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Abstract 2

Abstract

The oceans cover roughly seventy percent of the surface of the earth. With few
exceptions minute photosynthetic primary producers like diatoms, dinoflagellates,
silicoflagellates and coccolithophores inhabit the upper 200 m of this vast expanse.
This phytoplankton forms the base of the marine food chain and plays an important
role in geochemical cycles. Knowledge about species level biodiversity and specia-
tion thus is important to understand marine ecology and biogeochemistry. Amongst
the mentioned groups coccolithophores appear to be the ideal test group since their
biomineralised periplasts — the coccoliths — provide a rich suite of qualitative and
quantitative morphological characters and a uniquely extensive fossil record. In ad-
dition to this extant coccolithophore species can be grown in culture and hence are
available for molecular genetic studies and cytological research. Combining data
from both palaeontology and biology hence allows for a more detailed interpreta-
tion of coccolithophore biodiversity, evolution and speciation.

For the CODENET project (the EC funded Coccolithophorid Evolutionary
Biodiversity and Ecology Network) extant species with seemingly global occur-
rences — spanning the biodiversity of coccolithophores — were selected and different
case studies were carried out on them to elucidate their species level biodiversity.
Here we present the results and discuss tentative models of speciation for the coc-
colithophores in general.

Following a brief introduction the second chapter (Methods) deals with sampling
for both life and fossil coccolithophores and introduces culture techniques as well
as biometrical methods used. Chapter 3 (Results) is divided in four parts — in part
1-3 detailed results from three CODENET species will be presented, mainly dealing
with their morphological variability and physiology, but also with their evolution-
ary history. Part 4 is a published research paper in which the novel phenomenon of
cryptic speciation is demonstrated for the first time in the coccolithophores. This
paper equally highlights the importance of studies on living species to achieve a
better understanding and interpretation of coccolithophore evolution, diversity
and speciation. Chapter 4 (Discussion) comprises a comprehensive review about
species level variation in all the CODENET key species. Here we tie together the
various sources of data obtained during the project and introduce models of specia-
tion for the coccolithophores. Further published manuscripts — both dealing with
methods used in this study, but also supplementary data important for this thesis are
given in an appendix.
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with two of the selected species | managed to interest Blair Steel - a friendly, hard
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1 Introduction

1.1 Overview

Phytoplankton is the base of the marine food web and an essential key to under-
standing both marine ecology and biogeochemistry. Critical to such understanding
is knowledge of the extent of and controls on species-level biodiversity. The classi-
cal evolutionary model sees natural selection and most of all geographical isolation
(allopatric speciation) as the key factors driving speciation. However, the concept
of geographical isolation is difficult to apply to marine microplankton with seem-
ingly global occurrences and recent research is suggesting that speciation is more
ecologically driven.

Coccolithophores are an ideal test group since their elaborate mineralised peri-
plasts, coccoliths, provide a rich suite of morphological characters and a uniquely ex-
tensive fossil record. The group has been subject to extensive research over the past
decade especially in EU funded network project, “Coccolithophorid Evolutionary
Biodiversity and Ecology Network”, CODENET (http://www.nhm.ac.uk/hosted_
sites/ina /CODENET/index.html) in which the author was working as a “Young
visiting researcher”.

Species concepts

This thesis integrates a number of different species concepts and hence a brief
review of the methods used to define and recognise species is important. The
operational species concepts in coccolithophores are traditionally based on using
the morphological characters of the coccoliths covering the cell, and especially for
heteroccolithophorids crystallographic orientation of the component crystal units
(Young et al. 1992). This phenetic taxonomy has been successfully applied to the
fossil record and compares well with findings from other characterisation methods
such as cell ultrastructure (Inouye and Pienaar 1984) and more recently molecular
genetics (Edvardsen et al. 2000; Fujiwara et al. 2001; Medlin et al. 1997; Séez et al.
2003). However, the discovery of haplo-diplontic life cycles (Billard 1994; Fresnel
1994; Gayral and Fresnel 1983; Parke and Adams 1960; Rayns 1962) and therefore
sexual reproduction in the coccolithophores makes it important to consider the bio-
logical species concept of Mayr (1963), defining a species as a reproductive entity,
as well. Recently the discovery of cryptic species, in which speciation is apparently
uncoupled from morphological evolution, has provided evidence for another level
of fine-scale genotypic variation (Geisen et al. 2002; Séez et al. 2003).

Coccolithophore diversity
The conventional interpretation of coccolithophore taxonomy is that there are about
150 well-described species, with, in almost all cases, inter-oceanic distributions
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within broad ecological boundaries (Jordan and Chamberlain 1997; Jordan and
Kleijne 1994; Young and Bown 1994). A perception of very widely distributed rath-
er homogeneous species is well supported by geological evidence of synchronous
apparently sympatric evolution across the world ocean and for near synchronous
(on scales of less than a few thousand years) extinction events (Chepstow-Lusty
et al. 1992; Wei 1993; Wei and Shilan 1996). Research over the past decade and
especially from the CODENET project has greatly refined our knowledge of fine
scale diversity in this group. New data has come from several sources. The primary
source of data has been morphometric investigation of selected taxa using plankton,
sediment trap, and surface sediment samples, and often time series studies of geo-
logical samples. This has lead to the identification of sub-morphotypes and morpho-
logical gradients and consequently to the development of hypotheses of causation in
terms of ecotypic or genotypic variation.

