Vol. 404: 21-29, 2010
doi: 10.3354/meps08474

MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Published April 8

Utilization of organic nutrients by coccolithophores

Ina Benner! ?*, Uta Passow!?

1Alfred Wegener Institute for Polar and Marine Research, Am Handelshafen 12, 27570 Bremerhaven, Germany

2present address: Romberg Tiburon Center for Environmental Studies, 3152 Paradise Drive, Tiburon, California 94920, USA

3Present address: Marine Science Institute, University of California Santa Barbara, California 93106, USA

ABSTRACT: Coccolithophores play a prominent role in the marine, and by extension the global, car-
bon cycle. The ability of coccolithophores to thrive on organic nutrients is assumed to be a key rea-
son for their ecological success, as Emiliania huxleyi grows well on a variety of organic nutrients. The
ability of other coccolithophores to utilize organic nutrients has, however, not been investigated. We
conducted experiments to compare the ability of E. huxleyi, Coccolithus braarudii, and Calcidiscus
leptoporus to grow on environmentally common organic nitrogen and phosphorus sources (glycine,
L-alanine, L-proline, L-serine, L-glutanic acid, L-histidine, urea, glycerophosphate, adenosine
monophosphate, adenosine triphosphate, and B-nicotinamide adenine dinucleotide). The nitrogen
and phosphorus additions (200 tM and 14 pM, respectively) were higher than naturally occurring in
the ocean, as our goal was to test the ability of coccolithophores to utilize these substances. E. huxleyi
was able to grow on all tested organic nutrients. C. braarudii grew on 7 out of the 10 tested nutrient
sources, but did not grow on 3 amino acids. C. leptoporus grew on only 3 out of the 7 tested N-
sources, with no growth on the 4 amino acids. Similarities in the coccolithophores’ ability to utilize
specific organic sources suggest common transport systems and enzymes, whereas differences
emphasize the presence of species-specific nutrient uptake mechanisms. Such species-specific differ-
ences in the ability to utilize certain nutrients may provide explanations for biogeographic distri-
bution patterns and substantiate the suspicion that E. huxleyi may not be a good representative of

coccolithophores, e.g. for Earth system models.
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INTRODUCTION

In the context of the global carbon cycle, coccolitho-
phores are one of the important phytoplankton groups
(Rost & Riebesell 2004). They are ubiquitous and pro-
duce a large amount of organic carbon (some species
like Emiliania huxleyi form large blooms), and also fix
calcium carbonate in the form of calcite plates (so-
called coccoliths). E. huxleyi is generally chosen to
represent coccolithophores in ecosystem and carbon
cycle models (Westbroek et al. 1993, Iglesias-Rodriguez
et al. 2002, Moore et al. 2002), largely because most
laboratory and mesocosm experiments investigating
coccolithophores have been conducted with this spe-
cies (Palenik & Morel 1990a, Engel et al. 2004, Lovdal
et al. 2008). However, the question has been raised as to
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whether E. huxleyi is an adequate representative of
coccolithophores. Criteria for representativeness in-
clude the phylogenetic relationship and the response to
environmental conditions. E. huxleyi does not meet
these criteria either in terms of phylogeny (Sédez et al.
2003) or with regard to calcification physiology (Riebe-
sell et al. 2000, Langer et al. 2006). Moreover, in the
northern North Atlantic and the South Atlantic, Cocco-
lithus pelagicus and Calcidiscus leptoporus, respec-
tively, rather than E. huxleyi are the major calcite pro-
ducers (Baumann et al. 2004, Ziveri et al. 2004).
Emiliania huxleyiis able to grow on a large variety of
organic nutrients (Ietswaart et al. 1994, Palenik & Hen-
son 1997, Dyhrman & Palenik 2003), which, if it could
be extrapolated to all coccolithophores, would be a
central quality in determining interspecific competi-
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tion and succession, e.g. between coccolithophores,
dinoflagellates and diatoms. However, a comparison
with Pleurochrysis carterae suggests that interspecies
variability in the ability to utilize organic nutrients may
be high for coccolithophores (Palenik & Henson 1997).
Intraspecific variability in the ability to utilize specific
nutrients is also high within E. huxleyi (Palenik & Hen-
son 1997) as is its genetic variation (Iglesias-Rodriguez
et al. 2006).

