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Summary

e The evolutionary and ecological story of coccolithophores poses questions about their
heterotrophy, surviving darkness after the end-Cretaceous asteroid impact as well as survival
in the deep ocean twilight zone. Uptake of dissolved organic carbon might be an alternative
nutritional strategy for supply of energy and carbon molecules.

e Using long-term batch culture experiments, we examined coccolithophore growth and
maintenance on organic compounds in darkness. Radiolabelled experiments were performed
to study the uptake kinetics. Pulse—chase experiments were used to examine the uptake into
unassimilated, exchangeable pools vs assimilated, nonexchangeable pools.

¢ We found that coccolithophores were able to survive and maintain their metabolism for up
to 30d in darkness, accomplishing about one cell division. The concentration dependence for
uptake was similar to the concentration dependence for growth in Cruciplacolithus neohelis,
suggesting that it was taking up carbon compounds and immediately incorporating them into
biomass. We recorded net incorporation of radioactivity into the particulate inorganic frac-
tion.

e We conclude that osmotrophy provides nutritional flexibility and supports long-term sur-
vival in light intensities well below threshold for photosynthesis. The incorporation of dis-
solved organic matter into particulate inorganic carbon, raises fundamental questions about
the role of the alkalinity pump and the alkalinity balance in the sea.

Introduction

Coccolithophores are unicellular, photosynthetic algae of the
eukaryotic class Haptophyta (Adl ez al., 2019) that are covered in
calcium carbonate scales, coccoliths (Taylor & Brownlee, 2016)
and are one of the major drivers of the ocean’s carbon cycle
(Winter & Siesser, 1994; Langer ez al., 2021). Coccolithophores
influence the carbon cycle by means of two fundamental
‘pumps’: (1) the biological pump, in which those heavy coccol-
iths increase the sinking rate of particulate organic carbon
(POC), with subsequent faster rates of CO, drawdown (Rost &
Riebesell, 2004); and (2) the alkalinicy pump, in which they
decrease alkalinity through the calcification process producing
both CO; and particulate inorganic carbon (PIC), in the form of
calcified coccoliths. Therefore, the net effect of coccolithophores
on the carbon cycle depends on the balance of their CO, raising
by an alkalinity pump and their CO, lowering by facilitating the
organic biological pump. Moreover, it is assumed that the PIC
found in coccoliths originates from dissolved inorganic carbon
(DIC), not dissolved organic carbon (DOC) (Paasche, 2001;
Brownlee & Taylor, 2004; Bach ez 4l., 2013).

Coccoliths accumulate on the ocean floor forming deep-sea
sediments and represent a major constituent of the calcareous
nannofossil record (Bown, 1998). These records reveal that this
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algal group evolved in late Triassic period (c. 225 million years
ago (Ma)) and by the Cretaceous period it was a major component
in the open ocean algal assemblages (Bown eral, 2004). At the
Cretaceous—Paleogene (K/Pg) boundary, 66 Ma, an asteroid impact
caused a mass extinction event on Earth, with a loss of > 90% of
coccolithophore species (Bown ez al., 2004). Far less catastrophic
extinction rates have been inferred from fossils of coastal primary
producers such as diatoms and dinoflagellates, probably due to
their greater trophic flexibility and their ability to form resting
cysts (Ribeiro eral, 2011). There are no reports of resting cysts
for coccolithophores, possibly with the exception of Braaru-
dosphaera, which is not a typical coccolithophore because it is
extracellularly calcified and morphologically similar in shape and
texture to resting cysts (Jones eral, 2021). Together with the
associated ocean acidification and cooling, the impact caused the
suppressed light intensities responsible for a massive drop in
primary production (Vajda eral, 2015; Gibbs eral, 2020).
Nonetheless, coccolithophores survived and recovered as one of
the dominant phytoplankton groups in the modern ocean. Today
they are inhabiting both the coastal and oceanic realms (Godrijan
etal, 2018; Balch ezal, 2019; de Vries etal., 2021), with some
species even thriving in subeuphotic environments, at light inten-
sities well below those required to support photosynthesis (Poul-
ton etal., 2017; Balch et al., 2019).
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A possible strategy for the survival of coccolithophores in a
low-light environment is mixotrophy and acquiring carbon from
a diverse set of organic carbon sources. Mixotrophy is a nutri-
tional strategy in which autotrophy and heterotrophy are com-
bined within a single organism (Worden ezal, 2015). Recently a
new term has been coined, mixoplankton, covering mixotrophic
plankton that combine phototrophy and phagotrophy (Flynn
etal, 2019). Haptophytes, including coccolithophores, have
been shown to have the ability to phagocytise particles (phagotro-
phy) (Parke eral., 1956; Parke & Adams, 1960; Houdan ezal.,
2006; Avrahami & Frada, 2020). Osmotrophs, conversely,
absorb DOC that they use for their nutrition and/or carbon
sources. Far less is known about the ability of coccolithophores to
take up and assimilate DOC (Blankley, 1971; Godrijan ezal.,
2020). Here we report evidence of coccolithophore osmotrophy
through long-term survival in darkness as well as the kinetics of
organic carbon uptake and its assimilation into POC.

Specifically, we focus on the uptake of three organic com-
pounds: acetate, mannitol and glycerol, selected on the basis of
our screenings in a previous work of a large array of organic com-
pounds as possible carbon sources for coccolithophores (Godrijan
etal., 2020). Acetate, an organic salt with two carbon atoms, is
common in marine ecosystems and is an important carbon and
energy source for microbes (Wu eral, 1997; Zhuang etal.,
2019). Use of acetate as a carbon source in microalgae cultivation
is concentration dependent, lower concentrations have been
found to stimulate growth (Qiao & Wang, 2009), while higher
concentrations have been shown to be inhibiting or even toxic
(Wood et al., 1999; Jeon et al., 2006). Mannitol, a sugar alcohol
with six carbon molecules, has been found to be taken up by
some microalgae and has growth stimulating effects (Colman
eral., 1986; Yee, 2015). Glycerol is a polyol compound with
three carbon atoms. Multiple strains of algae are able to take up
and grow rapidly on glycerol (Wood ezal, 1999; O’'Grady &
Morgan, 2011; Perez-Garcia et al., 2011). Some of these studies
have been made on economically important microalgae, that is
Chlorella, Dunaliella, Nannochloropsis and Scenedesmus (Perez-
Garcia etal., 2011; Yee, 2015; Silva et al, 2016), while studies
on coccolithophores remain sparse to this day (Blankley, 1971).

