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Evolution of planktic organisms from benthic ancestors is com-
monly thought to represent unidirectional expansion into new
ecological domains, possibly only once per clade. For foraminifera,
this evolutionary expansion occurred in the Early-Middle Jurassic,
and all living and extinct planktic foraminifera have been placed
within 1 clade, the Suborder Globigerinina. The subsequent radi-
ation of planktic foraminifera in the Jurassic and Cretaceous
resulted in highly diverse assemblages, which suffered mass ex-
tinction at the end of the Cretaceous, leaving an impoverished
assemblage dominated by microperforate triserial and biserial
forms. The few survivor species radiated to form diverse assem-
blages once again in the Cenozoic. There have, however, long been
doubts regarding the monophyletic origin of planktic foraminifera.
We present surprising but conclusive genetic evidence that the
Recent biserial planktic Streptochilus globigerus belongs to the
same biological species as the benthic Bolivina variabilis, and
geochemical evidence that this ecologically flexible species actively
grows within the open-ocean surface waters, thus occupying both
planktic and benthic domains. Such a lifestyle (tychopelagic) had
not been recognized as adapted by foraminifera. Tychopelagic are
endowed with great ecological advantage, enabling rapid recolo-
nization of the extinction-susceptible pelagic domain from the
benthos. We argue that the existence of such forms must be
considered in resolving foraminiferal phylogeny.
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he high-resolution stratigraphic record of the microscopic

benthic and planktic organisms called foraminifera provides
extraordinary insight into paleoenvironments (1). Their shells of
calcium carbonate, imprinted with a trace element and isotopic
record of the environment in which they grew, are preserved as
abundant microfossils in oceanic sediments. Their fossils change
and major events in Earth history, including the end-Cretaceous
mass extinction after a bolide impact at 65.5 Ma (2-5). Planktic
foraminifera suffered their most extreme extinction at this time,
whereas benthic foraminifera in both shallow and deep-water
environments survived relatively unscathed (6, 7). Microperfo-
rate biserial and triserial foraminifera constituted the majority of
the planktic assemblage surviving this mass extinction (2, 3, 8).
All survivor species have been described as living predominantly
in coastal, relatively shallow waters (nerito-plankton) (4, 5, 8),
and as being relatively rare in the more typical pelagic open
ocean domain of planktic foraminifera (2, 4, 5). Biserial planktic
foraminifera are intermittently abundant in fossil assemblages
throughout the Upper Cretaceous and much of the Cenozoic
(2-5, 8), with 2 biserial species, Streptochilus globigerus and
Streptochilus globulosus living in the present oceans (9) [sup-
porting information (SI) Text]. Their spatial and temporal
distributions are poorly known, because of their sporadic strati-
graphic and geographic occurrences and because they occur in
the rarely studied small size fraction (63-125 wm). The planktic
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foraminiferal evolutionary tree is under considerable debate (8,
10).

Traditionally, all planktic foraminifera have been seen as
monophyletic [Suborder Globigerinina (12)], descended from a
single Early-Middle Jurassic ancestor (13), similar to the mono-
phyletic origins of other planktic groups (14). It has, however,
not been possible to derive a satisfactory cladogram on fossil
data, and the current foraminiferal molecular phylogeny has
limited resolution for the prediction of deep-time ancestral
relationships. We investigated the ancestry of the living biserial
planktic species S. globigerus from the Indian Ocean, where we
observed a wide range of ontogenetic stages of this species in the
planktic assemblage, and studied its relations to living planktic
and benthic foraminifera through analysis of the SSU-rRNA
gene. We used a previously undescribed approach for high-
resolution geochemical analysis (secondary ionization mass
spectrometry, SIMS) of their challengingly small tests to gain
insight into its life history by estimating the temperature of
calcification of ontogenetic stages.

