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We  investigated  the  phylogeny  of  tintinnids  (Ciliophora,  Tintinnida)  with  62  new  SSU-rDNA  sequences
from single  cells  of  32  marine  and  freshwater  species  in 20  genera,  including  the  first  SSU-rDNA
sequences  for  Amphorides,  Climacocylis,  Codonaria,  Cyttarocylis,  Parundella,  Petalotricha,  Undella
and Xystonella,  and  23  ITS  sequences  of  17  species  in  15  genera.  SSU-rDNA  phylogenies  sug-
gested a  basal  position  for  Eutintinnus,  distant  to  other  Tintinnidae.  We  propose  Eutintinnidae  fam.
nov. for  this  divergent  genus,  keeping  the  family  Tintinnidae  for  Amphorellopsis,  Amphorides  and
Steenstrupiella. Tintinnopsis  species  branched  in  at  least  two  separate  groups  and,  unexpectedly,
Climacocylis  branched  among  Tintinnopsis  sensu  stricto  species.  Tintinnopsis  does  not  belong  to
the family  Codonellidae,  which  is  restricted  to  Codonella,  Codonaria,  and  also  Dictyocysta  (formerly
in the  family  Dictyocystidae).  The  oceanic  genus  Undella  branched  close  to  an  undescribed  fresh-
water species.  Metacylis,  Rhabdonella  and  Cyttarocylis  formed  a  well  supported  clade  with  several
Tintinnopsis species  at  a  basal  position.  Petalotricha  ampulla  and  Cyttarocylis  cassis  SSU-rDNA  and
ITS sequences  were  identical  or  almost  identical.  Therefore,  we  propose  Cyttarocylis  ampulla  comb.
nov. for  them.  Intensive  use  of  single-cell  isolation  and  sequencing  revealed  unexpected  complexity
in the  evolutionary  history  of  these  relatively  well-studied  ciliates.  Notably,  the  diversity  of  freshwater
forms suggests  multiple  marine-freshwater  invasions.
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Introduction

Microzooplankton,  composed largely  of ciliates
and heterotrophic  dinoflagellates,  plays a major
role in the transfer  of energy and  matter  through
the pelagic food web by consuming  a major-
ity of the primary  production  (Calbet  and Landry
2004). Planktonic  ciliates are ubiquitous  and much
attention has  been given to their  role  as pri-
mary consumers of pico-  and nanosized  autotrophs
and heterotrophs,  as well as nutrient regenera-
tors and  as important food sources  for  metazoan
zooplankton and  fish  larvae (Dolan  et al. 2002;
Pierce and Turner 1992).  They also represent
one of  the  most  morphologically  diverse  groups
in the plankton.  Commonly, planktonic  ciliates are
divided into loricate  (tintinnids)  and aloricate  forms.
The identification  of aloricate  ciliates requires slide
mounting, cytological  staining  (i.e.,  protargol  silver
staining) and examination  under  high  magnifica-
tion (Montagnes  and Lynn 1987).  By  contrast, by
examining untreated specimens  in plankton  settling
chambers using an inverted  microscope,  tintinnids
can be easily differentiated  from other  species
based on their  secreted  shell, the lorica. These
loricae range  in size from  ca. 20 �m up to  sev-
eral hundred micrometers, and  can  be hyaline  or
agglutinated with mineral  or  biological  particles
attached.

The existing classification  of tintinnids  is entirely
based on the characteristics  of the loricae,  including
differences in the size,  general shape,  ornamenta-
tion, fine-scale  surface  structures  and  the presence
or absence of agglutinated  particles.  There  are
numerous detailed  descriptions  at the species
level, especially with the conspectus  of Kofoid and
Campbell (1929) in which 627 species were dis-
tinguished based on  characteristics of the lorica.
The first  attempt  to reconstruct  tintinnid  phylogeny
was also lorica-based  and considered  the aggluti-
nated lorica  as an ancestral  character (Kofoid and
Campbell 1939). However,  reliance  on lorica  char-
acteristics in tintinnid  taxonomy  is problematic.  In
fact, some  lorica  characteristics, typically  its length,
have long been  known to be quite variable  (e.g.
Gold and Morales  1975;  Laackmann  1908).  In  natu-
ral populations,  significant  lorica  plasticity has  been
suspected in a variety of  species  (e.g. Boltovskoy
et al. 1990; Davis 1981;  Santoferrara  and  Alder
2009; Wasik and Mikolajczyk  1994). For example,
a morphometric  study  of the  genus Cymatocylis
(Williams et al. 1994)  found that  45 lorica  morpholo-
gies described as separate  species could  only be
reliably sorted into 5 distinct  morphotypes.  How-
ever, the  real  limitations  of lorica-based  taxonomy

and  phylogeny  were  revealed  using cultures with
the demonstration  that a single species of  Favella
can show lorica characteristic thought  to be typ-
ical of different  genera  (Laval-Peuto  1977,  1981,
1983). Unfortunately,  for  the overwhelming majority
of species, there is no information  on other  morpho-
logical characters  such  as the  ciliary  pattern or the
kinetome. The  structure of the kinetome  is known
for only twenty species,  too few for  a rigorous anal-
ysis and  insufficient for the demonstration  of clear
apomorphies within  the Tintinnida  (Agatha 2010a;
Agatha and  Strüder-Kypke  2007;  Choi et al. 1992;
Foissner and Wilbert 1979).

Ciliates of the subclass Choreotrichia Small &
Lynn, 1985  are characterized  by  an adoral zone of
polykinetids, used  in  locomotion  and  feeding, which
forms a closed membranellar  zone (Lynn 2008).
Within this subclass,  the presence  of  a lorica dis-
tinguishes the  order  Tintinnida  Kofoid &  Campbell,
1929 from  the  order Choreotrichida  (strobiliids). In
the last decade,  advances  in molecular  phylogeny
have allowed  evaluation  of these  diagnostic  criteria.
Most of the available  sequences  corresponded to
small subunit rRNA gene (SSU-rDNA) sequences.
The first studies were  based  on species available
in culture  or from pooling cells  collected in field
samples (Snoeyenbos-West  et al. 2002;  Strüder-
Kypke and Lynn 2003).  Nevertheless,  most species
are difficult  to culture or  to find in abundance in
natural samples.  Fortunately,  techniques  such  as
single-cell PCR and sequencing  are  especially use-
ful for  tintinnids  and  other  ciliates  that  usually have
numerous copies of highly  expressed  genes in their
macronuclear genomes  (Prescott 1994).

There are more than  50  accepted  genera of
extant tintinnids (Lynn  2008).  However, publicly
available sequences  are  restricted only to species
of 12  genera,  with  a strong bias towards coastal
species of temperate  waters  (Duff  et al.  2008; Gao
et al. 2009; Li et  al. 2009; Snoeyenbos-West  et  al.
2002; Strüder-Kypke  and Lynn  2003, 2008). Nev-
ertheless, tintinnid  diversity is highest  in tropical
or sub-tropical  waters (Dolan  et al. 2006;  Gómez
2007a). Analyses  of the relatively  small number
of sequences  have  confirmed the monophyly of
Tintinnida and  supported  some higher  order  groups
of families  but also have suggested  the paraphyly
of certain genera  (Strüder-Kypke and Lynn 2003,
2008). This suggested  that the  use of lorica mor-
phology to form natural  groups  or to reconstruct  the
evolutionary history  of  tintinnids is  questionable.

