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Ribosomal DNA is commonly used as a marker for protist phylogeny and taxonomy because of its
ubiquity and its expected species speciﬁcity thanks to the mechanism of concerted evolution. However, numerous studies reported the occurrence of intragenomic (intra-individual) polymorphism in
various protists and particularly in Foraminifera. To infer to what extent the SSU rDNA intragenomic
variability occurs in Foraminifera, we studied 16 foraminiferal species belonging to single-chambered
monothalamids and multi-chambered Globothalamea, with one to six individuals per species. We performed single-cell DNA extractions and PCRs of a 600 bp fragment of SSU rDNA, and sequenced 9 to
23 clones per individual for a total of 818 sequences. We found intragenomic variability in almost all
species, even after excluding singleton mutations. Intra-individual sequence divergence ranged from
0 to 5.15% and was higher than 1% in 11 species. Variability was usually located at the end of stemloop structures and included compensatory single nucleotide polymorphisms and expansion segments
polymorphisms. However, the polymorphisms did not change the secondary structure of the rRNA. Our
results suggest a non-concerted evolution of rRNA genes in Foraminifera. The origin of this variability
and its implications for species identiﬁcation in environmental DNA studies are discussed.
© 2014 Elsevier GmbH. All rights reserved.
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Introduction
Ribosomal RNA genes are present in every organism from bacteria to eukaryote (Woese et al. 1990).
The eukaryotic genes coding for small subunit (SSU
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or 18S) and large subunit (LSU or 28S) of the ribosome, as well as the 5.8S rRNA, the noncoding
regions of the internal transcribed spacers (ITS1
and ITS2) and the intergenic spacer (IGS) are typically arranged in one transcription unit, organized
in large tandem arrays. Those genes are commonly
used as markers for phylogenetic and taxonomic
studies as they are composed of conserved and
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highly variable regions, the latter allowing identiﬁcation to the species level (Bass et al. 2009;
Fiore-Donno et al. 2010; Moreira et al. 2007; Pillet
et al. 2011; Wylezich et al. 2010). A common cut-off
for species differentiation is generally a divergence
of 3% (Ciardo et al. 2006; Cohan 2002; Izzo et al.
2005) but some lesser stringent automated methods propose up to 5% divergence (Caron et al.
2009). The utilization of cut-offs relies on the concept of the barcoding gap, i.e. the existence of
a clear “gap” between intraspeciﬁc polymorphism
and interspeciﬁc divergence (Meyer and Paulay
2005). Yet, the authors warned about the utilization of thresholds for delineating species, because
of the risks of wrongly clustering species together
(with a too elevated threshold) or identifying spurious novel taxa (with a too low threshold).
Within species, the rDNA sequences are supposed to be kept homogeneous thanks to the
mechanism of concerted evolution. Concerted evolution is the non-independent evolution of repetitive
DNA sequences resulting in a sequence similarity
of repeating units that is greater within than among
species (Dover 1982). It homogenizes sequences
within a species by unequal crossing-over and
gene conversion (Dover 1989; Elder Jr and Turner
1995; Hillis and Dixon 1991; Liao 1999). Yet,
numerous cases of intragenomic (intra-individual)
polymorphisms are reported in the literature, in various taxa including bacteria (Michon et al. 2010
and references therein; Morandi et al. 2005) and
archaea (Boucher et al. 2004), but also fungi
(Ko and Jung 2002; Lindner and Banik 2011;
Lindner et al. 2013; Simon and Weiß 2008) such
as yeasts (Alper et al. 2011), mycorrhiza-forming
fungi (Lanfranco et al. 1999) and microsporidians
(Ironside 2013; Liu et al. 2013; O’mahony et al.
2007) Intra-individual polymorphism was also found
in plants (Álvarez and Wendel 2003; Andreasen
and Baldwin 2003; Gernandt et al. 2001; Hartmann
et al. 2001; Mayol and Rosselló 2001; Ruggiero and
Procaccini 2004) and in animals such as sponges
(Escobar et al. 2012), plathelminths (Carranza
et al. 1996; Králová-Hromadová et al. 2012), crustaceans (Gandolﬁ et al. 2001), nematodes (Bik et al.
2013), ﬁshes (Krieger and Fuerst 2002; Xu et al.
2009) and humans (Shibalev et al. 2004). It seems
even more common in protists, being well documented in diatoms (Alverson and Kolnick 2005;
Behnke et al. 2004; Orsini et al. 2004), dinoﬂagellates (Gribble and Anderson 2007; Miranda et al.
2012; Thornhill et al. 2007), ciliates (Gong et al.
2013), apicomplexans (Gunderson et al. 1987;
Rooney 2004), and foraminifera (Holzmann et al.
1996; Pawlowski et al. 2007; Pillet et al. 2012;