This paper is fundamentally directed at documenting and
quantifying coccolithophore osmotrophy as well as discussing its
relevance to their evolutionary history, growth and ecology. We
investigated the survival of coccolithophores in darkness by per-
forming growth experiments on different concentrations of the
above-mentioned DOC. We also used radiolabel-uptake experi-
ments to estimate cellular kinetic response at environmentally
realistic concentrations, and measured the fraction of radiola-
belled carbon actually fixed into organic tissue. We tested three
hypotheses: (1) coccolithophore cells can grow in darkness on
organic compounds; (2) uptake displays Michaelis-Menten
kinetics and indicates active transport; and (3) DOC taken up by
coccolithophores are assimilated into nonexchangeable pools over
time scales of 24h. The alternative hypothesis was that the
uptake of those compounds is associated with passive diffusion
across the cell membrane and the material is freely exchangeable
even after periods of 24 h. We note that passive transport is
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energetically downhill and depends on the chemical or electro-
chemical gradient (Reuss & Altenberg, 2013). It can sometimes
exhibit Michaelis—Menten kinetics, which is more likely to occur
for electroneutral mannitol and glycerol than for negatively
charged acetate (Nelson, 2002). The findings of this paper
address the knowledge gap of osmotrophy in coccolithophores, as
well as its evolutionary and ecological significance.

Materials and Methods

Culture strains and growth conditions

We used coccolithophores obtained from the National Center
for Marine Algae and Microbiota (NCMA, former Culture Col-
lection of Marine Phytoplankton CCMP). We worked with the
strain  CCMP289 for the species Cruciplacolithus neohelis
(Mclntyre & Bé) Reinhardt and strain CCMP3337 of Chrysotila
carterae (Braarud & Fagerland) Andersen, Kim, Tittley & Yoon
(NCMA lists the strain as Pleurochrysis carterae). These strains
were selected based on our previous work on 25 strains of 12 dif-
ferent coccolithophore species, in which we investigated organic
matter as possible carbon sources for coccolithophores (Godrijan
et al., 2020). We kept the cultures at 22°C (CCMP289) or 16°C
(CCMP3337) in L1 enriched seawater medium (Guillard &
Hargraves, 1993) at an irradiance of 400 pmol photons m™*s™"
from fluorescent lights on a 14h:10h, light:dark cycle. To
avoid introducing naturally occurring organic compounds all cul-
ture media were based on artificial seawater (Keller ez al., 1987).
As part of the experimental setup, we subjected the strains to
axenic screening by microscopic examination and grew them in a
general-purpose test medium to detect the presence of bacteria
and fungi in marine cultures (Hallegraeff ¢z al, 2003).

Batch growth experiments

We performed these experiments to determine whether coccol-
ithophores (CCMP289 and CCMP3337) can sustain themselves
in darkness by using organic compounds as energy and/or carbon
sources.

First, we prepared 350 ml of L1 medium and log phase cells
from each strain. The cell concentrations of CCMP289 and
CCMP3337 were 5 x 10% cells 17" and 1 x 10% cells 177, respec-
tively. We then poured 15 ml aliquots into 20 vials. To see how
the addition of organics would affect cell growth in the light, we
set up four vials under light conditions (Supporting Information
Fig. S1a): one vial was a control with no organics added and three
separate vials with acetate, mannitol or glycerol at a final concen-
tration of 100 wmol 17! as an intermediate concentration in the
range of dark treatments (see later). The remaining 16 vials were
kept in darkness (Fig. S1a). Our goal was to determine the effect
of concentration on growth: one vial was the control with no
organics added and five vials with each organic compound in
final concentrations of 10, 30, 100, 300 and 1000 pmol 1™, The
experiment lasted for ¢. 30 d; temperature and irradiance for the
illuminated cultures were the same as for culture growth and
maintenance, vials kept in darkness were also kept at the original
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growth temperature and additionally covered in black aluminium
foil, to ensure complete darkness. We sampled the vials for cell
counts every 2—3 d and during sampling we kept light intensities
corresponding to experimental conditions. This time-course
experiment was performed without replicates, however we took
repeated duplicate samples for cell counts (technical duplicates).
Cell concentration was determined using a haemocytometer on
an American Optical Microscope (Spencer Lens Co., Buffalo,
NY, USA) with polarisation optics for CCMP289, as well as a
Moxi Z Cell Counter (Andwin Scientific, Simi Valley, CA, USA)
for CCMP3337. The Moxi Z instrument uses Gaussian curve fit-
ting with a coincidence correction algorithm of cell count (vs
diameter) histograms to extract precise (> 95%) cell count met-
rics in a sample. The extracted raw data were further used for cel-
lular carbon calculations of CCMP3337. After the experiment,
the vials, which were kept in the dark, were placed in the light,
and after 10 d we were able to qualitatively confirm, under the
microscope, renewed growth of coccolithophore cells.

Radiolabelled DOC kinetic experiments

To understand the mechanism of DOC compound uptake and
to see whether species take up different DOC compounds pas-
sively or actively, we performed time-course experiments using
["“C]-labelled DOC compounds. Specific activities of the radio-
tracers were 1.9 x 10° uBq pmol " for ["“Clacetate, 2.1 x 10°
uBq pumol ! for ["“C]mannitol and 5.9 x 10° uBq pumol ' for
[14C] glycerol, (PerkinElmer, Waltham, MA, USA).

We prepared a solution of L1 medium and exponentially
growing culture of each strain, with final concentrations of
5 x 10" cells 1" and left them at their growth temperature in
darkness for 24 h to adapt. We divided the prepared solution in
45 ml aliquots to 24 vials for each compound and strain (Fig.
S1b). To quadruplicate vials, we added 0.45 ml of unlabelled
DOC compound from six stock solutions (1 x 10% 1 x 107,
1x10%1%x107°,1x10%and 1 x 107" mol I™"). The experi-
ment started when we then added 0.02ml of [*C]-labelled
DOC compound (2 uCi of added radioactivity) to each of 24
vials, giving us final concentrations of organic compounds as
stated in Table S1. To one vial from those six concentration-
quadruplicates we immediately added 1 ml of buffered formalde-
hyde to act as a killed control. We then incubated the 18 tripli-
cates and six control vials at their growth temperature in darkness
for up to 24 h (Fig. S1b), with the sample timing to examine for
linear uptake rates at 15 min, 1, 3 and 24 h. At each sampling, 5
ml of experimental culture were filtered onto a 0.4 pm pore-size,
25 mm diameter polycarbonate filter. We also filtered samples at
24 h for ["*C]-microdiffusion analysis, which separates the POC
fraction from the PIC fraction (Paasche & Brubak, 1994; Balch
etal., 2000). Following the microdiffusion step to separate acid-
labile (PIC) vs acid-stabile (POC) fractions, each filter was then
placed on the bottom of a clean scintillation vial and scintillation
cocktail was added (Balch ezal, 2000). The radioactivity was
measured using a Tri-Carb 3110TR liquid scintillation analyser
(PerkinElmer). We calculated the net uptake velocity of Q-

labelled organic compounds using the equations of Parsons ¢ al.
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(1984) v=(R,~ R) x WIR x Twhere v(mol1~"h™") is the net
uptake rate, R, [Bq] is the sample count, R [Bq] is the formalin-
killed control count and W (mol 17") is the total concentration of
the organic compound in the sample. R [Bq] is the total activity
of the added compound to a sample and 7" [h] is the number of
hours of incubation.

