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Abstract—The carbon isotopic compositions of the marine diatom Porosira glacialis and the marine
cyanobacterium Synechococcus sp. were measured over a series of growth rates (u) in a continuous culture
system in which the concentration and carbon isotopic composition of CO,(aq) were determined. These data
were compared with previously published isotopic results of growth rate experiments using the marine diatom
Phaeodactylum tricornutum and the marine haptophyte Emiliania huxleyi. Systematic relationships were
found to exist between w/[CO,(aq)] and carbon isotopic fractionation (ep) for each species. Maximum isotopic
fractionation (e;) for P. glacialis, E. huxleyi, and P. tricornutum was ~25%o, suggesting that this value may
be typical for maximum fractionation associated with Rubisco and B-carboxylases for marine eukaryotic
algae. By contrast, €; determined for Synechococcus clone CCMP838 was ~7%o lower. The slopes of the lines
describing the relationship between €, and w/[CO,(aq)] for eukaryotic algal species were different by a factor
of more than 20. This result can be accounted for by differences in the surface area and cellular carbon content
of the cells. Comparison of chemostat experimental results with calculated results using a diffusion based
model imply that the algae in the experiments were actively transporting inorganic carbon across the cell
membrane. Our results suggest that accurate estimates of paleo-[CO,(aq)] from €p measured in sediments will
require knowledge of growth rate as well as cell surface area and either cell carbon quota or cell volume.
Given growth rate estimates, our empirical relationship permits reliable calculations of paleo-[CO,(aq)] using
compound-specific isotopic analyses of C;, alkadienones (select haptophytes) or fossilized frustules
(diatoms). Copyright © 1998 Elsevier Science Ltd

1. INTRODUCTION

The fractionation of '*C by marine phytoplankton has been the
subject of recent theoretical, laboratory, and field studies (e.g.,
Arthur et al., 1985; Popp et al., 1989; Rau et al., 1989; Freeman
and Hayes, 1992; Goericke et al., 1994; Hinga et al., 1994). If
the carbon isotopic composition of phytoplankton is primarily
controlled by the concentration of ambient CO,(aq) (e.g., De-
gens et al.,, 1968; Pardue et al., 1976; Mizutani and Wada,
1982; among others), and if the relationship between isotopic
fractionation associated with photosynthesis (€p) and [CO,(aq)]
can be quantified (e.g., Freeman and Hayes, 1992), then the
prospect exists for investigating variations in ancient oceanic
[CO,(ag)].

However, carbon isotopic fractionation by marine photoau-
totrophs potentially depends on many factors. These factors can
include cell wall permeability, carbon demand or growth rate,
cell size, and the ability of the cell to actively assimilate
inorganic carbon (e.g., Raven and Johnson, 1991; Fry and
Wainright, 1991; Rau et. al., 1992; Francois et al., 1993;
Goericke et al., 1994; Rau et al., 1996). Recently, Laws et al.
(1995, 1997) and Bidigare et al. (1997), using results of anal-
yses of marine microalgae grown in chemostat cultures, were
able to demonstrate systematic quantitative relationships be-
tween cell growth rate, [CO,(aq)] and carbon isotopic fraction-
ation. In this paper we extend this work and explore the
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relationship between cell size, carbon quota, and cell geometry
on carbon isotopic fractionation. We demonstrate that these
factors can significantly influence isotopic fractionation in ma-
rine phytoplankton. These results have important implications
for the interpretation of the carbon isotopic record of marine
sedimentary organic matter.

2. MATERIALS AND METHODS

We combined results of chemostat growth experiments for the ma-
rine diatom Phaeodactylum tricornutum from Laws et al. (1995, 1997)
and for the marine haptophyte Emiliania huxleyi from Bidigare et al.
(1997) with new results from the marine cyanobacterium Synechococ-
cus and the Antarctic marine diatom Porosira glacialis. To simulate
conditions in the modern ocean, we used only results of experiments
with P. tricornutum in which [CO,(aq)] exceeded 10 umol/kg (see
Laws et al., 1997). Results for E. huxleyi include calcifying (clone
B92/11) and noncalcifying (clone BT6) strains.

Chemostat experiments using Synechococcus (CCMP838) and Po-
rosira glacialis (CCMP980) were performed following the methods
originally described in Laws et al. (1995). Both algae were obtained
from the Center for Culture of Marine Phytoplankton, Boothbay,
Maine, USA. Synechococcus was grown in a nitrate-limited chemostat
using a polycarbonate medium reservoir and growth chamber at room
temperature (22-23°C) and on continuous light. P. glacialis was grown
in chemostat culture on continuous light and at constant temperature
(either —0.1 or 2.0°C). Target temperatures in these experiments were
maintained to within *£0.05°C by circulating a water-glycol mixture
from a temperature-controlled water bath through the jacket of the glass
growth chamber. We measured daily or bi-weekly (depending on the
growth rate) cell density, chlorophyll fluorescence, concentration of
total dissolved inorganic carbon (DIC), total alkalinity (to calculate
[CO,(aq))), and the 8'3Cpy,c. in the growth chamber. The growth me-
dium consisted of seawater collected from station ALOHA (Karl and
Lukas, 1996), enriched with appropriate concentrations of essential
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Fig. 1. Schematic diagrams of Synechococcus sp., E. huxleyi, P.
tricornutum, and P. glacialis. Average cell dimensions and standard
deviations are given as well as calculated average surface area to
volume ratios. Note that P. glacialis is illustrated at 1/5 scale.

nutrients, and sterile filtered (0.22 wm) into a previously autoclaved
medium reservoir. Studies at a particular growth rate did not begin until
the culture had been at steady-state for at least four doubling times so
that more than 93% of the biomass harvested at the end of the exper-
iment had been grown with the concentration of phytoplankton and the
concentration and isotopic composition of DIC constant. Collection,
processing of algae and water samples, and all calculations were
identical to those of Laws et al. (1995, 1997).

