Genetic diversity, biogeography and the morpho-genetic
relationship in extant planktonic foraminifera

Dissertation

zur Erlangung des
Doktorgrades in den Naturwissenschaften (Dr. rer. nat.)

im Fachbereich Geowissenschaften
der Universität Bremen

vorgelegt von
Agnes Katharina Maria Weiner

Bremen, Mai 2014

1. Gutachter: Prof. Dr. Michal Kucera, MARUM – Zentrum für marine Umweltwissenschaften,
Universität Bremen, Deutschland
2. Gutachter: Prof. Dr. Kate Darling, School of GeoSciences, University of Edinburgh and
School of Geography and GeoSciences, University of St Andrews,
Großbritannien
Datum der Abgabe: 05.05.2014
Datum der Verteidigung: 11.07.2014

(Photos on title page: WG Kucera)

PREFACE

Preface
The present PhD thesis was prepared at the Department of Geosciences at the University
of Tübingen and the MARUM – Center for Marine Environmental Sciences at the University
of Bremen, Germany. The work was financed by the “Landesgraduiertenförderung BadenWürttemberg” and by grant KU 2259/19 from the Deutsche Forschungsgemeinschaft
(DFG) as part of the OPOCA project.
Planktonic foraminifera samples for genetic analysis were collected and processed during
five research expeditions to the Mediterranean Sea, Atlantic, South China Sea and the
Southern Pacific on the research vessels R/V MARIA S. MERIAN (cruise MSM15/5), R/V
POSEIDON (cruises P411 and P413) and R/V SONNE (cruises SO221 and SO226/3). In addition, four research stays were carried out at the marine laboratories at Villefranche sur Mer,
France, the Interuniversity Institute in Eilat, Israel, the Estación Costera de Investigaciones
Marinas in Las Cruces, Chile and the Isla Magueyes Laboratories in La Parguera, Puerto
Rico. The visits to the marine stations in Chile and Israel were financed by the EU FP7
research infrastructure initiative ASSEMBLE and the field trip to Puerto Rico was part of the
OPOCA DFG project. The obtained planktonic foraminifera dataset was enlarged with
samples from the collections of the working group and from various coauthors, as
indicated for each study separately.
The eight chapters of this thesis comprise four research papers dealing with the genetic
diversity, biogeography and a potential correlation of morphology and genetics in living
planktonic foraminifera. Chapter 1 introduces the model organisms from a biological as
well as paleontological perspective. It describes the marker gene that is used in the genetic
analysis of planktonic foraminifera and elaborates the problem of cryptic diversity within
the traditional morphospecies. The following section presents different modes of speciation and biogeographical distribution patterns that can be found in plankton organisms.
Chapter 2 outlines the motivation and major research questions of this thesis and Chapter
3 describes the methods applied in the molecular analysis of planktonic foraminifera.
Chapters 4–7 include the actual case studies that were carried out in the framework of this
thesis, in the form of published or submitted research papers and Chapter 8 presents a
general conclusion on the results of the studies and an outlook for future work.
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ABSTRACT

Abstract
The fossil record of planktonic foraminifera grants this group an exceptional position among
marine microplankton. Foraminifera have a long tradition as proxies for the reconstruction of
past ocean and climate conditions and therefore, the fossilized shells are very well studied,
including evolutionary processes and phylogenetic relationships since their origin in the
Jurassic. For their classification, the morphological species concept has been applied, which
distinguishes about 50 different species among the modern representatives, based on the
ultrastructure of their calcite shells. With the application of molecular genetic approaches on
living planktonic foraminifera, the classical species concept has been challenged by the
discovery of a large number of cryptic species “hidden” within the morphospecies. The total
amount of cryptic diversity and its distribution between the different morphospecies,
however, are still not completely resolved. In contrast to the mainly cosmopolitan occurrences of the morphospecies, many of the cryptic species exhibit differentiated distribution
patterns in the ocean, marked by local adaptations to environmental factors. A
morphological separation of the sibling species, however, proved very difficult and was so
far only possible after detailed morphometric studies.
The present thesis aims at contributing to the ongoing research on living planktonic
foraminifera, by studying the genetic diversity within three selected morphospecies, the
biogeographical distribution patterns of their cryptic species and the relationship between
genetic and morphological variability.
The study on Hastigerina pelagica examined its genetic diversity and biogeographical distribution in the Mediterranean Sea, Atlantic, Caribbean Sea and the Western Pacific. Only
three already known cryptic species were discovered and they were shown to exhibit a
global distribution in the ocean, but vertical segregation in the water column. For the
analysis of Globigerinoides sacculifer, a high number of samples from around the world was
amassed, including all different morphotypes of this highly variable plexus, that were,
however, revealed to be genetically completely homogenous. The third species that was
chosen for analysis was Globigerinella siphonifera that is marked by a high genetic as well as
morphological variability. The examination of a large number of samples allowed the complete resolution of its cryptic diversity and a separation of the plexus into three species.
Despite an extensive sampling effort, the number of newly detected cryptic species from
these studies was unexpectedly low. This indicates that for the well-studied morphospecies most cryptic species might by now be detected and that genetic variability is not
even prevalent in all morphospecies. The results presented in this thesis further imply that
the amount of genetic diversity cannot be predicted from the characteristics of a morphospecies. The correlation of morphological traits with genetic variability appeared to be
possible to some extent in the studied morphospecies, however, generally speaking, morphology and genetics of planktonic foraminifera appear to evolve rather independently of
each other. The biogeographical distribution patterns of the cryptic species of the studied
morphospecies speak for a prevalence of large scale dispersal and gene flow in planktonic
foraminifera, while at the same time possibilities are given for the establishment of
7
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reproductive isolation, such as in the vertical dimension in the water column or by local
adaptations to different ecological parameters.
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ZUSAMMENFASSUNG

Zusammenfassung
Der fossile Befund planktonischer Foraminiferen verleiht dieser Organismengruppe eine
außergewöhnliche Position innerhalb des marinen Mikroplanktons. Ihre Nutzung als
Proxies für die Rekonstruktion vergangener Ozean- und Klimabedingungen hat eine lange
Tradition, was zur Folge hat, dass ihre fossilisierten Schalen sehr gut untersucht und ihre
Evolution und phylogenetischen Verhältnisse seit ihres ersten Auftretens im Jura genau
bekannt sind. Für die Klassifikation der Arten wurde das morphologische Artkonzept zu
Grunde gelegt, das die modernen Vertreter basierend auf der Struktur ihrer kalzitischen
Schale in ca. 50 Arten unterteilt. Die Anwendung molekulargenetischer Methoden an
planktonischen Foraminiferen stellte das klassische Artkonzept allerdings in Frage, da eine
große Zahl kryptischer Arten innerhalb der morphologischen Arten entdeckt wurde. Das
komplette Ausmaß dieser kryptischen Diversität sowie seine Verteilung zwischen den
morphologischen Arten konnten bisher nicht im Detail geklärt werden. Im Gegensatz zu
den morphologischen Arten, die sich größtenteils durch eine globale Verbreitung auszeichnen, weisen die kryptischen Arten eher differenzierte Verbreitungsmuster mit lokalen
Anpassungen an Umweltfaktoren im Ozean auf. Eine morphologische Unterscheidung
dieser nahverwandten Arten stellte sich jedoch als äußerst schwierig heraus und war
bisher nur nach detaillierten morphometrischen Studien möglich.
Die vorliegende Arbeit hat das Ziel, durch Studien zur genetischen Diversität von drei
ausgewählten morphologischen Arten, zu den biogeographischen Verbreitungsmustern
ihrer kryptischen Arten und zum Zusammenhang zwischen genetischer und morphologischer Variabilität, einen Beitrag zur aktuellen Forschung an lebenden planktonischen
Foraminiferen zu leisten.
Die Studie an Hastigerina pelagica untersuchte deren genetische Diversität und biogeographische Verbreitungsmuster im Mittelmeer, Atlantik, der Karibik und dem westlichen
Pazifik. Dabei wurden nur drei bereits bekannte kryptische Arten entdeckt, für die eine
globale Verbreitung im Ozean, aber eine vertikale Trennung in der Wassersäule nachgewiesen werden konnte. Für die Analyse von Globigerinoides sacculifer wurde eine große
Zahl an Proben aus aller Welt zusammengetragen, die alle morphologischen Typen, die
innerhalb dieser Gruppe beschrieben wurden, beinhalteten. Auf genetischer Ebene
konnten allerdings keinerlei Unterschiede zwischen diesen Morphotypen festgestellt
werden. Globigerinella siphonifera, deren hohe genetische und morphologische Variabilität
bereits bekannt ist, wurde als dritte Art für die Studien dieser Arbeit ausgewählt. Die
Untersuchung einer großen Zahl an Proben erlaubte eine Aufgliederung der kompletten
kryptischen Diversität und eine Spaltung der Gruppe in insgesamt drei Arten.
Generell betrachtet war, trotz einer außergewöhnlich hohen Zahl an ForaminiferenProben, die Anzahl neuentdeckter kryptischer Arten in den Studien dieser Arbeit überraschend gering. Dies impliziert, dass für die meisten gut untersuchten morphologischen
Arten bereits alle kryptischen Arten identifiziert zu sein scheinen, und dass genetische
Variabilität nicht in allen morphologischen Arten vorherrschend ist. Des Weiteren zeigen
die Ergebnisse dieser Arbeit, dass das Ausmaß an genetischer Diversität einer
morphologischen Art nicht anhand deren Charakteristika vorhergesagt werden kann. Die
9
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Verbindung morphologischer Merkmale mit genetischer Variabilität war zumindest
teilweise erfolgreich für die analysierten Arten, generell jedoch scheinen Morphologie und
Genetik planktonischer Foraminiferen unabhängig voneinander zu evolvieren. Die biogeographischen Verbreitungsmuster der hier untersuchten kryptischen Arten im Ozean
deuten darauf hin, dass großflächige Ausbreitung und Genfluss in planktonischen Foraminiferen überwiegen. Gleichzeitig jedoch sind Möglichkeiten für die Entstehung reproduktiver Isolation gegeben, zum Beispiel in vertikaler Richtung in der Wassersäule oder
durch lokale Anpassungen an unterschiedliche Umweltparameter.
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1.

Introduction

1.1. The biology of extant planktonic foraminifera
Planktonic foraminifera are exclusively marine eukaryotic microbes with a global occurrence in the world’s ocean (e.g. Hemleben et al. 1989). Despite their wide distribution
throughout all climatic zones, these single celled holoplanktonic organisms exhibit relatively low abundances with on average about 10 individuals per m3 of the water column.
The most prominent feature of the group is the construction of calcite shells around their
cell, granting them an extraordinary position in the plankton as important carbonate producers with an average of 3 Gt CaCO3 in the global ocean per year (Schiebel 2002). These
shells sink to the seafloor once the organism dies, where they accumulate in great
numbers in the sediment and form the so called Globigerina ooze (e.g. Vincent & Berger
1981). Consequently, planktonic foraminifera are marked by an excellent fossil record,
which can be traced back to their origin in the Jurassic about 180 Ma (e.g. Cifelli 1969), and
they experience wide applications in micropaleontological and oceanographic studies as
tools for the reconstruction of past ocean surface properties (e.g. Kucera & Schönfeld 2007).
The exact position of foraminifera in the tree of life was for a long time ambiguous, due to
the lack of common morphological features with other groups of protists (Pawlowski
2000). Traditionally, they were grouped in the phylum Granuloreticulosea, because of their
granular anastomosing pseudopodia (Lee et al. 1985). Later they were shifted to the
phylum Rhizopoda (Corliss 1994). In the first studies based on molecular data of the
ribosomal RNA gene (rDNA), which were published in the early 1990s, they were placed
close to Dictyostelium and Entamoeba in the eukaryotic tree (Pawlowski et al. 1994; Darling
et al. 1996a). Today, based on multi-gene evidence of benthic foraminifera, the phylum
Foraminifera is considered to be part of the eukaryotic supergroup Rhizaria, which
comprises amoeboid and skeleton-building protists (Figure 1.1; Caron et al. 2012; Sierra et
al. 2013). More specifically, they form the monophyletic group Retaria together with
Radiozoa (Polycystinea and Acantharea), but branch within the Radiozoa, which consequently are left as a paraphyletic group (Figure 1.1; Sierra et al. 2013). This fact clearly
reveals the still high level of uncertainty in the systematics of protists. Planktonic
foraminifera, in particular, belong to the foraminifera class Globothalamea, the order
Rotaliida and the suborder Globigerinina (Hayward 2013; Pawlowski et al. 2013).
Owing to their relatively low abundances in the ocean, living planktonic foraminifera, in
contrast to their fossilized counterparts, have not been in the focus of intense studies for a
long time. As a consequence, knowledge on the biology and physiology of these
organisms accumulated rather slowly. The best-studied feature of the group, though, is the
calcite shell including the processes of its construction (Bé et al. 1979; Hemleben et al.
1986). The multi-chambered tests consist of a mono- or bilamellar calcite wall, which is
secreted from an organic membrane (e.g. Hemleben et al. 1989). The wall contains integra-
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Figure 1.1: Maximum likelihood phylogenetic tree of the eukaryotic supergroup Rhizaria based on 36 genes, showing the position of
the foraminifera within the Retaria. Numbers at branches indicate the topological support by bootstrap replicates, circles indicate
maximum support (redrawn after: Sierra et al. 2013).

ted pores and ornaments like spines or pustules. Throughout their ontogeny, planktonic
foraminifera grow chamber by chamber and experience severe morphological changes
(Brummer et al. 1987) until they reach their adult size, which can measure up to ~1000 μm
in the largest species. The shell is constructed as a protection for the cell, however, for the
function of cellular processes, exchange with the environment is indispensable. This is
realized via the aperture or the pores (e.g. Bé et al. 1980), where the rhizopodia extrude to
the outside of the shell and uptake of oxygen as well as food takes place (Schiebel &
Hemleben 2005). Planktonic foraminifera were observed to either exhibit a herbivorous,
carnivorous or omnivorous feeding strategy, feeding on different types of algae (e.g.
diatoms, dinoflagellates and thecate algae) or copepods (Figure 1.2A; Anderson et al. 1979;
Spindler et al. 1984). For the ingestion of food, the rhizopodia wrap the prey, secrete
adhesive substances and transport tissue particles via rhizopodial streaming into the shell,
where digestion takes place in vacuoles (Hemleben et al. 1989). This process allows
planktonic foraminifera to consume organisms larger than themselves (Caron et al. 2012).
Although planktonic foraminifera generally follow a heterotrophic living strategy, some
species possess algal symbionts, which enable them to use energy from photosynthesis in
exchange for metabolites and a stable microenvironment in the calcite shell (e.g. Faber et
al. 1988). The predominant symbionts in spinose foraminifera are certain species of
dinoflagellates or chrysophycophytes (e.g. Anderson & Be 1976; Faber et al. 1988; Gast &
Caron 1996), which are taken up from the open water during the early living stages of the
foraminifera with a high species specificity (Hemleben et al. 1989). The symbionts are
usually enclosed within host vacuoles and are transported to the peripheral cytoplasm on
12
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a diel cycle (Figure 1.2B; Anderson & Be 1976). Laboratory experiments by Bé et al. (1982)
revealed a strong link between host and symbionts, with the observation of premature
gametogenesis or suppression of calcification when the symbionts were artificially repressed. In contrast to these close associations, commensals (mostly dinoflagellates) can
frequently be observed on the surface of the host, seemingly taking advantage of the
favorable microcosm, acquiring nutrients around the foraminifera shell without providing
carbon products to the host in return (Alldredge & Jones 1973). In addition, parasites are
known to be present on or in the shells feeding on the cytoplasm of the foraminifera.
Mostly, these are small free-swimming dinoflagellates, sporozoans or bacteria (Figure 1.2C;
Spindler & Hemleben 1980; Hemleben et al. 1989).

Figure 1.2: Images of living planktonic foraminifera kept in laboratory cultures. A) Globigerinoides sacculifer feeding on an Artemia
salina nauplius via rhizopodial streaming. Scale bar 150 μm. B) Orbulina universa with algal symbionts on the surface of the shell and
in the peripheral cytoplasm. Scale bar 100 μm. C) Globigerinoides ruber with parasites on and in the shell feeding on the cytoplasm of
the foraminifera. Scale bar 50 μm. (Photos: A. Weiner)

If a species is associated with symbionts, its distribution in the water column is restricted to
the euphotic zone, since it is dependent on light. The abundance of symbiont-free species
varies largely with depth, with the deepest observations of living individuals at about
1500-2000 m water depth (e.g. Hull et al. 2011). Although the number of individuals is
usually expected to be higher in the depth layers of the chlorophyll maximum (Schiebel &
Hemleben 2005), a correlation between primary productivity and foraminifera abundance
cannot always be confirmed (Kucera et al. 2013). Regardless of the facts that these single
celled organisms are not capable of active movement and that until now no cellular
mechanisms for the control of dwelling-depth have been observed, some species were
reported to be restricted to certain depth layers (Kuroyanagi & Kawahata 2004; Schiebel &
Hemleben 2005) or to even migrate in the water column throughout their life cycle (Figure
1.3; e.g. Emiliani 1971).
The life cycle of planktonic foraminifera seems to be marked by sexual reproduction as sole
reproductive strategy, as far as known today (e.g. Hemleben et al. 1989). Although gamete
fusion has never been observed in laboratory cultures, it is assumed that planktonic
foraminifera are dioceous and only gametes of two different parents can fuse to form a
zygote (e.g. Schiebel & Hemleben 2005). In contrast to benthic foraminifera that often
exhibit an asexual reproducing stage, planktonic foraminifera appear to only possess a
gamontic generation. However, the stages occurring after zygote formation are not yet
known, preventing conclusions on the timing of meiosis as well as on the existence of
13
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resting stages (Hemleben et al. 1989). In order to increase the likelihood of gamete fusion,
which can be problematic in non-motile widely dispersed organisms, planktonic foraminifera produce high numbers of free-swimming biflagellated gametes and eventually as
gametogenic adults sink down and accumulate near the thermocline to assure spatial
proximity (Hemleben et al. 1989). The empty parent shells sink to the seafloor after
gametogenesis, whereas the juveniles grow by adding chambers to their shells and rise
again to surface waters (Erez et al. 1991). A further process to enhance chances for
successful fertilization was reported for a couple of surface dwelling species, which seem
to synchronize their gamete release with the moon phases, exhibiting either a lunar- or
semilunar reproduction cycle (Figure 1.3; Spindler et al. 1979; Almogi-Labin 1984; Loncaric
et al. 2005). Whereas e.g. in Hastigerina pelagica this reproduction cycle seems to be
intrinsically triggered by an endogenous factor (Spindler et al. 1979), the cycle of other
species might rather be influenced by external environmental stimuli (Bijma et al. 1990;
Erez et al. 1991), which makes it more susceptible to natural disturbing factors (Jentzen et
al. 2014).

Figure 1.3: Potential distribution of planktonic foraminifera morphospecies in the water column, separated according to their
preferred water temperature and dwelling depth. Some species were reported to migrate in the water column throughout their
ontogeny, accumulating as gametogenic adults at the thermocline. Especially the surface dwelling species were described to
reproduce according to the lunar cycle (from: Schiebel & Hemleben 2005).
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1.2. The fossil record of planktonic foraminifera
The high numbers of shells in the sediments of the global ocean, their outstanding preservation as well as the exceptional continuity of the fossil record allow tracking of evolutionary and speciation events since the first appearance of planktonic foraminifera in the
Jurassic. The fossil record provides insights into species origination and duration as well as
ancestor-descendant relationships on high temporal and spatial scales (e.g. Benton &
Pearson 2001). The origin of the entire group of planktonic foraminifera, however, is still
uncertain, yet it is assumed that they descended from a benthic ancestor, which changed
to a meroplanktonic and subsequently to a holoplanktonic living form (Simmons et al.
1997). Hart et al. (2003) argue that the first representatives of planktonic foraminifera
evolved in the early Jurassic, during a time of severe environmental disruption, which may
have been the trigger for aragonitic foraminifera of the genus Oberhauserella to adopt a
meroplanktonic mode of life. Thereafter, radiations in the plankton are thought to have
occurred following extinction events in the Jurassic and Cretaceous, by evolution from
surviving planktonic species, without a second benthos-plankton transition (e.g. Tappan &
Loeblich 1988; Norris 1991). This monophyletic status of planktonic foraminifera, however,
was questioned by molecular data based on the rDNA of planktonic as well as benthic
foraminifera, which discovered a polyphyletic origin from the benthos, from at least two
ancestral benthic lineages (Darling et al. 1997; Ujiié et al. 2008). Furthermore, Darling et al.
(2009) reported the existence of species with a tychopelagic lifestyle that are able to live in
both benthos and plankton, and therefore have an ecological advantage, which might
allow them rapid recolonization of the plankton after major extinction events, such as the
K/T-Event. This discovery further complicates the elucidation of early planktonic foraminifera evolution, which still is not entirely resolved. The origin of the modern planktonic
foraminifera fauna, though, can be traced back to an adaptive radiation in the Miocene
among survivors of a severe reduction in diversity at the Eocene/Oligocene boundary,
during which all forms except for the globigerines became extinct (Cifelli 1969; Kucera &
Schönfeld 2007; Aze et al. 2011).
Besides tracking the evolutionary history of planktonic foraminifera, the fossil record also
provides excellent opportunities for paleo-ecological investigations, such as the dating of
marine sediments using planktonic foraminifera as stratigraphic markers (e.g. Bolli et al.
1989). Since the chemical and isotopic composition of the shells records the properties of
the ambient seawater from the time when they were constructed, planktonic foraminifera
are also widely used in paleoclimatology for the reconstruction of chemical and physical
properties of surface ocean water in the past (e.g. Kucera & Schönfeld 2007). In addition,
the assemblages of planktonic foraminifera shells in the sediment can be used to
reconstruct past sea-surface temperatures (Kucera et al. 2005), upwelling intensities (Conan
et al. 2002), and primary productivity (Ivanova et al. 2003). The application of foraminifera
as proxies in micropaleontological studies requires an exact species identification as well
as knowledge of their ecological preferences, given that physiology and habitat vary
among species. Since such studies are based solely on fossilized shells, the only way to
classify species is by means of the morphological species concept. Consequently, species
15

EXTANT PLANKTONIC FORAMINIFERA
classification has traditionally been conducted on easily recognizable and stable morphological characteristics of the calcite shells (e.g. Kennett 1976) and morphologic similarities
between fossil and living forms have been used as indicators of similar ecological
preferences (Kucera & Schönfeld 2007). Parker (1962) considered the surface ultrastructure
of the shell, like the existence of spines and pores, as conservative morphological features
for the differentiation of taxa. Srinivasan and Kennett (1976) realized that the ultrastructure
can be subject to phenotypic variations, which they, however, considered as ecophenotypes that should be combined in one taxon. In addition to this high phenotypic plasticity,
some shell features have evolved in parallel in only distantly related lineages (Norris 1991;
Coxall et al. 2007), what poses a further challenge for the correct taxonomy and
systematics of extant planktonic foraminifera on the basis of morphology alone (Aze et al.
2011). Due to these problems, the history of foraminifera classification is marked by
countless species emendations as well as the discrepancy between those authors who
conceptualized narrowly following the slightest morphological variation (e.g. Saito et al.
1981), and those who rather hold on to the concept of phenotypic plasticity and lump
morphological variants into one morphospecies (e.g. Parker 1962).
Table 1.1: The 46 planktonic foraminifera species currently considered as valid, plus the two species with serially arranged chambers,
which occupy an uncertain position, separated into five different morphogroups. Species classification follows the species list of
Hemleben et al. (1989), which is based mainly on morphologic characteristics of the calcite shell. In addition, the present list is updated
by taxonomic revisions that were possible following the morpho-genetic analysis of three species. Globigerinoides elongatus (marked
by *) and Globigerinoides sp. (ruber white) are based on a taxonomic revision of Globigerinoides ruber by Aurahs et al. (2011),
Neogloboquadrina incompta (marked by **) was separated from Neogloboquadrina pachyderma by Darling et al. (2006), and the
former species Streptochilus globigerus (Hemleben et al. 1989) was considered identical to Bolivina variabilis (marked by ***) by
Darling et al. (2009) based on genetic evidence.
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Macroperforate spinose

Macroperforate nonspinose

Microperforate nonspinose

Globigerina bulloides
Globigerina falconensis
Globigerinoides conglobatus
Globigerinoides elongatus*
Globigerinoides ruber
Globigerinoides sp. (ruber white)*
Globigerinoides sacculifer
Orbulina universa
Beella digitata
Globigerinella siphonifera
Globigerinella calida
Globigerinella adamsi
Orcadia riedeli
Turborotalita quinqueloba
Turborotalita clarkei
Turborotalita humilis
Globoturborotalita rubescens
Globoturborotalita tenella
Sphaeroidinella dehiscens

Globorotalia anfracta
Globorotalia cavernula
Globorotalia crassaformis
Globorotalia hirsuta
Globorotalia menardii
Globorotalia scitula
Globorotalia truncatulinoides
Globorotalia tumida
Globorotalia ungulata
Globorotalia theyeri
Globorotalia inflata
Neogloboquadrina dutertrei
Neogloboquadrina incompta**
Neogloboquadrina pachyderma
Pulleniatina obliquiloculata
Globoquadrina conglomerata
Globorotaloides hexagonus
Berggrenia pumilio

Candeina nitida
Globigerinita glutinata
Globigerinita uvula
Globigerinita minuta
Tenuitella iota
Tenuitella fleisheri
Tenuitella parkerae
Monolamellar
Hastigerina pelagica
Hastigerinella digitata
Serially arranged chambers
Bolivina variabilis***
Gallitellia vivans
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Still relying on shell ultrastructure as the sole basis for taxonomic classification, in the
1980s authors came to a consensus about the number of modern planktonic foraminifera
species, which they limited to about 50 morphospecies (Kennett & Srinivasan 1983;
Hemleben et al. 1989). The combination of morphological and genetic data in the last years
led to a taxonomic revision of three morphospecies (Darling et al. 2006, 2009; Aurahs et al.
2011), resulting in 46 valid species of foraminifera with a purely planktonic lifestyle and
two species found in both plankton and benthos (Table 1.1).

Figure 1.4: Separation of the four
morphogroups of strictly planktonic foraminifera morphospecies:
the microperforate nonspinose,
macroperforate nonspinose, macroperforate spinose and the
monolamellar Hastigerinidae. The
separation of the groups is based
on the shell features pore size,
spines and shell thickness. For each
group a typical representative is
shown (modified from: Kucera
(2007) and Schiebel and Hemleben
(2005)).

The strictly planktonic morphospecies can be separated into four general morphogroups
based on characteristic shell features (Figure 1.4; Hemleben et al. 1989). The macroperforate spinose, the macroperforate nonspinose and the microperforate nonspinose
species possess bilamellar calcite shells, separating from them the family Hastigerinidae
(with the species Hastigerina pelagica and Hastigerinella digitata). The latter can be considered an own morphogroup due to the monolamellar shell wall in addition to several
further unique characteristics, like the possession of a cytoplasmatic bubble capsule
(Alldredge & Jones 1973; Hemleben et al. 1989). The monolamellar fragile shells of the
Hastigerinidae are hardly preserved in the sediments and consequently the first appearance date and the origin of the group are not entirely clear (Aurahs et al. 2009a). A further
separation criterion between the main morphogroups is the formation of spines, which are
an integrated part of the shell wall of spinose species (e.g. Lipps 1966). According to the
fossil record, the lineages leading to the modern macroperforate spinose and nonspinose
species split up about 70 million years ago in the Late Cretaceous with both groups
evolving from a common ancestor of the genus Hedbergella (Liu & Olsson 1994). The spines
appeared in the Early Cenozoic, most likely as an adaptation to the newly acquired
carnivorous feeding habit and the first associations with symbionts (Olsson et al. 1999). The
pore size further is used as a characteristic to separate off the microperforate group with
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pore sizes smaller than 1 μm (Steineck & Fleisher 1978). The origin of this group can also be
dated back to the Late Cretaceous, however, it is reported to have evolved from the genus
Guembelitria (Liu & Olsson 1992). In addition to these four groups with spiral shells, two
species with a serial chamber arrangement are often found in plankton nets and therefore
they were for a long time considered to be planktonic species (e.g. Smart & Thomas 2006).
However, Darling et al. (2009) could show that one of these species found in the plankton
is genetically identical to the benthic species Bolivina variabilis and that the planktonic
form is just one stage of its tychopelagic life cycle. Therefore, although they are by some
authors still considered as planktonic species (Ujiié et al. 2008; Kimoto et al. 2009), their real
status remains unresolved.

1.3. Genetic diversity of planktonic foraminifera
The ribosomal RNA gene as molecular marker
The genetic analysis of foraminifera, both planktonic and benthic, had a fairly late start
compared to other groups of organisms mainly due to the problem that pure foraminifera
DNA is difficult to obtain (Pawlowski 2000). As mentioned before, foraminifera are associated with symbionts living on or in the shell, parasites and also food particles. Therefore,
it is nearly impossible to keep them under axenic conditions and consequently, DNA
extracts of foraminifera very often contain contaminant DNA, which outnumbers and
therefore masks the foraminifera signal (Langer et al. 1993; Wray et al. 1993). A further
problem of initial molecular analysis on foraminifera was the fact that universal PCR
primers did not align to foraminifera DNA (Pawlowski 2000). The contamination problem
was overcome by working on total foraminifera RNA extracts, which contain a large
number of gene transcripts (Pawlowski et al. 1994) or by using foraminifera gametes as a
DNA source, which are known to be largely free of symbionts and food particles (Darling et
al. 1996b). Both techniques delivered sequences that grouped together in the phylogenetic
tree, but were substantially different from any other known sequences (Pawlowski 2000).
Once the first rDNA sequences of both benthic and planktonic foraminifera had been
obtained (e.g. Merle et al. 1994; Pawlowski et al. 1994; Darling et al. 1996a), foraminifera
specific primers could be designed, allowing a more rapid and specific amplification of
foraminifera DNA. The focus thereby lay on the ribosomal DNA, since this gene complex is
found in all domains of life and it occurs in several copies in the genome, making it a useful
marker for phylogenetic studies (Pawlowski et al. 2012). Although the general structure of
the foraminifera rRNA gene is the same as in all other eukaryotes, comprising the large
subunit (LSU) and the small subunit (SSU) separated by an internal transcribed spacer (ITS)
region (Figure 1.5; Pawlowski 2000), its high length is peculiar within eukaryotes and
explains the trouble at the beginning of foraminifera molecular analysis. The complete SSU
fragment of some planktonic foraminifera species already measures more than 4 kb in
sequence length, which is about twice as much as in other eukaryotes (de Vargas et al.
1997). The extraordinary length can be attributed to highly variable expansion segments
integrated as loops in the helices of the SSU rDNA. This part of the rDNA typically consists
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of a mosaic of conserved and variable regions in all eukaryotic organisms. The variable
regions lie at the periphery of the assembled ribosome after their transcription into rRNA,
without being involved in the translation machinery and therefore they can be subject to
expansions and modifications, which are, however, especially severe in foraminifera
(Habura et al. 2004). The planktonic foraminifera SSU rDNA contains three unique variable
regions (37/e1, 41/e1 and 46/e1) with high genetic variability that differs strongly between
the different groups of foraminifera, complicating automated sequence alignments (de
Vargas et al. 1997). Since these variable regions are not involved in the translation process
of the assembled ribosome, it was assumed that the insertions in the SSU rDNA are
functionally and phylogenetically insignificant (Wuyts et al. 2001). Yet, this mosaic of
alternating variable and conserved regions with different diversification rates allows
combined phylogenetic reconstruction at various taxonomic levels (Pawlowski et al. 2012).

Figure 1.5: Schematic representation of the structure of the ribosomal DNA. Black areas indicate more conservative regions and white
areas variable regions. The enlarged 1000 basepair (bp) fragment of the 3’ end of the SSU rDNA represents the fragment that is
commonly used in foraminifera molecular analysis with its mosaic of conservative regions and integrated variable expansion segments
(Redrawn and modified from: Grimm et al. 2007).

A further peculiarity of the foraminifera rDNA is the high number of gene copies in the
genome. Since high amounts of rRNA are required in each cell, its gene occurs in the
genome in tandem repeats, which in eukaryotic cells usually add up to several hundred
copies (Long & Dawid 1980). A study conducted on three benthic species though showed
that in foraminifera between 10,000-30,000 copies of the gene can be found (Weber &
Pawlowski 2013), marked by intraindividual sequence divergence (Pawlowski 2000).
Although only few groups with intraindividual variability have been found so far in planktonic foraminifera, it is very likely that they also possess a high number of gene copies. The
peculiar structure found in the rDNA of planktonic foraminifera, marked by high numbers
of gene copies and large expansion segments, might also be reflected in the rest of the
genome, which could be a reason that so far only a small number of genes (SSU and LSU
rDNA, actin, tubulin and polyubiquitin genes) could be amplified for some species.
By using sequence information of the SSU rDNA to examine phylogenies reconstructed on
the basis of the fossil record, the major conclusions drawn from morphological similarities
were supported by the genetic evaluation (Darling et al. 1997; de Vargas et al. 1997).
Planktonic foraminifera were confirmed as a sister group to benthic foraminifera (e.g.
Wade et al. 1996), although the rate of rDNA evolution in planktonic species was calculated
to be about 50-100 times faster than in their benthic relatives (Pawlowski et al. 1997).
-
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This fact was explained to be due to high reproduction rates in the plankton and potential
changes in DNA repair and replication mechanisms and is reflected in the unusually long
branches in molecular phylogenetic trees, which are especially pronounced in the spinose
group (Ujiié et al. 2008). Another observation from the fossil record that was supported by
the molecular analysis is the general separation of species into four morphogroups (Figure
1.6; e.g. Aurahs et al. 2009a). Nevertheless, although a high congruence between
morphology and genetics was found on first sight, the discovery of high levels of “hidden”
genetic diversity within the morphospecies finally changed this perception.

Figure 1.6: Maximum likelihood tree for planktonic foraminifera on the basis of a MAFFT alignment of a 600 bp fragment of the SSU
rDNA, reflecting the separation of the four morphogroups (macroperforate spinose, Hastigerinidae, macroperforate nonspinose and
microperforate nonspinose). Numbers at nodes indicate bootstrapped confidence values for the nodes. Tree inference and calculation
of bootstrap values was conducted in RAxML in the CIPRES gateway and the tree was arbitrarily rooted for better visibility. Intramorphospecies genetic variability is collapsed.

