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ON THE ROLE OF THE CYTOSKELETON IN COCCOLITH MORPHOGENESIS:
THE EFFECT OF CYTOSKELETON INHIBITORS'
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The coccolithophore Emiliania huxleyi (Lohmann)
W. W. Hay et H. Mohler was cultured in natural
seawater with the addition of either the microtubule-
inhibitor colchicine, the actin-inhibitor cytochalasin
B, or the photosynthesis inhibitor 3-(3,4 dichlor-
ophenyl)-1,1-dimethyl-urea (DCMU). Additionally,
E. huxleyi was cultured at different light intensities
and temperatures. Growth rate was monitored, and
coccolith morphology analyzed. While every treat-
ment affected growth rate, the percentage of mal-
formed coccoliths increased with colchicine,
cytochalasin B, and at higher than optimal tempera-
ture. These results represent the first experimental
evidence for the role of microtubules and actin
microfilaments in coccolith morphogenesis.
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Coccolithophores, unicellular haptophyte algae,
surround themselves with a sphere of interlocking
calcareous platelets, the coccoliths. A typical cocco-
lith consists primarily of a radial array of complexly
shaped interlocking crystals of calcite (Young and
Henriksen 2003). The calcite unit cell has rhombo-
hedral symmetry, and inorganically precipitated
calcite crystals are typically rhombic. Although it is
possible to identify rhombic crystal faces in cocco-
liths (Henriksen et al. 2004a), the overall form of a
coccolith crystal is strongly modified (Young and
Henriksen 2003). Obviously, coccolithophores rigor-
ously control the morphology of the growing crys-
tals. This control is also reflected in the diversity of
coccolith morphology among coccolithophores. The
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morphogenesis of coccoliths is regarded as the
“most enigmatic part of biomineralization”” (Hen-
riksen et al. 2004b, p. 726). The first step in the
direction of deciphering this enigma was made
more than a century ago when it was discovered
that coccoliths are produced inside the coccolitho-
phore cell and are subsequently extruded to
become part of the coccosphere (i.e., the shell of a
coccolithophore; Dixon 1900).

Since the advent of TEM in the middle of the
20th century, it has become feasible to study cocco-
lithogenesis in greater detail. It was observed that
the site of coccolith formation is a specialized Golgi-
derived vesicle, the coccolith vesicle (Wilbur and
Watabe 1963, Probert et al. 2007). Inside the cocco-
lith vesicle, coccolith production occurs through two
discrete processes, controlled nucleation of crystals
and their subsequent growth (Young et al. 1999). By
means of TEM, polysaccharides were detected inside
the coccolith vesicle of E. huxleyi, located between
the growing coccolith and the vesicle membrane
(Van Der Wal et al. 1983). In contrast to Pleurochrysis
carterae (Marsh et al. 2002), only one polysaccharide,
the coccolith-associated polysaccharide (CAP), was
isolated from E. huxleyi (Fichtinger-Schepman et al.
1981). It was shown that CAP can inhibit crystal
growth (Borman et al. 1982) and influence crystal
morphology by site-specific attachment to crystallo-
graphic steps (Henriksen et al. 2004a). Characteriza-
tion and localization of CAP alone, however, cannot
explain why growth of coccolith crystals proceeds in
certain directions but not in others.

Another observation, crucial to understand cocco-
lithogenesis, concerns the shape of the coccolith
vesicle. In TEM sections, it was observed that the
coccolith vesicle adopts the shape of the growing
coccolith  (Outka and Williams 1971, Klaveness
1972, Westbroek et al. 1984, Probert et al. 2007).
This finding has led to the notion that the coccolith
vesicle functions as a dynamic mould for the grow-
ing coccolith. A fibrillar structure adjacent to
the coccolith vesicle was proposed to generate the
force necessary for shaping the coccolith vesicle
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Fic. 1. SEM images of Emiliania
huxleyi coccoliths. (A) Normal
coccolith. (B) Malformed cocco-
lith. (C) Incomplete coccolith, at
~80% growth. (D) Malformed and
incomplete coccolith. Scale bars =
1 pm.

membrane (Klaveness 1972, 1976). It is now com-
mon to assume that the cytoskeleton comprises this
fibrillar structure and is a crucial part of the
machinery shaping the coccolith vesicle and there-
with the coccolith (Westbroek et al. 1984, Didymus
etal. 1994, Marsh 1994, 1999, Young et al. 1999,
2009, Marsh et al. 2002).