1.2 Key achievements

The aim of this thesis was to examine the species level variation of selected coc-
colithophore species using different techniques, including biometry, physiology
of monoclonal cultures, life cycle observations and analyses of samples from the
geological record, sediment traps and from sea water collected on oceanographic
cruises. Below we briefly summarise the results presented in this thesis.

Morphological studies

Biometrical analyses of coccoliths were performed on cultures and natural samples
(sediment trap and water samples) of three target taxa — Syracosphaera pulchra,
Helicosphaera spp. and Umbilicosphaera spp. — and the results were compared
with a detailed analysis of samples taken from the recent geological record. A result
from the work on cultures is that the morphology of all tested species appears to
be stable if tested under varying environmental conditions. Hence it is assumed to
be under strong genomic control and gradual — or sudden — changes in morphology
through time can be interpreted as evolutionary signals.

In both Syracosphaera and Helicosphaera biometrical analysis has provided evi-
dence for both intra- and infraspecific variation in both cultured clones and natural
samples (Chapters 3.1, 3.2)

In the case of the Umbilicosphaera variants foliosa and sibogae biometrical anal-
ysis has provided sufficient evidence to raise the variants to species level (Chapter
3.3), which can be traced in the geological record. The true species character of the
Umbilicosphaera variants was confirmed independently by Sdez et al. (2003) with
molecular methods.

Coccolithophore life cycles
Another source of data has come from the recognition of alternate life cycle phases
(Fig.1). It is now clear that the typical life cycle of coccolithophores consists of
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These strands of evidence have produced significant evidence of different levels
of genotypic variation within conventional species. Combining data from both
palaeontology and biology has provided us with new insights into coccolithophore
biodiversity, evolution and speciation (Chapter 4).

1.3 References

Billard C (1994) Life cycles. In: Green J C, Leadbeater B S C (eds) The Haptophyte Algae.
Clarendon Press, Oxford, pp 167-186

Chepstow-Lusty A, Shackleton N J, Backman J (1992) Upper Pliocene Discoaster abundance
variations from the Atlantic, Pacific and Indian Oceans: the significance of productivity
pressure at low latitudes. Memorie Sci geol 43: 357-373.

Edvardsen B, Eikrem W, Green J C, Andersen R A, Yeo Moon-van der Staay S, Medlin L
K (2000) Phylogenetic reconstructions of the Haptophyta inferred from 18S ribosomal
DNA sequences and available morphological data. Phycologia 39: 19-35

Fresnel J (1994) A heteromorphic life cycle in two coastal coccolithophorids, Hymenomonas
lacuna and Hymenomonas coronata (Prymnesiophyceae). Can J Bot 72: 1455-1462

Fujiwara S, Tsuzuki M, Kawachi M, Minaka N, Inouye I (2001) Molecular phylogeny of the
haptophyta based on the rbcL gene and sequence variation in the spacer region of the
RUBISCO operon. J Phycol 37: 121-129

Gayral P, Fresnel J (1983) Description, sexualité et cycle développement d’une nouvelle
coccolithophoracée (Prymnesiophiceae): Pleurochrysis pseudoroscoffensis sp. nov.
Protistologica 19: 245-261

Geisen M, Billard C, Broerse AT C, Cros L, Probert I, Young J R (2002) Life-cycle associa-
tions involving pairs of holococcolithophorid species: intraspecific variation or cryptic
speciation? Eur J Phycol 37: 531-550

Inouye I, Pienaar R N (1984) New observations on the coccolithophorid Umbilicosphaera
sibogue var. foliosa (Prymnesiophyceae) with reference to cell covering, cell structure
and flagellar apparatus. Br phycol J 19: 357-369

Jordan R W, Chamberlain A H L (1997) Biodiversity among haptophyte algae. Biodiversity
Conserv 6: 131-152

Jordan R W, Kleijne A (1994) A classification system for living coccolithophores. In: Winter
A, Siesser W G (eds) Coccolithophores. Cambridge University Press, Cambridge, pp
83-105

Mayr E (1963) Animal species and evolution. The Belknap Press of Harvard University
Press, Cambridge, Massachusetts

Medlin L K, Kooistra W H C F, Potter D, Saunders J B, Andersen R A (1997) Phylogenetic
relationships of the “golden algae” (haptophytes, heterokont chromophytes) and their
plastids. Pl Syst Evol Suppl 11: 187-219

Parke M, Adams I (1960) The motile (Crystallolithus hyalinus Gaarder & Markali) and non-
motile phases in the life history of Coccolithus pelugicus (Wallich) Schiller. J mar biol
Ass U K 39: 263-274



1 Introduction 13

Rayns D G (1962) Alternation of generations in a coccolithophorid, Cricosphaera carterae
(Braarud & Fragerl.) Braarud. J mar biol Ass U K 42: 481-484

Séez A G, Probert 1. Geisen M, Quinn P, Young J R, Medlin L K (2003) Pseudo-cryptic spe-
ciation in coccolithophores. Proc natn Acad Sci USA 100: 7163-7168

Wei W (1993) Calibration of Upper Pliocene - Lower Pleistocene nannofossil events with
oxygen isotope stratigraphy. Paleoceanography 8: 85-99

Wei W, Shilan Z (1996) Taxonomy and magnetobiochronology of Tribrachiatus and
Rhombouster, two genera of calcareous nannofossils. J Paleontol 70: 7-22

Young J R, Bown PR (1994) Palaeontological perspectives. In: Green J C, Leadbeater B S C
(eds) The Haptophyte Algae. Clarendon Press, Oxford

Young J R, Davis S A. Bown PR, Mann S (1999) Coccolith ultrastructure and biomineralisa-
tion. J struct Biol 126: 195-215

Young J R, Didymus J M, Bown PR, Prins B, Mann § (1992) Crystal assembly and phylo-
genetic evolution in heterococcoliths. Nature 356: 516-518



* O 1



EORY
.