Cryptic diversity in planktonic foraminifera
The focus on the fossil record, which for a long time was predominant in foraminifera
research, had the obvious consequence that the morphological species concept (e.g.
Simpson 1951) was the sole basis for species classification. As a result, the status of
biological species was largely neglected, as was the question about a potential agreement
between the two concepts. The biological species concept regards a group of organisms as
a species that interbreed, but are reproductively isolated from other such groups (Mayr
1963). This species concept is limited to sexually reproducing organisms and is considered
“non-dimensional” since it does not include the time and space of occurrence of a species
in its definition (Mayr 1992).
When the first rDNA sequences had become available, the biological perspective could be
added to the classification of planktonic foraminifera. An unexpectedly high sequence
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diversity was encountered within single morphospecies, suggesting that the biodiversity
of planktonic foraminifera had been severely underestimated (e.g. Huber et al. 1997;
Darling et al. 1999; de Vargas et al. 1999). The existence of a high “hidden” genetic diversity
was in fact already known for many groups of organisms (e.g. Knowlton 1993) and seemed
to be especially dominant in open ocean organisms, such as dinoflagellates, copepods or
fishes (Scholin et al. 1995; Bucklin et al. 1996; Miya & Nishida 1997), a fact that was
attributed to strong environmental pressures that shape the pelagic biosphere (de Vargas
et al. 2004). Nevertheless, due to the existence of the character-rich calcite shells of
planktonic foraminifera that were used for species classification, the encountered high
sequence diversity came unexpected.
As long as no conclusive evidence for a morphological separation of these “genetic types”
exists, they are considered cryptic species. Their rDNA sequences usually show no sign of
hybridization and some were observed to possess different ecological preferences.
Consequently, they very likely represent the level of biological species (e.g. de Vargas et al.
2001). One reason for the existence of a “hidden” genetic diversity might be a potentially
too low resolution of the morphospecies concept, which does not sufficiently resolve the
level of biological species. Although intraspecies morphological variability has always been
an obvious problem in planktonic foraminifera research, due to the lack of genetic
information it was mostly dealt with as variation from the general scheme or attributed to
ecophenotypic differences, but not considered as having species level significance (e.g.
Malmgren & Kennett 1972; de Vargas et al. 2004). A second reason for the appearance of
cryptic diversity could be a high rate of molecular evolution (as it was found in planktonic
foraminifera; e.g. Pawlowski et al. 1997), which is not followed by morphological evolution
at the same pace; or that morphology is subject to stabilizing selection whereas molecular
variation accumulates (Bickford et al. 2007). The discovery of cryptic species, though,
implies that a morphospecies describes a higher taxonomic level, which integrates several
sibling species. De Vargas et al. (2004) suggested the concept of “super-species” to
describe these morphological entities.
Following up on those new perceptions, search for a potential correlation between the
morphological or ecophenotypic variability and the genetic background of the morphospecies was initiated. Huber et al. (1997) discovered that the two physiological types of
Globigerinella siphonifera that were distinguished by the possession of two different types
of symbionts (Faber et al. 1988, 1989), can also be separated on the genetic level as well as
by different shell ultrastructures, and they proposed the acknowledgement of two biological species. De Vargas et al. (1999) and Morard et al. (2009) could show that the three
sibling species of Orbulina universa are marked by differences in shell porosity. A combined
morpho-genetic analysis on Globorotalia truncatulinoides revealed not only the existence
of five cryptic species in the morphospecies, but also related variances in shell-conicalness
to the genetic background instead to ecological influences (Quillévéré et al. 2013).
Although the latter studies were able to present slight morphological differences between
the now called pseudo-cryptic species, the differences were not sufficiently precise to have
an impact on the taxonomy of the group. Only few studies so far detected a correlation
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between morphology and genetics that was strong enough to allow for a taxonomic
revision of the studied morphospecies: Neogloboquadrina incompta could be separated
from Neogloboquadrina pachyderma based on the observation that the genetic separation
corresponds to the different coiling directions of the shells (Darling et al. 2006) and Aurahs
et al. (2011) could show that Globigerinoides elongates, which was synonymized with
Globigerinoides ruber, is genetically as well as morphologically distinct, allowing for the
status of a separate acknowledged species (Table 1.1).
Due to an intense screening of planktonic foraminifera morphospecies for genetic diversity
so far 26 morphospecies have been analyzed genetically, and overall 66 cryptic species
were discovered in 16 of these sequenced species (for review see: Darling & Wade 2008;
and Chapter 8). This suggests that cryptic diversity is a prevalent pattern in planktonic
foraminifera morphospecies and its discovery just requires the analysis of an adequate
number of individuals from different geographic locations. However, already now it is
obvious that the amount of genetic diversity is not distributed homogeneously between
the different morphospecies. Whereas in Neogloboquadrina pachyderma seven cryptic
species were discovered (Darling et al. 2004; Darling et al. 2007), sequences of both Neogloboquadrina dutertrei and Globorotalia inflata revealed the existence of only two (Darling
et al. 2003; Morard et al. 2011). This uneven distribution of diversity might be due to the
fact that the rate of molecular evolution varies between morphospecies, within
morphospecies and even between different regions of the SSU rDNA (Pawlowski & Lecroq
2010). As a consequence, the genetic distances between cryptic species differ substantially
in the different morphospecies (Table 1.2) and the establishment of a universal threshold
of genetic divergence for planktonic foraminifera to objectively separate the taxonomic
levels of genus, species and populations is prevented (Göker et al. 2010), leaving the
classification of biological species to be a subjective procedure.
Table 1.2: Differences in the amount of cryptic diversity “hidden” within selected morphospecies and the wide range and high values
of sequence divergence within each morphospecies that inhibit the establishment of a universal threshold for species delineation.
Sequence divergence was calculated as pairwise distances between 600 bp fragments of the 3’ end of the SSU rDNA of the cryptic
species within each morphospecies using MEGA (Tamura et al. 2011). Sequences for the distance calculations were taken from GenBank.
Morphospecies
Hastigerina pelagica
Neogloboquadrina pachyderma
Globigerina bulloides
Globorotalia inflata

Cryptic species

Sequence divergence [%]

3
7
12
2

4 – 42
0.7 – 7.5
0.4 – 27
1.7

The discovery of “hidden” genetic diversity in planktonic foraminifera morphospecies has
severe implications on their application as paleo-proxies, since these rely on the assumption of genetic continuity and ecological homogeneity of each morphospecies (Kucera &
Darling 2002). The fact that ecological differences were found between the cryptic species
thus implies that paleoceanographic reconstructions contain significant noise due to the
lumping of physiologically and ecologically distinct biological species (Darling et al. 2000),
that naturally also exhibit different geochemical signatures in their shells. Nevertheless, the
knowledge on the existence of genetic diversity within planktonic foraminifera morpho22
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species can be used to improve the accuracy and reliability of such studies (Kucera &
Darling 2002), by attributing so far unexplained geochemical variability in morphospecies to
the presence of different genetic types. Therefore, it is not only important to further screen
morphospecies for genetic variability, but to also consider the biogeographical distribution
patterns of the cryptic species and their adaptations to different ecological parameters.
A striking advantage in foraminifera research compared to other plankton groups is the
possibility for a combination of the fossil record and molecular data in order to date evolutionary events. Molecular clock analysis can be used to impose time on the molecular
phylogeny if gradual evolutionary change of the SSU rDNA is assumed (Rutschmann 2006).
However, since the evolutionary rates vary extensively between the different foraminifera
lineages, calculating a global molecular clock for the whole group is not possible. On the
other hand, evolutionary rates within individual groups (e.g. the spinose planktonic foraminifera) can be considered fairly constant and therefore, molecular divergence and speciation events can at least be dated within such a limited group by calibrating against first
appearance dates known from the fossil record (Darling et al. 1999). By estimating the ages

Figure 1.7: Molecular clock estimates for the divergence of cryptic species of various morphospecies, separated by their different
distribution ranges. In many cases, the cryptic species already diverged several million years ago, whereas others show high
diversification rates in the Quaternary. Indicated are the maximum ages of the genetic types as they are estimated on the phylogenetic
tree, associated with their level of uncertainty. (from: Kucera & Schönfeld 2007)
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of the cryptic species, it was demonstrated that in many cases they already diverged
several million years ago, although these calculations are associated with a high uncertainty (Figure 1.7; e.g. de Vargas et al. 2002; Kucera & Schönfeld 2007). Nevertheless,
they can be used as a further support for the status of cryptic species as separate biological
species that have been constant throughout a long time range.

1.4. Speciation and biogeographic distribution patterns in plankton
The discovery of high genetic diversity in planktonic foraminifera inevitably raises
questions on the possible modes of speciation in plankton that can cause such a high
diversification. Traditionally, it has been assumed that microplankton species exhibit a
cosmopolitan distribution throughout the world ocean (e.g. Miya & Nishida 1997; Finlay &
Esteban 2001). The ocean on first sight appears as a homogenous continuum without any
obvious barriers for the dispersal of small plankton organisms. The fact that they lack any
means of active propulsion makes them subject to passive transport by ocean currents and
the only potential limit to their global distribution would therefore be restricted connectivity between ocean basins. Furthermore, microbial species tend to have large absolute
population sizes, allowing for rapid passive dispersal, large scale distribution and global
gene flow (e.g. Norris 2000). Consequently, it seemed impossible for non-motile microbes
to establish differentiated distribution patterns and it was postulated that theoretically,
every species occurs everywhere, and the species assemblage at a certain habitat is the
result of solely the ecological properties of the habitat (e.g. Finlay 2002; Fenchel & Finlay
2004). Furthermore, Finlay (1998) concluded from this ubiquitous occurrence and the
resulting low endemism that the global species richness of protists might be relatively low
and is well presented by the local species richness. In general, this suggests that
reproductive isolation and speciation in plankton must be reduced. Yet, this is contrasted
by the observation of a high species diversity in many groups of plankton either on the
morphological or genetic level (e.g. Sáez et al. 2003; Irigoien et al. 2004; Amato et al. 2007;
Goetze 2011) and also by evidence from the fossil record for high rates of species origin
and extinction (e.g. Lazarus 1983).
The origin of new species in the pelagic environment is described by various theoretical
speciation concepts (Figure 1.8; e.g. Norris 2000), which include spatial isolation or distinct
adaptations as answer to divergent natural selection (Pierrot-Bults & van der Spoel 1979).
The most apparent ones of these speciation models are the allopatric and vicariance
models (Figure 1.8A and C), which describe the scenario of a separation of populations of
one species by an impenetrable barrier that can either be of hydrographic or geographical
origin, respectively (Butlin et al. 2008). The populations on either side of the barrier are
reproductively isolated from each other and consequently over time diverge into separate
species through accumulation of different genetic mutations. The continents can be considered to represent such geographic barriers, inhibiting circumglobal distribution of
tropical species (e.g. Arnold & Parker 2002; Goetze 2003). Many temperature tolerant
plankton organisms, however, were shown to be transported around the southern tip of
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Africa, maintaining gene flow between the Indopacific and the Atlantic (e.g. Peeters et al.
2004). For species with a cosmopolitan distribution that co-occur in the same geographical
region, the sympatric speciation model appears more likely, since it describes the
possibility for reproductive isolation without the need for spatial isolation (Norris 2000).

Figure 1.8: Theoretical models for
speciation processes in the pelagic
environment. A) Allopatric speciation by divergence on both sides
of a hydrographical barrier, B)
parapatric speciation in the same
geographical range along a hydrographic gradient due to different
selection pressures, C) vicariance
describes speciation due to separation by a geographical barrier, D)
depth parapatric speciation, which
relies on a change in reproduction
depth of two populations and E)
seasonal sympatry, which is the
consequence of a shift in the
timing of reproduction (from:
Norris 2000).

A detailed understanding of speciation processes in plankton requires, after all, the downscaling of observations from a global to a more local scale to disclose the inhomogeneous
nature of the pelagic habitat with strong environmental gradients not only on a horizontal
but also on a vertical perspective. As a consequence the high potential for speciation in
plankton becomes apparent. A study focusing on the biogeography of protists revealed
that the area and temporal dimension covered by active cells (described as their “home
range”) are much smaller than the area and time period that could potentially be covered
by passive dispersal of resting stages (Weisse 2008). Further, a high dispersal rate does not
necessarily provoke a large scale distribution, since this still requires successful establishment of the immigrants (Weisse 2008). The actual distribution of a species thus largely
depends on physico-chemical variables, as temperature, salinity and pH, and biological
factors such as food availability, predation pressure and competition (e.g. Arnold & Parker
2002; Weisse 2008). Such a dependence on abiotic factors can also be observed in the
occurrence of planktonic foraminifera morphospecies in the ocean, that are distributed
according to large scale biogeographies, following surface temperature gradients. The
result is a distinction of five major planktonic foraminifera provinces in the ocean (Tropics,
Subtropics, Transitional, Subpolar and Polar Regions), which exhibit a latitudinal diversity
gradient with a high species diversity in the Tropics and Subtropics and only few species
that can survive in the Polar Regions (e.g. Berger 1969; Bé & Hutchinson 1977). This large
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scale distribution could be the consequence of the existence of a sharp thermocline in the
Tropics and Subtropics, which creates a large number of niches in the water column
compared to the homogenous water mass of the Polar Regions (Al-Sabouni et al. 2007).
Although each morphospecies seems to have a cosmopolitan distribution within its
preferred temperature range, the abundance of individuals is fairly low, provoking a
patchy distribution of populations (e.g. Tolderlund & Bé 1971). This patchiness depends on
the environmental preferences of the species, whereby the populations are separated by
areas of unfavorable habitat (Pierrot-Bults & van der Spoel 1979). If the geographical
distance between the populations is high enough to prevent gene flow, the potential for
allopatric speciation is severely elevated. Yet, a spatial separation of populations not only
occurs on a horizontal perspective, but also in a vertical dimension in the water column
(Sommer 1982), where large environmental gradients (like temperature and salinity) can
exist over small distances. If two species diverge along such a gradient, due to differences
in selective pressure, they adapt to different water depths and shift their reproduction
range apart. This mode of speciation is described as parapatry or depth parapatric
speciation (Figure 1.8B and D; e.g. Pierrot-Bults & van der Spoel 1979; Briggs 1999; Schluter
2001). Since planktonic foraminifera morphospecies were observed to occupy different
depth levels in the water column (Figure 1.3; Schiebel & Hemleben 2005), the vertical
dimension clearly has to be considered when trying to explain the origin of the high
genetic diversity within planktonic foraminifera morphospecies.
A biological mode of speciation, common between entirely sympatric populations, is a
shift in the timing of reproduction (e.g. Palumbi 1994). Since for some planktonic foraminifera species, a dependence of reproduction on the lunar or semilunar cycle was
suggested (Bijma et al. 1990), population divergence might happen through a temporal
shift of the reproduction peak around this lunar periodicity (Figure 1.8E; Norris 2000). This
would reduce the probability for gene flow, leading to reproductive isolation. On an even
smaller scale, reproductive isolation can be enforced by changes in mate recognition or
gamete incompatibility (Palumbi 1994).
Considering the high genetic diversity within planktonic foraminifera morphospecies,
which is assumed to represent the level of biological species, the prevalence of speciation
in plankton becomes obvious. The differentiated biogeographic distribution patterns of
these cryptic species can be used to draw conclusions on the mode of speciation and the
historical processes that shaped the now observable patterns (Arnold & Parker 2002;
Kocher 2005).
Observations of differentiated distribution patterns were reported for the three sibling
species of Orbulina universa (de Vargas et al. 1999; Morard et al. 2009). They clearly show a
non-random distribution, occurring at different hydrographic conditions, depending on
the primary productivity of the surface water. Whereas one of them was present in areas of
high chlorophyll concentration, the second was restricted to oligotrophic and the third to
extremely oligotrophic conditions. This distribution pattern very likely is the result of a
sympatric or parapatric speciation event between the populations of a highly abundant
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species that adapted to different environmental pressures. Conversely, a horizontal
segregation was found between the cryptic species of Globigerinoides ruber. Aurahs et al.
(2009b) could show that the two most closely related cryptic species occur in different
basins of the homogenous Mediterranean Sea, whereas they co-occur in the more mixed
region of the eastern Atlantic. This present day distribution pattern was explained to be
the result of vicariant separation of Atlantic and Mediterranean populations during a
glacial maximum. After reproductive isolation on either side of the Strait of Gibraltar,
reinvasion of the Atlantic species into the entire Mediterranean Sea was unsuccessful due
to competitive exclusion, whereas the mixed waters of the Atlantic allow a co-existence of
both types. The two sibling species constituent in the morphospecies Globorotalia inflata
were shown to exhibit a strictly allopatric distribution pattern (Morard et al. 2011). They are
separated along the Antarctic Subpolar Front, which restricts one of them to transitional
and subtropical and the second one to Antarctic water masses, clearly indicating a
previous allopatric speciation event. Notwithstanding the fact that highly differentiated
distribution patterns have been shown to be maintained, the possibility for global gene
flow in planktonic foraminifera cannot be entirely excluded, since many cryptic species or
genetic types exhibit complete genetic homogeneity independent of their geographic
location (Norris 2000). The genetic homogeneity within the bipolar genetic types of the
subpolar/polar morphospecies Turborotalita quinqueloba, Neogloboquadrina incompta and
Globigerina bulloides is a striking example and suggest the existence of continuous transtropical gene flow (Darling et al. 2000; Darling & Wade 2008). Furthermore, each of the
sibling species of O. universa presents genetic identity throughout its global range (de
Vargas et al. 1999) and the same holds for several other species (Darling & Wade 2008). This
pattern suggests that the distribution of plankton organisms is influenced by a mixture of
high dispersal and gene flow and local restrictions and adaptations.
Although the divergence of two populations into separate species can occur rapidly, it
usually is a continuous process extending over many generations and it can take even
millions of years for species to form (Coyne & Orr 2004). The application of molecular clocks
allows dating of the speciation events of planktonic foraminifera and eventually a relation
to geologic events in the past (Knowlton 2000; Darling et al. 2004). Since speciation takes
place over such enormous time scales, it is possible that geographic and biological
elements of speciation alternate over time until complete genetic isolation is achieved
(Norris & Hull 2011), a pattern that cannot be revealed by the distribution of living
organisms.
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2.

Motivation and Objectives

Owing to their excellent fossil record, planktonic foraminifera play an important role as
proxies for the reconstruction of past oceanic conditions (e.g. Kucera et al. 2005). The
chemical signature of their shells records the properties of the ambient seawater, to which
a specimen was exposed during the time of biomineralisation of its shell (e.g. Kucera &
Schönfeld 2007). Given that every species possesses its distinct ecological adaptations and
physiological characteristics, the geochemical composition of the shell consequently varies
between separate species (e.g. Hemleben et al. 1989). In order to receive high resolution
paleoceanographic reconstructions, a precise taxonomy and an exact knowledge of the
level of biological species and their ecological requirements is thus of essential importance. As a consequence, the biological perspective of this enigmatic group of microplankton still requires close attention. Especially the number of extant morphospecies that are
analyzed in regard to their extent of hidden genetic diversity has to be further increased,
to be able to estimate the biological diversity of planktonic foraminifera. So far, cryptic
diversity seemed to be prevalent in all morphospecies studied, partly reaching surprisingly
high numbers of cryptic species per morphospecies (for a review see: Darling & Wade
2008). However, a morphological differentiation of the cryptic species was so far rarely
achieved (Darling et al. 2006; Aurahs et al. 2011), but is indispensable in order to recognize
biological species in the sediment assemblages. In addition, the biogeographical
distribution patterns of cryptic species require further examination, in order to discover
small scale adaptations that would have consequences for the application of foraminifera
in micropaleontological studies. Regional endemism of cryptic species has been discovered before (e.g. Aurahs et al. 2009b), however, it is not yet known if restricted distribution
patterns are an exception or the rule in planktonic foraminifera. The biogeographic
distribution patterns of cryptic species in the present day ocean further are of great
interest, because they represent an indicator of the modes of speciation prevalent in
plankton that are responsible for the origin of the unexpectedly high biodiversity encountered in many groups of marine protists. Large scale sampling of planktonic foraminifera
throughout the world ocean is therefore now required, covering as much of the distribution range of a morphospecies as possible to enhance chances to detect its entire constituent cryptic diversity and to characterize the distribution patterns of the cryptic species.
With the aim to contribute to the ongoing research on the genetic diversity of planktonic
foraminifera, the relationship between their morphology and genetics as well as their
biogeographic distribution patterns in the world ocean, the following three research
questions were tested in the present PhD thesis:
I) Is cryptic diversity a pervasive phenomenon in planktonic foraminifera morphospecies
and can its extent be predicted from the characteristics of a morphospecies, such as its
morphological variability, abundance and distribution in the ocean?
II) Does a potential morphological distinction of cryptic species depend on the
phylogenetic distance between them?
29

EXTANT PLANKTONIC FORAMINIFERA
III) Is the biogeographical distribution of cryptic species of planktonic foraminifera marked
by high endemism or rather global dispersal and gene flow?
In order to address these research questions, three different planktonic foraminifera
morphospecies, Hastigerina pelagica, Globigerinoides sacculifer and Globigerinella siphonifera, were selected as ideal candidates for the studies. They all occur globally throughout
the low latitude regions of the ocean (e.g. Hemleben et al. 1989) and can, therefore, be
compared in regard to the prevalence of either circumglobal dispersal and gene flow
across the colder waters of the Temperate Regions or local adaptations and high potential
for the establishment of genetic isolation. Extensive sampling in the Tropics, Subtropics
and Temperate regions allowed a detailed analysis of the genetic diversity, morphometry
and biogeography of these species throughout their distribution ranges.
Hastigerina pelagica exhibits rather low abundances in the ocean, what generally grants a
species high potential for genetic isolation, because of large geographical distances
between the populations (e.g. Pierrot-Bults & van der Spoel 1979). Only three cryptic
species had been discovered before within the morphospecies, but this number was based
only on few samples (Aurahs et al. 2009a). The now available collection of samples permitted further screening of the morphospecies for cryptic diversity. Extended sampling in
the Mediterranean Sea and Atlantic and as new locations in the Caribbean Sea and
Western Pacific was carried out to check for restricted distribution patterns of the cryptic
species. The genetic divergence between the known cryptic species had been observed to
be unusually high (compare Table 1.2) and therefore, they seemed promising for the
detection of morphological variability. Chapter 4 of the present thesis comprises the
studies carried out on this morphospecies.
Globigerinoides sacculifer constitutes a highly abundant and cosmopolitan plexus of four
different morphotypes. Because of the high morphological variability it seemed likely that
a comparable amount of genetic diversity might be detected, now that a large enough
dataset was available, covering wide areas of the morphospecies’ distribution range.
Furthermore, with knowledge on the genetic background of the morphospecies, the
taxonomic validation of the morphotypes could be examined. Chapter 5 describes the
findings on the genetic diversity and biogeography of G. sacculifer.
The Globigerinella siphonifera plexus had long been in the focus of genetic and morphometric analyses. The morphospecies is known to contain an unusually high genetic diversity (de Vargas et al. 2002; Darling & Wade 2008), which due to its partly only slight genetic
divergence had not been entirely resolved. Furthermore, the status of its sister species G.
calida as a separate species still remained questionable. The accumulation of a large
dataset allowed further examination of the extent of cryptic diversity within this morphospecies plexus and the biogeographical distribution patterns of the cryptic species. The
cryptic species are marked by highly different genetic distances between each other, and
are therefore a promising example to study the relationship between genetic and morphological evolutionary rates. The genetic, biogeographic and morphometric studies carried
out on the G. siphonifera plexus are represented in Chapters 6 and 7 of this thesis.
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3.

Methods applied in single-cell foraminifera genetics

3.1. Sampling of planktonic foraminifera
Sampling of planktonic foraminifera for genetic analysis was either conducted during seagoing expeditions or during visits to marine research stations. In both cases, sampling took
place at locations with a water depth greater than 100 m and preferably even off the shelf,
since planktonic foraminifera occur in open ocean habitats and are consequently not
found in great numbers close to the coast (Hemleben et al. 1989). The exact locations
sampled by the working group and by coauthors are indicated in Figure 3.1. Depending on
the equipment of the vessel, sampling was carried out either with a multi-closing net
(MCN, 1 m2 opening, 100 μm mesh size) or with a small handheld plankton net (0.5 m
diameter opening, 100 μm mesh size). The use of a MCN allows stratified sampling of the
water column in five different depth intervals. We routinely towed vertically from a water
depth of 700 m, below which hardly any living individuals are found (e.g. Arnold & Parker
2002), and divided the water column in the intervals 700-500 m, 500-300 m, 300-200 m,
200-100 m and 100-0 m in order to retain consistency between all sampling stations. In
most cases a second net was taken at the same station separating the upper 100 m in five
equal intervals. Stratified sampling of the water column allows a detailed analysis of the
vertical distribution of different foraminifera species. When sampling from small boats the
plankton net was used that can be towed by hand. This net was applied in two different
ways, by sampling vertically from a water depth of 100 m to the surface or by sampling
horizontally by pulling the net behind the boat at a water depth of ~5 m for 5 minutes.

Figure 3.1: World map showing all sampling sites from which planktonic foraminifera specimens were collected for studies included
in the present thesis, combining expeditions from the working group (triangles) and from coauthors (circles; exact descriptions of the
cruises are found in the publications). Grey shading in the background of the map indicates sea surface temperature on an annual
average (Ocean Data View).
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In order to obtain untouched, undisturbed individuals, in Puerto Rico planktonic foraminifera were also sampled by diving in water depth up to 5 m. Using this approach, specimens
are taken right out of their natural environment by capturing them in plastic jars, avoiding
the damage of the organisms caused by entangling in plankton nets. At most open ocean
stations sampled onboard the research vessels, CTD (conductivity, temperature, depth)
data were collected and chlorophyll concentrations were measured using a fluorescence
probe in order to be able to characterize the environmental conditions of the water
column.
Immediately after resurfacing the net, plankton samples were washed out of the collection
cups of the nets with filtered sea water (filtered over 63 μm gauze). Picking of planktonic
foraminifera started as soon as possible, however, depending on the number of samples
obtained, they sometimes had to be stowed in the fridge until the next day to finish
picking. All foraminifera present in the plankton sample, including empty shells, were
isolated and cleaned under stereomicroscopes using a fine brush and immediately
transferred to cardboard slides for preservation (Figure 3.2A-C). After cleaning the
specimens again to prevent attachment of contaminants and arranging them individually
on the slide, the slides were air dried and frozen at -80 °C until they were transported to
Germany on dry ice.

Figure 3.2: A) Picking of planktonic foraminifera specimens out of the plankton sample under a stereomicroscope (Photo: M. Kucera).
B) Accumulation of planktonic foraminifera specimens in a plankton sample (Photo: A. Weiner). C) Cleaned individuals arranged and
air dried on a cardboard slide for preservation (Photo: WG Kucera).

3.2. Culturing of planktonic foraminifera
All specimens collected by diving as well as healthy looking individuals from plankton tows
were kept in culture until they were observed to undergo gametogenesis. These culturing
experiments were carried out onshore during visits to the marine stations in Eilat, Las
Cruces and Isla Magueyes with the aim to increase the DNA yield in molecular analysis by
working with gametogenic foraminifera, which comprise multiple genomes with only little
contamination by symbionts and food particles (compare Darling et al. 1996b). Therefore,
individual spinose foraminifera were cleaned of obvious contaminants and transferred to
50 ml cell culture jars with an air permeable lid (Figure 3.3A). These jars contained ~30 ml
filtered sea water, filtered over 0.25 μm pore size Millipore filter to prevent further con32
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tamination. All culturing jars were kept at a constant temperature corresponding to the
water temperature at the sampling stations and under daylight lamps in a day-night cycle.
Each foraminifera was fed an Artemia salina nauplius every other day by sticking the brineshrimp into its spines and pseudopodia network. Usually, within one day after sampling
the foraminifera had recovered from sampling stress and rebuild their spines (Figure 3.3B).
As soon as the specimens were observed to shed their spines again and sink to the bottom
of the jar, which are indicators for approaching gametogenesis (Bé et al. 1983), they were
transferred to smaller vials containing 5 ml of freshly filtered sea water and from now on
were observed even more frequently. At the time of formation of granular cytoplasm close
to the aperture followed by the appearance of a mass of fast moving flagellated gametes
(Figure 3.3C), the shell containing the gametes was placed into a 1.5 ml Eppendorf tube
containing 50 μl of ethanol and frozen at -20 °C.

Figure 3.3: A) Culturing jars containing individual foraminifera specimens kept at constant temperature in a water bath under a
daylight lamp in day-night cycle until gametogenesis can be observed (Photo: A. Weiner). B) Hastigerina pelagica in culture with
regrown spines and an extended cytoplasmatic bubble capsule, scale bar 200 μm (Photo: WG Kucera). C) Globigerinella siphonifera in
culture producing thousands of highly motile gametes that escape from the aperture, scale bar 100 μm (Photo: A. Weiner).

3.3. DNA extraction and molecular analysis
Back home in the laboratory, frozen specimens were individually picked off the cardboard
slide, photographed under a stereomicroscope, taxonomically identified and catalogued.
DNA extraction of the preserved individuals was then carried out by applying either the
DOC (Holzmann & Pawlowski 1996) or GITC protocol (e.g. Morard et al. 2009), the latter
allowing preservation of the calcite shell, which subsequently can be used for morphometric analysis.
1) DOC buffer: Each individual was transferred with a brush to a 1.5 ml Eppendorf tube
containing 25 μl DOC buffer. 100 ml DOC buffer consist of 10 ml 1 M Tris- HCl pH 8.5,
0.8 ml 0.5 M EDTA, 10 ml 10% DOC (Sodium deoxycholate), 2 ml 10% Triton-X-100 and
77.2 ml H2Obidest, stored at room temperature. The tubes were then incubated under
gentle shaking at 60 °C for one hour, during which the calcite shell is dissolved.
Afterwards the extractions were stored in the fridge at 4 °C until further analysis.
2) GITC buffer: Each foraminifera was placed into a 1.5 ml Eppendorf tube containing 50
μl GITC buffer. 100 ml GITC buffer contain 50 g GITC, 10.6 ml 1 M Tris- HCl pH 8.5, 10.6
ml 20% Sarcosyl, 1.05 ml Mercaptoethanol, filled up to 100 ml with H2Obidest. The tubes
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were then heated for one hour at 70 °C under shaking. After separating the empty
shell from the DNA extract, 50 μl Isopropanol were added to the extract and the tubes
were kept at -20 °C over night. The next day they were centrifuged at 18,000 rpm for
15 minutes and the Isopropanol was removed. The resulting pellet was washed with
50 μl Ethanol (96 %), which was taken off again after another centrifugation step
(18,000 rpm, 15 minutes). The pellet was then resuspended in 20 μl H2Obidest and stored
at -20 °C.
The 3’ fragment of the SSU rDNA (see Figure 1.5) was amplified by Polymerase Chain
Reaction (PCR), which was conducted under the following settings. The reaction mix was
prepared with 8.26 μl H2O, 3 μl reaction buffer, 1.5 μl MgCl2 (25 mM), 0.6 μl dNTPs (10 μM
each), 0.15 μl Primer 1 and 2 (10 μM) and 0.15 μl Taq polymerase, adding 1 μl sample DNA.
The PCR reaction was carried out at 95 °C for 2 min, followed by 35 repetitions of 95 °C for
30 sec, 55 °C for 30 sec, 72 °C for 30 sec and the terminating step at 72 °C for 10 min. In
cases where no PCR product was obtained after the first PCR run, nested PCR was
conducted as a second step. Therefore, after the first run with foraminifera group specific
primers, the second run was conducted with species specific primers that anneal within
the already covered fragment. A further optimization strategy that was applied for some
samples was the dilution of the DNA extract with 20 μl of H2Obidest prior to the PCR reaction.
This leads to a simultaneous dilution of PCR inhibiting substances resulting in enhanced
DNA yield. In order to screen specimens for intra-individual genetic variability due to the
possession of different copies of the rDNA, it was mandatory to clone the gene of a couple
of individuals of each morphospecies. Therefore a ~500 bp fragment of the SSU rDNA was
inserted into a plasmid vector of the Zero Blunt® Topo® PCR Cloning Kit (Invitrogen) and
multiplied in chemically competent E. coli cells. All steps were carried out according to the
manufacturer’s protocol and the plasmids were afterwards purified using the PureLink® HQ
Mini Plasmid Purification Kit (Invitrogen). Sequencing of all PCR products and clones was
done by Sanger sequencing by an external service provider (LGC Genomics, Berlin,
Germany), and followed by a bioinformatic evaluation of the sequences in order to screen
for genetic variability.
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Abstract
A large portion of the surface-ocean biomass is represented by microscopic unicellular
plankton. These organisms are functionally and morphologically diverse, but it remains
unclear how their diversity is generated. Species of marine microplankton are widely
distributed because of passive transport and lack of barriers in the ocean. How does
speciation occur in a system with a seemingly unlimited dispersal potential? Recent
studies using planktonic foraminifera as a model showed that even among the cryptic
genetic diversity within morphological species, many genetic types are cosmopolitan,
lending limited support for speciation by geographical isolation. Here we show that the
current two-dimensional view on the biogeography and potential speciation mechanisms
in the microplankton may be misleading. By depth-stratified sampling, we present
evidence that sibling genetic types in a cosmopolitan species of marine microplankton,
the planktonic foraminifer Hastigerina pelagica, are consistently separated by depth
throughout their global range. Such strong separation between genetically closely related
and morphologically inseparable genetic types indicates that niche partitioning in
marine heterotrophic microplankton can be maintained in the vertical dimension on a
global scale. These observations indicate that speciation along depth (depth-parapatric
speciation) can occur in vertically structured microplankton populations, facilitating
diversification without the need for spatial isolation.
Keywords: biogeography, depth segregation, foraminifera, niche partitioning, plankton, speciation
Received 29 February 2012; revision accepted 2 May 2012

