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Kleptoplastidy is the ability of heterotrophic organisms to preserve chloroplasts of algal preys they eat
and partially digest. As the sequestered chloroplasts stay functional for months, the “host” becomes
photosynthetically active. Although remaining a marginal process, kleptoplastidy was observed in
different protist lineages, including foraminifera. Previous studies showed at least eight species of
the foraminiferal genera Haynesina and Elphidium grazing on diatoms and husbanding their chloroplasts. In order to characterize more precisely the origin of kleptochloroplasts in these genera, we
obtained 1027 chloroplastic 16S rDNA sequences from 13 specimens of two Haynesina and ﬁve Elphidium species. We identiﬁed the foraminiferal kleptochloroplasts using a reference phylogeny made of
87 chloroplastic sequences of known species of diatoms and brown algae. All the analyzed specimens were performing kleptoplastidy and according to our phylogenetic analyses they seem to retain
exclusively chloroplasts of diatom origin. There is no apparent speciﬁcity for the type of diatom from
which chloroplasts originated, however some foraminiferal species seem to accept a wider range of
diatoms than others. Possibly the diversity of kleptochloroplasts depends on the type of diatoms the
foraminiferans feed on.
© 2010 Elsevier GmbH. All rights reserved.
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Introduction
First described in the sacoglossan molluscs
(Kawaguti and Yamasu 1965), kleptoplastidy, also
called chloroplast husbandry or sequestration, was
then found to occur in some groups of protists (Stoecker et al. 2009). Although remaining a
marginal process, kleptoplastidy was observed in
some dinoﬂagellates such as Dinophysis (Takishita
et al. 2002), Pﬁesteria piscicida (Lewitus et al. 1999;
Stoecker 1999) and Cryptoperidiniopsis (Eriksen
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et al. 2002), in at least 15 species of ciliates
belonging to the genera Laboea, Strombidium,
Tontonia and Prorodon (Dolan 1992) and in several foraminiferans (Bernhard and Bowser 1999).
The process often deﬁned as an “unusual symbiotic association” is characterized by the presence
of foreign algal chloroplasts (also called kleptochloroplasts) inside the “host” cell while the other
components of the algal prey are either discarded
or digested.
Within foraminifera, at least eight different genera are known to perform kleptoplastidy: Bulimina,
Elphidium, Haynesina, Nonion, Nonionella, Nonionellina, Reophax and Stainforthia (Bernhard and
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Bowser 1999). The process was ﬁrst described in
Haynesina and Elphidium, which were shown to
bear photosynthetically active chloroplasts (Lopez
1979) that remained functional for months, providing an additional “solar powered” source of
nutriment to the host cell (Lee et al. 1988; Lopez
1979). Regarding chloroplast acquisition, it has
been hypothesized (Bernhard and Bowser 1999)
and subsequently experimentally tested (Austin
et al. 2005) that the ornamental tubercles present
on the surface of the test of Haynesina and
Elphidium could be implicated in the kleptoplastidic process by disrupting the ingested algal prey.
The complex ornamented canal systems found
in Haynesina and Elphidium were proposed to
function as combs or sieves to sort the different organelles and isolate the chloroplasts of the
prey (Lee and Anderson 1991). Many studies,
based on ultrastructural analyses (Correia and
Lee 2002; Leutenegger 1984; Lopez 1979), composition of photosynthetic pigments (Knight and
Mantoura 1985; Lopez 1979) and feeding experiments (Correia and Lee 2000; Lee and Lee 1989)
suggested that diatoms were the source of the
kleptochloroplasts. However, none of these studies could prove the exclusivity of diatoms as the
donors of chloroplasts sequestered by Haynesina
and Elphidium.
Furthermore, nothing is known about the precise
taxonomic identity of diatoms, from which kleptochloroplasts originated in foraminifera. Different
species of sacoglossan molluscs are known to have
preferences for some types of algae (Clark et al.
1990; Jensen 1983), albeit these are not strictly
speciﬁc associations. Within marine dinoﬂagellates, the genera Pﬁesteria and Cryptoperidiniopsis
are believed to retain exclusively chloroplasts of
cryptophyte algae (Eriksen et al. 2002; Lewitus
et al. 1999) although no molecular data are available to conﬁrm this hypothesis. At least four species
of the genus Dinophysis were cultured successfully
and retained chloroplasts when fed with the ciliate Myrionecta rubra (Nagai et al. 2008; Nishitani
et al. 2008; Park et al. 2006; Park et al. 2008), but
nothing is said about their ﬂexibility to graze on different algal types. A phylogenetic study performed
on kleptochloroplasts of Dinophysis mitra identiﬁed
the origin of sequestered organelles as haptophyte
algal chloroplasts (Koike et al. 2005) without being
more precise about their identity. Among marine
ciliates, the situation is even more complex as for
most of the species reported to perform kleptoplastidy, no data are available concerning the source
of sequestered chloroplasts (Stoecker et al. 2009).
Among the few species in which kleptochloroplasts