Organic nutrients are the major pool of nitrogen and
phosphorus compounds in the ocean. Dissolved
organic nitrogen (DON) constitutes 89% of the total
dissolved nitrogen (TDN) in the surface water of the
open ocean (Berman & Bronk 2003) with urea and
amino acids contributing the largest fractions to the
labile DON (Antia et al. 1991 and references therein).
Urea concentrations range between 0.5 pmol I"! in the
open ocean and 8.9 umol 1! in estuary systems (Antia
etal. 1991). Urea concentrations in coastal regions may
even increase in the future due to the use of urea fertil-
izer and poultry production. In Chesapeake Bay (USA)
highest urea concentrations were found in areas with
most intensive agricultural and poultry operations
(Glibert et al. 2005). Amino acids reach concentrations
up to 0.5 pmol I"! in the open ocean (Antia et al. 1991)
with non-polar amino acids seemingly contributing the
largest fraction, followed by polar (amino acids with
both acidic and basic side chains), acidic and lastly
basic amino acids (Dittmar et al. 2001, Yamashita &
Tanoue 2003). Dissolved organic phosphorus (DOP)
constitutes up to 75 % of the total dissolved phosphorus
(TDP) in the ocean and consists mostly of phosphomo-
noesters (55 to 77 %) and nucleotides plus nucleic acids
(23 to 45%) (Benitez-Nelson 2000 and references
therein). To address the question if Emiliania huxleyi's
ability to utilize organic nutrients is representative of
ecologically important coccolithophores, we compared
the ability of E. huxleyi, Coccolithus braarudii, and
Calcidiscus leptoporus to grow on different organic
substrates of the natural DON and DOP pools, includ-
ing urea, amino acids, phosphomonoester, and nucleo-
tides. These experiments were designed to answer the
questions, (1) if organic nutrients are able to contribute
significantly to the growth of these coccolithophores,
(2) if the bioavailability of specific organic compounds
is similar for different species of coccolithophores, and
(3) if E. huxleyi is a good representative for these
coccolithophores in terms of nutrient utilization.

MATERIALS AND METHODS

Culturing conditions. Monospecific cultures of the
3 coccolithophores, Coccolithus braarudii (strain
RCC1200), Calcidiscus leptoporus (strain RCC1135,

both Roscoff Culture Collection), and Emiliania hux-
leyi (strain PML B92/11) were grown in batch cultures.
All cultures were grown at a light intensity of 270 pmol
photons m™2 s7'in a 16:8 light: dark cycle and a temper-
ature of 17°C. Because C. braarudii produced mal-
formed coccoliths in artificial seawater and C. lepto-
porus did not grow at all in artificial seawater, cells
were grown in media based on pretreated North Sea
water. Cultures of these species could not be made
axenic (some coccolithophores do not survive axenic
conditions), but bacterial concentrations were kept low
via sterile culturing methods.

Media preparation. Media was based on North Sea
water in which coccolithophores had been grown dur-
ing a pretreatment phase to remove nutrients. The
North Sea water was first 0.22 pm filtered (Durapore
Hydrophilic Cartridge, Millipore), then autoclaved
(121°C for 40 min), and inoculated with Emiliania hux-
leyi, except for the phosphorus experiment with Coc-
colithus braarudii. C. braarudii was used in the pre-
treatment phase for that experiment to avoid a false
positive result, because E. huxleyi releases the ecto-
enzyme alkaline phosphatase (Riegman et al. 2000),
which can persist in seawater and cleave organic phos-
phorous compounds. During this pretreatment phase
the respective cells were grown until all nitrate or
phosphate, respectively was utilized (checked by
means of nutrient measurements) and then cells were
removed by 0.2 pm filtration (PALL Life Sciences Cap-
sule AcroPakTM 500). Thereafter, the media was air
bubbled for 5 d to restore the pH, which was lowered
due to calcification to 8.1. Bubbling the media partially
restored dissolved inorganic carbon (DIC), but could
not restore alkalinity. However, the specification of the
carbonate system was close to that in natural sea water
and DIC was most likely not limiting the cocco-
lithophore species (Buitenhuis et al. 1999). After bub-
bling, the media was sterile filtered (0.2 pm, Nalgene
bottle top filters) into sterilized glass bottles and spiked
with vitamins, trace metals (f/4 concentrations), sele-
nium (2.66 pmol 17'), and macro-nutrients (either
nitrate or organic nitrogen and orthophosphate or
organic phosphorus). Nitrogen or phosphorus was
added at final concentrations of 200 umol N 1"! and
14 pmol P I"%.