Introduction
The surface of the world oceans is inhabited by enormous populations of microscopic free-ﬂoating phytoand zooplankton. The small size of these organisms limits their ability for active dispersal on a global or even
regional scale. Instead, marine plankton is passively carried by currents throughout the world oceans. In such
groups where individuals or propagules can endure
exposure to suboptimal environmental conditions during transport, the potential for dispersal is thus only
limited by the degree of connectivity between oceanic
Correspondence: Agnes Weiner, Fax: +49 (0)421 21865505;
E-mail: aweiner@marum.de
 2012 Blackwell Publishing Ltd

basins. The dominance of such passive dispersal and
the inability to counteract it by active movement has
led to the idea that the pelagic environment is conducive for a cosmopolitan species distribution (e.g. Finlay
& Esteban 2001) and initiated hypotheses questioning
the potential for geographic isolation in marine microplankton (e.g. Finlay 2002; Fenchel & Finlay 2004). Considering the high potential for dispersal and the huge
population sizes of the plankton, one might expect that
the probability of speciation in these organisms should
be reduced. Yet, speciation must be a common phenomenon in marine plankton because of abundant evidence
for rapid species turnover in the fossil record (e.g. Lazarus 1983; Norris 2000; Benton & Pearson 2001) and the
high global diversity in many groups of modern marine
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plankton, which is manifested morphologically (Irigoien
et al. 2004), or genetically (e.g. Sáez et al. 2003; Amato
et al. 2007).
Studies attempting to unravel speciation processes in
the plankton are confronted with two challenges: the
missing temporal dimension on an evolutionary scale
(Norris & Hull 2011) and the difﬁculty to delineate evolutionarily signiﬁcant units (Crandall et al. 2000). The
latter issue boils down to the need to understand the
spatial and temporal dimension of gene ﬂow in planktonic organisms. Until now, this phenomenon has been
mainly considered from a two-dimensional perspective
of geographical isolation in a homogenous surface layer.
However, next to the horizontal (geographical) dimension, the pelagic environment can also be structured
vertically. In this dimension, large environmental gradients occur over short distances, and the scaling between
active movement (buoyancy) and passive dispersal is
reversed. This is particularly relevant for species whose
habitat stretches across vertical structures in the water
column such as the thermocline. In such species, gene
ﬂow in the vertical dimension could be signiﬁcantly
reduced, or a gradient could develop such that gene
ﬂow between adjacent populations is substantially more
likely than between more distant populations, providing an opportunity for population divergence (e.g. Pierrot-Bults & van der Spoel 1979; Briggs 1999; Schluter
2001).
Planktonic foraminifera have been frequently used as
model system to investigate speciation patterns in the
plankton (e.g. Levinton & Ginzburg 1984; Norris et al.
1996; Norris 2000; Allen et al. 2006). Today, there are
about 50 morphospecies inhabiting the world ocean, the
majority of which show a cosmopolitan distribution
within their preferred temperature range (e.g. Hemleben et al. 1989). Molecular genetic analyses of the last
decade have revealed a high genetic variability within
almost every morphospecies of planktonic foraminifera
(e.g. Darling & Wade 2008). This is signiﬁcant because
planktonic foraminifera are obligate sexual outbreeders
(Hemleben et al. 1989), and the absence of evidence for
hybridization in these SSU rDNA genotypes implies
reproductive isolation, that is, biological species (e.g. de
Vargas et al. 2004; Aurahs et al. 2009a). This indicates
that the species richness and biological diversity within
the group is much higher than previously thought. Further, these cryptic species often show different habitat
requirements and biogeography (e.g. Aurahs et al.
2009a; Morard et al. 2009), indicating that the cosmopolitan distribution observed for a morphospecies may be
a combination of several more complex distribution patterns at the level of cryptic species.
Explanations for the emergence of this high number
of genotypes so far mainly focused on horizontal distri-

bution patterns (e.g. de Vargas et al. 2001; Darling et al.
2006). A horizontal separation between closely related
genotypes was found for example in the morphospecies
Globigerinoides ruber (Kuroyanagi et al. 2008; Aurahs
et al. 2009a). The most closely related genotypes seemed
to avoid each other, which resulted in strict habitat segregation in the Mediterranean Sea (Aurahs et al. 2009a).
In contrast to the habitat separation found in the Mediterranean G. ruber, extensive gene ﬂow was observed in
genotypes of the bipolar foraminifera species Globigerina
bulloides, Turborotalita quinqueloba and Neogloboquadrina
incompta (Darling et al. 2000; Stewart et al. 2001). Genotypes with identical SSU rDNA sequences were found
in Arctic and Antarctic subpolar provinces, suggesting
recent trans-tropical genetic exchange (Darling et al.
2000). The same pattern has been observed for a number of genotypes within tropical and subtropical species, which yield identical DNA sequences in the
Atlantic and Paciﬁc oceans (e.g. Darling & Wade 2008).
Thus, the biogeography of the genetic types in planktonic foraminifera does not provide strong evidence for
the prevalence of allopatric speciation in the pelagic
realm.
Considering the high potential for gene ﬂow in the
marine habitat and the cosmopolitan occurrence of
many planktonic foraminiferal species, the question
rises on how the observed genetic diversity could have
evolved. In foraminifera as well as in other planktonic
organisms, alternative mechanisms for the origin of
reproductive isolation have been suggested (e.g. Briggs
1999; Norris 2000). Speciﬁcally, authors have often
referred to the possibility of speciation by depth parapatry (Lazarus 1983; Norris 2000). This model assumes
that planktonic organisms are able to maintain a preferred vertical position in the water column. As separation takes place in the vertical direction, parapatric
populations appear to occur sympatrically in the horizontal direction. Many groups of heterotrophic microplankton occur across a wide depth range, but their
species are typically limited to a much narrower vertical
interval (e.g. Ishitani & Takahashi 2007). Most morphospecies of planktonic foraminifera also occupy a
restricted habitat in the water column, deﬁned by their
temperature tolerance or the possession of symbionts,
limiting them to the mixed layer above the thermocline
(e.g. Hemleben et al. 1989). In planktonic foraminifera,
it has been hypothesized that partitioning of niches in
the vertical dimension could explain changes in morphological and size disparity in the group through time
(Schmidt et al. 2004) and in space (Al-Sabouni et al.
2007). The existence of a relationship between diversity
and disparity and the strength of the vertical water
structure is consistent with the model of depth-parapatric speciation, which could be an important mechanism
 2012 Blackwell Publishing Ltd
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oceans (e.g. Parker 1960; Tolderlund & Bé 1971; Loncaric et al. 2005). Its vertical habitat ranges from subthermocline depths (Tolderlund & Bé 1971; Schiebel &
Hemleben 2005) to the ocean surface (e.g. Hemleben
et al. 1989). The Hastigerinidae are characterized by a
number of unique morphological features. Their monolamellar wall ultrastructure, triradiate spines with lateral hooks, cytoplasmic bubble capsule (Alldredge &
Jones 1973; Hemleben et al. 1989; Hull et al. 2011) and
maximum shell size in excess of 1 mm separate H. pelagica and its sister species Hastigerinella digitata from all
other living planktonic foraminifera. Both species lack
symbionts (Hemleben et al. 1989). They are exclusively
carnivorous and found to feed predominately on copepods (Anderson & Bé 1976; Hull et al. 2011).
Despite their conspicuous appearance and abundance
in the plankton, limited data exist so far on the genetic
variability and phylogeography of the cosmopolitan and
broadly vertically occurring H. pelagica. Existing SSU
rDNA sequences from this species form three distinct
clusters (Fig. 1), with two more closely related to each
other (Göker et al. 2010). To characterize the degree of

that generates diversity in response to past changes in
the water column structure.
Vertical depth segregation among sister species is
known from other groups of plankton, such as copepods (Mackas et al. 1993; Fragopoulu et al. 2001) and
chaetognaths (Kehayias et al. 1994). Even though
researches have shown evidence for habitat heterogeneity within the foraminiferal morphospecies Globigerinella
siphonifera (Bijma et al. 1998), its correlation with genetic
divergence has not been established (Huber et al. 1997).
So far, there has been no evidence for vertical habitat
separation among sibling genetic types in planktonic
foraminifera. This reﬂects the fact that almost all studies
of the distribution of these genetic types in planktonic
foraminifera have been based on depth-integrated sampling (e.g. Darling et al. 2000; de Vargas et al. 2001,
2002).
Here we present the results of a global survey based
on depth-stratiﬁed sampling of genetic diversity within
the eurybathyal planktonic foraminifer morphospecies
Hastigerina pelagica (d’Orbigny 1839). This species occurs
in temperate to tropical waters throughout the global

Turborotalita quinqueloba

0.2 substitutions/site

Globigerina falconensis
Globigerina bulloides

51/5/64/51/24/20

Globigerinella siphonifera

Macroperforate spinose

Globigerinoides ruber
Globigerinoides elongatus

5/0/16/52/0/8

Globigerinoides conglobatus
Globigerinoides sacculifer
92/44/100/100/77/37

Orbulina universa
Hastigerina pelagica Type I
Hastigerina pelagica Type IIa

Hastigerinidae

Hastigerina pelagica Type IIb
Globorotalia menardii
Globorotalia truncatulinoides
100/99/99/97/59/82

Globorotalia hirsuta
Undetermined globorotaliid
Neogloboquadrina incompta

92/44/100/100/77/37

Macroperforate non-spinose

Pulleniatina obliquiloculata
Neogloboquadrina dutertrei
Globorotalia inflata
Neogloboquadrina pachyderma
Globigerinita uvula

70/10/30/72/82/54

Globigerinita glutinata

Microperforate non-spinose

Fig. 1 Phylogenetic relationships of the four major groups of planktonic foraminifera based on a maximum likelihood reconstruction
of the 3¢ fragment of the SSU rDNA, modiﬁed after Aurahs et al. (2009b). Node supports show bootstrap values (bs) from clustalw ⁄ kalign ⁄ mafft ⁄ nralign ⁄ poa ⁄ poaglo-automated alignments (Aurahs et al. 2009b). Only bs values for the basal nodes of the
groups of the macroperforate spinose (orange), the macroperforate nonspinose (blue) and microperforate nonspinose (purple) are
shown. Sequence diversity within morphospecies has been collapsed. All node supports for the analysed Hastigerina sequences are
shown; black circle indicates bs values of 100 for all automated alignments. As discussed in Aurahs et al. (2009b), the use of an automated alignment with multiple approaches allows a large coverage of the alignment space whilst avoiding the ambiguity of a manual approach. Light microscopic images of H. pelagica taken on board the research vessel before DNA extraction are shown to
illustrate the gross morphology. Pictures show (top down) individuals of Type I, Type IIa and Type IIb. All individuals are 0.5 mm
across.
 2012 Blackwell Publishing Ltd
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genetic and vertical differentiation within these genetic
types of H. pelagica, we sampled this species in four oceanic regions throughout the top 700 m of the water column. Our survey reveals a vertical structuring in the
occurrence and abundance of three globally distributed
genotypes within H. pelagica, providing support for
theories of depth-parapatric speciation in planktonic
organisms.

Materials and methods
Sampling
Planktonic foraminifera were collected in the Mediterranean Sea and the north-eastern Atlantic Ocean during
RV Poseidon cruises P321, P334, P349, P411 and P413
and during RV Meteor cruises M69 ⁄ 1, M71 ⁄ 2 and M71 ⁄ 3
(Table S1, Supporting information). These cruises took
place throughout the years 2005–2011 and covered all
seasons. Samples from the Caribbean Sea were taken
onboard the RV Meteor (M78 ⁄ 1, Table S1, Supporting
information). A multiclosing net with a mesh size of
100 lm was used for stratiﬁed sampling of the water column. Depth intervals of sampling were mainly 700–
500 m, 500–300 m, 300–200 m, 200–100 m and 100–0 m.
Short intervals in the upper 100 m were 100–80 m, 80–
60 m, 60–40 m, 40–20 m and 20–0 m. The western Paciﬁc
was sampled during cruises MR10-06 and KT07-14
(Table S1, Supporting information) using NORPAC
closing net (100 lm mesh size) with intervals of 0–25 m,
25–50 m, 50–100 m and 100–200 m and IONESS (330 lm
mesh size) with intervals of 0–50 m, 50–100 m, 100–
150 m, 150–200 m and 200–300 m. Planktonic foraminifera were isolated and taxonomically identiﬁed on board
using a stereomicroscope. Live individuals containing
cytoplasm were carefully cleaned with a brush, digitally
photographed and transferred into 1.5 ml tubes for DNA
isolation. Samples collected during P411 and P413, as
well as during MR10-06 and KT07-14 were cleaned, then
air-dried at room temperature in cardboard slides and
stored at )20 C and )80 C until further processing.
For the biogeographic analysis, we also used data on
10 genotyped individuals of Hastigerina pelagica that
have been previously published in Aurahs et al.
(2009b). The specimens comprised one individual of
Type I, six of Type IIa and three of Type IIb (Table S1,
Supporting information). In addition to these data,
sequences of only ﬁve more individuals of Type I are
available in GenBank (de Vargas et al. 1997; Ujiie &
Lipps 2009). These Type I sequences have been used in
the phylogenetic analyses by Aurahs et al. (2009b) as
shown in Fig. 1, but are not included in this study in
Fig. 2, because the data on their collection depth are
not available.

DNA extraction, ampliﬁcation and sequencing
DNA extraction from the Atlantic specimens followed
the DOC protocol of Holzmann & Pawlowski (1996).
For the samples from the Paciﬁc, the guanidine method
for DNA extraction was applied (e.g. Morard et al.
2009). For the differentiation of genotypes of H. pelagica
a 450 bp large fragment of the 3¢ end of the small subunit ribosomal RNA (SSU rRNA) gene was ampliﬁed
by polymerase chain reaction (PCR) using the proofreading Vent polymerase (New England Biolabs) and
Ex Taq polymerase (TaKaRa Bio, Inc.). The new primers
pelv3F (5¢ GTGCATGGCCGTTCTTAGTTCGTG 3¢) and
pelv3R (5¢ TATTGCCGCATCCTTCCTCTGGTT 3¢) were
used for ampliﬁcation. PCR products were puriﬁed
using the QIAquick gel extraction kit (Qiagen) and
afterwards sequenced directly by an external service
provider (Agowa, Berlin). The PCR products from the
Paciﬁc were puriﬁed using the Monofas DNA Puriﬁcation Kit (GL Science) and directly sequenced using the
Big Dye V3.1 Terminator Cycle Sequencing Kit and an
ABI 3130xl Genetic Analyzer (Applied Biosystems, Inc.).
Sequence chromatograms were manually scanned for
ambiguous reads and corrected where possible.
Sequences were then aligned manually for the recognition of the genotypes in H. pelagica. Sequences of 93
individuals were submitted to NCBI GenBank (http://
www.ncbi.nlm.nih.gov/; accession nos JQ624776–
JQ624868). Four sequences of low quality and three
sequences shorter 200 bp allowed assignment to one of
the H. pelagica genotypes but were not thought suitable
for publication in GenBank. All Type II sequences used
in this study are made available as supplement.

Phylogenetic reconstruction
The phylogenetic reconstruction of H. pelagica Types IIa
and IIb is based on a manual alignment of 114
sequences. The alignment contains all already published
sequences (direct sequences and clones) for these two
genotypes (http://www.ncbi.nlm.nih.gov/) and the
new sequences from this study. Based on results from
Aurahs et al. (2009b) and Göker et al. (2010), all
sequences were cut to the same length of 316 bp,
aligned manually and then further analysed in a maximum likelihood reconstruction, using the web-based
RAxML version (Stamatakis et al. 2008) (http://phylo
bench.vital-it.ch/raxml-bb/index.php) with gamma
model of rate heterogeneity and maximum likelihood
search. In accordance with the results from Aurahs et al.
(2009b), we used the alignment untruncated, that is, did
not check for position homology. Phylograms were constructed using the ML best tree with bootstrap values in
Dendroscope 2.7.4 (Huson et al. 2007). In-group Kim 2012 Blackwell Publishing Ltd
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ura-2 distances and nucleotide differences were calculated using the genetic distance calculation models
implemented in MEGA5 (Tamura et al. 2011) under
default setting.

Results
Sequences of a 450 bp fragment of the 3¢ end of the
SSU rRNA gene were obtained from a total of 100 specimens, morphologically identiﬁed as Hastigerina pelagica,
from 43 stations in the Caribbean Sea, eastern Atlantic
Ocean, Mediterranean Sea and western Paciﬁc Ocean.
All sequences could be assigned to one of the three
published genetic motives of H. pelagica (Aurahs et al.
2009b). Individuals of Type I were found at one location
in the western Paciﬁc (n = 2) and at one location in the
eastern Mediterranean (n = 10; Fig. 2). The large number of specimens belonging to Type II allowed us to
conﬁrm the validity of two closely related subtypes
within Type II, here named Type IIa and IIb (Fig. 3).
The divergence between these two subtypes is the dominant and most strongly supported (100%) pattern in a
phylogenetic analysis of all Type II sequences (Fig. 3).
 2012 Blackwell Publishing Ltd

The two subtypes differ by a distinct nucleotide substitution pattern and short insertions ⁄ deletions in two of
the variable regions of the sequenced SSU rDNA fragment. One part of the distinctive pattern is located in
the middle of the expansion segment 41 ⁄ e1, the other in
the variable region V7 (e.g. Grimm et al. 2007). Individuals carrying Type IIa and IIb were found in all regions
sampled in this survey, 46 individuals carried the Type
IIa and 42 individuals carried the Type IIb. Types IIa
and IIb co-occurred at almost all stations. In contrast to
the global distribution of the genotypes, our stratiﬁed
sampling revealed a remarkably consistent pattern of
vertical separation of the habitat of these genetic types.
For further biogeographical analyses, we supplemented
our data with 10 sequences of H. pelagica genotypes
from GenBank, where information about sampling
depth was available (see Materials and Methods). An
analysis of this extended data set reveals that all 13
individuals of Type I were found in the top 100 m
(Fig. 2), the majority of individuals of Type IIa (65%)
occurred below 200 m water depth, and no specimen
was found in samples above 100 m (Fig. 2). The highest
abundance of Type IIa specimens was found between
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300 and 400 m water depth (Fig. 2; 1.2 individuals ⁄ interval ⁄ station; signiﬁcantly (P < 0.05) higher than
in the shallower depth intervals where the type was
found). The majority of Type IIb individuals (76%)
were found in the upper 100 m of the water column
and only in the eastern Mediterranean Sea few Type IIb
specimens (11%) occurred down to 700 m water depth
(Fig. 2). Individuals of Type IIb were most abundant
between 40 and 80 m (Fig. 2; 1.2 individuals ⁄ interval ⁄ station, signiﬁcantly (P < 0.05) higher than in intervals shallower than 40 m and deeper than 100 m). Such
vertical segregation of the habitats of Types IIa and IIb
was consistently found in all the regions we have sampled (Fig. 2). Following a formula used in Aurahs et al.
(2009a), with 95% level of conﬁdence, the average
abundance of Type IIa would have to have been below
0.13% in the top 100 m of the water column at all the
stations sampled by us, to have remained undetected.
As our sampling took place during eleven different
cruises during different years, seasons and different
times of the day, we were able to discard all explanations for this pattern other than representing a genuine
habitat signal. We were unable to detect any lunar periodicity-related signal (Bijma et al. 1990), neither in the
vertical distribution of the genotypes nor in the overall
abundance of H. pelagica (Fig. S1, Supporting informa-

tion), suggesting that the observed vertical separation
could not reﬂect a temporal offset in the reproductive
cycle between the two types. Similarly, we did not ﬁnd
any difference in abundance or distribution among the
types between seasons or daytime (Fig. S1, Supporting
information), indicating that the vertical separation signal reﬂects neither diurnal migration nor seasonal succession. The pattern was found in samples spanning
almost a decade (Fig. S1, Supporting information), suggesting that it does not represent an anomalous signal
for one unusual year.
Most sequences of genotype IIb are globally identical
with only a very few individuals showing nucleotide
substitutions. One of the previously published
sequences (GenBank accession no. FJ643397) shows two
substitutions in the variable region 41 ⁄ e1, which very
likely represent sequencing errors. In addition, two
clones from a single individual (FJ643357 and FJ643355)
show a single-site mutation in the variable region V7.
The only substantial and replicable deviation from the
dominant global Type IIb motive can be found in three
individuals from the Caribbean Sea (JQ624829–31).
These sequences show four nucleotide substitutions at
the beginning of variable region 41 ⁄ e1 and also three
substitutions and one deletion in the variable region V7.
One more individual from the Caribbean Sea
 2012 Blackwell Publishing Ltd
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(JQ624832) has two substitutions in common with these
‘Caribbean sequences’, but does not carry the complete
pattern and could therefore indicate a hybrid sequence
between the global and the Caribbean signal. The
genetic variability among individual sequences of Type
IIa is larger than among individual sequences of Type
IIb. First, we observe a large number of seemingly random substitutions, which we interpret as intraindividual variability. This is supported by the observed level of
variability among GenBank sequences that were
reported to have been cloned from the same individual.
These substitutions are mainly located in the variable
regions 41 ⁄ e1 and V7 and mostly occur in form of two
basepair insertions or deletions. In addition, there are
sequences that show one of two different substitution
patterns that deviate signiﬁcantly from the ‘global’ Type
IIa signal and that are geographically constrained. The
ﬁrst variation exists in 16 individuals from multiple stations in the Atlantic as well as from the Mediterranean
and Caribbean Sea (FJ643367–9, FJ643402, FJ643403,
FJ643406, FJ643411–3,
JQ624815, JQ624817
and
JQ624819–23). This ‘Atlantic’ substitution pattern is
characterized by a four basepair insertion and six substitutions in the variable region V7. The other substitution pattern is even more geographically restricted and
was found only in ﬁve individuals (JQ624824–8) from
the Caribbean Sea. These sequences show nucleotide
substitutions at 20 positions and seven base insertions
in the variable regions 41 ⁄ e1 and V7. Among these ﬁve
individuals, there is some degree of variation that is
most likely an indication for intraindividual variability.
The manual alignment of all Type II sequences is available as supplement (Data S1, Supporting information).

Discussion
Vertical segregation of cryptic sibling species
The consistent segregation of the vertical habitat of the
genotypes IIa and IIb of Hastigerina pelagica is in contrast to their cosmopolitan geographical distribution
(Fig. 2). As the vertical segregation is maintained
throughout the sampled regions, irrespective of time
(Fig. S1, Supporting information), it must reﬂect a genuine afﬁnity of specimens of each type to a habitat in a
different part of the water column. The complete
absence of Type IIa in the surface waters is most
remarkable; the chances of this pattern being due to an
extremely low abundance of this genetic type in the
surface waters are negligible. The occurrence of specimens of Type IIb in the eastern Mediterranean below
its dominant habitat in the top 200 m of the water column is difﬁcult to interpret. It is impossible to tell
whether these specimens represent a genuine expansion
 2012 Blackwell Publishing Ltd

of the habitat or whether they reﬂect natural mortality,
passively falling through the water column whilst still
carrying out nondegraded DNA. As the vertical separation is found among the two most closely related
genetic types in H. pelagica, it is reminiscent of niche
partitioning (e.g. Aurahs et al. 2009a), which is typically
explained as the result of competition (Leibold 2008).
On the other hand, the habitats in the photic zone and
below the thermocline are fundamentally different for
planktonic foraminifera and suggest that the two types
may possess different adaptations (Coxall et al. 2007).
The exact mechanism for buoyancy control in planktonic foraminifera is not known; typical explanations
involve regulations via metabolites with positive buoyancy (Hemleben et al. 1989). Whilst this mechanism
provides a reasonable explanation for the ability to
change their buoyancy, it still remains to be investigated, how (if at all) the foraminifera can detect their
position in the water column and use this information
to regulate the buoyancy. Despite the uncertainty in the
exact mechanism, it is beyond question that species of
planktonic foraminifera can be found in speciﬁc vertical
intervals in the water column (Fairbanks et al. 1980).
Interestingly, the best example for a restricted vertical
position in these protists comes from the sister species
of H. pelagica. Hastigerinella digitata is a rare deep-dwelling form with conspicuous digitate chambers. In situ
video surveys in the Monterrey Canyon over 12 years
revealed that the species occupies a narrow depth horizon of <100 m around a median depth of 300 m, immediately above the core of the regional oxygen minimum
zone (Hull et al. 2011). Considering the morphological
differentiation of its deep-dwelling sister species, it is
conceivable that the observed depth segregation
between the two genetic types of H. pelagica II will also
result in morphological distinction. It is in fact possible
that such morphological differentiation has already
taken place but the traits are too recondite to have been
identiﬁed by taxonomers. Notwithstanding the degree
of morphological separation, it would appear interesting to now search for physiological or behavioural traits
that are associated with the adaptation to a vertically
limited habitat in this species.
The discovery of two genetic types with distinct vertical habitats has signiﬁcant consequences for the interpretation of population dynamics and ecology of
H. pelagica. The shell ﬂux of this species is dominated
by a synodic moon cycle (Spindler et al. 1979; Loncaric
et al. 2005), which is thought to reﬂect the reproductive
cycle of the species. Laboratory and in situ observations
suggest a strongly synchronized reproduction peaking
within a few days after full moon (Spindler et al. 1979).
As lunar periodicity of reproduction also continued in
the laboratory without the inﬂuence of the moonlight it
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appears to indicate an endogenous mechanism (Bijma
et al. 1990). Our observations did not reveal any time
lag between the occurrence of mature (collected in the
nets) individuals of either type (Fig. S1, Supporting
information). Thus, it is likely that all three genetic
types of this species follow the same endogenous
‘clock’. This explanation would be consistent with the
strong lunar cycle of H. pelagica ﬂux observed in Atlantic sediment traps from a region (Loncaric et al. 2005),
where all three types are expected to co-occur (Fig. 2).
Next, our discovery of distinct habitats associated
with the genetic types provides an explanation for the
contradictory reports on the habitat of H. pelagica.
Whereas some authors consider the species a surfacedweller (Bé & Tolderlund 1971; Hemleben et al. 1989),
other studies indicate its habitat as sub-thermocline
(Schiebel & Hemleben 2005). Hull et al. (2011) reported
the occurrence of Hastigerina sp. in the Monterrey canyon at mesopelagic depths, which seemed at odds with
the lack of H. pelagica in plankton samples from the
surface waters in the region. The observation from the
Monterrey Canyon could be explained by the presence
of exclusively H. pelagica Type IIa in that region.

Parapatric speciation in marine plankton
The genetic Types IIa and IIb of H. pelagica are genetically as close as many other genetic sibling types within
morphospecies of planktonic foraminifera (Göker et al.
2010), suggesting that their divergence may represent
the lowest level of relatedness associated with reproductive isolation in these pelagic protists. Therefore, it
is tempting to interpret their pattern of depth segregation as a ‘ghost of speciation past’ (Kocher 2005). If this
interpretation is correct, our observations would represent the ﬁrst evidence for speciation by depth parapatry
among modern planktonic foraminifera. In this model,
a deep-dwelling form would have evolved from an
ancestrally surface-dwelling population in H. pelagica,
considering that the closely related relative, Type I, is
also a surface-dweller (Fig. 2). Initially, in the same
geographical region, one part of the surface-dwelling
ancestral population would have become better adapted
to greater depth. Reduced gene ﬂow along the thus
developed gradient within the population would have
resulted in the emergence of two species with a depthparapatric distribution.
Alternatively, speciation could have proceeded in
allopatry and the depth-parapatric pattern would have
developed upon secondary contact. Although plausible,
we consider this explanation less likely, because it
requires the evolution of adaptation to a deep-dwelling
habitat in response to competition between two allopatric siblings, ancestrally inhabiting the same surface-

ocean habitat. On the other hand, a ‘retreat’ from the
surface habitat could have occurred in response to the
tracking of a particular food resource or oceanic regime
in high latitudes, which are manifested at greater
depths in the lower latitudes. Such pattern of tropical
submergence is known from assemblages of pelagic radiolaria, where surface-dwelling subpolar species occur
at mesopelagic depth in the tropics (Ishitani & Takahashi 2007). However, we ﬁnd no trace of such hypothetical high-latitude surface-dwelling ancestor of the deepdwelling type, which would consequently have to
become extinct or replaced in its habitat by the surfacedwelling type after their divergence. Similarly, there is
no evidence for a residual geographic structure in the
genetic diversity of the deep-dwelling type indicative
for spreading away from a centre of origin.
The cosmopolitan distribution of the three genetic
types has to be seen in the context of the genetic variability within each type. Indeed, sequences within each
of the three genetic types show differences, which are
unlikely to represent random sequencing errors. The
genetic variability within the genotypes has a rudimentary geographical structure and most likely represents a
population-level variability. However, unlike the segregation of Types IIa and IIb, on this level no vertical
structuring in the water column could be detected
within those genetic types. The sample size for Type I
is arguably small, but it does not reveal a geographic
signal—sequences from the eastern Mediterranean and
western Paciﬁc are all virtually identical. In fact, identical or virtually identical sequence motives have been
found in the most distant sampled regions (eastern
Mediterranean and western Paciﬁc) in all three types of
H. pelagica, suggesting the possibility of a recent or
ongoing global gene ﬂow within each type.
For the surface-dwelling Types I and IIb, this pattern
is consistent with the observation of global distribution
of identical SSU rDNA sequences in a large number of
planktonic foraminifera (Darling & Wade 2008). H. pelagica has been reported from the surface waters with
temperatures above 9 C (Parker 1960), which does not
exclude the possibility of passive transport between the
Indian Ocean and South Atlantic via the Agulhas current. Indeed, plankton tow data from Agulhas Rings in
the region SW of the Cape show that such rings carry a
signiﬁcant population of this species (Peeters et al.
2004). The presence of a weak geographical signal in
Type IIb may indicate episodic isolation during Quaternary climatic cycles, although we note that the age of
the signal cannot be determined owing to extreme substitution rate heterogeneity within the planktonic foraminifera (de Vargas et al. 1997) and the lack of a
reliable fossil record of the genus. Nevertheless, the
geographical structure indicates that the overall genetic
 2012 Blackwell Publishing Ltd
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homogeneity in both types is a primary signal, not an
artefact of recent anthropogenic dispersal. The existence
of a global gene ﬂow in the deep-dwelling Type IIa is
more difﬁcult to explain. At depth below 100 m, passive
dispersal by currents is likely to be slower and less
effective between semi-isolated basins, such as the Mediterranean and the Atlantic. On the other hand, the deeper-water habitat is more homogenous worldwide.
Although Type IIa does show the highest genetic variability, suggesting the largest potential for isolation, the
global distribution of sequence motives indicates that
global gene ﬂow can occur even at subthermocline
depths.
The genetic variation found within the two depth-segregated genetic types allows us to address hypotheses
explaining the origin of the segregation pattern. First,
we note that genetic diversity is signiﬁcantly higher
among populations of the deep-dwelling Type IIa
(Fig. 4). We attribute this observation to the fact that
Type IIa inhabits a globally less connected habitat
below the mixed layer. This habitat is more voluminous
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and more structured than the mixed-layer habitat, providing more opportunities for adaptation and isolation.
The observed apparent increase in genetic diversity
with depth (Fig. 4) indicates that when population
range deepens, there is more potential for the evolution
and maintenance of genetic structure within the species.
In other words, as soon as the habitat of a species is
expanded below the mixed zone and the home range
remains smaller than the total habitat, vertical structuring follows with gene ﬂow being progressively reduced
vertically and horizontally with depth (Fig. 4). Our data
indicate that this model applies to nonmotile microplankton, suggesting that speciation by depth parapatry
does not require active means of propulsion or sensory
control and could be a universal process generating
diversity in the microbial plankton.
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The cryptic and the apparent reversed: lack of genetic differentiation within
the morphologically diverse plexus of the planktonic foraminifer
Globigerinoides sacculifer
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Abstract.—Previous genetic studies of extant planktonic foraminifera have provided evidence that the
traditional, strictly morphological definition of species in these organisms underestimates their
biodiversity. Here, we report the first case where this pattern is reversed. The modern (sub)tropical
species plexus Globigerinoides sacculifer is characterized by large morphological variability, which has
led to the proliferation of taxonomic names attributed to morphological end-members within the
plexus. In order to clarify the taxonomic status of its morphotypes and to investigate the genetic
connectivity among its currently partly disjunct (sub)tropical populations, we carried out a global
survey of two ribosomal RNA regions (SSU and ITS-1) in all recent morphotypes of the plexus collected
throughout (sub)tropical surface waters of the global ocean. Unexpectedly, we find an extremely
reduced genetic variation within the plexus and no correlation between genetic and morphological
divergence, suggesting taxonomical overinterpretation. The genetic homogeneity within the
morphospecies is unexpected, considering its partly disjunct range in the (sub)tropical Atlantic and
Indo-Pacific and its old age (early Miocene). A sequence variant in the rapidly evolving ITS-1 region
indicates the existence of an exclusively Atlantic haplotype, which suggests an episode of relatively
recent (last glacial) isolation, followed by subsequent resumption of unidirectional gene flow from the
Indo-Pacific into the Atlantic. This is the first example in planktonic foraminifera where the
morphological variability in a morphospecies exceeds its rDNA genetic variability. Such evidence for
inconsistent scaling of morphological and genetic diversity in planktonic foraminifera could complicate
the interpretation of evolutionary patterns in their fossil record.
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Introduction
The interpretation of biogeographical and
evolutionary patterns of morphologically defined species in the plankton has been challenged by the discovery of cryptic genetic
diversity often linked with distinct biogeography and ecological adaptation (e.g., Saez et al.
2003; Logares et al. 2007; Kooistra et al. 2008).
The interpretation of modern and fossil species
distribution patterns in these groups thus
hinges on the degree of congruence between
their morphological and genetic divergence. As
 2013 The Paleontological Society. All rights reserved.

long as the morphological taxonomy consistently underestimates biodiversity, analysis of
the fossil record and modern assemblages may
be expected to reflect processes scaled with
those at the level of biological species. This
issue is particularly important for the interpretation of diversity patterns in the fossil record,
because the species concept in palaeontology
(and in many cases in biology as well) is based
solely on phenotypic traits manifested in the
shape of the classified organisms.
Planktonic foraminifera provide an excellent
opportunity to test the explanatory power of
0094-8373/13/3901-0002/$1.00
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biogeographical and evolutionary patterns
derived from morphologically defined species
and to assess the degree of congruence
between morphological distinction and genetic
divergence. Their character-rich calcite shells
are abundantly preserved in marine sediments
and allow direct tracking of morphospecies
occurrences in time and space (e.g., Aze et al.
2011). From these occurrences, paleoceanographers derive reconstructions that are of immense importance to our understanding of
past climate changes. In recent years, molecular analyses have revealed that the classical,
morphological definition of species in planktonic foraminifera hides cryptic genetic and
ecological differentiation (for a review, see
Darling and Wade 2008). Global surveys of
the Small Subunit (SSU) or Internal Transcribed Spacers (ITS) regions of ribosomal
DNA (rDNA) in extant species allowed the
recognition of distinct genotypes (e.g., de
Vargas et al. 1999, 2001; Darling et al. 1999,
2006; Morard et al. 2009, 2011; Ujiié et al. 2010;
Aurahs et al. 2011; Quillévéré et al. 2013).
Considering the lack of evidence for introgression and the obligate sexual outbreeding
reproductive modus in planktonic foraminifera, these genetic types have to be considered
reproductively isolated and thus corresponding at least to the level of biological species.
Many of these genetic types show more
restricted biogeographical ranges than the
morphospecies to which they have been
assigned, implying that the distribution of
these morphospecies does not reflect the true
potential for dispersal of these organisms.
Nonetheless, some of these genetic types occur
throughout the range of their respective
morphospecies, suggesting ongoing global
gene flow. At present, the degree to which
morphological divergence reflects genetic distinction in planktonic foraminifera (and potentially other plankton) remains unclear,
complicating the interpretation of biogeographical and evolutionary patterns in the
fossil record of this group.
Here we report on a global survey of two of
the ribosomal rDNA regions (SSU and ITS-1)
in the abundant and paleoceanographically
important (sub)tropical species Globigerinoides
sacculifer (Brady 1877). The survey was carried

out with the aim to determine the degree of
congruence between morphology and genetic
divergence within this morphologically diverse species plexus, and to investigate the
genetic connectivity among its partly disjunct
(sub)tropical populations. Globigerinoides sacculifer is one of the most commonly encountered planktonic foraminifera in the
(sub)tropical waters of the world oceans
(e.g., Tolderlund and Bé 1971). This cosmopolitan spinose species is limited by its
photosymbiotic ecology to the euphotic zone
of the oceans, where it reproduces on a
synodic lunar cycle (Bijma et al. 1990).
The morphology associated with the species
concept of Globigerinoides sacculifer initially
occurred during the early Miocene ~20 Myr
ago, having diverged from the morphospecies
Globigerinoides trilobus (e.g., Kennett and Srinivasan 1983; Berggren et al. 1995). The exact
dating of this divergence is potentially complicated by usage of the species names G.
sacculifer and G. trilobus in a way not
consistent with their original species description. Similarly, the taxonomic status of G.
sacculifer in the modern ocean is ambiguous,
because of a high morphological variability
among specimens of this plexus. Globigerinoides sacculifer sensu stricto has been taxonomically distinguished from other
Globigerinoides morphospecies with a honeycomb shell wall texture (Kennett and Srinivasan 1983) by the presence of a sac-like final
chamber (Brady 1877). Whereas the other
taxonomic concepts in the plexus (Fig. 1),
Globigerinoides quadrilobatus (d’Orbigny 1846),
G. trilobus (Reuss 1850) and Globigerinoides
immaturus Leroy (1939), are based on fossil
material, G. sacculifer was originally described
from subfossil sediments and the original
species description clearly refers to the occurrence and habitat of this species in the
plankton (Brady 1877; see also Williams et al.
2006). Numerous studies have noticed that the
shells of G. trilobus, G. quadrilobatus, and G.
immaturus are virtually identical to those of G.
sacculifer except for the lack of the final sac-like
chamber (Hofker 1959; Banner and Blow 1960;
Hecht 1974; Saito et al. 1981). As a consequence, these taxa were often considered
phenotypic variants of the morphospecies G.
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FIGURE 1. Taxonomy of the Globigerinoides sacculifer plexus. Row (a) shows reproductions of line drawings of (1) the
holotype of Globigerinoides trilobus (Reuss 1850), 603; (2), the holotype of Globigerinoides immaturus Leroy (1939), 603,
mirror image; (3) the lectotype selected by Banner and Blow (1960) for Globigerinoides quadrilobatus (d’Orbigny 1846),
1003; (4), the lectotype selected by Banner and Blow (1960) for Globigerinoides sacculifer (Brady 1877), 1003. Row (b)
shows light microscope images and row (c) SEM pictures of genetically analyzed specimens corresponding to the four
taxonomic concepts shown in (a). Globigerinoides sacculifer is distinguished from the other members of the plexus by its
elongate sac-like final chamber. Within the members of the plexus that lack the sac-like chamber, G. quadrilobatus differs
in having a high aperture and a tendency to possess four chambers in the last whorl, and G. immaturus and G. trilobus
both exhibit lower-arched primary and supplementary apertures, but, according to the original description, in G. trilobus
the final chamber is larger than all the earlier chambers combined. The SSU and ITS-1 sequences corresponding to the
specimens in the images are labeled in Supplementary Table 1. Scale bars in (b), 0.1 mm, and in (c), 0.05 mm.

sacculifer s.l. Culture experiments have provided support for this broader taxonomic
concept, suggesting that the sac-like chamber
is probably a terminal event of shell growth,
manifested in some but not all of the cultured
specimens (Bé 1980; Bé et al. 1983; Hemleben
et al. 1987; Bijma et al. 1992). Despite these
culturing experiments, specimens with and
without the sac-like last chamber have been
continually recorded as separate taxa for
paleoecological studies and transfer functions.