Weber and Pawlowski 2013). Most of the described
polymorphisms were found in the ITS1 and ITS2
regions (Alper et al. 2011; Escobar et al. 2012;
Králová-Hromadová et al. 2012; Lanfranco et al.
1999), since they allow more variability than the
SSU and LSU. When there is variability in SSU
(Alverson and Kolnick 2005; Carranza et al. 1996)
or LSU, it generally includes single-nucleotide
polymorphisms (SNPs) and rarely large insertionsdeletions (indels).
Recent development of molecular species identiﬁcation through the utilization of DNA barcodes
revolutionized the study of ecology, diversity
and community structure of protists. Various
DNA barcodes have been proposed for different
groups of protists reviewed in Pawlowski et al.
(2012). Ribosomal genes are successfully used for
species identiﬁcation in cercozoans (Howe et al.
2011a, b), choanoﬂagellates (Stoupin et al. 2012),
diatoms (Moniz and Kaczmarska 2010), radiolarians (Decelle et al. 2013), ciliates (Stoeck et al.
2014) and other protists. A hypervariable region V4
of the SSU rDNA was suggested as a pre-barcode
for estimation of protist diversity in metabarcoding studies based on high-throughput sequencing
of environmental DNA samples (Pawlowski et al.
2012). In general, these studies report extremely
high richness of protistan species (Massana et al.
2014; Stoeck et al. 2009), which is due, in part,
to sequencing artifacts (Huse et al. 2007; Kunin
et al. 2010) that can be corrected with normalization methods (Morgan et al. 2013; Schloss et al.
2011). Yet, those studies rarely take into account
intragenomic variability to explain these astonishing
results.
Foraminifera are well known to have fast evolving
ribosomal genes (Pawlowski et al. 1997). Therefore, it is not surprising that foraminiferal molecular
barcoding is based principally on hypervariable
regions of the SSU rDNA (Pawlowski and Lecroq
2010). Environmental DNA (eDNA) surveys using
short SSU barcodes revealed high number of putatively new foraminiferal species (Lecroq et al. 2011;
Lejzerowicz et al. 2013). However, whether these
are truly new species or genetic variants of the
same species is somehow questionable. Intragenomic polymorphism was reported in two genera
of rotaliid foraminifera: Ammonia (Holzmann et al.
1996) and Elphidium (Pillet et al. 2012). Yet, it
is unknown to which extent this polymorphism is
widespread in other foraminiferal taxa.
Thus, the aim of our study was to assess the
importance of intragenomic polymorphism in single individuals of foraminifera in order to evaluate
its possible impact on overestimation of species
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Table 1. Foraminiferal species used in this study.
Order

species

Monothalamea
Monothalamea

3
3

46
47

3

Rotaliida
Rotaliida

Conqueria laevis
Psammophaga
magnetica
Micrometula
hyalostriata
Leptammina
ﬂavofusca
Leptammina grisea
Notodendrodes
hyalinosphaira
Leptohalysis scotti
Oridorsalis
umbonatus
Angulodiscorbis T1
Angulodiscorbis T2
Cassidulina
laevigata
Cibicidoides
lobatulus
Stainforthia
fusiformis
Bolivina variabilis
Ammonia T1

Rotaliida

Ammonia T2

total

16

Monothalamea
Monothalamea
Monothalamea
Monothalamea
Textulariida
Rotaliida
Rotaliida
Rotaliida
Rotaliida
Rotaliida
Rotaliida

N specimens

sampling
location

sampling
date
2002
2007

48

Weddell Sea
King George Island,
Antarctica
North Sea, Bergen

2006

1

14

Weddell Sea

2007

2
3

27
46

2007
1999

3
5

37
94

Weddell Sea
McMurdo Sound,
Antartica
Skagerrak
Weddell Sea

3
2
3

54
38
44

Andaman Sea
Andaman Sea
Faroe Islands

2011
2011
2011

3

54

Faroe Islands

2011

6

95

Faroe Islands

2011

4
3

88
43

2008
2001

3

43

Porquerolles - culture
Waitemata Harbour,
New Zealand; Playa
Bailen, Cuba
Venice, Italy; Dovey
Estuary, Great Britain

50

818

richness in metabarcoding studies of this group.
To do this, we studied 16 species of foraminifera
belonging to two major groups: monothalamids and
Globothalamea. We compared the intra-individual
variability of the SSU rDNA by analyzing between
9 and 23 clones per individual. We identiﬁed the
main types of SSU rDNA polymorphisms found in
foraminifera and we discuss their possible origins
and implications for species identiﬁcation in eDNA
studies.

Results
Intragenomic and Intraspeciﬁc Variability
of Monothalamids
We analyzed six species of monothalamids with
one to three individuals per species (Table 1).
Intragenomic variability ranged from 0 to 4.26%
among the species studied (Table 2, Fig. 1). Number of variable sites (S) ranged from 0 to 19 and

N
sequences

2010
2005

1995 ; 1997

the number of indel events (I) ranged from 0 to
10 with average indel length ranging from 1 to
2.6. GC content ranged from 0.38 to 0.46 among
species but remained stable among individuals of
the same species (<1% difference). Number of singleton mutations (Sm) varied between 2 and 14,
corresponding to putative technical errors of 0.56
to 2.36%.
The species Leptammina ﬂavofusca, Leptammina grisea and Psammophaga magnetica displayed very low variability, as sequence differences
ranged between 0 and 0.71% (Fig. 1). In the two
Leptammina species, the variability was mainly
located in the 37f helix whereas in P. magnetica
the polymorphism was distributed in each hypervariable region (Fig. 2). In contrast, Conqueria
laevis, Micrometula hyalinostriata and Notodendrodes hyalinosphaira displayed higher variability,
with sequence divergence reaching 4.26% in C.
laevis (Fig. 1). Levels of intragenomic variability
varied signiﬁcantly among species, with species
displaying similar levels of polymorphism (e.g. M.