Insufficient taxon  sampling,  namely the lack
of molecular information for  numerous tintinnid
genera, has greatly  hindered  advances in  deter-
mining the  classification  and  evolutionary history of
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tintinnids.  We have addressed this  issue  by pro-
viding a comprehensive  molecular  phylogeny  of
Tintinnida and  establishing  diagnostic  characters
for a classification  supported  by new  62 SSU-
rDNA sequences  of 32  species  from  marine and
freshwater environments. SSU-rDNA  sequences
of members  of the genera  Amphorides  Strand,
Climacocylis Jörgensen, Codonaria  Kofoid &
Campbell, Cyttarocylis  Fol,  Parundella  Jörgensen,
Petalotricha Kent, Undella Daday,  Xystonella
Brandt are determined  for  the first  time.  We also
provide 25 ITS sequences  of 17 species  in 15  gen-
era in order to compare the  phylogeny  of Tintinnida
using another  ribosomal  molecular  marker.

Results

Specimens Isolated for SSU-rDNA
Sequencing

Over  the  two-year  period of our  study,  a total of
62 SSU-rDNA  sequences  from 32  morphologically-
distinguished species  from marine  and  freshwater
environments were determined.  All  specimens
were individually  identified,  photographed  and  iso-
lated under  the  microscope. These  species  are
representative of a wide  range  of loricae  mor-
phologies, lengths, shapes, number  of apertures
and type of agglomeration  (Fig. 1; Supplementary
Fig. S1).  In some  cases, for a single  species
we included  specimens collected  in different  loca-
tions and  dates. In addition,  ITS and  5.8 rRNA
gene sequences  were  obtained  for  17 species. All
isolates for  which  we obtained  either the  SSU-
rDNA sequence  or  both the SSU-rDNA  and  ITS
sequences are listed in Supplementary  Table S1.  A
detailed description  of the isolated  specimens  clas-
sified by family is available  in the Supplementary
Materials.

SSU-rDNA Phylogeny

Sequence identity between  the  tintinnid  SSU  rDNA
sequences ranged  from 90%  to 100%.  In partic-
ular, the sequences  of Codonella,  Codonellopsis,
Stenosemella and Dictyocysta species were  very
similar (98%-100%).  By  contrast, the sequences
of the  congeneric species of Eutintinnus  exhib-
ited higher  dissimilarity (ranging from  95%-97%
nucleotide identity).  This implies  a higher  difference
between the Eutintinnus species  than between
other species  belonging  to different  genera.  We
also found possible  evidence of intra-specific
genetic variation  in the SSU-rDNA  locus  of the
species Amphorides quadrilineata.  The  distance

between  the two isolates FG1141  and FG293 (from
two different Mediterranean  sites) was almost 3%,
while genetic  variation was  not  found in other
tintinnid species  (e.g. Tintinnopsis  cylindrica or
Codonellopsis morchella).

There were  no differences  among  the maximum
likelihood (ML) and Bayesian  inference (BI) tree
topologies for  all well-supported  nodes in the tintin-
nid SSU-rDNA phylogeny. Moreover,  the  use of
different sequence  alignment  and  masking meth-
ods did  not affect  these well-supported  nodes.
Oligotrichs and aloricate choreotrichs  branched
as sister groups of a large monophyletic group
containing all  tintinnid  sequences  with  the  excep-
tion of Tintinnidium  species  (Fig.  2).  In fact,  in
all our  analyses, Tintinnidium  species  branched
close to the Strombilidiidae,  although  with  weak
statistical support (ML bootstrap  value -BV- 60%,
Bayesian posterior  probability  -PP- 0.67).  To check
the robustness  of this result, we carried out  an
Approximately Unbiased  (AU) test  on the SSU-
rDNA data set to assess  the  monophyly  of tintinnid
species. The test could  not significantly reject  the
constrained topology  where  all the  tintinnids sensu
stricto (with a lorica) were  forced to be monophyletic
(p = 0.22)  (Supplementary  Table S2).

In addition  to the divergent  clade of  Tintinnid-
ium, the species  of the genus Eutintinnus formed
a basal  branching  group  within  the tintinnid core.
This clade  is divided into two sister groups, the
first composed  of Eutintinnus  apertus,  E.  pecti-
nis and an unidentified  species of this genus,  and
the second  of Eutintinnus  fraknoi  and E.  tubulosus
(Fig. 2). The  genera  Salpingella,  Amphorellop-
sis, Amphorides,  and Steenstrupiella branched
together in a clade  with a strong support (BV
100%). In the classical  taxonomical schemes,
these genera  are  placed  in  the family Tintin-
nidae. Within  this  clade, our sequence identified
as Salpingella  acuminata  branched  in a basal posi-
tion, forming a paraphyletic  group  with a second
sequence retrieved from GenBank  under the same
name S. acuminata  (EU399536).  The  sequences of
Amphorellopsis, Amphorides,  and Steenstrupiella
formed a well supported  group  (BV 100%)  with
a long  basal  branch,  indicating  an  acceleration of
evolutionary rate  before the  diversification of these
three genera.  Our five sequences  of Amphorides
quadrilineata showed  different positions. Three of
them formed a group  with  Steenstrupiella whereas,
surprisingly, the  sequences  of our isolates A.
quadrilineata FG1141  and FG249  formed a group
with Amphorellopsis  acuta.  We were  unable to
clearly find morphological  differences  between the
five A. quadrilineata  specimens  (Fig.  1G and H).
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Under  the same  morphology these specimens
clearly formed two  cryptic phylotypes.

A clade  with a strong  support  (BV  100%) was
formed exclusively  of species  of Favella,  with the
exception of a GenBank  sequence  named Favella
taraikaensis (FJ196073),  which  branched  close
to Metacylis spp. The  sequences  of our  isolates
Favella azorica  FG1106 and  F. azorica  FG1111
were identical  between them  and to that of  F. cam-
panula (Schmit)  Jörgensen,  (GenBank  FJ422984),
while the  isolate  F. adriatica  FG1102  was more dis-
tantly related  to them.  All  these specimens  were
collected in the same  location, Bay of Villefranche,
and in an interval  of  one week (Supplementary
Table S1).