Surface area and volume of the eukaryotic phytoplankton species
analyzed were calculated using geometric cell dimensions measured
with a calibrated micrometer using a Zeiss IM35 inverted microscope.
We chose to use optical measurements because electronic methods
(e.g., Coulter Counters) can underestimate cell volume, particularly for
nonspherical cells (Montagnes et al., 1994). Our strains of Emiliania
huxleyi had geometrical forms closely resembling a sphere, thus only
the average cell diameter was measured and used for surface area and
volume calculations (Fig. 1). The form of P. tricornutum used in these
experiments is fusiform (see Fig. 4 in Borowitzka et al., 1977). For
surface area and volume determinations, its shape can be adequately
described by the geometric form illustrated in Fig. 1 (Edler, 1979). Cell
widths in the middle and at the tips of the cells were measured in girdle
view and in valve view as well as cell length for calculation of cell
surface area and volume. Porosira glacialis is a large centric diatom
with the dimensions given in Fig. 1. Surface area and volume were
calculated assuming cell geometry could be adequately described by a
cylinder with each end capped by the frustum of a right cylinder cone.
Because of difficulty resolving optically the geometric dimensions of
Synechococcus (CCMP838), cell radius was estimated from the cellular
carbon conversion factor of Verity et al. (1993; 470 fg-C um™?)
assuming spherical geometry. Cell size estimates agree well with those

reported in recent literature (Kana and Gilbert, 1987, Campbell et al.,
1994). Carbon biomass for all algae was determined from cell counts
and particulate organic carbon analyses. Cell counts were determined
by microscopic analyses, flow cytometery (Coulter EPICS 753 w/dual
laser bench), and/or by using a Celloscope® cell counter. Particulate
carbon analyses were performed using a Perkin-Elmer model 2400
CHN analyzer. Carbon biomass was found to be proportional to bio-
volume raised to the 0.88 power (pg C = 0.284 X (biovolume,
pm?)0875 »2 = 0.99), a relationship consistent with that of Verity et al.
(1993).

3. RESULTS AND DISCUSSION

Several models describing carbon isotopic fractionation in
plants exist based on the work of Farquhar et al. (1982). Early
studies assumed variations in [CO,(aq)] were paramount in
controlling carbon isotopic fractionation (ep, cf. Freeman and
Hayes, 1992) in marine algae (e.g., Arthur et al., 1985; Popp et
al., 1986; Rau et al., 1989; among others). Recently, physio-
logical effects have been investigated (e.g., Rau et al., 1992;
Francois et al., 1993; Goericke et al., 1994; Rau et al., 1996).
Building upon this work, Laws et al. (1995, 1997) and Bidigare
et al. (1997), using results of laboratory experiments and field
observations, demonstrated that, over the range of growth rate
and {CO,(aq)] combinations found in contemporary seawater, a
linear relationship existed between growth rate (), [COx(aq)]
and €p in a marine diatom and a marine haptophyte such that

K, M > 1)

€ =€+ (&~ a)(g ~ K00,

where CO, is the [CO,(aq)] in the growth medium, €, and €, are
the discrimination factors associated with diffusion of CO,(aq)
into the plant and fixation of CO,(aq) within the plant, respec-
tively, and K, and K, are rate constants for the flux of CO,(aq)
into and out of the plant, respectively. Implicit in Eqn. 1 is the
assumption that CO,(aq) enters the cell via passive diffusion.
Several studies, however, suggest that one or more inorganic
carbon species is actively transported across cell membranes
(see reviews by Aizawa and Miyachi, 1986; Raven, 1991a,b).
When P. tricornutum was grown in chemostat culture with
[CO,(aq)] < 7 pmol kg~ !, € was found to be a nonlinear
function of u/CO,, implying that CO,(aq) entered the cell by
mechanisms in addition to diffusion from the bulk medium
(Laws et al., 1997). Nonetheless, the e,—u/CO, relationship
was well approximated by a linear fit for chemostat cultures of
P. tricornutum with [CO,(aq)] exceeding 10 umol kg~ '. We
further examine below the implications of passive diffusion vs.
active (facilitated) transport of CO,(aq). With the exception of
Synechococcus (CCMP838), results of chemostat experiments
are analogous to those of P. tricornutum grown at [CO,(aq)]
exceeding 10 wmol kg~ and are well approximated by linear
relationships between €, and u/[CO,(aq)], but those relation-
ships are species-specific (Fig. 2a; Table 1).

One factor potentially affecting e, and our interpretation of
the mechanism by which CO,(aq) enters the cell is e, the
flux-weighted average of isotope effects associated with all
carbon-fixation reactions active in the cell. Laws et al. (1995)
suggested that if K, = K,, then €, should approach ¢, in the
limit as w/CO, — 0. The values of € predicted by the linear
regression for the eukaryotic species at u/CO, = 0 converge on
a value of ~25%¢ (Fig. 2a). Maximum fractionations of 25-
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Fig. 2. Results of chemostat experiments. (a) Plot of ey vs. u/[CO,(aq)] for P. tricornutum (filled squares), P. glacialis
(filled diamonds), E. huxleyi (noncalcifying clone open circles and calcifying clone filled circles), and Synechococcus sp.
(open triangles). The lines represent geometric mean regression analysis (reduced major axis) and are described by: P.
tricornutum (ep = 25.5 — 52.6p/CO,, 2 = 078, n = 8); E. huxleyi (e, = 24.6 — 137.9u/CO,, r* = 0.87, n = 9);
Synechococcus sp. (mean €, = 17.3, n = 10) P. glacialis (ep = 25.5 — 1118.2u/CO,, # = 0.75,n = 7). See also Laws
et al. (1995, 1997) and Bidigare et al. (1997). (b) Plot of the slope of the €p vs. w/[CO,(aq)] relationship shown in 2a vs.
the cellular-carbon-to-surface-area ratio. Also shown are relationships (dashed lines) based on cellular carbon estimated
using cellular carbon-biovolume equations from the literature citations noted. Surface area was determined from the
geometry of the cell (Fig. 1). The error bars in the y-axis represent the 95% confidence limit in the slope of the regression,
error along the x-axis are standard deviations of the analyses. (c) Plot of the slope of the €, vs. uw/[CO,(aq)] relationship
shown in 2a vs. the volume-to-surface-area ratio. Surface area and volume were determined from the geometry of the cell
(Fig. 1). The error bars in the y-axis represent the 95% confidence limit in the slope of the regression, error along the x-axis
are standard deviations of the analyses. (d) Plot of €, vs. the product w/[CO,(aq)] and volume-to-surface-area ratio for the

eukaryotic species shown in Fig. 2a.