Results and Discussion

Our molecular data from a 3’ terminal fragment of the SSU
rRNA gene of 5 individuals of S. globigerus (19 clones, SI
Appendix) indicate that they are all of the same genotype. The
clones exhibit a degree of intraspecific variation similar to that
observed in many nonspinose planktic and benthic foraminiferal
genotypes (11, 15). The same variable elements were common to
all 5 specimens (SI Appendix). To investigate their ancestry, we
compared their SSU rDNA clone sequences with those of other
benthic and planktic foraminiferal taxa, with the highly surpris-
ing result that the S. globigerus sequences clustered among those
of the morphologically similar (Figs. S1-S4) cosmopolitan
benthic species Bolivina variabilis (Fig. 1). B. variabilis collected
from the shelf margins of the Caribbean Sea, Gulf of Lions, Bay
of Biscay, and Kenya (16) exhibit extensive regional and local
intraspecific variation within the variable regions of their SSU
rDNA sequences (SI Appendix). However, S. globigerus from the
Arabian Sea has variable elements virtually identical to 1 of the
2 populations of B. variabilis sequenced from the Kenyan coastal
region, southwest of the central Arabian Sea collection site. Our
S. globigerus sequences cluster unambiguously with those of the
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Fig. 1. Maximum likelihood (ML) phylogenetic tree showing the evolution-
ary relationships among B. variabilis isolates (15 isolates) (16) and the S.
globigerus isolates (19 clones from 5 specimens) from this study. The phylog-
eny is rooted on Bolivina subaenariensis, and the scale bar corresponds to 1
change per 100 nt positions. The phylogeny is based on 803 unambiguously
aligned nucleotide sites, and the ML tree was constructed using PHYML
(v2.4.5) using a GTR+T model. Bootstrap values and Bayesian posterior prob-
abilities indicating support for individual branches are shown on the tree
(1,000 neighbor-joining bootstraps/1,000 maximum-likelihood bootstraps/
Bayesian posterior probabilities).

Kenyan B. variabilis population in phylogenetic analyses (Fig. 1).
This strongly supports its commonality with this regional pop-
ulation of B. variabilis. Our genetic evidence thus unequivocally
shows that the planktic S. globigerus and the benthic B. variabilis
are one and the same biological species.

B. variabilis/S. globigerus lives in quite disparate habitats. In
the benthos it lives as a shallow-to-intermediate infaunal dweller,
most commonly on the shelf and not present at great depths (S
Text). Yet we observed it in considerable numbers in the surface
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and thermocline of the open ocean, far offshore. Does B.
variabilis/S. globigerus calcify and grow in the open ocean? To
determine the temperature of calcification of ontogenetic stages
of B. variabilis/S. globigerus, we carried out trace element anal-
yses (Mg/Ca) on individual chambers of 8 B. variabilis/S. globig-
erus tests using secondary ion mass spectrometry (SIMS) (Fig. 2
and Materials and Methods). The ratio of Mg/Ca in planktic
foraminiferal calcite is exponentially correlated to the temper-
ature of seawater during calcification (17, 18) so that the
calcification temperatures of individual chambers provide a
record of foraminiferal ontogeny.

Ontogenetic measurements of microdissected chambers of
benthic foraminiferal tests in controlled culture conditions in-
dicate that Mg may be enriched during middle development,
independent of temperature, resulting in the oldest and youngest
chambers having the lowest Mg/Ca signatures (19). Further-
more, analyses of multiple whole tests of various species of
Bolivina from the benthos show no clear correlation between
Mg/Ca and temperature (20). In contrast to the results of these
studies, our Mg/Ca data from the B. variabilis/S. globigerus tests
show consistent and clearly bimodal values, with higher ratios in
the juvenile chambers and lower in the adult. The average Mg/Ca
value of the first 7 (juvenile) chambers is 6.8 = 0.3 mmol mol~!
(20mean, n = 16), whereas the later chambers have a value of
5.4 = 0.2 mmol mol™! (20mean, # = 29). This represents a relative
temperature difference between juvenile and adult chambers of
up to 3 °C, calculated from a planktic multispecies calibration
(21, 22) (Fig. 3 and Materials and Methods). All analyzed
specimens show the higher temperatures in the same early stage
in ontogeny (Fig. 2).

The derived calcification temperature for the juvenile cham-
bers is ~28.7 °C (Fig. 3), a temperature equivalent to that of the
central Arabian Sea mixed layer as seen in conductivity, tem-
perature, depth (CTD) profiles (28.7°C; see Fig. S5). The
derived calcification temperature for the adult chambers is
~26.0 °C (Fig. 3), corresponding to a calcification depth of
70-80 m in the thermocline, close to the chlorophyll maximum
(Fig. S5). Juvenile and mature test chambers of B. variabilis/S.
globigerus thus calcified at temperatures consistent with those
found in the central Arabian Sea water column.