Pulse—chase experiments

To test if the compounds that were taken up were assimilated
within the cell, we performed pulse—chase experiments. This
method first takes into account the cellular uptake of radiola-
belled compound (‘pulse’) that is then exposed to the same unla-
belled compound (‘cold chase’), at concentrations far above the
labelled one. As an indicator of assimilation, the [*4C]-labelled
DOC compound would not be exchanged when ‘chased” with
vastly higher concentrations of the same unlabelled compound.
Unassimilated compounds in intracellular pools, conversely,
would be released from the cell as a new equilibrium between the
intracellular and extracellular DOC concentrations is established
(Balch, 1986). Following the radiolabelled DOC kinetic experi-
ments, after 24 h, we added the cold chase as 1 ml of 1 M of unla-
belled compound to the remaining 25 ml in vials used in the
kinetics experiments (Fig. S1c). The addition of 1ml of an
organic compound could induce a substantial osmotic shock that
could lead to short-term osmotic shrinkage of the protoplast,
before the entry of the organic substance raised the internal
osmolarity to the external osmolaricy. We therefore measured
particulate cellular radioactivity using the procedure described
above at 5 min, 20 min and 3 h post chase, which provided three
different time scales to evaluate how exchangeable were the intra-
cellular compounds.

Statistics, data handling and visualisation

To test the effects of added organics on cell counts during growth
experiments, we used a one-way ANOVA and Tukey’s test for
post hoc pairwise comparisons. The effects of light and darkness
were analysed separately. For the light treatments, we tested the
hypothesis that the addition of organics had an effect on cell
growth by comparing cell counts during the 30-d experiment of
the unamended control with those of three added organics. For
the treatments in the dark, we tested the hypothesis that higher
concentrations would have a greater effect and analysed each
compound separately using cell counts during the 30-d incuba-
tion at each concentration treatment. Furthermore, we calculated
the carbon content of the cells of CCMP3337 according to the
equations for cellular elemental content, based on nine isolates
covering a wide range of coccolithophore cell diameters and rep-
resentative of the taxonomic diversity of coccolithophores (Villiot
etal., 2021). The basis for these calculations were cell diameters
measured using a Cell Counter Moxi Z instrument, these were
averaged from raw data for each sample that was measured and
standard deviation of a frequency distribution was calculated. We
also calculated the growth rates (1) by fitting the two-parameter
exponential function y =4 ¢® * to the exponential growth phase
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and using the calculated slope (b) as the growth rate. Doubling
time (d?) was calculated following the equation: dz = log. /L.
Growth and uptake experiments were tested against a nonlinear
curve fit Michaelis-Menten model y = V., x /(K + %), with
the Levenberg—Marquardt iteration algorithm. For both growth
and saturation uptake curves, the kinetic properties, X, (the
affinity with which the cells were taking up the organics, aka half-
saturation coefficient) and V., (the maximum rate of growth or
uptake) were determined (Haldane, 1957). All statistical analyses
were performed using Origin software (OriginLab, Northamp-
ton, MA, USA). Graphical representations of data were con-
structed with ORIGIN and GRAPHER software (Golden software,
Golden, CO, USA). Experimental schemes were drawn using
symbols courtesy of the Integration and Application Network,
University of Maryland Center for Environmental Science
(hteps://ian.umces.edu/symbols/).

Results

Growth

After 30d in light conditions, C. neohelis (CCMP298) reached
an average cell count of 4.3 x 10° cells 1”1, SD = + 3.7 x 10°
cells I™! in four treatments (control and the three organic com-
pounds), while C. carterae (CCMP3337) reached 1.4 x 10° cells
171, SD = + 2.6 x 10° cells 1! (Fig. 1). Using all cell counts
recorded during the 30-d experiment for each of the light treat-
ments we found no statistically significant differences between
the control and the organic compounds, as determined using
one-way ANOVA for C. neobelis F391) = 0.142, P=0.935 and
for C. carterae Fz 75 = 0.958, P=0.417. After a brief lag phase,
exponential growth lasted until day 17 for C. neohelis and day 21
for C. carterae (Table 1). Because there was no statistically signifi-
cant difference between the light treatments, we averaged the

5 » 10°-(8) CCMP298

; Control -
Acetate »
4 x10°4 Mannitol /
= Ghoero ¥
3 x 10°4 ¢
_ 2x10%
~ 10
D
) 0 T . T
@ b) CCMP3337
Q 2x10° (b)
©
2 10
5 1x10
Q0
< 8 x10°]
4 x10°
0,

0 10 20 30
Time (d)
Fig. 1 Cell abundances of CCMP298 Cruciplacolithus neohelis (a) and
CCMP3337 Chrysotila carterae (b) during the 30-d time course in the light
with the addition of acetate, mannitol or glycerol at a concentration of
100 pmol I~". Open circles on the green line represent control without
organic compounds. Error bars indicate technical duplicates for cell counts.
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cellular growth rates during the exponential phase and they were
0.264 d™' (SD = £ 0.025 d™ ") for C. neobelis and 0.168 d~'
(SD = 4 0.026 d ') for C. carterae (Table 1). Accordingly, C.
neobelis doubled on average every 2.64 d (SD = £ 0.2 d), whereas
C. carterae divided every 4.2 d (SD =+ 0.6 d) (Table 1).

Coccolithophores were able to survive for 30d in darkness
(Fig. 2). They were able to accomplish about one division in
these conditions. The cell concentrations of C. neohelis in dark
conditions went from inoculated 5 x 10% cells 1! to maximal
1.1 x 10° cells ™" in 1000 pmol 17! acetate and for C. carterae
from inoculated 1 x 10% cells 17! to maximal 2.7 x 10% cells 1!
in 100 pumol 1" acetate. For C. neohelis there was a statistically
significant difference in cell counts during the 30-d experiment
between applied concentrations (0, 10, 30, 100, 300 and 1000
umol 17') in all organic compound treatments as demonstrated
by one-way ANOVA. For acetate (Fs,131) = 12.595, P=5.421 x
10'%) a Tukey’s post hoc test showed that the difference was dose
dependent and that the 100, 300 and 1000 pmol 1™ concentra-
tions were statistically significantly different compared with the
0, 10, 30 pmol 1" at the P<0.05 level (Fig. S2a). In mannitol
(Fis.132) = 7.039, P=7.320 x 10°°) Tukey’s post hoc test showed
significant difference between the two highest concentrations
(300 and 1000 pmol 1™ ") and the two lowest (0 and 10 pmol 1)
at the P<0.05 level (Fig. S2b). In glycerol (Fs 132 = 17.224, P=
4.277 x 10°'%) Tukey’s post hoc test showed significant difference
between the two highest concentrations (300 and 1000 pmol N
and all others at the P<0.05 level (Fig.S2c). For C. carterae,
there was no statistically significant difference in cell counts dur-
ing the 30-d experiment between applied concentrations (0, 10,
30, 100, 300 and 1000 pmol 17") across all compounds (Fig. 3).
This was demonstrated using one-way ANOVA for acetate
(£s,108y = 1.106, P=0.361), mannitol (Fs111) = 1.041, P=
0.397) and glycerol (Fs,108) = 1.361, P=0.245).