The rest of species  emerged within  a  strongly
supported group  (BV 99%,  PP 1), within  which
different sub-clades  grouped  species with  high  sup-
port but the relationships among them  remained
unresolved. Notably, the sequences  of the  genus
Tintinnopsis were  scattered  among  several sub-
clades. A sequence  retrieved  from GenBank
under the name Tintinnopsis  beroidea  Stein
(EF123709), if correctly  identified,  corresponded
to the Tintinnopsis type species  (Li  et al.  2009).
Most other  Tintinnopsis species  were  grouped  in
several clades  branching in the same  region  of
the tree  as the type species.  Nevertheless, there
were two groups  distantly  related  to the group  of
the type species.  One was composed  of T. sub-
acuta Jörgensen  and T.  lohmanni  Laackmann  in
addition to sequences  of Favella, Metacyclis Rhab-
donella, Cyttarocyclis  and  Petalotrica species.  The
second one  was  represented  only  by a sequence
named Tintinnopsis fimbriata Meunier  (Strüder-
Kypke and Lynn 2003),  which  was 99%  identical  to
a Stenosemella  ventricosa  sequence, suggesting

the  possible  misidentification  of the sequence sub-
mitted to GenBank.  Interestingly,  the sequences
of Climacocylis branched  in the main group of
sequences of Tintinnopsis  (BV 97%, Fig.  2). This
was unexpected  because the  lorica morphology of
Climacocylis is radically  different  from Tintinnopsis
(see Fig. 1K  and  S) and no taxonomic  scheme has
ever  proposed  a close  relationship  between  these
genera.

As all the Tintinnopsis  species  did not  cluster
together and appeared  in different subclades in the
tree, AU tests were carried out on the SSU-rDNA
data set to assess  the polyphyly  of Tintinnopsis
spp. (Supplementary  Table S2). The test signifi-
cantly rejected  the constraint that  all Tintinnopsis
species formed a monophyletic  clade (p = 0),
contradicting the lorica-based morphological clas-
sification. However, as long as we did not consider
Tintinnopsis fimbriata  AY143560,  Tintinnopsis sub-
acuta EU399541,  Tintinnopsis  sp. 2 FJ422986
and Tintinnopsis  lohmanni  FJ196076,  the  AU  test
could not reject the constrained  topology where
the 11 other  Tintinnopsis  spp. were  forced to
be monophyletic  (p = 0.16). We could not discard
the possibility  that the  fast evolving  sequences
of the type species Tintinnopsis  beroidea and
of Tintinnopsis  dadayi (see  the long  branches in
Fig. 2)  formed a monophyletic  group  because of a
long-branch attraction artefact (Bergsten 2005).

A well-supported  clade was composed of the
species of Undella  (BV 97%).  The  sequence differ-
ence between  Undella  marsupialis,  U.  claparadei
and U. marsupialis were extremely  low (>99.9%
identity). Unexpectedly,  two sequences  of two
specimens of an unidentified  species branched
in this clade. These  specimens  were  collected
in a freshwater lake  and showed  a lorica with

➛

Figure  1.  Light  micrographs  of  specimens  of  Tintinnida  collected  for  single-cell  PCR  analysis  A-AL.  See  Table
S1 for  collection  dates,  locations  and  accession  numbers.  A.  Tintinnidium  fluviatile  isolate  CBO42.  B.  Eutintinnus
tubulosus isolate  FG735.  C.  E.  fraknoi  isolate  FG604.  D.  E.  apertus  isolate  CB785.  E.  Salpingella  acuminata
isolate FG304.  F.  Amphorides  quadrilineata  isolate  FG1141.  G.  Amphorides  quadrilineata  isolate  FG293.  H.
Steenstrupiella steenstrupi  isolate  FG1368.  I.  Favella  azorica  isolate  FG1111.  J.  F.  adriatica  isolate  FG1102.
K. Tintinnopsis  cylindrica  isolate  CB358.  L.  Tintinnopsis  rara  isolate  FG1364.  M.  Tintinnopsis  lacustris  isolate
CBO1. N.  Codonella  aspera  isolate  FG300.  O.  Codonaria  cistellula  isolate  FG42.  P.  Codonaria  cistellula  isolate
CB871. Q.  Codonaria  sp.  isolate  CB82.  R.  Metacylis  joergenseni  isolate  FG1143.  S.  Climacocylis  scalaria
isolate FG1118.  T.  Climacocylis  scalaria  isolate  FG1116.  U.  Undella  hyalina  isolate  CB854.  V.  U.  marsupialis
isolate CBa.  W.  U.  claparedei  isolate  CB818.  X.  Rhabdonella  spiralis  isolate  CB356.  Y.  R.  spiralis  isolate
FG586. Z.  R.  elegans  isolate  FG1392.  AA.  Cyttarocylis  cassis  isolate  FG302.  AB.  C.  acutiformis  isolate  FG873.
AC. Petalotricha  ampulla  isolate  FG301.  AD.  Petalotricha  ampulla  isolate  CB837.  AE.  Xystonella  longicauda
isolate FG1133.  AF.  Parundella  aculeata  isolate  CB355.  AG.  Codonellopsis  orthoceras  isolate  FG298.  AH.
Codonellopsis morchella  isolate  FG260.  AI.  Stenosemella  ventricosa  isolate  CB875.  AJ.  Dictyocysta  lepida
isolate FG303.  AK.  Unidentified  tintinnid  isolate  FG2102.  AL.  Unidentified  tintinnid  isolate  FG2103.  Scale  bar
50 �m.  Pictures  of  additional  tintinnid  cells  from  some  of  these  species  for  which  we  obtained  sequences  are
available in  Supplementary  Figure  S1.
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agglomerated  particles  (Fig. 1AK  and AL). In
sharp contrast,  the  species  of Undella are  typically
oceanic and their  loricae  are smooth  (Fig. 1, U-W).
The identity of this freshwater  taxon  needs  further
research.

As mentioned above, another  clade  with  rela-
tively strong  support  (BV  89%,  PP 0.93)  was com-
posed of  sequences  from the genera  Tintinnopsis
(T. subacuta  and T. lohmanii),  Metacylis,  Rhab-
donella, Cyttarocylis  and Petalotricha. Beyond
Tintinnopsis, the other  genera  have  a long his-
tory of re-classification  as  they have been  ascribed
to several different families. The  sequences  of
Metacylis joergenseni,  Metacylis  sp.  MNB99  and
Metacylis angulata  branched in two  different sub-
clades, whereas the  sequences  of Rhabdonella
elegans, R.  spiralis  and R. hebe were identical.
Similarly, despite  the morphological  differences
between specimens  (Fig. 1, AA-AD), the  three
sequences of Petalotricha  ampulla  were identical
or almost  identical to the three  sequences  of  Cyt-
tarocylis cassis  and C.  acutiformis. Consequently,
we can  consider  that these six sequences  corre-
sponded to a single genus, or  even  a single  species,
in contrast  with  classical  taxonomical  schemes
where the  genera  Petalotricha and  Cyttarocylis
belong to the two different families  Petalotrichidae
and Cyttarocylididae  (Lynn  2008).

Another clade  (BV  100%) was composed  of
Parundella and Xystonella, placed  together in
the family  Xystonellidae. The  most  distal  group
was composed of a variety  of sequences  of the
genera Stenosemella,  Codonellopsis,  Codonella,
Codonaria and Dictyocysta. The  loricae  of these
genera are  totally  or partly  agglutinated  with mineral
or biological  particles.  The  highly supported  clus-
tering of  these genera  (BV  95%)  provided  a strong
evidence for  the close  relationships  between  the
family Codonellopsidae,  Codonellidae  sensu stricto
and Dictyocystidae.