Today, the most extensively used species
names for members of the plexus are G.
trilobus and G. sacculifer, but G. quadrilobatus
and G. immaturus are still commonly reported,
even in late Quaternary sediments (e.g.,
Spooner et al. 2005; Lim et al. 2006; Budillon
et al. 2009; Siani et al. 2010; Wilson 2012).
Until now, only 16 SSU sequences of the
Globigerinoides sacculifer plexus have been
published, 11 originating from a single location in the NW Pacific and the five remaining
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TABLE 1. Location of the sampling stations for Globigerinoides sacculifer with hydrographic data, collection and DNA
extraction methods, numbers of sequenced individuals and, in the case of stations with cloned specimens or replicates,
numbers of sequences (in italics). Data from the literature are also included. Numbers in brackets correspond to Orbulina
universa ITS-1 sequences.
Cruise
AMT-8
C-Marz

Eilat
Gyrafor A

Gyrafor B
KT06
Melville

OISO-4
Revelle
Meteor 69/1

Meteor74/1
Meteor78/1
Merian15/5
Poseidon321

Poseidon334
Curacao
Great Barrier Reef
Puerto Rico
Villefranche
KT02-15

Ocean

Station

Longitude

Latitude

Date

Atlantic
Atlantic
Atlantic
Atlantic
Atlantic
Atlantic
Red Sea
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Indian
Indian
Indian
Pacific
Indian
Indian
Indian
Indian
Indian
Indian
Indian
Indian
Indian
Indian
Indian
Indian
Pacific
Atlantic
Atlantic
Atlantic
Atlantic
Atlantic
Atlantic
Atlantic
Atlantic
Indian
Indian
Atlantic
Atlantic
Atlantic
Atlantic
Atlantic
Atlantic
Atlantic
Atlantic
Atlantic
Atlantic
Atlantic
Atlantic
Pacific
Atlantic
Atlantic
Pacific

10
13
1
3
4
5
N/A
B
E
G
H
K
N
P
S
T
F
I
L
N/A
1
2
10
11
12
16
17
18
20
2
4
17
6
N/A
323
324
366
N/A
N/A
395
N/A
955
957
164
222
238
N/A
175
179
181
185
N/A
67
N/A
N/A
N/A
N/A
N/A
Okinawa

21 W
21.34 W
69.2 W
60.3 W
54.3 W
54.7 W
34.6 E
162.5 E
162.6 E
162.51 E
162.5 E
162.5 E
161.11 E
160.4 E
161.88 E
162.66 E
80.216 E
73.16 E
67.38 E
N/A
23.7 E
24.5 E
52.6 E
59.8 E
59.8 E
78 E
78 E
83.7 E
89.9 E
53.3 E
53.23 E
66.24 E
130.98 W
5.46 W
5.51 W
5.39 W
0.31 W
2.45 E
2.44 E
2.31 E
2.43 E
67.6 E
64.4 E
83.38 W
64.28 W
60.14 W
4.13 E
21.27 W
22.29 W
22 W
20.14 W
19.30 W
20 W
20 W
68.56 W
N/A
67 W
7.18 E
145 E

22.55 N
30.28 N
33.33 N
24.5 N
19.5 N
14 N
29.3 N
23.02 S
14.83 S
9S
6.04 S
0
4.5 S
7.4 S
16.25 S
17.93 S
14.213 S
15.57 S
17.21 S
N/A
35.1 S
35 S
31.8 S
29.8 S
29.8 S
19.7 S
19.7 S
17.2 S
14 S
30 S
40 S
29.59 S
32.04 S
35.58 N
35.58 N
35.57 N
35.55 N
39.6 N
39.14 N
38.57 N
39.16 N
19.6 N
20.33 N
18.30 N
12.1 N
10.56 N
37.11 N
30.36 N
31.59 N
33 N
35.50 N
31.36 N
33 N
34.20 N
12.7 N
N/A
17.49 N
43.42 N
39 N

June 1999
June 1999
April 2006
April 2007
April 2008
April 2009
May 1999
June 2008
June 2008
June 2008
June 2008
June 2008
June 2008
June 2008
June 2008
June 2008
June 2007
June 2007
June 2007
May 2006
June 2003
June 2003
June 2003
June 2003
June 2003
June 2003
June 2003
June 2003
June 2003
Febr 2000
Febr 2000
Febr 2000
Febr 2000
August 2006
August 2006
August 2006
August 2006
August 2006
August 2006
August 2006
August 2006
Sept 2007
Sept 2007
March 2009
March 2009
March 2009
July 2010
May 2005
May 2005
May 2005
May 2005
March 2006
March 2006
March 2006
1996
1996
March 1995
Dec 1995
May 2002
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TABLE 1. Extended.

Gear

Mesh size

CTD

DNA buffer

No. of
SSU sequences

No. of
ITS-1 sequences

Published in

net
net
MOC net
ring net
ring net
MOC net
net
multinet
multinet
multinet
multinet
multinet
multinet
multinet
multinet
multinet
multinet
multinet
multinet
ORI net
plankton nets
plankton nets
plankton nets
plankton nets
plankton nets
plankton nets
plankton nets
plankton nets
plankton nets
net
net
net
net
surface pump
multinet
multinet
multinet
surface pump
surface pump
multinet
surface pump
multinet
multinet
multinet
multinet
multinet
multinet
multinet
multinet
multinet
multinet
surface pump
multinet
surface pump
net
scuba diver
net
net
NORPAC net

100 lm
100 lm
64 lm
64 lm
64 lm
64 lm
63-200 lm
100 lm
100 lm
100 lm
100 lm
100 lm
100 lm
100 lm
100 lm
100 lm
100 lm
100 lm
100 lm
330 lm
65 - 200 lm
65 - 200 lm
65 - 200 lm
65 - 200 lm
65 - 200 lm
65 - 200 lm
65 - 200 lm
65 - 200 lm
65 - 200 lm
100 lm
100 lm
100 lm
100 lm
63 lm
100 lm
100 lm
100 lm
63 lm
63 lm
100 lm
63 lm
100 lm
100 lm
100 lm
100 lm
100 lm
100 lm
100 lm
100 lm
100 lm
100 lm
63 lm
100 lm
63 lm
63-200 lm
64-500 lm
64-500 lm
63 lm

yes
yes
yes
yes
yes
yes
no
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no

GUAN
GUAN
GITC*
GITC*
GITC*
GITC*
GUAN
GITC*
GITC*
GITC*
GITC*
GITC*
GITC*
GITC*
GITC*
GITC*
GITC*
GITC*
GITC*
GITC*
GITC*
GITC*
GITC*
GITC*
GITC*
GITC*
GITC*
GITC*
GITC*
magic GUAN
magic GUAN
magic GUAN
GITC*
DOC
DOC
DOC
DOC
DOC
DOC
DOC
DOC
DOC
DOC
DOC
DOC
DOC
DOC
DOC
DOC
DOC
DOC
DOC
DOC
DOC
tris-EDTA
tris-EDTA
tris-EDTA
tris-EDTA
GITC*

3
1, 3
1
0
1
2
8
1
2
2, 8
1
2
1, 3
1
0
0
3
2
8, 14
2
2
1
2
3
4
3
1
2
2
4
2
3
1, 3
2
1
1
1
1
2
3
2
1
1
1
3
3
4
4
2
1
4
3
8
3
1
1
2
1
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2
1
3
0
1
2
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2
1
1
1
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3
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0
0
0
0
0
0
0
0
0
0
1, 5
1, 3
1, 5
0
1, 3
1, 3
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1, 2
0
0
0
0
0
3, 5
5, 11
0
0
0
0
0
0
0
0
0
0
0
0
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this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
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this study
this study
this study
this study
this study
this study
this study
this study
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this study
this study
this study
this study
this study
this study
this study
this study
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this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
Darling et al. (1996)
Darling et al. (1997)
de Vargas et al. (1997)
de Vargas et al. (1997)
Ujiie and Lipps (2009)
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FIGURE 2. Location of ship tracks, names of the various cruises, and sampling stations for individuals of the
Globigerinoides sacculifer plexus. Black circles represent stations where both SSU and ITS-1 sequences have been obtained;
white circles represent stations where only the SSU has been sequenced; open circles mark stations were only the ITS-1
has been sequenced. Details of all localities are given in Table 1. Colors indicate the relative abundance of the G. sacculifer
plexus in planktonic foraminiferal assemblages from surface sediments, interpolated from data in the MARGO database
(Kucera et al. 2005; MARGO Project Members 2009) and Siccha et al. (2009).

originating from the South Pacific (Coral Sea),
Atlantic (Caribbean Sea) and Mediterranean
(Wade et al. 1996; Darling et al. 1997; de
Vargas et al. 1997; Pawlowski et al. 1997; Ujiié
and Lipps 2009). All these sequences were
attributed to G. sacculifer. These sequences are
virtually identical, but the available data are
not sufficient to address the global diversification or to resolve the correlation between
morphological and genetic divergence in the
plexus. Here, we assess the rDNA genetic
diversity of the SSU and ITS regions from the
G. sacculifer plexus throughout the world
oceans. Single-cell DNA analyses are performed on 148 individuals representative of
all major morphotypes, i.e., Globigerinoides
trilobus, G. immaturus, G. quadrilobatus, and
G. sacculifer s.s. (Fig. 1). Such analyses allow us
to determine whether or not there is cryptic
diversity in G. sacculifer s.l. and to investigate
the congruence between genetic and morphological diversity within the plexus.
Material and Methods
Sampling.—Specimens of Globigerinoides sacculifer, G. immaturus, G. trilobus, and G.
quadrilobatus were collected from ring and
stratified plankton tows (64-lm to 200-lm
mesh sizes) and by pumping surface water
through a sieve with 64-lm mesh size (see
Table 1 for details). The sampling cruises took
place from 1995 to 2010 and covered almost

the entire geographic range reported for G.
sacculifer (Fig. 2). Right after sampling, live
specimens were taxonomically identified, in
most cases photographed and carefully picked
from the plankton, cleaned with a fine brush,
and transferred individually into a DNA
extraction buffer. Specimens were then stored
at 208C until further processing in the
laboratory. Hydrographic vertical profiles of
the water column were obtained at most
stations of collection by using temperature
and fluorescence sensors (Table 1).
DNA Extraction, Amplification, and Sequencing.—DNA extractions were performed using
DOC (Pawlowski 2000) and guanidinium
isothiocyanate (GITC*) DNA extraction buffers (e.g., Morard et al. 2009). The GITC*
method kept the calcareous shell intact after
DNA extraction for further morpho-genetic
comparisons. Polymerase Chain Reaction
(PCR) for both SSU and ITS-1 was performed
using proofreading VENTt polymerase (New
England Biolabs) and Thermus aquaticus YT-1
polymerase with 5 0 flap endonuclease activity
(New England Biolabs). A combination of
universal and foraminifera-specific primers
was used for the amplification of a fragment
of the 3 0 end of the SSU rDNA and for the
complete ITS-1 region (Table 2, Fig. 3). The use
of multiple primer pairs that were developed
in the course of the project helped us to
improve the amplification success rates (e.g.,
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TABLE 2. PCR primers used in this study for the amplification of the SSU and ITS-1 regions. The primers S19F_Orb and
5.8S_R1_For were used for the amplification of the ITS-1 of Orbulina universa (see Methods).
Primer name

Pair

Target
region

Amplicon
length (bp)

Published by

Sequence 5 0 –3 0

S19f
S15rf
S14p
SBf
saccv2F
saccv2R
S98f
S96f
5.8S7fp
saccITSF
saccITSR
S19F_Orb
5.8S_R1_For

S15rf
S19f
SBf
S14p
saccv2R
saccv2F
5.8S7fp
5.8S7fp
S96f/ S98f
saccITSR
saccITSF
5.8S_R1_For
S19F_Orb

SSU
SSU
SSU
SSU
SSU
SSU
ITS-1
ITS-1
ITS-1
ITS-1
ITS-1
ITS-1
ITS-1

~ 700
~ 700
~ 700
~ 700
~ 540
~ 540
~ 1200
~ 1200
~ 1200
~ 530
~ 530
~ 770
~ 770

New
New
Ujiié and Lipps 2009
Ujiié and Lipps 2009
New
New
New
New
New
New
New
New
New

CCCGTACTAGGCATTCCTAG
GTGCATGGCCGTTCTTAGTTC
AAGGGCACCACAAGAGCG
TGATCCATCAGCAGGTTCACCTAC
ACCACAAGCGCGTGGAGCAT
GCACGTGTGCAGCCCAGGAC
CCTCCGGAAAAAGGCTTATGCAGGCA
TGCAGGCATTTCACGTATGCTCCTATA
GTIAGTAAGGTGTTCCRCAGCC
CGCCCGTCGCTCTTACCAAT
ACCCGCCCATGGACCAATGT
CTAACTAGGAATGCCTYGTACGG
GGTAAGTAAGGTGTTCCRCAGCC

from 44% to 70% for the SSU). The reason for
obtaining sequences of the ITS-1 region was
the observation from species of non-spinose
planktonic foraminifera in which this region
showed higher rate of substitution and thus
allowed finer differentiation (de Vargas et al.
2001; Morard et al. 2011). The ITS-1 sequences
obtained here are the first from a species of
spinose planktonic foraminifera. Therefore, in
order to verify their attribution to the analyzed species, we have also generated ITS-1
sequences from two mature specimens of
Orbulina universa (Table 1; NCBI accession
numbers JQ004254 and JQ004255), which is
consistently placed in SSU rDNA phylogenies

as the sister species to Globigerinoides sacculifer
(Aurahs et al. 2009b). These two specimens
from the NE Atlantic and SE Pacific Oceans
were identified as the Mediterranean genotype (de Vargas et al. 1999) on the basis of
RFLP analyses. Their ITS-1 sequences were
obtained using two new specific primer pairs
shown in Table 2. For G. sacculifer, after
preliminary analysis of the first ITS sequences,
we created a primer set for a short fragment
within the ITS, covering the region where we
had located the positions with the highest
variability (Table 2). These shorter fragments
were cloned using the blunt end TOPOt PCR
cloning kit (Invitrogen) and sequenced with

FIGURE 3. Scheme of the SSU, ITS-1, and 5.8S regions of the planktonic foraminiferal rRNA genes showing the positions
of the amplified regions with appropriate primer pairs (gray lines) for Globigerinoides sacculifer. Variable and conserved
regions are shown in white and black, respectively. The gray region shows the position of the insert found in specimens
of G. sacculifer s.l. from the Atlantic Ocean. Neogloboquadrina dutertrei (NCBI EU199449) is taken as reference for SSU 5 0
end length (in pair base). SSU 3 0 end, ITS-1, and 5.8S lengths are based on sequences of G. sacculifer.
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the M13F/M13R standard primers. In addition to the SSU and ITS-1 PCR products that
were sequenced directly with the primers used
for amplification, we cloned the whole ITS-1
from seven individuals and the partial SSU
from two individuals from the Indian and
Pacific Ocean. All original sequence chromatograms were checked by eye for ambiguous
reads and sections of low quality of resolution.
Our detailed information about the sequence
coverage and length for each specimen can be
drawn from the online supplement (Supplementary Table 1). Additionally, sequences of
16 specimens were compiled from the literature for comparison (Table 1).
Phylogenetic and Phylogeographic Analyses.—
In a first manual alignment of the SSU and ITS
sequences, we noticed that direct sequences of
both regions contained a few ambiguous reads
or unique base changes, which were not
present in sequences obtained by cloning.
The overall incidence of the ambiguous reads
and unique base changes is extremely low and
close to the level that is expected from the
proofreading efficiency of the polymerases.
We have nevertheless kept this variability for
all subsequent phylogenetic analyses (Supplementary Table 1).
Both SSU and ITS-1 sequences were aligned
using MUSCLE v. 3.7 (Edgar 2004) and
ClustalW v. 2 (Larkin et al. 2007). The
Modeltest 0.1.1 software (Posada and Crandall
1998) was used to select the best-fit nucleotide
substitution model for each alignment according to the Akaike Information Criterion (AIC)
(Akaike 1974). Phylogenetic trees were computed using PhyML, version 3.0 (Guindon and
Gascuel 2003) and a Median-Joining network
(Bandelt et al. 1999) was obtained using
Splitstree v. 4.11.3 (Huson and Bryant 2006).
Matrices of patristic distances for the ITS-1
region (sum of tree-branch lengths on a path
between a pair of sequences) were then
generated with R, version 2.12.2 (R Development Core Team 2008) using the APE package
(Paradis et al. 2004) and expressed as percent
of nucleotide differences.
CHRONOS Database.—We searched the
NEPTUNE Database (www.Chronos.org,
search generated by R.A. using Chronos
XML on 18 October 2011) for reports of fossil

individuals of Globigerinoides sacculifer, G.
trilobus, G. immaturus, and G. quadrilobatus
from global marine sediments. The resulting
table listed all original taxonomic assignments, which comprise a combination of
various binomial and trinomial species names
(e.g., G. quadrilobatus immaturus, G. quadrilobatus s.l., G. trilobus sacculifera). Therefore, as far
as possible, we filtered the names according to
the taxonomic concept followed in this study.
Results
Altogether, we obtained DNA sequences
from 148 specimens of the Globigerinoides
sacculifer plexus from 54 stations (Supplementary Table 1). Of the specimens that were
taxonomically unambiguously assigned upon
collection, we obtained SSU rDNA and ITS-1
sequences corresponding to all four common
morphospecies of the plexus: G. sacculifer (n ¼
37), G. trilobus (n ¼ 29), G. immaturus (n ¼ 9),
and G. quadrilobatus (n ¼ 11) (Fig. 1; Supplementary Table 1). These new sequences are
deposited in Genbank with accession numbers
JQ004100 to JQ004175 and JQ995373 to
JQ995390 for the SSU region, and JQ004176
to JQ004253 and JQ973709 to JQ973734 for the
ITS-1 region.
Within the plexus, the new and previously
published SSU rDNA sequences (Supplementary Table 1) were virtually identical. Given
that multiple primer pairs were used for PCR
amplifications and sequencing (Table 2), three
partly overlapping subsets of sequences were
considered within our alignment (Fig. 3). The
longest subset covers the whole fragment (Fig.
3) and consists of 107 sequences, 49 of which
being completely identical. The second subset
covers the front part of the fragment and is
made of 138 sequences, 70 of which are
identical to the base. Finally, the third subset
covers the rear end of the fragment and is
made of 129 sequences, 105 of which are
identical to the base. In total, 65 sequences
differed by up to 19 nucleotide changes from
the consensus. In all cases except one, the
observed small differences showed no reproducible patterns. For five randomly selected
individuals that exhibited such differences,
three independent PCR and sequencing replicates were carried out. These confirmed the
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FIGURE 4. Comparison of the degree of divergence in the SSU, 5.8S, and ITS-1 sequences between the two sister species
Globigerinoides sacculifer (NCBI JQ004220) and Orbulina universa (NCBI JQ004254). Dots mark identical bases in aligned
regions; also shown are the lengths of the ITS-1 in base pairs (bp). The ITS-1 of O. universa and G. sacculifer are so
divergent from one another that they cannot be aligned. The inset below shows the difference in the sequence motive of
the ITS-1 between the dominant global haplotype and the Atlantic haplotype; dashes mark nucleotides that are missing
in the other sequence.

absence of reproducible nucleotide changes
within the replicated sequences (NCBI
JQ995381 to JQ995390) and indicated that
these changes, all located close to the 5 0 or 3 0
end of the sequences, represent amplification
or direct sequencing artifacts. The only repeatable pattern was found in one specimen from
the Caribbean Sea (NCBI JQ004126), which
showed a substitution pattern (4 bp) in the
SSU region identical to a sequence from the
same region published by de Vargas et al.
(1997). However, this individual carried an
ITS-1 sequence identical to those found
throughout the world oceans, and the significance of the substitution pattern in the SSU
region thus remains unclear.
The 107 ITS-1 sequences obtained from 71
different individuals showed a higher degree
of differentiation than the virtually identical
SSU sequences. In contrast to the genetic
homogeneity of the SSU rDNA, the ITS
sequences revealed an interesting geographical signal and confirmed the presence of intraindividual variability in the analyzed gene
complex. The clones of eight individuals
assigned upon collection to G. sacculifer and
G. trilobus from the Atlantic Ocean showed a
unique substitution pattern in the ITS-1 (Fig.
4). This exclusively Atlantic haplotype was
associated with clones from the same specimens that yielded the dominant globally
distributed ITS haplotype, suggesting intraindividual variability in these specimens. In
the direct sequences and clones of the ‘‘global’’

ITS-1 haplotype, only small variation at nine
positions has been found (Fig. 5). In these
sequences, the variable sites are located at the
same positions, but show various permutations of character states. These permutations,
also found among clones of the same individuals, are consequently consistent with the
existence of intra-individual variability.
None of the observed small differences in
the SSU and in the ITS-1 are linked with
morphological differentiation between individuals that were attributed to one of the
Globigerinoides trilobus, G. quadrilobatus, G.
immaturus or G. sacculifer s.s. morphotypes
(Fig. 6). An ANOSIM nonparametric test
(Clarke 1993) indicates that there is no
correlation between genetic distance and
morphology (R ¼ 0.010; p(R ¼ 0) ¼ 0.565
[10,000 permutations]).
Discussion
Genetic Diversity in Globigerinoides sacculifer.—The results of our survey of the G.
sacculifer plexus are in stark contrast with the
expectation based on other species of planktonic foraminifera. All extensively genetically
studied morphospecies of modern planktonic
foraminifera have so far revealed the presence
of more than one distinct genetic type (see
review in Darling and Wade 2008). The
absence of genetic variability in the SSU rDNA
region within the global population of the
plexus contrasts with the large differences
among genetic types in all other intensively
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FIGURE 5. A, SSU-based phylogenetic tree for all available sequences (Supplementary Table 1) of the Globigerinoides
sacculifer plexus using the three genotypes of Orbulina universa as outgroup. For details see Material and Methods. B,
Median-joining network based on a manual alignment of 594 bp in the ITS-1 region of 78 sequences of the G. sacculifer
plexus. Calculation of this haplotype network excludes all parsimony-uninformative sites. The original output was
manually modified for legibility. Lines represent substitutions between haplotypes; gray lines connect haplotypes that
may be encountered in the same individual; dotted lines, not to scale, indicate more than three substitutions (number
given close to the lines). Size of the circles is proportionate to the number of sequences per haplotype. The largest
haplotype difference (34 substitutions) is a result of two inserts and one deletion, as shown in Figure 4.

studied spinose planktonic foraminiferal species (Göker et al. 2010). However, this alone
cannot be taken as unambiguous evidence for
the absence of genetic types. In the nonspinose planktonic foraminiferal species Truncorotalia truncatulinoides (de Vargas et al. 2001)
and Globoconella inflata (Morard et al. 2011),
inter-genotype variability consistently appears
at the level of the faster-evolving ITS-1 region.
To exclude the possibility that genetic
differentiation in the Globigerinoides sacculifer
plexus is also first manifested in this region,
we have supplemented the SSU rDNA survey
with a large data set of partial and complete
ITS-1 sequences. These ITS-1 sequences show
a higher degree of variability than the SSU
data, which appears in two different ways.
First, one consistent sequence pattern (haplotype) was found only in the Atlantic, and
second, a number of minor variations (SNPs)
were found throughout the world ocean (Fig.
5). This degree of variation is consistent with a
population-level signal, and the number of
substitutions separating individuals is more
than 15 times lower than among ITS-1
genotypes of both Truncorotalia truncatulinoides
and Globoconella inflata (Table 3, Fig. 6), which

constitute the only reference points for this
rDNA array. The available ITS-1 data on the G.
sacculifer plexus thus do not indicate the
presence of distinct genetic types and the
observed variability is not correlated with
morphological taxonomy within the plexus.
Morphological Taxonomy versus Genetic Divergence.—Similar lack of rDNA diversity has
been documented in several deep-sea benthic
foraminifera (e.g., Tsuchiya et al. 2009; Majewski and Pawlowski 2010), but until now, all
detailed morphogenetic comparisons in
planktonic foraminifera indicated a higher
degree of genetic differentiation than that
suggested by morphological taxonomy (Huber et al. 1997; Darling et al. 2006; Morard et
al. 2009, 2011; Aurahs et al. 2011; Quillévéré et
al. 2013). This would suggest that morphological taxonomy consistently underestimates the
biological diversity in planktonic foraminifera,
a pattern reported from many other groups of
organisms (e.g., Bickford et al. 2007). If this
pattern could be extrapolated into the fossil
record and if the relationship between morphological taxonomy and genetic divergence
remained similar, then the fossil record of
planktonic foraminifera could indeed be used
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FIGURE 6. MUSCLE alignments-based ITS genetic diversity within the Globigerinoides sacculifer plexus and within
the morphospecies Truncorotalia truncatulinoides and Globoconella inflata (data from de Vargas et al. 2001 and
Morard et al. 2011, respectively). Box plots give the mean
(black circles), 1st through 3rd quartiles (open rectangles),
and 95% confidence interval (lines) patristic distance
values expressed as percent of nucleotide changes within
the entire plexus (G. sacculifer s.l.) and within each of the
four morphotypes of the plexus. For T. truncatulinoides and
G. inflata, the patristic genetic distances within genotypes
(Types I to IV of T. truncatulinoides, Types I and II of G.
inflata) are also given. Note the changes in the left-hand
scale of patristic distances.

to infer processes at the level of biological
species. Our results challenge this assumption
by showing that at least in one case in the
modern planktonic foraminifera, the degree of

genetic differentiation is lower than that
suggested by morphological taxonomy. The
existence of at least four morphological
species (Fig. 1), of which at least two have
been extensively used for modern members of
the Globigerinoides sacculifer plexus (i.e., G.
sacculifer [s.s] and G. trilobus), contrasts with
the lack of genetic differentiation in the
studied gene regions. This implies that the
morphological variability within the plexus
has been, so far uniquely among planktonic
foraminifera, taxonomically over-interpreted.
To underline the anomalous lack of genetic
differentiation within the Globigerinoides sacculifer plexus, we have compiled data on the
number of genetic types, number of synonyms, ages, and abundances of seven morphospecies of modern spinose planktonic
foraminifera for which extensive genetic data
are available (Fig. 7). Whereas there does not
appear to be any relationship between the
number of genetic types and abundance
(expressed as mean number of CHRONOS
reports of the species per million years), we
observe positive correlation between the number of genetic types and age of the morphospecies and the number of synonyms that exist
for the morphospecies. In both cases, G.
sacculifer deviates from the general relationship. Interestingly, next to G. sacculifer, the
largest deviation from the relationship is
shown by Orbulina universa, the sister species
to G. sacculifer. When both species are
removed, the coefficients of determination
increase from 0.09 to 0.73 for species age and
from 0.27 to 0.87 for the number of synonyms
(Fig. 7). We note that the estimate of the

TABLE 3. Patristic genetic distances (in percent) among morphospecies (and among cryptic species for Truncorotalia
truncatulinoides and Globoconella inflata) derived from Muscle and Clustal W automatic alignments. Clustalw þ G-block
represents Clustal alignments cured using the G-block software. Regular and bold characters for mean and maximum
distances, respectively. Distances above 100% are underlined.
ITS
Globigerinoides sacculifer
Truncorotalia truncatulinoides
Type I
Type II
Type III
Type IV
Globoconella inflata
Type I
Type II

MUSCLE
0.77
34.1
1.53
2.58
2.86
1.65
11.8
6.62
7.6

/
/
/
/
/
/
/
/
/

4.93
63.6
2.20
6.36
5.96
2.35
37.3
25.3
23.4

Clustal W
0.77
61.5
1.54
2.32
2.77
1.46
44.3
8.53
43.1

/
/
/
/
/
/
/
/
/

4.34
126
2.10
5.40
6.85
2.10
167
36.8
149

Clustal W þ G-block
1.10
41.8
1.20
1.82
1.85
0.92
18.8
4.20
16.90

/
/
/
/
/
/
/
/
/

3.49
82.7
1.92
4.35
4.35
1. 65
87.2
16.7
81.5
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FIGURE 7. Relationships between the number of reported SSU rDNA genotypes in the seven extensively studied spinose
planktonic foraminiferal morphospecies and the average number of the morphospecies reports per million years from
the CHRONOS database (A), the age of the morphospecies (after Kucera and Schönfeld 2007; Aurahs et al. 2011) (B), and
the number of junior synonyms for the morphospecies collated from the literature (open symbols: Saito et al. 1981;
Kennett and Srinivasan 1983) and from the CHRONOS database (black symbols) (C). Dotted lines in B and C indicate
linear regressions for all species (in C for literature synonyms); solid lines indicate linear regressions without G. sacculifer
and O. universa (see text). Coefficients of determination for regression without those two species are significant at the 5%
level (t-test for r ¼ 0), but we note that the sample size in this case is too small for a robust statistical assessment.

number of synonyms for each of the analyzed
species is fraught with a considerable level of
subjectivity. For example, when only synonyms that appear in the CHRONOS database
are used, the deviation of O. universa and G.
sacculifer from the rest of the test group
remains, but the correlation within the rest of
the test group is much weaker.
Although observations are not phylogenetically independent, and although the sample
size is small for a robust statistical analysis,
these results suggest that the number of
genetic types in planktonic foraminiferal
morphospecies is generally proportionate to
the age of the morphospecies (thus opportunity for speciation) and the number of
synonyms (thus indication for morphological
divergence), but that this relationship does not
apply (or is offset) for the members of the
Orbulina universa–Globigerinoides sacculifer
clade. Either some types of morphological
variability in planktonic foraminifera are more
prone to taxonomic treatment or there exists
an objective difference in the rate of biological
speciation among clades of planktonic foraminifera. Either way, the fact that the relationship between morphological and genetic
diversity in planktonic foraminifera is not
consistently scaled implies that the fossil
record of this group does not necessarily
reflect species-level processes, contrary to the
assumption of many paleobiological studies.

Significance of Morphological Variation in the
Globigerinoides sacculifer Plexus.—The lack of
correlation between morphological features of
the shell used in taxonomic concepts within
the G. sacculifer plexus and actual genetic
differentiation requires an alternative explanation for the observed morphological variability. One clue to the meaning of the
morphological variation within the plexus
could potentially come from the fossil record.
To this end, we have compiled data on the
occurrence of the four main members of the
plexus (Fig. 1) from the CHRONOS database
of species occurrence records in deep-sea
sediments (Fig. 8). We realize that these data
reflect a combination of objective morphological observations and subjective usage of the
four taxonomic concepts. Seen from this
perspective, the data indicate that the four
taxonomic concepts have been applied to
fossil specimens throughout the stratigraphic
range of the plexus, beginning almost immediately after the oldest records of the plexus.
The most commonly used labels for members
of the plexus have been G. trilobus and G.
sacculifer, with G. immaturus consistently being
rarely used and G. quadrilobatus being used
preferentially in the Miocene. The latter two
names have apparently never been used in the
Atlantic Ocean (Fig. 8). If the taxonomic
concepts of the four members of the plexus
were used consistently by the workers whose
biostratigraphic data are compiled in the
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FIGURE 8. Analysis of stratigraphic occurrences of the four main members of the Globigerinoides sacculifer plexus as
recorded in the CHRONOS database (see Material and Methods). The left-hand diagram shows total occurrences averaged
per 1-Myr intervals on a logarithmic scale. The right-hand diagram plots the actual dated record separately for the three
main ocean basins.