Between all treatments in the dark, C. neobelis cells exhibited
the highest growth rates at organic compound concentrations of
1000 umol 17" 0.027 d~' (SD = + 0.003 d~') (Table 1). By
contrast, C. carterae did not exhibit dose dependence and had
low growth rates in all treatments, including the control, averag-
ing 0.018 d71 (SD = + 0.002 d™!) (Table 1). Furthermore, the
potential cell doubling time for C. neohelis cells averaged 25.8 d
(SD = 4 2.7 d) at a concentration of 1000 pmol 1" when con-
sidering all organic compounds. For C. carterae (Table 1), average
doubling time across all treatments was 39.7 d (SD = £ 3.4 d),
while our experiment lasted 30 d. For C. neobelis, the calculated
K, for growth was in the range of 10° mol 17! for all com-
pounds (Fig. 3), while the highest calculated V;,,, was 0.025 d!
(SD = =£ 0.003) for acetate. We were unable to perform these cal-
culations for C. carterae because the Michaelis—-Menten model fit
failed (Table S2).

We also followed cell size of C. carterae during batch growth
experiments. Both cell size and calculated carbon content
decreased under light as well as under dark conditions (Table
2), but the decrease was more pronounced under dark condi-
tions across all experimental treatments. During the 30-d
period, cell diameter decreased from 9.6 pm to an average of
81lum (SD = £ 0.2um) taking into account all light
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Table 1 Growth rate () was calculated by fitting the two-parameter exponential function y = a e to the exponential growth phase and using the
calculated slope (b) as the growth rate for period (P) for CCMP298 Cruciplacolithus neohelis and CCMP3337 Chrysotila carterae in light and dark
conditions in each concentration (Conc) of dissolved organic compounds (DOC).

C. neohelis (CCMP298)

C. carterae (CCMP3337)

DOC Conc(umol ™"  p(d™" dt(d) SE Cl Prob> F P) p(d™" dt(d) SE cl Prob>F P (d)
Light

Control 0 0.261 2.65 0.021 0.058 4.02x10° 114 0.182 3.80 0.007 0.017 1.64x107 1-17

Acetate 100 0.254 273 0.027 0.075 1.19x10* 117 0.197 351 0.007 0017 933x10% 117

Mannitol 100 0.240 2.89 0.027 0076 150x10% 117 0.151 460 0.012 0032 928x10° 1-17

Glycerol 100 0.299 232 0.023 0064 355x10° 1-17 0.141 490 0.019 0.048 928x10° 1-17
Dark

Control 0 0.009 7327 0.004 0.010 496x10° 120 0.018 3800 0.004 0.009 1.93x107 1-30

Acetate 10 0.008 82.81 0.004 0.012 993x10° 124 0019 3595 0.003 0.007 253x107 1-30

30 0.010 7059 0.003 0.008 1.69x10° 124 0.018 37.49 0.003 0.008 2.86x10° 1-30

100 0.017 3974 0002 0.005 146x10° 120 0.018 3851 0004 0.010 1.03x10° 1-30

300 0.022 3175 0.004 0.009 6.13x10°% 120 0.016 4373 0.004 0.011 240x10° 1-30

1000 0.024 2891 0002 0.004 1.67x10" 124 0017 4133 0004 0.008 1.98x107 1-30

Mannitol 10 0.009 7958 0.003 0.007 1.34x10° 120 0.017 4158 0.004 0.009 6.30x10° 1-30

30 0.013 5192 0003 0.009 737x10% 120 0.017 4201 0.003 0.007 7.99x10° 1-30

100 0.021  32.44 0.004 0.011 6.11x107 1-17 0.021 3274 0.003 0.007 1.64x10°% 1-30

300 0.026 2638 0.006 0.017 275x10° 1-17 0.017 41.09 0.003 0.007 4.81x10° 1-30

1000 0.029 2414 0.005 0.013 194x107 1-17 0.019 3597 0.004 0.011 4.67x10° 1-30

Glycerol 10 0.010 68.02 0.002 0.006 153x10° 120 0.017 4000 0.002 0.006 1.68x10° 1-30

30 0.009 7727 0.002 0.006 3.09x107 128 0.017 39.63 0.003 0.007 5.90x10° 1-30

100 0.016 4354 0.004 0.011 1.63x10° 120 0.015 4674 0.004 0.010 1.78x10° 1-30

300 0.022 3197 0006 0.013 140x107 120 0.016 42.19 0.005 0.013 3.07x10° 1-30

1000 0.028 24.48 0.004 0.012 132x10° 1-31 0.018 3844 0.003 0.008 292x10% 1-30

Doubling time (dt) was calculated following the equation: dt = log.(2)/u. Standard error, 1SE, (SE) and confidence interval (Cl) are given for growth rate
fitting, and Prob > F refers to the ANOVA test and concludes that at 0.05 level, the fitting function is significantly better than the function y = constant.

CCMP298 (a) Acetate (b) Mannitol (c) Glycerol
5 | o -1 o .
12107175 Yool -
£+ 30 pmol I
10° - - 100 pmol I'
—— 300 pmol I
.
—~ 8x10%]
L %
T 6x10* A
g < %4
4
(qé) 4 X 10 T T T T
g CCMP3337 (d) Acetate (e) Mannitol
Fig.2 Cell abundances of CCMP298 c
Cruciplacolithus neohelis (a—c) and 224 x 10* A 7
CCMP3337 Chrysotila carterae (d-f) during < "
the 30-d time course in the dark with the 2.0 x 10"
addition of acetate (a, d), mannitol (b, e) or 4
glycerol (c, ) at concentrations of 10 (closed 1.6 x 1071
circle), 30 (open square), 100 (closed 12 % 10*-
square), 300 (open triangle) or 1000 (closed .
triangle) umol I~". Open circle symbols on 8.0 x 10°1
the green line indicate the unamended 0 1'0 2'0 3'0

control. Error bars indicate technical
duplicates for cell counts.

treatments, whereas it decreased to an average of 6.7 um (SD =
4 0.1 um) in the dark in all treatments (Table 2). As confirmed
by one-way ANOVA there was no difference in cell size
between the control and augmented treatments in light (Fs 36
= 0.003, P=0.999). The same was confirmed when the treat-
ments were compared in the dark for each compound

© 2021 The Authors
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Time (d)

concentration with the control, for acetate (Fs 54 = 0.087, P=
0.994), for mannitol (Fss4 = 0.086, P=0.994) and for glyc-
erol (Fis 54 = 0.034, P=0.999).