7 QR( &

<.RE3 8 &

3&

4

*K@4 !

$&

R

- %? Q (
+
#,
2 &
& &
+
+
+
( +
+



QQ

*KG

. A&

1Q

2&

0
<4
(
(
E
Q 8 E<E*
( G
(
& 4

44
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sample for deep dwelling species occurring in the deep photic zone.

After collection the concentrated seawater was filtered through a 64 ym mesh
sieve to remove large foraminifera and decanted into translucent storage containers.
Usually two containers were used per sample and GeO, (to inhibit the reproduction
of diatoms) and nutrients were added to one aliquot. The containers were stored as
near as possible the ambient water temperature either in an incubator set toa 16 h
light, 8 h dark (16L/8D) cycle or in a room with the light switched on. Every day
the containers were opened to allow for air exchange. The samples were transported
back to the laboratory in a cool box as soon as possible. Maintenance of water tem-
perature and rapid transport back to the laboratory were found to be vital in ensur-
ing obtaining healthy samples for culture isolation. However, with this care it was
found possible to store samples for up to a week prior to isolations and to transport
them thousands of miles back to the laboratory. This was a significant change from
conventional wisdom, which suggested that isolations should be carried out within
a few hours of water collection.

Culture isolation was performed on an inverted microscope (Olympus BH 2)
using 80x magnification and a glass micropipette. A single cell was captured, trans-
ferred in fresh medium, picked up again and finally transferred into sterile poly-
styrene tissue culture microplates with the wells filled with a media series ranging
from K/2 to K/10 (Keller et al. 1987). Normally a microplate with only 24 wells was
used to prevent the media from getting too warm whilst isolation. After completion
the lid of the microplate was sealed with parafilm to prevent evaporation and the
microplate was stored in an incubator. The microplates were checked on regularly,
and growing cultures were than transferred into sterile 75 ml tissue culture flasks
filled with ca. 40 ml of medium. Culture isolation was carried out in association
with lan Probert (U. Caen) as part of the CODENET project, approximately 40% of
the cultures used in CODENET are from a number of oceanographic cruises where
the author participated.

Culture maintenance

Cultures were maintained in exponential growth in an incubator (fig. 4) set to 17°
Con a 16L/8D cycle. Typically every two weeks the cultures were checked with an
inverted microscope and reinoculated in fresh medium using a laminar flow cabinet
to prevent contamination. The main CODENET culture collection was maintained
at U. Caen with a duplicate collection of key strains, including all those used in this
study, maintained at the NHM. All the cultures used were clonal (i.e. produced from
a single cell and so with only one genotype in a culture), but not axenic (i.e. viral
and bacterial contamination was not prevented). However, whenever contamination
by bacteria was evident under the light microscope the cultures were reisolated. All
experiments were conducted with low bacteria cultures only.
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Temperature / light gradient table

To test the physiology, morphology and growth rate of various strains of selected
species a purpose build temperature / light gradient table (X T/L table) was used at
the NHM. The table consists of a 15 mm thick aluminium plate with the temperature
on both ends being controlled by circulating water from a temperature controlled
bath through a boring in the plate. The temperature on the table ranged from 5° C on
the cold side to 30° C on the warm side. To achieve a good temperature control the
experiments on the table were conducted in sterile 75 ml borosilicate glass flasks.

2.1.4 ODP sample selection

To study the basic evolutionary history of the selected species samples were taken
from seven DSDP / ODP cores covering the last 4 Ma at a 500 ka interval, with
cold/warm climate stage sample pairs taken for each interval. For all cores but
core 664 high resolution oxygen isotope stratigraphy is available and was used to
identify the samples (e.g. Hodell and Venz 1992; Mix et al. 1995; Shackleton et al.
1990; Tiedemann et al. 1994), the age model for core 664 is based on few magneto-
chronological datums (Brunhes/Matuyama and Jamarillo-top and bottom) plus nan-
nobiochronological data mostly from LAD of Discoaster forms (Su 1996). Tables
with sample information are given in the respective chapters.