28%¢ have been suggested by Raven and Johnson (1991) and by
Goericke et al. (1994). If a linear fit to these results is valid,
then ~25%o would appear to be a typical value for maximum
fractionation associated with Rubisco and B-carboxylases for
marine eukaryotic algae. Results of experiments with Synecho-
coccus (CCMP838) show no systematic variation in €, with
change in either [CO,(aq)] or growth rate, indicating that
carbon isotopic fractionation by this organism was independent
of the supply of CO,(aq) to the cell and the CO,(aq) demand
within the cell. €, for these experiments average 17.3 = 1.2%.
(n = 10). For comparison, isotopic fractionation of 21.5%0 was
determined for Rubisco isolated from the freshwater cyanobac-
tertum, Anacystis nidulans (Guy et al., 1987). This latter mea-

surement did not account for effects of B-carboxylations during
carbon fixation. Isotopic analyses of Rubisco in C; plants yield
e-values of 27-28%¢ (see review by Goericke et al., 1994), also
larger than the 25%. we determined using our chemostat ex-
periments. These results suggest that ~17%o may be a value
typical for maximum fractionation associated with Rubisco and
B-carboxylases in Synechococcus clone CCMP838. Most im-
portantly, the source of Rubisco appears to affect the maximum
fractionation and must be considered when interpreting results
of isotopic analyses of marine organic materials.

The slopes of the e, — w/[CO,(aq)] lines describing the
eukaryotic algae grown in chemostat culture (Fig. 2a) differ by
a factor of more than 20, indicating that this relationship varies
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Table 1. Results of Synechococcus sp. and Porosira glacialis chemostat studies.

DIC co, WCO, kg d™! 3"°Ceo, sCp

Sample mmol/kg umol/kg pd! pmol ™! % %o €p %o

Synechococcus sp.
SN1 2.061 12.90 0.30 0.023 —14.85 —29.91 15.53
SN2 2.033 11.60 0.40 0.035 —12.09 —27.98 16.35
SN3 2.038 13.70 0.50 0.037 -12.24 -30.25 18.58
SN4 2.000 11.91 0.60 0.050 —10.46 —28.52 18.59
SN5 1.963 8.24 0.70 0.085 -9.86 —26.61 17.21
SN6 2.071 13.76 0.20 0.015 —14.71 —31.26 17.08
SN7 2.182 18.40 0.10 0.005 —16.89 -32.03 15.64
SN8 2.142 14.96 0.10 0.008 -16.72 —33.05 16.89
SN9 1.877 6.10 0.70 0.115 -7.76 —26.12 18.85
SN10 1.887 9.80 0.90 0.101 ~9.65 —27.25 18.10

Porosira glacialis
PG1 2.167 23.00 0.09 0.004 —36.59 —51.47 15.69
PG2 2.076 18.70 0.22 0.012 —31.83 —44.29 13.04
PG3 2.106 23.40 0.27 0.016 —28.35 —34.16 6.02
PG4 2.361 26.00 0.27 0.010 -30.59 —45.23 15.34
PG> 2.347 25.79 0.32 0.012 —28.31 —-37.77 9.83
PG6 2.362 23.08 0.21 0.009 -30.53 —47.81 18.15
PG7 2.643 79.90 0.17 0.002 —37.89 —58.81 22.22

greatly among species. For example, if P. tricornutum and P.
glacialis were growing on the same inorganic carbon source in
the same water mass at w = 0.35 d~' with a [CO,(aq)] = 25
pmol/kg, our experimental results predict that these organisms
would have 8-values differing by 15%.. The mechanisms un-
derlying these differences must be understood before the car-
bon isotopic record of marine organic matter can be interpreted
with confidence.

Because the filux of CO,(aq) into and out of an algal cell is
expected to be roughly proportional to the surface area of the
cell, and specific growth rate equals the net CO,(aq) flux per
cell divided by carbon per cell, Laws et al. (1995) suggested
that the rate constants K, and K, should vary as a function of
surface area, carbon content, and cell wall permeability (see
also Francois et al., 1993; Goericke et al., 1994; Rau et al.,
1996). The fact that e, predicted by the linear regression
equations at u/CO, = O for eukaryotic algae equals ~25%o
suggests that for each alga, K, is proportional to or equal to K,
since variation in these terms among different species would
result in variability in the intercept (see Eqn. 1). Equality or
proportionality in these terms makes ecological sense. CO,(aq)
would be expected to cross the cell membrane under conditions
of no or low growth and high [CO,(aq)] only by diffusional
processes as little would be gained by expending energy to
transport CO,(aq) into the cell. If we assume K, = K, Eqn. 1
may be simplified

&=+ (g e.)(l - K(’:‘OQ) @

where the slope should reflect the dependence of K on the
carbon-to-surface-area ratio of the cell, and the intercept is
independent of cell size and shape.

To determine if differences in the slopes of the lines describ-
ing the €p vs. u/[CO,(aq)] relationships for the algae shown in
Fig. 2a can be accounted for by variations in surface area and
cellular carbon, we plotted the carbon-to-surface-area ratio
determined from cell counts, CHN analyses and the geometry

of the cells (Fig. 1) vs. slope (see caption Fig. 2; we assume the
slope for Synechococcus = 0). These results (Fig. 2b) indicate
that differences in surface area and cellular carbon accounts for
99% of the variation between the slopes in Fig. 2a.

It has been shown that the carbon biomass of marine mi-
croalgae varies as a function of cell volume (e.g., Strathman,
1967, Verity et al., 1993; Montagnes et al., 1994; this study).
However, there is currently no consensus on the exact relation-
ship between carbon biomass and cell biovolume (Montagnes
et al., 1994), and much of the variability can be traced to
artifacts associated with volume changes during fixation of
samples and with electronic particle counting (Montagnes et
al., 1994). Montagnes et al. (1994) found good agreement
between their data and that of Verity et al. (1993) where these
artifacts were minimized. To determine if a consistent relation-
ship could be found between cell volume and carbon isotopic
fractionation, we calculated cellular carbon from the biovolume
of the algae grown in chemostat cultures using four published
cellular carbon-biovolume relationships. The resulting cellular
carbon-to-surface area ratios calculated using cellular biovol-
umes determined from cell geometry (Fig. 1) are compared
with the experimentally derived slope using the measured
[CO,(aq)] (Fig 2b). Our experimental results are in good agree-
ment with the cellular carbon-biovolume relationships of Ver-
ity et al. (1993) and Montagnes et al. (1994) but not with
Strathman (1967) and Mullin et al. (1966) perhaps because of
artifacts included in these latter relationships. If we accept the
relationships of Verity et al. (1993) and Montagnes et al.
(1994), it suggests that differences between the slopes of the
€p-i/[CO,(aq)] lines shown in Fig. 2a can also be accounted
for by the volume-to-surface-area ratio. In fact, the relationship
between slope and the volume-to-surface-area ratio is highly
correlated (Fig. 2c). The generality of the relationships shown
in Fig. 2b and 2c suggest that when cellular carbon cannot be
easily constrained (e.g., modern and ancient field samples), the
relationships of Montagnes et al. (1994) or Verity et al. (1993)
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can be used to estimate cellular carbon when biovolume is
known.