were identiﬁed, their origins vary from cryptophytes
and haptophytes in the case of the genus Laboea,
to prasinophytes, haptophytes and cryptophytes for
the genus Strombidium and chromophytes for Tontonia appendiculariformis (Stoecker et al. 2009).
It is important to notice that most of these studies were performed on cultured organisms, which
may introduce a bias in the selection of sequestered
chloroplasts.
In the present study, we analyzed kleptochloroplasts from uncultured specimens of the
foraminiferal genera Haynesina and Elphidium.
First, we obtained 22 complete nuclear SSU rDNA
sequences of two Haynesina and ﬁve Elphidium species in order to clarify their phylogenetic
relationships. Then, we identiﬁed the chloroplasts
sequestered by each species by analyzing their
16S rDNA sequences. In total, we obtained and
analyzed 1027 sequences from 13 specimens,
using as reference, a phylogenetic tree of 84 chloroplastic 16S rDNA sequences of known species of
diatoms and three sequences of brown algae. As all
analyzed specimens contained chloroplasts, kleptoplastidy appears to be a ubiquitous process in the
two genera analyzed. The results show that all the
chloroplasts sequestered by the 13 specimens are
of diatom origin. Although some species of Haynesina and Elphidium seem to preferentially retain
chloroplasts from particular diatom clades, others
accept a very wide range of diatoms as chloroplasts
donors.

Results
SSU rDNA Phylogeny of Elphidium
In order to clarify the phylogenetic relationships
between selected species of elphidiids and their
sister genus Haynesina, 22 sequences of the
complete SSU rDNA were obtained. This data
set includes two sequences of H. orbiculare, one
sequence of H. germanica and 19 sequences
of elphidiids belonging to ﬁve morphospecies:
E. albiumbilicatum, E. excavatum, E. williamsoni,
E. aculeatum and E. margaritaceum. The geographic origins of the examined specimens are
presented in Table 1 and the accession numbers of the sequences obtained are presented
in the Supplementary Table S1. Maximum likelihood and Bayesian phylogenetic analyses of these
sequences (Fig. 1 and Supplementary Fig. S1)
allowed us to identify six clades corresponding
to ﬁve studied morphospecies of Elphidium and
the genus Haynesina. The tree topology of the
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Interestingly, the inferred phylogeny suggests a
gradual emergence of some external morphological features, such as the ornamental teeth-like
tubercles and the septal bridges containing retral
processes (Fig. 1 and Supplementary Fig. S2).
These projections that bridge the intercameral
sutures of the foraminiferal test are a distinctive feature of the genus Elphidium. They are absent in
the two species of Haynesina whose tests present
only few ornamental tubercles mainly located in the
umbiliculus. In the ﬁrst-diverging species of elphidiids, E. albiumbilicatum, the septal bridges are
almost invisible whereas the teeth-like structures
are numerous in the umbiliculus and also visible
in the intercameral sutures. The second emerging
species, E. excavatum, shows more developed and
visible septal bridges with numerous associated
interiomarginal apertures. Although the surface of
the chambers remains smooth, the sutures are
covered by ornamental tubercles. E. williamsoni
is the ﬁrst diverging species in which the septal
bridges are visible even by eye; the umbiliculus, the
sutures and the interiomarginal apertures are elaborately ornamented with teeth-like structures. The
last diverging group is composed of the two sister species E. aculeatum and E. margaritaceum.
The overall morphology of these two species is
very similar and the only distinguishable feature of
E. aculeatum is the presence of a narrow spine
of variable length at the peripheral end of each
chamber. For both species the septal bridges are so