Chrysotila carterae exhibited similar amounts of organic and
inorganic carbon content during the 30-d experiments. Both
PICand POC decreased from 20 pg to an average of 15 pg
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Fig. 3 Growth rate plotted against the different concentrations of the
three organic compounds during the 30-d batch growth experiment for
CCMP298 Cruciplacolithus neohelis (a) and CCMP3337 Chrysotila
carterae (b). Curves were fitted according to a nonlinear Michaelis—
Menten model, equation: y = Vi,ax X x/(Ky, + x). Missing values for C.
carterae growth were because the curve fit failed. Error bars indicate
standard error (1SE) for growth rate. K, affinity with which the cells were
taking up the organics, aka half-saturation coefficient; Viax, maximum
rate of growth or uptake.

Growth rate (d™")

1000

(SD = = 2 pg) for all light treatments and to 10 pg (SD = £ 1 pg)
when averaged for all dark treatments (Table 2). We also calcu-
lated total carbon in each treatment of C. carterae by multiply-
ing cell concentrations and cell carbon (Fig. S3). Again, there
were no differences when comparing compounds in the light
(F3,36 = 0.490, P=0.691) or concentrations in the dark: for
acetate (Fis 54 = 0.941, P=0.462), for mannitol (5,4 = 0.243,
P=0.941) and for glycerol (Fis 54 = 1.634, P=0.166). However,
after performing a linear fit for each dark treatment, we found
that a significant increase in total carbon occurred between day 2
and day 30 for treatments with concentrations of acetate 30 pmol
17!, mannitol 100 and 300 pmol 17" and glycerol 10 and 30
pmol 17! (Fig. S4).

Uptake kinetics

In the time-course experiments V., values could be considered
as a measure of heterotrophic capacity, as it is the upper limit for
uptake. Values for V., for uptake at 24 h for C. neohelis were 2
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x 107", 1x 107" and 3 x 107" mol cell ™" d™" for acetate,
mannitol and glycerol, respectively. For C. carterae, V., values for
uptake were 1 X 1072, 1x 1072 and 2 x 107 mol cell ™! 47!
for acetate, mannitol and glycerol, respectively (Fig. 4). Plots of
uptake velocity vs substrate concentration generally showed
increasing saturation behaviour (as opposed to being linear func-
tions) with increasing length of the incubation. For 15 min
uptake experiments the kinetics were generally linear. For acetate,
the uptake velocities saturated with concentration in as little as
1 h, for mannitol, saturation kinetics were only observed at 24 h
while, for glycerol, saturation behaviour was most pronounced at
24 h (Fig. S5). To maximise the signal-to-noise, we chose uptake
velocities for 24 h for determination of the Michaelis—Menten
model and we were able to calculate the V., and K, values.
Detailed K, and V,,,, values for uptake are given in Table 3 for
the two coccolithophore species.

The K, values were in the range 1.3 X 102 mol 17!
(SE=+ 23 x 107, C neobelis, glycerol) to 1.8 x 10 mol 17!
(SE = 4+ 5.2 x 107, C. carterae, mannitol) (Fig. 5). Compar-
ison with the K, values calculated from the growth experi-
ment was possible for C. neobelis and a similar range 10
mol 17! was noted for acetate and mannitol (Fig. 5). This
suggested that the concentration dependence for uptake for
acetate and mannitol in C. neobelis was similar to the concen-
tration dependence for growth (i.e. they were taking up the
carbon compounds and immediately incorporating them into
carbon biomass with no luxury consumption).

Fixation of ['*CIDOC into the PIC fraction

We recorded net incorporation of ['*C]DOC radioactivity into
the PIC fraction, with the highest activity in coccoliths observed
in the acetate experiments (Fig. 6). The strength of the signal
increased with concentration, with a maximum calcification of
1.72 x 10 " mol cell ™! d7! for C. neohelis and 5.84 x 10"
mol cell ™! d7! for C. carterae at a concentration of 107 mol [
The percentage of incorporation of [**Clacetate into particulate vs
organic carbon ranged from 0.43% at a concentration 10" mol ™!
to 1.31% at a concentration of 10 “mol 17! for C. neobelis.
For C. carterae, it ranged from 0.21% at the concentration of 10~
7 mol I™! to 0.53% at the concentration of 10 mol I™*. A simi-
lar increase with concentration was observed for mannitol and
glycerol for C. neobelis (Fig. 6). Conclusions for C. carterae for
these two compounds were not possible. We note that the calcu-
lation procedure was to subtract the radioactivity of the formalin-
killed control from the radioactivity of each treatment. In a few
cases (notably C. carterae for mannitol and glycerol) where the
formalin-killed number was higher, we assumed zero net incor-
poration (Fig. 6).

Assimilation of DOC

The pulse—chase experiments showed that virtually all the [**C]-
labelled DOC compounds taken up were assimilated into the
cells as nonexchangeable pools. At 3 h post chase, cells on average
lost only 8% (SD = £ 10.25 Bq) of the radioactivity taken up

© 2021 The Authors
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Table 2 Mean cell size (MCS) for CCMP3337 Chrysotila carterae in light and dark conditions on day 2 and day 30 with corresponding standard deviation
of a frequency distribution (SD) calculated from Moxi Z raw data on effective cell diameter.

Day (2) Day 30
DOC Conc. (umol I™") MCS (um) SD POC (pg) PIC (pg) MCS (um) D POC (pg) PIC (pg)

Light

Control 0 9.1 2.63 19.72 19.28 7.84 2.10 14.41 14.48

Acetate 100 8.97 2.49 19.09 18.72 8.25 2.03 16.01 15.94

Mannitol 100 8.38 2.45 16.54 16.42 7.96 2.1 14.88 14.91

Glycerol 100 8.41 2.39 16.70 16.56 8.15 217 15.60 15.57
Dark

Control 0 8.04 2.15 15.17 15.17 6.57 1.75 9.93 10.30

Acetate 10 8.12 2.65 15.50 15.48 6.63 1.89 10.12 10.48

30 8.18 2.37 15.73 15.69 6.76 1.84 10.55 10.88

100 8.13 2.32 15.55 15.52 6.47 1.71 9.62 10.00

300 8.04 2.23 15.18 15.18 6.54 1.78 9.84 10.21

1000 8.03 2.28 15.15 15.15 6.43 1.83 9.51 9.90

Mannitol 10 7.87 2.29 14.53 14.59 6.69 1.74 10.31 10.66

30 8.18 2.30 15.73 15.69 6.50 1.76 9.71 10.09

100 8.10 2.27 15.44 15.42 6.83 2.02 10.76 11.09

300 8.05 2.28 15.23 15.23 6.69 1.71 10.33 10.68

1000 7.92 2.23 14.72 14.76 6.42 1.73 9.46 9.85

Glycerol 10 8.07 2.29 15.30 15.29 6.93 1.64 11.12 11.42

30 7.60 2.29 13.48 13.62 6.53 1.69 9.82 10.20

100 7.98 2.32 14.92 14.95 6.54 1.70 9.83 10.20

300 7.86 2.26 14.49 14.55 6.65 1.79 10.18 10.54

1000 7.83 2.1 14.35 14.42 6.54 1.79 9.84 10.21

Organic carbon content (POC) and inorganic carbon content (PIC) were calculated following equations for coccolithophores published by Villiot et al.