species

individual
name

N clones/ind

seq length

S

Sm

I

av indel
length

G&C content

% max diff

% technical
errors

C.laevis
C.laevis
C.laevis
P. magnetica
P. magnetica
P. magnetica
M. hyalostriata
M. hyalostriata
M. hyalostriata
L. ﬂavofusca
L. grisea
L. grisea
N. hyalinosphaira
N. hyalinosphaira
N. hyalinosphaira
L. scotti
L. scotti
L. scotti
O. umbonatus
O. umbonatus
O. umbonatus
O. umbonatus
O. umbonatus
Angulodiscorbis T1
Angulodiscorbis T1
Angulodiscorbis T1
Angulodiscorbis T2
Angulodiscorbis T2
C. laevigata
C. laevigata
C. laevigata
C. lobatulus
C. lobatulus
C. lobatulus
S.fusiformis
S.fusiformis

3487
3437
3409
7918
7790
7776
6833
6832
6831
8352
8356
8357
1987
1951
1944
12285
12290
12287
5462
5410
5164
5404
5149
13427
13426
13425
13429
13428
13690
13707
13689
13696
13718
13715
13677
13678

16
16
14
16
15
16
16
16
16
14
13
14
16
14
15
9
15
13
15
20
22
19
18
18
16
20
19
19
11
17
16
18
18
18
10
17

543
543
543
554
554
554
611
611
611
567
544
544
589
589
589
564
564
564
546
546
546
546
546
556
556
556
585
585
636
636
636
584
584
584
571
571

0
19
1
4
1
1
6
6
7
1
0
2
0
8
3
4
2
0
22
3
24
22
23
1
0
4
8
3
15
14
10
1
0
0
3
7

4
3
4
4
6
9
8
9
12
10
4
2
6
4
14
3
8
6
8
4
9
3
5
7
8
11
5
9
16
6
10
7
4
4
7
7

0
4
0
1
0
1
9
10
7
3
0
2
0
2
2
10
4
2
1
0
1
1
1
0
0
0
18
8
11
11
11
0
0
0
5
8

0
1.9
0
1
0
1
1.2
1.2
1.4
2.6
0
1
0
1
1
1.3
1.2
1.5
2
0
2
2
2
0
0
0
2.7
2.6
1.2
1.5
1.3
0
0
0
1.5
1.9

0.387
0.384
0.388
0.463
0.462
0.463
0.426
0.425
0.426
0.394
0.414
0.418
0.401
0.403
0.4
0.358
0.344
0.353
0.46
0.459
0.458
0.454
0.459
0.45
0.449
0.45
0.437
0.42
0.439
0.436
0.425
0.435
0.436
0.431
0.457
0.457

0
4.26
0.19
0.90
0.18
0.36
2.47
2.81
2.30
0.71
0
0.74
0
1.70
0.85
2.53
1.14
0.36
4.22
0.55
4.59
4.22
4.40
0.18
0
0.72
4.77
1.96
4.19
3.99
3.91
0.19
0
0
1.42
2.65

0.74
0.56
0.74
0.72
1.08
1.62
1.32
1.58
1.97
1.77
0.74
0.37
1.02
0.68
2.38
0.54
1.52
1.07
1.47
0.74
1.65
0.55
0.92
1.26
1.44
1.98
0.92
1.60
2.58
0.96
1.86
1.32
0.72
0.86
1.24
1.23
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Table 2. Summary of rDNA sequence analyses. S: number of variable sites (mutations occurring more than once); Sm: number of singleton
mutations; I: number of indel events.

1.23
1.24
2.66
1.77
1.93
3.35
1.41
2.97
1.03
1.77
0.50
1.87
2.72
1.72
2.47
1.42
1.60
1.77
2.46
0
0
4.37
0
3.19
2.68
4.08
3.40
5.15
0.457
0.457
0.457
0.457
0.447
0.447
0.447
0.448
0.471
0.493
0.483
0.496
0.495
0.493
1.6
1.3
1.4
1.2
3.3
0
0
2.3
0
4
1.5
1.6
1.2
1.8
7
5
4
4
4
0
0
9
0
9
8
12
9
17
7
7
15
10
11
19
8
17
6
10
3
11
16
10
7
3
5
6
10
0
0
16
0
9
8
12
11
13
13824
13680
13682
13793
I
II
III
IV
124
641
646
257
449
450
S.fusiformis
S.fusiformis
S.fusiformis
S.fusiformis
B. variabilis
B. variabilis
B. variabilis
B. variabilis
Ammonia T1
Ammonia T1
Ammonia T1
Ammonia T2
Ammonia T2
Ammonia T2

16
17
18
17
22
23
20
23
16
15
12
12
16
15

571
571
571
571
586
586
586
586
602
602
602
608
608
608

Sm
individual
name
species

Table 2 (Continued)

N clones/ind

seq length

S

I

av indel
length

G&C content

% max diff

% technical
errors
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hyalinostriata with 2.3 to 2.81% sequence difference and P. magnetica with 0.18 to 0.90%
sequence difference) and species displaying very
different levels of polymorphism among individuals
(e.g. C. laevis with 0 to 4.26% sequence differences
and N. hyalinosphaira with 0 to 1.69% sequence
differences). Variability could occur in each region
(e.g. in C.laevis, Table 2, Fig. 2) or only in certain regions (e.g. 37f and 43e in L. ﬂavofusca;
37f and 41f in L.grisea, Table 2, Fig. 2) but was
seldom in the conserved regions. M. hyalostriata
displayed a surprisingly high number of different
ribotypes, with 14 ribotypes and 6 different types of
helix 45e (Table 3), whereas the other monothalamids species displayed a lower number of ribotypes
(2-4, Table 3). Globally, the highest variability was
detected in the helix 43/e and the lowest variability
in 41f (Table 3), although it varied among species
and among individuals (Table 2, Fig. 2).
Secondary structure simulations for the most
variable species (M. hyalinostriata and C. laevis)
showed that the structure was not modiﬁed by the
polymorphisms (Fig. 3). Mutations were compensatory in most cases (e.g. mutations occurred in
a way that the base-pairs were not affected) and
insertions were located at the end of the stem-loop
structure, resulting in an elongation of the terminal
loop, so called expansion segment polymorphism
(ESP).

