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Fossil Foraminifera appear in the Early Cambrian, at about the same
time as the first skeletonized metazoans. However, due to the
inadequate preservation of early unilocular (single-chambered)
foraminiferal tests and difficulties in their identification, the evo-
lution of early foraminifers is poorly understood. By using molec-
ular data from a wide range of extant naked and testate unilocular
species, we demonstrate that a large radiation of nonfossilized
unilocular Foraminifera preceded the diversification of multilocular
lineages during the Carboniferous. Within this radiation, similar
test morphologies and wall types developed several times inde-
pendently. Our findings indicate that the early Foraminifera were
an important component of Neoproterozoic protistan community,
whose ecological complexity was probably much higher than has
been generally accepted.

he geological record of a group of organisms is marked by the

appearance of its fossilized remains, yet the true evolution-
ary history of the group may include a significant nonfossilized
period. Molecular data provide an important tool with which to
investigate this otherwise cryptic period, by permitting inference
of the phylogeny of extant species that may be related to
ancestral forms, and by providing molecular clocks by which to
estimate their divergence times. For example, molecular phylo-
genetic studies suggest that the Cambrian explosion of animals
was preceded by a long period of divergence of nonskeletonized
ancestors (1, 2). Precambrian origins were also proposed for
plants and fungi based on a multigene study (3). In contrast, the
early history of the main protozoan groups remains uncertain at
the molecular level.

The Foraminifera represent one of the most ecologically
important groups of marine heterotrophic protists (4). Because
of their excellent fossil record, the evolutionary history is well
known for biomineralized foraminiferal lineages, and many of
these are key indices in biostratigraphic, paleoceanographic, and
paleoclimatic reconstructions. Detailed knowledge of forami-
niferal evolution, however, is largely limited to agglutinated and
calcareous multilocular species, which radiated during the Car-
boniferous (5, 6). Comparatively little is known about the
evolution of noncalcareous unilocular Foraminifera, whose the-
cate (organic-walled) or agglutinated tests are rarely encoun-
tered in the fossil record since the Early Cambrian (7, 8). There
is even less geological information regarding “naked” species
lacking tests, which may have played a pivotal role in the
evolution of the group.

Traditionally, the evolution of early Foraminifera is viewed as
a gradual process of change in the composition and structure of
the test wall, starting from simple soft-walled thecate unilocular
forms that developed an agglutinated wall and later evolved into
multilocular forms (9). It has been proposed that the first
agglutinated Foraminifera were either globular or tubular spe-
cies that progressively evolved by development of a proloculus
(initial chamber) followed by a rectilinear or coiled tubular
chamber (10). Alternatively, based on a literal interpretation of
the sparse Cambrian foraminiferal fossil record (8, 11) and the
recent identification of a proloculus in the early foraminiferan,
Platysolenites antiquissimus, it has been suggested that all Fora-
minifera evolved from Platysolenites, either by losing the pro-
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loculus to become globular or tubular, or by the development of
spiral growth (12). The evolution of spiral tests led to the
formation of internal septae through the development of con-
strictions in the spiral tubular chamber and hence the appear-
ance of multilocular forms.

Because of their poor preservation and the difficulties in-
volved in their identification, the unilocular noncalcareous for-
aminifers are largely ignored in paleontological studies. In a
previous study, we used molecular data to reveal the presence of
naked foraminifers, perhaps resembling those that lived before
the first skeletonized species appeared (13, 14). Here, we
investigate the molecular phylogeny of naked, thecate, and
agglutinated unilocular species to identify the major steps in the
evolution of early Foraminifera.

Materials and Methods

Specimen Collection and DNA Sequencing. Sequence data were
obtained for 53 species and 18 undetermined morphotypes of
unilocular Foraminifera, and 21 multilocular species. Most of
unilocular foraminifers were collected from coastal (McMurdo
Sound) and deep-sea (Weddell Sea) Antarctic localities, and
from Arctic (Svalbard) and Scandinavian fjords (Oslofjord,
Kosterfjord), where unilocular species are particularly abundant.
Additionally, eight sequences were obtained from freshwater
environmental samples collected in Switzerland and the United
States. Detailed information on collection localities is given in
Table 1, which is published as supporting information on the
PNAS web site, www.pnas.org. DNA was extracted from freshly
collected specimens by using either the guanidine lysis buffer or
a DNeasy Plant Minikit (Qiagen, Basel). A fragment of the small
subunit (SSU) rRNA gene was amplified by using foraminiferal-
specific primers s14F3 (5'-ACG CA(AC) GTG TGA AAC
TTG) and sB (5’-TGA TCC TTC TGC AGG TTC ACC TAC).
PCR amplifications, cloning, and sequencing were done as
described (15). Several clones were sequenced for each isolate,
and, whenever it was possible, several isolates were sequenced
for each morphospecies.