2.2 Sample preparation

2.2.1 Sediment samples

A range of techniques was used to prepare the Holocene and ODP samples. Initially
it was tried to eliminate a possible bias in the homogeneity of the distribution of
particles on standard smear slides. It was decided that a range of quantitative meth-
ods should be investigated and compared. This was conducted as collaborative ex-
ercise with Jorijntje Henderiks, Jorg Bollmann and Sabrina Renaud of ETH-Zurich.
Methods tested on a standard sample included the random settling (Fig. 6) method
first described by Williams and Bralower (1995) and Beaufort (1991), filtration
(Andruleit 1996; Backman and Shackleton 1983) and spiking with microbeads
and spraying - SMS method (Bollmann et al. 1999). Subsequent comparison of the
count data from the same standard sample however revealed a methodological error
in the settling method (Geisen et al. 1999) caused by elevating the slide over the
bottom of the settling tank as described in Beaufort (1991). Geisen etal. (1999) con-
clude that the sinking of particles in a settling tank is not only controlled by Stokes
Law but is also influenced by random currents caused by thermodynamic effects
during the prolonged settling time of up to 24 hours. These flows should lead to a
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left to dry in an oven at 40° C overnight. To produce simple smear slides the pellet
was suspended in alcohol again pipetted on a cover slip and left to dry. Alcohol was
used rather than buffered distilled water to ensure dissolution did not occur.

2.2.3 Sediment trap samples / filtered plankton samples

Like the wild plankton samples the samples from sediment traps used in this study
were splits from the original sample filtered on CN filters. For light microscopic ob-
servation a portion of the filter was mounted in microscope immerston oil on a glass
slide with a cover slip. Although this preparation method would generally be seen
as a non-permanent mounting method, our own experience has shown that, given
correct horizontal storage in a slide cabinet and use of good quality immersion oil,
the slides can be used for years without obvious deterioration.

2.2.4 SEM preparations

To avoid contamination of the high vacuum SEM column conventional mounting
media such as double side tape or silver dag cannot be used in the field emission
SEM. Instead a piece of photographic film was glued emulsion side upwards on a
standard stub with Araldite and a replicate of the filter was then mounted on this
with water. Afterwards the stub was coated with 20 nm of 95.5 % gold palladium
using a Cressington 208HR sputter coater. A quartz crystal thickness monitor con-
trolled the thickness.

2.3 Biometry

2.3.1 Scanning electron microscopy

Scanning electron microscopy was performed on a digital field emission scanning
electron microscope (Philips XL-30 FEG) at the NHM. As a standard an accelera-
tion voltage of 5 Kv was used and working distances ranged between 5 mm and
the eucentric stage position at 10 mm. All imaging was performed using a built-in
digital framegrabber system producing 1424 x 968 pixel images. Calibration on
standards, however, revealed a spatial distortion of the digital images in the process
of capturing and the short axis of the pictures had to be stretched in PhotoShop by
9.5%, yielding images of 1424 x 1064 pixels. Subsequent measurements of coc-
cosphere and coccolith size were performed manually on-screen using the image
analysis package Scion Image (Rasband 1998).
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2.3.2 Light microscopy

The system used for biometry consists of four parts:

1. Microscope. For coccolith biometry a Zeiss Axioplan photomicroscope with a
1.4 NA oil immersion condenser lens and a 1.3 Na x100 Neofluar oil immersion
objective lens and a x 1.6 Optovar intermediate magnification was used. Young
et al. (1996) have noted the advantages of using an oil immersion condenser for
biometrical work on low birefringent coccoliths of Emiliania huxleyi, however
due to the optical characteristics of the species selected in this study this proved
unnecessary.

2. Camera. A Hamamatsu charged coupled device (CCD) camera with an analogue
output, which is mounted to a C-mount on the microscope.

3. Framegrabber. The framegrabber converts the analogue signal from the camera
into a digital image. With a grey level camera this typically results in an 8 bit
image with 256 grey levels. Two different framegrabbers have been used, firstly
a Perceptics PixelBuffer board as described in Young et al. (1996) which pro-
vides a fast video refresh rate but is rather unstable and secondly a Scion Image
LG-3 PCI based framegrabber with a slower video refresh rate, but drastically
improved stability. Together with the specific camera both systems deliver an
image of 768x521 pixels and at the magnification typically used this represents
a pixel scale of 15.4 pixels/um (I pixel = 0.065 um). Both framegrabbers pro-
duced images with 5% spatial distortion. As with the SEM images the images
were stretched digitally, immediately after capture to remove this distortion.

4. Computer & software. All the image capturing, storing and analysis have been
performed on Apple Macintosh computers running the image analysis package
NIH-image (Rasband 1998). Unlike many commercial image analysis packages
NIH-Image is public domain software and features a macro language, similar to
Pascal, which can be programmed to perform user-defined tasks.

2.3.3 Measurement macros

A set of macro measurement routines had previously been developed for work on
Emiliania huxleyi (Young et al. 1996). These macros treat image acquisition and
image analysis as two separate processes. In the first step composite mosaics of
separate coccolith images are assembled and stored. In this work phase contrast and
crossed polarised light (CPL, #-polars) images have been captured, depending on
the species. The capturing macros have been modified slightly to allow for captur-
ing of both CPL and phase images of a single specimen.

The measurement macros written by Young et al. (1996) focused on automated
measurements on clean culture material with very good preservation. For most of the
geological material used in this study the automated measurement macros however
proved to be too unreliable for routine use. Instead the author of this study devel-
oped a set of macros for fast manual measurements. This macro uses horizontal and
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vertical lines, which can be positioned with the mouse at the respective characters
to be measured. The macro then automatically calculates species specific features
like coccolith length, width, central opening diameter (abbreviated with co in the
figures) and stores the data in a file. These macros are very robust in that even dam-
aged or partially broken specimens can be measured and they are easy to change to
allow measurements on images of coccoliths of other coccolithophore species and
other microplankton. However due to the nature of some graphic routines used they
will only work on Apple Macintosh computers. These macros are supplementary to
the set of macros developed by Young et al. (1996) and have been included together
with a working copy of NIH-Image on a compact disc. The Coccobiom macros are
further documented on the CODENET web site: www.nhm.ac.uk/hosted_sites/ina/
CODENET/.