Intragenomic and Intraspeciﬁc Variability
of Globothalamea
We analyzed ten species of Globothalamea, including nine rotaliids and one textulariid (Table 1).
Intragenomic variability ranged from 0.36 to 2.53%
in the textulariid Leptohalysis scotti (Table 2, Fig. 1),
highlighting strong differences among individuals.
S ranged from 0 to 4 and I ranged from 2 to
10 with average indel length ranging from 1.2 to
1.5. GC content ranged from 0.34 to 0.36. Sm
varied between 3 and 8, resulting in putative technical errors of 0.54 to 1.52%. The helixes 41f
and 45e were not variable whereas high variability was observed in 37f (10%) and 43e (14.29%)
(Fig. 2), leading to a total of seven different ribotypes (Table 3). The observed insertions were
ESPs located at the end of the loop (Fig. 3).
Compared to the variability recorded in monothalamids, intragenomic variability was much higher in
rotaliids. The sequence divergence ranged from 0
to 5.15% (Table 2, Fig. 1). S ranged from 0 to 24
and I ranged from 0 to 18 with average indel length
ranging from 1.2 to 3.3. GC content ranged from
0.42 to 0.49 among species but remained stable
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Figure 1. Individual SSU rDNA intragenomic divergence of 16 foraminiferal species.

Table 3. Number of different types of helix per species and number of different ribotypes per species. Combinations of types of helix constitute the different ribotypes. >1: types of helix are considered different if at least
two events occur (substitution or indel). all: types of helix are considered different if at least one event occurs
(substitution or indel). /: missing data. Singleton mutations are excluded.
species

37f types
(>1/all)

41f types
(>1/all)

43e types
(>1/all)

45e types
(>1/all)

N ribotypes
(>1/all)

C.laevis
P.magnetica
M.hyalostriata
L.ﬂavofusca
L.grisea
N.hyalinosphaira
L.scotti
O.umbonatus
Angulodiscorbis T1
Angulodiscorbis T2
C.laevigata
C.lobatulus
S.fusiformis
B.variabilis
Ammonia T1
Ammonia T2
total

1/2
1/2
2/2
2/3
2/3
1/1
3/5
1/2
1/2
3/4
3/3
1/1
4/5
2/2
3/3
6/6
36/46

2/2
2/2
2/3
1/1
1/2
1/1
1/1
2/3
1/1
7/7
1/1
1/1
1/2
3/3
4/4
2/3
32/37

2/2
1/2
3/4
1/2
1/1
4/7
4/7
4/4
1/2
5/5
7/8
1/2
5/8
2/3
3/3
6/6
50/65

2/4
1/1
6/6
1/1
1/1
/
1/1
3/5
1/3
3/4
1/1
1/1
2/2
2/3
2/3
4/5
31/41

2/4
2/4
14/15
2/4
2/4
4/7
7/8
12/18
1/5
11/11
12/14
1/2
16/23
6/6
5/6
13/14
110/145
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Figure 2. SSU rDNA maximal intragenomic, intraspeciﬁc and interspeciﬁc divergence among 14 foraminiferal
species. The closest related species used to calculate interspeciﬁc divergence were chosen from the
foraminifera barcoding database (forambarcoding.unige.ch).
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Figure 3. Examples of SSU rDNA secondary structure of the hypervariable regions of the helixes 37/f (in
L.scotti; Angulodiscorbis T2; S.fusiformis), 43/e (in C. laevis) and 45/e (in M. hyalostriata; B. variabilis).
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among individuals of a same species (max 1% difference). Sm varied between 3 and 19, resulting in
putative technical errors of 0.5 to 3.35% (Table 2).
In two species intragenomic variability was relatively low; Angulodiscorbis T1 and Cibicidoides
lobatulus displayed differences ranging from 0
to 0.72% and 0 to 0.19%, respectively. Furthermore, both species displayed only one ribotype
(Table 3). In contrast, the seven remaining species
of rotaliids displayed high intragenomic variability,
with sequence differences reaching up to 5.15%,
and displayed a higher number of ribotypes (516, Table 3). As seen in monothalamids, the level
of variability differed among species, with species
displaying similar levels of variability (e.g. Stainforthia fusiformis with 1.42 to 2.65% sequence
divergence and Cassidulina laevigata with 3.91 to
4.19% sequence divergence) (Fig. 1) and species
displaying very high levels of variability (e.g. Bolivina variabilis with 0 to 4.37% divergence) (Table 2,
Fig. 1). Interestingly, the level of polymorphism
did not seem to be phylogenetically related since
two types of Angulodiscorbis displayed very divergent levels of polymorphism, reaching 0.72% in
T1 and 4.77% in T2. In addition, only one ribotype was found in Angulodiscorbis T1 whereas
11 ribotypes were found in Angulodiscorbis T2
(Table 3).
For the species displaying a high number of different ribotypes, there was in general no dominant
sequence type per species shared among individuals. Rather, there was a dominant ribotype per
individual (Fig. 4, Supplementary Material Figs S1,
S4-S7). In addition, the comparison of dominant
sequence types between individual indicated that
they displayed less variability than the maximal
calculated variability (intragenomic or intraspeciﬁc).
Variability could occur in each variable region
(e.g. in B.variabilis, Table 3, Supplementary Material Fig. S1) or only in certain regions (e.g. 43e in
C. lobatulus; 37f and 43e in C. laevigata, Table 3,
Fig. 2) but was seldom in the conserved regions. As
seen in monothalamids, the highest levels of variability were recorded in the 43e helix and the lowest
in the 41f helix (Table 3), although it varied among
species and among individuals (Table 3, Fig. 2).
Interestingly, the borders of hypervariable regions
displayed a high level of variability, especially for the
regions bordering the helixes 43e and 45e (Supplementary Table S1). The conserved region bordering
the 41f helix did not vary among each species of
foraminifera studied. In most cases, the level of
intragenomic polymorphism was close or equal to
the level of intraspeciﬁc polymorphism, except in