CHRONOS database, then one could conclude
that the morphological variability encompassed in these four taxonomic concepts (Fig.
1) has been a persistent feature of the plexus
throughout its existence. Combined with the
observed lack of correlation between morphology and genetic distinction, the fossil data
thus appear to support the conclusion that the
morphological traits used to define the four
main taxonomic concepts within the plexus
are not evolutionarily relevant.
Instead, the morphological variability could
reflect marked differences in morphology
during the individual growth, which becomes
differentially expressed in individuals of different sizes. This argument is supported by
the apparent differences in shell size among
the species holotypes, where the honeycomb
wall structure in relation to shell size is
considerably less prominent in Globigerinoides
sacculifer and G. quadrilobatus than in the other
two species. This difference is also reflected in
the individuals from our collection displayed

in Figure 1. The specimens in our collection
that we identified as G. trilobus and G.
immaturus were significantly smaller in size
than the G. quadrilobatus and G. sacculifer
specimens. Indeed, culturing experiments
and observations in the plankton from the
Red Sea have been interpreted by Hemleben et
al. (1987) as evidence that the sac-like terminal
chamber that characterizes the morphotype G.
sacculifer s.s. is an ontogenetic feature, not
developed on all individuals that reach reproductive maturity.
Alternatively, the morphological variability
within the plexus could represent an ecophenotypic signal, with different morphologies
being expressed under different environmental conditions. The ecophenotypic plasticity is
a typical feature of species of planktonic
foraminifera (e.g., Kennett 1976). For the
Globigerinoides sacculifer plexus, Hecht (1974)
studied the distribution of specimens with the
sac-like final chamber as well as the morphology of specimens without the sac-like cham-
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FIGURE 9. The left-hand panel shows the abundance of Globigerinoides sacculifer with and without the sac-like terminal
chamber in surface sediments of the North Atlantic plotted against caloric summer SST at 10 m depth (abundance and
SST data from Kucera et al. 2005). The right-hand panel shows the proportion of specimens without the sac-like chamber
in all samples where the abundance of both forms together was higher than 5% in the assemblages; the line shows linear
regression; its statistical significance is shown in the figure.

ber. He concluded that the abundance of the
sac-like chambers within the plexus increased
toward the tropics. This observation is clearly
supported by an analysis of the MARGO
North Atlantic data set of coretop abundances
(Fig. 9). Specimens with and without the final
sac-like chamber occur within the same range
of temperatures, but the abundance of the G.
sacculifer s.s. morphotype increases with temperature. It is therefore likely that the manifestation of some or all of the morphological
types within the plexus reflects a combination
of the existence of different ontogenetic
growth stages, which are differentially
reached under different environmental conditions. As a consequence, our results imply that
all modern representatives of the plexus
should be treated as members of a single
biological species. Of the four main members
of the plexus, G. sacculifer is the only one
whose original description (Brady 1877) refers
to it as occurring in the modern plankton, all
other names referring exclusively to fossil
material. By the principle of priority, the name
G. quadrilobatus (d’Orbigny 1846) should be
considered the senior synonym for the plexus.
However, because we cannot entirely exclude
the possibility that the fossil representatives of
the plexus with different morphologies could
represent different species, we propose that
the name G. sacculifer be used for all modern
specimens of the plexus. The use of ‘‘with sac’’
or ‘‘without sac’’ (i.e., presence or absence of a
sac-like final chamber) should be used solely

as the description of morphotypes within this
species.
Global Dispersal and Gene Flow in Globigerinoides sacculifer.—The fact that same haplotypes on the SSU and ITS-1 sequences in G.
sacculifer are found globally, throughout the
subtropical and tropical habitat of the species,
implies either ongoing and effective gene
flows or an extremely reduced substitution
rate (see also Darling et al. 1999). The latter
hypothesis is not consistent with the observed
existence of insertion and deletion and polymorphic sites in the ITS-1 region in the species
(Fig. 5), which indicates ongoing intra-population differentiation. In addition, G. sacculifer
and Orbulina universa consistently cluster as
sister species in SSU rDNA phylogenies
(Darling et al. 1997; de Vargas and Pawlowski
1998; Aurahs et al. 2009b), but their ITS-1
sequences are so derived that they cannot be
aligned (Fig. 5). As a consequence, we
conclude that the lack of geographic differentiation in G. sacculifer probably does not result
from a slowdown in evolutionary rate. Instead, the data appear more consistent with
the existence of an ongoing (or very recent)
effective gene flow among the partly disjunct
warm-water populations of the species between the Indo-Pacific and the Atlantic.
Because planktonic foraminifera are passively
dispersed by surface currents, this conjecture
implies that the transport of specimens or
propagules of this species by the Agulhas
Current and Agulhas Rings from the Indian
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FIGURE 10. Modern (A) and last glacial maximum (B) summer sea-surface temperatures (data from the MARGO Project
Members [2009]) in the Atlantic and Indian Oceans around southern Africa. The right-hand maps show relative
abundances of the Globigerinoides sacculifer plexus (i.e., including specimens with and without sac-like final chamber) in
planktonic foraminiferal assemblages from surface sediments (C) and last glacial maximum sediments (D). Each symbol
represents one locality. The abundance data are from Kucera et al. (2005) and Barrows and Juggins (2005).

Ocean into the South Atlantic is effective
enough to saturate the Atlantic population
with specimens carrying Indo-Pacific haplotypes.
Indeed, Peeters et al. (2004) report large
standing stocks of Globigerinoides sacculifer
from plankton nets samples retrieved in
isolated Agulhas Rings in the Southern Atlantic. The passive transport of this species into
the Atlantic is clearly visible in the pattern of
its abundance in surface sediment samples
(Fig. 10). Considering the pattern of surface
current flow between the two oceans (Beal et
al. 2011), the advection of G. sacculifer between
the Indo-Pacific and the Atlantic is at present
mainly unidirectional. In fact, the transport is

likely to have remained unidirectional since
the closure of the Panama Isthmus in the
Pliocene (Groeneveld et al. 2006).
The unidirectionality of the gene flow in
Globigerinoides sacculifer from the Indo-Pacific
into the Atlantic is consistent with the
occurrence of an exclusively Atlantic ITS-1
haplotype (Fig. 5). We hypothesize that this
haplotype originated in allopatry, during an
intermittent isolation of the Atlantic Ocean,
but its evolution was not associated with the
development of intrinsic reproductive isolation mechanisms, such that inbreeding was
not prevented upon secondary contact with
the Indo-Pacific population. This is evidenced
by the fact that the Atlantic haplotype occurs
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together with the dominant global haplotype
in the same specimens. Considering that it is
only found in the faster-evolving ITS-1 and
does not correspond to a differentiation signal
in the SSU, and that there is no evidence for
genetic recombination between the haplotypes, we conclude that its occurrence reflects
a recent isolation event. The most recent
opportunity for isolation between the IndoPacific and the Atlantic (sub)tropical water
masses occurred during the last glacial maximum, when the circum-Antarctic currents
were displaced toward the north and constricted the Agulhas exchange (Flores et al.
1999; Peeters et al. 2004; Bard and Rickaby
2009; Beal et al. 2011). The chance for
westward advection of individuals of G.
sacculifer around the Cape was thus considerably reduced, as the environment that had to
be crossed to reach the Atlantic became too
cold (Fig. 10), close to the temperature
tolerance of the taxon (14–328C [Bijma et al.
1990]). The resulting restriction of the passive
transport of G. sacculifer around the Cape is
reflected in the abundance of this species in
deep-sea sediments from the region that have
been dated to the last glacial maximum (Fig.
10).
In this model, the intermittent restriction of
the gene flow between Indo-Pacific and
Atlantic populations of Globigerinoides sacculifer on glacial/interglacial time scales would
have been too short to result in the evolution
of distinct SSU genetic lineages. If the propensity of G. sacculifer to maintain an effective
gene flow between the two basins during
interglacials has been a persistent attribute of
the species throughout its existence, then these
two mechanisms combined could explain why
only a single global SSU genetic type is found
today within the G. sacculifer plexus. The only
other plausible explanation for the lack of
genetic differentiation would be the existence
of a recent population bottleneck. Here, any
genetic variability that had developed over
time in the G. sacculifer plexus would have
been reset by an extinction event, sparing only
a small, genetically homogeneous population
from which all the modern representatives
would have descended. Low levels of genetic
diversity have been shown in planktonic

foraminifera thought to have undergone such
recent bottlenecks (e.g., Aurahs et al. 2009a).
However, the fossil distribution of the G.
sacculifer plexus does not indicate any evidence for a population bottleneck (Figs. 8, 10).
To our knowledge, in the literature, such an
event has never been reported for G. sacculifer
at any time throughout the existence of the
species.
Conclusions
Our survey of the genetic variability in the
modern representatives of the Globigerinoides
sacculifer plexus reveals the existence of a
single genetic type. The lack of cryptic genetic
diversity is in stark contrast to the morphological variability and the usage of multiple
taxonomic concepts for members of this
plexus. Our results imply that at least in the
modern plankton, the morphospecies G. sacculifer, G. immaturus, G. trilobus, and G.
quadrilobatus all correspond to a single biological species with a cosmopolitan distribution.
In paleoceanographic reconstructions based
on morphological and/or chemical signals in
the fossil shells of planktonic foraminifera, the
assumption is indirectly made that each
morphospecies corresponds to a biological
species adapted to a unique habitat and
possessing unique biomineralization physiology. Over the last decade, this assumption has
been called into question by extensive genetic
surveys, which revealed the existence of
multiple distinct and differentially adapted
genetic types within individual morphospecies (de Vargas et al. 1999, 2002; Darling and
Wade 2008; Morard et al. 2009; Quillévéré et
al. 2013). In the case of G. sacculifer, the
assumption of the congruence between morphological and biological species is violated in
the opposite direction: multiple morphotypes
correspond to a single species. This observation is significant because it shows not only
that the morphological taxonomy does not
reflect genetic differentiation, but also that the
scaling between the two may be inconsistent.
The lack of geographic structuring among
the surveyed specimens is interpreted as
evidence for an effective gene flow from the
Indo-Pacific into the Atlantic tropical and
subtropical habitats of the species. The exis-
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tence of an exclusively Atlantic ITS-1 haplotype indicates that this gene flow can be
intermittently reduced, most likely during
glacial intervals, but the latest disruption
apparently has not been sufficient to result in
speciation. If the propensity for ‘‘genetic
homogenization’’ following short periods of
isolation was a persistent feature in the
evolutionary history of the species, then the
fossil record of the G. sacculifer plexus could be
interpreted as the occurrence of a long-ranging
single, ecologically successful, morphologically variable lineage.
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Rönnfeld, N. Buchet, Y. Gally, and L. Licari
for technical assistance and G. W. Grimm for
comments on the manuscript. Y. Ujiié is also
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Abstract
Morphologically defined species of marine plankton often harbor a considerable level of cryptic diversity. Since many
morphospecies show cosmopolitan distribution, an understanding of biogeographic and evolutionary processes at the level
of genetic diversity requires global sampling. We use a database of 387 single-specimen sequences of the SSU rDNA of the
planktonic foraminifera Globigerinella as a model to assess the biogeographic and phylogenetic distributions of cryptic
diversity in marine microplankton on a global scale. Our data confirm the existence of multiple, well isolated genetic
lineages. An analysis of their abundance and distribution indicates that our sampling is likely to approximate the actual total
diversity. Unexpectedly, we observe an uneven allocation of cryptic diversity among the phylogenetic lineages. We show
that this pattern is neither an artifact of sampling intensity nor a function of lineage age. Instead, we argue that it reflects an
ongoing speciation process in one of the three major lineages. Surprisingly, four of the six genetic types in the hyperdiverse
lineage are biogeographically restricted to the Indopacific. Their mutual co-occurrence and their hierarchical phylogenetic
structure provide no evidence for an origin through sudden habitat fragmentation and their limitation to the Indopacific
challenges the view of a global gene flow within the warm-water provinces. This phenomenon shows that passive dispersal
is not sufficient to describe the distribution of plankton diversity. Rather, these organisms show differentiated distribution
patterns shaped by species interactions and reflecting phylogenetic contingency with unique histories of diversification
rates.
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the differentiation of allopatric sister lineages. If dispersal is not the
primary restriction and species interaction is of subdued importance, then distribution of species should reflect the spatial
realization of suitable niches. If, however, species interactions
are important then the occupancy of the realized niches will be
influenced by competitive exclusion, leading to a pattern of niche
incumbency. Because of the manifest differences among the
predictions of these three scenarios, an observed species biogeography could in theory be used to draw conclusions about the
importance of dispersal and species interactions for the distribution
and diversity of marine plankton.
Because of the prevalence of cryptic speciation and the often
cosmopolitan distribution of morphospecies in plankton, an
assessment of these three end-member scenarios for biogeographic
patterns requires an extensive global sampling of genetic diversity,
covering the entire range of the studied lineage. Here we use the
genetically most diverse morphospecies of planktonic foraminifera
as a model to assess global biogeography of DNA-delineated
cryptic species in view of these scenarios. Most morphospecies of

Introduction
In many groups of marine microplankton, morphologically
defined species tend to underestimate diversity [1,2]. Cryptic
speciation is prevalent in these groups, manifested in genetic
differences that are not accompanied by the development of
morphologically divergent traits [3]. In consequence, diversity
patterns and species biogeography derived from observations of
morphospecies may not reflect processes at the level of biological
species.
This observation has consequences for the interpretation of
biogeographic patterns of marine microplankton. At the morphological level, species often appear globally distributed, but their
constituent cryptic lineages may show more differentiated patterns
[4]. In theory, such spatially structured distribution may reflect
either dispersal limitation, differential adaptation or niche
incumbency [5,6]. The fundamental difference among these
scenarios lies in the ubiquity of gene flow and in the importance
of species interactions. Under dispersal limitation, genetic drift
associated with the establishment of abiotic barriers may lead to
PLOS ONE | www.plosone.org
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planktonic foraminifera have a cosmopolitan distribution within
their preferred temperature range [7] and evidence exists that
gene flow in these obligate sexual outbreeders occurs on a global
scale [8,9]. On the other hand, there is abundant evidence that
morphospecies of planktonic foraminifera represent complexes of
reproductively isolated but morphologically indistinguishable
cryptic species [4]. In most cases such cryptic species reveal
restricted distribution patterns, indicating that biogeographies of
morphospecies in this group are not representative for processes at
the level of biological species [10–12].
Earlier studies of the phylogeography of planktonic foraminifera
attempted to identify the pattern of speciation that has led to the
observed distribution or the environmental factors influencing it,
but the importance of biological interactions has been largely
overlooked [4,13,14]. Aurahs et al. [10] first noted that the
distribution of genetic lineages of Globigerinoides ruber could be best
explained by competitive exclusion and the concept was then used
by Seears et al. [15] to explain the occurrence of genetic types of
planktonic foraminifera in the Arabian Sea.
In this study we present the results of a global survey on
the foraminifera lineage Globigerinella [16], which is abundant in the
surface waters in tropical and subtropical provinces throughout the
world ocean (Fig. 1). The dominant morphospecies in this lineage,
G. siphonifera tolerates a temperature range from 11uC to 30uC and a
salinity range from 27–45% [17] and it is limited vertically to the
euphotic zone due to its association with symbionts. In the modern
ocean, Globigerinella calida [18] has been described as its sister species,
but it is morphologically similar and its status as a separate species
remains unclear. This study includes specimens that have been
assigned to that species name as well. Within the typical G. siphonifera
morphology, two divergent types were distinguished by different
cellular morphology and symbionts [19,20], and potentially also by
morphological, physiological, chemical and genetic differences
[21,22]. The high degree of variability in the G. siphonifera lineage
is reflected in its genetic diversity. Analyses of the small ribosomal
subunit RNA gene (SSU rDNA), which is part of the only gene
complex known so far in planktonic foraminifera, identified a large
number of genetic lineages, which show no evidence for introgression and are typically considered as cryptic species [4,21–24]. Based
on these data, the G. siphonifera group appears to be the most
genetically diverse lineage of modern planktonic foraminifera [4].
Although the existing sampling has been far from exhaustive, it
seemed to indicate that individual cryptic genetic lineages within
G. siphonifera are cosmopolitan [4], but their proportions vary with
surface ocean properties [23]. Such distribution could be
explained by a combination of unlimited dispersal and differential
adaptation, but it remains uncertain whether it stands the test of
global sampling. Here we analyze SSU rDNA sequence data from
a global survey that covers the distribution range of G. siphonifera
both latitudinally, across the tropical and subtropical oceans and
their satellite semi-isolated marginal seas (Fig. 1) in order to study
its biogeography and draw conclusions on the emergence of the
observed high genetic diversity.

Sampling
Specimens of Globigerinella siphonifera were collected during 26
expeditions between 1996 and 2012 covering all seasons and water
depths from the surface to 700 m (Table S1). The sampling
represents a combination of plankton hauls during ship cruises,
including stratified sampling, with nearshore collections by small
nets and scuba diving. Mesh size varied from 100 to 200 mm. In all
cases, individual foraminifera were separated from the rest of the
plankton and taxonomically identified using stereomicroscopes.
Living specimens still containing cytoplasm were cleaned using a
brush and either transferred to 1.5 ml tubes for direct DNA
extraction or air-dried on cardboard slides and stored at 220 or
280uC until further processing. In addition, the dataset was
enhanced by inclusion of 45 sequences of G. siphonifera available in
GenBank (Table S1). In order to resolve the phylogeny of the G.
siphonifera sequences, to root the tree, and to estimate divergence
times among the main lineages, we have attempted to obtain SSU
rDNA sequences of the sister species Beella digitata. Eight specimens
of that species have been collected from plankton nets in the
Western Mediterranean (Table S1).

DNA extraction, amplification and sequencing
DNA extraction followed either the DOC protocol of
Holzmann & Pawlowski [25], during which the shell is dissolved,
the guanidine method [26] or an urea method where the DNA is
extracted in a mixture of 100 mM Tris (pH 8), 100 mM NaCl,
1% Sarcosyl, 8 M Urea and 2 mM TCEP, kept at room
temperature. The latter two methods allow preservation of the
shell. Polymerase chain reaction (PCR) was used to amplify a
,350 to 1000 bp fragment of the 39 end of the SSU rDNA either
using the proofreading VentH polymerase (New England Biolabs)
or Taq DNA Polymerase (Qiagen). The amplified fragments
include all sequence sites necessary to differentiate between the
genetic lineages of G. siphonifera. Details on extraction, amplification and primers for all individuals are given in Table S1. PCR
products were purified using the QIAquick gel extraction kit
(Qiagen), WizardH PCR clean up (Promega) or DNA Gel
Extraction Kit (Millipore). Products were sequenced directly by
external service providers (Agowa, Berlin and University of
Edinburgh Gene Pool). In order to constrain intra-individual
variability, eight individuals from different regions were cloned
using the Zero BluntH TOPOH PCR Cloning Kit (Invitrogen) with
TOP10 chemically competent cells. Sequence chromatograms
were checked manually for ambiguous reads and corrected where
possible. All new sequences longer than 200 bp were submitted to
GenBank (http://www.ncbi.nlm.nih.gov/; accession nos.:
KF769560-KF769948).

Delineation of genetic lineages
The primary sequence alignment was carried out in MAFFT v.
6.935b [27] using the option -auto, which allows the program to
decide on the optimal alignment algorithm (Alignment S2 in
File S1). Aurahs et al. [28] have shown that MAFFT handled best
the particular sequence structure of foraminiferal SSU rDNA out
of six alignment programs tested. The alignment was used to
define the main genetic lineages and to group identical sequences
(here referred to as ‘ribotypes’ (RT)), which present the same
combination of certain sequence motifs within the amplified
fragment of the SSU rDNA. This analysis identified the presence
of three main lineages, which further split into up to seven clades.
The initial automated alignment was split into three subalignments
corresponding to the three main genetic lineages (Alignments
S4–6 in File S1). For each subalignment sequence chromatograms were checked by eye for sequencing errors, sequence ends

Materials and Methods
Ethics statement
The field collections carried out for the purpose of this paper did
not involve endangered or protected species. Locations of all
sampling stations are given in Table S1. The sampling was
carried out in open ocean and followed the regulations for the
exclusive economic zones (EEZ) of the coastal countries, provided
for each expedition by the respective authority. No specific
permission was required to collect the analyzed plankton.
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Figure 1. World map indicating the distribution of the target species and sampling sites for this study. Gray shading indicates the
relative abundance of Globigerinella siphonifera as it is found in planktonic foraminiferal assemblages from surface sediments interpolated from data
in the MARGO database [64] by Ocean Data View [65] in default projection. Black lines show the borders of occurrence with a threshold of 1%. White
circles indicate the sampling stations of all samples included in this study. Diagonal lines indicate areas where no data are available.
doi:10.1371/journal.pone.0092148.g001

were trimmed and length-polymorphic regions were left-aligned
by default in MESQUITE v. 2.75 [29]. The SSU rDNA of
foraminifera is characterized by the occurrence of highly lengthpolymorphic regions (LPR) in the core structure, which hinder the
computation of straightforward alignments with consistent homology of individual base pairs [28]. The number of inferred
parsimonious changes in these regions would be highly depending
on the alignment, the hypothetical homology of individual sites.
Therefore, we opted for treating each LPR as a single, complex
character (an oligonucleotide motif) in the ribotype analysis
instead.
Due to the different length of the individual accessions, and the
particular nature of foraminifer expansions segments, the direct
application of median-joining networks [30] to establish relationships between ribotypes of each major genetic lineage was not
feasible. Instead ribotypes were analyzed based on the variable
positions in each subalignment. Differing sequence patterns (point
mutations and LPR motifs) were coded as a binary matrix, in
which characters with more than two states were represented by a
corresponding number of half-weighted binary characters. A point
mutational pattern involving the nucleotides A, C, and G would be
coded as 1 0 0, 0 1 0, and 0 0 1 using three characters with a
weight of 5 instead of the standard weight of 10. LPR motifs were
coded accordingly at this step. Mutation patterns that were only
present in a single sequence were not considered separately, but
merged with the nearest ribotype for abundance analysis. The
resultant binary matrices comprising up to 19 ribotypes were then
analyzed using NETWORK v. 4.5 (Fluxus Technologies Inc.) to
compute median-joining (MJ) networks [30].
The recognition of ribotypes allowed us to structure the genetic
diversity within G. siphonifera between the level of the three main
lineages and the ribotypes into discrete and objectively defined
genetic types, using a threshold of three mutational events.
Ribotypes separated by three or fewer mutational events were
considered to belong to the same genetic type. Earlier studies
reported the existence of different ribotypes within the genome of
one single individual in some but not all species of foraminifera
[31]. Consistent with earlier investigations of intraindividual
PLOS ONE | www.plosone.org

variability within the spinose planktonic clade [8], in our study,
only one ribotype per individual was found, which was apparent
by the lack of ambiguous sequence reads and was verified by
cloning, which revealed identical sequences within single individuals. The apparent lack of hybridization among the ribotypes
would suggest that they may represent genetically isolated units.
However, we cannot entirely exclude the existence of hybrids with
the present data because of insufficient cloning depth. Therefore,
to avoid an over-interpretation of the genetic diversity and arrive
at a number of distinguishable lineages, we reserve the (cryptic)
species rank for genetic types.

ML tree inference and bootstrapping
To resolve the phylogenetic relationships of the G. siphonifera
lineages and B. digitata to the rest of the planktonic foraminifera,
the MAFFT sequence alignment from Aurahs et al. [28], including
sequences of 23 planktonic foraminifera morphospecies, was used
as a basis to which the new sequences were aligned by the
sequence adding function in MAFFT v. 7 [32] (Alignment S1 in
File S1). Settings were left to default. This enlarged alignment was
then used for tree inference under the maximum likelihood (ML)
criterion with RAxML-HPC2 v. 7.6.3 [33] via the CIPRES
Gateway [34]. The alignment was used without further manipulation or filtering. Branch support for the ML tree of the general
foraminifera MAFFT alignment was established with the fast
implementation (option –x) [35] of nonparametric bootstrapping
(BS) [36]. The number of necessary replicates was determined by
automatic bootstopping with the majority-rule tree based criterion
(option -#autoMRE). The per-site rate approximation model [33]
was used for the fast BS phase followed by a slow final model
optimization under the general time reversible model allowing for
between-site variation modeled via a gamma distribution (GTR +
G; option -m GTRCAT). Run parameters were set to infer in one
run the best-known ML tree and perform a full BS analysis (option
–f a).
To resolve further the relationships among the genetic types of
G. siphonifera, a set of analyses has been carried out including only
sequences of G. siphonifera and B. digitata. Following Aurahs et al.
3
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[28], the stability of the topology has been evaluated by a multiple
alignment approach. To this end, automated alignments have
been used, based on the default settings of the online-available, upto-date versions of MAFFT v. 7, MUSCLE v. 3.7 [37] and
KALIGN v. 2 [38]. Tree inference was conducted under the same
settings as described above and without prior manual modification
of the alignments.

different genetic types within the same quadrat, and offers a very
good bias-correction for low densities per sample [49].

Results
In addition to the 45 sequences from GenBank, in this study we
obtained 370 partial sequences of the 39 end of the SSU rDNA
representing 338 individuals of Globigerinella siphonifera from 108
stations of 25 expeditions in seven regions of the world ocean
(Table S1). The 39 end of the SSU rDNA, routinely used in
foraminifera molecular studies, includes the helices 32 to 49 [50]
and additional foraminifera specific expansion segments of
variable length. Most sequence divergence was found in the
expansion segments 37/e1, 41/e1, 45/e1 and 46/e1, the variable
region V7 consisting of several helices and the terminal part of
helix 49 (Tp49) [51]. Furthermore, point mutations were also
found in the sequentially and structurally conserved regions
(helices 32–49) of foraminifera SSU rDNA (Table S2). All
sequences obtained either by direct sequencing or cloning showed
a clear signal and could be attributed without doubt to one of the
main genetic lineages. We did not observe any intraindividual
variability neither by seeing ambiguous reads at consistent
positions or by observing variability among sequences from cloned
specimens, which would be the case if individuals contained
different ribotypes in the multiple copies of the SSU rDNA.
Additionally, we obtained 25 sequences of eight individuals of
Beella digitata covering the entire fragment of the SSU rDNA used
for phylogenetic inference in planktonic foraminifera by Aurahs
et al. [28].
All sequences could be assigned to one of the three main
lineages, which, applying a distance threshold of 0.1028,
correspond to objectively definable taxonomic units [24]. These
lineages are robust to increased taxonomic coverage, especially to
the inclusion of B. digitata (Fig. 2a) and remain supported to
.89% in maximum-likelihood inference. The sister relationship of
B. digitata has been confirmed (Fig. 2a), supporting observations
from the fossil record [40].
Following the strict definition excluding singletons, the variability of the analyzed gene fragment of G. siphonifera reveals the
existence of 30 SSU rDNA sequence variants (ribotypes; Table
S2). This confirms the exceptional level of diversity noted in earlier
studies [4]. Within lineage I, the six separated ribotypes can be
organized into two basic genetic lineages, namely Ia (RT 1+2) and
Ib (RT 3–6), that differ by up to eight characters (all of them point
mutations; Fig. 3a). Mutations occur to equal parts in the variable
regions (41/e1, 46/e1 and Tp49) and in the more conserved
regions (helices 33, 36, 37, 43). The five ribotypes within lineage
III are only little more divergent than those in lineage I, with two
(RT 4+5) being separated by up to 13 point mutations from the
remaining three (RT 1–3), which differ by 3–4 characters from
each other (Fig. 3b). Consequently, these ribotypes can be
classified into three different genetic lineages, IIIa, IIIb and IIIc.
Mutations separating these lineages are exclusively point mutations and are mostly found in the variable regions (37/e1, 41/e1
and V7) and only in two conserved regions (helices 37 and 38).
Highest divergence is found in lineage II, where sequence
variation sums up to 19 ribotypes that can be grouped into seven
genetic lineages (IIa1–6 and IIb; Fig. 4). RT 18 and 19 are with
more than 40 mutational events most distinct and assigned to
lineage IIb. Mutations in lineage II are homogeneously distributed
between all variable and all conserved regions.
Subsequently, the phylogenetic relationships among the 30
ribotypes organized in 12 genetic lineages within G. siphonifera were
tested using three different alignments (Fig. 2b). This analysis

Molecular clock and speciation rates
In order to estimate the divergence time among the genetic
lineages within G. siphonifera, a molecular clock approach was
applied, using the G. siphonifera/B. digitata MAFFT alignment. B.
digitata was used as an outgroup to define the Globigerinella root.
Molecular clock analysis was performed using Bayesian methods
implemented in BEAST v. 1.7.5. [39] via the CIPRES Gateway.
The alignment was tested under various clock models (strict,
uncorrelated lognormal and uncorrelated exponential). The split
between G. siphonifera and B. digitata is marked in the fossil record
by the first appearance of the species Beella praedigitata [40,41]. This
event is dated to 10.2 Ma in Aze et al. [41]; the age of the oldest
reported occurrence of this species in deep-sea sediments is listed
in the CHRONOS database as 11.96 Ma (http://chronos.org)
[42]. Here we used the mean of the two ages (11.08 Ma) and
associate this date with an uncertainty of 0.88 Ma. Detailed
settings were the same for all three clock models tested. The
distribution of the fixed node age prior was considered normal.
The GTR+G+I (adding a parameter for the proportion of
invariant sites) was used as a substitution model, to allow for
different evolutionary rates between variable and conserved
regions of the SSU rDNA. Speciation rate was considered
constant under the Yule-Process and a UPGMA tree was
calculated as a starting tree. Markov-Chain-Monte Carlo
(MCMC) analyses were conducted for 10,000,000 generations,
with a burn-in of 1000 generations and saving each 1000th
generation. The maximum clade credibility tree with median node
heights was calculated in TREEAnnotator from the BEAST
package, with a burn-in of 100 trees and a posterior probability
limit of 0.0. The resulting tree was then analyzed in FigTree v.
1.3.1 [43].
To test for trait dependency of changes in birth-only speciation
rates among different clades, we applied a covariates generalized
linear model (GLM) approach [44] on the trees produced by the
lognormal and exponential uncorrelated clocks. This method
allows to test, whether or not the presence of a certain trait had a
significant effect on the speciation rate within given clades in a
phylogenetic tree, taking branch-lengths into account. If reliable
phylogenetic trees exist, it is considerably more powerful than
traditional tests for changes in speciation rate, that only compare
the number of lineages within adelphotaxa [45]. The test was
performed in R v. 3.0.1 [46], using the package ‘ape’ v. 3.0.8 [47].

Assessment of sampling intensity
For the global dataset and for the separate regions, first-orderJackknifing [48,49] was performed in R v. 3.0.1 to estimate the
number of genetic types expected to occur in each region, given
their occurrence in the sampling sites. Such test provides a first
assessment whether or not the sampling was sufficient to detect all
genetic lineages present in each region. For that, each station was
treated as a separate sample, independent of the other stations,
and it was assumed that the samples are sufficiently random and
well distributed to allow such an approach, and cover the world
ocean area to an extent that allows them to be assumed
homogenous. The jackknifing is insofar most useful for this
dataset, as it is fully independent of any possible interaction of
PLOS ONE | www.plosone.org
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Figure 2. Phylogenetic relationships within planktonic foraminifera. A) Phylogenetic relationships of planktonic foraminifera including
Globigerinella siphonifera and Beella digitata. The tree is based on the MAFFT alignment of Aurahs et al. [28] to which SSU rDNA sequences of G.
siphonifera and B. digitata were added. Tree inference and calculation of bootstrap values was conducted in RAxML in the CIPRES gateway. Sequence
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diversity within morphospecies has been collapsed, except for G. siphonifera where only terminal branches were collapsed. B) Phylogenetic tree of G.
siphonifera with B. digitata as an outgroup. The tree is based on a MAFFT alignment and was calculated in RAxML on the CIPRES gateway. Bootstrap
values are shown based on MAFFT/MUSCLE/KALIGN alignments. Light microscopic images of G. siphonifera and B. digitata illustrate the gross
morphology. Both individuals measure ,250 mm across.
doi:10.1371/journal.pone.0092148.g002

reveals that 10 out of the 12 genetic lineages, defined as differing
by more than three characters, are supported in the majority of the
alignments. A resolution down to the separate ribotypes as seen in
the networks, however, is not possible in the tree, and therefore the
terminal branches are collapsed. The topology of the phylogram,
including the inferred allocation of mutation events to branches,
indicates a nested, hierarchical pattern of divergence, suggesting
an ongoing process of sequential differentiation.
It is remarkable that despite the seven-fold increase in
sequencing effort compared to existing data, no new major
lineages within G. siphonifera were discovered. A similar picture
appears when individual genetic lineages are considered. Here,
our data complement earlier studies [4,23,24] by discovering two
new genetic lineages (lineages IIIb and c; Fig. 2b), which is again
highly disproportionate to sequencing effort. At the lowest level of
divergence considered, the proportion of newly discovered
sequence motifs is the highest: 16 out of 30 ribotypes are reported
here for the first time. Even here, the amount of ribotype discovery
is disproportionate to sequencing effort and the higher number of
new motifs simply reflects the hierarchical scaling within the clade.
The geographical distribution of specimens assigned to the
twelve genetic lineages reveals the existence of cosmopolitanism as
well as provincialism within cryptic genetic types of G. siphonifera
(Fig. 5a). Type IIIc shows the most restricted occurrence; it was

only found in the Gulf of Aquaba, where it has the highest
abundance of all occurring types. Type IIIa was only found in low
abundances and exclusively in the Eastern Atlantic. Type Ia seems
to have a cosmopolitan occurrence since it was found in the
majority of regions sampled. Types Ib, IIb and IIIb can also be
considered cosmopolitan, although they are less evenly distributed.
Type Ib has its highest abundances in the Western Indian Ocean
and the Red Sea and very low abundances in the Atlantic, where
only one individual was found. Type IIb was sampled in high
numbers in the Atlantic, but only few individuals in the Eastern
Pacific. Type IIIb was found in the marginal seas of the Atlantic
and in the Western Indian Ocean.
The group of genetic types IIa is highly abundant globally and
shows a truly cosmopolitan distribution. However, its constituent
types show highly differentiated distribution patterns, characterized by a surprising difference in diversity between the Atlantic
and the Pacific (Fig. 5b). The Indian Ocean contains the highest
diversity with five different types of this lineage. Type IIa1 was
found in very low abundances mainly in the Indian Ocean and
one individual in the Coral Sea. Type IIa4 seems to be restricted
to the Red Sea and the Western Indian Ocean. Type IIa5 is most
abundant in the Arabian Sea, but also present in low numbers in
the Northwestern Pacific. Type IIa6 was mainly found close to
Japan, but apparently also occurs in the Indian Ocean as indicated
by one individual sampled in the Arabian Sea. In contrast to the
high diversity of lineage IIa in the Pacific and Indian Ocean, the
diversity in the Atlantic is considerably more limited. There we
only encountered two different types: Type IIa2, which except for
two individuals off California seems to be restricted to the Atlantic
Ocean and Type IIa3, which has a cosmopolitan distribution and
occurs in every region sampled.

