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Abstract—Stable carbon isotope fractionatiog),X was measured in four marine diatom and one dinoflagel-
late species of different cell sizes. Monospecific cultures were incubated under high-light and nutrient-replete
conditions at 16 h:8 h and 24 h: 0 h light/dark cycles in dilute batch cultures at sixcG@entrations,

[CO, .4, ranging from ca. 1 to 3&mol kg™*. In all speciesg, increased with increasing [CQJ. Among

the diatoms, the degree of G@elated variability ine, was inversely correlated with cell size. Isotopic
fractionation in the dinoflagellate differed in several aspects from that of the diatoms, which may reflect both
morphological and physiological differences between taxa. Daylength-related changes in instantaneous
growth rate, defined as the rate of C assimilation during the photoperiod, affecteda similar or greater
extent than differences in experimental [C¢] in three of the species tested. In contrast, the irradiance cycle
had no effect ors,, in 2 other species. With the exception®iiaeodactylum tricornutupgrowth rate of all
species declined below a critical [GQ]. At these concentrations, we observed a reversal in thg€lated

g, trend, which we attribute to a decline in carbon assimilation efficiency. Although uncatalyzed passive
diffusion of CG, into the cell was sufficient to account for gross carbon uptake in most treatments, our results
indicate that other processes contribute to inorganic carbon acquisition in all species even g} [€Q0

wmol kg~ . These processes may include active C transport and/or catalyzed conversion ptéiCQ, by
carbonic anhydrase. A comparison of our results with data from the literature indicates significant deviations
from previously reported correlations betwegnand u/[CO, ., even when differences in cellular carbon
content and cell geometry are accounted f@opyright © 1999 Elsevier Science Ltd

1. INTRODUCTION linearity of this relationship has been demonstrated for the
diatomsPhaeodactylum tricornuturfLaws et al., 1995)Po-
rosira glacialis (Popp et al., 1998), and for the coccolithopho-
rid Emiliania huxleyi(Bidigare et al., 1997). Differences in the

During photosynthetic fixation of CQinto organic material,
algal cells discriminate against the heavier stable carbon iso-
tope *C. As a result of this fractionation process, marine ; .
phytoplankton are depleted itfC relative to the inorganic ~ SIOP€S Ofey Vs. u/[CO, od regression lines between these
carbon source. Variations in the isotopic compositisHic) of species could be accounted for by differences in the surface
sedimentary organic carbon have been correlated with concen-aréa and cellular carbon content (Popp et al., 1998). These
trations of molecular dissolved GO[CO, ., in surface water ~ results are consistent with (but do not prove) Q@ing the
(Rau et al., 1989, 1992) with marine p|ankt0n being most carbon species entering the cell. It is Important to keep in mind
depleted int3C at high latitudes (Sackett et al., 1965; Rau et al., that one cannot distinguish between £&hd HCQ uptake in
1982, 1989). This led to the suggestion that isotope measure-algal cells based on isotope data alone, if they are not accom-
ments of sedimentary organic matter may be used for the panied by additional information (Laws et al., 1997; Keller and
reconstruction of ancient Croncentrations in ocean surface Morel, 1999).
waters (e.g., Freeman and Hayes, 1992; Jasper et al., 1994; Regardless of the carbon acquisition mechanism, Popp et al.
Rau, 1994). (1998) conclude that the empirical relationship betwggand
Factors other than COhowever, may also have a significant  u/[CO, ,] may be used to determine paleo-[€(), when
impact on the isotopic composition in microalgae. Algal growth growth rates, cell size, and geometry can be constrained. Al-
rate () is a key variable in the fractionation process and ternatively, in situ growth rates of phytoplankton could be
isotopic fractionation in mixed phytoplankton assemblages can estimated frome,, [CO, ], cell size, and geometry. The au-
be influenced by taxon-specific differences (e.g., Francois et al., thors point out, however, that “further studies are required to
1993; Goericke et al., 1994; Laws et al., 1995; Rau et al., 1996; clearly separate the effects of growth rate, cell geometry, and
Popp et al., 1998). Furthermore, the nutritional status of the [CO, .J ons,.” We feel that more species need to be tested to
cells may affect isotope fractionation (Kukert and Riebesell, qyide a larger database for calibration. Furthermore, the
1998)'_ . ) ) reported empirical relationship relies exclusively on laboratory
An Inverse corrglatlon IS prefilcted fay, as a function .Of experiments performed under nitrogen-limited conditions in
WI[CO; o (Francois etal., 199_3’ Laws et aI_., 1995, 199_71‘ Rau continuous culture. If a regulated transport mechanism is in-
et al., 1996). At CQ concentrations exceeding 10nol kg™ -, o . . o
volved in inorganic carbon acquisitiop;related variability in
&, might depend on the factor controlling growth rate. Finally,

*Author to whom correspondence should be addressed 9rowth rate and [CQ,] were manipulated simultaneously in
(sburkhardt@awi-bremerhaven.de). the above-mentioned experiments so that the relative contribu-
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tion of each of these factors to changesejncould not be we refer to Burkhardt et al. (1999). In the following, we briefly
quantified. summarize how the key parameters relevant to our data interpretation

; " . ; were determined.