The cytoskeleton, discovered by Remak (1843)
and Freud (1882), comprises three groups of fila-
mentous proteins (i.e., intermediate filaments, actin
microfilaments, and microtubules). Actin microfila-
ments and microtubules are essential for morpho-
genesis of diatom silica (Cohn et al. 1989).

The objective of the present study is to test
whether actin microfilaments and microtubules are
involved in coccolith morphogenesis. Therefore, we
analyzed the coccolith morphology of E. huxley: cells
grown in natural seawater with the addition of
either colchicine, a microtubule inhibitor (Eigsti
1938, Farrell and Wilson 1980), or cytochalasin B,
an actin inhibitor (Maclean-Fletcher and Pollard
1980).

MATERIALS AND METHODS

Clonal cultures of E. huxleyi (strain RCC1238) were grown in
aged, sterile-filtered (0.2 um pore-size cellulose-acetate filters;
Sartorius, Goettingen, Germany) North Sea seawater enriched
with 100 puM nitrate, 6.25 uM phosphate, and trace metals and
vitamins as in £/2 medium (Guillard 1975). Strain RCC1238 was
obtained from the Roscoff Culture Collection (http://www.
sb-roscoff.fr/Phyto/RCC). Cultures were grown under a 16:8
light:dark cycle. Experiments were carried out at a light

2

intensity of 300 umol photons - m™ - 57!, with the exception
of the experiments in which temperature (light intensity
400 pmol photons - m™2 - s7') and light intensity were varied,
in an adjustable incubator (Rubarth Apparate GmbH, Laatzen,
Germany). Temperature for all experiments was 17°C, with the
exception of the experiment in which temperature was varied.
Cells were grown in dilute batch cultures, ensuring a quasi-
constant seawater carbonate system over the course of the
experiment (Langer et al. 2009). Each data point is the mean
value of duplicate culture experiments, with the exception of
the experiment with different cytochalasin B concentrations, in
which only growth rate was determined. The latter experiment
was done without replicates.

For determination of cell density, samples were taken at the
beginning and the end of experiment and counted immedi-
ately after sampling using a Coulter Multisizer III (Beckman
Coulter GmbH, Krefeld, Germany). Growth rate (p) was
calculated as follows:

p=(n¢ —1Ineg)Ar! (1)

where ¢ and ¢; are the cell concentrations at the beginning
and the end of experiment, respectively, and At is the dura-
tion of incubation in days.

Colchicine, cytochalasin B, DMSO, and DCMU were obtained
from Sigma-Aldrich (Munich, Germany). Colchicine was
dissolved in culture medium (concentration of stock solution
was 25 mM). Cytochalasin B was dissolved in DMSO (concen-
tration of stock solution was 50 mM). The highest cytochalasin B
concentration used (100 uM) consequently entails 0.2% v/v
DMSO. Finally, DCMU was also dissolved in DMSO (concentra-
tion of stock solution was 10 pM). The DCMU concentration
used (0.01 pM) consequently entails 0.1% v/v DMSO. All stock
solutions were freshly prepared prior to the start of the
experiments.

Samples for SEM analysis were filtered on polycarbonate
filters (0.8 pm pore-size), dried in a drying cabinet at 60°C for
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24 h, then sputter-coated with gold-palladium using a Polaron
Sputter Coater SC7600 (Gala Gabler Labor Instrumente
Handels GmbH, Bad Schwalbach, Germany). Imaging was
performed with a Philips XIL-30 digital scanning field-emission
electron microscope (Philips GmbH, Hamburg, Germany).
Four categories were used to describe the morphology of
E. huxleyi: “‘normal,” “‘malformed,” “‘incomplete,” and “‘incom-
plete and malformed’ coccoliths (Young 1994, for reference
images for the categories, see Fig. 1). An average of ~350
coccoliths was analyzed per sample (Langer and Benner 2009).