Discussion
A surprisingly high SSU rDNA sequence divergence is found in
most morphospecies of planktonic foraminifera [4]. This sequence
divergence is typically organized into a small number of lineages,
which show no evidence for hybridization, their divergences
appear ancient and their distribution follows a geographical
structure [10,12]. For these reasons, such lineages, also referred to
as ‘‘Types’’ or ‘‘Genetic types’’, are considered to represent
reproductively isolated taxonomic units akin to biological species.
Although this interpretation appears most likely, it is fair to state
that unambiguous evidence for the status of these lineages as
biological species is lacking. This is because planktonic foraminifera do not reproduce in culture, so that cross-mating experiments
such as those carried out for cryptic species of diatoms by Amato et
al. [2] are at present impossible. Because of large differences in
substitution rates, it is difficult to devise a universal threshold
distance for DNA-based species delineation in the group [24].
However, evidence from existing surveys suggests that most
divergences in the analyzed SSU rDNA fragment are not
associated with hybridization. The lack of hybridization could be
shown particularly well in cases where divergent multiple copies
are found in sequences of SSU rDNA, or where additionally also
the associated ITS region had been sequenced [12,52]. On the
other hand, an exhaustive survey of Globigerinoides sacculifer, a
closely related species to G. siphonifera, revealed the existence of one

Figure 3. Ribotype networks for delineation of genetic types.
A) Median-joining network of Globigerinella siphonifera lineage I
showing genetic distances and relationships between ribotypes (RT)
and their grouping into two basic genetic lineages, Ia (RT 1+2, bright
green) and Ib (RT 3–6, light green). Numbers on links indicate amount
of mutational events between two ribotypes if they are larger than one.
n indicates number of individuals representing one ribotype. B)
Ribotype network of lineage III distinguishing three basic lineages, IIIa
(RT 1), IIIb (RT 2+3) and IIIc (RT 4+5), addressed by different shades of
red.
doi:10.1371/journal.pone.0092148.g003
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Figure 4. Ribotype network for delineation of genetic types. Ribotype network for Globigerinella siphonifera lineage II showing genetic
distances and relationships between the 19 ribotypes (RT) and their assignment to different genetic lineages: IIa1 (RT 1), IIa2 (RT 2+3), IIa3 (RT 4–9),
IIa4 (RT 10), IIa5 (RT 11–14), IIa6 (RT 15–17) and IIb (RT 18+19), addressed by different colors. Numbers at links indicate the number of mutational
events between two ribotypes. n indicates number of individuals representing one ribotype.
doi:10.1371/journal.pone.0092148.g004

objective estimate of lineage richness that is to be expected both
globally and regionally, shows that the number of lineages in our
collection appears to approach the expected total number of
lineages, given the assumptions of the test. Similarly, the number
of sampled lineages in almost every region falls within the 95%
confidence interval of the Jackknifing estimate, implying that
further lineages are unlikely to have been discovered in each
region by more intensive sampling. Only for the Red Sea does the
test indicate the existence of at least one lineage that has not been
sampled yet. This analysis confirms the empirical observation that
a seven-fold increase in sampling intensity led to a disproportionately low rate of discovery of new variants and that the distribution
of the proportion of new variants is scaled with their hierarchical
position. Despite the higher lineage diversity than among other
planktonic foraminifera species (12 in G. siphonifera, compared to 7
in Neogloboquadrina pachyderma and Globigerina bulloides [4]), the global
survey in the ‘‘hyperdiverse’’ G. siphonifera confirms, that the total
number of cryptic genetic types within morphospecies of
planktonic foraminifera is limited and that the biological diversity

rare divergent SSU sequence motif, which differed by three
characters, but was associated with the same ITS sequence as
specimens without the SSU motif [8]. Because of this observation
and the divergence structure observed in our data (Figs. 3, 4), we
assume that the lowest level of genetic variability in G. siphonifera,
manifested by the 30 SSU ribotypes, may not be associated with
reproductive isolation, but represents divergence and rDNA
variation within species. Because of the uncertainty in the
interpretation of the evolutionary status of the 30 ribotypes, when
analyzing the distribution of the 12 genetic lineages, which we
consider cryptic species, we cannot be entirely sure that we are not
underestimating the number of reproductively isolated lineages.
However, since the difference in the distribution and allocation of
cryptic diversity is manifested already at the level of the 12 genetic
lineages, the conclusions drawn from the lineage-level data must
also apply to any unit below these.
Notwithstanding the exact status of the 12 genetic lineages, the
first step before analyzing their distribution and allocation is to ask
how representative the sampling has been. To this end, the firstorder-Jackknifing approach (Table 1), which serves as an
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Figure 5. Biogeographic distribution of the genetic types of Globigerinella siphonifera. A) Geographic distribution of the G. siphonifera
lineages plotted at their exact sampling locations on a map in Mercator projection. Numbers indicate the amount of individuals of one genetic type
found at one station. One year mean sea surface temperature is indicated by gray shading. Arrows indicate main ocean currents. B) Geographic
distribution of the genetic types of G. siphonifera lineage IIa.
doi:10.1371/journal.pone.0092148.g005

in lineage II and only two and three types in lineage I and III
respectively. Since the Jackknifing analysis suggests that our
sampling approaches the real diversity in each region, the uneven
distribution of types between the lineages is unlikely to be due to
systematic undersampling.
The second obvious explanation for uneven allocation of
diversity to lineages is their age, with older lineages having more
time to accumulate species [53]. To test this hypothesis, we
calculated molecular clocks for the diversification of genetic
lineages within G. siphonifera based on the dating of the split from its
sister species B. digitata (Fig. 6) [40,41]. The ages resulting from
both relaxed clock models showed a more realistic distribution
than the results of a strict clock model and agree remarkably well
with earlier calculations based on entirely independent calibrations

in the group may be underestimated by a factor of about 10, but
not significantly more.
Observed (So) and estimated (Se, first-order-Jackknifing) number
of genetic types of Globigerinella siphonifera for the global and
regional data sets. Only in the Red Sea the observed number of
types does not fall within the 95% confidence interval (CI95) of the
estimate, suggesting the existence of at least one more genetic type
in that region.
Having established that the sampling intensity, both globally
and regionally, can reasonably be considered sufficient to capture
the occurrence pattern of the G. siphonifera lineages, we first
consider the relationships of these lineages within the phylogenetic
tree. Here, a major finding is the uneven distribution of
diversification between the three main lineages; with seven types
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First, we argue that the biogeographic distribution of the genetic
lineages of G. siphonifera (Fig. 5) shows that a dispersal limitation
does not seem to be the likely factor causing divergence in this
taxon. In every one of the three lineages we find at least one type
with a cosmopolitan distribution. Even the hyperdiverse lineage
IIa contains one type (IIa3) with a global occurrence. If dispersal
limitation would be the prevailing factor for speciation, we should
expect an accumulation of endemic types in the Atlantic. The
connection between the tropical-subtropical Atlantic and Indopacific habitats of G. siphonifera (Fig. 1) is mediated by the Agulhas
current, which transports warm saline water from the Indopacific
to the Atlantic [55] and was shown to carry live populations of
planktonic foraminifera with it [56]. Therefore, in theory, lineages
originating in the Atlantic should be much less likely to be able to
escape from there, whereas lineages originating in the Indopacific
should be constantly passively transported to the Atlantic due to
the absence of a dispersal barrier. Indeed, for some species of
marine copepods genetic differentiation and isolation of Atlantic
populations due to limited dispersal between ocean basins were
shown [57], whereas other species revealed a cosmopolitan
distribution with a lack of barriers to gene flow and also showed
a connection between the Indian Ocean and the Southern Atlantic
[58]. These studies revealed no evidence for a population isolated
in the Pacific Ocean and the observed biogeography thus could be
considered consistent with passive dispersal.
The similarity of relative abundances of genetic lineages in
Globigerinella between the different ocean basins analyzed by nonmetric multidimensional scaling (Figure S1) reveals a close
relationship between the Atlantic Ocean with its marginal seas, the
Mediterranean and the Caribbean Sea. Also the Arabian Sea and
its neighboring region, the Western Indian Ocean, show a high
similarity in genetic type occurrence as well as the Red Sea which
is affected by inflowing water from the Arabian Sea. The analysis
shows the Pacific community to be related similarly to the Atlantic
as well as to the Indian Ocean, however there is no close similarity
between the Indian Ocean and the Atlantic. This observation is
completely contrary to what would be expected if the occurrence
of genetic lineages reflected passive dispersal by currents between
the Atlantic and the Indian Ocean. Our conclusion that dispersal
limitation is unlikely the cause of the observed pattern is in line
with widespread evidence for global mixing in tropical populations
of other species of planktonic foraminifera [8,11] as well as
evidence based on observations in the fossil record [59].
Second, we consider ubiquitous dispersal and differential
adaptation. The accumulation of genetic types in the Indopacific
could be indicative for differential adaptation of these genetic types
to ecological or hydrographical conditions which are only realized
in this region. We consider this explanation unlikely, because all of
the endemic genetic types co-occurred upon collection in the same
samples with genetic types that are cosmopolitan and there was no
systematic offset in living depth among any of the genetic types, as
evidenced by their occurrence in stratified plankton hauls. Further,
types IIa2 and IIa3, which show a wider distribution or even are
cosmopolitan, are nested within the clade comprising the endemic
types. If there was a specific adaptation associated within the
hyperdiverse lineage that limits its occurrence to the Indopacific
then two independent evolutionary events are required to have
occurred: the character had to evolve at the base of the IIa clade
and then be reversed at the base of the IIa2 + IIa3 clade.
Therefore the most likely scenario to explain the distribution of
the genetic types in the hyperdiverse lineage is the concept of niche
incumbency [5,60]. In this scenario, we assume that the
diversification of lineage IIa has taken place in the (Indo-)Pacific
by sequential fragmentation of the parent population. Until the

Table 1. Comparison between observed and estimated
number of genetic types.

Region

So

Se

CI95

SoM Se 6 CI95

Global

12

12.99

1.95

true

Atlantic Ocean

6

6.97

1.90

true

Mediterranean Sea

3

3

0

true

Caribbean Sea

5

5.93

1.83

true

Red Sea

5

7.67

2.61

false

Arabian Sea

6

8.73

2.76

true

Western Indian Ocean

7

7

0

true

Pacific Ocean

8

8.96

1.89

true

Observed (So) and estimated (Se, first-order-Jackknifing) number of genetic
types of Globigerinella siphonifera for the global and regional data sets. Only in
the Red Sea the observed number of types does not fall within the 95%
confidence interval (CI95) of the estimate, suggesting the existence of at least
one more genetic type in that region.
doi:10.1371/journal.pone.0092148.t001

[23]. The age for the split of the hyperdiverse lineage IIa from
lineage IIb is calculated to have taken place ,5 Ma in the early
Pliocene. The split between lineage II and III dates to ,7 Ma and
the split of lineage I from the rest of the lineages took place
,9 Ma. Thus, as the branching order of the phylogeny alone
indicates (Fig. 2), the highest number of genetic types is found in
the youngest lineage. Based on the molecular clock estimates
(Fig. 6), this lineage had a two to three times shorter duration than
the other lineages. In consequence, lineage longevity is not feasible
as an explanation for unbalanced distribution of diversity.
Thus, since the high diversity in lineage II is unlikely to be a
result of undersampling and is not correlated with lineage age, we
may consider the possibility of it resulting from uneven rates of
diversification among the lineages [54]. We test this hypothesis by
using a covariates GLM approach that analyzes trait dependency
of changes in birth-only speciation rates. The results reveal that
speciation rates in lineage IIa must have been significantly higher
than in all other lineages within G. siphonifera. This result is
consistent for the uncorrelated lognormal (x2 = 4.258, df = 1,
p = .039) as well as the exponential (x2 = 8.232, df = 1, p = .004)
molecular clock analysis. Thus, we conclude that increased
speciation rate seems most likely to be the cause for the
disproportionate accumulation of diversity that occurred in lineage
IIa.
The exact factor causing an increase in speciation rate in the
hyperdiverse lineage IIa is difficult to reconstruct from the
phylogeny alone. However the topology of the median joining
network of lineage II (Fig. 4) reveals a centripetal distribution of
ribotypes, with missing ancestral motifs. Such distribution implies
that lineage II diversified by sequential fragmentation of a
population of ancestral ribotypes, which was entirely transformed
during the fragmentation process. This is interesting because it
speaks against speciation by peripheral isolation.
The second clue to the unique status of the hyperdiverse lineage
IIa comes from its biogeography. The striking pattern of (Indo)Pacific isolation within this lineage (Types IIa1, 4–6; Fig. 5) has
not only consequences for the interpretation of its elevated
diversity, but it offers critical evidence to evaluate the biogeography of the cryptic genetic diversity of the constituent morphological species. To this end, we consider the three end-member
scenarios explaining restricted distribution in turn (dispersal
limitation, differential adaptation or niche incumbency).
PLOS ONE | www.plosone.org
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Figure 6. Molecular clock estimates for the evolution of the Globigerinella siphonifera lineages. Molecular phylogeny of G. siphonifera and
Beella digitata based on a MAFFT alignment with time estimate ranges from the uncorrelated lognormal (blue) and exponential (red) molecular
clocks. Numbers at nodes indicate the divergence ages shown with their 95% confidence intervals. Number in brackets indicates fixed age for the
split of G. siphonifera and B. digitata. Green triangles and numbers show ages calculated in de Vargas et al. [23], except for one terminal node which
seems too young. Black arrow indicates the starting point from where the presence of a certain trait had a significant effect on the speciation rate,
based on a covariates generalized linear model approach.
doi:10.1371/journal.pone.0092148.g006

divergence of the IIa2 + IIa3 clade, all lineages either remained
restricted to the Indopacific or their invasion efforts into the
Atlantic ended in extinction. The reason for the failure of most of
the genetic types in this lineage to spread into the Atlantic would
be incumbency – the niche that these genetic types possess is
strongly overlapping with that of an Atlantic incumbent (whichever it may be), preventing the Pacific invaders, carried with the
Agulhas current, to establish a viable population in the Atlantic.
On a smaller scale, an exclusion pattern may in fact be expressed
in the Atlantic between the invasive types IIa2 and IIa3 which
represent two closely related sister lineages. The majority of
individuals of Type IIa3 were found in the Eastern Atlantic and
the Mediterranean Sea, whereas type IIa2 is the dominant type in
the western part of the North Atlantic and the Caribbean.
Requiring only one evolutionary event (the ability of the IIa2 +
IIa3 lineage to invade the Atlantic), the niche incumbency or
competitive exclusion thus seems to be a more parsimonious
explanation of the distribution pattern of the genetic lineages of G.
siphonifera.
The unexpectedly high genetic diversity as well as the
differentiated distribution of the genetic types in the studied
planktonic foraminifera show that occurrence patterns based on
morphological species are too coarse to elucidate biogeographic
patterns. In agreement with previous studies [11,12], we show that

PLOS ONE | www.plosone.org

the differentiated pattern of lineage distribution is unlikely to
reflect dispersal limitation, but that it also does not simply reflect
passive dispersal by ocean currents. Instead, these results confirm
that even in marine microplankton high diversification is possible
[61] and that interactions and competition between lineages
together with historical contingency shape their present-day
occurrence and distribution in the world ocean.

Supporting Information
Figure S1 Rendition of similarity of relative abundances of all

genetic types of G. siphonifera in the sampling regions. In order to
statistically assess the geographical structure in the occurrence of
genetic lineages of G. siphonifera, the sampling sites were separated
into seven regions of the world ocean. The similarity of relative
abundances of genetic lineages among these regions was visualized
using non-metric multidimensional scaling based on the Morisita
similarity index [62], as implemented in the PAST software v. 2.
17c [63]. Arrows indicate the direction of surface ocean currents
connecting neighboring regions.
(TIF)
Table S1 Information on individual samples and handling
procedures. Detailed information on each G. siphonifera individual
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(Alignment S3) and G. siphonifera subalignments for each of the
three major lineages (Alignment S4-S6).
(ZIP)

used in the study (Sheet 1), GenBank samples added to the dataset
(Sheet 2) and primer table with all different primers used (Sheet 3).
(XLSX)
Table S2 Sequence differences between G. siphonifera ribotypes.
Table showing the sequence differences and their location in the
secondary structure of the SSU rDNA used for differentiation of
ribotypes within the three main lineages.
(XLSX)
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Abstract
MoleculargeneticinvestigationsofthehighlyabundantextantplanktonicforamiͲ
niferaplexusGlobigerinellasiphonifera/Globigerinellacalidahaverecentlyshown
thisgrouptobethegeneticallymostdiversewithinplanktonicforaminifera,sepaͲ
rating it into 12 distinct genetic types. Independently, several morphological or
physiological variants have been described within the group, but the correlation
betweenthehighgeneticdiversityandthephenotypicvariabilityremainsunclear.
Inthisstudywecombinegeneticdatawithmorphometricanalysesofshellshape
andporosityofgenotypedindividualsbelongingtothedifferentgeneticlineages.
Ourmorphometricmeasurementssuggestadifferentiationofthreemorphotypes
within the plexus, two of which possess the elongated chambers described as a
typicaltraitofG.calida.ThesetwomorphotypeswithelongatedchambersareasͲ
sociated with two distinct genetic lineages. The G. calida morphology therefore
appears to have evolved twice in parallel. Unexpectedly, we show that the two
morphotypes with elongated chambers can be separated from each other by
charactersseeninthelateralviewoftheirshells.Thisimpliesthatthetaxonomyof
theextantmembersofthegenusGlobigerinellashouldberevised.Acomparison
with the original descriptions of members of the genus shows that two genetic
typesofonemajorlineagecorrespondtoG.calida.ThesecondgroupwithelonͲ
gatedchambersisassociatedwithonerecentlydivergedgenetictypeandweproͲ
pose to reinstate the name Globigerinella radians for this distinct form. The reͲ
mainingnineofthe12genetictypescorrespondtotheG.siphoniferamorphology,
andintheabsenceofevidenceformorphologicaldifferentiation,theyformapaͲ
raphyleticmorphoͲtaxon.Ourresultshighlighttheprevalenceofparallelisminthe
evolutionofshellmorphologyinplanktonicforaminiferaevenatthelowestlevel
ofrelatednessrepresentedbygenetictypes.
Keywords: planktonic foraminifera, Globigerinella, shell morphology, porosity,
taxonomy,evolution
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Introduction
Molecular genetic studies of extant plankͲ
tonic foraminifera continue to challenge
our perception on the diversity within the
group (e.g. Darling et al., 1999; de Vargas
etal.,1999;deVargasetal.,2002;Aurahs
etal.,2009;Seearsetal.,2012;Quillévéré
et al., 2013). The relatively low number of
acceptedmorphospecies(e.g.Hemlebenet
al., 1989) is significantly exceeded by the
number of their constituent genetic types
(e.g. Darling and Wade, 2008). Since most
of these genetic types cannot be differenͲ
tiated morphologically, they are often reͲ
ferredtoas“crypticspecies”andtheirdisͲ
covery usually had no impact on the taxͲ
onomy of the morphospecies. Exceptions
hereto are Neogloboquadrina incompta,
which could be separated from NeogloͲ
boquadrina pachyderma based on genetic
data confirming the observation that the
two species are associated with different
coiling directions (Darling et al., 2006) as
wellasGlobigerinoideselongatusthatwas
synonymized with Globigerinoides ruber,
but recently shown to be genetically as
well as morphologically distinct (Aurahs et
al., 2011). Morphometric studies on OrͲ
bulina univera, Globoconella inflata and
Globorotaliatruncatulinoidesrevealedonly
slight morphological differences between
the genetic types that were statistically
significant, but did not allow sufficiently
precise discrimination of individuals to
warrant a taxonomic revision (Morard et
al.,2009;Morardetal.,2011;Quillévéréet
al., 2013). A study on the morphospecies
complex Globigerinoides sacculifer surprisͲ
ingly revealed that also the opposite sceͲ
nario can exist: a worldwide screening of
allmorphotypesassociatedwiththistaxon
showed that this morphospecies is genetͲ

ically homogenous despite high morphoͲ
logical variability (André et al., 2013). In
thiscaseanoverͲinterpretationofmorphoͲ
logical characteristics had taken place,
which lead to the usage of multiple morͲ
phospecies concepts that do not appear
justified in the light of the genetic eviͲ
dence. These examples underline that the
connection between genetic and morphoͲ
logicvariabilityinplanktonicforaminiferais
complex and the resolution of species deͲ
lineation requires a detailed combined geͲ
neticandmorphometricanalysis.
The genus Globigerinella was first deͲ
scribedbyCushman(1927)toincludeindiͲ
vidualswithnearͲplanispirallycoiledshells,
globulartoovatechambersandfineround
spines (Kennett and Srinivasan, 1983).
Three extant species can be attributed to
this highly diverse and abundant genus.
ThemostabundantspeciesisGlobigerinelͲ
la siphonifera, described as Globigerina
siphonifera by d’Orbigny (1839), with
spherical to ovate chambers and a rather
tightcoiling.Globigerinaaequilateralisasit
was described by Brady (1879) was later
declared a junior synonym for the exact
same morphology (Banner and Blow,
1960). The second most abundant morͲ
phospecies, Globigerinella calida, was deͲ
scribed as Globigerina calida by Parker
(1962). It was characterized as having
trochospirally coiled evolute shells with
radially elongated chambers, the final
chamberseparatedfromthepreviousones
and being perforated by large circular
pores(Parker,1962;Saitoetal.,1981).The
third morphospecies is Globigerinella adͲ
amsi, which was originally described as
Hastigerina adamsi (Banner and Blow,
1959),andischaracterizedbyitselongated
digitate chambers with pointed tips. This
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speciesisexceedinglyrare.ItinhabitsmesͲ
opelagicwatersoftheIndopacificlowlatiͲ
tude realm (Bé and Tolderlund, 1971) and
wasnevercollectedforgeneticanalysis.All
three species show a considerable level of
intraspecific variability. Parker (1962) was
thefirsttodescribeapotentialseparation
of G. siphonifera into two or even more
groups based on shell size and the degree
of deviation from the planispiral coiling.
SheassumedthoughthattheseformsrepͲ
resent ecophenotypic plasticity and thereͲ
fore did not treat her morphotypes taxoͲ
nomically. Interestingly, the existence of
twogroupswithinG.siphoniferawaslater
indicated on the basis of biological differͲ
ences, especially the possession of differͲ
ent endosymbiotic Chrysophycophyte speͲ
cies(Faberetal.,1988;Faberetal.,1989).
Later studies suggested a correlation beͲ
tween these groups and the then known
two genetic types (Huber et al., 1997), inͲ
cludingapotentialdifferentiationbetween
thetwotypesbasedonshellporosity.Ina
subsequent study, Bijma et al. (1998) furͲ
therlinkedthetwogroupstodifferencesin
cellphysiologyandshellchemistryHowevͲ
er,noneofthesediscoverieshadanimpact
onthetaxonomyofthegenus.
Geneticstudiesconductedonthesmall
subunitribosomalRNAgene(SSUrDNA)of
G. siphonifera subsequently demonstrated
that the high diversity in this morphospeͲ
ciesisnotlimitedtothemorphology,butis
also represented at the genetic level
(Huberetal.,1997;deVargasetal.,2002;
Darling and Wade, 2008; Göker et al.,
2010). Most recently, Weiner et al. (2014)
showedthatthehighsequencediversityin
thegroupcouldbeassignedtothreemajor
geneticlineages,whichfurthersplitinto12
distinct genetic types (Figure 1). Since no

signs of hybridization are found between
these genetic types, they may be considͲ
ered to represent biological species. In
thesegeneticstudies,theexactstatusofG.
calidaremainedunclear.Thedistinctionof
this morphospecies from G. siphonifera is
difficultandinmanycasesthetwospecies
werelumpedtogetherforstudiesonfossils
fromthesediment(e.g.Sicchaetal.,2009).
Thedistinctionisespeciallydifficultamong
preͲadult individuals that are often enͲ
counteredintheplankton.Asaresult,only
a preliminary identification has been preͲ
sented by genetic studies published to
date, in which G. calida was suggested to
representoneofthegenotypesoftheGloͲ
bigerinella plexus (Type IV of de Vargas et
al., 2002, and G. calida in Darling and
Wade,2008).
InordertoresolvetherelationshipbeͲ
tween genetic and morphologic variability
in the genus, we have taken advantage of
therecentlydevelopedmethodsforextracͲ
tion of DNA from planktonic foraminifera
thatleavetheshellsintactformorphometͲ
ricanalysis(Morardetal.,2009;Weineret
al., 2014). Using these methods in combiͲ
nationwiththeimagingofgenotypedspecͲ
imens prior to DNA extraction, we have
amassedadatasetofmorphologicalmeasͲ
urements from 181 individual specimens
identified by several researchers as G. siͲ
phonifera and G. calida, sampled within
various regions of the world ocean. All of
the specimens were genetically analyzed
andcouldbeassignedtooneofthedelineͲ
ated genetic types. We combined measͲ
urements of shell morphology based on
scanning electron microscopic as well as
light microscopic images with measureͲ
ments of porosity and pore size. As a reͲ
sult,wewereabletoresolvetheidentityof
3
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Figure1:Maximumlikelihoodphylogenetictreeofthespinoseplanktonicforaminifera
Phylogeneticrelationshipsamongthespinoseplanktonicforaminiferashowingthemonophyleticstatusof
GlobigerinellaanditsaffinitywiththesistertaxonBeelladigitataandhighlightingitshighgeneticdiversity.
ThetreeaswellasthebootstrapvaluesarebasedonaMAFFTalignmentofSSUrDNAsequencesandwere
calculated using RAxML via the CIPRES gateway. Sequence diversity within morphospecies has been colͲ
lapsed,exceptforG.siphonifera/G.calidawhereonlyterminalbranchesarecollapsed.


G.calidaandrevisethetaxonomicconcept
oftheG.siphonifera/G.calidaplexus.

MaterialandMethods
Sampling,imagingandgeneticanalysis

In this study, images of 181 Globigerinella
siphonifera and Globigerinella calida indiͲ
viduals were analyzed for comparisons of
shell morphology with genetic identity. All
of the individuals included yielded DNA
sequences that could be used to assign
them to one of the 12 lineages described
by Weiner et al. (2014). The specimens
were collected by stratified plankton tows
during 13 expeditions between 2006 and
2013(Figure2,TableS1).Theforaminifera
wereseparatedfromtherestoftheplankͲ
ton, taxonomically identified using stereͲ
omicroscopes and in most cases digitally

photographed directly on board. Living
specimens still containing cytoplasm were
prepared for DNA extraction. Methods for
genetic analysis and the sequence data of
mostindividualswerepresentedinWeiner
et al. (2014). Specifically for this study we
genetically characterized 44 additional
specimens from a transit through the
South Pacific on board RV SONNE (SO226Ͳ
3, Kucera and Cruise Participants, 2013).
These new samples represent topotypic
materialforthespeciesconceptofG.caliͲ
da as developed by Parker (1962). They
were obtained by stratified tows using a
multipleclosingnetwithameshsizeof100
μm. Foraminifera were isolated from the
plankton residues, cleaned, dried and froͲ
zen on cardboard slides until further proͲ
cessing in the lab. The guanidine method,
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Figure2:Geographiclocationsofsampledindividuals
a)SamplinglocationsofallindividualsusedinthemorphoͲgeneticcomparisoninthisstudy.DifferentsymͲ
bolsindicatewhereonlylightmicroscopicimages,onlySEMimagesorbothwereavailable.Numberswithin
thesymbolsdenotenumberofindividualsfromonesamplinglocation.Grayshadingindicatestherelative
abundanceofGlobigerinellasiphoniferaasitisfoundinplanktonicforaminiferalassemblagesfromsurface
sedimentsinterpolatedfromdataintheMARGOdatabasebyOceanDataView(Schlitzer,2011).Diagonal
linesindicateareaswherenodataareavailable.
b)Thegeneticidentityoftheanalysedindividuals.Symbolsindicatedifferentgenetictypes,followingthe
classificationbyWeineretal.(2014).Numberswithinthesymbolsdenotenumberofindividualsfromone
sampling location belonging to the same genetic type. Gray shading indicates the relative abundance of
GlobigerinellacalidaasitisfoundinplanktonicforaminiferalassemblagesfromsurfacesedimentsinterpoͲ
latedfromdataintheMARGOdatabasebyOceanDataView.Diagonallinesindicateareaswherenodata
areavailable.


whichallowspreservationoftheshell,was
usedforDNAextraction(e.g.Morardetal.,
2009). Light microscopic images in the
standard taxonomic umbilical view were
taken in the lab prior to DNA extraction.
Polymerase chain reaction (PCR) was used
toamplifya~600bplargefragmentofthe
3´end of the small subunit ribosomal RNA
gene(SSUrDNA)usingtheGoTaq®G2Hot
Start polymerase (Promega) and two difͲ
ferentprimerpairsasindicatedinTableS1.

PCR products were purified using the QIͲ
Aquick® PCR Purification Kit (Qiagen) and
afterwardssequenceddirectlybyanexterͲ
nal service provider (Agowa, Berlin). SeͲ
quence chromatograms were checked
manuallyforambiguousreadsandcorrectͲ
ed where possible. Sequences of all 44 inͲ
dividuals were submitted to GenBank
(http://www.ncbi.nlm.nih.gov/; accession
nos: KJ202213 – KJ202256). Shells that
could be recovered after DNA extraction
5
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were imaged by scanning electron microsͲ
copy (SEM) from spiral/umbilical and latͲ
eral view and higher magnification closeͲ
upsofchamberwallsurfaceweretaken.In
total,37individualsfromtheSouthPacific
yieldedimagesthatcouldbeusedformorͲ
phometricanalysis.
MLtreeinferenceandbootstrapping

InordertorepresentthephylogeneticpoͲ
sitionofG.siphonifera/G.calidainrelation
totherestofthespinoseplanktonicforamͲ
inifera, sequences of 11 morphospecies
were included in an automated alignment
usingtheonlineversionofMAFFTv.7(File
S1,KatohandStandley,2013)asitisavailͲ
able on the CIPRES gateway (Miller et al.,
2010), under default settings. This alignͲ
ment was then used without further maͲ
nipulation or filtering for tree inference
under the maximum likelihood (ML) criteͲ
rionwithRAxMLͲHPC2v.7.6.3(Stamatakis,
2006)viatheCIPRESGateway.BranchsupͲ
port was established with the fast impleͲ
mentation(Stamatakisetal.,2008,optionͲ
x) of nonparametric bootstrapping (BS;
Felsenstein, 1985). The number of
necessary replicates was determined by
automaticbootstoppingwiththemajorityͲ
rule tree based criterion (option Ͳ
#autoMRE). The perͲsite rate approximaͲ
tionmodel(Stamatakis,2006)wasusedfor
the fast BS phase followed by a slow final
modeloptimizationunderthegeneraltime
reversiblemodelallowingforbetweenͲsite
variation modeled via a gamma distribuͲ
tion(GTR+ʧ;optionͲmGTRCAT).RunpaͲ
rameters were set to infer in one run the
bestͲknown ML tree and perform a full BS
analysis(option–fa).

MeasurementsofshellmorphologyandpoͲ
rosity

SEM images suitable for morphometric
analysis were obtained from a total of 63
specimens of the G. siphonifera/G. calida
plexus in lateral and umbilical/spiral view
to quantify the main morphological feaͲ
turesoftheshellwhichhavebeenusedto
differentiate species in the plexus. The
traits have been quantified as distances
and landmark positions (Figure3) extractͲ
ed from the images in Rv.3.0.1 (R
Development Core Team, 2011). In lateral
view those measurements include the
height htotal of the specimen, the elongaͲ
tionofthelastchamber(El),thedeviation
ofthelastwhorlfromtheplanispiralplane
(expressed as angle ɲ), and the extent to
which the first chamber of the last whorl
coverstheaperture(PS).Inumbilical/spiral
viewvaluescomprisetheelongationofthe
last chamber (EL), the mean elongation of
all chambers in the last whorl (E) and the
number of chambers in the last whorl exͲ
pressed as mean angle ɶ between succesͲ
sive chamber axes. To avoid the effect of
unusual terminal morphologies, in
KummerformͲspecimens, the penultimate
chamber was treated as the last chamber.
Damagedspecimenswithfewerthanthree
consecutive chambers in the last whorl
preservedwereexcludedfromtheanalysis.
The data acquisition and parameter calcuͲ
lation was replicated, and the values used
inthefollowingrepresentthemeanofthe
two replications to minimize subjectivity
duringdataextraction.
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Figure3:MorphometricmeasurementsconductedonimagesofGlobigerinellasiphonifera/G.calida indiͲ
viduals
Schematicrepresentationofthemeasurementsofshellcharacteristicsandporesizeandporosityderived
from SEM images, including equations for the calculation of the derived, sizeͲinvariant parameters. Blue
points represent landmarks, whose coordinates were extracted from the images. Black and green lines
showdistancesusedforthecalculationofmorphologicalparameters,whichwerecalculatedonthebasisof
thelandmarks.Yellowdashedlinesareauxiliarylinesforthevisualizationofcalculatedangles.DistancesHi
andBi,andanglesɶiareonlyshownexemplarilyonthelasttwochambersinumbilicalview.Points1–13in
umbilicalviewwerealsoextractedfromlightmicroscopicimages.