Phylogenetic Analyses. The 79 SSU rRNA gene sequences of
unilocular foraminifers were manually aligned with sequences
from 21 multilocular foraminifers by using SEAVIEW software
(16). We analyzed 552 unambiguously aligned positions. Evolu-
tionary trees were inferred by using the neighbor-joining (NJ)
and the maximum likelihood (ML) methods. Distances were
corrected by using the K2P model of substitution (17) for NJ
analyses, and the F84 model of substitution (18) for ML analyses.
The reliability of internal branches was assessed by using the
bootstrap method (19) with 1,000 replicates for NJ analyses and

Abbreviations: SSU, small subunit; NJ, neighbor joining; ML, maximum likelihood; Ma,
mega-annum.

Data deposition: The sequences reported in this paper have been deposited in the GenBank
database (accession nos. AF381179-AF381183, AJ307741-AJ307772, AJ311212-AJ311219,
AJ312436, AJ315955, AJ317881, AJ317980, AJ317983-AJ317989, AJ318011-AJ318227,
AJ504681-AJ504690, AJ514835-AJ514865, X86093, X86095, 269610, and Z69613).
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Fig. 1. Phylogeneticrelationships among early Foraminifera inferred from partial small subunit rRNA gene sequences. The various types of test are highlighted
with different colors. Among multilocular foraminiferans, the Rotaliida are marked in green, whereas the Textulariida are marked in dark green. The tree was
calibrated according to the fossil radiation of multilocular Foraminifera (350 Ma). The time ranges for the initial radiation of unilocular species, as well as the
radiation leading to the divergence of multilocular species, are indicated. The topology shown was obtained with the ML method, by using the F84 substitution
model. Because the exact position of the root remains unresolved, the tree is drawn with a basal trichotomy. However, the placement of the root does not
influence the general topology of the tree and has little influence on the tree calibration. The bootstrap support values for the main lineages in ML and NJ
analyses are indicated at internal nodes. The presented tree does not differ markedly from that obtained with ML analysis performed by using the GTR
substitution model, taking into account a proportion of invariant sites and a gamma-shaped distribution of rates of substitution among sites, with eight rate
categories. The only differences relate to the relative branching order of the unilocular lineages and, most particularly, to the position of the monogeneric groups

(Nemogullmia, Reticulomyxa, Tinogullmia, and Vanhoeffenella).

100 replicates for ML analyses. The PHYLO WIN program (16) was
used for distance computations, tree building, and bootstrap-
ping. Additionally, ML analyses were performed with PAUP*
(20), by using the general time reversible (GTR) model of
substitution, taking into account a proportion of invariant sites,
and a gamma-shaped distribution of rates of substitution among
sites, with eight rate categories (21, 22). All necessary parame-
ters were estimated from the data by using MODELTEST (23).
Starting trees were obtained via NJ and swapped with the tree
bisection-reconnection algorithm.

Tree Calibration. Relative rate tests were performed with RRTREE
(24) to exclude all lineages or individual sequences that display
significantly higher rates of substitution. Rate homogeneity
among the remaining sequences was then evaluated by using a
likelihood ratio test (25). Significance was assessed by comparing
D = -2 LR (where LR is the difference between the Log
likelihood of the tree, with and without enforcing a molecular
clock) with a y? distribution (with n-2° of freedom, where n is the
number of taxa). The log likelihood of both trees was calculated
with pAUP* (20), and all necessary parameters were estimated
from the data by using MODELTEST (23). Based on calibration
dates corresponding to major foraminiferal radiation events
recorded in the fossil record, we calculated the mean rate of
substitution within the clade of multilocular species, and then
applied this rate to the rest of the tree to obtain an estimate for
the timing of the initial radiation of foraminiferal lineages and
the subsequent radiation leading to the divergence of multiloc-
ular species.

Pawlowski et al.

Results and Discussion

Phylogenetic analyses of our data using distance and ML meth-
ods show a large radiation of naked and unilocular foraminifers
preceding the divergence of multilocular species (Fig. 1). At least
13 lineages can be identified within this radiation (see ref. 26 for
taxonomic details). Most of them are monotypic and are com-
posed of single or related genera. The relationships among the
various lineages are difficult to resolve. A distinctive radiation,
supported by high bootstrap values (80-98%), includes a few
unilocular lineages characterized by a wide variety of morpho-
types, as well as the clade that contains all multilocular species
having agglutinated (Textulariida) and calcareous perforate
(Rotaliida) tests.