DNA number

Sampling location

elphidiids is identical in all analyses: the ﬁrst
diverging E. albiumbilicatum clade branches at the
base followed by the E. excavatum clade and the
three other Elphidium species (E. williamsoni, E.
aculeatum and E. margaritaceum), their radiation
is preceded by a long stem lineage. The clades
of H. orbiculare, E. albiumbilicatum and E. excavatum are supported by maximal bootstrap values
and posterior probabilities. The monophyletic group
composed of E. williamsoni, E. aculeatum and E.
margaritaceum also has maximal node support
(NS), but the relationships within this group are
not resolved, as suggested by a very weak NS
(19/0.65) for the grouping of E. aculeatum and
E. margaritaceum, reﬂecting the rapid radiation of
these three species. The node support is high for
the E. margaritaceum morphospecies (98/1), while
it is moderate for E. williamsoni (89/0.98) and very
low for E. aculeatum (50/0.83). Both species of our
outgroup, H. orbiculare and H. germanica, form a
monophyletic group with moderate NS (95/0.91).

Evolution of Morphological Patterns

Foraminiferal species

Table 1. Sampling locations of analyzed individuals and detailed taxonomic afﬁnity of kleptochloroplasts found in each one. Taxonomic afﬁnities
are shown per individual and for each clade of diatom, BS (Basal Species), A, B, Db (D. brightwellii), C and D.
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Figure 1. Elphidiids complete SSU rDNA phylogeny and content of kleptochloroplasts per individual per
species. Fore more details about phylogeny, see legend of Figure S1. RAxML bootstrap values and MrBayes
posterior probabilities are shown at the nodes and solid circles indicate maximum node support (100/1.0). Each
pie represents a single individual, they are shown by morphospecies horizontally and by sampling location
vertically, Chezzetcook Inlet (Ch In), Trebeurden (Trb), Roscoff (Rosc) and others.
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developed that the intercameral apertures appear
as rows of holes between two adjacent chambers
and the entire surface of the test is covered by sharp
ornamental tubercles.

Diatoms Chloroplastic SSU rDNA
Phylogeny
In order to identify the foraminiferal kleptochloroplasts, we ﬁrst inferred the phylogeny of diatoms
using 84 sequences of the chloroplastic 16S rRNA
gene available in the GenBank. To root this tree
presented in Figure 2, we used three sequences
of brown algae (Fucus vesiculosus, Pylaiella littoralis and Bodanella lauterborni). The Bayesian
and the ML analyses provide similar topologies,
with clear distinction of the main taxonomic groups,
albeit often with no support for the relationships
between these groups. Fourteen species belonging to the diatom orders Corethrales, Melosirales,
Coscinodiscales, Rhizosoleniales and Paraliales
branch at the base of the tree. These species are
followed by four relatively well-supported clades:
clade A (Hemiaulales and Chaetocerotales), clade
B (Thalassiosirales), clade C (Cymatosirales and
Eupodiscales) and clade D comprising all the
pennate diatoms. The only representative of the
Lithodesmidales, Ditylum brightwellii, shows no
clear afﬁnity to any of these clades and therefore
is considered here as an independent lineage.

Taxonomic Afﬁnity and Molecular
Identiﬁcation of Kleptochloroplasts
Because of the small size and the abundance of
diatoms it was important to ensure that no diatom
cells were present in our DNA extracts. In addition
to thoroughly cleaning the foraminiferans prior to
extraction, we also tested the foraminiferal extracts
for the presence of diatom nuclear DNA. To be sure
that the ampliﬁed chloroplastic genes originated
from chloroplasts retained by foraminiferans and
not from diatoms cells present inside or outside the
test, we designed bacillariophyte-speciﬁc primers
(Supplementary Table S2) to target diatom nuclear
SSU rDNA. All DNA extracts (in total 46 extracts)
that gave positive results with these primers were
discarded.
To determine the taxonomic afﬁnity of the kleptochloroplasts present in Haynesina and Elphidium,
we selected 13 individuals representing seven
morphospecies and obtained between 59 and
92 sequences of the chloroplastic 16S rRNA
gene for each of them (Table 1). The sequences
obtained for each individual were added to the