2.3.4 Data processing / statistics

Biometrical data from coccoliths obtained by light or scanning electron microscopy
normally consists of a relatively low number of variables. Typically these variables
include length, width, central area diameter and proximal or distal shield diameter
for a given number of specimens per sample. Statistical parameters that describe a
single sample include the minimum, maximum, statistical mean and the standard
deviation (abbreviated with st. dev. in the figures). For a more detailed analysis of
the morphospace described by the aforementioned parameters it was decided to
grid bivariate datasets to analyse the frequency distribution of measurements in a
sample. The size of grid cells for Syracosphaera spp. and Helicosphaera spp. was
set to 0.5 pm for coccolith length and width and for Umbilicosphaera spp. 0.5 um
(proximal shield diameter) and 0.25 pm (distal shield rim width) was used. For the
gridding process a public domain program (Knappertsbusch 1999) was used, the
output matrix was then imported into Transform (Spyglass 1995), a data visualisa-
tion program.
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3 Results

3.1 Syracosphaera pulchra - a model species to study fine
scale variation and speciation in coccolithophores?

3.1.1 Introduction

The extant species Syracosphaera pulchra is the best known, largest and most
abundant of all Syracosphaera species, a genus of about 40 extant species. It occurs
globally in all Oceans (Okada and Honjo 1973; Okada and Mclntyre 1977) and
is common in sediments. As S. pulchra coccospheres and coccoliths are very rich
in morphological characters the species was regarded to be very well defined and
consequently was chosen in the CODENET project to act as a control species to
quantify the degree of intraspecific variation.

Despite the character richness of S. pulchra so far only a few morphometric stud-
ies were conducted (Baumann and Sprengel 2000). Here we present new findings
on the morphology and physiology of S. pulchra, from culture samples, maintained
at different temperatures, from a sediment trap time series off Somalia, from the
Holocene of selected ODP cores and downcore samples of ODP core 664 in the
central equatorial Atlantic. Equally the life cycle of S. pulchra is reviewed in the
light of new observations.

3.1.2 Taxonomy and description

Syracosphaera pulchra Lohmann (Plate 1, figs 1-5)

Lohmann (1902), pp. 133-134, pl. 4, figs 33, 36, 36a, 36b, 37; Kamptner (1937), p.
301, pl. 15, figs 12-14; Kamptner (1941), pp. 85-86, 105-106, pl. 7, figs 77-78, pl. 8,
figs 79-84; Halldal et Markali (1955), p. 12, pl. 10, figs 1-4, pl.11, figs 1-4; Loeblich
et Tappan (1963), p. 193; Borsetti and Cati (1972), p. 402, pl. 46, figs 2a, 2b; Okada
et Mclntyre (1977), p. 27, pl. 10, figs 11-12; Gaarder et Heimdal (1977) pp. 54-55,
pl. 1, figs 1-8; Nishida (1979), pl. 6, fig. 3; Inouye et Pienaar (1988), pp. 206-213,
figs 1-14; Heimdal (1993), pp. 227-228, pl. 7; Kleijne (1993), p. 241, pl. 5, fig. 10;
Cros et al. (2000), pl. 1, fig. 1; Cros (2002), pp. 52-53, pl. 26, figs 1-5.
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Description of the heterococcolithophore

Coccosphere ellipsoidal and dithecate (Fig. 1 — A; Plate 1, figs 1,2) with (g31)
dimorphic endothecal caneoliths (muroliths) (Plate 1; figs 3,4). The cells bear two
flagellae and a haptonema and the flagellar opening is surrounded by (usually 4)
modified coccoliths possessing a spine, which is forked at the end (Fig. 2 — B, Plate
1, fig. 4). The elliptical body caneoliths have a corrugated wall with three external
flanges (Fig. 1 — B, C; Plate 1, fig. 3). The lower part of the rim, including the flang-
es, is composed out of elements with a vertical crystallographic c-axis, whereas the
elements in the upper part of the rim display a radial C-axis (Fig. 1 — D). The central
area is formed out of numerous radial laths - with tangential C-axis orientation
—which extend towards the centre of the coccolith and are partly joining (Fig. 1 — B,
C). The monomorphic basin-shaped exothecal coccoliths (¢15) are elliptical with a
narrow central depression and slitted walls (Fig. 1 — E; Plate 1, fig. 5).

Remarks

The extant heterococcolithophore species Syracosphaera pulchra is motile and
the drawing of the type specimen taken from a water sample off Syracuse (hence
the genus name) by Lohmann (1902) features a cell with two chloroplasts and a
single flagella. Schiller (1925) however records the typical two flagellae. Lohmann
(1902) in the type description fails to realise that the coccosphere is dithecate
which is later recorded by Kamptner (1941). Kamptner (1941) calls the exothecal
coccoliths Calyptroliths (due to their similarity with holococcoliths of the genus
Calyptrosphaera) which has caused a considerable amount of confusion as com-
bination cells bearing both holococcoliths of Calyptrosphaera oblonga and hetero-
coccoliths of S. pulchra have been reported (Cros et al. 2000; Geisen et al. 2002,
Saugestad and Heimdal 2002).