Experimental setup. Growth of all 3 species on nitro-
gen (N-experiments) was tested in an amino acid
experiment (AA-experiment) consisting of 6 treat-
ments with different amino acids, and in an urea
experiment (U-experiment). Nitrate was used as a con-
trol for both N-experiments. The non-polar amino
acids glycine, L-alanine and L-proline, the polar amino
acid L-serine, the acidic amino acid L-glutamic acid, or
the basic amino acid L-histidine were added into the
treatments of the AA-experiment. These substances
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are representatives of amino acids in natural marine
DON (Antia et al. 1991). Urea treatments were addi-
tionally spiked with 100 nM nickel to prevent nitro-
gen-nickel co-limitation (Price & Morel 1991).
Orthophosphate was added to all treatments of the N-
experiments as a phosphorus source.

Growth of Emiliania huxleyi and Coccolithus bra-
arudii on different phosphorus sources was tested in
one experiment with 3 treatments (P-experiment).
Treatments were spiked either with the phosphomono-
ester glycerophosphate, the nucleotides adenosine
monophosphate (AMP), adenosine triphosphate (ATP),
or B-nicotinamide adenine dinucleotide (NAD), which
are all representatives of natural marine DOP (Benitez-
Nelson 2000). Orthophosphate was used as a control
and nitrate was added to all treatments of the P-exper-
iment as a nitrogen source. Growth of E. huxleyi on
AMP was not tested.

Each of the 3 experiments (AA-, U-, and P-experi-
ment) consisted of 2 phases. During the first 2-wk
phase, the acclimatization phase, 50 ml batch cultures
were first grown for 1 wk under experimental condi-
tions and then transferred into a second set of 50 ml
batch cultures where the cultures were grown for
another week under experimental conditions. This
procedure allows acclimatization to the respective
nutrient source and a dilution of the nutrients from the
original culture. The acclimatization phase corre-
sponded to 9 (Calcidiscus leptoporus in urea) to 27
(Emiliania huxleyi in L-serine) generations depending
on nutrient, species, and growth rates. Growth rates
were monitored during the second phase, the measur-
ing phase, which lasted for 7 to 10 d, until growth rate
decreased. At the beginning of the measuring phase
acclimatized cells were inoculated in duplicate 50 ml
bottles with initial cell densities of 500 cells ml~! and

grown again under experimental conditions. Cell den-
sities were determined every 1 to 3 d.

Measurement of cell density and growth rate. Cells
of Coccolithus braarudii and Calcidiscus leptoporus
were counted with an inverted light microscope (Zeiss,
Axiovert 135) using a Sedgewick Rafter Cell from
PYSER-SGI. Cells of Emiliania huxleyi were counted
with a Beckman Coulter Counter Multisizer III. Growth
rate, |, was calculated from the regression of cell den-
sity versus time during the exponential growth of the
measuring phase, and is given as an average of the 2
replicates + SD. The coefficient of variation was always
<9%, if growth was detected. The coefficient of varia-
tion is defined as the ratio of the standard deviation ¢
to the mean p and compares the degree of variation
from 1 data series to another. Growth rates were also
normalized to the growth rates on inorganic nutrients
(controls) for interspecific comparisons.

RESULTS
N-experiments

Differences in growth rate between species and sub-
strates were prominent. Emiliania huxleyi grew on all
tested amino acids and growth rates ranged between
0.83 + 0.01 and 1.35 + 0.02 d™! (Fig. 1A and Table 1).
Growth on glycine, L-alanine, L-serine, and nitrate
was statistically the same (ANOVA, Tukey multiple
comparison test, p > 0.05) (Table 2), and significantly
higher than that on L-glutamic acid, L-proline, and
L-histidine (ANOVA, Tukey multiple comparison test,
p < 0.001) (Table 2). The growth on L-histidine was
also significantly higher than on L-glutamic acid and
L-proline (ANOVA, Tukey multiple comparison test,
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Fig. 1. Emiliania huxley. Cell density versus time on different nitrogen (A) and (B), and phosphorus (C) sources. Numbers are the

average of 2 replicates, error bars show SD of replicates and not visible error bars indicate a smaller SD than the symbol. N =