reference diatom alignment and phylogenetic analyses were performed to determine their taxonomic
afﬁnity. The 13 trees obtained are presented
in the Supplementary Material (Supplementary
Figs S3 - S15) and the branching positions of
the sequestered chloroplasts are summarized in
Figure 2. The kleptochloroplast sequences were
assigned to one of the six diatom groups, including
the four identiﬁed clades (A, B, C and D), a group
of basal species and D. brightwellii. These data are
summarized in Table 1.
The results of the molecular identiﬁcation of
husbanded chloroplasts are correlated with the
phylogeny of the elphidiids in Figure 1. Each pie
represents kleptochloroplast diversity in one individual and the specimens collected in different
localities are shown in separated columns. For
every single locality where foraminifers were picked
from the same sample, the origin of sequestered
chloroplasts varies depending on the individual.
The three specimens collected in Chezzetcook
Inlet (H. orbiculare C131, E. excavatum C62 and
E. williamsoni C5) (Fig. 1 Ch In) harbor chloroplasts of clades B, C or D, but the proportion of
each type varies between species, with pennate
diatoms (clade D) forming 98%, 6% and 50% of
the total number respectively. Individuals collected
in Trebeurden (Fig. 1 Trb) sequester a majority of
chloroplasts from diatoms belonging to clade A
(E. aculeatum A53), clade D (E. margaritaceum
A13) or clades B, C and D (E. margaritaceum
A17). The origin of kleptochloroplasts found in
elphidiids collected in Roscoff (Fig. 1 Rosc) also differs between individuals: E. aculeatum A69 mainly
bears chloroplasts from basal species of diatoms,
while E. aculeatum A75 and E. margaritaceum
A109 contain a majority of chloroplasts belonging
to respectively clade B and clade D. The same
type of differences is observed in the specimens
from different localities in the White Sea and French
Atlantic coast.
Although Haynesina and Elphidium sequester
chloroplasts from all types of diatoms, each genus
or species shows a different tendency. H. germanica (415) and H. orbiculare (C131) mainly bear
chloroplasts of pennate diatoms (clade D), with few
diatoms of clade B and C. This is contrary to the two
early-diverging Elphidium species: E. albiumbilicatum (10029) and E. excavatum (C62 and A217),
which sequester few or no chloroplasts of pennate
diatoms but harbor mainly chloroplasts from clades
B and C. The majority of kleptochloroplasts found
in E. williamsoni (C5 and 10017) belong to diatoms
from clades C and D with almost the same ratio. The
six specimens of the two last-diverging species,

Kleptoplastidy in Foraminifera 399
Diatoms chloroplasts 16S rDNA phylogeny
Corethron hystrix
Corethron pennatum
Stephanopyxis nipponica
Stephanopyxis palmeriana
Aulacoseira ambigua
86/0,97
Aulacoseira granulata
Coscinodiscus radiatus
Proboscia alata
Proboscia inermis
Proboscia indica
Hyalodiscus sp.
Podosira stelligera
Melosira varians
Paralia sulcata
Bacteriastrum hyalinum
Eucampia antarctica
Eucampia zoodiacus
Chaetoceros calcitrans
Chaetoceros socialis
Chaetoceros sp.
Chaetoceros muellerii
Cyclotella cryptica
Lauderia annulata
Lauderia borealis
Minidiscus trioculatus
Thalassiosira gravida
Thalassiosira weissflogii
Porosira pseudodelicatula
Skeletonema costatum
93/0,97
Skeletonema subsalsum
Skeletonema pseudocostatum
Stephanodiscus minutulus
Thalassiosira pseudonana
Thalassiosira eccentrica
Thalassiosira nordenskioeldi
Thalassiosira punctigera
Ditylum brightwellii
Arcocellulus mammifer
Minutocellus sp.
97/1
Papiliocellulus sp.
57/0,99
Extubocellulus cribriger
96/1
Extubocellulus spinifer
Leyanella arenaria
Cymatosira belgica
Odontella aurita
Odontella sinensis
Amphora sp.
Nitzschia thermalis
Nitzschia frustulum
Fragilaria zeilleri
Pseudo-nitzschia seriata
Cylindrotheca closterium
Nitzschia closterium
Bacillaria paxillifer
Stauroneis constricta
Stauroneis simulans
Asterionellopsis kariana
Asterionella ralfsii
Fragilaria striatula
Nanofrustulum shiloi
Fragilariopsis cylindrus
Synedra fragilaroides
Fragilaria pinnata
Grammonema striatula
Synedra hyperborea
90/1
Gyrosigma fasciola
Pleurosigma intermedium
Haslea crucigera
Haslea salstonica
Haslea nipkowii
Haslea ostrearia
Haslea sp.
Haslea pseudostrearia
Haslea wawrikae
Navicula phyllepta
Navicula sp.
Phaeodactylum tricornutum
Asterionellopsis glacialis
Diatoma tenuis
Dickieia ulvacea
Navicula pelliculosa
Amphora coffeaeformis
Amphiprora alata
Amphiprora paludosa
Bodanella lauterborni
Pylaiella littoralis
Fucus vesiculosus