Figure 4. Ribotypical diversity in Ammonia T2. (A)
The 13 different ribotypes composed of different
combinations of helix types are displayed. (B) The
abundance of the ribotypes and their occurrence in
each studied individual are displayed.

the case of the helix 37f in Ammonia T1, where no
intragenomic polymorphism was recorded and the
intraspeciﬁc polymorphism reached 35.2% (Fig. 2).
Similarly, intragenomic variability of 43e in Ammonia T2 reached 5.1% whereas its intraspeciﬁc
variability reached 24.6% (Fig. 2). This high level
of intraspeciﬁc variability could be explained by
the high number of different helix types found
in Ammonia T2, with six types of 37f and six
types of 43e (Table 3). Interestingly, this species
possesses a high number of different ribotypes
(13), with only one ribotype common between
two individuals (Fig. 4). In this particular case,
caution should be taken since the sampled individuals may belong to cryptic species of Ammonia.
Indeed, the individual 257 does not share any
ribotypes with the two other sampled individuals.
Secondary structure analyses showed that the
structure of rRNA genes was not basically modiﬁed by the polymorphisms. The long insertions
(5-21 bp) observed in B. variabilis, Angulodiscorbis
T2 and S. fusiformis, resulted in elongation of the
existing loop rather than in formation of a new
one (Fig. 3). S. fusiformis, C. laevigata and O.
umbonatus displayed very high levels of polymorphism in the 43e helix (13.6%, 13.2% and 29.8%,
respectively; Table 2), with three different ribotypes
present in O. umbonatus and C. laevigata. Yet, all
the mutations occurred in the terminal loop and
did not result in any important change in rRNA
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secondary
Fig. S2).

structure

(Supplementary

Material

Interspeciﬁc Divergence
The interspeciﬁc divergence was investigated for
each species except for L. scotti and O. umbonatus for which closely related species were missing
in databases. For most species, when considering
the whole SSU rDNA fragment sequenced here,
there is a clear delineation between the intraspeciﬁc
and interspeciﬁc divergences (Fig. 2). Yet, the delineation becomes less clear when examining each
helix individually. Indeed, for the species C. laevis,
N. hyalinosphaira, C. laevigata and S. fusiformis,
the level of interspeciﬁc divergence equals the level
of intraspeciﬁc divergence for the helixes 37f, 37f,
41f and 45e, and 45e, respectively (Fig. 2). In addition, when examining the “barcoding gap” between
C. lobatulus and C. wuellestorﬁi that includes each
sequence and not only the most divergent one,
a small overlap between the two species could
be detected (Supplementary Material Fig. S3A).
In contrast, concerning the remaining species,
there was a clear cut-off between intraspeciﬁc and
interspeciﬁc divergences (e.g. 0.9% and 22.7% in
Angulodiscorbis T1). Furthermore, when analyzing
the divergence of each sequence, a clear “barcoding gap” between Angulodiscorbis T2 and T1 could
be detected (Supplementary Material Fig. S3B).
Nevertheless, the value of the cut-off between
species was not constant among all studied species
(e.g. >1% in P. magnetica and >11% in Ammonia
T2, Supplementary Material Table S2).

Discussion
Wide Occurrence of Intragenomic
Polymorphism
In this study, we showed that intragenomic polymorphism widely occurred throughout the two main
groups of foraminifera studied, since each species
displayed intragenomic variability and it exceeded
1% in 11 out of 16 species studied. Furthermore,
the levels of variability could be very high reaching
up to 5.15% in Ammonia T2. We are aware that
excluding singleton mutations may have resulted
in an underestimation of the variability by excluding
actual mutations, but in this way we ensured that the
recorded polymorphism was not due to technical
artifacts, such as PCR or sequencing errors. Even
if we probably underestimated the level of variability, the observed polymorphism was still extremely
high.