A striking feature of our data is the lack of evidence for a
progressive increase in the complexity of the foraminiferal test
(in terms of both its wall structure and its gross morphology) as
had been suggested by the classical views of the early evolution
of the Foraminifera (9, 10). The naked species (Reticulomyxa
filosa) examined here, as well as the putative naked species
detected in freshwater environmental DNA samples, branch in
several independent clades. The existence of these clades does
not precede the evolution of testate lineages, and such naked
organisms probably lost their tests secondarily, for example, as
an adaptation to the freshwater environment (14). According to
our data, the evolution of early Foraminifera consisted of a series
of tentative experiments to develop a test by using various
materials and construction methods. There is no clear separation
between thecate and agglutinated taxa, and several lineages
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Phylogenetic relationships among 55 Foraminifera inferred from partial small subunit rDNA sequences, including representatives of all groups shown

inFig. 1, as well as 3 members of the genus Ammodiscus, 7 members of the order Miliolida, and 2 members of the order Spirillinida. Because of the high divergence
of the SSU rDNA sequences in the three latter groups, 500 unambiguously aligned positions were kept in phylogenetic analyses for this dataset. The topology
shown was obtained with the ML method by using the F84 substitution model. Because the exact position of the root is yet unclear, the tree is drawn with a basal
trichotomy. Representatives of the genus Ammodiscus and the orders Miliolida and Spirillinida form a clearly monophyletic group, but their placement as a sister
group to Psammosphaera sp. is not supported. Due to the reduced number of analyzed positions, the resolution among the other groups of Foraminifera is
weaker than in Fig. 1. The bootstrap support values >80% for NJ and ML analyses are indicated at internal nodes.

include both types of wall. Moreover, similar morphotypes
developed independently in different lineages (see the positions
of Hippocrepinella, Bathysiphon, and Crithionina in Fig. 1).
Morphological variations in some lineages by far exceed the
traditional morphology-based taxonomy. For example, the Ant-
arctic notodendrodids comprise several morphotypes, including
spherical, tubular, and arborescent forms, some of them present
together in a single species (27). This evolutionary plasticity
among early Foraminifera makes their present morphology-
based classification of limited value. We conclude that the
thecate or agglutinated walls in unilocular Foraminifera are
convergent features, and that the simple evolutionary progres-
sion from one to the other, as envisaged by earlier authors (9,
10), did not occur.

Given the wide variability of test structures, the only obvious
common character of early Foraminifera is the presence of
web-like, granular pseudopodia (granuloreticulopodia). These
complex pseudopodia are likely derived from much simpler
filopodia, as suggested by the close relationship between the
Foraminifera and the Cercozoa inferred from actin-based phy-
logenies (28) and novel polyubiquitin structure (29). Indeed, the
early Foraminifera may have evolved from testate cercozoans,
such as Gromia oviformis, which appears as their sister group in
molecular phylogenies (30). The distinguishing features of re-
ticulopodia, such as rapid bidirectional movement of intracellu-
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lar organelles and plasma membrane surface domains, and
development of extensive networks, provided early Foraminifera
with a greatly enhanced ability to gather and manipulate parti-
cles and to construct various types of test (31). The development
of reticulopodia, and the subsequent building of the test, were
crucial for the initial diversification of the group, providing the
Foraminifera with shelter from predation and adverse environ-
mental conditions, as well as with a compartment in which to
store food and to protect juveniles (32).

The precise dating of the divergence of the Foraminifera from
their cercozoan ancestor is difficult because of the accelerated
rates of SSU rRNA gene evolution in the foraminiferal stem
lineage (33). Therefore, we estimate the beginning of forami-
niferan radiation based on local molecular clocks. We calibrate
our molecular tree by using the Carboniferous diversification of
multilocular Foraminifera, ~350 mega-annum (Ma) (6). This is
a very conservative calibration because the earliest example of
an indisputable multilocular foraminiferan test in the fossil
record is a uniserial Reophax from the Middle Ordovician, ~460
Ma (34). Based on this fossil calibration, we calculate that the
rate of substitution within the clade of multilocular species
averages 0.03 substitutions/1,000 sites/million years. By remov-
ing the lineages that deviate significantly from this rate, we clock
the tree and estimate that the radiation of early Foraminifera
occurred between 690 and 1,150 Ma (Fig. 1). This time is

Pawlowski et al.
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congruent with the Neoproterozoic origins of the majority of
eukaryotic clades suggested by both fossil (35) and molecular (3)
data. It is also in agreement with the reassignment of the
vase-shaped microfossils found widely in Neoproterozoic rocks
to an extant group of filose amoebae (36), which are related to
the Foraminifera according to molecular studies (28, 29).