nitrate, his = histidine, glu = glutamic acid, gly = glycine, ala = alanine, pro = proline, ser = serine, U = urea, P = phosphate, GP =
glycerophosphate, ATP = adenosine triphosphate, NAD = -nicotinamide adenine dinucleotide
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Table 1. Emiliania huxleyi Coccolithus braarudii, and Cal-
cidiscus leptoporus. Growth rates (u; d™') in the different
nutrient sources. Numbers are the average of 2 replicates +
SD. N = nitrate, his = histidine, glu = glutamic acid, gly =
glycine, pro = proline, ala = alanine, ser = serine, U = urea,
P = phosphate, GP = glycerophosphate, AMP = adenosine
monophosphate, ATP = adenosine triphosphate, NAD = j-
nicotinamide adenine dinucleotide, ng = no growth in
acclimation phase, nm = treatment not in experiment

Treatment Emiliania Coccolithus Calcidiscus
huxleyi braarudii leptoporus

N 1.31 £0.01 0.79 £ 0.06 0.46 + 0.00

his 1.01 £ 0.01 0.70 £ 0.02 0.52 +0.03

glu 0.83 +£0.01 -0.06 £ 0.01 ng

gly 1.33 £ 0.00 0.72 £ 0.04 0.53 +0.00

ala 1.32 £ 0.02 0.07 £ 0.03 ng

pro 0.83 £ 0.01 ng ng

ser 1.35+0.02 0.62 + 0.02 ng

N 1.17 £ 0.02 0.87 + 0.02 0.50 £ 0.01

U 0.93 + 0.00 0.68 + 0.03 0.44 + 0.02

P 1.31 £0.01 0.89 + 0.06 nm

GP 1.31 £ 0.00 1.01 £ 0.06 nm

AMP nm 0.91 + 0.01 nm

ATP 1.33 +0.01 1.00 = 0.03 nm

NAD 1.13 £ 0.00 ng nm

p <0.001) (Table 2). Coccolithus braarudii did not grow
on L-proline during the acclimation phase. No growth
was measurable on L-glutamic acid and L-alanine dur-
ing the measuring phase (t-test compared to zero
growth rate, p > 0.05, n = 2), although cells had grown
during the acclimation phase (Fig. 2A and Table 1). We
have no explanation for the observation that in some
cases growth was detected during the acclimatization,
but not during the measuring phase. Possibly internal

Table 2. Emiliania huxleyi. Significance test results (see text) for
growth rates in the different nitrogen or phosphorus sources.
Results only shown for the nutrients which did provide growth of
the species. —: not tested, due to same nutrient source or growth
rates from different experiments and therefore not comparable.
Level of significance ***p < 0.001, **p < 0.01, *p < 0.05, empty
cell: p > 0.05. N = nitrate, his = histidine, glu = glutamic acid,
gly = glycine, ala = alanine, pro = proline, ser = serine, U = urea,
P = phosphate, GP = glycerophosphate, ATP = adenosinetriphos-
phate, NAD = B-nicotinamide adenine dinucleotide

N his glu gly ala pro ser | U | P GP ATP NAD
N T e e | _ _
his _ kK kK kK kK kK _ _ _ _ _
glu _ LR R LR R LR R _ _ _ _ _
gly _ LR _ _ _ _ _
ala - - - - - -
pro T e _ _
P _ _ _ _ _ _ _ _ _ *xx
GP _ — _ _ _ _ _ _ _ LR
ATP - - - - - - - | - - ¥

Table 3. Coccolithus braarudi. Significance test results (see
text) for growth rates in the different nitrogen or phosphorus
sources. Results only shown for the nutrients which did pro-
vide growth of the species. —: not tested, due to same nutrient
source or growth rates from different experiments and there-
fore not comparable. Level of significance ***p < 0.001,
**p < 0.01, *p < 0.05, empty cell: p > 0.05. N = nitrate, his =
histidine, glu = glutamic acid, gly = glycine, ala = alanine,
ser = serine, U = urea, P = phosphate, GP = glycerophosphate,

AMP = nucleotides adenosine monophosphate, ATP =
adenosine triphosphate
N his glu gly ala ser U | P GP AMP ATP

N _ - P . o _

hls _ * X% kK - - _ _ -

glu _ kK LR R _ — — _ —

gly _ K _ — _ _ —
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P T
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AMP - - - - - - | - -

nutrient pools allowed growth for a prolonged period,
when no utilizable nutrients were available in the
media. Research on the role of internal nutrient pools is
needed to solve this enigma. In our discussion we will
only consider a test as positive when growth was ob-
served during the measuring phase.