Rather unexpectedly, the variability was higher
in rotaliids than in early-evolved monothalamids.
The rRNA genes are generally considered to evolve
faster in monothalamids than in rotaliids, therefore, one would expect to ﬁnd higher level of
polymorphism in the ﬁrst group. Yet, the level of
polymorphism in foraminiferal DNA seems actually species speciﬁc or even individual speciﬁc.
Indeed, we showed that the two closely related
species Angulodiscorbis T1 and T2 displayed very
different levels of intragenomic variability (0.72%
and 4.77%, respectively). Moreover, the variability may change between individuals of the same
species, with for example one individual of B. variabilis displaying 0% divergence and another one
displaying 4.37% divergence. This inter-individual
variability may arise from a technical bias (e.g.
sequencing depth), yet it seems unlikely since this
phenomenon was found in other species (e.g. C.
laevis; Ammonia T1) as well. We rather suppose
that inter-individual variability is real, with some
individuals displaying only one ribotype and others of the same species displaying three to four
ribotypes.
A particular type of intragenomic polymorphism
was described in the rotaliid Elphidium macellum
(Pillet et al. 2012). In this species, the variability was located only in the foraminiferal speciﬁc
helixes 37f and 41f. In contrast, our results showed
that the variability could be located in each of the
hypervariable sequences studied (37f, 41f, 43e and
45e), the highest levels of variability being found
in the helix 43e and the lowest levels in the helix
41f.
Although numerous studies previously described
intragenomic variability of rDNA in protists, most of
these studies described SNPs and a divergence
not higher than 1% (Gong et al. 2013). In contrast,
our results showed that the variability in foraminifera
could be particularly high, often exceeding 3%.
Furthermore, numerous indels were recorded, with
a particularly long indel of 21 bp in Angulodiscorbis T2. Finally, only nine specimens out of the 50
studied displayed no variability at all, implying that
intragenomic variability in foraminifera is more the
rule than the exception.

Origins of rDNA Variability
The wide occurrence of intragenomic polymorphism found in foraminifera is unexpected as
sequences are supposed to be kept homogeneous
thanks to the mechanism of concerted evolution
(Elder and Turner 1995). Several hypotheses may
explain why foraminifera tend to deviate from this
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common principle. If concerted evolution is in a
transition stage (Strachan et al. 1985) or when the
mutation rate exceeds the rate of concerted evolution (Andreasen and Baldwin 2003; Bobola et al.
1992; Crease and Lynch 1991; Gernandt et al.
2001; Linares et al. 1994) intragenomic polymorphism may occur. A transition stage seems unlikely
since individuals of some species (B. variabilis)
were cultivated for several years before they were
used for this study.
Divergent SSU rDNA sequences might be pseudogenes as described for the dinoﬂagellates
(Gribble and Anderson 2007) and the ﬂounder (Xu
et al. 2009), or suggested for the Platyhelminthes
(Carranza et al. 1996). Yet, it seems unlikely that
this is the case in foraminifera, since at least
for some species (B. variabilis) the sequences
were obtained from RNA rather than DNA extractions. This is congruent with early studies of
foraminifera, which were based on reverse transcriptase sequencing of RNA (Pawlowski et al. 1994,
1996). An additional argument disproving the pseudogene hypothesis comes from the analysis of
RNA secondary structure as shown for instance
in dinoﬂagellates (Thornhill and Lord 2010) or in
echinoderms (Chenuil et al. 2008). As shown by
our simulations the polymorphism, even elevated,
did not change the secondary structure, suggesting that the sequences are subject to functional
constrains. Thus, the fact that foraminifera display high intragenomic variability may have limited
effect on the structure and function of the ribosome.
Intra-individual polymorphism may also occur as
a result of interspeciﬁc hybridization (Andreasen
and Baldwin 2003; Boucher et al. 2004; Campbell
et al. 1997; Casteleyn et al. 2009; Crease and
Lynch 1991; Peterson et al. 2004; Wissemann
2003). The hypothesis of hybridization was proposed in the case of the foraminiferan Elphidum
macellum (Pillet et al. 2012). This study showed an
extreme variability in three hypervariable regions
with 11 different ribotypes, probably related to
morphological variability. The species examined
here displayed similar pattern, i.e. the combination of several types of helix forms the different
ribotypes. The fact that different types of helix
seem to be transferred in block from an individual to another could reinforce the hypothesis of
intraspeciﬁc hybridization, the individuals occurring currently being the result of past hybridization
between distinct populations. Yet, our results only
point out the possibility of hybridization, and
more research is needed to test this hypothesis, by studying a more numerous number

of genes or investigating morphological variability.
Another explanation of the occurrence of intragenomic polymorphism could arise from the peculiar
genomic organization and the complex heterophasic life cycle of foraminifera. Ribosomal DNA loci
located on non-homologous chromosomes (Jellen
et al. 1994; Karvonen and Savolainen 1993; Vogler
and DeSalle 1994) or polyploidy may prevent concerted evolution to occur (Campbell et al. 1997;
Gaut et al. 2000; Jobst et al. 1998; Wendel 2000).
Furthermore, if organisms are multinucleated, concerted evolution may occur within one nucleus but
not among all nuclei (Lanfranco et al. 1999). In addition, displaying a large ribosomal copy number may
increase the occurrence of intragenomic polymorphism (Gong et al. 2013).
Foraminifera may indeed display rDNA loci on
non-homologous chromosomes, and each one of
the other genomic characteristics described above
are known to happen in this group. Polyploidy
is common in foraminifera (Parfrey et al. 2008),
and a multinucleated stage occurs during the agamont generation (Lee and Anderson 1991). Finally,
foraminifera are also expected to display a high
rDNA copy number due to their large size (Zhu
et al. 2005). The few species for which rDNA
copy number was estimated conﬁrmed this expectation, with about 40 000 SSU rDNA copies found
for the monothalamid Allogromia laticollaris CSH
(Weber and Pawlowski 2013). A recent study on
the ﬁrst sequenced genome of the foraminiferan
Reticulomyxa ﬁlosa, indicated that the genome is
extremely repetitive and thus probably underwent
numerous ampliﬁcations and recombination events
(Glöckner et al. 2014). The high rDNA copy number may thus be a recurrent genomic feature in
foraminifera. Moreover, the number of rDNA copies
may change during the foraminiferal life cycle as
observed in the cultured foraminifer Allogromia laticollaris (Parfrey et al. 2012). Such changes could
explain, for example, the presence or absence
of variations in different specimens of the same
species, observed for example in B. variabilis, O.
umbonatus or C. laevis.