To evaluate the degree of morphologiͲ
calseparationobtainedonthebasisofthe
exactly positioned clean SEM images, for
application in the field, we subsequently
testedtheapproachonimperfectlyorientͲ
ed128lightͲmicroscopicimagesintheumͲ
bilical/spiral view. In these images we
extracted 13 landmark points each (FigͲ
ure3)tocalculatetheelongationsELandE
onthebasisofthelastthreechambers,as
wellasthemeanangleɶ.
Porosity measurements were obtained
using SEM images with a magnification of
4000ofthesurfacesofthelastchamberof
66specimens.Theimagesweretreatedfor
contrast enhancement and where necesͲ

sary, pores were manually blackened to
enableautomaticmeasurements.ThemaxͲ
imum Feret diameter (d) and centroid coͲ
ordinatesofeachporewerethenextracted
from black and white threshold images in
FIJIv.1.47q(Schindelinetal.,2012).These
valueswerethenusedtocalculatethepoͲ
rosity of the specimen (Figure 3). This apͲ
proach yields reliable results as long as
pores can be expected not to be signifiͲ
cantlyovalinfirstapproximation.ThemaxͲ
imum pore diameter, in contrast to the
directlymeasuredporearea,isinvariantto
the orientation of the pore, so that the
curvature of the shell does not influence
theresultsbydistortingtheporesinareas
7
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which are not perfectly perpendicular to
theplaneofview.Inthisstudy,wedecided
not to break the shells to measure the
pores from the inside, like Huber et al.
(1997).Asaresult,ourvaluesarelikelyto
overestimateporesizebyasmallamount,
especiallyinlargeandthickshells.
Inordertodetermineshellporosity,we
calculated the distance of each pore to
every other pore based on the obtained
centroidcoordinatesinRv.3.0.1andthen
identified the nearest neighbor to each
pore. The mean distance l of all nearestͲ
neighborͲpairͲdistances of the specimen
was then assumed to be a good approxiͲ
mationofthemeanporedistancesinthat
specimen. Assuming a regular pore distriͲ
bution with one pore at each corner of a
square with edge length l, we could then
approximate the mean porosity P of the
specimen(P=(ʋ/4×d2)/l2).Evenifthereal
poredistributiondeviatesfromthisexpecͲ
tation,thefactthatwetreatallspecimens
alike,leadstomutuallycomparableresults.
In 40 specimens we have taken two SEM
imagesfromthesameindividual,whichwe
couldusetotestthereproducibilityofour
resultsusingapairedtͲtest.

their age and does not represent the final
size at which reproduction would occur.
Next, we explored to what degree speciͲ
mens of distinct genetic lineages can be
distinguishedfromtherestoftheplexusby
performing linear discriminant analͲ
yses/canonical variate analyses (LDA/CVA,
Fisher,1936)intheRͲpackageMASSv.7.3Ͳ
26 (Venables and Ripley, 2002). We then
repeated the same steps on the data obͲ
tainedfromlightmicroscopicimages.
The porosity data were tested for the
influence of genotype and sampling locaͲ
tionandtheirinteractiontermonporosity
andporesizeofspecimens.Tothatendthe
nonͲparameteric Scheirer–Ray–Hare test
(Scheirer et al., 1976) was applied. For all
significant factors, pairwise comparisons

StatisticalanalysisofmorphometricmeasͲ
urements

All statistical analyses were performed in
Rv.3.0.1. We used principal component
analysis (PCA, Hotelling, 1933) to evaluate
the continuity of the morphospace in the
G.siphonifera/G.calidaplexusonthebasis
of the morphological parameters (excludͲ
ingporosity)obtainedfromtheSEMimagͲ
es, without a priori assumption on their
attribution to genetic types. During that
stepweexcludedtheparameterhtotalfrom
theanalysis,becauseshellheightofspeciͲ
mens from the plankton is a function of

Figure4:Percentagesofindividualsclassifiedas
Globigerinellacalida
Percentages of individuals in each genetic lineͲ
age/genetic type (following the classification by
Weiner et al. (2014)) of Globigerinella that were
classified upon collection as G. calida. The dataset
includes all 382 individuals that were genetically
analyzed, independent of the existence of morͲ
phometric measurements. Vertical bars represent
95% binomial confidence intervals after (Agresti
andCoull,1998).Totalnumberoftrialsnisgivenat
thebottomofthegraph.Mostindividualsclassified
uponcollectionasG.calidabelongtoeitherlineage
IorIII.
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were performed using a Mann–Whitney U
test (Mann and Whitney, 1947), during
which the pͲvalues were corrected after
BenjaminiandHochberg(1995).Totestfor
a relationship between pore size/porosity
and shell size (approximated via shell
height, ht), we performed a Kendall–Theil
robust line fitting (Kendall, 1938; Theil,
1950; Sen, 1968) implemented in R, using
the equations from Helsel and Hirsch

(2002)and Conover(1980).Forspecimens
withtwoSEMimagesofthesameindividuͲ
al,weusedtheonewhichprovidedalargͲ
er dataset (i.e. more pore measurements)
fortheanalysis.

Results
Of the 382 genetically analyzed GloͲ
bigerinellaspecimens(Weineretal.(2014)
and new data from South Pacific comͲ

Figure5:ImagesofrepresentativespecimensofthegenetictypesofGlobigerinellasp.
SEMimagesandlightmicroscopicimagesofrepresentativeindividualsbelongingtothedifferentgenetic
typeswithintheG.siphonifera/G.calidaplexus.NoSEMimagesareavailableforspecimensrepresenting
typesIIa2,IIa6,IIbandIIIa.TheexactsamplinglocationofeachspecimenisshowninTableS1.

9


MorphoͲgeneticanalysisofGlobigerinella

bined),62werelabeleduponcollectionas
G. calida. In this respect, the subset used
for morphometric analysis is representaͲ
tive,containing42specimensoutof181in
total originally labeled as G. calida. As the
first step, we asked, whether or not the
usageofthespeciesnameG.calidacorreͲ
latedwithanyofthegenetictypes.Here,a
comparison of the taxonomic labels and
genetic identification indeed reveals that
the frequency of usage of G. calida varies
significantly among the genetic lineages
and genetic types (Figure 4). Although
thereisnosinglegenetictypewhichisasͲ
sociated exclusively with specimens laͲ
beledasG.calida,thisnamehasbeenused
morefrequentlyforspecimensinlineagesI
andIII(Figure4).
Next,weventuredtoresolvethecorreͲ
lation of genetic and morphological variaͲ
bilityintheG.siphonifera/G.calidaplexus.
To this end, we first explored morphologiͲ
cal differences among all analyzed speciͲ
mensanddeterminedhowtheserelateto
the genetic types found within this group.
The high number of SEM and lightͲ
microscopicimagesallowedamorphometͲ
ric analysis of representatives of almost
every genetic type from various parts of
the world ocean(Figure 2, Figure5, Table
S2). Most genotypes had sufficiently well
preserved shells following DNA extraction
toobtainrepresentativeSEMimages,apart
fromtypesIIa2,IIa6,IIbandIIIa.However,
itwaspossibletoincludetypesIIa2andIIb
in the morphometric analyses using their
lightͲmicroscopic images, but those of IIa6
andIIIaprovedtoopoortobeuseful.
A PCA of the morphometric measureͲ
ments carried out on SEM images (Figure
3, Table S2) revealed a significant sizeͲ
independent variation in morphology of

the individuals belonging to the G. siͲ
phonifera/G.calidaplexus.Themappingof
thegeneticidentityontothemorphospace
reveals that three of the analyzed genetic
types are associated with a morphology
thatisdistinctfromtherestoftheplexus.
ThegenetictypesIaandIIIb/cappeartobe
separated from the rest of the genetic
typeschieflybyhigherchamberelongation
(El,EL,Figure6).ThisseparationissupportͲ
edbytheLDA,whichconfirmsastatisticalͲ
ly significant difference in the multivariate
meansbetweenthegroups(p>0.001)and
revealsthatbasedonthesamesetofmorͲ
phologicalmeasurements,97%ofthespecͲ
imens can be correctly classified (Figure
7a). Furthermore, these three types can
not only be separated from the rest, they
also show morphologic differences when
being compared with each other. SpeciͲ
mens of type Ia are characterized by the
highest values for chamber elongation in
spiral/umbilical view (E and EL), while
membersoflineageIIIaremarkedbyhighͲ
estvaluesforangleɲ,whichdescribesthe
deviation of growth from the planispiral
plane(Figure6).Thisdifferentiationisalso
supported by the LDA (p=0.004), and alͲ
lows a correct classification of 95% of the
specimens(Figure7b).
ACVAwiththeremainderofgenotypes
(Ib,IIa1,IIa3–5)showslowcorrectclassifiͲ
cation rates (73%) and a general distribuͲ
tion of all genetic types over the whole
morphospace, indicating that no distinct
morphotypescanbeseparatedwithinthat
group(FigureS1).
Having established the existence of
three groups of genetic types that are
morphologically distinct from each other,
we attempted to determine whether or
notthesegroupscorrespondtoanyofthe
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Figure6:PCAbiplotofGlobigerinellasiphonifera/G. calida individualsfromSEMimageswithprojected
positionoftypespecimens
Principal component analysis (PCA) of six sizeͲinvariant morphological characters of the G. siphonifͲ
era/G.calidaplexusobtainedfromSEMimagesasdescribedinFig.3.Theplaneofthefirsttwoprinciple
components explains 70.9% of the total variance. The projected position of type specimens (measureͲ
mentsobtainedfromthedrawingsshownonthesideofthegraph)areindicatedasblackstars.Thetype
specimen of Globigerinella adamsi plots far outside the plot, because of the extreme elongation of the
chambersandisthusnotshown.ThepositionoftheextanttypesIandtypeIIasdescribedinHuberetal.
(1997,fig.7)areprojectedasblackcrosses.TheirtypeIplotsclosertoG.radians,whiletheirtypeIIisakin
toG.siphonifera.

existing morphological species concepts.
To this end, we extracted images of type
specimens from the literature, including
original illustrations and designated types.
This included the original illustrations of
Globigerina radians (Egger, 1893), GlobigͲ
erinasiphonifera (d’Orbigny, 1839), the
lectotype
of
Hastigerinasiphonifera
(BannerandBlow,1960)andtheholotype
of Globigerinacalida (Parker, 1962). The
samemorphologicalparametershavebeen
extracted from these images as from the
genotyped individuals and based on these

data the specimens were projected onto
theplaneofthefirsttwoprincipalcompoͲ
nent axes (Figure 6). This analysis reveals
that the holotype of G. calida shows the
highestsimilarityinmorphologywithgenoͲ
types IIIb/c. The original illustration of G.
radians shows a specimen with highly
elongatedchambersandasmallvalueofɲ
as is characteristic for individuals of the
genetic type Ia. The rest of the genetic
types clusters around the lectotype speciͲ
menofH.siphonifera.
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Figure7:LDAhistogramsformorphologicaldistinctionbetweenselectedgenotypesoftheGlobigerinella
siphonifera/G.calidaplexus
a)Histogramsoflineardiscriminantanalysis(LDA)betweengenotypesIa+IIIb+IIIcandtheothergenotypes.
Genotypes Ia+IIIb+IIIc are characterized by a stronger elongation of the last chamber in both lateral and
umbilical/spiralview.
b)HistogramsofLDAbetweengenotypesIaandIIIb+IIIc,showingthatgenotypesIIIb+IIIcarecharacterized
bythelargervalueofɲ(inverselycorrelatedwithPS),i.e.byamoretrochospiralcoilingandalessequatoͲ
rialaperture.

In order to determine to what degree
the morphological separation is possible
without the timeͲconsuming SEM imaging,
wesubsequentlyanalyzedlightmicroscopͲ
ic images of 128 genotyped individuals
(Table S2). Since it is not possible to take
images of the lateral view without fixing
thespecimens,onlypicturesfromtheumͲ
bilical/spiral side were available. ConseͲ
quently,thenumberofmorphologicalvariͲ
ables was limited and characters like the
angleɲ,thatprovedimportantforthesepͲ
aration into morphological groups, could
not be measured. Nevertheless, the PCA
analysis of the measurements on the light
microscopic images still revealed a sepaͲ
ration, with specimens belonging to types
Ia, IIIb and IIIc occupying a much smaller
portion of the morphospace, albeit with
strong overlap to the rest of the genetic
types (Figure 8a). A further separation of
type Ia from IIIb/c, however, is not apparͲ

entinthisanalysis.Themorphologicaltrait
responsible for the slight separation into
two groups is the elongation of the chamͲ
bers (mainly the last chamber), whereas
the number of chambers in the last whorl
provestobevariable,butnotrelatedtoa
certain genetic type. This finding supports
theresultsfromtheSEManalysesandconͲ
firms that chamber elongation is the most
importantdistinctionfactor.Incomparison
to the analysis based on SEM images, a
differentiation into morphological groups
solelyonthebasisoflightmicroscopicimͲ
agesprovestobedifficultandtheLDAonly
classifies 78% of individuals correctly, altͲ
hough the difference between the groups
remainshighlysignificantatp<0.001(FigͲ
ure 8b). As implied by the results of the
PCA,afurtherseparationbetweengenetic
typesIaandIIIb/cbyanLDAisnotpossible
(p=0.738).
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Figure8:PCAbiplotandLDAhistogramsofmorphometricdataobtainedfromlightmicroscopicimagesof
Globigerinellasiphonifera/G.calidaindividuals
a) Principal component analysis (PCA) of three sizeͲinvariant characters (see Fig. 3) extracted from light
microscopicimagesinumbilical/spiralview.TypesIaandIIIaresituatedinonesectoroftheplotandare
mainlydistinguishedfromtheothergenotypesbyastrongerelongationofthelastchamber,albeitshowing
largeoverlapinmorphospacewiththeothertypes.
b) Linear discriminant analysis (LDA) histograms for the distinction of genetic types Ia+IIIb+IIIc from the
othertypesonthebasisofthethreecharactersextractedfromlightmicroscopeimages.ThecorrectclassiͲ
ficationrateintheLDAislargerthan78%,andtheHotelling’sT2valueindicatesasignificantmorphological
differencebetweenthegroups.Nevertheless,thelargeoverlapbetweenthehistogramsconfirmsthePCA
resultsindicatingthatdistinctionsbetweenthegenotypesonthebasisofumbilical/spirallightmicroscopic
imagesaloneislessreliablethanthatbasedonexactlypositionedSEMimagesincludingthelateralview.


The final characteristic of the calcite
shell that might be useful for genotype
differentiation is the porosity (Table S3).
Since differences in porosity had been deͲ
tected before for individuals belonging to
two different morphological types of G.
siphonifera (Huber et al., 1997), we anaͲ
lyzed high magnification SEM images of
shellwallsurfaceatthelastchamberof66
specimensthathadalsobeenusedforthe
morphometric analysis (Figure 3). A mediͲ
an of 104 pores were measured per indiͲ
vidual.Comparingthemeanporediameter
andthemeanporositywiththesizeofthe
individuals we see a slight trend towards
increasing pore parameters with larger
shellsizes,whenregardingthewholeplexͲ
usasonegroup(p<0.001,Figure9).When

the different genotypes are regarded as
separate entities, however, this trend is
only significant in genotypes IIa4 (p(pore
and
IIa5
size)=p(porosity)=0.028),
(p(porosity)=0.005,TableS3).Inthemajority
of size classes we detect the whole range
ofporesizeandporosityvalues.Theuseof
a mathematical approach to calculate the
pore parameters of specimens of the
G.siphonifera/G.calidaplexusonthebasis
ofmeasurementsthatarewidelyinvariant
in regard to viewing angle makes our reͲ
sultsreliable,eventhoughwecouldinrare
cases only measure 10pores/specimen.
This is supported by the high degree of
replicabilityofmeasurementsonthesame
specimen (n=40, paired tͲtest, p(pore
size)=0.789,p(porosity)=0.912).
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Figure 9: The relationship between pore parameters and shell size in individuals of the Globigerinella
siphonifera/G.calidaplexus
TherelationshipbetweenporesizeandporositytoshellsizeintheG.siphonifera/G.calidaplexus.Though
thereislikelyarelationshipbetweenshellsizeandporeparameters(duetothesmallsamplesizesthisis
onlysignificantingenotypesIIa4(p(pore size)=p(porosity)=0.028),andIIa5(p(porosity)=0.005),Kendall–TheilroͲ
bustlinefitting),thegraphshowsthatinthemajorityofthesizerangethewholeobservedrangeofpore
sizesandporositiesisrealizedandtheobservedvariationintheseparametersisnotmerelyreflectingshell
size.


Testing for possible influences on the
pore parameters using a Scheirer–Ray–
Hare test, we detected a significant influͲ
enceofthegeneticbackgroundoftheindiͲ
viduals as well as of the region in which
theyweresampled,butnotoftheinteracͲ
tiontermofthetwofactors(Table1).We
observelargeporediametersandhighpoͲ
rosity in individuals belonging to types Ia
and Ib and small pores and low porosity
valuesinthemorphologicallysimilartypes

IIIb and IIIc (Figure 10, Table S3). The geͲ
netic type cluster IIa is marked by a high
variabilityinporesizesandporositieswithͲ
in genetic types, with three types (IIa1,
IIa3, and IIa4) showing lower values than
typeIIa5.Comparingthedifferentsampling
localities,wedetectsmallerporesizesand
porosityvaluesinthePacificandoffJapan
compared to the Indian Ocean and the
Mediterranean Sea. This finding is conͲ
sistent for all genetic types, which implies

Table1ResultsofaScheirer–Ray–Haretestfortheinfluenceofgenotype,samͲ
plingregion,andtheirinteractionontheporesizeandporosityofspecimensof
theGlobigerinellasiphonifera/G.calidaplexus.ForafullcrossͲwisecomparison
ofgenotypesandsamplingsites(Mann–WhitneyUtestwithadjustedpͲvalues)

seeTableS3.

Factor
Genotype
Region
Genotype*Region


pͲvalue(poresize)
<0.001
0.008
0.100

pͲvalue(porosity)
<0.001
0.008
0.053
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Figure10:BoxplotsfortheanalysisofinfluenceofgenotypeandsamplinglocationontheporeparameͲ
tersinGlobigerinellasiphonifera/G.calidaindividuals
BoxplotsandoriginaldatapointsshowingthevariabilityofporesizeandporositywithintheG.siphonifͲ
era/G.calidaplexusbygenotypeandsamplinglocation.BothgenotypeandsamplinglocationhaveasignifͲ
icantinfluenceonbothparameters(Table1).IntheporosityplotstheporosityvaluesdeterminedbyHuber
etal.(1997)asbeingtypicalforthelastchamberoftheirtypesIandIIareindicatedbydottedlines.

that they exhibit the same direction of reͲ
actionoftheporeparameterstotheenviͲ
ronmentalconditionsatacertainsampling
locality.

Discussion
Representativenessofsampling

To date, the genus Globigerinella appears
to be the most genetically diverse within

the planktonic foraminifera (de Vargas et
al.,2002;DarlingandWade,2008)(Figure
1, 5). However, the amount of genetic diͲ
versity is not endless and a Jackknifing
analysis presented by Weiner et al. (2014)
indicatedthatthe12genetictypesrecordͲ
ed at that time were likely a comprehenͲ
siverepresentationofthegeneticdiversity
within the lineage. In this study, DNA seͲ
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quenceswereobtainedfromadditional44
individuals at three stations in the southͲ
ern Pacific, a region that was not sampled
before.Yet,allofthesesequencescouldbe
assigned to one of the genetic types of
Weineretal.(2014).Thisfactsupportsthe
claim by Weiner et al. (2014) that the
number of sampled genetic types is close
tosaturationbothwithrespecttotheaddiͲ
tionofmoreindividualsaswellastosamͲ
pling of new regions. This is important,
because it allows us to assume that the
imagedatasetweanalyzeisrepresentative
ofthefulldiversitywithintheplexus.
GeneticidentityofGlobigerinellacalidaspecͲ
imens

DuetothesimilaritybetweenG.calidaand
G. siphonifera, the genetic distinction beͲ
tweenthetwospeciesremaineduncertain.
However,ananalysisoftheoriginalattribͲ
utions given to each sampled individual
includedinthisstudyindicatedthattheG.
calidamorphology,mainlycharacterizedby
more elongated chambers (Parker, 1962),
isfoundinseveralofthedelineatedgeneti
ctypes(Figures4and5).Thisanalysisalso
revealed that the specimens have been
labeledasG.calidaconservatively,i.e.,the
majorityofthespecimensbelongingtothe
genetictypesassociatedwiththeG.calida
morphologywerelabeledasG.siphonifera.
This is interesting considering that the
SEMͲbased morphometric analysis reͲ
vealed a strong separation of specimens
with the general G. calida morphology
(Figure7a).Ontheotherhand,theanalysis
based on light microscope images (Figure
8) showed a higher degree of overlap beͲ
tween the two groups, indicating that the
distinctionbetweenthetwospeciesisless
obvious when working on material in the
plankton.

Both,theanalysisofthegeneticidentiͲ
ty of specimens labeled as G.calida in the
field (Figures 4) and the morphometric
analysis (Figure 7a) indicate that the genͲ
eral morphology of G. calida occurs indeͲ
pendently in two unrelated lineages.
Moreover, specimens belonging to these
lineages can clearly be separated from
each other morphologically (Figure 7b).
SincethisseparationisbasedonacharacͲ
terthatisonlyvisibleinthelateralview,a
validationonlightmicroscopicimageswas
not possible. Nevertheless, specimens in
the field can be observed in lateral views
andthecharacteristhuslikelytobeuseful
infieldstudies.
Theassociationoftwodistinct“G.caliͲ
da”morphologieswithtwogeneticallydisͲ
tinct lineages indicates the existence of a
taxonomic confusion. Before any attempt
toresolvethisconfusion,ithastobeestabͲ
lished that the morphological differences
do not represent ecophenotypic variants.
This possibility can be easily discarded on
the basis of our sampling. Specimens beͲ
longingtoallthreemorphologicallyrecogͲ
nizable groups coͲoccur together at the
same stations and depth intervals (Figure
2, Table S1). If the characters associated
with the broad “G. calida” morphology
wereduetoecophenotypicvariabilitythen
there should have been no distinction beͲ
tweenspecimensoftheG.siphoniferaand
G.calidamorphologyfromthesameplankͲ
tonhaul.
Congruenceofmorphotypeswithexisting
speciesconcepts

To clarify the relation of the three morͲ
photypes to the originally described morͲ
phospecies we projected the morphometͲ
ric values of the type specimens and illusͲ
trationsontothePCAplot,revealingasurͲ
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prisingly high congruence with the three
morphologic groups (Figure 6). The G. siͲ
phonifera morphology appears to be most
akin to the largest group of genetic types,
especially when the lectotype by Banner
and Blow (1960) is considered. The lectoͲ
typehasbeenselectedtorepresentamore
typicalspecimenthantheoriginaldrawing
by d’Orbigny (1839) and a better congruͲ
ence of the latter one with our samples is
thusnotsurprising.Consequently,weconͲ
clude that most of our genetic types corͲ
respond to the current species concept of
G.siphonifera.
The separation of the two “G. calida”
morphologies is possible based on characͲ
tersbestseeninthelateralview.IndividuͲ
als of the genetic types IIIb and c are
markedbyahigherdeviationfromplanspiͲ
rality than individuals belonging to type Ia

and are therefore closer to the original
description of the G. calida morphology,
whichwasdescribedashavinganumbilical
aperture (Parker, 1962). This is supported
by the fact that the G. calida holotype is
projected in the center of the IIIb/c group
in the PCA biplot. In order to further test
ourassumptionthatthegeneticlineageIII
correspondstoG.calida,weusedmolecuͲ
larclockestimatestocomparetheagesof
the lineages derived from molecular data
to those observed for morphospecies in
the fossil record (Figure 11, Weiner et al.,
2014).Thefirstappearancedate(FAD)for
G. calida in the fossil record lies between
3–4MaaccordingtodataintheCHRONOS
database (http://chronos.org), the FAD for
G.praecalidadatesto9Ma.Theseagesare
consistentwiththeG.praecalidamorpholͲ
ogy representing ancestral populations of

Table2Thecorrespondencebetweengeneticdiversityand morphologicalvariͲ
ability within the Globigerinella siphonifera/G. calida plexus, including classifiͲ
cationfollowingclassicaltaxonomy(e.g.,Parker,1962)andtherevisedtaxonͲ
omy, based on the morphometric measurements from this study. Question
marks stand for genetic types whose morphology could not be confirmed by
quantitativeanalysis,becausenosuitableimageswereavailable.



Genetictype
Ia
Ib
IIa1
IIa2
IIa3
IIa4
IIa5
IIa6
IIb
IIIa
IIIb
IIIc

RevisedTaxonomy
G.radians
G.siphonifera
G.siphonifera
G.siphonifera
G.siphonifera
G.siphonifera
G.siphonifera
?
G.siphonifera
?
G.calida
G.calida

ClassicalTaxonomy
G.calidaorG.siphonifera
G.siphonifera
G.siphonifera
G.siphonifera
G.siphonifera
G.siphonifera
G.siphonifera
G.siphonifera
G.siphonifera
G.calida
G.calida
G.calida
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lineage III, their first appearance marking
the divergence between lineage III and
lineageII.Inthisscenario,interestingly,the
appearance of the G. calida morphology
around 3 Ma corresponds to the oldest
divergence among the genetic types of
lineage III. Importantly, the fossil record is
notcompatiblewiththedivergenceageof
lineages Ia and Ib, which is too young. If
lineageIarepresentedG.calida,thenthat
morphology would have to be associated
withlineageIuntilthedivergencebetween
genetictypesIaandIb,whentypeIbwould

havelostitschamberelongation.WeconͲ
sider this scenario less likely, because it
wouldimplythatthemorphologyofgenetͲ
ictypeIbwouldhavetorevertbacktothe
ancestral morphology (the ancestral MioͲ
ceneformofGlobigerinella,G.obesa,does
not possess radially elongated chambers).
These observations thus further supports
theassumptionthatextantrepresentatives
ofthegeneticlineageIIIaremostaffineto
the species concept of G. calida as it has
beenappliedinthefossilrecord.
Since the genetic type Ia can also be

Figure11:MolecularclockestimatesforGlobigerinellasiphonifera/G.calida andtheirsisterspeciesBeelͲ
ladigitata
MolecularclockforG.siphonifera/G.calidaandB.digitatabasedonaMAFFTalignmentwithtimeestimate
rangesfromtheuncorrelatedlognormalrelaxedmolecularclock,modifiedafterWeineretal.(2014).For
details on the procedures see this previous study. Numbers at nodes indicate divergence ages with 95%
confidenceintervals.NumberinbracketsindicatesfixedageforthesplitofGlobigerinellaandB.digitata.
The histogram shows the occurrence of G. calida (blue) and G. praecalida (red) as it is recorded in the
CHRONOSdatabase(http://chronos.org).
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separated morphologically from all other
typesweinvestigatedwhetheritisrelated
to some already known morphologic conͲ
cept. Globigerinella adamsi was described
as a sister to G. siphonifera and G. calida
(Banner and Blow, 1959) and could be a
potentialcandidate.However,G.adamsiis
described as having even more elongated
chambers(BannerandBlow,1959;Parker,
1962)andsofaritwasexclusivelyfoundin
sedimentsfromthePacificorIndianOcean
(BéandTolderlund,1971;Hemlebenetal.,
1989).SincewefindourtypeIaalsointhe
CaribbeanSea,G.adamsiisunlikelytocorͲ
respondtoit.
Searching the literature we discovered
with Globigerina radians (Egger, 1893) an
illustration of a specimen possessing a
morphology that closely resembles that of
G. calida but appears more planispiral.
Adding the morphometric parameters of
thetypeillustrationtothePCAweseethat
the illustration corresponds to our speciͲ
mens of type Ia, characterized by highly
elongatedchambersandasmallvalueofɲ.
WenotethattheoriginaldescriptionofG.
radians by Egger (1893) appears indistinͲ
guishablefromthedescriptionofG.calida
by Parker (1962), but the distinctly planͲ
ispiralspecimenillustratedbyEgger(1893)
differs from the holotype of G. calida (Fig.
6). We therefore propose to reinstate G.
radiansasanameforspecimensofgenetic
typeIa(Figure12).
To compare our morphotypes with the
two types that were first described by FaͲ
ber et al. (1988) and morphometrically
analyzed by Huber et al. (1997), we proͲ
jected the morphological traits of one
specimenoftypeIaswellastypeII,figured
in Huber et al. (1997, fig. 7), into the PCA

morphospace of our analysis (Figure 6).
Thereby we could show that their type II
resembles our G.siphonifera, whereas
their type I is more closely related to our
G.radians.
TheparaphyleticstatusofG.siphonifera

A taxonomic revision of the G. siphonifͲ
era/G. calida plexus is confounded by the
fact that the identity of several genetic
typescannotbeevaluated(Table2).Thus,
genetic type IIIa did not yield images of a
high enough quality to be included in the
morphometric analyses. It can therefore
not be entirely excluded that this genetic
type is associated with the G. siphonifera
morphologyandnotliketherestoflineage
III with G. calida. Further difficulty arises
from the fact that the majority of the geͲ
netictypesappearmorphologicallysimilar.
ThisismosttroublesomefortypeIb,which
cannot be included into the species conͲ
cept of G. radians, because it resembles
the G. siphonifera morphology otherwise
found in specimens of lineage II. ConseͲ
quently, our taxonomic revision based on
shell morphology (Figure 6) leads to a paͲ
raphyletic G. siphonifera including speciͲ
mens of genetic type Ib and lineage II,
which are unrelated, but cannot be sepaͲ
rated further from each other (see Figure
S1). It is entirely possible that traits other
thanthosebasedonshellmorphologywill
allow a separation of type Ib from G. siͲ
phonifera and we note that biological or
physiological differences (including the
possession of symbionts), were shown beͲ
fore to diverge between two different
types of G. siphonifera(Faber etal., 1988;
Faberetal.,1989;Huberetal.,1997).
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Figure12:SEMimagesofthethreemorphotypes
SEMimagesoftheumbilical/spiralside,aperturalsideandcloseͲupviewoftheporesofoneindividualof
eachmorphotypewiththeirrevisedtaxonomy.Scalebarsatpictureswiththewholeshellare60μm,closeͲ
upshaveascalebarof20μm.TheGlobigerinellasiphoniferaspecimenwassampledintheArabianSea
(Station945),G.radiansandG.calidaintheMozambiqueChannel(stationsMCͲ12andMCͲ3respectively).

In this context, another feature of the
shell that was reported to differ between
thetwodifferenttypesthatwereoriginally
describedbyFaberetal.(1988)istheshell
porosity(Huberetal.,1997).Differencesin

pore size were used to differentiate beͲ
tweenthetwotypesforwhichalsoarelaͲ
tionship to genetic divergence was sugͲ
gested.InthepresentstudyweuseporosiͲ
ty measures as a further possibility to difͲ
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ferentiate genetic types on a morphologiͲ
calbasisandtoassessthecorrelationwith
thetypesIandIIasdescribedbyFaberet
al. (1988). Because pores appear to faciliͲ
tate gas exchange between the cytoplasm
and the environment (Hemleben et al.,
1989),shellporosityisprimarilycontrolled
bybodysize(Brummeretal.,1987).Thisis
because cytoplasm volume increases with
the cube of chamber diameter, but pore
area only with the square of chamber diͲ
ameter. This relationship explains the obͲ
served relationship between porosity and

imens porosity is not predominantly conͲ
trolledbytheindividualontogeny,andthe
observed differences require another exͲ
planation. Taking other parameters into
account, both the genotype and the samͲ
pling location have a significant influence
ontheporeparameters(Table1).TherelaͲ
tionship is particularly strong with genoͲ
type,withfiveoftheeightanalyzedgenetͲ
ic types consistently showing low porosity
values(Figure10).
Thelargestporesandhigherporosityis
observed in specimens of lineage I. This is

Figure13:ComparisonofenvironmentalpreferencesofGlobigerinella calida andG.radians
DistributionofthemorphotypegenerallyreferredtoasG.calida(BarrowsandJuggins,2005;Kuceraetal.,
2005)alongseasurfacetemperature(globalSSTasannualmeanandmeanoftheupper20mofthewater
column from the World Ocean Atlas, Locarnini et al., 2013) and productivity (10Ͳyear averaged annual
chlorophyllaconcentrationfromOceanColorWeb,FeldmanandMcClain,2013)intheNorthernAtlantic
(includingCaribbean)andtheMediterraneanSea.CorrespondingSSTandchlorophyllavaluesforthesamͲ
pling sites of genotyped and morphologically analyzed individuals of G.calida and G.radians from this
studyareaddedatthetopofthegraphs(filledsymbols:genotypeandmorphotypeknown,opensymbols:
onlygenotypeknown).Bothspeciesappeartoshowthesamepreferencesforprimaryproductivityaswell
aswatertemperature.

shell size in our data (Figure 9). However,
withintherangeofshellsizesrepresented
in our dataset, we only detected a minor
influenceofshellsizeonporeparameters,
explaining a maximum of 23% of the total
variation (Figure 9, Table S3). Therefore,
weconcludethatamongthestudiedspecͲ

consistent with the results by Huber et al.
(1997), suggesting that pore parameters
couldbeusedtodifferentiatespecimensof
geneticlineageIfromspecimensoflineage
II.Thevaluesofmeanporosityreportedfor
thetwogenetictypesinHuberetal.(1997)
are slightly lower than those observed
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among the analyzed specimens (Fig. 10).
This offset likely reflects the fact that we
measured the pores from the outside inͲ
stead of breaking the shell to measure
fromtheinside.Unfortunately,weobserve
that large pores and high porosity also
marks specimens of genetic type IIa5 (Fig.
10). This means that the propensity for
buildingdisproportionatelylargeandmore
concentrated pores evolved at least twice
inGlobigerinellaandcannotbeuniversally
used to differentiate between specimens
oflineagesIandII.Ontheotherhand,the
observation that there is no statistically
significant interaction between genotype
and sampling region suggests that the ob
served differences in pore parameters are
aninherentpropertyofthegenotypesand
are at least partly genetically fixed. The
existence of a weaker but significant relaͲ
tionship between pore parameters and
localityimpliesasecondaryecophenotypic
effect. This effect is consistent between
genotypes (has the same sign), meaning
thattheporeparameterswillremainoffset
atthesamelocalityandmaybeusedasa
rough indicator to distinguish between
genotypes I+IIa5 and rest of II+III, even
though the threshold value will differ
amonglocalities.
Ecologicaldifferentiation

Inmanycases,crypticspecieswereshown
to exhibit a more restricted biogeographͲ
ical distribution than the morphospecies
they belong to (e.g. Aurahs et al., 2009;
Weineretal.,2012).DeVargasetal.(2002)
reported a nonͲrandom distribution assoͲ
ciated with the productivity in the water
column for four different genetic lineages
of G. siphonifera, corresponding to our
lineagesI,IIa,IIbandIII.Therefore,wealso
tested for a potential correlation between

thedistributionoftherevisedmorphospeͲ
cies and water mass characteristics. HowͲ
ever,thefactthatinmanyregionsallthree
morphospecies coͲoccur indicates that
thereisnodifferenceintheirbiogeographͲ
ic distribution. A comparison with data
fromsurfacesedimentsamplesasreported
intheMARGOdatabase(Figure2,Barrows
andJuggins,2005;Kuceraetal.,2005)also
shows that G. siphonifera and G. calida
shareacommonrangeofoccurrence.
Totestspecificallyforapossibleaffinity
to different environmental settings beͲ
tween the two species with elongated
chambers, we plotted the localities of all
genotyped specimens (Weiner et al., 2014
and this study) of these morphospecies
against the annual average temperature
and productivity at those localities. By
comparingtheoccurrenceofG.calidaand
G.radiansinthenorthAtlantic,MediterraͲ
neanSeaandCaribbeanSeawithextracted
sea surface temperature and chlorophylla
dataweobservetheexactsametemperaͲ
turetoleranceofbothG.calidaandG.raͲ
dians(Figure13).Bothmorphotypesshow
two abundance peaks, one at a higher
temperature and one in colder waters.
When comparing those results with the
distribution of “G.calida” in the sediment
according to the MARGO database it apͲ
pears that this pattern resonates with the
occurrence of two abundance maxima in
the morphospecies. Therefore, the
“G.calida”assemblagesseemtobeamixͲ
tureofG.calidaandG.radians.
Parallelevolutionofmorphologicaltraits

By comparing the morphology of the indiͲ
viduals to their genetic background we
were able to support our first impression
that morphological divergence only maps
partly onto the genetic diversity. We find
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elongated chambers in individuals of lineͲ
ages I and III, leaving only lineage II to
completely represent the typical G. siͲ
phoniferamorphology.Thus,unexpectedly,
weareconfrontedwiththefactthatasimiͲ
lar chamber morphology evolved twice in
GlobigerinellaandcanbefoundinindividͲ
uals belonging to different genetic lineͲ
ages.ThesameseemstoapplytotheevoͲ
lution of larger pores and higher porosity.
Thischaracterhaslikelyevolvedearly(late
Miocene) in the evolutionary history of
lineage I, but it also must have evolved in
parallel in genetic type IIa5, most likely in
the Quaternary (Figure 11). We suggest
that the evolution of elongated chambers
in two different genetic lineages is the reͲ
sult of parallel evolution, as it was shown
before to have been the case for digitate
chamber shapes in various morphospecies
of planktonic foraminifera (Coxall et al.,
2007). Surprisingly, in the genus GloͲ
bigerinellaweshowthatparallelevolution
operates on the lowest taxonomic level,
and that it involves not only chamber
shape but also the properties of the shell
wall(poreparameters).

