Text S1

SSU rDNA divergence in planktonic foraminifera: gwllar taxonomy and biogeographic

implications

André A, Quillévéré F, Morard R, Ujiié Y, Escargu@| de Vargas C, de Garidel-Thoron T,
Douady CJ

Below, we provide supplementary information abdug species status of modern
planktonic foraminiferal genetic types, in an atperto provide an integrative taxonomy in
which we synthesize geographic, ecological and mmiggical differentiations that can occur

among genuine (pseudo)cryptic species

Spinose species

For Globigerinella siphoniferaand Globigerinoides ruber+conglobatyssee body-
text. Patristic distances and ABGD analyses agre¢he species status of the previously
defined genetic Types I, lla and llb Hbstigerina pelagicgdAurahs et al., 2009a; Weiner et
al., 2012). These cryptic species, collected sarfahe North Atlantic, Mediterranean and
NW Pacific (Fig. I; de Vargas et al., 1997; UjiiédaLipps, 2009; Weiner et al., 2012), exhibit
apparently cosmopolitan sympatric distributiongamperate to tropical water masses. Their
taxonomic status is reinforced by the evidence egitlolrelated specializations in Types lla
and lIb (Weiner et al., 2012). The GMYC method conbt be applied tél. pelagica since
its SSU rDNA sequences are highly divergent, legqdinhighly ambiguous alignments when
compared with other spinose morpho-species.

Within Turborotalia quinquelobaSSU rDNA studies have identified six genetic gype
(Darling and Wade, 2008) but the application of ABGmps these genetic types into two
cryptic species whose patristic distances are cthbipawith this status (Fig. 2B). These
species match the two main ecological groups ecelriy Darling and Wade (2008). The
first species, here named Type | (Table 4), has lbetected in Coral and Arabian Seas (Fig.
II), and seems to be associated with warm waterthef(sub)tropical Indian and Pacific
Oceans. The second species, here termed Typelle(#y, exhibits a bipolar distribution in
cooler (sub)polar and transitional waters of bo#mttspheres (Fig. Il; Darling et al., 2003).
Parker (1962) reported that at polar latitudesfaser sediment samples ®f quinqueloba

yield larger individuals than at lower latitudesig author also noticed that specimend of



guinquelobaexhibit more spiny tests with latitude in the NoRacific. We speculate that
there could be a relationship between these obdenaphological changes that appear to
follow water masses and the patchy distributiothefTypes | and Il of . quinqueloba

Application of the ABGD method lumps the elevenvioesly identified genetic types
of Globigerina bulloides(Darling and Wade, 2008; Morard et al., 2013; lsamaa et al.,
unpublished) into seven species whose patristiantes are compatible with this status (Fig.
2B). The newly defined Type IIb-d-f (Table 4) lumgsquences of individuals that apparently
share similar ecology in transitional to sub-polater masses of both hemispheres (Darling
et al., 2007; Kurasawa et al., unpublished), thaking Type lIb-d-f a cosmopolitan species
with a bipolar distribution (Fig. Il). Sequences thie Types Ic and le (Kurasawa et al.,
unpublished) from the Pacific cluster together vilibse of the Type Ib from the Atlantic.
This suggests that the Type Ib-c-e also constitate®smopolitan species. Unfortunately,
since the exact sampling locations of Types Ic &ndare not available, the ecological
affinities of this species remain unknown. Data s$ll insufficient to evidence
biogeographical or ecological differentiations beén the Indo-pacific tropical Types la and
Id. Types lla, llc and lle from colder water masséso correspond to cryptic species. Type
lle is apparently restricted to the North Pacifizafling and Wade, 2008). Darling et al.
(2003) evidenced different timings of reproductiaich may explain genetic isolation
(Norris, 2000) of the otherwise sympatric Typesdia 1lb-d-f. Unfortunately, an integrative
taxonomy forG. bulloidesgenetic types still remains limited because of gbarcity of the
SSU rDNA data. For example, environmental datasamdpling through different seasons are
insufficient to detect potential ecological diffapes between the apparently sympatric Types
lic, Type lIb-d-f and Type lla.

Our data show that only one single specieBa#la digitatahas been sampled so far.
On the other hand, the distribution patterns o$ tlaire morpho-species (Hemleben et al.,
1989) cannot be discussed in this paper, sincsttitked sequences originate from specimens
collected at two stations only, both located in8uaith Pacific (Fig. I1).