Kleptochloroplasts

Basal species
Corethrales
Melosirales
Coscinodiscales
Rhizosoleniales
Paraliales

49

Clade A
Hemiaulales
Chaetocerotales

79

Clade B
Thalassiosirales

231

D. brightwellii

7

Clade C
Cymatosirales
Eupodiscales

221

Clade D
Bacillariophyceae
Fragilariophyceae

440

0.07

Figure 2. 16S rDNA phylogeny of diatom chloroplasts with branching positions of kleptochloroplasts. Bayesian
phylogeny implemented using the GTR +  model of evolution. RAxML bootstrap values and MrBayes posterior
probabilities are shown at the nodes and solid circles indicate maximum node support (100/1.0). The total
number of kleptochloroplasts grouping in each clade is shown on the right.

E. aculeatum and E. margaritaceum, apparently
bear chloroplasts of a greater variety of diatoms
(between three and six of our clades per single individual) than the other species of Haynesina and
Elphidium (between two and three clades). Inter-

estingly, the E. aculeatum from Trebeurden (A53) is
the only specimen, whose kleptochloroplasts originate in majority from clade A, wheras one of the
specimens of the same species (A69) collected in
Roscoff is the only one which bears a majority of
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kleptochloroplasts from the group of basal species.
The two specimens of E. margaritaceum (A13 and
A109) harbor a majority of chloroplasts from pennate diatoms, while the third specimen of the same
species (A17) contains a wider range of chloroplasts.

Discussion
Characterizing kleptoplastidy is of major importance for understanding endosymbiosis and the
emergence of photosynthesis among eukaryotes.
Most of the hypotheses assume that the acquisition of chloroplasts by the host cell was carried
through a predator-prey relationship between a
heterotrophic eukaryotic cell feeding on algae
(Archibald 2006; Bhattacharya et al. 2007; Keeling
2004). Kleptoplastidy could be regarded as a ﬁrst
step in this process and therefore it is important to
understand its origin and speciﬁcity.
As shown by our study, Haynesina and Elphidium
are particularly apt to perform kleptoplastidy. Eight
species of these genera have been shown to bear
kleptochloroplasts in previous studies (Bernhard
and Bowser 1999; Lee and Lee 1989; Leutenegger
1984; Lopez 1979). Here, we add to the list four
additional species that husband chloroplasts: H.
orbiculare, E. albiumbilicatum, E. aculeatum and
E. margaritaceum. As all the specimens belonging
to the genera Haynesina and Elphidium, analyzed
during this and previous studies, were found to
retain chloroplasts, we believe that kleptoplastidy
is a distinctive feature of the two genera, which are
therefore an excellent model to study this process.
Our molecular analyses provide compelling
evidence that the chloroplasts sequestered by
Haynesina and Elphidium originated exclusively
from diatoms. Strikingly, of the 1027 sequences
of kleptochloroplasts analyzed, none has taxonomic afﬁnity for other algae but diatoms. As the
primers used to amplify the 16S rDNA of husbanded chloroplasts were designed to detect a
broad range of algal types, including chlorophytes
(Fuller et al. 2006; West et al. 2001) and as only
ribosomal genes of diatom origin were ampliﬁed,
we can exclude the presence of other types of algal
chloroplasts in our total DNA extractions. Since
the discovery of the kleptoplastidic process within
Haynesina and elphidiids, many experiments have
been performed to characterize the taxonomic origin of the chloroplastic “symbionts”. Most of these
studies led to the same suggestion that diatoms
were the best chloroplast donors for these two
foraminiferal genera, but because of the techniques