Our experlmgnts \{ver_e intended to: (_1) determl.ne,sill;lﬁ.is. Concentrations of COQwere calculated from DIC, total alkalinity,
H[CO; o] relationship in several species of marine microal  temperature, salinity, and concentrations of silicate and phosphate
gae; (2) avoid colimitation of algal growth by [CQJ] and assuming dissociation constants of Mehrbach et al. (1973). The isotopic
nutrient supply or light intensity during the experiments; and composition of CQ (8'*Cco,) was determined froms**Cp, c and
(3) distinguish between the relative impact of variation in absolute temperature (Tin Kelvin) according to Mook et al. (1974) by

. . using the equation provided by Rau et al. (1996):
[CO, .J and growth rate orz,. For that purpose, we investi
gated stable carbon isotope fractionation in the marine diatoms 519G, — 55C. 4 23.644— 9701.5 !
Asterionella glacialis Thalassiosira punctigeraCoscinodiscus ce pic : Ty (@)
wailesii, Phaeodactylum tricornutupand in the dinoflagellate
Scrippsiella trochoideainder high-light, nutrient-replete con-
ditions in dilute batch cultures. Dependence of hgfandu on » »
[CO, .J in each species was evaluated at six G@ncentra o — 9 Ceo ~ 8 Croc @
tions, ranging from ca. 1 to 3gmol kg~*. In addition, the P 1+ 8"Cpod1000
algae were cultlv_ated under two irradiance cycles in _order 10 The average 24-h growth raje, ., was estimated from changes in
vary growth rate independent of [GQ] at each of the differ concentrations of particulate organic carbon from [PQE[POC]. ,
ent CQ, levels. With this approach, we can separate the effect over the time intervat; to t; , ;.
of growth rate on isotopic fractionation from G@elated ef In[POC}.; — InN[POC}
. .- +1
fects. Furthermore, we use our data to test the applicability of Hip = rp—
the publishede, vs. w/[CO, ,J regressions to phytoplankton e
growth under nutrient-replete conditions. Finally, we consider Two-point measurements of growth rates on a cellular basis between
the effect of cellular carbon content and surface areapoin the beginning and the end of incubation were compared to daily cell

he fi . hich d id . Il si counts in control bottles to examine whether a prolonged lag phase
the five species, which covered a wide range in cell size. affected growth rate estimates (Burkhardt et al., 1999). No significant

The following terminology is used in this article. “Carbon  ifferences in growth rate were detected between calculation from daily
supply” refers to the flux of inorganic carbon to the outer cell counts and two-point measurements based on cell counts or POC
surface of an algal cell. “Carbon uptake” describes the transport meas‘;feme”ts-f Beczuse iSOLOPiC fra%tionation OCFWIS mjlirr:ly by enzy-

. . . matic fixation of CQ during photosynthesis, we calculated the instan
O_f inorganic c.arbo'n through the plasmalemma into the (?E|I’ taneous rate of growthy() from u,_, by accounting for the light
either by passive diffusion or by an active transport mechanism. phase (L), the dark phase (D), and dark carbon loss (r):

“Carbon acquisition” involves both carbon uptake and subse-
quent transport of inorganic carbon across the chloroplast en-
velope to the sites of carbon fixation. Furthermore, production
of extracellular carbonic anhydrase, which catalyzes the con- Because we did not measure dark carbon loss in our experiments, we
version of HCQ to CG, at the outer cell surface, is regarded assumed its rate to equal 15% of the rate of carbon assimilation during
as a carbon acquisition mechanism. “Carbon fixation” is the the preceding photoperiod (Laws and Bannister, 1980) in which case r
incorporation of inorganic carbon into organic carbon com- ©duals 0-15in Ean. 4.

pounds.

Isotopic fractionation was calculated relative to £43 a carbon source
according to Freeman and Hayes (1992):

©)

(L +D)pso
M= by @

3. EXPERIMENTAL RESULTS

2. MATERIAL AND METHODS Species-specific differences in both the dependenge of

With the exception ofP. tricornutum (strain CCAP 1052/1A), all [CO, .4 and the relationship Ofgp_ with [C_OZ:aJ’ p, and
species tested were grown from recent isolates from the southern North Hi/[CO> o Were found over the entire experimental C@nge
Sea. In all treatments, cells were incubated at 15°C in 16 h:8 h or (Figs. 1 to 5). We observed a significant decreaseu;irat
24 h:0 h light/dark cycles at a photon flux density of 1afol [CO, . = ca. 3 to 6umol kg™t in all species except foP.

photons m? s (400—700 nm radiation) and nutrient concentrations .. ; i
of 100 .imol kg~ nitrate, 100umol kg * silicate, and 6.25mol kg * tricornutum which exhibited constant growth rates over the

. T )

phosphate. Trace metals and vitamins were added according to /2 €Ntire [CQ, o] range from 2.1 to 38‘“”_“" kg_ - In all species,

enrichment (Guillard and Ryther, 1962). For each species, six different w; was approximately 50 to 70% higher in a 16 h:8 h L/D

CO, concentrations between ca. 1 and38ol kg~ * were adjusted by cycle compared to growth under continuous light.

variation of pH between 9.1 and 7.8 upon the addition of HCI or NaOH Above the CQ threshold concentration,, defined as the
it

at a constant concentration of dissolved inorganic carbon (DIC). This . . . .
range in pH is identical to the variation in pH that would accompany concentration below which growth rate is GGependent, iso

corresponding changes in G@oncentration in the ocean or in aerated  tOPIC fractionation increased with increasing [££] in all
experimental systems (e.g., Laws et al., 1995, 1997). species tested (Figs. 1b—5b). OnlyGnwailesiidid we observe
All experiments were performed in 2.4-L dilute batch cultures, |ittle or no increase i, even at the highest C&oncentration
which were typically harvested at 20—g@nol kq’ll partlcglate organic when grown in a 16 h: 8 h L/D cycle. Absolute Valuesaaf
carbon (POC) and never exceeded@@ol kg~* POC final concen . . .
tration. In contrast to chemostat cultures, cells thus grew under nutri- tended to be smaller in large cells at a given,@0ncentration.
ent-replete conditions at low maximum cell densities, which were of In all diatoms excepP. tricornutum CO.-related effects o,
the same magnitude as can be encountered under bloom conditions inwere greater when cells grew under continuous lighttro-

the field. In our dilute cultures, changes in pH during incubation were chgideawas the only species in which isotopic fractionation
always <0.05 and changes in the isotopic composition of DIC never

exceeded 0.4%.. Precision of the measurements whgtmol kg~* assumed values near zero at low [C(). .
(DIC), =5 peq kg * (total alkalinity), £0.1%0 (3**Cpc), =0.3%o At or below G, €, values no longer decreased with-de