All the early observations, including the type species, were conducted using
light microscopy and documented with drawings or, later in the century, with photo
documentation. Lohmann (1902) used 1-2% formalin and later alcohol to conserve
his water samples. These methods will dissolve coccolithophores in the long run
and so there is no chance to re-examine the type material. In accordance with the
ICBN article 8.3 drawings or images are considered to be the type if a specimen
cannot be preserved and hence the figures drawn by Lohmann (1902) are valid type
illustrations.

Later taxonomic work on S. pulchra uses TEM and SEM observations (Borsetti
and Cati 1972; Halldal and Markali 1954) and Inouye and Pienaar (1988) provide
a cytological description including the flagellar apparatus. Recently molecular data
(A. Garcia-Saez, unpubl. data) and pigment data (K. van Lenning, unpubl. data) has
become available for a number of S. pulchra cultures.

S. pulchra was designated as the type species of the genus Syracosphaera by
Loeblich and Tappan (1963).

S. pulchra has a life cycle independently producing the characteristic heterococ-
coliths in the diploid phase and either holococcoliths of C. oblonga (Fig. 3 A) or D.
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pirus (Fig. 3 B) in the haploid stage (Cros et al. 2000; Geisen et al. 2002). Lohmann
(1902) (pl. 6, fig. 67) records a combination cell of S. pulchra with C. oblonga,
which he decided not to include in the figured type material. Although both C. ob-
longa and D. pirus become heterotypic junior synonyms for a life cycle stage of S.
pulchra it appears that the morphology of the heterococcolith S. pulchra has not
undergone any morphologically detectable change to reflect this (cryptic-) specia-
tion event. Subdividing S. pulchra on the species level seems to be indicated, but is
pending further molecular research. Geisen et al. (2002; submitted, refer to chapter
3.4 and 4) discuss the problem in detail and propose name changes.
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Plate 1 (next page) Syracosphaera spp.

Fig. 1: Scanning electron micrograph of a S. pulchra coccosphere. This typical specimen
displays endothecal and exothecal coccoliths. Coccoliths surrounding the flagellar pole
are spine bearing. Water sample, N. Atlantic, off the Canary Islands, R/V Poseidon cruise
P233B, station 3.

Fig. 2: Scanning electron micrograph of a S. pulchra coccosphere. Note the lack of exothecal
coccoliths. Water sample, N. Atlantic, R’V Meteor cruise 42-4B, station US 1B.

Fig. 3: Scanning electron micrograph of S. pulchra endothecal coccoliths. The specimen in
lateral view shows the typical wall structure with three flanges. Note the lack of exothecal
coccoliths. Water sample, N. Atlantic, off Canary Islands, R/V Meteor cruise 42-4B, station
US IB.

Fig. 4: Scanning electron micrograph of a S. pulchra circumflagellar endothecal coccolith.
Note the typical central spine with forked end. Water sample, N. Atlantic, off Canary Islands,
R/V Meteor cruise 42-4B, station US 1B.

Fig. 5: Scanning electron micrograph of a S. pulchra exothecal coccolith. Water sample, N.
Atlantic, off Canary Islands, R/V Meteor cruise 42-4B, station US 1B.

Fig. 6: Scanning electron micrograph of the holococcolithophore stage of S. pulchra. This
stage was previously described as “Daktylethra pirus” and is referred to as S. pulchra HO
pirus-type. Water sample, western Mediterranean, Alboran Sea, R/V Hesperides cruise
MATER 2, station 69.

Fig. 7: Scanning electron micrograph of a S. pulchra HO pirus-type circumflagellar holococ-
colith in lateral view. The circumflagellar coccoliths typically have a pointed hood. Note the
clear offset between the hood and the base and the presence of perforations in the hood. Water
sample, western Mediterranean, Alboran Sea, R/V Hesperides cruise MATER 2, station 69.
Fig. 8: Scanning electron micrograph of a S. pulchra HO pirus-type holococcoliths. The cir-
cumflagellar coccoliths typically have a pointed hood. Water sample, N. Atlantic, off Canary
Islands, R/V Meteor cruise 42-4B, station US 1B.

Fig. 9: Scanning electron micrograph of the holococcolithophore stage of S. pulchra. This
stage was previously described as “Calyptrosphaera oblonga” and is referred to as S. pulchra
HO oblonga-type. Water sample, N. Atlantic, off the Canary Islands, R/V Poseidon cruise
P233B, station 3.

Fig. 10: Scanning electron micrograph of a S. pulchra HO oblonga-type holococcolith. Note
the hexagonal arrangement of the calcite rhombohedra and the absence of an offset between
the hood and the base. Water sample, western Mediterranean, Alboran Sea, R/V Hesperides
cruise MATER 2, station 69.

Fig. 11: Scanning electron micrograph of a S. pulchra HO oblonga-type circumflagellar
holococcoliths. The circumnflagellar coccoliths typically have a pointed hood Water sample,
western Mediterranean, Alboran Sea, R/V Hesperides cruise MATER 2, station 69.