Growth rates on the 3 remaining amino acids,
glycine, L-serine, and L-histidine were statistically the
same as that on nitrate (ANOVA, Tukey multiple com-
parison test, p > 0.01) (Table 3) and ranged between
0.62 + 0.02 and 0.72 + 0.04 d°! (Table 1). Calcidiscus
leptoporus did not grow on L-alanine, L-proline, L-ser-
ine, or L-glutamic acid during the acclimation phase.
Growth rates on L-histidine and glycine during the
measuring phase were 0.52 + 0.03 and 0.53 = 0.00 dt,
respectively (Table 1 and Fig. 3A), and statistically not
different from the growth rate on nitrate (ANOVA,
Tukey multiple comparison test, p > 0.05) (Table 4). All
3 cultures grew on urea but growth rates were signifi-
cantly lower than during growth on nitrate (t-test, each
p <0.01, n = 2) (Figs. 1B, 2B, 3B, and Tables 1, 2, 3, 4).

Table 4. Calcidiscus leptoporus. Significance test results
(see text) for growth rates in the different nitrogen sources.
Results only shown for the nutrients which did provide
growth of the species. — not tested, due to same nutrient
source or growth rates from different experiments and there-
fore not comparable. Level of significance ***p < 0.001, **p <
0.01, *p<0.05, empty cell: p> 0.05. N = nitrate, his = histidine,
gly = glycine, U = urea

N his gly U

N _ *x
his - -
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Fig. 2. Coccolithus braarudii. Cell density versus time when grown on different nitrogen (A) and (B), and phosphorus (C) sources.

Values are the average of 2 replicates; error bars show SD of replicates and not visible error bars indicate a smaller SD than the

symbol. N = nitrate, his = histidine, glu = glutamic acid, gly = glycine, ala = alanine, ser = serine, U = urea, P = phosphate, GP =
glycerophos-phate, AMP = adenosine monophosphate, ATP = adenosine triphosphate
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Interspecies comparison

For easier comparison between the
} species, the growth rates on different

nutrient sources were normalized to the
respective growth rates on nitrate or
phosphate (controls). Normalized growth
rates were sometimes higher than 100 %,
because growth rates in controls were not
always the highest (Fig. 4). All 3 species
grew well on the basic amino acid L-
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Fig. 3. Calcidiscus leptoporus. Cell density versus time when grown on differ-

ent nitrogen sources. Values are the average of 2 replicates, error bars show

SD of replicates and not visible error bars indicate a smaller SD than the
symbol. N = nitrate, his = histidine, gly = glycine, U = urea

P-experiment

Emiliania huxleyi grew on all tested organic phos-
phorus sources, but was not tested on AMP (Fig. 1C
and Table 1). Unabated growth of E. huxleyi on AMP
has, however, been shown (Shaked et al. 2006).
Growth rates on glycerophosphate and ATP were sta-
tistically equal to those of phosphate (ANOVA, Tukey
multiple comparison test, p > 0.05) (Table 2), whereas
those on NAD were lower (ANOVA, Tukey multiple
comparison test, p < 0.001) (Table 2). Coccolithus
braarudii did not grow on NAD during the acclimation
phase. Growth rates of C. braarudii on glycerophos-
phate, AMP and ATP were all high and did not differ
significantly from each other or from the control
(ANOVA, Tukey multiple comparison test, p > 0.05)
(Fig. 2C and Table 3).