used, the authors of these studies could not completely exclude the presence of other types of algae,
mainly chlorophytes. Analyses of pigment composition (Knight and Mantoura 1985; Lopez 1979) had
always detected traces of non-diatom pigments.
Ultrastructural analyses using TEM (Correia and
Lee 2002; Leutenegger 1984; Lopez 1979) could
not exclude the possibility of missing a few husbanded chloroplasts, furthermore a proportion of
organelles was mentioned as being in digestion
process and therefore difﬁcult to identify. Feeding experiments (Correia and Lee 2000; Lee and
Lee 1989) concluded that diatoms were the source
of kleptochloroplasts but some doubts remained
because of few husbanded chloroplasts of chlorophyte origin.
In this study, we do not only conﬁrm the exclusive
diatom origin of the kleptochloroplasts sequestered
by Haynesina and Elphidium, but also determine
the origin of husbanded chloroplasts to a more
precise taxonomic level. As our molecular phylogeny of diatoms is in agreement with previous
studies (Rampen et al. 2009; Sorhannus 2007),
we could identify kleptochloroplasts relatively reliably. Although the signal of the chloroplastic 16S
rDNA gene is weak and does not allow the recovery of phylogenetic relationships between the main
groups of diatoms, the support values obtained for
these groups is sufﬁcient to assign the kleptochloroplast sequences to different clades/lineages and
to perform DNA taxonomic identiﬁcation. Previous 16S rDNA phylogeny of diatoms (Rampen
et al. 2009) shows the same topology and lack
of resolution among the major clades (our clades
A, B, C and D), including the uncertain position of D. brightwellii, branching separately as
the unique representative of the Lithodesmidales.
Furthermore, because of the weak signal of the
chloroplastic marker, there is no resolution within
the basal species and no structure is observed
within the pennate clade (our clade D), where araphids and raphids diatoms intermingle. The nuclear
18S rDNA gene seems to be a better marker
to resolve the relationships between main diatom
clades (Sorhannus 2007). In fact our results are
in broad agreement with this nuclear SSU phylogeny as the same main groups are recovered. Our
clades A, B and C plus D. brightwellii are engulfed in
the “bi(multi)polar centrics + thalassiosirales” group
described by Sorhannus (2007). The pennate
diatoms constitute the latest diverging monophyletic group in 16S rDNA and 18S rDNA
phylogenies, but the use of the nuclear marker
allows their partition in two sub-clades: raphid and
araphid pennates. Sorhannus’s “radial centrics”
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group corresponds to a monophyletic clade engulfing all our basal species (Fig. 2). As this comparison
suggests, albeit the signal provided by the 16S
rDNA gene is weak, the topology of the obtained
tree remains correct.
In view of our data, kleptoplastidy in Haynesina
and Elphidium does not appear to be a selective
process. All specimens harbor chloroplasts from
at least two (H. orbiculare C131, E. albiumbilicatum 10029 and E. williamsoni 10017) and up to
six (E. aculeatum A69) clades of diatoms. In order
to exclude a possible environmental impact on our
results, various sampling sites were analyzed in
the present study. Within the three sets of specimens collected in the same locations, Chezzetcook
Inlet (Fig. 1 Ch In), Trebeurden (Fig. 1 Trb) and
Roscoff (Fig. 1 Rosc), we do not observe any similarity in the type of kleptochloroplasts retained by
different species. This suggests that our results
are not biased by the composition of the diatom
assemblage present at the different sampling sites.
However, we cannot totally exclude that the greater
variety of diatoms observed in E. aculeatum and
E. margaritaceum is related to a greater species
richness in the diatom assemblage present in rocky
shore ecosystems in Trebeurden and Roscoff, two
localities only 40 kilometers away from each other.
Alternatively, the large diversity of diatoms found
in E. aculeatum and E. margaritaceum could be
related to the particular morphology of their tests.
Considering the two clearly distinguishable morphological features of Haynesina and Elphidium,
the septal bridges containing retral processes and
the density of ornamental tubercles, the morphospecies analyzed in our phylogeny can be assigned
to three distinct morphological types. The ﬁrst one
represented by Haynesina has few ornamental
teeth; by deﬁnition this genus differs from Elphidium by the absence of retral process (Hayward et al.
1997; Loeblich and Tappan 1988). In the second
type, represented here by E. albiumbilicatum and E.
excavatum, teeth-like structures are more numerous than in Haynesina and retral processes are
emerging but still poorly developed. The third architectural type, including E. williamsoni, E. aculeatum
and E. margaritaceum, shows a great density of
ornamental teeth and highly developed retral processes. As previously suggested (Alexander and
Banner 1984; Banner and Culver 1978; Bernhard
and Bowser 1999; Lee 1993; Lee and Anderson
1991), the “teeth-like” structures and the retral processes contained in the septal bridges may be
involved in the acquisition of kleptochloroplasts by
disassembling diatom frustules and function as
combs or sieves to isolate the chloroplasts of the