The Mg/Ca temperature signatures indicate that the juvenile
chambers of our specimens could only have formed on the shelf,
but only at intertidal or shallow subtidal depths, because these
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Fig. 2.

Mg/Ca values for sequential chambers of 8 different S. globigerus adult specimens analyzed by using secondary ionization mass spectrometry. The

dashed line connects the data for specimen 5 and emphasizes the marked contrast in the element ratio between the juvenile chambers and the adult chambers.
Note that the scale of the chamber numbering on the y axis does not correspond to the actual chamber position of the figured specimen.
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Estimation of calcification temperature. Calibration curves for Mg/Ca derived from multispecies datasets of planktic foraminifera based on core-top

samples (A) (17) and sediment trap samples (B) (18). The curve (B) is extended to warmer temperatures with a dashed line. The 2 stippled horizontal lines represent
the average Mg/Ca values for the juvenile and adult chambers as analyzed by SIMS. The horizontal solid arrows show the temperature offset between the 2
calibration curves, whereas the dashed vertical arrows indicate the derived average calcification temperatures. The Inset shows a picture of a juvenile (I) and an

adult (I1) S. globigerus specimen (S/ Text).

temperatures are too high to represent those of the deeper outer
shelf benthos. The bimodal signatures also negate the possibility
that they were expatriated from the deeper outer shelf benthos
by upwelling: Here temperatures are lower than either the
juvenile or adult chamber signatures. Further evidence also
supports their growth in the open ocean. We consider it highly
improbable that only specimens with exactly 7 chambers would
have been transported from the inner-shelf regions to the open
ocean: Turbulent transport would carry a mix of ontogenetic
stages (23). If the whole population had been transported into
the open ocean from the inner shelf, we would expect to see that
different specimens formed different numbers of chambers at
the higher temperature. Yet, we observed that all specimens
moved into colder water at the same stage in ontogeny, as
planktic foraminifera do. We therefore argue that B. variabilis/S.
globigerus most likely behaves like many other nonspinose plank-
tic species in the open ocean, where juvenile stages calcify near
the surface and adult chambers lower in the water column (9,
24). More observations are clearly needed to fully understand
the ecology, life cycle and geographic distribution of this dis-
tinctive species.

The bimodal calcification temperatures thus suggest that the
B. variabilis/S. globigerus specimens collected 600 nautical miles
offshore in the central Arabian Sea underwent almost their full
ontogenetic development in the pelagic domain and are not
quiescent shelf expatriates: They are actively growing and cal-
cifying in the thermocline of the central Arabian Sea. The high
degree of genetic identity within the Arabian Sea benthic and
planktic biserial foraminifera indicates that they must represent
a single, genetically connected population. There must either be
2-way regular gene flow between the benthos in coastal regions
and the open ocean plankton, or the identity of the planktic
population is maintained by continual reseeding from the
benthos. Transport of dispersal stages is a widespread strategy in
benthic foraminifera (25), especially in such cosmopolitan shelf
species such a B. variabilis (SI Text). We have no information
whether B. variabilis/S. globigerus reproduces in the open ocean,
but we argue that the species occupies niches in both the benthos
and the plankton and grows normally to adult size in both
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environments. In other words, they are benthic, but at times
planktic, foraminifera. The generic name Streptochilus was
coined specifically for Neogene planktic taxa that are morpho-
logically similar to the benthic genus Bolivina (26). Our data
document that one biological species can be both benthos and
plankton and thus imply that a planktic lifestyle does not warrant
assignment to a separate genus. Streptochilus is thus a junior
synonym of Bolivina (SI Text).