ITS+5.8S-rDNA and Concatenated
ITS+5.8S-rDNA+SSU-rDNA Analyses

For  the  specimens analyzed in this study,  the ITS
and 5.8S rRNA  gene  sequences  were  less  con-
served than  the SSU-rDNA  and diverged  twice
as much  (Supplementary  Fig.  S2), with  relatively

high  regularity  (r2 = 0.66). ITS+5.8S-rDNA  phyloge-
nies were quite  congruent  with the corresponding
SSU-rDNA phylogenies,  at least for  the strongly
supported nodes (Supplementary  Fig. S3). The
only noteworthy  exception was Tintinnidium fluvi-
atile, which  branched  at a basal  position with some
non-tintinnid sequences  in the  complete SSU-rDNA
phylogeny (Fig. 2) but as sister of a Salpin-
gella+Amphorides clade  in the ITS+5.8S-rDNA
phylogeny (Supplementary  Fig. S3).  Given this
overall congruence  between the  SSU-rDNA and
the ITS+5.8S-rDNA  topologies,  a concatenated
alignment of the SSU-rDNA,  ITS and 5.8S-rDNA
sequences was compiled  in order to  increase the
phylogenetic signal to  evaluate  the phylogenetic
relationships among  Tintinnida  (Fig.  3).  Accord-
ing to  this concatenated  analysis,  tintinnids were
divided into  three  clades:  the first one only con-
tained the  two sequences  of Eutintinnus fraknoi
(BV 100, PP 1); the second  one  (weakly sup-
ported: BV 70%,  PP 0.75)  grouped  Tintinnidium
fluviatile, Salpingella  acuminata  and Amphorides
quadrilineata; and  the last  one (strongly sup-
ported: BV 100%, PP 1) corresponded to the  large
complex of species also observed  in the SSU-
rDNA phylogeny. This  complex  was  divided into
two sister groups.  The  first sub-clade (BV  67%,
PP 0.8) included  Xystonella  longicauda,  Undella
claparedei, U. hyalina,  Tintinnopsis  lacustris,  Rhab-
donella elegans,  R.  spiralis, Cyttarocylis cassis  and
Petalotricha ampulla.  The second  sub-clade (BV
97%, PP 1) grouped,  on the one hand,  Codonella
aspera, Codonaria  cistellula  and Codonaria sp.
CB82 with,  on  the other  hand,  Codonellopsis
morchella and Stenosemella  ventricosa. Once
again, our  sequences formed well-supported lin-
eages, but despite  of the supplementary amount
of nucleotide positions  the internal relationships
among those  lineages  remained  poorly resolved.

Discussion

Reconciling Tintinnid Molecular
Phylogeny  and Morphological Taxonomy

Until recently, the phylogenetic  robustness  of the
lorica-based tintinnid  taxonomy  was  difficult  to

➛

Figure  2.  Maximum  likelihood  rooted  phylogenetic  tree  of  choreotrich  SSU-rDNA  sequences,  based  on  1,240
aligned positions.  Names  in  bold  represent  sequences  obtained  in  this  study.  Traditional  and  revised  taxonomic
groups are  shown  on  the  right;  light  grey  background  indicates  incertae  sedis  groups.  Numbers  at  nodes
are bootstrap  values  (values  under  50%  are  omitted).  Bayesian  posterior  probabilities  higher  than  0.90  are
indicated by  filled  circles.  Accession  numbers  are  provided  between  brackets.  Grey  lines  and  names  indicate
the freshwater  lineages.  The  scale  bar  represents  the  number  of  substitutions  for  a  unit  branch  length.
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Figure  3.  Maximum  likelihood  rooted  phylogenetic  tree  of  tintinnid  SSU-rDNA,  5.8S-rDNA  and  ITS  sequences,
based on  1,682  aligned  positions.  Traditional  and  revised  taxonomic  groups  are  shown  on  the  right;  light  grey
background indicates  incertae  sedis  groups.  Numbers  at  nodes  are  bootstrap  values  (values  under  50%  are
omitted). Bayesian  posterior  probabilities  higher  than  0.90  are  indicated  by  filled  circles.  Accession  numbers
are provided  between  brackets.  The  scale  bar  represents  the  number  of  substitutions  for  a  unit  branch  length.

test. This  is now possible thanks to the  develop-
ment of molecular  phylogeny.  With  this  aim, we
assembled a comprehensive  data set of  tintin-
nid sequences,  including  62 SSU-rDNA  and 25
ITS+5.8S-rDNA sequences  covering  13  of the 15
families currently defined by morphological  classi-
fications (Lynn  2008).

To describe  the evolutionary  history of tintinnids,
one essential issue  is to  define  the position of
the root  within  this ciliate order.  Previous  studies
based on lorica  morphology  (Kofoid  and  Campbell
1929, 1939), infraciliature  pattern (Laval-Peuto  and
Brownlee 1986) and SSU-rDNA  phylogeny  (Duff
et al. 2008; Strüder-Kypke  and Lynn 2003)  sug-
gested that Tintinnidium  spp. were  located at the
base of the tintinnid tree.  To investigate  the most
basal lineage  of the tintinnid  tree,  we  used a variety
of other  choreotrichs  and oligotrichs  as outgroup
taxa. However,  our results  showed little confidence
in the exact  position of the tintinnid  root  in  both the
ML and Bayesian  trees  (Fig. 2), and also  in our

concatenated  rDNA analysis (Fig. 3). To  check
whether this uncertainty  was due to  the use of
a too narrow set  of outgroup  sequences,  we
carried out phylogenetic  analyses  including a
diversity of additional  outgroup  sequences from
different groups  within the large  ciliate class
Spirotrichea (Supplementary  Figs  S4 and S5).
As in our first analysis, these  new phylogenies
failed to  place  Tintinnidium  spp. robustly. Nev-
ertheless, they showed  a different  position for
the Eutintinnidae  clade, which  was  close to the
base of Tintinnida  in the initial tree but emerged
either as sister of the Salpingella-Amphorellopsis-
Amphorides-Steenstrupiella group (BV  < 50%) or
at the next branch  after this  group (BV  64%).
At any rate,  statistical  support for  the  basal part
of the tintinnid  tree  remained  weak.  Therefore,
it appeared  clear that supplementary  sequence
information, in particular  sequences  from  other
conserved markers,  is needed  to assess the phy-
logenetic position  of Tintinnidium  spp. Likewise,
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further  work  will be needed  to robustly  infer  the
phylogenetic position  of the families  Strombilidiidae
and Parastrombidinopsidae,  which tend  to group
with the  Tintinnidiidae rather  than with the Strom-
bidinopsidae.