(8%CpoQ. For further details on methods and experimental protocol, creasing [CQ ,J but remained constant or increased. Such a
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Fig. 1.Phaeodactylum tricornutunta) Instantaneous growth ratg ) as a function of [CQ ., and stable carbon isotope
fractionation as a function of (b) [CQJ. (€) w;, and (d)u;/[CO; ,. Full symbols and open symbols represent incubation
at a 16 h: 8 h L/D cycle and continuous light, respectively.
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reversal in the CQrelatede,, trend was most pronounced in
the largest specied ( punctigeraandC. wailesi). In P. tricor-
nutum where w; was independent of [CQ,] over the entire

experimental range,, continuously decreased toward the fow
est [CQ, 4 in both irradiance cycles.
We observed a decrease i with increasingy; in T.
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Fig. 2. Asterionella glacialis (a) Instantaneous growth ratg;) as a function of [CQ,J and stable carbon isotope
fractionation as a function of (b) [CQ. (¢) w;, and (d)w/[CO, ,J ata 16 h: 8 h (full symbols) or a 24 h: 0 h L/D cycle.
The threshold concentration;Gat or below which [CQ ] affectsy; is indicated by the dashed line. Corresponding values
of w; or g, are indicated by triangles.
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Fig. 3. Thalassiosira punctigerga) Instantaneous growth ratg;) as a function of [CQ_J, and stable carbon isotope
fractionation as a function of (b) [CQ, (c) w;, and (d)w/[CO, 4 for two irradiance cycles. Symbols and indication of

Ciim @s in Figure 2.

punctigera(Fig. 3c) andC. wailesii (Fig. 4c) without much
scatter caused by an additional Cé¥fect one,,. In A. glacialis
on the other hand, the effect @y caused by changes j at

different irradiance cycles is masked by the effect of [CQ]
(Fig. 2c). No correlation betwees), and u; was detected if.
tricornutumand inS. trochoideaAs indicated in Fig. 1cg,
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Fig. 4. Coscinodiscus wailesi(a) Instantaneous growth ratg;Y as a function of [CQ,J, and stable carbon isotope
fractionation as a function of (b) [CQ, (c) w;, and (d)w/[CO, { for two irradiance cycles. Symbols and indication of
Cim as in Figure 2.
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Fig. 5. Scrippsiella trochoidea(a) Instantaneous growth ratg;) as a function of [CQ,J, and stable carbon isotope
fractionation as a function of (b) [CQ, (c) w;, and (d)w/[CO, 4 for two irradiance cycles. Symbols and indication of

Ciim @s in Figure 2.

values ofP. tricornutumrange from ca. 10 to 16%. in either
irradiance cycle at a constant growth rate. Consequently, a
relatively large residual variability € = 0.714)remains in the
linear correlation between, and ;/[CO, ,J in this diatom
(Fig. 1d). A consistent but curvilinear decrease & with
increasingu;/[CO, ,4 was found inA. glacialis(Fig. 2d) andS.
trochoidea(Fig. 5d). No significant trend for combined data of
the two irradiance cycles were observedrinpunctigera(Fig.

3d) and C. wailesii (Fig. 4d), even wherg, values from
incubations below (;, were excluded.

4. THEORETICAL BACKGROUND
4.1. Fractionation as a Function of C Fluxes

To provide the framework for our discussion of factors
contributing to the observed variability &, we first introduce
a simple conceptual fractionation model. In contrast to most
existing models, it permits the simultaneous uptake of both
CO, and HCQ, at variable proportions. Eqn. 5 describes
isotopic fractionation as a function of the carbon fluxes asso-
ciated with phytoplankton carbon acquisition, wheygeis de
fined as

F.

gp=a(egt &) +(L—a)e; + (e, — &9 ﬁ ®)

F, and F_; are CQ fluxes into and out of the cell, respectively.
F, is the flux of HCQ into the cell, anda is the fractional
contribution of HCQ flux to gross total carbon uptake,(F

F, + F,) into the cell. Enzymatic fractionation during C fixa
tion is denoted by,; equilibrium fractionation between CO
and HCQ is denoted bye, (please note that; assumes

negative values in this model). Fractionation associated with
the influx and outflux of CQ (e, £_,) and with the uptake of
HCO; (g,) is often assumed to be on the order of ca. 1%o
(Raven, 1997; Keller and Morel, 1999), which is small com-
pared with values up to 30%o. fractionation by the carbon-fixing
enzyme RUBISCO (Roeske and O’Leary, 1984; Guy et al.,
1993) and—10%o. for e; under our experimental conditions. If
we consider fractionation during inorganic carbon flux across
the plasmalemma negligible, Eqn. 5 is approximated by

F.
gy,=aezt &, —
p =

(6)
Diffusive loss of CQ from the cell back to the medium relative
to gross total carbon uptake is termed “leakage™(IF_,/F)).
The model does not take HGCefflux into account, which has
been suggested to constitute a significant portion of inorganic
carbon loss in cyanobacteria (Salon et al., 1996). Based on
mass balance considerations, C flux into organic carbgh (F
during photosynthetic C fixation equals the difference between
C uptake and C loss:

Fo=F—F, (7)
We can describe fas the product of instantaneous growth rate
() and cellular carbon contenty{), which represents the
carbon-specific growth rate.:

®)

By using Eqns. 6—8, we can now define isotopic fractionation
as a function of growth rate:

Me = Mi Yc
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Table 1. Cellular carbon contenfg, and cell surface area, S. Megp (+1 SD) is shown for six C@concentrations and two L/D cycles. Mean

S (=1 SD) is shown as combined data for the two L/D cycles.