RESULTS AND DISCUSSION

Colchicine caused a reduction in growth rate and
hampered coccolith morphogenesis as a function
of colchicine concentration. While the effect was
negligible at 500 puM, it became visible at 750 pM and
was strongest at 1,000 uM (Table 1). The latter colchi-
cine concentration caused a marked shift of coccolith
morphology toward malformed coccoliths, while
the percentage of incomplete coccoliths remained
similar.

Assuming that another cytoskeleton element (actin
microfilaments) is also involved in coccolith morpho-
genesis, an initial experiment was conducted in
which E. huxleyi was grown under different cytochala-

sin B concentrations, by monitoring growth rate only
(Table 1). Omne of the adopted cytochalasin B
concentrations (100 pM) had a considerable effect
on growth rate and was therefore chosen for
a subsequent experiment in which we determined
both growth rate and coccolith morphology
(Table 1). The effect of cytochalasin B on coccolith
morphology was similar to that of colchicine (i.e.,
increasing the percentage of malformed coccoliths
without a change in the percentage of incomplete
coccoliths).

We conclude that the microtubule-inhibitor
colchicine and the actin-inhibitor cytochalasin B
disrupted microtubules and actin microfilaments,
respectively, which were directly or indirectly involved
in shaping the growing coccoliths. The fact that the
percentage of incomplete coccoliths did not change
(Table 1) may indicate that this malfunction in
coccolithogenesis is not connected to microtubules
and actin microfilaments. Also, the nucleation of the
coccolith crystals does not seem to be impaired by
colchicine and cytochalasin B, since the basic ring
structure of the base of the tube (the locus of the
proto-coccolith ring) appears to be largely unaffected

TaBLE 1. Growth rates and percentages of normal versus malformed versus incomplete versus incomplete and malformed

coccoliths.
Morphology
Growth  Standard Normal Standard Malformed Standard Incomplete Standard Incomplete and Standard
Sample rate (u) deviation (%) deviation (%) deviation (%) deviation malformed (%) deviation
Colchicine IIT
Control 1.35 0.01 91.90 0.17 3.27 1.02 1.93 0.47 2.90 0.71
500 pM 1.25 0.01 89.67 2.15 4.93 0.01 1.78 0.42 3.62 2.56
Colchicine IV
Control 1.34 0.01 92.45 0.87 4.00 0.76 1.15 0.34 2.40 0.45
750 pM 0.95 0.00 81.27 1.66 8.93 2.85 2.47 1.03 7.33 0.16
Colchicine IT
Control 1.33 0.02 90.85 1.88 4.75 0.69 2.38 0.34 2.02 0.85
1,000 pM 0.59 0.04 42.25 4.10 22.09 1.54 2.53 0.14 33.14 2.69
Cytochalasin test
0.1 pM 1.15 n/d n/d n/d n/d n/d n/d n/d n/d n/d
1 M 1.18 n/d n/d n/d n/d n/d n/d n/d n/d n/d
10 pM 1.02 n/d n/d n/d n/d n/d n/d n/d n/d n/d
100 M 0.20 n/d n/d n/d n/d n/d n/d n/d n/d n/d
Cytochalasin
Control 1.51 0.03 86.99 3.96 6.33 3.38 2.42 1.50 4.25 2.08
100 M 0.20 0.02 15.31 1.10 29.34 2.82 2.55 1.71 52.80 3.43
Photosynthesis
Control 1.41 0.03 88.91 2.12 4.21 1.11 3.27 0.75 3.61 0.27
DCMU, 0.01 pM 0.58 0.01 92.82 1.55 3.49 0.08 3.07 1.35 0.62 0.13
Low light, 5-7 . 0.56 0.08 87.67 4.61 7.18 3.91 4.28 0.79 0.87 0.09
umol photons - m2-s7!
DMSO
Control 1.23 0.15 n/d n/d n/d n/d n/d n/d n/d n/d
0.04 vol % 1.41 0.01 n/d n/d n/d n/d n/d n/d n/d n/d
0.1 vol % 1.44 0.03 n/d n/d n/d n/d n/d n/d n/d n/d
0.2 vol % 1.41 0.02 n/d n/d n/d n/d n/d n/d n/d n/d
0.5 vol % 1.41 0.00 n/d n/d n/d n/d n/d n/d n/d n/d
Temperature
10°C n/d n/d 80.99 10.77 7.99 1.77 1.86 0.44 9.16 8.56
15°C n/d n/d 86.87 0.27 3.39 0.53 3.43 1.19 6.31 0.39
20°C n/d n/d 89.08 1.23 4.05 0.87 3.17 0.37 3.69 0.01
25°C n/d n/d 28.86 1.33 24.67 2.58 1.73 1.27 44.74 2.52