Previous studies employing  sequence  data
reported the paraphyly  of the genus Tintinnopsis  (Li
et al. 2009;  McManus  and  Katz 2009;  Snoeyenbos-
West et al. 2002).  Our  results  with a richer
taxonomic sampling support  this view.  It is often dif-
ficult to observe details of the loricae  of Tintinnopsis
because the agglomerated  particles  often  conceal
diagnostic characteristics  of the  lorica.  This  likely
explains that under  the genus Tintinnopsis  have
traditionally been described  species  that, accord-
ing to molecular phylogeny analyses,  should belong
to different  genera.  Moreover, annotation  errors
and possible misidentifications may lead  to incor-
rect interpretations. For example,  the GenBank
sequence DQ487200  annotated  as Tintinnopsis  sp.
seems to correspond  to a Tintinnidium  species  in
the published  article (Duff  et al. 2008).  Similarly,
in the case  of  Tintinnopsis fimbriata,  an  unam-
biguous identification  seems  not  possible  from the
picture of the specimen shown  (Strüder-Kypke  and
Lynn 2003).  Not surprisingly,  our molecular  analysis
reveals that  the  phylogeny of the genus  Tintinnop-
sis is even  more  complex than  previously  thought.
For example, we have  found a freshwater genus
that shares the external  appearance  of Tintinnop-
sis, with an entirely  agglomerated  lorica  but that
clearly branched with the oceanic  genus  Undella,
with a  smooth  lorica.  Climacocylis  scalaria,  with
a distinctive  hyaline lorica,  represented  a similar
case since  it branched  very close  to T.  cylindrica
and T. radix  within  one of the Tintinnopsis  clades.
Moreover a potential monophyletic  grouping  of  the
majority of Tintinnopsis sequences from GenBank
and those added  in this  study cannot  be excluded,
as attested by our  AU tests  (see  above).  Taking
all this  into  account,  it seems  clear  that the  taxo-
nomic value of the  “agglomeration  of particles”  or
“agglutinated lorica” as a  diagnostic  character at
the family  level  is not supported  by the  molecular
data. With no  doubt, the current  classification  of
the genus Tintinnopsis  needs a complete  revision  in
order to establish  a taxonomic  scheme  compatible
with molecular  phylogeny.

In contrast  with the  poorly  informative  Tintinnop-
sis lorica, other species  that  have distinctive  and
easily visible lorica  morphologies are  ideal to
investigate the  phylogenetic  value of the  lorica char-
acters. Our results  reveal  that  the  species of the
genus Eutintinnus  form a cohesive  monophyletic
group in a basal  position in the tintinnid  phylogeny

(Fig.  2). Compared  to other  tintinnids,  the  lorica
of Eutintinnus  is relatively simple,  just a  smooth
tube lacking  ornamentations  (horns, annuli, collar,
spines...) except for  the toothed  oral rim  of E.  pecti-
nis. In most Eutintinnus  species  the diameter of the
oral and aboral  aperture  are  quite similar while in
other tintinnids the aboral end is closed or, if open,
has a very small  diameter  compared  to  the oral
diameter. This  morphological  character  together
with the support  of the molecular  data  argues in
favor  of the erection  of a  new family for Eutintinnus
(see Taxonomic  Appendix).

An additional  problem  concerns  the consis-
tency of lorica morphology.  For example, studies
of the life cycle  of some  Favella  species have
revealed important  changes  in lorica morphol-
ogy during cell development,  with individuals often
exhibiting morphologies  previously  considered to
belong to separate  genera, such as Coxiella
(Laval-Peuto 1981).  These  observations  are also
supported by molecular  data.  In  fact, Kim  et al.
(2010) used cultures and observed lorica poly-
morphism for  specimens  of Favella ehrenbergi
that shared  identical  SSU-rDNA  sequences.  Sim-
ilarly, our  Mediterranean  specimens  of Favella
azorica, without an aboral  pedicel, showed iden-
tical SSU-rDNA and,  moreover, these sequences
were identical  to those  of F.  campanula, with an
aboral pedicel, isolated from China  (Gao  et al.
2009). The  phylogenetic  position  of the  F.  taraikaen-
sis Hada  sequence  obtained  by Li et al. (2009),
which unexpectedly  branched  with Metacylis sp.,
is also  questionable.  Additional  sequences of
this taxon are  required  to ascertain the mono-
phyly of the genus  Favella. At present, Favella is
the only representative  of the Ptychocylididae for
which sequences  are  available  so that  the  mono-
phyletic character of this  family also remains to be
tested.

The studies  of the life cycle  of tintinnids are nearly
restricted to common  coastal species that are main-
tained in temporary  cultures.  As a consequence,
very little is known about  the  life cycle  and changes
in the lorica  morphology  for rare and  oceanic
species. Single-cell molecular analyses  offer an
opportunity to study  these  species. Thus, our work
using this approach  has  revealed conflicting cases
comparable to  those cited for  Favella.  For example,
in the  case of the  genera  Petalotricha  and Cyttaro-
cylis, our sequences  of  P. ampulla  (Fig.  1, AC-AD)
branched in  the  same  clade  as  those  of Cyttarocylis
acutiformis (Fig. 1, AB) and C. cassis  (Fig. 1, AA).
These six Petalotricha and  Cyttarocylis  specimens
collected at different  dates  and places  showed iden-
tical or almost  identical SSU-rDNA sequences, and
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even  the more rapidly evolving ITS and  5.8S-rDNA
sequences were  identical.  Such  genetic  identity
of the  two distinct  forms, one with the lorica wall
finely sculptured  with polygonal reticuli  (Cyttaro-
cylis morphotype)  and the other  with a  smooth
lorica with irregular  small  fenestrae  in the subnuchal
area (Petalotricha  morphotype),  suggests  that they
may just represent  different  stages of lorica devel-
opment in a single  genus or  even  in  a  single
species. This is unexpected  if we consider that in
all previous taxonomical schemes, Petalotricha  and
Cyttarocylis have been classified  into  two separate
families based  on the conspicuous  differences in
the lorica  structure (Fol 1881;  Kent  1882;  Kofoid
and Campbell  1929;  Marshall 1969).  Cyttarocylis
Fol, 1881 has the priority over Petalotricha Kent,
1882 and,  consequently,  we propose  a new com-
bination to place Petalotricha  ampulla  under  the
genus Cyttarocylis  (see  Taxonomic Appendix).

For the genus Undella,  numerous species have
been described based  on minute  variations of  the
lorica (Daday  1887; Kofoid and  Campbell  1929).
Our phylogenetic  analysis  shows a very  close rela-
tionship between the  clearly distinct  morphotypes
of Undella hyalina, U. marsupialis  and  U. clapare-
dei. It also  supports that the genus Proplectella
Kofoid &  Campbell, 1929, which grouped  the small
and round-shaped  Undellidae  with an  inner  collar
(U. claparedei  morphotype;  Fig.  1W),  could  be con-
sidered a junior  synonym,  as already  supposed  by
Balech (1975).