Conclusions
The morphometric analysis of shell shape
and porosity of genotyped individuals of
the Globigerinella siphonifera/G. calida
plexus provides evidence for the morphoͲ
logical differentiation of several SSU rDNA
genetic types. A detailed morphoͲgenetic
comparison allows us to use this inforͲ
mation to revise the taxonomy of the geͲ
nus. Our analyses show that the genetic
typesIa,IIIbandIIIccanbeseparatedfrom
therestofthealtogether12genetictypes
due to their radially elongated chambers
and in case of types IIIb/c also because of

thedeviationfromplanspirality.Althougha
separation into three morphologic groups
provedtobedifficultusinglightmicroscopͲ
ic pictures, the differentiation conducted
on SEM images is highly significant. We
alsodiscoveredadifferenceintheporosity
andporesizevaluesbetweenthedifferent
genetic lineages. Our data though show
that the pore parameters are influenced
notonlyby thegeneticbackgroundofthe
individual but also by environmental facͲ
torsandthatlikechambershapethischarͲ
acter also underwent parallel evolution. A
comparison of the three morphologic
groups with the original descriptions for
members of the Globigerinella genus reͲ
vealsthatmostofourgenetictypescorreͲ
spondtothemorphologyofG.siphonifera.
The genetic lineage III could be shown to
mostresemblethetrueG.calidamorpholͲ
ogy(Parker,1962),whichisalsosupported
by molecular clock estimates, dating the
diversification in this lineage to the same
ageastheFADofG.calidaknownfromthe
fossil record. For the third morphologic
groupfoundwithintheplexus,wepropose
thenameGlobigerinellaradians,whichwas
attributed to this morphology by Egger
(1893) but virtually ignored since. We are
awareofthefactthatarevisionofthetaxͲ
onomy in Globigerinella for now creates a
paraphyletic group with genetic types of
two different lineages manifesting the G.
siphonifera morphology, but our data do
not show sufficient evidence for a separaͲ
tionofgenetictypeIbfromtherestofthe
G. siphonifera group. The fact that we obͲ
serve elongated chambers as well as high
porosity in different genetic types shows
that in the genus Globigerinella, parallel
evolution is highly prevalent acting on the
lowesttaxonomiclevel.
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Appendix:Systematicappendix
GenusGlobigerinellaCushman1927
The genus Globigerinella as described by
Cushman (1927) includes species of plankͲ
tonic foraminifera with nearly planispiral
tests in the adult stage, globular to ovate
chambers,umbilicaltoequatorialaperture
and fine round spines (Kennett and
Srinivasan, 1983). Three extant morphosͲ
pecies have been assigned to this genus
(e.g.,Hemlebenetal.,1989):Globigerinella
siphonifera(d’Orbigny,1839),GlobigerinelͲ
la calida (Parker, 1962) and Globigerinella
adamsi (Banner and Blow, 1959). In the
present study based on genetic and morͲ
phometricdata,wefurtherincludeamong

the extant species Globigerinella radians
(Egger,1893).
Globigerinellaradians(Egger,1893)
TextͲfigure11
Globigerina radians Egger, 1893, p. 170,
plateXIII(figs22Ͳ24)
nonGlobigerinaradians–Rhumbler,1909,
p.148,plateXXIX(figs2Ͳ4)–Parker,1958,
p. 278, plate 5 (fig 10) – Drooger &
Kaasschieter, 1958, p. 84, plate 4 (fig 24)
plate5(fig6)
Typespecimen:nonedesignated;thespecͲ
imenfiguredbyEgger(1893)onplateXIII,
figs 22Ͳ24; material of the Gazelle expediͲ
tion was stored at the “bayerische StaatsͲ
sammlung für Paläontologie und GeoloͲ
gie”, but destroyed during world war 2;
typespecimenconsideredtobelost
Type locality: The species is originally deͲ
scribedfromsedimentsfromthesouthern
Indian and Pacific Ocean collected during
Gazelleexpedition,localitiescitedinEgger
(1893) are west. Australia St. 87 (20°49 S,
113°46 E, depth 915 m), St. 90 (18°52 S,
116°18E,depth357m);FijiSt.130(14°52
S,175°32W,depth1655m)
Diagnosis: Individuals of Globigerinella raͲ
dians possess nearly planispirally coiled
highly evolute shells with typically five
chambers in the last whorl. Chambers in
the last whorl are radially elongated (

El | 0.9 , EL | 1.1, E | 1.0 ) with rounded
tips.Apertureisequatorial,formingahigh
symmetrical arch. The surface of the shell
is covered by round spines. The species
differsfromGlobigerinellacalidabyamore
planispiral coiling ( D | 7 .9 q , PS | 0.9 ), as
well as by possessing larger pores and
higher shell porosity. Unlike Globigerinella
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adamsi, G. radians never shows pointed
chamber tips and the degree of chamber
elongationisnotasextremeasinthatspeͲ
cies.
Mean shell height in lateral view:473–
771ʅm(mean=633ʅm,n=8)
Observed occurrences in this study (genoͲ
typed individuals): Caribbean Sea, MozamͲ
biqueChannel,southwesternPacificOcean
Remarks: The original description of GloͲ
bigerinella radians by Egger (1893) refers
to planispirally coiled shells with a loose
chamberarrangementandasignificantsize
increase from one chamber to the next as
well as a spinose surface. Subsequently,
Rhumbler(1909)usedthenameGlobigeriͲ
na radians for a nonͲspinose foraminifera,
although he is referring to Egger’s work
(1893). Rhumbler’s concept was adopted
by (Parker, 1958) until it was renamed as
Globigerina atlantisae by Cifelli and Smith
(1970), and later synonymized with TenuiͲ
tellaiota(Hemlebenetal.,1989).Drooger
andKaasschieter(1958)usedthisnamefor
specimens from Caribbean surface sediͲ
mentscorrespondingtoamorphologythat
weconsidertobeGlobigerinellacalida.
Globigerinellacalida(Parker,1962)
TextͲfigure11
Globigerinasubcretacea–Drooger&KaasͲ
schieter,1958,p.84,plate4(fig23)plate5
(fig5)
Globigerina radians – Drooger & KaasͲ
schieter,1958,p.84,plate4(fig24)plate5
(fig6)
Globigerina sp. – Bradshaw,1959, p. 38,
plate6(figs.19,26Ͳ28)

Globigerina calida Parker, 1962, p. 221,
plate1(figs.9Ͳ13,15)
Globigerinella calida – Saito, Thompson
and Breger, 1976, p. 282, plate 1 (fig. 2)
plate 6 (fig. 2) plate 8 (fig. 1) – Saito,
ThompsonandBreger,1981,p.32,plate4
(figs 2aͲd) – Kennett and Srinivasan, 1983,
p.240,plate60(figs7Ͳ9)–Hemlebenetal,
1989,p.18,figure2.3e,f
Type specimen: Holotype USNM no.
638685(Parker,1962)
Type locality: The species is originally deͲ
scribed from surface sediments from the
central southern Pacific Ocean, (14°44 S,
112°06 W, depth 3120 m), Downwind BG
130(0Ͳ4cm.)
Diagnosis: Individuals of Globigerinella
calida possess slightly trochospirally coiled
evolute shells with typically five chambers
inthelastwhorl.Thelastwhorlismarked
by radially elongated chambers ( El | 0.9 ,

EL | 1.0 , E | 1.0 ) with rounded tips. The
aperture is in an interiomarginal position
and cannot be seen from the spiral view.
Thesurfaceoftheshellismarkedbyround
spines.Thegeneralappearanceissimilarto
Globigerinella radians, however, the
chambers are less elongated in side view,
thespecieshassmallerporesandlessshell
porosity and shows a clear deviation from
planispirality( D | 22 .1q , PS | 0.5 ).
Mean shell height in lateral view:226–
675ʅm(mean=417ʅm,n=11)
Observed occurrences in this study (genoͲ
typed individuals): Caribbean Sea, Eastern
Mediterranean Sea, Red Sea, Arabian Sea,
Mozambique Channel, middleͲwestern
PacificOcean
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Remarks: The original description of GloͲ
bigerinellacalidabyParker(1962)refersto
trochospiral shells with rapidly enlarging
chambers and the last chambers being
elongated radially. Her specimens have ~5
chambers in the final whorl and the aperͲ
tures are approaching an interiomarginal
position. She differentiates G. calida from
G. siphonifera by having less involute
chambers and less spines. Parker (1962)
synonymizesherdescriptionwithGlobigerͲ
ina sp. described by Bradshaw (1959),
howeversheneitherreferstotheGlobigerͲ
ina radians described in Drooger &
Kaasschieter(1958)nor totheGlobigerina
subcretaceafromthesameauthors,which
both describe the same morphology as G.
calida. Parker’s description of the species
still remains valid until today, however in
Saito, Thompson and Breger (1976) the
species was assigned to the genus GloͲ
bigerinella.
Globigerinellasiphonifera(d’Orbigny,1839)
TextͲfigure11
Globigerinasiphoniferad’Orbigny,1839,p.
83,plate4(figs15Ͳ18)
Cassidulinaglobulosa–Egger,1857,p.296,
plate11(fig4)
Globigerinaaequilateralis–Brady,1879,p.
285–Brady,1884,p.605,plate80(figs18Ͳ
21)–Egger,1893,p.172,plateXIII(figs5Ͳ
8)
Globigerinella aequilateralis – Cushman,
1927,p.87–Bradshaw,1959,p.38,plate
7(figs1,2)–CifelliandSmith,1970,p.35,
plate4(figs2Ͳ4)–WalkerandVilks,1973,
p.196,plate1(figs6,7)–Saito,Thompson
andBreger,1976,p.281,plate3(figs1,2)
plate 6 (fig 7) plate 8 (figs 3, 8) – Saito,
ThompsonandBreger,1981,p.26,plate2

(figs 2aͲd) – Kennett and Srinivasan, 1983,
p.238,plate59(fig1)plate60(figs4Ͳ6)
Hastigerina aequilateralis – Bolli, Loeblich
andTappan,1957,p.29,plate3(fig4)
Hastigerinasiphonifera–BannerandBlow,
1960,p.22,figures2,3
Globigerinella siphonifera – Parker, 1962,
p. 228, plate 2 (figs 22Ͳ28) – Hemleben et
al,1989,p.18,figure2.3i,k
Typespecimen:Lectotype:Alcided’Orbigny
collection at the Muséum Nationale de
l’Histoire Naturelle, Paris, designated by
BannerandBlow(1960)
Type locality: The species is originally deͲ
scribed from recent beach sand on Cuba
(BannerandBlow,1960)
Diagnosis: Individuals of Globigerinella siͲ
phonifera possess in adult stages nearly
planispirallycoiledinvoluteshellswithtypͲ
ically five chambers in the last whorl.
Chambersinthelastwhorlareglobularor
ovoid( El | 0.7 , EL | 0.9 , E | 0.9 ).AperͲ
tureisequatorial,formingahighsymmetͲ
rical arch. The surface of the shell is covͲ
eredwithroundspines.Thespeciesdiffers
fromG.radiansandG.calidabylesselonͲ
gated chambers especially in lateral view.
IncontrasttoG.calida,G.siphoniferadoes
notshowastrongdeviationofthegrowth
axis from the planispiral plane ( D | 8.0 q ,
PS | 1.0 ).

Mean shell height in lateral view: 200–
744ʅm(mean=476ʅm,n=44)
Observed occurrences in this study (genoͲ
typed individuals): Caribbean Sea, middleͲ
eastern Atlantic Ocean, Mediterranean
Sea, Red Sea, Arabian Sea, Mozambique
Channel,westernPacificOcean
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Remarks: The original description of GloͲ
bigerinellasiphoniferabyd’Orbigny(1839)
refers to planispirally coiled shells with
globular chambers and many spines. His
specimens have ~5 chambers in the last
whorl and the aperture is elongate. The
species was later renamed in Globigerina
aequilateralis by Brady (1879), however,
this name was declared a junior synonym
byBannerandBlow(1960).Theseauthors
thoughattributedthespeciestothegenus
Hastigerina, which was changed again by
Parker(1962),whoreferredtothespecies
as Globigerinella siphonifera, the name
whichisstillvalidtoday.
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CONCLUSIONS

8.

Concluding remarks and Perspectives

8.1. Implications of the results
The case studies presented in this thesis support the hypothesis that cryptic diversity
within planktonic foraminifera morphospecies is a prevalent pattern (e.g. Darling & Wade
2008). However, they also show that it is not pervasive in the entire group of planktonic
foraminifera and that it does not have unlimited dimensions. This overall assumption on
the biodiversity of planktonic foraminifera is now possible, given that more morphospecies
have been subject to detailed genetic analysis and by now, large collections of samples
from around the world have been accumulated, which detect even geographically restricted cryptic species.
The study conducted on the enigmatic species Hastigerina pelagica (Chapter 4) is the first
detailed investigation of a member of the Hastigerinidae. By screening the morphospecies
for cryptic diversity though, the already known number of SSU rDNA genetic motifs was
supported (Aurahs et al. 2009a). Although, sampling effort was largely enhanced (also to
regions that have not been sampled before), no more than these three sibling species
were discovered (Table 8.1). This result is in contrast to the high genetic diversity that
might have been expected for the morphospecies from its global distribution, but low
abundances in the ocean. The finding of complete genetic homogeneity of the SSU rDNA
in the Globigerinoides sacculifer plexus was also rather unexpected (Chapter 5). Due to its
high morphological variability that led to the differentiation of four morphospecies (e.g.
Kennett & Srinivasan 1983), an at least equally high genetic divergence was expected.
However, for the first time in planktonic foraminifera, and despite sampling a wide area of
the distribution range of the morphospecies, only a unique SSU rDNA sequence motif was
discovered (Table 8.1) that had already been described before (Darling et al. 1996a; Darling
et al. 1997; de Vargas et al. 1997).
The number of genetically analyzed morphospecies was further enhanced by sequencing
individuals of the morphospecies Beella digitata (Chapter 6). However, due to the small
dataset, so far no concluding assessment of its genetic diversity could be performed. The
genetic diversity of the morphospecies plexus Globigerinella siphonifera/Globigerinella
calida, in contrast, could be studied in detail due to the large dataset available (Chapter 6).
This group has long been known to be genetically extremely diverse (e.g. de Vargas et al.
2002; Darling & Wade 2008), however, due to the only slight sequence differences between
some cryptic species the genetic diversity was never entirely resolved. A seven fold
increase in sequencing effort and nearly global sampling now allowed elucidating the
exact amount of genetic diversity existing in the group. Although the total number now
sums up to 12 cryptic species in the genus Globigerinella (Table 8.1), most interestingly, this
number was here only raised by two that had not been described before.
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Table 8.1: Summary of all morphospecies of the five different morphogroups that have been analyzed genetically so far, including the
number of contained cryptic species and the associated publications. Morphospecies for which too few sequences were obtained to
screen for cryptic diversity are marked by “not yet determined”. Bold print indicates species that were studied as part of this thesis and
the newly described sequences/cryptic species. The genus Globigerinella is separated into the three newly declared species according to
Chapter 7 of this thesis. Except for two, all of the cryptic species of this genus were known before. Publications: (1) Darling et al. 1997,
(2) de Vargas et al. 1997, (3) Darling et al. 1999, (4) Darling et al. 2000, (5) Darling et al. 2003, (6) Darling et al. 2007, (7) Morard et al.
2013, (8) Atsushi Kurasawa, personal communication, April 2014, (9) Stewart et al. 2001, (10) Aurahs et al. 2009a, (11) Aurahs et al.
2011, (12) Wade et al. 1996, (13) Aurahs et al. 2009b, (14) Kuroyanagi et al. 2008, (15) Seears et al. 2012, (16) Darling et al. 1996a, (17)
de Vargas et al. 1999, (18) Morard et al. 2009, (19) de Vargas et al. 2002, (20) Darling & Wade 2008, (21) Schweizer et al. 2008, (22) de
Vargas et al. 2001, (23) Quillévéré et al. 2013, (24) Morard et al. 2011, (25) Darling et al. 2004, (26) Ujiié et al. 2012, (27) Darling et al.
2009, (28) Ujiié et al. 2008.
Morphospecies
Globigerina bulloides
Globigerina falconensis
Globigerinoides conglobatus
Globigerinoides elongatus
Globigerinoides ruber
Globigerinoides sp. (ruber white)
Globigerinoides sacculifer
Orbulina universa
Beella digitata
Globigerinella siphonifera
Globigerinella calida
Globigerinella radians

Cryptic species

Reference

12
not yet determined
1
3
1
4
1
3
not yet determined
9

1-8
9, 10
1, 2, 11
11
2, 11-13
13-15
1, 2, 16, this study (Chapter 5)

2

1-3, 12, 17, 18
this study (Chapter 6)
1-3, 10, 12, 15, 19, 20,
this study (Chapters 6 + 7)
this study (Chapters 6 + 7)
2, 19, this study (Chapter 7)

Turborotalita quinqueloba
Globoturborotalita rubescens

1
6
not yet determined

Globorotalia hirsuta
Globorotalia menardii
Globorotalia scitula
Globorotalia truncatulinoides
Globorotalia ungulata
Globorotalia inflata
Neogloboquadrina dutertrei
Neogloboquadrina incompta
Neogloboquadrina pachyderma
Pulleniatina obliquiloculata

not yet determined
not yet determined
not yet determined
5
not yet determined
2
3
2
7
3

2, 10, 21
1, 2, 15
15
10, 22, 23
15
2, 10, 21, 24
2, 5, 12, 21
4, 5, 10
4, 6, 25
5, 15, 26

Globigerinita glutinata
Globigerinita uvula

not yet determined
not yet determined

2-4, 10, 15
9, 10

Hastigerina pelagica

3

2, 10, this study (Chapter 4)

not yet determined
not yet determined

27
28

Bolivina variabilis
Gallietellia vivans

4, 5, 9, 15
15

The disproportion between the high sequencing effort (723 newly published sequences
out of the overall 1516 sequences of planktonic foraminifera that are available in GenBank
to date) and the low number (2) of newly discovered cryptic species as a total of all studies
of this thesis suggests that the amount of genetic diversity in planktonic foraminifera
morphospecies is not as extensive as might have been concluded from previous studies
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(summarized in Table 8.1). Indeed, for many well studied morphospecies the maximum
number of cryptic species might already be discovered, as could be shown for G. siphonifera by the application of a Jackknifing approach (Chapter 6). Species of all five morphogroups by now have been subject to genetic analysis (Figure 8.1A), though due to their
importance as paleo-proxies and their higher abundances in the ocean, attention has been
biased towards the macroperforate spinose and nonspinose groups, of which respectively,
70% and 56% of all morphospecies have now been examined. In both groups, the number
of discovered cryptic species more than doubles the number of morphospecies analyzed.
However, the summary in Table 8.1 on the cryptic diversity encountered so far in
planktonic foraminifera indicates that the biological diversity of the group may not be
underestimated by more than a factor of ten, which is about the maximum number of
cryptic species encountered in the two most diverse morphospecies.
By comparing the results of the presented as well as previous studies, it becomes obvious
that the genetic diversity is distributed highly inhomogeneously between the morphospecies (Figure 8.1B) and is not even pervasive in the entire group of planktonic foraminifera. The latter fact is supported by the discovery of morphospecies that contain only one
single motif in their SSU rDNA. The morphospecies studied in this thesis cover the whole
range of diversity with only one sequence type in G. sacculifer versus nine in G. siphonifera,
a number that is only exceeded by Globigerina bulloides with 12 cryptic species (see Table
8.1). The mean number consequently amounts to four cryptic species per morphospecies.
This high difference in sequence diversity between morphospecies might be explained by
the highly different evolutionary rates that have been described for planktonic foraminifera (Pawlowski & Lecroq 2010). Surprisingly, three of the four species with above-average
cryptic diversity occur in polar to transitional regions. This is unexpected, since these
regions are marked by high intermixing of the water column without providing stable
niche space (Al-Sabouni et al. 2007), which would allow for high speciation rates. Interestingly, also in the presented studies the detected cryptic diversity does not come up to the
expectations based on the characteristics of the studied morphospecies, such as low
abundance in the global ocean or high morphological variability. Generally speaking, it
does not seem possible to predict the exact amount of biodiversity, existent in morphospecies that have not been screened until now, based solely on the characteristics of these
species.
Considering the application of planktonic foraminifera in paleontological research and the
consequential requirement of an exact taxonomy and species classification, the existence
of a rather limited amount of cryptic diversity would be more advantageous. A correlation
with existing morphological variability could thus be facilitated and the probability for a
successful differentiation of biological species in the fossil record would be raised (Kucera
& Darling 2002), reducing the scatter in paleo-reconstructions arising from the application
of morphospecies.
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Figure 8.1: A) Comparison of the number of morphospecies that have been analyzed of each of the five morphogroups and the
number of cryptic species discovered. Due to their low abundances in the ocean and their minute shell sizes, the microperforate species
are still under-represented. B) Representation of the highly inhomogeneous distribution of cryptic diversity between the
morphospecies. The average number lies at four cryptic species per morphospecies. Only the morphospecies studied in this thesis (bold
print) and all morphospecies with above-average cryptic diversity are assigned to their number of cryptic species.

The objective of establishing a correlation between genetic diversity and morphological
traits was thus also part of the studies presented in this thesis. Nevertheless, these studies
come to the conclusion that genetics and morphology map only partly onto each other
and that morphological distinction does not depend on the genetic distance between
cryptic species. This statement is based on comparisons of the morphology of the cryptic
species of the studied morphospecies, partly resting upon extensive morphometric analyses carried out on specimens that had been genotyped before.
The three cryptic species of H. pelagica could not be differentiated by a superficial inspection of their morphological traits, despite of what could have been expected from their
high genetic distances between each other (Chapter 4). Surprisingly, the here conducted
analysis of the G. sacculifer plexus revealed that the morphological variability in the group
had been over-interpreted and is not genetically justified. This case is the first in planktonic
foraminifera, where the morphological diversity exceeds the genetic variability and the
different morphotypes therefore have to be considered either as different ontogenetic
stages or ecophenotypic appearances. As a consequence, the species names that had
mostly been applied in studies on the fossil record for this taxon (G. trilobus, G. immaturus
and G. quadrilobatus) have to be replaced by G. sacculifer as the valid species name. The
picture revealed by morphometric analysis of the G. siphonifera/G. calida plexus is marked
by a high genetic as well as morphological variability, which in some parts could be
brought into agreement. Not only was it possible to verify the status of G. calida as a
separate species and sister to G. siphonifera, but by detecting a third morphotype within
the plexus, Globigerinella radians could be described as a new species within the planktonic foraminifera. Surprisingly, G. calida and G. radians possess similar morphologies,
characterized by elongated chambers, despite the fact that they are only distantly related
to each other within the plexus. A further hint that morphological distinction of the cryptic
species does not depend on their phylogenetic distances was found while analyzing their
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shell porosity. Various cryptic species are marked by high porosity values, however, this
morphological trait is not associated with a certain lineage, but appears in cryptic species
that are only distantly related.
The examples of the present thesis show that inconsistent scaling exists between genetic
and morphological diversity and that these two features evolve rather independently of
each other. The study on G. siphonifera further indicates the presence of high rates of
parallel evolution in distantly related taxa, as it was already reported from the fossil record
(Coxall et al. 2007). In general, these observations imply that the fossil record does not
reflect biological species and neither one of the two species concepts by itself mirrors the
entire diversity of planktonic foraminifera. Only few examples have been shown so far in
which exactly one morphology corresponds to one genetic type: in Globigerinoides conglobatus, Globigerinoides ruber (pink) and G. radians the morphological and biological species
concepts seem to be in agreement (Table 8.1; Aurahs et al. 2011; Chapter 7). These cases
show that once the genetic diversity of a morphospecies has been resolved, a closer look
at the morphology and maybe even physiology of the cryptic species is indispensable in
order to detect slight differences that correspond to the genetic background. If a correlation between these different aspects could be established, the conflict of non-matching
species classifications between studies on fossil and living individuals could be minimized.
In order to obtain a comprehensive picture of the biological species of planktonic foraminifera, a consideration of their biogeographic distribution patterns and environmental adaptations are of utmost importance. The cases analyzed in the present thesis reveal a predominance of global dispersal and gene flow even for the cryptic species, but also detect geographical restrictions in the horizontal as well as vertical perspective. The dataset obtained profits from the wide spatial and temporal extension of the now available sample collections.
Every morphospecies that was screened for genetic diversity was also examined in regard to
its general occurrence and the distribution patterns of its cryptic species. From the complete
genetic homogeneity in G. sacculifer throughout its global distribution range, the only
conclusion to be drawn is that this species has always been marked by global gene flow
without the establishment of reproductive isolation (Chapter 5). The three sibling species of
H. pelagica also show a global distribution in the ocean. Genetic differentiation in this case
most likely took place in the vertical dimension by differential adaptation along an environmental gradient, depicting a depth parapatric speciation event, which is still reflected in
today’s distribution of the cryptic species (Chapter 4). Although depth parapatry was
described for other groups of plankton, like copepods and chaetognaths (Mackas et al. 1993;
Kehayias et al. 1994; Fragopoulu et al. 2001), in extant planktonic foraminifera it was
observed for the first time. Most of the genetic types found within G. siphonifera are also able
to disperse on a global scale and obtain gene flow between their populations, indicating
that speciation originally must have taken place in sympatry. The only factor inhibiting
global dispersal of each cryptic species of G. siphonifera seems to be a strong influence of
species interactions, which shapes the present day distribution patterns of the sibling
species, with a striking separation of diversity between the Atlantic and Pacific Oceans.
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The observed high potential for global dispersal and gene flow in all of the studied species
is surprising, since all three are bound to the high temperature waters of the Tropics and
Subtropics and have to cross colder water masses in order to establish a circumglobal
distribution. However, cosmopolitan distribution has been observed for at least some
cryptic species of several morphospecies (e.g. de Vargas et al. 1999; Aurahs et al. 2009b;
Quillévéré et al. 2013) and consequently seems to be the norm within many planktonic
foraminifera, not only on the level of morphospecies, but also for the cryptic species.
Nevertheless, the potential for establishment of reproductive isolation is still given. By
having a look at the distribution patterns of cryptic species, in many cases it is possible to
draw conclusions on the prevailing modes of speciation in planktonic foraminifera or
microplankton in general. Overall, almost all different speciation mechanisms have now
been detected in planktonic foraminifera (Table 8.2), a fact that points out the high
potential for diversification in plankton, despite the predominance of global dispersal, and
that shows that the establishment of genetic isolation is not as rare in planktonic protists
as is often assumed (Benton & Pearson 2001). Furthermore, from the existence of different
modes of speciation it can be concluded that the traditional view on allopatric/vicariant
speciation and horizontal separation as sole diversification possibility was too limited,
underestimating the complexity of microplankton. Globorotalia inflata was described to
differentiate on either side of an oceanic current (Morard et al. 2011), the two most closely
related genetic types of G. ruber probably differentiated from each other while being
separated into different ocean basins during a glacial maximum (Aurahs et al. 2009b), but
the majority of speciation events seems to occur in sympatry (Table 8.2). This fact
highlights the importance of a detailed analysis of the environmental adaptations of the
cryptic species. Biological speciation in planktonic foraminifera might proceed without
being obviously reflected in the morphology of the new species, however, if occurring in
sympatry, the newly evolved cryptic species possess different ecological preferences, since
they diverged by differential adaptation along an environmental gradient. This fact is
important to consider, if a morphospecies is used in paleoceanographic studies, since the
different adaptations will be reflected in the isotopic compositions of the shells.
Table 8.2: Summary of the different modes of speciation that might have caused the high genetic diversity in planktonic foraminifera
and might have led to the distribution patterns of the cryptic species in the present day ocean. For each speciation mode, the best
described examples are shown. Bold print indicates studies from this thesis. Superscripts: (1) Morard et al. 2011, (2) Darling & Wade
2008, (3) Aurahs et al. 2009b, (4) Morard et al. 2009, (5) Quillévéré et al. 2013, (6) Ujiié et al. 2012.
Allopatry

Vicariance
1
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Globorotalia inflata
Neogloboquadrina pachyderma2
Neogloboquadrina incompta2

Globigerinoides ruber3
(divergence between types
IIa1 and IIa2)

Depth Parapatry

Sympatry

Hastigerina pelagica

Orbulina universa4
Globigerinella siphonifera
Globorotalia truncatulinoides5
Globigerina bulloides2
Pulleniatina obliquiloculata6
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8.2. Remaining limitations
The genetic diversity within planktonic foraminifera morphospecies seems to be resolved
to a wide extend, however, molecular analysis on the group still faces various limitations.
The most significant surely is the low success rate in DNA amplification (e.g. 8% sequence
yield from the Globigerinoides sacculifer samples of the working group) and additional high
proportion of contamination. A low success rate might be attributed to the highly
divergent and unusually long nucleotide sequences of planktonic foraminifera or to some
further unknown molecular modification of the SSU rDNA. Even the application of
foraminifera specific primers mostly does not enhance DNA yield and nested PCR often
just intensifies the contaminant signal (own observations). The same problems very likely
impede the amplification of the mitochondrial genes, which also are assumed to be highly
modified (Pawlowski & Lecroq 2010). As a consequence, a high number of samples is
required for the single cell approach in order to get a significant genetic signal. This might
explain why so many rare and small species that are seldom sampled are still not
genetically characterized.
The contamination problem was tried to overcome during the research for this thesis by
working with gametogenic individuals, in which the high amount of genome copies
should easily outnumber the genetic signal of the contaminant. However, despite the fact
that this approach has been successfully applied before (e.g. Hemleben et al. 1989; Darling
et al. 1996b) and that the individuals in culture sometimes survived several weeks during
the studies for this thesis, the number of specimens performing gametogenesis was
vanishingly low and they still contained contaminant DNA. This unfeasibility to obtain
axenic cultures and large amounts of DNA severely limits the potential for obtaining
sequence information for protein coding genes (Flakowski et al. 2005), which would
present a necessary addition to the single gene approach applied so far. Although the SSU
rDNA serves well as a marker for phylogenetic reconstructions, its high level of
heterogeneity in substitution rates between and sometimes even within a morphospecies
prevents the establishment of universal thresholds separating the different taxonomic
levels (Göker et al. 2010). This fact together with the inability to observe reproduction of
planktonic foraminifera in culture leaves the biospecies classification to be highly
subjective and being based solely on the lack of observable hybridization in the SSU rDNA.
Regarding the biogeographical distribution of planktonic foraminifera, a constraint of
patchy sampling exists due to the application of the single cell approach and the applied
sampling methods. By sampling with 100 μm plankton nets, only adult specimens are
obtained, but the presence of gametes or potentially resting stages cannot be detected,
although these might even have wider distributions and dispersal rates compared to the
sometimes restricted areas where the species finally thrives.
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8.3. Future perspectives
One of the next steps of molecular genetic research on planktonic foraminifera should
focus on obtaining new marker genes in order to examine the reliability of the SSU rDNA
delineated genetic types and their phylogenetic relationships. Combining the information
of several marker genes (e.g. SSU and LSU rDNA, mitochondrial genes or polymerase
genes) might better resolve genetic information, which evolutionary potential so far could
not be identified. Mitochondrial genes evolve faster than the ribosomal DNA and could
therefore be used to detect present day gene flow and more recent evolutionary events
(Bik et al. 2012). The approach of amplifying genes by primer walking (e.g. Jones &
Winistorfer 1993) might be useful for obtaining the LSU gene that lies in close vicinity of
the SSU rDNA and is not yet known for a large number of species.
A further exciting step in foraminifera genetics will be the elucidation of the whole
genome. By now, the genome of a benthic foraminifera species has been published (Glöckner et al. 2014). Although the selected species is a member of the naked foraminifera and
possesses several large nuclei, advantages that are not found in planktonic foraminifera,
the nucleotide information obtained might still provide a solid basis for sequence
alignments during attempts on planktonic foraminifera. In order to enhance the DNA yield,
several specimens of the same species could be merged. As an alternative to whole
genome sequencing transcriptome analysis could be carried out, as it has been successfully applied in one benthic species (Pillet & Pawlowski 2013). Since nucleotide sequences
usually are heavily processed during the transcription and translation processes (e.g.
Wuyts et al. 2002), the transcriptome can be expected to be a lot smaller than the genome,
facilitating the bioinformatics data processing. Furthermore, knowledge on gene expression rates might allow conclusions on the physiology of the organism and eventually even
reveal adaptations to certain environmental parameters or responses to changing
conditions (Caron et al. 2012).
For the biogeographical analyses, the future probably lies in environmental sequencing
approaches. Filtering large amounts of water and sequencing the whole filtrate (Karsenti et
al. 2011 for methods) resolves the problem of patchy and size biased sampling. Since the
number of cryptic species in planktonic foraminifera is now not expected to rise extensively anymore, this approach can be applied as a screening method to detect the real
dispersal rates of microplankton in the ocean.
Investigating speciation events in plankton based on present day distribution patterns can
just give a small hint about how speciation possibly can occur, since the range of a species
can change throughout time, erasing the original pattern (Norris & Hull 2011). In order to
obtain a more explicit picture about lineage evolution and speciation in planktonic
foraminifera over large time scales, a close connection of biology and paleontology in the
future will be indispensable (Benton & Pearson 2001) to combine present day observations
with those from the fossil record. The present thesis aims at being one step into the
direction of such a combination, by providing a comprehensive assessment of the extent
of biodiversity in planktonic foraminifera and the biogeographical distribution of the
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cryptic species. In addition to the general knowledge gained on diversification and
distribution of microplankton in the global ocean, the present thesis eventually will
enhance the applicability of planktonic foraminifera in paleontological studies, by
resolving the relationship between genetic diversity and morphological variability in
selected morphospecies.
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