L/D cycle Clcell (yo) Cell surface area (S)
Species [h:h] [pmol cell™}] [wm?]

P. tricornutum 16:8 7.4 ¢0.6)x 10°* 6.9 (+0.2) X 10*
24:0 7.6 ¢0.6)x 107t

A. glacialis 16:8 9.7 ¢:0.6) X 1¢° 4.1 (+x0.3)x 107
24:0 7.9¢0.7)x 1¢°

T. punctigera 16:8 1.8 ¢0.1) X 107 5.8 (+0.4) X 10°
24:0 1.5¢0.1) x 17

C. wailesii 16:8 3.6 (-0.2) x 10* 1.1 (+0.3)x 10°
24:0 3.8 ¢0.3) x 10

S. trochoidea 16:8 5.9 ¢-0.8) X 10* 3.3(+0.3)x 1¢°
24:0 5.4 ¢-0.4) x 10*
e than with the low fractionation of photosynthetic bacteria.

gp=asg3t e f2 F ©) Direct evidence for high fractionation during carboxylation

This general formulation accounts for carbon uptake of,CO
and/or HCQ irrespective of the mechanism by which inor
ganic carbon passes the membrane, @@y enter the cell by
passive diffusion or active transport. Due to the low perme-
ability of biological membranes for the charged molecule
HCQOg, it is usually assumed that HGGcan enter an algal cell

reactions in marine diatoms is given by direct measurements of
g, = 26%0 in P. tricornutum(Laws et al., 1997; U.R., unpubl.
data) at lowu/[CO, .4, which impliese, = 26%.. For the
interpretation of our results, we thus adopted a constgant
value of 27%.. This represents the mid-point of the range for
maximum fractionation by all cellular carboxylation reactions
(25.4-28.3%0) suggested by Goericke et al. (1994), which also

only by an energy-dependent uptake mechanism (see Ravenaccounts for fractionation bg-carboxylation.

1997, for review) and that inorganic carbon leaves the cell only
by passive diffusion of CQ Further assumptions made in this

If we assume that, does not differ between species and
treatments, isotopic fractionation is only a function of growth

model are that: (1) the cell consists of a single compartment; (2) rate relative to gross total C uptake, and of the relative contri-
fractionation associated with C loss due to respiration or pho- bution of HCG; to the flux of inorganic carbon into the cell

torespiration is negligible; and (3) all HGCentering the cell is
converted into CQ before it becomes fixed into organic C
compounds or is lost from the cell (i.e., no fractionation is
associated with this reaction). If all inorganic carbon is taken up
as CQ (a = 0, R = F,) and fractionation associated with

(Egn. 9), because; was constant in our experiments. Instan
taneous growth rates of each species were approximately pro-
portional to carbon-specific growth rates, as cellular carbon
content exhibited no systematic trend over the experimental
CO, range and differences iy between irradiance cycles

carbon flux across the plasmalemma is considered negligible were small (Table 1).

(e1, e_, = 0), the model is identical with the fractionation

models suggested by Francois et al. (1993) and Laws et al.

(1995). If all inorganic carbon is taken up by active transport of
HCO; (a = 1, K = F,) and no fractionation occurs during C
flux across the plasmalemma,( ¢_, = 0), the model is

4.2. Minimum [CO, ,/] for Diffusive C Uptake

The fractionation model provides a tool to estimate the

identical with the carbon concentrating model suggested by Minimum CQ, concentration at which the uncatalyzed diffu

Sharkey and Berry (1985).

Precise measurements of fractionation during C fixatigh (
are not available for eukaryotic microalgae. For the carbon-
fixing enzyme RUBISCO, isolated from spinach, Roeske and
O’Leary (1984) repori, values of 30%0 (pH 7.0), 29%. (pH
8.0), and 26%o. (pH 9.0), which is similar tg, = 30.3%. (pH
8.5) determined by Guy et al. (1993). Thus, the effect of pH on
&, is small and is probably negligible in vivo (Guy et al., 1993),
if we consider maintenance of relatively constant pH levels
inside the chloroplast, where RUBISCO is located.

In contrast to higher Cplants such as spinach, fractionation
by RUBISCO is significantly lower in a photosynthetic bacte-
rium and a cyanobacterium, witk, values ranging between

sive supply of carbon dioxide to the cell surface is sufficient to
account for the observed rate of gross carbon uptake. Diffusive
flux of CO, to an algal cell (F can be calculated as

Is

F=4mr D(l + r—)([coz,ad -C) (10)
k

where ¢ is the surface-equivalent spherical cell radius, D is the
diffusion coefficient for CQ in the medium, y is the reacto-
diffusive length, and Cis the CQ concentration at the cell
surface (Riebesell et al., 1993; Wolf-Gladrow and Riebesell,
1997). Maximum CQ flux to an algal cell can theoretically be
achieved if G approaches 0 due to algal carbon uptake, eorre

17.8 and 23.0%. depending on species and reaction conditionssponding to the maximum COgradient between the bulk

(Roeske and O’Leary, 1985; Guy et al., 1993). A comparison of

medium and the cell surface. If we set € 0 and maximum

kinetic and structural properties of RUBISCO (see Raven, 1997 F, = F,;, we can then calculate the minimum €€bncentration

and Badger et al., 1998, for recent reviews) suggestsethat
values of diatoms show greater similarity with higherpglants