Simple morphological  characters, such  as the
lorica length,  seem  to  have low taxonomic  value
in the case of  genera  such  as Rhabdonella.  Our
Rhabdonella spp. specimens  showed  lorica with
lengths between  100 �m and  400 �m  (Fig. 1,  X-Z).
Although described as different  species,  our  speci-
mens of R. spiralis and R. elegans  shared  identical
SSU-rDNA, ITS and 5.8S-rDNA  sequences. In
the case  of  Codonaria  cistelulla, our  specimens
showed different degrees of collar  agglutination
(Fig. 1, O-P) but, again,  their  SSU-rDNA  sequences
were also identical.

The monograph of Kofoid and  Campbell  (1929)
catalogued 697 species,  raising  to species  status
many forms previously  described as varieties,  often
based on  slight lorica  differences.  In  this  study, we
have found cases of little or none  genetic difference
between species with distinct  loricae  belonging  to
the genera  Undella,  Rhabdonella  or Cyttarocylis.
This suggests that  the number  of species  have most
likely been excessively inflated.  On the  other hand,
Tintinnopsis may  require a split into  several  genera,
even  families. The  species Amphorides  quadrilin-
eata is an exception. Our  sequences  branched  in

two  distinct  clades that  appear  to hide a cryptic
speciation.

Marine-Freshwater Transitions

As observed  in many  eukaryotic  lineages  (Logares
et al. 2009), there are  genera composed of
marine and  freshwater species. In those cases,
the phylogenies  do not support a deep ancient
divergence between  members  of marine and fresh-
water habitats but a number of more or less
recent independent  colonizations.  If our tintin-
nid phylogenetic  tree topology  is correct,  at least
three transitions  between marine  and freshwa-
ter/brackish environments  appear  to have occurred
during the evolutionary  history of these ciliates.
Both parsimony  and  maximum likelihood character
optimization suggest  that  the ancestor  of tintin-
nids sensu stricto was a marine species, as it is
the case for  most  other choreotrich  ciliates, and,
consequently, that the three colonizations  inferred
occurred from marine  ancestors to freshwater  envi-
ronments (Supplementary  Fig.  S6). Until  now,  few
tintinnid species  living  in freshwaters  have been
described. Our  results suggest  that  freshwater
colonizations are  not  restricted to families charac-
teristic of coastal  waters but also  include at least
one representative  of typical open water  forms
(Undellidae). This  phenomenon  appears  therefore
to be phylogenetically  diverse  within the Tintinnida.

The generic  affiliation  of the freshwater species
Codonella cratera is probably  incorrect, as  inferred
by cytological  and ciliature  features  (Agatha  2010a,
b; Agatha  and Strüder-Kypke  2007; Laval-Peuto
and Brownlee  1986).  In our  SSU-rDNA  tree, a
freshwater lineage  strongly grouping Codonella
cratera (Duff et al. 2008)  with  Tintinnopsis lacustris
branches as sister clade  of marine Tintinnopsis spp.
This confirms  that  C. cratera should be  removed
from the genus Codonella  to become  a Tintinnopsis
species.

Classification into Families

Our results revealed  that the genera traditionally
ascribed to the family  Tintinnidae  formed  at least
three distantly  related  clades, suggesting  that they
may define different  families. The  clearest example
is Eutintinnus  spp. that forms a separate cohesive
monophyletic group  (BV 100%,  PP  1) distant  to
other members  of the  Tintinnidae  (Fig. 2). From a
morphological point of view, Eutintinnus differs from
the other  Tintinnidae  in the wide aboral opening and
the lack of longitudinal  aboral fins. By  contrast, the
very rarely reported  type  genus  Tintinnus is char-
acterized by a homogeneous  wall with a closed
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aboral  end (Kofoid  and  Campbell  1939).  Therefore,
both the  morphological  and phylogenetic  molecular
data converge  to support  the exclusion  of Eutintin-
nus from the family  Tintinnidae. For  this reason,
we propose  in the taxonomical appendix  the  erec-
tion of Eutintinnidae  fam. nov. to host the members
of the  genus Eutintinnus.  This new  family is char-
acterized by  a hyaline lorica,  cylindrical  or nearly
so, clearly opened  at the both ends. Some  species
of Eutintinnus  are characterized by the  association
with diatoms  (Chaetoceros,  Hemiaulax)  (Gómez
2007b).

While Eutintinnus,  with simple lorica  morphol-
ogy, tends to branch  in a basal  position in  the
tintinnid phylogeny,  the genus Dictyocysta, with a
peculiar reticulate  lorica,  branches in  the most  dis-
tal position  (Fig. 2). In the  SSU-rDNA  phylogeny,
our sequences  of D. lepida and that  of D. reticu-
lata (Strüder-Kypke  and Lynn 2008)  branch  with
high support (BV  90%,  PP  1)  with species  of the
genera Codonaria  and  Codonella,  type of  family
Codonellidae. In the classical taxonomic  schemes,
Dictyocysta has been  placed  in  the  family  Dicty-
ocystidae. However,  the  very  close  phylogenetic
relationship between  Dictyocysta and  members  of
the Codonellidae  suggests the placement  of Dicty-
ocysta in  this family.  This  is supported  by cytological
characteristics shared  by these  genera:  the pres-
ence of a lorica  sac and closing  apparatus  (see
review in Agatha  2010b).

Tintinnopsis has been classified  in the fam-
ily Codonellidae. However,  the Tintinnopsis
sequences form, at least,  two separate  groups and
are never  related  to Codonellidae  sensu stricto
(Fig. 2).  The  group  of Tintinnopsis  subacuta and
T. lohmanni  appeared  in a clade (BV  89%)  that
also contained the  genera  Metacylis,  Rhabdonella
and Cyttarocylis,  which belong  to three  separate
families. This  strongly  suggests  that T.  subacuta
and T. lohmanni do not  belong to the genus
Tintinnopsis. Detailed  morphological  studies are
required for these species before proposing  the
transfer into another  existing genus or  the  erection
of a new genus. Concerning  the entire clade to
which T.  subacuta  and T.  lohmanni  belong,  it also
groups the families Metacylididae, Rhabdonellidae
and Cyttarocylididae.  However,  their branching
pattern does  not  support any particular relationship
among these families, indicating  that the three
families could  be  merged  into a single  one. In so
doing, the family  Cyttarocylididae would  have the
priority to name  the entire  family.

Most Tintinnopsis species,  including  the type
species T. beroidea, formed a paraphyletic  group
with several  distinct  lineages. Unexpectedly,

Climacocylis  (family Metacylididae)  appears
closely related  to several  of  the Tintinnopsis
species, far from  Metacylis,  the type of the family.
Consequently, Climacocylis  should  be excluded
from the  Metacylididae.  However, we have been
unable to find  common  morphological  characters
that could  support  the placement  of  Tintinnopsis
and Climacocylis under  a single  family or  the
tentative transfer of Tintinnopsis  species such as
T. radix or T. cylindrica into  the genus  Climacocylis.
Given the  observed  complexity, the assignment
of Tintinnopsis  and Climacocylis  to any existing
family requires further  research.