Several authors have suggested that, assuming spherical cell
geometry, carbon isotopic fractionation by marine phytoplank-
ton is related to cell size (Francois et al., 1993; Goericke et al.,
1994; Laws et al., 1995; Rau et al., 1996). Our results indicate
that e, depends not only on cell size, but also on the shape of
the cell. Phytoplankton with geometry that maximize surface-
area-to-volume ratios (e.g., penate diatoms, dinoflagellates)
should have higher €, values under the same conditions of w
and [CO,(aq)] compared with cells with a low surface area to
volume ratio, at least in natural settings which mimic our
experimental conditions. A similar conclusion was also reached
by Francois et al. (1993) and Goericke et al. (1994). The €, of
phytoplankton with low surface area to volume ratios are more
sensitive to changes in growth rate and {CO,(aq)] than that of
phytoplankton with high surface area to volume ratios (see Fig.
2a). Maximum differences in 8-values among phytoplankton
having different surface area to volume ratios should be ob-
served in environments where growth rates are high and
[CO4(aq)] is low.

The correlation between slope and both the cellular-carbon-
to-surface-area ratio (Fig. 2b) and the volume-to-surface-area
ratio (Fig. 2c) implies that there is a functional relationship
between carbon isotopic fractionation and cell size and cell
geometry. This relationship is consistent with the assumption
that CO,(aq) enters the cell via passive diffusion through a
surface boundary layer (e.g., Pasciak and Gavis, 1975; Riebe-
sell et al., 1993) and the cell membrane. Our experiments allow
this assumption to be tested. The models of Pasciak and Gavis
(1975) and Riebesell et al. (1993) allow us to examine CO,(aq)
diffusion through the surface boundary layer. We used Eqn. 14
in Laws et al. (1997), which is based on these models, to
compare [CO,(aq)] in the bulk medium to that at the cell
surface. Our calculations indicate that under conditions of
highest u/CO,, where the effects of a surface boundary layer
are expected to be most important, [CO,(aq)] at the cell mem-
brane was more than 92% of ambient [CO,(aq)], implying that
diffusion of CO,(aq) from the bulk medium through the bound-
ary layer around the cell was probably not limiting for any of
the algae or conditions examined in this study.

If passive diffusion of CO,(aq) is the mechanism for DIC
uptake, then there must be sufficient CO,(aq) in the bulk
medium to satisfy cellular carbon demand. We calculated the
uncatalyzed rate of formation of CO,(aq) from dehydration and
dissociation of bicarbonate in the growth chamber medium
(using Eqn. 6 in Johnson, 1982; see also Laws et al., 1997) and
compared this rate to that of net photosynthetic uptake (uC,
where C = carbon cell™') under conditions of maximum
w/CO, to determine if, in the absence of extracellular carbonic
anhydrase, conversion of CO,(aq) from bicarbonate is fast
enough to support photosynthesis. Results of this calculation
indicate that the rate of photosynthetic uptake was at most 3%
of the uncatalyzed rate of formation of CO,(aq) from bicar-
bonate. This amount of available CO,(aq) must be considered
a minimum, since the presence of any carbonic anhydrase in
our cultures could have dramatically increased the rate of
dehydration and dissociation of bicarbonate. Hence, [CO,(aq)]
in the bulk medium cannot be considered a limiting factor in
any of our experiments.

Although the relationship between €, and u/CO, of the form
described by Eqgn. 2 is consistent with a passive diffusion
uptake mechanism, we suspected that other mechanisms might
yield a similar relationship. In order to explore this further,
Eqgn. 2 was rewritten in terms of nondimensional variables X
and e, where X = CO, K/ and € = (ep — €)/(€; - €). In terms
of these variables Eqn. 2 becomes

1

e=1-— 5(" (3)
Laws et al. (1997) have shown that this relationship can be
derived from a more general model of inorganic carbon
uptake formulated by Francois et al. (1993). The more
general model is basically an algebraic manipulation of the
mass balance equations for '>C and '*C, assuming that
CO,(aq) diffuses through the plasmalemma but making no
assumptions about what other mechanisms may be associ-
ated with CO, uptake. If we define C; to be the CO,(aq)
concentration immediately inside the plasmalemma and Y =
C; K/u, the general model takes the form

Y

Tl+vy @
If uptake occurs entirely by diffusion, then X — 1 = Y, ie,
gross diffusion of CO,(aq) into the cell minus carbon fixation
equals gross diffusion of CO,(aq) out of the cell. In that case

Y X-1 1

+Y- x 7%
CO,(aq) enters the cell by some mechanism in addition to
passive diffusion, then it is reasonable to assume that Y will
exceed X — 1. If Y = BX — 1, where B > 1, then

€= which is identical to Eqn. 3. If

Y BX—1 1
= = == )
1+Y BX BX
Equation 5 has the same form as Eqn. 3, with BX replacing
X, or in terms of dimensional variables, with 8K replacing
K. The implication of this analysis is that as long as the
relationship between the concentration of carbon dioxide in
the medium and C; obey the relationship

€

C, = BCO, - & ©)

then there will exist a linear relationship between e, and w/CO,
of the form

n
€ =€+ (& — e.)(l - BKCOZ) @)

The linearity of the relationship between €, and uw/CO, under
these conditions would be consistent with uptake via passive
diffusion, and the apparent permeability of the plasmalemma
would be BK. Thus linearity of the relationship between €, and
/CO,, while consistent with uptake via passive diffusion, by
no means rules out uptake via other mechanisms. The only
criterion for linearity is Eqn. 7, and Eqn. 7 is consistent with
passive diffusion only when B = 1. Active transport of CO,(aq)
requires that K, > K, in Eqn. 1.