(CO, in) required to satisfy C flux into the cell by passive
diffusion according to
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F, [CO, o4, and the linearity of the relationship betweepand
COumin = 271 DA + 1) D wiCOWd. |
. . In most species and treatments, bulk concentrations of CO
The value for F is obtained from Eqn. 9 based on measure were several-fold higher than the minimum £&ncentration

ments ofe,, ;, and cellular carbon content, assumisg = required for diffusive CQ uptake (Fig. 6)These results indi-
27%o and diffusive CQuptake to be the only carbon source for  cate that most species were theoretically able to satisfy their
photosynthesis (i.ea = 0, i = F;). The term 1+ rdr, cellular carbon demand at all experimental C@vels by

accounts for the contribution of extracellular uncatalyzed diffusive CQO, uptake even in the absence of extracellular CA.
HCO; —CQ, conversion to total COsupply and was calculated  |n contrast to the smaller species, £Q, of C. wailesiiwas

according to Wolf-Gladrow and Riebesell (1997). A Caif- one order of magnitude higher and exceeded JGPin all
fusion coefficient of D= 1.45x 10 °m?s *at 15°C (Rauet  treatments. These cells require an additional carbon source,
al., 1996) was used for all calculations of CQ. either by the CA-catalyzed conversion of HC@ CQ, near
the cell surface with subsequent C@Qptake, or by direct
5. DISCUSSION transport of HC@ through the plasmalemma. Similarly, -ex

A central aspect for the interpretation of stable carbon iso- racellular CA activity or direct HCQ uptake is necessary to
tope fractionation is the mechanism of inorganic carbon acqui- 2¢count foIlthe carbon demand Bf punctigeraat [CO, o <
sition in marine phytoplankton. In the case that cellular carbon 2 #Mol kg™~ in this study. .
uptake is dominated by passive diffusion of C@cross the According to the diffusion model, any change in growth rate
plasmalemma, any change in [GQ] directly affects the flux ata given CcQ concent!ratlon shoul_d be_ reflec_ted in v_anak}Le
of inorganic carbon into the cell. Below a critical G@oncen In P. tricornutumand in S. trochoideaisotopic fractionation
tration, diminishing CQ supply leads to a decrease in growth Was unaffected by daylength at each [} despite signifi
rate. Under these conditions, a simple linear relationship be- cant differences in;. We take this as evidence for a regulated

tween isotopic fractionation and/[CO, . is predicted from cgrbon acqui;ition mechanism in these species even at the
fractionation models (e.g., Francois et al., 1993: Goericke et al., Nighest experimental COconcentration. In the other three
1994; Laws et al., 1995; Rau et al., 1996). species, daylength-related differences;jrare consistent with

Catalyzed conversion of HCDto CO, by extracellular unca_ta_lyzed diffusive CO uptake_, _but do r_10t exclude the
carbonic anhydrase (CA) may significantly accelerate the rate possibility of extracellular CA activity or active carbon trans-
of CO, supply to the cell surface. Isotopic fractionation in this POt . o o _
scenario may be indistinguishable from CQptake in the Another prediction by the diffusion model is a linear, inverse
absence of CA (Riebesell and Wolf-Gladrow, 1995). However, 'elationship between, and,/[CO, o with &, close to enzy
the correlation betwees, and bulk [CQ, ] is less predictable matic fractionation ag./[CO, .4 approaches 0. In four of the
if the CO, concentration near the cell surface is not only a species tested, the lack of such a linear correlation suggests that
function of [CQ, ] but also of CA activity. mechanisms other than uncatalyzed passive diffusion are in-

Active uptake of inorganic carbon adds further complexity to  Volved in carbon acquisition of these species. The relatively
the interpretation of isotope data. Energy-dependent uptake of /arge scatter in the,, vs. w/[CO, . refationship ofP. tricor-
both CO, and/or HCQ has been suggested in several microal Utummay also result from regulated C uptake. Furthermore,
gae (for recent reviews, see Raven, 1997; Kaplan and Reinhold,the )_/—ln_tercept O_f the CO”GSPO”‘?'”Q regression line in this
1999). Compared to COuptake, the transport of HGD species is approximately 17%o, which is far below the_expected
through the plasmalemma alters the isotopic composition of the Valué of 25-28%. (Raven and Johnston, 1991; Goericke et al.,
inorganic carbon pool inside the cell, which translates into a 1994) in the case of diffusive CQuptake.
change ine,,. If HCO;3 is taken up directly from the medium,
growth rate becomes independent of extracellulay, Cahcen 5.2. CQ, vs. HCO3 Uptake
trations. Regardless of the carbon species entering the cell, ) L . .
regulated active C transport can affect the ratio of C uptake to We_ applied three crlter_la to extract |nforma_t|on from_ our
growth rate, which is a critical parameter in isotopic fraction- €XPerimental data regarding the carbon species entering the
ation. cell: CO,-related variability ing,, at a constant growth rate,

In the following, we discuss our experimental results with Simultaneous changes im, and growth rate at variable
respect to different carbon acquisition scenarios. We apply [€Oz.ad: and maximum fractionation achieved at the highest
several criteria to evaluate the possibility of diffusive £O Co, concent_ratlon. .
uptake and consider the potential consequences of active car- In all species tested, growth rate was largely independent of

bon transport for the interpretation of isotope data. [CO, .4 over a wide range of COconcentrations, whereas
decreased towards lower [GQJ] in this range. It is unlikely

that direct uptake of HCD as the only carbon source can
account for the observed pattern, because fractionation is ex-
To distinguish between uncatalyzed diffusive C@ptake pected to remain constant in that case. Two different scenarios,
and CA-mediated HCO utilization or active uptake of iner however, could explain the data.
ganic carbon in our experiments, we considered the following  In the first scenario, CQis the dominant carbon species
parameters: the critical Concentration (G,;,,) below which entering the cell, either by passive diffusion (possibly in com-
cellular C demand cannot be satisfied by passive diffusion bination with extracellular CA activity) or by active transport
alone, the daylength-related variability is, at constant of CO.. If a decrease in [CQ,] results in diminishing CQ