Scale bars represent: Figs 1, 2, 9: Spm, fig. 6: 10pm figs 3, 4: 2um, figs 5, 7, 10, 11: 1pm,
fig. 8: not to scale.
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3.1.3 Life cycle (Fig. 2)

First observations that the life cycle of S. pulchra involves a holococcolitho-
phore and a heterococcolithophore species come from combination cells bearing
both holo- and heterococcoliths. Cros et al. (2000) pictures one clear example
and one tentative example of S. pulchra in combination with the holococcolith
Calyptrosphaera oblonga. A re-examination of older literature revealed another
four examples of this type of combination (Kamptner 1941; Lecal-Schlauder 1961;
Lohmann 1902). During routine examination of water samples from the North
Atlantic we have found two more clear examples of this combination, taking the
total of observations to eight. In addition to that we have found five coccospheres of
S. pulchra in combination with the holococcolith Daktylethra pirus in water sam-
ples from the Alboran Sea (western Mediterranean) (Geisen et al. 2002). Literature
research provided tentative evidence for another example of this type of combina-
tion (Lecal-Schlauder 1961) and we were informed of a further two observations
from the western Mediterranean (Saugestad and Heimdal 2002) and an additional
observation from the Adriatic Sea (B. Balestra, unpubl. data). In addition to this one
of the cultures used for the morphometric study of S. pulchra (NAP 10, off Naples,
Italy) has undergone a transition to the holococcolithophorid phase. The resulting
motile phase bears holococcoccoliths but they are — as it is often the case in cultures
— only poorly formed and usually disintegrate during preparation for scanning elec-
tron microscopy. Recently these coccoliths have been confirmed with light micros-
copy and scanning electron microscopy as D. pirus.

Although D. pirus and C. oblonga are conventionally placed in different holoco-
ccolithophorid genera and do show significant differences. Nonetheless, they show
enough morphological similarities, for instance in the unique form of their circum
flagellar coccoliths with pyramidal bosses, to allow a very close affinity to be hy-
pothesised (see discussion in 2002 and chapter 3.4 of this thesis). Intergradational
morphotypes between the two holococcoliths have not been observed and the com-
bination cells are either with C. oblonga or D. pirus. The S. pulchra coccoliths on
both types of the combination cells show normal morphology including both endo-
and exothecal coccoliths, indicating that their formation takes place at the same
time. Despite the high number of morphological characters of S. pulchra coccoliths
it has not been possible to detect any consistent differences between the heterococ-
coliths on the two types of combination cells. As heterococcoliths are formed inside
the cell and holococcoliths calcify outside the cell (Young et al. 1999) the disposi-
tion of coccoliths on combination cells can reveal the mode of transition between
the two phases and there is evidence for both transitions from heterococcolitho-
phore to holococcolithophore (including culture observations on culture NAP10)
and vice versa for both types of combinations.

Fig. 2 (next page). Life cycles of S. pulchra. The predominant mode of reproduction for coc-
colithophorids is simple mitotic division in the heterococcolith bearing diploid stage (left part
of both A and B). If the cells undergo Meiosis they can change to a haploid, holococcolith
bearing stage, again capable of mitotic division. The conditions causing a life cycle change
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The cultures were grown under sterile but not axenic conditions on a tempera-
ture-light gradient table. With the water temperature in the Delta de 1’Ebro showing
an annual variation between 13 to 25° C (data from Picco 1990) six temperatures
covering a range from 14 to 27° C were selected. The mean irradiance level was
between 42 (+3) umol/m?¥sec and a 16L/8D cycle was used. All the cultures were
grown in 100 ml glass flasks with 75 ml of K/2 medium.

Prior to the experiment the cultures were acclimatised with the first inoculation
growing for 37 and the second for another 19 days. During this time temperatures
were adjusted and inoculations for batches with no growth were made from the
nearest temperature that yielded enough cells.

For the final experiment the cultures were grown at six temperatures (13.7, 15.5,
16.7, 19.6, 23.1, 26.7° C) starting off with an initial concentration of 1500 cells
per ml (c/ml). Subsequently the cultures were counted every 2-5 days using a solu-
tion of 0.5% Glutaraldehyde in alcohol to immobilise cells and a Sedgwick-Rafter
counting cell. With the initial low cell concentrations 50 fields of view (FOV) were
counted, later on a count of more than 100 cells was seen to be sufficient. The
growth rate k of the cultures in divisions per day was then calculated using the
following formula k=log(N, / N)*(3.22/ 1), with N, and N, being the cell concentra-
tions at the end and the beginning of a period time ¢ in days (Guillard 1973).

In addition to the cell counts coccosphere size of 20 cells per temperature was
measured using an inverted microscope (Olympus BH-2) with an eyepiece grati-
cule shortly after inoculation (day 6) and in the stationary phase (day 18). As the
stationary phase was reached cells were harvested, centrifuged and suspended in
ethanol before mounting as permanent light microscope mounts with Lakeside.
Morphometrical analyses on the slides were then performed under cross polar-
ised light using a Zeiss Axioplan microscope with a Hamamatsu video camera
attached.