The word “tychopelagic” is used to describe organisms that
usually live as benthos but can survive and grow in fairly large
numbers as plankton and may be advected well offshore into
open ocean assemblages (27). Such a lifestyle is known from
diatoms, but until now has never been documented for forami-
nifera. Tychopelagic forms may well evolve into true pelagic
forms: The fossil record shows convincingly that biserials are
particularly abundant in the planktic foraminiferal assemblage at
some time intervals, with isotopic as well as distributional
evidence suggesting that they were truly pelagic forms, repro-
ducing in situ (8, 9, 28-31). The tychopelagic mode of life differs
fundamentally from that of the few documented meroplanktic
benthics such as Tretomphalus (32), a generic name used for
individuals of the genus Rosalina, which at a specific, late stage
in their life cycle form a floating chamber containing gametes
(32, 33). Such forms do not grow and calcify in the plankton,
where they survive only a short time (=6 h) while reproducing
sexually (33). A tychopelagic mode of life is likewise quite
distinct from the suggestion that some pelagic planktic foramin-
ifers may exhibit pseudobenthic behavior in artificial culture
experiments (34): There is no evidence that these planktic forms
actually live and calcify on the sea floor in nature. In strong
contrast to these earlier described forms, tychopelagics are able
to not only survive but also grow and calcify in the plankton, and
thus must be able to maintain buoyancy. Interestingly, buoyancy
is generally assumed to be one of the major constraining
evolutionary traits on the passage from benthos to plankton (14).
Species of the genus Bolivina might be more buoyant than other
benthic taxa: They have been observed in plankton nets over and
just off the shelf more commonly than species of other genera
(23).
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The ability to survive in both planktic and benthic habitats
should be seen as an extraordinary ecological adaptation for
long-term survival. After mass extinctions in the plankton, e.g.,
as caused by bolide impacts (8) and oceanic anoxic events (35),
tychopelagic species are able to repopulate the pelagic realm and
evolve into purely planktic forms. Some early planktic forami-
nifera have been described as living in inner shelf as well as more
open ocean regions (24, 35, 36), but the possibility that a
tychopelagic lifestyle exists (as we demonstrate for B. variabi-
lis/S. globigerus) has not been taken into account in phylogenetic
studies based on the planktic foraminiferal fossil record, includ-
ing the discussion of the first evolution of planktic foraminifera
in the Jurassic as well as radiations in the Early Cretaceous (13,
24, 35-39)

Our view of biserial foraminifera as potentially tychopelagic
species requires another look at the planktic environment and
pattern of survival after the Cretaceous mass extinction, as well
as the Mesozoic and Cenozoic evolution of microperforate
foraminifera (8, 35). All species surviving the end-Cretaceous
mass extinction have been described as nerito-plankton, living
predominantly in coastal, relatively shallow waters, although no
evidence has been presented that these species were actually
living as plankton, i.e., floating in the water column, rather than
as bottom-dwellers in the neritic environment (SI Text). We
argue that at least some of the assumedly nerito-planktic species
may very well have been tychopelagic. A wide variety of Paleo-
gene and Cretaceous species (including biserial, triserial, and
spiral morphologies) have been considered nerito-plankton
based on their abundant occurrences in slope and continental
shelf environments, specifically in upwelling areas (2, 34, 36-38,
40), a distribution similar to that of Recent Streptochilus (39).
Oxygen isotopic evidence indicates that at least some of these
species were benthic (40).

We thus argue that radiation and repopulation of the empty
niche in the plankton after the end Cretaceous mass extinction
may at least in part have occurred from benthic tychopelagic
species rather than from nerito-planktic ones. The triserial
survivor Guembelitria cretacea and the biserial survivor Zeauvi-
gerina waiparaensis have species lives of many millions of years,
typical of benthic rather than planktic species (41). Both species
have been described as shallow-water dwellers, typical of dis-
turbed environments (42), and the latter has a nondistinctive
isotopic signature, so that its planktic nature has commonly been
questioned (8). Many Cretaceous biserial planktic taxa (genus
Heterohelix) likewise have long species lives, were common in
epicontinental seas, and are seen as opportunistic taxa surviving
in disturbed environments and under high-productivity condi-
tions (28, 36). The available isotopic evidence on some Hetero-
helix species is either ambiguous or indicates a benthic existence
(8, 43, 44).

The Cenozoic planktic foraminiferal phylogeny of microperfo-
rates, the group containing biserial and triserial forms, has generally
presented taxonomists with problems (8, 45). Many of these genera
and species show discontinuous stratigraphic records, making an-
cestor—descendant patterns difficult to reconstruct. This could be
the result of a lack of observation of the small forms, in a size
fraction that commonly is not included in study. In our view,
however, such ancestor—descendant relations simply do not exist.
This is supported by recent evidence that the living triserial planktic
foraminifer Gallitellia vivans had a Miocene benthic ancestor (46)
and thus did not evolve from the Cretaceous—Paleocene triserial
Guembelitria cretacea. Appearances of biserial and triserial planktic
forms in the geological record should therefore not be considered
as necessarily discrete punctuated evolutionary events but as a
series of excursions of expatriated tychopelagic microperforates
into the planktic domain.