If uptake of CO,(aq) is facilitated by an active transport
mechanism, then the value for €, may be in error. This value is
presumed to be 0.7%eo, the isotope effect determined for diffu-
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Table 2. Pertinent cellular data and comparison of calculated and measured slope of the €,-u/CO, relationship (see text).

Surface area Ccell™! biw' % pmol d Slope” %¢ pmol
Sample um?® Volume pm® pg cell ™! wd! kg™! dkg™!
P. tricornutum 100.6 425 7.6 1.4 —-17 —53
E. huxleyi 87.6 771 8.3 0.6 —-22 —138
Synechococcus sp. 5.8 1.0 0.36 1.0 -4 0
P. glacialis 3886 20410 0.3 —118 —1118

' b calculated using Eqn. 15 in Rau et al. (1996) assuming € = 25%o, P = 1 X 107* m s~ ',

2 See caption Figure 2a.

sion of CO,(aq) in fresh water at 25°C (O’Leary, 1984). Al-
though it is not known if isotopic discrimination occurs during
active trtransport of CO,(aq) across the plasmalemma, it is
generally assumed that the effect is small (Kerby and Raven,
1985; Berry, 1989; Raven and Johnson, 1991; Hayes, 1993;
Goericke et al., 1994). We assume here that the kinetic isotope
effect associated with active transport and passive diffusion of
CO,(aq) across the plasmalemma are similar and equal to
~0.7%c. This does not imply that active transport does not
affect the magnitude of €,. This will be addressed below.

The above discussion indicates that we cannot determine the
mechanism by which CO,(aq) enters the cell based only on
linear relationships between €, and w/CO,. We can, however,
test the assumption of passive diffusion by comparing our
experimental results with results predicted using the fraction-
ation model based on diffusive molecular uptake by Rau et al.
(1996). Equation 15 of Rau et al. (1996) provides an explicit
solution for b, where b is the slope of the relationship €, = ¢
— b/CO,. We can calculate b from our measured growth rate,
carbon biomass, and surface area (Table 2). However, direct
comparison of the slope of the €, vs. wW/[CO,(aq)] relationship
determined from the chemostat experiments to that calculated
using Eqn. 15 of Rau et al. (1996) requires that we factor out .
These results (Table 2) indicate that the diffusion-based frac-
tionation model overestimates the slopes obtained from che-
mostat observattons. One factor in Eqn. 15 of Rau et al. (1996)
that has a high degree of uncertainty is the apparent cell wall
permeability, which is equivalent to BK in Eqn. 7. Values of
BK calculated from chemostat experimiental results for the
eukaryotic species (i.e., those data with high correlation coef-
ficients, see caption Fig. 2) suggest apparent permeability rang-
ing from 1-4 X 107° m s~ ', values which are consistent with
permeability estimated using an energy minimization model for
P. tricornutum (Laws et al., 1997). These values are a factor of
four to ten times lower than the permeability postulated by Rau
et al. (1996).

It is reasonable to ask if our calculated apparent permeability
is consistent with diffusion of CO,(aq) across the plasma-
lemma. Estimates of permeability range from 3.5x 10 *ms™!
(Gutknechtetal., 1977)to 1 X 107" m s~ ' (Raven, 1988). The
highest value was determined using an artificial phos-
pholecthin/cholesterol membrane and was not considered by
the authors to be representative of plasma membranes in plants
(Gutknecht et al.,, 1977; see also Gimmler et al.,, 1990).
Gimmler et al. (1990) recently found values of ~10"®m s’
typical of plasma membranes in aquatic plants but noted that
conductivities of CO,(aq) were lower for experiments per-
formed in the dark. These results implied that in experiments

performed in the light, conductivity of CO,(aq) across the
plasma membrane was augmented by facilitated diffusion or
active transport (Gimmler et al., 1990). In one of the algal
species studies by Gimmler et al. (1990), Rotatore et al. (1992)
subsequently found rapid uptake of CO,(aq) upon the illumi-
nation of darkened cells which could not be attributed to
CO,-fixation. Rotatore et al. (1992) concluded that the facili-
tated transport of CO,(aq) resulted in higher permeability and
was probably driven by ATP as the energy source via a CO,-
ATPase probably located in the plasmalemma. The energy
driving this inorganic-carbon-concentrating mechanism may be
derived from pseudocyclic photophosphorylation (Syltemeyer
et al., 1993). If this effect occurs in marine phytoplankton, it
implies that light level may have an affect on fractionation
through the production of ATP which could be independent of
growth rate. Wayne et al. (1994) found independent evidence
for facilitated CO,(aq) transport across the plasmalemma in a
study of water and CO,(aq) permeability in single internodal
cells of Chara corallina. These authors suggested ‘‘when cells
are grown under low CO,(aq) conditions, the plasma mem-
brane permeability to CO,(aq) may increase as a result of
changes in the lipid bilayer and/or the addition of CO,(aq)
transport proteins.”” Taken together, results of these studies
argue that measurements of plasmalemma permeabilities to
CO,(aq) greater than 107> m s~ ' may include effects of active
transport and may not be indicative of permeabilities associated
only with passive diffusion.

As noted above, overwhelming evidence exists for active
transport of inorganic carbon in aquatic microalgae. Recently,
Laws et al. (1997) concluded that at growth rates >0.5 d—',
most of the CO,(aq) entered the cell of P. rricornutum grown
in chemostat cultures via active transport. This interpretation
was based on the observation that €, was found to be a
nonlinear function of w/CO, at high values of u/CO, although
the results were well approximated by a linear relationship for
0 < wCO, <0.3kgd ' wmoles™ ' (Laws et al., 1997). These
authors found that the nonlinearity resulted in positive curva-
ture; a result inconsistent with active transport of bicarbonate.
Facilitated transport of CO,(aq) across the plasmalemma could
be achieved by either active uptake of CO,(aq) (perhaps via an
CO,-ATPase) or conversion of bicarbonate to CO,(aq) by an
external carbonic anhydrase followed by diffusion (or active
transport) of CO,(aq) across the cell membrane (Laws et al.,
1997). Since several studies have documented that intracellular
concentrations of CO,(aq) exceed concentrations in the growth
medium (Zenvirth and Kaplan, 1981; Badger and Andrews,
1982; Burns and Beardall, 1987), and since authors have con-
cluded that CO,(aq) permeability through the plasma mem-



Effect of cell geometry on €p 75

brane is =10 ° m s~ ! (Raven, 1988; Gimmler et al., 1990), the
most parsimonious conclusion is that the algae in our experi-
ments satisfied their carbon requirements by both diffusion and
active transport of CO,(aq) across the plasmalemma. It should
be noted that the ability of E. huxieyi to actively transport DIC
is a matter of an ongoing debate (Raven, 1993; Nimer et al.,
1996). Since our permeability calculation for E. huxleyi is
similar to that for P. tricornutum and several authors (Burns
and Beardall, 1987; Raven, 1993; Colman and Rotatore, 1995)
conclude that P. tricornutum has the ability to actively assim-
ilate inorganic carbon, we conclude that, under our experimen-
tal conditions, E. huxleyi obtained some of its inorganic carbon
by active assimilation.

