temperature (T = 18°C) resulted in a
lower g, value, suggesting a heavier Ci pool at higher
irradiance values (Fig. 4). This result is at odds with
earlier reports (Thompson & Calvert 1995, Rost et al.
2002), and our correlation between irradiance and g,
might be attributable to the effect of concomitant
changes in the CO,HCO;  uptake ratio and the
refreshment of the DIC pool. (Tchernov et al. 1997,
2003). As more light is absorbed, more HCOj3™ is
taken up by the algae, a phenomenon demonstrated
by a net efflux of CO, and HCO;™ uptake in E. hux-
leyi under very high irradiance (Tchernov et al.
2003).

In contrast, **C-rich dissolved carbon is cycled out
of the cell through the light-dependent MCC; thus,
the integrated effect of these processes may control
g, We postulate that with increasing light levels,
HCO3;™ becomes more dominant as a carbon source
for photosynthesis, as shown in Tchernov et al.
(2003). In nutrient-limited chemostat studies, such as
those described by Laws et al. (1995, 1998), growth

rates are controlled by nutrient availability, and it is
difficult to achieve high growth rates in the cultures
before reaching washout conditions. In contrast, high
growth rates may be achieved in batch culture
studies (Burkhardt et al. 1999a, Rost et al. 2002,
Brutemark et al. 2009). Rost et al. (2002) compared
their batch culture results with chemostat data
obtained by Bidigare et al. (1997). Growth rates from
Bidigare et al. (1997) were between 0.2 and 0.6 d*
compared with 0.5-1.1 d™! in Rost et al. (2002), show-
ing only a slight overlap. Another substantial differ-
ence is the light regime applied in the different sys-
tems. In chemostat cultures, constant light was used,
whereas a light:dark cycle was applied to the batch
cultures. In our turbidostat system, we used nutrient-
replete media and growth rates were controlled by
varying irradiance levels. The growth rates obtained
from the turbidostat cultures varied from 0.1 to 1.4 d™!
and fall within the range reported in previous studies
(Fig. 5).

In constant light treatments, €, values are notably
higher than under a light:dark cycle (Burkhardt et al.
1999a, Rost et al. 2002). We postulate that these
marked differences (8 %o0; Burkhardt et al. 1999a, Rost
et al. 2002; and 6 %o0; Burkhardt et al. 1999b) are due
to the constant dilution of the DIC pool in the algae.
Assuming that MCC rates are higher than the satu-
rated photosynthetic rates under a given PFD in a
steady state, the depletion of the DIC pool from
heavy isotopes is directly correlated with the pho-
toperiod. As the DIC pool, which is the substrate for
carboxylation, becomes lighter, so does the organic
carbon produced from it. The limiting factor is the
specific growth rate (u;) relative to the replenishment
of the chemostat with DIC by dilution with ‘fresh’
medium.

A MODEL OF §3C ISOTOPIC FRACTIONATION
Model paramaterization

The ratio of *C to '2C in a sample is denoted as
Rsampie- This measure is usually reported relative to
the PDB standard and reported as a é value (%o):

813C:sanrlple = 1000 (Rsample — Rppg)/Rppp (3)

Processes that affect the isotopic composition of a
pool of carbon, or that move carbon from one pool to
another, such as carbon fixation using RuBisCO, alter
these & values, and are commonly described by an &
notation. We define €55 as the relative change in iso-
tope ratios between 2 pools, A and B:
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8AB = 1000 (RA - RB)/RA (4)

where the convention is that the process moves car-
bon from A to B. The effect of 2 successive processes
can be combined to form an overall conversion factor.
Successive processes are multiplicative, so the
appropriate combination rule is:

(1 - £4c/1000) = (1 — €ap/1000) (1 — £5c/1000)  (5)

but because the ¢ values are usually very small com-
pared with 1000, this is usually simplified to the
approximate rule:

€ac = €aB t+ €BC (6)

A similar simplification is possible for the § expres-
sion for e,5. While €,5 is usually written as:

EAB = (SA - 83)/(1 + 8A/1000) (7)
the analogous simplification is to write:
€ap = Oa—0p (8)

These simplifications introduce extremely minor
errors, which are much less than the uncertainty in
the input & data, and are important because they
greatly simplify the expressions needed to describe
the isotopic fractionation of carbon in photosynthesis.

The model derivation is a standard mass-balance
approach, and Farquhar et al. (1982) and Laws et al.
(2002) utilized similar approaches. We decompose
the isotopic fractionation due to photosynthesis, g,
into 2 stages: the movement of carbon from the extra-
cellular (Ce) environment to the intracellular (Ci)
environment and then into organic (org) carbon (but
before respiration):

€p = €ce,ci T Ecijorg (9)

Alternatively, this can be described as the differ-
ence in isotopic composition between extracellular
inorganic carbon and fixed organic carbon:

& = dce — 6org (10)

using the abbreviation 8"*C,,; = 8,,; and analogous
forms (see Table 2 for notation). The isotopic compo-
sition of extracellular inorganic carbon is known,
although the equilibrium between CO,(aq) and
HCOj3;™ will depend on temperature. Some authors
measure g, relative to CO,(aq) and not DIC, but we
prefer this convention.