12632 | www.pnas.org/cgi/doi/10.1073/pnas.0902827106

Materials and Methods

Collection. Specimens of the biserial planktic foraminifera S. globigerus were
collected along a cruise transect, ~600 nautical miles offshore in the central
Arabian Sea (20°22.81 N/64°29.36E-02°36.035/56°54.75E) during the summer
monsoon of 2003 (cruise Charles Darwin CD148, NERC; see Fig. S6). Samples
were collected either by pumping (5 m depth) from the nontoxic water supply
through a plankton screen (83-um mesh) or by vertical net tow (0-100 and
0-200 m depth, 83-um mesh) in waters with an average depth of 3,500 m. Fully
grown individual specimens of Streptochilus with bright orange cytoplasm
were selected and processed for DNA analysis as described previously (47). For
SEM imaging and geochemical analysis, specimens were either dried on slides
or collected as bulk samples in ethanol.

Isolation and Sequencing of SSU rRNA Gene Sequences. DNA extraction and
amplification by PCR of an ~1,000-bp region of the terminal 3’ end of the
foraminiferal SSU rRNA gene were as described previously (47). Although
specimens were initially directly sequenced, a low level of ambiguity in the
highly variable regions was observed. PCR products (obtained by using primers
N5/N8) were therefore cloned by using a PCR 2.1 TOPO TA cloning kit (Invitro-
gen) before sequencing. Partial SSU rDNA sequences were aligned manually
within version 2.2 of the Genetic Data Environment (GDE) package (48).
Phylogenetic trees were constructed using neighbor joining (NJ) (PAUP
v4.0b10), maximum likelihood (ML) (PHYML v2.4.5), and Bayesian inference
(BI) (MrBayes v3.1.2) using a GTR+TI" model.

Secondary lonization Mass Spectrometry (SIMS). For the SIMS analyses, whole
specimens were mounted in epoxy resin, polished down to expose a cross-
section of the test, cleaned, and gold-coated. To assess the quality of the
sample preparation, exposure, and test thickness, the samples were imaged by
using scanning electron microscopy before analyses. The specimens chosen for
analysis showed a typical test length of 400 um and a test wall thickness of
maximum of 10 um down to 2 um for the internal septa that separate
individual chambers. To achieve the high spatial resolution required to detect
geochemical differences between individual chambers in such small foramin-
ifers, it was necessary to develop a specific analytical protocol.

Trace element analyses were performed on 8 specimens by using the Cameca
ims 4f SIMS at the NERC lon Microprobe Facility, University of Edinburgh. Positive
secondary ions of 26Mg™* and “4Ca* were produced by a-4 nA, 15-kV, 60~ primary
beam. Secondary ions were analyzed with a 25-um image field and zero energy
offset by using the 150-um contrast and the 100-um field apertures. This mode of
operationsignificantly reduces overall count rates but ensures an effective spatial
resolution of ~1.8 um. Potential near-surface contamination was ablated by
presputtering each sample area for 5 min before analysis. Secondary ions were
counted on an electron multiplier in single collector mode operation and mea-
sured for 20 cycles, each cycle consisting of 10- and 2-s count times on Mg and Ca,
respectively. The Mg to Ca values were converted to ug g~' in calcite and then
finally the Mg, Ca ratio expressed as mmol mol~". The OKA calcite (carbonatite
complex in the Monteregian Hills, Quebec, Canada: Mg = 688 ug g~' and Ca =
400439 pg g~ ') was used to calculate the elemental result for Mg with an
analytical uncertainty of ~10% (20).

Mg/Ca Temperature Calibration. There is no species-specific temperature cali-
bration for S. globigerus, so we used a combination of a core-top and a sediment
trap multispecies temperature calibration (17, 18). These studies assume that the
temperature dependence of a multispecies calibration can be applied to all
planktic species and describe interspecific differences via a preexponential con-
stant. We consider that the 2 different temperature calibrations represent the
temperature extremes and took the average Mg/Ca estimates for reconstructing
calcification temperatures as they were the most equivalent to the Arabian Sea
water column temperatures. In benthic Bolivina species, no temperature corre-
lation is observed in Mg/Ca, and values are thought to reflect pore water car-
bonate content rather than temperature (20).
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