prey. This makes these structures important for
the acquisition of diatom chloroplasts by Elphidium
and Haynesina and conﬁrms that foraminiferal test
morphology has to be considered as an important
feature in the development of kleptoplastidy.
One could argue that many other foraminiferal
genera such as Bulimina, Nonion, Nonionella, Nonionellina, Reophax and Stainforthia have been
reported to perform kleptoplastidy (Bernhard and
Bowser 1999), but do not show the morphological features particular for elphidiids. First, for
most of these genera there is no evidence from
which source the chloroplasts originated, excepted
for Nonionellina labradorica which was proposed
to husband chloroplasts of dinoﬂagellate origin
(Cedhagen 1991). Second, many of these genera
possess internal structures, such as toothplates in
Bulimina and Stainforthia, or the umbilical ﬂap in
Nonionella that could be involved in selection of
ingested cells.
In our opinion, the elphidiids evolved their particular morphology as an adaptation to feeding on
diatoms. This is conﬁrmed by experiments showing
that they feed preferentially on pennate diatoms:
Navicula musculus and Amphora tennerima in the
case of H. germanica (Lee and Lee 1989) and
Amphora coffeaeformis in the case of E. excavatum (Correia and Lee 2000). Although in the later
case, the type of diatom is not in accordance with
the results of the present study (Fig. 1), we cannot exclude that E. excavatum would feed also on
centric diatoms if they were provided. We think
that more developed septal bridges and ornamental teeth in E. aculeatum and E. margaritaceum
could possibly increase their ability to feed on a
wider range of diatoms, compared to Haynesina,
which lacks these structures. In consequence, the
diversity of kleptochloroplasts retained by these two
species could be higher.
As shown for other organisms (Rumpho et al.
2008; Wisecaver and Hackett 2010), we can speculate that the ancestor of elphidiids and Haynesina
probably fed on diatoms and that possibly some
of the diatom genes have been transferred to the
foraminiferal nucleus (Endosymbiotic Gene Transfer). This may have enabled the functioning of
diatom chloroplasts inside foraminiferal cells and
gave origin to kleptoplastidy in this group. The
analysis of Elphidium ESTs (work in progress)
should help to identify these genes and contribute
to further elucidation of the process leading to
kleptoplastidy. However, whatever will be the outcome of these future studies, we can speculate
that the acquisition of diatom kleptochloroplasts
had an impact on the evolution of Elphidium, con-
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tributing to the successful radiation of this most
abundant and diverse benthic foraminiferal genus in
the inner-shelf environment throughout temperate
and subtropical parts of the world.

Methods
Sampling and DNA extraction: Foraminiferans analyzed in
this study were collected in the North Atlantic (Canadian and
French coasts), the English Channel and the White Sea. Three
specimens (H. orbiculare C131, E. excavatum C62 and E.
williamsoni C5) were collected in Chezzetcook Inlet, three more
(E. aculeatum A53, E. margaritaceum A13 and A17) originated
from Trebeurden and three others (E. margaritaceum A109,
E. aculeatum A69 and A75) were collected in Roscoff. Four
more specimens originated either from the White Sea (E. albiumbilicatum 10029 and E. williamsoni 10017) or the French
Atlantic coast (H. germanica 415 and E. excavatum A217). For
the three ﬁrst localities, Chezzetcook Inlet (Canada), Trebeurden and Roscoff (French coast of the English Channel), the
three individuals originated from the exact same portion of sediment. These sampling localities are summarized in Table 1.
Algae and surface sediment were taken at low tide, washed in
seawater and sieved. The fractions comprised between 500 m
and 125 m were collected and stored at temperatures close
to those of sampling sites. Live specimens were picked within
a week after sampling and cleaned with small paintbrushes
in several changes of ﬁltered seawater to avoid contaminant.
Total DNA was extracted from single specimens using DOC
lysis buffer or guanidine buffer (Pawlowski 2000), which was
modiﬁed without EDTA in order to preserve the shape of the
test. Most specimens were imaged using Scanning Electron
Microscopy (SEM) and morphologically determined.
PCR ampliﬁcations: To exclude the presence of contaminant diatoms in the DNA extracts, we performed a
negative control by trying to amplify the SSU nuclear rDNA
gene of diatoms using the DiatSSUF-DiatSSUR primers
(Supplementary Table S2).
The complete foraminiferal SSU rDNA gene of seven different morphospecies of Haynesina and Elphidium was ampliﬁed
in different steps using foraminiferal speciﬁc primers summarized in the Supplementary Table S2. The primers sA10 and
s17 were used to amplify the 5 end fragment and the primers
s14F3 and L5.2 for the 3 end fragment. A re-ampliﬁcation of
the PCR products (nested PCR) was then performed using a
combination of the following primers, depending on the species:
sA10-s5R; s4F-s13; s5F-s12R; s12F-s17 or Elphi12F-Elphi17R
for the 5 end fragment and s18F-L5.2; s14F1-NewB or s14F1For2 for the 3 end fragment. Hot Start PCR ampliﬁcations and
re-ampliﬁcations were performed in a total volume of 50 l with
an ampliﬁcation proﬁle consisting of 35 cycles (25 cycles for
the re-ampliﬁcations) of 30 s at 94 ◦ C, 30 s at 52 ◦ C, and 90 s at
72 ◦ C, followed by 5 min at 72 ◦ C for ﬁnal extension.
The kleptochloroplast partial 16S rDNA contained in 13
different individuals of foraminifera was ampliﬁed using the
PLA491F-OXY1313R primers (Fuller et al. 2006; West et al.
2001). Hot Start PCR ampliﬁcations were performed in a total
volume of 50 l with an ampliﬁcation proﬁle consisting of 35
cycles of 45 s at 95 ◦ C, 45 s at 60 ◦ C, and 75 s at 72 ◦ C, followed
by 7 min at 72 ◦ C for ﬁnal extension.
Cloning and sequencing: After puriﬁcation using High Pure
PCR Puriﬁcation Kit (ROCHE DIAGNOSTICS, Basel, Switzerland)
or MinElute PCR Puriﬁcation Kit (QIAGEN, Basel, Switzerland),
positive PCR products were cloned. They were ligated in the