Although equations in the form of Eqn. 2, which have been
proposed by several authors (Francois et al., 1993, Goericke et
al., 1994; Laws et al., 1995; Rau et al., 1996), provide reason-
able empirical descriptions of carbon isotopic fractionation in
marine microalgae, the underlying assumption of passive dif-
fusion of CO,(aq) into the cell may not be strictly valid under
most natural conditions. But even if active transport supplies a
portion of the DIC requirements of the cell, this process does
not appear to affect the linearity of the €, vs. u/CO, relation-
ship under the growth and CO,(aq) conditions found in most of
the contemporary ocean.

4. CONCLUSIONS

Further studies are required to clearly separate the effects of
growth rate, cell geometry, and [CO,(aq)] on €, Although
results of our experiments suggest that CO,(aq) does not cross
the plasmalemma by passive diffusion alone, but rather is
supplemented by an active transport mechanism, the inescap-
able conclusion is that €, nonetheless varies as a linear function
of growth rate, [CO,(aq)] and the cellular-carbon-to-surface-
area ratio under most natural conditions. One implication of
this conclusion is that active uptake of inorganic carbon is
proportional to intracellular carbon demand or growth rate. Our
results are consistent with transport of CO,(aq) (not bicarbon-
ate) across the plasmalemma and indicate that the flux must be
proportional to cell surface area over a considerable range of
cell sizes. Our results suggest that carbon isotopic fractionation
in marine phytoplankton can be quantified by knowing only (1)
€, (2) growth rate, (3) [CO,(aq)], and (4) cellular carbon-to-
surface area ratio or volume-to-surface area ratio. Furthermore,
our results imply that the poor correlation between [CO,(aq)]
and carbon isotopic fractionation determined from isotopic
analyses of bulk marine suspended organic matter in the con-
temporary ocean (e.g., Goericke and Fry, 1994, Francois et al.,
1993; Popp et al., 1997) can be explained by natural variations
in growth rate, the source of Rubisco and algal cell geometry.

Our findings have implications for estimating reliably paleo-
[CO4(aq)] levels from €, based on analyses of bulk organic
matter or biomarkers (e.g., Arthur et al.,, 1985; Jasper and
Hayes, 1990; Rau et al.,, 1991; Freeman and Hayes, 1992;
Jasper et al., 1994). Workers wishing to determine paleo-
[CO,(ag)] based on stable carbon isotopic compositions of
organic matter and biomarkers must have some means of
estimating (or constraining) the size, shape, and growth rate of
the organisms producing the organic matter analyzed before an
empirical relationship such as Eqn. 2 can be applied. We

suggest that the results shown in Fig. 2d provide a preliminary
calibration for eukaryotic microalgae. Although some scatter in
these data may result from surface irregularities or micropores
present on the surface of some of these algae, this calibration
may be used when growth rates can be estimated (perhaps
using a T-u relationship, e.g., Eppley, 1972; see Eqn. 3 in Popp
et al., 1997) and cell size and geometry can be constrained.
Refinements to this calibration will require further study of
carbon-volume relationships and of €, vs. u/CO, relationships
on algae with well characterized cellular properties.

We suggest that future field studies include estimates of cell
size and geometry. Cell geometry can only be quantitatively
constrained when the source of the phytoplankton carbon an-
alyzed is known. One example in which this can be accom-
plished is through isotopic analyses of the matrix-bound or-
ganic materials in the tests of fossil diatoms (Shemesh et al.,
1992; Singer and Shemesh, 1995). In this case, the origins of
the matrix organic materials analyzed and cell geometry can be
constrained using the morphology of the diatom frustrule. Iso-
topic analyses of alkenones in sediments provides another way
to constrain the size and shape of the source organism. Biomar-
kers in the form of long-chain (C;,, C,4, and C,4) alkenones are
known to be produced in open-oceanic waters only by E.
huxleyi and the closely related Gephyrocapsa oceanica (Mar-
lowe et al., 1990; Brassell, 1993). Thus variations in cellular-
carbon-to-surface area ratio should be relatively small because
of limited variability in cell size and shape. Recently, Bidigare
et al. (1997) showed that € of alkenone-producing algae in
natural marine environments varied systematically with the
concentration of dissolved phosphate. These authors suggested
that where both Cd/Ca and the isotopic composition of C;,
alkadienones can be determined, it may be possible to use
relationships between [PO,} and Cd/Ca ratios in shells of
planktonic foraminifera to constrain growth rate variations and
accurately estimate paleo-[CO,(aq)].

Acknowedgments—We wish to thank David Hashimoto and Terri M.
Rust for help with laboratory cultures and isotopic analyses, Renate
Scharek for assistance with cell size measurements and optical cell
counts, and especially John M. Hayes and William G. Sunda for
commenting on an early version of this manuscript. This work was
supported by National Science Foundation grants OCE-9301204,
9633091 (BNP, RRB, EAL, and SGW) and OCE-9521332 (BNP and
EAL). The mass spectrometers used in this study were purchased with
support from NSF (EAR 91-17610 and OCE 91-16195 BNP; OCE
91-02642 BNP and D. M. Karl). This paper is SOEST contribution
number 4572.

REFERENCES

Aizawa K. and Miyachi S. (1986) Carbonic anhydrase and CQ, con-
centrating mechanisms in microalgae and cyanobacteria. FEMS
(Fed. Eur. Microbiol. Soc.) Microbiol. Rev. 39, 215-233.