Implications for Species Identiﬁcation in
eDNA Studies
A serious practical problem concerning the
intragenomic polymorphism is its effect on the
interpretation of eDNA barcoding studies. Those
studies consist in evaluating the richness and
abundance of particular taxa in eDNA samples
based on the number of sequences assigned
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to these taxa. Indeed, the occurrence of several
ribotypes within an individual will evidently overestimate the species richness in a sample. For
example, this could explain an extremely high level
of hidden diversity discovered in recent metabarcoding studies on foraminifera (Lecroq et al.
2011; Lejzerowicz et al. 2013). The occurrence
of intra-individual polymorphism would also thwart
accurate species abundance estimations in eDNA
studies, in addition to other biological factors affecting sequence abundance (Weber and Pawlowski
2013).
The wide occurrence of intragenomic variability in
foraminifera is not an exception. The intragenomic
polymorphism of rRNA genes was reported occasionally in diatoms (Alverson and Kolnick 2005;
Behnke et al. 2004; Orsini et al. 2004), dinoﬂagellates (Gribble and Anderson 2007; Miranda et al.
2012; Thornhill et al. 2007) and ciliates (Gong et al.
2013). However, a tricky question to answer is to
which extent such polymorphism invalidates molecular identiﬁcation of species in foraminifera and
other protists.
The question was already investigated for
diatoms (Alverson 2008; Evans et al. 2007) and
the authors circumvented the problem of intragenomic variability of rRNA genes by proposing to
use mitochondrial DNA markers such as coxI for
species identiﬁcation. The same situation occurred
in naked amoebae of genus Vannella (Nassonova
et al. 2010). However, mitochondrial markers are
not available for foraminifera. In this group and in
many other groups of protists the rDNA barcodes
would be difﬁcult to replace. This is particularly the
case of eDNA studies of eukaryotic diversity, which
are almost entirely based on rDNA sequences
(Pawlowski et al. 2012).
In all cases, no matter the genetic marker used,
the setting of a cut-off delimitating within and
between species divergence implies the existence
of a barcoding gap (Meyer and Paulay 2005). Yet,
we showed that there was no clear barcoding gap
for three species of foraminifera (C. laevis; N. hyalinosphaira; C. laevigata), for which the divergence
between and within species was equal or lower
than 1%. For those species, the intraspeciﬁc polymorphism ranged between 2.4% and 6.4%. Thus,
the use of a ﬁxed threshold to delineate species
would not be applicable in those cases. The same
is true for the other studied species, although we
found a clear cut-off between their intraspeciﬁc and
interspeciﬁc divergences. Indeed, the intraspeciﬁc
divergence may be higher in one species than the
interspeciﬁc divergence in another species (e.g.
10.86% intraspeciﬁc divergence in Ammonia T2

and 3.42% interspeciﬁc divergence in C. lobatulus). Thus, the cut-off of 5% proposed in Caron
et al. (2009) would be too low for very variable
foraminiferal species like Ammonia T2, but would
be too elevated for some non-variable taxa. Indeed,
some authors (Lindner and Banik 2011; Nilsson
et al. 2008) found the same conclusion for fungi,
where they showed that a threshold of 3% was not
always applicable for fungal species delineation.
A way of improving the accuracy of eDNA studies would be, for each group considered, to ﬁrst
assess the range of intragenomic and intraspeciﬁc
variability occurring within some focal species and
then determine a realistic cut-off for species discrimination, if possible. With our study, we show
that the knowledge on intragenomic variability of
foraminifera is essential to improve the estimation
of species richness in natural populations of environmental samples. Further research is needed to
determine if such intra-individual variability is inherent to foraminifera, or if it is also widely extended in
several groups of protist, in which case studies of
this kind should be pursued.