All methods also agree on the species status ofptheiously defined Caribbean,
Sargasso and Mediterranean genetic type®rbiulina universa(de Vargas et al., 1999),
respectively re-designated as Types I, Il and }lde Vargas et al. (2004). The ABGD
method clearly delimitates the Types | and Il edeipendent species, while sequences of the
Type Il were too short to be included in the ABG8&taket. The species status of the Type Il
is however supported on the basis of the GMYC ntktho the world oceans, the three

species ofD. universahave distributions that are apparently correlatétt the productivity



of the surface waters (Fig. I; de Vargas et al991Morard et al., 2009). Types | and I
inhabit stratified and nutrient-depleted subtropivaters (the Type Il occurring in extreme
oligotrophic environments), whereas the Type INdi& vertically-mixed and nutrient-rich
environments of the tropical to temperate watersesisBiometric analyses by Morard et al.
(2009) have shown that the Types I, Il and Ill@f universaare pseudo-cryptic species.
Shells of the Type | species exhibit larger pomaaand higher porosity values than those of
the Types Il and Ill, whereas the two later specaas be further distinguished on the basis of
shell thickness, which is significantly thinnertive case of the Type Il species.

Our data confirm that the morphologically diverdexps Globigerinoides sacculifer
including theG. trilobus, G. immaturus, G. quadrilobataedG. sacculifer s.anorphotypes,
constitutes a single species (André et al., 20G8)bigerinoides sacculifeis so far a unique
example in planktonic foraminifera where the moiphaal variability exceeds the rDNA
genetic variability. Considering the worlwide samgl representativity of the available
genetic data(s. sacculifershould be considered as a true cosmopolitan anghulmgically
diverse (sub)tropical species (Fig. I).

Finally, our data show that only one single speckSphaeroidinella dehiscertsas
been sampled so far. Since the studied sequendaginabe from specimens collected at
stations located in the tropical Indo-Pacific (FIY, the distribution pattern of this rare
morpho-species cannot be discussed further (Hemlebal., 1989).
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Figure I. Geographic distribution of genetic types of Globigerinoides sacculifer, Orbulina universa and
Hastigerina pelagica. Gray shading indicates the relative abundanceash enorpho-species in planktonic
foraminiferal assemblages from surface sedimentsrpolated from data in the MARGO database (Kuetra
al., 2005; MARGO project members, 2009). The spedelimitations are according to the literature #mel
methods noted in red in the left corners of the sn&eographic location data from this study andibget al.
(1997; 1999); de Vargas et al. (1997; 1999; 2084yahs et al. (2009a); Morard et al. (2009); Uaidd Lipps
(2009), Weiner et al. (2012) and André et al. (9013
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Figure Il. Geographic distribution of genetic types of Turborotalita quinqueloba, Globigerina bulloides,

Sphaerodinella dehiscens and Beella digtata. Gray shading indicates the relative abundance cfi @aorpho-
species in planktonic foraminiferal assemblagemfsurface sediments, interpolated from data inMBA&RGO

database (Kucera et al., 2005; MARGO project mem009). The species delimitations are accordinigpe
literature and/or the methods noted in red in ¢fiedorners of the maps. Geographic location datathis study
and de Vargas et al. (1997); Darling et al. (19530, 2003, 2007); Stewart et al. (2001); Darlimgl &/ade
(2008); Seears et al. (2012); Morard et al.(20Xmoto et al. (unpublished) and Kurasawa et aip(iblished).



Non-spinose species

For Hirsutella hirsuta and Pulleniatina obliquiloculata see body-text. Genetic
sequencing studies have identified five genetie@syithin Truncorotalia truncatulinoides
(de Vargas et al., 2001; Ujiié and Lipps, 2009)t &pplications of the ABGD and GMYC
methods suggest that this morpho-species harbdys3aor 4 species, respectively (Table 4).
All methods agree on the species status of thd-cgied Type V (Ujiié and Lipps, 2009),
which is apparently restricted to the NW Pacificend no other putative cryptic species
occurs (Fig. 1ll). ABGD is the only approach tharsficantly reduces intra-genetic type and
inter-genetic type patristic distances overlappifig. 2B). It clusters Types | and Il on the
one hand, and Types lll and IV on the other hamd\(drgas et al., 2001), into two distinct
species with contrasted environmental affinitiegpd I-1l is a warm-water species restricted
to the (sub)tropical oceans, whereas Type llI-I\pegrs to be restricted to the productive
subtropical and the colder subpolar frontal zoneshe Southern Ocean (Fig. lll). Both
species are pseudo-cryptic, since they can bereiffated on the basis of shell morphology:
Type I-1l specimens exhibit large, highly coniceftlor right-coiled shells, and Type -1V
specimens typically show smaller, axially-comprdssand biconvex left-coiled shells
(Quillévéré et al., 2013).