(2021). The experiment used C. carterae cells of 9.59 um (SD =+ 3.03 um) MCS.

CCMP298 (a) Acetate (b) Mannitol (c) Glycerol
- 0.25h 12 |
2 x107"% ;E 210 9x 10
_12 |
1x107"% W 24h 10 6x 107"
‘T‘c 6 x 107" 5% 107" 3x107"
7 ]
§ 0-—# 0 +—m—— 0+—m—m w —#/I
S CCMP3337 (d) Acetate (e) Mannitol (f) Glycerol
S
Fig. 4 Uptake velocity of ["*C]-labelled NG 9 x10-"2] 2x107'4
organic compounds plotted against substrate x 9 x 1071
concentration (S) at 0.25, 1, 3 and 24 h of . 104
the time-course uptake kinetics experiment 1x1074 ) B x 107"
for ["*Clacetate (a, d), ["*Clmannitol (b, e), . s
and ["“Clglycerol (c, f) for CCMP298 6x 107" 5%1075 B x 107"
Cruciplacolithus neohelis (a—c) and
CCMP3337 Chrysotila carterae (d-f). Error 0 P T 0 e 0 e A
bars represent SD of triplicate measurements 107 107 10~ 10 10 10707 10 10T 10 107 107 107 107 10
for uptake velocity. S (mol I7)

during the time-course experiment (Fig.7) indicating that
organic compounds taken up were not exchangeable after flood-
ing the cells with unlabelled forms. Cruciplacolithus neobelis
exhibited a transient increase in the radioactivity signal during
the pulse—chase experiment with acetate, when at higher concen-
trations the radioactivity increased up to 10%, 3 h post chase.
Cruciplacolithus neobelis also experienced a somewhat larger drop

© 2021 The Authors
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in radioactivity (c. 27%) when exposed to mannitol at concentra-
tions in the 10 to 107> mol 17! range. Chrysotila carterae exhib-
ited the smallest (4%) and most stable (SD = £ 1.31 Bq) loss of
radioactivity following the chase with cold glycerol.

Finally, both C. neobelis and C. carterae took up the greatest
amount of acetate per cell, followed by mannitol, and glycerol
after a 1-d incubation (Fig. 8). Moreover, the absolute cell
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Table 3 Michaelis-Menten kinetics.
DOC Time (h) Kpm (mol 171 SE K Cl K Vimax (mol cell =7 d ™) SE Vinax Cl Vimax r
Cruciplacolithus neohelis (CCMP298)
Acetate 0.25 2.63x10° 936 x 107 2.60 x 10 499 x 1014 1.03x 10" 2.87 x 10 0.841
1 2.05x10° 4.63x107 129 x 10°° 5.04 x 1074 6.79x 107" 1.88x10™ 0.886
3 1.95x10° 3.02x107 837 x107 559 x 10 533 x 10" 1.48 x 107 0.937
24 2.49 x 107 3.04x10°° 8.44 x 10°°® 221 %1073 2.54 x 10 7.06 x 1074 0.992
Mannitol 0.25 6.24 x 107 3.05x107* 8.46 x 107 1.43 x 107" 459 x 10713 1.27 x 10712 0.908
1 1.64 x 1073 7.62x10* 212 x 1073 497 x 1073 1.44 x 103 4.01x10" 1.000
3 1.31x10° 834 %1077 2.31x10°° 1.04 x 1074 2.69x 107" 7.47 x 107" 0.438
24 1.05 x 107 1.71 x 107 474 x10°° 1.40 x 1073 1.83x 107" 5.09 x 107 0.958
Glycerol 0.25 8.69 x 1072 1.75 x 102 3.97 x 1072 9.56 x 1072 174 x 10" 393 x 10" 1.000
1 2.94 x 1072 3.03x 10" 6.85x 107" 713 x107"2 7.31x 10" 1.65x 1071 0.853
3 2.94 %1073 5.81x10* 1.31x10°3 6.97 x 1013 1.03x 107" 234x10" 1.000
24 1.32x 1073 2.34x 107 529 x 107 256 x 1073 2.61x 107 5.90 x 107 1.000
Chrysotila carterae (CCMP3337)
Acetate 0.25 232 x107° 7.03x 107 1.95x 10° 3.08x 107" 233x107 6.47 x 1074 0.923
1 4.45 x 10°® 1.92 x 107 532 x10°® 596 x 10713 1.17 x 1073 3.26 x 107" 0.821
3 2.88x10° 7.23x 10”7 2.01x10° 429 x 1073 7.16 x 10 1.99 x 10°"3 0.870
24 3.98 x 1072 3.21x10° 8.92 x10°® 1.18 x 10712 8.56 x 10 238x 107" 0.987
Mannitol 0.25 1.32x10°3 8.18 x 107 227 x 1073 3.60 x 1072 157 x 10712 437 x107"? 0.931
1 1.57 x 107" 98.6 x 107" 2.74 x 107" 440 x 10 2.75x107° 7.64 x 107 1.000
3 3.35x 1073 553 x 1073 1.54 x 1072 6.79 x 1073 8.65x 107" 2.40 x 107"2 0.120
24 1.76 x 10° 519 x 107 1.44 x10° 124 x 10" 1.45x 10" 4.02 x 107 0.896
Glycerol 0.25 4.07 x 1073 8.18 x 1073 2.27 x 1072 215 x 10712 420 x 1072 1.17x 10" 0.914
1 2.00x 1073 7.26 x 107 2.02 x 1073 417 x 1073 139 x 107" 3.85x 107" 0.979
3 9.82 x 107 4.45 x 107 1.23x10° 1.61x 107" 7.18 x 1074 1.99 x 107" 0.982
24 6.91 x 10 3.43x107° 9.52 x 107° 149 x 103 719 x 10" 2.00 x 10 0.999

Km and Vimax calculated from cellular uptake data using a nonlinear curve fit Michaelis—-Menten model, equation: y = Viax * x/ (K, + x) for CCMP298
Cruciplacolithus neohelis and CCMP3337 Chrysotila carterae. K, (mol I=") is substrate concentration at which the reaction rate is half of Vi, (mol cell =" d~7)
maximum uptake rate. Calculated standard errors, 1SE, (SE), confidence intervals half-widths (Cl) and coefficients of determination () are given.

content steadily increased during the time course when the strains
were exposed to acetate. The cellular uptake in the highest con-
centration of acetate (10 mol I7!) reached 3 x 107" and 1072
mol cell ™! for the C. neohelis and C. carterae, respectively, after
24h (Fig. 8). Both strains exhibited a slight drop in the cellular
uptake at the 1 h time point when exposed to higher concentra-
tions of mannitol (107 to 10 “mol 1'). The highest cellular
uptake at 24 h for mannitol was ¢. 107> mol cell ™" for both
strains (Fig. 8). For glycerol, C. neohelis similarly exhibited a drop
in the total cellular content at 1 h in the same higher concentra-
tion range and reached 10~'? mol cell ' maximal quota at high-
est concentration. The absolute cellular quantity of glycerol
steadily increased over 24 h; for C. neohelis it reached 9 x 10~
mol cell ™" and for C. carterae it reached 8 x 107* mol cell !