histidine (Fig. 4A), but while normalized
growth of Emiliania huxleyi and Coccol-
ithus braarudii was 89% and 77 %,
respectively, the normalized growth rate
of Calcidiscus leptoporus on L-histidine
was 113 % (Fig. 4A). Only E. huxleyi was
able to grow on the acidic amino acid L-
glutamic acid (64 + 1 %) (Fig. 4A). Growth
on the 3 non-polar amino acids showed large species
specific differences (Fig. 4A). All 3 species grew well
on glycine, with the growth rate of C. leptoporus sur-
passing that on nitrate (Fig. 4A), but the other non-
polar amino acids (Lalanine and L-proline) supported
the growth of E. huxleyi only (Fig. 4A). The polar
amino acid Lserine was bioavailable for E. huxleyi and
C. braarudii (103 %= 5% and 78 %=+ 7 %, respectively),
and relative growth rates were statistically the same (t-
test, p > 0.01, n = 2) (Table 5). L-serine did not support
growth of C. leptoporus. The growth on urea did not
differ significantly between the 3 species (ANOVA,
Tukey multiple comparison test, p > 0.05) (Table 5).
E. huxleyi and C. braarudii grew equally well on gly-
cerophosphate and ATP (t-test, each p > 0.05, n = 2)
(Fig. 4C and Table 5). NAD was not utilizable by C.
braarudii, but E. huxleyi was able to grow on NAD.
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Fig. 4. Emiliania huxleyi, Coccolithus braarudii, and Calcidis-
cus leptoporus. Growth rates in the different nitrogen (A,B)
and phosphorus (C) sources normalized to the growth rates on
inorganic nutrients (controls). Values are the average of 2
replicates; error bars show SD of replicates; a not visible error
bar indicates a smaller SD than the symbol. N = nitrate, his =
histidine, glu = glutamic acid, gly = glycine, ala = alanine, pro
= proline, ser = serine, U = urea, P = phosphate, GP = glyc-
erophosphate, AMP = adenosine monophosphate, ATP =
adenosine triphosphate, NAD = p-nicotinamide adenine
dinucleotide

Table 5. Emiliania huxleyi, Coccolithus braarudii, and Calcidiscus leptoporus.
Significance test results (see text) for normalized growth rates in the different
nitrogen and phosphorus sources. Results only shown for the nutrients which
did provide growth of the species. — not tested due to same nutrient source
or growth rates from different experiments and therefore not comparable. Level
of significance ***p < 0.001, **p < 0.01, *p < 0.05, empty cell: p > 0.05. N =
nitrate, his = histidine, glu = glutamic acid, gly = glycine, ala = alanine, pro =
proline, ser = serine, U = urea, P = phosphate, GP = glycerophosphate, AMP =
adenosine monophosphate, ATP = adenosine triphosphate, NAD = [B-nicoti-
namide adenine dinucleotide, E.hux = Emiliania huxleyi, C.bra = Coccolithus
braarudii, C.lep = Calcidiscus leptoporus, nd = no data for one or both of the

compared species

DISCUSSION

Nutrient availability is an important factor in the dis-
tribution and ecological success of phytoplankton. Our
experiments revealed that all 3 species were able to
utilize some organic nitrogen and phosphorus sources,
but that the ability to grow on specific organic sub-
strates varied between the 3 species. Differences in the
ability to utilize organic nutrients may reflect differ-
ences in nutrient uptake mechanisms or differences in
metabolic utilization. A substrate may be transported
into the cell en bloc by specialized transport systems,
or, alternatively, the organic substrate may be cleaved
by ectoenzymes at the cell surface. In the latter case
only the utilizable molecule is transported into the cell.
Once inside the cell the molecule has to be metabo-
lized, along either standard or specialized metabolic
pathways, to be available for growth. Very little is
known about the specific utilization mechanisms of
organic nutrients by coccolithophores, but our results
allow some speculations.

Three different amino acid transport systems are
known: one for basic, one for acidic, and a third for
non-polar and polar amino acids (Antia et al. 1991).
Alternatively, amino acids are utilized via ecto-
enzymatic decomposition using amino acid oxidase
(Palenik & Morel 1990a). Emiliania huxleyi (strain
12-1) produces no amino acid oxidase, but other prym-
nesiophytes (Prymnesium parvum and Prymnesium
calatheiferum) including a coccolithophore, Pleu-
rochrysis carterae, do (Palenik & Morel 1990b). Amino
acid oxidase in P. carterae cleaves only L-alanine and
most C4 or longer L-amino acids, but cannot utilize
glycine, or L-serine (Palenik & Morel 1990a). The
expression of amino acid oxidase seems to be related
to inorganic nitrogen concentrations (Palenik & Morel
1990a, Mulholland et al. 1998): the enzyme activity is
enhanced under low inorganic nutri-
ent concentration (Mulholland et al.
1998) as in our N-experiments. In our
experiment E. huxleyi grew on all
tested amino acids including glycine,
L-serine, and L-proline (Fig. 4A), sug-
gesting, by extension from results with
P. carterae, that E. huxleyi does not
rely on the ectoenzyme amino acid
oxidase. Instead we propose that E.
huxleyi has all 3 transport systems for
amino acids. Based on the results that

Coccolithus braarudii and Calcidiscus

N his glu gly ala pro ser U P GP AMP ATP NAD leptoporus did not grow on L-alanine,