Physiology (Fig. 4-6)

Both cultures tested (GK7, GK17) grew over a temperature range from 13.7 to
23.1° C (Fig. 4). Cultures repeatedly inoculated at 26.7° C and at 12° C did not
grow so the cut-off temperatures will be somewhere between 23.1° and 26.7° C
and between 12° and 13.7° C, respectively. Both cultures had their optimum growth
temperature at 19.6° C (Fig. 5,6). In both cultures the stationary phase was reached
after approximately 13 days (Fig. 4,5) with a growth rate in the exponential phase
in culture GK17 ranging from 0.15 divisions per day for the 23.1° C culture up to
0.26 at 19.6° C (Fig. 6). Final cell density in the stationary phase ranged from ca.
9000 cells per ml to ca. 20000 cells per ml (Fig. 3,4). Counts in the stationary phase
varied slightly as the cultures had the tendency to form clumps of cells with higher
densities in the later stages of the experiment. Due to this in culture GK7 only two
temperatures (16.7° and 19.6° C) could be used for calculation of growth rates and
the results compare well with culture GK17.
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Morphology

Coccosphere morphology (Fig. 3)

For culture GK 17 coccosphere length after 18 days growth ranges from 14.3 — 17.1
pm with mean of 15.8 ym over the whole temperature range. Coccosphere width
ranges from 13 — 15.9 ym with a mean of 14.3 ym.

For culture GK7 coccosphere length after 6 days growth ranges from 16.1 — 17.6
pm with mean of 16.7 ym over the whole temperature range. Coccosphere width
ranges from 13.7 — 16.7 ym with a mean of 15.2 ym.

Even given the relatively low precision of the measurements and the relatively vari-
able shape of the S. pulchra cell it is still noteworthy that smallest cell sizes seem to
coincide with high growth rates around the temperature optimum.

Coccolith morphology (Figs 3, 7-9)

For culture GK 17 mean coccolith length after 29 days growth varies from 4.5 - 4.8
um with a mean of 4.7 um over the whole temperature range. Mean coccolith
width ranges from 3.2 — 3.5 ym with an overall mean of 3.3 pm. The distribution
of both length and width appears to be unimodal and shows no correlation with
temperature/growth rate (Fig. 3,7).

12 further S. pulchra clones grown at 17° C only revealed a mean coccolith
length of 5.3 — 6.1 um (with an overall mean of 5.6 ym) and a mean coccolith
width varying from 3.8 — 4.6 ym (overall mean 4.1 um). Note that unlike in figure
3 these values exclude measurements from culture GK17. Although the distribution
of length and width is unimodal there appears to be a variability of morphospace
in between cultures (Fig. 3,8). Generally the morphology of the clonal strains com-
pares well with measurements (Fig. 9) taken from two natural samples from the N.
Atlantic (FB16, 53° 30’ N 20° 30’ W) and the W. Mediterranean (MATER II, station
15, 35° 54’ N 1° 20’ W). Mean coccolith length observed here was 5.7 ym, mean
width 4.2 ym.
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3.1.9 Conclusions

The key observations on S. pulchra are:

1. Measurements of coccoliths from cultured S. pulchra reveal a unimodal, well
defined morphospace which is contrasted by a bi- or multimodal distribution in
natural, sediment trap, Holocene and time series samples.

2. There is evidence from life cycle observations, both in culture and in natural
samples that S. pulchra comprises at least two cryptic biological species.

3. In the monoclonal cultures used there was no temperature control on either cell
or coccolith size.

4. Compared with other coccolithophore species previously held in culture growth
rates are relatively low, and optimum growth is at a well defined temperature.

5. The presence of photo- and especially thermotaxis is a novel phenomenon in the
haptophytes.

At first the results from the morphological work on S. pulchra seem confusing as
physiological and morphological results from the culture work indicate a morpho-
logically very well defined species, with stable morphology in clonal culture and
a marked temperature preference which is contrasted by the morphological varia-
tion observed in the sediment trap samples, the natural samples and the Holocene
sediments. However the life cycle observations indicate the presence of (at least)
two different cryptic species, which had previously been lumped together into S.
pulchra. However if the means of coccolith length and width for the one culture
with a known life cycle phase (NAP 10 with D. pirus) and a natural sample (FB16
from the North Atlantic Ocean) with S. pulchra and C. oblonga (Fig. 18) are su-
perimposed on the density plot for the other investigated cultures it seems to be
possible to divide the cultures up into two clusters which tentatively represent the
two cryptic species (Fig. 19). Culture GK 17, which was used for the temperature
experiments fits in neither of the modes and so there is tentative evidence of even
more cryptic species nesting in S. pulchra. This agrees well with measurements
of coccoliths on combination cells, using a SEM (Fig. 20). If the same method
is applied to the sediment trap samples the two species can be identified as well
although additionally there is a clear peak for a smaller (morpho-) species which
can be tentatively interpreted as a third cryptic species (Fig. 21). Currently we are
trying to test these findings with molecular data and culture samples of each studied
strain were grown. This is done in collaboration with Colomban DeVargas (Rutgers
University). Preliminary results using the fast evolving TufA gene indicate clear
genetic differences between strains.

The interesting topic of the timing of the divergence of the cryptic species in S.
pulchra remains under discussion. Due to preservation problems the fossil record
of the two holococcolith types involved is too sporadic and the few records are of
Quaternary age only. Equally the morphological variation in the heterococcolith
stage is too slight and tentative to be applied to the fossil record. It can however


































































































































































































































































































































































































































