5.1. Diffusive vs. Active Carbon Uptake
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Fig. 6. Minimum CQ concentration ((;,) required for diffusive CQ uptake as a function of bulk [CQ]. C,;, was
calculated foP. tricornutum(m), A. glacialis(O), T. punctigera(®), C. wailesii(A), andS. trochoideg +) during growth
under continuous light. The reference line indicatgg,G [CO, ,J. Above this line, uncatalyzed diffusive GGupply is
insufficient to account for algal C uptake. Please note differences in scale on the y;axis. C. wailesiiis approximately
one order of magnitude higher than in the smaller species.

uptake rates (f, e, decreases due to an increase in the ratio increase ire, towards lower CQ concentrations requires that
wi/F; as long as the carbon supply is high enough to maintain a decrease in the carbon uptake rate is accompanied by an even
a constant growth rate. An algal cell may possess several larger decline in growth rate. Calculations according to Eqn. 9
options to achieve such an increase in C assimilation efficiency (assuminga = 0, e, = 27%0) indicate that the measured

(i.e., reduce leakage of CD as will be discussed below. decrease in; by 53% (. punctigerd and 49% C. wailesi)
Alternatively, the decrease i), toward lower CQ concen leads to the observed increasesjpif F, declines by 35% or

trations may result from the gradual induction of HC®ans 34%, respectively.

port across the plasmalemma in addition to &@take. In this Such a decline in C assimilation efficiency (i.e., a decrease in

scenario, the cell is able to maintain a constant rate of gross C w;/F;) towards lower [CQ .J is expected for several reasons.
uptake. The apparent shift i, results from the higher frac First, the probability of diffusive CQloss from the cell back
tional contribution of HCQ to total C flux into the cell at into the medium increases with diminishing [€Q), so that a
lower [CO, 4. smaller fraction of gross total carbon uptake is available for
Regardless of the differences between the two scenarios, acellular growth. Second, it is reasonable to assume that the
significant contribution of CQ to total carbon uptake is a  carbon-fixing enzyme RUBISCO shows nonlinear saturation

prerequisite in both cases to account for the ,@€ated kinetics. Therefore, a decline in substrate (i.e.,,£bncen
changes irg,, at a constant growth rate in this study. tration in response to diminishing carbon uptake rates is likely

With the exception oP. tricornutum growth rate declined in to result in an unproportionally stronger decline in the rate of
all species below a critical COconcentration (,,). In this CO, fixation. Third, in the case of active CQptake, the ratio

CO, range, isotopic fractionation did not further decrease but of C uptake to C fixation can be affected by the availability of
even increased upon a decline in [£¢]). If the cells can take energy (ATP) and reducing power (NADBHat low [CQ, ..

up HCG; directly from the medium, neither a C@elated Under high-light and nutrient-replete conditions, yet at low
decline in growth rate nor a corresponding increasg, would [CO, .J, substrate limitation of CQ fixation in the Calvin

be expected. On the other hand, the observed pattern is con-cycle decreases the demand for both ATP and NARQR#hich
sistent with CQ transport into the cell: at [CO,J < C;,, any results in the accumulation of electrons in the light-dependent
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photosynthesis reactions. Pseudocyclic electron flow (Mehler
reaction), which ultimately leads to the reduction of oxygen
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Nonlinear fits should be treated with caution until a mechanistic
explanation for the variability i, is established.

within the cell, may serve as an electron sink to dissipate excess At this point in our discussion, we may conclude that O

light energy (Stiemeyer et al., 1993; Kaplan and Reinhold,

flux into the cell appears to constitute a significant portion of

1999). Because the Mehler reaction generates additional ATP gross total carbon uptake in all species tested. Several lines of

(but not NADPH,), active CQ transport (which requires en
ergy but not reducing power) may be less affected by dimin-
ishing CO, supply than by the rate of carbon fixation.
Another potential tool to distinguish between €@nd
HCO; uptake is the maximum fractionation achieved by a cell.
Isotopic fractionation cannot exceed maximum fractionation in

evidence, however, indicate that either active C transport
and/or the activity of extracellular CA are required to account
for the observed correlation af, with [CO, ] and growth
rate. With the exception oP. tricornutum a critical CQ,
concentration has been observed in all species, below which the
cells are not able to maintain a constant growth rate. Even if

carboxylation reactions, which has been suggested to lie in the these organisms possess a mechanism for direct uptake of

range of 25.4—-28.3%o. (Goericke et al., 1994). Direct measure-
ments ofe, in P. tricornutumrevealed values up to 25.72%o
(Laws et al., 1997) at [CO,] = 34.7umol kg~ * andy; = 0.5
d~*. Such highe,, values cannot be obtained by Hg@ptake.

In fact, even in the case of exclusive ¢Qptake, approxi
mately 90% leakage (diffusive loss of G®ack to the me
dium) is required to account for the observed fractionation
whene, = 28.3%o is assumed (Eqn. 6).

At a similar CQ, concentration in our study,, was approx
imately 10%. lower. A comparison with thg, vs. u,/[CO; .J
relationship of Laws et al. (1995) indicates that the higher
growth rate in our experiments (L/D 24:@y = 1.63 d*,
[CO, od = 37.7umol kg1 would account for approximately
half of the difference ire, between the two studies. Alterna
tively, differences in the kind of growth limitation may account
for much of the observed difference ép. A potential effect of
N limitation on isotopic fractionation has been suggested by
Kukert and Riebesell (1998) for field data and by Riebesell et
al. (submitted). In the latter study, fractionationRftricornu-
tum at different light intensities and [CQ,J was compared
with results for this species reported by Johnston (1996), Laws
et al. (1997), and in this article. A comparison of recent data by
Riebesell (unpublished) with those of Bidigare et al. (1997),
using the same strain of the coccolithophoBd huxleyj is
consistent with the suggestion that N limitation yields higkger
at similar growth rates and [CQ].