Arthur M. A, Dean W. E., and Claypool G. E. (1985) Anomalous '*C
enrichment in modern marine organic carbon. Nature 315, 216-218.

Badger M. R. and Andrews T. J. (1982) Photosynthesis and inorganic
carbon usage by the marine cyanobacterium, Synechococcus sp.
Plant. Physiol. 70, 517-523.

Berry I. A. (1989) Studies of mechanisms affecting the fractionation of
carbon isotopes in photosynthesis. In Stable Isotopes in Ecological
Research (ed. P. W. Rundel et al.), pp. 82-94, Springer-Verlag.

Bidigare R. R. et al. (1997) Consistent fractionation of '*C in nature
and in the laboratory: Growth-rate effects in some haptophyte algae.
Global Biogeochem. Cycles 11, 279-292.

Borowitzka M. A., Chiappino M. L., and Volcani B. E. (1977) Ultra-



76 B. N. Popp et al.

structure of a chain-forming diatom Phaeodactylum tricornutum. J.
Phycol. 13, 162-170.

Brassell S.C. (1993) Applications of biomarkers for delineating marine
paleoclimatic fluctuations during the Pleistocene. In Organic Geo-
chemistry (ed. M. H. Engel and S. A. Macko), pp. 699-738, Plenum.

Burns B. D. and Beardall J. (1987) Utilization of inorganic carbon by
marine microalgae. J. Exp. Mar. Biol. 107, 75-86.

Campbell L., Nolla H.A., and Vaulot D. (1994) The importance of
Prochlorococcus to community structure in the central North Pacific
Ocean. Limnol. Oceanogr. 39, 954-961.

Colman B. and Rotatore C. (1995) Photosynthetic inorganic carbon
uptake and accumulation in two marine diatoms. Plant, Cell Environ.
18, 919-924.

Degens E. T., Guillard R. R. L., Sackett W. M., and Helleburst J. A.
(1968) Metabolic fractionation of carbon isotopes in marine plank-
ton: Temperature and respiration experiments. Deep Sea Res. 15,
1-9.

Edler L. (1979) Recommendations on methods for marine biological
studies in the Baltic Sea. Phytoplankton and chlorophyll. Baltic Mar.
Biol. Publ. 5, 1-38.

Eppley R. W. (1972) Temperature and phytoplankton growth in the sea.
Fish Bull. 70, 1063-1085.

Farquhar G. D., O'Leary M. H., and Berry J. A. (1982) On the
relationship between carbon isotope discrimination and the intercel-
lular carbon dioxide concentration in leaves. Australian J. Plant
Physiol. 9, 121-137.

Francois R., Altabet M. A., Goericke R., McCorkle D. C., Brunet C.,
and Poisson A. (1993) Changes in the 8'*C of surface water partic-
ulate organic matter across the subtropical convergence in the S. W.
Indian Ocean. Global Biogeochem. Cycles 7, 627-644.

Freeman K. H. and Hayes J. M. (1992) Fractionation of carbon isotopes
by phytoplankton and estimates of ancient CO, levels. Global Bio-
geochem. Cycles 6, 185-198.

Fry B. and Wainright S. C. (1991) Diatom sources of *C-rich carbon
in marine food webs. Mar. Ecol. Prog. Ser. 76, 149-157.

Gimmler H., Weiss C., Baier M., and Hartung W. (1990) The conduc-
tance of CO, across the plasmalemma for CO,. J. Exp. Botany 41,
785-795.

Goericke R. and Fry B. (1994) Variations of marine plankton 8'*C with
latitude, temperature, and dissolved CO, in the world ocean. Global
Biogeochem. Cycles 8, 85-90.

Goericke R., Montoya J. P., and Fry B. (1994) Physiology of isotopic
fractionation in algae and cyanobacteria. In Stable Isotopes in Ecol-
ogy and Environmental Science (ed. K. Lajtha and R. H. Michener),
pp. 187-221, Blackwell Sci. Publ.

Gutknecht J., Bisson M. A., and Tosteson F. C. (1977) Diffusion of
carbon dioxide through lipid bilayer membranes. J. Gen. Physiol. 69,
779-794.

Guy R. D., Fogel M. F., Berry J., and Hoering T. C. (1987) Isotope
fractionation during oxygen production and consumption by plants.
Prog. Photosyn. Res. 111 9, 597—-600.

Hayes J. M. (1993) Factors controlling the '*C contents of sedimentary
organic compounds. Principles and evidence. Mar. Geol. 113, 111-
125.

Hinga K. R., Arthur M. A, Pilson M. E. Q., and Whiticar D. (1994)
Carbon isotope fractionation by marine phytoplankton in culture: the
effects of CO, concentration pH, temperature, and species. Global
Biogeochem. Cycles 8, 91-102.

Jasper J. P. and Hayes J. M. (1990) A carbon-isotopic record of CO,
levels during the Late Quaternary. Nature 347, 462-464.

Jasper J. P., Hayes J. M., Mix A. C., and Prahl F. G. (1994) Photo-
synthetic fractionation of '*C and concentrations of CO, in the
central equatorial Pacific during the last 225,000 years. Paleocean-
ography 9, 781-898.

Johnson K. S. (1982) Carbon dioxide hydration and dehydration kinet-
ics in seawater. Limnol. Oceanogr. 27, 849--855.

Kana T. D. and Gilbert P. M. (1987) Effect of irradiances up to
2000 «E m~? s~ ! on marine Synechococcus WH7803 - 1. Growth,
pigmentation and cell composition. Deep-Sea Res. 34, 479-495.

Karl D. M. and Lukas R. (1996) The Hawaiian Ocean Time-series
(HOT) program: Background, rationale, and implementation. Deep-
Sea Res. 43, 129-156.

Kerby N. W. and Raven J. A. (1985) Transport and fixation of inor-
ganic carbon by marine algae. Adv. Bot. Res. 11, 71-123.

Laws E. A., Popp B. N., Bidigare R. R., Kennicutt M. C., and Macko
S. A. (1995) Dependence of phytoplankton carbon isotopic compo-
sition on growth rate and [CO,(aq)]: Theoretical considerations and
experimental results. Geochim. Comochim. Acta 59, 1131-1138.

Laws E. A,, Popp B. N., and Bidigare R. R. (1997) Effect of growth
rate and CO, concentration on carbon fractionation by the marine
diatom Phaeodactylum tricornutum. Limnol. Oceanogr. (in press).