The isotopic composition of organic matter 8,
depends on the composition of the intracellular pool
and the fractionation of carbon fixation:

8org = 8Ci — €ci,org (11)

Table 2. Constants describing fractionation process (see text
and Eqgs. 3-15). The relative change in isotope ratios as C
moves from Pool A to B is €5 g where A, B are one of Ce, CO,,
HCOg3, CO,, Ci, org for extracellular inorganic carbon,
CO,(aq), HCOj37, intracellular inorganic carbon, and fixed
organic carbon, respectively. The isotopic fractionation for
select processes is €, where k is one of efflux, MCC, or p
(organic carbon fixation from extracellular inorganic car-
bon). The 8'3C for extracellular DIC relative to the PDB stan-
dard is 8c.. MCC: massive carbon cycling; RuBisCo: Ribulose
1,5-bisphosphate carboxylase

Symbol Process Range of Our value
values (%o) (%0)

€Ce,cO2 Chemical -7 to -10 Temp. function
€ce,HCO3 Chemical 0
€co2,ci Chemical 0
€HCo3,Ci Chemical 0
Eofflux Efflux 1
Emcc MCC 1
€Ciorg RuBisCO  -21to -30 27

Ce 0
€ -16 to —27  Predicted by model

The composition of the intracellular pool depends
on the processes that regulate it, i.e. uptake, efflux
and MCC:

dci = Oce = €ceci * ferftux Eetiux + fvcc Emcc +
(1 = fettux = fumcc) €ciorg (12)

The fractionation due to uptake of inorganic car-
bon into the intracellular pool, €ce i, is complicated
by the potential variation among passive diffusion
and active uptake as well as the preference for CO,
over bicarbonate:

€ceci = feozditi(€ce,coz + €coz,cidit) + fcozactive(Ece,coz
+ €co2,Ciactive) + fHCO3 active(Ece 03 + €HCO3,C1) (13)

Combining Egs. (9-13), we obtain the overall frac-
tionation factor:

& = fcozait(€cecoz + €cozciait) + fcozactve(Ececoz +
€co2,Ciactive) T fHCO3active(EceHicos + €Hco3,ci) — fefilux
Eefitux — Snvcce Evce + (ferux + fMcc) Eciorg (14)

A simplified form can be used if we discount small
fractionation terms:

€ = (fcozaiti + fcozactive)€ce,coz = fefilux €efflux —
fuce &vce + (fettux + fmcce) €ciorg (15)

This is consistent with the commonly used linear
relationship between ¢, and p:[CO,| if we assume
that feux @and fucec are constant in addition to the
usual assumptions of constant carbon quota, constant
cell membrane permeability and uptake of inorganic
carbon only by passive diffusion.
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Changes in temperature lead to changes in chemi-
cal reaction rate constants governing equilibria in the
carbonate system. We use a greatly simplified ver-
sion that only includes a quadratic dependence on
temperature. This relationship predicts [CO,(aq)] as
a function of T (in °C):

[CO,(aq)] = 22.36 — 0.7161T + 0.0097T (16)

and is consistent with our experimental data and
simplified carbonate chemistry equations. Tempera-
ture changes also affect the isotopic composition of
extracellular CO, because of the increase in CO,
solubility:

§13Ccn = 813Cpye + 23.644 — 9701.5/(T + 273.15) (17)

Phytoplankton uptake of CO, and HCO3;™ depends
on temperature and [CO,(aq)] because of changes in
diffusion, extracellular concentrations of carbon spe-
cies and the activity of a CCM. Uptake of CO, by dif-
fusion into the cell is:

Veozair = —4nRD (Cy — [CO,(aq)]) (18)

where Cj is the concentration of CO, at the cell sur-
face, R is the radius of the cell and D is the tempera-
ture-dependent diffusion constant. Changes in
[CO,(aq)] will result in a linear response in the diffu-
sion uptake. The temperature dependence of Dis lin-
ear, but ignored because the variability is much less
than the corresponding changes in [CO,(aq)].

Active uptake is conveniently modeled by a
Michaelis-Menten function for both CO, and HCO;".
Uptake of CO, is for the most part subsaturating and
can be described by a linear response to environ-
mental CO, or by the more complete saturating func-
tion. Bicarbonate uptake is saturated and shows
essentially no variability over the range of experi-
mental conditions considered. The CCM is activated
at low [CO,] when a higher percentage of DIC
uptake is of HCOs.