Although isotopic fractionation oP. tricornutumin this
study did not exceed 16.7%o, this value still provides evidence
that HCQ; uptake did not dominate inorganic carbon flux into
the cell. According to Eqns. 6 and 9, 90% leakage is required
to achieve 16.7%o fractionation in the case of HCQptake.
This is highly unlikely from an energetic point of view, because
metabolic energy is spent for each HC@olecule entering the
cell. Calculated leakage values are lower by approximately
40% in case that CQis the only carbon species passing the

HCOQOys, itis insufficient to compensate for the diminishing £O
supply. In experiments witP. tricornutum the lowest exper-
imental [CQO, ,J was 2.1 umol kg~*. It could be that the
critical CQ, level for C-limited growth is reached at an even
lower CQO, concentration due to the small cell size of this
species. This could be tested in further experiments at[(JO

< 2 umol kg~ *. Alternatively, it is possible tha®. tricornutum
differs from the other species in our study in its ability to rely
on HCG; uptake at low [CQ ,d, so that growth rate becomes
independent of CO supply at any CQ concentration. The
presence of a facultative uptake system for HG@® P. tricor-
nutumin the absence of extracellular CA has been demon-
strated in previous studies (Rotatore et al., 1995; Colman and
Rotatore, 1995).

5.3. Taxonomic Differences in Fractionation

Although the correlation ok, with [CO, ,J and w; shows
the same general trends 8 trochoideaas in the diatoms,
fractionation by the dinoflagellate appears to differ in some
aspects from that of the other species. Fractionation is lower
than in T. punctigera with e, values close to 0 in some
treatments, although higher values would be expected due to
smaller cell size and lower growth rates. Fractionation by the
dinoflagellate is more sensitive to changes in experimental
[CO, .J than fractionation by any of the diatom species in our
study.

Taxonomic differences between diatoms and dinoflagellates
with respect to both cell morphology and physiology may
account for the observed differencessiiresponses. Whereas
chloroplasts and other cell organelles of diatoms are usually
located in a relatively thin peripheral layer of cytoplasm be-
tween the cell wall and one or two large central vacuoles
(Round et al., 1990), dinoflagellates lack such vacuoles and cell
organelles are distributed over the entire cell (Van den Hoek,
1995). Another difference between the taxa is the presence of

plasmalemma. It should be pointed out that these calculationsa membrane surrounding the cellulose cell wall of thecate
are based on the assumption that inorganic carbon loss from thedinoflagellates. Diatoms, in contrast, lack such a membrane

cell occurs only as C© Different results would be obtained if
significant amounts of HCD can leave the cell, possibly by
HCO; : HCO; exchange.

In all species, maximum fractionation was ca. 8 to 17%o, i.e.,
significantly lower than fractionation during carboxylation re-

around their silicate cell wall (Van den Hoek, 1995). Both the
presence of an outer membrane and the distribution of chloro-
plasts throughout the cell may provide additional diffusive
resistance for CQto reach the site of carboxylation, which
could contribute to the greater sensitivity gf to variation in

actions. Higher values are expected upon a further increase in[CO, ] in S. trochoidea

CO, concentration beyond the experimental range of our study.
Due to the lack of a linear relationship betweep and
u/[CO, od, this kind of analysis cannot be used to infer max

imum ¢, values for the respective species from our data.

Compared to diatoms, dinoflagellates have higher rates of
dark respiration relative to growth rate (Geider and Osborne,
1989) so that our calculations @f; for S. trochoideamay
underestimate the actual rate of instantaneous growth. Higher
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w; would lead to lowers, values than in diatoms under other
wise similar conditions, which is consistent with our observa-
tions. Furthermoreg-carboxylation in dinoflagellates may dif-
fer from diatoms in both the carboxylating enzyme [e.g.,
pyruvate carboxylase (PC) 8\ trochoideaPEP carboxykinase
(PEPCK) inP. tricornutumandA. glaciali§ and the ratio of
B-carboxylase to RUBISCO activity [e.g., 0.55 8. tro-
choidea but 0.03 inP. tricornutumand 0.11 inA. glacialig
(Descolas-Gros and Oriol, 1992). Whether differencgs@ar-
boxylation activity are reflected ig,, however, depends on the
ultimate fate of CQinvolved in these reactions (no effect gn

if CO, is released again shortly after fixation; Raven, 1997) and
on fractionation by the carboxylating enzyme. Although frac-
tionation by PEPCK shows considerable overlap with
RUBISCO (Arnelle and O’Leary, 1992), fractionation by PC
has not been directly measured yet.

Finally, recent studies report the presence of form Il
RUBISCO in several dinoflagellate species (Morse et al., 1995;
Whitney and Yellowlees, 1995). The structural similarity to
RUBISCO of photosynthetic bacteria indicates that in
dinoflagellates may also be significantly lower than in diatoms
such asP. tricornutum which possess form | RUBISCO.
Again, lowere, values would be expected, which is consistent
with our experiments with the dinoflagellag trochoidea

5.4. Effect of Cell Size on the Relationship ok, with
Mi/[Coz,aq]

If we consider the entire experimental €@ange in our
study, we find significant deviations from a linear relationship
betweene,, and w/[CO, ] in all species tested, which we