DCMU, 3-(3,4 dichlorophenyl)-1,1-dimethyl-urea.
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(Fig. 2). This observation complies with the notion of
coccolith-crystal nucleation. It is generally accepted
that nucleation of coccolith crystals is template medi-
ated. This template is the rim of an organic scale
located inside the coccolith vesicle, the so-called base
plate (Westbroek et al. 1984). From this concept of
crystal nucleation, it follows that a disruption of the
cytoskeleton should not affect nucleation.

Since an effect on coccolith morphology always
entails an effect on growth rate, it is not entirely
inconceivable that the two cytoskeleton inhibitors
affected merely microtubules and actin microfila-
ments involved in cell division (Schmit and Lambert
1988), and the reduced growth rate, in turn,
hampered coccolith morphogenesis. If the latter was
the case, every reduction in growth rate should
increase the percentage of aberrant coccoliths. In
order to test this hypothesis, we grew E. huxley
under two different light intensities and four differ-
ent temperatures and poisoned the cells with the
photosynthesis-inhibitor DCMU (Wessels and Van
Der Veen 1956). DCMU and low light caused a
decrease in growth rate without affecting coccolith
morphology (Table 1). This finding clearly shows
that a decreased growth rate per se is not detrimental
to coccolithogenesis, a conclusion supported by the
data presented in Table 1 and in Langer et al.
(2009).

Temperatures above the optimum for growth
(~20°C, see Langer etal. 2009) disrupted cocco-
lithogenesis, while temperatures below the optimum

F1G. 2. SEM images of mal-
formed Emiliania huxleyi coccoliths.
Scale bars = 1 pm.

did not (Table 1). We would like to stress that
percentages of aberrant coccoliths at 10°C do not
differ from those at 15°C and 20°C; see the variability
in the 10°C data (Table 1). Another E. huxleyi strain,
however, displayed a decreased percentage of normal
coccoliths under suboptimal temperatures (Watabe
and Wilbur 1966), temperature ranges being compa-
rable, hinting at strain-specific responses. Interpreta-
tion of temperature effects on coccolith morphology
is not straightforward, since temperature affects phys-
iologic processes on various levels (e.g., enzyme
kinetics, structural integrity of proteins, membrane
fluidity), and coccolithogenesis most likely involves
processes on many of these levels. The observation
that above-optimum temperature, but not below-
optimum temperature, affects coccolithogenesis may
be explained by disturbed membrane function due
to increased membrane fluidity.

In comparison to the temperature effect, it is
straightforward to explain the lack of effect of
DCMU and low light (Table 1). Both DCMU and
low light reduce photosynthetic rate, therewith
diminishing the speed at which energy and reduc-
tion equivalents as well as organic carbon com-
pounds for metabolism are provided. This trend
should decrease coccolith production (which was
indeed observed; see, e.g., Langer et al. 2007), but
there is no reason to assume that it also disturbs the
regulatory processes of coccolith morphogenesis.

Two of the poisons used in this study were dis-
solved in DMSO, namely, cytochalasin B and DCMU.
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Being an organic solvent, DMSO can destroy mem-
branes and therewith inflict considerable damage on
cells. Therefore, we performed a separate experi-
ment, in which we tested for the effect of DMSO. No
change in growth rate was observed up to 0.5% v/v
DMSO (Table 1). It can, therefore, be excluded that
DMSO, and not cytochalasin B, caused the changes
in growth rate and coccolith morphology (Table 1).
Taken together, the data presented here support
the role of microtubules and actin microfilaments
in coccolith morphogenesis. The precise mechanism
of action of these two elements of the cytoskeleton
remains to be discovered. It is certainly instructive
that actin polymerization and microtubule polymeri-
zation have been shown to generate a pushing force
against cell membranes causing cell protrusions
(Condeelis 1993, Fygenson et al. 1997). The cyto-
skeleton may exert the necessary force for a
mechanical control of coccolith-crystal growth.
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