Ehuxvs C.bra — . s g : nd . but grew on glycine (Fig. 4A), we infer
E.huxvs Clep| - * nd nd nd nd _ nd nd nd nd that neither of these species produced
C.bravs C.lep - nd nd nd nd - nd nd nd nd amino acid oxidase. Neither C. bra-
arudii nor C. leptoporus were able to
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utilize the acidic amino acid L-glutamic acid (Fig. 4A),
but it remains to be tested if they lack the respective
transport system or the ability to metabolize L-glu-
tamic acid. The utilization of the non-polar amino acid
glycine by all 3 species (Fig. 4A) indicates that the
transport system for non-polar/polar amino acids exists
in all 3 species. However, the ability to metabolize
these polar and non-polar amino acids appears species
specific; only E. huxleyi grew on all 4 of them (Fig. 4A).

Urea, a small, neutral molecule that can diffuse pas-
sively into cells, may be taken up via an active trans-
port system, or may be cleaved by urease (Antia et al.
1991). Urease requires nickel (Price & Morel 1991),
and as Emiliania huxleyi (strain CCMP374) has been
shown to be nickel and nitrogen co-limited while
growing on urea (Palenik & Koke 1995), it may be
assumed that E. huxleyi uses urease. Nothing is known
about nickel and nitrogen co-limitation for Coccolithus
braarudii and Calcidiscus leptoporus, but both utilized
urea (Fig. 4B), probably using one of the enzymes
known to cleave urea, urease or ATP:urea amidolyase
(Leftley & Syrett 1973).

Phosphomonoesters and nucleotides are thought to
be utilized via ectoenzymatic degradation. Alkaline
phosphatase, which is very common in marine algae
(Kuenzler & Perras 1965) including Emiliania huxleyi
(Dyhrman & Palenik 2003, Xu et al. 2006), cleaves
phosphomonoesters like glycerophosphate. As both E.
huxleyi and Coccolithus braarudii grew on dglyc-
erophosphate (Fig. 4C) it appears likely that both pro-
duce alkaline phosphatase. Both also appear to pro-
duce the ectoenzyme 5'-nucleotidase, which cleaves
nucleotides like ATP (Fig. 4C).

Overall our study suggests that coccolithophores
have certain transport systems in common, like those
for basic and non-polar/polar amino acids, and that a
variety of enzymes, like urease, alkaline phosphatase
and 5'-nucleotidase are also present in many or all
coccolithophores. However, the utilization of organic
nutrients appears species-specific.

Our coccolithophores did not grow under axenic
conditions, and bacteria most likely contributed to
nutrient cycling during experiments. However, bacte-
ria concentrations were kept low, and the potential
microbial impact is estimated to be negligible. A back-
of-the-envelope calculation indicates that bacteria
could not have been responsible for recycling enough
of the organic nutrients to support the observed
growth of coccolithophores on inorganic, recycled
nutrients. Cultured bacteria from seawater collected in
Santa Rosa Sound, Pensacola, Florida released ~10 pg
N I"! of inorganic nitrogen compounds in a 72 h period
by a bacterial density increase of ~1.7 x 10° cells ml™!
(Jorgensen et al. 1999). The draw-down of nitrogen in
our cultures can be calculated from the increase in cell

numbers and the nitrogen content per cell. With a cel-
lular N-content of 1.3 to 1.8 pg N cell™! for E. huxleyi
(Riegman et al. 2000, Langer & Benner 2009), of 23 to
44 pg N cell™! for C. braarudii (unpubl. data), and of 9
to 13 pg N cell™! for C. Ieptoporus (unpubl. data), the
minimum amount of nitrogen used by the 3 species can
be calculated as 99.9 ng N for E. huxleyi, 46.1 ng N for
C. braarudii, and 16.3 pg N for C. leptoporus in the
50 ml experiment bottles. This equals ~2000 pg N 1!
for E. huxleyi, ~1000 pg N 1! for C. braarudii, and
~300 pg N 17! for C. Ieptoporus.

If Emiliania huxleyi released a usable amount of
DON (Suratman et al. 2008) during the pretreatment of
the media (see '‘Material and methods'), this could
have been utilized by coccolithophores during experi-
ments and the resulting growth should have been visi-
ble in all N-experiments. However, we observed no
growth of Coccolithus braarudii and Calcidiscus lepto-
porus in some AA-experiments.