Our data show that to date, no cryptic specieg l@en sampled in the oceans for the
morpho-speciesiirsutella hirsuta, Menardella menardiGloborotalia tumida Globorotalia
ungulata and Globoquadrina conglomeratdTable 4). The sequences available fdr
menardii, G. tumidaG. ungulataand G. conglomeratariginate from too scarce and isolated
locations of the world oceans (Fig. Ill), then pueling any further discussion about their
cryptic diversity and biogeography.

Previous studies of the ITS genes have identifieal genetic types oGloboconella
inflata (Morard et al., 2011). ABGD and patristic distameethods agree on the species status
of the Type I. However, due to the shortness oflabie sequences, these methods cannot be
used to test whether the Type Il belongs to theesapecies as the Type | or is indeed an
independent species. Application of the GYMC metloodfirms the species status of the
Type |, which has been found to inhabit transitlom@a subtropical waters of both
hemispheres, and of the Type II, which is restddtethe Antarctic subpolar waters (Fig. 1V).
Species ofs. inflata may be pseudo-cryptic, since Morard et al. (2@&Mdlenced significant
differences in shell morphology in modern populasiocollected north and south of the

Antarctic subpolar front.



Genetic sequencing studies have identified seveetgetypes inNeogloboquadrina
pachydermgTable 1; Darling and Wade, 2008). Patristic dists are compatible with the
species status of these genetic types (Fig. 2M)padh the distance gap is much reduced.
The distribution pattern of the genetic types dadimn the literature tends to show that most
of them are allopatric and related to specific watasses (Fig. V). The Type | was found in
polar waters of the North Atlantic (Darling et &004). The Types Il and Il were found in
subpolar and transitional waters of the southeraa@cThe Type IV was found in Antarctic
polar waters (Darling et al., 2004). The Types \ &t were only collected from the South
Atlantic, in the vicinity of the Benguela upwellin@Parling and Wade, 2008). Finally,
specimens of the Type VIl seem to be restrictettdnsitional waters of the North Pacific
(Darling et al., 2007). However, contrary to (Dagiet al., 2004), the ABGD method leads to
an alternative delimitation hypothesis which isoatsoss-validated by patristic distances (Fig.
2B; Table 1), clustering the genetic types from-antarctic and Benguela upwelling waters
(i.e., Types I, lll, V, VI) into a single speciéBig. V).

RegardingNeogloboquadrina incomptall methods agree on the species status of the
Types | and Il of Darling et al. (2006). These tspecies have distinct distributions, the Type
| inhabiting the Southern Ocean and the North Aitamnd the Type Il inhabiting the North
Pacific (Fig. V). Sequence AY453130, isolated agoasible third species on the basis of
GMYC analysis, is characterized by numerous sultgtits that were not found in any other
N. incomptaspecimens from the NW Pacific (Kimoto and Tsuchiyapublished), making
the taxonomic status of this sequence unclear fumther sampling.

Our study suggests thhlieogloboquadrina dutertragonstitutes a unique species that
is cosmopolitan in (sub)tropical waters of the wooceans (Fig. V; Table 4). The GMYC
method isolated the sequence AY241708 as a putsdieend species (Fig. 5). Because of its
short length, isolation of this sequence as a petapecies may be an artifact. On the other
hand, we speculate that this sequence may reprasetiter cryptic species restricted to the
North Pacific Ocean, a region that is known forbwaing endemic cryptic species of

planktonic foraminifera (Darling and Wade, 2008).
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Figure I11. Geographic distribution of genetic types of Turcorotalia truncatulinoides, Globoguadrina
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Microperforate species

Up to now, no detailed genetic study has focusedhenmicroperforate planktonic
foraminifera, probably because this clade incluts® morpho-species (Hemleben et al.,
1989), and because plankton net mesh and sieve diassically used for collecting living
foraminifera are too large for these typically shsé#ed taxa. Here, our models for species
delimitation are based solely on distance methqgugristic and ABGD), since GYMC
delimitations were not significantly better thar thull hypothesis of a pure coalescent model
(Table 5).

For Globigerinita glutinata see body-text. Application of the ABGD method the
dataset ofGlobigerinita uvulalumps sequences into two distinct clusters (Tablevdose
patristic distances are compatible with the spestiatsis (Fig. 2B). Such a species status of the
Types | and Il ofG. uvulais apparently reinforced on the basis of obsewwali geographical
data, which suggest that the first species inhahitgropical environments, when the second
species may be restricted to subpolar environm(@&ngs V).

For the sequences @fandeina nitidagstimation of patristic distance values (Fig. 2A)
suggests that only one cosmopolitan species hasdagepled so far in the Caribbean Sea and
NW Pacific (Fig. IV).
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