Active uptake of CO, and HCOj3; depends directly
on extracellular CO, and HCOj;™ and indirectly on
temperature according to:

Veozactive = 260 [COL)/([CO,] +13.4)  (19)

and
VHCO3—,aCtive = 58 (20)

where [CO,] is in pmol 17! and uptake is in pmol mg™!
chl a h™ (Rost et al. 2002). The numerical values are
used here only for convenience. In fact, we know
very little about the relative uptake of CO, and
HCOj™ . The feature of primary importance is that a =
Veco2/ Viicos- decreases as [CO,| decreases and tem-
perature increases.

Loss terms are much more difficult to quantify than
uptake, so we aim to include only the most obvious
qualitative features into our model. Under steady-
state conditions, efflux must be less than uptake.
Since increasing temperature is associated with
decreasing carbon uptake by passive diffusion, we
argue that efflux will also decrease as a fraction of
uptake to permit carbon fixation to continue or
increase. The second derivative of efflux is positive;
as efflux decreases towards 0, we expect the rate of
decrease to attenuate. A function consistent with
these observations is:

fumex = 1/10 + 3/4 [(T - 33)/33]* (21)

which is 0.85 at T= 0 and declines to 0.1 at T = 33.

MCC is turned on at the same time as the CCM.
Evidence suggests that amount of MCC increases
rapidly with decreasing [CO,] and CCM activity. For
MCC, we assume that the level is close to 0 below a
threshold temperature, Tycc = 13°C, and increases to
approximately 80 % of the uptake rate at the upper
end of the temperature range suitable for growth.
One possible definition is

fuce = exp[(T - 37)/14] (22)

The fraction of DIC taken into the cell that goes to
growth is f, = 1 — feiux — fmcc. An alternative formu-
lation could use growth rate to constrain efflux and
MCC further. It must be noted that this growth rate
refers only to carbon fixed, does not include respira-
tion or other loss terms, and may be only loosely
related to net photosynthesis and growth.

Comparison of the observed results and
model outputs

We suggest that ¢, values for Emiliania huxlei re-
flects both temperature and pCO, conditions at con-
stant light intensities. These parameters influence g,
through transient MCC and CCM activity, and the
sensitivity of g, to changes in MCC, CCM, [CO,] and
temperature is predicted by our model (Fig. 6).

In contrast to previous studies, we believe that
under our experimental conditions, elevated light
intensities only slightly effected POC isotopic compo-
sition and that POC became slightly richer with '3C.
This is possibly based on the capability of photosyn-
thetic organisms to change the ratio of CO,:HCO;3~
uptake (Burkhardt et al. 2001, Tchernov et al. 2003).
This ratio sets the basic isotopic composition of the Ci
pool, which serves as the substrate for carboxylation.
The constant conversion of CO, to HCOj3™ against the
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come (solid line). (B) Comparison of the observed ¢, with the
predicted g, for the same temperature

physical chemical equilibrium under low CO, condi-
tions will, with little doubt, minimize the leakage of
CO, from the cytoplasm and thus cause a deviation
from the Ci species-dependent expected equilibrium
of 8!3C under equilibrium conditions (O'Leary 1981).
Our data reveal that the isotopic composition of the
Ci pool is a crucial component that determines to a
great extent the isotopic composition of the photo-
synthetic product, as originally suggested by
Sharkey & Berry (1985).

Our experimental results and model suggest that
massive inorganic carbon cycling may strongly influ-
ence the isotopic composition of POC. MCC might
have a large effect on the §'3C of photosynthetic
products of calcareous phytoplankton species such as
E. huxleyi under different environmental conditions,
such as light and temperature.

To further explore the U-shaped dependence of g,
on temperature and [CO,(aq)] (Fig. 3), we developed
a numerical simulation model that uses the following
state variables: the CO,:HCO;3™ uptake ratio (which
depends on temperature as it affects the relative
abundance of carbonate species in seawater), diffu-
sion, and active uptake kinetics of inorganic carbon.
This effect is manifested by differential fractionation
of carbon as passive diffusion of [CO,(aq)] decreases
when temperature increases. In addition, the isotopic
composition of the Ci pool changes due to efflux of
inorganic carbon, the activity of the CCM and associ-
ated MCC. The novel feature of our model is the pre-
diction that g, increases (more 2C is incorporated
into organic matter) as the CCM and MCC become
activated at low [CO,(aq)] and high growth rates
(Fig. 6). It predicts the same quadratic variation in g,
as a function of temperature as observed experimen-
tally. It is noted that the model predictions are lower
than the data by 2—-5 %o, but are linearly related to the
observations (R? = 0.90, p < 0.001; Fig. 7). These
results indicate that MCC is likely to have a major
impact on the §'*C composition of the photosynthetic
products of E. huxleyi. A better understanding of
how each individual process influences the end prod-
uct will indeed bring us closer to a unified model that
would enable us to try and reconstruct paleo-CO,
concentrations through §'*C analysis.
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