Concentrations of organic nutrients added were
appreciably higher than those found in the ocean (gen-
erally <1 nM) and care has to be taken when extrapo-
lating results to in situ conditions. Our goal was, how-
ever, to investigate the potential ability of these
different coccolithophores to utilize organic nutrients.
Our results demonstrate interspecific differences in the
ability of coccolithophores to grow on specific organic
nutrients.

As organic nutrients are not distributed homoge-
nously in the ocean, the difference in the ability to take
advantage of organic nutrients helps explain geo-
graphic distribution patterns of individual species.
Geographical distribution of a species is determined by
a suite of environmental factors, including tempera-
ture, salinity, mixing depth and stratification, as well as
light and nutrient availability. This complexity makes it
difficult to relate one of these factors, e.g. bioavailabil-
ity of nutrients to geographic distribution of a species.
Moreover, data on the distribution of specific organic
nutrients, e.g. specific dissolved amino acids or ATP in
different parts of the ocean are still too rare (but see
Azam & Hodson 1977, Antia et al. 1991, Bronk 2002) to
investigate the correlation between distribution pat-
terns of coccolithophore species and availability of
specific organic nutrients. Nevertheless, some general
patterns are apparent. First, Emiliania huxleyi was
able to grow on all offered nitrogen and phosphorous
sources, suggesting that E. huxleyi growth is rarely
limited by nitrogen or phosphorus. This fits observa-
tions that E. huxleyi is known as a very cosmopolitan
species that may also thrive under low inorganic nutri-
ent concentrations (Andruleit & Rogalla 2002, Hagino
& Okada 2006). Second, the difference between Cal-
cidiscus leptoporus and Coccolithus braarudii in their
ability to use the most common organic nitrogen com-
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pounds (3 vs. 5 out of 7 tested, respectively) (Fig. 4)
suggests a greater dependence of C. leptoporus on
inorganic nitrogen. This is reflected in a stronger cor-
relation between the concentration of inorganic nutri-
ents in the surface water and the abundance of C. lep-
toporus coccoliths in sediments than between the
inorganic nutrient concentrations and the abundance
of C. pelagicus coccoliths in sediments (Boeckel et al.
2006). Furthermore, in the equatorial and subequator-
ial Pacific Ocean and the Arabian Sea, C. leptoporus
does not occur under low inorganic nutrient concentra-
tions, whereas E. huxleyi does (Andruleit & Rogalla
2002, Hagino & Okada 2006).

Emiliania huxleyi has often been used as a model
organism for carbonate pump models (e.g. Westbroek
et al. 1993) and as a representative for the functional
group of calcifying marine organisms (Iglesias-
Rodriguez et al. 2002, Moore et al. 2002). Our results
suggest that while direct utilization of organic nutri-
ents appears to be widespread in coccolithophores,
E. huxleyi does not fit criteria as a representative of
coccolithophores with regard to its ability to utilize
organic nutrients. The response to environmental con-
ditions is one criterion for representativeness of a spe-
cies; another is the phylogenetic relationship of that
species. E. huxleyi fits neither criterion, as it belongs to
an out-group of the coccolithophores (Séez et al. 2003).
This may explain why models that use 'E. huxleyi’
characteristics as a model organism for coccolitho-
phores are not able to reproduce natural coccolitho-
phore distributions well. Discrepancies between mod-
els and observations are especially large where E.
huxleyi is not the dominant coccolithophore (Gregg &
Casey 2007).

Finding one representative species for cocco-
lithophores may, however, prove impossible. Cocco-
lithus pelagicus and Calcidiscus leptoporus have a
strong phylogenetic relationship to most other cocco-
lithophores (Séez et al. 2003), but exhibit clear differ-
ences in their response to environmental conditions,
not only in the utilization of organic nutrients, but
also in their response to changing carbonate chem-
istry of seawater (Langer et al. 2006). Possibly, inter-
specific physiological diversity within coccolitho-
phores is too great to appoint a clear representative
species. Furthermore, strains of Emiliania huxleyi
respond different to environmental parameters like
temperature, salinity (Fisher & Honjo 1989), and car-
bonate chemistry (Langer et al. 2009). Characteristics
of a model species might have to be chosen depen-
ding on characteristics central to the question investi-
gated. Further experiments on the physiology of eco-
logically prominent coccolithophores are needed to
appreciate the functional diversity of coccolitho-
phores.
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