Topo TA Cloning vector (INVITROGEN, Basel, Switzerland), and
cloned using chemically competent cells One Shot TOPO10
(INVITROGEN). Sequencing was done with an ABI PRISM Big
Dye Terminator Cycle Sequencing Kit using an ABI 3130XL
DNA sequencer (APPLIED BIOSYSTEM, Rotkreuz, Switzerland),
according to the manufacturer’s instructions. By overlapping the
different fragments, a complete nuclear SSU rRNA gene was
obtained for all foraminiferal morphospecies. The chloroplastic
16S rDNA sequences obtained were partial and their length
ranged from 312 to 785 positions. All sequences used in this
study have been deposited in the GenBank database and their
accession numbers are summarized in Supplementary Table
S1.
Phylogenetic analyses: Fifteen data sets of sequences
were analyzed separately. The ﬁrst one made of the complete SSU rDNA gene of 22 specimens from seven different
species of foraminifers, was used to infer the phylogeny of
the genus Elphidium. The second data set was made of 84
GenBank sequences of diatom chloroplastic 16S rDNA plus 3
sequences of brown algae (outgroup) and was used as a reference phylogeny. Every single set of kleptochloroplastic partial
16S rDNA sequences (one for each foraminifer analyzed) was
then added to this reference diatom phylogeny, to determine
the taxonomic afﬁnity of the sequenced kleptochloroplasts. This
represents the 13 other data sets. All ﬁfteen data sets were ﬁrst
aligned using MAFFT v.6 (Katoh et al. 2002, 2005) and then
improved manually using BioEdit Sequence Alignment Editor
(Hall 1999). After having cleaned each data set and removed
all ambiguous positions, bacterial contaminant or sub-quality
sequences, the Collapse v.1.2 program (Posada 2004) was
used to count the number of identical sequences and to transform the alignments into sets of unique haplotypes. Then, for
each data set, the Perl script MrAIC 1.4.3 (Nylander 2004) in
combination with PHYML v2.4.4 (Guindon and Gascuel 2003)
was used to choose the best model of sequence evolution by
the Akaike Information Criterion (AIC). Applying the obtained
settings for each data set a Bayesian method and a Maximum
Likelihood (ML) method (Felsenstein 1981) were used to infer
the phylogeny. With the MrBayes program (Huelsenbeck and
Ronquist 2001), two independent analyses were performed at
the same time with four simultaneous chains (one cold and
three heated) ran for 10,000,000 generations, and sampled
every 1,000 generations. After having discarded 2,000 of the
initial trees as burn-in, the consensus tree with the corresponding posterior probabilities (PP) was calculated for each data
set. The ML method was implemented with the RAxML-HPC
v7.0.4 software (Stamatakis 2006) and the reliability of internal branches was assessed using the RAxML rapid bootstrap
method with 100 replicates (Felsenstein 1985). Most of the
bioinformatic analyses were carried out on the freely available Bioportal (www.bioportal.uio.no) and the Cipres portal
(http://www.phylo.org/sub_sections/portal).
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