S. Burkhardt, U. Riebesell, and I. Zondervan

suggested that differences in the surface area and in the cellular
C content between species may account for the differences in
g, Vs w/[CO, ] regressions. To test this, we plotted fraction
ation data from Figure 7a as a functionf(S [CO, ,J) (Fig.
7b). Whereas cellular carbon content was directly estimated
from mass spectrometric POC measurements and cell counts,
cell surface area (Sun?]; Table 1) was determined micro
scopically by taking differences in cell geometry into account.
Our results indicate that the scatter observed in Figure 7a is
reduced by considering cellular carbon content and surface area
(Fig. 7b). Similar results were obtained when we used cell
volume (V) rather than carbon content in combination with
surface area to correct for differences in cell size (data not
shown). In contrast to the linear regression shown by Popp et
al. (1998), a curvilinear relationship seems more appropriate to
describe the relationship betwegnand u /(S [CQ, ,J) or w;
VI(S [CO; ,d), even when CQconcentrations below 1@mol
kg~ were excluded from the analysis. The flattening slope at
ud(S [CO, »d) > 0.002 (Fig. 7b) can be attributed largely to
the unusually high cellular carbon content Gf wailesii
whereasy; of this species (0.24—0.937d) lies within the
range of growth rates frequently encountered in the field.
Although both a linear and a curvilinear relationship may
yield similar results atu /(S [CQ,,J) < 0.002, a general
applicability of either function is still questionable because of
the large residual variability im, for any given value on the
x-axis. For a given value g /(S [CO, ,J) = 6 (1) X 10%
isotopic fractionation varies between 3.0 and 20.6%o.. Lowgst
values are found in the dinoflagellg$e trochoideg3.0%) and
in the antarctic diatorR. glacialis(6.0%o), intermediate values
for small diatoms grown under nutrient-replete conditioBs (

attribute to carbon acquisition by processes other than passivecostatum 13.8—-14.4%o;P. tricornutum 15.6%.), and maxi-

diffusion of CO,. This observation is consistent with the results
of Laws et al. (1997) foP. tricornutum In contemporary ocean
surface waters, however, G@oncentrations below 7 to 10
wmol kg~ * are rarely found. To test the applicability of a linear
g, VS w/[CO, ,J relationship at CQ concentrations typically
encountered by phytoplankton under natural conditions, we
selected data that were obtained from incubation at,[G]>>

10 uwmol kg~ * (Fig. 7). In addition to results from this study,
we included values for the diaton®& costatun{Burkhardt et
al., 1999),P. tricornutum(Laws et al., 1995, 1997), ani.
glacialis (Popp et al., 1998). The large scatter in Fig. 7a
indicates that factors other than and [CQ, ,J need to be
considered to explain the variability i,

An important aspect that has not yet been accounted for in
our discussion is the large variation in cell size and cellular
carbon content. In our experiments, variation in cellular carbon
content ¢, [pmol C cell"*]) for any given species was small
(Table 1). Therefore, instantaneous growth ratewhich does
not account for differences in cellular carbon content, was
sufficient in our analysis of isotopic fractionation. On the other
hand, carbon-specific growth rate, defined as the product of
Yc and w; (Eqn. 8) is more appropriate to describgwhen
comparing cells of different size. Several authors recognized
the potential effect of cell size on isotopic fractionation (e.g.,
Laws et al., 1995; Rau et al., 1996) which has also been

mum values folP. tricornutum(20.6%o0) grown under nitrogen
limitation. Factors that may be responsible for this residual
variability include taxon-, species-, and strain-specific differ-
ences in the mechanism of inorganic carbon acquisition. Reg-
ulated active carbon transport, induction of HCQiptake,
presence of extracellular CA, and differences in fractionation
and kinetic properties of RUBISCO may lead to significant
deviations ofs,, from model predictions. The particulate case of
dinoflagellates has been discussed in the previous section. A
comparison of field data by Kukert and Riebesell (1998) also
indicates a large scatter in thg vs. u/[CO, . relationship.
The authors suggested that, aside from variation in cell size,
cellular C content, and taxon-specific differences, the nutri-
tional status of the phytoplankton may determigg This is
consistent with the observation by Riebesell et al. (submitted),
who reported that isotopic fractionation is also determined by
the factor controlling growth rate.

Popp et al. (1998) demonstrated that the applicability of the
relationship betwees,, and u/(S [CQ, ) to field data de
pends, at least, on a knowledgegfand cell size (from which
cellular C content may be estimated), which complicates or
even prevents the use of isotope data for the reconstruction of
paleo-[CQ .4 from mixed plankton samples. Our experimen
tal results add further complexity to the dependence of isotopic
fractionation on environmental and species-specific factors,

demonstrated based on experimental data (Popp et al., 1998)indicating that no general relationship betwegn [CO, ,J.
Because carbon flux through the plasmalemma should be and growth rate may exist which can be applied after correction

roughly proportional to the cell surface area, Popp et al. (1998)

for cellular C content and cell geometry.
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Fig. 7. Correlation ok, with (a) w/[CO, ,J and (b) u/(S [CQ, ,d) in marine phytoplankton grown at [CQJ > 10
wmol kg™*. Data forP. tricornutum(m), A. glacialis(®), T. punctigera(2), C. wailesii(A), andS. trochoidedx) are from
this study. In addition, we included data fer tricornutum(CJ; Laws et al., 1995)P. glacialis(+; Popp et al., 1998), and
S. costatun{O; Burkhardt et al., 1999).

It has often been suggested that the use of species-specific or 6. CONCLUSIONS
group-specific biomarkers in isotope studies of field data (e.g.,
Bidigare et al., 1997) may be a valuable alternative to the  Our results clearly demonstrate that changes iy G@hcen
analysis of mixed plankton samples. In this case, taxon-specific tration affect isotopic fractionation independent of growth rate
differences can be ignored and size effects may be negligible. in all species tested. Under conditions at which [Chad no
Still, if an independent parameter can be found to estimate significant effect on growth rate, we observed Q®lated
growth rates in the past, the use gf vs u;/[CO, ,J linear variation ine, up to 10%. depending on the species tested. With
regressions for paleobarometry requires a careful investigation the exception ofP. tricornutum isotopic fractionation of all
whether different kinds of growth limitation (e.g., by nutrients, species was sensitive to changes in,@&Dconcentrations-10
light intensity, or daylength) affect the predicted relationship. umol kg~ *, which covers the range of [CQ typically found
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