Methods

Sampling  and  cell  isolation:  Our  primary  sampling  site  was
the  Bay  of  Villefranche-sur-Mer  in  the  NW  Mediterranean  Sea.
Additional  samples  were  collected  from  2  other  coastal  sites
in  the  NW  Mediterranean,  Marseille  and  Banyuls-sur-Mer,  and
2  sampling  stations  in  the  open  Mediterranean,  one  near  the
center  of  the  Western  basin  and  another  in  the  Central  basin.
We  also  collected  samples  in  freshwater  lakes  (see  below).
Sampling in  the  Bay  of  Villefranche  sur  Mer,  Ligurian  Sea,
was performed  at  a  long-term  monitoring  site  called  ‘Point  B’
(43◦41′10′′N,  7◦19′00′′E;  water  column  depth  ∼80  m).  Sam-
pling in  double  oblique  angle  was  done  with  a  custom-made
conical phytoplankton  net  (53  �m  mesh  size,  54  cm  diameter
and 280  cm  length).  Additional  samples  were  collected  at  dis-
crete  depths  by  using  12-L  Niskin  bottles,  and  concentrated  by
screening  water  through  20  �m  Nylon  mesh  (Nitex  Co.).  The
material  was  examined  in  Utermöhl  chambers  and  individual
tintinnids  were  isolated  and  photographed  using  an  inverted
microscope (Olympus  IX51)  equipped  with  an  Olympus  DP71
digital  camera.  Based  on  microscopic  observations,  species
designations were  made  employing  characteristics  of  lorica
morphology.  The  main  taxonomic  works  consulted  included
Jörgensen (1924),  Kofoid  and  Campbell  (1929,  1939)  and
Balech  (1959).  We  followed  the  classification  into  families  and
genera  proposed  by  Lynn  (2008).  The  identified  and  pho-
tographed specimens  were  micropipetted  individually  with  a
fine  capillary  into  a  clean  chamber  and  washed  several  times
in  serial  drops  of  0.2-�m  filtered  and  sterilized  seawater.  The
isolated  washed  cells  were  placed  in  0.2  ml  Eppendorf  tubes
filled  with  several  drops  of  absolute  ethanol.  The  tubes  were
stored at  4 ◦C  or  at  room  temperature  and  in  darkness  until
the molecular  analysis  could  be  performed.  Other  specimens
were collected  from  the  end  of  the  pier  (depth  3  m)  of  the
Station Marine  d’Endoume,  Marseille  (43◦16′48′′N,  5◦20′57′′E).
A  strainer  with  netting  of  20  �m  mesh-size  was  used  to  col-
lect the  organisms,  with  a  filtered  volume  ranging  between
10 and  100  liters  according  to  the  concentration  of  particles.
The concentrated  material  was  processed  in  a  similar  man-
ner  as  described  above,  using  a  Nikon  Eclipse  TE200  inverted
microscope equipped  with  a  Nikon  Coolpix  E995  camera.
Tintinnids were  also  collected  from  surface  waters  of  the  har-
bour  of  Banyuls-sur-Mer  (42◦28′50′′N,  3◦08′09′′E)  following  the
same  procedure.  The  specimens  were  observed  with  an  Olym-
pus  inverted  microscope  (Olympus  IX51)  and  photographed
with an  Olympus  DP71  digital  camera.  Specimens  from  open
waters  of  the  Mediterranean  specimens  were  isolated  from
samples  collected  during  the  BOUM  (Biogeochemistry  from  the
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Oligotrophic  to  the  Ultra-oligotrophic  Mediterranean)  cruise  in
the  Mediterranean  Sea  in  June-July  2008.  Material  was  from
surface  water  sampling  at  the  permanent  stations  of  the  West-
ern  Basin,  ‘Station  A’  (39◦6′N,  5◦30′E),  and  the  Central  Ionian
Sea, ‘Station  B’  (34◦8′N,  18◦45′E)  (see  Christaki  et  al.  2011
for details).  Ten  litres  were  collected  from  the  surface  with  a
bucket  and  filtered  by  using  a  strainer  of  20-�m  netting  aper-
ture. The  retained  material  was  fixed  with  absolute  ethanol  to  a
final  concentration  of  50%  concentrated  seawater  sample  and
50%  ethanol.  The  fixed  sample  was  subsequently  examined
and processed  as  described  above.  Tintinnids  were  also  col-
lected  from  freshwater  lakes  in  the  Chevreuse  Valley  (Étang  du
Perray,  48◦41′49′′N,  1◦51′37′′E;  Étang  de  Pourras,  48◦42′52′′N,
1◦50′39′′E;  Étang  des  Vallées  48◦41′20′′N,  1◦54′59′′E),  near
Paris, France,  and  from  La  Albufera  (39◦21′32′′N,  1◦38′22′′W),
a  large  shallow  lake  near  Valencia,  Spain.  The  specimens  were
observed,  isolated  and  processed  as  described  above.

PCR  amplification  of  small  subunit  rRNA  genes,  inter-
nal transcribed  spacers  ITS1  and  ITS2,  and  5.8S  rRNA
genes: The  specimens  fixed  in  ethanol  were  centrifuged
gently for  5  min  at  3,000  rpm.  Ethanol  was  then  evaporated
in a  vacuum  desiccator  and  single  cells  were  resuspended
directly in  25  �l  of  Ex  TaKaRa  buffer  (TaKaRa,  distributed
by Lonza  Cia.,  Levallois-Perret,  France).  PCR  reactions
were done  in  a  volume  of  30  �l  reaction  mix  contain-
ing 10-20  pmol  of  the  forward  eukaryotic-specific  SSU-rDNA
primers EK-42F  (5′-CTCAARGAYTAAGCCATGCA-3′)  and  the
reverse  eukaryotic  large  subunit  rDNA  EK-28S564R  (5′-
TGGTCCGTGTTTCRAGACG-3′)  (López-García  et  al.  2001).
The  PCR  reactions  were  performed  under  the  following  con-
ditions:  2  min  denaturation  at  94 ◦C;  10  cycles  of  ‘touch-down’
PCR (denaturation  at  94 ◦C  for  15  s;  a  30  s  annealing  step  at
decreasing  temperature  from  65  down  to  55 ◦C  employing  a
1 ◦C  decrease  with  each  cycle,  extension  at  72 ◦C  for  2  min);
20 additional  cycles  at  55 ◦C  annealing  temperature;  and  a
final  elongation  step  of  7  min  at  72 ◦C.  Internal  primers  were
designed for  this  study  to  specifically  target  Tintinnida  ribosomal
genes  and  to  avoid  any  possible  PCR  contamination  by  other
eukaryotes  (e.g.  ingested  preys  or  parasites).  A  nested  PCR
reaction  was  then  carried  out  using  3  �l  of  the  first  PCR  reaction
diluted by  1/10  in  a  GoTaq  (Promega,  Lyon,  France)  polymerase
reaction mix  containing  the  tintinnid-specific  primers  18S-Tin3F
(5′-GCGGTATTTATTAGATAWCAGCC-3′)  and  28S-TinR1  (5′-
TGGTGCACTAGTATCAAAGT-3′)  and  similar  PCR  conditions
as  described  above.  At  this  step,  if  amplicon  bands  were  not
visible  on  agarose  gels,  a  third,  semi-nested  PCR  was  carried
out  using  the  eukaryotic-specific  SSU-rDNA  primer  EK-1498R
(5′-TAACAATACAGGGCATCCAT-3′)  and  keeping  the  forward
primer  TIN3F.  Negative  controls  without  template  DNA  were
used  at  all  amplification  steps.  Amplicons  of  the  expected
size (∼2,000  bp  after  the  nested  PCR  and  ∼1,500  pb  after
the semi-nested  one)  were  then  entirely  sequenced  using  the
primers  18S-Tin3F,  EK-1498R  and  28S-TinR1  with  an  auto-
mated  96-capillary  sequencer  ABI  PRISM  3730xl  (Beckman
Coulter Genomics,  Takeley,  U.K.).  Sequences  were  deposited
in GenBank  with  accession  numbers  JQ408154-JQ408215
(see also  Supplementary  Table  S1).