According to our data, an important event occurred within the
radiation of early Foraminifera, between 510 and 590 Ma (Fig.
1). This event is evidenced in the molecular tree by a rapidly
evolving stem lineage leading to the later divergence of a
multilocular clade and a few unilocular lineages. Interestingly,
the group of unilocular lineages includes such diverse morpho-
types as the xenophyophore Syringammina, the astrorhizids
Rhabdammina, Saccammina, and Psammosphaera, as well as the
allogromiid Gloiogullmia. Many of these are typical bathyal
forms today. The wide morphological variability and close
genetic relationships among species belonging to this radiation
indicate a very rapid tempo of morphological evolution, in
contrast to other lineages that are, in general, morphologically
homogenous. A similar increase in diversity is observed in
Cambrian acritarchs and other protistan microfossils, coincident
with the radiation of marine invertebrates (37).

By combining molecular and fossil data, we obtain new insight
into the evolution of early Foraminifera (Fig. 2). The Cambrian
appearance of fossil foraminiferans seems to be preceded by a
large radiation of nonfossilized naked and unilocular species,
which diverged from a cercozoan ancestor in the Neoprotero-
zoic. This radiation gave rise to a wide variety of morphological
forms that presently colonize all types of marine and freshwater
environments; we classify these as Monothalamida, with refer-
ence to an earlier taxonomic scheme (38). In the Cambrian,
another distinct radiation is observed, leading to the divergence
of a few highly variable unilocular lineages and the clade of
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multilocular species, including agglutinated Textulariida and
calcareous Rotaliida (Fig. 2). Another group of calcareous
Foraminifera belonging to the order Miliolida, probably di-
verged from an Ammodiscus-like lineage, which appeared in the
Early Cambrian (7, 8). According to our data (Fig. 2), members
of the Ammodiscus lineage also gave rise to the calcareous order
Spirillinida, in agreement with a recent morphotaxonomic study
(39). The independent origins of multilocular calcareous rotali-
ids and miliolids are consistent with the distinctive modes of
biomineralization in these groups (40).

Our data implicate, for the first time, the Foraminifera as an
important component of Neoproterozoic protistan communities
(Fig. 3). As a result, some Neoproterozoic microfossils (36) or
trace fossils (41) may require reevaluation to verify whether or
not they represent unilocular foraminiferans. For example, the
interpretation of some Upper Vendian microfossils as aggluti-
nated foraminifers (42) seems accurate in view of our study.

By analogy to the diversity of modern unilocular Foraminif-
era, we speculate that Neoproterozoic ecological complexity was
higher than has been generally accepted. Modern foraminifers
acquire nutrients through an exceedingly broad range of trophic
strategies, ranging from osmotrophy (43) to various holotrophic
mechanisms (44). The radiation of foraminiferal trophic strat-
egies would probably not be possible without a rich microbial
eukaryotic community, offering a wide variety of trophic re-
sources that could be exploited by early foraminifers. Species
with carnivorous habits similar to those of modern larger ag-
glutinated Foraminifera (45) might even have helped shape early
animal evolution by forcing prey organisms to adopt various
avoidance or resistance modalities. It may not be coincidental
that one of the most diverse assemblages of modern unilocular
Foraminifera is found in the macrofauna-poor benthic commu-
nity of Explorers Cove, Antarctica (15, 46). This cold and
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relatively undisturbed coastal setting, characterized by low an-
imal diversity and seasonally pulsed planktonic productivity (47),
may serve as a useful model of the Neoproterozoic marine
benthic ecosystem.

Our data also permit the identification of those unilocular
foraminiferan species that are most closely related to multiloc-
ular lineages. This information represents an important first step
in the selection of model systems for cell and molecular studies
of the architectural basis for multilocularity in this group. The
Cambrian radiation, leading to the appearance of multicham-
bered tests, may have been driven by changes in foraminiferal
cell biology. For example, multilocularity results in cytoplasmic
compartmentalization, a trait that Foraminifera have exploited
so as to diversify physiologically. Thus, certain multilocular
species use their inner chambers to house symbionts whereas the
outer (younger) chambers are used to elaborate on digestive or
reproductive functions (48). In this sense, multilocularity paral-
lels tissue-level organization in metazoans. Although much
progress has been made in identifying the genetic basis of
metazoan architecture, comparatively little is known about
protistan architectural genes. With these new data on unilocular
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Foraminifera, we can now proceed with experimental work to
test various hypotheses regarding the adaptive significance of
multilocularity in this group.
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