(Fig. 8).

Discussion

None of the three hypotheses were rejected for C. neohelis as it
was able to: (1) grow in darkness on organic compounds; (2) take
up these compounds actively; and (3) assimilate all organic com-
pounds immediately into mostly nonexchangeable pools. The
growth hypothesis was rejected for C. carterae, during our 30-d
experiments. However, it did take up organic compounds and we
found that C. carterae assimilated them in relatively nonex-
changeable pools. Therefore, our results suggest that osmotrophy
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could be an important strategy for survival of these coccol-
ithophore species in darkness, albeit the uptake and growth rates
are extremely slow compared with light controls.

Growth in darkness: evolutionary and ecological
implications

Cruciplacolithus neobelis and C. carterae survived for 30 d in dark-
ness (and divided) using DOC compared with unamended con-
trols. This was in accordance with experiments performed by
Blankley (1971), who grew Emiliania huxleyi and C. carterae on
glycerol through 5-20 transfers for 2049 d in darkness. Based
on these results, we can hypothesise that osmotrophy could
provide additional nutritional flexibility and support long-term
survival of coccolithophores in darkness. This would apply to
both the subeuphotic twilight zone as well as the post-Cretaceous
asteroid impact period when light intensities were presumed to
be well below that required for photosynthesis.

Gibbs ez al. (2020) showed that mixotrophic phagotrophy was
responsible for the recovery of species diversity after the almost
complete eradication of coccolithophores during the K/Pg
boundary. They supported their claim with morphological analy-
sis of K/Pg survivors and an eco-evolutionary model. However,
phagotrophy leaves did not explain the survival of coccol-
ithophores lacking flagellar openings (Hagino eral., 2015), par-
ticularly for the extant C. neobelis, which has coastal ecology and
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Fig. 5 Comparison of the K, and V.« values calculated for growth and
time-course uptake (at 24 h) experiments for (a, c) CCMP298
Cruciplacolithus neohelis and (b, d) CCMP3337 Chrysotila carterae
using a nonlinear curve fit Michaelis-Menten model, equation:

Y= Vimax X X/(Km + x). (@, b) Kmy (mol 17"} is the substrate concentration at
which the growth/uptake rate is half of maximum rate at saturation. (c, d)
Vmax indicates calculated maximum values for growth and uptake that are
presented on different y-axis and have different units: d~* for growth on
the left and mol cell~" d~" for uptake on the right. Error bars indicate SE
for the nonlinear curve fit (1SE). K,,, affinity with which the cells were
taking up the organics, aka half-saturation coefficient; Viax, maximum
rate of growth or uptake.

produces motile cells (Kawachi & Inouye, 1994). Our results on
osmotrophy could support an additional nutritional strategy for
survival during the prolonged darkness.

Moreover, certain coccolithophore species (e.g. Florisphaera
profunda) are regularly found below 200 m (Beaufort ¢z al., 2008)
where light intensities do not support net autotrophy. Due to
this, they presumably have alternative nutritional strategies to
autotrophy, such as mixotrophy (Poulton ezal, 2017). As
autotrophic biomass is commonly found deeper than 1% light
depth (Marra ezal., 2014), osmotrophy in the oceans’ twilight
zone would be a mechanism to expand the niche space of photo-
synthetically active plankton cells. Acetate concentrations in the
ocean are in the micromolar range (King, 1991), while analysis of
mannitol and glycerol in saline samples remains problematic to
this day. Nevertheless, DOC represents the second largest
bioavailable carbon pool in the ocean, after the ¢. 50-fold larger
pool of DIC (Hansell & Orellana, 2021). We have shown in our
previous work that coccolithophores can indeed metabolise a
wide range of organic compounds in the dark (Godrijan eral.,
2020). Although the uptake rate for individual organic com-
pounds is slow, the combination of the many organic compounds
present in seawater could be the reason why they maintain their
growth in the deep euphotic and subeuphotic zones of the ocean.
With this work, we further support this hypothesis as we found
dark growth in C. neobelis.
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Fig. 6 Radioactivity recorded at 24 h in the inorganic carbon fraction
for (@) CCMP298 Cruciplacolithus neohelis and (b) CCMP3337
Chrysotila carterae from the ["*Cl-microdiffusion analysis, which
separates the particulate organic carbon (POC) fraction from the
particulate inorganic carbon (PIC) fraction. C1-C6 represent the
concentrations of ["*C]-labelled and unlabelled organic compounds
added to the kinetics experiment (Supporting Information Table S1) in
which C1 is the lowest concentration and C6 is the highest
concentrations. Error bars represent the SD of triplicate measurements.
Note that the calculation procedure was to subtract the radioactivity of
the formalin-killed control from the radioactivity of each treatment; in
a few cases in which the formalin-killed number was higher, we
assumed zero net incorporation.

In dark conditions with low concentrations of organics,
growth rates were extremely slow, when compared with growth
rates in light. This would be expected, as universal trade-offs
between growth and physiological acclimation/survival exist in
conditions that induce metabolic transitions (Vasi & Lenski,
1999; Basan ez al., 2020). Indeed, one can expect that, for photo-
synthetic algae, the acclimation to darkness might be slow. How-
ever, we suggest that darkness may have triggered the onset of a
survival mode, at the cost of cell division. Osmotrophs have
evolved cellular adaptations that include high-affinity trans-
porters that facilitate rapid uptake (Glibert & Legrand, 2006).

Smaller cells have more transporters per volume of cell, assum-
ing a constant number of transporters per unit area of membrane.
This could effectively increase the velocity of uptake. The more
prominent decreases in cell size in darkness in our experiments
could have had the same effect. In general, diversified nutritional
strategies, such as mixotrophy, require more investment of energy
and are likely to be responsible for lower growth rates if com-
pared with nutritional specialists (Rothhaupt, 1996). Analysis of
the carbon content of C. carterae during the 30-d growth experi-
ments, in which there was no significant growth, indicated that
the decrease in carbon content was probably at the expense of the
internal cellular carbon pool. It is likely that the stored carbon
would partition within 1 d, shortly after the onset of darkness.
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Thereafter, cells were probably unable to fix enough carbon
because cellular uptake was so low. However, analysis of individ-
ual dark treatments without time zero showed a slight increase in
total POC in several of them (Fig. S4), suggesting the possibility
that cells would take up enough carbon over a longer period to
cause further division.