Phylogenetic analyses:  We  carried  out  a  multiple  align-
ment with  our  sequences  and  publicly  available  complete  or
nearly  complete  (>1,400  bp)  SSU-rDNA  sequences  of  spirotrich
ciliates  using  the  profile  alignment  option  of  MAFFT  (Katoh
et al.  2002)  and  MUSCLE  3.6  (Edgar  2004).  We  kept  in
our  data  set  the  37  tintinnid  sequences  from  specimens  that
were  associated  with  micrographs  in  the  references  given  in
GenBank  to  minimize  the  inclusion  of  mis-identifed  species.
As  outgroup,  we  used  17  sequences  belonging  to  hypotrich,

stichotrich,  oligotrich  (Strombidiidae)  and  choreotrich  ciliates
(Strobilidiidae  and  Strombidinopsidae).  Partial  sequences  too
short  to  be  included  in  our  data  set  were  eliminated  (e.g.
Eutintinnus sp.,  EU399533,  1309  bp)  to  keep  the  maximum  of
sequence  information.  Pairwise  sequence  comparisons  (per-
centage  of  sequence  identity)  were  calculated  with  the  package
ClustalX  (Larkin  et  al.  2007).  The  resulting  alignment  was
manually inspected  using  the  program  ED  of  the  MUST
package (Philippe  1993).  Ambiguously  aligned  regions  and
gaps  were  excluded  from  phylogenetic  analyses.  A  second
sequence data  set  was  constructed  through  the  same  proce-
dure  that  included  the  sequences  of  tintinnids  for  which  we
succeeded  to  amplify  the  SSU-rDNA,  the  ITS1  and  ITS2  and
the  5.8S  rRNA  genes.  Conserved  alignment  sites  were  trimmed
using  GBLOCKS  (Castresana  2000)  or  BMGE  (Criscuolo  and
Gribaldo  2010)  with  default  parameters.  Then,  we  carried  out
Maximum  Likelihood  (ML)  phylogenetic  analyses  with  the  pro-
gram  TREEFINDER  (Jobb  et  al.  2004)  applying  a  GTR  +
�  +  I  model  of  nucleotide  substitution  with  a  �-shaped  dis-
tribution of  substitution  rates  with  four  rate  categories.  This
model  was  selected  using  the  model  selection  tool  imple-
mented in  TREEFINDER.  Bootstrap  values  were  calculated
using  1,000  pseudoreplicates  with  the  same  substitution  model.
The  Bayesian  Inference  (BI)  analyses  were  carried  out  with
the  program  MrBayes  (Huelsenbeck  and  Ronquist  2001),  with
two  independent  runs  and  1,000,000  generations  per  run.  After
checking  convergence  (maximum  difference  between  all  bipar-
titions  <0.01)  and  eliminating  the  first  3,500  trees  (burn-in),
a consensus  tree  was  constructed  sampling  every  100  trees.
Comparison  of  different  tree  topologies  was  carried  out  by
applying  the  Approximately  Unbiased  (AU)  test  (Shimodaira
2002)  implemented  in  TREEFINDER.  Finally,  the  most  parsi-
monious  pattern  of  marine-freshwater  transitions  was  inferred
for  the  set  of  tintinnid  species  using  MESQUITE  2.75  (Maddison
and  Maddison  2011).
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Appendix A. Taxonomic appendix

Based on the  information obtained  from molecular
phylogenetic analyses,  we propose  the follow-
ing classification of the tintinnid genera for which
molecular data  are  available.

• Subclass  Choreotrichia  Small & Lynn, 1985.
• Order Tintinnida  Kofoid  & Campbell,  1929.

Family  Tintinnidiidae:
Tintinnidium
Family Eutintinnidae  fam.  nov.  Bachy  et  al.:
Eutintinnus
Family Tintinnidae:
Salpingella,  Amphorellopsis,  Amphorides,

Steenstrupiella
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Family Ptychocylididae
Favella

Family Undellidae:
Undella

Family Cyttarocylididae:
Metacylis,  Rhabdonella,  Cyttarocylis

(=Petalotricha)
Family Xystellonellidae:

Xystonella,  Parundella
Family Codonellopsidae:

Codonellopsis,  Stenosemella
Family Codonellidae  (including  Dictyocystidae):

Codonella, Codonaria,  Dictyocysta
Incertae sedis:

Tintinnopsis  sensu  stricto  (type  species),
Climacocylis, Tintinnopsis  clades  I/II/III/IV/V

New Taxonomical Proposals

Combinatio  nova:

Cyttarocylis  ampulla  (Kent) C.  Bachy,  J.R. Dolan
and P.  López-García,  comb. nov.

Basionym: Petalotricha  ampulla  Kent 1882.  A
manual of the  infusoria:  including  a description  of
all known flagellate,  ciliate,  and  tentaculiferous  Pro-
tozoa, British and  foreign,  and an account  of the
organization and affinities  of the  sponges.  Vol. II.
D. Bogue,  London. p.  627, figs 1-2.

Synonyms: Tintinnus  ampulla  Fol (1881),
Petalotricha major Jörgensen (1924),  Petalotricha
serrata Kofoid &  Campbell  (1929).

Familia nova:

• Subclass  Choreotrichia  Small & Lynn, 1985.
• Order Tintinnida  Kofoid &  Campbell,  1929.
• Family Eutintinnidae  fam. nov.  (=Tintinnidae,  pro

parte).
• Diagnosis:  The  family  is characterized  by a hya-

line and smooth  lorica,  cylindrical  or  nearly so,
clearly opened  at the both  ends. The  family  differs
from Tintinnidae in the  wide aboral  opening  and
the lack  of longitudinal  aboral  fins.  Free-living,
marine. Some species  are  associated  with an
ectosymbiont diatom.

• Type  genus: Eutintinnus  Kofoid  & Campbell,
1939.

Appendix B. Supplementary data

Supplementary  data associated  with this arti-
cle can be found, in the online version, at
doi:10.1016/j.protis.2012.01.001.
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