Marlowe 1. T., Brassell S. C., Eglinton G., and Green J. C. (1990)
Long-chain alkenones and alkyl alkenoates and the fossil coccolith
record of marine sediments. Chem. Geol. 88, 349 -375.

Mizutani H. and Wada E. (1982) Effects of high atmospheric CO, on
8'3C of algae. Origins Life 12, 377-390.

Montagnes D. J. S., Berges J. A., Harrison P. J. and Taylor F. J. R.
(1994) Estimating carbon, nitrogen, protein, and chlorophyll a from
volume in marine phytoplankton. Limnol. Oceanogr. 39, 1044-
1060.

Mullin M. M,, Sloan P. R., and Eppley R. W. (1966) Relationship
between carbon content, cell volume, and area in phytoplankton.
Limnol. Oceanogr. 11, 307-311.

Neftel A., Oeschger H., Staffelbach T., and Stauffer B. (1988) Detailed
CO, record for the last 50,000 years from the Byrd Station Antarc-
tica ice core. Nature 331, 609--611.

Nimer N. A., Merrett, M. J., and Brownlee C. (1996) Inorganic carbon
transport in relation to culture age and inorganic carbon concentra-
tion in a high-calcifying strain of Emiliania huxleyi (prymnesio-
phyceae). J. Phycol. 32, 813-818.

O’Leary M. H. (1984) Measurement of the isotopic fractionation as-
sociated with diffusion of carbon dioxide in aqueous solution. J.
Phys Chem. 88, 823-825

Pardue J. W_, Scanlan R. S., van Baalen C. B., and Parker P. L. (1976)
Maximum carbon isotope fractionation in photosynthesis by blue-
green algae and a green alga. Geochim. Cosmochim. Acta 40, 309—
312

Pasciak W. J. and Gavis J. (1975) Transport limited nutrient uptake
rates in Ditylum brightwellii. Limnol. Oceanogr. 20, 604617,

Popp B. N., Takigiku R., Hayes J. M., Louda J. W., and Baker E. W.
(1989) The post-Paleozoic chronology and mechanism of °C deple-
tion in primary marine organic matter. Amer. J. Science 289, 436~
454.

Popp B. N., Parckh P., Tilbrook B., Bidigare R. R., and Laws E. A.
(1997) Organic carbon 8'3C variations in sedimentary rocks as
chemostratigraphic and paleoenvironmental tools. Palaeogeogr.,
Palaeoclimat. Palaeoecology, 132, 119-132.

Rau G. H., Takahashi T., and Des Marais D. J. (1989) Latitudinal
variations in plankton §'°C: Implications for CO, and productivity in
past oceans. Nature 341, 516-518.

Rau G. H., Froelich, P. N,, Takahashi, T., and Des Marais D. J. (1991)
Does sedimentary organic 8'’C record variations in Quaternary
ocean [CO,(aq)]? Paleoceanogr. 6, 335-347.

Rau G. H., Takahashi T., Des Marais D. J., Repeta D. J., and Martin
J. H. (1992) The relationship between 8'3C of organic matter and
[COy(aq)] in ocean surface water: Data from a JGOFS site in the
northeast Atlantic Ocean and a model. Geochim. Cosmochim. Acta
56, 1413-1419.

Rau G. H., Riebesell U., and Wolf-Gladrow D. (1996) A model of
photosynthetic '*C fractionation by marine phytoplankton based on
diffusive molecular CO, uptake. Mar. Ecol. Prog. Ser. 133, 275—
285.

Raven J. A. (1988) Transport across membranes. In Plant Membranes
- Structure, Assembly, and Function (ed. J. L. Harwood and T. J.
Walton), pp. 239-251, Biochem. Soc.

Raven J. A. (1991a) Implications on inorganic C utilization: Ecology,
evolution, and geochemistry. Canadian J. Botany 68, 908 -924.
Raven J. A. (1991b) Physiology of inorganic C aquisition and impli-
cations for resource use efficiency by marine phytoplankton: Rela-
tion to increased CO, and temperature. Plant Cell Environ. 14,

774-794.

Raven J. A. (1993) Carbon: A phytoconcentric view. In Towards a
Model of Ocean Biogeochemical Processes (ed. G. T. Evans and
M. I. R. Fasman), pp. 123-152. Springer-Verlag.



Effect of cell geometry on €, 77

Raven J. A. and Johnston A. M. (1991) Mechanisms of inorganic-
carbon acquisition in marine phytoplankton and their implications
for the use of other resources. Limnol. Oceaogr. 36, 1701-1714.

Riebesell U., Wolf-Gladrow D. A., and Smetacek V. (1993) Carbon
dioxide limitations of marine phytoplankton growth rates. Nature
361, 249-251.

Rotatore C., Lew R. R., and Colman B. (1992) Active uptake of CO,
during photosynthesis in the green alga Eremosphaera viridis is
mediated by a CO,-ATPase. Planta 188, 539-545.

Shemesh A., Macko S. A, Charles C. D., and Rau G. H. (1993)
Isotopic evidence for reduced productivity in the glacial Southern
Ocean. Science 262, 407-410.

Singer A. J. and Shemesh A. (1995) Climatically linked carbon isotope
variation during the past 430,000 years in Southern Ocean sedi-
ments. Paleoceanogr. 10, 171-177.

Strathmann R. R. (1967) Estimating the organic carbon content of

phytoplankton from cell volume or plasma volume. Limnol. Ocean-
ogr. 12, 411-418.

Syltemeyer D., Biehler K., and Fock H. P. (1993) Evidence for the
contribution of pseudocyclic photophosphorylation to the energy
requirement of the mechanism for concentrating inorganic carbon in
Chlamydomonas. Planta 189, 235-242.

Verity P. G., Robertson C. Y., Tronzo C. R., Andrews M. G., Nelson
J. R., and Sieracki M. E. (1993) Relationships between cell volume
and the carbon and nitrogen content of marine photosynthetic nano-
plankton. Limnol. Oceanogr. 37, 1434-1446. [Wayne et al. (1994)
goes here]

Wayne R., Mimura T., and Shimmen T. (1994) The relationship be-
tween carbon and water transport in single cells of Chara Corallina.
Protoplasm 180, 118-135.

Zenvirth D. and A. Kaplan (1981) Uptake and efflux of inorganic
carbon in Dunaliella salina. Planta 152, 8-12.