Uptake and assimilation

Uptake of acetate by microalgae has been well investigated.
Acetate is taken up via a transporter-mediated mechanism
(Droop, 1974; Gimenez etal, 2003) and can be used for
heterotrophic growth in darkness (Neilson & Lewin, 1974). But,
if sodium acetate is used as a substrate, the pH rises and could be
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measurements. Measured radioactivity after
1 d is marked with an arrow.

toxic for many microorganisms at high concentrations (Ratledge
eral., 2001). Nevertheless, it seems that as long as the level of
acetate remains low, microalgae can use it as its sole carbon
source (Perez-Garcia ezal., 2011). Zotina eral. (2003) reported
that cyanobacteria Planktothrix rubescens efficiently took up
acetate even under low-light conditions, demonstrating a prefer-
ence for DOC uptake as a carbon source rather than photosyn-
thesis in these photic conditions. In with
natural plankton populations at low substrate concentrations
(107 mol 1), Wright & Hobbie (1966) reported uptake values
for acetate in the range 107 mg 17" h™', whereas our results for
C. neohelis were between 107 and 107> mg 17" h™" (acetate con-
centrations of 10~7—10"% mol I™Y). Therefore, our results suggest

experiments

that C. neobelis can actively take up acetate and grow successfully
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in the dark. However, the 30-d dark growth experiment was too
short to confirm the growth of C. carterae.

Conversely, few studies have been done on the uptake of man-
nitol in microalgae (Lewis & Smith, 1967; Yee, 2015). It is still
unclear how it enters the algal cells, but mannitol membrane
transporters are found in bacteria, plants and fungi (Roossien &
Robillard, 1984; Patel & Williamson, 2016). Colman ez4l.
(1986) studied the uptake of mannitol by four species of
Chlorella and found that the uptake was species dependent, but
cells of C. vulgaris were found impermeable to mannitol. How-
ever, Yee (2015) did report on mannitol having a stimulating
effect on the growth of the green alga, Monoraphidium griffithii.
Our study revealed that the two coccolithophore species were
able to take up mannitol in darkness and both species showed sat-
uration kinetics when measured over 24 h (Fig. 4b,e), suggestive
of a membrane transporter for mannitol.

Glycerol can be used as a substrate by many algae, both in
the light and in darkness (Perez-Garcia etal, 2011; Penhaul
Smith eral, 2020), and successful heterotrophic growth of
coccolithophores was demonstrated in high concentrations of
glycerol by Blankley (1971). We found here that C. neohelis
was able to grow in low glycerol concentrations (Fig.2¢) with
indications of saturation kinetics (Fig. 4c). Glycerol was found
to freely pass through biological membranes (Wright ezal,
1969) and enter the cell by simple Fickian diffusion (Neilson
& Lewin, 1974). However, there are other reports on different
transport mechanisms for glycerol. Tsay etal (1971) found
that transport of glycerol by the bacteria, Pseudomonas aerugi-
nosa, involves a binding protein responsible for recognition of
glycerol. Additionally, studies with Dunaliella parva (Hard &
Gilmour, 1996) showed that the uptake of glycerol is active,
they confirmed the energy dependence of the glycerol trans-
port system by its response to external salinity. These inconsis-
tent results suggest that further investigations of glycerol
transport in microalgae are warranted.

For successful utilisation of organic carbon compounds for
growth, osmotrophs need both a transport system to get com-
pounds into the cell against a concentration gradient and the
presence of enzymatic pathways to convert compounds into suit-
able precursors for carbon metabolism (Azma ezal., 2011). Our
results suggest active uptake of organic compounds over 24 h
incubations, for acetate for both coccolithophore species (Fig. 8),
but the fate of each compound within the cell is unclear.
Nonetheless, our results of the pulse—chase experiments con-
firmed that all organic compounds were assimilated by these coc-
colithophore species into mostly nonexchangeable pools.

We showed that the affinity, or the concentration dependence,
of C. neohelis for cellular uptake was generally similar to the con-
centration dependence for growth for the tested compounds
(compare the K, values in Fig. 5). This suggests the balanced
assimilation of organic compounds into biomass (Shuter, 1979).
Mufioz-Marin ez al. (2020) reviewed the uptake rates of different
organics for Prochlorococcus and Synechococcus and showed that
they were in the range 10 '® mol cell ™' d™'. These rates were
well below the cellular uptake rates that we recorded for these
larger coccolithophores (Fig. 4).
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A possible link between the alkalinity pump and the
biological carbon pump?

One unexpected result from these experiments was the appear-
ance of [*C] activity (which was taken up as ["*CIDOC com-
pounds by coccolithophores) into coccolithophore PIC. The
percentage of incorporation of ["*C]DOC into PIC was as high
as 1.3% per cell. This is the first such observation of this phe-
nomenon. One unlikely explanation for this is that the radiola-
belled organic carbon molecules were somehow directly
incorporated into PIC via an unknown biochemical pathway.
Alternatively, the more likely explanation is that the carbon in
the DOC may have been rapidly assimilated by the coccol-
ithophores, respired as ['*C]DIC and subsequently incorporated
into coccolith calcite through standard calcification reactions
(Brownlee ezal., 2021). The results presented here do not allow
us to discern the mechanism of how the carbon was incorporated
into PIC.

It has traditionally been assumed that coccolithophore calcifi-
cation derives the PIC from DIC (namely bicarbonate), not
DOC. If [*“CIDOC were being metabolised by the coccol-
ithophores and respired as CO,, then indeed this is yet more evi-
dence of DOC osmotrophy and assimilation by
coccolithophores. But the implications go further. Indeed, the
entire paradigm of the alkalinity pump assumes that coccol-
ithophores are assimilating bicarbonate alkalinity in the surface
ocean into dense coccoliths that ultimately sink to the depth at
which they dissolve, releasing (‘pumping’) the bicarbonate alka-
linity at depth.

An osmotrophic lifestyle of coccolithophore — in which calcifi-
cation is incorporating carbon originating from DOC, which
sinks to the depth where it dissolves and releases bicarbonate at
depth — raises fundamental questions about the role of the alka-
linity pump and how it controls the alkalinity balance in the sea.
If coccolith carbon does not originate from bicarbonate but
instead from DOC carbon, then the alkalinity pump paradigm
needs to be revised. This is because coccolithophore calcification
would not necessarily be at the expense of DIC. Instead, a frac-
tion of the sinking calcite carbon could be associated with the
largest organic carbon pool in the sea, the DOC pool. Uptake of
DOC and transport to depth has typically been associated with
the biological carbon pump (Rost & Riebesell, 2004). Therefore,
potential rapid incorporation of DOC carbon into coccoliths
inextricably merges the alkalinity and biological carbon pumps in
a way not before appreciated.
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Fig. S4 Linear fit on total carbon dark treatments of Chrysotila
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Fig. S5 Michaelis—Menten fits plotted for dark uptake.
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