Methods
Cell collection and DNA extraction: Specimens of
foraminifera were collected during several sampling expeditions in the years 1990 to 2011 (Table 1). We analyzed 16
foraminiferal species, including six monothalamids: Conqueria
laevis (Gooday and Pawlowski, 2004), Psammophaga magnetica (Pawlowski and Majewski, 2011), Micrometula hyalostriata
(Nyholm, 1952), Leptammina grisea and L. ﬂavofusca
(Cedhagen, Gooday & Pawlowski, 2009) and Notodendrodes
hyalinosphaira (De Laca, Bernhard, Reilly & Bowser, 2002). In
addition, we analyzed 10 species representing Globothalamea,
including one textulariid, Leptohalysis scotti (Chaster, 1892)
and nine rotaliids: Oridorsalis umbonatus (Reuss, 1851),
Angulo discorbis T1 and T2 (Uchio, 1952), Cassidulina
laevigata (dÓrbigny, 1826), Cibicidoides lobatulus (Walker
& Jacob, 1798), Stainforthia fusiformis (Williamson, 1848),
Bolivina variabilis (Williamson, 1858), Ammonia T1 and T2
(Brünnich, 1772).
In total, 50 specimens were examined, with one to six individuals per species. Single cell DNA extractions were performed.
Each specimen was ground separately with a pestle in 100 l
of a buffer containing Guanidine isothiocyanate, Tris-HCl 1 M
(pH = 7.6), EDTA 1 M, Sarkosyl 20%, ␤-mercaptoethanol and
then incubated for 15 min at 60 ◦ C. Insoluble material was
removed by centrifugation, and DNA was precipitated overnight
at -20 ◦ C in 100 l of isopropanol. DNA was then washed with
EtOH 70%, eluted in 50 l of sterile water and stored at -20 ◦ C.
In the case of Bolivina variabilis, four single-cell RNA extractions
were performed with the kit Nucleospin RNA XS (MachereyNagel) following the manufacturer’s instructions. cDNA was
generated with the foraminiferal speciﬁc primer sBnew (5 TGC
CTT GTT CGA CTT CTC 3 ) using the iScript Select cDNA
Synthesis Kit (BioRad) following the manufacturer’s instructions.
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PCR ampliﬁcation, cloning and sequencing: For each
specimen, a DNA / cDNA fragment of about 1200 bp was PCR
ampliﬁed with the following parameters: a initial denaturation
step of 60 s at 95 ◦ C, 35 cycles of 30 s denaturation at 95 ◦ C,
30 s annealing at 50 ◦ C and 90 s elongation at 72 ◦ C, followed
by a ﬁnal elongation step of 5 min at 72 ◦ C. The primers used
were 14F3 (5 ACG CA(AC) GTG TGA AAC TTG 3 ) and sBnew
(200 nM each) that are both foraminifera speciﬁc. After that, a
nested PCR was performed with the same parameters as above
except that 25 PCR cycles were performed. The primers used in
the nested PCR were 14F1 (5 AAG GGC ACC ACA AGA ACG
C 3 ) and sBnew (200 nM each) that are both foraminifera speciﬁc. The PCR products were cloned with the TOPO TA cloning
Kit (Invitrogen) using competent cells. 9 to 23 clones per specimen were sequenced with the sequencing primer 14F1, using
Big Dye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) and an automatic sequencer ABI Prism 3130XL (Applied
Biosystems).
Sequence analysis and secondary structure drawing:
After removing the chimera (<1%) and the poor quality
sequences, a total of 818 SSU rDNA sequences were obtained,
with a length of 543 bp to 636 bp depending on the species.
They have been deposited in EMBL database under the accession numbers HG965803 to HG966616. One to six specimens
belonging to the same species were analyzed with a sequencing effort of 9 to 23 sequences per individual. Sequences were
manually edited with the software 4Peaks, then aligned in the
program Seaview (Gouy et al. 2010) with MUSCLE v3.8.31
algorithm (Edgar 2004) and manually improved. SSU rDNA
sequences were analyzed with DNAsp software (Librado and
Rozas 2009) and the intra-individual polymorphism in the four
hypervariable regions (37f, 41f, 43e and 45e, as described in
Pawlowski and Lecroq (2010)) was investigated. The regions
37f and 41f are speciﬁc to foraminifera, whereas the regions
43e and 45e exist in all eukaryotes and are commonly named
V7 and V8, respectively (Schweizer et al. 2008). The 43e helix
of N. hyalinosphaira was particularly long so the sequencing
of the 45e helix was not possible in one time. For this species,
only the data of the helixes 37f, 41f and 43e are available. At the
intra-individual level, several summary statistics were recorded;
the number of variable sites S (mutations occurring more than
once), the number of singleton mutations Sm (scored as technical errors including taq polymerase errors and sequencing
errors), the number of indel events (I) and their average length,
the GC content, the within-individual maximum divergence percentage (calculated by summing S and I, divided by the number
of analyzed sites, multiplied by 100); and the percentage of
technical errors (calculated by dividing Sm by the number of
analyzed sites, multiplied by 100). Considering each singleton
mutation as technical error is a very conservative approach
since it can exclude true polymorphisms, yet in this way we
ensure that the recorded polymorphisms S and I are not artefactual.
Furthermore, intraspeciﬁc and interspeciﬁc divergences
were investigated for each species to infer if a reliable threshold clearly separating species could be determined among
foraminifera. To do this, the maximal intragenomic, intraspeciﬁc
and interspeciﬁc divergences were recorded by calculating S
and I for each hypervariable region (37f, 41f, 43e and 45e)
of the SSU rDNA and for the whole fragment. The closest
related species was chosen based on the foraminifera barcoding database (forambarcoding.unige.ch). If several species
were available, the closest one was chosen based on the highest identity percentage calculated with a similarity matrix. For
L. scotti and O. umbonatus, no closely related species were
available.

In addition, the number or different types of helix was
manually calculated, the ﬁrst time by considering two helix
types as different if more than one event (substitution or
indel) occurred; the second time by considering two helix
types as different if one event or more occurred. The combination of helix types constituted several ribotypes that were
manually counted. We also investigated the existence of
a barcoding gap in two species pairs (C. lobatulus vs C.
wuellestorﬁi and Angulodiscorbis T2 vs T1) by calculating a
pairwise sequence identity matrix with the software BioEdit
(Hall 1999), and including all available sequences for each
species.
Finally, to infer the position of the sequence polymorphisms
and its possible effect on rRNA structure and function, rRNA
secondary structure simulations were performed with the Mfold
webserver (http://mfold.rna.albany.edu/?q=mfold) with default
parameters. rRNA secondary structures were drawn with the
Varna v3-9 program (Darty et al. 2009).
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